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A B S T R A C T

Bigels are novel soft-solid materials, which attract increasing attentions in the food industry. In this study, bigel 
beads based on alginate hydrogel and monoglyceride oleogel were developed, and their structures were modified 
by adding various polysaccharides (pectin, carrageenan, chitosan, xanthan gum and konjac gum). The inclusion 
of polysaccharides generally increased bead size and decreased hardness, with chitosan reducing the shrinking 
rate and swelling ratio during simulated gastric-intestinal digestion. FTIR analysis confirmed no interactions 
between alginate hydrogel and monoglyceride oleogel, nor covalent bonds formation between alginate and the 
polysaccharides. The bigels were tested for simultaneously delivery of epigallocatechin gallate and curcumin, 
and the results showed that bead structures significantly influenced their release. Among all tested bigels, pectin 
and carrageenan beads exhibited the highest cumulative release in simulated intestinal fluid. The results sug
gested that polysaccharides effectively modified the physicochemical properties of alginate-based bigel beads, 
leading to adjustable release of the incorporated bioactives.

1. Introduction

Gels are semi-solid systems where the liquid phase is trapped by 
three-dimensional networks, and presented as soft materials. Basically, 
gels can be categorized into hydrogels and oleogels, depending on the 
polarity of the liquid phase (Mao, Lu, Cui, Song, & Gao, 2020). Bigels are 
novel biphasic systems, which contain both hydrogels and oleogels, and 
their structures can be oleogel-in-hydrogel (O/W), hydrogel-in-oleogel 
(W/O), and bi-continuous types. Bigels combine the advantages of 
both hydrogels and oleogels, and thus are attracting increasing attention 
in recent years (Shakeel et al., 2019). Generally, bigels have good 
spreadability, thermal stability, cooling and moisturizing effects, and 
they are also able to deliver hydrophilic and lipophilic bioactives 
simultaneously (Zheng, Mao, Cui, Liu, & Gao, 2020). Currently, bigels 
are mainly studied for drug delivery and cosmetic applications, with a 
few studies in the food field (Yang, Song, Miao, Gao, & Mao, 2024). On 
the other hand, gels can be turned into beads, which may have novel 
applications. Gel beads can be easily dispersed in food matrices due to 
their low density, and allow better control of the release of incorporated 
bioactives during digestion because of the high surface area (Lin, Kelly, 
& Miao, 2022). However, only very minor attention was paid on bigel 

beads (Yang et al., 2024). A previous study by the authors’ group 
developed bigel beads with good sphericity and physical stability, and 
revealed that the beads with higher oleogel content had lower shrinkage 
ratio and swelling level (Yang et al., 2024). It was still unknown the role 
of the aqueous phase (i.e., the hydrogel) in the properties and functions 
of the bigel beads.

Alginate is the most widely used biopolymer for the preparation of 
gel beads, as it gels quickly in the presence of divalent cations, partic
ularly Ca2+ ions. Ca2+ ions selectively bind to the G sequences of algi
nate to form an “egg-box” structure and further develop into thermal- 
stable three-dimensional networks (Cao, Lu, Mata, Nishinari, & Fang, 
2020). However, alginate gel networks are highly porous and perme
able, leading to quick loss of entrapped substances during gelation and 
storage. Dashevsky (1998) reported that the gelation of 1 % sodium 
alginate was accompanied by a loss of 44 % of water and 36 % of lactase 
enzyme. Therefore, modification in the composition of the aqueous 
phase has been proposed to overcome these limitations (Beľsčak- 
Cvitanović et al., 2015). Addition of other biopolymers (e.g., poly
saccharides and proteins) to modify the gelation behaviors of sodium 
alginate (forming composite gels) was proved to be effective in modu
lating the structures and functions of bulk alginate gels (Ramdhan, 
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Ching, Prakash, & Bhandari, 2020).
Generally, three types of composite gels can be formed: complex gels, 

mixed gels and filled gels, and they have different structures and ap
plications. In composite gels, alginate could interact with oppositely 
charged biopolymers and form three dimensional networks. In mixed 
gels, alginate and the additional biopolymer could develop discrete gels 
without any interaction or with just poor physical interactions. Filled- 
alginate gels referred to the gels with non-gelling ingredients. Alter
ations in matrix composition and internal structures (e.g., porosity) in 
different composite gels could significantly modify the roles of the gels 
to retain, protect and release the entrapped bioactives (Mao et al., 
2020). In previous studies, pectin, chitosan, carrageenan, and xanthan 
gum were used to modify the properties of alginate gels (Ramdhan et al., 
2020). Low methoxyl (LM) pectin could form ionic gels in the presence 
of Ca2+, thereby generated mixed gels with alginate, leading to 
enhanced mechanical strength and stability of the gel beads. Wu et al. 
(2022) found that alginate composite gels with a proper pectin-alginate 
ratio could remarkably improve the encapsulation efficiency and 
loading capacity of bioactive compounds. Carrageenan could also be 
cross-linked with alginate upon suitable triggers to form complex gels 
(Al-Faken, Al-Subaie, EL-Ghoul, & Hamden, 2024). Li (2019) reported 
that the encapsulation efficiency of immunoglobulin Y (IgY) in 
carrageenan-alginate gel beads reached 63.01 %, and the retention rate 
of IgY activity after gastric digestion was increased by 35.41 %. Chitosan 
was able to interact with the negatively charged carboxylate groups of 
alginate and form mixed gels, resulting in gel beads with reduced 
porosity and higher compactness. Furthermore, chitosan could hinder 
the solubilization of alginate gel at alkaline pH. Zhu et al. (2023) pre
pared chitosan-coated hydrogel beads, and the chitosan layer did not 
swell in simulated gastric fluid. As a result, water molecules in the 
medium had poor permeability to the interior of the gel beads. Xanthan 
gum and konjac gum could interact with alginate, and the interaction 
degree was highly affected by the concentration of calcium ions and the 
mixing ratio of the two biopolymers (Cofelice, Messia, Marconi, Cuomo, 
& Lopez, 2023). However, very little information was available on the 
roles of polysaccharides on bigels structures and functionality.

In this study, novel bigel beads were developed, and their structures 
were modified to better accommodate bioactives. It was hypothesized 
that different polysaccharides in the water phase would affect the 
structures of both the water phase and oil phase, leading to different 
release behavior of the incorporated hydrophilic and hydrophobic bio
actives from the beads. Two popular bioactives, one lipophilic (curcu
min), one hydrophilic (epigallocatechin gallate, EGCG), were tested as 
model bioactives. In fact, some studies revealed that curcumin and 
EGCG had synergistic health effects (Chung & Vadgama, 2015). The 
objective of this work was to develop bigel beads based on alginate and 
different polysaccharides, i.e., pectin, carrageenan, chitosan, xanthan 
gum and konjac gum for enhanced stability and function of alginate gel 
beads. The composite bigel beads were systematically characterized, 
including size, sphericity, shrinkage ratio and rheological behaviors. 
Curcumin and EGCG were later incorporated simultaneously within the 
gel beads, and their release kinetics in an in vitro test were investigated.

2. Materials and methods

2.1. Materials

Sodium alginate (M:G = 1:1, viscosity 200–550 mPa.s), calcium 
chloride (anhydrous), chitosan (degree of deacetylation~90 %, MW ~ 
100,000 Da), potassium thiocyanide, dipotassium hydrogen phosphate 
(99.5 % purity) and potassium dihydrogen phosphate (99.5 % purity) 
were bought from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, 
China). Apple Pectin (degree of esterification 27 %) and κ-Carrageenan 
(>90 % purity) were the products of Azelis Co., Ltd. (Shanghai, China). 
Konjac gum (viscosity>15,000 mpa.s) was purchased from Shanghai 
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Monoglycerides 

(GMS, DIMODAN®) and xanthan gum (MW ~ 241 kDa) were bought 
from Danisco (China) Co., Ltd., (Shanghai, China). Corn oil (Chang
shouhua) was bought from a local store. Tween 20 (TW) (HLB = 16.7), 
curcumin (98 % purity), and trichloromethane were the products of 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). EGCG was 
kindly offered by BSZH Scientific Inc. (Beijing, China). Nile red, mucin, 
pepsin, pancreatin, pancreatic lipase, bile salt and iron (II) chloride 
tetrahydrate (98 % purity) were obtained from Sigma-Aldrich (St. Louis, 
U.S.A.). All other chemical reagents were analytical grade.

2.2. Preparation of bigels

The preparation of bigels followed a method described previously 
(Yang et al., 2024). The water phase was obtained by dispersing sodium 
alginate in distilled water and stirring at room temperature (25 ◦C) until 
completely dissolved. The solution was stood overnight to remove air 
bubbles. Carrageenan (κ-ca), konjac gum (KGM), xanthan gum (XAN) 
and pectin (P) solutions were prepared with certain concentration. 
Carrageenan and konjac gum were stirred at 60 ◦C until completely 
dissolved. Sodium alginate (SA) solutions were mixed separately with 
κ-ca, KGM, XAN and P solutions to achieve final concentrations of 0.9 % 
(w/w) for sodium alginate and 0.6 % (w/w) for polysaccharides. When 
no other polysaccharide was added, SA with a concentration of 1.5 % 
(w/w) was included in the water phase. TW-20 (0.15 % w/w) which was 
served as surfactant was added into the aqueous solution. The oil phase 
was prepared by mixing GMS (10 % w/w) and corn oil at 80 ◦C, and 
placed at 4 ◦C for 0.5 h to form oleogels. EGCG (0.3 % w/w) was dis
solved in the water phase at 25 ◦C, and curcumin (0.20 % w/w) was 
dispersed in the oil phase at 140 ◦C. To minimize curcumin degradation 
and oil oxidation, the oil solution was cooled immediately following 
curcumin dissolution. To obtain bigels, the oil phase and the water phase 
were mixed at a ratio of 2:8 using a magnetic stirrer (Ultra-Turrax, IKA, 
Germany) until homogenous mixtures were generated.

2.3. Preparation of bigel beads

The preparation of bigel beads followed a method described previ
ously (Yang et al., 2024). The emulsions prepared in 2.2 were dropped 
through a syringe (0.7 mm i. d.) into 3 % (w/w) calcium chloride so
lution using a peristaltic pump (BT301F, Leadfluid, Baoding, China) at a 
rate of 0.15 mL/S. After 30 min of bead formation, the beads were 
collected by filtration and washed with distilled water. The beads were 
stored in distilled water at room temperature, and the analysis was 
finished within 3 h. Bigel beads with different polysaccharide fractions 
in the emulsions were termed SA, κ-ca, P, KGM and XAN, respectively. 
As for chitosan-coated beads, chitosan was dissolved in an acetic acid 
solution using a magnetic stirrer in advance. 3 % (w/w) CaCl2 was added 
to the solution, and the concentration of chitosan in the final solution 
was 0.6 % (w/w). The formation of chitosan-coated beads is the same as 
that of other polysaccharide groups. The chitosan-coated beads were 
coded as CHI.

2.4. Rheological characterization

The shear viscosity of the emulsion was determined by rotational 
rheometer HAAKE MARS iQ AIR (Thermo Fisher Scientific, USA) 
adopting a parallel plates geometry (diameter = 40 mm, gap 1.0 ± 0.1 
mm). The shear rate ranged from 0.01 to 100 s− 1, and all samples were 
tested at 20 ◦C.

2.5. Microstructural observation

The surface morphology of microgel beads was observed by SU8020 
scanning electron microscope (SEM, Hitachi Co, Ltd. Tokyo). The freeze- 
dried beads were coated with gold and then observed under 15 kV ac
celeration potential.
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The microstructure of the microgel beads was carried out by confocal 
laser scanning microscopy (CLSM). The beads were cut into transparent 
slices (~0.5 mm) and stained by Nile red ethanol solution (0.01 %, w/ 
w). Afterwards, the stained samples were placed under the inverted 
confocal laser scanning microscope (Zeiss LSM880, Zeiss, Inc., Ger
many). The excitation light was set to 488 nm.

2.6. Shrinking rate

Determination of shrinking rate followed a method described in a 
previous study (Zhang, Yang, Li, Gao, & Mao., 2025). The shrinking rate 
was calculated using eq. (1): 

Shrinking rate (%) =

(

1 −
W1

W0

)

×100 (1) 

Where W1 was the weight of the fresh bigel beads after gelation and 
W0 was the emulsions used corresponded before gelation.

2.7. Swelling study

The swelling behavior of the fresh bigel beads was determined in 
distilled water (Yang et al., 2024). Fresh beads of accurate weight were 
immersed in 20 mL distilled water and periodically taken out from the 
medium. The water on the surface of the beads was then removed using 
filter paper, and the beads were weighed. The swelling ratio of bigel 
beads was calculated according to eq. (2): 

Swelling ratio (%) =
Wt

W0
×100 (2) 

Where Wt was the weight of the swollen beads at time t and W0 was 
the initial weight of the beads.

2.8. Determination of textural properties

The hardness of spherical beads was evaluated by a CT3 texture 
analyzer ((BROOKFIELD, Middleboro, Massachusetts, USA) coupled 
with a TA/0.5 cylindrical plunger at room temperature. A compression 
test was carried out with a test speed of 0.5 mm/s, post-test speed of 0.5 
mm/s, contact force of 0.05 N, and compression deformation of 30 % 
(Cui et al., 2022).

The hardness of the beads was determined before and after swelling 
in SSF and SGF and the rate of change was calculated using eq. (3): 

Hardness change ratio =
m2 − m1

m1
(3) 

Where m1 was the hardness of beads before swelling in SSF and SGF, 
and m2 was the hardness after swelling.

2.9. Fourier transform-infrared (FTIR) spectroscopy analysis

The FTIR analysis of the beads was determined by potassium bro
mide pellet using the Nicolet iS10 spectrometer (Thermo Fisher Scien
tific, Waltham, MA, USA). The analysis was carried out with a spectrum 
from 400 to 4000 cm− 1, a resolution of 4 cm− 1 and 32 scans.

2.10. In vitro swelling study

In vitro swelling study was conducted followed a previous method 
with some modifications (Li et al., 2021). To eliminate the effects of 
enzymes but focus on the effects of salts, the swelling capacity of the 
beads was determined in enzyme-free simulated gastric fluid (ESGF, 
0.68 % K2HPO4, 0.8775 % NaCl, pH 3.0) and enzyme-free simulated 
intestinal fluid (ESIF, 0.68 % K2HPO4, 0.8775 % NaCl, pH 7.0). Beads of 
accurate weight were immersed in ESGF or ESIF in an orbit shaker 
(37 ◦C) with stirring at 100 rpm (DSHZ-300, Taichang Experimental 
Instrument Co. Ltd., Jiangsu, China). At regular time intervals, beads 

were separated from the medium, and water on the surface was removed 
by filter paper. Swelling ratios with respect to time in ESGF and ESIF 
were calculated using eq. (2).

2.11. In vitro release profile

In vitro release experiment was carried out by the methods of Lin, 
Kelly, Maidannyk, and Miao (2021) with some modifications. Digestion 
of the beads and the release of EGCG and curcumin were tested in 
simulated oral, gastric and intestinal fluids. Simulated saliva fluid (SSF), 
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) were 
prepared according to Table S1 (supplementary data).

Oral phase: Bigel beads (~5 g) were mixed with 10 mL SSF and 
placed in an orbit shaker (37 ◦C) at 100 rpm for 2 min.

Gastric phase: After oral digestion, 10 mL SGF was added to the 
mixture and placed in an orbit shaker (37 ◦C) at 100 rpm for 6 h. 
Samples were collected at a certain interval during the digestion. After 
each sampling, 1.0 M NaOH was added and the pH was adjusted to 7.5 to 
terminate the hydrolysis of pepsin in the collected samples.

Intestinal phase: After gastric digestion, 30 mL SIF was added to the 
mixture and placed in an orbit shaker (37 ◦C) at 100 rpm for 5 h. 
Samples were collected at an interval of 30 min for the first 2 h, followed 
by intervals of 1 h and 2 h. After each sampling, the collected sample was 
placed in an ice water bath to terminate digestion.

The collected samples were centrifuged at 10,000 rpm for 10 min to 
collect 1 mL of supernatant. The supernatants were mixed with tri
chloromethane and vortexed for 2 min, and then centrifuged at 10,000 
rpm for 2 min. The organic phase was collected and extracted three 
times, and then diluted with trichloromethane, followed by measure
ment of the absorbance of the supernatant at 416 nm using an 1800 
UV–visible spectrophotometer (Shimadzu, Japan). The concentration of 
curcumin was calculated using the standard curve. After the extraction 
of curcumin, the remaining water phase was mixed with an appropriate 
amount of deionized water and centrifuged at 10,000 rpm for 2 min. The 
extract was collected and diluted with deionized water. Subsequently, 
absorbance was measured at 273 nm. The concentration of EGCG was 
calculated using the standard curve. Release amounts of curcumin and 
EGCG during digestion process were calculated with the following eq. 
(4): 

Release amount of curcumin
/

EGCG =
Ct

C0
(4) 

Where C0 was the initial content of curcumin or EGCG in beads, and 
Ct was the content of curcumin or EGCG at time t during digestion 
process.

The release mechanisms of curcumin and EGCG were evaluated with 
the following models: 

Zero − order kinetics model : Qt = kt+Q0 (5) 

First − order kinetics model : lnQt = lnQ0 + kt (6) 

Hixson − Crowell model : Q1/3
0 − Q1/3

t = kt (7) 

Higuchi kinetics model : Qt = k
̅̅
t

√
(8) 

Korsmeyer − Peppas model : Qt = ktn (9) 

Where Qt and Q0 were the amounts of curcumin or EGCG at time t 
and 0, k were the release kinetic constants of different models, and n was 
the release exponent.

2.12. Statistical analysis

The experiments were repeated at least three times and the results 
were analyzed statistically using Excel and Origin 2018 software. The 
values were expressed as means±SD. Data were analyzed by a one-way 
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analysis of variance (ANOVA) with SPSS 23 software (IBM Corporation, 
USA). P-values of 0.05 or less were considered to be significant.

3. Results and discussion

3.1. Rheological properties of bigel emulsions

Viscosity of the emulsions before the formation of bigel beads was 
first characterized by rheological tests (Fig. 1). With the increase in 
shear rate, viscosity of all the emulsions was decreased, exhibiting a 
shear thinning behavior. Similar results were also reported in a previous 
study, and the viscosity of the emulsions could be affected by the 
emulsifier at the interface, and the polysaccharides in the water phase 
(Zhang et al., 2025; Lin et al., 2024.). At the same shear rate of 0.1 s− 1, 
the emulsion containing κ-ca or KGM presented the highest viscosity, 
which was nearly six times higher than that of the bigel emulsion 
without any additional polysaccharide. As the concentration of alginate 
in CHI was the lowest, it showed the lowest viscosity. The viscosity of 
XAN and P were 73.01 Pa⋅s and 40.50 Pa⋅s, respectively.

3.2. Morphology and microstructures of bigel beads

Fig. 2A showed the macroscopic images of the bigel beads. All the 
beads were pale yellow in color, but the sphericity and particle size 
varied. The SA and P beads had regularly spherical shape, while in the 
XAN and KGM beads, there were many oval-shaped beads. This could be 
explained by the weak ability of konjac and xanthan gum to cross-link 
with Ca2+ to form gels, as well as the possibility of phase separation 
during gelation, which resulted in a decrease in the homogeneity of the 
structures (Zhang et al., 2013). In the CHI beads, there were some tear- 
shaped beads due to the low viscosity of the bigel emulsion and the high 
viscosity of the gelling bath. During the gelation process, the immersing 
depth of the droplets in the gelling bath was reduced and the collision 
force of the droplets against the bath surface was enhanced, which 
contributed to deformation of the beads (Lee, Ravindra, & Chan, 2013). 
The size of all the beads ranged from 1.88 to 2.46 mm, with a size order 
of XAN > κ-ca > P > KGM, SA > CHI (Fig. 2A). Previous studies have 
demonstrated that the size of beads was highly affected by the viscosity, 
and an appropriate increase in the viscosity of the system aided in the 
formation of beads with higher sphericity and larger size (Lee et al., 
2013).

SEM images of bigel beads were given in Fig. 2B, and it was seen that 
all samples had spherical shapes and rugged surface. After freeze drying, 

structural collapse and shrinking took place at the surface of the alginate 
gel beads (without oleogel), resulting in irregular structures. All bigel 
beads had much smoother surface, suggesting that oleogel filling could 
resist structural collapse during freeze drying. The overall structure of 
the bigel beads was comparable to that of alginate based emulsion gel 
beads in the study by Murata, Sasaki, Miyamoto, and Kawashima 
(2000). The CHI beads displayed a smoother surface and less concave 
features, which could be associated with the polyelectrolyte complexes 
formed by ionic interactions between the amino groups in chitosan and 
the carboxyl residues of alginate. Similar results were also observed in 
previous study (Liu, 2018).

3.3. Physical properties of the bigel beads

The formation of alginate gel was accompanied by shrinkage, and the 
shrinking rate was influenced by gel strength, filler content and struc
tures, as well as the interaction between the filler and the continuous 
phase. All bigel beads shrank at a substantially slower pace than pure 
alginate hydrogel beads (~64.34 %), indicating that the oleogel filling 
remarkably hindered gel shrinkage (Table 1). The inclusion of various 
polysaccharides, except chitosan, reduced the shrinkage of SA beads to 
different degrees (p > 0.05). The shrinking rate of SA beads (42.67 %) 
was lower than that of CHI beads (50.51 %), implying that SA beads had 
a denser gel structure and higher gel strength. This result was in 
agreement with the research on Pickering emulsion based gel beads 
(Wu, Li, Xia, & Li, 2022). κ-Ca and XAN beads exhibited the lowest 
shrinking rates (32.63 % and 35.23 %). This finding was in line with the 
variation in particle size, and higher shrinking rates generally contrib
uted to the reduction in bead size. The swelling ratio of bigel beads 
stored in deionized water was determined to assess their stability during 
equilibration. As can be seen from Table 1, all beads showed similar 
swelling behavior: the swelling ratio was increased to ~100 % after 1 
day of storage, and all samples shrank after 2 days. Likewise, xanthan 
gum and κ-carrageenan were found to be effective in resisting the 
shrinkage of the beads, thus improving their stability. The pores of the 
alginate network in XAN beads could not be well recognized, which 
could be attributed the interactions between xanthan and alginate 
(Cofelice et al., 2023). Such interactions led to a more compact network 
structure and less shrinkage during gel equilibration. Alginate and 
κ-carrageenan could create a crosslinking network through hydrogen 
bonding and ionic interactions, which minimized the intermolecular 
spacing between alginate and κ-carrageenan, and led to a more compact 
network structures with higher resilience to swelling and shrinkage.

The textural properties of alginate gel beads were mainly dependent 
on alginate concentration and the strength of cross-linked gel networks 
(Aw et al., 2023). The bigel beads hardness of different samples followed 
the order of SA, XAN > KGM > κ-ca, CHI > P, but the difference was 
quite small (Table 1). For the CHI beads, CHI was dissolved in the CaCl2 
solution first, and not all CHI could cover the surface of the gel beads. 
Therefore, the total concentration of polysaccharide in the CHI beads 
would be much lower, leading to limited mechanical strength and thus 
lower hardness. The addition of P (0.20 N) and κ-ca (0.21 N) reduced 
their hardness, which was due to the fact that the networks formed by 
the secondary polysaccharide and Ca2+ were weaker than those formed 
by alginate and Ca2+ (Qi, Simsek, Chen, & Rao, 2020). Bigel beads with 
higher textural properties were more considerable as an oral delivery 
system for their higher resistance to the contraction force of gastroin
testinal digestion.

3.4. FTIR analysis

FTIR spectra of the bigel beads were obtained to understand the 
impact of polysaccharide type on the structures of bigel beads (Fig. 3). 
The peak shape of the bigels was similar to that of the oil phase, which 
was mainly attributed to the higher proportion of oleogel in the bigel 
beads. The broad spectrum at ~3472 cm− 1 suggested O–H stretching, Fig. 1. Viscosity of emulsions before gelation.
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corresponding to inner- and intra-molecular hydrogen bonds (Beľsčak- 
Cvitanović et al., 2015). The stretching bands of C–H and C––H at 
~2927 cm− 1, ~2853 cm− 1 and ~ 1465 cm− 1 corresponded to saturated 
and unsaturated fatty acyl chains of the oil phase (Goodacre & Anklam, 
2001). Vibration of the C––O band was also observed at ~1746 cm− 1 

and ~ 1165 cm− 1. There were no new peaks or drastic shifting observed 
in the spectra of bigel beads. The findings suggested that there were no 
interactions between alginate hydrogel and GMS oleogel, nor any co
valent bonds formed between alginate and polysaccharides.

3.5. Swelling behaviors of the beads during digestion

The influence of polysaccharide type on the swelling behavior of 

bigel beads during gastrointestinal digestion was determined. Fig. 4A 
presented the morphology of bigel beads after 6 h of digestion in ESGF. 
The structure of bigel beads remained almost intact after gastric diges
tion and all emerged at the top of the centrifuge tubes, whereas pure 
hydrogel beads moved to the bottom of the tubes (HY). It was agreed 
that calcium alginate beads shrink under acidic gastric conditions 
because protonation of the carboxyl groups means the alginate chains 
can get closer together, which worked to maintain the structures of the 
beads (Lin et al., 2024). The movement of the beads could be explained 
by the floatability of the bigel beads due to the low density of the oleogel 
(Kour et al., 2022). The floatability of the beads could prevent them from 
gastric emptying, thereby prolonging the residence and release time of 
the substance in the stomach. It was also observed that only a small 
amount of curcumin was released in ESGF, favoring the retention of fat- 
soluble substances in the stomach.

As shown in Fig. 4B, with the extension of ESIF digestion, all samples 
displayed a considerable rise in particle size at the beginning, and the gel 
structures gradually blurred from the edge, eventually disintegrated. 
There was no oil release observed, implying that the solubilization of the 
system was mainly related to the aqueous phase in the absence of 
digestive enzymes.

The distinct swelling behaviors of bigel beads presented in ESGF and 
ESIF were attributed to the pH responsiveness of alginate. When in ESGF 
(pH = 3), the swelling ratios of all samples grew slowly and remained 
consistently low, indicating their strong resistance to swelling as a result 
of hydrogen bonding between protonated carboxyl groups in alginate 
(Berninger, Mitter, & Preininger, 2016). At the same time, Na+ in the 
medium underwent ion exchange with Ca2+ at the mannuronic acid 
group of the alginate molecules. Since Na+ was not able to bind -COO−

from the mannuronic acid group completely, the increase in the number 
of -COO− facilitated electrostatic repulsion between the alginate chains 
(Lin et al., 2024). The results could be responsible for the dramatic in
crease in osmotic pressure and water uptake of the bigel beads. It was 

Fig. 2. Macroscopic images (A) and SEM images (B) of bigel beads with different types of polysaccharides.

Table 1 
Physicochemical properties of bigel beads with different types of 
polysaccharides.

Samples Shrinking 
rate (%)

Swelling ratio in 
deionized water (%)

Hardness 
(N)

Hardness after 
swelling in SSF 
and SGF (N)

1 day 2 day

XAN 35.23 ±
1.05b

100.82 
± 1.11ab

97.20 
± 1.30a

0.24 ±
0.02a 0.16 ± 0.02c

SA
42.67 ±
1.58d

98.65 ±
1.19b

93.83 
± 1.11b

0.24 ±
0.01a 0.27 ± 0.02a

P
39.38 ±
0.43c

100.07 
± 1.63ab

94.07 
± 1.16b

0.20 ±
0.02b 0.19 ± 0.02b

KGM 41.21 ±
0.59cd

98.35 ±
0.25b

93.94 
± 0.93b

0.22 ±
0.02b 0.19 ± 0.08b

κ-ca 32.63 ±
0.19a

102.24 
± 0.39a

96.41 
± 0.62a

0.21 ±
0.01b 0.10 ± 0.02d

CHI
50.51 ±
1.25e

99.67 ±
1.43b

93.66 
± 1.44b

0.21 ±
0.02b 0.19 ± 0.02b

Note: a-e means within the same column of each treatment with different su
perscript letters are significantly different at p < 0.05.
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notable that bigel beads still kept intact structure in ESGF, probably 
because Na+ ions seldom exchanged with Ca2+ ions in guluronic acid. 
The SA group changed in a relatively wider range than other groups. 
Regarding the roles of different polysaccharides, the gels containing 
xanthan gum and konjac gum didn’t respond to Na+ and exhibited the 
lowest swelling ratios. The swelling ratios of both beads grew rapidly to 
1.09 in the initial 60 min, and decreased afterwards. After 180 min and 
240 min, the swelling ratios reached equilibrium. The final swelling 
ratios were 1.15 and 1.16 for the XAN and KGM beads, respectively. A 
higher swelling ratio (~1.33) was seen in the CHI beads, which was 
attributed to the structural alterations of chitosan in low pH medium 
(Liu, 2018). In ESGF, the protonation of amino groups (-NH3+) in chi
tosan molecules enhanced intermolecular repulsion, weakening the 
interaction between chitosan and alginate. Meanwhile, the increased 
hydrophilicity of chitosan chains further facilitated the penetration of 
water molecules, leading to a higher swelling ratio (Liu, 2018).

When the bigel beads were transferred into ESIF, rapid swelling 
occurred at the beginning, followed by slowed swelling until the gel 
beads ruptured and decomposed. This effect was the result of the 
deprotonation of the carboxyl groups on the alginate chains at neutral 
pH within the small intestine. As a result, the electrostatic repulsion 
between the alginate changes increases, resulting in swelling of the 
beads (Lin et al., 2024). Meanwhile, ion exchange occurred between 
Ca2+ and Na+ to generate water-soluble alginate, causing structural 
damage to gel beads and eventually leading to the collapse of bead 
structures (Ramdhan et al., 2020). Fig. 5 illustrated that the inclusion of 
different polysaccharides could accelerate the swelling process of the 
beads to reach their maximum swelling ratios. The SA beads reached the 
highest swelling ratio (~2.27) at 180 min, whereas other beads reached 
the maximum swelling ratios at 120 min. For bigel beads with the same 

oleogel content, the alginate concentration in the aqueous phase 
significantly affected the swelling process in ESIF. The swelling rates of 
different bigel beads followed the order of CHI group ≈ KGM group > P 
group > XAN group > κ-ca group. It was noted that κ-car beads had 
similar swelling behavior in ESIF and ESGF in the first 120 min of 
digestion. The sulfate group in κ-carrageenan had a pKa of less than 2, 
suggesting that κ-carrageenan had a pH-independent swelling behavior 
(Joy, Vigneshkumar, John, & George, 2021). Furthermore, κ-carra
geenan degraded slightly at acidic conditions, leading to an increase in 
pore size on the bead surface. On the contrary, in neutral environments, 
water penetration was inhibited, probably because of the formation of a 
more compact gel structure between κ-carrageenan and alginate (Li, 
Zhao, Sun, Yu, & Ma, 2019). The opposite swelling behaviors of κ-ca 
beads in ESGF and ESIF eventually masked the swelling responsiveness 
of the gel beads. Mahdavinia, Rahmani, Karami, and Pourjavadi (2014)
also found that the pH-sensitivity of κ-carrageenan/alginate beads was 
reduced as the κ-carrageenan content increased.

3.6. Simulated gastrointestinal digestion of bigel beads

3.6.1. Structural changes of the bigel beads during digestion
CLSM was applied to observe the cross-section structures of bigel 

beads to evaluate the morphology and distribution of oleogel droplets 
(Fig. 6A). Before digestion, the oil droplets were packed tightly in the 
beads, and the green circle at the edge referred to the oil phase leaked 
from the beads. It was observed that the SA beads exhibited smaller oil 
droplets, and the droplets presented irregular shapes with slight coa
lescence. The morphology and distribution of oil droplets in the κ-ca and 
P beads were likewise comparable. The P beads had slightly larger oil 
droplet size than κ-ca beads. As compared to the SA beads, the CHI beads 

Fig. 3. FTIR spectra of bigel beads with different types of polysaccharides.
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showed a notable increase in oil droplet size, probably due to the low 
viscosity of the bigel emulsion before the formation of the beads. This 
finding was in agreement with previous researches. Behera, Sagiri, 
Singh, Pal, and Anis (2014) reported that droplet size of the dispersed 
phase in bigels rose as the viscosity of the continuous phase was 
decreased. In addition, a black layer was observed between the oil 
droplets at the edge of CHI beads and the surrounding green circles, 
which was probably from the coated chitosan layer on the bigel beads 
(indicated by the white arrows). The smallest oil droplets were found in 
the XAN and KGM groups as the emulsions had the highest viscosity, but 
the droplet boundary was blurred and clear coalescence was seen. Some 
black spherical region (water phase) was randomly distributed inside 
the oil droplets, suggesting the presence of some water-in-oil-in-water 
structures. In comparison to the XAN and KGM, pectin and κ-carra
geenan could form double network structures within the alginate gels, 
and thus minimized oil droplet coalescence (Qi et al., 2020).

After SSF and SGF digestion, the highest hardness and the lowest 
ratio of hardness change (− 0.060) were viewed in the SA beads, while 
the lowest hardness and the largest ratio of hardness change (− 0.528) 
were observed in the κ-ca beads (Table 1). It was inferred that the bigel 
beads without polysaccharides were porous, and they were prone to 
form alginic acid skin and a denser structure in SGF. Morphologies of 
bigel beads at different stages of SIF digestion were shown in Fig. 6B, 

and the swelling capacity was influenced by the hardness and compo
nents of the beads. The SA beads presented the highest structural sta
bility, which was consistent with the evolution of swelling behavior in 
ESIF. According to Fig. 6B, the spherical structure with a clear boundary 
was still visible in SA beads after 5 h of swelling in ESIF. This phe
nomenon could be explained by the high structural density and hardness 
of the SA beads, which was also observed in emulsion gel beads (Lin 
et al., 2022). At low pH, the hydrogen bonds between the carboxyl 
groups in alginate promoted densification of the gel structures, effec
tively inhibiting textural weakening caused by swelling (Ramdhan et al., 
2020). After 3 h of SIF digestion, the bead size was decreased and the gel 
structure was disintegrated for the κ-ca, CHI and XAN bigel beads. After 
4 h of SIF digestion, partial dissolution of KGM and P beads was 
observed. At the end of SIF digestion, no intact structure of the κ-ca, CHI 
and KGM beads could be observed, and some liquid oil appeared turned 
up at the surface, while some broken structures could still be found in 
the P and XAN beads. These findings revealed that the addition of 
polysaccharides accelerated the collapse of the gel structures in SIF. 
Fig. 6A showed that the SA beads maintained some of the gel structure 
with a large number of unevenly dispersed oil droplets inside, and the 
droplet size was remarkably larger than that in the original state. The 
results were attributed to the hydrolysis of fat by lipases, which in turn 
decreased the stability of droplets. Nevertheless, no bead structure of 
other bigel beads could be collected after the digestion. The digested 
liquids included a swarm of randomly distributed oil droplets of small 
size, revealing the decomposition of oil droplets by digestive enzymes.

It was worth mentioning that the SA and CHI bigel beads presented 
significantly different digestion behaviors, in comparison to the samples 
that did not experience gastric digestion (Fig. 4B). The SA beads kept 
their structure intact while the CHI beads presented rapid structural 
collapse. In an acidic environment, the chitosan coating of the CHI beads 
was swollen and disintegrated, which decreased their stability of beads 
in a neutral environment and caused rapid disintegration of their 
structure in SIF. When the CHI beads were incubated in ESIF, deproto
nation of amino groups generated a denser exterior structure, which 
inhibited gel swelling and disintegration induced by electrostatic 
repulsion between deprotonated carboxyl groups in alginate molecules 
(Zhu et al., 2023). Furthermore, the formation of partially protonated 
carboxyl groups in SA during gastric digestion was responsible for the 
delayed structural collapse.

3.6.2. In vitro release of EGCG
Fig. 7A presents the release behavior of EGCG during SGF digestion. 

A faster release of EGCG was observed in all samples during the initial 
digestion in SGF for 20 min. Subsequently, the release rate of EGCG was 
decreased over time, and the ultimate cumulative release from different 
beads followed this order: P group (84.18 %) > κ-ca group (79.40 %) >
CHI group (78.94 %) > SA group (65.72 %) > KGM group (57.24 %) >
XAN group (41.75 %). A variety of factors could influence the release of 
EGCG, including the porosity of the gel network, the gel network 
relaxation and fragmentation (Yang et al., 2023). Qi et al. (2020) sug
gested that the inclusion of polysaccharides could affect the porosity of 
calcium alginate network in the dual network structures formed by 
pectin, carrageenan and alginate, and they found cavities in the gel 
structures. Therefore, the faster release of EGCG from P and κ-ca bigel 
beads was probably due to the decrease in density of the network 
structures. For CHI beads, the gel structures were relatively looser, as 
indicated by lower mechanical strength (Table 1). Moreover, the hy
drophilicity of the chitosan layer was increased at acidic conditions and 
the interaction between the chitosan layer and the alginate was 
decreased, which could facilitate the diffusion of EGCG. The lower 
release in the KGM and XAN groups might be attributed to the high 
viscosity of the systems (Fig. 1), which hindered the mass transfer of 
EGCG. It was also observed that the XAN beads had the largest size, 
which was responsible for the delayed release of EGCG. As there was 
some water-in-oil-in-water structures in KGM and XAN bigel beads 

Fig. 4. Morphologies of bigel beads with different types of polysaccharides in 
ESGF (A) and ESIF (B).
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(Fig. 6A), the release of water-soluble ingredients was thus delayed.
The release profile was analyzed by fitting the results of the curve to 

the different release kinetic models, and the fitting results were given in 
Table 2. It was seen that the release characteristics of the bigel beads 
during SGF digestion well fitted the Korsmeyer-Peppas model (R2 values 
between 0.9882 and 0.9976). Therefore, the values of the release 
exponent (n) could help to identify the release mechanisms of EGCG 
from bigel beads. For a spherical delivery system, an “n” value <0.43 
indicated Fickian diffusion of the bioactive (Ni, 2022). In the bigel beads 
containing polysaccharides, EGCG had an “n” value ranged from 0.25 to 
0.3, suggesting the release of EGCG during SGF digestion followed 
Fickian diffusion, and the variation in polysaccharide types did alter this 
mechanism.

3.6.3. In vitro release of curcumin
The release profile of curcumin in bigel beads during simulated 

gastrointestinal digestion was also determined (Fig. 7B). Only minor 
curcumin was released (<0.35 %) after SGF digestion, as curcumin was 
mainly present in the oleogel phase, which closely filled in the pores of 
the alginate network. Network relaxation during SGF swelling was 
limited, and thus the internal leakage of oil droplets was inhibited. As a 
result, only part of the curcumin present in the micelles diffused out of 
the network structure with a very limited release. These findings sug
gested that the bigel beads could effectively reduce the loss of curcumin 
during SGF digestion, allowing more curcumin to be released in small 
intestine. Similar findings were also reported in emulsion gels, bigel 
emulsions (Mao et al., 2020). In a previous study, the modification of the 
interfacial structures did not increase the release of curcumin in SGF, 
highlighting the strong barrier effect of the alginate gel structures 
(Zhang et al., 2025).

When transferred to SIF, the release profile of curcumin from all bigel 
bead showed sharp increase at the beginning and continued to grow 
over time. The findings were in agreement with literature studies on 
protein based bigel beads (Lin et al., 2024). The ultimate cumulative 

release of curcumin from different bigel beads followed the order of P 
group > κ-ca group > CHI group > XAN group > KGM group > SA 
group. In the SA group, the release rate of curcumin was decreased be
tween 360 and 480 min. The release rate grew again once the release 
percentage reached 15.65 %, and the release amount reached its 
maximum of 33.98 %. Similar trends were observed in the P and κ-ca 
groups, with the maximum release percentage of 48.29 % and 46.65 %, 
respectively. The CHI, XAN, and KGM groups, on the other hand, 
maintained high release rates, with the final release percentage of 41.24 
%, 38.95 %, and 37.77 %, respectively. Lipid digestion took place when 
the pancreatic lipase was adsorbed onto the oil-water interface and 
contacted with the substrate (such as triglycerides, diglycerides, etc.), 
which would facilitate curcumin release during SIF digestion. In the case 
of bigels, pancreatic lipase must diffuse into hydrogel network before 
reaching the oil droplet. When the bigel beads transferred into SIF, the 
rapid swelling of the gel structure enlarged network pore size, allowing 
the easier access of lipase into the interior of the bigels and digestion of 
the oil phase. As a result, fast curcumin release was observed. With 
further swelling, the exterior gel structures would collapse, and frag
mentation of the gel structure resulted in the release of oil droplets, 
allowing further contact between oil droplets and pancreatic lipase. 
Previous studies indicated that the rate and extent of oil phase digestion 
were related to the pore size of alginate gel network, gel bead size and oil 
droplet size (Rungraung et al., 2022). For the SA group, the presence of a 
strong gel network structure hindered the diffusion of pancreatic lipase 
molecules into the gel network. Furthermore, the beads retained a 
relatively intact structure throughout the SIF digestion, reducing oleogel 
release and further digestion. On the other hand, the curcumin release 
was affected by free fatty acids on the droplet surface. To remove free 
fatty acids from the surface and promote oleogel digestion, the fatty 
acids were usually absorbed into mixed micelles composed of bile salts 
and phospholipids, or form insoluble salts with calcium ions (Devraj 
et al., 2013). Therefore, the relatively compact network in the SA beads 
hindered the diffusion of bile salts, phospholipids and other substances, 

Fig. 5. Swelling degrees of different bigel beads in ESGF and ESIF. (A) SA group, (B) CHI group, (C) XAN group, (D) κ-ca group, (E) KGM group, and (F) P group.
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attributing to the delay of curcumin release (Zhang et al., 2016). 
Notably, the SA beads showed the highest swelling ratio in SIF (Fig. 6), 
suggesting the swelling ratio an indecisive factor on the release of cur
cumin. The rapid dissolution of bigel beads combined with poly
saccharides in SIF aided lipase digestion and bioactive release, leading 
to a higher release percentage. For the gel beads containing 

polysaccharide, the microstructure images revealed significant oil 
droplet coalescence in the CHI, XAN and KGM groups, which resulted in 
a limited contact area between oil droplets and pancreatic lipase and 
delayed lipid digestion and curcumin release (Torcello-Gómez & Foster, 
2017).

To further investigate the release kinetics of curcumin from the bigel 

Fig. 6. CLSM images of fresh bigel beads and bigel beads after in vitro digestion (A); Morphologies of bigel beads at different times during digestion in SIF (B).
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beads, different models were used to fit the results (Table 2). The release 
of curcumin during SIF digestion was found to follow Korsmeyer-Peppas 
model (R2 values between 0.9507 and 0.9884) and Higuchi kinetics 
model (R2 values between 0.9458 and 0.9841). The n values of all bigel 
beads ranged from 0.5419 to 0.6926, suggesting that the release of 

curcumin followed a non-Fickian diffusion, which was controlled by 
both diffusion and dissolution of the systems.

4. Conclusion

In this work, we developed novel bigel beads based on alginate 
hydrogel and GMS oleogels, and different types of polysaccharides were 
added to adjust the structures and functions of the beads. The tested 
polysaccharides were able to reduce the hardness of the beads, and 
facilitate the beads to resist shrinking during gelation and also swelling 
in simulated gastric and intestinal fluid. The bigel beads were able to co- 
deliver lipophilic and hydrophilic bioactives simultaneously, and the 
bead structure significantly affected the release of EGCG and curcumin 
during gastric and intestinal digestion. Among all tested bigel beads, the 
P and κ-ca beads exhibited the highest cumulative drug release in SIF, 
which was favored for the development of functional food. The release 
kinetics of EGCG and curcumin followed Fickian and non-Fickian 
diffusion, which was not affected by the type of added polysaccharide. 
Therefore, this study offered new insights regarding the structure- 
function relationship of bigel beads. In the future, the beads could be 
incorporated into complex food systems, e.g., candy, yoghurt, bever
ages, to test their functional properties. The information obtained in this 
study showed that bigel beads had great potential as delivery systems for 
the development of functional food.
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Fig. 7. EGCG (A) and curcumin (B) release curve in bigel beads with different 
types of polysaccharides.

Table 2 
The kinetic parameters of the EGCG and curcumin released from different bigel beads.

Compound Samples Zero-order kinetics model First-order kinetics model Hixson-Crowell model Higuchi kinetics model Korsmeyer-Peppas model

R2 R2 R2 R2 k n R2

SA 0.6872 0.7999 0.3467 0.9187 0.1297 0.2800 0.9928
CHI 0.7218 0.8770 0.3541 0.9324 0.1436 0.2878 0.9976

EGCG XAN 0.7049 0.8301 0.3540 0.9269 0.0783 0.2894 0.9882
κ-ca 0.6637 0.8492 0.3295 0.8991 0.1784 0.2553 0.9926
KGM 0.6821 0.8179 0.3428 0.9148 0.1170 0.2746 0.9923
P 0.7036 0.8172 0.3536 0.9278 0.1569 0.2887 0.9946
SA 0.9504 0.9653 0.7504 0.9585 0.0108 0.5996 0.9507
CHI 0.9448 0.8514 0.7918 0.9841 0.0184 0.5419 0.9884

curcumin XAN 0.9524 0.9662 0.7327 0.9836 0.0151 0.5660 0.9827
κ-ca 0.9852 0.9468 0.8870 0.9458 0.0091 0.6926 0.9858
KGM 0.9635 0.9123 0.7980 0.9756 0.0110 0.6150 0.9883
P 0.9680 0.9366 0.7778 0.9663 0.0116 0.6561 0.9811
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