Published on 25 November 2021. Downloaded on 4/30/2026 8:35:51 PM.

Journal of

Materials Chemistry B

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B, 2022,
10, 2561

Received 20th August 2021,
Accepted 25th November 2021

DOI: 10.1039/d1tb01817e

rsc.li/materials-b

1. Introduction

Induction of mesenchymal stem cell
differentiation by co-culturing with mature cells
in double-layered 2-methacryloyloxyethyl
phosphorylcholine polymer hydrogel matricest

*ab

Kazuhiko Ishihara, Miu Kaneyasu,® Kyoko Fukazawa, 22 Ren Zhang® and

Yuji Teramura

The effects of differentiated cells on stem cell differentiation were analyzed via co-culturing using a
cell-encapsulated double-layered hydrogel system. As a polymer hydrogel matrix, a water-soluble
zwitterionic  polymer having both a 2-methacryloyloxyethyl phosphorylcholine unit and a
p-vinylphenylboronic acid unit (PMBV), was complexed spontaneously with poly(vinyl alcohol) (PVA)
under mild cell culture conditions. The creep modulus of the hydrogel was controlled by changing the
composition of the polymer in the solution. Mouse mesenchymal stem cells (MSCs), C3H10T1/2 cells,
were encapsulated into PMBV/PVA hydrogels and cultured. In the PMBV/PVA hydrogel with a lower
creep modulus (0.40 kPa), proliferation of C3H10T1/2 cells occurred, and the formation of cell
aggregates was observed. On the other hand, a higher creep modulus (1.7 kPa) of the hydrogel matrix
prevented cell proliferation. Culturing C3H10T1/2 cells encapsulated in the PMBV/PVA hydrogel in the
presence of bone morphogenetic protein-2 increased the activity of intracellular alkaline phosphatase
(ALP). This indicated that C3H10T1/2 cells differentiated into mature osteoblasts. When the C3H10T1/2
cells encapsulated in the PMBV/PVA hydrogel were cultured in combination with the mature osteoblasts
in the hydrogel by a close contacting double-layered hydrogel structure, higher ALP activity was
observed compared with the cells cultured separately. It was considered that the differentiation of
C3H10T1/2 cells in the hydrogel layer was induced by cytokines diffused from mature osteoblasts
encapsulated in another hydrogel layer. It could be concluded that the PMBV/PVA hydrogel system
provides a good way to observe the effects of the surrounding cells on cell function in three-
dimensional culture.

Cell proliferation and differentiation depend on the surrounding
circumstances. When cell culture is carried out in 3Ds, suitable

In stem cell-based regenerative medicine, it is necessary to culture
stem cells in three dimensions (3Ds) to produce cell aggregates and
induce differentiation.'” Cells may communicate with each other
via various bioactive molecules, such as cytokines. Cell aggregates
are beneficial for the diffusion of these bioactive molecules because
the cells are in close contact within the aggregate.®® Therefore, cell-
cell interactions are stronger. Thus, it is necessary to understand the
effects of the co-culture of cell aggregates on differentiation.”'
Further control of stem cell differentiation can be achieved.
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polymer hydrogel matrices are required. Recently, polymer hydro-
gels bearing zwitterionic polar groups have been studied as cell
culture substrates.” ™7 In our previous research, a zwitterionic
polymer hydrogel system for cell encapsulation and culturing has
been examined."" That is, water-soluble poly[2-methacryloyloxyethyl
phosphorylcholine  (MPC)-co-n-butyl methacrylate (BMA)-co-p-
vinylphenyl boronic acid (VPBA)] (PMBV) was mixed with
poly(vinyl alcohol) (PVA) in an aqueous medium, and a hydrogel
(PMBV/PVA hydrogel) was spontaneously formed by reversible
covalent bond formation between the VPBA units and hydroxyl
groups in PVA."""'®'° The hydrogel encapsulated mesenchymal stem
cells (MSCs) under mild conditions. Cell proliferation can be
regulated by the elastic modulus of the PMBV/PVA hydrogel
matrix.”® The PMBV/PVA hydrogel was dissociated by the addition
of a low-molecular-weight sugar.>’ The encapsulated cells were
easily recovered. Another important property of the PMBV/PVA
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hydrogel is the self-adhesion and formation of a layer-by-layer
structure.>>* It is known that the states of two cells cooperate with
each other in a cell co-culture system.**

In this study, by adhering two PMBV/PVA hydrogel layers
encapsulated in different states of the cells (stem cells and
mature cells), we analyzed the effects of mature cells on stem
cell differentiation. This is important to clarify the character-
istics of the cell-growth environment when stem cells are used
as a cell source.

2. Experimental
2.1 Materials and reagents

MPC was purchased from NOF Co., Tokyo, Japan, which was
synthesized using a reported procedure.?>*® BMA was obtained
from FUJI FILM Wako Pure Chemical Co., Ltd (Osaka, Japan).
VPBA and 2,2'-azobisisobutyronitrile (AIBN) were obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan). PVA (NH-18S,
polymerization degree of 2100) was obtained from Nippon
Synthetic Chemical Industry Co., Ltd (Tokyo, Japan). A water-
insoluble poly(MPC-co-BMA) (Lipidure-PMB) was purchased
from NOF Co.*® Human recombinant bone morphogenetic
protein-2 (BMP-2) was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and phosphate-buffered
saline (PBS) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS and 1.0% penicillin was pre-
pared. Trypsin (0.05% solution) containing 1 mmol L*
N,N,N’,N'-ethylenediamine tetraacetic acid (EDTA) was pur-
chased from Invitrogen (Tokyo, Japan). C3H10T1/2 cells were
purchased from RIKEN BRC through the National Bio-Resource
Project of MEXT, Japan. Other reagents and solvents were
commercially available extra-pure grade reagents and were used
without further purification.

2.2 Synthesis of PMBV

Free-radical polymerization was used to synthesize PMBV.'®?°

All monomers were dissolved in ethanol. AIBN was added to the
solution as an initiator in the polymerization glass tubing. The
concentrations of the monomer and initiator were [monomer]| =
0.50 mol L™" and [AIBN] = 5.0 mmol L. After bubbling with
argon gas for 15 min, the glass tubing was sealed, and poly-
merization was carried out at 60 °C for 6 h. The tubing was
opened, and the reaction solution was added dropwise to a

Table 1 Synthetic results of PMB
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diethyl ether/chloroform (80/20 (v/v)) mixture with a 15 time
larger volume to reprecipitate the polymer. After standing for
1 h, the mixture was washed again with the same solvent. The
precipitated polymer was filtered through a glass filter, placed
in a desiccator, and dried under reduced pressure overnight.
The polymer was then dissolved in water and dialyzed against a
large amount of water for three days using a Spectra/Por®
dialysis membrane (molecular weight cutoff: 3500; Funakoshi
Co., Ltd, Tokyo, Japan) at room temperature (approximately
25 °C). Finally, the polymer solution was lyophilized overnight
to obtain the polymer powder.

2.3 Characterization of PMBV

The composition of each monomer unit in the polymer was
analyzed by nuclear magnetic resonance spectroscopy (‘H-
NMR, a-400, JEOL Co., Tokyo, Japan). Ethanol-d6 was used as
the deuterated solvent. The number of integrations was 32 for
polymer characterization. The representative 'H-NMR spec-
trum is shown in Fig. S1 (ESI¥).

Fourier-transform infrared spectroscopy (FT-IR, FT-IR 6300,
Jasco Co., Ltd, Tokyo, Japan) was used to identify the functional
groups in the polymer. The resolution was 4.0 cm ™', while the
number of integrations was 64. A representative FT-IR spectrum
is presented in Fig. S2 (ESIt).

The molecular weights of the polymers were determined by
gel permeation chromatography (GPC, JASCO Co., Ltd, Tokyo,
Japan) equipped with an SB-804HQ column (Shodex, Tokyo,
Japan). A methanol/water mixed solution of 70/30 (v/v) with
LiBr (10 mmol L") was used as the eluent. The measurements
were performed at a flow rate of 0.50 mL min~' at 25 °C.
Poly(ethylene glycol) (TSK standard PEG, Tosoh Co., Tokyo,
Japan) was used as a standard sample to calculate the weight-
averaged molecular weight (M,,) and number-average molecular
weight (M,). The molecular dispersity (M,/M,) was then
calculated.

Synthetic results of the PMBV are summarized in Table 1.

2.4 Preparation of PMBV/PVA hydrogels

PMBV was dissolved in DMEM and sterilized through a filter
with a filter pore size of 0.45 pm. PVA was initially dissolved in
PBS. The desired concentration of PVA was obtained by adding
DMEM to the PVA solution. The PMBV/PVA hydrogel was
prepared by mixing 1.5 mL of a 5.0 wt% PMBV solution in
which PMBV was dissolved in DMEM and 1.5 mL of a 2.5 wt%
PVA solution and pipetting several times. Since the gelation

Composition (MPC/BMA/VPBA)“ Molecular weight (kDa)° Dispersity Solubility?
Polymer In feed In polymer Yield (%) M, M, M /M, In DMEM(+,+)
PMBV-1 0.60/0.30/0.10 0.73/0.21/0.06 56 13 25 2.5 ++
PMBV-2 0.60/0.20/0.20 0.81/0.07/0.12 66 7.1 15 2.1 ++
PMBV-3 0.80/0.10/0.10 0.93/0/04/0.03 65 12 42 3.5 ++

“ Determined by "H-NMR spectroscopy in ethanol-dg in 25 °C. ” [monomer] = 0.5 mol L™*, [AIBN] = 5 mmol L ™" at 60 °C for 15 h. ¢ Determined by
GPC in 70 vol% methanol aqueous solution containing 10 mmol L™ LiBr at 25 °C. ¢ Evaluated in DMEM containing 10% FBS and 1.0% penicillin

(DMEM(+,+)) at 25 °C. [Polymer] = 1.0 mg mL ™.
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process is based on the formation of molecular complexes
based on the chemical equilibrium between PMBV and PVA,
the formed hydrogel was allowed stand overnight to reach an
equilibrium state.'® It was then transferred to a nylon cell
strainer (pore diameter: 40 pum) (Corning Brand, FALCON,
NY, USA). The swelling ratio of the PMBV/PVA hydrogel was
measured in a 6-well cell-culture plate prefilled with DMEM
(5.0 mL) in the wells and immersed in an excess amount of
DMEM. The swelling ratio was measured continuously over
14 days. Assuming that the mass of the hydrogel before
immersion is W, and that the mass of the hydrogel at time ¢
is W,, the swelling ratio is expressed as follows:

Swelling ratio = W,/W,,.

2.5 Evaluation of the rheological properties of PMBV/PVA
hydrogels

In this study, the creep modulus, which represents static
viscoelasticity, was measured and used to evaluate the strength
of the hydrogel. A creep meter (RE2-33005B; Yamaden Co., Ltd,
Tokyo, Japan) was used to measure the rheological properties of
the hydrogels.”® One mL of the PMBV/PVA hydrogel was pre-
pared in a 24-well cell-culture plate coated with the water-
insoluble poly(MPC-co-BMA) (Lipidure-PMB, NOF Co.) with a
fraction of MPC units of 0.30 in the polymer. A 2.0-N load cell
was used for the measurement with the creep meter. The entire
test lasted for 120 s. For the first 60 s, the hydrogel was
compressed with a load of 0.10 N using a contact sensor with
a diameter of 8 mm, then recovered for the next 60 s. The
program step and speed were set to 0.010 mm s ' and
0.50 mm s, respectively. For the creep chart, the creep
modulus of the PMBV/PVA hydrogel was calculated using a
6-parameter model.>’

A PMBYV solution (5.0, 6.0, 8.0, and 10 wt%) and PVA solution
(2.5, 3.0, 4.0, and 5.0 wt%) were prepared in DMEM. A PMBV/
PVA hydrogel was prepared by mixing 0.50 mL of the PMBV
solution and 0.50 mL of the PVA solution. The mixing ratios of
the PMBV and PVA solutions were fixed at PMBV/PVA = 2/1 (v/v).
The concentration of PMBV in the polymer hydrogel was
2.5 wt%-5.0 wt%. The change in the creep modulus of the
PMBV/PVA hydrogel when the concentration of PMBV in the gel
was increased was measured using a creep meter.

2.6 Adhesion between the PMBV/PVA hydrogels

A two-step preparation process was carried out to ensure the
adhesion of the hydrogel layers. The PMBV/PVA hydrogel
(2.0 mL) was prepared by mixing 1.0 mL of the 5.0 wt% PMBV
solution and 1.0 mL of the 2.5 wt% PVA solution in a cell-
culture dish with a diameter of 35 mm. After the entire solution
was gently stirred to form a hydrogel, it was then allowed to
stand overnight to equilibrate the gelation reaction. Subse-
quently, 1.0 mL of the 5.0 wt% PMBV solution and 1.0 mL of
the 2.5 wt% PVA solution were mixed, and one drop of a trypan
blue solution was added to prepare the solution. The concen-
trations of PMBV and PVA in the hydrogel were 2.5 wt% and

This journal is © The Royal Society of Chemistry 2022
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1.25 wt%, respectively. The solution was placed on top of the
first hydrogel layer to prepare a double-layered PMBV/PVA
hydrogel with a stained layer. It was left for a few days. An
adhesion state between the PMBV/PVA hydrogel layers was
observed.

The change in the creep modulus of the PMBV/PVA hydrogel
upon adhesion was evaluated. As the first hydrogel layer, the
PMBV/PVA hydrogel was prepared by mixing 0.50 mL of a
10 wt% PMBYV solution and 0.50 mL of a 5.0 wt% PVA solution
in a 24-well cell culture plate. As the second PMBV/PVA hydro-
gel, 0.50 mL of a 5.0 wt% PMBV solution and 0.50 mL of a
2.5 wt% PVA solution were mixed together. The hydrogels were
allowed to stand overnight. The second hydrogel was over-
layered on the first hydrogel. These two hydrogels adhered to
each other. The creep modulus of the PMBV/PVA hydrogel was
measured using a creep meter.

2.7 Preparation of the cell suspension with C3H10T1/2 cells

Mouse MSCs, C3H10T1/2 cells, were used as model cells.'**°
C3H10T1/2 cells were cultured in a cell culture dish until a
confluence of 90% was reached. After the adhered cells were
washed with 6.0 mL of PBS in the dish, 2.0 mL of a 0.05%
trypsin solution containing 1 mmol L' EDTA was added and
incubated at 37 °C until cell detachment was complete. DMEM
(4.0 mL) was added to stop trypsinization. The cells were
suspended in DMEM and transferred to a conical tube. After
centrifugation, the supernatant was removed, and DMEM was
added to prepare the cell suspension and adjust the density of
the cells in the suspension.

2.8 Evaluation of the cell aggregate growth

The PMBV/PVA hydrogels with different elastic moduli for
culturing C3H10T1/2 cells were prepared by changing the
concentration of PMBV solution and PVA solution in a 24-well
cell culture plate. The surface of the cell culture plate was
coated with the water-insoluble Lipidure-PMB to prevent the
adhesion of cells to the surface of the dish.*®*®

Encapsulation of C3H10T1/2 cells in the hydrogel was
carried out as follows. 100 pL of cell suspension was mixed
with 0.5 mL of 5.0 wt% PMBV solution, and then 0.5 mL of
2.5 wt% PVA solution was mixed. The mixed solution was gently
pipetted several times to prepare the PMBV/PVA hydrogel for
the encapsulation of cells. The total volume of the PMBV/PVA
hydrogel was 1.1 mL and the density of cells in the hydrogel was
adjusted at 5.0 x 10> cells per mL. This procedure could obtain
the PMBV/PVA hydrogel with 0.40 kPa elastic modulus. On the
other hand, to obtain a 1.7 kPa elastic modulus hydrogel, the
same procedure was done using 6.0 wt% PMBYV solution and
3.0 wt% PVA solution. C3H10T1/2 cells were 3D-cultured in
these hydrogels under normal cell-culturing conditions. The
cell culture in the PMBV/PVA hydrogel was carried out at 37 °C
in a 5.0% CO, atmosphere. Furthermore, in the PMBV/PVA
hydrogel, in which the proliferation of C3H10T1/2 cells and
formation of cell aggregates were confirmed, the diameter of
the cell aggregates was measured for each culture day. The
morphology of the encapsulated C3H10T1/2 cells was observed
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using a phase contrast microscope (BX60; Olympus Co., Ltd,
Tokyo, Japan).

2.9 Measurement of the number of cells in a cell aggregate

The number of cells in the cell aggregates formed in the PMBV/
PVA hydrogel was evaluated by comparison with cell aggregates
prepared by the conventional hanging drop method.?**° The
cell aggregates were encapsulated in the PMBV/PVA hydrogel
and cultured, and then the radius of the cell aggregate was
measured. The procedure used in the hanging drop method is
as follows (see Fig. S3, ESIT). The cells were counted and the cell
density was adjusted to 2.5 x 10° cells per mL. A cell culture
dish with a diameter of 60 mm was obtained. PBS (5 mL) was
placed at the bottom of the dish, which functioned as a
hydration chamber. The lid was inverted, and 10 uL was added
dropwise to the bottom of the lid. The lid was inverted in a
bottom chamber filled with PBS. The cells were cultured at
37 °C in a 5.0% CO, atmosphere for 24 h to prepare the cell
aggregates. The cell aggregates were encapsulated on a PMBV/
PVA hydrogel with a creep modulus of 0.40 kPa and cultured
overnight. The hydrogel was prepared by mixing equal volumes
of 5.0 wt% PMBV solution and 2.5 wt% PVA solution. The radii
of the cell aggregates were measured.

2.10 Staining procedure of alkaline phosphatase in cells

BMP-2, an inducer of osteoblasts, was used to induce the
differentiation of C3H10T1/2 cells into osteoblasts.*’ The
PMBV/PVA hydrogel for culturing C3H10T1/2 cells was pre-
pared as follows. A 5.0 wt% PMBYV solution and 2.5 wt% PVA
solution were prepared, and then 100 uL of a DMEM suspen-
sion of C3H10T1/2 cells and 500 ng of BMP-2 were added to
0.50 mL of the PMBV solution and 0.50 mL of the PVA solution,
respectively. To prepare a cell-encapsulated PMBV/PVA hydro-
gel with a total volume of 1.1 mL, the cell seeding density was
adjusted to 5.0 x 10° cells per mL. By culturing the cells
encapsulated in the PMBV/PVA hydrogel for 10 days,
C3H10T1/2 cells were induced to differentiate into osteoblasts.
The cells encapsulated in the PMBV/PVA hydrogel were col-
lected using the following procedure. To dissolve 1.1 mL of the
PMBV/PVA hydrogel, 13.0 mL of a 5.0 wt% b-sorbitol/PBS
solution was used. The p-sorbitol/PBS solution was also ster-
ilized using a 0.22 pm-pore filter unit (MF-Millipore™
Membrane, Merck Millipore Ltd, Ireland). The mixture of the
p-sorbitol solution and hydrogel was shaken gently by pipetting
every 15 min for up to 60 min until the hydrogel was completely
dissolved. The cell suspension was centrifuged at 1000 rpm for
3.0 min to precipitate the cells. The cells were resuspended in
DMEM, seeded on a conventional cell culture dish, and incu-
bated for 24 h to adhere to the cells. After washing the cells
three times with PBS, 10% formaldehyde was added and the
cells were allowed to stand at room temperature (25 °C) for
20 min to fix the cells. After washing the cells with distilled
water three times, the cells were stained with an alkaline
phosphatase (ALP) staining kit (Cosmo Bio Co., Ltd, Tokyo,
Japan). The stained cells were observed under an optical
microscope.

2564 | J Mater. Chem. B, 2022,10, 2561-2569
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2.11 Determination of the activity of ALP in cells

In a 24-well cell-culture dish coated with Lipidure-PMB, 100 pL
of the DMEM suspension of C3H10T1/2 cells, 0.50 mL of the
PMBYV solution, and 0.50 mL of the PVA solution containing
500 ng of BMP-2 were mixed together to prepare a cell-encapsulated
PMBV/PVA hydrogel with a total volume of 1.1 mL. To investi-
gate the effect of the difference in the elastic modulus of the
hydrogel on the differentiation of encapsulated cells, PMBV/
PVA hydrogels with creep moduli of 0.40 and 1.7 kPa were
prepared. That is, the hydrogels with a creep modulus of
0.40 kPa were prepared by mixing equal amounts of 5.0 wt%
PMBYV solution and 2.5 wt% PVA solution, and hydrogels with a
creep modulus of 1.7 kPa were prepared by mixing equal
amounts of 6.0 wt% PMBYV solution and 3.0 wt% PVA solution.
The cell seeding density was adjusted to 5.0 x 10° cells per mL.
Cells were cultured in the PMBV/PVA hydrogel for 10 days
under conventional cell culture conditions. The PMBV/PVA
hydrogel was then dissociated using the same procedure
described above to collect the encapsulated cells. The activity
of ALP in the cells was measured optically using an ALP assay
kit (TRACP & ALP Assay Kit, Takara Bio, Kusatsu, Japan)
according to the manufacturer’s instructions.

2.12 Cell culturing in double-layered PMBV/PVA hydrogels

Co-culturing of cells with different states was carried out using
a double-layered hydrogel matrix.”>>®> A schematic of this
process is presented in Fig. S4 (ESIt).

In the first step, a 5.0 wt% PMBV solution and 2.5 wt% PVA
solution were prepared using DMEM. In a Lipidure-PMB-coated
cell-culturing dish with a diameter of 35 mm, 0.50 mL of the
PMBYV solution, 0.50 mL of the PVA solution containing 500 ng
of BMP, and 100 pL of the DMEM suspension of C3H10T1/2
cells were added to each well. The cell seeding density was
adjusted to 5.0 x 10° cells per mL. Cells were cultured in the
PMBV/PVA hydrogel with a creep modulus of 0.40 kPa for
10 days under normal cell culture conditions. After 10 days,
the cell-encapsulated PMBV/PVA hydrogels were dissolved
using p-sorbitol solution and gently shaken by pipetting every
15 min for up to 60 min until the hydrogel was completely
dissolved. The cell suspension was then centrifuged at
1000 rpm for 3 min to collect the cell aggregates. After removing
the supernatant solution, DMEM and 6.0 wt% PMBV solution
was immediately added and suspended. After that, 3.0 wt% PVA
solution was mixed to prepare a cell aggregate encapsulated
PMBV/PVA hydrogel. The creep modulus of the PMBV/PVA
hydrogel was adjusted to 1.7 kPa. Using the same procedure,
the PMBV/PVA hydrogel encapsulated mature osteoblast cells,
which were prepared by differentiation of C3H10T1/2 cells by
BMP-2.%1%

Second, in a cell-culturing dish with a diameter of 35 mm
coated with Lipidure-PMB, 100 pL of the DMEM suspension of
C3H10T1/2 cells, 0.50 mL of the 6.0 wt% PMBV solution, and
0.5 mL of the 3.0 wt% PVA solution were mixed together to
prepare a cell-encapsulated PMBV/PVA hydrogel. The creep
modulus of the PMBV/PVA hydrogel was adjusted to 1.7 kPa.

This journal is © The Royal Society of Chemistry 2022
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By placing the cell-aggregate-encapsulated PMBV/PVA hydrogel,
which was prepared in the first step, a double-layered PMBV/
PVA hydrogel was constructed on the cell-encapsulated PMBV/
PVA hydrogel. It was possible to coculture differentiated
C3H10T1/2 cells (osteoblasts) and C3H10T1/2 cells encapsu-
lated in the PMBV/PVA hydrogel.

2.13 Evaluation of the ALP activity in double-layered and
co-cultured cell aggregates

Three types of PMBV/PVA hydrogels with encapsulated cells
were prepared. The PMBV/PVA hydrogel with a creep modulus
of 1.7 kPa encapsulated undifferentiated C3H10T1/2 cells or
their differentiated cell aggregates (osteoblast cell aggregates)
prepared by the addition of BMP-2 during the 10 days of cell
culture. In addition, C3H10T1/2 cells were encapsulated in the
PMBV/PVA hydrogel with a creep modulus of 1.7 kPa to prepare
a cell-dispersed hydrogel. These hydrogels were integrated to
prepare double-layered hydrogels as follows: System A was a
double-layered hydrogel with undifferentiated C3H10T1/2 cell
aggregates and dispersed cells. System B was a separate hydro-
gel system of osteoblast cell aggregates in the PMBV/PVA
hydrogel and undifferentiated C3H10T1/2 cells in the hydrogel.
These hydrogels were placed without direct contact in a cell-
culture dish, and cell culturing was carried out for 10 days.
System C was a double-layered hydrogel containing osteoblast
cell aggregates and undifferentiated C3H10T1/2 cells. After
10 days of cell culture, the PMBV/PVA hydrogel was dissociated to
recover the cell aggregates in the PMBV/PVA hydrogel. The ALP
activity was measured using the procedure described above.

2.14 Statistical analysis

All experiments were performed at least three times. The results
were evaluated using Student’s t-test. The statistical analyses in
this study were performed using Microsoft Excel 2016 (Micro-
soft Corp., Redmond, WA, USA).

3. Results and discussion
3.1 Characterization of PMBV

Three types of MPC polymers having both hydrophobic and
phenylboronic acid units (PMBV) were synthesized by changing
the monomer fractions in the feed solution. The chemical
structure of PMBV is shown in Fig. 1. The radical polymeriza-
tion proceeded homogeneously, yielding polymers.’*'® The
chemical structures of PMBV were confirmed by "H-NMR and
FT-IR spectroscopies. The representative 'H-NMR and FT-IR
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spectra are shown in Fig. S1 and S2 (ESIY), respectively. In the
FT-IR spectrum, IR absorptions attributed to carbonyl, phenyl,
and phosphate groups were observed at 1720, 3100, and
1050 cm ™, respectively. The polymerization results are listed
in Table 1. Every PMBV was completely soluble in water, PBS,
and cell culture medium (DMEM).

3.2 Hydrogel formation between PMBV and PVA in an
aqueous medium

By mixing the PMBV aqueous solution with the PVA aqueous
solution, a hydrogel was formed at room temperature by gently
mixing the solutions for 10 s.'>'® As shown in Fig. 2, the
anionic form of the phenylboronic acid group reacts with
dihydroxy compounds depending on the chemical structure.
The PMBV/PVA hydrogel dissociates reversibly by the addition
of p-sorbitol wunder atmospheric conditions at room
temperature.”’ During the gelation process, cells could be
encapsulated in the PMBV/PVA hydrogel.

The properties of the PMBV/PVA hydrogels depended on the
monomer unit composition in the PMBV and the concentra-
tions of both polymers. When the concentrations of PMBV and
PVA were adjusted to 5.0 wt%, the PMBV/PVA hydrogel formed
in the case of PMBV-1 and PMBV-2. In the case of PMBV-2, the
hydrogel was brittle, as shown in Fig. S5 (ESIt). PMBV-1 can
form a homogeneous, transparent, and soft hydrogel. On the
other hand, PMBV-3 did not form hydrogels with PVA. This was
due to the lower fraction of phenylboronic acid units providing
stable cross-linking with PVA. Therefore, PMBV-1 is a promis-
ing candidate for cell encapsulation. In the following experi-
ment, we used PMBV-1 as a polymer component of the PMBV/
PVA hydrogels.

The creep modulus of the PMBV/PVA hydrogel was con-
trolled by varying the concentration of PMBV. Fig. 3 shows the
concentration dependence of the creep modulus of the PMBV/
PVA hydrogel. The creep modulus increased linearly with PMBV
concentration. This is suitable for regulating cell behavior after
encapsulation. In our previous study, the proliferation of cells
encapsulated in the PMBV/PVA hydrogel strongly depended on
the modulus of the hydrogel.>® The hydrogel was stable even
when it was maintained in DMEM. The relative swelling ratio
of the PMBV/PVA hydrogel during the immersion period
in DMEM is shown in Fig. S6 (ESIf). The relative swelling
ratio of the hydrogel did not change from its initial value.
Although the DMEM solution contained glucose, the binding
constant of glucose to PMBV was smaller than that of PVA.>'

GHs GHa
—('CHz—ﬁJ)n (CHz—ﬁJ)m tCH,—CHy—
GO ¥ . 5
OCH,CH;0POCH,CH,N(CHs)s OCH,CH,CH,CH, I
0 HO~ ~OH
MPC unit BMA unit VPBA unit

Fig.1 Chemical structure of PMBV.

This journal is © The Royal Society of Chemistry 2022

J. Mater. Chem. B, 2022, 10, 2561-2569 | 2565


https://doi.org/10.1039/d1tb01817e

Published on 25 November 2021. Downloaded on 4/30/2026 8:35:51 PM.

Paper

PMBYV in DMEM solution PC

HO OH
PC
PC
Gelation

PC
OH o OH OH OH \_{)}"\

Liquefaction g™ | o
H

PVA DMEM solution

/1

O\, 0
,

s,
o

PMBV/PVA hydrogel OH OH OH

;

OH OH

Fig. 2 Hydrogel formation and the dissociation mechanism between
PMBV and PVA in DMEM. Anionic form of the VPBA unit in the PMBV
can react with hydroxy groups in PVA and make cross-linking points
between PMBV and PVA. p-Sorbitol can dissociate the cross-linking points.
PC represents the phosphorylcholine group in the MPC unit.

~10.0 r

a

< 80 |

E

3 6-0 B

3 40

x ¢

g 20 Y

O 0.0 , 1 1 1 1 1 1 ]

20 25 3.0 3.5 40 45 5.0 55 6.0
Concentration of PMBV (wt%)
Fig. 3 Relationship between the concentration of PMBV and creep mod-

ulus of the PMBV/PVA hydrogel. The composition ratio of PMBV/PVA was
2/1.

Thus, dissociation of the PMBV/PVA hydrogel hardly occurred
in the DMEM solution.

The PMBV/PVA hydrogels adhered when the two hydrogel
layers were in contact with each other. Notably, no additional
process was required because phenylboronic acid groups and
hydroxyl groups that appeared at the surface could react at the
interface between the two hydrogel layers.”> To evaluate the
adhesion between interfaces of two hydrogel layers, molecular
diffusion of the small dye was examined. Optical photo images
are shown in Fig. S7 (ESIt). The PMBA/PVA hydrogel layer was
in contact with the surface of another PMBV/PVA hydrogel
containing a small amount of trypan blue dye. On the first
day, the interface between the two hydrogel layers was clear.
However, after three days, the entire hydrogel was stained by
diffusion of the dye, and the interface disappeared. In addition,
although two hydrogel layers of the double-layered hydrogel
had different creep moduli, the creep modulus of the hydrogels
became average after three days of contact. That is, when the
creep moduli of the initially formed hydrogel layers were
6.8 kPa and 0.40 kPa, respectively, the value became about
3.7 kPa after three day-integration. This may indicate that the
two hydrogel layers with different properties become a uniform
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equilibrium state with time. Therefore, adhesion of the PMBV/
PVA hydrogels could be achieved spontaneously by simply
contacting the two hydrogel surfaces.

3.3 Cell proliferation in the PMBV/PVA hydrogel

Inducing cell differentiation from stem cells to produce a
specific cell type requires a process of cell aggregation. During
this process, communication between cells may occur with
cytokines, resulting in concerted differentiation induction. In
other words, a method to form high-quality cell aggregates is
also necessary to create cell tissues in three dimensions. In this
study, we used mouse MSCs (C3H10T1/2 cells) as the stem cell
source.

When C3H10T1/2 cells suspended in DMEM were added
during hydrogel formation between PMBV and PVA, cell encap-
sulation was achieved at 25 °C.>°?* In addition, the creep
modulus of the hydrogel was regulated by changing the poly-
mer concentration.

Fig. 4 shows a phase-contrast microscopic image of the cells
in the hydrogel. The cells were evenly dispersed in hydrogels
with different creep moduli. In the case of the hydrogel with a
higher creep modulus, cell proliferation was not significant. On
the other hand, in the case of the hydrogel with a lower creep
modulus, the cells proliferated with culturing. Small aggregates
were observed on day 3. The size of the aggregates increased on
day 7. As shown in Fig. 5, the size of the cell aggregates
increased linearly with the cell culture period in the low-
creep-modulus hydrogel (0.40 kPa) and reaches approximately
78 pm in diameter for 10 days. The morphology of the cell
aggregates is spherical. The morphology of each cell in the
aggregates did not change. Therefore, 3D culturing of
C3H10T1/2 cells in the PMBV/PVA hydrogel with a low creep
modulus provided size-controlled cell aggregates under normal
cell culture conditions. After cell culturing, cell aggregates can
be recovered from the hydrogel matrix by the addition of
p-sorbitol to the solution. We evaluated the number of cells
in cell aggregates. The hanging drop method is generally used
to produce cell aggregates. It can be used to obtain uniform cell
aggregates easily. To evaluate the number of cells contained in
the cell aggregates formed in the PMBV/PVA hydrogel,

Creep Culturing period
modulus  Just encapsulated 3 days 7 days
0.40 (kPa)

o N e
1.7 (kPa)

100 ym

Fig. 4 Morphology of C3H10T1/2 cells cultured in the PMBV/PVA hydro-
gels with different creep moduli.
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Fig. 5 Relationship between the cell culture period and diameter of the
C3H10T1/2 cell aggregate in the PMBV/PVA hydrogel with a creep mod-
ulus of 0.40 kPa.

reference cell aggregates were prepared by the hanging drop
method, encapsulated in the PMBV/PVA hydrogel, and cultured
for 1 day. Then the radius of the cell aggregate was measured by
phase contrast microscopic observation. The cell aggregate
prepared from 2.5 x 10* cells by the hanging drop method
was approximately 390 um in diameter. From this result, we
determined that approximately 2.2 x 10” cells were contained
in the cell aggregate with a diameter of approximately 78 pm
after being cultured 10 days in the PMBV/PVA hydrogel.

3.4 ALP activity in cells encapsulated in the PMBV/PVA
hydrogel

To clarify the functionality of MSCs in the hydrogel, the
differentiation of stem cells was evaluated by the addition of
cytokines. C3H10T1/2 cells differentiated into osteoblasts upon
the addition of BMP-2. After the cells were cultured in the
PMBV/PVA hydrogel with BMP-2 for 10 days, the cells were
recovered by dissociation of the hydrogel matrix. After ALP
staining, most of the cells were blue, as shown in Fig. S8 (ESIT).
Cell differentiation could proceed by culturing with BMP-2 for
10 days, even when the cell culture was carried out in the
hydrogel. The molecular diffusion in the PMBV/PVA hydrogel
depends on the density of the polymer network.'® However, in
this case, the total polymer concentration was 5.0 wt%; the
remaining 95 wt% was DMEM. Molecular diffusion of cytokines
occurred in the DMEM phase in the hydrogel, which was not
disturbed by the polymer network. In addition, for the MPC
polymer and PVA, protein binding hardly occurred. Thus, the
diffusivity of cytokines may be sufficient to induce cell
differentiation.

Fig. 6 shows the total activity of ALP in the cells cultured in
the PMBV/PVA hydrogel. The total activity of ALP was higher
after BMP-2 addition in the culture system. The ALP activity is
generally recognized as an important indicator of osteoblast

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Total activity of ALP based on the differentiation of C3H10T1/2
cells stimulated by BMP-2 in the PMBV/PVA hydrogel. Cells were cultured
for 10 days.

differentiation.* 33

The molecular mechanism of ALP activity
and osteoblast calcification is elucidated when cells are stimu-
lated by BMP-2. The creep modulus of the PMBV/PVA hydrogel
was another factor that determined the increase in ALP activity
in the cells. We have reported that the storage modulus of the
hydrogel for the encapsulation of cells affects the cell prolifera-
tion cycle. In the case of the hydrogel with a storage modulus of
1.2 kPa, the proliferation of the encapsulated cells is arrested at
the G1/G0 phase.” The cells in this phase are sensitive to the
cytokines for differentiation. Thus, the addition of cytokines
resulted in a considerably more effective differentiation of the
cells in the hydrogel. The same phenomenon may have
occurred in this study.

3.5 Effects of the mature cell aggregate on the differentiation
of C3H10T1/2 cells

In living systems, damaged tissues are self-repaired. Undiffer-
entiated stem cells are considered to be influenced by the
surrounding mature cells at the site of injury and differentiate
into cells that form optimal tissues.*®? Thus, the relationship
between mature cell tissue and undifferentiated stem cells is
important for tissue regenerative medicine. We observed the
induction of stem cell differentiation by coculturing mature
and undifferentiated stem cells using a double-layered hydrogel
system. As a characteristic of the PMBV/PVA hydrogel, the
phenylboronic acid group remained on the surface, while the
hydroxyl group self-adhered by forming a bond between
the other PMBV/PVA hydrogel layers. In other words, when cells
with different states are included in the two PMBV/PVA layers, the
cell response induced by the molecular communication between the
cells in the indirect contact state can be evaluated.

Fig. 7 shows the total activity of ALP in the double-layered
hydrogels, encapsulating undifferentiated MSCs (C3H10T1/2
cells) and their aggregates (A), differentiated C3H10T1/2 cell
aggregates, and undifferentiated C3H10T1/2 cells (C). Differ-
entiated C3H10T1/2 cell aggregates were prepared by the addi-
tion of BMP-2 and cultured for 10 days; that is, mature
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osteoblast cell aggregates could be obtained. The total ALP
activity was 2.4 times larger in the case of (C) than that in (A).
The mature osteoblast cell aggregates induced the differentia-
tion of C3H10T1/2 cells. When the two hydrogels containing
osteoblast aggregates and C3H10T1/2 cells were separately
placed (B) on the cell-culturing dish and co-cultured, the ALP
activity was not significantly different from that of the double-
layered hydrogel of (A). These results show that the close
placement of these cells by the adhesion between the two
hydrogel layers is important for the effective differentiation of
C3H10T1/2 cells by mature osteoblast cell aggregates. Thus,
mature cells can induce differentiation of the surrounding
undifferentiated cells.*>*' This could be explained by the small
distance of molecular diffusion and the high concentration of
cytokines that induce cell differentiation from mature cells and
reach undifferentiated cells.

In differentiating stem cells into target cells in a culture
environment, it is common to use a single cytokine.*>** On the
other hand, if some cytokines secreted by mature cell aggre-
gates can be naturally utilized, tissues can be produced more
efficiently. The zwitterionic polymer hydrogel system with
excellent properties including cytocompatibility, reversible
gelation under mild conditions, maintenance of encapsulated
cell activity, self-adhesion properties, and molecular diffusion
properties may be used to design a matrix that induces differ-
entiation of stem cells.

4. Conclusions

A hydrogel containing cells could be formed from a polymer
with a phosphorylcholine group, a phenylboronic acid group,
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and a polymer with hydroxyl groups. The hydrogels could
integrate, yielding a layered structure via self-adhesion. The
differentiation of stem cells encapsulated in hydrogels is
induced by cytokines. When mature cell aggregates and stem
cells were encapsulated in the two hydrogel layers, respectively,
after they were adhered, the stem cells differentiated efficiently.
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