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ARTICLE INFO ABSTRACT
Keywords: Ionic gelation of alginate has become one of the most widely used encapsulation techniques, with the main
Sesame oil drawback that alginate hydrogels exhibit highly porous structural networks, which promotes high rates of release

ionic gelation
hydrogel beads
release profiles
structural support
tamarind mucilage

of encapsulated core materials. To retard the diffusion and loss of oil, and in turn to develop new alternatives as
wall materials, this work aims to analyze the effect of structural properties of hydrogel beads prepared with
sodium alginate (SA) and two blends of SA - tamarind seed mucilage (SA-TSM) as wall materials, in the release
profiles of sesame oil (SO) encapsulated by ionic gelation. Three emulsions were formed using SA, or SA-TSM
blends in mass ratios 1:1 and 1:2, with an SO dispersed phase fraction of 0.02 and mass ratio of wall mate-
rial:SO 1:1. The resulting emulsions were dropped into a 2.5 % wt. CaCly solution to produce three different
systems of hydrogel beads. They were characterized by their morphology, size, physical properties, oil encap-
sulation, swelling, and release performance. According to the results obtained, the hydrogel beads showed an
ellipsoidal-like geometry with a mean size of ~2.46 mm. SA-TSM hydrogel beads showed higher encapsulation
efficiency (> 73.45%) than SA beads (61.49%). The kinetic curves of SO release showed two regions: a “burst
effect” at short times followed by a "lag time" release. The Korsmeyer-Peppas model performed the best fit (R? >
0.90) for the release of SO, indicating a diffusion-controlled Fickian transport mechanism for all the beads, the
effective diffusion coefficients ranged from 5.18 x 107! to 6.46 x 107'! m?/s. Therefore, TSM directly in-
fluences the structural and physical properties of SA-TSM hydrogel beads, demonstrating efficient structural
support and filler function in the formation of wall materials, improving the encapsulation and controlling the
release rate of SO in comparison with SA hydrogel beads.

1. Introduction functionalization with unsaturated fatty acids (UFA) from conventional
and non-conventional sources such as chia oil (Us-Medina et al., 2017),

In recent decades, the use of bioactive compounds, natural additives, walnut oil (Luna-Guevara et al., 2017), sacha inchi oil (da Silva Soares
and the application of novel techniques for developing healthier prod- etal., 2019), linseed oil (Menin et al., 2018), fish oil (Di Giorgio, Salgado
ucts have taken great relevance in the perception of consumers. From & Mauri, 2019), and sesame seed oil (SO) (Alpizar-Reyes et al., 2020;
the great variety of bioactive compounds used as nutraceuticals, the Xu-Yan et al., 2012), has been highlighted. Consumption of SO is
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attributed to contributing to strengthening the immune system by
enhancing the anti-inflammatory function, improving the lipid profiles
in the blood, and displaying further functional properties such as anti-
mutagenic activity (Langyan et al., 2022). These properties have been
related to the chemical composition of polyunsaturated fatty acids,
specifically in SO, the main compounds are linoleic acid (~47%) and
oleic acid (~37%), approximately (Langyan et al., 2022; Farhoosh,
2021).

Sesame oil is commonly integrated into food products through
different encapsulating systems based on hydrocolloid systems that
allow for improving their performance, physicochemical stability, and
control release rate, during its processing, storage, and consumption
(Velazquez-Gutiérrez et al., 2021; Alpizar-Reyes et al., 2020). Ionic
gelation, as an encapsulation technique, is based on the formation of a
dispersion or emulsion containing the bioactive compound, and its
subsequent injection into the crosslinker solution leading the
biopolymer to a gelling process (Alpizar-Reyes et= al., 2022a). This
method of encapsulation makes it possible to trap the bioactive com-
pound within the biopolymeric matrix and leave it immobile within a
hydrogel bead (Li, Jia & Yin, 2021; Bannikova et al., 2018; Benavides
et al., 2016). The advantages in the formation and processing and
versatility of the operation mode avoid the use of extreme temperatures
that can affect the stability of the core or the wall material. Besides that,
pre-treatments are not required, the ionic gelation method is considered
a competitive alternative to encapsulate and protect SO, compared to
encapsulation techniques such as spray drying, freeze drying, fluidized
bed drying, and coacervation.

Among the food-grade hydrocolloids used to build hydrogel beads
using ionic gelation stand out proteins and polysaccharides. Sodium
alginate (SA) is the most widely used hydrocolloid in the ionic gelation
process. This polysaccharide is extracted from brown algae, consisting
mainly of covalently linked a-l-guluronic acids (G) and p-d-mannuronic
acids (M). It is widely recognized that when SA is in presence of divalent
ions, such as Ca?*, the formation of ionic bridges with the chains of this
polysaccharide leads to the formation of a gelled system (Yamashita
et al., 2021; Zhou et al., 2018). On the other hand, the potential use of
beads produced only with SA is focused on the pharmaceutical area
(Chen et al., 2018). Specifically, these kinds of beads can be used as
models to analyze the lipid digestion process, as is the case with sesame
oil, and thus have options to develop drugs that inhibit food digestion,
appetite sensations and food intake, increasing satiety and satiation
(Ubeyitogullari et al., 2022; Corstens et al., 2017). Another industrial
application is the preparation of nutraceutical delivery systems (Li, Wei
and Xue, 2021).

The encapsulation of oily compounds using ionic gelation requires
pre-treatment for the oil emulsification in the polysaccharide phase,
followed by the crosslinking reaction with Ca®* ions and the final drying
of the beads (Li, Jia and Yin, 2021; e Silva et al., 2019; Us-Medina et al.,
2017). The last step is relevant because it controls the final micro-
structure of the hydrogel beads (Dehnad, Jafari & Afrasiabi, 2016).
Generally, beads obtained with SA produce porous structures that pro-
mote immediate delivery of the bioactive compound. For this reason, the
use of another biomaterial that acts as a filler agent or structural support
allows for hindering and control of the release rates of the encapsulated
compound (Velazquez-Gutiérrez et al., 2020; Busic et al., 2018). For the
proper technical development of controlled-release systems, a thorough
understanding of the parameters influencing the release rates of
encapsulated oils is essential (Boostani & Jafari, 2021; Smaniotto et al.,
2021).

The mucilage extracted from the tamarind seed (TSM) has received
great attention and interest from the scientific community in recent
years, especially due to its physicochemical, thermal, rheological, and
functional properties, making it suitable for being used as an emulsifying
agent and wall material in the process of encapsulation of bioactive
lipophilic compounds (Alpizar-Reyes et al., 2022b). TSM is amphiphilic,
with a molecular weight ranging between 700-880 kDa, mainly
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constituted of polysaccharides such as glucose, galactose, and xylose,
with 14.24% of protein content (Alpizar-Reyes et al., 2018, Alpi-
zar-Reyes et al., 2017a).

Therefore, this work describes for the first time, the use of blends of
SA and TSM for the encapsulation of SO through ionic gelation process,
opening a new window for the use of TSM as filler material in the egg-
box structure of alginate hydrogels. The hypothesis to be tested in this
work is that the addition of the TSM in the conformation of the wall
material directly influences the structural and physical properties of the
hydrogel beads and affects the release profiles of the SO encapsulated in
comparison with beads formulated only with SA. In this regard, the
present study focuses on the analysis of the main factors that impact the
release of SO from hydrogel beads made from blends of TSM-SA, acting
as wall materials, and evaluating the particle properties and release
profiles for the SO.

2. Materials and methods
2.1. Materials

Sodium alginate (SA; Protanal® RF 6650 Alginate; 65% guluronic
acid with a purity of 90%) was gently provided by FMC Health &
Nutrition (Mexico City, Mexico). Tamarind dried pods and sesame seeds
were acquired at a supermarket in the city of Toluca (State of Mexico,
Mexico). TSM was extracted and obtained as a powder following the
procedure used by Alpizar-Reyes et al. (2017b). Sesame seed oil (SO)
was extracted according to Velazquez-Gutiérrez et al. (2020). A cold
press extraction of sesame seeds was used with a maximum pressure of
8.8 x 108 N/m? applied by the piston at 20 & 2°C. The extracted SO was
placed in amber bottles and stored at 4°C until use. All experimental
runs were made by employing deionized water. Chemical reagents were
of analytical grade (Sigma Aldrich, Toluca City, Mexico).

2.2. Emulsion formulation and preparation of hydrogel beads

Three dispersions of the different wall materials were prepared with
deionized water, SA (2% w/v), and two blends of SA-TSM (2% w/v) in
weight ratios of 1:1 and 1:2, respectively. The solutions were overnight
shaken at room temperature (~20°C) for a complete biopolymer’s hy-
dration. Biopolymer dispersions were degassed for 12 h before use. The
conditions for the formation of O/W emulsions were defined in pre-
liminary assays, then a mass dispersed phase fraction of 0.02 (2g SO/
100g emulsion), was slowly added into each biopolymer dispersion,
using a core:wall material mass ratio of 1:1. The homogenization was
performed with an Ultra-Turrax T50 homogenizer (IKA®-WERKE Works
Inc., Wilmington, NC, USA) at 6400 rpm during 5 min (Benavides et al.,
2016).

For the hydrogel beads production, 10 mL of each emulsion was
taken with a syringe (0.70 mm tip diameter of the needle). Subse-
quently, the tip of the needle was placed at 30 cm above the beaker
containing 100 mL of calcium chloride solution (CaCly, 2.5% w/v) with
continuous mechanical stirring at 250 rpm, and the emulsion was
dropped at a rate of 20 drops per minute. The beads were left to stand in
the stirred CaCly solution for 40 min at room temperature to let them
harden. Finally, the beads were rinsed with deionized water, filtered
(mesh size of 355 pm), dried at 50°C in an oven for 24 h, and stored in
amber bottles until use (Velazquez-Gutiérrez et al., 2020). Hydrogel
beads formed with solely SA were considered blank (SA), and the beads
containing SA-TSM ratios of 1:1 and 1:2 were identified as B1 and B2,
respectively.

2.3. Physical properties of hydrogel beads
2.3.1. Hydrogel bead morphology and sphericity factor (SF)

The surface appearance and bead morphology were examined using
a scanning electron microscope (SEM) model JSM-IT100 (Jeol Co. Ltd.,
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Tokyo, Japan). Samples were coated with gold for 5 s and mounted on
SEM stubs with double-sided adhesive tape (Ted Pella, Redding, Cali-
fornia, USA). Images were taken at an accelerating voltage of 8 kV with a
magnification of 30 x .

The sphericity factor (SF) is a shape distortion parameter; when this
value is smaller than 0.5, it is assumed that beads are spherical. Equa-
tion (1) was used to calculate SF (Chan, 2011):

Dmax - me'

SF = ———
Dmax + Dper

(€9)]
Here, Dy = Maximum diameter of the bead (mm), Dy, = Perpen-
dicular diameter to Dp,x (mm).

2.3.2. Moisture content

The moisture content of hydrogel beads was obtained by using the
gravimetric method. Hydrogel beads were oven-dried at 105°C until
achieving constant weight.

2.3.3. Bulk and tapped density

Bulk density (p,) was estimated by weighing 10 g of hydrogel beads
sample (mp) and transferred into a 10 mL glass graduated cylinder. The
occupied volume was registered directly (v3). For tapped density (p,), the
graduated cylinder containing the sample was tapped manually until a
constant volume reading (v). Calculations for both densities were as
follows:

my

Py = 2

Vb

p="0 ®)

Vi

2.3.4. Flowability

Flowability is the capacity to flow freely and regularly without
obstruction, this property was determined based on the compressibility
index (CI) and the Hausner ratio (HR) as follows:

c=t"p (4)
p

HR ="t )
Py

where p, and p, are the bulk and tapped densities, respectively.

2.3.5. Particle density and particle porosity

The particle density (ppgnice) Of hydrogel beads was measured based
on the method by Chew, Tan & Nyam (2018). Briefly, 5 mL of petroleum
ether was added to a 10 mL glass graduated cylinder that contained one
gram of hydrogel beads sample (m,), and the cylinder was shaken to
suspend the beads. Finally, 1 mL of the same solvent was added to rinse
down possible hydrogel particles stuck on the container’s wall. Total
volume occupied (v,) was registered, and Equation (6) was utilized to
calculate the particle density.

m,

(6)

Pparticle =
particle —
v, — 6

Particle porosity was estimated using the ratio between particle and
tapped densities of hydrogel beads: ¢ =1 — p,/p,

particle

e=1- (L) @)
pparz[c[e

2.4. Ionic gelation process yield (Y%)

Process yield is a measure of the rate between the number of
hydrogel beads obtained (Mp) and the emulsion dispersion (M) spent
for their formation, it was calculated using Equation (8):
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Y(%) = My 100 ®

2.5. SO encapsulation efficiency (EE%) and loading capacity (LC%)

The encapsulation efficiency (EE%) was determined using the
method reported by Velazquez-Gutiérrez et al. (2020). Briefly, the sur-
face oil (Ogurface) was determined after extracting the SO with n-hexane
from the hydrogel beads for 60 s. The total oil (Osg) amount was
determined gravimetrically after 6 h of Soxhlet extraction with n-hexane
from the hydrogel beads sample (Wpeqgs). EE (%) and LC (%) were
evaluated as follows:

(Omml - Osur[ace)

EE(%) = o
lota

x 100 (©)]

Ozoml

beads

LC(%) = x 100 (10)

This method makes it possible to determine the amount of oil present
within the hydrogel beads, eliminating other compounds that may
interfere and reducing the steps for sample processing by considering
the oil phase as a material with a defined composition.

2.6. Swelling index (SI)

The swelling index (SD) of hydrogel beads was obtained at different
time intervals within 4 h. For this, 0.5g of the sample were poured into
15 mL of deionized water and maintained in contact for the appropriate
time at room temperature. After draining the extra water using filter
paper, the enlarged beads were weighed, and Equation (11) was used to
calculate SI:

W, — W,

0

SI(%) = x 100 (an

where W; and W) represent the weight of the hydrogel beads at time t
and the beginning of the experiment, respectively.

2.7. Sesame oil release from hydrogel beads

Release kinetics were evaluated at 25°C, 12 beakers of 50 mL con-
taining one gram of hydrogel beads (previously washed with n-hexane
for 60 s to remove surface oil) and 20 mL of n-hexane were slowly
mechanical stirred, the beads were removed by filtration from the
beakers at different time intervals (from O to 180 min). Afterward, the
supernatants and the beads were kept overnight in an oven at 35°C to
evaporate the solvent. Finally, the released oil from hydrogel beads was
measured by taking the difference between the weight of the oil
removed with solvent after drying and the weight of the beads used
(Goyal et al., 2016).

2.7.1. Kinetics of release

Data obtained for the release of SO from hydrogel beads was fitted to
distinct kinetic and release models (zero and first order, Higuchi,
Hixson-Crowell and Korsmeyer-Peppas) to reveal the transport mecha-
nism (Dangi et al., 2022). The following equations were used for
determining the diffusion coefficients (Beirao da Costa et al., 2012):

M, D\ /3Dt M,
e 2L) (22 ZL>.
- 6 (”r2> > for 2 0.7 12)
M, Dtr? M,
—1-0 _ > 0.
T 1-0 6lexp< > ) for 2 0.7 13)

where M; and M,, are the mass of SO released at time t and the amount of
SO removed when equilibrium was reached respectively, D is the
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diffusion coefficient, and r is the radius of the hydrogel bead.
2.8. Statistical analysis

All the treatments were done in triplicate and reported as mean
values and standard deviation. One-way ANOVA and Tukey’s test at a
significant level of p<0.05 was used for establishing significant differ-
ences. The statistical analysis was done using Minitab version 16.0
software (Minitab Inc., State College, PA, USA).

3. Results and discussion
3.1. Physical properties of hydrogel beads

3.1.1. Hydrogel bead morphology, size and sphericity factor (SF)

The SEM images for the hydrogel beads systems are shown in Fig. 1,
which exhibited an ellipsoidal-like geometry. The SA beads (Fig. 1a)
show a less smooth external surface compared to SA-TSM beads (Fig. 1 b
and c) which do not show apparent cracking, indicative of the function
of TSM as filler, producing important changes in the microstructure of
the hydrogel beads. Cross-section cuts images (Fig. 1 d, e and f) also
show differences in the beads with and without TSM. SA beads exhibit a
more porous structure, while SA-TSM in Bl and B2 displayed a more
homogeneous internal structure with a reduction of internal cracks,
suggesting the presence of structural support functionality due to the
presence of the mucilage. Lozano-Vazquez et al. (2015) produced
hydrogel beads using different ratios of SA and modified tapioca starch,
their findings reveal the function of starch molecules as a filler agent on
the surface of the SA hydrogel. The SEM results revealed that beads
produced only with SA showed fissures in their surface and probably
inner holes, while the beads made with SA-starch exposed a highly
tortuous porous structure, suggesting a structural support action pro-
moted by starch, similar to that behavior observed in the samples made
with SA-TSM function evaluated in this study.

The mean particle size of the hydrogel beads ranged from 2.09 to
2.91 mm for all the systems studied, increasing in magnitude as the TSM

SA B1

SED 8.0kV WDHmmP C.50 HV =~ w37
Sample

SED 8.0ky WD11mmP.G:50 HY ™ 500pm

Sampfe 0018 Mar 04, 2022

d) e)

SED 8.0kV WD12mmP.C.50 HV-wux37
Sample

SED 8.0kv WD12mmP.C.50 HV x40

Sample 0002 Mar 04, 2022
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content was increased (see Table 1). This behavior can be associated
with an increase in the viscosity of the emulsion caused by the addition
of TSM, producing the formation of larger drops during the dripping step
while the gelation process occurs leading to larger beads. Previous re-
ports, where hydrogel beads based on SA-polysaccharide blends, have
reported particle sizes ranging between 2.06-2.19 mm for SO encapsu-
lated in SA-nopal mucilage (Velazquez-Gutiérrez et al., 2020); 1.74-2.16
mm dor chia oil encapsulated in SA-chia mucilage produced with a
peristaltic pumping with a Masterflex hose (2 mm inner diameter) to an
eight-nozzle dispensing disc, and dropped into a CaCly solution at
different times of harden (Us-Medina et al., 2017).

According to the sphericity factor (SF; Table 1), the beads did not
exhibit a spherical shape (SF > 0.05). The beads containing TSM had
lower SF than that for SA beads, which could be attributed to the
occurrence of stronger cross-linking interactions that led to a more
compact and homogeneous structure due to structural support given by
the TSM to SA beads (Fig. 1) (Zhou et al., 2018; Lozano-Vazquez et al.,
2015). Lower SF values, close to 0.05, have been reported for SO
encapsulated in SA-nopal mucilage beads and in SA-modified tapioca

Table 1
Physical properties of hydrogel beads.
SA B1 B2

Size (mm) 2.09 + 0.11°¢ 2.39 +0.10° 2.91+ 0.05a%
Sphericity Factor 0.17 + 0.00? 0.09 + 0.00° 0.12+ 0.00°
Moisture Content (%) 2.96 + 0.23" 3.47 + 0.32° 4.41 +0.14%
Bulk Density (g/cm?) 0.42 £ 0.01¢ 0.56 + 0.01° 0.69 + 0.01%
Tapped Density (g/cm®) 0.45 + 0.00° 0.61 + 0.01° 0.71 +0.01%
Carr’s Index 0.07 + 0.01? 0.08 + 0.00? 0.03 + 0.01°
Hausner Ratio 1.07 +0.01° 1.09 + 0.00* 1.03 + 0.01¢
Particle Density (g/cm®) 1.41 +0.01¢ 1.25 +0.01% 1.02 + 0.01°
Particle Porosity 0.68 + 0.02° 0.51 + 0.02° 0.30 £ 0.01°¢

SA: Sodium alginate; B1 and B2: Sodium alginate - Tamarind seed mucilage (1:1
and 1:2), respectively.

Values are means + standard deviation of three replicates. Superscripts with
different letters in same row indicate significant differences (p < 0.05).

B2

500um SED8.0kV. WD12mmP. o b
7 oof0 Sep 07,2021  Sample 0013

DOM  —

Sep 07, 2021

SED 8.0kV WD1ZmmP.C.50 HV  x27 500pm  m—
Sample 0016

G001 —

0012 Sep 07, 2021 Sep 07, 2021

Fig. 1. SEM images of external and cross-sectional aspect of the different hydrogel beads. (a) and (b) SA; (b) and (e) B1; (c) and (f) B2.
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starch beads, indicating that the morphology of SA beads is influenced
by the type of wall material and the production method (Velazquez--
Gutiérrez et al., 2020; Lozano-Vazquez et al., 2015).

3.1.2. Moisture content

Moisture content is an essential parameter since it plays a critical role
in the physical and chemical stability and textural properties of foods.
Table 1 showed that SA-TSM hydrogel beads had higher moisture con-
tents than beads made only with SA, associated with the greater water-
holding capacity of TSM. These percentages of moisture content for the
three systems produced are below the minimum allowable moisture
value (6%) to avoid the risk that the hydrogel beads may suffer bacterial
contamination (Bajac et al., 2022).

3.1.3. Bulk and tapped density

Bulk densities ranged from 0.42 to 0.69 g/cm®, being B2>B1>SA
beads. The higher content of TSM in the beads led to higher bulk den-
sities, denoting a more compacted structure and a lower amount of air
entrapped within the particles, contributing to the stabilization of the oil
encapsulated by decreasing the oxygen availability and therefore
minimizing the oil degradation. Thus, bulk density in the SA and SA-
TSM hydrogels is influenced by the morphology, particle size, and
final structure of the gelled polysaccharides (Chew, Tan & Nyam, 2018;
Premi & Sharma, 2017). Tapped density is a significant parameter for
packaging, transportation, and commercialization of solid products, the
greater the tapped density, the fewer containers for storage and easier
handling are required. (Chew, Tan & Nyam, 2018; Premi and Sharma,
2017). In this sense, B2 hydrogel beads displayed higher tapped density
followed by B1, and SA.

3.1.4. Flowability

CI and HR are two parameters commonly used to describe the
flowing properties of particles during food processing operations. CI
indicates the agglomeration capacity of particles (cohesivity); mean-
while, HR determines the friction force. When HR and CI become
greater, the flowability decreases. According to the results shown in
Table 1, the hydrogel beads made with SA and SA-TSM had "excellent
flowability", since their CI < 10 and their HR < 1.11 (Bajac et al., 2022;
Dima et al., 2016; Bakry et al., 2016). B2 hydrogel beads showed the
lowest values of CI and HR, which could be related to their larger size
and lower surface oil content, which helped to reduce the beads’ stick-
iness and enhance their flowability (Premi and Sharma, 2017).

3.1.5. Particle density and particle porosity

Particle density considers the total volume and particle weight,
excluding the void spaces in the material (Lopez-Ortiz et al., 2016;
Fernandes et al., 2013). According to the results shown in Table 1, the
hydrogel beads formed only with SA had a higher particle density and
smaller particle size that promote a denser packing and higher
compression between the beads (Premi and Sharma, 2017). On the other
hand, particle porosity is usually described as a measure of the sample
void fraction, herein B2 beads displayed lower porosity with robust
structure. These features can be attributed to the major content of TSM
on the hydrogel bead matrix that acted as filler, reducing the volume of
voids in the beads. Based on previous reports, prolonged storage sta-
bility in the encapsulation systems is achieved when the particles display
high bulk density and low particle porosity, providing better manage-
ability (Chew, Tan & Nyam, 2018; Premi and Sharma, 2017).

3.2. Ionic gelation process yield (Y%)

The yield percentages for the hydrogel beads were higher than 70%
(Table 2), suggesting that the encapsulation process of the SO by ionic
gelation had a minor loss. The process yield in B2 beads was significantly
higher than that obtained for B1 beads and SA beads. These results are
correlated to the higher content of TSM in B2 that generates more robust
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Table 2
Process yield, Surface oil, EE and LC of hydrogel beads.
SA B1 B2
Yield (%) 70.50 + 0.42¢ 75.94 + 1.12" 89.08 + 1.44°
Surface Oil (%) 7.78 £ 0.16% 6.65 + 0.13° 5.11 & 0.24¢
EE (%) 61.49 + 0.37¢ 73.45 + 0.35" 84.63 + 2.03*
LC (%) 20.20 + 0.29¢ 25.05 + 0.11° 33.24 + 0.32*

SA: Sodium alginate; B1 and B2: Sodium alginate - Tamarind seed mucilage (1:1
and 1:2), respectively.

Values are means + standard error, of three replicates. Superscripts with
different letters in same row indicate significant differences (p < 0.05).

and stronger cross-linked networks between SA, TSM and calcium ions
(Velazquez-Gutiérrez et al., 2020; Bera et al., 2015). Similar results were
obtained for SO encapsulated in hydrogel beads formed with SA and
blends of SA-nopal mucilage (72.5 - 91.7 %), where the larger amount of
mucilage integrated into the wall material led to higher efficiencies in
the encapsulation process (Velazquez-Gutiérrez et al., 2020).

3.3. Encapsulation efficiency (EE%) and loading capacity (LC%)

Table 2 shows the surface oil content, encapsulation efficiency (EE
%), and loading capacity (LC%) for the three hydrogel beads systems. SA
beads displayed a significantly higher amount of surface oil followed by
B1 and B2 beads, these results suggest that the larger porosity observed
in the SA hydrogel beads facilitates the diffusion of SO from the hydrogel
matrix to their surface, reducing their capacity to contain the SO
entrapped in the core of the encapsulating system (Velazquez-Gutiérrez
et al., 2020).

Regarding EE, a similar trend was observed, B2 achieved the highest
EE followed by B1 and SA, respectively. These results restate the fact that
chemical the composition of the polysaccharides used as wall materials
influenced the performance of their functional properties, in the case of
TSM, this polysaccharide has a significant protein content (12.77 - 15.40
%) that contributes to its great capacity to retain oily phases and
improve their stability in the emulsions used to produce the hydrogel
beads (Zeeb et al., 2015; Carneiro et al., 2013). On the other hand, LC
measures the amount of SO that a bead can hold and depends on the
amount of the biopolymer used. Higher values mean that lower quan-
tities of beads are required for accomplishing the desired functional
properties in the final applications. As can be seen in Table 2, SA beads
had the lowest LC value, suggesting the formation of a less robust and
highly porous microstructure that promotes and facilitates the release of
the oil phase, contrary to that observed in B2 where a better oil phase
inclusion was achieved (33.24 + 0.32%) (Velazquez-Gutiérrez et al.,
2020; Menin et al., 2018; Benavides et al., 2016).

3.4. Swelling index (SI)

To analyze how the swelling process happens on TSM hydrogel
beads, the profile of SI against time was plotted in Fig. 2 during the first
four hours after their formation. Hydrogel beads made with SA-TSM
exhibited a greater swelling index under all the examined timeframes
than SA beads. According to Fig. 2, the hydrogel beads swelled for up to
60 min, followed by a decrease in the swelling rate (deswelling). This
swelling/deswelling behavior can be ascribed to the fact that the solid
bead is made up of cross-linked polymer chains that tend to swell when
in contact with the aqueous solution, causing relaxation and expansion
of the polymer. Once maximum swelling is reached by the bead, the
polymer in the solution tends to erode leading to deswelling (Kassem
et al., 2015; Sudipto et al., 2002).

The formulation B2 showed the highest water absorption rate and
moisture sensitivity, and higher swelling properties than those observed
for the SA hydrogel beads. Ban et al. (2022) stated that the use of filler
agents in cross-linked hydrocolloids can increase the swelling degree of
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Fig. 2. Swelling index profiles of hydrogel beads at 25°C.

the hydrogel systems. In this case, the use of TSM as a filler agent for the
SA hydrogels contributed to increasing the hydrophilic capability of the
beads, where the high swelling ratio of the SA-TSM hydrogel beads is
indicative of a porous structure with highly connected caverns that al-
lows the easy adsorption of water (Lozano-Vazquez et al., 2015; Alpi-
zar-Reyes et al. 2017a).

3.5. SO released from hydrogel beads

Fig. 3 presents the kinetic curves of SO release from hydrogel beads
at room temperature, the three bead systems displayed two regions. The
first region was observed during the first 30 min of contact between the
beads and the liquid medium, all the systems showed a “burst effect”
where a considerable percentage of SO is released in a relatively short
period. This might be due to the number of oil molecules on the surface
of the beads that were not enough linked into the structure and so, were
easily released from particles to the bulk phase. From Fig. 3, it can be
observed that SA hydrogel beads showed higher SO release percentages,
attributed to their inferior oil retention capacity. For SA-TSM beads, the
lower SO release may be related to the protein content present in TSM,
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Fig. 3. Cumulative release profiles of hydrogel beads at 25°C.
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which acts as an emulsifier enhancing the stability of the emulsions and
providing better retention of SO within the biopolymer matrix. Despite
the SA-TSM hydrogels beads offering a higher percentage of swelling
than SA beads in the burst region (see Fig. 2), the release rate of SO from
the beads was slower in SA-TSM than that in SA beads (Fig. 3), inferring
that the matrices formed by the combination of both SA and TSM
polymers led to a more robust and less porous structure, with higher
tortuosity, confirming the role played by the TSM as structural support
for the SA-based hydrogels.

From Fig. 3, the second region shows quasi-constant release profiles
after 60 min, indicating a sustained release referred to as "lag time". This
region is characterized by linear oil concentration gradients in the beads
over relatively large time intervals, exhibiting a slow-release rate asso-
ciated with the development of diffusive processes, in which the effec-
tive diffusivity remains practically constant and exhibits the lowest
values. According to Fig. 3, the SA-TSM beads displayed a lower per-
centage of SO release than SA beads, agreeing with the hypothesis that
TSM modifies the structure of the SA hydrogel by acting as filler and
reducing its porosity, increasing the tortuosity in the polysaccharide
matrix, delaying the transport of the oil from the core to the surface by
allowing the water adsorption on the surface of the beads and contrib-
uting to block the beads pores hindering the oil diffusion
(Beirao-da-Costa et al., 2013; Beirao-da-Costa et al., 2012; Bera et al.,
2015; Lopez Cordoba et al., 2013). Besides the effect of the larger par-
ticle size of the beads to the reduction on the surface area that modulates
the release profile of the core material (Boostani & Jafari, 2021;
Maderuelo et al., 2011).

Regarding the kinetic modeling, data for the SO release were fitted to
zero-order, first-order, Higuchi, Hixon-Crowell, and Korsmeyer-Peppas
models, the results are given in Table 3. The best fitting model was
Korsmeyer-Peppas for all the hydrogel beads systems (0.9042 < R? <
0.9447). This model permits to descript and classify of the diffusion
mechanisms associated with the release of SO from the hydrogel beads,
specifically through the magnitude of the parameter “n”. Based on its
magnitude, the release mechanism classification is defined as Case I.
Fickian diffusion if n < 0.43; anomalous or non-Fickian transport when
0.43 < n < 0.85; Case II. Zero-order release if n = 0.85 (Dyab et al.,
2018; Siepmann & Peppas, 2001); and “Supra II” type transport for n >
0.89 (Dash et al., 2010). Based on the results of this work, the Fickian
transport mechanism governs the mass transfer in the SA and SA-TSM
beads, where the SO release is controlled by the oil diffusion through
the geloid matrix. Furthermore, when TSM content was increased in the
beads systems, the release rate constant (k) values decreased signifi-
cantly (p<0.05) indicating a reduction in the release rate (Wu et al.,
2014).

Regarding the effective diffusion coefficients for SA and SA-TSM
beads, their values were calculated at each oil release region and the
values are reported in Table 4. For the first region (t<30 min), as the
TSM content increased in the SA-TSM bead, the effective diffusion co-
efficient was higher, which from a mass transfer point of view, the
release rate of SO might be higher for B1 and B2 hydrogel beads, how-
ever, the role of TSM as structural support generated more compact and
robust structures that diminished the percentage of SO released (Fig. 3).
For the second region of oil release, the effective diffusion coefficients
remained practically constant (~ 6 x 1071 mz/s), evidencing a sus-
tained release profile between 30 to 180 min time interval for all the SA
and SA-TSM beads systems.

4. Conclusions

The results obtained in this study bring useful information about the
use of TSM as a filler agent for improving the functional properties of SA-
based hydrogel beads as carriers and protecting agents for SO. TSM
showed to be effective as a structural support that promotes the for-
mation of more robust and complex networks when producing hydrogel
beads by ionic gelation. The encapsulation and release properties of SO
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Table 3

Kinetic parameters for the release of SO from the hydrogel beads systems.

Carbohydrate Polymer Technologies and Applications 5 (2023) 100302

Model

SA

Zero order Q =kt + Qo

Q = 0.0003t+ 0.0370

k x 10° (min™!) 30.0 + 9.0%

Qo (@ 0.0370 + 0.016%

R? 0.5940

First order Q = Qoexp(kt) Q = 0.0411exp(0.0044t)
k x 10° (min™?) 440.0 + 50.0°

Q (@ 0.0411 + 0.010%

R? 0.5076

Higuchi Q = kt'/2 Q = 0.0077t/2

k x 10° (min~1/?) 770.0 + 3.0°

R? 0.5571

Hixson-Crowell Q'/3 =kt + Qé/g Q3 = 0.0006t + 0.0342
k x 10° (min™) 60.0 + 9.0

Q (@ 0.0342 + 0.007%

R? 0.5339

Korsmeyer-Peppas Q = kt"
k x 10° (min™")

n

RZ

Q = 0.0231{02508
2310.9 & 900?
0.2508 =+ 0.020%
0.9278

B1 B2
Q = 0.0003t + 0.0302 Q = 0.0003t+ 0.0240
30.0 £ 7.0° 30.0 + 10.0°

0.0302 + 0.0112 0.0240 + 0.006%

0.5768 0.7154

Q = 0.0341exp(0.0047t) Q = 0.0282exp(0.0054t)
470.0 + 30.0° 540.0 + 9.0°

0.0341 + 0.009% 0.0282 + 0.009"

0.4782 0.6132

Q = 0.0066t"/> Q = 0.0059¢'/2

660 + 7.0° 590.0 + 9.0°

0.6422 0.8097

Q'3 = 0.0006t + 0.0330 Q!/? = 0.0007¢+ 0.3001
60.0 + 9.0° 70.0 + 1.0°

0.0330 + 0.008* 0.3001 + 0.020°

0.5082 0.6448

Q = 0.0178(02749
1780.0 + 200°
0.2749 + 0.005°
0.9042

Q = 0.0127¢03%53
1270.0 + 800°¢
0.3253 =+ 0.009¢
0.9447

SA: Sodium alginate; B1 and B2: Sodium alginate - Tamarind seed mucilage (1:1 and 1:2), respectively.
Q: Sesame oil quantity released at time t; Qq: Initial sesame oil quantity released; k: Release rate constant; n: Diffusional exponent; R Correlation coefficient.
Values as means + standard error for three replicates are provided. Different letters in the same row indicate statistically significant differences (p < 0.05).

Table 4

Diffusion coefficients for the different bead formulations.
Diffusion Coefficients (m?/s) SA Bl B2

11 —11 —11

% <07 5.18 x 10 5.59 x 10 6.45 x 10
R? 0.9373 0.8775 0.9209
M, 6.23 x 107! 6.46 x 1071 6.39 x 10711
Mo > 0.7
R? 0.9806 0.9478 0.9560

SA: Sodium alginate; B1 and B2: Sodium alginate - Tamarind seed mucilage (1:1
and 1:2), respectively.

M;: Sesame oil mass released at time t; M,,: Sesame oil mass released at equi-
librium; R?: Correlation coefficient.

Data are presented as means + SD (n=3).

resulted enhanced when TSM was added to the hydrogel formulations,
opening new alternatives in the selection, design, and use of non-
conventional wall materials suitable to satisfy a great variety of indus-
trial applications. Despite the TSM content on the SA-TSM beads, all the
systems exhibited ellipsoidal-like geometry, a more homogeneous
structure with a less cracking and smoother surface, but larger particle
size. Retardation on the SO transport and release from the core to the
surface of the beads was modulated by the TSM content in the SA-based
hydrogels, better encapsulation efficiencies and retarded released pro-
files could be associated with the high protein content associated with
the TSM molecule. The release profiles of SO from the SA-based
hydrogels displayed two main regions, the first one with a “burst ef-
fect” where a substantial percentage of SO was rapidly released, and a
quasi-constant release profile related to a sustained SO release. Ac-
cording to the results, the encapsulation of SO in SA-TSM blends as wall
materials in encapsulation systems formed by ionic gelation had better
structural and physical properties compared to those formed only with
SA.
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