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Intrinsically Semi-Permeable PDMS Nanosheet Encapsulating
Adipose Tissue-Derived Stem Cells for Enhanced Angiogenesis

Megumi Takuma?, Hajime Fujita?, Nanami Zushi?, Hisato Nagano®, Ryuichi Azuma®, Tomoharu
Kiyosawa®, Toshinori Fujie*a<

Cell encapsulation devices are expected to be promising tools that can control the release of therapeutic proteins secreted
from transplanted cells. Protein permeability of the device membrane is important because it allows the isolation of
transplanted cells while enabling the effectiveness of the device. In this study, we investigated free-standing polymeric ultra-
thin films (nanosheets) as an intrinsically semi-permeable membrane made from polydimethylsiloxane (PDMS). The PDMS
nanosheet with a thickness of 600 nm showed intrinsic protein permeability, and the device fabricated with the PDMS
nanosheet showed that VEGF secreted from implanted adipose tissue-derived stem cells (ASCs) could be released for at
least 5 days. The ASC encapsulation device promoted angiogenesis and the development of granulation tissue during 1 week
after transplantation to the subcutaneous area of a mouse. This cell encapsulation device consisting of PDMS nanosheet

provides a new method for pre-vascularization of the subcutaneous area in cell transplantation therapy.

1 Introduction

As a future avenue for drug delivery, cell encapsulation devices are
promising tools that can control the release of therapeutic proteins
secreted from transplanted cells; such devices would be a better
delivery solution than the repeated injections currently needed for
protein pharmaceuticals’™®. These devices should be implanted in
subcutaneous tissue, which is a minimally invasive target, and would
allow the removal of the graft if necessary”8. However, the relatively
sparse distribution of blood vessels in subcutaneous tissue might
result in a lack of nutrients and the loss of the transplanted cells’~11.
Therefore, pre-vascularization of the implantation site is required to
promote the delivery of cell-derived therapeutic proteins (e.g.,
growth factors from stem cells, insulin from islet cells)®1012-14 |n
such cases, single cells or an aliquot of cells are encapsulated by a
soft semi-permeable membrane to allow the transport of
therapeutic proteins and nutrients.

There are two options for designing these soft semi-permeable
membranes: 1) fabrication with micropores'® (i.e., a mesh-like
membrane or sheet-like membrane with track-etched holes) and 2)
changing the thickness of a polymeric thin film6. The micropore
fabrication technique has the advantage of creating a uniform pore
size!”18, but the micropores potentially allow the elution of culture
medium from the device without molecular selectivity. In a previous
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study, we developed free-standing polymeric ultra-thin films
(referred to as “nanosheets”) as intrinsically semi-permeable
membranes!®. Permeability was endowed owing to the structural
change formed by the crystallization of constituent polymers upon
thermal treatment, which resulted in the selective permeation of
molecules through cavities among the entangled polymer chains?®.
Such self-assembled cavities in the intrinsically semi-permeable
membrane would prevent the spontaneous elution of liquid culture
medium, overcoming the drawback of microfabricated porous
membranes. Inspired by this finding, here, we explored the
capabilities of intrinsically semi-permeable membranes for the
prolonged release of cell-derived therapeutic proteins.

We selected polydimethylsiloxane (PDMS) from among
candidate polymers as the most suitable material for fabricating a
semi-permeable membrane because of its biocompatibility and
flexibility in the form of a thin film?°, and its non-degradability for
xenotransplantation. PDMS has been used to develop drug-releasing
devices, such as the steroid-releasing Norplant?%2!; however,
Norplant’s permeation membrane is only suitable for the sustained
release of small molecules with a molecular weight of 312 Da,
molecular weight of a therapeutic drug released from Norplant
(levonorgestrel?9). We also previously found that coating a precursor
solution of PDMS diluted with a mixed organic solvent of n-hexane
and ethyl acetate led to a decreased crosslinking degree of the PDMS
nanosheet!®. In those results, we also evaluated the influence of
organic solvents on the crosslinking degree and on protein
permeability through the PDMS nanosheet.

In the present study, we report the design of an intrinsically semi-
permeable PDMS nanosheet, the fabrication of the PDMS nanosheet
integrated into a cell encapsulation device, and the evaluation of in
vivo preconditioning via the paracrine effect derived from the
encapsulated stem cells as a proof-of-concept study in cell therapy
(Fig. 1). Specifically, we investigated the semi-permeability of the
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Fig. 1 Overview of the study. (a) Illustration of the cell encapsulation device consisting of hydrogel (GelMA), protein-secreting cells (ASCs), and an intrinsically
semi-permeable PDMS nanosheet. (b) The PDMS nanosheet isolates encapsulated cells from the surrounding immune cells and allows the permeation of

nutrients, oxygen, and proteins (e.g., VEGF) released from ASC spheroids.

therapeutic protein vascular endothelial growth factor (VEGF), which
is known to give the angiogenesis effect??, through the PDMS
nanosheet. Then, we encapsulated spheroids of adipose tissue-
derived stem cells (ASCs), VEGF secreting cells?2-24, within the PDMS
nanosheets. We also investigated the ability of the ASC spheroid
encapsulation device to release VEGF in vitro. Finally, we evaluated
the angiogenic effect in terms of pre-vascularization induced by the
implanted device in vivo. Our design and fabrication of the cell
encapsulation device took advantage of polymeric nanosheets, and
it achieved controlled permeability of therapeutic proteins with the
good conformability to the transplanted site.

2 Materials and methods
Materials

Polydimethylsiloxane (PDMS) (SILPOT 184) was purchased from
DuPont Toray Specialty Materials K.K. (Tokyo, Japan). Polyethylene
terephthalate (PET) film (Lumirror T60) was purchased from Toray
Industries, Inc. (Tokyo, Japan). Hexane, Dulbecco’s phosphate-
buffered saline (-) (PBS), 7.5 w/v% albumin D-PBS (-), and bovine
serum albumin solution were purchased from Fujifilm Wako Pure
Chemical Corporation (Osaka, Japan). Ethyl acetate and polyvinyl
alcohol (PVA) (polymerization approximately 500 86.5%—89%
hydrolyzed) was purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Gelatin methacrylate (GelMA, gel strength 300 g Bloom, 80%
degree of substitution), Albumin-fluorescein isothiocyanate
conjugate (FITC-BSA) (protein bovine), and 2-hydroxy-2-methyl-1-
phenylpropanone (lrgacure 1173) were purchased from Sigma-
Aldrich Co. Llc., (St. Louis, US). 2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959) and phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide) (Irgacure 819) were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Low Cell
Adhesion Products (PrimeSurface™) was purchased from Sumitomo
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Bakelite Co., Ltd. (Tokyo, Japan). Dulbecco’s modified Eagle medium:
Nutrient Mixture F-12 (DMEM/F12), fetal bovine serum, penicillin-
streptomycin, and trypsin-EDTA were purchased from Thermo Fisher
Scientific (Waltham, US). FITC-labeled mouse anti-Human 1gG (H+L)
Secondary Antibody (FITC-1gG) was purchased from Novus biological
(Centennial, US).

Preparation of PDMS nanosheets

The PDMS nanosheets were fabricated on a PET film using
gravure coating (ML-120, Yasui Seiki Co., Ltd., Tokyo, Japan) or bar
coating (TC-1, Mitsui Electric Co., Ltd., Chiba, Japan) for the PDMS
layer, and gravure coating for the PVA sacrificial layer. To prepare the
sacrificial PVA layer, a PVA solution (10 wt%) was coated onto the
PET film substrate at a line speed of 1.3 m min and a gravure
rotation speed of 30 rpm at 80°C. After the solvent was evaporated,
pre-cured PDMS at a ratio of 10:1 (w/w) was coated onto the
PVA/PET film. Film thicknesses of 300 nm, 600 nm, and 2.4 um (which
were used for the permeation test) were made from PDMS diluted in
hexane: ethyl acetate (4:1 v/v) at concentrations of 30 wt%, 15 wt%,
and 50 wt%, respectively; the rotation speed was 30, 30, and 50 rpm,
respectively. For all concentrations, the line speed was 0.2 m min-
and the drying temperature was 120°C. The 2 um thickness used for
the tensile test and FTIR, and the 4.8 um thickness used for the
permeation test, were fabricated by bar coating a pre-cured PDMS
solution (without dilution) onto the PVA/PET film at a coating speed
of 10 mm sec’’. All PDMS sheets were baked in an oven at 120°C for
1.5 h followed by 80°C for 12 h to cure the PDMS layer.

PDMS nanosheet characterization

To observe the surface of the PDMS nanosheets, fabricated
PDMS nanosheets were fixed on a pin stub and covered with gold
using sputtering equipment (MSP-20-TK vacuum device, lIbaraki,
Japan). The surface of the PDMS nanosheets was observed by SEM
(ProX Phenom-World, JASCO Corporation, Tokyo, Japan). The FTIR
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spectra were obtained using an FTIR spectrometer (ALPHA Il, Bruker,
Billerica, US). Tensile tests were conducted to evaluate the
mechanical properties of the PDMS sheets (thickness: 2 um, 100 um)
under dry and wet conditions using a tensile tester (EZ-SX, Shimadzu,
Kyoto, Japan) (load cell: 5 N (2 um wet) and 100 N (2 um dry and 100
pum). Dried sheets were prepared by removing the PVA layer by
soaking in water for 10 min, rinsing with pure water, and then air-
drying for several hours. Wet sheets were prepared by soaking the
sheets in water for several hours after the PVA layer was removed.

Evaluation of protein permeability through the PDMS nanosheet

Transwell prefixed membranes (ThinCert, Greiner, Kremsm
nster, Austria) were removed and replaced with PDMS nanosheets
with thicknesses of 300 nm, 600 nm, 2.4 um, or 4.8 um. Each
modified Transwell was then placed in an individual well of a 24-well
microplate. PBS was added to the outer well, and BSA (9.4 mg mL?),
as a model protein, was added to the inner well. The amount of BSA
in the outer well was monitored using a Bradford protein assay kit
(23200, Thermo Scientific) and a multiple plate reader (EnSPire 2300-
00J, PerkinElmer, Waltham, US) over a 24 h period. Similarly, the
permeability of FITC-labeled BSA and FITC-labeled 1gG (5 uM each)
was evaluated using Transwell replaced with PDMS nanosheet with
thickness of 800 nm fixed with adhesive (BONDIC, EIGERTOOL). The
amount of FITC-labeled BSA and FITC-labeled IgG in the outer
solution was monitored respectively and quantified by a multiple
plate reader.

Preparation and characterization of GelMA

Irgacure 2959 was dissolved in PBS at a concentration of 0.5%
(w/v) in the dark. GelMA was dissolved at a concentration of 5%
(w/v) in the Irgacure 2959 solution in the dark at 37°C. To evaluate
the mechanical properties of crosslinked GelMA (1,000 mJ cm), a
compression test was conducted using a texture analyzer (TA-
100/650E: TA.XT Plus 100C, Eko Instruments Co., Ltd., Tokyo, Japan)
(jig: P/6, compression speed: 0.5 mm sec?, compressive modulus:
60%, trigger weight: 0.1 g, load cell: 500 g).

Cell culture and formation of ASC spheroids

Adipose tissue-derived stem cells (ASCs) from C57BL/6 mice
(Cyagen Biosciences Inc., Santa Clara, US) were cultured in growth
medium (Dulbecco’s modified Eagle medium: Nutrient Mixture F-12
(DMEM/F12), 10% (v/v) fetal bovine serum, and 1% (v/v) penicillin-
streptomycin) in a 5% CO, atmosphere at 37°C. When the cells
reached 80%—90% confluency, they were detached from the cell
culture flask with 0.25% (w/v) trypsin-EDTA. ASC spheroids were
generated by seeding a suspension of ASCs into each well of a low-
adherent 96-well microplate (PrimeSurface) at a seeding density of
500 cells per well. To evaluate the viability of the cells within the ASC
spheroids, a live/dead viability assay (Live/Dead Cell Staining Kit I,
TaKaRa, Shiga, Japan) was performed. After 30—-60 min of incubation,
the distribution of live cells was observed with a fluorescence
microscope (BZ-X700, Keyence, Osaka, Japan).

Encapsulation of ASC spheroids in GelMA

ASC spheroids in growth medium were collected after 24 h of
incubation in a 5% CO, atmosphere at 37°C. The supernatant was
removed after centrifugation, and 5% (w/v) GelMA/Irgacure 2959
solution in growth medium, which was sterilized with a 0.22 um filter,

This journal is © The Royal Society of Chemistry 20xx

Biomaterials Science

was added to the spheroid pellet at a concentration of 3 pL/spheroid
and resuspended. Aliquots (150 uL) of spheroid/GelMA solution
were pipetted into a 48-well microplate and photo-crosslinked under
different UV irradiation energies with a UV crosslinker (CL-1000, 365
nm, Analytik Jena, Jena, Germany). After cross-linking, the
encapsulated spheroids were cultured for 1 day.

Fabrication of cell encapsulation device for in vitro experiment

ASC spheroids were formed by seeding 500 ASCs into each well
of a PrimeSurface plate. Within 24 h of seeding, the ASCs had formed
spheroids. The spheroids were collected and resuspended in 5%
(w/v) GelMA in DMEM/F12 medium. Next, a PDMS sheet was fixed
onto a glass plate, and 5% (w/v) GelMA solution in PBS (photo
initiator (PI): Irgacure 819, 1173) was poured onto the sheet. The
material was then photocrosslinked by placing it under a blue laser
equipped with SPACE ART (Kantatsu, Tokyo, Japan) for 3 min to
fabricate the donut-shaped frame. After removing the uncrosslinked
GelMA, 50 pL of the 1,000 spheroid suspension in 5% (w/v) GelMA in
DMEM/F12 medium (PI: Irgacure 2959) was dispensed inside the
frame, and UV light (1,000 mJ cm2) was irradiated to crosslink the
GelMA surrounding the ASC spheroids. After cross-linking, a PDMS
nanosheet (thickness: 600 nm) was overlaid to encapsulate the
GelMA and spheroids, and the device was obtained by laser cutting
around the GelMA-based frame.

Evaluation of VEGF secretion from ASC spheroids

After culturing the ASC spheroids for 1 day in a non-crosslinked
GelMA solution, PBS was added to each well, and the spheroids were
further incubated for 3 hours in a 5% CO, atmosphere at 37°C to
diffuse the secreted protein. The supernatant was then analyzed by
ELISA to determine the amount of secreted VEGF. Additionally, the
cell encapsulation device was soaked in culture medium, and the
medium was collected daily for 5 days. The amount of VEGF was
measured using a sandwich ELISA kit (VEGF-A Mouse ELISA Kit
(BMS619-2, Invitrogen, Waltham, US).

Fabrication of ASC spheroid encapsulation device for in vivo
experiment

The fabrication process of an in vivo cell encapsulation device,
particularly the preparation of the donut-shaped frame made from
GelMA, was modified from the process used to fabricate the in vitro
cell encapsulation device. This made the entire process simple and
clean, and could be easily adapted for the animal experiments. To
fabricate the donut-shaped frame, a mold was printed by a 3D gel
printer (BIO X, CELLINK, Gothenburg, Sweden) instead of directly
fabricating the frame by crosslinking the GelMA with the blue laser
of the stereo lithography apparatus (SLA) printer. The mold was
made by forming water-soluble gelink (CELLINKSTART, CELLINK) into
two donut rings with different diameters to make a ring-shaped
interspace (outer diameter: 10 mm, inner diameter: 8.4 mm, height:
1 mm). The GelMA-based donut-shaped frame was then fabricated
by injecting a 10% (w/v) GelMA solution (PI: 0.5% (w/v) Irgacure
2959) and crosslinking under UV light (365 nm, 1 min). The water-
soluble gel ink was then rinsed away. Next, the fabricated donut-
shaped frame was fixed onto PDMS sheets with thicknesses of 2—-10
pm, and 50 pL of ASC spheroids suspended in GelMA solution was
dispensed into the frame. After 1 min of UV (365 nm) exposure, the
PDMS nanosheet with a thickness of approximately 600 nm was
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overlaid on the GelMA and dried in air for approximately 20 min to
allow attachment. The PDMS nanosheet was then cut in a circle with
a diameter of approximately 15 mm to obtain the device, which was
placed on a mesh to keep it safe until the transplantation.

Preparation of ASC spheroids for in vivo evaluation of angiogenic
effect

A suspension of ASCs was seeded into each well of a
PrimeSurface 384-well plate at a density of 103 cells/well with 30 L
of growth medium per well. The cells were incubated in a 5% CO,
atmosphere at 37°C for 1 day to form spheroids. The ASC spheroids
were then removed to a centrifuge tube by gentle pipetting, and the
supernatant was removed. Next, the ASC spheroids were
resuspended in 5% (w/v) GelMA to prepare the ASC spheroid—GelMA
suspension. In detail, the GelMA solution was added at a density of
4 x 103 spheroids mL? for encapsulating 2,000 spheroids in one
device. After preparing the cell encapsulation device with 2,000
spheroids, additional GelMA solution was added to adjust the final
concentration to 200 spheroids mL2.

Subcutaneous transplantation of cell encapsulation device and
evaluation of angiogenic effect

C57BL/6 mice (male, 8—12 weeks old, 25-30 g; Japan SLC Inc.,
Shizuoka, Japan) were used for animal experiments. All animal

(a) GerA frame (e)
L _\d,}": .
/ .
PDMS sheet
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-

UV crosslinking
(A=365nm)

(f) 600 nm -

Journal Name

procedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of the National Defense Medical
College, and approved by the Animal Ethics Committee of the
National Defense Medical College (permission number: 22021).

The subcutaneous transplantation area was prepared by incising
the median line in the back and removing the skin from the muscular
coat to prepare a space to transplant the device into the right flank
region. The transplantation region was exposed to the air by
removing the skin with scissors. The cell encapsulation device was
placed in the exposed transplantation region, the skin was replaced,
and the incision line was sutured. On Day 7, a histological
examination was performed by preparing specimens from each
mouse The device with skin and fascia was fixed in 10%
formaldehyde and stained with HE and CD31 to examine the area for
capillary vessels. After embedding in a paraffin block, the specimens
were sliced and observed under an optical microscope. The area with
blood vessels was analyzed using Image).

Statistical analyses

Statistical analysis was performed using one-way ANOVA and
Bonferroni’s multiple comparison test.

3 Results and Discussion

Spheroids, GelMA
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Fig. 2 Fabrication of ASC spheroid—hydrogel composite encapsulated by a nanosheet. (a) Fabrication of a GelMA-based frame on PDMS sheet. (b) Injection
of spheroid suspension into GelMA. (c) Sandwiching with PDMS nanosheet. (d) Removal of excess PDMS sheet to obtain the device. (e) Optical image of the
top view and an illustration of the cross-sectional view of the device. (f) SEM image of PDMS nanosheet (thickness: 600 nm, 2.4 um, 4.8 um) on a filter
membrane with a pore size of 8.0 um in diameter. (g) IR spectra of PDMS nanosheets with different thicknesses (red: 600 nm by gravure coating; light brown:
2.4 um by bar coating; brown: 2 um by gravure coating; orange dotted line: 100 um by bar coating). The inset shows 900-1,200 cm-, which contains IR peaks

1,020-1,074 cm™ (Si-O-Si stretching)3°.
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Fabrication and characterization of ASC spheroid—hydrogel
composite encapsulated by the nanosheet

Based on the engineering of intrinsically semi-permeable PDMS
nanosheets, we designed a cell encapsulation device by compositing
ASC spheroids with photo-crosslinked  hydrogel (gelatin
methacrylate: GelMA) and encapsulated the ASC-GelMA composite
within the PDMS nanosheet (Fig. 2a-¢e).

First, PDMS nanosheets were fabricated by the gravure coating
method, which allows for minimizing the film thickness while
continuously manufacturing the film at a large scale’®. We obtained
nano- and micrometer-thick PDMS sheets (600 nm and 2.4 um by
gravure coating and 4.8 um and 100 um by bar coating) without
punctured holes, which was confirmed by scanning electron
microscopy (SEM) imaging (Fig. 2f). The Fourier-transform infrared
spectroscopy (FTIR) spectra of the PDMS nanosheets showed an Si-
O-Si peak at 1,020-1,074 cm? (Fig. 2g), which indicated the
crosslinked structure of PDMS, as previously reported!®2°. According
to the previous report, it can be suggested that the ratio of monomer
to crosslinker does not affect the crosslinking density!®. Given that
the absorbance peak of the alkyl group at 2,900 cm™ was nearly the
same among the different PDMS nanosheets, a decreased film
thickness resulted in a decreased Si-O-Si bond absorbance peak,
which suggests a decrease in crosslinking density®°.

The mechanical properties of each device component (i.e., the
PDMS nanosheet and GelMA) were evaluated by a tensile test and
compression test, respectively, and compared with the mechanical
properties of the subcutaneous tissue in which the device would be
transplanted (Table 1). The Young’s modulus values of the PDMS
sheet, regardless of thickness (2 um and 100 um), under wet and dry
conditions were equivalent (Fig. S1). Therefore, the mechanical
properties of the crosslinked structure would not be affected by the
implantable conditions in vivo. Furthermore, Young’s modulus of
GelMA, which constitutes the majority of the device, was measured
to be 2.8 kPa, which is much lower than that of skin (5 kPa-140 MPa)
26 suggesting that the device would exert low mechanical stress with
conformability to the biological tissue (Table 1).

Next, we fabricated the cell encapsulation device in three steps
using the PDMS nanosheet. First, a donut-shaped frame (diameter:
10 mm) made of GelMA was placed on PDMS sheets with thicknesses
of 2-10 pm (2 cm x 2 c¢cm) (Fig. 2a). Second, a suspension of ASC
spheroids in a GelMA solution (30 pL) was injected into the donut
hole (Fig. 2b). Finally, another piece of PDMS nanosheet with a
thickness of 600 nm was overlaid on the crosslinked ASC/GelMA (Fig.
2c), and excess PDMS nanosheet was removed (Fig. 2d), resulting in
the isolation of ASC spheroids within the device (Fig. 2e).

Table 1. Young’s moduli of PDMS sheet (2 um thick prepared by bar coating),
GelMA, and skin?®.
PDMS sheet

GelMA
Skin

(Tensile test) (Compression test)

5.5 MPa 2.8 kPa 5 kPa-140 MPa

Evaluation of protein permeability through the PDMS nanosheet

We evaluated the permeability of proteins through PDMS
nanosheets with different thicknesses (600 nm, 2.4 um, and 4.8 um)
and the effect of the thickness on the protein-releasing capability.

This journal is © The Royal Society of Chemistry 20xx
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The PDMS nanosheets were attached to the cell culture inserts
(Transwell®) in individual wells of a 24-well microplate. Bovine serum
albumin (BSA) (molecular weight: 66.5 kDa®) was used as a model
protein because it has a molecular weight similar to VEGF (45 kDa?’).
Then, the BSA solution was added to the inner part of the Transwell,
and the PBS solution (without BSA) was added to the outer part. The
plate was read in a multilabel plate reader for up to 24 h to evaluate
the time course of the cumulative release of BSA from the inner to
the outer well through the PDMS nanosheets. We found that a
thinner PDMS nanosheet resulted in a faster permeation speed (Fig.
3a). We evaluated the molecular permeability of BSA through the
PDMS nanosheet as a function of cumulative release (%) from the
inner part to the outer part of the well using Eq. 1%6

[Ce (mM)]

[Cumulative release] = m X (1)

where C; is the concentration of permeated molecules in the outer
well at time t and C. is the concentration of the permeated
molecules in the outer well at infinite time . We then calculated
the flux of the PDMS nanosheet. The flux was calculated from an
initial gradient of the permeation curve using Eq. 216

[Flux (mmol -1 m~2)] = : [N;(mmol)]

t(h) x A(m2)] >

where N is the number of permeated molecules in the outer well at
time t (0.5 h), and A is the total area of the transmembrane pores.
The value increased markedly as the sheet thickness decreased to
600 nm (Fig. 3b). This result implied that we could control the
permeability by changing the thickness of the PDMS nanosheet.
Notably, the thinnest PDMS nanosheets that we fabricated had a
thickness of 300 nm. However, the release from these sheets was too
fast, which would be attributed to the effects of the macroscopic
defects (Fig. S2). Therefore, we used the 600 nm-thick PDMS
nanosheets to fabricate the cell encapsulation device.

To discuss the permeation mechanism of high molecular weight
molecules through the PDMS nanosheet, we will focus on the IR
spectra of the PDMS nanosheets with different thicknesses (Fig. 2g).
The magnified IR spectrum (Fig. 2g, inset) shows the peaks at 1,020-
1,074 cm’t, indicating the presence of Si-O-Si, which is related to the
crosslinking degree®. The 100 um- and 2 pm-thick nanosheets
fabricated by the bar coater without diluting the PDMS precursor
showed almost the same peak intensities, followed by the 2.4 um
and 600 nm nanosheets, both of which were fabricated by gravure
coating and diluting the PDMS precursor. These results suggest that

(a) (b)
100 ]
S
) & oa
2 E
3 80 £ 06
2 ° 600 nm
o 40 £ 04
= £
.‘g 20 2.4|JITI % ;02
= - = 24um 4.8 pym
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© 0 5 0 15 20 25 0 1 2 3 4 5

Time [h]
Fig. 3 Permeability of PDMS nanosheets. (a) Time-course study of the
cumulative release of BSA through PDMS nanosheets with different
thicknesses (red: 600 nm, light brown: 2.4 um, brown: 4.8 um), and (b)
corresponding relationship between the nanosheet thickness and flux.
the degree of Si-O-Si crosslinking decreased as a result of diluting the

Thickness [um]
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PDMS precursor and producing a thinner sheet. The low crosslinking
density due to PDMS precursor dilution would allow for the
permeation of molecules with large molecular weights such as BSA
and VEGF.

Although PDMS is a hydrophobic polymer and permeates organic
solvents, a recent study in molecular dynamics simulations showed
that ethanol and water molecules can diffuse in PDMS chains?2. In
addition, another study reported atomic force microscopy (AFM)
images of PDMS taken using peak force quantitative nanomechanical
mapping (PF-QNM) mode; these images showed microporous
structures of the surface and inside of cured PDMS with a pore size
of 10-16 nm?°. Another study also reported high-resolution peak
force tapping AFM images which showed PDMS surface with porous
structure with 14.4 nm mean diameter3?. Although the curing
conditions and sample geometry are different in our study, it is
possible that the PDMS nanosheets used in our study may have a
similar structure. Another experiment was conducted to evaluate the
permeation behavior of different molecular weight through PDMS
nanosheet with same thickness. We compared BSA (66.5 kDa) and
1gG (150 kDa), which would be interdicted to avoid foreign body
reaction. It appears that there may be differences in permeation rate
/ behavior, but there is no significant difference (Fig. S3). The
similarity in the permeability of the two molecules can be assumed
to be due to the fact that the size of both molecules are around
single-digit nm3%32 By controlling the thickness and the curing rate of
PDMS, 1gG might be selectively interdicted.

VEGF release from the cell encapsulation device

We compared the amount of VEGF secreted from ASC spheroids
(1,000 spheroids, 5 x 10° cells in total) and freely dissociated ASCs (5
x 10° cells) by ELISA to ascertain which types of cellular organization
would be suitable for the implantable application. The amount of
VEGF secreted from ASC spheroids suspended in GelMA with
crosslinking was 3.6-times higher than that of the dissociated ASCs in
GelMA without crosslinking (Fig. 4a). We recently reported a
comparison of VEGF gene expression in ASC spheroids and two-
dimensionally adherent ASCs, and the ASC spheroids showed higher
VEGF gene expression33, which is considered to be due to the close
interaction of among cells in the microenvironment of spheroid3*.
Based on these results, we concluded that the ASC spheroids with
higher VEGF-releasing capability were more suitable than dissociated
ASCs for

further
(a) Dissociated cells
Spheroid
m Spheroid w/crosslinking
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Fig. 4 VEGF released from the cell encapsulation device. (a) Amount of VEGF secreted by dissociated ASCs and ASC spheroids suspended in GelMA without
crosslinking after 1 day of culturing. (b) Fluorescent image of ASC spheroids encapsulated in the device after 5 days of culturing, stained with calcein-AM. (c)

application.

To evaluate VEGF release from the device, the metabolic activity
and amount of VEGF secreted from the ASC spheroids (1,000
spheroids, 5 x 10° cells in total) were evaluated. Since it is assumed
that a permeable membrane that suppresses foreign body reactions
will be used for future allogeneic transplantation, following
experiments were conducted here in the form of a device using the
membrane. The fluorescence image of the encapsulated ASC
spheroids stained with calcein-AM using the Live/Dead Cell Staining
Kit indicated that the cells are still alive after 5 days of culturing in
medium (Fig. 4b). This means that a minimum amount of nutrients
permeated through the PDMS membrane, even if molecular
permeability was somewhat suppressed to about 60%. Owing to the
continuous viability of the ASC spheroids, we observed an
incremental release of VEGF from the cell encapsulation device over
5 days (Fig. 4c). This result suggests that VEGF was continuously
released from the ASC spheroids and permeated (VEGF molecular
weight: 45 kDa?’) through the PDMS nanosheet for 5 days. The
amount of VEGF released from the cell encapsulation device in Fig.
4c was lower than that released from the non-encapsulated ASC
spheroids in Fig. 4a. Such a difference was occurred since the ASC
spheroids in the cell encapsulation device were isolated from the
surrounding culture medium by the PDMS nanosheet and
crosslinked GelMA, which acted as a physical obstacle, resulting in
the slower release of VEGF. However, the ability of the cell
encapsulation device to continuously release VEGF over several days
would be ideal for preconditioning the vascularization process in skin
transplantation patients3> or in diabetic patients who require islet
transplantation.

Angiogenic effect of the cell encapsulation device

To evaluate the clinical applicability of the cell encapsulation
device, we implanted the ASC spheroid encapsulation device and
evaluated the angiogenic effect triggered by the secreted VEGF. The
device was transplanted subcutaneously into the right flank region
of the dorsal side. The PDMS nanosheet side of the device faced the
fascia to investigate the device’s angiogenic effect on the
layer (Fig. 5a). We the
transplantation process by employing a blank device (Fig. 5b), in
which the GelMA was stained with Brilliant blue FDF for visualization.

Then, the cell encapsulation device was placed in the same position

subcutaneous confirmed stable
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Cumulative amount of VEGF released from the cell encapsulation device.
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Fig. 5 Angiogenic effect of the cell encapsulation device. (a) Schematic image of the cross-section of the device and tissue around the device before and after
transplantation. (b) Optical image of the device transplanted into the subcutaneous area. The device was stained for visualization. (c-e) Histological images of
(c) the 2,000 spheroids device sandwiched between skin and fascia at 7 days after transplantation, (d) encapsulated spheroids, and (e) formed granulation
tissue. (f) Histological image of blood vessels generated in the granulation tissue. (g) Histological analysis of the CD31-positive area/field of view and average
thickness of the granulation tissue formed on the fascia side in contact with the device containing 0 (blank), 100 and 2,000 spheroids. Statistical analysis was
performed using Bonferroni’s multiple comparison test. (n=5, *p < 0.05, **p < 0.01)

and covered with skin for implantation for evaluating the angiogenic
effect.

Devices encapsulating different amounts of ASC spheroids (0, 100,
and 2,000) were subcutaneously transplanted, and the angiogenic
effect was evaluated (Table S1). The number of cells in each device
was established based on the results shown in Fig. 4, and also
considering our previous research??. A device sandwiched between
the skin and fascia was histologically observed 7 days after
transplantation (Fig. 5c), and encapsulated ASC spheroids were
observed in the device area (Fig. 5d). In addition, granulation tissue
had formed on the fascia of the groups that received 2,000 spheroids
(Fig. 5e) and 100 spheroids (Fig. S4a). In contrast, the blank group
and the sham group showed the same amount of granulation tissue
formation (Fig. S4b, c), suggesting that there was little reaction to the
foreign polymeric materials (i.e., PDMS and GelMA). The angiogenic
effect of the device was further evaluated by analyzing the
hematoxylin & eosin (HE) staining and CD31 immunostaining
histological images (Fig. 5f). Compared with the blank group, the
2,000 spheroids group showed 4.1 times greater granulation tissue
formation and 19 times greater angiogenic effect (Fig. 5g).
Furthermore, the 2,000 spheroids group showed 6.8 times greater
angiogenic effect than the 100 spheroids group. These results
indicate that the subcutaneous application of the spheroid
encapsulation device in mice enhanced the formation of granulation
tissue and angiogenesis by secreting VEGF through the PDMS
nanosheet. Furthermore, the formation of vascular-rich granulation
tissue in the 2,000 spheroids group suggested that increasing the

This journal is © The Royal Society of Chemistry 20xx

number of spheroids to this level led to the development of an
environment suitable for the vascular beds needed for cell
transplantation.

The results of this study are limited to the understanding of the
physiological contribution of ASC spheroids to angiogenesis in vivo.
Thus, further optimization of the spheroid number and the thickness
of the PDMS nanosheet is required prior to clinical application, such
as in diabetic patients, because little is empirically known about the
therapeutic efficacy of long-term VEGF release in clinical practice!36,
Therefore, it will be important to investigate the usefulness of the
cell encapsulation device by comparing it with conventional
therapeutics such as the local delivery of growth factors. In addition,
although prolonged bioactivity of the implanted cell encapsulation
device could be ideal for treatment, a convenient method for refilling
ASC spheroids into the implanted device should be developed, for
example, by inserting an external tube into the device. It would also
be interesting to encapsulate other therapeutic cells (such as islet
cells) along with ASC spheroids in the device for the treatment of
diabetes and to promote angiogenesis to deliver insulin4,

4 Conclusions

We developed the ASC spheroid encapsulation device to
enable pre-vascularization of the subcutaneous area for cell
transplantation therapy. The cell encapsulation device consists

J. Name., 2013, 00, 1-3 | 7
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of an intrinsically semi-permeable PDMS nanosheet and
microfabricated GelMA. The fabricated device allowed the
selective permeability of VEGF with a good conformability to
the biological tissue. Notably, we found that the dilution of the
precursor PDMS solution led to a low degree of crosslinking
density in the PDMS nanosheet, generating an intrinsic protein
permeability. The resulting cell encapsulation device
continuously released VEGF for 5 days owing to the
encapsulated ASC spheroids. Furthermore, the subcutaneously
implanted device showed an enhanced angiogenic effect, which
potentially suggests the applicability of the device for
vascularization in  preconditioning  purpose in cell
transplantation therapy. By controlling the biodegradability of
the materials, the device might be applied for differentiation3’.
In addition, further investigation of the permeation mechanism
of the nanosheet is expected to improve the efficacy of the cell
encapsulation device by optimizing the microstructure
including constituent polymers.
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