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Abstract

Diabetes mellitus is becoming increasingly prevalent worldwide and needs effective clinical treatment methods. 3-Cell
replacement therapy has become a safe alternative for diabetes treatment in recent years, and encapsulation methods
have been proposed to facilitate this type of therapy. Here, we used coaxial microfluidic electrospray technology to
generate microcapsules allowing high cell viability (>90%) with porous alginate shells and 3 cell-containing cores in

less than half an hour. Benefitting from microfluidic electrospray, the sizes of the generated microcapsules were
adjustable. The biocompatible porous hydrogel shell not only protected B cells from immune rejection but also
allowed the exchange of small molecular nutrients during transplantation, and the liquid core guaranteed the high
viability of the encapsulated cells. This constructed living cell biosystem further demonstrated its potential as an
artificial islet after transplantation into the omental pouches of diabetic mice to control blood glucose levels and thus
treat diabetes. We consider that this system, with an elaborate structure and an abundance of highly viable
encapsulated 3 cells to improve treatment performance, could be applied in a wide range of clinical situations.

Introduction

Diabetes is a global disease that has caused great pro-
blems'. Recently, oral agents, insulin injections, and B cell
transplantation have become available for diabetes mellitus
treatment™”. The long-term use of oral agents and insulin
increases the burden on patients with diabetes while direct
implantation of  cells causes immunological rejection as
well as graft apoptosis*. Therefore, biocompatible hydro-
gels have been introduced to prevent transplanted cells
from immune rejection”®. Three main methods have been
proposed for cell encapsulation, including utilizing porous
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devices, hydrogel encapsulation, and thin polymer coat-
ing’~'?. Although each has received clear and pleasant
success, these approaches lead to either a fibrotic response
or unsatisfactory viability of the encapsulated cells'®. In
addition, the resultant materials with common homo-
geneous structures lack the ability to exchange metabolites,
such as oxygen, glucose, and insulin, making the long-term
performance of encapsulated cells difficult'*'>. Therefore,
a novel encapsulation approach that guarantees cell via-
bility for treatment is urgently needed.

In this paper, we present novel porous microcapsules
encapsulating B cells for diabetes treatment by using
coaxial microfluidic electrospray technology, as schemed
in Fig. 1. Microfluidic electrospray is an advanced tech-
nology used for the mass production of materials with
controllable morphologies and desired features due to its
ability to simultaneously operate multiple kinds of fluids
in small channels'®*’. A multitude of functional mate-
rials have been created through this amazing technology,
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Fig. 1 Schematic demonstrating the fabrication of the porous
microcapsules encapsulating B cells for diabetes treatment after
omentum transplantation in diabetic mice. a Porous
microcapsules fabricated via the microfluidic electrospray system.

b The B cell-encapsulated microcapsules isolate immune cells, release
insulin, and exchange oxygen as well as glucose. ¢ The {3 cell-
encapsulated porous microcapsules were applied to treat diabetes in
diabetic mice after omentum transplantation.

such as microspheres, capsules, fibers, and rod-shaped
hydrogels®*>. These materials have found important
applications in three-dimensional (3D) cell culture, drug
delivery, and biomaterials**~>°. Although there have been
many successes, most microfluidic electrospray methods
focus on the direct encapsulation of cells, where cell
viability usually fails to satisfy the needs of the application
because the hydrogel framework restricts the growth and
migration of cells as well as intercellular communica-
tion”’*°. In addition, the compact shell prevents the
inner cells from receiving small molecular nutrients,
limiting the long-term viability of these cells and the
expected outcomes in diabetes treatment®’. Thus,
microcapsules encapsulating highly viable cells for dia-
betes treatment are desired.

Here, we used a simple microfluidic electrospray
technique to fabricate porous hydrogel microcapsules
encapsulating [ cells. The porous hydrogel shell was
made from a mixture of sodium alginate (ALG) and
polyethylene oxide (PEO), where the PEO worked as a
pore-making agent because it is not crosslinked during
gelation of the alginate hydrogel. The inner liquid core
consisted of a solution of B cells dispersed in sodium
carboxymethyl cellulose (CMC). Taking advantage of the
microfluidic technique, the produced microcapsules had
a uniform structure that could be further tailored by
tuning different parameters during the electrospray pro-
cess. In addition to the liquid core of the microcapsule
providing a 3D culture environment for the encapsulated
B cells, the porous shell protected these cells from
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immunological rejection during transplantation. It
should be noted that the porous shell structure allows the
exchange of small molecules that are necessary for p cells.
As a result, the cells showed good activity and function
after their encapsulation. The application value of this
constructed living cell system was further demonstrated
by employing the microcapsules as artificial islets to
control blood glucose levels and treat diabetes in mice.
Thus, all of the stated features demonstrate that porous
microcapsules encapsulating B cells show distinctive
potential in diabetes treatment, making them promising
candidates for further clinical research.

Experimental section
Materials, cell lines, and animals

ALG, CMC, and CaCl, were purchased from Aladdin.
The calcein-AM and propidium iodide staining kits was
purchased from Invitrogen. Trypsin-EDTA solution and
phosphate-buffered saline (PBS) were from Gibco (Grand
Island, NY). MTT powders were purchased from J&K
Scientific Ltd., Shanghai. Dimethyl sulfoxide (DMSO) was
purchased from Sigma, USA. The insulin-producing f cell
line was obtained from the American Type Culture Col-
lection (ATCC). These cells were cultured in RPMI-1640
medium with L-glutamine (Gibco, USA) supplemented
with 10% fetal bovine serum (Gibco, USA), 10 mmol/L 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
50 pmol/L B-mercaptoethanol, 1 mmol/L sodium pyruvate,
100 U/mL penicillin, and 100 ug/mL streptomycin at 37 °C
in a humidified 5% CO, incubator. The medium was
replaced every other day. Eight- to ten-week-old male
C57BL/6 mice were obtained from Shanghai Sipo-Bikai
Laboratory Animal Co., Ltd. (SCXK2018-0006). All ani-
mals were treated in strict accordance with the recom-
mendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health,
USA. The experimental protocols and care of all animals
were reviewed and approved by the Animal Investigation
Ethics Committee of ZhongDa Hospital.

Microfluidic device design

The microfluidic electrospray device included a glass
slide, two capillary tubes with different inner diameters,
and two connectors used for fixing and connecting. The
diameter of the outer glass capillary was 500 pm and the
inner diameter was 300 um, tapered by a capillary puller
(P-97, Sutter Instrument) and sanded to the desired ori-
fice diameter. The coaxial microfluidic electrospray sys-
tem was assembled by inserting the tapered capillary into
a cylindrical capillary. A needle with two crevices at the
bottom was used at the connection between the inner and
outer capillary channels. Afterward, a transparent epoxy
resin (Devcon 5min Epoxy) was used to seal where
necessary.
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Fabrication of the porous microcapsules via microfluidic
electrospray and their characterization

Typically, ALG (0.2g) was dissolved in 10mL of
ddH,O and stirred at 37 °C for 4h to ensure full dis-
solution. Then, a 1% (w/v) PEO solution was added
dropwise into the ALG solution at a volume ratio of 1:1.
The mixture was stirred at 40 °C with a spinning speed
of 400 rpm for 8 h. CMC (0.1 g) was dissolved in 10 mL
of ddH,O and stirred at 37°C for 2h to ensure full
dissolution. Two syringe pumps were used to push the
core fluid of 1% (w/v) carboxymethyl cellulose sodium
and shell fluid of 1% (w/v) alginate sodium with 0.5% (w/
v) PEO through the concentric inner (300 pm) and outer
(500 um) lumens in the coaxial needle, respectively.
Under an open electric field from a voltage generator,
concentric drops of the two coaxial fluids at the needle
tip were broken up into microdrops and sprayed into the
gelling bath containing 100 mM calcium chloride to
instantly gel the alginate in the shell fluid before the two
fluids were mixed. Bright-field images of the porous
microcapsules were observed by microscopy (OLYM-
PUS IX71) and recorded with CCD cameras (DP30BW).
The prepared microcapsules were frozen overnight and
then freeze-dried under the vacuum for 24 h. Then, the
microstructures of the porous microcapsules were
characterized by scanning electron microscopy (SEM;
HITACHLI, S3000N).

Biocompeatibility of the porous microcapsules

The viability and proliferation of  cells with or without
the porous microcapsules were evaluated with a [3-(4,5)-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay. First, the B cells were transferred to clean
unused 96-well plates (Thermo, USA) at a density of 2 x
10* cells/well. The porous microcapsules were prepared,
and those with uniform size were selected under the
microscope. Microcarriers (1 mg) were added to each
well for one group, while the other group served as a
control group. Briefly, the microcapsules were cocultured
with B cells in the experimental group, and B cells
without microcapsules were cultured as a control for
3 days. Every group had three parallels. Bright-field
images of the P cells in the two groups were recorded by
microscopy every day. The MTT solution was prepared at
a concentration of 5mg/mL in PBS. Then, the culture
medium with 10% MTT was added to each of the two
groups of cells. After incubation at 37 °C for 3—4h, the
medium was removed, and 100 pL. of DMSO was added
to dissolve the MTT formazan crystals. Then, the cor-
responding OD value was measured with a microplate
reader (SYNERGY HTX) at a wavelength of 570 nm. Cell
viability in both groups from Day 1 to Day 3 was deter-
mined by MTT assay.
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Cells-encapsulated porous microcapsules prepared via
microfluidic electrospray

CMC (1%, w/v) was mixed with { cells (2 x 10° cells/ml)
to make microcapsules with a liquid core. The shell fluid
consisted of 1% (w/v) sodium alginate with 0.5% (w/v)
PEO. The gelling bath contained 100 mM calcium chloride.
All solutions were filtered through a 0.22 pm micron filter
before being used for encapsulation. The chip and pipes
were washed with and soaked in alcohol and
penicillin—streptomycin solution. After encapsulation, the
microcapsules containing B cells in the gelling solution
were washed with medium three times and suspended in p
cell medium after calcium removal for further culture.

Porous microcapsule permeability test

To more intuitively determine whether insulin could
penetrate  through  the  porous  microcapsules,
isothiocyanate-labeled insulin (insulin-FITC, final con-
centration of 1.5 mg/mL) was used with CMC solution as
the inner phase, and ALG solutions with different con-
centrations were used as the outer phase. Then, the release
of fluorescence at 0, 30, and 60 min was recorded with a
fluorescence microscope (Carl Zeiss, Germany). Different
molecular weight substances, such as fluorescein sodium
salt fluorescein (NaFI), fluorescein isothiocyanate-labeled
insulin (insulin-FITC), and fluorescein isothiocyanate-
labeled bovine serum albumin (BSA-FITC), were used
with the microcapsules. Approximately 50 microcapsules
were placed into culture dishes, and fixed amounts of NaFI,
insulin-FITC, or BSA-FITC solution was added (final
concentration of 2 mg/mL). Finally, the green fluorescence
of the microcapsules was observed and recorded by fluor-
escence microscopy at 0, 5, 10, 20, 40, 60, and 90 min.

Cell viability, proliferation, and function

The viability of the encapsulated 3 cells was determined
using a live/dead assay kit. The proliferation of the
encapsulated P cells was monitored by observing the for-
mation of cell aggregates in the microcapsule core. The
whole-cell experiment lasted for seven days. A total of 2 uL
of calcein-AM and 2 pL of propidium iodide solution were
added to 1mL of cell medium containing the P cells
microcapsules. After 20 min of incubation at 37 °C in the
dark, the [ cells in the microcapsules were imaged under a
fluorescence microscope (Carl Zeiss, Germany). Then, by
staining the P cell aggregates that had formed in the liquid
core after culturing for 1, 3, 5, and 7 days with calcein-AM
and propidium iodide, we obtained fluorescence images of
the cells in the microcapsules. The function of the aggre-
gated f cells on Day 7 was examined based on basic insulin
secretion in low-glucose states. After preconditioning in a
low glucose medium for 1h, the B cells were washed twice
with PBS and cultured in a low glucose medium for
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another 1h. The supernatant was retained to detect the
insulin concentration by RIA as described previously®".

Animal study of the porous microcapsules encapsulating 8
cells

Finally, an in vivo experiment was conducted to inves-
tigate the practical value of these microcapsules in
streptozotocin (STZ, 150 mg/kg)-induced diabetic mice
(C57BL/6 mice) on the basis of their desirable bio-
compatibility, good molecular release and immune isola-
tion®”. Twenty-four mice were included in the
experiment. Type 1 diabetes was successfully induced in
18 mice by a single i.p. injection of STZ. The diabetic mice
were randomly divided into three groups: the control
group, P cells group, and B cells-Mi group. For omental
pouch transplantation, a median abdominal incision was
made, and the greater omentum was spread out onto wet
gauze®®, The control group was treated as a sham-
operated diabetes group, whereas the [ cells group
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received 2 x 10° B cells and the B cells-Mi group received
microcapsules encapsulating 2 x 10° B cells in the omental
pouch. Thereafter, the body weights and blood glucose
levels of the mice were recorded every other day with a
weight scale and blood glucose meter. Mice were intra-
peritoneally administered glucose injection one week after
transplantation. Mice then fasted for 12 h, and the dia-
betic mice in each group were treated with an intraper-
itoneal injection of 15% glucose. Blood glucose levels were
measured at 0, 15, 30, 60, 90, and 120 min. The area under
the curve between 0 and 120 min was calculated to indi-
cate the maintenance of glucose homeostasis in the dif-
ferent groups. Mice were sacrificed after 28 days of
treatment. The omentums and pancreases of the mice
were removed and fixed for 24—48 h. Then hematoxylin
and eosin (H&E) and immunofluorescent stainings were
carried out. Representative immunofluorescence staining
for insulin (B cell marker) and glucagon (« cell marker) in
the pancreas were carried out to indicate the destruction
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Fig. 2 Generation of CMC-ALG microcapsules via microfluidic electrospray technology. a The formation of CMC-ALG droplets during the
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of islet P cells in diabetic mice, using normal mouse islets
as a control.

Statistical analysis

All statistical analyses were conducted with SPSS 20.0.
The data are presented as the mean + standard deviation.
The statistical significance of the differences was deter-
mined by t-test. P < 0.05 was considered significant.

Results and discussion
Synthesis of the porous microcapsules

In this experiment, porous microcapsules were fabricated
with a coaxial microfluidic electrospray system. Because of
the hydrodynamic focusing effect and low Reynolds num-
ber, the inner liquid formed laminar flow and was sheathed
by the outer stream of alginate at the merging point of the
two fluids (Fig. 2a and Fig. S1, Supplementary Materials).
Finally, the coaxial fluid was broken up into droplets under
the outer electric field and sprayed into the calcium
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chloride (CaCl,) solution. The fast diffusion of Ca®"
instantly solidified the ALG to form microcapsules. After
further gelation of the alginate in the calcium chloride
collection pool, the core-shell structured microcapsules
were obtained. A large number of CMC-ALG micro-
capsules showed smooth surfaces and core-shell structures
(Fig. 2d—f). In detail, scanning electron microscopy (SEM)
images of the porous microcapsules displayed their porous
shell and inner core (Fig. 2b, c). The porous structure of the
shell was attributed to PEO, which was not crosslinked
during the reaction between ALG and calcium ions. In
addition, by dynamically regulating the parameters of the
microfluidic electrospray, the size and the core-shell
structure of the microcapsule was precisely controlled to
endow microcapsules with different sizes (Fig. 2d—f and
Fig. S2, Supplementary Materials). With increasing collec-
tion distance, flow rate of CMC, and concentration of ALG,
the size of the microcapsules increased. However, when the
concentration of ALG increased to 2%, the resulting
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Fig. 3 Viability and proliferation of B cells encapsulated in porous microcapsules. a Microscopic images and representative fluorescence
microscopic images of 3 cells at 1, 3, 5, and 7 days after microencapsulation (green: live, red: dead). Scale bars are 200 um. b Corresponding statistical
graph of relative cell viability (live and dead). ¢ Green fluorescence intensity of the 3 cells in the porous microcapsules after different lengths of cell
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microcapsules were unstable because the solution was too
viscous. A negative correlation was observed between
microcapsule size and electric field strength. Notably, due
to the advanced and precise control of these parameters,
the microcapsules had a narrow size distribution
(Fig. 2g—i).

Preparation of the cell-laden porous microcapsules and
in vitro culture

To investigate their biomedical application potential,
the biocompatibility of these porous microcapsules was
first estimated. The viabilities of the { cells cultured with
(microcapsule group) or without (control group) the
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microcapsules were evaluated using the [3-(4,5)-dime-
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. During 3 days of cultivation, cell viability in the
microcapsule group was not significantly different from
that in the control group; both groups of cells grew well,
as observed from the microscope images and the results of
the MTT assay (Fig. S3, Supplementary Materials). These
results proved the good biocompatibility of the porous
microcapsules, which laid the foundation for subsequent
cell encapsulation and in vivo diabetes treatment. Then,
cell-laden porous microcapsules were made by dispersing
a sufficient number of B cells into the inner phase. To
acquire vivid images of the cells encapsulated in the
porous microcapsules, calcein-AM and propidium iodide
were used to stain the cells. The cells showed good via-
bility and proliferation during cultivation (Fig. 3a). These
observations were further demonstrated by statistical
analysis of cell viability and fluorescence intensity, the
former of which suggested that over 90% of the encap-
sulated cells had good viability and the latter showed an
increase in fluorescence intensity, which indicated an
increasing number of cells (Fig. 3b, c). All of these results
demonstrated that B cells encapsulated in the porous
microcapsules could maintain good viability and basic
activity.

In addition to good biocompatibility, porous micro-
capsules are believed to allow the exchange of small
molecules that are necessary for [ cells growth. To
examine whether insulin could penetrate through the
shell of the porous microcapsules, isothiocyanate-labeled
insulin (insulin-FITC) was added to the CMC solution to
form the core structure, and different concentrations of
ALG were chosen to prepare the shell. After generation,
the microcapsules were observed at different time points
by fluorescence microscopy (Fig. 4a). It was inferred that
the microcapsules showed good insulin permeability at
different ALG concentrations. Moreover, with increasing
ALG concentration, the fluorescence intensity showed a
corresponding enhancement, indicating the slower
release of insulin. As the concentration of the shell
solution increased, the ability of the same substance to
pass through the shell decreased. This phenomenon
could be ascribed to the increase in ALG concentration
increasing the cross-linking density and narrowing the
molecular gap. In addition to the release ability, the
permeability of the microcapsules was also investigated.
Fluorescein sodium salt fluorescein (NaFI),
isothiocyanate-labeled insulin (insulin-FITC) and bovine
serum albumin (BSA-FITC) were used to treat the
microcapsules to observe the permeability of substances
with different molecular weights by fluorescence micro-
scopy (Fig. S4, Supplementary Materials). The fluores-
cence intensities of the different groups at different time
points were measured, and the results are shown in the
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chart in Fig. 4b. NaFI (MW 376 Da) penetrated the por-
ous microcapsules easily, but BSA (MW 66.0kDa)
encountered more difficulty than insulin (MW 5.8 kDa)
due to its relatively larger molecular weight. Further-
more, the insulin secreted from P cells after permeation
through the alginate shell was examined on the 7 day
(Fig. 4c). The encapsulated cells released the same
amount of insulin as the unencapsulated cells under low
glucose conditions, possibly because insulin was easily
released from the sodium alginate shell.

Transplantation of the cell-laden porous microcapsules
into diabetic mice

The potential of these porous microcapsules encapsu-
lating B cells for diabetes treatment was finally investi-
gated by employing them as artificial islets to control
blood glucose levels in diabetic mice. First, a diabetic
mouse model was constructed in C57BL/6 mice by
administration of streptozotocin (STZ). The mice were
randomly divided into three groups, B cells group, p cells-
Mi group, and the control group, referring to the groups
receiving [ cells, p cell microcapsules, and sham surgery,
respectively. The process of implanting the B cells
microcapsules is shown in Fig. 5a and Fig. S5, Supple-
mentary Materials. Then, the blood glucose levels and
body weights of the mice were recorded (Fig. 5b, c). The
control group mice maintained a high blood glucose level
and displayed significant weight loss, which was con-
sistent with the diabetic status. The p cells group exhib-
ited partial reversal of the hyperglycemic conditions
within 3 days after transplantation, but hyperglycemia
later returned during Days 3-7, and the mice lost more
bodyweight than the mice in the other groups. In contrast,
the B cells-Mi group of mice that received an equal
number of B cells encapsulated in microcapsules experi-
enced normoglycemia and gained some weight after
transplantation. These results demonstrated that direct
transplantation of B cells may lead to immune rejection,
resulting in weight loss in mice, while [ cells encapsulated
in microcapsules mitigated immune rejection to steadily
lower blood glucose to almost normal levels through the
shielding effect of the hydrogel shell. In addition, the
intraperitoneal glucose tolerance test showed that the
mice in the P cells-Mi group had decreased blood glucose
levels after 30 min compared to the other groups (Fig. 5d).
Additionally, the area under the curve values presented a
significant difference between the B cells-Mi group and
the control group at 2 h post-glucose challenge, and there
was also a significant difference between the 3 cells-Mi
group and the B cells group (Fig. 5e). These results illu-
strated that the mice treated with 3 cells microcapsules
had good glucose tolerance, which should be ascribed to
the sustainable release of insulin from the porous
microcapsules.
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To intensively study diabetes treatment performance,
histological evaluations were also carried out. H&E
staining of the omentum and immunofluorescence
staining of the pancreas (glucagon: a cell, insulin: § cell)
were performed. The diabetic mice showed extensive
destruction of islet B cells in the pancreas compared to
normal mice (Fig. S6, Supplementary Materials). The
H&E images of the omentum tissue of the control group
mice were normal, and adipose tissue and blood vessels
were clearly observed (Fig. 6a). A large number of cells
and severe adhesions between tissues were found in the

B cells group (Fig. 6b). In the B cells-Mi group, B cell-
laden microcapsules were discovered, as indicated by
the red arrow in the picture (Fig. 6¢). This result indi-
cated that the P cells were completely encapsulated in
the microcapsules and survived. The H&E results of
omentum tissue from the mice in the B cells-Mi group
were almost the same as those of the control group
without transplantation. However, the B cells group
displayed extensive cellular infiltration into the omen-
tum tissue, which may be caused by an inflammatory
response.
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control group

group and [ cells-Mi group. Scale bars are 100 pm.

B cells group

Fig. 6 Protective effect of the porous microcapsules on f cells in diabetic mice. a Hematoxylin and eosin (H&E)-stained images of omentum
tissues in the control group. The red dotted area represents the enlarged portion. b, ¢ Characterization of omentum tissues via H&E in the B cells

B cells-Mi group

Conclusion

In conclusion, we proposed novel porous microcapsules
encapsulating B cells for diabetes treatment by using
microfluidic electrospray technology. During preparation,
a coaxial capillary device was employed to fabricate the
microcapsules with porous hydrogel shells and liquid
cores containing B cells. The porous hydrogel shell was
made from a mixture of ALG and PEO, and the inner
liquid core was a cell suspension with CMC. The co-flow
was broken into droplets driven by an outer electric field
and fell into a CaCl, solution. Because the gelation of
ALG occurred quickly, the porous shell of the micro-
capsules was instantly obtained, protecting the encapsu-
lated cells from immune cell attack during transplantation
and allowing the exchange of small molecules necessary
for B cells survival and  cell secretions. Moreover, the
inner liquid core provided P cells in a 3D culture envir-
onment in which the encapsulated cells maintained good
activity and function. Taking advantage of the micro-
fluidic electrospray method, the porous microcapsules
had tunable morphologies allowing the intelligent, con-
trollable, and programmable release of insulin and other
kinds of small molecules. With a biomedically relevant
dose, the released insulin showed satisfactory anti-diabetic
functions. The practical value of the resulting porous
microcapsules encapsulating f cells also showed
improvements in blood glucose levels and body weights
among treated mice. These features indicate that porous
microcapsules encapsulating B cells are efficient for dia-
betes treatment, and thus, we believe that this method will

be widely used in the clinic based on its excellent
capabilities.
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