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It is extremely important to handle cells to progress the tissue growth and
engineering. In this study, we propose a new hydrogel system “cell-container”
which can encapsulate and maintain the functional cells and proteins with high
viability and activity. [t was considered that the reversible polymeric hydrogel
satisfied the requirements. Preparation of a recoverable hydrogel with water-
soluble polymers will provide a new fixation method for target biomolecules,
cells and tissues. Cross-linking of the polymer chains under mild condition in
physiological conditions would be necessary for this purpose to avoid reduction
of activity of the immobilized cells and the entrapped biomolecules. Also,
cytocompatiblity of the hydrogel would be important for its application as a cell
container. To obtain the cytocompatibility of hydrogel, we focused on the cell
membrane structure. We have reported that 2-methacryloyloxyethyl
pshophorylcholine (MPC) polymers containing phospholipid polar group in the
side chain have an excellent biocompatibility due to their ability to inhibit
protein adsorption following biological responses (1).

In our previous studies, we have succeeded in spontaneous gelation of
water-soluble phospholipid polymers from their aqueous solutions by hydrogen
bonding without any physical treatments (2-7). Also, the hydrogel formed could
be dissociated by change in pH, however, the pH inside of the hydrogel was low
(pH<4), which would be required in order for its application as a cell container.

It is well known that the boronic acid in a tetrahedral anionic structure
makes stable complexes with diol compounds including PVA, glucose, sorbitol
and so on (8-11). Moreover, the hydrogel formed by cross-linking between
boronic acid and polyol compound can dissociate by addition of low molecular
weight substances such as glucose. The hydrogels containing boronic acid
moiety have attracted attention in the affinity chromatography of biological
agents (10).  Also, this reaction mechanism is well known as glucose
concentration responsive hydrogels with application in glucose sensors (11). We
propose the new hydrogel system based on this cross-linking mechanism will be
useful to preserve the cells as cell container (Figure 1),

In this study, we synthesized a new water-soluble phospholipid polymer
containing a p-vinylphenylboronic acid unit, that is, poly[MPC-co-n-BMA-co-p-
vinylphenylboronic acid (VPBA)J(PMBYV). Also, we reported the synthesis and
characterization of the polymer, formation and properties of polymeric hydrogel
with PVA, and behavior of fibroblast cells in the hydrogel.

Materials and Method

Materials

MPC was synthesized by a previously reported method and used after
recrystallization from acetonitrile (12). »-Butyl methacrylate (BMA) was
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Figure |. Basic concept of cell-container using with reversible polymer
hydrogel system

purchased from Nakalai Tesque Co. Ltd. (Tokyo, Japan) and purified by
distillation under reduced pressure. p-Vinylphenylboronic acid (VPBA) was
kindly provided from Osaka Organic Chemical Industry Ltd. (Osaka, Japan).
Poly(vinyl alcohol)(PVA, polymerization degree 1500, saponification value 86-
90 mol%) was purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). Other organic reagents and solvents were commercially available
reagents of extra-pure grade and were used without further purification.

Cell culture medium (Dulbecco’s modified eagle medium, DMEM),
phosphate buffered saline (PBS), and other substances for cell culture were
purchased from Invitrogen Corporation, Grand Island, NY, USA.

Synthesis of Phospholipid Polymers

Poly(MPC-co-n-BMA-co-VPBA)(PMBV) were synthesized by a
conventional radical polymerization technique using a0’ -azobis-isobutyronitrile
(AIBN) as an initiator. The synthesis procedure was as follows; MPC
(M.W.=295.27), BMA (M.W.=142.2) and VPBA (M.W.=147.8) were placed in
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a glass ampoule, and the mixture was diluted with ethanol to | mol/L of
monomer concentration. AIBN was dissolved in a mixture solution (1 mmol/L).
Argon gas was bubbled-into the solution to eliminate oxygen for 5 min, and then
the glass ampoule was sealed. The polymerization was performed at 60 °C for
given time. After cooling the glass ampoule, the contents were poured into a
large amount of mixture of diethyl ether and chloroform (8/2 by volume) to
eliminate remaining monomer and precipitate the polymer. The polymer as a
precipitate was filtered off using glass-filter and dried in vacuum. Chemical
structure of the polymer was confirmed by '"H-NMR and FT-IR measurements.
The mole fraction of each component in the copolymer was determined by the
|H-NMR measurement. Molecular weight of polymers was measured by a gel
permeation chromatography system (JASCO Co. Ltd., Tokyo Japan). The
chemical structure and synthetic results of polymers are summarized in Figure 2

and Table 1.

Fibroblast Cell Culture in the Hydrogel

To preserve the cells in the hydrogel, mouse fibroblast cell line, L929, was
used as model cells. 1929 cells were routinely cultured in Dulbecco’s modified
eagle minimum essential medium (GlBCO®, Invitrogen Corp., Grand Island,
NY), supplemented with 10% fetal bovine serum (GIBCO®, Invitrogen Corp.,

- Grand Island, NY) at 37 °C in a 5 % CO, atmosphere. After trypsinization, the

cell density was adjusted to 5 X 10° cells/mL by the cell culture medium
containing S wt% of PMBV631. The L929/PMBV631 solution was mixed with
S wt% of PVA solution, and gently shaken to form the PMBV hydrogel
containing L929 cells. The shape and morphology of the L929 cells was
observed by using a phase-contrast microscope (BX60, OLYMPUS, . Tokyo,
Japan). After 5 days, the hydrogel was dissociated, and the inner L929 cells
were plated on the tissue culture polystyrene (TCPS).

‘Results and Discussion

Both water-soluble and water-insoluble phospholipid polymers containing
VPBA were synthesized by the conventional radical polymerization. The water-
solubility of polymers depended on the MPC mole fraction in polymer. The
chemical structure and synthetic results of polymers are summarized in Figure 2
and Table 1.

The water-soluble phospholipid polymer bearing both MPC units and
VPBA units, PMBV631, formed a hydrogel after mixing with PVA aqueous
solution. Figure 3 shows the schematic representation of the covalent cross-
linking between PMBV631 and PVA. The gelation mechanism was covalent
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cross-linking between the phenylboronic acid of VPBA and hydroxy! groups of
PVA. Before mixing, both polymer aqueous solutions were low viscosity
liquids. After mixing, the viscosity gradually increased, and finally, the mixture
formed the hydrogel. The combination of PMBV631 and PVA that formed the
hydrogels are summarized in Table 2. Also, the typical image of the hydrogel is
shown in Figure 4. Figure 5 shows SEM images of the cross section of the
PMBV hydrogel after lyophilization. Every gel had a porous structure. The
pore size of the network was almost 1 pm under the dry condition. The gelation
between PMBV631 and PVA was confirmed even though phosphate buffered
saline and cell culture medium were used. It is hypothesized that: this
hydrogelation mechanism does not affect the ionic strength of saline, and

medium,

Before-
Figure 4. Typical image of PMBV hydrogel before and after shaking

Table 2. Composition dependency of hydrogel formation

{(W1%) PMBV631 Abb.  PMBV631 (wi%)  PVA (w1%)
(W1%) 5.0 2.5 1.2 0.6 0.3 #001 5.0 5.0
so] O O X X X #002 5.0 2.5
251 O O p 4 X pYe #003 2.5 5.0
<
21121 O x X.| X X #004 2.5 2.5
0.6 O X X x P d
0.3 X X X X X

To demonstrate the application of the hydrogel as a cell-container, mouse
fibroblast (L929) cells were cultured (preserved) in the hydrogel. In this culture
method, the PMBV631 was dissolved using cell culture medium containing
PBS. Previous reports have observed that the phospholipid polymer containing
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Figure 5. SEM images of the cross section of the various PMBV hydrogels

MPC units reduced the nonspecific interaction between proteins and cells (13).
The cells were suspended in 2.5 wi% of PMBV631 medium solution. The
PMBYV medium solution containing the cells was mixed with 5.0 wt% of PVA
aqueous solution. The gelation was confirmed after gently shaking. Figure 6
shows the phase contrast microscope images of the cells in the gel. The cell
morphology was circular and the cells did not spread in the network.
Furthermore, the cells did not aggregate each other. When the cells were
cultured on the phospholipid polymer surface, they locally aggregated each
other. Thus, it was considered that this hydrogel could hold the individual cells.
After 5 days culture without changing the medium, the hydrogel was dissociated
and the inner cells were seeded on the conventional tissue culture polystyrene
plate. The cells immediately adhered and proliferated normally on the TCPS.
Namely, the cells had enough viability even in the PMBV hydrogel during 5
days. It was considered that the PMBV hydrogel functioned only as a cell
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Figure 6. Phase contrast microscope images of L929 fibroblast cell cultured in
the PMBV hydrogel 2.5 wt% PMBV and 5.0 wi% PVA)

holding matrix. Also, this result indicated that the PMBV hydrogel has a good
cytocompatibility to apply as a platform matrix for its use as cell-container.

Conclusion

We prepared water-soluble and water-insoluble phospholipid polymers
bearing both MPC units and VPBA units. The gelation between the
phospholipid polymer and PVA spontaneously occurred after mixing the two
kinds of polymer aqueous solutions. The gelation mechanism was based on
covalently cross-linking between phenylboronic acid moiety of phospholipid
polymer and hydroxyl groups of PVA. The hydrogel formed not only in water
but also in saline including cell culture medium. The viability of the cells was
not affected from the hydrogel. It was concluded that the novel hydrogel system
bascd on the phospholipid polymer might be applied as cell container to
preserve and transport the cells.
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