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Tuning the Microstructures of Electrospray Multicore Alginate
Microspheres for the Enhanced Delivery of Astaxanthin
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ABSTRACT: Multicore alginate microspheres (MCPs) have been demonstrated as promising carriers for bioactive substances.
Herein, the influence of the size of the inner core on the bioaccessibility of astaxanthin (AST) was investigated using both in vitro
and in vivo methods. MCPs with different inner core sizes were fabricated in which the oil-in-water emulsion with different oil
droplet sizes was embedded in alginate microspheres (AST@MCPs) via the electrospray technology. The AST@MCPs appeared as
a uniform sphere with an average size of 300 ym. The AST encapsulation efficiency in the AST@MCPs was determined to be more
than 68%, which was independent of the inner core size. The bioaccessibility of AST increased from 38.3 to 83.2% as the size of the
inner core decreased. Furthermore, the anti-inflammatory activity of AST@MCPs after in vitro simulated digestion was evaluated by
LPS-induced RAW264.7 cells. The results suggested that AST@MCPs with a smaller inner core size exhibited a stronger anti-
inflammatory activity, which further proved the results obtained from in vitro simulated digestion. As expected, the oral
administration of AST@MCPs significantly mitigated colitis symptoms in DSS-induced ulcerative colitis mice. Compared with
AST@MCPs with larger inner cores, AST@MCPs with smaller inner cores reflect stronger anti-inflammatory activity in vivo. These
results suggested that the bioaccessibility of AST in MCPs increased significantly with the decrease in the inner core size, which may
be attributed to the rapid formation of micelles in the intestine. This work provides a simple and efficient strategy to prepare
microspheres for the enhanced delivery of AST, which has important implications for the design of health-promoting foods.

1. INTRODUCTION
Astaxanthin (AST) is a type of lipid-soluble pigment with a

of oil droplets helps to improve the accessibility of bioactive
substances, thereby increasing their bioaccessibility. This can

range of health benefits, including anti-inflammatory and
antioxidant activity.”” However, the poor stability and water-
insolubility nature of AST limit its application in the food
industry. On the one hand, the conjugated double bonds in the
AST were sensitive to the environment’s factors (such as
temperature), which resulted in extensive degradation during
food processing or storage. On the other hand, the poor water
solubility of AST led to low bioaccessibility during digestion.
Therefore, the development of a delivery system that improves
the stability and bioaccessibility of AST is urgently needed.
Recently, oil in water emulsions have been regarded as
effective carriers for delivering hydrophobic nutrients. The
structure of the emulsion, especially the size of the droplets,
significantly influences the bioaccessibility and stability of
hydrophobic bioactive substances. Generally, reducing the size
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be attributed to the larger area of the oil—water interface of
emulsions with smaller oil droplets, which facilitates oil
digestion and micelle formation and therefore improves
bioaccessibility. For example, the bioaccessibility of fat-soluble
vitamin E increased more than 3-fold when the size of the oil
droplet was reduced from 11 to 0.15 um.” Similarly, when the
oil droplets were reduced from 9 to 6 ym, the bioaccessibility
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of AST loaded in the emulsion increased from 12 to 22%."
However, the negative correlation between the size of oil
droplets and the bioaccessibility of bioactive substances is not
always valid. The high specific surface area of small oil droplets
also promotes the contact of sensitive bioactive compounds
with the external environment, leading to their degradation
and, thereby, lowering their bioaccessibility. For instance, the
in vivo experiments suggested that curcumin in nanoemulsion
with 100 nm oil droplets has a higher bioaccessibility than that
in nanoemulsion with 50 nm oil droplets.5 On the other hand,
the variation in oil droplet size during digestion in the
gastrointestinal tract must be taken into account. Coalescence
or flocculation may occur before the oil droplets are exposed to
lipase in the small intestine. As a result, the oil droplets’ size
was larger than that in the original emulsion when entering the
small intestine and therefore led to a lower bioaccessibility.®
Consequently, considering the size of oil droplets after oral and
gastric digestion rather than their initial size is important,
especially when improving bioaccessibility is the goal.

Alginate microspheres have proved their advantages in the
delivery of active substances, such as odor taste masking,
sensitive ingredients protection, and controllable release of
bioactive substances.” The calcium alginate network in alginate
microspheres is an effective barrier that protects sensitive
ingredients from degradation. For example, alginate micro-
spheres were used to deliver betacyanins, which significantly
improved the stability of betacyanins during storage.” Similarly,
the AST embedded in alginate-based carriers showed
enhanced stability and bioaccessibility.”~'' Moreover, the gel
network of alginate microspheres exhibited pH-responsive
properties, which are stable under acidic conditions and
expand in alkali solution."” The pH-responsive nature of
sodium alginate microspheres enables the intestinal-target
release of the nutrients that are encapsulated in them.
Therefore, the encapsulation of oil droplets in the network
of alginate can improve the stability of lipid-soluble active
substances while avoiding the aggregation of oil droplets in the
mouth or stomach, thus improving bioaccessibility.

The dripping method is a regularly used technique to
fabricate alginate microspheres for encapsulation applications.
In this procedure, the alginate solution is added to the gelling
solution (such as calcium chloride) dropwise. The size of
alginate microspheres obtained by this method is relatively
large (greater than 1 mm) and the structure is usually
inhomogeneous.'”'* The large alginate microsspheres are
difficult to swallow, which limits their application.'® Therefore,
the development of smaller alginate microspheres is critical for
their application in food. Electrospraying is a simple method
for the fabrication of microsspheres that has been widely
applied in the food industry.''” Alginate microspheres of a
suitable size, which are used to encapsulate bioactive
compounds, can be produced using the electrospraying
technique. Electrosprayed alginate microspheres with milli-
meter-sized core—shell structures have been developed for the
delivery of fish oil,'® which achieved the sustained release of
nutrition. Alginate microspheres prepared by electrospray
technology can also increase the bioaccessibility of S-carotene
and hydrophobic polyphenols.'”*® These results suggest that
electrospray technology is a promising method for the
preparation of alginate microspheres.

In this study, novel AST-loaded multicore alginate micro-
spheres (AST@MCPs) were fabricated via electrospray
methods. In brief, AST was encapsulated within oil-in-water

emulsions of different droplet sizes, followed by the
incorporation of these droplets into the alginate network
through electrostatic spraying. The influence of the inner core
size of AST@MCPs on the bioaccessibility of AST was
investigated using both in vitro and in vivo methods.
Moreover, the anti-inflammatory activity of AST@MCPs was
evaluated after in vitro digestion using LPS-induced
RAW264.7 cells. For in vivo experiments, the AST@MCPs
were fed to a dextran sulfate sodium (DSS)-induced ulcerative
colitis mice model. Accordingly, the intervention effect of
AST@MCPs was evaluated.

2. MATERIALS AND METHODS

2.1. Materials. Astaxanthin was obtained from Xi’an Realin
Biotechnology Co., Ltd. (Xi'an China). Lipopolysaccharide
(LPS) was purchased from Beijing Solarbio Science and
Technology Co., Ltd. (Beijing, China). Gastric juice and
intestinal juice were purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). DSS was bought
from Yeasen Biotechnology Co., Ltd. (Shanghai, China). The
liquid feed was purchased from Trophic Animal Feed High-
tech Co., Ltd. (Jiangsu, China). The test kits for nitric oxide
(NO), myeloperoxidase (MPO), inducible nitric oxide
synthase (iNOS), maleic dialdehyde (MDA), reduced
glutathione (GSH), catalase (CAT), superoxide dismutase
(SOD), interleukin-10 (IL-10), tumor necrosis factor (TNF-
a), interleukin-6 (IL-6), and interleukin-15 (IL-18) were
obtained from Nanjing Jiancheng Bioengineering Institute Co.,
Ltd. (Nanjing, China).

2.2. Preparation and Characterization of Emulsion
and Alginate Microspheres. AST was fully dissolved in
edible soybean oil (2 mg mL™") by stirring for 24 h and was
used to prepare AST@MCPs. The MCPs are prepared by a
two-step method. The oil-in-water emulsions with various oil
droplet sizes were prepared by a combination of high-speed
homogenization and high-pressure homogenization methods.
The oil-in-water emulsions with large oil droplets (13 ym)
were obtained by homogenizing the mixture of 40 mL saponin
solution (1.5%) and 10 mL soybean oil via a high-speed
disperser (10,000 rpm, S min, IKA, Staufen, Germany). For
emulsions with 1 gm oil droplets, a higher homogeneous speed
(15,000 rpm) was applied. The emulsion with large oil droplets
was homogenized by a high-pressure homogenizer (Avestin,
Ottawa, Canada) at 500 bar for three cycles and the size of oil
droplets was reduced to 0.34 ym. The emulsions with the
smallest oil droplet size were prepared by homogenizing the
emulsions with large oil droplets at 1000 bar for three cycles.
The morphology of water-in-oil emulsions with varying droplet
sizes was examined using an optical microscope (Nikon,
Tokyo, Japan). The size distribution of the emulsions was
determined by diluting them 1000-fold and analyzing them
with a laser particle size analyzer (Malvern Panalytical,
Malvern, UK).

The sodium alginate solution was mixed with as-prepared
emulsions in a ratio of 1:5 (v/v), and the MCPs were obtained
by an electrospray device. The electrospray device consists of a
high-voltage direct current power supply (0—30 kV from the
emitter to the collector) and a stepper motor controller (Four-
Dimensional, Beijing, China). The voltage was adjusted
between 0 and 20 kV, and the distance from the spray needle
tip to the calcium chloride solution was varied from 2 to 10
cm. The calcium chloride solution was contained in a circular
dish with a diameter of 9 cm. The solution advancing speed
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Figure 1. Preparation and characterization of electrosprayed MCPs. Schematic illustration of the preparation of MCPs (A). The Cryo-SEM images
depict the external structure of MCPs, the internal structure of sodium alginate microspheres, and the internal structure of MCPs (B). Appearance
and confocal microscopy images of MCPs (C). The diameter of MCPs with different inner oil droplet sizes (D). MCPs-L: MCPs with large oil
droplets, MCPs-M: MCPs with medium oil droplets, MCPs-S: MCPs with small oil droplets, and MCPs-F: MCPs with fine oil droplets. Samples
with significant (p < 0.05) differences were labeled with different lowercase letters.

was set between 20 and 80 uL s™', and the concentration of
sodium alginate solution ranged from 0.5 to 3%. The
microstructures of MCPs were characterized by using a
scanning electron microscope (Hitachi, Tokyo, Japan)
equipped with a Cryo-SEM preparation system (Quorum,
PP3010T, Lewes, UK). MCPs were characterized using a
confocal laser scanning microscope (Leica, Weztlar, Germany),
with the oil phase labeled with 100 pmol L' Nile red
(excitation wavelength: 488 nm, emission wavelength: 580
nm).

2.3. Encapsulation Efficiencies and AST Loading of
AST@MCPs. The AST in the AST@MCPs was extracted by
ethanol. Briefly, 0.05 g of AST@MCPs was placed in a
centrifuge tube with 2 mL of ethanol; the mixture was
subjected to sonication for a duration of 30 min, and the
supernatant was collected by centrifugation (7000 rpm, 10
min). The concentration of AST in the supernatants was
assessed by measuring the absorbance at 478 nm. The loading
capacity and encapsulation efficiency were calculated according
to eqs 1 and 2.

M
AST  100%

Loading capacity (%) =
g capacity (%) M, I~

M,
Encapsulation efficiency (%) = —>L x 100%

M, (2)

where Mqr is the weight (mg) of astaxanthin in AST@MCPs,
M, is the weight (mg) of MCPs, and M, is the weight (mg) of
astaxanthin that is used for preparing AST@MCPs.

2.4. In Vitro Digestion of AST@MCPs. Simulated in vitro
digestion of AST@MCPs was performed at 37 °C. The
procedure was according to the previously reported method.”!
100 mg samples were blended with 4 mL of simulated gastric
juice (2.0 g L' NaCl, 3.2 g L™' gastric pepsin, the pH was
adjusted to 1.2 by using HCl) and incubated for 2 h.
Subsequently, the pH value of the mixture was adjusted to 7.5
before adding 4 mL of artificial intestinal fluid (6.8 g L™*
potassium dihydrogen phosphate, 10 g L™ pancreatin, and the
pH was adjusted to 6.8 by using NaOH).

The release profile of AST in AST@MCPs during the in
vitro di%estion process was evaluated by the previous
method.” During in vitro digestion, the undigested oil phase
floated in the upper layer of the digest due to its low density.
To determine the released AST in the digest, 1 mL of the
digest below the oil layer was taken and the AST was extracted
by an equal volume of extract agent (methanol/dichloro-
methane = 1:1). The astaxanthin content was calculated
according to the method described in Section 2.3.

https://doi.org/10.1021/acsomega.3c05542
ACS Omega 2023, 8, 41537—-41547


https://pubs.acs.org/doi/10.1021/acsomega.3c05542?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05542?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05542?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05542?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

The mixture after in vitro digestion was centrifuged at
15,000 g for 40 min, and the micelle layers were obtained. The
AST content in the micelle layers was determined following
extraction using an equal volume of extraction agent
(methanol/dichloromethane = 1:1). The bioaccessibility of
AST was calculated according to eq 3

C
bioaccessibility (%) = —= x 100%
Cr (3)

where Cy, is the amount (mg) of AST in the micelle fraction
and Cy is the total amount of AST (mg).

2.5. In Vitro Anti-Inflammatory. The in vitro anti-
inflammatory ability of AST@MCPs was evaluated by LPS-
induced RAW264.7 cells, following the previously described
methodology.”® Briefly, RAW264.7 cells were cultured in six-
well plates at a seeding density of 1 X 10° cells/well and
allowed to grow for 24 h. The cells were exposed to LPS for a
duration of 24 h to induce an inflammatory reaction. After
being treated with free AST (20 ug mL™'), AST-loaded
emulsions (S0 ug mL™", equivalent to 20 ug mL™' AST), and
AST@MCPs (4 mg mL ™, equivalent to 20 ug mL™" AST) for
24 h, the levels of NO, TNF-q, IL-14, IL-6, and IL-10 were
determined by biochemical kits. To investigate the effect of
digestion on the anti-inflammatory capacity of the testing
samples, samples were subjected to in vitro digestion (the
amount of sample used for in vitro digestion was identical to
that used in the anti-inflammatory assay), and micelle layers
obtained from the mixtures after in vitro digestion were added
to the culture medium. The levels of NO, TNF-q, IL-1/3, IL-6,
and IL-10 were measured to evaluate the anti-inflammatory
ability.

2.6. In Vivo Intervention of AST@MCPs against Colon
Colitis in Mice. The male BALB/c mice (specific pathogen-
free, SPF) of 6—8 weeks were obtained from Liaoning
Changsheng Biotechnology Co., Ltd. and housed under the
laboratory environment (12 h light—dark cycle each day, the
temperature was 23 + 2 °C, and the relative humidity from 40
to 60%). The liquid feed was readily available throughout the
duration of the study. The mice were assigned to five groups (n
= 8) through a random allocation process: control group,
model group (DSS), astaxanthin group (AST), AST@MCPs
with large oil droplets group (AST@MCPs-L), and AST@
MCPs with fine oil droplets group (AST@MCPs-F). The
dosage of AST was 25 mg/kg/day, and the amount of AST@
MCPs was calculated based on their loading capacity. AST and
AST@MCPs were added to the liquid feed. The DSS-induced
colon colitis in mice was established following the previous
method.**~%° After 14 days, 3% DSS was added to the liquid
teed for all groups except the control group. After a period of 4
days, the mice were euthanized, and serum and organs were
collected for further analysis. The levels of SOD, CAT, MDA,
MPO, iNOS, and GSH in the colon were measured.
Inflammatory factors, such as IL-10, IL-6, IL-1/3, and TNF-a
in serum, were measured. The animal experiments were carried
out in accordance with the regulations established by the
Institutional Animal Ethics Committee (DLPU2021037) of
Dalian Polytechnic University, and the authors of this study
ensured that all ethical regulations were adhered to throughout
the research process.

2.7. Statistical Analysis. The data were reported as mean
+ standard deviation. Statistical analysis was carried out
utilizing SPSS25, and the significance of the data was

determined through one-way analysis of variance (ANOVA).
p < 0.05 was regarded as statistically significant.

3. RESULTS AND DISCUSSION

3.1. Preparation of Electrospray MCPs. The preparation
of MCPs involved a two-step method, as illustrated in Figure
1A. First, oil-in-water emulsions were prepared with saponin as
the emulsifier, and then, the electrospraying jet solution was
obtained by mixing the oil-in-water emulsion and sodium
alginate solutions. Second, jet solutions were sprayed into the
collecting solutions that contained calcium chloride by a
custom-designed electrospray device and MCPs were formed
via ionic gelation. To reveal the multicore structure of MCP,
cryoscanning electron microscopy was employed (Figure 1B).
MCPs exhibited spherical shapes with a diameter of
approximately 300 gm. In the absence of an emulsion, sodium
alginate microspheres displayed a typical network structure in
the cross-section. However, in the case of MCP, oil droplets
were distributed within the sodium alginate network, resulting
in a multicore structure.

3.2. Tuning the Microstructures of AST@MCPs. AST is
a superior antioxidant, with various beneficial effects on human
health. Therefore, AST was chosen as a model substance to
evaluate the carrier ability of MCPs. For an electrospraying
process, the jet solution was sprayed from the tip of the needle
and formed stable droplets under an electric field. The gelation
occurred when the droplets of jet solution entered into the
collecting solutions, and many factors, such as the strength of
the electric field, the distance between the needle and
collecting solutions, and the concentrations of sodium alginate,
affect the properties of the microspheres. Thus, the effects of
the preparation conditions on the morphology of MCPs were
carried out.

The electrostatic strength played a vital role in determining
the formation process of the alginate microspheres. The size of
the alginate microspheres decreased with the increase in
voltage, which could be attributed to the greater drawing force
generated by the larger voltages.'® The diameter of alginate
microspheres reached its minimum (310 ym) when the voltage
was 15 kV and remained unchanged as the voltage continued
to increase (Figure S1A). The effects of the distance between
the needle and the surface of the calcium chloride solutions on
MCPs were investigated. A tailing phenomenon was observed
when the distance was 10 cm. The MCPs exhibited a spherical
appearance with a decrease in distance. However, a distance
shorter than 7 cm was not conducive to the formation of
MCPs, since their size became uneven, which could be
attributed to an arc discharge phenomenon.”” The flow rate
affected the size of the MCPs as well. When the flow rate was
greater than 40 uL s™', MCPs with regular appearance could
not be obtained. The gelation rate of alginate was low when
the concentration of sodium alginate was less than 1%, and the
oil droplets were transported into collecting solutions before
being fixed in the MCPs. Therefore, the calcium chloride
solutions became turbid, and cylindrical MCPs were obtained.
When the sodium alginate concentration exceeded 3%, the size
of the MCPs became large, which could be attributed to the
high viscosity. Therefore, the optimized conditions for the
preparation of MCPs were as follows: the alginate concen-
tration was 2%, the flow rate was 40 uL s~', the voltage was 15
kV, and the height between the surface of collecting solutions
and the needle was 7 cm (Figure S1A).
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The MCPs with different microstructures were prepared by
changing the droplet size in the oil-in-water emulsion.
Emulsions with different oil droplet sizes were obtained
using various homogenization methods: emulsion with large oil
droplets (diameter of 13 um); emulsion with medium oil
droplets (diameter of 1 ym); emulsion with small oil droplets
(diameter of 0.34 um); and emulsion with fine oil droplets
(diameter of 0.29 ym). The four emulsions exhibited a single-
peak distribution of oil droplet sizes (Figure S1B). MCPs
loaded with different emulsions were prepared by the
electrospray method under the optimized condition. The
morphology of the MCPs was spherical, and their micro-
structures were observed by confocal microscopy after being
stained with Nile red. Green signals were evenly distributed
within the MCPs (Figure 1C), suggesting the oil droplets were
encapsulated in the MCPs effectively. The diameters of MCPs
prepared with different emulsions (MCPs-L, MCPs-M, MCPs-
S, and MCPs-F) were similar, approximately 300 ym (Figure
1D). This finding indicates that the morphology of the MCPs
remained unaffected by the size of oil droplets in the emulsion
but was only related to the conditions applied in electrospray.

3.3. In Vitro Digestion of AST@MCPs. The AST-loaded
MCPs (AST@MCPs) prepared from emulsions with different
oil droplet sizes (13, 1, 0.34, and 0.29 ym) were designated as
AST@MCPs-L, AST@MCPs-M, AST@MCPs-S, and AST@
MCPs-F, respectively. The effects of the oil droplet size on
loading performance were investigated. The encapsulation
efficiency of AST in the MCPs was 68% (Figure 2A).
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Figure 2. Encapsulation efficiency (A) and loading capacity (B) of
AST@MCPs with different inner core sizes. AST@MCPs-L: AST@
MCPs with large oil droplets, AST@MCPs-M: AST@MCPs with
medium oil droplets, AST@MCPs-M: AST@MCPs with small oil
droplets, and AST@MCPs-F: AST@MCPs with fine oil droplets.
Samples with significant (p < 0.05) differences were labeled with
different lowercase letters.

Compared to the encapsulation efficiency of 63.9 + 3.0%
achieved using the ionic gelation method to prepare chitosan-
tripolyphosphate nanoparticles for AST delivery, AST@MCPs
are more favorable for the encapsulation of AST.”® At the same
time, the loading capacity of AST in the MCPs was measured
to be 0.47% (Figure 2B). The astaxanthin nanocapsules
prepared using f-cyclodextrin, decapolyglycerol monooleate,
and soybean lecithin as shell materials via high-pressure
homogenization have a loading capacity of approximately
0.54%,”” which is similar to the loading capacity of AST@
MCPs. These results revealed that the MCPs were suitable for
embedding AST and that the size of oil droplets had a
negligible effect on the encapsulation of AST in MCPs.

The release profile of AST in the MCPs with different oil
droplets during digestion was investigated. The appearance of

AST@MCPs at different digestion stages during in vitro
digestion is shown in Figure 3A. Most of the AST@MCPs
maintained the spherical state in the stomach juices at the
initial stage. The high stability of AST@MCPs in stomach
juices could be attributed to the high-stability nature of
calcium alginate in an acidic environment. AST@MCPs-L was
partially destroyed by the increase in incubation time since the
oil droplets were released from the MCPs and aggregated into
large oil droplets. The relatively low stability of AST@MCPs-L
could be attributed to their loose structure, as the large oil
droplets weaken the gel strength of sodium alginate. The
AST@MCPs cracked after being transferred to the simulated
intestinal fluid. The molecular chains of sodium alginate
stretched with the increase of the pH value, led to the
disintegration of microspheres.’”*' The oil droplets inside the
alginate microspheres were completely released in the
simulated intestinal fluid and favored the absorption of AST
dissolved in the oil phase.

Furthermore, the AST release profile of AST@MCPs with
different inner oil droplet sizes was investigated during in vitro
digestion. AST in AST@MCPs was mainly released in the
intestinal fluid since the AST contents in the intestinal fluid
were significantly higher than that in the gastric fluid. This
result further confirmed the intestinal targeted release
properties of AST@MCPs. Moreover, the size of the inner
oil droplets played an essential role in the AST release of
AST@MCPs. When the AST@MCPs with large oil droplets
were digested by stomach fluid, the content of AST in stomach
juices was 0.17 mg mL™', which was significantly higher than
that with smaller inner oil droplets. On the contrary, the AST
release amount in the intestinal fluid was negatively correlated
with the size of inner oil droplets of AST@MCPs. The highest
AST content of 0.78 mg mL™' was achieved when AST@
MCPs-F was digested by intestinal fluid. Furthermore, the
bioaccessibility of AST embedded in AST@MCPs was
determined. As shown in Figure 3C, the bioaccessibility of
AST dissolved in soybean oil was 8.28%, consistent with the
low bioaccessibility typically observed for lipophilic com-
pounds in oil.** However, after encapsulation within emulsions
and AST@MCPs, the bioaccessibility of AST significantly
increased. The highest bioaccessibility of 83.20% was observed
in AST@MCPs-F as expected, which indicated that decreasing
the size of inner oil droplets can effectively improve the
bioaccessibility of the AST. Previous investigations yielded
comparable findings, where carotenoid bioaccessibility in-
creased with the decrease in lipid droplet size in corn oil-in-
water emulsions.*?

Generally, the size of the droplets in the emulsion played an
essential role in the bioaccessibility of hydrophobic bioactive
compounds embedded in emulsions. The enhanced bioacces-
sibility of hydrophobic bioactive compounds in emulsions with
small oil droplet sizes can be attributed to the fact that small oil
droplets facilitate oil digestion and micelle formation. Notably,
micelles form in the small intestine; therefore, the droplet size
of the emulsion upon reaching the small intestine is more
critical for bioaccessibility. Previous results suggested the
bioaccessibility of curcumin in nanoemulsion with 100 nm oil
droplets was higher than that in nanoemulsion with 50 nm oil
droplets.” This result could be attributed to the coalescence or
flocculation of oil droplets before they were exposed to lipase
in the small intestine. For AST@MCPs, the oil droplets of the
emulsion were embedded inside the calcium alginate gel by
electrospray and formed a multicore structure. Alginate
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Figure 3. Appearance (A), AST concentration (B), and bioaccessibility (C) of AST@MCPs with different inner core sizes during in vitro simulated
digestion. AST: astaxanthin, AST-loaded emulsion-L: AST-loaded emulsion with large oil droplets, AST-loaded emulsion-M: AST-loaded emulsion
with medium oil droplets, AST-loaded emulsion-S: AST-loaded emulsion with small oil droplets, AST-loaded emulsion-F: AST-loaded emulsion
with fine oil droplets, AST@MCPs-L: AST@MCPs with large oil droplets, AST@MCPs-M: AST@MCPs with medium oil droplets, AST@MCPs-
S: AST@MCPs with small oil droplets, and AST@MCPs-F: AST@MCPs with fine oil droplets. Samples with significant (p < 0.05) differences
were labeled with different lowercase letters.
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Figure 4. In vitro anti-inflammatory effects of AST@MCPs analyzed by LPS-induced RAW 264.7. The effect of AST-loaded emulsions and AST@
MCPs on the inflammation factors level of nitrite (A), TNF-a (B), IL-14 (C), IL-6 (D), and IL-10 (E). The effect of digestive products of AST-
loaded emulsion and AST@MCPs on the inflammation factors level of nitrite (F), TNF-a (G), IL-18 (H), IL-6 (I), and IL-10 (J). AST:
astaxanthin, AST-loaded emulsion-L: AST-loaded emulsion with large oil droplets, AST-loaded emulsion-F: AST-loaded emulsion with fine oil
droplets, AST@MCPs-L: AST@MCPs with large oil droplets, and AST@MCPs-F: AST@MCPs with fine oil droplets. Samples with significant (p
< 0.05) differences were labeled with different lowercase letters.

microcapsules exhibit pH-responsive release properties that intestine, which contributes to the improvement of bioacces-
protect oil droplets from aggregating before reaching the sibility. Therefore, reducing the size of oil droplets and
41542 https://doi.org/10.1021/acsomega.3c05542
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Figure S. Schematic representation of the in vivo anti-inflammatory activity evaluation assay (A). Changes in body weight (B). Photographs of
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preventing the aggregation of oil droplets are the main ways for
alginate microcapsules to improve astaxanthin bioaccessibility.

3.4. Anti-Inflammatory Activity of AST@MCPs. Accord-
ing to the results obtained from the simulated digestion, the
bioaccessibility of AST in AST@MCPs-L was the lowest, while
that in AST@MCPs-F was the highest; therefore, these two
AST@MCPs were selected as examples to evaluate the anti-
inflammatory activity of AST@MCPs. The anti-inflammatory
effects of AST@MCPs were evaluated in vitro by measuring
the levels of inflammatory indicators in LPS-induced
inflammation of RAW264.7 cells.>* The LPS-induced
RAW264.7 cells exhibited significantly increased levels of
NO, TNF-a, IL-1§, and IL-6 and significantly reduced levels of
IL-10 compared with the control group, indicating that the
LPS-induced inflammation model was successfully established
(Figure 4A—E). After incubation with free AST, the levels of
NO, TNF-a, IL-1f, and IL-6 in the LPS-induced RAW264.7
cells model decreased significantly, while the levels of IL-10
increased significantly, indicating AST can effectively alleviate
the inflammation as expected.”>*® On the contrary, the NO
level after incubation with emulsion (irrespective of the size of
the oil droplets) or MCPs (irrespective of the size of the oil
droplets) were comparable to that in the LPS treatment group
(Figure S2), suggesting wall materials have no anti-

41543

inflammatory activity. Additionally, the AST-loaded emulsion
or AST@MCPs showed significant anti-inflammatory activity.

For oral astaxanthin carriers, the AST embedded in the
carriers was exposed to harsh conditions inside the digestive
tract before they exerted their anti-inflammatory effects.
Therefore, the products of AST, AST-loaded emulsions, and
AST@MCPs after in vitro digestion were incubated with LPS-
induced RAW 264.7 cells and their anti-inflammatory activity
was evaluated (Figure 4F—J). Unlike free AST, the anti-
inflammatory activity of AST after in vitro digestion decreased
sharply, which could be attributed to the low bioaccessibility of
AST. The in vitro digestion products of AST-loaded emulsions
exhibited higher anti-inflammatory activity than the digested
AST, suggesting the emulsions improved the bioaccessibility of
AST. Notably, the anti-inflammatory activity of digested
AST@MCPs-F was higher than that with large oil droplets,
indicating that the bioaccessibility of AST in AST@MCPs with
small oil droplets was higher. This result was in line with the
results obtained from the bioaccessibility assay. Additionally,
the size of oil droplets had a negligible effect on the anti-
inflammatory activity of the digested emulsion, whereas the
anti-inflammatory activity of digested AST@MCPs highly
depended on the size of inner oil droplets. Therefore, the anti-
inflammatory activity of AST@MCPs with smaller oil droplets
was high.
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Figure 6. H&E-staining and PAS staining of colon sections in different groups (A). Effects of AST@MCPs on iNOS (B), MPO (C), MDA (D),
SOD (E), GSH (F), and CAT (G) in the colon tissue of mice in each group. AST: astaxanthin, AST@MCPs-L: AST@MCPs with large oil
droplets, and AST@MCPs-F: AST@MCPs with fine oil droplets. Samples with significant (p < 0.05) differences were labeled with different

lowercase letters.

3.5. Intervention Effect of AST@MCPs against Colon
Colitis in Mice. After demonstrating the in vitro anti-
inflammatory activity of AST@MCPs, their intervention effect
on DSS-induced ulcerative colitis in mice was evaluated to
further prove the inhibitory effects on the inflammatory
response in vivo (Figure SA). The common indicators of colon
colitis, such as body weight loss and colon length, were
determined. As the extension of the DSS treatment continued,
mice experienced rapid weight loss. On the fourth day after
DSS administration, the mice in the DSS-treated group showed
a significant reduction in body weight, with a decrease of 4.60 g
compared to the control group. The presence of AST alleviated
DSS-induced weight loss in mice. In the free AST, AST@
MCPs-L, and AST@MCPs-F groups, body weight of mice
decreased by 3.88, 3.86, and 3.61 g, respectively (Figure SB).
The results showed that AST@MCPs had the best
intervention effect on weight loss caused by DSS-induced
colon colitis.”” The length of the colon reflects the degree of
colon inflammation and it is negatively correlated with the
inflammatory injury.'' Subsequently, the colons of mice were
collected, and their length was measured (Figure SC—E). In
the DSS group, the colon length was measured to be 4.53 +
0.67 cm, which showed a significant decrease in length
compared to the control group. Moreover, congestion and
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swelling of the colon were observed in the DSS-treated group,
which further illustrated the severity of inflammation. Oral
administration of free AST, AST@MCPs-L, and AST@MCPs-
F alleviated the colonic shortening symptoms as expected. The
colon length in these groups was significantly longer than that
in the DSS group. Among them, the longest average colon was
obtained in the AST@MCPs-F treated group (7.42 + 0.10
cm), indicating their high anti-inflammation activity. Colon
weight showed a similar trend to colon length, which obtained
similar conclusions. These results demonstrated that the inner
oil droplets’ size of AST@MCPs affected the bioaccessibility of
AST and subsequently the anti-inflammation activity in vivo.
In addition, to investigate the pathological alterations in
colon tissues, mouse colon were subjected to histological
examination using H&E and PAS staining methods after being
treated with free AST, AST@MCPs-L, and AST@MCPs-
F.3%%7 As depicted in Figure 6A, in the control group, the
colonic mucosa appeared intact without any evidence of ulcer
formation or infiltration of the inflammatory cells. In DSS-
treated group, the colon tissues were seriously damaged.
Compared with the healthy control group, ulceration and
erosion occurred in the colonic mucosa of DSS-induced mice.
Moreover, the glandular morphology of epithelial cells and
lamina propria was seriously damaged. At the same time, the
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goblet cells were significantly reduced, and the crypt structure
was destroyed. Many inflammatory cells were observed within
both the mucosal layer and submucosa of the colon. The
damage caused by DSS was alleviated after intervention with
free AST, AST@MCPs-L, and AST@MCPs-F. Notably,
AST@MCPs-F almost completely alleviated the inflammation
in the colon tissue since the histological structure of the colon
in the AST@MCPs-F treated group was similar to that in the
control group. The high anti-inflammatory activity of AST@
MCPs with fine oil droplets could be attributed to their high
bioaccessibility, which delivers more AST to the site of
inflammation. In addition, the histological structures of the
lung, stomach, heart, spleen, kidney, liver, and testis were
characterized as well, and no significant differences were
observed in these tissues (Figure S3), suggesting the high
biocompatibility of AST@MCPs.

The activity of inflammation-related enzymes (iNOS and
MPO) in the colon was determined. iNOS increased
significantly in the inflammation tissues and produced NO
until the cells were degraded. MPO mainly exists in neutrophils
and monocytes* and acts as a mediator in the process of
inflammatory response. MPO activity correlated positively with
the inflammation severity. After treatment with DSS, the
activity of iNOS and MPO in the colon exhibited a significant
increase when compared to that of the control group.
Administration of free AST or AST@MCPs attenuated the
increase in the MPO and iNOS activity in DSS-induced colitis.
Moreover, the best alleviation effect was achieved with the
administration of AST@MCPs-F, suggesting the highest in
vivo anti-inflammation activity.

Oxidative stress occurs when the imbalance between
antioxidants and oxidation was destroyed. Inflammation in
ulcerative colitis is associated with oxidative stress since the
level of oxygen species in the colon was more than 10 times
that in healthy individuals."' The elevated levels of reactive
oxygen species stimulate inflammatory mediator production,
contributing to inflammation. Therefore, the oxidative stress
markers (SOD, CAT, MDA, and GSH) in colon tissue were
determined to evaluate the intervention effects of AST@
MCPs. In Figure 3D—F, the levels of GSH showed a dramatic
decline, while the levels of MDA markedly increased in the
DSS-treated group. At the same time, the activity of CAT and
SOD in the DSS-treated group was low compared to that in
the control group. Those results demonstrated that DSS
treatment leads to oxidative stress in the colon as described
previously.”® Interestingly, AST, AST@MCPs-L, and AST@
MCPs-F reduced the MAD levels in the DSS-treated mice. The
activity of SOD and CAT was enhanced in those groups as
well. As expected, AST@MCPs-F exhibited the best
intervening effect among those treatments. The results
indicated that AST@MCPs-F relieves DSS-induced oxidative
stress in vivo.

The effects of AST@MCPs on pro-inflammatory and anti-
inflammatory factors in blood were determined (Figure 7). In
the DSS group, the levels of TNF-a, IL-1f, and IL-6 in the
blood of mice markedly increased when compared with the
control group, indicating the presence of severe inflammatory
reactions. After intervention with AST@MCPs, the levels of
TNF-a, IL-6, and IL-1§ exhibited a significant decrease
compared to the DSS group, among which, the level of
TNEF-a, IL-1§, and IL-6 in the AST@MCPs treated group was
the lowest, indicating that AST@MCPs effectively reduced the
DSS-induced pro-inflammatory response. On the contrary, IL-
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Figure 7. Levels of TNF-a (A), IL-15 (B), IL-6 (C), and IL-10 (D)
in the blood serum of mice in each group. AST: astaxanthin, AST@
MCPs-L: AST@MCPs with large oil droplets, and AST@MCPs-F:
AST@MCPs with fine oil droplets. Samples with significant (p <
0.05) differences were labeled with different lowercase letters.

10, the anti-inflammatory cytokine, shows an opposite trend to
those proinflammatory cytokines. The IL-10 level in the DSS
group exhibited a significant decrease, indicating that severe
inflammatory reactions occurred.”” Compared with the DSS
group, AST and AST@MCPs treatment improved the level of
IL-10, which further proved their anti-inflammatory activity.
These results suggested that AST@MCPs with a smaller inner
core size effectively improve the bioaccessibility of active
ingredients,” which had better anti-inflammatory effects and
alleviate ulcerative colitis in vivo.

4. CONCLUSIONS

In summary, AST@MCPs with different inner core sizes were
fabricated with electrospray technology. The in vitro digestion
proved the intestinal targeting properties of AST@MCPs.
Furthermore, the effects of the inner core size on the AST
bioaccessibility were investigated by using both in vitro and in
vivo methods. The inner core size of AST@MCPs has a
significant effect on the bioaccessibility of AST. A 2-fold
increase in AST bioaccessibility was observed when the inner
core sizes decreased from 13 to 0.29 ym. Additionally, the high
AST bioaccessibility was also proved by the high anti-
inflammatory activity of AST@MCPs with a small inner core
size by using the LPS-induced RAW264.7 cell model.
Moreover, the AST@MCPs-F effectively alleviated the DSS-
induced damage in the colon, which demonstrated their high
bioaccessibility in vivo. The results obtained confirmed that
MCPs were a promising carrier for the delivery of AST and
provided valuable information for the design of health-
promoting nutraceutical foods.
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