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Soft-matter formulations like bigels (i.e., hybrid systems) usually exhibit superior properties than single-
structured emulsion gels. In this study, a bigel system was developed using a carrageenan/locust bean gum-
based hydrogel (1:1 ratio with concentrations of 0.5-2.5 wt%) and a glyceryl monostearate-based oleogel (5,
10 and 20 wt%), obtaining self-standing semi-solid structures. Solvent holding capabilities, micro-structural,
rheological and textural properties, a X-ray diffraction and infrared spectroscopy (FTIR) were accessed.
Furthermore, bigel formulations starting at 70 wt% of hydrogel fraction showed elevated structural matrix
continuity, linked to self-standing ability. The most balanced properties, concerning microstructural stability
were exhibited by the formulations containing 2 wt% of biopolymers. These formulations also demonstrate an
increased capacity to arrest the oil phase even compared to formulations with high biopolymer concentrations.
Rheology studies showed a certain level of destabilization among the sol-gel transition at higher temperatures for
high polymer concentrations. The higher storage and loss modulus values were recorded at the end of the non-
isothermal sweeps and positively correlated with the glyceryl monostearate (GM) concentration. Despite that,
texture analysis did not evidence any increase of bigel hardness when concentrations of GM surpassed 5% (w/w),
probably due to a lack of interfacial stabilization. Major differences in bigel hardness due to increased oleogel
content were only seen for higher biopolymer concentrations. Also, the non-chemical arrangement was
confirmed through FTIR. These results guide the development of bigel systems towards their use in novel food
products.

1. Introduction

The widespread consumption of trans and saturated fats is associated
with a higher prevalence of cardiovascular disease and other adverse
consequences, such as detrimental effects on lipoprotein profile,
increased body weight, augmented inflammation and oxidative stress, as
well as type 2 diabetes and metabolic syndrome (Lopez-Pedrouso et al.,
2021; Roche, 2005). Partially hydrogenated oils were determined not
Generally Recognised as Safe (GRAS) by the U.S Food and Drug
Administration (FDA), and from 2015 on, efforts have been made to
promote the substitution of animal fat for healthier alternatives (Bhan-
dari et al., 2020). In line with that, the European Food Safety Authority
(EFSA) produced a report on the consistent association between higher
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intakes of trans-fats and the increased risk of coronary heart disease
(Authority, 2018). Fat-like mimics are sought now by academia and
industry to answer the demands on health and sustainability issues, and
oleogelation technologies seem to be in place to reach the desired pur-
poses. At this point, the main challenge is to use food-grade gelators and
materials in a straightforward manner in certain food products. To
address that need, we aimed to develop a fat-mimetic material with
tailoring capabilities concerning their mechanical and functional
properties.

3D building blocks with a high oil binding capacity, able to form
thermo-reversible oleogels, are the most suitable molecules to perform
oil gelation. Edible gelators like natural waxes, shellac, mono and di-
glycerides, as well as lecithin and sorbitol tristearates, long-chain fatty
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Fig. 1. Different stages and set-up procedures used for the development of
bigels: (1) biopolymers dispersion; (2) stabilization at high temperature (90 +
2 °C); (3) slow dispersion of heated oleogel phase at 2000 rpm, (4) homoge-
nization of the mixture during 10 min.

acids, fatty alcohols and their mixtures and phytosterols can form stable
oleogels, therefore are considered as the most promising food-grade
oleogelators (Blach et al., 2016; Manzoor et al., 2022). However, the
ability to produce fat-like materials with increasing versatility can also
be fostered using bigel systems, where both aqueous and oily phases are
gelled. This enables the droplet entrapment within a 3D network and as
a consequence, no aggregation or flocculation occurs (Lupi et al., 2015;
Martin-Illana et al., 2022). Hydrocolloids have become increasingly
trendy for developing bigels, due to their interesting gelation, thick-
ening and texture-tailoring properties (Wang et al., 2022). Incorporating
a gelled oil phase into an hydrogelled matrix will allow the formation of
a strong enough emulsion-based system, with both hydrophilic and
lipophilic constituents (Pinto et al., 2021). The strong interactions pro-
vided by the hydrogen bonding that originates the hydrogel network
formation are essential for the maintenance of the overall gel structure
(Rehman et al., 2014). Such versatility allows these structures to serve as
a backbone for developing diverse bigels/hydro-olleocolloid matrices (e.
g., k-carrageenan and monoglycerides; protein-based; lecithin and
whey; gelatin and stearic acid and others) (Behera et al., 2015; Golod-
nizky & Davidovich-Pinhas, 2020; Wakhet et al., 2015; Zheng et al.,
2020). If enough gelling material is added, these systems can display
improved (and tailored) mechanical properties, broadening their
applicability within food product development steps. At the same time,
they can also be dynamically used to vehiculate bioactives with added
protection (e.g., deterioration from oxidation) (Martin-Illana et al.,
2022). The ability to tailor both the continuous phase and the filling
content of the bigels, through combinations of gelator material and
hydrogel:oleogel (HG:OG) ratio variations, is a significant feature con-
cerning the future applicability of these structures in different food
matrices. Interestingly, the development of bigel inks expands their
application range as high-oil materials with the capability to be broadly
used in 3D food printing (Chen et al., 2023; Qiu et al., 2022; Zhai et al.,
2022) alongside oleogels (Oliveira et al., 2022). Despite the several
works performed in the field, the evaluation of the hydrogel:oleogel
(HG:0G) ratio combined with the effect of gelator concentrations needs
further studies foreseeing its use in foods. Therefore, our objective was
to develop a self-sustained bigel system and evaluate its physicochem-
ical properties when different concentrations of gelators and HG:0G
ratios were tested. The developed bigels were evaluated through
polarized microscopy, rheology, texture, solvent holding capacity,
X-Ray diffraction and ATR-FTIR spectroscopy.
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2. Materials and methods

k-carrageenan (CEAMGEL 30-316 - with maximum water gel
strength at 90 °C of 400 g) and clarified locust bean gum (CEAMGUM
3080 - with max viscosity of 1600.00) were purchased from Ceamsa®
(Pontevedra, Spain). Glyceryl monostearate (90% purity) was acquired
from Mosselman Oleochemicals (Mons, Belgium). The sunflower oil Fula
Equilibrio® (Sovena, Algés, Portugal), with up to 12% of saturated fatty
acids was purchased from a local supermarket.

2.1. Bigel development

Bigels consisting of an aqueous (hydrogel) phase and an oleogel
phase were prepared independently under different environmental
conditions and then mixed (Fig. 1). In the first stage, the LBG was
dispersed (at room temperature ~21 °C) in distilled water using a me-
chanical mixer, followed by the addition of k-carrageenan (x-car) (1:1
ratio) at different concentrations (0.5-2.5 wt%). The 1:1 ratio of the LBG
and k-car combination has been reported as the one responsible for
reaching the maximum hydrogel-breaking strength (He et al., 2017).
After mixing, the solutions (50-90 wt%) were heated until reaching
approx. 90 + 2 °C to enforce the synergism between both gelators
(holding for 2 min). Then independently prepared oleogels, with sun-
flower oil and GM, were added in selected concentrations to the first
solution while still hot. In the first stage, 5 wt% of GM was used, but for
viscoelastic measurements and polarized microscopy also 10 and 20 wt
% of GM were used for the production of the oleogel. GM concentrations
equal or above 5 wt% were used to guarantee the minimum gelling
concentration (Cerqueira et al., 2017). The mixing procedure was per-
formed using a Heidolph HEi-Tec mechanical mixer (HeiDolph In-
struments, Germany) for 10 min at 2000 rpm. After that period, the bigel
samples were left to cool at room temperature and then stored at ~4 °C
before testing.

2.2. Optical microscopy

Hot bigel samples (immediately after the emulsification stage) were
poured in glass slides and were gently compressed by a glass coverslip to
avoid complete stretching, thus allowing the sample to gel on the glass
surface. Then, samples were analysed at room temperature using an
optical microscope (Olympus System Microscope model BX51TF,
Olympus America Inc., Centre Valley, PA, USA) equipped with a
polarizer and a digital camera (Olympus EX300, Olympus America Inc.,
Centre Valley, PA, USA). The micrographs were acquired at a magnifi-
cation of 50x, 200x and 500x. For particle size frequency analysis, a set
of four pictures (with a magnification of 200x) depicting different parts
of the sample were selected for particle size measurements. A total of
200 particles were analysed for each of the formulations tested.

2.3. Solvent holding capacity

The solvent holding capacity (SHC) of the bigels was evaluated under
the methodology proposed by Yilmaz42 et al. (2014), with some mod-
ifications. This method permitted the quantification of the solvent
retention levels within the bigel structure and comprises the placement
of approximately 1 mL of freshly prepared bigels in Eppendorf tubes at
4 °C for 24 h. Then all tubes were centrifuged at 10 g for 15 min at room
temperature. After that, the tubes were turned over and the released
solvent was captured in a filter paper. The solvent holding capacity
(SHC) was calculated using Equation (1).

SHC % = [1 — (wi —wf) / wi)] % 100 )

Where wi and wf are the initial and the final recorded weight,
respectively.
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Fig. 2. Images (photographs and micrographs) of the prepared bigels with GM 5 wt% and stored at 4 °C. On the left are displayed the images of the inverted tubes,
representing all the tested ratios. On the right are the brightfield micrographs, obtained at a magnification of 200x with the illustration of the samples that were

stored in Petri dishes.

2.4. Rheological properties

The rheological study was performed under a Discovery Hybrid
Rheometer (DHR1) from TA Instruments (New Castle, USA) equipped
with a 40 mm stainless steel parallel plate with a truncation gap of 1
mm. The linear viscoelastic regime (LVR) was determined under oscil-
latory tests. The LVR was accessed, at first, on bigels produced with 5 wt
% of GM on the oleogel phase. This two-step oscillation-temperature
ramp followed a conditioning stage at 22 °C. The non-isothermal stage
consisted of two (up and down) ramps with a 5 °C.min"! rate until
reaching 90 °C with a resting time of 10 s, ending at 22 °C. Strain and
frequency were at 0.01% and 1 Hz, respectively.

2.5. Mechanical properties

Texture profile analysis (TPA) and penetration textural experiments
were performed using a Shimadzu AGX-10kN Texture Analyzer (Shi-
madzu, Japan) equipped with a 500 N load cell and a 50 mm (diameter)
probe. The evaluation of the results was done using at least five repli-
cates (32 mm in diameter and 14 mm in height). The tested conditions
involved a compression speed of 0.5 mm s~! (with equivalent probe
pulling speed) with a maximum strain of 50%. This strain value was
unable to endure fractural damage within the bigels’ structure, as
desired, allowing the acquisition of an overall response during the two-
bite process. The bigels’ preparation for TPA consisted in placing the gel
(hot) after mixing in a mold (acrylic plate) to form cylindrical-shaped
samples, with 32 mm diameter and 18 mm height. For the penetration
tests, plastic containers with a diameter of 1.5 mm were used as sample
holders. For these tests, a 5 mm stainless steel compression probe was
selected and the data was recorded during at least a 15 mm travel dis-
tance. The speed parameters for single compression were similar to the
ones described above.

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the oil, GM and bigels’ samples were determined
using ATR (Attenuated Total Reflection) mode using a VERTEX 80v
vacuum FTIR spectrometer (Bruker, USA). A piece of each bigel sample
was sliced and placed on the spectrometer lens. Measurements were
made under a vacuum atmosphere, in the wavenumber range of 400 and
4000 cm ™! using 64 scans with a resolution of 4 cm™ !. An open beam

was used as a blank measurement.

2.7. X-ray diffraction (XRD)

XRD measurements were done with an X-ray Diffractometer X Pert
PRO MRD from Malvern Panalytical Ltd. (Royston, UK). X-ray scans
were recorded at room temperature (~ 22 °C) in the range of 10-60° (20
degrees), with a Cu source, the X-ray tube (y = 1.54056 A) at 45 kV and
40 mA with 0 set to —0.0372° for fine calibration offset. The diffraction
parameters were acquired from the minimum of the 2nd derivative with
parameters set for peak search in HighScore Plus software. Under
Bragg’s law the lattice parameter d was determined; X is the wavelength
of the X-ray used, 6 is the half of the diffraction Bragg angle (26) and d is
the space between planes.

nA=2dsin0 (2

2.8. Software and statistical analysis

Prism 10 (GraphPad Software, Inc., USA) was used to perform an
analysis of variance, through Tukey’s mean comparison test (p < 0.05).
Rheology device control was performed by TRIOS Software Version:
4.1.1.33073 (TA Instruments, New Castle, USA), which also assisted in
the calculation of rheological parameters. X’'Pert HighScore Plus soft-
ware (PANanalytical, Netherlands) was used to gather XRD data and
perform peak diffraction analysis. The parameters were calculated using
the TrapeziumX software (Shimadzu, Japan). FTIR spectrometer control
and data gathering were both done using OPUS software.

3. Results and discussion
3.1. Visual observation and brightfield microscopy

The formulations with structural matrix continuity and self-standing
ability were considered to be the successfully developed gels. The tube
inversion method was used to evaluate the bigel self-standing aptitude
and allowed to detect phase separation phenomena. Despite being
classified as self-standing, under the tube inversion method, the con-
sistency of some formulations (particularly those made with the lowest
biopolymer concentration - 0.5 wt%) was fairly weak after being
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Fig. 3. Micrographs of: A) brightfield and B) polarized microscopy of bigels with 2.5% of biopolymer concentration with an 80:20 ratio (GM fixed at 5 wt%). Images

taken with 200X magnification.

stabilized in Petri dishes. The ones with 2.5 wt% were only tested for
solvent holding capacity and their microstructure was evaluated under
the polarized microscope.

Since no surface active agents were added to assist in the emulsifi-
cation process, it is not expected any interference on the crystallization
arrangement/mechanics of the oleogel entrapment (inside hydrogel
matrix). A progressive increase in polymer concentration impacted the
influence of the HG:OG ratio in the development of the bigel, as it
became increasingly hard to disperse the oleogel fraction even at high
temperatures. The use of higher oleogel proportions induced a more
disordered-like particle distribution, and in particular circumstances,
gel structural instability was detected. Bigels’ fluidity and malleability
decreased alongside the upsurge of hydrogel strength. As visible in
Fig. 2, the obtained brightfield micrographs displayed an increase in the
hydrogel content producing smaller-sized oleogel particles. The increase
in polymer concentration led to the formation of smaller, more evenly
dispersed oleogel droplets, which contributed to the structural macro-
stability of the resulting bigels. Polymer concentrations ranging from
0.5 to 2 wt% within the hydrogel phase result in a homogeneous
structure of the bigel, however, signs of structural destabilization were
perceived. For higher oleogel contents in the bigel’s formulations
(starting at 70:30 HG:0G) some oleogel particles/droplets were visible
outside of the hydrogel continuous phase. Phase separation (at the
highest degree) was observed for 50:50 samples as a result of poor oil
binding performance. These behaviour can be attributed to structural
disruption, possibly caused by the absence of a surface active agent or
crystallization modifier, which impaired the stabilization of the inter-
facial space resulting in the lack of incorporation of the oleogel droplets
into the polymeric network.

Table 1

Due to the development of highly viscous gels, it became increasingly
difficult to disperse/homogenize the oleogel fraction in the hydrogel
matrix, even using high processing temperatures. Bigels produced with a
polymer concentration of 2.5 wt% evidenced phase separation at 70:30
ratio or lower, and for the ratios that still produced homogeneous bigels
(80:20 and 90:10), it was demonstrated that the oleogel particles evi-
denced different size distribution among the entire sample, partially due
to coalescence events and lack of dispersibility/oil particle breakdown.
Apart from observed circular/spherical shaped particles, a core of
ellipse-like elements was formed during the oleogel physical entrapment
(Fig. 3). This behaviour can be explained by the high viscosity of the
continuous (aqueous) medium.

3.2. Solvent holding capacity

The solvent holding capacity was accessed while exploring polymer
concentrations ranging from 0.5 to 2.5 wt% and was obtained through
centrifugation stability tests for bigels with ratios from 50:50 to 90:10
(HG:0G). The degree of solvent retention within the bigel structure
evidenced a great level of stability, as a consequence of the hydrogel
polymeric network, even for formulations with lower GM concentra-
tions. Table 1 presents the solvent holding capacity of the gels. Most of
the formulations showed increased levels of stability, recording solvent
holding values close to 100%. The entire range of 50:50 formulations
registered values under 100%. Samples produced with equal HG:0OG
ratio and with 0.5 and 1 wt% of biopolymer concentration, showed an
average capacity of 87.40 + 0.23 and 86.90 + 1.74. These values are
within the ones reported for another type of bigels, produced using
gelatin and waxes, where the solvent loss for samples produced with a

Solvent holding capacity (%) of bigels with different HG:OG ratios.

Polymer concentration
(wt %)

50:50 60:40

2.5
2
1.5
1
0.5

70:30 80:20 90:10

Notes: Greyscale table background is set up according to the exhibited phase separation profile.
Light grey — phase separation; Dark grey — partial phase separation; Black — No phase separation.

(*) not determined due to large phase separation.
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50:50 (HG:OG) ratio was less than 10% (Saffold & Acevedo, 2022).

3.3. Polarized microscopy

Considering the bigels’ microstructure, the increase of biopolymers
for the hydrogel phase development was accountable for the intensifi-
cation of the oleogel droplet packing (Fig. 4a). Particle size distribution
was performed on bigel formulations that exhibited solid-like behav-
iour, a high sphericity level of the oleogel droplets and no phase sepa-
ration (Fig. 4b). It was verified that the oleogel content influenced the
distribution of the droplets’ population. The size distribution for the
90:10 formulation (less oleogel content) barely exceeded the 30 pm size
range. On the other hand, bigel formulations of 80:20 and 70:30 ratios
produced droplets with a higher size, with a droplet population above
30 pm, reaching sizes up to 90 pm (as evidenced in the polarized mi-
crographs). As discussed in section 3.2, the gel matrix density and
viscoelastic properties are responsible for a lesser or more well-dispersed
oleogel phase. Larger oleogel droplets are generally more susceptible to

coalescence events and the lack of bigel structural homogeneity could
lead to assorted mechanical properties. Major dissimilarities were
encountered among bigels produced with 1 wt% of biopolymers as a
consequence of the HG:OG ratio. Therefore, the macro-stability and
properties of the bigels could be largely affected by this parameter when
incorporated in a complex food matrix.

3.4. Rheological properties

The viscoelastic properties of the bigels produced with biopolymer
concentrations of 1, 1.5 and 2 wt% were evaluated under the rheometer
probe. Within this range, the registered storage modulus (G') went up
almost 9-fold (e.g., for 90:10 increased from 109 Pa to 982 Pa) sug-
gesting a significant influence of the hydrogel polymeric content on
bigels consistency (Fig. 5). The critical strain selected for the following
oscillatory-temperature sweep tests (from the LVR determination) was
0.01%, guaranteeing that the region of irreversible deformations was
not surpassed. Hydrogels produced with combinations of k-car and LBG
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with 2 wt% of biopolymer concentration.

are known to be thermo-reversible, however, the bigel structure can
experience destabilization under high temperatures (Singh et al., 2014),
as it is perceived here for some of the tested formulations. In such cases,
no crossover point between G’ (storage modulus) and G’ (viscous
modulus) was detected. This gel-sol transition behaviour was equally
confirmed through the phase angle (tan delta), which was gathered from
the ratio of the viscous to elastic response of the material (Fig. 5 - dashed
dots).

Apart from the major influence (on the transition temperature range)
registered for increased polymeric concentration in the hydrogel frac-
tion, oleogel also had an additional influence on this behaviour (asso-
ciated with the oleogelator melting temperature). The oleogel increase
and its particle arrangements played an important role in the overall
rheological response of these materials. As seen in Fig. 5, bigels pro-
duced with 2 wt% of biopolymers, revealed a decrease in gel strength
without any registered gel-sol transition (observed for lesser polymer
strength). These results are in agreement with the observations made by
Patel et al. (2015), where a similar thermal response was detected for a
structured emulsion-based system, also using LBG and carrageenan.
Upon cooling, the gel structure was recovered for all the prepared bigels,
in the vicinity of the 60 °C mark. A solid-like behaviour was observed
during the entire oscillation-temperature ramps, where the G’ (storage
modulus) recorded higher average values when compared to G” within
the LVR region.

An increase in GM allowed us to understand the impact of the dif-
ferences induced by the oleogel strength. Overall, higher storage and

loss modulus values were recorded as positively correlated with the GM
content Fig. 6. Oleogel strength increase, through the rise of the oleo-
gelator content, showed no major differences during heating (no cross-
over was identified). However, upon cooling, the viscoelastic
parameters reached superior values. The values at the end of the tem-
perature sweep recorded a G’ of 18758, 27709 and 40184 Pa, for 5, 10
and 20 wt% of GM, respectively. These values were greater than the ones
amassed at the beginning of the heating stage, evidencing a more pro-
nounced structuring stage immediately after the cooling stage.

3.5. Mechanical properties

The texture profile analysis provided information on properties such
as hardness, cohesiveness, and springiness, which translate to different
micro and macro-structural insights about the bigels behaviour under
chewing. These results confirmed the influence of hydrogel strength
(biopolymer content) and HG:OG ratio on bigels’ texture profile pa-
rameters. Results showed that for concentrations above 2 wt% of
biopolymer there is a critical point related to the structural arrangement
of bigels. The differences (p < 0.05) among bigels’ hardness were only
registered for samples produced with 2 wt% of biopolymers. This same
trend was not verified for bigels produced with 1 and 1.5 wt%, as the
increase of the hydrogel content (starting at 70:30) shaped gels with
similar hardness, as seen in Fig. 7A.

Similarly, for the cohesiveness parameter, the recorded values were
equal for almost all the tested samples, and only the ones discussed
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Fig. 8. Polarized micrographs (50 and 200X magnification represented above and below, respectively for each HG:OG ratio) of 80:20 and 90:10 HG:OG bigels
produced with 2 wt% of biopolymer concentration and increasing GM content (from left to right).

above registered significant differences. In this case, the compression
strength for 2 wt% bigels decreased for bigels with higher hydrogel
fractions, not allowing them to equally retain their initial shape after
bearing the first compression. We hypothesize that this behaviour is a
consequence of modifications within the internal network resulting from
the first deformation. Consequently, oleogel particles/droplets were not
able to display higher mobility (due to increased gel viscosity), thus
significantly affecting this parameter. Even with this internal structural
behaviour, no variations were recorded for the springiness parameter.
This means that even the exerted compression force during the first bite,
bear no differences in the height of the samples between the end of the
first compression and the beginning of the second one. Still, the
springiness response of the bigels for every sample, registered values
above 80%, and the ones produced with polymer concentrations above
1.5 wt% recorded values above 90% (Fig. 7C). This is an important
feature, meaning that bigels were capable of exhibiting a high recovery
capability. The increase of oleogel strength (through the use of higher
GM content on the production of the oleogel) did not produce an active
(internal) filling particle effect. This role was not verified even when
concentrations progressively higher than the critical gelation concen-
tration (10 and 20 wt% of GM) were used. For this case, the oleogel
particles acted as inactive fillers, assumed from their shortage of inter-
action with the hydrogel matrix and oleogel low viscosity (Wijarnprecha
et al., 2021). Overall, the lack of interfacial stabilization did not endorse
any other improvement or enhancement of the mechanical properties,
regarding the overall bigels’ texture response (Fig. 7D). As we can

observe from the polarized micrographs (Fig. 8) important microstruc-
tural modifications happened due to GM content increase.

From the micrographs (Fig. 8) and considering 80:20 HG:OG for-
mulations, it was observed that the crystalline material (provided by
GM) was not only present in the interfacial space but also visible within
the internal oleogel space. This is indicative of an active filling effect
that would possibly generate a superior bigel hardness due to the cre-
ation of a stronger (inner) oleogel phase due to an increase of the solid
mass within the overall internal structure. However, due to the already
hypothesized lack of synergy at the interfacial space between the com-
posites, associated with the well-known mechanical limitation of GM
oleogels, which are highly prone to shear movements (Fasolin et al.,
2021), an increase in the bigel hardness was not registered.

The results of the perforation tests (Fig. 9) comprise a positive peak
evolution, which is related to the strength required to penetrate the
bigels’ outer layer. The penetration profile along the selected displace-
ment length demonstrated the progressive increase of the surface
resistance, which resulted from the increase in polymer concentration.
Also, the presence of air, which was internalized during the mixing
procedure at high speed, was likewise identified in the structure and, as
a result, clear patterns (up-and-down force-related outlines) were rec-
ognised during the probe displacement. This profile was easily seen for
stronger (highly viscous) gels since the reduced oleogel dispersibility
generated larger air gaps, influencing the textural response during probe
travelling. Less viscous and increasingly fluid bigels (e.g., 1 and 1.5 wt%
of biopolymer concentration) produced smaller up-and-down outlines



A.J. Martins et al.

Food Hydrocolloids 143 (2023) 108893

oil content
5 90:10 80:20 70:30
@ 2.0 2.0 2.0
+ 1 wt%
[ 1.5 15 15
(o))
z 10 1.0 1.0
§ os| 0.221+0.026 sl 0.267 +0.001 o5l 0.298 +0.012
L
0.0 0.0 0.0
2,0 2.0 2.0
1.5 wt%
1.5 1.5 15
=3
§ 1o] 0.830%0.039 10/ 0.630 £ 0.004 .0l 0.548 £0.033
o
L 05 0.5 0.5
0.0 0.0 0.0
2.0 2.0 2.0
1.479 £ 0.018 2%
= 19 51 1.151+0.003 51 1.319+0.013
8 10 1.0 1.0
§
05 05 05
0.0 0.0 0.0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Displacement (mm)

Displacement (mm)

Displacement (mm)

Fig. 9. Perforation profile of bigels (produced with 5 wt% of GM) with different HG:OG ratios and increasing biopolymeric content.

and registered lower overall forces as a consequence of a weaker inner
strength. Bigels produced with equal hydrogel strength showed a clear
tendency on the perforation results for different HG:OG ratios. Here, the
increase of oleogel content induced the arrangement of a more
“continuous” internal matrix with less air (or at least not so larger air
gaps/bubbles). The measured overrun, during the bigel development
stage, was not significant among samples produced, therefore it was not
further discussed here.

3.6. Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD)

FTIR was used to evaluate the potential interactions among the used
components of all phases; sunflower oil, oleogel, gelator components
(both from oleogel and hydrogel phases), and selected bigel samples.
Apart from the gelators, the bigel samples tested were formulated within
the selected range of HG:OG ratios with increased biopolymer content as
well. Additionally, bigel formulations with a GM concentration of 10
and 20 wt% were studied.

The oxidative grade of oils can be examined through the frequency
and absorbance registered for the bands related to the formation of first
(hydroperoxides) and secondary (ketones and aldehydes) oxidation
products, namely ranges 3100-3600 cm ™! and 1730-1750 cm™'. As
seen in Fig. 10A, no major differences were identified between pure oil
and oleogel samples, a slight decrease in relative intensity (around 1750
em™!) was observed for bigel samples, with minor visibility for 90:10
samples (Fig. 10C), probably as a consequence of minor oleogel content.
Hydrogen bonding, N-H and O-H stretching are associated with the
broad peak (~3300 cm’l), which is mainly related to the water content
and hydroxyl groups from the hydrogel (Sagiri et al., 2015).

C-H stretching-related peaks are visible at 2920 and 2850 cm™!
(slightly shifted depending on the samples) and specific peaks at around
2920, 2850, and 1460 cm ™! presented the stretching vibration of the

C-H or C double bond. The increase in peak intensity is certainly related
to the ratio differences between oleogel and the hydrogel, translated to
differences among oleogel fraction displacement. The existence of peaks
at around 1745 and 1160 cm ™ are associated with the presence of C-O
and C=0O stretching vibration of triglycerides in sunflower oil (Cak-
mak-Arslan, 2022), thus the clear peak intensity changes observed be-
tween HG:OG 80:20 and 90:10 within this region are related to the
increase of the oleogel fraction and no new chemical bonds were iden-
tified, pointing towards a physical arrangement of the bigels.

The XRD analysis was conducted to further study the crystal
morphology of bigels, GM oleogel and its constituents in powder form.
XRD patterns for the gelator compounds (powders) are visible in
Fig. 11A, and the diffraction of oleogel samples in Fig. 11B demonstrates
the intensification of crystallinity due to the increase of GM in oleogel
formulation. The almost complete loss of crystallinity was observed for
all bigel samples under XRD (Fig. 11C), with the broad peak at 4.41 Ain
the diffraction pattern indicative of the main amorphous structure.

4. Conclusions

The different known oil structuring routes are indeed highly prom-
ising techniques for fabricating novel healthier edible solutions for the
food industry. In this work, we fabricated food-grade bigels, based on
the combination of a biopolymer-based hydrogel with glyceryl mono-
stearate oleogel. Results showed that the increase of the oleogel fraction
in the bigel constitution induced lower hardness, while evidencing at the
same time a more resolved gel-sol (rheological) transition. The micro-
structure was also actively influenced by the HG:OG ratio, and
depending on the biopolymer concentration, larger oleogel particles
became substantially more difficult to get stabilized within the hydrogel
matrix, thus producing bigels with lower solvent holding capacity.
Likewise, the increase of biopolymers affected viscosity levels, greatly
influencing the self-emulsifying capacity of the system, thus reaching a
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point where phase separation occurred. The non-chemical arrangements
presented for these bigels constitute an important feature, that is rele-
vant towards their applicability in different food products. The synergy
between GM and an additional surfactant, or a co-gelator with crystal-
lization modification activity, could be enough to promote such an effect
on polymeric bigels such as the ones tested here. The texture and ther-
mal properties of bigels make these structures an interesting healthier
solution that can be suitable to be used as substitutes of saturated fats in
food products that require such improvements. Both oleogel and/or
hydrogel compositional properties widen their potential applicability
towards different food systems with distinct needs (e.g., texture,
compositional stability, delivery of bioactives).
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