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characterization of pH-responsive
fucoidan/carboxymethyl chitosan hydrogel beads
for curcumin encapsulation and in vitro
gastrointestinal release

Jiayu Yu, a Hongyang Hu,a Yingyi Wang,a Xia Sun,a Hanxu Li,a Shun Xiao,a

Bingcan Chen *b and Hui Li*a

Curcumin (Cur) features versatile bioactivities but suffers from poor stability and high vulnerability to

gastrointestinal degradation. To address these bottlenecks, an effective and facile strategy for

constructing a sustainable hydrogel delivery system with pH-responsive function and controlled

gastrointestinal release properties is reported. The hydrogel beads were developed through physical

crosslinking between fucoidan (Fuc), carboxymethyl chitosan (CMCS), and the encapsulated bioactive

compound Cur. Structural characterization confirmed that intermolecular hydrogen bonding between

Fuc and CMCS played a pivotal role in the hydrogel network formation. Cur was efficiently encapsulated

within the hydrogel beads, functioning as an additional crosslinking agent that increased the crosslinking

density and reduced the equilibrium water content of the system. Notably, the hydrogel beads protected

Cur via non-covalent interactions and physical barriers, enhancing its thermal and UV stabilities.

Furthermore, the hydrogel beads exhibited pronounced pH-responsive swelling and release behaviors,

showing minimal swelling and limited release under acidic gastric conditions, in contrast to sharp

swelling and near-complete release in alkaline intestinal environments, attributed to the pH-dependent

protonation states of polysaccharides' functional groups altering intermolecular interactions. Importantly,

the encapsulated Cur retained more than 90% antioxidant capacity following simulated gastrointestinal

digestion. This crosslinker-free and food-grade system provides a safe delivery platform for labile

polyphenols, showing considerable potential in functional foods and dietary supplements.
Sustainability spotlight

This study supports sustainability by constructing a pH-responsive fucoidan/carboxymethyl chitosan hydrogel beads for the encapsulation of bioactive cur-
cumin. An innovative and environmentally friendly strategy was developed for the fabrication of the hydrogel beads solely relying on one hydrogen bonding
among the protonated sulfate groups of fucoidan, the carboxyl groups of carboxymethyl chitosan hydrogel, and the hydroxyl groups of curcumin under acidic
conditions, thereby eliminating the need for chemical modiers. The strategy exploits the intrinsic functional groups of readily available food biopolymers and
bioactive compounds to enable a practical and green strategy for the encapsulation of other natural phenolic compounds.
1 Introduction

With the rising consumer demand for functional foods that
integrate nutrition and health benets, the food industry has
increasingly focused on incorporating food-derived bioactive
compounds (e.g., polyphenols, vitamins, and bioactive lipids)
into daily products. Curcumin (Cur), a natural polyphenol
derived from Curcuma longa L., has attracted extensive attention
in food science and nutrition owing to its versatile bioactivities,
lin University, Changchun, Jilin, 130062,

State University, Fargo, ND 58108, USA.

y the Royal Society of Chemistry
including antioxidant, anti-inammatory, gut-protective, and
chronic disease-mitigating properties.1 However, the direct
utilization of Cur in food systems is severely hindered by
inherent physicochemical limitations, such as extremely low
water solubility, poor chemical stability, and rapid degradation
in the gastrointestinal tract (GIT),2 which collectively result in
low bioavailability and compromised functional efficacy.
Hence, addressing these challenges is critical for unlocking the
full application potential of Cur in formulating it into the
existing food products.

To overcome the delivery bottlenecks of Cur, various
encapsulation systems have been developed over the past
decades, such as lipid-based carriers, protein-based matrices,
polymeric nanoparticles, and microcapsules.3,4 Despite the fact
Sustainable Food Technol.
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that these systems have shown certain effects in improving the
stability and bioavailability of Cur, they share inherent limita-
tions, such as the susceptibility to lipid oxidation, high sensi-
tivity to pH, temperature, and enzymatic degradation.5 Hence,
there remains an urgent need to develop a biocompatible,
stable, and cost-effective delivery system that can efficiently
protect Cur during food processing and aer ingestion.

Food biopolymer based hydrogels are three-dimensional
network materials formed by polysaccharides and/or proteins
in aqueous microenvironments, whose tunable physicochem-
ical properties enable responsiveness to environmental
stimuli.6 Specically, their pH-sensitivity has attracted signi-
cant attention for oral food applications, as they can adapt to
the distinct pH gradients of the GIT.7 Such systems protect
bioactive compounds in acidic gastric environments while
triggering release in the intestine via pH-responsive mecha-
nisms. Fucoidan (Fuc), a sulfated polysaccharide rich in sulfate
groups from brown algae, exhibits diverse bioactivities,
including antioxidant, anti-tumor, immunomodulatory, and
antithrombotic activities.8,9 The sulfate groups in the Fuc chain
undergo pH-dependent protonation/deprotonation (pKa 1.0–
2.5) and endow correspondingly gastric pH responsiveness.10

Carboxymethyl chitosan (CMCS) is a versatile chitosan deriva-
tive containing adequate amino and carboxyl groups and
combines chitosan's biocompatibility with superior water
solubility and pKa values of 6.5 and 2.7 within the gastrointes-
tinal pH range.11,12 Importantly, CMCS's anionic nature enables
miscibility with Fuc in aqueous solutions which avoids the
development of insoluble polyelectrolyte complexes.11 Despite
the favorable properties of Fuc and CMCS, Fuc alone lacks
sufficient gelling ability, limiting its direct application in
hydrogel fabrication.13 Therefore, certain chemical crosslinking
strategies such as aldehyde modication of Fuc or EDC/NHS
coupling have been reported to prepare Fuc–CMCS hydro-
gels.14,15 However, these chemical approaches involve toxic
reagents, complicated modication procedures, and potential
food safety risks, which violate the principles of green and
sustainable food processing. Additionally, such conventional
methods overlook the presence of abundant hydroxyl and
sulfate groups in Fuc as well as the carboxyl, amino, and
hydroxyl groups in CMCS, which may potentially provide
abundant sites for intermolecular hydrogen bond interactions
and facilitate the assembly of stable composite hydrogels
without the need for chemical modications.

Building on the complementary structural features and
hydrogen bond-forming capacities of Fuc and CMCS, we
hypothesize that simple, green, hydrogen bond-mediated Fuc/
CMCS composite hydrogel beads can effectively resolve the
delivery bottlenecks of Cur. Inspired by the strong binding
affinity between polyphenols and dietary polysaccharides via
non-covalent interactions in natural plant cell walls,16 this
composite hydrogel system is expected to efficiently encapsulate
and stabilize Cur via hydrogen bonds formed between the
phenolic hydroxyl groups of Cur and the functional groups of
Fuc and CMCS. Furthermore, the hydrogen bond-crosslinked
Fuc/CMCS network will exhibit inherent pH responsiveness,
as changes in GIT pH alter the stability of intermolecular
Sustainable Food Technol.
interactions, thereby protecting Cur in the stomach and trig-
gering its controlled release in the intestine.

Hence, this study designed and fabricated hydrogen bond-
mediated physically crosslinked Fuc–CMCS hydrogel beads for
Cur encapsulation. The physicochemical structure, swelling
behaviors, pH responsiveness and mechanism, the stability of
Cur under various conditions, and the corresponding release
proles of Cur from the hydrogel beads were thoroughly
explored. Meanwhile, the free radical scavenging ability,
monitored by real-time electron paramagnetic resonance (EPR)
spectroscopy, was evaluated aer in vitro simulated gastroin-
testinal digestion to assess both the antioxidant capacity of
encapsulated Cur and the protective mechanism of the hydrogel
beads. This green, chemically unmodied design developed in
this study follows sustainable food processing guidelines and
provides a safe platform for stabilizing and delivering labile
bioactive compounds, with considerable potential in functional
foods and dietary supplements.
2 Materials and methods
2.1 Materials

Fuc (from: brown seaweed, purity: 98%, sulphation degree:
0.24, molecular weight: 121.6 kDa) was purchased fromMacklin
Biochemical Technology Co., Ltd (Shanghai, China). CMCS
(carboxylation degree: $80%, deacetylation degree: 88–92%,
molecular weight: 100 kDa), Cur, polyethylene glycol 400
(PEG400), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were
supplied by Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). Trypsin (from porcine pancreas), pepsin (pig
source), and bile salt (pig source) were supplied by Macklin
Biochemical Technology Co., Ltd (Shanghai, China).
2.2 Preparation of Fuc–CMCS@Cur hydrogel beads

Specically, Fuc and CMCS were separately dissolved in
deionized water to prepare polysaccharide solutions with
a concentration of 5% (w/v). A 0.5 mg per mL Cur solution was
prepared by dissolving in a PEG400/deionized water mixture
with a volume ratio of 1 : 3. PEG400, an FDA approved food-
grade polymer, served to enhance the dispersibility of Cur in
deionized water, thereby facilitating the uniform dispersion of
Cur within the hydrogel matrix.17 To prepare Cur-encapsulated
hydrogel beads, the Cur stock solution was thoroughly blended
with equal volumes of Fuc and CMCS solutions under gentle
stirring to ensure homogeneous mixing. The obtained mixed
solution was then slowly and carefully added dropwise into
0.1 M HCl solution using a 10 mL pipette tip to induce gelation
and bead formation. The reaction was allowed to proceed for 1 h
to ensure complete crosslinking, even though the hydrogel
beads formed instantaneously. Finally, the as-prepared hydro-
gel beads (denoted as Fuc–CMCS@Cur) were collected and
washed three times with deionized water to remove residual
surface components, and then used for subsequent character-
ization and analysis. A control of mixed Fuc and CMCS was
prepared following the same procedure but replacing the Cur
with the same volume of deionized water.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3 Encapsulation efficiency (EE) and loading capacity (LC)

To evaluate the EE and LC of the hydrogel bead system, the
prepared hydrogel beads were transferred to ethanol to extract
Cur with the assistance of ultrasound. Subsequently, the
insoluble polysaccharides were precipitated by centrifugation
(12 000 rpm, 2 min), and the supernatant was carefully
collected. The concentration of Cur in the supernatant was
measured by recording the absorbance at 426 nm using a UV-vis
spectrophotometer. The amount of encapsulated Cur was
determined by referring to a standard curve. The Cur-
encapsulated hydrogel beads were then freeze-dried for LC
determination. EE and LC were calculated using the following
equations:

EE (%) = mass of encapsulated Cur/mass of added Cur × 100%

LC (%) = mass of encapsulated Cur/(mass of beads

+ mass of encapsulated Cur) × 100%
2.4 Structural characterization

Fourier transform infrared (FTIR) spectra of the samples were
recorded ranging from 4000 to 400 cm−1 using an FTIR spec-
trometer (BRUKER Vertex 70) equipped with an attenuated
total reectance (ATR) module. The spectra were obtained by
accumulating 32 scans at a resolution of 4 cm−1. X-ray
diffraction (XRD) data were obtained using an X-ray powder
diffractometer (BRUKER D8 ADVANCE) with a voltage of 40 kV
and a current of 40 mA, utilizing Cu Ka radiation (l = 1.5406
Å). The samples were scanned over a diffraction angle 2q range
from 5 to 50° at a scanning rate of 5° min−1. Thermogravi-
metric analysis (TGA) was performed using a TA Instruments
Q50 thermogravimetric analyzer under a nitrogen atmosphere
with a ow rate of 30 mLmin−1. The samples were placed in an
alumina crucible and heated from 30 to 600 °C at a heating
rate of 10 °C min−1. A scanning electron microscope (SEM,
Zeiss-Merlin Gemini SEM 300) was used to observe the surface
and cross-sectional morphologies of freeze-dried samples at
an acceleration voltage of 5 kV. UV-vis absorption spectroscopy
was conducted ranging from 250 to 550 nm by using a Perki-
nElmer Lambda 35 UV-vis spectrophotometer. The samples
were placed in a 10 mm path length quartz cuvette for the
measurement.
2.5 Thermal and UV stabilities

Free Cur solution and Fuc–CMCS@Cur hydrogel beads with
equal weight of Cur were subjected to different treatments. They
were placed in the dark at 4, 20, 37, 60, and 80 °C for 1 h, or in
the dark at 80 °C for 3 h, or under 365 nm UV irradiation for 3 h.
Subsequently, the absorbance of the solutions was measured at
426 nm using a UV-vis spectrophotometer to assess the reten-
tion of Cur in the samples. The Cur retention rate was calcu-
lated using the following formula:

Cur retention rate (%) = mass of Cur in treated samples under

different conditions/mass of Cur in untreated samples × 100%
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.6 Measurement of the pH-sensitive swelling behavior

Equilibrium water content (EWC) of hydrogel beads was deter-
mined as follows.18 The samples were soaked in deionized water
at room temperature to achieve their equilibrium swelling. The
weight of swollen hydrogel beads is denoted as Ws. Subse-
quently, these swollen hydrogel beads were freeze-dried and
weighed as Wd. The EWC was calculated according to the
following equation:

EWC (%) = (Ws − Wd)/Wd × 100%

The swelling behavior of the hydrogel beads was investigated
by a weighing method. Briey, the freeze-dried samples were
accurately weighed and designated as M1. These samples were
then placed in separate Petri dishes, each containing an equal
volume of medium solutions with varying pH values (2.0, 4.0,
6.0, and 7.4). Aer 4 h, the swollen samples were carefully taken
out from the solutions. Excess liquid on the surface of the
samples was gently blotted off using lter paper, and the
samples were subsequently weighed as M2. The swelling degree
was calculated using the following formula:

Swelling degree (%) = (M2 − M1)/M1 × 100%

The size of swollen hydrogel beads was determined using
particle sizing analysis soware, and the mean size change rate
was calculated using the following equation:

Mean size change rate (%) = (Ds − Dfd)/Dfd × 100%

where Ds represents the mean size of swollen hydrogel beads
and Dfd represents the mean size of freeze-dried hydrogel beads.
2.7 Measurement of the pH-sensitive release behavior

The pH-sensitivity of the hydrogel beads was evaluated by
studying the release prole of Cur from the hydrogel beads in
medium solutions with different pH values (2.0, 4.0, 6.0, and
7.4). Specically, the Fuc–CMCS@Cur hydrogel beads were
separately incubated in various pH-adjusted medium solutions
for 4 h. At 30 minute intervals, 0.1 mL of the supernatant was
withdrawn for Cur determination and immediately replaced
with fresh medium to maintain constant volume. The with-
drawn supernatant was then mixed with 0.9 mL of ethanol. The
absorbance of Cur in the supernatant was measured at 426 nm
using a UV-vis spectrophotometer.
2.8 In vitro simulated gastrointestinal environment release

The simulated gastric uids (SGFs, pH 2.0) and simulated
intestinal uids (SIFs, pH 7.0) were prepared according to the
methods with somemodication.19 Briey, SGF was prepared by
adjusting a 0.2% (w/v) NaCl solution to pH 2.0 with a 1.0 M HCl
solution. A specic amount of gastric protease was added to the
solution to achieve a nal concentration of 3.0% (w/v). For the
SIF, trypsin and bile salt were evenly dispersed in a PBS buffer
Sustainable Food Technol.
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(pH 7.0) with nal concentrations of 1.0% and 0.8% (w/v),
respectively. Subsequently, the pH value of the mixture was
adjusted to 7.0 using a 1.0 M NaOH solution.

To investigate the release prole of Cur from the hydrogel
beads, the Fuc–CMCS@Cur hydrogel beads were initially incu-
bated in the SGF at 37 °C for 2 h. Aer that, the hydrogel beads
were transferred to the SIF andmaintained at 37 °C for 4 h. At 30
minute intervals, 0.1 mL of the supernatant was withdrawn for
the determination of Cur and replaced with fresh medium to
keep the volume constant. The withdrawn supernatant was
mixed with 0.9 mL of ethanol, and the absorbance of Cur in the
supernatant was measured at 426 nm using a UV-vis
spectrophotometer.

2.9 DPPH radical scavenging capacity test

The DPPH radical scavenging capacity of samples was deter-
mined by electron paramagnetic resonance (EPR) spectroscopy.
In detail, the hydrogel beads that had been digested by either
SGF (2 h) or SIF (4 h) were mixed with an equal volume of
0.2 mM DPPH ethanol solution. Immediately aer mixing, the
EPR signal of DPPH was monitored. The hydrogel beads incu-
bated in PBS (pH 7.4) served as the control group. The double-
integration of the EPR spectrum, commonly known as the EPR
signal, was then used to determine the extent of DPPH reduc-
tion according to the following formula:20

EPR signal reduction (%) = (SDPPH − Ssample)/SDPPH × 100%

where SDPPH represents the EPR signals for free DPPH ethanol
solution and Ssample represents the EPR signals of hydrogel
beads.

The antioxidant kinetic process of hydrogel beads was
determined by single exponential or biexponential tting
kinetic parameters using the following formula:20

EPRsignal = S0 + A exp(−(t − t0)/t1)

EPRsignal = S0 + A exp(−(t − t0)/t1) + B exp(−(t − t0)/t2)

where EPR signal denotes the double integration of the DPPH
scavenging EPR spectrum along time, while t1 and t2 correspond
to the time constants for the DPPH decay of two different
antioxidant processes, respectively.

2.10 Statistical analysis

All experiments were performed in triplicate and results were
analyzed using IBM SPSS soware. One-way ANOVA with Tukey
test was applied for signicance tests, and differences were
considered signicant if p < 0.05.

3 Results and discussion
3.1 Preparation of Fuc–CMCS and Fuc–CMCS@Cur hydrogel
beads

As expected, individual biopolymer solutions (pure Fuc or
CMCS) could not form hydrogel beads under our experimental
conditions. Interestingly, we observed that hydrogel beads were
Sustainable Food Technol.
able to form by mixing Fuc and CMCS solutions in an acidic
environment. In order to better compare the effect of Cur on the
properties of the hydrogel beads formed from Fuc and CMCS,
we rst optimized the volume ratio of the Fuc and CMCS
mixture. To do so, the mixed solution of Fuc and CMCS with
various volume ratios (3 : 1, 2 : 1, 1 : 1, 1 : 2, 1 : 3) was injected
dropwise into a 0.1 M HCl solution to prepare hydrogel beads.
As shown in Fig. 1a, the fabricated hydrogel beads displayed
characteristic spherical morphology with uniform white color
and were dependent on Fuc/CMCS volume ratios. Specically,
a concentration-dependent morphological alteration was
observed with the increase of Fuc content, manifested by
progressive opacity enhancement, measurable size reduction,
and pronounced tailing formation, suggesting the gradual
densication of the three-dimensional polymeric network
structure. Meanwhile, extrememixing volume ratios (Fuc/CMCS
$ 3 : 1 or #1 : 3) could not produce stable spherical architec-
ture. This phenomenon stemmed from competitive hydrogen
bonding interactions in the Fuc/CMCS/water system where
individual polysaccharide (Fuc or CMCS) preferentially engaged
in hydration with water molecules rather than forming inter-
polymer crosslinks, resulting in failure to form a three-
dimensional network structure. Accordingly, a Fuc/CMCS
volume ratio of 1 : 1 was selected to prepare the optimized
control sample (Fuc–CMCS) as well as the Cur-encapsulated
hydrogel beads (Fuc–CMCS@Cur) following the identical
procedure as described in Section 2.2 and illustrated in Fig. 1b.
Regarding the appearance of Fuc–CMCS@Cur, no other notable
alterations were observed except the unmistakable yellow color
of the hydrogel beads (Fig. 1b). The encapsulation efficiency
(EE) and loading capacity (LC) of the hydrogel beads for Cur
were determined to be 88.22% and 3.45 mg g−1, respectively.
The high EE value could be ascribed to the strong intermolec-
ular hydrogen bonding interactions between Cur and the Fuc–
CMCS polysaccharide network, which effectively trapped Cur
molecules inside the hydrogel matrix during the acidic gelation
process. Meanwhile, the considerable LC value indicated that
the hydrogel beads exhibited favorable loading potential for
hydrophobic Cur, wherein food-grade PEG400 promoted Cur
uniform dispersion and facilitated its homogeneous integration
into the hydrogel network.
3.2 Characterization of Fuc–CMCS hydrogel beads and Fuc–
CMCS@Cur hydrogel beads

3.2.1 Structural and physical properties. Given that FTIR
can evaluate the interactions among different components
within composite hydrogel beads, the FTIR spectra of Fuc,
CMCS, Cur, Fuc–CMCS, and Fuc–CMCS@Cur hydrogel beads
were determined (Fig. 2a). The FTIR spectra of Fuc, CMCS, and
Cur exhibited broad absorption peaks in the range of 3000–
3600 cm−1, corresponding to the –OH stretching vibration.
Additionally, a characteristic peak observed at approximately
2800 cm−1 was assigned to C–H stretching vibrations.21 For Fuc,
the absorption peak at 1616 cm−1 was associated with the
presence of 2-O-acetyl groups in the structure. A broad band in
the range of 1222–1260 cm−1 corresponded to the stretching
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Digital photographs of the freshly prepared hydrogel beads with various volume ratios of Fuc/CMCS; and (b) schematic diagram for the
preparation and crosslinking mechanism of Fuc–CMCS@Cur hydrogel beads.
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vibration of S]O, and the absorption peak at 838 cm−1 was
related to the stretching vibration of C–O–S.22 For CMCS,
a broad absorption peak at 3000–3600 cm−1 was also assigned
to stretching vibrations of N–H. The characteristic peaks at 1582
and 1409 cm−1 originated from the asymmetric and symmetric
stretching vibrations of –COO−.23 By contrast, the spectra of
Fuc–CMCS and Fuc–CMCS@Cur hydrogel beads showed several
signicant alterations. A new peak appeared at 1211 cm−1

potentially attributed to the protonation of –NH2 groups within
the CMCS chain.24 Moreover, the newly observed characteristic
peak at 1731 cm−1 (Fig. 2b) corresponded to the protonated
carboxyl groups (–COOH) in CMCS.25 These protonated func-
tional groups could readily form intermolecular hydrogen
bonding interactions with the –OH groups present in both Fuc
and Cur. The characteristic absorption peak at 838 cm−1,
assigned to the C–O–S stretching vibration of sulfate groups in
Fuc, exhibited a noticeable shi to 836 cm−1 aer hydrogel bead
formation (Fig. 2b).26,27 According to previous reports, this shi
was typically induced by hydrogen bond formation between
sulfate groups in Fuc and hydroxyl groups in CMCS and Cur.10

Furthermore, the broad absorption band associated with –OH
stretching was shied from 3378 cm−1 in Fuc–CMCS to
3375 cm−1 in Fuc–CMCS@Cur. This change further conrmed
the formation of hydrogen bonding interactions between Cur
and the Fuc–CMCS polysaccharide network,28 collectively
demonstrating that Cur was successfully encapsulated within
the hydrogel beads. The signicant overlap between the main
absorption bands of Cur and those of polysaccharides, coupled
with the low content of Cur, likely accounted for the minimal
alterations observed in the FTIR aer Cur encapsulation.29
© 2026 The Author(s). Published by the Royal Society of Chemistry
XRD was employed to investigate the crystal or amorphous
structural changes of the hydrogel bead matrix and Cur
(Fig. 2c). The characteristic broad diffraction peaks of Fuc and
CMCS were found at 2q = 22.8° and 20.2°, respectively, indi-
cating their amorphous state. The XRD diffraction patterns of
Fuc–CMCS and Fuc–CMCS@Cur hydrogel beads exhibited even
broader and weaker peaks in the same angular region. This
transformation primarily resulted from competitive hydrogen
bonding interactions between Fuc and CMCS, specically di-
srupting the formation of individual hydrogen bonds and
altering the crystalline region of polysaccharides.30 Notably, free
Cur manifested a distinguishable crystalline structure.
However, for Fuc–CMCS@Cur hydrogel beads, the character-
istic diffraction peaks of free Cur disappeared entirely, which
was probably attributed to the intermolecular interactions that
took place between Cur and polysaccharide matrix during the
encapsulation procedure. Such interactions led to the obscu-
ration or alteration of the molecular arrangement of Cur upon
encapsulation. Consequently, there was a transition of Cur from
a crystalline state to an amorphous state.31

The thermal properties of Cur, polysaccharides, and the
formed hydrogel beads were assessed using TGA (Fig. 2d). In the
case of pure Fuc and CMCS, the rst stage degradation occurred
within a temperature range of approximately 30–220 °C, which
was mainly caused by the diffusion loss of free water and bound
water within Fuc and CMCS, accompanied by the partial
cleavage of glycosidic bonds.32 The second stage corresponded
to a temperature range of 220–340 °C, and was predominantly
characterized by the cleavage of glycosidic bonds presented
within the structural units of Fuc and CMCS. Moreover, during
this particular stage, adjacent hydroxyl groups were eliminated
Sustainable Food Technol.
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Fig. 2 (a) Raw and (b) enlarged FTIR spectra, (c) XRD patterns, and (d) TGA thermograms of Fuc, CMCS, Cur, Fuc–CMCS hydrogel beads and
Fuc–CMCS@Cur hydrogel beads.
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in the form of water molecules, and eventually, the intermediate
products experienced carbonization and decomposition.
Conversely, the thermal decomposition patterns of the hydrogel
beads exhibited markedly distinct characteristics compared to
the individual components. The initial degradation of the
hydrogel beads was primarily caused by the loss of free water
and bound water within the temperature range of 30–190 °C. At
190 °C, Fuc–CMCS exhibited 15.87% weight loss when
compared to 8.90% for Fuc–CMCS@Cur, indicating that the
latter contained less water. This phenomenon was likely due to
the addition of Cur, which weakened the interaction between
the polysaccharide matrix and water, thereby reducing available
sites for water coordination. Subsequently, the notable weight
loss in the temperature range of 190–350 °C could be ascribed to
the disruption of polysaccharide intramolecular and intermo-
lecular interactions, caused by the depolymerization of molec-
ular rings along with the cleavage of saccharide rings and
glycosidic bonds.32 The weight loss of Fuc–CMCS@Cur hydrogel
beads at 350–430 °C was probably due to the decomposition of
Cur, as evidenced by the curve of free Cur. Finally, the hydrogel
beads' matrix underwent gradual thermal decomposition at
a higher temperature of 430–600 °C.33
Sustainable Food Technol.
3.2.2 Morphology and microstructure. The surface and
cross-sectional morphologies, as well as microstructures of
lyophilized Fuc–CMCS and Fuc–CMCS@Cur hydrogel beads were
characterized by SEM (Fig. 3). The surface of the hydrogel beads
displayed folding patterns and depressions, which could be
attributed to the dehydration shrinkage of the hydrogel networks
during the freeze-drying process (Fig. 3a and d).34,35 For the
microstructure of Fuc–CMCS hydrogel beads, it exhibited
minimal wrinkles and folds on the surface. This indicated that
polysaccharide-only composition restricted the mobility of water
within the hydrogel beads, thereby promoting the formation of
a smaller and more compact network structure (Fig. 3a).36 Upon
the incorporation of Cur, the hydrogel bead structure became
larger and more wrinkled (Fig. 3d), which was probably attrib-
uted to the competitive replacement of Cur with water molecules
within the polysaccharidematrix, forming stable hydrogen bonds
with the polymer chains. This molecular interaction diminished
the water-holding capacity of hydrogel beads, making the water
molecules more susceptible to being squeezed out by external
forces, thereby yielding a characteristically coarser microstruc-
ture. Furthermore, magnication images revealed that all the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the global (a and d), surface (b and e), and cross-section (c and f) of the Fuc–CMCS hydrogel beads and Fuc–CMCS@Cur
hydrogel beads.
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hydrogel beads exhibited dense surface structures without any
clearly visible micropores and particles (Fig. 3b and e). This
suggested that the Cur molecules dispersed well in the hydrogel
matrix which could provide superior protective effects.35 The
cross-sectional images showed that both Fuc–CMCS and Fuc–
CMCS@Cur hydrogel beads featured a characteristic
honeycomb-like network structure (Fig. 3c and f). Nevertheless,
a more densely packed pore arrangement within the hydrogel
network was observed with the incorporation of Cur. This
disparity could be ascribed to the robust hydrogen bonding
interactions established between Cur and Fuc–CMCS matrix.
These enhanced interactions promoted the development of
a more tightly knit and compact hydrogel network.37
3.3 The thermal and UV stabilities of Cur encapsulated in
Fuc–CMCS@Cur hydrogel beads

Considering the well-documented thermal and photochemical
instability of Cur, the stability of Cur within the composite
hydrogel beads when exposed to thermal conditions (4, 20, 37,
60, and 80 °C) and UV irradiation (l= 365 nm) was examined by
closely observing the degradation behaviors of both free and
encapsulated Cur. According to Fig. 4a, both free and encap-
sulated Cur exhibited comparable retention rates without
notable inuence under mild temperature conditions (4, 20,
and 37 °C). In contrast, upon elevating temperatures (60 and 80
°C), hydrogel beads displayed a striking protective advantage in
1 h of storage. We further prolonged the thermal treatment
duration to 3 h at 80 °C to evaluate the long-term stability of Cur
(Fig. 4b). Free Cur underwent rapid and severe thermal degra-
dation under such conditions, with only approximately 50% of
the initial content retained aer 3 h of incubation. In sharp
comparison, Cur encapsulated within the Fuc–CMCS@Cur
hydrogel beads remained at a signicantly higher retention
level throughout the high-temperature storage. These results
© 2026 The Author(s). Published by the Royal Society of Chemistry
clearly validated that the hydrogel bead matrix exerted
outstanding protective effects against thermal decomposition
of Cur. The improved thermal stability was mainly attributed to
the robust physical barrier provided by the polysaccharide
network, which effectively isolated Cur from heat-induced
degradation. Regarding UV stability (Fig. 4c), free Cur retained
only 43.14% of its initial content aer 3 h of continuous expo-
sure to 365 nm UV light, indicating severe photodegradation. In
contrast, Cur encapsulated in Fuc–CMCS@Cur hydrogel beads
exhibited a markedly higher retention rate of up to 84.11%,
demonstrating the excellent UV-shielding performance of the
hydrogel system. Collectively, these ndings conrmed that
encapsulation within the Fuc–CMCS hydrogel beads could
signicantly enhance both the thermal stability and UV resis-
tance of Cur, thereby overcoming its inherent instability against
harsh environmental stresses.
3.4 The pH-sensitivity swelling and release behavior of Fuc–
CMCS and Fuc–CMCS@Cur hydrogel beads

The equilibrium water content (EWC) and swelling behavior of
hydrogels are of great signicance in determining the quality of
their applications. These properties depend on the interactions
and microstructures of the hydrogel networks, which can be
used to indicate their physical or chemical crosslinking degrees
in suitable solvents.18,38 As shown in Fig. 5a, Fuc–CMCS hydro-
gel beads exhibited a higher EWC compared with those
encapsulated with Cur, which could be attributed to the ability
of Cur to interact with the polysaccharide matrix via hydrogen
bonds. Acting as a physical crosslinking agent, Cur enhanced
the crosslinking degree, thereby decreasing the EWC through
competitive molecular interactions. This nding was in accor-
dance with the TGA and SEM results analyzed above.

The swelling behavior of hydrogel beads under varying pH
served as a fundamental assessment of their swelling degree and
Sustainable Food Technol.
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Fig. 4 Cur retention rate of Fuc–CMCS hydrogel beads and Fuc–CMCS@Cur hydrogel beads (a) at different temperatures (4, 20, 37, 60, 80 °C)
for 1 h in the dark, (b) at 80 °C for 3 h in the dark, and (c) under 365 nm UV irradiation for 3 h (different letters in the figure represent significant
differences at p < 0.05).
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size change. The freeze-dried hydrogel beads were immersed in
medium solutions with different pH values (2.0, 4.0, 6.0, and 7.4)
for 4 h to achieve their equilibrium swelling. As shown in Fig. 5b,
the swelling degrees of Fuc–CMCS hydrogel beads were higher
than those of Fuc–CMCS@Cur hydrogel beads across all pH
values. In the absence of Cur, a higher swelling degree and water
absorption capacity was observed for Fuc–CMCS hydrogel beads.
This could be attributed to its relatively loose networks and the
insufficient crosslinking density, consistent with the above
discussion.39 Conversely, upon the addition of Cur, Cur elevated
Fig. 5 (a) Equilibrium water content, (b) swelling degree, (c) size and me
and Fuc–CMCS@Cur hydrogel beads under different pH conditions (diff

Sustainable Food Technol.
the crosslinking density of hydrogel beads by establishing
hydrogen bonds with polysaccharides, which restricted the
expansion space of the network structure and consequently
decreased the swelling degree. This conclusion was further
corroborated by the size change rates of the hydrogel beads
presented in Fig. 5c and d. Specically, across all pH values, the
main size change rates of the Fuc–CMCS hydrogel beads were
consistently higher than those of the Fuc–CMCS@Cur hydrogel
beads. Notably, both Fuc–CMCS and Fuc–CMCS@Cur hydrogel
beads demonstrated distinct swelling behaviors as the pH value
an size change rate, and (d) appearance of Fuc–CMCS hydrogel beads
erent letters in the figure represent significant differences at p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fb00033a


Fig. 6 (a) Cumulative release amount of Cur from Fuc–CMCS@Cur hydrogel beads under different pH conditions; FTIR spectra of (b) Fuc–CMCS
hydrogel beads and (c) Fuc–CMCS@Cur hydrogel beads under different pH conditions; and (d) schematic illustrations of the interactions
between Fuc and CMCS under different pH conditions.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 6
:3

8:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
changed, which revealed the pH-responsive characteristics of
these hydrogel beads. The swelling degrees of these hydrogel
beads at pH 2.0 and 4.0 were markedly lower compared to those
at pH 6.0. Interestingly, when the pH reached 7.4, both hydrogel
beads dissolved entirely, making it unfeasible to measure and
compare their swelling degrees (Fig. 5d). In an environment with
a relatively high concentration of H+ ions (pH 2.0 and 4.0), the
abundance of H+ ions prompted the protonation of sulfate
groups in Fuc and carboxyl groups in CMCS. The protonated
groups effectively suppressed electrostatic repulsion while
promoting intermolecular hydrogen bonding, causing the matrix
to become more compact with no signicant swelling. In
contrast, in a weak acidic environment (pH 6.0), progressive
deprotonation of these functional groups amplied electrostatic
repulsion, thereby facilitating network expansion. Subsequently,
this expansion enabled greater uid absorption by the hydrogel
beads, manifesting as heightened swelling with larger and more
transparent shapes,32,36 while in an alkaline environment (pH
7.4), the gradual deprotonation of amino groups in CMCS
intensied electrostatic repulsion of sulfate groups and carboxyl
groups, ultimately leading to the disintegration of hydrogel
beads. The obtained results revealed that the hydrogel beads
exhibited remarkable pH-sensitivity, making them suitable for
application in pH-responsive delivery systems.

To further demonstrate the outstanding pH-sensitivity of the
hydrogel beads, the pH-dependent release prole of Cur from
the hydrogel beads in medium solutions with different pH
© 2026 The Author(s). Published by the Royal Society of Chemistry
values (2.0, 4.0, 6.0, and 7.4) for 4 h was investigated and is
illustrated in Fig. 6a. As anticipated, Cur exhibited varying
release behaviors in different pH environments. Specically, the
cumulative release amounts of Cur were only 23.84% and
22.37%, respectively, aer incubating in the solution media at
pH 2.0 and 4.0 for 4 h. Under pH 6.0, the cumulative release
amount increased to 39.56% aer incubation. This increment
could be explained by the signicant swelling of hydrogel beads
which enabled Cur to be released relatively quickly from the
expandable pores of the hydrogel beads. When increasing the
pH to 7.4, Cur demonstrated a rapid release behavior and
reached 100% release within one hour, due to the disintegration
of the hydrogel beads. The above analysis rmly conrmed that
the hydrogel beads developed in this study possessed remark-
able pH-sensitivity, allowing them to effectively prevent the
premature release of the encapsulated Cur in an acidic envi-
ronment (such as the stomach) and to facilitate a sustained
release in a neutral or weakly alkaline environment (such as the
intestinal tract).

To investigate the pH-sensitive mechanism of hydrogel
beads, the FTIR spectra of Fuc–CMCS and Fuc–CMCS@Cur
hydrogel beads aer the storage under various pH conditions
for 4 h were recorded and are displayed in Fig. 6b and c. The
relatively low content of Cur might account for the lack of
signicant changes in the FTIR spectra aer encapsulation.30

Additionally, a schematic diagram is included in Fig. 6d to
provide a visual representation of the pH-sensitivity mechanism
Sustainable Food Technol.
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of the hydrogel networks. At pH 2.0, the characteristic peak
observed at 1731 cm−1 was assigned to the protonated carboxyl
groups (–COOH) in CMCS, consistent with its pKa value of 2.7.12

Meanwhile, the peak at 838 cm−1 corresponded to the C–O–S
stretching vibration of protonated sulfate groups (–OSO3H) in
Fuc, whose pKa ranges from 1.0 to 2.5.10 Both protonated
functional groups could form strong intermolecular hydrogen
bonds with hydroxyl moieties present in the polysaccharide
chains and Cur molecules. In addition, a distinct peak at
1211 cm−1 appeared under acidic conditions (pH < 6.5), which
was attributed to the protonation of –NH2 to –NH3

+ in
CMCS.12,24 Simultaneously, the peak at 1620 cm−1 was ascribed
to the asymmetric stretching of unprotonated carboxylate
groups (–COO−), which only accounted for a small fraction at
this low pH. At this pH, hydrogen bonding thus acted as the
dominant intermolecular force that stabilized the hydrogel
bead network. At pH 4.0, the spectral features showed no
signicant differences from those at pH 2.0, except for the shi
of the peak from 838 to 849 cm−1 (or from 846 to 847 cm−1).
This probably indicated the deprotonation of sulfate groups (–
OSO3

−) in Fuc due to its low pKa. As a result, it might enable
electrostatic attraction with –NH3

+ in CMCS. Meanwhile, grad-
ually deprotonated carboxyl groups could also generate such
interaction with –NH3

+. Here, the main forces acting on the
hydrogel beads comprised hydrogen bonding and electrostatic
attraction. At pH 6.0, the disappearance of the peak at
1731 cm−1 and the emergence of a broad peak at 1620 cm−1

conrmed complete deprotonation of carboxyl groups. At this
pH value, the dominant force within the hydrogel beads shied
to electrostatic repulsion between –OSO3

− and –COO−, leading
to signicant swelling of hydrogel beads and correspondingly
Cur release. Notably, the hydrogel beads demonstrated
remarkable structural integrity without disintegration,
primarily due to synergistic stabilization through hydrogen
bonding and electrostatic interactions between –NH3

+ and both
–COO− and –OSO3

− groups. At pH 7.4, the peak at 1211 cm−1

(representing –NH3
+) completely disappeared, indicating full

deprotonation of amino groups. This change intensied elec-
trostatic repulsion between negatively charged –COO− (from
Fig. 7 (a) Cumulative release amount of Cur from Fuc–CMCS@Cur hydro
of free Cur in simulated digestion fluids (SGF + SIF). Insets show the relea
state before treatment, 2 represents the state after completing digestion

Sustainable Food Technol.
CMCS) and –OSO3
− (from Fuc), which disrupted the original

network structure and ultimately led to the disintegration of the
hydrogel beads. Moreover, the broad peak underwent shis
from 3378 to 3204 cm−1 (or from 3388 to 3254 cm−1) at pH 7.4,
respectively. These shis differed from those of the pure
components (Fig. 2a), suggesting that the hydrogel beads'
components still maintained non-covalent interactions such as
hydrogen bonds.10,34

3.5 Cur release and antioxidant activity

3.5.1 The release of Fuc–CMCS@Cur hydrogel beads in an
in vitro simulated gastrointestinal environment. The release
prole of encapsulated Cur and retention rate of free Cur in
simulated gastrointestinal uids were checked and are illus-
trated in Fig. 7a and b. Aer incubation in SGF (pH 2.0) for 2 h,
the Fuc–CMCS@Cur hydrogel beads effectively retained the
encapsulated Cur, and the cumulative release amount of Cur
was less than 20%. This phenomenon could be ascribed to its
diminished swelling capacity under acidic conditions. In
contrast, the amount of Cur released from the hydrogel beads in
SIF (pH 7.0) increased dramatically compared to that in SGF,
with approximately 100% of Cur being released within 4 h. The
signicantly enhanced Cur release kinetics observed in SIF
could be mechanistically attributed to the pH-responsive nature
and corresponding swelling behavior of the hydrogel matrix at
higher pH. Notably, free Cur is highly susceptible to degrada-
tion within the human gastrointestinal tract. The controlled
release behavior of Cur from the hydrogel beads effectively
avoided premature degradation, thereby greatly improving its
bioavailability and functional efficacy.40 As depicted in Fig. 7b,
free Cur experienced degradation in both SGF and SIF over a 6 h
period, with only 41.77% of the initial amount remaining.
These ndings demonstrated that the Fuc–CMCS@Cur hydro-
gel beads not only display pH-sensitive release characteristics
but also protect Cur against enzymatic degradation through
a polysaccharide matrix shield. Consequently, the encapsulated
Cur achieved an almost 100% release amount, ensuring excel-
lent active retention and delivery efficiency. These features were
also clearly demonstrated by the insets in Fig. 7a and b, which
gel beads in simulated digestion fluids (SGF + SIF); and (b) retention rate
se or retention status of Cur at different stages (1 represents the initial
in SGF, and 3 represents the state after completing digestion in SIF).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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vividly showed the release status of free and encapsulated Cur
under different medium conditions at various time points.

3.5.2 The antioxidant activity of Fuc–CMCS@Cur during
digestion. Although Cur exhibits strong antioxidant properties,
free Cur is highly susceptible to degradation within the human
gastrointestinal environment, which signicantly undermines
its antioxidant activity.40 Herein, EPR spectroscopy was
employed to directly quantify in situ radical content in DPPH
upon contact with Fuc–CMCS@Cur hydrogel beads as a func-
tion of time.41,42 A typical set of time-resolved EPR spectra of
DPPH with Fuc–CMCS@Cur hydrogel beads aer digestion in
PBS (pH 7.4), SGF, and SIF are shown in Fig. 8a–c, respectively.
At 0 min, all typical DPPH EPR spectra were observed, with their
intensity decreasing over time until the end of the 30 min test.
The integrated area of the EPR spectrum, which was propor-
tional to the radical density,20 was plotted as a function of time
(Fig. 8d). Fuc–CMCS@Cur hydrogel beads without gastrointes-
tinal digestion (incubated in PBS) showed a fast decline in
DPPH EPR signals over time, with the signal reaching a steady
state within approximately 10 min. This rapid radical-
scavenging behavior was consistent with the well-recognized
strong antioxidant activity of Cur. Aer digestion in SGF (2 h),
the decay rate of the DPPH EPR signal slowed down noticeably.
However, the overall percentage of EPR signal reduction within
30 min was only slightly affected, suggesting that the hydrogel
matrix effectively shielded Cur from gastric stress and pre-
vented substantial degradation. Following digestion in SIF (4 h),
both the decay rate and the nal intensity of the DPPH EPR
Fig. 8 EPR spectra of DPPH with Fuc–CMCS@Cur hydrogel beads a
dependence of EPR signal reduction of DPPH with Fuc–CMCS@Cur hyd
Fuc, CMCS, Cur, physical mixed solution of Fuc, CMCS and Cur, and disa
mixed solution of Fuc and CMCS, the physical mixed solution of Fuc, CM

© 2026 The Author(s). Published by the Royal Society of Chemistry
signal were comparable to those of the undigested control in
PBS, further conrming that Cur retained excellent antioxidant
activity aer intestinal digestion. Taken together, these results
veried that Fuc–CMCS@Cur hydrogel beads preserved more
than 90% of the antioxidant activity of Cur relative to the
undigested control (Table 1). The remarkable protective effect
was attributed to the physical barrier formed by the poly-
saccharide network, which effectively insulated Cur from harsh
digestive enzymes, acidic environments, and oxidative stress
during gastrointestinal transit.

Subsequently, the decay of the DPPH EPR signal over incu-
bation time was tted in an attempt to obtain quantitative
results. The tting parameters are presented in Table 1. The
single exponential decay function was the best t for the
behavior of Fuc–CMCS@Cur treated in PBS and SIF, whereas
the biexponential decay function was a more accurate model for
the response of Fuc–CMCS@Cur treated in SGF. This discrep-
ancy suggested distinct mechanisms or processes for DPPH
radical quenching. Complete release of Cur from Fuc–
CMCS@Cur hydrogel beads was achieved in PBS or SIF, leading
to homogeneous dispersion throughout the solution. All Cur
was in a uniform chemical environment, ensuring equivalent
accessibility to DPPH free radicals, thus exhibiting single
exponential decay with no signicant change in the primary
time constant (designated as s1). In stark contrast, SGF treat-
ment led to partial release characteristics, where only a minor
fraction of Cur became freely dispersed in solution while the
majority remained entrapped within the intact hydrogel matrix.
fter digestion in (a) PBS, (b) SGF, and (c) SIF, respectively; (d) time
rogel beads after digestion in PBS, SGF or SIF; (e) UV-vis spectra of the
ssembled solution of Fuc–CMCS@Cur; (f) FTIR spectra of the physical
CS and Cur, and the disassembled solution of Fuc–CMCS@Cur.
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Table 1 Exponential fitting kinetic parameters of Fuc–CMCS@Cur hydrogel beads after digestion under various conditions determined by the
EPR method

Treatment
EPR signal reduction
(%)

Maintained antioxidant
capacity (%)

s1
(min)

Relative amplitude
(%)

s2
(min)

Relative amplitude
(%)

R2

(%)

In PBS 71.39 100 2.65 100 0 0 99.73
In SGF 2 h 66.55 93.22 0.029 43.31 42.42 56.69 99.37
In SIF 4 h 68.09 95.38 2.75 100 0 0 99.92
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This spatial connement of hydrogel beads for incorporated
Cur created differential accessibility for DPPH radicals and
correspondingly distinct interaction kinetics between the free
and encapsulated Cur fractions, ultimately manifesting as
double exponential decay. The secondary time constant
(designated as s2) exhibited amarked prolongation compared to
s1, attributable to the extended diffusion period required for
DPPH radicals to permeate the dense polysaccharide-based
hydrogel matrix prior to accessing encapsulated Cur mole-
cules. Interestingly, the s1 value of Fuc–CMCS@Cur treated in
SGF was signicantly shorter than those in PBS and SIF. This
phenomenon probably arose from the fact that Cur released in
PBS or SIF continued to interact with the disassembled poly-
saccharide matrix of hydrogel beads, thereby impeding contact
between DPPH free radicals and Cur. Conversely, the hydrogel
beads maintained structural integrity in SGF, allowing the
released Cur to remain freely dispersed in the solution, which
facilitated immediate interaction with DPPH free radicals.

Furthermore, to verify the above analysis, UV-vis and FTIR
spectroscopy were employed to characterize the interaction
between Cur and the disassembled hydrogel bead poly-
saccharide matrix. As attested in Fig. 8e, the UV-vis absorption
of Cur in the disassembled solution of Fuc–CMCS@Cur
hydrogel beads exhibited a red shi compared to free Cur. This
nding conrmed the interaction between Cur and the poly-
saccharide matrix in solution, which was consistent with the
physical mixed solution of Fuc, CMCS, and Cur (aer excluding
the UV-vis absorption interference of Fuc and CMCS). Mean-
while, as shown in the FTIR spectra of Fig. 8f, the broad peak
associated with the –OH stretching vibration in the physical
mixed solution of Fuc and CMCS shied from 3378 to
3337 cm−1, and the peak corresponding to the C–O stretching
vibration shied from 1031 to 1059 cm−1 upon the addition of
Cur, as well as in the disassembled solution of Fuc–CMCS@Cur
hydrogel beads. These shis were attributed to hydrogen
bonding interactions between Cur and the polysaccharide
matrix.43 The ndings conrmed the interaction between Cur
and polysaccharide of the disassembled hydrogel beads, indi-
cating that the polysaccharide matrix could protect Cur in the
gastrointestinal environment to some extent even aer the
hydrogel beads had disassembled in the intestine, thus
ensuring sustained bioavailability.

4 Conclusions

This study successfully fabricated pH-responsive polysaccharide
hydrogel beads via physical crosslinking driven by hydrogen
bonding between Fuc and CMCS, which constructed a stable
Sustainable Food Technol.
three-dimensional network for Cur encapsulation. Cur served as
both a bioactive agent and an additional crosslinker, enhancing
the network crosslinking density and structural stability of the
hydrogel. The hydrogel beads markedly improved the thermal
stability and UV resistance of Cur, and exhibited favorable pH-
responsive swelling and controlled release behavior. In simu-
lated gastric uid, the hydrogel beads maintained a compact
structure with low Cur release, whereas nearly complete release
was achieved in simulated intestinal uid. Additionally, aer in
vitro simulated gastrointestinal digestion, the encapsulated Cur
retained over 90% of its antioxidant activity, conrming the
superior protective performance of the hydrogel beads. This
green, food-grade delivery system provides an efficient and
sustainable strategy for encapsulation and targeted delivery of
labile polyphenolic compounds, addressing critical challenges in
their stabilization and controlled release for nutraceutical and
supplement applications.
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