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ABSTRACT

The alginate (Alg) hydrogel with health promoting effect was fabricated using malva nut mucilage (MNM) as co-
structuring agent and Reishi extract (RE) as encapsulated compound. Firstly, effect of MNMs extracted by
alkaline solutions at varying concentrations (i.e., 0, 0.05, and 0.1 M) as co-structuring agent for preparation of
composite Alg based hydrogel was observed. Alkaline condition could elevate MNM extractable yield along with
increased solubility of the derived mucilage. Incorporation of the alkaline extracted MNMs led to enhanced
microstructure of the hydrogels expected since preferably interaction between Alg and the alkaline treated
MNMs with more exposed functional groups. The MNMs extracted by 0.05 M NaOH (MNMj o5 M) Was selected for
mixing with Alg at different ratios (i.e., Alg:MNMj s m of 3:1, 2:1, and 1:1) to fabricate the composite hydrogels.
The mucilage promoted formability and improved microstructure of the hydrogels. Using Alg:MNMj o5 v at 2:1
could prepare the composite hydrogel with enhanced stability without disturbing effect on thermal property of
the hydrogels. Then, the composite hydrogels were loaded with RE at varying contents (i.e., 1, 2.5, and 5 % to
produce RE-1, RE-2.5, and RE-5 hydrogels, respectively). Encapsulation efficiency (EE) of the hydrogels was
improved with the added RE content: The EE of ca. 55.6, 60.3, and 61.3 % for RE-1, RE-2.5, and RE-5 hydrogels,
respectively. The RE loaded hydrogels showed heat tolerance and improved stability under varying pH condi-
tions. Additionally, the beads exhibited competent phenolic retainability even in a harsh acidic condition of
simulated stomach and effective phenolic compound releasing in a simulated intestinal condition.

1. Introduction

compounds present in the extract always easily degrade during pro-
cessing and storing due to their susceptibility to some factors such as

There is a growing interest in functional foods with health promoting
effects. Reishi or Lingzhi (Ganoderma lucidum) is an edible mushroom
widely consumed in Asia countries, owing to availability of various
bioactive compounds, including polyphenols, triterpenoids, amino
acids, nucleotides, and polysaccharides (Ahmad et al., 2021). Global
consumption of Reishi, especially in an extract form, has been steadily
increasing due to health benefits in enhancing immune system and
mitigating chronic diseases like diabetes and cancer (Ahmad et al.,
2021). However, Reishi extract (RE) has a bitter taste associated with a
pungent feeling factor and mushroomy after taste that limit its appli-
cation in food products (Chuensun et al., 2024). The bioactive

heating and the presence of oxygen. Loss of bioactive compounds can
also occur during digestion, particularly in the acidic environment of the
stomach, leading to reduced bioactivity of the compounds (Cai et al.,
2020). To address these challenges, encapsulation is a promising
approach to enhance stability and control release of the bioactive
compounds.

Hydrogels are an interesting system for encapsulating bioactive
compounds, attributed to the ease formation by using food grade hy-
drocolloids under mild and safe conditions (Paulo & Santos, 2020).
Alginate (Alg) is commonly used for hydrogel formation due to its effi-
ciency, safety, and availability. Alginate hydrogel can encapsulate
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various compounds such as plant phenolic extracts (Benkovic et al.,
2021; Flamminii et al., 2020), enzymes (Martin et al., 2019) and med-
icines (Rezvanian et al., 2017). However, the Alg gel matrix possess
structural fragile with high porosity, so the encapsulated compounds
tend to be easily released from the gel matrix, making difficulty of
control release of the compounds (Jing et al., 2025; Mirmazloum et al.,
2021; Neuenfeldt et al., 2021). With high porosity, approaching of ox-
ygen, bile salts, and digestive enzyme is preferable, resulting in degra-
dation of the enveloped compounds (Jing et al., 2025; Mousavi et al.,
2020). Moreover, the Alg-based gel is always acid labile, resulting in
limited encapsulation efficiency of the Alg-based hydrogel, particularly
in the human stomach with high acidity (Doumeche et al., 2004;
Ramdhan et al., 2020). These limitations lead to restricted application of
the Alg-based hydrogel as bioactive compound vehicle model.

To reinforce the Alg gel matrix, proteins such as whey (Flamminii
et al., 2020), gelatin (Tu et al., 2015), and soy protein isolate (Zhang
et al., 2015), are the most widely employed as a co-structuring agent
with Alg, owing to the excellent biocompatibility of the
protein-polysaccharide combination (Flamminii et al., 2020; Li et al.,
2019; Tu et al., 2015; Zhang et al., 2015). However, proteins might be
susceptible to protease in the human gastrointestinal tract, leading to
less control release of the encapsulated compounds (Li et al., 2019).
Plant polysaccharide is interesting candidate to improve stability and
encapsulation efficacy of hydrogel, owing to its technological and
bioactive properties as well as an increasing trend of plant-based food
consumption (Chen et al., 2022; Huang et al., 2019). Malva nut mucilage
(MNM), the polysaccharides extracted from the nut of Scaphium sca-
phigerum which is an indigenous plant of Southeast Asia, has tradition-
ally been consumed for their health promoting effects such as
antioxidant property (Phlicharoenphon et al., 2018), laxative, and
starch digestive enzyme inhibition effects (Srichamroen & Chavasit,
2011a). With its hydrophilicity, MNM possesses functional properties
such as water retainability and gelling ability (Srichamroen & Chavasit,
2011b) that may enhance formation and encapsulation efficacy of the
Alg-based hydrogel. Extraction method crucially affects characteristics
of plant polysaccharide, thereby determining dissimilar functional
properties of the derived compound. Hot-water extraction is generally
performed for polysaccharide recovery from plant materials, in which
some drawbacks are often observed such as low extractable yield, long
extraction time, and restricted functional properties of the received
polysaccharides (Chen et al., 2022, 2022). Alklaine-assisted extraction
might promote recovery yield and functional properties of the poly-
saccharides attributed to the effect of alkaline to enhance a breakdown
of chemical bonds in plant cellular matrix (Chen et al., 2022). Extraction
using 1 % and 5 % NaOH solutions led to improved recovery yield of the
polysaccharides from longan pulp (Huang et al., 2019) and flaxseed
(Hellebois et al., 2021), respectively. Alkaline-aided extraction also led
to elevated yield along with antioxidant capacity of the polysaccharide
from mung bean skin (Chen et al., 2022). Considering MNWV], it has been
previously reported that alkaline extraction could promote gelling
property of the mucilage (Srichamroen & Chavasit, 2011b), but the data
on functional property of the mucilage as a co-structuring agent for
Alg-based gel formation has not been elucidated yet.

This study aimed to fabricate the composite Alg-based hydrogels
loaded with the antioxidative RE by using MNM as a co-structuring
agent to promote stability and control release of the hydrogels. Firstly,
the effect of alkaline-aided extraction on characteristics of MNM
employed as a co-structuring agent with Alg to prepare the composite
hydrogel was observed. After determining appropriate extracting con-
dition to prepare MNM, the mixing ratio between Alg and the selected
MNM for the composite hydrogel formation was elucidated. Finally, the
composite hydrogels loaded with RE at varying contents were prepared
to reveal their stability and releasing behavior through the in vitro
digestive model. Overall results from the present work may elucidate
feasible utilization of the Alg-MNM hydrogels loaded with bioactive
compounds for the development of food with health-promoting effect.
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2. Materials and methods
2.1. Materials

Malva nuts were purchased from a local market (Bangkok, Thailand).
Reishi extract (RE) from the fruiting body of Ganoderma lucidum was a
product of Specialty Natural Products Co. Ltd. (Chonburi, Thailand).
Sodium-alginate (CAS No. 9005-38-3); calcium-lactate (CAS No. 5743-
47-5); and Folin Ciocalteu’s phenol reagent (CAS No. 12111-13-6)
were purchased from LOBA Chemie Pvt Ltd. (New Delhi, India). NaOH
(CAS No. 1310-73-2) was the product of KemAus (NSW, Australia).
Digestive components, including porcine pancreas a-amylase Type VI-B
(> 5 U/mg; CAS No 9000-90-2), porcine gastric mucosa pepsins (> 250
U/mg; CAS No 9001-75-6), porcine pancreas lipase (100-650 U/mg
protein using olive oil as a substrate; CAS No 9001-62-1), and porcine
bile extract (CAS No 8008-63-7) were products of Sigma-Aldrich
Chemical Co. (MO, USA). All reagents were of analytical grade.

2.2. Property of crude gum prepared from Malva nut using different
extracting solutions

Extraction of the gum was conducted following the method of
Nuchchareonpaiboon and Prabsangob (2023) with some modifications.
Initially, Malva nuts were soaked in dissimilar extracting solutions-i.e.,
de-ionized (DI) water, 0.05 M NaOH, and 0.1 M NaOH, — with a
nut-to-water weight ratio of 1:25, at room temperature for 12 h. Sub-
sequently, the seed and shell fractions were manually removed, and
excess water was filtered out using a cheese cloth. The extracted gum
was dried by hot-air oven (BWS model, Frecon, Bangkok, Thailand) at
60 + 2 °C and air velocity of 1.0 m/s until the moisture content was
lower than 10 %, before grinding using a blender (MX-EG5311, Pana-
sonic Cooperation, Tokyo, Japan) and passed through the 60-mesh
sieve. The gums derived were stored at 4 °C for less than 2 months
before use. The crude gums extracted from Malva nut using DI water,
0.05 M NaOH, and 0.1 M NaOH were referred to as MNMqy, MNMg o5 M,
and MNMy ; y, respectively. Property of the MNM samples were then
characterized by measuring.

- Extraction yield: Extraction yield was estimated as a percentage of
the gum derived to the weight of malva nut seed as a raw material.
- Moisture and protein contents: Moisture and protein contents were
evaluated by a standard method (AOAC, 1990).

- Swelling property and solubility index: The extracted gum and
distilled water were mixed in a centrifugal tube at a solid-to-liquid
ratio of 1:100, heated at 80 °C for 30 min, and then cooled to
room temperature. After centrifuging (5000 x g, 15 min), the su-
pernatant was decanted in a pre-weighed petri dish. Increasing of the
centrifuge tube weight was expressed as a swelling index, whereas
increasing of the petri dish weight after heating (110 °C, 12 h) and
cooling in a desiccator to room temperature was expressed as solu-
bility index (Hamdani et al., 2018).

- Water holding capacity (WHC) and oil holding capacity (OHC): WHC
and OHC of the MNM samples were determined by the method
described by Wani et al. (2015) with some modification. The crude
gum (W) was mixed with distilled water at a solid-to-liquid ratio of
1:20) at room temperature for 1 h. Then, the mixture was centrifuged
(6500 x g, 10 min) to get rid of a supernatant. Different weights of
sediment and crude gum were used to calculate the percentage of
WHC based on the weight of crude gum. OHC was determined as per
the WHC measurement method, but soybean oil was used instead of
distilled water.

- Structural characteristic: Chemical structure of the MVG samples was
analyzed using a Fourier transform infrared (FT-IR) spectrometer
(Tensor 27, Bruker, Ettlingen, Germany) with 16 scans at 4 cm !
resolution over the wavelength of 4000-500 em~! (Li et al., 2021).
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2.3. Effect of MNMs prepared by different extracting solutions on Alg
hydrogel formation

The MNMs derived from dissimilar extracting solutions were
employed to prepare the hydrogels together with Alg through an iono-
tropic gelation method as described by Alex et al. (2013) with a slight
modification. Alg and each MNM were thoroughly mixed at the weight
ratio of 3:1 using DI water to prepare the solution with a fixed con-
centration of 1.5 %. The mixture was then introduced into a syringe (2
mm in diameter), and the hydrogels were introduced dropwise into an
aqueous Ca-lactate solution (0.05 M). Hardening of the beads was
accomplished by a gentle mixing for 15 min, followed by rinsing the
beads with acetate buffer (0.1 M, pH 5.5). The hydrogels prepared using
Alg without the MNM were regarded as a control. The hydrogels were
stored at 4 °C for less than 2 weeks before measuring.

- Spherical index (SI): Size of the beads (at least 30 beads) was
measured using a vernier caliper. SI was calculated based on the
largest diameter (Dpax) and smallest diameter (Dpip) of the hydro-
gels as per the following equation (Chan et al., 2009).

SI = (Dmax - Dmin)/(Dmax + Dmin) (l)

- Morphological characteristics: Morphology of the hydrogels was
assessed using a scanning electron microscope (Quanta 450, FEI
Company, OR, USA) as per the method of Li et al. (2021). After
freeze-drying, the beads were sputter-coated with gold before
observing the cross section under 15 kV accelerating voltage.

- Structural characteristic: Chemical structure of the hydrogels was
analyzed using a FT-IR spectrometer as the aforementioned pro-
cedure (Li et al., 2021).

- Thermal property: Thermal property of the hydrogels was charac-
terized by a differential scanning calorimeter (204 F1 Phoenix,
Netzsch-Geratebau GmbH, Selb, Germany). The freeze-dried beads
were finely ground and immediately sealed in an aluminum crucible.
The samples were heated from 30 °C to 300 °C at a heating rate of 10
°C/min, with an empty aluminum crucible serving as a reference.

- Bead strength: Strength of the beads was assessed using texture
profile analysis (TPA) following the method of Martin et al. (2019)
with some modifications. The TPA analyzer (TA-XT2, Stable Micro
Systems Ltd., Surrey, UK) equipped with a 5 kg load cell and a cy-
lindrical probe (35 mm in diameter) was employed. The measure-
ment was conducted at room temperature with at least 10 beads
tested for each sample to determine the hardness of the hydrogels.

From this section, the extracting solution providing the MNM that
could strengthen the Alg hydrogels was selected as a representative for a
next study.

2.4. Effect of Alg:MNM ratio on hydrogel formation

The selected MNM was employed as a co-structuring agent to prepare
Alg hydrogels at different Alg:MNM weight ratios of 3:1, 2:1, and 1:1
(dry basis) according to the aforementioned procedure. The Alg
hydrogels prepared without the MNM were used as a control. The
hydrogels were characterized as described previously. Additionally, the
stability of the beads against heating and storing under different pH
conditions was assessed.

- pH stability: The hydrogels were immersed in various buffer solu-
tions, including citrate buffer (10 mM, pH 3.0), acetate buffer (10
mM, pH 5.0), and phosphate buffer (10 mM, pH 7.0), at ratio of 1:5
(wt/v). The soaked beads were kept at room temperature for one
week, and bead stability was expressed as the relative change in the
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spherical index (ASI) after one week compared to the initial SI
(Kurkuri & Aminabhavi, 2004).

- Heating stability: The hydrogels were submerged in DI water (1:5,
wt/vol) and heated at 72 °C for different durations (1, 5, and 10
min). After cooling to room temperature, bead stability was
expressed as ASI after heating compared to SI before heating
(Kurkuri & Aminabhavi, 2004).

The suitable mixing ratio between Alg and MNM was established
based on the stability of the hydrogels for further study.

2.5. Alg-MNM hydrogels for RE encapsulation

The hydrogels prepared using Alg and the MNM at the selected ratio
were used to encapsulate RE at varying concentrations. Alg and the
MNM, at the chosen weight ratio, were mixed in DI water before adding
with RE at different contents (1, 2.5, and 5 % by weight of total poly-
saccharides). The total DI water content was adjusted by subtracting the
weight of the used RE to maintain the formula across all samples. The
hydrogels were prepared and characterized as previously described, and
their efficiency in encapsulating RE was then observed by measuring.

- Loading efficiency (LE) and encapsulation efficiency (EE): The
hydrogels were soaked in DI water at the ratio of 1:5 (wt/v), shaken
in a water bath (WNB7L4, Memmert GmbH, Schwabach, Germany)
at 37 °C for 6 h, and allowed to stand at room temperature for 12 h.
The beads were then separated, and the soaking water was subjected
for total phenolic content (TPC) measurement by the Folin-Ciocalteu
assay (Singleton and Rossi (1965) using gallic acid as a standard. LE
and EE were quantified as per the following equations, respectively
(Alex et al., 2013).

LE (mg GAE / g bead) = (TPCiy — TPCyo1n) / Weight of hydrogels
(2)

EE (%) = [(TPCine — TPCso1a) / TPCin] x 100 (3)

where TPC;y is the TPC of RE incorporated in the hydrogels, and TPCso
is the TPC of the soaking solution after shaking.

2.6. Stability and in vitro gastrointestinal digestion on phenolic releasing
of the hydrogels

Characteristics of the composite hydrogels loaded with RE at varying
contents were further examined by determining bead stability during
storage at varying pH and heating at different durations. Moreover,
phenolic releasing from the beads was monitored through the in vitro
model of simulated gastric and intestinal phases as following.

- pH stability: The hydrogels were immersed in different buffer so-
lutions, including citrate buffer (10 mM, pH 3.0), acetate buffer (10
mM, pH 5.0), and phosphate buffer (10 mM, pH 7.0), at a ratio of 1:5
(wt/vol). After one week, TPC and DPPH radical scavenging ability of
the beads were determined according to the methods of Singleton
and Rossi (1965) and Brand-Williams et al. (1995), respectively. The
relative change in TPC (ATPC) and DPPH radical scavenging ability
(ADPPH radical scavenging ability) of the beads were calculate
based on the alteration of TPC (DPPH radical scavenging ability)
values measured after one week compared to the initial values of the
beads as per the method modified from Wongverawattanakul et al.
(2022).

- Heating stability: The hydrogels were immersed in DI water (1:5, wt/
v) and heated at 72 °C for different durations (1, 5, and 10 min). After
cooling to room temperature, ATPC and ADPPH radical scavenging



N. Prabsangob et al.

ability of the beads were calculated based on the measurement
before and after heating.

- In vitro phenolic releasing of the hydrogels: The hydrogels loaded with
RE were subjected to an in vitro digestion as per the method of Le
et al. (2020) with some modifications. Firstly, simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF) were prepared: SGF con-
tained KCl (6.9 mM), KH,PO4 (0.9 mM), NaHCO3 (0.25 M), NaCl
(0.47 M), MgClye6H50 (0.1 mM), and (NH4)2CO3 (0.5 mM); and SIF
contained KCI (6.8 mM), KH,PO4 (0.8 mM), NaHCO3 (0.85 M), NaCl
(0.38 M), MgClye6H50 (0.33 mM). The SGF and SIF were clear so-
lutions with the pH of 2.5 and 7.0, respectively.

The hydrogels (10 g) were mixed with SGF (50 mL) and pepsins
(25,000 unit/mL) and introduced to a shaking water bath at 37 °C for 2
h. The hydrogels were then separated and mixed with SIF (50 mL),
pancreatic lipase (5600 unit/mL), and bile salts (0.10 M). The mixture
was then adjusted to pH 7.0 using an aliquot of NaOH solution (1 M) and
incubated in a shaking water bath at 37 °C for 4 h. During the simulated
gastric and intestinal digestion, small aliquots of the digesta were peri-
odically taken out to measure TPC, and SGF or SIF at the same volume
were added to maintain the total volume of the mixture.

2.7. Statistical analysis

The samples were independently prepared in triplicate. The mea-
surements were conducted in triplicate, and the mean values + standard
deviations were reported. Differences between the means were statisti-
cally assessed using analysis of variance at a confidence level of p < 0.05
(SPSS for Windows; SPSS Inc.; IL, USA).

3. Results and discussion
3.1. Property of MNMs prepared using different extracting solutions

Firstly, the property of the MNMs derived by using alkaline
extracting solutions at dissimilar concentrations was determined, and
the result is shown in Table 1. Increasing alkaline extracting solutions
led to improved recovery yield of the derived mucilage. This trend was
in accordance with the others and might be attributed since effect of the
alkaline to promote disruption of chemical bonds between the compo-
nents in plant cellular matrix, thereby enhancing polysaccharide liber-
ation (Chen et al., 2022; Hellebois et al., 2021; Huang et al., 2019).
Concentration of the alkaline extracting solutions had no significant
effect on protein content of the derived mucilage. Using the extracting
solutions at increased alkaline concentration led to the mucilage with
lowered OHC, whereas WHC was not affected. This trend implied low-
ered hydrophobicity of the MNMs extracted by the alkaline solutions,
which might be expected due to effect of the alkaline solutions to cleave
polysaccharide into fractions with hydrophilic ends of hydroxyl and
carboxyl residues (Sun et al., 2018). Increased concentration of the
alkaline extracting solutions led to improved solubility of the derived
MNMs, whereas effect on swelling property of the mucilage was not
noticeable. Increase in solubility of the derived MNMs might be asso-
ciated with the polysaccharide fractions with water interacting capacity

Table 1
Characteristics of the MNMs prepared by alkaline extracting solutions at
different concentrations.

characteristic MNMgn MNMy 05m MNMj 1m
extraction yield (%) 22.53 + 0.32° 28.40 + 0.43% 29.41 + 0.99%
protein content (%, db) 0.11 + 0.03 0.06 + 0.04 0.07 + 0.02
solubility (%) 42.13 £ 1.99¢ 60.40 + 2.08" 71.66 + 1.66%
swelling property (g/g) 35.92 + 7.57 34.69 + 6.89 34.90 + 7.68
WHC (g/g) 27.73 £1.22 26.62 + 0.09 27.70 £ 1.19
OHC (g/g) 26.26 + 0.42% 14.54 + 0.87° 15.53 + 0.62°

In each row, different superscripts indicate difference between means (p < 0.05).
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(Hamdani et al., 2018). Due to y-radiation treatment, solubility of guar
gum and locust bean gum could be improved and supposed since greater
fractionation of the polysaccharides induced by the radiation (Hamdani
et al., 2018).

Fig. 1 depicted FT-IR profiles of the extracted MNMs. The spectra
typically related to polysaccharides were observed for all samples which
correlated well with others: These spectra included the peaks at ca.
3000-3500 cm ™! suggesting the presence of ~-OH group; the peaks at ca.
2800-3000 cm ! representing stretching C-H bonds of methyl groups;
the peaks at ca. 1600 cm ™' implying asymmetric stretching -COO™ and
symmetric stretching of carbonyl groups; the peaks at ca. 1410 cm™!
relating to the bending of C-H; and the peaks at ca. 1030 cm ™! implying
a vibration of glycosidic C-O-C and C-O-H bonds (Apoorva et al., 2020;
Flamminii et al., 2020). By employing dissimilar extracting solutions,
the FT-IR spectra of the derived mucilage were affected. Extraction using
the alkaline solutions at increased concentrations provided the mucilage
showing increased intensity of the peaks at ca. 3000-3500 cm ™! and
1030 cm !, whereas the peak at ca. 1730 cm ™! disappeared. The peak at
ca. 1730 cm ™! related to the presence of uronic acid (Lopez-Torrez et al.,
2015). The present result, therefore, suggested degradation of uronic
acid residues due to alkaline solution at increased concentration. Uronic
acid was unstable and easily released due to hydrolysis reaction, so
extraction using the alkaline solution at increased concentrations might
led to degradation of uronic acid residues (Wang et al., 2016). The peak
at ca. 3000-3500 cm! related to the inter— and intramolecular hydrogen
bonds of glucuronic acid and galacturonic acid (Nep & Conway, 2011),
whereas the peak at ca. 1000-1050 cm™! could be expected since a
presence of pyranose rings (Ying et al., 2011). Increased absorbances of
the peaks at ca. 3000-3500 cm ™! and 1030 cm™! of the alkaline
extracted MNMs, therefore, might relate to more exposed

MNM,,,
4000 3500 3000 2500 2000 1500 1000 500

wave number (cm™)

Fig. 1. FT-IR spectra of the MNMs prepared using different extract-
ing solutions.
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monosaccharide moieties of the cleaved polysaccharides with smaller
sized fractions due to the extracting solutions at increased alkaline
concentration (Hamdani et al., 2018). This trend agreed with the others
performing alkaline-assisted extraction to prepare polysaccharides from
other plants sources such as brown seaweed (Nogueira et al., 2022) and
mungbean skin (Chen et al., 2022).

3.2. Effect of MNMs prepared using different extracting solutions for
composite hydrogel preparation

Then, the MNMqy, MNM o5 M, and MNMj ; \ were employed as a
co-structuring agent for Alg-based composite hydrogel formation. In the
present step, the mixing ratio between Alg and the mucilage was fixed at
3:1. Properties of the beads were characterized as reported in Table 2.
Incorporation of the mucilage had no discernible effect on sphericity of
the hydrogels, as evidenced by comparable SI between the control beads
without added mucilage and the composite beads. Incorporation of
konjac glucomannan and xanthan gum as a co-structuring agent led to
irregular shape of the composite Alg-based hydrogels (Jing et al., 2025).
It should be noted that improvement on spherical uniformity could
enhance bioactive compound encapsulation efficiency of the hydrogels
by associating with a precise controlled release of the encapsulated
compounds (Batisca et al., 2017).

Inclusion of MNMy g5 » and MNMj ;1 y led to a decrease in hardness
of the hydrogels. This behavior might be attributed to intense interac-
tion between Alg and the alkaline extracted MNMs compared to the
water extracted gums (MNMgy). It was previously suggested that the
interaction between Ca2' and the carboxyl groups of gel structuring
agents (polymer-cation-polymer interaction) was stronger than the
interaction between the gel structuring agents (polymer-polymer inter-
action) (Jing et al., 2025; Rezvanian et al., 2017). Incorporation of other
polysaccharides involving gum Arabic; k-carrageenan; low methoxyl
pectin; konjac glucomannan; gellan gum; and xanthan gum, also led to
lowered hardness of the Alg-based composite hydrogels (Jing et al.,
2025). Denser and more rigid network formation of the hydrogel
structuring agents might reduce an elastic nature, resulting in a brittle
network with lower strength of the gel matrix (Yadav et al., 2021).

Thermal behavior of the hydrogels was determined, and their DSC
thermograms are shown (Fig. 2A). For all hydrogel samples, there are a
small endothermic peak (marked with the arrows in Fig. 2A) with peak
temperature (Tpeax) of ca. 78-83 °C and two distinctive peaks involving
an endothermic peak (peak A) with Tpeax of ca. 160-165 °C and an
exothermic peak (peak B) with Tpeak of ca. 260 °C. The small endo-
thermic peaks might be attributed to dehydration of the polysaccharides
(Nair et al., 2020). The endothermic peak A might relate with melting,
whereas the exothermic peak B might associate with degradation of the
biopolymers (Flamminii et al., 2020; Rezvanian et al., 2017). These
thermal events differ depending on composited monosaccharide moi-
eties and molecular rearrangement of the polysaccharides. The dehy-
dration temperatures of 68.0, 85.3, and 90.1 °C were reported for gum
Arabic (Nair et al., 2020), tamarind seed polysaccharide (Harmanmeet
et al., 2012), and Senegrain seed polysaccharide (Nairet al., 2020),
respectively. The melting temperature (decomposition temperature) of
some polysaccharides have been reported, such as 270.8 °C (318.5 °C)

Table 2
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for tamarind seed polysaccharide (Harmanmeet et al., 2012) and 184.4
°C (291.3 °C) for carboxymethyl tamarind kernel polysaccharide (Dagar
et al., 2023).

Incorporating MNMs affected thermal behavior of the Alg based
composite hydrogels, as shown in Table 2. As compared to the control
sample, the peak A of the hydrogels added with the MNMs became
broader, likely due to overlap of the melting peaks of Alg and the MNMs.
Similar behavior was observed for the Alg gel network incorporated
with pectin (Rezvanian et al., 2017). Furthermore, amalgamation of Alg
and the MNMs led to the hydrogels with increased enthalpy of the peak
A suggesting improved thermal stability of the beads. This result might
imply cross-linking between the MNMs and Alg, thereby enhancing
thermal stability of the hydrogel network (Flamminii et al., 2020;
Rezvanian et al., 2017). Notably, there was no significant difference in
thermal behavior of the Alg hydrogels added with the MNMs extracted
by the NaOH solutions at different concentrations.

Fig. 2B reveals FT-IR profiles of the hydrogels, in which the spectra
classically related to the polysaccharides were present as discussed
previously (Apoorva et al., 2020; Flamminii et al., 2020). Incorporation
of the MNMs, especially for the alkaline-extracted ones, led to alteration
in the FT-IR spectra of the hydrogels, which might be attributed due to
rearrangement of the hydrocolloids network within the hydrogel matrix
(Flamminii et al., 2020). As compared to the control and the
Alg+MNMoy beads, increased intensity of the peaks at ca. 1600 and
1030 cm ™! was observed for the Alg+MNMy o5 v and the Alg+MNMg 1 m
hydrogels. Additionally, there was an upward shift of the peaks at ca.
3000-3500 cm ™! (representing the ~OH groups) for the Alg+MNMj o5 m
and the Alg+MNMy ; v compared to the control and the Alg+MNMgy
hydrogels. Enhancement on molecular interactions between Alg-pea
protein (Qiu et al., 2023); and Alg—pectin (Jing et al., 2025) was also
indicated by alteration of the FT-IR peak at ca. 3300 and 3400 em™?,
respectively. The peak at ca. 1030 cm ™! of the Alg based gel might relate
to a tensile vibration of the ether bond (—O-) on the calcium salt bridge,
so increasing on the peak intensity due to the MNMj g5 y and MNMg 1 v
incorporation might imply strengthening effect of the mucilage to Alg
gel structure (Jing et al., 2025).

Morphology of the Alg hydrogels and the ones added with the MNMs
were shown in Fig. 3. Improved microstructure of the beads could be
observed for the beads of Alg+MNMj o5 v and Alg+MNMj 1 v as indi-
cated by their smoother surface and finer inner network formation
compared to the control and the Alg+MNMgy beads. The hydrogel with
rough surface might allow a penetration of oxygen, acid, bile salts, and
digestive enzymes, resulting in degradation of the encapsulated com-
pounds (Jing et al., 2025; Mousavi et al., 2020). Moreover, smooth and
continuous inner structure of the gel network closely related to encap-
sulation and release performance of the hydrogels (Apoorva et al., 2020;
Cortez-Trejo et al., 2021; Cuji¢ et al., 2016). Effect of the MNMs to
improve microstructure of the composite gel matrix might be supposed
since the enhanced interactions between Alg and the alkaline-extracted
MNMs (Apoorva et al., 2020; Flamminii et al., 2020), as well as a filling
effect of the mucilage to the pores within Alg gel matrix (Jing et al.,
2025). It should be noted that as extracted by the alkaline solutions at
increased concentrations, the derived MNMs tended to have greater
hydrophilicity as previously implied by the higher solubility (Table 1)

Characteristic of the hydrogels prepared using Alg and MNMs prepared by different extracting solutions.

Structuring agents SI™ Hardness (g)

Thermal behavior

Peak A (endothermic peak)

Peak B (exothermic peak)

Tonset (°C) Tpeak °C) enthalpy (J/g) Tonset (°C) Tpeak (°C) enthalpy (J/g)
Alg (control) 1.24 + 0.08 35.59v2.01% 165.09 + 4.00 166.17 + 1.32 257.08 + 8.23° 231.34 + 3.01 263.50 + 1.51 182.39 + 6.15
Alg+MNMoy 1.30 + 0.10 38.21 + 3.112 161.64 + 2.50 163.50 + 4.11 303.40 + 10.21¢ 226.13 + 5.12 263.50 + 0.74 193.99 + 11.22
Alg+MNMj osm 1.35 + 0.12 28.73 + 1.02° 163.27 + 1.75 165.33 =+ 0.90 282.53 + 12.19° 234.66 + 2.66 262.50 + 2.35 185.44 + 7.01
Alg+MNM 1y 1.25 + 0.06 25.62 + 3.05" 162.49 + 3.05 164.50 + 2.11 288.68 + 8.19% 236.91 + 4.31 263.17 + 0.55 180.83 + 13.01

In each column, different superscripts indicate difference between the means (p < 0.05).
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Fig. 2. (A) DSC thermograms and (B) FT-IR profiles of the composite hydrogels prepared using Alg and MNMs extracted by different extracting solutions.
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Fig. 3. Morphology of the hydrogels prepared using Alg and MNMs extracted by different extracting solutions.

and the FT-IR spectra with greater exposed monosaccharide moieties
(Fig. 1). Therefore, interaction of Alg and the MNMs extracted by the
alkaline solutions at increased concentration might be supposed through
a preferable hydrogen- and glycosidic bond formation within the hy-
drocolloids network (Apoorva et al., 2020; Flamminii et al., 2020; Qiu
et al., 2023). This effect might explain the improved heat stability of the
beads prepared using MNMy 05 » and MNMg; m (Table 2). Superior
gelling ability was also reported for the alkaline-extracted MNMs
compared to the counterparts prepared using water extraction

(Srichamroen & Chavasit, 2011b).

One of the limitations of Alg-based hydrogels used for encapsulating
bioactive compounds was their limited encapsulation capacity due to a
formation of gel network with high porosity (Jing et al., 2025; Mirma-
zloum et al., 2021; Neuenfeldt et al., 2021). By using a co-structuring
agent, improvement in capability of the Alg hydrogels to entrap
phenolic rich extracts from some plant sources has been reported, such
as olive leaves (Flamminii et al., 2020), brewer spent grain
(Nuchchareonpaiboon and Prabsangob, 2023), and Chokeberry (Cujié
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et al., 2016), resulting in the enhanced bioactivities of the encapsulated
compounds. Microstructure with smooth surface and continuous inter-
nal network is always associated with efficiency of the gel matrix in
encapsulating bioactive compounds with a good control release
(Apoorva et al., 2020; Cortez-Trejo et al., 2021; Jing et al., 2025;
Mousavi et al., 2020). Therefore, the present results suggest that
MNMpos m and MNMg; u might be appropriately used as a
co-structuring agent to improve encapsulation efficiency of Alg hydro-
gels. Given the comparable extractable yield and lower amount of the
alkaline used, the MNMj o5 m was selected as the representative for
further study.

3.3. Effects of Alg2MNM)y, o5 m ratio on property of the composite hydrogel

Next, effect of mixing ratio of the co-structuring agents on properties
of the composite hydrogels were examined. The amount of the selected
mucilage-i.e., MNMy o5 v— Was increased from a former part, owing to
health promoting effect of the mucilage (Phlicharoenphon et al., 2018;
Srichamroen & Chavasit, 2011a, b). The composite hydrogels were
prepared at varying Alg:MNM o5 v weight ratios—i.e., 3:1, 2:1, and 1:1-
and then characterized (Table 3). Increasing MNMj 5 v content could
enhance Alg bead formability as suggested by a reduction of SI for the
beads with increased MNMpgos M content. Using inulin as a
co-structuring agent also led to improved Alg hydrogel formability
(Cuji¢ et al., 2016). Difference on hardness of the hydrogels with varying
MNMj o5 m content was not presently observed. However, enthalpy of
the endothermic peaks of the hydrogels decreased with increased
MNM)y o5 m content. This behavior might be due to lower enthalpy of the
MNMy o5 m (approximately 220 J/g) as compared to Alg (approximately
270 J/g) (data not shown).

Fig. 4A depicts FT-IR profile and microstructure of the hydrogels
prepared at varying Alg:MNMj o5 i ratios. The typical peaks associated
with the Alg hydrogels prepared using alkaline-extracted MNMs
(Fig. 2B) were observed for all the hydrogels. Increase the MNM g5 v
content led to increment intensity of the peaks at ca. 1410 cm™*; and
1030 cm ™! relating to bending of C-H; and the vibration of C-O-C and
C-O-H bonds, respectively. This behavior might occur due to preferable
interactions between the hydrogel structuring agents through hydrogen
and glycosidic bonding, owing to the presence of -OH and -COOH
groups of the MNMpos M, especially at increased concentration
(Apoorva et al.,, 2020; Flamminii et al., 2020; Qiu et al., 2023).
Enhancement of intermolecular interactions between Alg and MNM o5
M at increased content was also supported by microstructure of the beads
(Fig. 4B): The beads with smoother surface and denser gel network
tended to be found for the beads prepared at increased content of the
MNMy o5 M, implying a filling effect of the MNMy o5 u to reinforce Alg
gel matrix formation. This trend aligns with the previous reports
studying on characteristics of the composite hydrogels prepared using
Alg together with inulin (Cuji¢ et al., 2016); pectin (Flamminii et al.,
2020); and tragacanth gum (Apoorva et al., 2020) as a co-structuring
agent.

To assess stability of the beads, ASI of the hydrogels as affected by
heating and storage in different pH environments was estimated (Fig. 5).
Lower ASI indicates better stability with lesser degree of bead swelling

Table 3

Applied Food Research 6 (2026) 102032

and always associates with better controlled release of the bioactive
compounds encapsulated in the hydrogel matrix (Apoorva et al., 2020;
Jing et al., 2025). Presently, the hydrogels demonstrated superior sta-
bility in the acidic pH condition as compared to neutral pH, as indicated
by the lowest ASI of the beads kept at pH 3.0. This trend was consistent
with others (Camacho et al., 2019; Nuchchareonpaiboon & Prabsangob,
2023) and might be ascribed to different interaction affinity of the
biopolymers in dissimilar pH environments. Guluronic and mannuronic
acids, the major monomer block of Alg, possess pKa at pH 3.2 and 4.0,
respectively (Camacho et al., 2019). In the acidic condition with pH
lower than their pKa, carboxylic groups of guluronic and mannuronic
acids were present as COOH, so intermolecular interactions of the bio-
polymers could be enhanced via hydrogen bonding, resulting in a
strengthen hydrogel structure (Qiu et al., 2023). In the neutral condition
with pH higher than their pKa, on the other hand, the carboxylic groups
of guluronic and mannuronic acids are available as COO’, leading to a
relaxation in intermolecular interaction between Alg molecules due to a
repulsive force of the negative charges, resulting in bead swelling
(Camacho et al., 2019).

Interestingly, incorporation of the MNMy o5 \ at sufficient levels,
specifically at mixing ratios of 2:1 and 1:1, significantly improved sta-
bility of the hydrogels against storage at all observed pH conditions. The
improved stability of the Alg-MNMj o5 v beads might be expected since
the microstructure with smoother surface and more continuous internal
network of the hydrogels prepared using the MNM o5 1, particularly at
the increased mucilage content as previously observed in Fig. 4B (Jing
et al., 2025). Robust chemical interactions between the hydrocolloids
could hinder water permeable, thereby lowering swelling degree of the
composite hydrogels (Lin et al., 2021; Tiamiyu et al., 2023). Lowered
swelling degree of the composite hydrogels prepared using the MNMj o5
M at increased content might suggest effective encapsulation efficiency
of the beads (Jing et al., 2025). Although incorporation of gum Arabic
affected to diminish swelling of the Alg-based gel stored at the acidic
condition of pH 2.0, greater swelling of the Alg-gum Arabic composite
hydrogels compared to the Alg hydrogels was observed at the neutral
condition of pH 7.0 (Jing et al., 2025). Interestingly, adding MNMg g5 m
led to lowered swelling degree of the composite beads as compared to
the Alg-based hydrogels without the mucilage in both acidic and neutral
conditions. The present results might imply capability of the
Alg-MNMj o5 m composite hydrogels to protect the encapsulated com-
pounds from acid, bile salts, and digestive enzymes in the gastrointes-
tinal tract of human effectively.

Regarding effect of heating, there was a positive relationship be-
tween ASI and the duration of heating, suggesting the influence of
heating on bead swelling. However, when the beads were prepared
using Alg:MNMgos v at the ratios of 2:1 and 1:1, they displayed
improved stability against heating. Incorporation of MNMy o5 M at suf-
ficient level could enhance Alg hydrogel stability which might be
attributed to a tight gel network formation between Alg and MNM o5 u,
especially at increased MNMj g5 v content, thereby restricting bead
swelling (Apoorva et al., 2020; Jing et al., 2025). This result was con-
current with the FT-IR profile and microstructure of the beads as pre-
viously shown (Fig. 4). Development of heat stability of the Alg
hydrogels could be also achieved by employing low methoxyl pectin and

Characteristic of the hydrogels prepared using Alg and MNMj s m at different weight ratios.

Alg:MNMjg osm SI hardness (g) thermal behavior
peak A (endothermic peak) peak B (exothermic peak)
Tonset (°C) Tpeak (°C) enthalpy (J/g) Tonset (°C) Tpeak (°C) enthalpy (J/g)
3:1 1.31 +0.12% 27.93 £+ 0.82 163.12 + 4.56 166.00 + 2.05 298.80 + 10.01? 228.63 + 3.05 264.10 £+ 4.00 193.19 +£12.32
2:1 1.13 + 0.06%° 27.00 £+ 1.20 166.76 + 1.21 168.83 + 1.75 290.11 + 12.19%® 229.60 + 1.55 262.50 + 3.05 192.44 + 7.01
1:1 1.00 + 0.07° 26.55 + 2.21 164.26 + 2.00 165.67 + 3.11 257.01 + 8.19¢ 230.91 £ 2.75 262.70 + 2.57 198.83 +9.31

In each column, different superscripts indicate difference between the means (p < 0.05).
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k-carageenan (Jing et al., 2025) as a co-structuring agent, resulting in
the improved viability of the encapsulated probiotic microorganism.

For the next study, the hydrogels prepared using Alg:MNMj o5 v at
the ratio of 2:1 were selected due to their good stability without sig-
nificant effect on thermal behavior of the hydrogels.

3.4. The composite hydrogels for RE encapsulation

The composite hydrogels prepared using Alg:MNMj o5 v at the ratio
of 2:1 were prepared by loading RE at different concentrations (1, 2.5,
and 5 %): The beads incorporated with RE at were labeled as RE-1, RE-
2.5, and RE-5, respectively. Then, characteristics of the RE loaded
hydrogels were examined (Table 4). There was no significant difference
in SI of the beads incorporated with RE at varying concentrations.
However, the hardness of RE-2.5 and RE-5 was significantly lower than
RE-1. A positive correlation between LE and added RE content was
observed, and increasing RE concentration to 2.5 % led to an improved
EE of the beads to approximately 60 %. Comparable EE (ca. 62-78 %)
has been reported for the Alg hydrogels used for phenolic extract
encapsulation when tragacanth gum was employed as a co-structuring
agent (Apoorva et al., 2020). Molecular characteristics of the hydro-
colloids employed as a co-structuring agent crucially affected encapsu-
lation effectiveness of the hydrogels. With hydrophilic nature, the
extracted gum might interact preferably with Alg and/or the bioactive
compounds present in RE, resulting in enable efficiency for phenolic
loading and encapsulation capacity of the hydrogels (Balanc et al., 2016;
Belscak-Cvitanovic et al., 2016; Cujic’ et al., 2016). Phenolic entrap-
ability of the Alg hydrogels could be also improved by employing inulin
with hydrophilicity as a co-structuring agent, which was described to a
preferably binding affinity of inulin with phenolic compounds (Cuji¢
et al., 2016). Considering thermal properties of the hydrogels loaded
with RE, there was an increase in enthalpy of the endothermic peak A for
the RE-5, indicating improved thermal stability of the beads, possibly
due to the enhanced intermolecular interactions among the compounds
in the hydrogel matrix (Flamminii et al., 2020).

Characteristics of the hydrogels were further examined by observing
FT-IR spectra and microstructure of the beads (Fig. 6). Loading of RE
affected FT-IR spectra of the hydrogels: There was an emergence of new
peaks and intensity increase for the existing peaks relating to phenolic
compounds. These peaks included those at ca. 1015 cm™! signifying a
stretching vibration of C-O; the peaks at ca. 1325 cm™! representing
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Table 4

Applied Food Research 6 (2026) 102032

Characteristic of Alg-MNM o5 m hydrogels loaded with RE at different concentrations.

Hydrogels SI Hardness LE EE (%) Thermal behavior
AE,
® (mggb) /% peak A (endothermic peak) peak B (exothermic peak)
Tonset (V) Tpeak (V) enthalpy (J/  Tonset (°C) Tpeak (°C) enthalpy (J/
g) g)
RE-1 1.07 £ 26.56 + 1.15 4 0.44¢ 55.56 + 197.12 + 198.33 + 27213 + 235.50 + 263.50 + 202.33 £
0.06 2.122 0.82° 4.05% 2.05% 3.55° 3.05 3.00 8.31
RE-2.5 1.06 £ 21.39 + 2.62 + 0.14° 60.32 + 200.01 + 201.33 + 277.73 + 236.00 + 265.00 + 197.78 +
0.06 0.73° 1.07° 1.05° 3.57% 7.06° 2.75 1.05 12.31
RE-5 1.07 £ 21.52 + 5.28 + 0.28* 61.33 £ 174.14 + 174.83 + 305.19 + 238.50 + 267.25 + 198.85 +
0.07 0.71° 0.89% 3.55" 5.66" 5.11% 2.55 2.55 7.22
In each column, different superscripts indicate difference between the means (p < 0.05).
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Fig. 6. (A) FT-IR profiles and (B) morphology of the Alg-MNM)j s i composite hydrogels loaded with RE at different concentrations.

—CH bending and wagging of CHa; and the peaks at ca. 1400 cm™!
implying symmetric in-plane bending of CH3 (Silva et al., 2014). Shift in
the FT-IR peak at ca. 3000 cm ™! was observed for the hydrogels added
with RE at increased concentration, corresponding with the integration
of the essential oils into the Alg-based coacervates (Qiu et al., 2023).
These results suggested a successful RE incorporation into the
Alg-MNMj oscm composite gel matrix. Interestingly, the beads showed
improved microstructure with smoother surface and denser gel network
with the presence of RE, especially at the increased RE content. This
effect might occur due to preferable interaction between the hydrogel
structuring agents and the chemical composition of RE as implied by the
FT-IR spectra (Fig. 6A). Similar behavior was also found for the hydrogel
added with Lamiaceae plant phenolic extract (Benkovic et al., 2021).

3.5. Stability and in vitro phenolic compound releasing of the composite
hydrogels

Stability of the composite hydrogels loaded with RE was evaluated
after storing them in different pH conditions and subjecting them to
various heating times (Fig. 7). After one week of storage, the highest
phenolic loss was observed in the beads stored at pH 7.0, aligning with
the highest reduction in the free radical scavenging ability of the beads.
The lower stability at neutral pH compared to acidic environment was
previously suggested (Fig. 5A). Higher degree of swelling is always

associated with a lower encapsulation capability of hydrogels (Jing
et al., 2025). Regarding effect of heating, prolonged heating time for 10
min resulted in a significant phenolic loss which was consistent with
considerable decrease in DPPH radical scavenging capability of the
beads after 10 min of heating. However, incorporating RE at higher
concentration tended to improve phenolic sustainability of the beads
against both storage in different pH conditions and longer heating times:
Lowered ATPC and ADPPH free radical scavenging ability were
observed for RE-2.5 and RE-5 as compared to RE-1. This trend might
suggest the availability of the bioactive compounds in the beads loaded
with higher RE concentration.

Phenolic releasing behavior of the hydrogels was further examined
through an in vitro gastric and intestinal model (Fig. 7E). Almost no
phenolic release was observed during the simulated gastric phase
implying good stability of the hydrogels in a harsh acidic condition of
the stomach environment. During the intestinal phase, phenolic release
increased gradually over the entire digestion time. This trend was
correlated with the Alg-tragacanth gum hydrogels loaded with phenolic
extract (Apoorva et al., 2020) and folic acid (Camacho et al., 2019).
Effective phenolic compound retaining of the hydrogels in the stomach
phase might be relevant to their less swelling (Fig. 5A) and greater
phenolic retention (Fig. 7A) in the acidic environment. On the other
hand, greater phenolic release in the intestinal phase correlated with
higher swelling and reduced phenolic retention of the hydrogels
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Fig. 7. Characteristics of the hydrogels loaded with RE at different concentrations as affected by different factors: (A and B) storage pH stability, (C and D) heating
stability, and (E) phenolic releasing observed in vitro simulated gastric and intestinal phases. In subfigures A to D, different capital letters indicate difference between
means as affected by RE content (p < 0.05). Different small letters indicate difference between means as affected by storage pH condition (Fig. 7A and B) and heating

time (Fig. 7C and D) (p < 0.05).

observed at the neutral pH conditions. Swelling of the beads was a
crucial factor governing the release of bioactive compounds from the gel
matrix, in which release of bioactive compounds occurred with bead
swelling and subsequent degradation of the hydrogel structure (Lin
etal., 2021). Importantly, there was no difference in the phenolic release
behavior of the beads containing RE at different concentrations, indi-
cating the efficiency of the composite hydrogels in retaining bioactive
compounds. Improvement in phenolic entrapability of the Alg hydrogels
was also reported when starch and pectin were used as a co-structuring
agent (Dadwal et al., 2021). The interaction between the hydrogel
structuring agents and the components of RE as implied by the FT-IR
profile (Fig. 6A) might reduce the release of bioactive compounds
from the hydrogel matrix, allowing effective TPC retainability of the
beads (Apoorva et al., 2020). Enhanced interaction between the
hydrogel structuring agents and bioactive compounds could lead to
higher loading efficiency of the microbeads (Belscak-Cvitanovic et al.,
2016; Cujié etal., 2016; Lin et al., 2021). It’s worth noting that the MNM
consisted of dietary fibers with limited digestibility in the mammal GI
tract (Srichamroen & Chavasit, 2011a), so lowering in releasing of
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encapsulated bioactive compounds might be expected for the hydrogels
incorporated with the MNM (Apoorva et al., 2020). Appropriate release
characteristics of the hydrogels may enhance the absorption and
bioavailability of phenolic compounds. In this study, most phenolic
compounds were released from the beads at the end of intestinal phase,
thereby suggesting potential of the Alg-MNMjg o5 m hydrogels as a
bioactive compound carrier system. However, studying on the bioactive
compound releasing behavior of the fabricated hydrogels in both kinetic
mechanism and interaction with other food components should be
further performed for better control release of the encapsulated
compounds.

4. Conclusions

The MNMs possessed a promising role as a co-structuring agent to
enhance stability and encapsulation efficiency of the composite Alg-
based hydrogels. Alkaline aided extraction significantly improved
MNM capability to strengthen the Alg hydrogel matrix as evidenced by
the improved microstructure of the beads. Presently, the mucilage
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extracted by 0.05 M NaOH (MNMj o5 ) Was selected as a representa-
tive. Employing MNMj o5 M as a co-structuring agent led to the com-
posite hydrogels with improved microstructure and stability against
heating and storage at varying pH conditions, likely due to preferably
intermolecular interactions between Alg and the mucilage. Subse-
quently, Alg-MNMjp s m composite hydrogels were employed to
encapsulate RE, where the interaction between the hydrogel structuring
agents and the chemical composition of RE led to enhanced stability and
phenolic retainability of the beads. Notably, the fabricated composite
hydrogels loaded with antioxidative RE exhibited stability in the simu-
lated stomach environment and primarily released phenolic compounds
during the simulated intestinal phase. This study suggested the potential
of MNM to enhance stability and encapsulation efficiency of the com-
posite Alg-based hydrogels. Moreover, owing to health promoting effect
of the MNM, the elaborated hydrogels might feasibly role as a functional
ingredient for development of functional foods thereafter.
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