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Abstract
In this study, we optimized the fabrication of bigel beads using a combination of orthogonal experiments and response surface methodology, with special

focus on refining the gelling bath parameters and extrusion techniques. We systematically investigated the influence of the oil–water phase ratio on the

properties of bigel beads and comprehensively evaluated their performance in simulated oral processing and gastrointestinal digestion. Our key findings

were  that  the  gelling  bath  composed  of  75%  ethanol  and  0%  Tween  at  0  °C  achieved  the  highest  gelation  rate  (0.9882),  while  the  optimal  extrusion

parameters that yielded the maximum sphericity (0.9751) were a pump rate of 0.13 mL/min, height 0.93 cm, and temperature 65 °C. The elevated oil-phase

content significantly enhanced both the particle size and sphericity of the bigel beads, transformed the bigel type from O/W to bi-continuous, and increased

the hardness and cohesiveness. Furthermore, a higher oleogel percentage exacerbated frictional interactions during simulated mastication, compromised

structural  stability,  and  consequently  promoted  the  release  of  free  fatty  acids.  These  results  provide  novel  insights  into  the  fabrication  protocols  and

structure–function relationships of bigel beads, contributing to the development of functional food materials.
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 Introduction
Gels,  defined  as  semisolid  systems  containing  a  liquid  phase

entrapped  within  a  three-dimensional  cross-linked  network,  repre-
sent  a  versatile  class  of  materials  with  diverse  applications[1].  They
are  broadly  classified  into  two  primary  types:  hydrogels,  in  which
water  constitutes  the  liquid  phase,  and  oleogels,  which  utilize
organic  solvents  as  the  dispersed  liquid  component[2].  Building  on
this  framework,  bigels  have  emerged  as  an  innovative  biphasic
material  integrating  both  hydrogel  and  oleogel  phases,  existing
in  three  distinct  structural  configurations—oleogel-in-hydrogel,
hydrogel-in-oleogel,  and  bi-continuous  phases—and  can  be  fabri-
cated  through  a  simple  mixing  process[3,4].  Because  of  the  advan-
tages  of  both  hydrogels  and  oleogels,  such  as  enhanced  stability,
improved  nutritional  profiles,  and  tunable  adaptability  to  diverse
applications,  bigels  have  rapidly  gained  attention  in  recent  scien-
tific and industrial research[5−7].

The  performance  of  bigels  is  deeply  influenced  by  the
hydrogel/oleogel  ratio.  Zheng  et  al.[3] reported  that  bigels  with
higher  oleogel  content  displayed  improved  mechanical  properties,
such  as  an  elevated  storage  modulus,  stiffness,  and  fracture  stress.
Conversely, Martins et al.[8] observed that bigels with higher hydro-
gel  volume  fractions  exhibited  greater  hardness.  These  seemingly
contradictory  findings  underscore  the  complexity  of  bigel  systems,
because  their  performance  is  modulated  not  only  by  component
ratios  but  also  by  interfacial  interactions  and  microstructural
features,  highlighting  the  need  for  systematic  studies  to  unravel
how  bigel  architecture  determines  the  functional  properties.  Gel

beads,  a  well-characterized  spherical  colloidal  system  valued  for
its  consumer  appeal,  bioactive  material  protection  capabilities,
and  potential  in  dysphagia  management[9−11],  has  sparked  wide
interest.

The methods of preparing gel beads, such as extrusion, spray, and
spinning  techniques,  have  been  studied  extensively,  with  simple
dripping  or  extrusion  emerging  as  the  most  widely  used
approach[10].  However, the properties of gel beads are highly sensi-
tive  to  the  fabrication  parameters,  particularly  gelling  bath  condi-
tions  and  extrusion  techniques.  Despite  extensive  research  on
conventional  gel  beads  (e.g.,  calcium  alginate  systems),  in  which
factors  such  as  gelation  temperature,  solution  viscosity,  and  drip-
ping  height  have  been  linked  to  microstructure  and  shape
control[12−14],  studies  focusing  on  bigel  beads  remain  limited.  Criti-
cal gaps persist in understanding how preparation techniques influ-
ence  the  properties  of  gel  beads,  hindering  the  development  of
tailored bigel bead systems. Against this backdrop, the objectives of
this  study  were  twofold:  (1)  optimize  the  preparation  process  to
fabricate  bigel  beads  with  high  gelation  efficiency  and  sphericity
using  orthogonal  experiments  (for  gelling  bath  parameters)  and
response  surface  methodology  (RSM,  for  extrusion  techniques);
and  (2)  characterize  the  key  properties  of  these  optimized  bigel
beads,  such  as  appearance,  microstructure,  mechanical  behavior,
tribological  characteristics,  and in  vitro digestion  behavior,  across
varying  hydrogel/oleogel  ratios.  We  hypothesized  that  an  opti-
mized  preparation  process  would  enhance  the  gelation  rate  and
sphericity  and  variations  in  the  hydrogel/oleogel  ratio  would
significantly  modulate  the  properties  of  bigel  beads.  The  findings
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from  this  work  are  expected  to  expand  the  application  scope  of
bigel  beads  and  advance  the  development  of  novel  functional
food products.

 Materials and methods

 Materials
κ-Carrageenan  was  purchased  from  Azelis  Co.,  Ltd.  (Shanghai,

China).  Beeswax  was  obtained  from  Suzhou  Cross-century
Biotechnology Co., Ltd. (Suzhou, China). Rapeseed oil was provided
by  Yihai  Kerry  Arawana  Holdings  Co.,  Ltd.  (Shanghai,  China).
Tween  20  was  bought  from  Sinopharm  Chemical  Reagent  Co.,  Ltd.
(Shanghai,  China).  Walnut  oil  was  the  product  of  Guanghua
Modern  Agriculture  Co.,  Ltd.  (Kashi,  China).  K2HPO4 was  offered  by
Macklin  Co.  Ltd.  (Shanghai,  China).  NaHCO3,  NaCl,  CaCl2,  HCl,  and
NaOH  were  purchased  from  Beijing  Chemical  Works  Co.,  Ltd.
(Beijing,  China).  Pepsin,  pancreatin,  pancreatic  lipase,  bile  salt,
α-amylase,  and  mucin  were  bought  from  Sigma  Aldrich  (St.  Louis,
MO, USA).

 Preparation of bigel beads
Beeswax  (15%,  w/w)  and κ-carrageenan  (2.0%,  w/w)  were

completely  dissolved  in  rapeseed  oil  and  deionized  water  at
85  °C,  respectively.  Tween  was  added  at  a  final  concentration  of
2.5% (w/w) in emulsions. The oil phase and water phase (in the ratio
2:3) were mixed and homogenized at 65 °C using a T18 Ultra Turrax
mixer (IKA, Germany) at 5,000 rpm for 2 min followed by 7,000 rpm
for 3 min. The emulsions were kept at 65 °C after ultrasonication for
5 min.

To  obtain  bigel  beads,  the  emulsions  were  dropped  through
a  syringe  (1.6  mm  i.  d.)  into  an  ethanol  solution  using  a  peris-
taltic  pump  to  achieve  stable  bead  formation.  Once  the  beads
were  formed,  they  were  kept  in  the  gelling  media  for  30  s  for
cross-linking.  They  were  then  washed  with  distilled  water
three  times  and  dried  before  storing  at  4  °C  for  12  h  for  further
analysis.

 Optimization of the gelling bath
Before  conducting  the  orthogonal  tests,  three  variables  (ethanol

concentration,  bath  temperature,  and  Tween  concentration)
were tested at five levels to analyze the effect of each factor on the
the  gelation  rate  of  bigel  beads  and  determine  the  preliminary
range.  One  factor  was  changed  in  each  experiment.  The  specific
conditions  were  as  follows:  ethanol  concentration  (0,  25%,  50%,
75%,  and  100%),  bath  temperature  (−8, −4,  0,  4,  and  8  °C),
and  Tween  concentration  (0,  0.5%,  1.0%,  1.5%,  and  2.0%).
Subsequently,  the  gelling  bath  was  further  optimized  using
orthogonal  tests  with  three  levels  for  each  factor.  The  experi-
mental  design  for  the  orthogonal  tests  is  given  in Supplementary
Table S1.

 Optimization of the processing technique using
the Box-Behnken design (BBD)

The  effects  of  peristaltic  pump  rate,  dripping  height,  and
transporting  temperature  on  the  sphericity  of  bigel  beads  were
analyzed,  and  three  variables  were  tested  at  five  levels.  One  factor
was  changed  in  each  experiment.  The  specific  conditions  were
as  follows:  peristaltic  pump  rate  (0.05,  0.10,  0.15,  0.20,  and
0.25  mL/min),  dripping  height  (0.5,  1.0,  1.5,  2.0,  and  2.5  cm),

and  transporting  temperature  (60,  65,  70,  75,  and  80  °C).
Subsequently,  BBD was used for structuring the experimental  data.
Response  surface  methodology  (RSM)  was  applied  to  the  experi-
mental  data  using  Design-Expert  and  multiple  regression  analysis
was  performed.  The  initial  range  of  the  three  factors  was  deter-
mined  based  on  the  findings  from  the  single-factor  experiments.
Each  factor  was  assigned  three  levels: −1,  0,  and  1.  Detailed  infor-
mation  on  the  experimental  design  is  provided  in Supplementary
Table S2.

The  statistical  significance  of  the  terms  in  the  regression
equations  was  assessed  using  analysis  of  variance  (ANOVA)  for
each  response.  The  adequacy  of  the  models  was  determined
based  on  model  analysis,  lack-of-fit  test,  coefficient  of  deter-
mination  (R2),  and  adjusted-R2 analysis.  The  correlation  between
the  response  and  independent  variables  can  be  readily  seen  in
the  contour  and  three-dimensional  (3D)  graphic  surface  plots,
providing  insights  into  the  optimum  levels  and  most  influential
variables  for  the  sphericity of  bigel  beads.  The  contour  graphs
illustrated  whether  the  interactions  between  corresponding  vari-
ables  were  significant,  while  the  response  surface  graphs  (3D)
demonstrated  the  change  in  response  values  with  variable
alterations[15].  In  these  graphs,  a  single  variable  was  kept  constant,
enabling variation of the remaining two variables within the experi-
mental parameters.

 Preparation of bigel beads using the optimized
fabrication process

For  improved  density  of  the  network  structure  and  higher  gel
strength,  gelatin (10.0%, w/w) and κ-carrageenan (0.5%, w/w) were
used  in  water  phase[16],  and  walnut  oil  was  used  for  the  oil  phase.
Before homogenizing, the oil phase and water phase were mixed in
the ratios 4:6, 3:7, and 2:8. The emulsions were sterilized at 85 °C for
30 min and dropped from 0.93 cm at 65 °C into a 75% (w/w) edible
alcohol solution at 0 °C to achieve stability, using a peristaltic pump
operated  at  a  speed  of  0.13  mL/min.  The  beads  containing  20%,
30%, and 40% oil phase were denoted as O-2, O-3, and O-4, respec-
tively. A proportion of the beads were added into yogurt and stored
at 4 °C. The other steps were the same as mentioned in "Preparation
of bigel beads".

 Characterization of bigel beads
 Size, sphericity, and gelation rate

The average diameter was obtained by measuring the diameter of
at  least  100  fresh  beads  with  the  software  ImageJ,  and  the  gauss
fitting was performed. The shape of the beads was determined from
the sphericity factor according to Eq. (1):

Sphericity =
dmin

dmax
, (1)

where dmax and dmin are,  respectively,  the  maximum  and  minimum
diameters of the beads.

The gelation rate was calculated according to Eq. (2):

Gelation rate =
m1

m2
, (2)

where m1 and m2 are,  respectively,  the  mass  of  bigel  beads  with
sphericity ≥ 0.75 and the mass of all bigel beads[9].

 Microstructure
An  inverted  confocal  laser  scanning  microscope  (Zeiss  LSM880,

Zeiss,  Inc.,  Germany)  was  used  to  examine  the  distribution  of  oil
droplets in cross sections according to a published method[9].
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 Textural properties
A  uniaxial  compression  test  was  carried  out  on  individual  beads

using  a  CT3  texture  analyzer  (Brookfield,  Middleboro,  MA,  USA)
according to a previous method[9].

 Simulated oral processing and digestion
 Tribology

Bigel  beads  containing  different  percentages  of  oil  phase  were
added  into  yogurt  at  concentrations  of  6%  (w/w)  and  10%  (w/w).
The  composition  of  the  artificial  saliva  was  kept  the  same  as  in
the  previous  study[17].  The  yogurt  containing  bigel  beads  was
homogenized with artificial saliva in the ratio 2:1 (w/w) using a T18
Ultra Turrax mixer to simulate oral processing[18].

A HAKKE MARS iQ Air rheometer (Thermo Scientific Inc., Karlsruhe,
Germany) was used to perform the tribological measurements. A nor-
mal tension of 1.0 N was used. Friction coefficients (μ, unitless) were
recorded at an entrainment speed ranging from 0.1 to 939.8 mm/s[19].

 Free fatty acid release during simulated digestion
Simulated  saliva  contained  0.111  g/L  NaCl,  1.492  g/L  KCl,

3.948  g/L  NaHCO3,  0.278  g/L  CaCl2,  0.096  g/L  MgCl2•6H2O,  1.5  g/L
mucin,  2  g/L α-amylase.  pH  of  the  saliva  was  adjusted  to  6.8  using
1 mol/L HCl. The simulated gastric fluid (SGF, pH 2.0) was composed
of 1 mol/L HCl, 0.2% NaCl (w/w), and 0.32% pepsin (w/w). The simu-
lated  intestinal  fluid  (SIF,  pH  7.0)  was  composed  of  0.68%  K2HPO4

(w/w),  0.8775% NaCl  (w/w),  0.04% pancreatin (w/w),  0.32% pancre-
atic lipase (w/w), and 1% bile salt (w/w).

A  three-stage  digestion  model  was  used.  All  experiments  were
conducted at 37 °C. Mouth phase: The simulated saliva fluid (10 mL)
was  mixed  with  the  bigels  (2.0  g)  to  start  mouth-phase  digestion.
The mixture was incubated for 10 min. Then, 2.5 mL of the mixture
was collected. Gastric phase: 20 mL of SGF was added into the mixed
samples  after  mouth-phase  digestion  to  start  gastric-phase  diges-
tion.  The mixture was incubated for 120 min.  During the simulated
gastric  phase,  the  mixture  was  sampled  (2.5  mL)  every  30  min.
Intestinal  phase:  20  mL  of  SIF  was  added  into  the  mixed  samples
after gastric-phase digestion to start intestinal-phase digestion. The
mixture was incubated for 120 min. During the simulated intestinal
phase,  the mixture  was  sampled (2.5  mL)  every  30 min.  The cumu-
lative  release  rate  of  free  fatty  acid  (FFA)  was  calculated  for  each
sampling time according to Eq. (3):

FFA(%) = 100×VNaOH×mNaOH×Mlipid/(wlipid×2), (3)

where VNaOH is  the  volume  of  NaOH  required  to  neutralize  the  FFA
produced  (L), mNaOH is  the  molarity  of  the  NaOH  used  (in  M),
wlipid is the  total  mass  of  triacylglycerol  oil  initially  present  in  the
digestion cell  (in  g), and Mlipid is  the average molecular  weight of  the
triacylglycerol oil (g/mol)[20].

 Statistical analysis
All measurements were conducted in triplicate, and the resulting

data  were  presented  as  mean  ±  standard  deviation.  SPSS  23  was
used for ANOVA, with a significance level of p < 0.05.

 Results and discussion

 Effect of the gelling bath on bigel beads
To assess the effect of ethanol on the gelation rate of bigel beads,

various  concentrations  were  tested  (Table  1).  The  gelling  bath
without  ethanol  showed  the  lowest  gelation  rate  (0.3323).  Increas-
ing the ethanol concentration to 75% enhanced the gelation rate to
its  maximum  (0.9693),  indicating  that  addition  of  an  appropriate
concentration  of  ethanol  improved  the  gelation  rate.  Literature
suggests  that  ethanol  has  the  ability  to  promote  the  gelation  of
carrageenan  because  of  its  hydrophobic  effect[21,22].  Specifically,
ethanol  stabilized  the  intermolecular  interactions  and  produced
dense strands to facilitate carrageenan assembly, leading to a more
rigid and denser microstructure[22]. Consequently, it enhanced gela-
tinization, thereby improving the shape retention of the bigel beads.
However, when the ethanol concentration reached 100%, the gela-
tion  rate  declined  (0.8474).  This  phenomenon  can  be  attributed  to
ethanol's  osmotic  effect:  the  high  ethanol  concentration  created
osmotic  pressure,  causing  water  to  migrate  from  the  beads  to  the
medium[23].  Consequently,  bead  shrinkage  occurred  and  the  gela-
tion rate was reduced. In the previous study, when the konjac gluco-
mannan (KGM) gel was immersed in ethanol solution, it lost approxi-
mately  70%  of  its  weight  as  the  ethanol  concentration  exceeded
60%[24].  Additionally,  ethanol  could  act  as  a  fixative  that  increased
the  gel's  network  packing  and  chain  entanglement,  further
contributing  to  shrinkage[24].  Therefore,  the  ethanol  concentration
must  be  carefully  controlled  within  an  intermediate  range  to  opti-
mize the sphericity and gelation rate of bigel beads.

As shown in Table 1,  increasing the gelling temperature from −8
to 0 °C enhanced the gelation rate from 0.8418 to a maximum value
of  0.9844.  It  was  probably  because  the  gelling  bath  had  lower
viscosity  at  higher  temperature[25],  and  lower  viscosity  diminished
the  impact  forces  when  droplets  entered  gelling  bath,  thereby
accelerating  gelation  and  promoting  the  formation  of  regular
beads[12].  Similarly,  studies  confirmed  that  elevated  temperature
improved the sphericity  of  alginate-based hydrogel  beads  because
of  viscosity  reduction[26].  However,  when  temperature  was  further
increased to 8 °C, the gelation rate was declined to a minimum value
(0.6391). This phenomenon occurred because too high temperature
reduced the structural cohesiveness of droplets, impairing their abil-
ity to maintain shape integrity in the gelling bath[27].

To  evaluate  Tween's  effect  on  gelation  rate,  various  concentra-
tions were tested (Table 1).  Increasing Tween concentration from 0
to  2.0%  progressively  reduced  the  gelation  rate  from  0.9856  to
0.8076, indicating that the addition of Tween reduced the sphericity
and  gelation  rate  of  the  beads.  Surfactants  could  destabilize  bigel
beads,  which seemed to be contradictory to the empirical  relation-
ship that surfactants contributed to the formation of homogeneous
and  regular  particles.  Specifically,  surfactant  could  diffuse  into
droplets,  and  fluidize  or  re-dissolve  newly  formed  gel  through
broken intermolecular interaction of carrageenan, forming a sparse
gel structure that was easy to collapse[28]. Furthermore, according to
Samui  et  al.[29],  surfactants  like  glycerol  monostearate  (GMS)  could

 

Table 1.  Single-factor experimental results of the gelation rate.

Factors 1 2 3 4 5

Ethanol concentration 0.3323 ± 0.0095 0.6511 ± 0.0145 0.8538 ± 0.0035 0.9693 ± 0.0089 0.8474 ± 0.0213
Gelling bath temperature 0.8418 ± 0.0191 0.9777 ± 0.0019 0.9844 ± 0.0037 0.9795 ± 0.0147 0.6391 ± 0.0099
Tween concentration 0.9856 ± 0.0099 0.9848 ± 0.0043 0.9431 ± 0.0047 0.8795 ± 0.0021 0.8076 ± 0.0758

Numbers 1 to 5 represent different levels of factors.
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interfere with the water/oil stability and induce oil leakage in bigels,
which weakened the stabilization of  gel  structure and was harmful
to gelation rate as well.

As shown in Table 2, the factors that influenced gelation rate were
ranked  as  follows:  ethanol  concentration  had  the  greatest  effect,
followed  by  bath  temperature,  and  finally,  Tween  concentration.
Gelling bath composed of 75% ethanol and 0% Tween at 0 °C effec-
tively increased the gelation rate to 0.9882.

 Effect of extrusion techniques on bigel beads
 Analysis of single-factor experimental results

Figure  1a illustrates  the  effect  of  peristaltic  pump  rate  on  the
sphericity of bigel beads. As the peristaltic pump rate was increased
from  0.05  to  0.10  mL/min,  the  sphericity  was  improved  from
0.95  to  the  highest  value  of  0.98.  We  found  that  at  low  rates  (e.g.,
0.05 mL/min), droplets exhibited a long residence time at the tip of
the  syringe  needle.  During  this  period,  the  emulsion  temperature
was decreased,  which caused premature droplet  solidification.  This
resulted  in  irregular  bead  shapes  and  frequent  blockages  of  the
needle  tip,  both  of  which  contributed  to  the  lower  sphericity.  In
contrast,  emulsions  transported  at  a  higher  rate  (0.10  mL/min)
dripped  smoothly,  yielding  beads  with  regular  shapes.  However,
further  increase  in  pump  rate  beyond  0.10  mL/min  reduced  the
sphericity. This decline can be attributed to the increase in momen-
tum of droplets caused by the very high velocity, leading to greater
impact  forces  between  the  droplets  and  the  gelling  bath[12].
Consequently,  droplets  deformed  more  significantly,  adversely

affecting their spherical morphology. Based on these results, subse-
quent  experiments  used  peristaltic  pump  rates  between  0.05  and
0.15 mL/min.

Figure 1b depicts the influence of dripping height on the spheric-
ity of bigel beads. The sphericity was increased from 0.90 to a maxi-
mum  value  of  0.96  as  the  height  rose  from  0.5  to  1.0  cm,  but
declined  continuously  as  the  height  was  further  increased.  Litera-
ture indicates that falling droplets would assume different shapes in
three  stages:  tear  shape,  egg  shape,  and  spherical  shape[13].  At
a  shorter  height  (e.g.,  0.5  cm),  the  droplets  would  detach  in  a
tear-shaped  form.  This  morphology  was  partially  retained  upon
impact with the gelling bath, which yielded beads with distinct tails
and  reduced  sphericity[12].  A  longer  falling  distance  allowed  the
surface tension to reshape the droplets  toward attaining sphericity
before  impact,  leading  to  the  sphericity  improvement  at  1.0  cm.
However, further increase in the falling distance (> 1.0 cm) imparted
greater  momentum  to  the  droplets,  and  the  resulting  intensified
impact  with  the  gelling  bath  overcame  stabilizing  forces,  causing
pronounced  shape  deformation  and  consequent  reduced
sphericity[12,23].  Based  on  these  findings,  subsequent  experiments
used dripping heights between 0.5 and 1.5 cm.

Figure  1c shows  the  impact  of  transporting  temperature  on  the
sphericity  of  bigel  beads.  The  sphericity  was  increased  as  the
temperature was increased from 60 to 65 °C. This enhancement can
be  attributed  to  the  delay  in  emulsion  solidification  caused  by  the
higher  temperature  at  the  syringe  needle  tip,  which  facilitated
droplet formation. However, temperatures exceeding 65 °C resulted
in  declined  sphericity.  This  decline  likely  resulted  from  the
decreased viscosity  and consequent  structural  stability  of  the bigel
at  elevated  temperatures[14,27],  which  impaired  the  ability  of
droplets  to  withstand  impact  forces  upon  contacting  the  gelling
bath.  Based on these results,  the transporting temperature  was  set
between 60 and 70 °C in subsequent experiments.

 RSM model
RSM  was  applied  using  the  BBD  model.  The  test  design  com-

binations  and  their  corresponding  response  values  are  listed  in
Table  3.  The  results  illustrated  that  the  sphericity  of  bigel  beads
ranged  from  0.7525  to  0.9771.  The  highest  sphericity  (0.9771)  was
achieved under refined conditions:  0.10 mL/min pump rate,  1.0 cm
height, and 65 °C.

The  quadratic  model  for  sphericity  involving  the  various  factors
was expressed as follows:

Sphericity  = −3.73427 − 0.590190A  +  2.02845B  +  0.116845C  +
0.300144AB + 0.021199AC − 0.018889BC − 4.32229A2 − 0.456464B2 −
0.00078C2

 

Table 2.  Orthogonal array design and analysis on the gelation rate.

Sample
runs

Factors
Gelation

rateEthanol
concentration (%)

Gelling bath
temperature (°C)

Tween
concentration (%)

1 50 −4 0 0.7799
2 50 0 0.5 0.8679
3 50 4 1 0.5948
4 75 −4 0.5 0.9727
5 75 0 1 0.9766
6 75 4 0 0.9483
7 100 −4 1 0.7685
8 100 0 0 0.9434
9 100 4 0.5 0.8276
k1 2.2426 2.5211 2.6716
k2 2.8976 2.7879 2.6682
k3 2.5395 2.3706 2.3399
R 0.2184 0.1391 0.1106
Rank 1 2 3
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Fig. 1  Single factor experimental results for RSM.
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where A, B, and C represents the peristaltic pump rate, dripping height
of emulsions, and transporting temperature, respectively. The absolute
values of the coefficients in the equation directly reflect the influence
of  each  factor  on  the  indicator  values[30].  A  positive  sign  signifies  a
synergistic effect and a negative sign indicates an antagonistic effect of
the  variables[31].  Linear  variables  (B,  C)  and  interaction  terms  (AB,  AC)
had a positive effect on sphericity, whereas the linear variable (A), other
interaction term (BC), and second-order terms (A2, B2, C2) had negative
effects.

ANOVA was applied to confirm the reliability and suitability of the
model (Table 4). The model was highly significant (p < 0.0001) with
a  nonsignificant  lack  of  fit  (p =  0.0546  >  0.05),  indicating  strong
alignment  between  the  regression  and  experimental  data[32].  The
predicted R2 (0.9343) closely matched the adjusted R2 (0.9888) as the
difference  between  them  was  less  than  0.2.  This  implied  effective
explanatory  and  predictive  capabilities,  and  allowed  the  analysis
and  prediction  of  sphericity  using  this  model[30,32].  The  results
showed that the linear terms A and B,  the interaction term BC, and
the  quadratic  terms  B2 and  C2 had  a  highly  significant  effect  (p <
0.01).  The linear  term C and the quadratic  term A2 were  significant

(p <  0.05),  while  other  variables  lacked  statistical  significance.
F-value analysis revealed that the order in which the factors affected
the sphericity was dripping height (B)  > peristaltic  pump rate (A)  >
transporting temperature (C).

Figure  2a demonstrates  the  relationship  between  sphericity,
dripping  height,  and  transporting  temperature  at  a  constant
peristaltic pump rate of 0.10 mL/min. When the dripping height was
below  0.8  cm,  the  sphericity  of  bigel  beads  was  increased  with
transporting  temperature  (from  60  to  70  °C).  Conversely,  heights
exceeding  1.2  cm  reduced  the  sphericity.  These  results  high-
lighted  the  importance  of  adjusting  the  dripping  height  to  maxi-
mize  the  sphericity.  The  elliptical  contours  in  the  2D  plot  indicate
significant  interactions  between  the  dripping  height  and  trans-
porting  temperature[31].  This  observation  aligned  with  the  ANOVA
results  (Table  4),  which  identified  their  interaction  (term  BC)  as
highly significant.

Figure 2b illustrates the effect of peristaltic pump rate and trans-
porting  temperature  on  sphericity  at  a  fixed  dripping  height  of
1.0 cm. The response surface exhibits a relatively flat slope, indicat-
ing negligible interaction between peristaltic  pump rate and trans-
porting  temperature[33],  which  was  consistent  with  the  variance
analysis  results.  Within  optimal  ranges,  both  increased  pump  rate
and  transporting  temperature  enhanced  the  sphericity  of  bigel
beads. However, exceeding these thresholds reduced the sphericity,
demonstrating the importance of parameter optimization.

Figure  2c depicts  the  relationship  between  sphericity,  peristaltic
pump  rate,  and  dripping  height  at  a  constant  transporting  tem-
perature of 65 °C. Sphericity was increased with dripping height up
to 0.8 cm but decreased at greater heights. However, a minor diffe-
rence was observed when the peristaltic pump rate was changed.

These results  demonstrated that optimizing the peristaltic  pump
rate,  dripping  height,  and  transporting  temperature  improved  the
sphericity  of  bigel  beads.  Considering  practical  feasibility,  the
parameters were set to 0.13 mL/min (pump rate), 0.93 cm (dripping
height),  and  65  °C  (transporting  temperature).  To  evaluate  the
model's  predictive  accuracy,  verification  experiments  were  con-
ducted  under  these  optimized  conditions.  The  resulting  sphericity
(0.9751)  differed  by  only  1.59%  from  the  predicted  value,  confirm-
ing strong model reliability and precision.

In  subsequent  study,  bigel  beads  were  prepared  using  an  opti-
mized gelling bath and extrusion techniques.

 

Table 3.  Experimental runs, and coded factors with the experimental response
factor in the application of response surface methodology (RSM).

Run A, peristaltic pump
rate (mL/min)

B, dropping
height (cm)

C, transport
temperature (°C)

Y,
sphericity

1 0.05 0.5 65 0.8867
2 0.15 0.5 65 0.9010
3 0.05 1.5 65 0.7813
4 0.15 1.5 65 0.8256
5 0.05 1 60 0.9514
6 0.15 1 60 0.9562
7 0.05 1 70 0.9198
8 0.15 1 70 0.9457
9 0.1 0.5 60 0.8330
10 0.1 1.5 60 0.8532
11 0.1 0.5 70 0.9211
12 0.1 1.5 70 0.7525
13 0.1 1 65 0.9715
14 0.1 1 65 0.9771
15 0.1 1 65 0.9757
16 0.1 1 65 0.9671
17 0.1 1 65 0.9764

 

Table 4.  Analysis of variance (ANOVA) for the fitted quadratic polynomial model for optimization of extraction parameters.

Source Sum of squares Degree of freedom Mean square F-Value p-Value Significance

Model 0.0831 9 0.0092 158.45 < 0.0001 **
A 0.001 1 0.0010 17.12 0.0044 **
B 0.0135 1 0.0135 232.08 < 0.0001 **
C 0.0004 1 0.0004 6.40 0.0393 *
AB 0.0002 1 0.0002 3.86 0.0901 NS
AC 0.0001 1 0.0001 1.93 0.2077 NS
BC 0.0089 1 0.0089 152.99 < 0.0001 **

A2 0.0005 1 0.0005 8.43 0.0229 *
B2 0.0548 1 0.0548 940.42 < 0.0001 **
C2 0.0016 1 0.0016 27.48 0.0012 **
Residual 0.0004 7 0.0001
Lack of fit 0.0003 3 0.0001 6.24 0.0546 NS
Pure error 0.0001 4 0
Corresponding total 0.0836 16

R2 0.9951
R2 (adjusted) 0.9888

Probability of F-test: ** p < 0.01; * p < 0.05; NS, nonsignificant difference.
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 Characterization of bigel beads
 Appearance and microstructures of the bigel beads

Figures  3 and 4 show  the  appearance  and  size  distributions
of  bigel  beads.  O-2  had  a  sphericity  of  0.85  and  showed  an

inhomogeneous  size  distribution  with  the  smallest  average  dia-
meter  (2.57  mm).  As  the  oil-phase  proportion was  increased,  sphe-
ricity was significantly increased and size distribution was sharpened,
and  the  maximum  sphericity  (0.94)  and  largest  average  diameter
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Fig. 2  Three-dimensional response surface and corresponding two-dimensional contour plots.
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(2.91 mm) were reached in O-4. These results suggested that higher
oil  content  increased  both  the  sphericity  and  particle  size  of  bigel
beads.  According to  Yang et  al.[9],  oleogel-rich  emulsions  exhibited
substantially  higher  viscosity.  Such  elevated  viscosity  helped  the
droplets  overcome  the  impact  forces  upon  contacting  the  gelling
bath,  maintaining  a  spherical  morphology  and  thereby  improving
the  sphericity[12].  Relevant  literature  also  confirmed  that  higher
viscosity could lead to larger diameter of alginate-based beads[34].

Confocal laser scanning microscope (CLSM) observation revealed
the microstructural  evolution of  bigel  beads as  the oil  content  was
increased  (Fig.  5).  O-2  exhibited  an  oleogel-in-hydrogel  structure
characterized by finely dispersed oil droplets with small size. Increas-
ing the oil  phase to 30% induced obvious droplet  coalescence and
larger oil domains, consistent with literature findings that higher oil
proportion  led  to  larger  mean  droplet  size  and  closer  packing  of
droplets[35].  When  the  oleogel  concentration  reached  40%,  the  oil
phase became continuous and the two phases mutually interpene-
trated.  The  absence  of  a  distinct  dispersed  phase  indicated  the
development of bi-continuous structures[3].

 Mechanical properties of the bigel beads
Texture  analysis  was  conducted  to  evaluate  the  mechanical  pro-

perties of  bigel  beads.  As shown in Fig.  6,  the lowest hardness was
observed in O-2 (0.17 N). As the oleogel fraction was increased from
20%  to  40%,  hardness  progressively  increasedto  the  maximum
value (0.22 N). These results indicated that a higher oleogel content
increased the hardness  and degree of  structuration of  bigel  beads.

Such  enhancements  in  the  mechanical  properties  of  the  bigel
systems  can  be  attributed  to  the  reinforcement  of  the  entire
network caused by the interaction between the oil phase and gelled
water  droplets  trapped  in  the  matrix,  which  strengthened  the
gel[3,8,36].  Samui  et  al.[29] also  reported  that  the  hardness  of  bigels
containing gelatin hydrogels and GMS oleogels was enhanced with
the increase in oleogel ratio.

Cohesiveness reflects the ability of bigel beads to maintain struc-
tural  integrity  against  deformation,  indicating  internal  bond
strength  and  post-deformation  structural  stability[37,38].  Increasing
the oleogel percentage from 30% to 40% significantly enhanced the
cohesiveness  from  0.36  to  0.62  (an  increase  of  72.2%),  indicating
improved three-dimensional network formation and consistency[39].
This  enhancement  stemmed  from  the  strengthened  attractive
forces between the hydrogel and oleogel phases and strong interac-
tions  between  the  oleogelator  molecules,  especially  at  higher  oil-
phase  concentrations[40].  Similarly,  Shahid  et  al.[41] reported  an
increase in the cohesiveness of  GMS-bakla starch bigels  from 36.06
to  100.51  with  increase  in  oleogel  content.  Notably,  no  significant
difference  in  cohesiveness  was  observed  as  the  oil-phase  fraction
was  increased  from  20%  to  30%.  This  threshold  effect  was  likely
because  of  the  insufficient  network  reinforcement  below  30%
oleogel concentration.

 Simulated oral processing and digestion
 Tribological characterization of the bigel beads

The  tribological  properties  of  bigel  beads  during  simulated  oral
processing were evaluated using saliva–yogurt systems (containing
6%  [w/w]  and  10%  [w/w]  bigel  beads,  respectively),  which  were
selected  because  of  the  good  taste  and  consumer  acceptance  of
yogurt  containing  gel  beads.  As  shown  in Fig.  7,  all  samples  exhi-
bited  classical  Stribeck  curves  with  distinct  boundary,  mixed,  and
hydrodynamic  regions,  consistent  with  the  tribological  behavior
reported  for  glucomannan–gelatin/stearic  acid  bigels[20].  In  the
boundary  region,  the  friction  was  dependent  on  the  properties  of
the  lubricating  film  and  the  surface  asperities  rather  than  the
entrainment  speed.  Higher  friction  coefficients  were  observed
because it was difficult to entrain the bigel fragments after homoge-
nization into the contact surfaces at such low sliding speed to form a
lubricating film layer on the surface[41]. In the mixed regime, increas-
ing  sliding  speed  reduced  friction  coefficients  to  minimum  values.
Relevant  literature  has  confirmed  that  negative  pressure  between
plates  improves  sample  entrainment  to  form  a  lubricating  film,
consequently  reducing  frictions.  As  the  sliding  speed  continued  to
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rise  (> 200  mm/s),  friction  coefficients  were  increased  as  the  tribo-
logical behavior entered the hydrodynamic region[19].  At this stage,
the tribological behavior was governed by the rheology of mixtures
(oil  droplets,  saliva,  and  yogurt)  entrained  into  the  contact
surfaces[17].  The  friction  coefficients  were  increased  because  of  the
adhesion  of  mucin/other  saliva  proteins  on  the  PDMS  surface  and
the higher viscosity due to the tightly packed droplets[17,19,41].

The  friction  coefficients  at  20  mm/s  (F20)  and  100  mm/s  (F100)
represented  low  and  high  chewing  intensity  scenarios,
respectively[42].  Notably,  both F20 and F100 were  increased  with
higher  oleogel  percentage,  indicating  that  greater  friction  corre-
lated  with  increased  oil  content.  This  aligned  with  our  previous
finding  that  elevated  oleogel  content  increased  system  viscosity[9].
Viscous  systems  exhibited  greater  interfacial  resistance  during
sliding  and,  consequently,  higher  friction  coefficients[19],  which  led
to a potential sticky sensation.

 In vitro digestion behavior of the bigel beads
As  shown  in Fig.  8,  after  10  min  of  processing  in  artificial  saliva,

all  bigel  samples  retained  intact  structures  with  clear  surrounding
solutions. Minimal FFA was released due to the short oral residence

(Fig.  9).  During  SGF  digestion,  significant  bead  swelling  and  frag-
mentation occurred. O-4 samples were completely degraded and no
intact  gel  structures  were  observed  after  a  1-h  SGF  digestion,
yielding  turbid  fluid  from  undigested  oil  and  mixed  micelles[43].
O-2  and  O-3  partially  maintained  spherical  structures  with  dis-
cernible  boundaries.  Flocculated  and  aggregated  clusters  of  the
samples were observed after digestion, indicating partial disintegra-
tion of the gel network[43].  Such difference in structure stability can
be  attributed  to  the  strengthening  of  networks  against  gastric
conditions  by  the  higher  carrageenan  content  (in  the  water-rich
O-2  and  O-3)[44],  thereby  leading  to  lighter  structural  deformation.
O-4 exhibited the highest gastric FFA release (10.42%). Gel network
fragmentation  and  deformation  could  influence  the  release  of
FFA[9].  In  appearance, O-4  had  the  most  severe  structural  damage,
which  allowed  further  contact  between  the  oil  droplets  and  pan-
creatic  lipase[45],  consequently  resulting  in  the  highest  FFA  release
percentage.

After  approximately  2  h  in  SIF,  all  beads  showed  complete
structural  disintegration  with  no  residual  gel  clumps,  indicating
substantial  network disruption.  This  was in line with the study of  Liu
et  al.[44],  confirming  severe  structural  damage  during  SIF  digestion.

 

a b

Fig. 7  Tribological properties of bigel beads. (a) 6% (w/w) and (b) 10% (w/w) bigel beads were added to yoghurt, respectively.

 

Fig.  8  In  vitro digestion  behavior  of  bigel  beads.  AS,  SGF,  and  SIF  stand  for  artificial  saliva,  simulated  gastric  fluid,  and  simulated  intestinal  fluid,
respectively.
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FFA  release  during  SIF  digestion  featured  an  initial  rapid  surge
followed  by  a  slower  release.  Notably,  O-4  exhibited  the  highest
cumulative FFA release (33.40%). This increased release resulted from
two  key  factors:  (1)  pancreatic  lipase  required  diffusion  through  the
hydrogel  network  to  access  the  oil  droplets[45],  and  (2)  the  hydrogel
phase  inherently  retarded  the  lipolysis  reaction  by  impeding
lipase–oil contact[20]. As shown in the microstructure observation, the
structure  of  O-4  transitioned  from  O/W  to  bi-continuous  ("Appear-
ance  and  microstructures  of  the  bigel  beads"),  which  weakened  the
protective  barrier  of  the  hydrogel  at  lower  hydrogel  contents.  This
facilitated  enzyme  diffusion  into  the  hydrogel  matrix  and  FFA  diffu-
sion out of the matrix[11,43], explaining the elevated FFA release of O-4.
These  results  underscored  the  hydrogel  network's  critical  role  as  a
diffusion barrier[45].

 Conclusions
In  this  study,  we  reported  the  optimization  of  the  preparation

process of bigel beads through the integration of orthogonal experi-
ments  and  RSM.  By  optimizing  the  gelling  bath  parameters  and
extrusion  techniques,  we  significantly  enhanced  both  the  gelation
efficiency  and  sphericity  of  bigel  beads.  Notably,  the  oil–water
phase ratio exerted a profound influence on bead structure, physic-
ochemical  properties,  and  performance  during  simulated  oral
processing  and  gastrointestinal  digestion.  An  increased  oil-phase
proportion  led  to  larger  particle  size,  improved  sphericity,  greater
hardness,  and  enhanced  cohesiveness.  These  structural  modifica-
tions, in turn, elevated frictional interactions during simulated masti-
cation while compromising the bead's structural stability, ultimately
resulting in a significantly accelerated release of free fatty acids. This
work  provides  novel  insights  into  the  fabrication  protocols  and
structure–function  relationships  of  bigel  beads.  Future  investi-
gations  may  focus  on  integrating  these  beads  into  complex  food
matrices  and  evaluating  the  bioavailability  of  encapsulated  bio-
active compounds.
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