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ARTICLE INFO ABSTRACT

Keywords: Hybrid gels can be used for controlled delivery of bioactives and for textural and rheological modification of
Hybrid gelation foods. In this regard the hydrogel:oleogel ratio and gel development methodologies showed to be the aspects that
Texture influence most of their properties. The present study shows how different fractions of oleogel can influence the
Rheology hydrogel matrix of an oleogel-in-hydrogel emulsified system in terms of polymorphic arrangement, micro-
Wax . structure, texture and rheology. The hydrogel was prepared by using an aqueous sodium alginate solution and
Polysaccharide

the oleogel was prepared through the gelation of medium chain triglycerides with beeswax. Hybrid gels were
prepared under constant shearing. Crystallinity was clearly changed as hydrogel and oleogel were combined. No
polymorphism was observed in the X-Ray diffraction of hybrid gels, as these showed homogeneous results for all
component ratios. The behaviour of samples with increasing oleogel-to-hydrogel ratio presented a decrease of
both firmness and spreadability, and then, a decrease of gel adhesivity and cohesiveness. This textural response
was a consequence of the disaggregated structure, stemming from the disruption of the hydrogel network, due to
the inclusion of increasing amounts of oleogel. Rheological results showed that all hybrid gels presented a gel-
like behaviour (G > G™). Oleogel's strength influenced the overall textural and rheological performance of
hybrid gels. This work demonstrates the possibility of producing hybrid gels aiming to tailor texture on food

systems.

1. Introduction

Hydrogels present extremely interesting properties (i.e. easy
spreadability, easy to clean, water-solubility; miscibility, nonstaining)
and their compatibility with a wide range of excipients (i.e. solvents),
allows using them in a wide range of applications (Peppas et al., 2000).
Pharmaceutical and tissue engineering applications are some examples
that display a number of user compliance features of hydrogels (e.g.
non-oily nature, swelling behaviour and cooling effect and the ability to
be simply removed from the body just using water) (Peppas et al.,
2000). Biodegradable and biomimetic properties associated to hydro-
gels showed to be relevant when they are used for development of in-
novative drug delivery systems (Lin and Metters, 2006; Peppas et al.,
2000). Some drawbacks are associated to these structures, when con-
sidering their use as vehicles of bioactive substances through the lipo-
philic barrier of the skin (Mura et al., 2000). The difficulty to solubilize
lipophilic compounds under these circumstances has been a starting

point to further developments that consider the elaboration of parti-
culate hydrogel microspheres or complex hydrogels, composed by small
oil droplets entrapped within a biopolymer or protein-coated fat dro-
plets, aiming the delivery of lipophilic bioactive compounds through
the skin barrier (Matalanis and McClements, 2013; Mun et al., 2015). In
terms of food applications, some interesting developments have been
reported in recent years, like oil-filled caseinate-rich hydrogel particles
(Chung et al., 2013) and chemically stable curcumin through filled
alginate hydrogel beads (Zheng et al., 2017). Soradech and co-workers
showed very promising results using an emulsified gel consisting of
different waxes inside an alginate-based gel bead aiming at controlled
tamarind seed extracts release (Soradech et al., 2016). Nevertheless,
direct applications of hydrogels in foods, as replacement for other in-
gredients, is still a challenge.

Difficulties in mimicking structural and textural properties of foods
are a concern. Emulgels were pointed as one of the solutions to over-
come some of the above-mentioned shortcomings attributed to
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hydrogels. Emulgels result from an emulsification (oil-in-water or
water-in-oil) where the system will be gelled by means of cross-linking
between the chains of the compounds present in the mixture; e.g.
stearate organogel-gelatin bigels (Sagiri et al., 2015) and and sequen-
tial charged nano-emulsions (Soltani and Madadlou, 2016). The am-
phiphilic functional behaviour, promoted by both hydrophilic and li-
pophilic affinities of their constituents, potentiates the usage of
emulgels towards the delivery of bioactive compounds. Nonetheless,
emulgels have been less appreciated by consumers due to their pasti-
ness/stickiness, and phase separation (Sagiri et al., 2015). In terms of
pharmaceuticals, some of these drawbacks are pointed to oleogels too.
Oleogels (or organogels) are soft matter structures, that are able to
structure oils as a result of an entangled network that is formed during
the cooling stage of development. Oleogels can be produced using dif-
ferent types of oils in which they can transport lipophilic compounds
for pharmaceutical and food applications (Patel and Dewettinck, 2016;
Wang et al., 2016). Great attention from the scientific and industrial
communities has been directed towards oleogels once they have been
mentioned as one of the main answers to act as fat replacers, offering a
healthier product while presenting a tailor-made performance (Ergun
et al., 2016; Martins et al., 2018; Mert and Demirkesen, 2016; Rogers
et al., 2014; Sloan, 2015; Utrilla et al., 2014). One of the most inter-
esting features is their ability to present gel-like behaviour even using
low amounts of gelator molecules (e.g. beeswax; ethyl-cellulose; fatty
acid derivatives; oryzanol combined with phytosterols) (Cerqueira
et al.,, 2017; Martins et al., 2016; Ogiitcii and Yilmaz, 2014; Patel,
2015). Previous works reporting on beeswax-based oleogels, demon-
strated their ability to structure different types of oil and to incorporate
bioactive compounds (Martins et al., 2016; Patel and Dewettinck,
2016).

The combination of hydrogels and oleogels results in the so-called
hybrid gels (or bigels), with both hydrophilic and lipophilic char-
acteristics. Hybrid gels are biphasic systems that conjugate water-based
gels (hydrogels) and oil-based gels (oleogels). Hybrid gels application in
food products must be focused towards their implementation in com-
plex food systems, in similar ways as hydrogels and oleogels. Unique
thermodynamic behavior, viscoelasticity and the variety of materials
that can be used are among the most important characteristics of this
type of gels. These properties can also be tuned with formulation ad-
justments and material combinations that increase their potential
(Cakmakci Gundogdu and Kavaz, 2008; Esposito et al., 2018; Lupi
et al., 2015; Singh et al., 2014). In fact, such applications of hybrid gels
can target major developments for food industry that will represent an
alternative for the enrichment of food nutritional. These systems have
been studied regarding their capacity for controlled release of active
compounds like omega-3 fatty acids (Rehman et al., 2014) and cipro-
floxacin (Sagiri et al., 2015) and metronidazole (Wakhet et al., 2015).
Our objectives with the present work were to improve the knowledge
and expand hybrid gels' applications. We reported on the hybrid gels'
textural and rheological behaviour aiming at their tailoring capabilities
for further use in food applications. Therefore, we studied the in-
corporation of a beeswax-based oleogel (produced with different oleo-
gelator concentrations, 3 and 6% w/w) into a sodium alginate hydrogel
and how this would influence the resulting hybrid gel’ structural
properties at nano-, micro- and macroscale level.

2. Materials and methods
2.1. Raw materials and hybrid gel preparation

Three control samples were produced, namely two samples of
oleogel (with increasing oleogelator amount) and one hydrogel.
Oleogels were prepared using beeswax, as the oleogelator and medium
chain triglycerides (MCT) Neobee with 55% C7H15 and 44% C9H19 as
the nonpolar solvent. Beeswax was kindly offered by Poth Hille & Co
Ltd. (Rainham, UK) and the MCT was gently donated by Stepan
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Company (Northfield, USA). Based on previous research reports per-
formed by our group, the oleogels (OG) were: OG3 (with 3% w/w of
oleogelator) and OG6 (with 6% w/w of oleogelator); these were pro-
duced by dissolving beeswax under agitation at 80 °C in MCT oil until
full solubilization during approximately 30 min (Martins et al., 2016).
Control samples (alginate hydrogel and beeswax oleogels) were sub-
mitted to the same shearing procedure. Subsequently, the mixture was
left at room temperature (approx. 23 °C), during at least 2 h to achieve
oleogelation. In the case of the hydrogel (AL), only one type (with
constant sodium alginate concentration) was produced. The sodium
alginate hydrogel (2% w/w) was produced at room temperature using
sodium alginate from FMC Corporation (Philadelphia, USA), with 35/
65 G/M ratio (1,4-linked alpha-L-guluronic acid (G) and beta-D-man-
nuronic acid (M) units) that was kindly offered by Eurosalmo Ltd.
(Matosinhos, Portugal). Sodium alginate was poured in distilled water
under strong and constant stirring at room temperature until full so-
lubilization. We chose the concentration of 2% (w/w) for sodium al-
ginate because it revealed to be appropriate to develop a gel-like
structure after full solubilization without heating.

Hybrid gels (HGs) were produced by mixing the oleogel (at room
temperature 22 *= 2°C) after complete gelation, with the hydrogel
(alginate solution described above) in different ratios, using a helical
mechanical mixer at 600 rpm during 45 min. Samples were then stored
at 4 °C, stabilized at room temperature during 24 h before being ana-
lysed. In total, samples with 5 different ratios hydrogel:oleogel (1:99;
5:95; 10:90; 20:80; 50:50) were developed: HG3-1:99; HG3-5:95;
HG3-10:90; HG3-20:80 and HG3-50:50 (using OG3) and HG6-1:99;
HG6-5:95; HG6-10:90; HG6-20:80 and HG6-50:50 (using OG6). Every
sample was tested for fluency with the test tube tilting method.

2.2. X-ray diffraction

X-Ray Diffractometer X Pert PRO MRD system from Malvern
Panalytical Ltd. (Royston, UK), was used to execute X-ray diffraction
analysis (XRD) with the finality to study the crystalline polymorphism
among HG samples. The X-ray diffraction data were acquired at room
temperature, using angular scans from 5.0° to 50° (20), performed with
a Cu source, X-ray tube (A = 1.54056 [o\) at 45kV and 40 mA. The fine
calibration offset for 20 = —0.0372°. Information was collected during
174 s and PANanalytical X'Pert HighScore Plus software was used to
gather data and the analysis of peak diffractions. Determination of the
lattice parameter d was performed using Bragg's law, where A is the
wavelength of the X-ray used, 6 is the half of the diffraction Bragg angle
(20) and d is the space between planes.

nA=2dsin 8 (@)

2.3. Bright-field and fluorescence microscopy

Bright field micrographs were obtained with a Nikon Instruments
Wide-Field Upright Ni-E Microscope (Tokyo, Japan) equipped with a
Nikon digital camera, supported by the NIS-Elements Microscope
Imaging Software, also from Nikon. The samples were prepared after
hybrid gels settling at room temperature. After that, the small samples
were cut and placed carefully on the glass support with a cover glass
and then observed under the microscope. Extreme care was taken to
avoid influencing the gel's structure (e.g., the cover glass was simply
laid over the gel and no pressure was exerted on the sample). A fluor-
escence microscope Olympus BX51 (Tokyo, Japan) was used to un-
derstand the structural arrangement of the oleogel particles in hybrid
gel samples.

2.4. Textural measurements

Three parameters (firmness, spreadability, and adhesivity) were
chosen for texture measurements and performed using a double axis
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Fig. 1. XRD patterns for A) Control samples; B) and C) hybrid gels with OG3 and OG6 respectively.

texture analyzer TA.HD PLUS from Stable (Surrey, UK) using a load cell
of 5kg with a conical TTC Spreadability Rig (HDP/SR) attachment
(Stable Microsystems, Surrey, UK) consisting of a set of precisely mat-
ched male (positive) and female (negative) acrylic 90° cones. The test
involved traveling 24 mm from a fixed position 25 mm over the bottom
of the lower cone. Four samples from each formulation were evaluated
at room temperature. The firmness, spreadability (maximum force and
work of shear respectively) and adhesivity data were obtained and
analysed. Regarding data collection, the maximum force and work of
shear were extracted from the force vs time curve and related as in-
dicators of product firmness and spreadability, respectively (Sanders Iii
et al., 2014). The peak force value is related to the maximum com-
pression force (uniaxial), designated as “firmness” at the depth speci-
fied in the test. Because of the continuous structural network that forms
the gels, higher firmness values translate to a larger area under the
force vs time curve, corresponding to a higher total amount of force
required to perform the shearing process; this is designated as spread-
ability. In the last step of the textural test, the conical probe withdraws/
leaves the sample and any adhesivity demonstrated by a negative force
region on the shown curve is recorded, which is related with the work
of adhesion (Kamboj and Rana, 2014). This conical spreadability rig
test provides a more complementary understanding about the mate-
rials/gels rather than compression test alone.

Before testing, the positive cone probe was calibrated against the
negative cone so that the starting point is at the same height for each
test (25.0 mm above the female cone). The software is used to calibrate
the probe with a return distance of 25.0 mm, after raising the positive
cone. The probe travelled downwards, touched the negative cone, and
then returned to a position precisely 25.0 mm over the calibrating
point. The hybrid gel was filled into the negative cone, allowed to
equilibrate at room temperature overnight and then positioned in the

base holder for testing. Spreadability was obtained from the area under
the curve force vs time, and adhesiveness was gathered from the ne-
gative values of this curve. Each treatment was performed in triplicate.
For data analysis, software Texture Exponent ver. 6.1.1.0 by Stable
Microsystems (Surrey, UK) was used.

2.5. Rheology

All rheological measurements were made using a Discovery Hybrid
Rheometer (DHR1) from TA Instruments (New Castle, USA) with Peltier
temperature set to 25°C. TRIOS Software was used to control the
equipment and to acquire rheological parameters. The hybrid gels were
tested after the setting period. Small samples were cut and placed
carefully on the surface of the rheometer Peltier plate. A stainless-steel
cone-plate geometry of 60 mm, with an angle of 2.006° and truncation
of 64 um, was used due to its capability of generate uniform shear rate
across the entire gel sample. Regarding oscillatory rheometry mea-
surements, the viscoelastic properties of HG were assessed by utilizing a
frequency sweep range between 0.01 and 30 Hz. This test was per-
formed to evaluate the material response, at a constant strain amplitude
of 1% for the whole range of deformation frequencies (and within the
region of reversible deformation). Flow curves were also used in order
to understand the behaviour of HGs when large rates of deformation are
applied. This test is important to fully understand the behaviour of the
different gel matrices under shear growth. Three replicates of each HG
sample were recorded for every test.

2.6. Statistical analysis

The experiments subjected to statistical analysis were carried out in
triplicate. The statistical analyses were performed using analysis of
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variance, Tukey's mean comparison test (p < .05) from results con-
veyed as average and standard deviation (GraphPad Software Inc., San
Diego, USA).

3. Results and discussion
3.1. X-ray diffraction pattern of hybrid gels

Fig. 1A shows the diffraction pattern for AL and OG6 controls and
Figs. 1B and 1C show HG3 and HG6 samples, respectively (it was not
possible to measure OG3 due to its runny consistency and therefore no
self-sustainment in the XRD sample support). Fig. 1B and C showed the
XRD patterns of the HG samples in order to better understand the dif-
ferences. For each HG the recorded diffraction pattern was very similar
to the pattern recorded for the AL control. Results allow concluding that
as long as the HGs are formed, the absence of polymorphism is reached.
Polycrystallinity is detected for OG6 (Fig. 1A) in wide angle regions
with d-spacings in the range of 3.74 to 8.04 A. AL control exhibited a
broad peak around 13° that is attributed to the presence of an amor-
phous region in the polymer (Li et al., 2012). This peak does not present
big changes after the incorporation of oleogel, however, a little varia-
tion was visible in some peaks for HG3 samples between 10° and 12.5°.
Results also show a very dim intensity change around 21.5°, in this case
these reflections are more accentuated in HG6. The mentioned altera-
tions in diffraction are possibly a result of the introduction of the
oleogel (beeswax) that is responsible for a more ordered structural ar-
rangement. When the HG are produced the crystalline arrangement
remains consistent, as larger quantities of crystalline particles are in-
troduced in the hybrid gel system (i.e. higher oleogel fraction).

3.2. Morphological and microscopy analyses

Fig. 2 provides information on the stability of controls and HG, as
the tilted tubes showed that OG3 is not self-standing while OG6 pre-
sents a gel-like behaviour. This behaviour is a consequence of the hy-
brid gels' properties produced with higher OG amounts. In the case of

A9
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50:50  OG3

10:90 20:80

AL 1:99 5:95 0G6

Fig. 2. Structural behaviour of hybrid gels at different ratios (1:99, 5:95, 10:90,
20:80, 50:50) (A) Hydrogel control (AL), hybrid gels with OG 3% (w/w) and

oleogel controls (OG3 and OG6). (B) Hydrogel control (AL), hybrid gels with
0OG 6% (w/w) and oleogel controls.
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Fig. 3. Micrographs of hybrid gels with the increasing of oleogel ratio. Column
in the left presents hybrid gels with OG 3% (w/w); and column in the right
presents hybrid gels with OG 6% (w/w). Micrographs obtained with a magni-
fication of 15 X.

HG3 50:50 the sample flows as the tube is tilted, while in the case of
HG6-50:50 the sample remained self-standing. This behaviour can be
explained by the properties of the OG and their crystal network, that is
arranged in lamellar conformation that is formed during the cooling
process of oleogel formation (Martins et al., 2016). The shearing pro-
cess during hybrid gel production is responsible for less ordered crys-
talline oleogel particles. For HG3 the oleogel particles were not dis-
tributed in the same way as for HG6, therefore presenting a runnier
(liquid) consistency in some ratios. For HG3 samples, a more hetero-
geneous distribution of oleogel (elongated particles with larger sizes,
namely in smaller oleogel ratios), thus conveying less structural
strength and thus explaining the flow of the gel. However, it is im-
portant to notice that the shear process during gels mixing is re-
sponsible for the incorporation of oleogel inside the hydrogel matrix,
leading to the oleogel-in-hydrogel structural arrangement. Concerning
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Table 1
Firmness, spreadability and adhesivity of gel samples.
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Samples Firmness (N) Spreadability (N.s™1) Adhesivity (N.s™ %)
Controls AL 12.03 + 0.64° 14.14 + 1.05° -2.88 + 0.33°
0G3 0.213 = 0.001°" 0.082 = 0.002%" —-0.037 = 0.002%"
0G6 0.39 + 0.02% 0.25 + 0.01%! —-0.073 * 0.003%!
HG3 1:99 12.60 + 0.60*" 14.66 = 0.54%" -3.11 + 0.27°P4
5:95 9.12 * 0.23>* 11.95 + 0.35>4 —2.44 + 0.14**
10:90 5.59 + 0.29%° 8.02 + 0.61%° —-0.88 + 0.10%®
20:80 2.62 + 0.074P 2.99 + 0.014P -0.71 * 0.01°%P
50:50 0.57 + 0.01%F 0.52 + 0.02%F —-0.13 + 0.00%F
HG6 1:99 11.95 + 0.87** 14.14 + 0.96™* —2.49 + 0.00**
5:95 9.06 + 0.38>" 12.22 + 0.85* -2.81 + 0.15**
10:90 6.47 + 0.12°¢ 9.64 + 0.29°° -1.60 + 0.30°C
20:80 3.07 + 0.02¢F 3.23 = 0.12%F —-0.82 = 0.01%F
50:50 1.52 + 0.01%¢ 1.37 + 0.05%4¢ —-0.33 + 0.01%4¢

Values presenting the same small letters mean that for the same oleogel concentrations the samples have no significant differences between different ratios; and
values presenting the same capital letters mean that for the same ratio the samples have no significant difference between different oleogelator concentrations.
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the HG samples with the same amount of oleogel, the differences re-
garding oleogel particles distribution within the hydrogel matrix are
quite clear once alongside with the increasing oleogel incorporation
ratio a globular gelled structure is increasingly more heterogeneous
(Fig. 3). The imprisoning of oil droplets in the structure is confirmed by
fluorescence microscopy images (see Fig. SM1) and the stability test
performed by centrifugation provided information about the increased
binding capacity of HG6 as compared to HG3 samples (see Fig. SM2).

3.3. Textural measurements

Texture measurements provided useful information on how the
oleogel concentration and different oleogel incorporation influenced
the HGs textural parameters, such as firmness, spreadability and ad-
hesivity.

Results showed that higher gelator's concentration (HG3 and HG6)
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only influences significantly the textural behaviour of HG samples
(Table 1) after reaching a ratio of 10:90. Regarding the influence of the
ratio (for HG3 and HG6 separately) it was verified the decrease of
firmness and spreadability values along with the increase of oleogel
fraction in the overall composition of hybrid gels. This decrease is
statistically significant in the majority of the samples (with the same
gelator concentration). The exception was for HG samples with closer
composition to the controls, namely control AL with 1:99 and 50:50
with oleogel control samples (OG3 and OG6), in which no statistically
significant differences were observed.

The mixing process of both gel constituents is responsible for the
introduction of dispersed oleogel particles inside the hydrogel matrix.
This incorporation is seen in Fig. 3 and Fig. SM1 (supplementary ma-
terial) where structures with oleogels as the disperse phase and hy-
drogel as the continuous phase can be observed. When the oleogel
amount increases in the overall composition of HGs (i.e. high OG ratio),
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Table 2

Storage (G") and loss (G™) moduli of control and hybrid gel samples at an oscillation frequency 0.1, 1, 10 and 30 Hz.

Frequency

Samples

30Hz

10Hz

1Hz

0.1Hz

G"

G

G"

G

G

214.04 = 7.32%&P
58.93 = 8.34°P

540.73 * 16.61*°

161.10 * 5.66>C
31.82 + 4.89%C

414.00 * 20.76™C
29.69 + 7.75>BC

250.73 * 15.80%" 80.13 + 3.31*"

37.83 + 1.994
4.92 + 1.71>A

175.1 + 12.24%A
14.70 + 4.60>*

Al
O

Controls

35.17 + 4.11%GP

9.45 + 1.86>AB

18.68 + 5.14%MB

G3

88.81 + 12.45°P

50.21 = 3.22>% 55.51 = 6.57>C 45.45 + 13.71>*

22.35 + 1.52>A8
79.80 = 7.68*F

15.75 + 1.33>* 40.61 = 7.59>*

36.22 * 8.24>*

0G6
1:99
5:95

158.51 + 12.64*C 541.37 * 54.09%° 209.06 = 15.34*P

408.92 * 45.79%C

244.73 + 32.62%MB

38.01 * 4.82%*

168.81 + 24.63%*

HG3

260.72 + 46.01%7B 80.20 = 9.40°B 423.83 + 62.74%C 159.31 + 14.77%&C 551.35 + 68.76%CP 211.60 *= 17.57*P

38.88 = 6.24"

183.69 + 35.15%*

261.86 + 15.24840D
356.35 + 11.18%%HP

103.94 + 7.74%B 600.56 + 51.31°C 198.96 + 12.815MC 743.19 * 62.17°P

395.76 + 35.52 S&LAB
727.94 + 39.31%¢B

57.41 = 4.32%"

291.38 + 27.42085A
588.00 + 34.88%¢A

10:90
20:80
50:50
1:99
5:95

1075.49 + 58.35%5CP
517.36 * 70.40%CP

150.37 * 5.11%%8 968.94 * 46.46%°C 268.89 * 8.07%%4C

91.48 = 9.10°®

103.89 + 4.83%%4
53.92 + 6.09%*

298.21 + 21.754MLGP
217.03 + 27.84%8€

199.25 + 17.1458)C

430.05 * 62.18%PC

314.78 + 47.79%&HAB
267.27 + 46.26™P

259.22 + 41.78%80A

564.04 + 72.14%C

429.50 * 61.71%¢ 165.26 + 25.93*0iC
173.59 + 13.85%MiC

85.38 = 19.43%4
88.13 + 8.83"F

43.54 = 14.26%*

190.57 + 36.52%"

HG6

229.69 + 17.03%&P

615.79 * 76.39%C

293.14 * 53.97%8AB 472.12 + 69.43%<C
337.29 * 26.23%8hB

43.28 + 6.57%"

207.62 + 43.35%8A

25211 + 10.67%8&5P
349.44 + 18,995

535.33 + 32.92%¢C 191.51 + 8.41%MC 689.93 + 29.04%¢P

98.68 * 4.94%8

49.52 + 3.22%%

240.49 + 21.19%8A

10:90
20:80
50:50

109.56 + 12.08%¢A 663.03 * 57.17%%AB 154.35 + 12.14%¢P 890.45 * 69.27%%C 268.65 * 16.85%¢kC 989.22 * 56.3854C

533.87 + 48.30%%A

630.22 * 75.06%%CP 348.23 + 14.42%°

240.65 * 12.8280kC

85.77 + 10.41%%A 411.72 + 40.6150AB 122.30 + 8.66%%F 532.41 * 52.28%%BC

346.18 + 37.92%°

Values presenting the same small letters mean that for the same oleogel concentrations the samples have no significant differences between different ratios; and values presenting the same capital letters mean that for the

same ratio the samples have no significant difference between different gelator's concentration.
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the consistency of the gel changes as the particle arrangements are also
modified, as seen in Fig. 3. The addition of the oleogel, weakens the gel
structure promoting a more disaggregated structure that will flow easily
and provide less resistance for the textural probe. It should also be
taken into account that an extrusion factor is also associated to this test:
as the conical probe is penetrating the sample, the samples with higher
oleogel fraction will be extruded with less opposition or contrary force,
and that behaviour is translated to the spreadability of the gels. The
adhesivity profile of HGs is an indication of the response of the material
and its consequent resistance to separate from the cone base. The more
stickiest the sample is, the more negative the value will be; the influ-
ence of hydrogel and oleogel fractions in this parameter is well ob-
servable in the adhesivity data presented in Table 1, where is possible
to understand that a larger disaggregated gel (with increased oleogel
mass) reveals a less adhesive textural response.

3.4. Rheological analysis

Low deformation oscillatory rheology was performed in HG3 and
HG6 samples in order to understand the rheological behaviour of hy-
brid gels using various hydrogel/oleogel ratios. The effects associated to
the progressive increase of the oleogel ratio led to a decrease in the
integrity of the generated gel matrix, in a way that these gels could flow
easily. Based on the microstructure of the HGs, it may be concluded that
the increase of the size of oleogel particles and the consequent possible
phase separation in HGs structure can explain this behaviour. Fig. 4
shows the tand values that were obtained for a range of selected points
of applied frequencies. The gathered data shows the reduced values that
HGs demonstrate, evidencing their solid-like behaviour, in contrast to
both oleogel control samples (OG3 and OG6). These results reveal a
transition that occurs in the oleogel control, from solid-like to a liquid-
like performance. This is translated by the increase of tand values
(tand > 1) when frequency application is amplified. This trend is also
observed for AL (hydrogel control), however this remains solid-like for
all the frequency range. Approx. 50 rads/s (close to 10 Hz) can be used
as the value of human perception of thickness (Hill et al., 1995). Fig. 4
shows this tendency for the samples produced with the 20:80 ratio that
presented lower tand values (more solid-like or elastic prevailing) than
the other HG samples as frequency is increased. The close-up shows this
cross-over (Fig. Al and Fig. B1). On the other hand the OG controls
showed a more liquid-like behaviour. Despite from this, no major dif-
ferences are observed demonstrating major influence of using OG6
versus OG3 in hybrid gel formulation.

Both HG3 and HG6 can be classified as a gel since G' is generally an
order of magnitude larger than G" (below 10 Hz), which can be ob-
served in Table 2. The storage and loss moduli information regarding
gels' stress response in oscillatory shear, demonstrated that for HGs
there was no cross-over, this is a typical behaviour of elastic networks
which means that the mixture of oleogel and hydrogel produced HGs
with a solid-like behaviour (Yan and Pochan, 2010). In contrast, oleogel
control samples, demonstrated to be frequency dependent, as the cross-
over between the elastic and the viscous moduli occurred at higher
frequencies. Samples with a 20:80 ratio for HG3 and HG6 revealed the
highest value of storage modulus (G") in the studied frequency range
among all HGs. These samples are accountable for a more pronounced
response due to a higher interaction between the big oleogels particles
inside the alginate polymeric matrix (Fig. 3). This might have hap-
pened, in contrast to the 50:50 samples which had an even higher
oleogel fraction, because the oleogel concentration (20:80) is not suf-
ficiently high, to promote a disaggregated gel and phase separation. In
the sample HG 20:80 the hydrogel matrix was maintained in the outer
side, while for the HG 50:50 was in part less organized, being the
oleogel not fully incorporated in the hydrogel and exposed to the out-
side of the hydrogel matrix. In comparison to the hydrogel control, this
was observed in all HG samples as a response to the increase of oleogel
particles in gel composition.
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Fig. 5. Flow rheology curves for control and hybrid gel samples. A) HG3 and B) HG®6; first deformation flow curve with increasing shear rate for hybrid gels (unsteady
state) (@ 1:99; A 5:95; ¢ 10:90; l 20:80; @ 50:50; + control OG; x control AL).

Flow curves show how the use of OG6 influenced HG deformation
behaviour (Fig. 5). HG6 samples recorded wider shear stress values (for
the same shear-rate) between the different ratios. The HG6 with 50:50
and 20:80 ratios revealed higher values of shear stress than HG3. The
tendency for HGs with higher ratios of oleogel to present lower stress
values when shear rate increases, is in agreement with the morpholo-
gical and microscopy analyses showed in Fig. 2 and Fig. 3. This may be
a result of the effect imparted by the addition of larger proportions of
oleogels and the consequent inability to incorporate successfully this
phase within the hydrogel matrix. The shear-thinning effect attributed
to alginate hydrogels was observed for all HG samples. The effect of the
increase in oleogelator concentration was also visible as larger “stress
overshoots” in the flow curves (first shear rate increasing- unsteady
state) were visible for HG3 20:80, HG6 20:80 and HG6 50:50. This
stress overshoot in flow curves can be indicative of a structure that was
destroyed by the shear movement that was induced in the rheometer. A
more well-built network is identified in this case, as this peak of shear
stress is associated with the force, that is necessary to break the struc-
tural elastic network inducing flow behaviour. This is a result of the
breakage of the gel structure with increasing shear rate where irre-
versible deformation is found. This flow behaviour is depicted by the
alignment of the particles in the gel matrix, reducing viscosity. The
same level of overshoot is not evidenced for the HG3 50:50 (Fig. 5A). As
seen from the first flow curve, HG6 samples do not flow so easily, even
after the applied shear. After the second shear rate sweep the results do
not vary (steady state), and the only main observation is the decrease of
the overshoot for the less organized samples; i.e. HG3 and HG6 with
ratios of 50:50 and 20:80 (results not shown).

4. Conclusions

Hybrid gels produced with different oleogel and hydrogel ratios
result in gels with diverse rheological and textural behaviors. The ab-
sence of polymorphic response from the XRD tests for the HGs showed
the prevalence of the alginate fingerprint, as the waxes' crystal ar-
rangement was not seen in the HGs results after the inclusion of oleogel
in the hydrogel matrix. Different oleogelator concentrations (HG3 vs
HG6) do not produce differences in terms of texture-related parameters
(i.e. firmness, spreadability and adhesivity), due to the strong shear that
is applied during HG development. However, after increasing the
oleogel fraction from 10% upwards (within the same type of hybrid gel;
e.g. HG3) the registered textural results were significantly different. The
exhibited spreadability and adhesivity values, varied in opposite ways
with the incorporation of larger oleogel quantities. As firmness de-
creases, the work of shear (spreadability) follows the same trend and
consequently the adhesivity of the samples decreased. Gel-like
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behaviour (G > G”) was identified for all HGs, within the entire range
of applied frequencies. However, high deformation rheology and tex-
tural experiments showed the tendency for hybrid gel samples to de-
monstrate lower values of such parameters alongside the increase of the
oleogel ratio. The oscillatory rheometry results pointed out that HG3
and HG6 samples with 20:80 ratio are the ones with a higher viscoe-
lastic response, that can be associated to the gel particle structure
evidenced in polarized microscopy, where the gelled particles are
bigger in size but still part of an interconnected structure (despite
samples with increased oleogel ratio showed visible disaggregation
under the microscope). Texture properties can be changed by varying
oleogel and hydrogel ratios in HG formulation. Tailoring ability is
evidenced and it is an advantage for these structures in order to use
hybrid gels in applications where gel strength and shear capability are
crucial parameters.
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