8= 5%%—ﬂﬁ%ﬁf»ﬁfa&%m77F?ﬂ{xth@u>EE£U7~A4Fuf»

m b% ¥ B 1 Fe3tBABIABH I
S —

FHiE®

% 3:8

H7 BRESHELS L UHE 3 BEOEF

v@oﬂ%%ﬁotmoABfw?ﬁ%Lt%%%ﬁ®%ﬂﬁ%ﬁEﬁot%ﬁﬁmM%Etfﬁ
Bf,it%@tﬁ%Té:&&<%®ﬁéﬁ%%T%tGZHOitW%SEE%KEwT
%f»@ﬁﬁﬁﬁ%?%t(m7ﬁwfwﬁﬁmL&#0tjyFU—Wﬁ@@,%%%%Kﬁ
L<W%ﬁ%ﬁ%&t,%@ﬁ%kt%u@ﬂﬁ%twﬁ%ﬁgﬁtﬁﬁwa:o

:n%w%%ib,m“%@bABfwun4Fufwtwﬁ%%gﬁﬁwﬁﬁ#%%ﬁtt
ﬁ%tﬁwfﬁ%@@mﬁﬁaﬁ4%ﬁ4V&E@ﬁ&@%®Eﬁ%m%ﬁf,#O%ﬂﬁ%@
BEZHEIET 272010, BELBRLLVERGL Y 7 F g ATINA AL LTHREET BT LS
EIFE SN,

4 WERRETEGHERORE BE+ERT5 L0054 —

BREMMEOREE I HREICSNTETVAEE, cho%E WICEHRERICOT 5N B B
BABIoTVE, EFEROFTY & 1) bIFEK (ES) Mg icfiEE N2 EBBLMIE % F)
AL:BERRCEE TR IR ERBERDI > 7} 2R LB DEMAIZ SR £
DHIFERRICAEIFEOA T2,

221



Ay N ORFHEAM L AR

MRk R L EATRIAMN, BHER, BESH TH L. SRIEERETICEES NIRE
CEHEEL V) SATRTERCHEATV S, $ OMBBRFREETIOFELHBLT
VB LOTHE, LB L—HT, BESATVHEHEREERT 200 REERET =R
I+ 2LBEHD Y, FOOOERERLE LTE)T—1 A FOF VP o TV BFFEK
X, FLOWARTERYEL 2H0T L -2 AV —BHE— ICHREEREOBEICE A>T
Wh Lo TBRE TR ZV,

TR ERE L ER - BECEMLL TTMNICHRERFTAH LY T b F
FIARTHBENT YT T~k BAT Bo 72 VKT VBIBAFTT =4 VBT LB L
CHYEZ ATV I—L (PVA) ICREENDHY F - MLERETEHZ2 Y TV Y 7 AER
Bt B I LN T VD, SOF VBB VI — A% DI F - VLEHOTRIIC &> T
W RS R R R RO, T S VRO VERERIA LA FO VRT3 —
TR A ¥ A Y VIR S A7 A L LT b T ai,

s 0 HIRRIE~ O & B L CGREEMECER) VIRERY v -2 EiE L LA
N L ARE LR, oV 7 s SR VB R —A L LKEEY VIRER Y < —
(PMBV, B 8) ¥ PVAKEMEBET 5 LB TR THEMIZS VLT 50

SO MEICET ABRIRZAEROFR) v —RELEOREICL - THIEY 5 2 & 27 R
THhb, COFVEEEBEDCTOHRTETHY, HIRT L) CEREREF T TERICT
MET B2 ENTE T,

CH, CH,
| |
—(CHZ—(?‘r (CH;-([,)———-(CH2 H—
:O (|)I C|=O
+
OCHZCHZOFI’OCHZCHZN(CHa)3 OCH,CH,CH,CH,
O— /B\
HO OH
PC bC PC:ARZ AN E
PC /%\ PC L PC
HO onOH 0 “on
\Cﬂj\jH\'\
OH OH

AUt —Ii (il RUEZILTILT=N)
PMBV/\ KR4I

8 PMBV DIEERXSLURYF—ILEDTFIVEER

222




FoE ﬁﬁ%—ﬂﬁwuf»w¢5¢¢WV7b?m4szf@u>ﬁgﬁuv~A4pnf»

10- 208 RIEE > SNA-RTM

¥,

s

SINEESRSERY ¥
PMBV#5 )L RERDSEM{E
9 BERONT KOS MEOABEBMS L UNS KOS LKREO SEM &

TR VARRSLEBEYELTH ) L E TEET 3 JBRRINVI-A oM, RER
TEITEELCELZENTEL, D FO7 V& R CEEERIROMNS ¥ Ha 7, W
B—nA FO S VHEIC A 8T 5 - & 2Tk 720 T2, 6 BEICHI: o TIHBHH OB » 5
LB (H10),

%%(ﬁﬁ)@ﬁmﬁﬁ%%@%%ﬁ%@ﬁbtk:%,Eﬁ@%%ﬁ%?%h%h@ﬁU
7—7k?§if§%’é‘ﬁ%%‘{?ﬁ?¢f‘bii%%@@b:’?l%ﬁ‘u’%(i%?@fﬁ%’é’\&b%ﬂf:o —7, PMBV/\A{ P4

EROIERR

PMBV#IL
(ehar5+-)

&% &

10 ERDOEER L PMBV 4L

223



E#BS VORI ERRE

VTR P HEEEIMETE B b h oz (11,
1Eﬁnbtofﬂ%%ﬁﬁbfwtpmwn4FD%»%%%Lt%K,ﬂ%%ﬁ#G%%
BECREY LS, GE, BENFZEO LR (H12).

5% ) 1EBEOR, PMBY N A KO VB0 ERNER 2 MR ST D I &2 (MR E M
LTWtoChﬁﬁ@%ﬂ%%ﬁkbfwtlﬂiC@%%%ﬁtd—ﬁ%@7§@f&%o%
AR SECEET LI TERTE ZNARRES Bl 2 \ R EEHHRECE 4« O
B 7 CEEEENSBA SN BEOREMECRAETAILNTE L, ¥, N FETLT
3 B AR EE L L - B OREEARTE & S TV B S T oS =22 AR
CORBREOEGEREIBVTAATHALEEZLNL, TOPMBY A FOF Vi3
Vrg— b LTHAZBBITEERZREEL TV DD ERERTE %o

5 HhYI

Kﬁf@n%FD¢W®V7bﬂ4ﬁ?ﬂ41tbf@ﬁ%ﬂ%atfmﬁttoAfpuf

4.0 . DERHRRRE
2.8f% = 1.0x10°cells/mL

2.41%

#mRaE (x105cells/mL)

Control 5%PMBV 2.5%PVA PM%_V/LPVA
5

~—

BERTOEE N (eNarFF—)
(FEEEERRY XAF L)

®11 &FERERTOMREER

FIVEREES ﬁ‘f& 7 OVEREE 30 51k s Ma&%ﬁ 3 B#F'if’a
12 AILEREESICER L @ROBEEROGRT

224




¥£8E E%%—ﬂﬁ%tf»ﬁ?%iwmv7b?ﬂ4x&Lfouyﬁgﬁuv—n4anw

w@Eﬁﬁﬁ«mmm%ugﬁubtéa%ienfétﬁ,:nivwﬁ»u,&mibéi
BTBABIZRIT T, ZNEBiRT 284 PRNA POV EERT 28 v —05rFms
u%a:tﬁb#%OOib,i%&ﬁt@%@ﬁﬂiaﬁﬁﬁﬁﬁﬂ%¢%n4Fnﬁwuu
éﬁ&ﬁt@#%%%ﬁﬁﬁ%%%ﬂ?é%ﬁﬁuv—mﬁ%ﬁﬁ%ﬁ&ﬁhﬁﬂ4FD%»%
FHc k- T, %’rﬁé‘%t%%ﬁé’é&ﬁhd&fo&wo

Kﬁﬁﬁﬁtth4Fuf»uwfn%ﬁuv—ﬁ¥®$%ﬁﬁ%ﬁ&ﬁb:&f,&yﬂ7
E@M%,é%Kuéﬁﬁﬁtwotée@éxﬁ—wmiﬁt%ﬂﬁééc&%%?é@ﬁ%
%o%ﬁ@ﬂ%il)y:Tuyﬁdﬁ%—%m—ﬁﬁtwoté<x#—w@ﬁ&%zi-y
ﬁﬁ%fﬁb,:h%wz%—VTﬁ%%KﬁﬁﬁéévivT»ﬁn4PD?»?%%OV7
bv%U?»th@%%u%t;b,y7bm4i?n4xatf05%ﬁu¢%§&ﬁan
BY28DTHb, BEEBRFEFIZBNTY T bNL 4704 2 & LTONA Fa & uhi—esft
TE{ZLIHRETH L,

X ik

1) HHFRE, BSFEEME one point-2 [BAFo V], HITHER (2004)

2) IshiharaK, UedaT, Nakabayashi N, Polym. J., 22, 355-360 (1990)

3) Sawada S, Sakaki S, Iwasaki Y, Nakabayashi N, Ishihara K, J Biomed. Mater. Res., 64 A, 411~
416 (2003)

4) Moro T, Takatori Y, Ishihara K, Konno T, Takigawa Y, Matsushita T, Chung UI, Nakamura K,
Kawaguchi H, Nature Materials, 3 (11), 829-836 (2004)

5) Konno T, Watanabe J, Ishihara K, J.Biomed.Mater.Res., 65 A, 210215 (2003)

6) Ishihara K, Iwasaki Y, Nakabayashi N, Polym.J., 31, 1231-1236 (1999)

7) Kimura M, Fukumoto K, Watanabe J, Ishihara K, J. Biomater.Sci. Polym.Edn., 15 (5), 631-
644 (2004) '

3) NamK, Watanabe J, Ishihara K, Eur. J. Pharm, 23 (3),261-270 (2004)

)) Kimura M, Takai M, Ishihara K, J.Biomed. Mater.Res., 80 A, 45-54 (2007)

0) EM%%,EE@,EE—%,%ﬁ%%u#,%WEE$N4ﬁ7iU7w$%k%?ﬁ
£, P 246 (2005)

1) Kitano S, Koyama Y, Kataoka K, Okano T, Sakurai Y, J. Controlled Release, 19, 161-170
(1992)

2) Konno T, Ishihara K, Biomaterials, 28, 1770-1777 (2007)

225




Available online at www.sciencedirect.com
- 0

og¢ ScienceDirect Biomaterials

Biomaterials 28 (2007) 1770-1777

www.elsevier.com/locate/biomaterials

Temporal and spatially controllable cell encapsulation using a
water-soluble phospholipid polymer with phenylboronic acid moiety

Tomohiro Konno®®, Kazuhiko Ishihara®®<*

2Department of Materials Engineering, School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
YCenter for NanoBio Integration, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
¢Department of Bioengineering, School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

Received 28 August 2006; accepted 6 December 2006
Available online 9 January 2007

Abstract

Temporal and spatially controllable cell encapsulation based on a water-soluble phospholipid polymer is reported in this study.
Phospholipid polymers, i.e., poly(2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate-co-p-vinylphenylboronic acid)
(PMBV), were synthesized. A series of hydrogels was prepared between the water-soluble PMBV and other water-soluble polymers
having multi-valent alcoholic groups, such as poly(vinyl alcohol) (PVA). The PMBV/PVA hydrogels were formed not only in water, but
also in a cell culture medium, and dissociated by the excess addition of low molecular weight di-valent hydroxyl compounds, such as
p-glucose. The PMBV/PVA hydrogel was applied as a cell-container which has three-dimensional matrices for the reversible
encapsulation of living cells without any response in it. Uniform cell seeding can be achieved using the hydrogels due to the homogenous
gel formation of PMBV and PVA in the cell culture medium. Fibroblast cells were encapsulated in the PMBV/PVA hydrogel and
maintained for 1 week. After dissociation of the PMBV/PVA hydrogel, the cells were seeded on conventional tissue culture polystyrene.
The cells adhered and proliferated as usual on the plate. That is, the PMBV/PVA hydrogel will be useful as a cell-container, which can

maintain the cells without any significant adverse effect on the entrapped cells.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Phospholipid polymer; Cell engineering; Polymer complex; Reversible hydrogel; Cytocompatibility; Encapsulation

1. Introduction

Recent cell engineering has progressed toward regener-
ated medicine and cells. At such a time, cells with high
functions should be obtained and treated by significantly
developed nano- bio-technology. Polymer matrices for cell
culture are very important for realizing these goals.

Three-dimensional (3-D) matrices for cell cultures have
been prepared from poly(lactic acid) (PLA), poly(glycolic
acid) (PGA) and their copolymers [1-3]. These classic
biodegradable polymers are almost highly hydrophobic.
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Therefore, these 3-D matrices inhibited the penetration of
the cell culture medium [4]. Also, the nutrients did not
penetrate into these matrices. As a result, the seeded cells
did not grow in the inner portion of the matrices. Several
studies have developed 3-D matrix materials to solve these
problems. Unfortunately, the resulting cell distribution in
the polymer matrix is often not uniform, with most of the
cells attached only on the surface.

Spontaneously gelation polymers can provide the desired
size and shape for the seeded and encapsulated cells.
Moreover, it will be useful that the cross-linking network
can be dissociated by the addition of chemical or physical
stimulations. Based on these requirements, recoverable
hydrogels have been prepared by mixing two kinds of
polymer aqueous solutions.

First, cross-linking of the polymer chains under physio-
logical conditions should be necessary for this purpose in
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order to avoid any reduced activity of the entrapped cells
and biomolecules. The cytocompatiblity and nutrient
permeability of the hydrogel are important factors for the
entrapped cells.

To obtain a cytocompatibility and nutrient permeability
of the hydrogels, we focused on the cell membrane structure.
We have reported that the 2-methacryloyloxyethyl phos-
phorylcholine (MPC) polymers containing a phospholipid
polar group in the side chain have an excellent biocompat-
ibility due to inhibiting the non-specific interaction with
biomolecules including serum proteins, platelets, and cells
[5-7]. Also, the MPC polymer hydrogel membranes have a
high gas permeability [8] and solute permeability [9]. We
succeeded in the spontaneously gelation of water-soluble
MPC polymers from their aqueous solutions by hydrogen
bonding without any physical treatments [l10-13]. The
MPC polymer hydrogel prepared from an aqueous
solution containing 5wt% poly[MPC-co-n-buty! methacry-
late (BMA)] and poly(MPC-co-methacrylic acid) could be
dissociated by a change in pH. In this hydrogel, the internal
pH of the hydrogel was too low (pH <4) to entrap the cells.
It is necessary to provide more compatible with the
biological system, when the hydrogel is applied to the cell
entrapment matrices.

In this study, we prepared a new reversible hydrogel
system composed of MPC polymers which can encapsulate
the cells and proteins by mild treatment with a high
viability and activity. As the cross-linking mechanism
between the MPC polymers in an aqueous medium, we
modified the specific reaction between boronic acid and
multi-valent alcoholic compounds.

The boronic acid in a tetrahedral anionic structure
produces stable complexes with the alcohol compounds
including PVA, glucose, sorbitol, etc. [14-26]. If the
boronic acid moieties are introduced into the polymer
chain and the polymer is reacted with PVA, the hydrogel
may be formed in an aqueous medium. The hydrogel is
reversibly dissociated by the addition of low-molecular-
weight compounds such as bD-glucose. This reaction
mechanism is well known as the glucose concentration
responsive hydrogel for application as glucose sensors
[15-22]. The hydrogels containing the boronic acid moiety
have attracted attention in the affinity chromatography of
biological agents [23-26]. We propose a new cell main-
tenance system called the “cell-container” based on this
hydrogel. This system will be useful for maintaining the
cells with a high activity and allow their specific functions
after being released from the hydrogel accompanied by
dissociation of the hydrogel.

To achieve these objectives, we synthesized a cytocompatible
water-soluble MPC polymer containing p-vinylphenylboronic
acid (VPBA) units, that is, polyfMPC-co-BMA-co-VPBA]
(PMBY). The characterization of the PMBYV, formation and
properties of the PMBV/PVA hydrogel, and behavior of the
fibroblast cells in the hydrogel are reported. Finally, we
demonstrate the usefulness of the PMBV/PVA hydrogel as the
cell-container.

2. Materials and methods
2.1. Materials

MPC was synthesized by a previously reported method and used after
recrystallization from acetonitrile [27]. BMA was purchased from Nakalai
Tesque Co., Ltd. (Kyoto, Japan) and purified by distillation under a
30mmHg reduced pressure/b.p. fraction of 60°C. VPBA was kindly
provided by Osaka Organic Chemical Industry, Ltd. (Osaka, Japan) and
used without further purification. PVA (polymerization degree 1500,
saponification value 86-90mol%) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). The other organic reagents
and solvents were commercially available reagents of extra-pure grade and
were used without further purification. The cell culture medium
Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS),
phosphate buffered saline (PBS), and other substances for the cell cultures
were purchased from Invitrogen Corporation, Grand Island, NY, USA.

2.2. Synthesis and characterization of the phospholipid polymer

The PMBYV was synthesized by a conventional radical polymerization
technique using a«,0’-azoisobutyronitrile (AIBN) as the initiator. The
synthesis procedure is briefly described as follows: the desired amount of
MPC, BMA and VPBA were placed in a glass ampoule, AIBN was
dissolved in the mixture (1.0 mmol/L), and the mixture was then diluted
with ethanol to a 1mol/L monomer concentration. Argon gas was
bubbled into the solution for 5min to eliminate the oxygen, and then the
glass ampoule was sealed. The polymerization was performed at 60 °C for
a specific time. After cooling the glass ampoule, the contents were poured
into a large amount of a mixture of diethyl ether and chloroform (8/2 by
volume) to eliminate any remaining monomer and precipitate the polymer.
The precipitate was filtered off using a glass-filter and dried in vacuo. The
chemical structure of the PMBYV was confirmed by 'H NMR («-300, JEOL
Co., Ltd., Tokyo, Japan) and FT-IR (FT-IR 615, Jasco Co., Ltd., Tokyo,
Japan) measurements. The composition of each component in the PMBV
was determined by the '"H NMR measurement. The molecular weight of
the polymers was measured by gel permeation chromatography (GPC,
JASCO Co., Ltd., Tokyo, Japan). The mixture of methanol and water (7/3
by volume) containing 10 mmol/L of lithium bromide was used as an
eluent for the GPC measurement, and well-defined poly(ethylene oxide)
(PEO) was used as the standard samples for the calibration curve.

2.3. Preparation and basic characterization of the hydrogel

To confirm the gelation between the water-soluble PMBV and PVA,
various compositions of these polymer solutions were prepared. The inner
morphology of the PMBV gels was observed using a scanning electron
microsope (SEM, SM-200, Topcon Co., Ltd., Tokyo, Japan). For the
SEM observation, the PMBV/PVA hydrogels were prepared using
distilled water, and the lyophilized samples were observed.

To estimate the spontaneous gelation time, a dynamic viscoelasticity
measurement was performed using a rheometer (Rheolograph-Micro,
Toyoseiki, Tokyo, Japan). Equal amounts (0.75mL) of PMBV (5.0 wt%)
and PVA (2.5wt%) aqueous solutions were slowly injected into both sides
of a vibration blade (surface area of the brade was 5cm?). Just after
injection, these polymer solutions were mixed by automatic vibration
(20Hz). Changes in the storage modulus (G') and the loss modulus (G”)
were recorded. The gelation time was estimated as the time when the ¢
value becomes greater than G” [28].

2.4. Cell entrapment in the PMBV/PVA hydrogel

The mouse fibroblast cell line, L929, was used as the model cells. The
L929 cells were routinely cultured in DMEM containing 10% FBS at
37°C in a 5% CO, atmosphere. After trypsinization, the cell-density was
adjusted to 5 x 103cells/mL by a culture medium containing 5wt% of
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PMBV. The L929 suspension in the PMBV solution was mixed with
2.5wt% of the PVA aqueous solution. The mixture was pipetted and
gently shaken until the gel formation was visually confirmed. The shape
and morphology of the encapsulated L929 cells were observed using a
phase contrast microscope (BX60, OLYMPUS Co., Ltd., Tokyo, Japan).
After | week, the PMBV/PVA hydrogel was dissociated by the addition of
an excess amount of p-glucose, and the recovered L929 cells were then
plated on the tissue culture polystyrene (TCPS, Asahi Technoglass Corp.,
Chiba, Japan).

2.5. Cell proliferation test

Measurement of the cell proliferation rate in the PMBV/PVA hydrogel
was then performed. The L929 cells were resuspended in DMEM
containing 10% FBS, and adjusted to 4.0 x 10°cells/mL. The cell
suspension (500 uL) was mixed with an equal amount of 10% PMBV
solution dissolved by DMEM. The PMBYV solution containing the L929
cells was mixed with an equal amount of 2.5% PVA solution diluted by
DMEM. The mixture was slowly pipetted and mixed in the 24-well
multiplate until the gelation was confirmed. The PMBV/PVA hydrogel
containing the L929 cells were prepared using this procedure. Likewise,
the cells were seeded on the 24-well plate without the PVA solution (only
5% PMBYV), PMBYV solution (only 2.5% PVA), and without any polymers
(only medium). After 3 days, the increase in the cell number under the
various conditions was counted by a hemocytometer.

3. Results and discussion

3.1. Preparation of PMBYV and formation of PMBV/PVA
hydrogel

Water-soluble PMBYV could be synthesized by a conven-
tional radical polymerization. The polymerization
homogenously proceeded in ethanol. The chemical struc-
ture and synthetic results of the PMBV are summarized in
Fig. 1 and Table 1. The chemical structure of the formed
polymer was determined by 'H NMR. Fig. 2 shows the
'"H-NMR spectrum of PMBV. The NMR peaks completely
assigned each component of the PMBYV. The solubility in
water of the PMBYV depended on the MPC composition in
the polymers. For example, when the monomer unit

THCH G tCH= (35 +CH,—CH-;
I AT I o
OCH,CH,0POCH,CH,N(CH,); - OCH,CH,CH,CH, f

PN
HO OH

Fig. 1. Chemical structure of poly(MPC-co-BMA-co-VPBA) (PMBV).
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compositions of MPC, BMA, VPBA were 0.4, 0.5, 0.1,
respectively, the obtained polymer did not dissolve in
water.

The water-soluble PMBYV was used to make a hydrogel
with multi-valent hydroxyl group compounds such as
PVA. When the polymer aqueous solutions contained
PMBYV and PVA, a hydrogel was formed within a short
period after gentle shaking at room temperature. Fig. 3
shows a schematic representation of the covalently cross-
linking mechanism between PMBYV and PVA. The gelation
mechanism was based on the covalent cross-linking
between the phenylboronic acid moiety of PMBYV and the
hydroxyl groups of PVA. There are some reports about this
phenomenon [29). It is well known that the boronic acid is
a protecting group for 1,2-diol compounds including
saccharides in an organic synthesis [30]. The hydrogel
formation between the phenylboronic acid moiety bearing
a polymer and PVA has been investigated to develop a
novel glucose-responsible drug delivery system [31-34].
That is, the hydrogel from PMBV and PVA is also
reversibly dissociated by the addition of glucose into the
system. Before mixing, both aqueous polymer solutions
were low viscosity liquids. After mixing, the viscosity

-N*(CH,),
-CH,-, -CH,
© © =l CHr .cH,
O WY
PURY o W N U
L 1 1 1 1 1 1 1 I ) ppm
9 8 7 6 5 4 3 2 ] 0

Fig. 2. '"H NMR spectrum of water-soluble PMBV containing 60 mol%
MPC unit.

Table 1

Synthetic results of PMBV

Abbreviation  In feed (mole fraction) In copolymer (mole fraction) Polymerization  Yield (%) Solubility in Mw (107  Mw/Mn
MPC/BMA/VPBA MPC/BMA/VPBA time (h) water

PMBV 0.6/0.3/0.1 0.6/0.3/0.1 6 71 + 5.4 2.6

[Monomer] = 1.0mol/L. {AIBN] = 1 mmol/L. Polymerization temperature = 60 °C.
Solubility was determined by 1.0 mg/mL each polymer sample and described as soluble (+) and insoluble ().
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Fig. 3. Schematic representation of cross-linking mechanism between phenylboronic acid moiety in the PMBV and hydroxyl group in the PVA.
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Fig. 4. Change in the storage modulus (G, black line) and loss modulus
(G”, gray line) during gel formation process.

gradually increased. Finally, the mixture formed the
hydrogel. After the addition of the other low molecular
weight diol compound, such as p-glucose, the PMBV/PVA
hydrogel gradually dissociated. The PMBV/PVA hydrogel
has a reversibility between hydrogel formation and
dissociation. The dynamic viscoelasticity measurement of
the mixed solution was performed. Fig. 4 shows the typical
result when the 5wt% PMBYV and 2.5wt% PVA mixture
were applied. The gelation was based on the diffusion of
both polymer chains in the mixed solution. Therefore, the
gelation times were relatively longer than that of the gentle
shaking under these experiment conditions. It was
obviously confirmed that the cross point between the
storage modulus (G’) and loss modulus (G”) is at 3000s.
This result indicated that the PMBV and PVA mixture
gradually formed the cross-linking network, and the

mixture finally produced a hydrogel structure. The cross
point between G’ and G” was confirmed for the 2.5wt%
PMBYV and 2.5wt% PVA mixture. The composition ranges
of PMBYV and PVA for making a hydrogel are summarized
in Table 2. Based on these results, it was revealed that the
gelation depended on the polymer concentration. The
PMBV/PVA hydrogel was realized even in the PBS and cell
culture medium. It was considered that this gelation
mechanism did not affect the ionic strength in the saline
and medium.

Fig. 5 shows SEM images of the cross section of the
PMBV/PVA hydrogel after lyophilization. Every hydrogel
had a porous structure, because the water content of the
hydrogel was above 93%. The pore size was almost 1 pm
under the lyophilized condition. The higher water content
and micropores in the hydrogel provide permeation of the
bioactive molecules including proteins and hormones. This
is a very good characteristic for culturing cells inside the
hydrogel.

3.2. Cell maintenance in the PMBV/PVA hydrogel

To understand the behavior and state of the cells in the
PMBV/PVA hydrogel in order to evaluate the performance
of the PMBV/PVA hydrogel as the cell-container, the
mouse fibroblast (L929) cells were cultured (encapsulated)
in the PMBV/PVA hydrogel. A schematic illustration
of the cell culture procedure is shown in Fig. 6. The
PMBYV was dissolved using DMEM containing 10% FBS.
We have observed that the MPC polymers suppressed
the nonspecific interaction with not only the various
serum proteins, but also the cells [35]. Among these,
the polyMPC-co-BMA) could effectively suppress the
L929 cell adhesion compared to that on TCPS due to
the reduced cell adhesive protein adsorption. Indeed,
the L929 cells adhered and proliferated as usual in the
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Table 2
Gelation between PMBYV and PVA solutions
PVA (wt%) PMBYV (wt%)

5.0 Z5 1.2 0.60 0.30
5.0 O (9] X % X
2.5 O o} X X x
1.2 (o] x x x ®
0.60 O X x x x
0.30 x x X x x

PMBYV 2.5 wt%

PVA 5 wi%

PVA 2.5 wi%

Fig. 5. SEM images of inner structure of PMBV gel (after lyophilization).
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solution. The L929 in the PMBYV solution was mixed  temperature.
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Fig. 8. Change in the cell number under the various conditions after 3
days (n = 4). DMEM — 10% FBS was used as the control.

Fig. 7 shows the phase contrast microscope images of the
L929 cells in the PMBV/PVA hydrogel and on a TCPS.
The cells adhered, spread and proliferated on the TCPS as
usual. On the other hand, the cell morphology was circular
and the cells did not spread out in the PMBV/PVA
hydrogel during the culture period. The cell morphology
correlates with the cellular activities and functions; a strong
cell adhesion and spreading often favor proliferation while
a round cell shape is required for cell-specific functions
[36.37]. In noteworthy that the cells did not aggregate with
each other in the hydrogel. When the cells were cultured on
the MPC polymer surface, the seeded cells were locally
aggregated with each other [38]. It was considered that the
PMBV/PVA hydrogel immobilized the individual cells.
Therefore, the cell culture in the gel is useful for
investigating the individual cell-specific functions.

We evaluated the cell proliferation under the various
culture conditions. Fig. & shows the cell number which was
counted by a hemocytometer after dissociation or trypsin
treatment (n = 4). For the liquid medium with 5% PMBV
or 2.5% PVA, the cells were proliferated the same as the
control sample (without any polymers). The increase ratio

was 2.8, 2.7, and 2.4 times, respectively. Based on this
result, both PMBV and PVA did not affect the cell
proliferation. For the PMBV/PVA hydrogel, the cells
hardly proliferated. The increased ratio was 1.3 times
compared to the initial number. The cells were locally
proliferated with a spherical shape.

After a l-week culture without changing the fresh
medium, the PMBV/PVA hydrogel was dissociated by
the addition of an excess amount of p-glucose, and the cells
that were recovered from the hydrogel were seeded on the
TCPS. Fig. 9 shows the phase contrast microscope images
of the L929 cells recovered and recultured on the TCPS.
The L929 cells immediately adhered and proliferated after
seeding on the TCPS. However, we do not have any
quantitative data for the activity of the L929 cells inside the
PMBV/PVA hydrogel at the present time. It is considered
that the viability of the L929 cells was maintained even
though they were in the PMBV/PVA hydrogel for 1 week.
We should have quantitative results on the activation of the
cells after being recovered from the PMBV/PVA hydrogel.
However, it seems that the PMBV/PVA hydrogel had no
adverse effects on the cells from the morphological
observation and that is had a good cytocompatibility.
When the cells were seeded in/on the conventional 3-D
matrices made from PLA or PGA, the cells hardly
penetrated into the matrices based on the hydrophobicity
of the polymers, even if the materials have a pore structure.
The cells were adhered only on the surface of these
matrices. Moreover, these 3-D matrices were passively
degraded by hydrolysis with time under physiological
conditions. On the other hand, the PMBV/PVA hydrogel
could homogeneously disperse the cells inside of the
hydrogel and recovered them by the addition of natural
chemical compounds such as p-glucose in a shorter time
period. The cells encapsulated in the PMBV/PVA hydrogel
maintain their morphology when they are in suspension
with the cell culture medium. When the cells were
recovered from the hydrogel, the cells demonstrated good
adhesion to the solid substitute and proliferation on the
surface.

Based on these results, we considered that the PMBV/
PVA hydrogel could be applied as a new tool for cell
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Fig. 9. Phase contrast microscope images of recovered L929 cells after dissociation of the PMBV gel.

engineering, that is, the cell-container. The cell-container
provides a mild and suitable environment for cells just like
a cell suspension. Treatment of the cells is made much
easier by solidification with the PMBV/PVA hydrogel. The
cells were also recovered from the hydrogel at any time.

4. Conclusion

We could prepare a phospholipid polymer bearing both
MPC and p-vinylphenylboronic acid units, PMBY, for
preparation of a cytocompatible hydrogel in an aqueous
medium without any chemical and physical treatments.
The gelation of PMBYV spontaneously occurred after gentle
mixing with PVA even in the presence of the cell culture
medium. This was due to the formation of covalent cross-
linking between PMBV and PVA. The cells could be
encapsulated and uniformly distributed in the hydrogel.
Since the viability of the encapsulated cells was good, the
cells were recovered in good condition by the addition of
glucose in the medium to dissociate the hydrogel. We
concluded that the novel PMBV/PVA hydrogel system
might be applied as a cell-container to encapsulate and
transport the cells. Also, the hydrogel could be applied as a
temporal and spatial controllable cell-containing hydrogel.
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Abstract. We investigated phospholipid polymer hydrogels containing Fe'™ ions (PMA/PMB/Fe
hydrogel) for their use as antiadhesive materials in the healing tissues. These hydrogels were
prepared from the aqueous solutions of poly(2-methacryloyloxyethyl phosphorylcholine (MPC)-co-
methacrylic acid) (PMA) and poly(MPC-co-n-butyl methacrylate) (PMB). The PMA/PMB hydrogel
is formed by the intermolecular interactions between PMA and PMB, and it reversibly dissociates
under physiological conditions. The addition of Fe’* ions could control the gelation time and the
dissociation time. Mechanical properties such as the gelation time and viscoelastic properties can be
controlled by the FeCl; concentration. With regard to biocompatibility, no evidence of
inflammation was observed in vivo. Therefore, the PMA/PMB/Fe hydrogel has a potential to be
used as an antiadhesive material.

Introduction

Adhesion of tissues such as a tendon and intestines after an injury or surgery is a type of
inflammatory reaction. It can cause difficulty in movement or pain, thereby decreasing the quality
of life of a patient [1]. Although some efforts have been invested in developing antiadhesive
materials for tissues, no effective material has yet been put to practical use. The existing
antiadhesive materials serve as a physical barrier to prevent contact of the healing tissue with the
surrounding normal tissues. However, these materials have some drawbacks [2]: (1) The
permeability of bioactive molecules such as cytokines is so low that healing is delayed. (2) Certain
degree of tissue adhesion may occur after an operation for the removal of non-biodegradable
materials and during adsorption of biodegradable materials.

Therefore, we propose a spontaneously formed phospholipid polymer hydrogel as a novel anti-
adhesive material. This hydrogel can be prepared under physiological conditions simply by mixing
the aqueous solutions containing poly(2-methacryloyloxyethyl phosphorylcholine (MPC)-co-metha-
crylic acid) (PMA) and poly(MPC-co-n-butyl methacrylate) (PMB) (Fig. 1) [3]. The hydrogel is
formed by molecular interactions such as hydrogen bonding and hydrophobic interactions, and it
demonstrates physical properties that correspond to the polymer structure [4,5]. Thus, it can be
dissociated by changing the surrounding conditions, namely, pH, ionic strength, temperature, etc.
The in vivo injection test did not show toxicity of the constitutive polymers—PMA and PMB. Since
the PMA/PMB hydrogel has more than 95 wt% aqueous medium, it is expected to be (1) porous to
allow the permeation of humoral factors, (2) biocompatible in order to prevent an inflammatory
reaction, and (3) biodegradable so that a special procedure for its removal is not required after the
tissues heal. The PMA/PMB hydrogel is dissociated in a large amount of aqueous medium within a
few hours, and it is expected to dissociate in vivo within a relatively short time. Biodegradability is
an advantageous property for its medical use because it can control the release of content as the
degradation and eliminate the need of surgery for its removal. However, since the dissociation time
of the PMA/PMB hydrogel is short, its long-term application to tissues as an antiadhesive material
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is not possible. Thus, we introduced another crosslinking mechanism, that is, ionic crosslinking
between counter-cation and carboxylate anion in the PMA/PMB hydrogel for achieving
stabilization. Although NaCl and CaCl, did not show the expected stabilization effect, FeCl;
improved the stability of the PMA/PMB hydrogel in a large amount of aqueous medium [3].

In this study, we investigated the PMA/PMB hydrogel containing FeCl; for their use as an
antiadhesive material in tissues. We examined the stabilization of the PMA/PMB hydrogel by FeCl;
in vitro and in vivo. We also evaluated the performance of the PMA/PMB hydrogel as an

antiadhesive material in vivo. CH, CH,
I I
CH,- C3 € CH~ C
Materials and Methods e, o R )
. c=0 0O c=0
Materials. The phospholipid polymers, PMA | I I
(Mn = 2.7 x 10°, Mw = 8.4 x 10°, and MPC mole OCH,CH,0POCH,CH,N'(CHy);  OR
fraction = 0.3) and PMB (Mn = 1.1 % 10°, Mw = o H:PMA
8.6 x 10°, and MPC mole fraction = 0.8), were R={C'H . PMB
prepared from the corresponding monomer by ' o
radical polymerization [Figure 1][6]. For this study, Fig. 1. Structure of PMA and PMB.

these polymers were supplied by the NOF Corporation (Tokyo, Japan) as 5 wt% aqueous solutions.
Iron (III) hexahydrate (FeCl;) was purchased from Kanto Chemical Co.

Hydrogel Preparation. Equal volumes of 5 wt% PMA and PMB aqueous solutions were taken
in a microtubing and vigorously stirred for 10 s. After 10-20 s, the mixture of these MPC polymer
solutions was spontaneously transformed into a hydrogel state. A hydrogel containing FeCl;
(PMA/PMB/Fe hydrogel) was prepared by using PMB containing FeCls. The final concentration of
FeCl; in a hydrogel is expressed by the number following the PMA/PMB/Fe hydrogel, for example,
PMA/PMB/Fe hydrogel-71 implies a PMA/PMB hydrogel containing 71 mM of FeCls.

Stability of the PMA/PMB/Fe Hydrogel in vitro and in vivo. One gram of PMA/PMB/Fe
hydrogel was put in a nylon mesh bag and immersed in 100 mL of phosphate buffered saline (PBS;
0.15 M, pH 7.1). The mesh bag was weighed at specific time intervals, and the weight of the
remaining hydrogel was determined. For an in vivo test, a diffusion chamber (pore size, 0.3 um)
containing the PMA/PMB hydrogel or PMA/PMB/Fe hydrogel-71 was implanted subcutaneously
into a mouse. After 3 weeks, the chamber was removed, and the hydrogel was observed by SEM.

Viscoelastic Properties of the Hydrogels. The aqueous solutions of PMA (0.75 mL) and PMB
(0.75 mL) were injected slowly into both sides of a vibration blade (1.71 cmz) in a liquid cell.
Immediately after the injection, the blade was set in motion (vibrational amplitude, 200 pm;
frequency, 20 Hz) to mix these polymer solutions in the cell in order to enable the PMA/PMB
hydrogel formation. Changes in the elastic modulus (G’) and the viscous modulus (G”) were
recorded using a rheometer (Rheolograph-Micro, Toyoseiki, Tokyo, Japan). The gelation time is
defined as the time when G’ becomes greater than G”. The gelation time of the PMA/PMB/Fe
hydrogel was also measured by using PMB containing FeCl; in the same manner. In addition, the
viscoelastic properties of the hydrogel were investigated using the rheometer at a predetermined
time after the hydrogel was prepared and kept at room temperature.

Results and Discussion

Fig. 2 shows the effect of FeCls addition on the stability of the PMA/PMB/Fe hydrogel. The
relative weight of PMA/PMB/Fe hydrogel-14 gradually decreased, and it completely dissociated
within 6 h after its immersion in PBS. PMA/PMB/Fe hydrogel-28 also dissociated. completely
within 24 h, although PMA/PMB/Fe hydrogel-39 and PMA/PMB/Fe hydrogel-71 retained almost a
constant weight after a slight initial decrease. Because a Fe’™ ion theoretically interacts with 3
carboxylate anions, the residual carboxylic acid groups exist in PMA/PMB/Fe hydrogel-14 and
PMA/PMB/Fe hydrogel-28. The FeCl; concentration is adjusted to the theoretical ratio in
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PMA/PMB/Fe hydrogel-39. Thus, PMA/PMB/Fe

hydrogel-39 and PMA/PMB/Fe hydrogel-71 did not 20 | A71mM 1
dissociate because of the higher FeCls concentration. A39 mM f
The relative weight of PMA/PMB/Fe hydrogel-28 2.5 8%§ ﬁﬁ i
showed a slight initial increase, and then it steadily s ] f
decreased. This suggests swelling of the hydrogel ¢ L
immediately after its immersion in PBS, followed by & 1.0 OQ% é
its dissociation. When the PMA/PMB/Fe hydrogel is & [ A 4
immersed in PBS, swelling of the hydrogel and 0.3 e
diffusion of FeCl; starts. Influx of water can cause 1 OO O
ionization of the carboxylic acid groups and lead to 0 ' : #—O——O!
. . . 0 1 2 6 24
electrostatic repulsion between the carboxylate anions. Time (h)

As a result, the polymer concentration and the
crosslinking density decreases. Subsequently, the
polymer networks collapse, i.e., dissociation of the
hydrogel occurs. As seen in the yellowish PBS obtained after the immersion of the hydrogel,
diffusion of the Fe’* ions and swelling of PMA/PMB/Fe hydrogel-71 and PMA/PMB/Fe hydrogel-
39 is possible. However, even during the swelling process, these hydrogels retained the polymer
network and attained equilibrium due to a high density of Fe** crosslinking.

Although PMA/PMB/Fe hydrogel-71 was implanted subcutaneously, stabilization of the
PMA/PMB hydrogel containing Fe>* was observed. That is, while the PMA/PMB hydrogel was
dissociating, PMA/PMB/Fe hydrogel-71 remained and maintained the hydrogel state even after 3
weeks. A three-dimensional network structure could be observed under SEM, and the results of
viscoelastic measurements also indicated the defining characteristic of a hydrogel, that is, G’ > G”.

Table 1 shows the gelation time of the PMA/PMB hydrogel and the PMA/PMB/Fe hydrogel.
The gelation time was longer for the PMA/PMB hydrogel than for the PMA/PMB/Fe hydrogel.
Since the FeCls solution has a low pH, ionization
of the carboxylic acid groups in PMA can be
suppressed by mixing PMA with PMB containing

Fig. 2 Change in the weight of PMA/PMB
hydrogel containing FeCl; immersed in PBS.

Table 1 Gelation time of PMA/PMB hydrogel
containing FeCl;

FeCls. Suppression of the carboxylic acid groups Gelation time (s)
leads to hydrogen bond formation, resulting in the =~ PMA/PMB hydrogel 1007 + 137
shortening of the gelation time of the PMA/PMB/Fe hydrogel-71 605 = 101
PMA/PMB/Fe hydrogel when compared with that  pya/PMB/Fe hydrogel-142 468 + 47

of the PMA/PMB hydrogel. Increase in the FeCls
concentration decreased the gelation time. This is because the pH of PMA/PMB/Fe hydrogel-142
was lower than that of PMA/PMB/Fe hydrogel-71.
Thus, the addition of FeCls significantly reduced the
gelation time and the dissociation time of the [0G(10s)
PMA/PMB/Fe hydrogel; moreover, these parameters Wca0s

4.0

| EREEEEENT

can be controlled by the FeCl; concentration. _ 3 @ day [

The viscoelastic properties of the PMA/PMB 3—; B G (1 day) | [H
hydrogel and the PMA/PMB/Fe hydrogel are shown in  §, 2.0 in
Fig. 3. With regard to the gelation time, agitation ¢ I

LIl

|NEEEEEREN

efficiency was so high that it took shorter time 1.0 i
compared to the preparation method described in the ﬂ_
gelation time measurement section. Vigorous stirring by 0 =41

a vortex mixer for 10 s is sufficient to prepare both 0 71 142
PMA/PMB and PMA/PMB/Fe hydrogels. The FeCl; concentration (mM)
mechanical strength of the PMA/PMB/Fe hydrogel Fig. 3 Change in the elastic modulus
immediately after its preparation (10 s) was so low that (G’ and the viscous modulus (G”) of
it appeared almost sol. Both G’ and G” of PMA/PMB hydrogel containing FeCls.

PMA/PMB/Fe hydrogel-142 were lower than those of PMA/PMB/Fe hydrogel-71. G’ and G” of the




780 Advanced Biomaterials VII

PMA/PMB hydrogel were higher than those of the PMA/PMB/Fe hydrogel. One day after the
hydrogel preparation, increase in G’ and G” was observed in all the hydrogels; G’ of the PMA/PMB
hydrogel was more than double its value immediately after the hydrogel preparation, while G”
remained almost constant. It is noteworthy that G’ of PMA/PMB/Fe hydrogel-71 increased 6-fold
and that of PMA/PMB/Fe hydrogel-142 increased more than 60-fold after 1 day. G” of
PMA/PMB/Fe hydrogel-71 also increased by approximately 4-fold and that of PMA/PMB/Fe
hydrogel-142 increased more than 8-fold. Interestingly, among the 3 hydrogels, G’ of
PMA/PMB/Fe hydrogel-142 was the lowest immediately after the hydrogel preparation, but it was
the highest after 1 day; this observation can be explained by the ionic crosslink formation.

During clinical application, the treated tissue will be covered by an antiadhesive agent and then
sutured. Thus, the change in the mechanical properties during and after surgery would determine the
clinical usefulness of an antiadhesive agent. A point worth noting is that immediately after its
preparation, the PMA/PMB/Fe hydrogel is a weak gel; however, it improves its mechanical strength
with time. This change in the mechanical properties of the PMA/PMB/Fe hydrogel can enable the
hydrogel to attain a specific shape according to the application site and solidify after suturing; these
features are a requisite for an antiadhesive material.

Furthermore, implantable antiadhesive materials should also be biocompatible in order to
prevent the occurrence of any inflammatory reaction that would result in adhesions. Based on the
results of the in vivo injection test, we have previously reported that PMA and PMB do not show
notable adverse effects [5]. Although FeCls is applied to dental materials to facilitate the adhesion
of dental prosthesis to the dentin tissue, a report has shown the potential of FeCl; to cause oxidative
stress on cells leading to the development of mutation [7]. The biocompatibility of the
PMA/PMB/Fe hydrogel should be closely examined. We have been investigating the antiadhesive
property of hydrogels and its effect on healing. No evidence of inflammation was observed in the
tissues surrounding the hydrogel. We shall provide detailed reports of the results elsewhere.

Conclusions

A PMA/PMB hydrogel containing FeCl; (PMA/PMB/Fe hydrogel) shows that the mechanical
properties of a hydrogel can be controlled by a combination of hydrogen bonding and ionic
crosslinking. Severe inflammatory reaction was not observed in the tissues surrounding the
hydrogel. Therefore, it can be concluded that the PMA/PMB/Fe hydrogel satisfies the basic
requirements for an antiadhesive material.
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Biocompatible Phospholipid Polymer Hydrogel Layer
on Metal Surface for Releasing Bioactive Agents
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We have prepared new type biocompatible, water-soluble phospholipid polymer composed of phosphorylcholine units and
phenyl boronic acid units. This polymer could make polymer hydrogel multilayer combined with polyvinyl alcohol (PVA).
By using photo-reactive PVA and silanized titanium, durable chemical bonding between titanium and the polymer hydrogel
was achieved by UV-irradiation. The final material of multilayered polymer hydrogel on titanium was constructed by
utilizing the layer-by-layer method through ester complex of boronic acid and diol. Furthermore, the release study of
anticancer agent paclitaxel dissolved in a certain interlayer of polymer hydrogel was performed. As the surfaces had
changed from bare to modified titanium, the contact angles have changed depending on the surface properties. According to
changing surfaces, the characteristic signals of X-ray photoelectron spectroscopy were also observed. And the contact angles
reproducibly have alternated as the outermost layer is changed from PVA to PMBV60. As the locations of PTX layer in the

polymer hydrogel multilayer changed, the releasing profile toward the time of PTX could be controlled.

Key words: MPC polymer, in situ hydrogel, layer-by-layer method, surface modification, drug release

1. INTRODUCTION

Titanium and its alloys have high mechanical strength
and good biocompatibility such as resistance to chemical
attack. As a result, they enjoy widespread use as surgical
implants that are hip prostheses, dental implants and
stents [1, 2].

In particular, a stent is a small, expandable wire mesh
in a hollow cylinder form that is used in the treatment of
coronary artery disease for maintaining vessel open.
However, stent implantation tends to cause
inflammatory response and crucial injury to the blood
vessel giving rise to neointimal proliferation, known as
in-stent restenosis [3]. In order to improve the
biocompatibility of stents, drug-eluting stents (DES),
which are covered with polymer matrix enabling single
or multiple bioactive agents to release in a controlled
manner into blood vessels after implantation, have been
developed through a combination of understanding the
biology of restenosis. DES has been accepted to be quite
effective and promising treatment methods for
preventing restenosis.

Various drugs are used for inhibiting inflammation
and neointimal formation after stent implantation.
Paclitaxel is one of the drugs for pharmacological
intervention in in-stent restenosis. It binds to the beta
tubuline subunit of microtubules and antagonizes their
disassembly. Also, it inhibits smooth muscle cell
migration and proliferation [4].

Since first introduced the method of sequential
adsorption of charged polymers by Decher in 1991 [5],
building up of organic multilayer films in a
layer-by-layer method has attracted a great deal of
attention. Electrostatic force has been used as the main
driving force for constructing multilayer films. However,
hydrogen bond and covalent bond are also used
extensively to induce ordering polymers [6-8].
Specifically, this study employs the idea of covalent

bonding-driven self-assembly to produce polymer
hydrogel multilayer on titanium alloy substrates. The
polymer we have adopted is the phospholipid polymer
(PMBV) containing 2-methacryloyloxyethyl-
phosphorylcholine (MPC), n-butyl methacrylate (BMA)
and 4-phenylboronic acid unit. The MPC polymers
inhibit protein adsorption and cell adhesion when they
contact human whole blood without an anticoagulant.
Therefore, it is widely used in biomedical field [9-11].
On the other hand, phenylboronic acid is known to the
rapid formation of a cyclic boronic ester with cis-diol
[12]. These diol complexes include carbohydrates such
as glucose, catechol derivatives such as dopamine, and
some polymers such as polyvinyl alcohol (PVA) and so
on [13]. Interpolymer complexation of polymer
comprising of boronic acid with PVA was reported to
form a hydrogel due to the covalent linkage in both
constituent polymers [14, 15]. It is expected that
layer-by-layer  deposition method enables the
combination of PMBV and PVA to produce polymer
hydrogel multilayer, which is able to utilize controlled
drug delivery system.

2. MATERIALS AND METHODS

2.1. Materials
MPC was synthesized by previous reported method
[16]. n-butyl methacrylate (BMA) was purchased from
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Fig. 1. Structure of PMBV60
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Table 1 . Synthesis result of PMBV60

mmx;‘t‘g;‘ei;‘;’:l‘ymer Molecular  Yield
Abb. (mol%) weight (%)

MPC BMA VPBA Mw(x10%

PMBV60 57 25 18 6.5 70

Nacalai Tesque Co. Ltd. (Tokyo, Japan).
4-Phenylboronic acid (VPBA) was purchased from
Sigma Aldrich Co. 2, ?2’-Azobisisobutyronitrile
(AIBN) were purchased from Kanto Chemical Co.
Poly(vinyl alcohol) (PVA, Dn=1500) and paclitaxel
(PTX) were purchased from Wako Pure Chemical
Industries, Ltd. Octadecyltriethoxysilane (ODS) was
purchased from ShinEtsu Chemical Co Ltd.
Photoreactive polyvinyl alcohol (AWP, Azide-unit
pendent water soluble photopolymer) was purchased
from Toyo Gosei Co. Ltd., Japan. The structure of AWP
indicates Fig. 2. The molecular weight of PMBV60
polymer was  determined by  gel-permeation
chromatography (GPC). Poly (ethylene oxide) standards
were purchased from Tosoh (Tokyo, Japan) and used
without further purification. All other reagents were of
extra-pure reagent grade.

2. 2. Synthesis of PMBV60

The synthesis of PMBV60 was executed by the
conventional  radical  polymerization of  the
corresponding monomers as follows: the desired amount
of MPC, BMA and VPBA was dissolved in ethanol in an
ampoule. The total concentration of monomer was
adjusted to 1 mol/L. The AIBN as an initiator was added
to the ampoule at the concentration of 1 mmol/L. Argon
gas was bubbled into the solution for 10 min to eliminate
oxygen and then the ampoule was sealed. The
polymerization was carried out at 60 °C for 2.5 h. After
cooling, the content was poured into a large amount of
diethylether and chloroform (8:2 by volume) to remove
any unreacted monomers and to yield the PMBV60. The
precipitant was collected and dried in vacuo. The
structure of the copolymer was confirmed with
1H-NMR (a-300, JEOL, Tokyo, Japan) and Fourier
transform infrared spectrometer (FI-IR) (FI/IR-615,
JASCO, Tokyo, Japan). The molecular weight was
determined by GPC. The chemical structure of PMBV60
polymer is shown in Fig. 1.

2. 3. Preparation of Ti surfaces and silanization

Square Ti samples approximately 10 x 10 mm were
prepared from Titanium sheet (0.5 mm thick). These
have been sonicated for 15 min in acetone and then in
ethanol by the same manner. After drying in air, the
samples were immersed in a 3:1(v/v) concentrated
H,SO, and 30 % H,0, mixture for 1 h at 25 °C. The
samples were rinsed three times with distilled water and
dried in an oven at 60 °C. Silanization was immediately
carried out after treating the plates in this fashion.

Monolayer of octadecyltriethoxysilane (ODS) was

carried out in anhydrous toluene with 10 mM ODS for 5
hours at 80°C. Then, the Ti samples were rinsed in
toluene three times and dried in vacuo.

2. 4. Photoreactive PVA coating and Preparation of
polymeric hydrogel multilayer assemblies

The silanized Ti sample was immersed in an aqueous

solution of AWP 1.0 wt% for 15 minutes and dried in an
oven at 60°C. Subsequently, the sample was irradiated
with ultraviolet light using an UV Spot Light Source
L5662 (USHIO Co. Ltd.) for 40 sec.
Then, the AWP coated samples were employed in
multilayer construction. The preparation of multilayer
assemblies based on the solution-dipping method was
achieved by dipping alternately in prescribed PMBV60
aqueous solution and then in prescribed PVA aqueous
solution (each time dipped for 15 min). The samples
were rinsed with distilled water (each time for 1 min)
between these two steps and dried in an oven at 60°C.

2. 5. Drug loading and release

One mg of PTX was dissolved in 1 ml of ethanol and
the PTX solution was added to 1 ml of prescribed
concentration of PMBV60. Then, the ethanol was
removed under the reduced pressure. The same
procedure was adopted when constructing polymeric
hydrogel multilayer containing PTX by solution-dipping
method. Drug release experiments were performed as
follows: Samples were submerged in 3 ml of phosphate
buffered saline (PBS, pH 7.4) containing 0.1 % (v/v)
Tween 20. At defined time intervals the buffer was
removed and 0.5 ml! of fresh medium was added to the
samples. And the release of the drug was monitored
using high performance liquid chromatography (HPLC)
with a UV detector. HPLC analysis of PTX was
performed using a HPLC Tosoh system (mobile phase
50:50 acetonitrile:water 0.5 ml/min, 20 pl injection, C18
column with detection at 229 nm)

2. 6. Surface analysis

The static contact angle of water on the prepared
surfaces was measured using the sessile drop method at
room temperature (21 °C) using a contact angle
goniometer (Brma G-1). Five measurements were
made on each sample. X-ray photoelectron spectroscopy
(XPS) was performed using AXIS-HSi
(Shimadzu/KRATOS, Kyoto, Japan) and XPS data was
collected at take-off angel of 30° in dry state.

Fig. 2. Structure of photoreactive PVA (AWP)
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3. RESULTS AND DISCUSSION

Fig. 3 indicates the contact angle of bared and
modified titanium surfaces. The contact angle depends
on the surface functional groups. Subsequently, it is used
to confirm the change of surface properties. After
oxidation in H,SO, / H,0, (Ti oxidation) , a significant
decrease in contact angle was observed. However, the
silane treatment (Ti-ODS) resulted in much more
hydrophobic surface than the oxidazied titanium surface.
The contact angle increased from 20° to 130°. It stands
to a reason that the silanization produced the surface
covered with hydrophobic alkyl chains. Bonding AWP
(Ti-ODS-AWP) to the silanized surface through
UV-irradiation, the contact angle decreased [17]. And
PMBV60 was coated to the next step. Comparatively
hydrophobic PMBV60 in comparison with PVA made
the contact angle increase a little.

Various titanium surfaces, which are silanized titanium,
titanium treated by AWP and titanium coated PMBV60,
were analyzed by XPS. Fig. 4 exhibits the XPS spectra
systematically. After the silanization of titanium surface
was carried out, the peak of Si was observed indicating
the presence of silane at a region of 102 eV. By using
UV-irradiation for 40 sec, AWP containing azide group
(-N3) has bonded to the surface of silanized titanjum.
The azide group releases N, under UV-irradiation and is
converted into highly reactive nitrene group which is
expected to interact with ~C-H on the silanized titanium
surface [18]. Peak attributed to nitrogen of AWP was
observed at 399 eV. However, after the sample was
treated by PMBV60 solution through dip coating
method, the phosphorus peak was introduced at a region
of 133 ¢V. That is, the phosphorylcholine groups in the
MPC unit were located at the surface. From these results,
it is thought that the silanization and the treatment of
PVA using UV-irradiation were achieved successfully.

To determine surface wettability changes in a
layer-by-layer manner, samples having from 1 to 6
layers of the PMBV60 and PVA bilayer combination
were built up and contact angle measured. Three
combinations of PMBV60(2.5 wt%)-PVA(1.5 wt%),
PMBV60(5.0 wt%)-PVA(1.5 wt%) and PMBV60 (2.5
wt%)-PVA(3.0 wt%) were evaluated. Fig. 5 shows the
results of the static contact angle of water determined by
sessile drop method. In this case, samples with an even
number of layers have PMBV60, whereas samples

Contact angle(’

Ti Tioxidation Ti-ODS T-0DS- T+ODS-
AWP AWP-
PMBV60

Fig. 3. The static contact angle measured according to
changing titanium surfaces.
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Fig. 4. XPS spectra showing the appearance of Siy,, Ny,
P ,, peaks according to changing surfaces

with an odd number of layers have PVA. This figure
indicates that the contact angle reproducibly alternates
as the outermost layer is changed from PVA to PMBV60.
It is thought that the outermost layer distinctly
influences the wettability of the surface.

The solubility of hydrophobic drug, PTX, was high in
PMBV60 solution, but not in PVA solution (not shown
data). From this result, we could make hydrogel
multilayer containing PTX. Among the 6 layers, PTX
was loaded in PMBV60 layer located in the middle of
multilayer. The results of drug release are illustrated in
Fig. 6, which is expressed as cumulative concentration
vs. time.
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Contact angle(®)

layer

Fig. 5. The static contact angle measured from layer
containing a different number of bonded of PMBV60
and PVA. Even number and odd number represents
PMBV60 and PVA layer, respectively.
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