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Tween emulsifiers improved alginate-based dispersions and
ionic crosslinked milli-sized capsules
Yulu Zheng1,2, Ye Zi2, Cuiping Shi1, Huan Gong2, Hongbin Zhang3, Xichang Wang2 and Jian Zhong 1,2✉

The blending of surfactants might change the properties of alginate-based oil encapsulation preparations. Herein, the effects of
Tween series (Tween 20, 40, 60, and 80) blending on the fish oil-encapsulated sodium alginate dispersions and calcium alginate
capsules were studied. The results suggested Tween 80 showed better emulsifying properties than Span 80 for the alginate/
surfactant emulsions. All the Tween series induced higher creaming stability than the sodium alginate-stabilized dispersion. Tween
series blending did not change the sizes, decreased the water contents, and induced similar particle-like protrusions of calcium
alginate capsules. Loading capacity and encapsulation efficiency of fish oil were dependent on the hydrophilic heads and fatty acid
moieties of the Tween series. Tween series blending could increase the fish oil oxidative stability of the capsules. In the in vitro
digestion process, Tween with saturated fatty acid moieties increased the free fatty acid release percentages. This work provided
potential innovative processing technologies for improving the biological potency of fish oil.
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INTRODUCTION
Alginates are anionic natural polysaccharide salts of alginic acid
from brown marine algae and two bacteria genera1. Due to their
significant advantages (e.g., good renewability, biodegradation,
antimicrobial activity, gelation capacity, and easy processing
ability), alginates have been widely explored and used in the
fields of tissue engineering, drug delivery, textile, cosmetics, and
food science2. Especially, they have been widely explored as
encapsulation materials to improve the stability or mask the
unideal aroma of functional substances such as oil3, probiotics4,
and flavor substances5.
Common oil encapsulation preparations include liquid disper-

sions6 and solid preparations (e.g., capsules)7. All liquid dispersions
are thermodynamically unstable by nature8. The solid prepara-
tions are generally based on the ionic crosslinking of alginates
with different cations such as Ca2+ 9. Calcium alginate capsules
have been developed to encapsulate fish oil for protecting them
against environments and isolating the fishy taste. Core–shell
calcium alginate capsules were developed by a coaxial electro-
spraying technique to encapsulate fish oil/β-carotene10. External
gelation-based multicore calcium alginate capsules were devel-
oped by a monoaxial electrospraying-external gelation technique
to encapsulate fish oil11,12. In addition, internal gelation-based
multicore calcium alginate capsules were developed by a
monoaxial electrospraying-internal gelation technique to encap-
sulate fish oil13.
The multicore oil solid preparations generally included the

preparation of oil emulsions/dispersions and then the gelation
from the oil/water interface materials of the emulsions/dispersions
to the wall materials of solid preparations. Oil-in-water emulsion is
an important food system to disperse small oil droplets in water
using emulsifiers14,15. Oil-in-water dispersion is a system to

disperse small oil droplets in water using substances that are
not emulsifiers16. The properties of the obtained oil encapsulation
preparations are mainly dependent on the oil/water interface
materials of liquid dispersions and wall materials of solid
preparations. Therefore, the molecular blending of encapsulation
materials by other chemicals such as polymers and small
molecular surfactants might be an important strategy to improve
the properties of alginate-based oil encapsulation preparations17.
Surfactants could improve the properties of alginate-based oil

encapsulation preparations. Our recent work suggested that
different Span surfactants (Span 20, 40, 60, and 80) had different
effects on the fish oil-loaded alginate-based dispersions and
capsules18. Tween series are typical small molecular surfactants for
emulsion stabilization19,20. Though some food additives might
induce gut microbiota dysfunction21, side effects of Tweens are
occasionally reported in 1986 when Tweens were administrated
intravenously with Vitamin E to low-birth weight infants22.
Therefore, Tweens are generally recognized as safe and widely
used as emulsifiers in food and pharmaceutics23. Tween 20 could
increase the stability of dodecane-loaded alginate-based disper-
sions24. Tween 20 and 80 could increase the stability of sacha inchi
oil-loaded alginate-based dispersions25. However, this work found
that the emulsions with Tween 80 were not preferred for capsule
preparation due to drop agglomerates25.
Tween series are typical amphiphilic small molecules with

similar hydrophilic heads and different hydrophobic fatty acid
moieties, as shown in Fig. 126. The hydrophilic and polar head
consisted of a sorbitan ring connecting up to 4 polyoxyethylene
(CH2CH2O) chains with variable lengths, and the fourth chain was
esterified with hydrophobic fatty acid moieties27. The total
number of polyoxyethylene subunits is 20 (x+ y+ z+w= 20).
The fatty acid moieties for Tween 20, Tween 40, Tween 60, and
Tween 80 are lauric acid, palmitic acid, stearic acid, and oleic acid,
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respectively. The molecular formulae of them are C18H34O6(CH2-
CH2O)20, C22H42O6(CH2CH2O)20, C24H46O6(CH2CH2O)20, and
C24H44O6(CH2CH2O)20, respectively. Therefore, Tween series are
good emulsifiers to analyze the effect of the chemical structure of
the hydrophobic moieties structure on the properties of alginate-
based oil encapsulation preparations.

RESULTS AND DISCUSSION
Analyses of sodium alginate/Tween 80-stabilized emulsions
Sodium alginate/Tween 80-stabilized emulsions were prepared
with different concentrations and were observed during the
storage at room temperature, as shown in Fig. 2. The freshly
prepared emulsions were in milk white, which was similar to the
fish oil-loaded alginate/Span-stabilized emulsions18. When the
Tween 80 concentrations were 10 (Fig. 2A, E, and Supplementary
Figure S1A) and 20 (Fig. 2B, F, and Supplementary Fig. S1B) g/L,
the CI values increased with time and decreased with sodium
alginate concentration. Moreover, ≥ 20 g/L of alginate induced
zero CI values even after 30 h storage. When the concentration
was 10 g/L (Fig. 2C, G, and Supplementary Fig. S1C), the CI values
increased with time and Tween 80 concentrations showed no
obvious effects on the CI values. When the concentration was
20 g/L (Fig. 2D, H, and Supplementary Fig. S1D), the CI values were
zero even after 30 h and Tween 80 concentrations showed no
obvious effects on the CI values. Therefore, sodium alginate

concentration had higher effects on the emulsion stability than
Tween 80 concentration.
The alginate/Tween 80 emulsions exhibited different behaviors

(emulsion fluidity and creaming) to the alginate/Span 80
emulsions in our previous work18. It was interesting that no
hollow holes with similar sizes to the 10-mm homogenizer head
were present in the middle of all the emulsions (Images were not
shown). The fluidity of alginate/Span 80 emulsions might decrease
with the increasing concentrations of Span 80 and sodium
alginate, and therefore the emulsions had hollow holes at
relatively high emulsifier concentrations18. The interaction
between Tween 80 and sodium alginate did not increase the
fluidity of the emulsions even at high amounts of the emulsifier,
which was different from Span 80. The sodium alginate/Tween 80-
stabilized emulsions with 20 g/L of alginate and ≤ 10 g/L of Tween
80 (Fig. 2D) showed less CI values at 30 h than the alginate/Span
80 emulsion at the same concentrations in our previous work18.
Therefore, Tween 80 might be the better emulsifier than Span 80
due to no obvious fluidity change and high creaming stability.

Analyses of sodium alginate/Tween-stabilized emulsions
Sodium alginate/Tween-stabilized emulsions were observed dur-
ing the storage, as shown in Fig. 3. All the freshly prepared
emulsions were in milk white and did not show obvious creaming.
They were consistent with the sodium alginate/Tween 80-
stabilized emulsions at different emulsifier concentrations
(Fig. 2). All the emulsions consisted of microscale emulsions
droplets (Fig. 3B). The sodium alginate dispersion showed
quadrimodal droplet size distribution and some dispersion
droplets with > 25 μm of sizes (Fig. 3C and Supplementary Figure
S2A), which was similar to our previous publication18. The use of
Tween significantly decreased the droplet sizes and modal
distribution numbers (Fig. 3B, C, and Supplementary Figure
S2B–E). Tween 20 induced monomodal droplet size distribution
and others induced bimodal droplet size distribution.
With time, the droplets of the sodium alginate/Tween did not

show obvious size changes (Fig. 3B), whereas showed significant
creaming during the storage (Fig. 3A, D). All the sodium alginate/
Tween-stabilized emulsions showed lower CI values than the
sodium alginate-stabilized dispersion. For the dispersions or
emulsions consisting of micron spherical droplets, CI is dependent
on the move rate of the droplet (Vstokes)28,29.

Vstokes ¼ � 2 ´Gravity acceleration ´ Initial droplet radius2 ´ Droplet density �Water phase densityð Þ
9 ´Water phase viscosity

(1)

Droplet density�Droplet core density

þ 3 ´ Interfacial layer thickness ´ ðInterfacial layer density�Droplet core densityÞ
Initial droplet radius

(2)

The presence of Tween on the interfaces decreased the initial
droplet sizes (Fig. 3B, C): sodium alginate/Tween 20 < sodium
alginate/Tween 40 ≈ sodium alginate/Tween 60 < sodium algi-
nate/Tween 80 < sodium alginate. However, due to the differences
in fatty acid moieties (Fig. 1), the droplet core density and droplet
density might be sodium alginate < sodium alginate/Tween
20 < sodium alginate/Tween 40 < sodium alginate/Tween
80 < sodium alginate/Tween 60. According to Equations (1 and
2), the CI values increased with the increase of the initial droplet
radius (major factor) and the decrease of the droplet density
(minor factor). Therefore, the final CI values were (Fig. 3D): sodium
alginate/Tween 40 < sodium alginate/Tween 20 < sodium algi-
nate/Tween 60 < sodium alginate/Tween 80 < sodium alginate. It
should be noted that the sodium alginate/Tween-stabilized
emulsions showed lower creaming stability than sodium algi-
nate/Span 60- and sodium alginate/Span 80-stabilized
emulsions18.

Fig. 1 Molecular chemical structures of Tween series. The total
number of polyoxyethylene subunits is 20 (x+ y+ z+w= 20).
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Analyses of calcium alginate/Tween capsules
By extruding sodium alginate/Tween-stabilized emulsions into
CaCl2 solution, millimeter calcium alginate/Tween capsules could
be prepared (Fig. 4A: Before). The capsules were white, which was
consistent with sodium alginate/Span capsules18. The size of
calcium alginate capsules was 2.55 ± 0.14 mm (Fig. 4B), which was
similar to our previously prepared calcium alginate capsules18. The
calcium alginate/Tween capsules showed similar sizes to the
calcium alginate capsules and seems not to be dependent on the
Tween series (Fig. 4B): Tween 20 (2.59 ± 0.14 mm) ≈ Tween 40
(2.60 ± 0.11 mm) ≈ Tween 60 (2.49 ± 0.12 mm) ≈ Tween 80
(2.61 ± 0.13 mm). Therefore, the presence of the Tween series in
the capsules did not change the capsule sizes.
The water content percentages were determined by heating the

capsules at 103 ± 1 °C for 2 h. After the heating process, the
calcium alginate capsules became slightly yellow, whereas the
calcium alginate/Tween capsules became bright yellow (Fig. 4A:
After), which was different from the brown-yellow color of the
electrosparyed capsules11,13. The capsules were not destroyed,
which suggested that the Tween series could promote the
diffusion of fish oil from the inner core to the surface of the
capsules during the heating process. Further, as shown in Fig. 4C,
the Tween series could decrease the water contents of the
capsules (Significant difference < 0.05): calcium alginate capsules
(59.5 ± 0.2%) > calcium alginate/Tween 80 capsules (56.1 ± 0.1%) ≈
calcium alginate/Tween 40 capsules (55.8 ± 0.2%) ≈ calcium
alginate/Tween 20 capsules (55.3 ± 0.6%) > calcium alginate/
Tween 80 capsules (54.1 ± 0.8%). It might result from the Tween
blending-induced mass increase of the capsules.

According to the SEM images of the surface and section of the
capsules, wrinkle-like protrusions appeared (Fig. 5: Control). It was
consistent with our previous work18. The calcium alginate/Tween
capsules showed similar particle-like protrusions. They were
different from the calcium alginate/Span series capsules18. There-
fore, the Tween series might be the main reason for the formation
of the particle-like protrusions. Considering the Tween series had
similar hydrophilic heads and different hydrophobic fatty acid
moieties (Fig. 1)26, the hydrophilic heads might be the main
reason for the formation of the particle-like protrusions for the
calcium alginate/Tween capsules.

LC, EE, and oil oxidative stability of calcium alginate/Tween
capsules
As shown in Fig. 6A, the LC values of the capsules were dependent
on the Tween series (Significant difference < 0.05): Tween 20,
Tween 40, and Tween 60 induced lower LC values than the
calcium alginate capsules, whereas Tween 80 induced similar LC
change to the calcium alginate capsules. The differences might
result from the co-effect between Tween-induced mass increase
and water content change-induced mass decrease (Fig. 4C) in the
capsules. According to the average values, the LC values were
dependent on both the hydrophilic heads and the fatty acid
moieties of the Tween series: (i) The introduction of the Tween
hydrophilic heads decreased the LC values; (ii) The LC values
increased with the increase of molecular weights and double
bond amounts of the fatty acid moieties. The LC values
(8.4–12.2%) of the capsules were higher (Tween 80) than or

Fig. 2 Stability of sodium alginate/Tween 80-stabilized emulsions at room temperature. A 10 g/L of Tween 80 and different concentrations
of sodium alginate. B 20 g/L of Tween 80 and different concentrations of sodium alginate. C 10 g/L of sodium alginate concentration and
different concentrations of Tween 80. D 20 g/L of sodium alginate concentration and different concentrations of Tween 80. E–H are the
corresponding creaming index (CI) values to A–D.
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similar (Tween 20, Tween 40, and Tween 60) to that (6–9%) of the
fish oil-loaded electrospayed calcium alginate capsules11,13.
As shown in Fig. 6B, the EE values of the capsules were

dependent on the Tween series (Significant difference < 0.05):

Tween 40, Tween 60, and Tween 80 induced higher EE values than
the calcium alginate capsules, whereas Tween 20 induced similar
EE change to the calcium alginate capsules. According to the
average values, the EE values were dependent on the fatty acid

Fig. 3 Stability of sodium alginate/Tween-stabilized emulsions. The concentrations of sodium alginate and Tween were 10 g/L. A Digital
camera images. B Optical microscopy images. The black scale bars indicate 50 μm. C Most probable sizes in the freshly prepared emulsion
droplets. D CI values of the emulsions.
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moieties of the Tween series: The EE values increased with the
increase of molecular weights and double bond amounts of the
fatty acid moieties.
The fish oil oxidative stability of the capsules was evaluated by

determining the primary lipid hydroperoxides using a peroxide
value (PV) measurement30, as shown in Fig. 6C, D. The capsule
colors became yellow and then brown (Fig. 6D and Supplemen-
tary Figure S3). For the calcium alginate capsule, the PV values
increased until 6 h and then decreased until 72 h. The trend was
similar to that of the calcium alginate capsules18. The PV value
after 6 h (207 meq/kg oil) was lower than that (308 meq/Kg oil) of
the calcium alginate capsule after 3 h18 and similar to that (about
210meq/Kg oil) of the calcium alginate capsules after 17 days at
37 °C31. The differences might result from different batch of fish
oil. For the calcium alginate/Tween capsules, the PV values
increased until 24 h, and then decreased until 72 h. Therefore, the
secondary oxidation products were formed due to the conversion
of the primary lipid hydroperoxides32. All the Tween series
increased the PV values, and delayed the time of the highest
peroxide value from 6 h to 24 h (Fig. 6C). It suggested that all the
Tween series could inhibit the formation of the secondary
oxidation products33, which was consisted with the Span series
(Span 20, 40, 60, and 80)18. Therefore, all the Tween series and
Span series could increase the fish oil oxidative stability of the
capsules. The effect ability was dependent on surfactan type: Span
60 and Tween 80 showed the similar and the lowest PV values.

In vitro digestion analyses
The in vitro digestion behaviors were studied in the gastro-
intestinal (Fig. 7A–B) and small intestinal (Fig. 7C) models. After

the experimental process, the spherical structures of all the
capsules were not destroyed, which was consistent with that of
the calcium alginate/Span series capsules18. Therefore, the FFA
release (Fig. 7D, E) was mainly attributed to the diffusion of fish oil
from the surface of the capsules34, which also explained the final
FFA release percentages were lower than 35% (Fig. 7D, E). It
further confirmed the fish oil diffusion behaviors in the water
content measurement.
During the gastrointestinal model (small intestinal phase), the

FFA release percentages were dependent on the Tween series
(Fig. 7D): Tween 20 ≈ Tween 40 ≈ Tween 60 > Tween 80 ≈ calcium
alginate capsules. During the small intestinal model, the FFA
release percentages were also dependent on the Tween series
(Fig. 7E): Tween 20 > Tween 60 ≈ Tween 40 > Tween 80 ≈ calcium
alginate capsules. Therefore, the saturated fatty acid moieties
might increase the FFA release percentages of the capsules,
whereas the unsaturated fatty acid moieties might have no
obvious effect on the FFA release percentages.
In sum up, the effect of the Tween series on the oil-

encapsulated sodium alginate dispersions and calcium alginate
capsules was studied. All the results suggested the hydrophilic
heads and fatty acid moieties had obvious effects on the
structures and stability of sodium alginate/Tween-stabilized
emulsions. Moreover, they also had obvious effects on the basic
physicochemical properties, fish oil properties, and in vitro
digestion behaviors of calcium alginate/Tween capsules. This
work provided useful information to understand the effect of the
Tween series on the preparation and properties of alginate-based
oil encapsulation preparations. In the future, it is useful to explore
the effect of the Tween series with modified heads or fatty acid
moieties on the dispersions and capsules. In addition, it is also

Fig. 4 Capsule sizes and water content percentages of calcium alginate/Tween capsules. A Digital camera images before and after heating.
The capsules were in glass vials with a height of 24mm and a diameter of 40mm. B Particle sizes. C Water content percentages. The error bar
represents the standard deviation (n= 3). In each subFigure, significant differences (p < 0.05) were indicated by different letters.
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necessary to develop methods to allow the wall materials of the
calcium alginate capsules to be disrupted to release 100% fish oil
during the digestion process.

MATERIALS AND METHODS
Chemicals and reagents
Sodium alginate, Tween series, and porcine bile extract were
purchased from Shanghai Macklin Biochemical Co. Ltd., China. Fish
oil was purchased from Xi’an Qianyecao, Shaanxi Province, China.
Lipase from porcine pancreas was purchased from Shanghai
Lantuo Biotechnology Co., Ltd., Shanghai, China. Porcine gastric
mucosa and other common reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

Preparation of sodium alginate/Tween-stabilized emulsions
Sodium alginate and Tween were mixed in water (10 mL). Then,
the sodium alginate/Tween solution and fish oil were mixed (3:1,
v/v) and treated by a commercial T10 homogenizer (IKA,
China)35–37. The homogenization speed was 11500 rpm. The
homogenization time was 60 s.

Emulsion characterization
The emulsions were photographed by a digital camera and an
inverted microscope (MS600F, Shanghai Minz, China) at different
times. The creaming index (CI) values were obtained as the height
percentage of the serum layer to the total emulsion. The sizes of
all the droplets from three randomly selected optical microscope
images of different batches were measured. Gauss fitting multi-
modal distribution was performed to analyze the droplet sizes.

The sodium alginate-stabilized dispersions were characterized as
controls.

Preparation of calcium alginate/Tween-stabilized capsules
The sodium alginate/Tween-stabilized emulsions were extruded
into 100 mL of 15 g/L CaCl2 solution using a speed control
pump38. The extrusion speed was 1mL/min. A 20 Gauge of
stainless needles was applied with an inner diameter of 0.60 mm.
The CaCl2 solution was magnetically stirred at 300 rpm during the
extrusion process. The collecting distance was 7 cm. The
surrounding water of the obtained capsules was carefully
removed before further characterization.

Morphology observation of calcium alginate/Tween-stabilized
capsules
A digital camera was applied to photograph the obtained
capsules. Then, the sizes were measured using ImageJ 1.53c
software (NIH, USA). The capsules were quickly cut after drying for
30min. Then, the capsules were put on the conductive adhesive,
sputtered, and observed using a scanning electron microscope (S-
3400N, Hitachi, Tokyo, Japan)37.

Water content percentage of calcium alginate/Tween-
stabilized capsules
The capsules were heated in an oven (103 ± 1 °C) until the water
content was completely evaporated. Then, the water content
percentage was calculated as the percentage of the evaporated
water content to the original sample mass.

Fig. 5 Scanning electron microscopy images with different magnifications of calcium alginate/Tween capsules. A Capsule surface.
B Capsule section. The sizes of the white scale bars are 1mm and 100 μm for the magnifications of ×50 and ×500, respectively.
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Loading capacity and encapsulation efficiency of the calcium
alginate/Tween-stabilized capsules
The loading capacity (LC) of fish oil was determined according to
the Rose-Gottlieb method39. The ammonia solution (1.25 mL, 25%)
was mixed with the capsules (1.0–1.2 g, m1). The mixture was
treated at 60 °C. After 5 min, the mixture was vibrated for 2 min.
Then, ethanol (10 mL) was pipetted. Subsequently, diethyl ether
(25 mL) and petroleum ether (25 mL) were added to the solution.
After 30 min, the total volume (V1) of the ether layer in the
liposuction bottle was measured. An ether part portion with a
volume of V2 was added to a flask with a constant weight. The oil
mass in the constant weight flask was determined by heating the
sample at 102 ± 2 °C to a constant weight (m2)18. The LC (LC) of fish

oil in the capsule was calculated according to the below equation:

LCð%Þ ¼ m2V1
m1V2

´ 100 (3)

Encapsulation efficiency (EE) of fish oil in the calcium alginate/
Tween-stabilized capsules was determined by measuring the surface
oil mass and total oil mass40. The capsules (1.0–1.2 g, m3) were added
in 10mL of petroleum ether and vibrated for 2min. Then, the mixture
was filtered and the solution was collected in a constant-weight flask.
This petroleum ether washing and filtering step was repeated twice
and the solution was collected. Then, the filter paper was washed
using 10mL of petroleum ether. All the collected petroleum ether
(40mL) was the constant weight flask. The oil mass in the constant
weight flask was determined by heating the sample at 102 ± 2 °C to a

Fig. 6 Fish oil characterization of calcium alginate/Tween capsules. A Loading capacity (LC). B Encapsulation efficiency (EE). In the
subFigures, significant differences (p < 0.05) were indicated by different letters. C Peroxide value (PV) changes during the storage at 63 °C.
D Digital camera images of the capsules during storage at 63 °C.
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constant weight (m4)18. The EE was calculated according to the below
equation:

EEð%Þ ¼ m3Lc �m4

m3Lc
´ 100 (4)

Oil oxidative stability evaluation
Using a Schaal oven condition, the oxidative stability of fish oil was
evaluated18,30. Briefly, 0.5 g (m5) of the capsules were put in 20-mL
glass vials and put in an oven (Temperature: 63 °C; RH: 70%) for 72 h.
The morphologies of the treated capsules were photographed by a
digital camera. Then, the peroxide values (PVs) were determined
based on the Chinese National Standard “Determination of Peroxide
Values in Food” (GB 5009.227-2016)18. The capsules were mixed with
30mL of CH3COOH/(CH3)2CHCH2C(CH3)3 (volume ratio of 3:2). After
10min, 1mL of saturated KI (Shanghai Macklin) solution was pipetted
to the mixture. After 3min, ultrapure water (100mL) was put in. Then,
Na2S2O3 (0.001mol/L, c) solution was carefully and slowly added until
the yellow color vanished. Subsequently, 1mL of 10 g/L starch
indicator solution (Shanghai Macklin) was added. Na2S2O3 solution
was added until the blue color vanished. The titrated volume (V3, mL)
was recorded. The blank sample without the capsules was also
titrated and the titrated volume (V4, mL) was recorded. PV was
calculated according to below equation31:

PVðmeq=kg of oilÞ ¼ 1000 ´
ðV3 � V4Þc

m5LC
(5)

In vitro digestion behaviors of the capsules
The capsules (1.0 g) were studied in the gastrointestinal tract and
small intestinal models41. If drinking with water, the time of the
capsules in the mouth is generally a few seconds. Therefore, we
did not study the capsule behaviors in the simulated mouth
environment13.
For the gastrointestinal tract model, the capsules were treated

in gastric and small intestinal phases. NaCl (2 g), HCl (37%, v/v%,

7 mL), and pepsin from porcine gastric mucosa (3.2 g) were mixed
in water (1 L) and then pH was adjusted to 1.2. Then, 15 mL of the
above solution was mixed with the capsules. The mixture was
treated with NaOH to change pH to 2.0 and then vibrated at a
speed of 100 rpm at 37 °C and a constant pH for 2 h (gastric
phase). The mixture pH was changed to 7.0 and porcine bile
extract solution (3.5 mL, 54 mg/mL) was pipetted. Then, 1.5 mL of
CaCl2/ NaCl mixture (10 and 150mmol/L, respectively) were added
and the pH was changed to neutral. Subsequently, 2.5 mL of lipase
from porcine pancreas in phosphate buffer was pipetted and the
mixture was vibrated for 2 h (small intestinal phase).
For the small intestinal model, the capsules were treated in the

small intestinal phase. The capsules were mixed with 15 mL water
and the mixture pH was changed to neutral at 37 °C. Then, the
samples were treated as same as the small intestinal phase in the
gastrointestinal tract model experiments.
During the small intestinal phase, the pH was neutralized by

0.5 mol/L of NaOH (VNaoH) to neutralize the formed free fatty acid
(FFA). The released FFA percentage can be calculated by assuming
that one triglyceride molecule could release two FFA molecules:

FFAð%Þ ¼ VNaoH ´ 0:5mol=L ´ 868g=moL
1:0g ´ LC ´ 2

´ 100 (6)

Statistical analysis
The data were expressed as average value ± standard deviation
and were analyzed by One-way ANOVA followed by Duncan’s test
(p < 0.05) in SPSS 27 software (International Business Machines
Corp., Armonk, NY, USA).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
Data is available on request.

Fig. 7 In vitro digestion behaviors of the capsules. A, B The capsules in the gastric phase at 2 h (A) and the small intestinal phase at 2 h (B) in
the gastrointestinal tract model. C The capsules at 2 h in the small intestinal model. The capsule layers are indicated by black arrows. Single
capsules are indicated by green arrows. D, E Free fatty acid (FFA) release behaviors in the small intestinal phase of the gastrointestinal tract
model (D) and in the small intestinal model (E).
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