SGMs FOR DE NOVO ADIPOGENESIS

at a fixed SG concentration, probably because of small
difference in the molecular weight of model proteins.

De novo adipose tissue generation

Various SGMs immobitized with or without bioactive
substances including bFGF, insulin, and IGF-I were pre-
pared at a fixed SG concentration: the SG concentrations
used were 20 wt% for bFGF-immobilized SGMs and 30
wt% for insulin- or IGF-I-immobilized SGMs. One hun-
dred milligrams of SGMs was injected into the subcuta-
neous tissues of Wistar rats, An implantation study was
conducted with six different groups as follows. Group I
consisted of SGMs immobilized with only bFGF at four
different concentrations (ug) per 100 mg of photocured
SG, designated Group I (0.01), Group I (0.1), Group 1
(1), and Group I (10). Group II consisted of SGMs im-
mobilized only with insulin (1 TU per 100 mg of photo-
cured SG), group III consisted of SGMs immobilized
only with IGF-I (1 pg per 100 mg of photocured SG),
group IV consisted of SGMs immobilized with insulin (1
IU) and IGF-I (1 ug) per 100 mg of photocured SG, and
group V consisted of SGMs immobilized with three in-
gredients (bFGF [1 ug), insulin [1 IU], and IGF-I [1 pg]
per 100 mg of photocured SG). Group VI consisted of
SGMs immobilized with no bioactive substances.

Effect of bFGF-immobilized microspheres on neovas-
cularization. Figure 4A-E shows macroscopic views of
tissues 2 weeks after subcutaneous injection of SGMs
with or without bEGF. For Group I, vascularization
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around the injection site of bFGF-immobilized SGMs be-
came apparent as the amount of bFGF immobilized in
SGMs increased. The highest degree of neovasculariza-
tion was observed for SGMs immobilized with bFGF
at 2 concentration of 1 ug/100 mg of photocured SG,
whereas the lowest degree was found for group VI (with-
out bFGF). Figure 4F-J shows results of the histochem-
ical vWF staining of sections of the surrounding tissues
in the injection site 2 weeks after the subcutaneous in-
jection of SGMs with or without bFGF. The number of
capillaries around the injection site increased as the
amount of bFGF immobilized in SGMs increased. The
capillary densities of the surrounding tissues 2, 4, and 6
weeks after injection of bFGF-immobilized SGMs, in
comparison with those of SGMs without any bioactive
substance, are shown in Fig. 5. The highest capillary den-
sity was observed for group I (1) 2 weeks after injection,
and it was about twice that of the control group (group
VI) during the same period; little difference in capillary
density was observed 4 and 6 weeks after injection re-
gardless of the group. In comparison with other groups
(groups I, I, IV, and V), at 4 weeks postimplantation,
there is no significant difference in capillary density be-
tween groups, although the mean capillary density of the
bicactive substance-immobilized groups, except for the
group with the least bFGF, is higher than that of the con-

trol (group VI).

Gross observations. Figure 6A~F shows macroscopic
views of subcutaneous lesions of groups I (1), IT, III, IV,
¥, and VI, 4 wecks after injection of SGMs immobilized

m2w
B4w
oow

B ORI

B 6555 555l 00 o S e AR G LA AR Y

Group

FIG.5. Capillary density of tissue of the injection site, 2, 4, and 6 weeks after injection of bFGF-immobilized or blank SGMs.

Data represent means + SD. “p < 0.05.
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SGMs FOR DE NOVO ADIPOGENESIS

with various bioactive substances. Slightly elevated plagues
(approximately 1 X 1 ¢cm?) were observed at the injec-
tion sites of rats in groups 1 (1), I, ITI, IV, V, and VI;
the most prominent are those of group V (Fig. 6E).

Histology. Figure 7TA-L shows the H&E-stained sec-
tions of rat subcutaneous lesions of Group I (13, I, HI,
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IV, V, and VI samples 4 weeks after injection of SGMs
with or without various bioactive agents. Although par-
tial biodegradation and biosorption occur, residual SGMs
remained in all thé groups at the injection sites, which
were surrounded by tissue composed mainly of collagen
fibers and fibroblasts. In groups II-V, masses or clusters
of adipocytes were observed between the layers of fi-
brous tissue. These adipocytes existed in greater number
in deeper lesions than in superficial lesions of the resid-
ual SGMs. Among these groups, a larger amount of adi-
pose tissue was observed in groups IV and V compared
with groups II, IMI, and V1. In group V, a layer of adipose
tissue approximately 1 mm thick was observed adjacent
to residual SGMs in deeper lesions. In group VI, how-
ever, the injection site was surrounded by a thick layer of
connective tissue with few adipocytes interspersed be-
tween the layers of fibrous tissue. Sudan IV staining en-
abled clear visualization of the presence of lipid-contain-
ing adipocytes: Sudan IV-positive cells were observed
mainly in clusters between the fibrous layers surrounding
the residual SGMs, and some cells were also observed
among cells that infiltrated residual SGMs (Fig. 8).

Triacylglycerol content. Total lipid at the injection site
and surrounding tissue was extracted with chloroform-—
methanol (2:1, v/v) and triacylglycerol content was de-
termined. In groups IV and V, triacylglycerol content in
the surrounding tissues of the injection site were signif- .
icantly higher than those in groups I (1), ITI, and VI. Tri-
acylglycerol content in group V was significantly (almost
1.5-fold) higher than that in group IV (Fig. 9).

DISCUSSION

Several studies on the de novo formation of adipose
tissue by the sustained release of bioactive substances
with or without matrixes have been reported. Possible ex-
planations for- this adipogenic phenomenon are the mi-
gration of endogenous preadipocytes or mesenchymal
stem cells into the treated site ‘followed by their pro-

FIG. 7. H&E-stained sections of injection sites, 4 wecks af-
ter injection of SGMs immeobilized with various bioactive sub-
stances. (A and B) Group 1 (1) (SGMs immobilized with 1 ug
of bFGF pet 100 mg of SG); (C and D) group I (SGMs im-
mobilized with 1 IU of insulin per 100 mg of SG); (E and F)
group I (SGMs immobilized with 1 pg of IGF-I per 100 mg
of SG); (G and H} group IV (SGMs immobilized with 1 IU of
insulin and 1 ug of IGF-I per 100 mg of SG); (I and J) group
V (SGMs immobilized with 1 pg of bFGF, 1 IU of insulin, and
1 ug of IGF-I per 100 mg of SG); (K and L) group VI (no
bioactive substances). Original magnifications: (A, C, E, G, and
I) X20;(B,D,F, H, and J) X100. A, Adipose tissue; F, fibrous
layer; M, cutaneous muscle of the trunk, S, residual SGMs.
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SGMs FOR DE NOVO ADIPOGENESIS

liferation and differentiation to mature adipocytes.!!-14
Various hormones, cytokines, and growth factors modu-
late adipocyte differentiation. Among them, insulin and
IGF-I separately stimulate adipocyte proliferation and the
adipogenic differentiation of nonadipocyte cells to ma-
ture adipocytes.!%2? Angiogenic factors (e.g., bFGF) play
a critical role in neovascularization for blood supply
and oxygenation, and for recruitment and preliferation of
preadipocytes.!1-132! For example, the amount of newly
formed adipose tissue increased with an increase in the
concentration of bFGF, which was immobilized in Ma-
trigel.!! On the other hand, there appeared to be an op-
timal dose of bFGF immobilized in gelatin microspheres
for adipose tissue formation.!2

The major issue in adipose tissue regeneration tech-
nology is how to accelerate adipose tissue formation and
how to regenerate a large amount of adipose tissue in the
site of soft tissue defects. One possible means of accel-
erating adipose tissue formation is to realize the concerted
actions of neovascularization and accumulation of pre-
adipocytes, which are driven by the gradual release of
angiogenic factors (e.g., bFGF),!11%22233 which should
operate in the early phase of implantation, followed by
the differentiation of preadipocytes to mature adipocytes
as induced by the sustained release of adipogenic fac-
tors!4-16 in the later stage. If these two different biolog-
ical events synchronously or sequentially occur, adipose
tissue formation would be accelerated. On the basis of
the above-mentioned working principle, we atternpted to
devise a local drug delivery system that simultaneously
releases these biological substances with different release
rates. To this end, microspheres made of photocurable,
styrenated gelatin were employed as a drug-immobiliz-
ing and -releasing matrix.!” The study on the release char-
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acteristics of rhodamine-lactalbumin and FITC-insulin
from gel into PBS revealed that the release rate is de-
pendent on SG concentration, independent of the type of
mode]l drugs used within the range of the molecular
weight tested (approximately 6 X 10°-1.4 X 10%) (Fig.
3A and B). The release rate was highest for the gel pre-
pared with the lowest gelatin concentration (20%), which
was employed for immobilization of bFGF for the rapid
release of an angiogenic factor. Denser SGMs, prepared
at 30% gelatin concentration, were employed for immo-
bilization of insulin and IGF-], aiming at a slower release
of adipogenic factors than the former version. These mi-
crospheres, which were not mechanically fragile, with-
stood the mechanical stress applied during injection and
implantation.

However, it is of importance to verify and discuss how
the in vitro releasing profile of a protein can correlate with
the in vivo releasing profile. We did not conduct any such
experiment in this study. It is noteworthy to cite briefly a
series of studies by Tabata er al.?*? They used glu-
taraldehyde-cross-linked *“acidic” gelatin (isoelectric

. point (TEP], 5.0) as a drug carrier, in which bFGF is sorbed
from an aqueous solution. In vitro releasing from cross-
linked gelatin was inhibited because of ionic interaction
between bFGF (IEP, 9.6) and acidic gelatin, éxcept for
the burst release within the first day of irmmersion into
buffer solution. However, in animal experiments, ra-
dioisotope-labeled bFGF was continuously released with
implantation time because of proteolytic biodegradation
of gelatin, This indicates that in vitro releasing character-
istics did not reflect in vivo releasing characteristics. This
must also have occurred in this experiment. Although the
[EP of gelatin used in this study was not determined, the
in vitro releasing profile in Fig. 3A must be due to the
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FIG.9. Total lipid was extracted from SGM injection site tissue and triacylglycerol content was measured as described in Ma-

terials and Methods. Data represent means * SD. "p < 0.05.
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combined contribution of size effects of the protein used
and some ionic interaction between proteins and gelatin
under no proteolytic biodegradation, as mentioned above.
Therefore, it is highly anticipated that such a releasing
profile does not necessarily correlate with the in vivo re-
leasing profile. If biodegradation is a major determinant
for release, the time course of released bioactive sub-
stances must depend on the degree of photocuring and
gelatin concentration, which are principal determinants for
biodegradiation as previously reported by us.!”

A high angiogenesis potential of bFGF-immobilized
SGMs was noted (Fig. 4F-J). The capillary densities at
the sites treated with bFGF-immobilized SGMs were
higher compared with those at the sites treated with
SGMs without bFGF (Fig. 5). The capillary density ap-

pears to be dependent on bFGF concentration as well as .

implantation period. At the earlier stage after injection (2
weeks), the highest capillary density was observed at the
site treated with group I (1) (1 pg of bFGF immobilized
per 100 mg of SG): the capillary density was almost 2-
fold higher than that of the site treated with SGMs with-
out bFGF. However, such dependency appears to dimin-
ish at a prolonged period after injection {6 weeks). The
observed tendency is in good agreement with those pre-
viously reported.2%27 These findings suggest that bFGF
released from SGMs induces rapid neovascularization at
an early stage after injection.

The study on subcutaneous injection of SGMs immo-
bilized with either an adipogenic factor or combined an-
glogenic and adipogenic factors clearly showed the
possibility of adipose tissue formation (Figs. 7 and 8).
Among the groups studied, the largest amount of adipose
tissue was observed for the group that received a mix-
ture of three different SGMs, each of which was immo-
bilized with respective bioactive substances (group V).
Triacylglycerol content at the site of SGM injection in
group V was about 1.5-fold higher than in the group that
received a combination of SGMs immobilized with in-
sulin and IGF-I (group IV). This de novo adipogenesis is
achieved by creating a microenvironment for recruiting
endogenous preadipocytes, which subsequently undergo
proliferation and differentiation. A single injection of two
types of SGMs with two different drug release rates en-
abled induction of the two-step biological events.

The advantageous features of photocurable gelatin as
a drug-immobilized matrix include (1) a controlled de-
gree of cross-linking, which can achieved by the degree
of derivatized styrene group in a gelatin molecule, the
concentration of styrenated gelatin, and the photocuring
time, which is a determinant for the drug-releasing rate
as well as the biodegradation rate, and (2) simultaneous
photocuring of SG and highly effective immobilization
of protein (the amount of protein immobilized can be de-
termined from the formulation during microsphere prepa-
ration, due to expected high immobilization efficacy).
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Water-soluble SG and protein, both of which are not sol-
uble in paraffin, should exist in water phase during mi-
crosphere preparation. Therefore, high immobilization
efficacy is expected in principle. As for biological activ-
ity in immobilized proteins, minor loss of biological ac-
tivity during photocuring process may not be ruled out.
SGMs did not induce substantial damage at cell and tis-
sue levels after the injection of SGMs without any bioac-
tive substances into rat subcutaneous tissue (Fig. 7I and
J). Therefore, SGMs can serve as a nontoxic local drug
delivery system with easy control of drug immobilization
and drug release characteristics.1?

Although the application of this two-step method for
pharmacologically stimulated de novo adipose tissue for-
mation is effective, further improvements are required be-
fore clinical application of this system. One is to suffi-
ciently increase the amount of newly formed adipose
tissue to meet the requirement of soft tissue augmenta-
tion and the other is to reduce local fibrosis around in-
jection sites, which occurs with de nove adipogenesis.
Further studies need to be conducted not only to mini-
mize side effects, but also to maximize the amount of
newly formed adipose tissue for soft tissue augmentation,
These include optimization of the amount of angiogenic
and adipogenic factor, drug release rate, and local in-
flammation control.
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Abstract

Styrenated antibody (ST-Ab) and styrenated gelatin (ST-gelatin) were prepared by condensation reaction of antibody or gelatin
with 4-vinylbenzoic acid, respectively. The affinity loss of ST-Ab to its antigen was minimal. ST-Ab and ST-gelatin were
copolymerized with by visible-light irradiation in the presence of a water-soluble camphorquinone as a photoinitiator to produce a
tissue-adhesive, in situ-formed co-gel of 5T-gelatin and ST-Ab. The amount of non-reacted ST-Ab released from the co-gel of ST-
gelatin and ST-Ab into the medium was minimal. The confocal laser scanning microscopy observation showed that local
accumulation of rhodamine-labeled bovine serum albumin (BSA) as a model antigen was noticed in the surface-to-subsurface region
of the co-gel of ST-gelatin and anti-BSA ST-Ab, indicating that the gel prevented the permeation of BSA into the gel. In invasion
double chamber assay using anti-hepatocyte growth factor (HGF) antibedy, the co-gel prevented HGF-dependent invasion of
pancreatic cancer cells. The discussion was made for potential application of an in situ-formed tissue-adhesive co-gel of ST-gelatin
and ST-Ab, developed in this study, as a cytokine-barrier on 2 surgically resected tissue where cancer cells might still remain after

resection of cancerous tissue.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Photoreactive gelatin; Photoreactive antibody; Local antibody therapy

1. Introduction

Various therapeutic approaches toward the cure from
cancer, which is one of the most incurable diseases, have
been explored and attempted. As for biomaterials-based
therapeutic procedures, systemic administration of
micelle-type drug and polymer-bound controlled drug
delivery system based on biodegradable matrices have
been experimentally explored and their therapeutic
effectiveness have been proven [1-4]. However, surgical
resection is still the first and most effective therapeutic
chotce when the malignant tissue is localized without
distant metastases. As for pancreatic cancer, resection is
the only curative modality, but the survival rate of
resected patients is still very low [5,6]. The major reason
is that pancreatic cancer cells often remain in the

*Corresponding author. Tel.: +81-92-642-6210; fax: 81-92-642-
6212
E-mail address: matsuda@med.kyushu-u.acjp (T. Matsuda).

0142-9612/$ - sec front matter © 2004 Elsevier Ltd. All rights reserved.
dot: 10.1016/j.biomaterials.2004.01.036

retroperitoneal space after surgery, and subsequently
induce local recurrence at a high incidence (50-80%) [7).
Therefore, new therapeutic modalities to prevent local
recurrence after surgery have been awaited.

Such 2 malignant behavior is usually accelerated by
varions cytokines related to inflammations and tissue
regenerations after surgery, such as hepatocyte growth
factor (HGF), epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), and transforming
growth factor-f (TGF-8) [8]. Among them, HGF, which
is known to act as multipotent tissue-regenerating and
tumor-progressing factor, affects most potently the
invasiveness of carcinoma cells [9-17]. HGF is produced
and accumulated in the intraperitoneal space after
abdominal operation, resuiting in an activation of the
malignant potentials of remnant cancer cells (Fig. 1A)
[17-21).

Recently, monoclonal antibody-based molecular tar-
geting therapy aimed at cytokine deactivation has been
developed in cancer treatment [22). For example, an
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Fig. 1. Schematic of the strategy for local anti-cytokine antibody therapy using in situ photocured gel. (A) Various cytckines produced and
accumulated in the intraperitoneal space during wouad healing after abdominal surgery and affect remnant cancer cclls in surgically resected tissues.
(B) Non-treated antibody-immobilized ST-gelatin gel on resected tissues. Antibodies neutralize cytokines in and out of a gel and prevent the effect of
eylokines on remoant cancer cells. The antibody-antigen complexes also penetrate into resected tissues. (C) The co-gel of ST-gelatin and anti-
cytokine ST-Ab on resected tissues. Antibodies fixed in a gel neutralize cytokines, which permeated into a gel, thereby preventing the permeation and
penetration of cytokines into resected tissues. (D) Anti-cancer drug-immobilized co-gel of ST-Ab and ST-gelatin on resected tissue. Cytokine
permeation into the tissue was prevented, and anti-cancer drug released from the gel induced cell death.

anti-EGF receptor monoclonal antibody or an anti-
vascular endothelial growth factor (VEGF) monocional
antibody has been systemically administered to reduce
the growth of cancerous tissues [23-25]. However, in the
early period after surgery, when prompt tissue regenera-
tion accelerated by cytokines is necessary at the resected
tissues, particularly the anastomotic site, systemically
administered molecular-targeted antibody might induce
the inhibition of wound healing. Thus, local antibody
delivery must bave some advantages because locally
delivered antibody could not affect distant site com-
pared with systemic administration.

Previously we have proposed a local delivery system
of drugs, proteins or gene-encoding adenoviral vectors
using in situ photocured gelatin gel, which is based on
styrenated gelatin (ST-gelatin) [26-28]. ST-gelatin is in
situ photopolymerized by visible-light irradiation in the
presence of a water-soluble can phorquinone as a
photoinitiator to produce a gel, wh ch adheres well on
surgically resected tissues. In this article, styrenated
antibody (ST-Ab) was prepared to copolymerize with
ST-gelatin, producing a tissue-adbesive, gelatinous co-
gel of ST-gelatin and ST-Ab (Fig. 2A). When the co-gel
of ST-gelatin and anti-cytokine ST-Ab is produced on
surgically resected tissue where cancer cells might
remain, it was anticipated to work well as a cytokine-
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(A) ST-antibody ST-gelatin
x X
Styrene group
photoirradiation g

Co-gel of ST-gelation and ST-antibody

Cross-linking

Fig. 2. (A) ST-gelatin (MW 95,000), ST-Ab (MW 150,000}, and their
polymerization. The average numbers of styrene groups derivatized
into gelatin and antibody molecule were approximately 27.3 and 5.1,
respectively. Photogelation mechanism by formation of inter- and
intramolecular polymerization of ST-gelatin and ST-Ab. (B) SEM
observation showed the network mesh and multiple micropores of the
surface structure of the co-gel. Bar: 1 pm in upper figure; 100nm in
lower figure.

barrier (Fig. 1C). Herein we present the preparation of
ST-Ab and a co-gel of ST-gelatin and ST-Ab, and its

in vitro performance, and discuss potential use in

clinical settings and new local anti-cytokine therapy
using the antibedy-bound co-gel.
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2. Methods
2.1. Materials

The reagents used and their suppliers were as follows:
bovine serum albumin (BSA, MW 6.6 x 10* g/mol) and
gelatin (from bovine, MW 9.5 x 10* g/mol) from Wako
Pure Chemical Ind., Inc. (Osaka, Japan); 4-vinylbenzoic
acid from Tokyo Chemicals Inc., Co., Ltd. (Tokyo,
Japan); 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (WSC) from Dojindo Laboratory (Ku-

mamoto, Japan); rhodamine-conjugated BSA from

Sigma-Aldrich Inc. (St. Louis, MQ); anti-BSA rabbit
IeG antibody from Rockland Inc. (Gilbertsville, PA);
phosphate-buffered saline solution (PBS, pH 7.4) from
Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan); and
anti-human HGF antibody from Techne Co. (Minnea-
polis, MN). (15)-7,7-Dimethyl-2,3-dioxobicyclo[2.2.1}
heptane-1-carboxylic acid (carboxylated camphor-
quinone, CQ) was prepared according to the method
described previously [26]. The preparation of ST-gelatin
was already described in detail in our previous paper
[26-29]. The average number of styrene groups deriva-
tized into a gelatin molecule, determined from its
absorbance (4-vinylbenzoic acid at 268 nm) as described
previously, was 27.3 per molecule.

2.2. Styrenated antibody

The derivatization of a styrene group to IgG antibody
molecules was carried out by similar method to
ST-gelatin treatment [26-29). Brefly, an anti-BSA
ST-Ab was prepared as follows (for anti-HGF antibody,
the reaction feed was scaled down): 4-Vinylbenzoic acid
(5.9mg, 3.98 x 10™* mol) was dissolved in 15ml of 0.1N
sodium hydroxide and then neutralized to pH 7.5 with
hydrochloric acid. After the addition of WSC (246.7mg,
1.28 x 10™*mol), the reaction solution was stirred at
4°C for 30 min and mixed with the anti-BSA antibody
(10 mg, 6.7 x 10~3mol) dissolved in 15ml of PBS. The
reaction mixture was stirred at 4°C for 1 h, dialyzed, and
lyophilized to yield a2 white powder (ST-Ab). The
average number of styrene groups derivatized into the
antibody molecule, determined from its absorbance,
was approximately 5.1 for both anti-BSA and anti-HGF
ST-Ab.

The affinity of anti-BSA ST-Ab to its antigen was
determined by enzyme-linked immunodsorbent assay
(ELISA) and compared with that of the non-treated
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the plate was incubated for 1k at room temperature.
After washing five times with PBS, 100l of 1:10,000
alkaline phosphatase-conjugated anti-rabbit IgG goat
IgG (Sigma-Aldrich, Inc.) was added to the well and the
plate was again'incubated for I h at room temperature.
Then, 100! of pNPP substrate (4-nitropbenyl phos-
phate disodium salt solution, Sigma-Aldrich, Inc.) was
added and color developrent, as a quantitative measure

‘of the level of antigen-antibody complex based on

anti-BSA antibody. Using a 96-well microtiter plate

(Corning Inc., NY), coated with BSA at various
concentrations (50, 100, and 500 ng/50 pl), blocked with
2% sheep serum (Sigma-Aldrich, Inc.) and subsequently
washed 3 times with PBS, 60ul of either non-treated
anti-BSA antibody solution (10pg/ml) or anti-BSA
ST-Ab solution (10 pg/ml) was added to the well and
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coloration, was monitored at 405nm using a spectro-
photometer (Bio-Rad Laboratories, Inc., Hercules, CA).

2.3, Preparation of co-gel of ST-gelatin and ST-Ab and
scanning electron microscopic observation

ST-gelatin solution (30 wt%) was used in this study
because its viscosity and adhesive strenpth were opti-
mum [26]. A typical co-gel of ST-gelatin and ST-Ab was
prepared as follows. The solution containing 700l of
PBS, 300mg of ST-gelatin (30 wt% ‘based on the total
gel weight), 2mg of ST-Ab (0.2 wt% based on the total
gel weight), and 0.15mg of CQ (0.05wt% based on the
ST-gelatin weight) were stirred thoroughly with a high-
speed rotating shaker (MX-201, Thinky Co. Ltd,
Tokyo, Japan). Then, the solution was photogelled
upon visible-light trradiation using an 80-W halogen
lamp (Tokuso Power Lite, Tokuyama Co. Ltd,
Tokuyama, Japan) (Fig. 2A). Light intensity was
1.3 x 10°Ix as measured with a photometer (ANA-F11,
Tokyo Kohden Co. Ltd., Tokyo, Japan). The co-gel was
fixed in 2% glutaraldehyde (Electron Microscopy
Sciences, Morris Road, Washington, PA} for 1h and
then postfixed in 1% osmium tetroxide (Chiyoda
Junyaku, Tokyo, Japan) for 1h, and subsequently
dehydrated with a graded series of ethanol, sputter-
coated with platinum and evaluated by scanning electron
microscopy (SEM) (JEOL, JSM-840A, Tokyo, Japan).

2.4. Release of non-reacted ST-Ab and permeation of
antigen

To assess the reaction of copolymerization between
ST-gelatin and ST-Ab, the amount of antibody released
from the co-gel was examined compared with non-
treated antibody-immobilized gel using western blot
analysis. Disk-type photocured gels (150 mg; 78.5 mm?),
which were composed of ST-gelatin (30 wt%) in Group
1, ST-gelatin (30 wt%) and non-treated anti-BSA rabbit
antibody (0.2wt%) in Group 2, and ST-gelatin
(30wt%) and anti-BSA rabbit ST-Ab (0.2wt%) in
Group 3, were immersed in 1ml of PBS for 24 h, and
then the supernatants were collected and subjected to
western blot analysis. The proteins released from the
gels were fractionated by 10%-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred
to a polyvinylidene difluoride membrane (Millipore,
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Bedford, MA). The membrane was incubated with 1:
200 FITC-conjugated anti-rabbit IgG antibody and then
photographed using a Molecular Imager FX (Bio-Rad
Laboratories Inc.). .

To determine the inhibitory effect of the co-gel of
ST-gelatin and anti-BSA ST-Ab for permeation of the
antigen, three different disk-shaped mixed gels were
immersed in 5ml of 26.4 pgfml rhodamine-conjugated
BSA solution. After 24, 36, and 60h of incubation at
37°C, the maximum transverse cryostat sections of the
gels were prepared with a microslicer (CM 1850, Leica,
Nussloch, Germany). The sections were observed and
quantitatively determined from the depth profile of
flnorescence intensity from the surface using a confocal
laser scanning microscopy (CLSM, 595nm excitation,
Bio-Rad Laboratories Inc.).

2.5. Invasion assay

To assess the inhibitory effect of the co-gel as a
cytokine-barrier, HGF-dependent invasion of tumor
cells was measured with the co-gel of ST-gelatin and
anti-HGF ST-Ab using a 24-well Matrigel invasion
double chamber (Becton Dickinson, Bedford, MA)
{Fig. 6A) [13-17]. Pancreatic cancer cells (SUIT-2)
[303, generously donated by Dr. H. Iguchi, were cultured
and then suspended in DMEM containing 2% fetal
bovine serum (FBS) at 37°C in 5% CQ,. The suspension
was added to the inner cup of the Matrigel invasion
chamber at a density of 5 x 10*cells/cup. After 6h of
cultivation, the medium was removed, and 10mg each
of the photocured gelatin solutions [Group 1, ST-gelatin
(30 wt%) only; Group 2, ST-gelatin (30wt%) and non-
treated anti-HGF antibody (0.2wt%); or Group 3,
ST-gelatin (30wt%) and anti-HGF ST-Ab (0.2wt%)]
was overlayered on the seeded cells and subsequently
photogelled. In Group 0, a gel was not used. Then,
500 ul of DMEM with or without 10 or 50 ng/ml human
HGF was added to the iomer cup. DMEM (750 pl)
containing 2% FBS was added to the outer well and the
inner cup was inserted into the outer well. After 24k of
cultivation, the pancreatic cancer cells, that degraded
the Matrigel and migrated through 8-um pores of the
membrane at the bottom of the inner cup to the opposite
side of the membrane, were counted after hematoxylin
and eosin staining. Five microscopic fields ( x 200) were
randomly selected for cell counting.

3. Results
3.1. Co-gel of ST-gelatin and ST-Ab
The anti-BSA ST-Ab and ST-gelatin were prepared

using 4-vinylbenzoic acid according to our previous
method {26-29]. As shown in Fig. 3, the degree of the
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affinity of anti-BSA ST-Ab to BSA, as determined by
ELISA, was found to be almost the same as non-ST-Ab.
To determine whether the anti-BSA ST-Ab was
copolymerized with ST-gelatin, the anti-BSA ST-Ab
released from the co-gel into PBS was assayed by
western blot analysis using three different disk-type gels
[Group 1, oaly ST-gelatin gel {(30wt%); Group 2,
ST-gelatin gel (30 wt%) mixed with non-treated anti-
BSA rabbit antibody (0.2 wt%); and Group 3, co-gel of
ST-gelatin  (30wt%) and anti-BSA rabbit ST-Ab
(0.2wt%)). As shown in Fig. 4, the amount of heavy

— — —
PN (=3 oo
T T T

=
L]

Relative absorbance

0.8
0.6
04
02
0
2
BSA concentration (Jug/ml}
Non-treated antibody  [JJJJJ ST-2ntibody

Fig. 3. The affinity of anti-BSA ST-Ab to its antigen was determined
by ELISA and compared with that of non-treated anti-BSA antibody
(n = 3). The affinity of anti-BSA ST-Ab to BSA was observed to be
restored.

Fig. 4. Amount of ST-Ab released from the co-gel of ST-gelatin and
ST-Ab. Disk-type photocured gelatin gels composed of ST-gelatin
{Group 1), ST-gelatin and non-treated anti-BSA antibody (Group 2),
and §T-gelatin and anti-BSA ST-Ab (Group 3) were immersed in PBS
for 24h, and then the supernatants were collected and subjected to
western blot analysis. The amount of heavy chain of the antibody was
much larger in Group 2 than in Group 3. This result suggests that a
minimal amount of non-reacted $T-Ab is released, indizating that the
majority of ST-Ab copolymerizes in a gel.
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chain of IgG antibody released from the co-gel was
much larger in Group 2 where non-treated anti-BSA
antibody was simply mixed in a ST-gelatin gel than that
in Group 3. This result indicates that the amount of
ST-Ab released from a co-gel is reduced, indicating that
anti-BSA ST-Ab is copolymerized with ST-gelatin to
form a copolymerized gel. SEM observation revealed
that the co-gel of $T-gelatin and ST-Ab was found to
form gelatinous network meshes, which was composed
of approximately one-hundred-nanometer-scale fibers,
globules, and open-structured interconnecting micro-
voids or channels at the surface and interior regions
(Fig. 2B).

3.2. Permeation of antigen into gels

To determine whether the copolymerized pel com-
posed of anti-BSA ST-Ab and ST-gelatin inhibits or
retards BSA permeation, rhodamine-conjugated BSA
solution was pered over the disks, and time-develop-
ment cross-sectional permeation characteristics were
visually and quantitatively monitored by a CLSM. As
shown in Fig. 5A, irrespective of the groups, BSA
tended to localize on the surface region of the gels at an
early period of immersion, followed by its gradual
permeation into the interior of the gels and into deeper
regions with time. However, the permeation in Group 3
(the co-gel of ST-Ab and ST-gelatin) was the slowest
among three groups, and the co-gel in Group 3 appeared
to trap a dye-conjugated BSA. On the other hand, there
was no significant difference in permeation character-
istics between Groups | and 2. After a long time, dye-
conjugated BSA homogeneously distributed all over the
gel This was quantitatively determined from the depth
profile of fluorescence intensity from the surface, as
shown in Fig. 5B. In Group 3, permeated BSA
molecules were limited in the surface region after a
36-h permeation period and were still mostly localized

{A) Cross-sectional fluorescence images
Group 1 Group 2 Group 3
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and limited in surface-to-subsurface regions even after a
60-h permeation period, as compared with the other two
groups in which there was high accumulation in surface-
to-subsurface regions and homogeneous distribution in
deeper regions. This characteristic is derived from a
concentration-dependent phenomenon; at a high BSA
concentration relative to the immobilized antibody con-
centration, the majority of non-complexed BSA permeated
through the gel, and at a low BSA concentration,
immuno-complex is formed and localized at the surface
region (data not shown). This means that a sufficient
amount of antibody relative to the permeating antigen is
necessary to prevent permeation of its antigen into a tissne.

3.3. Invasion assay

To determine whether the co-gel of ST-gelatin and
anti-HGF ST-Ab inhibits HGF permeation, an invasion
assay using pancreatic cancer celis (SUIT-2) was
performed with 10mg each of the photocured gels
[Group 1, gel prepared from ST-gelatin (30 wt%);
Group 2, ST-gelatin (30wt%) and non-treated anti-
HGF antibody (0.2wt%); or Group 3, ST-gelatin
(30 wt%) and anti-HGF ST-Ab (0.2wt%)), as shown
in Fig. 6A. As shown in Fig. 6B, without the gel
layer system (control: Group 0) and with the simple
ST-gelatin gel layer system (Group 1), the numbers of
invaded cells markedly increased with the addition of
HGF, regardless of HGF concentration. There was
negligible difference in the number of invaded cells
between these two groups at respective HGF concentra-
tion. On the other hand, the numbers of invaded cells in
Groups 2 and 3 were suppressed in spite of the addition
of HGF and a markedly suppressive effect on invasion
was noted especially at a low concentration (10ng/ml).
These findings indicate that HGF is neutralized by anti-
HGF antibody in the gel regardless of free non-treated
anti-HGF antibody or fixed anti-HGF ST-Ab.

(B) Depth profiles
Group 1 Group 2 Group 3
24h
12 1 80
o o 0
2o o “
B 0 @ w9 W0 om0 S0 0w
£ 3h
ulm 120 120
2w ® %
g « P
g ¢ 300 1000 [] 00 1000 L) 00 1000
£ 6ch
20 0
! n
E ] 0 0
& 50 100 0 30 0 ¢ 50 1000
Depth (um)

Fig. 5. The permeation of rhodamine-conjugated BSA into three different gels [Group 1, ST-gelatin (30 wt%); Group 2, ST-gelatin (30 wt%) and
non-treated anti-BSA antibody (0.2 wt%); or Group 3, ST-gelatin (30 wt%:) and anti-BSA ST-Ab (0.2 wt%)] was observed by a CLSM. (A) Cross-
sectional fluorescence images. Bar: 500 um. (B) Depth profiles (fluorescence intensity as a function of the distance from the gel surface).
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Fig. 6. Invasion assay was performed with modifications using 10 mg each of the three kinds of photocured gelatin gels [Group 1, ST-gelatin
{30wt%) only; Group 2, $T-gelatin (30 wt%) and nop-treated anti-human HGF antibody (0.2 wt%); or Group 3, ST-gelatin (30wt%) and anti-
human HGF ST-Ab (0.2 wi%)]. (» = 3} In the control group, a gel was not used. (» = 3) Statistical analysis was performed using analysis of variance
(ANOVA). Post-hoc comparisons were made by the Scheffe analysis. Differences were considered significant at p<0.05. In Groups 0 and 1, the
numbers of invaded SUIT-2 cells increased with the addition of HGF. On the other hand, in Groups 2 and 3, HGF-dependent invasion of SUTT-2

cells was significantly suppressed. *p<0.05,

4. Discussion

‘We newly prepared ST-Ab with a minimal loss of
its affinity to antigen, which was copoelymerized with
ST-gelatin to produce a tissue-adhesive co-gel of
ST-gelatin and ST-Ab (Fig. 2A). Our previous studies
showed that ST-gelatin can serve as an in situ formable
and bioactive-substance-immobilizable matrix upon
photopolymerization to produce a gel under visible-
light irradiation, which adheres well on surgically
resected tissues [26-28). When a non-treated anti-BSA
antibody was immobilized in the ST-gelatin gel, anti-
body was released from the gel, whereas a mixture of
anti-BSA. ST-Ab and ST-gelatin formed a copolymer-
ized gel upon visible-light irradiation, from which
ST-Ab was less released from the gel (Fig. 4). In
addition, the depth profile analysis of the distribution of
the dye-conjugated BSA as an antigen in the gel clearly
showed limited or retarded permeation of antigen into
the co-gel of ST-Ab and ST-gelatin at an early period
(Fig. 5). These findings imply that the co-gel using
ST-Ab works as an antigen-barrier, which prevents local
antigen permeation into a target tissue coated with a gel.

In an in vitro invasion assay, the inhibitory potential
for HGF-dependent invasion was observed in Groups 2
{ST-gelatin + non-treated anti-HGF antibody) and 3
(ST-gelatin + anti-HGF ST-Ab) at almost the same
extent (Fig. 6B). The inhibitory effect was dose-
dependent, and more profound at a low HGF concen-
tration. Combined with the result of BSA permeation
experiment determined by a CLSM, it is highly
anticipated:¢hat a sufficiently large amount of antibody
immobilized or chemically bound in a tissue-adhesive gel
completely blocks HGF activity into resected tissues.

An antibody immobilization approach is beneficial in
terms of ease in preparation of an immobilized gel
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{Fig. 1B}, but its shortcoming is that antibodies may
diffuse from a gel and transfer to distant site, resulting in
gradual decrease of local concentration of antibody. On
the other hand, an antibody-bound approach (Fig. 1C)
does not have such a shortcoming because an antibody
is fixed by polymerization in the gel.

The proposed strategy may be a promising cytostatic
approach for cancer therapy, which minimizes migra-
tion and proliferation of remnant cancer cells as a
cytokine-barrier. If needed, anti-EGF, anti-bFGF, anti-
VEGF and anti-TGF-§ antibodies could be styrenated
in the same manner, and copolymerized with ST-gelatin
to produce a co-gel. When a cytotoxic substance, such as
an anti-cancer drug, was immobilized in a co-gel of ST-
gelatin and anticytokine ST-Ab and continuously
released from a co-gel to a target tissue (Fig. 1D) [28],
its synergetic effect derived from combined cytostatic
and cytotoxic approaches could bring in a powerful
therapeutic outcome without serious systemic adverse
effects.

5. Conclusions

ST-Ab newly prepared was copolymerized with
ST-gelatin to produce a tissue-adhesive co-gel, which
may act as antigen-barrier. When anti-cytokine anti-
body was fixed in a gel, the cytokine, produced in
surgical procedure and accumulated in the peritoneal
fluid, was captured by or complexed with its antibody in
a gel, resulting in prevention of the permeation of
the cytokine into the resected tissue. Such local antibody
therapy may help inhibit malignant behavior of remnant
cancer cells without retarded wound healing at distant
sites.
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Abstract

Precision microarchitectural constructs made of acrylated trimethylene carbonate (TMC)-based liquid prepolymers were photo-
polymerized using a custom-designed microstereolithographic apparatus. In this study, three different photo-polymerizable figuid
prepolymers were prepared by the polymerization of TMC with 2 low molecular weight poly(ethylene glycol) (PEG) (mol. wt. 200 or
1000}; designated as PEG200 or PEG1000, respectively or trimethylolpropane (TMP) as an initiator, and subsequently end-capped
with an acrylate group. As 2 result of layer-by-layer photo-irradiation of the prepotymer with a movable ultraviolet light pen driven
by computer-aided design, a three-dimensional (3D} micropillar array, a microbank array, a microcone array, and multi-
microtunnels formed on a platform plate or a glass plate were precisely fabricated. The PEG-based polymers exhibited a very low
cell adhesion potential, whereas the TMP-based hydrophobic polymer exhibited high cell adhesion and proliferation potentials. The
microbank array, which consisted of a plate made of the TMP-based polymer and microbanks made of the PEG200-based polymer,
caused cell adhesion and proliferation only on the plate. Upon the implantation of microcone arrays under the subcutis of rats, the
photo-polymerized construct made of the poorly swellable PEG200-based polymer exhibited only surface erosion and limited drug
loading and releasing potentials. On the other hand, the photo-polymerized construct made of the highly swellable PEG1000-based
polymer exhibited not only surface erosion but also bulk erosion and high drug loading and releasing potentials. In this paper, we
discuss their potential biomedical applications.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Microstereolithography (RSL); Acrylated liquid prepolymer; Photo-polymerization; Microarchitectures; Degradation; Drug release

1. Introduction

Stereolithography (SL), a rapid photo-typing techni-
que, allows the integral formation of three-dimensional
(3D) constructs layer-by-layer photo-polymerization
using computer-aided design (CAD)/computer-aided
manufacturing (CAM)} with an ultraviolet (UV) light
pen and a photo-polymerizable liquid prepolymer [1-4].
Microstereolithographic (uSL) allows a precision
macroshaping and microarchitecturing of a device or

*Comesponding author. Tel: +81-92-642-6210, fax: +81-92-642-
6212.
E-mail address: matsuda@med kyushu-u.acjp (T. Matsuda).
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scaffold design, and surface architecture for advanced
medical procedures [5-10).

To this end, the authors have been developing photo-
polymerizable biodegradable liquid prepolymers and
their photo-polymerization processes. Our previous
studies showed that prepolymers, composed of &-
caprolactone (CL) and trimethylene carbonate (TMC),
end-capped with photo-reactive groups, such as cou-
marin [11-14}, phenylazide [15], or acrylate [16], are
rapidly converted from liquid to solid upon photo-
irradiation. Furthermore, uSL microarchitectures, such
as microneedles, microcylinders, microbanks, and mi-
crolattices on a platform, were feasible using di-
acrylated poly(CL/TMC) with a custom-designed pSL
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apparatus {17]. As an extension of a series of photo-
polymerizable biodegradable liquid prepolymers, we
very recently synthesized a series of acrylated biode-
gradable liquid TMC-based prepolymers, which were
obtained by the polymerization of TMC with a low
molecular weight PEG (mol. wt. 200 or 1000) or
tritnethylolpropane (TMP) as an initiator, and subse-
quently acrylate end-capped. The hydrolytical surface
erosion of completely photo-polymerized films by
visible-light irradiation in the presence of camphorqui-
none was thoroughly evaluated by a force-indentation
technique using atomic force microscopy (AFM) [18).
The photo-polymerized films prepared from prepoly-
mers with a low molecular weight PEG (PEG200)
and TMP exhibited 2 much lower hydrolysis potentjal
than polymers prepared from PEG1000-derived pre-
polymers in terms of weight loss, water uptake and
swellability [18].

In this study, as an extension of our series of studies
on pSL, various microarchitectures using three different
TMC-based liquid prepolymers, previously prepared by
us, were photo-polymerized using the custom-designed
KSL system for prototype models, which can be
trapslated to real tissue engineering scaffolds. As an
application, photo-polymerized microarchitecturai con-
structs (microarrays) consisted of a cell-adhesive plate
and noncell-adhesive banks that were prepared for
regiospecific 2D cell culture. For the 3D culture system,
multi-microtunnel constructs were photo-polymerized.
A multi-needle microarchitecture was photo-polymer-
ized as a prototype model of sustained release of a
drug in the deep region of a diseased tissue. The in
vivo hydrolytic degradation behavior of photo-poly-
merized microcone constructs made of PEG-based
polymers, and their drug loading and in vivo releasing
potentials under the subcutis of rats were demonstrated

(Fig. 1).
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Fig. 1. Chemical structures of photo-polymerizable TMC-based liquid
prepolymers derived from (A) PEG200, (B) PEG1000, and (C) TMP.

2. Materials and methods
2.1. General procedure

All solvents and reagents were purchased from either
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) or
Sigma-Aldrich Japan, Inc. (Tokyo, Japan). TMC was
prepared according to the method described in our
previcus paper and recrystallized from a mixed solvent
of ethyl acetate and hexane {11]. TMP was recrystallized
from acetone. PEG [mol. wt. of 200 or 1000, according
to the manufacturer’s information (Wako)] was purified
by precipitation from cold hexane and subsequently
vacuum-dried prior to use. Acryloyl chloride was used
as obtained without further purification. Other solvents
and reagents were purified by distillation. 'H-NMR
spectra were recorded on a JNM-AL300 system (JEOL,
Tokyo, Japan). Chemical shifts are given in & values
from Me,Si as an internal. standard. The number-
average molecular weight (M) of each prepolymer
was determined by gel permeation chromatography
{GPC), which was carried out on a high-performance
liquid chromatograph (HPLC, JASCQ-JMBS, Tokyo,
Japan) equipped with a TSK-GEL column -3000
(TOSOH, Tokyo, Japan) using PEG as a standard and
tetrahydrofuran (THF) as an eluent. Viscosity of each
prepolymer was determined by a cone-and-plate visco-
meter (TV-20, Tokisangyo Co. Ltd., Tokyo, Japan) with
a rotational cone rotor (1°34’ x R24) under a shearing
rate (irpm), a torque (5750uNm) at 25°C, and
expressed as Pas. UV irradiation was cartied out using
a 250-W mercury—xenon (Hg-Xe) lamp (Hamamatsu
Photonics L.5662-02, Shizuoka, Japan). The intensity of
UV light was measured at 365nm on TOPCON UVR-
25 (Tokyo, Japan).

2.2. Synthesis of acrylate-end-capped prepolymer

A typical procedure for the preparation was as
follows {18]. TMC-based oligomers were prepared using
TMC as the monomer and PEG (mol. wt. 200 or 1000)
or TMP as an initiator and tin(II)2-ethylhexanoate as a
catalyst (feed molar ratios are shown in Table 1). The
reaction was carried out for 4k at 200°C, followed by
heating for 2h at 160°C in a flask in N, atmosphere.
The resultant oligomer was dissolved in dichloro-
methane. Subsequently, an excess of acryleyl chloride
was added to this flask in N, atmosphere and the
reaction mixture was stired for 8h at 50°C. The
prepolymer was precipitated from excess hexane and
vacuum-dried at 30°C. The resultant prepolymer was
viscous liquid at room temperature. Acrylate content
was determined from peak intensities in the '"H-NMR
spectra relative to those of the vinyl group and PEG or
TMP unit yielding the following results: 'H-NMR
(306MHz, CDCl;, ppm): & =2.05 (multiplet), 3.65
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Table 1
Acrylate-endeapped liquid TMC-based prepolymers

Acrylate end-capped prepolymer

Photo-polymerized film®

Prepolymer Initiator Initial feed Composition®  Degree of MS Viscosity®  Receding contact DW!
code (molar ratio) acrylation” (%) (Pas) angle®

TMC: Iniator  TMC: Iniater
T/P200 PEG200 1:0.250 1:0.250 8.0x10% 1.3+0.05 27143.56 2
T/Plk PEGI100) 1:0.076 1:0.076 24x 10 2.1+0.33 <50 30
T/TMP CH,CHC(CH,0H); 1:0.167 1:0.167 1.1x10° 264022 4741533 1

*Photo-polymerizing conditions: liquid film of acrylated prepolymers (thickness; 0.2 mm). Photoirradiation at the intensity of 2 W/cm?® at 365nm

for 1 min at room temperature.
®Molar ratio; determined by "H-NMR.

“Determined by GPC in THF (PEG standard). Mn: pumber-average molecular weight.
4Determined by 2 cone-plate viscometer using a rotational cone rotor {1° 34’ x R24 }: a shearing rate, 1 rpm, a torque, 5150 pNm, 25°C (n = 4).

“Water contact angle measured by the sessile drop method (n = 4).

"The degree of water adsorptivity of photo-polymerized film after 2-day immersion in aqueous solution (see Eq. (1)).

{doublet), 4.24 (multiplet), 5.85 (doublet), 6.12 {quartet)
and 6.42 (doublet).

2.3. UV-induced photo-polymerizing characteristics

Round liquid films (¢ 10mm) of the acrylated
prepolymers were irradiated with the Hg-Xe lamp at a
2W/cm?. After the immersion of photo-polymerized
films into excess dichloromethane to remove the soluble
fraction, the insoluble polymers were dried and weighed.
The gel content of the network was defined as the weight
percentage of the insoluble part (W) with respect to
that of the initial prepolymer (W): W /W x 100.

2.4. Water contact angle

The surface wettability of photo-polymerized films
was evaluated by measuring static contact angles toward
deionized water using the sessile drop method with a
contact angle meter (CA-D, Kyowa Interface Co. Ltd.,
Tokyo, Japan) at 25°C.

2.5. Water adsorptivity

The photo-polymerized films were immersed for 2
days in an aqueous solution at 25°C. The weight of
swollen films (Ws) and that of dried films (Wp) were
measured after wiping the surface with paper and
vacuum drying, respectively. The degree of water
adsorptivity (DW) was evaluated as

DW(%) = 100 x [Ws — Wp]/Wp. (D
2.6. Photo-polymerization using a pSL apparatus

A layer-by-layer photo-polymerization of microarch-
itectural constructs using a custom-designed pSL
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apparatus prepared in our previous study was carried
out (Fig. 2) {17]. The pSL apparatus consisted of a
movable light pen with a photo-mask (diameter, 50 um),
an optical fiber connecting the light pen and the light
source (Hg—Xe lamp), a vertical elevator and controller
(Sigma Koki MARK-41, Tokyo, Japan) driven by
computer-assisted design, and a Liquid prepolymer bath.
The stage controller manipulated the movement of the
light pen at a rate of Spum/s and photo-irradiation
intensity was set at 2Wjcm? (365nm wavelength), and
the photo-polymerizable liquid prepolymer was refilled
on the surface by lowering the vertical elevator table
into the liquid prepolymer bath (200 pm/cycle). After
completing all the steps, the resulting photo-polymer-
ized construct was thoroughly washed with acetone and
vacuum-dried.

2.7. Microscopy observations

A photo-polymerized construct was observed under a
scanning electron microscope (SEM, JSM-8404, JEOL
Ltd., Tokyo, Japan) after sputter coating with gold. The
histological analysis of the subcutis of a rat was carried
out under a light microscope (Olympus VANOX-S
AHBS, Tokyo, Japan).

2.8. Cell culture examination

A photo-polymerized construct or film was sterilized
with 70% ethanol, washed with PBS, air-dried, and
placed at the bottom of a 24-well culture dish (Corning,
NY). Fibroblasts (Swiss3T3, obtained from American
Type Culture Collection, 5 x 10* cells/well) were seeded
into the dish with Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies Inc., Rockville, MD)
supplemented with 10% fetal bovine serum (FBS, Life
Technologies). The cells were maintained at 37°C in a
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Fig. 2. Scheme of layer-by-layer photo-polymerization using & custom-designed microstereolithographic (uSL) rapid photo-typing apparatus.

humidified 5% CO, atmosphere. The cell number on the
film was determined by NIH Image Software, and
observation was carried out under a phase-contrast
microscope (TE300, Nikon, Tokyo, Japan) after a
certain incubation period.

2.9. In vivo hydrolytic degradation behavior

The photo-polymerized microcone array made of
P(T/P200) or P(T/P1k) was washed with ethanol and
vacuum-dried, then was implanted under the dorsal
subcutis of a female Wister rat (about 400 g in weight).
After 1- or 4-week implantation, the rat was dissected to
remove the construct from the subcutis.

2.10. Preparation of drug-loaded photo-polymerized
constructs and implantation

The microcone array, a photo-polymerized micro-
architectural construct made of P(T/P200) or P(T/P1k),
was immersed in 10wt% dexamethasone (Sigma)
aqueous solution for 2 days, washed with ethapol and
vacuum-dried. The drug-loaded construct was im-
planted under the dorsal subcutis of a female Wister
rat. After 1-week implantation, the rat was dissected to
remove the surrounding tissue of the construct. The
tissue was fixed in 1% aqueous formaldehyde solu-
tion (pH 7.4) for 12h, and stained with hematoxylin
eosin (HE).

3. Results

3.1. Preparation of liguid acrylated TMC-based
prepolymers and photo-polymerizing characteristics

A series of liquid acrylated TMC-based prepolymers
were prepared using a triol (TMP) or linear PEG with a
molecular weight of 200 or 1000 [prepolymer codes were
given as T/P200, T/Pik and T/TMP and their photo-
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Fig. 3. UV-induced gel content of the network of TMC-based liquid
prepolymers at an irradiation of 2W/cm?. Film thickness: 0.2 mm P(T}
P200) (@), P(T/P1K) (#), and P(T/TMP) (D).

polymerized films or constructs were designated as P(T/
P200), P(T/P1k) and P(T/TMP), respectively, where T
denotes TMC, and P200 and Plk denote PEG with
molecular weights of 200 and 1000, respectively]. The
TMP-based prepolymer is a trifunctional acrylated
prepolymer, and the PEG-based prepolymers are
bifunctional acrylated prepolymers. Table 1 summarizes
the prepolymer compositions, degrees of acrylation, the
molecular weights, and the viscosities of prepolymers,
The resultant prepolymers (90-98% acrylation deter-
mined by "H-NMR spectroscopy) were viscous liquids.
Viscosities of the prepolymers determined by a cone-
and-plate viscometer ranged approximately 1.3-2.6 Pas.
The number-average molecular weights of the prepoly-
mers, T/P200, T/P1k, and T/TMP, determined by GPC,
were approximately 8 x 10%, 2.4 x 10%, and 1.1 x 10%,
respectively. The dependence of gel content of the
network on UV-irradiation time for three acrylated
prepolymers is shown in Fig. 3. Irrespective of the type
of prepolymer, similar irradiation time-dependent
photo-polymerizing characteristics of the prepolymers
were observed: more than 95% of yield was achieved
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within 20s of photo-irradiation. Regarding the water
contact angles of completely photo-polymerized films,
PEG-based films exhibited low receding angles {27° for
P(T/P200) and less than 5° for P(T/P1k)], whercas P(T/
TMP) exhibited a relatively high receding angle (47.4°)
(Table 1). Following the immersion of photo-polymer-
ized films (photo-irradiation time; 1min, photo-inten-
sity; 2W/em?®) in water for 2 days, degree of water
adsorptivity (DW) defined as Eq. (1) was as follows:
approximately 30% for P(T/Plk), 2% for P(T/P200)
and 1% for P(T/TMP) (Table 1).

3.2. Microstereolithographically {usl) photo-
polymerized constructs

Fig. 4 shows the design configurations of four
different microarchitectural constructs (micropillar
array, microcone array, microbank array on a platform
plate, and muiti-microtunnels on a glass plate). After the
platform plates were prepared using a prepolymer,
various microarchitectures were fabricated by layer-by-
layer photo-polymerization using the same prepolymer
used for platform plates except for multi-microtunnels.

1679

Before microarchitectural constructs were photo-poly-
merized, a platform plate, on which a construct was
formed, was prepared by two cycles of parallel UV
scanning (size, Smm x Smm; height, 400pm) (Figs.
4A-C). Fig. 5A shows the micropillar array in which
pillars (approximately 400 ym in diameter and 1200 pm
in height) were formed on the platform plate, which
was prepared by eight cycles of programmed scanning.
Fig. 5B shows the microcone array (bottom diameter of
cone, 650pum; top diameter, 100 pm; height, 1800um)
formed on the platform plate, which was photo-
polymerized by gradually decreasing the diameter of
the movable light pen from 500 to Opm (number - of
cycles of programmed scannping: 11). Fig. 5C shows the
microbank array (width of bank, 300 pm; length, 5 mm;
height, 1200 pm) formed on the platform plate (oumber
of cycles: 8). Multi-microtunnels were prepared accord-
ing to the configuration (Fig. 4D) on the glass plate at
different cycles of layer photo-polymerization, and then
stood up the constructs (see Fig. 6). The resultant
constructs were easily removed from the glass plate.
Fig. 6 shows two types of multi-microtunnels;
The first multi-microtunnel contains nine microtunnels
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Fig. 4. Design configurations of microarchitectured constructs. Upper panels: top views; lower panel: cross-sectional views. (A) Micropillar array;
(B) microcone array; (C) microbank array; and (D) multi-microtunnels.
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Fig. 5. SEM images of (A) micropillar array, (B) microcone array, and (C) microbank array prepared from the P(T/P200).
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Fig. 6. SEM images of multi-microtunnels prepared from P(T/P200), (A) nine tunnels and (B) four tunnels.
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Fig. 7. Cell adhesion potential on three different photo-polymerized

films: (A) cell number and (B) microscopy observation of the photo-
pelymerized films at 72h culture.

(Fig. 6A). Each of the nine square microtunnels has a
height and width of 800pum and a tunnel length of
2400 pm (number of cycles: 12). Fig. 6B depicts four
square microtunnels, each with a height and width of
approximately 800 ym, and a tunnel length of 5000 pm
(number of cycles: 25).

3.3. Cell adhesion potentials of photo-polymerized films

To determine the cell adhesion potential of photo-
polymerized films, fibroblasts were seeded and cultured
for up to 72h. Both PEG-based films, P(T/P200)
and P(T/Plk), exhibited a very low cell adhesion
potential; concomitantly, markedly reduced spread and
proliferation were observed. On the other hand, the
relatively hydrophobic film (P(T/TMP)) exhibited a
high cell adhesion and proliferation potentials as shown
in Fig. 7.

3.4. Multi-microwells and composite microbank array for
cell culture ‘

Fig. 8 shows the multi-microwells prepared by photo-
polymerization of noncell-adhesive P(T/P200) formed
on the glass surface. Square wells were prepared by the
photo-polymerization of cross-hatched banks (each well
has the following dimensions: 800 pm x 800 uoe, height

of bank: about 200 ym) using a movable light pen for
each 1 mm of square well (number of cycles: 1). When
fibroblasts were seeded and cultured for 3 days on the
multi-microwells, cells adhered and proliferated in the
glass surface of wells, but little cell adhesion was
observed on the banks. Fig. 9 shows the composite
microbaxk array, which consisted of the plate with cell
adhesive P(T/TMP) and microbanks with nonce]l-
adhesive P(T/P200). Regarding the composite con-
structs, after completing the process using one liquid
prepolymer, the construct, which was fixed on a z-axis
movable table, was thoroughly washed with acetone and
another liquid prepolymer bath was set at the depth of
about 200 pm for the next photo-polymerization. Cells
did not adhere to the banks, but cells well adhered and
spread on the plate.

3.5, In vive hydrolytic degradation behavior

Microcone arrays made of P(T/P200) and P(T/Plk)
were implanted under the dorsal subcutis of a rat for i
and 4 weeks. Fig. 10 shows the SEM images before and
after the implantation. Some of the microcones in an
array made of poorly swellable P(T/P200) were broken,
probably due to tissue friction during implantation, and
the crack size on the surface was slightly higher in 4-
week implantation period (Figs. 10A, C, and E). On the
other hand, for the microcone array made of highly
swellable P(T/Plk), neither fracture nor cracks were
observed for the swollen microarrays when harvested
from tissues. However, SEM images showed large
cracks, which were apparently created due to shrinkage
during vacuum drying procedure for SEM sample
preparation. The degree of crack formation at 4-week
implantation appeared to be larger than that at 1-week
implantation, suggesting that the degradation of P(T/
P1k)-based photo-polymerized construct occurred not
only on the surface but also in the bulk (Figs. 10B, D,
and F).

3.6. Implantation of drug-loaded photo-polymerized
constructs

An anti-inflammatory water-soluble drug (dexa-

methasone) in an aqueous solution was applied to two
microcone arrays with different swelling properties;

379



