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Abstract: Novel food-grade bigels were fabricated using zein nanoparticles for interfacial stabiliza-
tion and non-surfactant gelators (beeswax and tapioca) for bulk stabilization. The present study
demonstrated the importance of interfacial stability for biphasic gels and sheds light on the roles of
the gelation mechanism and the oil/water ratio of a bigel on its microstructure, physical properties,
and digestion behaviors. The results indicated that it is not an easy task to realize homogenization
and subsequent gelation in beeswax—tapioca biphasic systems, as no amphiphilic components existed.
However, applying the binding of zein nanoparticles at the oil-water interface allowed us to produce
a homogeneous and stable bigel (oil fraction reach 40%), which exhibited enhanced structural and
functional properties. Oleogel structures play a crucial role in determining the deformation response
of bigel systems. As the oil content increased, the mechanical strength and elastic properties of
bigels were enhanced. In the meantime, clear bigel-type transitions were observed. In addition, the
fabricated bigels were shown to be beneficial for delayed digestion, and the lowest degree of lipolysis
could be found in bigel with 50% oleogel.

Keywords: bigel; oleogel; hydrogel; zein; beeswax; starch; nanoparticle

1. Introduction

Bigels are novel semi-solid materials that comprise two structured phases: oleogels and
hydrogels [1]. This structuration of two phases provides superior characteristics in terms of
spreadability, mechanical properties, and thermal response in comparison to corresponding
singe gels and make bigels ideal candidates for fat-substitutes, 3D-printing materials,
meat, etc. In addition, the semi-solid gel structures can immobilize the surrounding inner
phase droplets and thus inhibit droplet aggregation [2], which offers a new solution to
the poor stabilities of emulsions and emulsion gels during storage. Due to the combined
features of both oleogel and hydrogel, bigels are of great interest, as they can deliver
both hydrophilic and lipophilic ingredients individually or simultaneously and protect
sensitive components from adverse environmental stress [3]. The presence of a hydrogel
phase also provides bigels exceptional swelling property that could facilitate the release
of inclusions. Moreover, different morphologies can be prepared by a rational design of
formulations and procedures, including the hydrogel-in-oleogel (W /O), bi-continuous,
oleogel-in-hydrogel (O/W) types [4]. Even so, the greatest attention has been paid to
cosmetic and pharmaceutical developments by bigels, and their utilizations in food are still
rare. In this context, many efforts have been made to demonstrate their full potential as fat
replacers in recent years.

Conventionally, bigels are obtained by directly mixing mono- or multi-component hy-
drogel and oleogel [5,6]. Their final properties are reported as function of a oleogel /hydrogel
ratio, their synthesis parameters as well as natures, and concentrations of gelators [7,8]. In
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most cases, additional emulsifiers are not necessary to the stabilization of bigel systems, as
both phases would rapidly gelate after homogenizing [8]. Still, the lack of interfacial stabil-
ity may limit their long-term stability [9]. In addition, this could also lead to severe phase
separation during shearing [10]. Note that the majority of bigel formulations relevant to
food have taken advantage of amphiphilic gelators. Indeed, these amphiphilic components
may not only be responsible for the stabilization of a bulk phase but also play a critical
role in emulsification during the homogenization step and the stabilization of the whole
system. With this in mind, extensive studies are still needed to elucidate the unclear effects
of interfacial stability.

Quite recently, Samui et al. (2021) prepared a novel in situ bigel system using a mono-
glyceride (MG) oleogel and a gelatin hydrogel, with the addition of a surfactant (lecithin)
and a co-surfactant (glycerol) [11]. Additionally, they suggested that the surface-active
components would reduce the repulsion force between the two phases and stabilize the
interface, offering an easier mixing and higher stabilization [11]. Similarly, Golodnizky et al.
(2020) further investigated the effect of a surfactant on bigel properties [9]. Sucrose esters
(SEs) with a higher esterification degree exhibited higher hydrophilic-lipophilic balance
values and diffusion kinetics, resulting in higher SE concentrations in the interface (mean-
ing lower content in the bulk phase) and producing superior rheological and mechanical
properties. These results again emphasized the importance of interfacial stabilization in the
mixed polar and non-polar systems.

Even so, against the growing demands for healthy attributes in food, consumers tend
to prefer foods with as few non-natural ingredients as possible. In this context, Patel
et al. (2015) reported, for the first time, an interesting approach to produce bigels using
fumed silica nanoparticles and polymers [12]. The resultant bigels displayed a synergistic
enhancement in viscosity and complex modulus as compared to the individual phases.
Subsequently, Huang et al. (2017) found that the adsorption of complexes of polymers and
nanoparticles at the oil-water interface allowed for a stabilization of bigels far from the de-
mixing point [13]. Quite recently, Shakeel et al. (2020) demonstrated a bigel that was more
adaptable and better mechanically prepared by combining interfacial (silica nanoparticles)
and bulk stabilization [10]. These interesting results opened up new possibilities for the
development of bigels with enhanced features. However, all these colloidal studies were
not food grade, and knowledge on the construction of an interface and bulk-stabilized
edible bigels is still missing.

Zein is a natural by-product of corn production with characteristic water insolubility.
It is commonly regraded as good candidate for being a water-resistant film and a stabilizer
of biphasic systems with its self-assembly properties [14,15]. In the last few years, zein
nanoparticles have been developed for acting as attractive Pickering stabilizers. They
require a large amount of energy to desorb once they bind to the oil-water interface, and
thus provide superior stability to biphasic systems as compared to conventional emulsifiers.

Based on these considerations, to provide a possibility for developing food-grade Pick-
ering bigels and further verify the importance of interfacial stabilization, two non-surfaces
active gelators, beeswax (BW) and tapioca, were used to stabilize the bulk phase, and zein
nanoparticles were applied as an interface stabilizer. In this way, a novel particle-stabilized
bigel was obtained. Different preparation methods of the bigel were first discussed, and,
subsequently, the macro properties (mechanical, rheological, digestive properties, etc.) and
microstructures were carefully investigated, with respect to both individual gels. In addi-
tion, a high storage stability of the resulting gel was postulated and tested by mechanical
strength experiments. The present work will help to further unlock the potential of bigels
in the food sector.

2. Materials and Methods
2.1. Materials

Sunflower oil (SFO) was a gift of Kerry Specialty Fats Ltd. (Shanghai, China). BW
and tapioca were purchased from Forest Wax Industry Co., Ltd. (Cangzhou, China) and
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Liangrun Whole Grain Food Co., Ltd. (Xinxiang, China), respectively. Zein (90% purity)
was obtained from Longhua Biotechnology Co., Ltd. (Guangzhou, China), whereas Pepsin
(>250 U/mg), pancreatic (8 x USP specification), and bovine bile were all the products of
Sigma (Shanghai, China), and DF-15 lipase (175 U/mg) was brought from Amano Enzyme
(Nagoya, Japan). All other reagents were of analytical grade.

2.2. Fabrication of Zein Nanoparticle-Stabilized Bigel

Zein powders were first accurately weighed (1.5% of total gel weight) and dissolved
in excess aqueous ethanol (80%, v/v) solution (at least 20:1 by weight). The mass of water in
the solution was calculated and accurately weighed (based on the weight of the water in
each formulation) in advance. The mixture was fully stirred for 2 h at 1000 rpm to ensure
adequate hydration. Then, zein suspension could be obtained by removing the ethanol at
40 °C by using a rotary evaporator [15-17].

To prepare the aqueous phase of a bigel, tapioca could be added to the suspension,
and the mixture would be heated to 85 °C and stirred for 20 min (500 rpm). The oleogel
phase of bigel could be obtained by fully dissolving BW (6%, w/w) in SFO (85 °C, 20 min,
500 rpm).

Finally, a bigel could be formed by slowly pouring a proportionally hot oleogel phase
into a hot water phase with high-speed homogenization at 14,000 rpm for 1 min (Ultra-
Turrax, T25, IKA, Staufen, Germany). Gel structures were triggered by rapidly cooling
down to 4 °C. All these samples were further stored for 24 h to ensure an intact gel structure
before analysis. It should be noted that samples with oil fractions below 25% could not be
fully homogenized. In addition, zein will tend to self-assemble as oil phase exceeds 80%
during the heating step. Thus, in total, 5 bigels with different oleogel fractions (25%, 40%,
50%, 60%, and 75% w/w) were successfully developed, and they were named as BG-25,
BG-40, BG-50, BG-60, and BG-75, respectively. For comparison, corresponding single gels
and three non-zein biphasic samples (at 1:1 oleogel /hydrogel ratio) were also prepared:
6% BW oleogel (6BW), 5% tapioca hydrogel (55T), 8% tapioca hydrogel (85T), 10% tapioca
hydrogel (10ST), 6% BW-5% tapioca biphasic samples (BT-5), 6% BW-8% tapioca (BT-8), 6%
BW-10% tapioca (BT-10).

2.3. Microscopical Observations

Micrographs were captured by a digital polarized light microscope (Leica DM2000,
Canon, Tokyo, Japan) at 200x magnification. To clearly distinguish different phases,
samples were dyed with (3-carotene. To this aim, 3-carotene (0.1%, w/w) was first dissolved
in SFO at 140 °C and cooled down to 85 °C by a water bath. Then, the hot mixture was
mixed with BW at 85 °C for 20 min to obtain the hot oleogel phase, which was subsequently
used for bigel production. The resultant samples were gently loaded on a glass slide and
then covered by a coverslip. At least 6 times per sample were analyzed.

2.4. Electrical Conductivity

An electrical conductivity meter (SevenMulti 540, Mettler Toledo, Shanghai, China)
was used to verify the micromorphologies of different samples by determining the electrical
conductivities [18].

2.5. Rheological Characterization

A rotational rheometer (MCR101, Anton Paar, Shanghai, China) with a Peltier temperature-
controlling system was used to measure the rheological properties of the bigels. Preliminary
amplitude tests were firstly executed to determine the linear viscoelastic region (LVR) at a strain
range of 0.01-10%. Then, the storage module (G'), loss module (G'’), and complex module (G*)
were recorded by applying a frequency sweep, ranging 0.01 to 10 Hz. Additionally, dynamic
temperature ramp tests at constant strain (0.1%) and frequency (1 Hz) were conducted by cooling
the sample from 85-20 °C at a rate of 3 °C/min [19]. Subsequently, the apparent viscosity was
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then monitored between 0.1 and 200 s~! shear rate sweeps. All the tests were performed in
triplicate within LVR (0.1%).

2.6. Mechanical Properties

A TA-XT texture analyzer (Stable Microsystems, Godalming, UK) with a cylindrical
probe (40 mm diameter) was used to determine the textural properties [20]. In the test, 50 g
samples were pre-jellified in a cylindrical container (50 mm diameter) and then underwent
a back extrusion test. In the test, the pretest speed, and test speed of the extrusion probe
were 2 mm ™!, and the post-test speed was 10.0 mm s~ !. The extrusion distance and the
trigger force were set to 8 mm and 5 g, respectively. The data were calculated by Exponent
Software (v.6.1.16.0).

2.7. Thermal Analysis

The thermal properties of samples were assessed using a Mettler differential scanning
calorimeter (Greifensee, Switzerland). Samples (about 6-8 mg) were first added into
hermetic aluminum pans, and an empty pan was set as reference. In the test, samples were
equilibrated at 4 °C for 5 min and then heated to 85 °C at 10 °C /min. The thermal profile
was recorded by STARe Software (v.15.00, Mettler-Toledo).

2.8. Fourier Transform Infrared Spectroscopy

The possible interactions among zein nanoparticles, BW, and tapioca in network
structures of freeze-dried bigels were investigated by Fourier transform infrared (FT-IR)
experiments, using a i510 FT-IR spectrophotometer (Thermo Scientific Nicolet, Waltham,
MA, USA) [8]. The FT-IR spectra were scanned from 4000 to 400 cm~!, with the spectral
resolution of 4 cm ! and 32 scans.

2.9. Swelling Properties

The swelling ratios of the bigels were investigated by immersing about 2 g samples
(M) into deionized water (20 mL) for 10 h [7]. After swelling, the surface water was
carefully removed, and the final masses of the samples were recorded as M;. The swelling
ratios could be formulated as:

M2 — M1
— X

i 100 1)

Swellingratio(%) =

2.10. Simulated In Vitro Digestion

Two-stage in vitro digestion experiments (pH-STAT) were carried out to evaluate the
digestibility properties of the bigesl and their potentials in DHA releases [7,19]. Formula-
tions of the digestive juices are shown in Table 1. For the gastric stage, 20 mL simulated
gastric fluids (SGFs) were first mixed with the sample (about 1-2 g) in a 90 mL thermostatic
jacketed bottle after pre-heating to 37 °C, and the pH was rapidly adjusted to 2. The simu-
lated gastric lipolysis went for 1 h with constant shaking (100 rpm). For the intestinal stage,
immediately after gastric digestion, samples with mixed with 40 mL preheated simulated
intestinal fluid (SIF), and the pH of the mixture was then adjusted to pH 6.8 with 0.1 M
HCI. The intestinal lipolysis lasted for 2 h.

Table 1. Composition of digestive juice.

Compositions pH

NaCl (2.0 mg/mL)
Simulated gastric fluids Pepsin (1.28 mg/mL) 2
DF-15 lipase (1.2 mg/mL)
NaCl (8.8 mg/mL)

. . . . KH2PO4 (6.8 mg/mL)
Simulated intestine fluids Bovine bile (10 mg/mL) 6.8

Pancreatic lipase (80 mg/mL)
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Lipolysis rates of bigels were calculated using Equation (2) [21]:

VNaoH X CNaon X MMeq
3 x Woil

lipolysisrate(%) = (2)
where V,0p referred to the consumed volume (L) of NaOH in titration process, and Cn,on
was the molarity of NaOH solution (0.25 mol L™1). MMeq was the average TAG molar
mass of SFO, and W,;; was the weight of the digestive samples.

2.11. Particle Size and (-Potential Measurement

During the digestion process, digesta (20 uL) was collected every 0.5 h and diluted
immediately in 10 mL deionized water (0 °C) to terminate the lipolysis reaction. The
particle sizes and (-potentials of the bigels were analyzed with a Zetasizer Nano Z590
(Malvern, UK) [22].

2.12. Statistical Analyses

Each measurement was conducted at least three times. The graphics were performed
by software Origin 9.1. To evaluate significant differences, a one-way ANOVA analysis was
carried out by SPSS software (v.25.0) with a significance level of 5%.

3. Results and Discussion
3.1. Effect of Zein on Bigel Preparation

Apparent observations showed that a significant phase separation was observed in
BT-5 (Figure 1A). With further increases in gelator contents, BT-8 and BT-10 were an opaque
white color with no phase separation occurring. However, it was found that BT-8 could not
form a self-supporting structure through an inversion test (Figure 1B). Although a strong
enough structure was built in BT-10 (Figure 1A), a distinct grainy texture was observed.
These results suggested that the inhomogeneous mixing and mismatch between each phase
of the proposed systems occurred in the absence of surface components.

g

— -'-:—«»’\w

———  ——

BG40 BG50 BG60 BG75

Figure 1. Appearance of biphasic samples with different formulations (A); inverted experiment for
gelation confirmation (B). Abbreviations: BG25, BG40, BG50, BG60, BG75 represent bigels with 25%,
40%, 50%, 60%, 75% oleogel fractions (w/w), respectively; BT-5 represents biphasic sample with 6%
beeswax and 5% tapioca; BT-10 represents biphasic sample with 6% beeswax and 10% tapioca; 6BW
oleogel with 6% beeswax; 8ST hydrogel with 8% tapioca.
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On the other hand, the results of the inversion test showed that the structure of BG25
collapsed immediately after inversion, indicating the failure of gel formation. No flow and
deformation were observed for single gels (6BW and 8ST) under gravity as well as for bigels
with oleogel fractions that reached 40%, confirming the successful formation of the gel
network. These results confirmed that absorbing zein nanoparticles at the interface could
contribute to the ideal emulsification and stabilization of a bigel based on non-surfactant
gelators. Among these, the 8ST sample was an opaque white color and had a smooth
texture; 6BW showed a yellowish appearance and a greasy texture. All structured bigels
also presented a yellowish color with a greasy texture, which became shallower as the
oleogel fraction increased.

3.2. Microstructure Observation

Insight into the interconnected nature of the fine structures in these samples was given
by studying their microstructures (Figure 2). A yellow color represented the presence
of an oleogel phase. As expected, the tapioca networks were not captured by polarized
light microscopy, whereas the needle-like crystals were found in 6BW [19]. At 40% and
50% oleogel fraction levels, the oily phases of the bigels dispersed as clear spherical oil
droplets were wrapped up by the hydrogel phase, indicating the formation of O/W type
bigels. Compared to BG40, the droplet sizes in BG50 were much smaller and became more
evenly distributed. Similarly, Singh et al. (2022) and Lu et al. (2014) already reported
that oil droplet sizes of an inner phase decreased as the oil content improved [23,24].
Oleogels might act as an active or an inactive filler, related to its own nature and particle
sizes [8,25]. Generally, a small droplet size was considered to be able to provide more sites
for the surfactant and contribute to the interactions between the inner phase and the outer
phase [24]. No visible droplets (neither oil nor water) were observed in BG60, suggesting
the formation of a bi-continuous phase. At 75% oleogel fraction, the background of the
micrograph was full of oil and beeswax crystals, and the distinct water droplets confirmed
the formation of W/O type bigels. It is worth noting that visible interfaces were observed
for both the droplets in the non-continuous samples (BG40, BG50, and BG75) and for the
junction zones between the oleogel and the hydrogel in BG60. This appeared to be evidence
of the adsorption of zein particles at the oil-water interfaces.

+ 100 {im

BG75

100 'um

Figure 2. Polarized light microphotographs of single gels and bigels (with different oleogel fractions).
Abbreviations: BG25, BG40, BG50, BG60, BG75 represent bigels with 25%, 40%, 50%, 60%, 75% oleogel
fractions (w/w), respectively; 6BW oleogel with 6% beeswax; 85T hydrogel with 8% tapioca.
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3.3. Electrical Conductivity Test

The electrical conductivity of bigels was used as an indication of which type it
would form [18]. The results of the conductivity test fit well with the microstructure ob-
servations. In more detail, the conductivity value of the oleogel was found to be close
to zero (0.002 £+ 0.001 mS/m) due to its natural insulant feature. On the other hand, a
single hydrogel exhibited the highest electrical conductivity (49.333 £ 0.115 mS/m).
This happened because the free charges or charged groups derived from the con-
tinuous water and starch phase could make the materials conductive [2,18]. Fur-
thermore, as the proportion of water phase increased, the conductivities of BG60
(4.560 = 0.721 mS/m), BG50 (8.493 £ 0.138 mS/m), and BG40 (14.737 £+ 1.405 mS/m)
increased gradually. These results were in agreement with previous findings by Ghiasi
et al. (2022) [18], which proved the existence of a continuous phase. In addition, BG75
was again confirmed to be the W/O type because of an absence of a conducting phase
(0.001 £ 0.000 mS/m).

3.4. Back extrusion Test

Mechanical behaviors of a bigel have been reported to be greatly affected by its gel
type and oleogel distribution [8,26]. The textural properties of all samples were shown in
Table 2. The single oleogel showed higher firmness, consistency, cohesiveness, and index
of viscosity values than the single hydrogel. In comparison to the individual oleogel and
hydrogel, bigels exhibited intermediate consistencies, cohesive properties, and viscosity
index properties. In addition, it was also found that BG40 exhibited an equivalent firmness
to the oleogel sample, whereas the rising oleogel fractions showed significant enhancing
effects on the firmness properties of the bigels. This implied the important role of oleogel
rigid structure in bigel systems and also suggested a synergistic effect in strengthening bigel
structures. These results were in agreement with previous studies, which already showed a
positive proportional relationship in mechanical properties and oil concentrations in guar
gum-monostearate bigels [7,23]. Note that BG75 exhibited properties close to 6BW (except
for higher mechanical strength), suggesting that the oil phase played a dominant role in
determining the final properties of the bigel. On the other hand, a negative relationship
between the gel firmness and droplet size was already reported by Golodnizky et al.
(2020) and Kim et al. (1996) [9,27]. This happened because bigger surface areas of smaller
oil droplets allowed more interactions with continuing matrices and generated a harder
gel [28,29]. Thus, the enhancement in firmness could be also partially attributed to the
higher structuration degree inner phase, where small gelled water droplets entrapped
within the gel matrix could play the roles of active fillers to support the network structures
and reinforce the gel strengths [29,30]. As expected, the decrease in oil droplet size conferred
a higher stiffness to BG50 than BG40.

Table 2. Textural properties of single gels and bigels with different oleogel fractions.

Formulations Hardness (g) Consistency (g.s) Cohesiveness (g) Index of Viscosity (g.s)
6BW 357.930 4 2.001 © 1351.833 £ 21.349 2 252493 + 3.543 2 191.753 £ 6.991 @
BG75 467.013 +7.1922 1372.851 £ 32.1152 233.926 + 6.022 ° 175.389 + 8.462 P
BG60 421.047 + 10.294 1288.317 + 25.341 b 213.931 £9.276 ¢ 149.340 £ 5.283 ¢
BG50 406.988 4+ 12.525P 1130.492 £ 19.920 € 137.810 + 14.754 ¢ 97.613 +£9.372d
BG40 360.912 4+ 9.652 © 846.784 + 11.298 4 165.322 + 10.094 4 84.660 + 5.052 €

8ST 79.729 + 1.020 4 156.006 £ 3.032 € 8.093 +0.133 3.489 + 0219 f

For the same column, a different letter indicates a significant difference in mechanical properties parameters of
samples (p < 0.05). Abbreviations: BG25, BG40, BG50, BG60, BG75 represent bigels with 25%, 40%, 50%, 60%, 75%
oleogel fractions (w/w), respectively; 6BW oleogel with 6% beeswax; 8ST hydrogel with 8% tapioca.

Finally, the firmness values of the bigels were also determined during storage at room
temperature (25 °C) for a period of 8 months. Different degrees of solid-liquid separations
were found in samples BG40 and BG50, whereas BG60 and BG75 were able to remain stable
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with no liquid leakage. The firmness values of BG60 and BG75 were 298.019 £ 5.714 g
(reduced by 36.56% of initial value) and 362.628 & 9.288 g (reduced by 22.35%), respectively.
In the previous work, Wettlaufer and Floter (2023) reported that the firmness of a beeswax-
based oleogel dropped in excess of 50% after 3 months of storage, for both 4%, 8% and
16% wax addition levels [31]. These findings confirmed our previous assumption about the
high stability of the particle-stabilized bigel.

3.5. Rheological Characterization

The viscoelastic properties of different single gels and bigels were shown in Figure 3.
In both cases, G’ values were larger than G values, irrespective of frequency, and marked
a solid-like behavior (results not shown). In addition, frequency sweeps revealed that
the G” /G’ values of all samples were in a range of 0.38-0.50, suggesting the formation of
typical weak gels [32]. As compared to individual gels, enhanced solid characteristics (G')
were observed for the bigels, indicating a synergistic effect between different phases. This
enhancement could have been related to several factors. Firstly, in a mixed system, the
networks of oleogel and hydrogel may interpenetrate, leading to further entanglement and
arrested de-mixing of the organic and aqueous phases, which could enhance the overall
resistance to deformation [12,33]. However, notably, zein was covering the oil-water inter-
face which, to a certain extent, may inhibit the inter penetrating, and thus result in different
deformation responses [12]. On the other hand, driven by the hydrophobic interactions,
zein nanoparticle aggregates would assemble at the oil-water interface, increase the friction
forces against deformation, and, subsequently, facilitate the formation of a more elastic
structure [34]. Moreover, the positive interactions between colloidal particles and gelator
chains could also play an important role in this synergistic reaction [35]. In addition, the
role of the oleogel’s rigid structure in the overall structure cannot be ignored. The increase
in oily fraction would also lead to a tighter packing of a dispersed phase and optimize the
spatial configuration, thus enforcing the structurization of bigel [7]. As expected, bigels
with higher oil contents (BG60 and BG75) showed much higher G’ values than other sam-
ples (Figure 3A). Early evidence suggests that the oleogel fraction usually imparts better
solid properties to bigels as compared to hydrogels [4,8,36]. Still, the ascendancy phase
in determining bigel properties is seemed to be dependent on the oil/water ratio and the
intrinsic properties of single gels [35,37]. As shown in Figure 3A, with increasing frequency,
the G’ values of the bigels and the 6BW slightly increased, whereas those of the 8ST were al-
most constant. All bigel samples performed a solid characteristic very close to pure oleogel
rather hydrogel. It can be inferred that oleogel played a dominant role in determining the
rheological signature of bigel systems, which may arise from its stiffer structure. In terms
of viscosity, strong shear thinning behavior was observed for all formulations, indicating
a pseudoplastic nature (Figure 3B). The apparent viscosity of samples was decreased by
increasing the oleogel fraction, which could be attributed to the lower inherent viscosity of
the oleogel phase compared to the hydrogel phase.

The temperature ramp test showed that the G* values of 85T remained stable as the
temperature increased, which suggested that no gel-sol transition occurred (Figure 3C). The
increase in G* values in a high temperature range could be related to the incomplete gela-
tinization of starch in the production process. However, the G* values of 6BW decreased as
the temperature increased, suggesting a temperature sensitivity. A sharp decrease in elastic
character (G*) took place at a range of 30 °C and 53.6 °C because of the melting of BW crys-
tals” networks. At a temperature above 53.6 °C, the sample exhibited a liquid characteristic.
All bigels exhibited a melting behavior similar to that of oleogel, and, interestingly, the
presence of hydrogel structures delayed the collapse process of the bigel network during
heating. Thus, a significant increase in Tge|.5o] Was found in the bigel samples as compared
to 6BW, where the values obtained for BG40, BG50, BG60, and BG75 were 68.7 °C, 63.0 °C,
57.3 °C, and 56.0 °C, respectively. In addition, this slowing effect appeared to be related
to the hydrogel content in the bigel and became more pronounced when the water phase
content increased. Similar results have been reported by Zheng et al. (2020), who found that
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the temperature of gel-solution transition decreased with the oleogel fraction [8]. They also

suggested the outer hydrogel could protect samples from an immediate gel-sol transition
after the oleogel melted.
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Figure 3. Rheological properties of single gels and different formulated bigels during dynamic shear
sweep (A), temperature sweep (B), and frequency sweep (C) tests. Abbreviations: BG40, BG50, BG60,

BGY75 represent bigels with 40%, 50%, 60%, 75% oleogel fractions (w/w), respectively; 6BW oleogel
with 6% beeswax; 8ST hydrogel with 8% tapioca.
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3.6. Thermal Analysis

The thermal behaviors of different formulated bigels and their corresponding single
gels were studied. As shown in Figure 4, characteristic peaks of hydrogel for all samples
ranged from 4 to 11 °C during the heating process. The individual oleogel began to melt
at 30.8 °C, and a melting peak was obtained at 40.33 °C. In contrast, it was found that the
bigels melted at much lower temperatures (24.06-27.33 °C). However, both the melting
peaks and the melting completion temperatures of the bigels shifted to higher temperature
ranges (43.17-47.33 °C and 54.83-60.15 °C, respectively), which meant the melting profiles
were broadened. Additionally, in spite of the observed splitting peak in BG50, there was a
tendency for the peak temperature values to increase with a decreasing oleogel content.
Moreover, compared to the temperature sweeps results (Figure 3C), temperature values
of Tgel 501 Were higher than the values of melting completion, confirming an effect of the
delaying network collapse arising from the hydrogel structures.

6BW

————

BG75

BG60

BG50

Heat flow (w/g)

BG40

8ST

10 20 30 40 50 60 70 80

Temperature (°C)

Figure 4. Thermograms of single gels (hydrogel and oleogel) and bigels with different oleogel
fractions. Abbreviations: BG40, BG50, BG60, BG75 represent bigels with 40%, 50%, 60%, 75% oleogel
fraction (w/w), respectively; 6BW oleogel with 6% beeswax; 8ST hydrogel with 8% tapioca.

3.7. Fourier Transform Infrared Spectroscopy

Aiming at understanding the interaction forces occurring in bigels, the FT-IR spectra
(at 4000400 cm 1) of all samples were determined (Figure 5). For the single hydrogel,
weak characteristic peaks of the C-O antisymmetric stretching vibrations were observed
at 1154, 1082, and 1025 cm !, indicating the gelation of starch. The intensities of these
peaks corresponded to the structuration degrees of the starch [38]. Among these, the peak
at ~1022 cm ™! highlighted the presence of amorphous structures [39]. In addition, the
broad band at 37003200 cm ! represented the -OH stretching vibrations of tapioca, which
indicated the presence of H-bonds [40].
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Figure 5. FT-IR spectra of single gels (hydrogel and oleogel) and different formulated bigels. Abbre-
viations: BG40, BG50, BG60, BG75 represent bigels with 40%, 50%, 60%, 75% oleogel fractions (w/w),
respectively; 6BW oleogel with 6% beeswax; 8ST hydrogel with 8% tapioca.

For the single oleogel, the C-H stretching vibrational peaks were clearly evident at 3008,
2924, and 2853 cm !, whereas the typical peaks assigned to the H-bonds were not observed.
As previously reported, Li et al. (2022) found that the van der Waals interaction, rather
than the H-bonds, was the main driving force to stabilize the BW oleogel network [19].

All bigel samples exhibited spectra close to that of the oleogels, and the weak character-
istic peaks of the starch hydrogel seemed to be hidden by the peaks attributed to BW. This
again confirmed the dominance of the oleogels’ structures in the bigel systems. In addition,
no clear peaks were observed for the bigels with different oleogel fractions in the region
of 3200-3700 cm !, evidencing the absence of the peaks attributed to H-bonds [41]. In
addition, no significant shifts of the signals for the C-H stretching vibrations were obtained
with the increase of hydrogel, indicating a lack of (or weak) van der Waals forces [42]. This
lack of interaction forces inevitably led to weak affinities between the oleogel and hydrogel
phases, which explained the difficulty in bigel formation via direct mixing, as discussed
earlier. These results again emphasized the positive role of zein particles in enhancing the
internal connectivities and structural strengths by stabilizing the oil-water interface.

3.8. Swelling Properties

The swelling ratios of individual gels and different formulated bigels are shown
in Figure 6A. As expected, no swelling behavior was found in the single oleogel after
soaking due to its hydrophobic character. In bigels, the continuous oleogel networks
who inhibited the penetration of water molecules into the interior of the gel system were
responsible for the approximately zero swelling ratio of BG75 (0.10 £ 0.05%) [8]. With the
increase in hydrogel content, BG60 and BG50 exhibited similar medium swelling ratios
(12.83 £ 2.33% and 10.15 £ 1.57%, respectively), and the highest ratio was obtained for
the BG40 (27.36 & 2.12%). This suggested that the oil/water ratio (and bigel type) greatly
affected the swelling behaviors of the bigels. As previously reported, the increase in
swelling values could be reasonably associated with the swellable starch gel network, as
the hydrogel would absorb water and further entangle its network when immersed into
water [43]. However, it should be noted that the hydrogel could only absorbed by a small
amount of water in the subsequent submersion process, as most of the network space was
occupied during gel preparation, even as an external phase [8]. It should be also taken
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into consideration that the lowest mechanical strength and the largest particle droplets
generally implied a loose network with a larger porosity, which was easily accessed for
water molecules. Thus, for the same type of bigels, this swelling behavior seemed to be
mainly related to the absorption of water into the gap between the oil and water phases.
Accordingly, the highest swelling ratio of BG40 could be associated with its highest hydrogel
content and weak network structure with the largest particles. The tighter structure from the
small oil droplets and the O/W type may have been responsible for the lowest swelling ratio
in BG50. For BG60, the partial continuous oleogel phase appeared to confer hydrophobic
properties and led to lower swelling.

70
60 ] Swelling ratio (%)
- Lipolysis degree (%)
50
40
30
20
10
0
BG40 BG50 BG60 BG75
(A)
60
—e— 6BW
—e—BG75
504 —+—BG60
—e—BGS50
o —e— BG40 TLE:
S 40 e,
8 YITI Tffiii_ —
by Tl Llic TILLLILLL
L dea T ] ! g [H%
2 20 T RLLLLLLLLLA
= o odsssepore RPN
10
0 I T T T T T
0 1200 2400 3600 4800 6000 7200
Time (s)
(B)

Figure 6. Swelling ratio and lipolysis rate of oleogel and different formulated bigels during the in vitro
intestinal lipolysis (A); time course curve of in vitro intestinal lipolysis (B). Abbreviations: BG40,
BG50, BG60, BG75 represent bigels with 40%, 50%, 60%, 75% oleogel fractions (w/w), respectively;
6BW oleogel with 6% beeswax. Different letters indicate significant differences (p < 0.05) among
groups (Low case letters are used for swelling ratio results; Capital letters are used for lipolysis
degree results).
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3.9. Simulated In Vitro Digestion

The digestive behavior of the gel matrix is a key factor to evaluate its potential as a
fat substitute and a subsequent inclusion releaser. It has been shown that the interfacial
composition and size of fat globules can affect the lipid digestive behaviors. Differences
in fat particle sizes exhibit a major effect on fat lipolysis and bioavailability rates during
digestion progress [19,21]. Commonly, smaller fat droplet sizes are thought to be beneficial
for digestion, as they provide a larger surface area for lipase accessing lipids [44]. Still,
when it comes to Pickering systems, the situation could be even more complicated because
the interface surrounding the droplet could greatly hinder the access of lipase to fat [45]. As
such, the (-potential could act as an indicator to reflect the changes in interface compositions,
interfacial layers, and properties of fat globules during in vitro digestion [21,46].

All the tested samples were in an unstable state (absolute value (-potential less than
30 mv) at the beginning of intestine digestion (Table 3) [47]. Additionally, their particle sizes
decreased significantly during the digestion process, especially in the first 30 min (except
for BG50, discussed later), which indicated a breakdown of the gel network. As shown in
Figure 6B, an exponential release pattern was observed for all analyzed samples, where
the lipolysis rate first rapidly increased and, subsequently, reached a plateau with a slow
growth until the end of digestion. Among the samples tested, the maximum lipolysis rate
was determined for the single oleogel (52.47 £ 1.99%), whereas the presence of hydrogel
led to lower lipolysis extents for the bigels, regardless of their types (Figure 6A). This
suggested that the gelation mechanism seemed to critically affect gel lipolysis, which could
be attributed to the presence of a starch network and zein layer covering the oil digestion
sites. In bigels, the digestibility of the samples exhibited a downward trend as the hydrogel
fraction increased, where a corresponding decrease in hardness was already discussed in
TPA analysis (Table 2). It is also worth noting that BG50 showed a much lower lipolysis
extent (19.57 & 2.95%) in comparison with the other bigel samples.

Table 3. Particle size (A) and (-potential (B) during the in vitro intestinal lipolysis of oleogel and

different bigels.
Measurement Sample 0 min 30 min 60 min 90 min 120 min

BG40 13713 £ 10542 4271+ 1664  393.7 +17.34 578.7 + 549 514.0 £ 32.0 b¢
BG50 1266.0 +52.42  1161.0 +109.42  717.8 & 57.7b 767.3 + 40.7 679.8 £21.4°

Particle size BG60 1208.0 +£39.62 6757 £365P 519.3 + 75.8 ¢ 617.7 £33.2°P 4835+ 1594
BG75 1195.0 + 58.72  456.3 +20.8P 3754 4+ 26.1°¢ 3742 +89¢ 3082 +3.94d
6BW 1011.6 £89.02 3528 +18.9P 3995 +17.2° 355.5 + 6.3b 367.0 = 18.4°
BG40 —1854+0.22 —2934+05Pb —373+06¢ —359+20¢ —401+61¢
BG50 —21.1+052 —229 41,073 —2284 12 —229 4103 —2394+09Pb

(-potential BG60 —213+212 —263+1.6P —283 +4.4Pbc —26.0+1.13 —314+12°¢
BG75 —232+052 —31.7+23b —400+6.1°¢ —47343.14d —446 425
6BW —254+172 —448 £33° —417 4+ 1.2bc —438+3.1bc —4024+09b

For the same line, a different lowercase letter indicates a significant difference in particle size or {-potential
(p < 0.05). Abbreviations: BG25, BG40, BG50, BG60, BG75 represent bigels with 25%, 40%, 50%, 60%, 75%
oleogel fractions (w/w), respectively; 6BW oleogel with 6% beeswax.

There are several reasons that might account for the differences in the lipolysis degree
among the bigel samples. First of all, the cross-linked network based on the oleogel and
hydrogel phases could provide physical barriers that hindered the diffusion of the liquid
oil as well as the access of the lipase to the oil [48]. Generally, a stronger gel would lead
to a lower level of lipolysis. Meanwhile, void spaces might exist among different phases,
where the lipase could directly enter for lipolysis [49]. Thus, samples with higher oleogel
contents may have more compact structures, preventing lipase contact with substrate oil
directly through void spaces. The stronger and denser gel network structure in BG75 was
thought to be more difficult to break down during digestion than that of 6BW, which was
beneficial for slowing the lipolysis process [50]. Second, the bigel type greatly affected the
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bigel’s lipolysis. When oleogel acted as the outer phase (BG75), lipase could attack the oil
phase directly. However, BG50 and BG40 had the outer hydrogel phases that could further
protect the oleogel particles from lipase, leading to delayed lipolysis. This protective effect
of the external hydrogel phase may explain the low lipolysis rate of BG40 and BG50. In
addition, one should also note that the swelling of the bigel would facilitate the transfer of
the liquid oil into the digestive juices [8]. An interesting phenomenon was that there was a
good correspondence between the swelling ratios and the final lipolysis rates of the bigels.
This suggested that the swelling ratio may have been a predominant feature in determining
the digestibility of a bigel. The lowest lipolysis of BG50 could be, therefore, related to the
compact network (small void spaces) with a higher mechanical strength and lower swelling,
in comparison with BG40. On the other hand, the results of the particle size showed that the
particle sizes of samples exhibited a tendency to increase at the initial stage of the intestine
digestion stage with the increase in hydrogel phase content. This may have been related
to thick protein interfacial layer and the undigested external phase. In the first 30 min
of intestine digestion, the particle sizes of BG40, BG60, BG75, and 6BW were found to be
significantly reduced, whereas no significant changes occurred in the particle sizes of BG50.
This indicated that the gel structure of the BG50 collapsed most slowly during digestion.
As the digestion progressed, the interfaces of the BG40, BG60, BG75, and 6BW gradually
became stable (absolute value of {-potential greater than 30 mv [51,52]), and their particle
sizes reached the minimum in 60 min. Note that subsequent possible slight increases in
particle sizes were generally thought to be related to the aggregation of small droplets [22].
However, the margin of decrease in the BG50 particle sizes was significantly smaller at
120 min, compared to other samples (Table 3). At the same time, the absolute value of
its (-potential was significantly lower than 30 mv (23.9 mv). These suggested a possible
ongoing digestion in BG50 at the end of its in vitro digestion experiment [47]. Armed
with these findings, it can be concluded that BG50 had a significant effect on delaying
lipid digestion.

4. Conclusions

In summary, novel food-grade bigels were developed by using zein nanoparticles as
the stabilizer of oleogel /hydrogel interfaces and by stabilizing the bulk phases based on a
three-dimensional network of non-surface gelators (beeswax and tapioca). Combining the
interfacial and bulk stabilization, it allowed for well-defined emulsification and gelation in
the systems that were usually difficult to gelate directly. The bigel types, physical properties,
swelling behaviors, and lipolysis processes of the obtained bigel systems could be tuned by
the oil /water ratios. In comparison to single gelator systems, this combination could lead
to synergistic effects on mechanical and rheological properties at high oleogel fractions.

In addition, the proposed system could effectively slow the erosion of its network
during digestion, leading to delayed digestion, especially at a 1:1 oil/water ratio. These
findings expand the possibilities for making diverse food-grade bigels. The fabricated
bigels could potentially be used as an alternative to developing reduced-fat food products
and matrixes for controlled-releases of lipophilic active components. Given the critical role
of interfacial stabilizations in such systems, a more detailed examination of the preparation
methods and properties of zein nanoparticles could improve the regulability of gel prop-
erties and further demonstrate their full potentials. In addition, mixing speed during the
homogenization step had a significant impact on the final properties of the bigels. However,
different results could be found in bigel systems with varying structuring mechanisms.
Thus, more efforts are needed to investigate the effects of mixing speed on zein-based
Pickering bigels for better performance control.

Author Contributions: ].L., J.H., R.G., H.Z,, Y.B. and X.X. conceived and designed the study. J.L.
wrote the first draft of the manuscript. J.L., ].H., Y.X. and X.L. carried out the research. J.L., Y.X. and
X.L. analyzed the data. All authors contributed to and approved the final draft of the manuscript. All
authors have read and agreed to the published version of the manuscript.



Foods 2023, 12, 2546 15 of 17

Funding: The project was conducted in the Wilmar (Shanghai) Biotechnology Research and Develop-
ment Center Co., Ltd. with full financial support. The Lipid Chemistry and Quality Team at Henan
University of Technology are also warmly acknowledged for their technical support.

Institutional Review Board Statement: No human or animal subjects were used in this research.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: Author Ruihua Guo, Xinke Liu, Hong Zhang, Xuebing Xu were employed by
the company Wilmar (Shanghai) Biotechnology Research and Development Center Co. Ltd. There
maining authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest. The authors declare that this
study received funding from Wilmar (Shanghai) Biotechnology Research and Development Center
Co. Ltd. The funder had the following involvement with the study: study design, collection. analysis,
interpretation of data, the writing of this article and the decision to submit it for publication.

References

1.  Shakeel, A.; Lupi, ER.; Gabriele, D.; Baldino, N.; Cindio, B.D. Bigels: A unique class of materials for drug delivery applications.
Soft Mater. 2018, 16, 77-93. [CrossRef]

2. Lupi, ER,; Shakeel, A.; Greco, V.; Rossi, C.O.; Baldino, N.; Gabriele, D. A rheological and microstructural characterisation of bigels
for cosmetic and pharmaceutical uses. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 69, 358-365. [CrossRef] [PubMed]

3.  Bollom, M.A,; Clark, S.; Acevedo, N.C. Edible lecithin, stearic acid, and whey protein bigels enhance survival of probiotics during
in vitro digestion. Food Biosci. 2021, 39, 100813. [CrossRef]

4. Shakeel, A.; Farooq, U.; Igbal, T.; Yasin, S.; Lupi, ER.; Gabriele, D. Key characteristics and modelling of bigels systems: A review.
Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 97, 932-953. [CrossRef] [PubMed]

5. Wakhet, S.; Singh, V.K; Sahoo, S.; Sagiri, S.S.; Kulanthaivel, S.; Bhattacharya, M.K.; Kumar, N.; Banerjee, I; Pal, K. Characterization
of gelatin-agar based phase separated hydrogel, emulgel and bigel: A comparative study. J. Mater. Sci. Mater. Med. 2015, 26, 118.
[CrossRef] [PubMed]

6. Martinez, R.M.; Magalhaes, W.V.; Sufi, B.D.S.; Padovani, G.; Nazato, L.LS.; Velasco, M.V.R,; Lannes, S.; Baby, A.R. Vitamin
E-loaded bigels and emulsions: Physicochemical characterization and potential biological application. Colloids Surf. B 2021, 201,
111651. [CrossRef]

7. Zhu, Q.; Gao, J.; Han, L; Han, K.;; Wei, W.; Wu, T; Li, J.; Zhang, M. Development and characterization of novel bigels based
on monoglyceride-beeswax oleogel and high acyl gellan gum hydrogel for lycopene delivery. Food Chem. 2021, 365, 130419.
[CrossRef]

8. Zheng, H.;Mao, L.; Cui, M,; Liu, J.; Gao, Y. Development of food-grade bigels based on k-carrageenan hydrogel and monoglyceride
oleogels as carriers for 3-carotene: Roles of oleogel fraction. Food Hydrocolld. 2020, 105, 105855. [CrossRef]

9.  Golodnizky, D.; Davidovich-Pinhas, M. The Effect of the HLB Value of Sucrose Ester on Physiochemical Properties of Bigel
Systems. Foods 2020, 9, 1857. [CrossRef]

10. Shakeel, A.; Farooq, U.; Chassagne, C. Interfacial and Bulk Stabilization of Oil/Water System: A Novel Synergistic Approach.
Nanomaterials 2020, 10, 356. [CrossRef]

11.  Samui, T.; Goldenisky, D.; Rosen-Kligvasser, J.; Davidovich-Pinhas, M. The development and characterization of novel in-situ
bigel formulation. Food Hydrocolloid. 2021, 113, 106416. [CrossRef]

12.  Patel, A.R,; Manko¢, B.; Sintang, M.D.B.; Lesaffer, A.; Dewettinck, K. Fumed silica-based organogels and ‘aqueous-organic’ bigels.
RSC Adv. 2015, 5, 9703-9708. [CrossRef]

13. Huang, C.; Forth, J.; Wang, W.; Hong, K.; Smith, G.S.; Helms, B.A.; Russell, T.P. Bicontinuous structured liquids with sub-
micrometre domains using nanoparticle surfactants. Nat. Nanotechnol. 2017, 12, 1060-1063. [CrossRef]

14. Anderson, T.J.; Lamsal, B.P. Zein Extraction from Corn, Corn Products, and Coproducts and Modifications for Various Applica-
tions: A Review. Cereal Chem. 2011, 88, 159-173. [CrossRef]

15.  Chuacharoen, T.; Sabliov, C.M. Stability and controlled release of lutein loaded in zein nanoparticles with and without lecithin
and pluronic F127 surfactants. Colloid. Surface. A 2016, 503, 11-18. [CrossRef]

16. Mattice, K.D.; Marangoni, A.G. Evaluating the use of zein in structuring plant-based products. Curr. Res. Food Sci. 2020, 3, 59-66.
[CrossRef]

17.  Chens, S.; Han, Y;; Huang, J.; Dai, L.; Du, J.; McClements, D.J.; Mao, L.; Liu, J.; Gao, Y. Fabrication and Characterization of
Layer-by-Layer Composite Nanoparticles Based on Zein and Hyaluronic Acid for Codelivery of Curcumin and Quercetagetin.
ACS Appl. Mater. Interfaces 2019, 11, 16922-16933. [CrossRef] [PubMed]

18.  Ghiasi, F.; Golmakani, M.T. Fabrication and characterization of a novel biphasic system based on starch and ethylcellulose as an
alternative fat replacer in a model food system. Innov. Food Sci. Emerg. 2022, 78, 103028. [CrossRef]

19. Li, J; Guo, R; Wang, M.; Bi, Y,; Zhang, H.; Xu, X. Development and Characterization of Compound Oleogels Based on

Monoglycerides and Edible Waxes. ACS Food Sci. Technol. 2022, 2, 302-314. [CrossRef]


https://doi.org/10.1080/1539445X.2018.1424638
https://doi.org/10.1016/j.msec.2016.06.098
https://www.ncbi.nlm.nih.gov/pubmed/27612723
https://doi.org/10.1016/j.fbio.2020.100813
https://doi.org/10.1016/j.msec.2018.12.075
https://www.ncbi.nlm.nih.gov/pubmed/30678982
https://doi.org/10.1007/s10856-015-5434-2
https://www.ncbi.nlm.nih.gov/pubmed/25672596
https://doi.org/10.1016/j.colsurfb.2021.111651
https://doi.org/10.1016/j.foodchem.2021.130419
https://doi.org/10.1016/j.foodhyd.2020.105855
https://doi.org/10.3390/foods9121857
https://doi.org/10.3390/nano10020356
https://doi.org/10.1016/j.foodhyd.2020.106416
https://doi.org/10.1039/C4RA15437A
https://doi.org/10.1038/nnano.2017.182
https://doi.org/10.1094/CCHEM-06-10-0091
https://doi.org/10.1016/j.colsurfa.2016.04.038
https://doi.org/10.1016/j.crfs.2020.03.004
https://doi.org/10.1021/acsami.9b02529
https://www.ncbi.nlm.nih.gov/pubmed/30985111
https://doi.org/10.1016/j.ifset.2022.103028
https://doi.org/10.1021/acsfoodscitech.1c00390

Foods 2023, 12, 2546 16 of 17

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hedayati, S.; Shahidi, F.; Koocheki, A.; Farahnaky, A.; Majzoobi, M. Functional properties of granular cold-water swelling maize
starch: Effect of sucrose and glucose. Int. J. Food Sci. Technol. 2016, 51, 2416-2423. [CrossRef]

Cheong, L.Z.; Jiang, C.; He, X; Song, S.; Lai, O.M. Lipid Profiling, Particle Size Determination, and in Vitro Simulated Gastroin-
testinal Lipolysis of Mature Human Milk and Infant Formula. J. Agric. Food Chem. 2018, 66, 12042-12050. [CrossRef]

Wang, M.; Xu, S.; Cheong, L.Z.; Xu, X; Bi, Y.; Zhang, H. Development of a reliable pH-STAT in-vitro model for gastrointestinal
digestion of lipids and application for infant formula. Food Sci. Technol. 2022, 42, 115221. [CrossRef]

Singh, VK.; Anis, A.; Banerjee, I.; Pramanik, K.; Bhattacharya, M.K.; Pal, K. Preparation and characterization of novel carbopol
based bigels for topical delivery of metronidazole for the treatment of bacterial vaginosis. Mater. Sci. Eng. C Mater. Biol. Appl.
2014, 44, 151-158. [CrossRef] [PubMed]

Lu, Y.; Zhong, Y.; Guo, X.; Zhang, J.; Gao, Y.; Mao, L. Structural Modification of O/W Bigels by Glycerol Monostearate for
Improved Co-Delivery of Curcumin and Epigallocatechin Gallate. ACS Food Sci. Technol. 2022, 2, 975-983. [CrossRef]

Martins, A.J.; Silva, P.; Maciel, F,; Pastrana, L.M.; Cunha, R.L.; Cerqueira, M.A.; Vicente, A.A. Hybrid gels: Influence of
oleogel /hydrogel ratio on rheological and textural properties. Food Res. Int. 2019, 116, 1298-1305. [CrossRef]

Paul, S.R.; Qureshi, D.; Yogalakshmi, Y.; Nayak, S.K.; Singh, V.K,; Syed, I.; Sarkar, P; Pal, K. Development of Bigels Based on
Stearic Acid-Rice Bran Oil Oleogels and Tamarind Gum Hydrogels for Controlled Delivery Applications. J. Surfactants Deterg.
2018, 21, 17-29. [CrossRef]

Kyuang-hee, K.; Shoichi, G.; Yoshimasa, Y. Effects Of Oil Droplets On Physical And SensoryY Properties Of O/W Emulsion Agar
Gel. J. Texture Stud. 1996, 27, 655-670. [CrossRef]

Sala, G.; Van Vliet, T.; Stuart, M.C.; Van de Velde, F,; Van Aken, G.A. Deformation and fracture of emulsion-filled gels: Effect of
gelling agent concentration and oil droplet size. Food Hydrocolloid. 2009, 23, 1853-1863. [CrossRef]

Da Silva, T.L.T; Arellano, D.B.; Martini, S. Effect of Water Addition on Physical Properties of Emulsion Gels. Food Biophys. 2018,
14, 30-40. [CrossRef]

Zhang, R.; Yu, J.; Liu, N.; Gao, Y.; Mao, L. W/O emulsions featuring ethylcellulose structuring in the water phase, interface and
oil phase for multiple delivery. Carbohydr. Polym. 2022, 283, 119158. [CrossRef]

Wettlaufer, T.; Floter, E. Effect of Storage Time on Wax-Wax-Hydrolyzate Canola Oil Oleogels. Eur. |. Lipid Sci. Technol. 2023, 125,
2200004. [CrossRef]

Shinya, L.K.; Nishinari, K. “Weak Gel”-Type Rheological Properties of Aqueous Dispersions of Nonaggregated « -Carrageenan
Helices. J. Agr. Food Chem. 2001, 49, 4436—4441. [CrossRef]

Lupi, ER.; De Santo, M.P.; Ciuchi, F.; Baldino, N.; Gabriele, D. A rheological modelling and microscopic analysis of bigels. Rheol.
Acta. 2017, 56, 753-763. [CrossRef]

Wang, S.; Segin, N.; Wang, K.; Masliyah, ]. H.; Xu, Z. Wettability Control Mechanism of Highly Contaminated Hydrophilic
Silica/ Alumina Surfaces by Ethyl Cellulose. J. Phys. Chem. C 2011, 115, 10576-10587. [CrossRef]

Shakeel, A.; Farooq, U.; Gabriele, D.; Marangoni, A.G.; Lupi, ER. Bigels and multi-component organogels: An overview from
rheological perspective. Food Hydrocolloid. 2021, 111, 106190. [CrossRef]

Behera, B.; Sagiri, S.S.; Singh, V.K,; Pal, K.; Anis, A. Mechanical properties and delivery of drug/probiotics from starch and
non-starch based novel bigels: A comparative study. Starch-Stiirke 2014, 66, 865-879. [CrossRef]

Kodela, S.P,; Pandey, PM.; Nayak, S.K.; Uvanesh, K.; Anis, A.; Pal, K. Novel agar-stearyl alcohol oleogel-based bigels as structured
delivery vehicles. Int. J. Polym. Mater. 2017, 66, 669-678. [CrossRef]

Larrea-Wachtendorff, D.; Tabilo-Munizaga, G.; Ferrari, G. Potato Starch Hydrogels Produced by High Hydrostatic Pressure
(HHP): A First Approach. Polymers 2019, 11, 1673. [CrossRef]

Warren, EJ.; Gidley, M.].; Flanagan, B.M. Infrared spectroscopy as a tool to characterise starch ordered structure-a joint FTIR-ATR,
NMR, XRD and DSC study. Carbohydr. Polym. 2016, 139, 35—42. [CrossRef]

Lupi, ER.; Shakeel, A.; Greco, V,; Baldino, N.; Calabro, V.; Gabriele, D. Organogelation of extra virgin olive oil with fatty alcohols,
glyceryl stearate and their mixture. LWT-Food Sci. Technol. 2017, 77, 422-429. [CrossRef]

Sagiri, S.S.; Singh, V.K.; Kulanthaivel, S.; Banerjee, I.; Basak, P.; Battachrya, M.K,; Pal, K. Stearate organogel-gelatin hydrogel
based bigels: Physicochemical, thermal, mechanical characterizations and in vitro drug delivery applications. J. Mech. Behav.
Biomed. Mater. 2015, 43, 1-17. [CrossRef]

Ren, Y.; Wang, B.; Zhang, X. Synthesis of photoresponsive cholesterol-based azobenzene organogels: Dependence on different
spacer lengths. Beilstein. ]. Org. Chem. 2015, 11, 1089-1095. [CrossRef]

Kanyuck, K.M.; Mills, T.B.; Norton, I.T.; Norton-Welch, A.B. Swelling of high acyl gellan gum hydrogel: Characterization of
network strengthening and slower release. Carbohydr. Polym. 2021, 259, 117758. [CrossRef]

Majeed, H.; Antoniou, J.; Hategekimana, J.; Sharif, H.R.; Haider, ].; Liu, E; Ali, B.; Rong, L.; Ma, ].G.; Zhong, F. Influence of carrier
oil type, particle size on in vitro lipid digestion and eugenol release in emulsion and nanoemulsions. Food Hydrocolloid. 2016, 52,
415-422. [CrossRef]

McClements, D.J.; Li, Y. Structured emulsion-based delivery systems: Controlling the digestion and release of lipophilic food
components. Adv. Colloid Interface Sci. 2010, 159, 213-228. [CrossRef]

Yuan, T.; Zhu, X.; Mu, G.; Qian, F; Xiong, H. Effects of Chemical Composition and Microstructure in Human Milk and Infant
Formulas on Lipid Digestion. J. Agric. Food Chem. 2020, 68, 5462-5470. [CrossRef] [PubMed]


https://doi.org/10.1111/ijfs.13222
https://doi.org/10.1021/acs.jafc.8b03998
https://doi.org/10.1590/fst.115221
https://doi.org/10.1016/j.msec.2014.08.026
https://www.ncbi.nlm.nih.gov/pubmed/25280691
https://doi.org/10.1021/acsfoodscitech.2c00044
https://doi.org/10.1016/j.foodres.2018.10.019
https://doi.org/10.1002/jsde.12022
https://doi.org/10.1111/j.1745-4603.1996.tb00999.x
https://doi.org/10.1016/j.foodhyd.2009.03.002
https://doi.org/10.1007/s11483-018-9554-3
https://doi.org/10.1016/j.carbpol.2022.119158
https://doi.org/10.1002/ejlt.202200004
https://doi.org/10.1021/jf0103065
https://doi.org/10.1007/s00397-017-1030-3
https://doi.org/10.1021/jp109473u
https://doi.org/10.1016/j.foodhyd.2020.106190
https://doi.org/10.1002/star.201400045
https://doi.org/10.1080/00914037.2016.1252362
https://doi.org/10.3390/polym11101673
https://doi.org/10.1016/j.carbpol.2015.11.066
https://doi.org/10.1016/j.lwt.2016.11.082
https://doi.org/10.1016/j.jmbbm.2014.11.026
https://doi.org/10.3762/bjoc.11.122
https://doi.org/10.1016/j.carbpol.2021.117758
https://doi.org/10.1016/j.foodhyd.2015.07.009
https://doi.org/10.1016/j.cis.2010.06.010
https://doi.org/10.1021/acs.jafc.0c00745
https://www.ncbi.nlm.nih.gov/pubmed/32307995

Foods 2023, 12, 2546 17 of 17

47.

48.

49.

50.

51.
52.

Liu, L,; Pan, Y,; Zhang, X.; Zhang, Y.; Li, X. Effect of Particle Size and Interface Composition on the Lipid Digestion of Droplets
Covered with Membrane Phospholipids. J. Agric. Food Chem. 2021, 69, 159-169. [CrossRef] [PubMed]

Areen, A.; Jasmine, RK.; Uri, L.; Maya, D.P. Controlling lipid intestinal digestibility using various oil structuring mechanisms.
Food Funct. 2020, 11, 7495-7508. [CrossRef]

Tan, H.; Sun, G.; Lin, W.; Mu, C.; Ngai, T. Gelatin particle-stabilized high internal phase emulsions as nutraceutical containers.
ACS Appl. Mater. Inter. 2014, 6, 13977-13984. [CrossRef] [PubMed]

Wang, S.; Chen, K.; Liu, G. Monoglyceride oleogels for lipophilic bioactive delivery-Influence of self-assembled structures on
stability and in vitro bioaccessibility of astaxanthin. Food Chem. 2022, 375, 131880. [CrossRef]

Deluca, T.; Kaszuba, M.; Mattison, K. Optimizing silicone emulsion stability using zeta potential. Am. Lab. 2006, 38, 14-15.
Heurtault, B.; Saulnier, P.; Pech, B.; Proust, J.E.; Benoit, J.P. Physico-chemical stability of colloidal lipid particles. Biomaterials 2003,
24,4283-4300. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.jafc.0c04945
https://www.ncbi.nlm.nih.gov/pubmed/33382265
https://doi.org/10.1039/d0fo00223b
https://doi.org/10.1021/am503341j
https://www.ncbi.nlm.nih.gov/pubmed/25102954
https://doi.org/10.1016/j.foodchem.2021.131880
https://doi.org/10.1016/S0142-9612(03)00331-4
https://www.ncbi.nlm.nih.gov/pubmed/12853260

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of Zein Nanoparticle-Stabilized Bigel 
	Microscopical Observations 
	Electrical Conductivity 
	Rheological Characterization 
	Mechanical Properties 
	Thermal Analysis 
	Fourier Transform Infrared Spectroscopy 
	Swelling Properties 
	Simulated In Vitro Digestion 
	Particle Size and -Potential Measurement 
	Statistical Analyses 

	Results and Discussion 
	Effect of Zein on Bigel Preparation 
	Microstructure Observation 
	Electrical Conductivity Test 
	Back extrusion Test 
	Rheological Characterization 
	Thermal Analysis 
	Fourier Transform Infrared Spectroscopy 
	Swelling Properties 
	Simulated In Vitro Digestion 

	Conclusions 
	References

