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Table 2. Copolymerization of Vinylated Heparin and Styrenated Gelatin and Their Photocuring Characteristics®

styrenated heparin (wt %) total concn gel yield fegree of
gelatin? (wt %) methacrylate (A)® methacrylate (B)s/ styrenated? (wt %) (%) swelling
10 30 40 1241 22+2
20 20 40 5043 10+3
30 10 40 751 5£1
5 30 35 21 +£1 17+2
30 5 35 68 5 81
10 10 20 93 +1 gx2
20 10 30 8313 7x2
30 10 40 8141 3+05
10 20 30 97 +3 4405
20 20 40 84 11 441
10 30 40 98 £ 05 4+1

2 Photointensity, 200 mW/em?; photoirradiation time, 5 min; photoinitator, 0.5 wt % to monomer. Number of experimertls, # > 3, # Number of derivatized
groups (per molecule): styrene group, 25.5. ¢ Number of derivatized groups (per moleculs): methacryl group, 1.8. ¢ Number of derivatized groups (per
molecule): styrene group, 9.7. ¢ Methacrylate (A): methacrylate derivatized on the terminus. 7 Methacrylate (B): methacrylate derivatized on the side

chain,

Table 3. Copolymerization of Vinylated Heparin with Other Vinylated Biomolecules and Their Photocuring Characteristics®

heparin (wt %) styrenated styrenated styrenated styrenated

methacrylate styrenated gelatin albumin chitosan hyaluronan total conen gel yield degres of
(A (8 {ClPwt%) (D) (wte%)  (E)®(wt %) {F)° (wt %) {wt %) (%) swolling

3 20 (a) 3 3 28 7412 13+3
20 5 25 2 83 + 20

5 5(a) 10 20 89+3 2143

5 10 (a) 5 20 8943 1241

a5 8.5 () 1 20 856 1013

10 10 20 59 +2 2215

19 1 20 80 £1 1041

* Photointensity, 200 mW/em?; photcirradiation time, 5 min; photoinitator, 0.5 wt % to monomer. Number of experiments, n > 3. ® Number of detivatized
groups (per molecule): (A) methacryt group 1.9; (B} styrene group, 9.7; (C) styrene group, (a} 25.5, (b} 30.0; (D) styrene group, 15.5; (E} styrene group,

2.9, (F) styrene group, 24.8.

mechanical and physical properties. For example, a hepanin—
gelatin copolymer may serve as a tissue-and blood-compat-
ible ECM, which is due to potent anticoagulant activity
derived from incorporated heparin.

The results of copolymerization of methacrylated or
styrenated heparin and styrenated gelatin are shown in Table
2. When the total feed monomer concentration in the
copolymerization of styrenated gelatin and terminally
monomethacrylated heparin was fixed at 40 wt %, an increase
in the concentration of monomethacrylated heparin resulted
in a decreased gel yield and an increased degree of swelling.
On the other hand, copolymerization of styrenated gelatin
and styrenated heparin gave almost 91—98% vield, regardless
of the mixing ratio and the total feed monomer concentration
in the range investicated (20—40 wt %). The degree of
swelling of copolymers of styrenated heparin and styrenated
gelatin remained relatively low (approximately 3—8) as
compared with those of copolymers of methacrylated heparin
and styrenated gelatin.

The results of copolymerization of vinylated heparin and
other various vinylated biomolecules such as styrenated
albumin, styrenated chitosan, and styrenated hyluronan are
shown in Table 3. Copolymenzation of methacrylated
heparin and styrenated albumin produced an extremely low
gel yield. On the other hand, copolymerization of styrenated
heparin and other styrenated biomacromolecules such as
gelatin, albumin, chitosan, and hyaluronan (3 wt % monomer
feed) produced relatively high gel yields (60—90%). The
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degrees of swelling ranged from 10 to 20. Irrespective of
homopolymer or copolymer, the resultant gels were transpar-
ent and elastomeric except for copolymers with high degrees
of swelling.

Microscopic Structure of Photocured Films. SEM
images of the interior structures of freeze-dried photocured
gels that were mechanically broken are shown in Figure 5.
Pbotocured gels prepared from methacrylated beparin or
styrenated hyaluronan were composed of a random network
of fibrous structures. On the other hand, for gels prepared
from styrenated heparin, an increase in the degree of
derivatization resulted in a smaller size of the honeycomb
structure (interspace; a few to several tenths micrometer,
depending on the degree of derivatization). Gels prepared
from styrenated gelatin or styrenated albumin exhibited an
irregular honeycomb-like structure (pore size was about 10
um). A chitosan gel produced regularly ordered, small
honeycomb structures (pore size was about 3 pm).

Tubular Photoconstructs. Tubular photoconstructs were
prepared by powing an aqueous mixture of vinylated
biomacromolecules and CQ-COOH into the interspace of a
mold consisting of a glass mandrel (mold A = 2.5 mm outer
diameter or mold B == 4.0 mm outer diameter) and a silicone
sheath (mold A = 1.4 mm inuner diameter or mold B =2.0
mm inner diameter) (Figure 2), and subsequent photoirra-
diafion under rotation for 5 min. Tubular photoconstructs
prepared from a mixture of styrenated gelatin (30 wt %) and
methacrylated heparin (5 wt %) using the mold A (Figure
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Styrenated heparin (20 wt%)

Styrenated gelatin (40 wt%)
A2

section; (B) SEM photos of freeze-dried tube; (B1) top view; (B2) side view; (C) SEM images of cross section of tubes at high magnification. The
formulation of tube formation: (A and C3) gel composed of styrenated gelatin (20 wt %), styrenated heparin (2 wt %), and PEGDA400 (5 wt %),
(B1 and C1) gel composed of styrenated gelatin (30 wt %) and methacrylated heparin (5 wt %); (C2) gel composed of styrenated gelatin (10 wt
%) and styrenated heparin (10 wt %).

6B1,C1) and a mixture of styrenated gelatin (20 wt %), of tube and the freezing temperature (Figures 7 and 8), The
styrenated heparin (2 wt %), and diacrylated poly(ethylene tubes that were frozen at —20 °C and subsequenty dried
glycol) (PEGDA400, 5 wt %), using mold B (Figure under vacuum were very fragile and often broke when held
6A,B2,C3) were produced upon visible light irradiation under by hand. On the other hand, tubes subjected to freezing at

rotation of the mold. The resultant tubes (designated as tube —150 °C and subsequent drying under vacuum were tough,

A and wbe B, respectively) were transparent, elastomeric, Fine porous structures were obtained for both tubes upon

and soft. The as-prepared gel in mold A had an inner freezing at —70 °C.

diameter of 1.8 mm and an outer diameter of 2.3 mm, and The increase in intraluminal pressure upon infusion of

that in mold B had 2.6 and 3.6 mm, respectively. water into a tube resulted in the expansion of the tube
These tubes were frozen at different temperatures (—20, diameter, and with further increase of luminal pressure, the

—70, and —150 °C) and subsequently dried under vacuum. tubes broke. Table 4 lists the breaking pressure, the diameter
SEM revealed that irrespective of the freeze-drying temper- change, and the calculated compliance, Breaking pressures
ature, luminal surfaces were nonpermeable although some were low (approximately 20—40 mmHg), irrespective of the
micropatterns were formed, but microperous structures were type of tube and with or without freeze-drying. The change
formed on the outer surface of the tubes irrespective of type in diameter at the breaking pressure was approximately 20%
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Luminal surface Outer surface

produced from a mixture of styrenated gelatin (20 wt %) and
PEGDA400 (5 wt %) at different freezing temperatures.

for tube A and 13—14% for tube B. Taking these values
together with the calculated compliance, it may be concluded
that tube B was slightly less compliant than tube A.

Discussion

The utilization of naturally occurring biomacromolecules
in biomedical applications has been increasingly demanded
as fundamental materials for drug-loading matrixes, cell-
adhesive or non-cell-adhesive coatings, and cell-immobiliz-
able extracellular matrixes and scaffolds. Most of these
naturally occurring biomacromolecules are soluble in water.
To use them in the solid or hydrogel form, cross-linking via
physical or chemical processes is required. Although much
effort has been exerted for cross-linking using condensation
reagents, our technology to this end is photochemically
driven cross-linking and fabrication. The photochemistries
utilized are {2 + 2] cyclo dimerization reactions and radical
recombination reactions leading to iter- and intramolecular
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Figure 8. SEM images of freeze-dried tubufar photoconstructs
produced from a mixture of styrenated gelatin (20 wt %), styrenated
heparin (2 wt %), and PEGDA400 (5 wt %) at different freezing
temperatures.

cross-linking, and radical polymerization. The first class of
photoreactive groups used consists of cinnamate, coumarin,
and thymine, the second class includes phenyl azide, dithio-
carbamate, and benzophenon, and the third class includes
radically polymerizable vinyl groups such as styryl or (meth)-
acryloyl groups. In our previous papert.? we have prepared
photopolymerizable gelatin and albumin, both of which are
partially derivatized with styrene groups, and then polym-
erized in the presence of water-soluble camphorquinone as
a radical producing agent under visible light irradiation.

Previous research on a series of vinylated polysaccha-
rides'®!2 by Hennink and his colleagues includes the prepara-
tion of methacrylated dextran (glycidyl methacrylate deriva-
tized dextran) with or without a hydrolytically labile spacer,
oligolactate and redox polymerization of aqueocus solation
containing methacrylated dextran and dmg. These polym-

Table 4. Preparation of Tubular Photoconstructs and Their Intraluminal Pressure-Mechanical Property Relations of Untreated and

Freeze-Oriad Samples

solution composition (wt %) dimensions (mmy) breaking diameter
styrenated styrenated wall inner sample  pressure change® compliance
tube - gelatind heparin®  PEGDA400C stated thickness  diameter  no. {mmHg) (%) (mmHg~Y)/
wet 06 39102 n=8 207402 198174 002310017
A 20 & freeze-dried at 05 351083 n=5 260188 208148 001510005
—150 *Chwet
wet 05 36+£01 n=8 4092191 131144 0007 £0.002
B 20 2 5 treeze-dried at 0.4 35+£02 n=6 253+80 147163 0.014 10009
—150 °Chwet

* Number of styrene groups (per molecule), 25.5. ® Number of shyrene groups (per molecule), 9.7, ° Diacrylated PEG (PEG segment, mol wt 400).
d\Wet: unireated, freeze-dried at —150 °C/wet; fresze-dried at —150 °C and equilibrated in water. * Diameter change (%) = AD {(diameter change)/D

(initial diarmeter) x 100.  Compliance = 2 ADID, x 1/AP (breaking pressure).
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erized dextrans form biodegradable hydrogels for drug
delivery matrixes.

In this smdy, we extended our vinylated biomacromolecule
chemistry and photofabrication technology to polysaccharides
including heparin, whick is the most effective anticoagulant
as well as hyaluronan and chitosan. Scaffolds or templates
for artificial devices and tissue-engineered devices are made
of either nanurally occurring biomacromolecules, synthetic
polymers, or their hybrid composites. Biomacromolecules
frequently used for biomedical technology include two
different types: one is proteins and peptides, such as collagen
(and its thermally denmatured form, gelatin}, albumin, fi-
bronectin, and its cell active fragment; the other is polysac-
charides, including hyaluronan, chitosan, and heparin. Both
types of biomacromolecules are biodegradable, biosorbable,
and nontoxic in nature. Since all these biomacromolecules
are very soluble in water, fabrication to the desired forms
requires solution-to-gel transformation by chemical or physi-
cal processes for use as cell adhesive or structural scaffold,
bioactive substance-immobilized matrix, cell-inoculated ma-
trix, or complex!y shaped devices. Although a number of
such processes leading to gelation have been employed, these
methods are not useful for fabricating 3-D shaped constructs.
Our ongoing research using 3-D macro-photoconstructs or
stereclithographycally prepared microarchitecture of viny-
lated biomacromolecules including nerve tubular conduct
packed with guide photocured fibers will verify that these
photofabrication technologies using photoreactive biomac-
romolecules are really useful and effective for vital function-
ing hybrid tissues which are expected to repair or regenerate
the lost or diseased living tissues.

Acknowledgment. This study was financially supported
by the Promotion of Fundamental Studies in Health Science
of the Organization for Pharmaceutical Safety and Research

Matsuda and Magoshi

(OPSR) under Grant No. 97-15, and in part by a Grant-in-
Aid for Scientific Research (A2-12358017, B2-12470277)
from Ministry of Education, Culture, Sports, Science, and
Technology of Japan. This study was partially performed at
the Collaborative Center, Kyushu University.

References and Notes

(1) Langer, R. P.; Vacanti, J. P. Tissue Eng. Sci. 1993, 260, 920—926.

{2y Hubbell, I, A. Mater. Res. Soc. Budl. 1996, 21, 33-35.

(3) Kim, B. 5.; Mooney, D. J. Trends Biotechnol. 1998, 16, 224—230.

(4) Matsuda, T.; Miwa, H.; Moghaddam, M. J.: lida, F. ASAIO J. 1993,
39 (3), M327-31.

{5) Moghaddam, M. J.; Matsuda, T. J. Polym. Sci., Chem. Ed. 1993,

A3l 15891597,

(6) Sugawara, T.; Matsuda, T. J. Biomed. Maier. Res. 1996, 32, 157—
164,

(M Doi, K.; Nakayama, Y.; Matsuda, T. J. Biomed. Mater. Res. 1996,
31,2733,

(8 Nakayama, Y.; Okuda, K; Matsuda, T. In preparation.
(9) Okino, H_; Nakayama, Y.; Tanaka, M.; Matsuda, T. J. Biomed. Mater.
Res. 2002, 59, 233245

(10} Kim, 8. H.; Chu, C. C. J. Biomed. Mater. Res. 2000, 49, 517—-527.

(11) Hennink, W. E; Talsma, H.; Borchert, }. C. H. J. Controlled Release
1996, 39, 47-55.

(12) Van Dijk-Wolthuis, W. N. E.; Franssen, O.; Talsma, H.; Van
Steenbergen, M. J.; Van der Bosch, J. J. K.; Hennink, W. E.
Macromolecides 1995, 28, 6317-6322,

(13) Van Dijk-Wolthuis, W. N. E.; Van steenbergen, M. J.; Underberg,
W. J. M.; Hennink, W. E. J. Pharm. Sci. 1995, 86 (1), 413-417.

(14) Smeds, K. A.; Grinstaff, M. W. J. Biomed, Mater. Res. 2001, 54,
115-12].

(13) Han, D. K.; Hullell, J. A. Macromolecules 1997, 30, 6077—6083.

(16) Vyavahare, N.; Kohn, J. J. Polym. Sei., A: Polym, Chem, 1994, 52,
1271-1281.

(17 Matsuda, T.; Magoshi, T. Biomacromolecules 2001, 2 (4), 1169—
1177,

(18) Nakayama, Y.; Mukai, T.; Hirano, Y.; Matsuda, T. In preparation.

(19) Hayashi, K.; Handa, H.; Nagasawa, S.; Okurura, A.; Moritake, K.
J. Biomech, 1980, 12, 175—-184.

(20) Sonoda, H.; Takamizawa, K.; Nakayama, Y.; Yasui, H.; Matsuda,
T. J. Biomed. Mater, Res. 2001, 55, 266—276.

(21) Habeeb, A. F. Anal. Biochem. 1966, 14, 328~336.

BM0200229

125



976

Biomacromofecules 2002, 3, 976—983

Formation of Polymerized Mixed Heparin/Albumin Surface
Layer and Cellular Adhesional Responses

Tomoko Magoshit and Takehisa Matsuda**

Department of Bioengineering, National Cardiovascular Center Research Institute, 5-7-1, Fujishirodal,
Suita, Osaka, 565-8565, Japan, and Department of Biomedical Engineering, Graduate School of Medicine,
Kyushu University, 3-1-1, Maidashi, Higashiku, Fukuoka 812-8562, Japan

Received March 25, 2002; Revised Manuscript Received June 3, 2002

The atm of this study was to create a dense albuminated layer, a heparinized layer, and a mixed layer on
a poly(actylic acid)-grafted surface via visible light induced photopolymerization. The procedure is comprised
of four reaction steps: first, by visible light irradiation, acrylic acid (AA) was graft-polymerized on a
segmented polyurethane (SPU) film that was preimpregnated with camphorquinone. The second step was
adsorption of multiply styrenated albumin or styrenated heparin or their mixture, followed by visible light
irradiation in the presence of carboxylated camphorquinone. The third step was covalent bonding between
polyAA graft chain and polymerized biomacromolecule and between polymerized biomacromolecule to
enforce the formation of a stable immeobilized multilayer. X-ray photoelectron spectroscopic and Fourier
transform-infrared spectroscopic measurements were conducted to analyze the surfaces formed at each step.
Confocal laser scanning microscopy was utilized to determine the thickness of the biomacromolecule-
immobilized layer with several tenths of a micrometer thickness. Platelet adhesion was markedly reduced
on polymerized albuminated, polymerized heparinized, and copolymerized layers, whereas adhesive and
proliferative potentials of endothelial cells, which were comparable to those of commercial tissue culture
dishes, were observed on these surfaces. Co-immobilization of fibronectin and basic fibroblast growth factor
enhanced these potentials. These densely multilayered surfaces may be suitable for artificial and tissue-

engineered devices.

Introduction

The natural design of two-dimensional (D) extracellular
surface (for example, basement membrane) and 3-D extra-
cellular space in tissues is accomplished by supramolecular
assemblies of biomacromolecules including proteins, pro-
teoglycans, and immobilized cytokines. For 2-D extraceilular
design, various methods of preparing protein- and polysac-
charide-bound matrixes have been devised and tested, since
a biocompatible surface design determines the fate of
implanted devices, Regardless of tissue- or blood-compatible
surface design, protein monclayering or polysaccharide
derivatization has often been emploved via chemical methods
or simply physical adsorption driven by either via electro-
static or hydrophobic interaction. Examples are given as
heparin-bounding,'~* heparin-immmobilization,’ alkylated
heparin adsorption,® albumin immobilization,® and albumin—
heparin conjugate immobilization.*~!2 On the other hand, a
natural basement membrane is relatively thick. For example,
the basement membrance of endothelium of a vascular graft
is composed of dense meshes of supramolecularly assembled
extracellular matnixes {ECMs).!* On the other hand, long-
term-driven artificial hearts had thrombus-free blood contact-
ing surface which is covered by a dense proteinaceous layer,

* To whom correspondence should be addressed E-mail: matsuda@
med.kyushu-e.ac,jp.

1 National Cardiovascular Center Research Institute.

* Kyushu University.

10.1021/6m0200377 CCC: $22.00

which appears to help prevent thrombus formation. ! Tissue-
engineered devices require a 3-D matrix for cell entrapment
and proliferation, as well as phenotype restoration or
redifferentiation of dedifferentiated cells due to monolayer
culture in vitro. Therefore, one promising approach to acquire
tissue and blood compatibility and tissue-regeneration surface
activity may be to construct a dense multilayer composed
of proteins, polysaccharides, and other bicactive substances
such as cytokines on surfaces. The functional surface design
of biomedical devices has often been achieved by surface
hydrogelation, in which a hydrogel layer is covalently fixed
on the surface, and a biologically active substance im-
mobilized in the hydrogel undergoes sustained-release with
time, thus enbancing surface bioactivity such as anticoagu-
lation, cell adhesivity, vascularization, or minimal encapsula-
tion leading to blood- or tissue-compatible smfaces. Albuimn—
beparin muldlayerly assembled coatings developed by
Brynda,!0!* which were prepared by alternative step-by-step
layering of albumin and heparin and its covalent fixing,
effectively fimctioned well as thromboresistant coating in
vitro as well as in vivo.

In this article, the authors propose a novel technique for
the formation of a densely packed protein- or heparin-
polymerized surface layer via visible light induced surface
photopol ymerization, which requires four reaction steps as
shown in Figure 1: Segmented polyurethane (SPU) film was
used as a substrate. The first reaction is surface photograft

£ 2002 American Chemical Society

Published on Web 07/17/2002

126



Polymerized Mixed HeparinfAlbumin Surfaces

(I) Photoirradiati
— AAgat
CO-impregnatad
I ] SR
~ > " Styrenawsd beparin
o o8,
0. Y @. Styresued lbwmin
% - AT P Celle
%, Y- €Q-COOH

2 2 2 Py o
\ Ty % v ‘7//
i, 4 iy 2 2 Ny AT

Sl X 2X Xia Lim

it

Figure 1. Schematic illustration of preparation of styrenated albumin
and styrenated heparin copolymerized surface layer on SPU: (1)
surface photograft polymerization to from polyAA-gratted surface; (I1)
soaking and absorption of a mixed solution of styrenated albumin,
styrenated heparin and CQ-COCH,; {lll) photoirradiation by visible
light; {IV) coupling reaction using a condensation regent.

COOH

Figure 2. Schematic structures of styrenated albumin (A) and
styrenated heparin {B).

polymerization of acrylic acid (AA) on SPU film which was
tmpregnated with camphorquinone {CQ, a visible light
induced radial producer) prior to photopolymerization. This
technique was developed by us previously.!’ The resultant
surface region was characteristic of a semi-interpenetrating
network (s-IPN) structure composed of polyAA and substrate
polymer, which produces a quite thick, water-swollen layer.
The second step is “adsorption” of vinylated heparin and
vinylated albumin on and “absorption™ into the polyAA-
grafted layer. These styrenated albumin and styrenated
heparin (Figure 2) are prepared by parttal condensation of
the amino or carboxylic group present in the biomacro-
molecules with 4-vinylbenzoic acid (for albumin}'® and

Biomacromolecules, Vol 3, No. 5, 2002 977

4-vinylaniline (for heparin)!” according to our previous
methods. The third step is photopolymerization in the
presence of a water-soluble carboxylated CQ. The last step
is covalent bonding between polyA A-grafted chains and these
polymerized biomacromolecules and between polymerized
biomacromolecules in the presence of a water-soluble
condensation agent to form stable and dense multilayered
biomacromolecular assemblies covalently fixed on the
polymer surface. The cellular responses on such mixed
heparin- and albumin-polymerized layers were determined,
and the potential use of this polymerized biomacromolecule
layering is discussed.

Materials and Methods

Materials. All solvents and reagents including cam-
phorquinone (CQ) and Coomassie brilliant blue G-250
(CBBG) were purchased from Wako Pure Chemicals Inc.
(Osaka, Japanm). Acrylic acid (AA) was distilled under
reduced pressure prior to use. 1-Ethyl-3-(dimethylamino-
propyl)carbodiimide hydrochloride (WSC) was obtained from
Dojindo Laboratory (Kumamoto, Japan). 5-(4,6-Dichloro-
triazin-2-ylyaminofluorescein (DTAF), malachite green, and
toluidine blue were purchased from Sigma Chemical Co. (St.
Louis, MO). The SPU film (500 ym thickness) was obtained
from Shedam Company (Osaka, Japan). Styrenated heparin
(molecular weight, 1.2 x 10? g/mol; number of derivatized
styrene groups, 9.7 styrene groups per heparin molecule)?’
and styrenated albumin (molecular weight, 6.6 x 10* gimol;
mmber of derivatized styrene groups, 15.5 styrene groups
per albumin molecule),!® were prepared according to our
previous methods.1617 Fibronectin (Fn) and basic fibroblast
growth factor (bFGF) were purchased from Koken Co., Ltd.,
(Tokyo, Japan} and R&D systems Inc., (MN), respectively.
Phosphate-buffered saline solution (PBS, pH 7.4) was
purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo,
Japan). (1S5)-7,7-Dimethyl-2.3-dioxobicyclof2.2.1]heptane-
l-carboxylic acid (carboxylated camphorquinone, CQ-
COOH) was prepared according to the previous paper.1#

General Method. Visible light irradiation was carmied out
with a halogen lamp (Tokuso power light with wavelength
of illumination 400—520 nm, Tokuyama Co., Lid., Yamagu-
chi, and VL-501, LPL Co., Ltd., Tokyo, Japan) and light
intensity was measured by a photometer (laser power meter
HP-1, Pneum Co., Ltd., Saitama, Japan). X-ray photoelectron
spectroscopy (XPS, ESCA-3400, Shimadzu Corporation,
Kyoto, Japan) was carried out using a magnesinmn anode (Mg
Ko radiation) under 5 x 106 Torr (10 kV, 20 mA) at a 90°
takeoff angle. Water wettability of surfaces was evaluated
using the sessile drop technique with a contact angle meter
(CA-D, Kyowa Kaimen Kagaku Co., Ltd., Tokyo, Japan).
The attenuated total reflection (ATR) spectra of the treated
swfaces were obtained using a Fourier transform infrared
(FT-IR) spectrometer (Spectrum One, Perkin-Elmer Japan
Co., Lid., Kanagawa, Japan) equipped with a ZnSe/diamond
reflection element. Fluorescence of the surface was observed
with a confocal laser scanning microscope (CLSM, 543 nm
excitation; Bio-Rad Lab., Hercules, CA). UV—vis spectra
were recorded using a UV-1700 PharmaSpec (Shimadzu
Corp., Kyoto, Japan).
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Surface Photopolymerization and Characterization, AA
Grafting. A typical procedure for swface photograft po-
lymerizatdon is described below. SPU films (I x 1 cm®) were
immersed in CQ-containing #-hexane solution (1 wt %) for
5 min. The surfaces were washed with water and then air-
dried. After bubbling with nitrogen, an aqueous AA solution
(50 wt %) was poured to a dish (30 mm diameter), on the
bottom surface of which a CQ-impregnated SPU film was
set. After visible light irradiation (200 mW/cm? irradiation
mntensity) from the top of the dish at 20 °C for 5 min, the
SPU film was thoroughly rinsed with water (designated as
SPU-AA).

Preparation of Photopolymerized Styrenated Albumin
Layer. A typical procedure is described below. The SPU-
AA surface was immersed in a solution of styrenated albumin
(10 wt %) and CQ-COOCH (0.05 wt %) for 12 h to form a
liquid film (thickness of approximately 150 ) on the SPU-
AA surface. This was followed by visible light irradiation
at 20 °C for 5 min at 200 mW/cm? and thorough rinsing
with water (designated as SPU-Alb). The photopolymerized
surface was immersed in 1-ethyl-3-(dimethylaminopropyl)-
carbodiimide hydrochloride (water-soluble carbodiimide,
WSC) aqueous solution (1 wt %) for 24 h at room
terperature, followed by subsequent thorough rinsing with
water and air-drying (designated as SPU-Alb (WSC)).

The amount of albumin in a polymerized layers on surfaces
was assayed by Coomassie brilliant blue G-230 (CBBEG)
staining.!® Briefly, CBBG aqueous solution was prepared by
mixing CBBG (25 mg) in ethanol (12.5 miL, 95%) and
phosphoric acid (25 mL, 85% wiv), followed by dilution with
water (250 mL). A known concentration of albumin (0.1 mL)
was added to the CBBG solution (4 mL) for 10 min, and
then centrifuged at 1500 rpm for 20 min. The precipitated
albumin—CBBG complex was separated from the CBBG free
upper layer. The absorbance of the supernatant at 470 nm
was used as the standard calibration curve. The photopoly-
merized surface (! % 1 cm?) was immersed in the CBRBG
solution (4 ml) for 3 h, and the absorbance of the
immobilized albumin was calculated from the measurement
of remaining CBBG concentration using the predetermined
standard calibration curve.

Preparation ef Photopolymerized Styrenated Heparin.
A typical procedure is described below. After a solution of
styrenated heparin (10 wt %) containing CQ-COOH (0.05
wt %) for 12 h was placed on the SPU-AA surface to form
a liquid film (the thickness of approximately 150 pm), it
was subjected to visible Light irradiation (200 mW/cm?
irradiation intensity) at 20 °C for 5 min and thorough rinsing
with water (designated as SPU-Hep). The photopolymerized
surface was immersed in WSC (1 wt %) aqueous solugon
for 24 h at room temperature, followed by a thorough rinse
with water and air-drying (designated as SPU-Hep (WSC)).
The amounts of heparin immobilized in the gel layer formed
on the surface was assayed using the toluidine blue method 22!
Briefly, toluidine blue solution was prepared by mixing
toluidine blue (25 mg) with hydrochloric acid {0.01 N)
containing NaCl (0.2 wt %). A known concentration of
heparin (0.1 mL) was added to the toluidine blue solution
(3 mL) for 10 min, and then this was added to #-hexane (3
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mL). The mixture was shaken to extract the toluidine blue—
Leparin complex, and the absorbance at 630 nm of lower
aqueous layer was measured to determine the amount of
noncomplexed toluidine blue. The predetermined linear
relationship of the absorbance at 630 nm vs toludine blue
concentration in water was used as the calibration curve to
determine the amount of immobilized heparin. The photo-
polymerized surface (1 x 1 cm®) was immersed in the
toluidine blue solution (3 mL) for 3 h, and the absorbance
of the immobilized heparin was calculated using the prede-
termined standard calibration curve.

Preparation of Photo-copolymerized Styrenated Albu-
min and Styrenated Heparin Layer. The SPU-AA surface
was coated with a solution of styrenated albumin (5 wt %),
styrenated heparin (5 wt %), and CQ-COOH (0.05 wt %)
for 12 h to form a liquid film (thickness of approximately
150 gm). For immobilization, Fn (10 gg/ml) and/or bFGF
(1 pg/ml) were added 1o the mixed solution. Then, the
solution-coated surfaces were irradiated by visible light (200
mW/cm? irradiation intensity) at 20 °C for 5 min and
thoroughly rinsed with water (designated as SPU-Alb/Hep,
SPU-Alb/Fn, SPU-Alb/Hep/Fn, SPU-Alb/Hep/Fn/bFGF).
The photopolymerized surface was immersed in WSC (1 wt
%) aqueous solution for 24 h at room temperature, followed
by thoroughly rinsing with water and air-drying (designated
as SPU-Alb/Hep (WSC), SPU-AlbiFn (WSC), SPU-Alb/Hep/
Fn (WSC), SPU-AIb/Hep/Fn/bFGF (WSC)). The amounts
of albumin and heparin on the surface were assayed
according to the methods described above, respectively.

Surface Characterization. The chemical composition and
the wettability of the photopolymerization surfaces were
determined by ATR-FTIR and XPS analysis and by water
contact angle measurement, respectively.

Measurement of AA-Grafted Layer and Polymerized
Heparin Layer. SPU-AA surfaces were immersed in I wt
% aqueous malachite green solution (0.01 N HCI) for 1 min
and washed with water, and then the depth profile of the
graft layer stained by malachite green was measured by
CLSM (543 mm). The thickness of the polymerized beparin
layer prepared as described below was determined by
fluorescent dye (DTAF, 5-(4,6-dichlorotriazin-2-yl)amino-
fluorescein) coupling to heparin and the cross-sectional view
was obtained by CLSM (543 nm). The detailed coupling
reaction conditions were described in our previous paper.®

Cellular Responses. Platelet Adhesion. Platelet-rich
plasma (PRP) was obtained by centrifugation (900 rpm, 15
min, 20 °C) of human whole blood anticoagulated with 3.8%
sodium citrate. The substrates were placed on the bottom of
a 24-well tissue culture dish (Iwaki Glass Co., Ltd., Chiba,
Japan) and were incubated in PRP (5.0 x 10° cells/well) for
30 min at 37 °C. After incubation, the substrates were gently
washed with PBS. Platelets adhering to the substrates were
thoroughly washed with water, freeze-dried, and sputter-
coated with platinum. The adhered platelets were observed
by SEM.

Endothelial Cell Adhesion and Proliferation. ECs
(bovine endothelial cells derived from thoracic aorta) were
cultured in Dulbeceo’s modified Eagle’s medium (DMEM,
Gibco Laboratories Inc., Grand Island, NY) supplemented
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Figure 3. Flucrescence image of polyAA-grafted layer stained with malachite green under CLSM: (A) cross-sectional image; (B) fluorescence

intensity plotted against the distance from the outermost surface layer.

Tahle 1. Surface Elemental Ratio and Water Contact Angle on the Photopolymerized Surfaces

contribution of Cys components (%)

elemental ratio c-C C-0 C=07 c=0° water contact angle (deg)
sample N [0, SIC 285.0 eV 2858.2 eV 287.0 eV 288.8 eV advancing receding

nontreated SPU 0.030 026 571 39.3 36 746110 505+10
SPU-AA 0.001 0.58 41.9 6.1 1581 407 +59 <10
SPU-AlL 0115 0.34 0.0045 53.6 25.9 7.2 13.4 891430 <10
SPU-Alb (WSC) 0103 032 0.0045 5385 18.8 14.8 8.0 569 £37 <10
SPU-Hep 0.017 0.38 0.0043 64.0 195 13.1 35 405+ 20 103+27
SPU-Hep (WSC) 0.047 0.37 0.0067 578 12.1 23.4 87 249151 <10
SPU-Alb/Hep 0.058 0.34 0.0066 53.0 24.0 16.7 5.3 437 +£53 <10
SPU-Alb/Hep (WSC) 0.085 0.30 0.0054 586 218 134 63 342+19 203107

*C=0: CONH, NHCOO (ft. 21). # C—0: NHCONH, COO (jit. 21).

with 15% fetal bovine serum (FBS, Gibco Lab., Inc.), 30
IU/mL penicillin, 50 ptg/ml. streptomycin (Flow Lab., Irvine,
Scotland), and 2.5 gg/mi. amphotericin B (ICN Biomedicats
Inc., Aurora, OH). Cell culture was performed at 37 °Cin a
humidified atmosphere of 5% CO; in an incubator. ECs at
passage 4 were used in all the experiments.

Various photopolymerized SPU films were placed on the
bottom of a 24-well tissue culture dish (Iwaki Glass Co.,,
Ltd., Chiba, Japan) and ECs (1.0 x 10* cells/well) were
seeded and cultured. After a predetermined incubation period,
films were gently washed with PBS and then with water,
freeze-dried, and sputter-coated with platinum. The relative
numbers of adhered ECs were determined from SEM
microphotographs.

Separately, ECs were seeded and cuttured on poly(ethylene
terephthalate) (PET, 15 mm diameter) films that were
preadsorbed with 1| wt % albumin or I wt % styrenated
albumin buffer solution and thoroughly washed with PBS
and then placed on the bottom of a 24-well tissue culture
dish. The relative numbers of adhered ECs were determined
from phase-contrast microphotographs.

Results

Surface Photopolymerization. After 5 min of immersion
in 1 wt % CQ containing n-hexane solution and subsequent
air-drying, SPU films were immersed in degassed 50 wt %

AA aqueous solution and itrradiated by visible light for a
pretermined time (Figure 1-I}. The depth profile of the graft
layer stained by malachite green was measured by CLSM,
and the fluorescence intensity is plotted against the distance
from the outermost surface layer (Figure 3). The stained
depth was estimated as approximately 60 um thick. The poly-
(AA)-grafted SPU swface (SPU-AA) was immersed in
styrenated heparin aqueous solution (9.7 styrene groups per
molecule}, styrenated albumin aqueous solution (15.5 styrene
groups per molecule), or its mixture, all of which contained
CQ-COOH as water-soluble visible light induced radical
generator (Figure 1-1I), and then photoirradiated by visible
light (Figure I1-IIT). After thorough washing with water, the
photopolymerized surface was immersed in a water-soluble
condensation agent (WSC) containing aqueous solution for
24 h to induced covalent bonding between polymerized
biomacromolecules mentioned above and between carboxy-
late groups of SPU-AA and the biomacromolecules (Figure
1-IV).

Table 1 shows surface elemental ratio (determined by XPS
analysis) and water contact angles of the treated surfaces at
each step. The O/C ratio increased upon surface graft
polymerization of AA. Upon photopolymerization of sty-
renated albumin, N/C ratio was significantly increased. The
deconvolution of C,; spectra revedls that higher energy
fractions at approximately 287.0 and 288.8 eV, both of which
are ascribed to carbonyl carbons,* were also significantly
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1 increased. These indicate that fully albuminated multlayers

Non-treated SPU ( were fixed on the SPU-AA surface. In addition, the immer-
sion of such a surface in WSC-containing aqueous solution

did not change the high N/C ratio and the high subpopulation

. A of the higher energy fractions in the C;, spectra peak. On

i the other han.!, photopolymerization of styrepated heparin
(SPU-Hep) reduced N/C ratio but significantly increased O/C
ratio. The C—O fraction (at approximately 286.2 ¢V) ascribed
10 the ¢ther linkage of the sugar moiety and hydroxyl side
chain of heparin molecule in C,; spectra was found to be
not high, probably due to hydrocarbon contamination during
the sample drying process, which is often observed in
hydrophilic polymer surfaces. Photo-copolymerization of
styrenated albumin and styrenated heparin and its cross-
linking with the polyAA graft chain produced relatively high
N/C and O/C ratios and high populations of C—0O (at
approximately 286.2 V) and C=O0 (at approximately 287.0
eV) fractions in the C); spectra. Despite extensive vigorous
washing with water, little spectral difference was observed.

Both advancing and receding contact angles were low as
compared with those of nontreated SPU, indicating that
polymerized albuminated and hepannized surfaces were
highly wettable with water.

Figure 5A shows the ATR-FTIR spectra of photopoly-
merized surfaces. The spectrum of the SPU-AA surface
shows a big shoulder peak at approximately 1730 ecm™,
which is assignable to a carboxylic acid group. On the other
hand, the spectrum of the photopolymerized albuminated
(SPU-Alb (WSQ)) surface exhibited a new peak at 1654
crn~ L2 which is due to the secondary amide bond. That of
the photopolymerized beparinized surface (SPU-Hep (WSC))
exhibited a new peak at 1050 cm™! that can be ascribed to
a sulfate group.>? The spectrum of the mixed albumin/
heparin copolymerized (SPU-Alb/Hep (WSC)) surface ex-
hibits both peaks (1634 and 1030 cm™*), the intensities of
Figure 4. Deconvoluted Cis peaks of XPS spectra of various which were lower than those of the comresponding peaks
photopolymerized surfaces. appearing in spectra of albuminated or heparinized surfaces.

SPU-Alb/Hep (wsc
o\
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Figure 5. Attenuated total refiection Fourier transform infrared (ATR-FTIR) spectra of various photepolymerized surfaces (A) and difference
spactra obtained by subtraction of the spactrum of SPU-AA from respective polymerized spectrum {B).
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Figure 6. Fluorescence image of polymerized heparin layer containing flucrescent dye (DTAF)-conjugated heparin observed under CLSM: (A)
crass-sectional image, (B) flucrescence intensity plotted against the distance from the outermost surface layer.
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Figure 7. SEM micrographs of photopolymerized surfaces incubated in platelet-rich plasma: (A) nontreated SPU; (B) SPU-AA; (C) SPU-Alb

(WSC); (D) SPU-Hep {(WSC); (E) SPU-Alb/Hep (WSG).

Table 2. Amount of Albumin and Heparin Immobitized in the
PolyAA-Graft Layer Formed on Surfaces {n = 3)

amt of albumin amt of heparin
sample (uglom2)2 (zg/om?)®
SPU-Alb (WSC) 454 £ 3.2
SPU-Hep (WSC) 268115
SPU-AlbMHep (WSC) 19.7 +24 128 £38

* Measured by coomassie brilliant blue staining. ® Measured by toluidine
blue staining.

This was more clearly observed in the difference spectra
obtained by subtraction of the spectrum of SPU-AA from
respective polvmerized spectra (Figure 5B).

To visualize the thickness of the polymerized heparin
immobilized on SPU-AA, immobilized heparin was co-
valently fixed with a fluorescent dye (DT AF) and measured
under CLSM. Figure 6 shows a cross-sectional view of
fluorescent heparin layer, which was estimated to be ap-
proximately 85 gm in thickness.

The amounts of albumin and heparin polymerized on SPU-
AA were determined by dye-complexation methods (CBBG
method and toluidine biue method, respectively). After dye
complexation in the polymerized layer, the remaining amount
of uncomplexed dye in the solution was determined using
the predetermined standard curves and is listed in Table 2.
The amounts of albumin polymerized in SPU-Alb and SPU-
Alb/Hep were estimated as 46.4 + 3.2 and 19.7 = 2.4 ugf
cm?, respectively (n = 3). The amounts of heparin polym-
erized in PU-Hep and PU-Alb/Hep were estimated as 26.8
=+ 1.5 and 12.8 + 3.6 pg/cm?, respectively (n = 3).

Cellular Responses. Platelet Adhesion: The photopoly-
merized films were incubated in human platelet-rich plasma
for 30 min. Figure 7 shows SEM micrographs of platelet
adhesion to photopolymerized surfaces. A large number of
adhered platelets and massive aggregation were observed on

. both nontreated SPU and SPU-AA swifaces. In constrast, a
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significantly reduced degree of adhesion, spreading, and
aggregation of platelets on SPU-Alb, SPU-Hep, and SPU-
Alb/Hep surfaces were observed.

Endothelial Cell Adhesion and Proliferation. Bovine
endothelial cells (ECs) were seeded and cultured on various
polymerized surfaces. Figure 8 shows SEM micrographs of
ECs that adhered, spread, and proliferated on these polym-
erized surfaces. ECs spread and proliferated well on tissue
culture polystyrene (TCPS) dishes; in contrast, reduced
adhesion and Little sign of proliferation were observed for
nontreated SPU and slight adhesion and proliferation were
observed for the SPU-AA surface. Quantitative data on
adbesion and proliferation are given in Figure 9, where the
numbers of adhered cells on various polymerized surfaces
are plotted against the culture time up to 72 h. Adhesion
and proliferation were the least observed for nontreated SPU
and SPU-AA. Irrespective of the type of polymerized surface
with or without iocorporation of cell adhesion protein
(fibronectin, Fn) and cell growth factor (bFGF), polymerized
surfaces exhibited very good adhesive and proliferative
potentials comparable to those of TCPS. The incorporation
of Fn into the polymerized albumin surface appeared to
enhance cell proliferation. The incorporation of bFGF also
enhanced cell proliferation.
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Figure 8. SEM micrographs of bovine endothelial cells cuttured on varicus photopolymerized and covalently fixed surfaces: (A) nontreated
TCPS; (B) nontreated SPU; (C) SPU-AA; (D) SPU-Alb (WSC); (E) SPU-Alb/Hep (WSC); (F) $PU-Ab/Fn (WSC), (G) SPU-Alb/Hep/bFGF (WSC);
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Figure 9. Time-dependent number of bovine endothelial cells
adhered on various photopolymerized and covalently fixed surfaces:
{A) nontreated TCPS; {B) nontreated SPU; (C) SPU-AA; (D) SPU-
Alb (WSCY); {E) SPU-Alb/Hep (WSC); (F) SPU-Alb/Fn (WSC); (G)
SPU-Ab/HepbFGF (WSC); (H) SPU-Alb/Hep/FnhFGF (WSC).

It is of interest to see whether styrenated albumin surfaces
exhibit noncell adhesivity as found for albumin since albumin
does not interact with cellular membrane, unlike cell adhesive
proteins such as fibronectin. As shown in Figure 10,
endothelial cells adhered, spread, and grew well on the
styrenated atbumin-adsorbed surface, which are comparable
to those on nontreated TCPS, whereas little cell adhesion
was observed for nontreated albumin as expected. This
indicates that styrenated albumin is cell adhesive probably
due to increased hydrophobicity derived from multiply
derivatized of styrene groups which eventually induce
nonspecifically to interact with cell membrane.
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Figure 10. Time-dependent change in humber of bovine endothelial
cells on surfaces preadsorbed with nontreated TCPS or PET, albumnin,

or styrenated atbumin in PBS (1 wt %) for 3 h. nentreated TCPS
(0); nontreated PET (a); albumin (C); styrenated albumin (®).

Discussion

The realization of normal tissue architecture on 2 foreign
surface is the ultimate task of the development of synthetic
and biologic implants. If an artificial implant is densely
covered by major compoenents of ECMs, it will be accepted
by hostile environment in the body due to minimal foreign-
surface-induced activation of humoral body defense mech-
anisms such as coagulation and complement systems. Sooner
or later, cell migration from adjacent tissues and proliferation
occur to form a tissue on such a surface. Therefore, this
surface may be best suited for cell-incorporated tissue-
engincered implants and tissue-contacting artificial implants.
Numerous stidies have been reported on albumin or heparin
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immobilization onto surfaces, aiming at realization of
thrombus-free surface for short-term implantation. In general,
the albumin-adsorbed surface has been reported to have
minimal adhesion of cells including platelets. However, it
was reported that the platelet adhesion on the albumin-
conjugated surface, which was pretreated with carbon dioxide
gas plasma, was significantly high. A marked increase in
adhesion of platelets and ECs was also observed on
albumin—heparin conjugated surfaces, indicating that such
a surface was a suitable for matrix for the EC monolayer.
As for platelet adhesion, minimized adhesion observed on
albumin-, heparin-, or its mixture-polymerized surfaces
observed in this study was quite contrary to the proceeding
results, although the surface modification and biomacromol-
ecule-immobilization techniques developed by us quite differ
from those in the reported paper. The discrepancy between
these results remains unsolved.

The amount of fully monolayered albumin on a surface
was reported as 0.1—0.8 ggicm?*** depending on the con-
figuration of the adsorbed albumin, and that of heparin im-
mobilized on a polyAA-grafted surface, which was induced
by plasma glow discharge treaunent, followed by thermal
polymerization, is 1.23 ggfcm?# For the albumin-adsorbed
surface, the thickness was estimated to be approximately a
few tenths of an angstrom, while that of heparin surface was
estimated to be less than a few hundred angstroms.

To increase the thickness of the protein- or polysaccharide-
immobilized layer on the surface, our strategy was to utilize
visible Iight induced photopolymerization initiated by radical
generation induced by CQ and radical-polymerizable sty-
renated biomacromolecules which contain at least a few to
a few tens of styrene groups per molecule. As for surface
photopolymerization, CQ impregnated in SPU generates
radicals by hydrogen subtraction from neighboring groups
to induced graft polymerization of AA. Upon immersion of
the SPU-AA surface in aquecus solution of styrenated
biomacromolecules (partially derivatized with 4-vinylbenzoic
acid or 4-vinylanilin), adsorption and absorption of these
biomacromolecules on and into the polyAA-grafted layer
occurred. The adsorption on and absorption into the prafted
layer was qualitatively and quantitatively determined by
using a dye complexing with or bound to the polymerized
biomacromolecules. As shown in Figures 3 and 6, the
thickness of the polyAA-grafted layer was estimated to be
approximately 35—60 pm, and that of the polymerized
heparin layer, which is composed of s-IPN with segmented
polyurethane, was estimated to be approximately 80 gm, as
determined by CLSM.2 This quite deep s-IPN structural
formation is due to solvent soaking of CQ which penetrates
into a deeper region of surface and even bulk phase. Using
dye-complexation methods, the amounts of these polymerized
biomacromolecules were determined to be approximately 46
pg/em? for the polymerized albumin layer and 27 pg/cm®
for the polymerized heparin layer. The polymerized albumnin
layer was almost 100 times thicker than the monolayer-
packed albumin, which was adsorbed from a dilute aqueous
solution. In addition, when a mixed solution of these
pelymerizable biomacromolecules was mixed with cell
adhesive protein such as fibronectin and growth factor such
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as bFGF, densely proteinacecus multilayers that contain
heparin and cytokine were formed by sequential reactions.
Thus, a relatively thick biomacromolecule polymerized and
co-immobilized layer was formed and covalently coupled
on the surfaces grafted with polyAA.

Preliminary experiments of platelet adhesion and endo-
thelial cell adhesion and proliferation encouraged us to utilize
such polymerized surfaces for improving blood- and tissue-
compatible devices as well as tissue-engineered devices. The
co-immobilization of bioactive substances in a biologically
derived, thick gel layer may realize sustained release for a
long time due to complexation of negatively charged hepanin
and bFGF, which has cluster of basic amino acid in a
molecule. This may realize a continuously stimulating
“bicactive” extracellular milieu, thus enhancing tissue mor-
rhogenesis including more rapid endothehalization.
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Liquid acrylate-endcapped biodegradable
poly(e-caprolactone-co-trimethylene carbonate). 1.
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Abstract: Photocurable liquid biodegradable copolymers
were prepared by ring-opening copolymerization of e-cap-
rolactone (CL) and trimethylene carbonate {TMC) in the
presence of a multifunctional hydroxyl group-bearing sub-
stance (di-, tri-, and tetra-functional alcohol and poly(ethyl-
ene glycol) (PEG) and its four-branched derivative} as an
initiator and subsequent endcapping with acryloy! chloride
at their hydroxyl terminals. These multifunctional, viscous
liunid copool?'mers (molecular weights; approximately 2 x
10° to 7 x 10° g /mol) were converted to crosslinked solids by
visible-light irradiation in the presence of camphorquinone
as an initiator. The photocuring rate of these copolymers
was enhanced by both higher functionality and lower mol-
ecule weight of the copolymers used. The photocuring rate
depended on the amount of reducing agent (methacrylic

acid 2-dimethylaminoethyl ester). Upon immersion in a
phosphate buffer solution (pH 7.4), hydrolysis occurred
preferentially on the surface except for photocured PEG-
based copolymers that were degraded faster via both surface
erosion and bulk degradation than low molecular weight
alcohols-based copolymers. Cylindrical photocured con-
structs prepared by photoirradiation to the whole body in a
mold filled with the liquid copolymer was demonstrated as
an example of shape fabrication of biodegradable biomedi-
cal devices. © 2002 Wiley Periodicals, Inc. ] Biomed Mater
Res 62: 387-394, 2002

Key words: photocuring; visible light; hydrolysis; ¢-capro-
lactone; trimethylene carbonate; camphorquinone; surface
erosion; bulk degradation '

INTRODUCTION

Hydrolytically degradable {co)polymers have been
extensively studied in the field of biomaterials for use
as matrix components of controlled release devices,
degradable sutures, absorbable fibers, and implants
for bone fixation.!”> Because these are biodegraded
during the course of implantation, irrespective of bulk
degradation or surface erosion, artificial implants will
be degraded and sorbed, and will finally disappear to
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be replaced with regenerated tissues. This is the sce-
nario of “ideal” wound healing with devices made of
biodegradable polymers. In general, fabrication of de-
vices has been conducted by conventional techniques,
such as solution casting, spinning, molding, or extru-
sion. Biodegradable polymers are also basic materials
for matrix, template, and scaffold for tissue-
engineered devices.

If a biodegradable liquid polymer or prepolymer is
subjected to liquid-to-solid transformation under pho-
toirradiation, a very fine-structured device design and
a precise surface architecture for biocompatible de-
signs and artificial organs are feasible in principle, be-
cause photoreaction occurs only at the irradiated por-
tion and during the irradiation time. Furthermore, in-
jection of such a liquid prepolymer into the body and
subsequent photoirradiation may form an in situ con-
struct for diseased or damaged tissues.>®

In our previous studies, we reported the prepara-
tion of photocurable, biodegradable, liquid copoly-
mers, poly(CL/TMC)s, which are composed of e-cap-
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rolactone (CL) and trimethylene carbonate (TMC) and
have photodimerizable groups, cournarin, at their ter-
minals [designated as coumarin-endcapped poly(CL/
TMO)].> Upon ultraviolet (UV) light irradiation, a
photocured thin film was obtained. Examples were
given for microarchitectural surface coatings with
multiple microarrays on one surface. UV light-
induced photocuring via intramolecular and intermo-
lecular photodimerization between coumarin groups
proceeds only in very thin liquid films because UV
light is absorbed by most organic materials. In addi-
tion, photodimerization reactions or curing proceeded
very slowly because only an associated pair of couma-
rin groups undergoes dimerization 5

If photocuring of liquid materials proceeds via radi-
cal polymerization that is induced by visible light iz-
radiation, much thicker liquid film should be photo-
cured rapidly. Therefore, visible light-induced photo-
curable system may find more versatile applications
than UV-induced photocurable systems.

To this end, we devised a visible light-induced pho-
tocurable system composed of acrylate-endcapped,
biodegradable, liquid copolymers composed of CL
and TMC, and camphorquinone as an initiator, which
has been used for photocuring of dental resins for
many years. In this article, the photocuring system
developed is described, and the hydrolytic behavior of
photocured copolymers was evaluated in vitro.

EXPERIMENTAL
General procedure

All the solvents and reagents were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan)
or Sigma-Aldrich Japan, Inc. (Tokyo, Japan}. Diglyc-
erol polyoxyethylene glycol ether (b-PEG) was ob-
tained from Shearwater Polymers, Inc. (Alabama,
USA). TMC was prepared in our previously report
and recrystallized from a mixed solvent of ethyl ac-
etate and hexane.” Trimethylolpropane and penta-
erythritol were recrystallized from acetone. Other sol-
vents and reagents were purified by distillation. 'H-
NMR spectra were recorded on a JEOL INM-GX270
FT-NMR spectrometer (270 MHz, Tokyo, Japan). The
chemical shifts were given as 3 values using Me,5Si, as
the internal standard. IR spectra were recorded on a
Shimadzu DR-8020 FT-IR spectrophotometer (Kyoto,
Japan). UV absorption spectra were recorded on a
JASCO Ubest-30 UV /VIS spectrophotometer (Tokyo,
Japan). The number-average molecular weight (M,,) of
a polymer was determined by GPC analysis, which
was carried out on a Teso SC-8020 (Tokyo, Japan) us-
ing poly{ethylene glycol) (PEG) standard. Visible light
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irradiation was carried out on a TOKUSO Power Lite
(xenon lamp with UV and IR cut-filter, Tokyo, Japan).
The topographic changes of surfaces of a photocured
film were determined by a scanning electron micro-
scope (SEM; JEOL JSM-6301F, Tokyo, Japan).

Synthesis of poly(CL-co-TMC) copolymer
[poly(CL/TMC)

The preparation of poly(CL/TMC)s were carried out
according to the method reported previously.®?*2°
Briefly, a reaction mixture of 0.33 M tin(II)2-
ethylhexanoate solution in toluene (125 pL, 43 pmol),
trimethylene glycol (7.36 g, 96.7 mmol), TMC (64.0 g,
627 mmol), and CL (71.8 g, 629 mmol) was stirred for
8 h at 180°C in N, atmosphere. After vacuum distilla-
tion of unreacted monomers, the copolymer, poly(CL/
TMC) (2a), was isolated by precipitation in methanol.
The yield was 139.0 g (99%). M, = 2.2 x 10° g/mol
(eluent, DMF). FTIR (KBr, con™?) 3529, 2955, 2866, 1744,
1252, 1164, and 1036. 'H-NMR (270 MHz, CDCl,,
ppm) 8 = 1.37 (multiplet), 1.62 (multiplet), 2.01 (mul-
tiplet), 2.27 (multiplet), 3.68 (muitiplet), and 4.20 (mul-
tiplet).

Synthesis of acrylated poly(CL/TMC)

A typical procedure for preparation is as follows.
The mixture of (2a) (16.6 g, 6.64 mmol) and acryloyl
chloride (3.61 g, 39.8 mmol) was stirred for 4 h at 50°C
in N, atmosphere. The resulting acrylated copolymer
of (2a) was isolated and purified by the removal of
hydrochloric acid and unreacted acryloyl chloride un-
der reduced pressure and the subsequent precipita-
tion in methanol. The yield was 16.9 g (95%). The ac-
rylate contents were determined from the relative
peak intensities between the vinyl group of acrylated
copolymer and methylene groups ascribed to the cou-
marin group of coumarinated copolymer used as a
reference compound at the same concentration. (The
coumarin content of coumarinated copolymer was
quantitatively determined by UV spectroscopy in our
previous article.”) in 'TH-NMR spectra. The vinyl con-
tent was determined as 8.1 x 107* mol/g. FTIR (KB,
em™") 2950, 2868, 1739, 1614, 1250, 1167, and 1038. 'H-
NMR (270 MHz, CDCl;, ppm) 8 = 1.37 (multiplet), 1.62
(multiplet), 2.01 (multiplet), 2.27 (multiplet), 4.20
(multiplet), 5.82 (multiplet), 6.13 (multiplet), and 6.38
{multiplet).

Visible light-induced photocuring characteristics

A mixed liquid film of acrylated copolymer and
camphorquinone, coated on a cover glass, was irradi-
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ated with visible light (80 mW /cm? at 488 nm). After
immersion in dichloromethane to dissolve the solvent-
dissoluble part, the insoluble copolymer was weighed.
The photocuring yield was defined as the weight per-
centage of the insoluble part (W) against that of the
coated copolymer (W): W/W x 100.

Water adsorptivity

Each photoirradiated, round-shaped film of the ac-
rylated copolymer (diameter 15 mm and 0.3 mm thick-
ness) was immersed in water for 2 days at room tem-
perature. The degree of water adsorptivity (DW) was
determined as the relative amount of water uptake
against the copolymer at the equilibrium state.

Hydrolytic behaviors

The determination of hydrolytic degradation char-
acteristics of photocured films was carried out by mea-
suring the mass changes. A photocured film (diameter
15 mm and 0.3 mm thickness) was weighed and im-
mersed into 0.01 M PBS (phosphate buffered solution)
of pH 7.4 at 37°C that was replaced with freshly pre-
pared solution every week for up to 4 weeks. After 1
week, the films were dried and weighed, and im-
mersed in a freshly prepared buffer solution. Before
and after 4 weeks of immersion, the surfaces of the
samples were observed under SEM.

Fabrication of macrostructured architecture

Tubular photoconstructs were prepared by photo-
fabrication upon photoirradiation to molds. The pho-
toreactive liquid copolymer, which was poured into
an interspace between coaxial double glass tubes com-
posed of different inner diameter of sheath and outer
diameter of the inner mandrel (diameter, mandrel/

o 0

Sn(CeH1c0y).
A gt ig\2/2
o0 R{OH), ~—~——————
CS*\/' + RO 50, o

- HCI
poly{CL/TMC)+ C'gCH:CHE 50 °C, 4 hrs

R(OH),,: low-mol.-wt. alcohol

H‘(CH;O[Q(GHQ)SO]“['QO(CHz)aq—QCI—FCHz)
0 X yo
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sheath: 1/2, 2/3, and 3/4 mm/mm), was irradiated
for 1 min. Upon removal from the double tubes, a
cylindrical transparent photoconstruct was obtained.

RESULTS
Preparation of acrylated poly(CL/TMC) copolymers

Acrylate-endcapped copolymers, acrylated
poly(CL/TMC)s, were prepared by two-step reac-
tions. The first step is ring-opening copolymerization
of CL and TMC in the presence of a di-, tri-, or tetra-
functional low molecular-weight alcohol (trimethyl-
ene glycol, trimethylolpropane, or pentaerythritol),
poly(ethylene glycol) (PEG), or a four-branched PEG
derivative (b-PEG) as an initiator, and the second step
is esterification of the hydroxyl terminal groups using
acryloyl chloride (Scheme 1). Table I lists reaction con-
ditions and compositions and molecular weights of
copolymers. As for the first step, the copolymeriza-
tions were carried out at the equimolar feed ratio of
CL and TMC according to the method reported pre-
viously.” The molar ratio of the monomer to the hy-
droxyl group of the initiator was fixed at 6.6 except for
2b (Table I), and the reaction was allowed to proceed
until completion (yield: almost 100%). The composi-
tions of all the copolymers thus prepared, as deter-
mined by 'H-NMR spectroscopy, were almost
equimolar as expected (Table I). All the resulting co-
polymers were viscous liquids. The esterification car-
ried out at the excess amount of acryloyl chloride
against the hydroxyl group resulted in full esterifica-
tion, which was confirmed by IR and *H-NMR spec-
troscopies. The vinyl contents, determined by 'H-
NMR spectroscopic measurement using the corre-
sponding reference copolymers, were listed in Table L.

Visible light-induced photocuring

Photopolymerization induced by visible light (UV
and IR cut filter-attached xenon lamp as a light source)

R-(CHZO[g(CHz}sol;[-gO(CHz)ao}yH) )

poly(CL/TMC)

O n

hydrophilic poly{ethylene glycol) derivative

trimethylene glycol
trimethylolpropane

n
2
3
4 pentaerithritol

poly{ethylene glycol) (mol. wt. 1000}

diglycarol polyoxyethylene glycol ether
gly: potyoxyethy (mol.gvgt. 2040)

Scheme 1. Preparation of photoreactive poly{CL/TMC).
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TABLE I
Acrylated Liquid Copolymers
Polymer Initiator Poly(CL/TMC) Acrylated Copolymer
Code Name R(OH), n*  Fraction® Mg CLTMC  Content? (mol/g) Mg, Dw!
2a CH,(CH,OH}, 2 6.6 22x10°  0.50:0.50 8.1x10™* 25x10° .01
2b CH,(CH,0H), 2 13.2 43x10° 049051 40 % 107 50%x10°  0.01
2 PEG1000 2 6.6 33x10° 052048 57 x107% 35x10° 032
3a CH,CH,C(CH,0H), 3 6.6 35x10° 051049 8.1 = 107 3.7x10° 001
4a C(CH,OH), 4 6.6 53x10°  0.49:051 8.1 x 1074 50x10° 001
4b b-PEG# 4 6.6 74%10°  0.4%051 5.7 x 107 70x10° 032

Multifunctionality of initiator.
PMolar fraction of monomer per total OH groups.

“Number-average molecular weight of nonmodified copolymer determined by GPC (PEG Standard).
Acrylate content determined by using the corresponding reference copolymers.

*Molecular weight determined based on acrylate content.

‘Degree of water adsorption of photocured film (relative weight of water uptake to polymer).
#Diglycerol polyoxyethylene glycol ether) (mol. wt. 2040) purchased from Shearwater, Inc.

was carried out in the presence of camphorquinone as
the initiator at different camphorquinone concentra-
tions, The photocured copolymers, which were not
soluble in any organic solvent, were obtained, irre-
spective of copolymers. Figure 1 shows the depen-
dence of photocuring on irradiation time and on cam-
phorquinone concentration for the photoreactive co-
polymer {4a). The photocuring yield (defined as the
weight percentage of the insoluble part against the
initial weight of liquid) increased with both photoir-
radiation time and camphorquinone concentration. At
higher concentrations of campherquinone (1.0 and 5.0
wt %), there was little difference in the photocuring
time course, which is completed after around 30 s of
photoirradiation under this experimental condition.
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Figure 1. Time-dependent photocuring yield of liquid
films of acrylated copolymer (4a) at different camphorqui-
none concentration (none—®), 0.1 {V), 0.5 (O), 1.0 (4), and
5.0 ((J) wt %) by visible light irradiation. Liquid film thick-
ness: 0.40 mm.

Figure 2 shows acrylate functionality dependence on
photocuring using di-, tri-, and tetra-acrylate copoly-
mers, all of which have almost identical chemical com-
position of TMC and CL but different molecular
weight. Photocuring characteristics were enhanced
slightly with higher multifunctionality. At the same
functionality, a lower molecular weight (mol. wt. ap-
proximately 2500 g/mol) of difunctional copolymer
slightly enhanced the photocuring rate compared to a
higher molecular weight copolymer (mol. wt. 5000
g/mol) (Fig. 3). Copolymers (2b) and (4b), both of
which are based on PEG derivatives, exhibited higher
photocuring characteristics than copolymers, (2a) and
(4a), derived from low molecular weight alcohols

(Fig. 4).
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Figure 2. Time-dependent photocuring yield of photoreac-
tive copolymers: (2a) (W), (3a) (O), and (4a) (A). Camphor-
quinone concentration: 1.0 wt %. Liquid film thickness:
0.40 mm.
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Figure 3. Time-dependent photocuring yield of photoreac-
tive copolymers: (2a: M,, 2.5 10°) (W), and {2b: M,, 5.0 x 109
{4). Camphorquinone concentration: 1.0 wt %. Liquid film
thickness: 0.40 mm:.

The dependency of photocuring yield on the liquid
film thickness was examined at thickness ranging
from 0.8 to 10.0 mm. Little thickness dependency on
the photocuring of liquid film was observed (Fig. 5):
complete photocuring occurred after approximately
40 s of photoirradiation, regardless of the thickness
under this experimental conditions. The effect of a re-
ducing agent, methacrylic acid 2-dimethylaminoethyl

1007

80

607

407

207

Photocuring Yield (%)

=1

0 T T |
0 30 60

Irradiation Time (sec)

Figure 4. Time-dependent photocuring yield of photoreac-
tive copolymers. (2a) (B) and (2¢) (V) are difunctional and
(4a) (A) and (4b) (O) are tetra-branched copolymers, (2c)
and (4b) are PEG-based copolymers. Camphorguinone con-
centration: 1.0 wt %. Liquid film thickness: 0.40 mm.
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Figure 5. Dependence of photocuring yield of photoreac-
tive copolymer (4a) on liquid film thickness. Camphorqui-
none concentration: 1.0 wt %. Liquid film thickness: 0.2 (@),
08 (V). 1.6 (D, 5.0 (&), and 10.0 (O) mm.

ester, which was added to a polymerizable liquid, was
shown in Figure 6. The reducing agent accelerated
photocuring at lower concentrations, but appeared to
retard photocuring at higher concentrations. All the
photocured films obtained were relatively rigid,
glassy solid films.

The equilibrium water uptake of photocured co-
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Figure 6, Effect of addition of the reducing agent on pho-
tocuring yield of photoreactive copolymer (2a). Concentra-
tion of reducing agent, methacrylic acid 2-dimethylamino-
ethyl ester: 0.0 (), 0.5 (O), 1.0 (¥)},1.5 (A), and 3.0 (@) wt %.
Camphorquinone concentration: 1.0 wt %. Liquid film thick-
ness: 0.4 mm.
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polymers, except for PEG-based ones, was quite small
(relative weight of water adsorbed to the photocured
copolymer: around a few percentage), but both PEG-
based copolymers, (2b) and (4b), adsorbed water as
much as 30% of its weight (Table I).

10.0

Hydrolytic behaviors

The hydrolytic behaviors, determined by weight
loss upon immersion in the buffer solution (pH 7.4),
are shown in Figure 7. The percentage of weight loss
of the films increased almost linearly with the immer-
sion time. After 4 weeks of immersion, the photocured
films of (2a) and (4a) showed a few percents of weight
loss, whereas PEG-based copolymers, (2b) and (4b),
0 1 2 3 4 exhibited higher degradation rates than the former

Immersion Period (weeks) ones (Fig. 7). There was no significant difference in

Figure 7. The weight 1  ohot d films (diameter 15 hydrolytic behavior between these di- and tetra-
igure 7. e weight loss of photocured films (diameter ) : 3 orO-
m liquid film, thickness: 0.4 mm) immersed in PBS aque- functional copolymers. Figure 8 shows SEM micro

ous solution (0.001 M, pH 7.4) at 37°C. (2a) ((J) and (2c) (A) graphs of s_amgles (23 and 2b) before and after 4 weeks
are difunctional and (4a) (¥) and (4b) (®) are tetra-branched ~ Of immersion in PBS (pH 7.4). Although roughened
copolymers, (2¢) and (4b) are PEG-based copolymers. surfaces before immersion were noticed, the very

Weight Loss of film (%)

5pum

Figure 8. SEM images (x5000) of photocured films of difunctional copolymers: (2a) and (2¢) before and after 4 weeks of
immersion in PBS aqueous solution at 37°C. (2a) is a trimethylene glycol-based copolymer and (2¢) is a PEG-based copolymer.
(A) (2a) and (C) (2c): before immersion, (B) (this study was financially supported by the Promotion of Fundamental Studies
in Health Science of the Organization for Pharmaceutical Safety and Research (OPSR) under Grant No. 97-15 a); and (D) {2¢):
after immersion.
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smooth surfaces subjected to hydrolysis may indicate
that the hydrolysis occurs preferentially on the sur-
faces.

Fabrication of macrostructured architecture

The photocuring of a whole body of liquid filled in
an interspace of a glass-made coaxial double tube
mold composed of a mandrel (inner) and a sheath
(outer) produced rigid transparent cylinders (outer di-
ameter: 2-4 mm, wall thickness: 1 mm regardless of
models) (Fig. 9). When PEG-derivatized liquid copoly-
mers were used, resultant cylinders were relatively
flexible when equilibrated with water.

DISCUSSION

The photoinduced liquid-to-solid transformation
has two requirements: the first is that the substance
should be in the liquid state before irradiation and the
second is that it should possess at least two photore-
active centers in a molecule. We have been extensively
studying to develop a series of photocurable liquid
copolymers. Polyester-polycarbonate copolymers,
composed of CL and TMC, were initially liquid within
limited copolymer compeositions. In our previous ar-
ticle, the preparation of photocurable, liquid multi-
functional poly(CL/TMC) having photodimerizable
{coumarin} groups at the molecular terminals as pho-
toreactive centers, and photocharacteristics and hy-
drolytic behaviors were reported.>! The thin liquid
films of copolymers with different functionalities at an
almost equimolar copolymer composition of CL and
TMC were converted to crosslinked solid films upon

Figure 9. Photographs of cylindrical photecured products
by fabrication of microstructured architecture: photocuring
mold method. About 3 cm long, and the diameter, inner/
outer: 1/2 (left), 2/3 (center), and 3/4 mm (right).
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UV irradiation. The hydrolytic behavicrs in vitro and
in vive revealed that, except for PEG-based copoly-
mers, which were hydrolyzed at both bulk and surface
phases, the hydrolysis of copolymers proceeded in a
surface erosion fashion. These conclusions were made
based on the results obtained by weekly order hydro-
lysis, and scanning electron spectroscopic and atomic
force microscopic measurements after 1 month of im-
mersion in buffer solution.

In this study, we devised a visible light-induced
photocurable system that contains acrylate group-
incorporated poly(CL/TMC)s as a photoreactive cen-
ter and camphorquinone as the radical-producing -
agent. These acrylated poly(CL/TMC)s underwent
very rapid liquid-to-solid transformation induced by
visible light irradiation when camphorquinone is pres-
ent, compared with the UV-induced photocrosslink-
ing process of coumarin-endcapped poly(CL/TMC),
as reported in our previous article.!” The photocuring
yield increased with irradiation time (Fig. 2). The re-
sultant photocured copolymers were insoluble in or-
ganic solvent due to crosslinking. Multifunctionality
of copolymers gave a large amount of crosslinking
(Fig. 2). The photocuring rate was increased with an
increase in acrylate content (Fig. 3). PEG-based co-
polymers exhibited faster photocuring than these low
molecular-weight alcohol-based copolymers (Fig. 4).
This may be due to the hydrophobic association be-
tween the acrylate group and camphorquinone: the
hydrophobically associated clusters may be dispersed
in the polar PEG-rich matrix. The little thickness de-
pendency upon photocuring, as shown in Figure 5,
must be due to a high transparency of the copolymers
in the wavelength () region (A, ascribed to the car-
bonyl group of camphorquinone: 470 nmy. It has been
reported that camphorquinone-initiated radical poly-
merization is greatly accelerated by the addition of
tertiary alkylamine such as triethylamine or meth-
acrylic acid 2-dimethylaminoethyl ester.?’-?* Al-
though the exact mechanism involved has not been
well understoed, the hydrogen abstraction reaction by
a-diketone of camphorquinone from a tertiary amine
produces a radical anion of camphorquinone and a
radical produced in tertiary amine, both of which ap-
pear to promote polymerization. In this study, there
appears to be an optimal concentration of the reducing
agent for acceleration of photocuring, as shown in Fig-
ure 6.

Our previous study using coumarinated copoly-
mers showed that hydrolytic degradation of copoly-
mers, obtained using low molecular-weight alcohols
as initiators, proceeded via surface erosion mechanism
presumably due to quite low moisture uptake charac-
teristics, and that of PEG-based copolymers proceeded
via both surface erosion and bulk degradation mecha-
nisms due to high water uptake characteristics.’* The
degradation rate of photocured copolymers in this
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study, which was calculated from the slope of weight
losses against the immersion period, was equal to that
of the coumarin-endcapped copolymer (0.5% /week)
reported previously.!! This observation suggests that
surface erosion may proceed for visible light-induced
photocured films based on low molecular-weight al-
cohols. On the other hand, PEG-based copolymers ex-
hibited a degradation rate {2.0% /week) comparable to
those of coumarinated copolymers (2.5%/week). This
also indicates that, for those copolymers, both surface
erosion and bulk degradation simultaneously oc-
curred as is similar to coumarinated ones. As shown in
Figure 9, the photocuring mold method was suitable
for the visible light-induced microstructured fabrica-
tion, by which a complex-shaped scaffold for tissue
engineering is feasible and microarchitectural devices
will be reported in our forthcoming article.

One of the authors (M.M.} appreciates the continuous en-
couragement of Dr. G. N. Kumar, Dr. 5. C. Amold, and Dr.
A. G. Scopelianos (all of whom are from Johnson &
Johnson). This study was partially carried out at the Col-
laboration Station, Kyushu University.
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