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Biomimetic enzyme barrier (BEB) encapsulated microcapsules with alginate shells were in situ fabricated
with a microfluidic electrospray approach for preventing intestine-derived LPS induced diseases. As the
alginate shells could protect the contents in gastric juice and release them in the intestine, the inner BEB
could form a consecutive immune barrier on the surface of the intestine during the release. Through
combining BEB with alkaline phosphatase, the immune barrier could degrade and prevent the
permeation of lipopolysaccharide, which enhanced the intestinal barrier function. Thus, the BEB
microcapsules were imparted with outstanding ability in preventing intestine-derived LPS induced
diseases. Based on an in vivo study, we demonstrated that this BEB microcapsule could effectively
protect organ function, restore intestinal barrier integrity, prevent the permeation of LPS and alleviate
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Introduction

Most of the microbiota in the colon are tightly attached to the
outer intestinal barrier, and the inner layer, which is composed
of mucus, intestinal cells and tight junctions, forms a physical
barrier that limits the permeation of pathogens.' These 100
trillion microorganisms provide important functions which
benefit the host. However, gut derived lipopolysaccharide (LPS),
which is a component of bacteria in the gut, has been regarded
as pathogenic or a lethal factor in many diseases, including
sepsis, septic shock and metabolic syndrome (MS).*” To prevent
the permeation of LPS, the gut barrier could secrete antimi-
crobial peptides, mucins and enzymes, which forms an
important part of the immune barrier.*** However, the diges-
tive system suffers from the modern high fat and high sugar
(HFHS) diet, which seriously damaged this first line of defence
and leads to LPS induced diseases."”** So far, nonbiological and
nonpharmacological strategies have been evolved in this regard
to protect and enhance the barrier function, including antibi-
otics, antibodies, dialysis, biomacromolecules and so on. Of
particular concern is the use of alkaline phosphatase (ALP) as
they play an important role in gut barrier's function which
contribute to the degradation of excessive LPS."*¢ Although
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inflammation. Therefore, the generated microcapsules have potential for clinical applications.

multiple researches of intravenous application of ALP in sepsis
and septic shock has showed their value in preventing organ
dysfunction, there is still no approach for enhancing barrier
function and solving the pathogeny.

As an important part of apical brush border enzyme, ALP
exerts its function through dephosphorylation of LPS, adeno-
sine triphosphate etc., which maintained the homeostasis of
intestine.”™ The impaired expression of ALP in intestine lead
to the dysfunction of gut barrier and several gastroenterology
diseases. Orally delivered ALP could regulate the intestinal
inflammation and permeability, which resulting in a protective
effect against inflammatory diseases such as inflammatory
bowel diseases.’**' Hence, we believe a biomimetic enzyme
barrier (BEB) based on ALP that could enhance the intestinal
barrier function and clean the pathogens is ideal for gut-
derived-LPS induced diseases. However, directly supplement
of protein drugs lead to loss of deactivation of enzyme owing to
complex environment in digestive tract. To overcome the
encountered dilemma, microcapsules are fabricated with the
form of particles or droplets which are surrounded by coatings
in various fields. The microcapsulation process build a barrier
between the contents and outer environment, which protects
sensitive substances from the surroundings and controls the
release of contents. With the application of microcapsule in oral
delivery system, drug efficiency and biocompatibility could be
improved.>**

Thus, we herein employed electrostatically driven micro-
fluidics with a biomimetic barrier system to encapsulate the
ALP through core-shell microcapsule to imitate the mucus
barrier with immune function on degrading LPS (Fig. 1). Core-
shell microcapsules hold great potential for scenes involving

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Design and fabrication of the BEB microcapsule. (A) Schematic illustration of the behaviour of microcapsule in digestive tract. (B) The
fabrication process of microcapsule. (C) Forming BEB in intestine and degrading LPS.

drug delivery, encapsulation and functionalization without
interfering contents' function.”®*” The alginate shell of the
microcapsules formed through quick crosslinking with calcium
ion (Ca®"), which could protect the contents from gastric juice
and digestive enzymes. After degradation in the intestine, the
encapsulated enzyme-mucosal adhesives were released to form
a successive barrier on the surface of intestine, which could
degrade LPS and protect the intestinal barrier. It was demon-
strated that this BEB could reduce the permeation of LPS,
relieving inflammation, restoring barrier function and prevent

Alginate
12.5kV
~

LPS induced diseases. Thus, this BEB microcapsule provides an
ideal approach for treating gut-derived-LPS induced diseases.

Results and discussion
Characterizing the BEB microcapsule

In a typical experiment, core-shell microcapsules were fabri-
cated with a coaxial capillary microfluidic chip to form
a biomimetic enzyme barrier with the encapsulated contents
through electrospray. The coaxial chip was prepared with an

C

Fig. 2 Fabrication of the microcapsule. (A) The fabrication of microfluidic electrospray process. (B) Bright field microscopic images of BEB
microcapsules. Scale bar is 100 um. (C) Image of dissected microcapsule under SEM. Scale bar is 50 um. (D) The SEM image of the outer surface
of the microcapsule. Scale bar is 1 um. (E) The SEM image of the inner surface of the microcapsule. Scale bar is 1 um.
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inner capillary and an outer capillary with centres aligned.
During the process of electrospray, the ALP-carboxymethyl
cellulose sodium (CMC)-sucralfate solution flowed inside the
inner capillary and the outer phase of ALP flowed along the
outer capillary. Due to the low Reynolds numbers, laminar flows
were formed with inner and outer phase at the merging point.
Within the electric field, the coflowing broke into droplets and
gelled with calcium chloride (CaCl,) in the gelling bath. The fast
gelation of alginate through crosslinking with Ca®" solidified
the shell structure of the microcapsules. Within this process,
the inner ALP-CMC-sucralfate was encapsulated in alginate
shells with a core-shell structure. Finally, the generated
microcapsules were collected from the gelling bath for further
characterization (Fig. 2). Through regulating voltage (U), col-
lecting distance (d), flow rate of outer phase (Fouer) and inner
phase (Finner), the size of the microcapsules could be precisely
controlled (Fig. S17). The dissected microcapsule showed
different surficial and cross-sectional structure in details under
SEM which showed a smooth surface of alginate shell and
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a rather tough morphology of the inner section (Fig. 2D and E)
indicating the seperation between core and shell. This result
also implied the successful generation of core-shell
microcapsules.

The damage of gut barrier integrity has been regarded as
a fundamental factor in the pathogenesis of many gut-derived
diseases, such as inflammatory bowel diseases and MS.*®
Researches have demonstrated the importance of a consecutive
and functional barrier in maintaining intestinal homeostasis
and preventing diseases.**! Thus, a BEB that could spread on
the intestine with functional properties against pathogens
could enhance the barrier function and contribute to many
diseases. This microcapsule could restrain the efflux of contents
in gastric environment (pH 1.5) and release contents in pH 7.4
(Fig. S21). We believe this ability contributed to the well-
regulated drug release in digestive tract. To investigate the
effect of microcapsules, in vivo CT imaging and IVIS were
utilized to analyse the distribution and continuity of the BEB in
intestine (Fig. 3). Before gavage, there was no signal in IVIS and

Intestine

Intestine

Fig. 3 Characterization of the formation of BEB in vivo. (A) In vivo imaging system (IVIS) images of BEB at 0 and 12 h. (B) Computed tomography
(CT) images of rats before gavage with microcapsules. (C) CT images of rats after gavage with microcapsules for 12 h. The positions of stomach

and intestine were pointed out with red marker.
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CT, which indicated no disperse of contents. After 12 h of
gavage, the stomach, duodenum and lower gastrointestinal
tract showed significant signal in IVIS. The continuous signal in
IVIS showed successful formation of the BEB in vivo, which
could establish a relatively complete artificial barrier to enhance
the natural barrier's function. CT showed the distribution of
BEB on sections of digestive tract, which implied the well-
distributed spread of BEB. These results demonstrated the
effect of microcapsules in building BEB, which could degrade
LPS and compensate the immune barrier function, and indi-
cated the well generating process of BEB. Owing to the complex
environment in intestine and the microcapsule took time to
release the contents, the upper intestine was not fully covered
but we think the resultant BEB was enough for therapy.

The therapeutic effect of BEB

To investigate the biomedical value of the BEB microcapsule,
their effect in degrading LPS and preventing LPS-induced
damage was evaluated through cell viability. PBS, LPS, LPS +
microcapsule and LPS + BEB microcapsule were coculture for
1 h. The resultants were added to Caco-2 cells respectively and
cocultured for another 24 h. The cells in LPS treated groups
showed significantly decrease after coculture. The microcapsule
+ LPS group showed no difference with the LPS treated group
which indicated no effect of the carrier. In comparison with
other groups, BEB microcapsule group could decrease LPS-
induced cell death (Fig. 4). The Caco-2 cells died massively in
contact with LPS while the presence of BEB could reverse the
condition. On one side, the result indicated the effect of BEB on
degrading LPS and prevent LPS induced damage. On the other
side, it also implied the beneficial aspect of the BEB micro-
capsule in dealing with LPS induced diseases.

Through translocation of gut-derived LPS, a series of disor-
ders could be induced.®***?** Restoring barrier integrity and
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reducing the absorption of LPS could improve these disor-
ders.*** Thus, a mice model based on HFHS induced MS was
finally conducted to investigate the practical value of the BEB in
LPS-induced diseases. The mice were divided into four groups
including control group, microcapsule treated group, ALP
treated group and BEB microcapsule treated group. The capa-
bility in restoring gut barrier function and therapeutic effect on
organs were evaluated through the expression level of tight
junctions and fat deposition in liver. WB showed the expression
of claudin-1 and occludin in intestine after interventions
(Fig. 4F). Both of ALP and BEB could increase the expression of
tight junctions but BEB could greatly improve the distribution
of these proteins in apical cells and exhibited more potential in
restoring the barrier function (Fig. 5). We think the damage of
gut barrier is the initial factor of MetS. Through restoring
barrier function, the MetS could, thus, be alleviated. Addition-
ally, BEB showed less fat disposition than other groups. These
results indicated the therapeutic effect of the BEB microcapsule
in preventing MS. To investigate the underlying mechanism,
organs were fetched out for analysing the permeation of LPS
and inflammation of organs (Fig. S3 and S4t). The concentra-
tions of LPS of organs in different groups were detected. There
were differences in the levels of LPS in intestine which indicated
that the permeation of LPS could be reduced through the
application of BEB. The average levels of LPS in spleen of BEB
treated groups were also lower than HFHS induced control
group (Fig. S31). This result indicated the transfusion of LPS
into blood, which bring burden to organs. Spleen showed stress
towards the change, while BEB could reduce the stress. Thus,
the intestines and spleens were further analysed with inflam-
matory levels of IL-1B, TNF-a. and IL-6 (Fig. S4t). These
inflammatory factors all decreased in BEB treated group. Hence,
we expected that the permeation of excessive LPS lead to high
level of inflammation of intestine and spleen, which result in fat

100 pm 100 ) m 100 pm
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Fig. 4 The detoxication tests of microcapsules with different interventions. (A—D) The confocal laser scanning images of the Live/Dead staining
of Caco-2 cells treated with (A) PBS, (B) LPS, (C) microcapsule + LPS and (D) BEB microcapsule + LPS. (E) The statistical graph of cell viability in
different groups. (F) The expression of tight junction proteins in intestine of different groups.
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Fig. 5 Therapeutic effect of the BEB microcapsule on MS, including liver oil red O staining and the immunofluorescence staining of distribution

of tight junction proteins in different groups. Scale bars are 50 pm.

deposition in liver later. Additionally, through utilization of BEB
could reduce the permeation of LPS and restore the barrier
function, which contribute to alleviating the LPS induced
diseases.

Conclusion

In conclusion, we have developed BEB microcapsules for pre-
venting gut-derived-LPS induced diseases. Owing to the core-
shell structure and muco-adhesive solution, the resultant
microcapsule could release the BEB along the intestine and
form a consecutive barrier with capability in degrading LPS.
This microcapsule could protect the cells from LPS induced
damage and show biomedical potential in restoring barrier
function. The practical value of BEB existed in preventing the
permeation of LPS and, thus, alleviating the inflammation of
organs. Improved inflammation level relieved organ function in
return. These features manifested that this BEB microcapsule
were efficient for gut-derived-LPS diseases.

Experimental section

Materials, cell lines, and animals

Alginate, CaCl,, sucralfate, CMC, ALP, cy5, BSA-FITC, calcein-
AM/PI (CA-PI) and phosphate buffer saline (PBS) were bought
from Aladdin. A high voltage power supply was purchased from
Dong Wen High Voltage. Diodone was purchased from Jinke-
long Biotech Company. Caco-2 cells, the 8-12 week male mice
and 200 + 10 g rats were from Jinling Hospital. All animals were
treated in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, USA. All animals' experimental

9130 | RSC Adv, 2020, 10, 9126-9132

protocols and care were reviewed and approved by Animal
Investigation Ethics Committee of the Jinling Hospital.

Experimental design

Fabrication of microfluidic device. A glass slide and capil-
laries were used to fabricate the microfluidic device. The outer
capillary was sanded to reach a diameter of 350 um, and the
inner capillary was pulled after heated to form spindle tips with
a diameter of 150 um. The outer capillary and the inner capillary
were then coaxially assembled. Needles were used to connect
the inner and outer capillary. Transparent epoxy resin was used
to fix the device.

Fabrication of the microcapsules. 4% alginate was used for
outer phase and CMC-ALP-sucralfate was used for inner phase.
A voltage power supply was used to generate electric field for
electrospray. The coflowing formed laminar flows stretched to
Taylor cone entirely within the electric field. The flows broke
into droplets and gelled in CaCl,. The microcapsules were
generated and collected for characterization. The variables were
regulated to analyse the size of microcapsules.

Characterization. Bright-field images of microcapsules were
recorded by microscopy (OLYMPUS IX71) equipped with CCD
camera. The microstructures were characterized by a scanning
electron microscope (SEM). Before SEM, microcapsules were
dehydrated and fixed with a double-sided adhesive tape. The
samples were then covered with gold with SEM-ion sputter.
After fabrication of BEB microcapsule, we utilized CT imaging
and IVIS to visualize the distribution of the BEB in intestine. In
CT imaging, the inner phase was composed with diodone and
encapsulated in microcapsules which were used for gavage
later. In IVIS, cy5 was composed with inner phase for

This journal is © The Royal Society of Chemistry 2020
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microcapsule. Data were collected before gavage and 12 h after
gavage. Images were normalized with the control group. To
study the drug release ability of the core-shell microcapsules,
BSA-FITC were encapsulated and cultured in HCI buffer at pH
1.5 and in phosphate buffer at pH 7.4. The intensity of fluo-
rescence in solvents were collected and analysed then.

Detoxication effect of the microcapsules. Before the experi-
ment, 0.1 ug mL ™" LPS was cocultured with PBS, microcapsule
and BEB microcapsule for 1 h. Then, the resultants were
extracted and cocultured with 10" Caco-2 cells. Normal cells
without interventions were set as control group. After 24 h, cells
in control group, LPS group, microcapsule + LPS group and BEB
microcapsule + LPS group were stained with CA-PI to analyse
the cell viability. The images were recorded with a fluorescent
microscope.

Protection of microcapsules on mice. HFHS diet induced MS
model was set to evaluate the effect of BEB microcapsules on
preventing LPS-induced diseases. 20 C57/BL mice were fed
a HFHS diet for 8 weeks and divided into four groups, including
PBS treated group (control group), microcapsule group
(alginate-CMC), ALP group and BEB microcapsule group
(alginate-CMC-ALP-sucralfate). All mice were sacrificed for col-
lecting intestine, liver, heart, spleen, lung and kidney at 8th
week. The organs were further analysed with ELISA for the levels
of LPS and inflammatory factors including IL-1 B, TNF-o and IL-
6 following the manufacturer's instructions. The resultants
were measured according to standard curves. Results were
expressed with respect to control.

Oil red O staining and immunofluorescence analysis. Before
the experiment, tissues were immersed in 4% neutral formal-
dehyde for 24 h. Frozen liver tissues were stained with oil red
analyse the fat deposition. Intestines were dehydrated and
embedded in paraffin. Sections was conducted with a micro-
tome. To conduct the immunofluorescence staining, the
sections were incubated with ZO-1 or occludin antibody at 4 °C
for 12 h. Afterwards, the sections were washed and the
secondary antibody (1% BSA) was further applied at 25 °C for
1 h. Images were recorded with a fluorescence microscope.
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