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Figure 8. F—42 plots (a) for the analysis with Hertz model for 5 h (W), 1 week (), 2 weeks {a), 4 weeks {®), and 6 weeks (O) of immersion
in PBS and (b) three types of fitting analyses with Hertz model: linear fitting for linear F—42 plots using conical tip assumption {type A fitling),
a biphasic fitting for biphasic F~d? plots using conical tip assumption (type B fitling}, and linear fitting for F—4 plots using the model of a

flat-ended cylindrical tip (type C fitting) (n = 7).
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Figure 9. Young's moduli of P{T/P1k), P(T/P200), and P(T/TMP) films upon hydrolysis {n = 7).

In this study, we focused on the preparation of various
types of liguid acrylated TMC-based prepolymers using tri-
ol (TMP) and linear PEGs with molecular weights of 200,
600, or 1000. The former prepolymer is trifunctional acry-
lated prepolymer, whereas the latter prepolymers are bifunc-
tional acrylated prepolymers. The resultant acrylated pre-
polymers have molecular weights of between 800 and 2600.
In the case of trifunctional prepolymer, T/TMP, the molecular

weight, as obtained from standard GPC calibrated with well-
defined linear PEGs, could be lower than its true molecular
weight because the hydrodynamic volume of a branched
molecule is smaller than that of a linear one.?? Depending
on the type of initiator and its molecular weight, comonomer,
and polymer composition, the physical state of the (co)-
oligomers was liquid, viscous liquid, or paste (Table 1). Upon
acrylation at terminal ends of liguid (co)oligomers, acrylated

282



304 Biomacromolecules, Vol. 5, No. 2, 2004

601

507

5h 1 2 4 6

Immersion time (weeks)
Figure 10. Thickness of the highly swollen outermost surface (7)
caiculated at the intersection of two-step fitting lines of the biphasic
F—82 plot (n = 7).
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prepolymers exhibited a rapid liquid-to-solid transformation
induced by visible-light irradiation, irrespective of the type
of prepolymers studied here. All of the acrylated prepolymers
photocured within 10—20 s of photoirradiation at the
photointensity (100 mW/cm?) used (Figure 2). The photo-
curing yield increased with increasing irradiation time,
photointensity (Figure 2-1), and camphorquinone concentra-
tion (Figure 2-2) but tended to decrease with increasing liquid
film thickness (Figure 2-3) and molecular weight of pre-
polymer (Figure 2-4). These photocuring characteristics were
similar to those of polymers composed of TMC and CL,
which were reported in our previous paper.'®

The wettability and time-dependent characteristics of water
uptake and weight loss during hydrolysis depended on the
type of photocured polymer (Figure 3). As expected, the
higher degrees of water uptake and weight loss were found
for P(T/L/P1k), followed by P(T/P1k), compared with P(T/
P200) and P(T/TMP), indicating that the hydrophilic com-
ponent as an initiator, PEG1000, and faster degradable
polyester, PLL, than polycarbonate are responsible for this
behavior. The PEG200-based polymer, P{T/P200), exhibited
moderate degrees of this behavior. The lowest degrees of
this behavior were observed for TMP-based P(T/TMP),
which lacks a hydrophilic component in the molecule and
heavier cross-linking density due to trifunctional prepolymer
compared with bifunctional PEG-based prepolymers (Figure
3). Topological SEM and AFM images of hydrolyzed
surfaces of photocured films and swelling depth profiles of
cross-sectional views of rose bengal-stained samples by
CLSM clearly differentiated the hydrolytic degradation
behavior of these photocured polymers. The results are
summarized as foltows. (1) For P(T/P1k), a highly swollen
rough layer was formed at an early period of immersion in
water, but it became smoother upon further immersion.
However, at a prolonged period, pits were created, probably
due to the inhomogeneous surface composition (Figure 5).
(2) The swelling and subsequent hydrolysis occurred only
at the surface region of the photocured polymers P(T/P200)
and P(T/TMP), whereas P(T/P1k) exhibited complete swell-
ing of the sample (Figure 6).

it is of great interest to determine how micromechanical
properties of surface regions of photocured polymers are
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changed upon hydrolysis and their dependences on the type
of photocured polymers. The force—indentation curves
determined by nanoindentation using AFM differentiated the
nature of water-swellable surface regions and concomitantly
the microelastic modulus of the surface regions. Qualitatively,
there were marked differences between the hydrolysis-time-
dependent force—indentation curves of hydrolyzed samples
(Figure 7). Regardless of the hydrolysis time, indentation
was enhanced in the order P(T/P1k) > P(T/P200) > P(T/
TMP). P(T/P1k) became significantly softer with a hydroly-
sis time increase. This tendency was also observed for both
P(T/P200) and P(T/TMP). However, the tendency was
reduced in the order P(T/P1k) > P(T/P200) > P(T/TMP).

For quantitative discussion, the Hertz mode] was employed
to determine the microelastic modulus. The linear F—&?
relation, from which Young’s modulus is determined, was
obtained when a cone-type tip was used for measurement
{type A fitting in Scheme 2). This was observed for P(T/
P200) during the early period of hydrolysis. However, a
concave F—&? relation was observed during the later period
of hydrolysis. This strongly implies that surface regions are
inhomogeneous in the vertical direction of surface (depth).
The concave curve is divided approximately into two linear
fittings. This means that 2 two-layer surface model (Figure
8b) approximately fits the F—a? curves. This allows the
differentiation of the microelastic modulus of surface regions.
Young’s moduli at the outermost surface regions were much
smaller than those at deeper regions. The approximate
thickness of the highly swollen layer, which was calculated
from the intersection points of two linear lines, was estimated
to be approximately 40 nm, which did not change over an
observation period for up to 6 weeks. This also occurred in
P(T/TMP), which swelled only at the outermost surface
region: the thickness of the surface region with low elastic
modulus was estimated to be 25—30 nm, which did not
change considerably even with longer term hydrolysis (Figure
10). Taken together, these factors indicate that, for both P(T/
TMP) and P(T/P200}, degradation proceeds via a surface
erosion. The increased E; (Young's modulus of the deeper
or less swellable layer) of P(T/TMP) observed at after a
longer period of hydrolysis, as shown in Figure 9, may be
due to the effect of oxygen during photopolymerization.
Oxygen, diffused into the surface regions, retards or inhibits
radical polymerization, resulting in a lower cross-linking
density at the outer surface region than at the deeper surface
region or in the bulk phase. On the other hand, as for P(T/
P1k), type C fitting was employed for an early period of
hydrolysis, whereas type A fitting was for a later period. At
this moment, we do not have any reasonable interpretation
for a type C fitting (that is a linear F—¢ relation) during an
early period despite use of a cone-type tip in the AFM
measurement. (Note that thecretically the type C fitting is
observed using the flat-ended cylindrical-type AFM tip.)
Regardless of the type of curve fitting, Young's moduli
tended to decrease as the hydrolysis period lengthened. The
estimated Young’s moduli were as follows: for the highly
swellable surface of P(T/P1k), E (E, = E;) was almost 10
MPa; for the less swellable surface of P(T/P200), E;, was
approximately 10 MPa and E; ranged from 40 MPa (initial
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peried) to 20 MPa (fater period); for the least swellable P(T/
TMP), £, was 35 MPa (initial) to 15 MPa (later), and E;
was approximately 100 MPa (initial) to 200 MPa (later).

The combination of a biodegradable liquid prepolymer
with a photocured polymer having a wide scope of hydrolytic
characteristics including surface erosion or whole-body
degradation may provide a unique opportunity for the design
of a drug-controlled-release matrix, in situ formable scaffold,
and the fabrication of precision surface architectures or
microdevices using a stereolithographic technique. These will
be reported soon.
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Photocured, Styrenated Gelatin-Based Microspheres for de
Novo Adipogenesis through Corelease of Basic Fibroblast
Growth Factor, Insulin, and Insulin-Like Growth Factor 1
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and TAKEHISA MATSUDA, Ph.D.!

ABSTRACT

De novo adipose tissue formation appears to proceed via two different biclogical events: neovascu-
larization and spontaneous accumulation of preadipocytes and subsequent differentiation to mature
adipocytes. In this article, we perform accelerated de novo adipose tissue engineering using photo-
cured, styrenated, gelatin-based microspheres (SGMs) with different drug release rates of immobi-
lized angiogenic and adipogenic factors. The concept of this system is to induce neovascularization
and migration of endogenous preadipocytes by the rapid delivery of the angiogenic factor basic fi-
broblast growth factor (bFGF), followed by the proliferation and differentiation of preadipocytes
into adipocytes by the prolonged delivery of the adipogenic factors, insulin and insulin-like growth
factor I (IGF-I). Bioactive substance-immobilized SGMs with different drug release rates were pre-
pared with different gelatin concentrations. An in vitro study showed the prolonged release of an
immobilized model protein and the dependence of drug release rate on gelatin concentration. After
the subcutaneous injections of SGMs immobilized with these bioactive substances in different com-
binations, the formation of masses or clusters of adipocytes was observed in rats. Triglyceride con-
tent in the injection site for the group that received bFGF-, insulin-, and IGF-I-immobilized SGMs
was significantly higher than that for the group that received insulin- and IG¥-I-immobilized SGMs
4 weeks after the injection of microspheres. These results suggest that the system developed here is
effective for the de novo formation of adipose tissue as it enables the induction of the two-step bio-
logical reaction by single injection.

INTRODUCTION

OFT TISSUE AUGMENTATION is still an ongoing chal-

lenge in the field of plastic and reconstructive sur-
gery. The use of adipose tissue equivalents is required
for the treatment of soft tissue defects such as congeni-
tal malformations {e.g., hemifacial microsomia and
Poland's syndrome) and posttraumatic or postoperative
wounds. The available clinical approaches to overcom-

ing these issues include local-regional or free mi-
crovascular flaps, dermal fat graft, collagen injection, the
use of synthetic materials, and autologous fat transplan-
tation. Each of these methods, however, is associated
with certain drawbacks such as operative risk to some
degree, donor site morbidity, resorption of implanted
grafts, and foreign body reaction to the implanted syn-
thetic materials.!™

The tissue-engineering approach to forming adipose

Department of Biomedical Engineering, Graduate School of Medicine, Kyushu University, Fukuoka, Japan.
Department of Dermatology, Graduate School of Medicine, Kyushu University, Fukuoka, Japan.
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tissue can be realized via two methods: one method is
to transplant preadipocytes with or without a scaffold
into the site in which soft tissue repair is required,
followed by the spontaneous differentiation of pre-
adipocytes or adipocyte progenitor cells to mature
adipocytes,® 10 and the other method is de novo adi-
pogenesis, which proceeds via a two-step biological
process. First, the enhanced migration of preadipocytes
15 accompanied by induced local neovascularization,
followed by the subsequent adipogenic differentiation
of preadipocytes to mature adipocytes.!!=!4 Regardless
of the type of approach, neovascularization appears to
be essentially required to avoid necrosis and possibly
to secrete unknown differentiation factors. These two
different biological events of angiogenesis and adipo-
genesis have been proven to be promoted by the addi-
tion of basic fibroblast growth factor (bFGF) for the
former process and insulin and insulin-like growth fac-
tor I (IGF-I) for the latter process.!!-1¢

For example, de nove adipogenesis was realized by
injecting 2 mixed solution of an extract of a basement
membrane (Matrigel) and bFGF!! or gelatin micros-
pheres immobilized with bFGF,'>!3 or by injecting
poly(lactic-co-glycolic-acid)-polyethylene glycol (PLGA/
PEG) microspheres coimmobilized with insulin and IGF-
I into the subcutaneous lesion.!? However, an attempt at
long-term simultaneous delivery of both angiogenic and
adipogenic factors to generate adipose tissues has not yet
been reported.

Qur approach toward de nove adipose tissue formation
aims at the construction of a long-term simultaneous de-
livery system for angiogenic (bFGF) and adipogenic (in-
sulin and IGF-T} factors, both of which are separately im-
mobilized in photocured, styrenated gelatin microspheres
{8GMs). Our previous study showed that a photocured
SG matrix can serve as a drug delivery system with the
following features: (1) the desired amount of drug in a
photecured matrix can be easily loaded and (2) the drug
release rate can be controlled.!?

Our strategy by which de novo adipose tissue forma-
tion is accelerated involves coinjection of three differ-
ent types of photocured SGMs, each of which is im-
mobilized with protein drugs of different biological
activities. Because an ideal scenario of de novo adipo-
genesis involves a sequential or simultaneous process of
capillary formation and accumulation and differentiation
of preadipocytes to adipocytes, co-use of SGMs with the
fast release characteristic of bFGF and SGMs and the
relatively slow release characteristic of both 1nsulin and
IGF-1 may be beneficial. In this study, the preparation
of SGMs, and their in vitro drug release characternstics,
are described and the adipogenic effects on implantation
of these microspheres into subcutaneous lesions of rats
are examined,
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MATERIALS AND METHODS

Materials

Gelatin (from bovine bone; MW, 9.5 X 109 g/mol) was
purchased from Wako Pure Chemical Industries (Osaka,
Japan). Water-soluble carboxylated camphorquinone (CQ),
(15)-7,7-dimethyl-2,3-dioxobicyclo[2.2.1]hepatane-
l-carboxylic acid, was prepared according to the
method described previously.'® Rhodamine-lactalbumin,
fluorescein isothiocyanate (FITC)-insulin, and 3,3-di-
aminobenzidine were purchased from Sigma (St. Louis,
MO)}. Recombinant human basic fibroblast growth factor
(bFGF) was purchased from R&D Systems (Minneapo-
lis, MN). Recombinant human IGF-1 was purchased from
Genzyme (Cambridge, MA). Anti-human von Wille-
brand factor antibody and peroxidase-conjugated anti-
rabbit IgG antibody were purchased from DakoCytoma-
tion {Carpinteria, CA). Cryostat specimen matrix (Tissue-
Tek O.C.T. compound) was purchased from Sakura
Finetek Japan (Tokyo). All other reagents were purchased
from Wako Pure Chemical Industries.

Preparation of styrenated gelatin microspheres

The synthesis of photocurable, styrenated gelatins
(styrene content, approximately 27.6 per gelatin mol-
ecule) and preparation of aqueous styrenated gelatin
solutions were carried out according to procedures re-
ported previously.!? Briefly, styrenated gelatin was
synthesized by condensation reaction of gelatin with
4-vinylbenzoic acid. The reaction mixture was dia-
lyzed and then lyophilized, using a freeze-drier. One
gram of aqueous styrenated gelatin solution was
poured into 20 mL of liquid paraffin with 0.2% Span
85 and stirred at 120-150 rpm under visible light
irradiation, using an 80-W halogen lamp {Tokusou
Power Lite; Tokuyama, Tokuyama, Japan;, wave-
length, 400 nm < A < 520 nm; irradiation intensity,
1.3 X 108 lux) for 20 min. After the addition of 20 mL
of hexane, the gelatin microspheres formed were col-
lected by filtration through a glass fiber filter (pore
size, 0.6 pm). The microspheres were then washed
three times with 40-mL aliquots of hexane to remove
residual paraffin, and dried for 1 h at room tempera-
ture. SGMs were used in further in vitro or in vivo ex-
periments immediately after preparation.

Morphological analysis of microspheres

SGM morphology was determined by scanning elec-
tron microscopy (SEM) (JSM-6301F, UEQOL, Tokyo,
Japan). Particle size was deterrnined on the basis of ran-
domly selected 500 microspheres from 5 fields of view,
using an optical microscope (TE300; Nikon, Tokyo,
Japan) fitted with a micrometer scale.
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In vitro drug release

Two hundred milligrams of aqueous gelatin solution
containing 0.1 wt% CQ and .2 wt% rhodamine—lactal-
bumin or FITC-insulin as model drugs, was poured into
the bottom of a well of a 48-well dish, and then irradi-
ated with 1.3 X 108 lux of visible light for 3 min to form
a gel. Disk-type gels were dispensed into a 12-well dish.
Two milliliters of phosphate buffer solution (PBS, pH
7.4) supplemented with penicillin and streptomycin was
added to each well and liquid samples were withdrawn
from the wells at regular intervals at 37°C. The amount
of model drug released from the gel was determined
spectrophotometrically at 558 nm for rhodamine~lactal-
bumin and at 493 nm for FITC~insulin, respectively (DU
530; Beckman Coulter, Fullerton, CA).

In vivo experiments

Animal experiments were reviewed by the Committee on
the Ethics of Animal Experiments (Faculty of Medicine,
Kyushu University, Fukuoka, Japan) and carmed out in ac-
cordance with the Guidelines for Animal Experiments of the
Faculty of Medicine, Kyushu University and the law {no.
105) and notification (no. 6} of the Japanese government.
Six-week-old male Wistar rats (Kyudou, Saga, Japan) were
anesthetized by intraperitoneal injection of pentobarbital (40
mg/kg). Either bFGF, insulin, or IGF-I was premixed with
aqueous styrenated gelatin solution, and SGMs were pre-
pared according to the procedure described previously. The
gelatin concentrations were 20% for bFGF-immobilized
SGMs and 30% for insulin- or IGF-I-immobilized SGMs.
One hundred milligrams of bioactive substance-immobi-
lized SGMs was injected subcutaneously into the dorsal area
bilaterally. Table 1 details the SGMs used in these expern-
ments, with their various contents of bioactive substances.
For group IV, two different SGMs, each immobilized with
insufin (2 IU/100 mg of SGM) or IGF-I {2 ug/100 mg of
SGM), were prepared separately, and mixed in equal
amounts and injected at each site. For group V, three types
of SGMs immobilized with either bFGF (3 pg/100 mg of
SGM), insulin (3 JU/100 mg of SGM), or IGF-I (3 u1g/100
mg of SGM) were prepared and mixed in equal amounts for
injection. SGMs without any bioactive substances were used
as control. The amount of immobilized insulin was deter-
mined approximately from our preliminary animal experi-
ments. That is, a single subcutaneous injection of a quan-
tity 10-fold higher than the total immobilized amount (10
IU of insulin for injected SGMs used for this study) in the
backs of rats resulted in death within 1 day of injection,
whereas injection of one-tenth the total immobilized amount
restlted in no adipose tissue formation. The amount of to-
tal immobilized IGF-1 was determined from those in previ-
ous papers.'*!% Four rats for each experimental group were
used and samples were harvested for further studies.
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TabLE 1. EXPERIMENTAL GroUPS®
AND INGREDIENTS FORMULATION

Active ingredient {per 100 mg of SG)

Group no. bFGF (ng)  Insulin (IU)  IGF-I (ug)

0.01
0.1
1

10

I(0.01)
1(0.01)
I(1)

1(10)

I

161

v

v

VI (control)

[

1
1
1

1
1
1

*Group I: SGMs immobilized-with bFGF at four different
concentrations (g per 100 mg of photocured SG) (group 110.01
pgl, group I [0.11; group 1[1), and group I [10]). Group II:
SGMs immobilized with 1 IU of insulin per 100 mg of photo-
cured SG. Group III: SGMs immobilized with 1 pg of IGF-1per
100 mg of photocured SG. Group I'V: SGMs immobilized with 1
TU of insulin and 1 pg of IGF-I per 100 mg of photocured SG.
Group V: SGMs immobilized with 1 ug of bFGF, 1 IU of in-
sulin, and 1 pg of IGFE-I per 100 mg of photocured SG. Group
VI: SGMs immobilized with no ingredient.

Histological studies

Skin paddles with underlying subcutaneous tissue
(2 X 2 cm?), including the site of injection, were har-
vested and fixed in 10% formalin. For groups I (0.01)
(0.01 pg of bFGF per 100 mg of SGM), I (0.1), T(1),1
(10), and VI, the specimens were embedded in paraffin
and sectioned, followed by staining with hematoxylin
and eosin (H&E) or immunostaining with an antibody
to human von Willebrand factor at a dilution of 1:1600
at 4°C for 16 h. After further incubation with the per-
oxidase-conjugated anti-rabbit IgG antibody, peroxidase
activity was visualized with 3,3-diaminobenzidine. The
immunostained sections were counterstained with hema-
toxylin. Twenty different fields were sclected from fi-
brous tissue surrounding residual injected SGMs for
determining the number of capillaries (X200 magnifi-
cation). For groups 1 (1), IL, ItI, IV, ¥V, and VI, the spec-
imens were divided into two pieces. One-half of each
specimen was embedded in paraffin for H&E and von
Willebrand factor staining, and the remaining half was
embedded in O.C.T. compound, cryosectioned, and
stained with Sudan IV.

Lipid analysis

Fibrous tissue (2 X 2 cm?), which lies in between the
cutaneous muscle of the trunk and the superficial mus-
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FIG. 1.
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cles of the back, including the site of SGM injection, was
harvested. The specimens were minced and homogenized
in distilled water. Total lipid was extracted with chloro-
form-methanol (2:1, v/v) and centrifuged for 5 min at
1.2 X 10* rpm. The mixed organic solution layer con-
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Scanning electron micrographs of SGMs. SG concentration: (A} 20%, (B) 30%, (C) 40%, (D) 50%.

taining triacylglycerol was extracted and placed under
vacuum to evaporate the chloroform and methanol. Tri-
acylglycerol content was measured with a triglyceride
E-test kit {(Wako Pure Chemical Industries) according to
the manufacturer’s instructions.
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FIG. 2. Particle size distribution of SGMs. SG concentration: (A) 20%, (B) 20%, (C) 40%, (D) 50%.
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TABLE 2. MEzaN PARTICLE DIAMETER OF SGMs as
FuncTioN oF 8G CONCENTRATION

SG concentration {(wt %) Mean diameter {pm * SDP

20 254 186
30 859 £ 699
40 1458 * 1134
50 187.1 = 2345

Abbreviations: SG, styrenated gelatin; SGMs, styrenated
gelatin-based microspheres.

*The data were statistically determined on the basis of 500
particles randomly selected from 5 fields of view, using an
optical microscope.

Statistical analysis

Experimental results were expressed as means * stan-
dard deviation (SD). The data were subjected to statisti-
cal analysis (analysis of variance, ANOVA). Statistical
analysis was carried out by ANOVA with a Tukey-
Kramer post hoc test; p < 0.05 was considered statisti-
cally significant. All statistical analyses were performed
with StatView 5.0 {(Abacus, Berkley, Calif., USA).

RESULTS

Preparation and morphological analysis of
photocured gelatin microspheres

Styrenated gelatin (SG)-based microspheres (SGMs)
were prepared by dispersing an aqueous solution con-
taining SG and carboxylated camphorquinone as a pho-
tocleavable radical generator in liquid paraffin under stir-
ring at room temperature and subsequently subjecting it
to visible light irradiation. SEM observations revealed
that the SGMs obtained by filtration are fairly round par-
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ticles with a smooth surface (Fig. 1A-D}. Qualitatively,
at higher $G concentration, larger microspheres with a
broader diameter distribution were obtained. In a quan-
titative study to determine population size, the obtained
histograms show that, at the lowest SG concentration
(20%), the size of the majority of microspheres was be-
low 50 pm, and that an increase in SG concentration re-
sulted in a heterogeneous size distribution (Fig. 2A-D).
The mean particle diameter of SGMs ranged from ap-
proximately 25 to 187 pum, depending on SG concentra-
tion (Table 2).

In vitro drug release

The SG concentration-dependent release characteris-
tics of model drugs, as shown below, were determined
as follows: the photocured SG disks (diameter, 12 mm;
thickness, 1.8 mm) were prepared from a premixed so-
lution of SG with a model protein, rhodamine—lactalbu-
min, the molecular weight of which (1.4 X 10%) is almost
identical to that of bFGF (1.6 X 10%), and FITC—insulin,
the molecular weight of which (6.1 X 10?)is almost iden-
tical to those of insulin (5.7 X 10%) and IGF-I (7.6 X
10%), at various SG concentrations in the wells of culture
dishes. The time course of the release of the model pro-
tein into a buffer solution was determined spectrophoto-
metrically. Figure 3A and B shows the time-dependent
fractional change in the amount of released rho-
damine-lactalbumin and FITC-insulin from SG disks
prepared at different SG concentrations, respectively. Ir-
respective of SG concentration, the release profiles are
characterized by an initial burst of protein release during
the first day, followed by prolonged release at a lower
rate for up to 21 days (length of observation period). The
fractional releases of both rhodamine-lactalbumin and
FITC-insulin were dependent on SG concentration: the
higher the SG concentration, the lower the release rate.
Significant differences in release rate were not observed
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FIG. 3. Fractional release of (A) rhodamine-lactalbumin and (B) FITC-insulin from SG disks (n = 4). SG concentration: 20
wt% (#), 30 W% (X}, 40 wi% (®), and 50 wt% (M). CQ concentration: 0.1 wit% of SG. Visible light irradiation: 3 min at 2
photointensity of 1.3 X 109 lux. Values are expressed as means * 5D. '
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?2‘-,5,‘ %

FIG. 4. Tissue appearance (A-E, surrounded by arrows) and von Willebrand factor-staining sections (F—J) of injection site, 2
weeks after injection of SGMs immobilized with 0.01 {A and F: group I (0.01)], 0.1 [B and G: group I (0.1)}, 1 [C and H: group
I¢{1)], 10 [D and I: group I (10j], and O (E and J: group VI) ug of bFGF.
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at a fixed SG concentration, probably because of small
difference in the molecular weight of model proteins.

De novo adipose tissue generation

Various SGMs immobilized 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 1 (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 ug per 100 mg of photocured SG),
group IV consisted of SGMs immobilized with insulin (1
IU} and IGF-I (1 pg) per 100 mg of photocured SG, and
group V consisted of SGMs immobilized with three in-
gredients (bFGF [1 pg), insulin [1 IU], and IGF-I [1 pg]
per 100 mg of photocured SG). Group VI consisted of
SGMs immobilized with no bicactive 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 bFGF. For Group I, vascularization

2

Capillary density ( capillary /mm )

120

100 T

1(0.01) 1(0.1)

(1} I{10)

VI
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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 a concentration of 1 pg/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
capilladies around the ipjection 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 II, III, 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
bioactive 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), I, III, IV,
V, and VI, 4 weeks after injection of SGMs immobilized
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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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with various bioactive substances. Slightly elevated plaques
(approximately 1 X 1 cm?) were observed at the injec-
tion sites of rats in groups I (1), U, I, IV, V, and VI;
the most prominent are those of group V (Fig. 6E).

Histology. Figure TA-L shows the H&E-stained sec-
tions of rat subcutaneous lesions of Group I (1), 11, III,

531

IV, V, and VI samples 4 weeks after injection of SGMs
with or without varions bioactive agents. Although par-
tial biodegradation and biosorption occur, residual SGMs
remained in all the 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-
val SGMs. Among these groups, a larger amount of adi-
pose tissue was observed in groups IV and V compared
with groups IT, I, 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 cbserved
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, uiacylglycerol content in
the surrounding tissues of the injection site were signif-
icantly higher than those in groups I (1}, II1, 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 preadipocyles or mesenchymal
stem cells into the treated site followed by their pro-

—

FIG.7. H&E-stained sections of injection sites, 4 weeks af-
ter injection of SGMs immmobilized with various bioactive sub-
stances. (A and B) Group I (1) (SGMs immobilized with 1 pg
of bFGF per 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 IIT (SGMs immobilized with 1 pg of IGF-I per 100 mg
of 8G); (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 (S8GMs immobilized with 1 ug of bFGF, 1 IU of insulin, and
1 pg of IGF-I per 100 mg of SG); (K and L) group VI (no
bicactive 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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liferation and differentiation to mature adipocytes.’1-14
Various hormones, cytokines, and growth factors modu-
late adipocyte differentiation. Among them, insulin and
IGF-1 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 proliferation of
preadipocytes.!'-13.2! 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-
tirnal dose of bFGF immobilized in gelatin microspheres
for adipose tissue formation.!?

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),11-122223 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'“-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 attempted to
devise a local drug delivery system that simultanecusly
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
model 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-I, 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 disenss 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 et al?*® They used glu-
taraldehyde-cross-linked *“acidic” gelatin (isoelectric
peint {TEP], 5.0) as a drug carrier, in which bFGF is sorbed
from an aqueous solution. Jr vitro releasing from cross-
linked gelatin was inhibited because of ionic interaction
between bFGF (IEP, 9.6) and acidic gelatin, except for
the burst release within the first day of immersion 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
IEP 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 triacylgiycerol 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 vive re-
leasing profile. If biodegradation is a major determinant
for release, the time course of released bigactive 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-T). 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 ug 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.26?” 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-
giogenic 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. 71 and
J). Therefore, SGMs can serve as a nontoxic local drug
delivery system with easy control of drug immobilization
and drug release characteristics.!?

Although the application of this two-step method for
pharmacologically stimulated de nove 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 fissue augmenta-
tion and the other is to reduce local fibrosis around in-
jection sites, which occurs with de novo 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-
flarnmation control.

ACKNOWLEDGMENTS

This study was financially supported in part by the Pro-
motion of Fundamental Studies in Health Science of the
Organization for Pharmaceutical Safety and Research
{OPSR), grant 97-15, and in part by a Grant-in-Aid for
Scientific Research (A2-12358017 and B2-12470277)
and by a Grant-in-Aid for the Creation of Innovations
through Business-Academic-Public Sector Cooperation
from the MEXT of Japan. The authors thank Mr. Takaaki
Kanemaru (Morphology Core, Graduate School of Med-
ical Sciences, Kyushu University) for SEM observation.

REFERENCES

1. Katz, AJ., Llull, R, Hedrick, M.H,, and Futrell, J W,
Emerging approaches to the tissue engineering of fat. Clin.
Plast. Surg. 26, 587, 1999,

2. Billings, E., Jr., and May, J.W., Jr. Historical review and
present status of free fat graft autotransplantation in plas-
tic and reconstructive surgery. Plast. Reconstr. Surg. 83,
368, 1989,

3. Chajchir, A. Fat injection: Long-term foliow-up. Aesthetic
Plast. Surg. 20, 291, 1996.

4. Kononas, T.C., Bucky, L.P., Hurley, C., and May, 1. W., Jr.
The fate of suctioned and surgically removed fat after reim-
plantation for soft-tissue augmentation: A volumetric and



SGMs FOR DE NOVO ADIPOGENESIS

10.

11.

13.

14.

15.

16.

histologic study in the rabbit. Plast. Reconstr. Surg. 91, 763,
1993,

. Green, H., and Kehinde, O. Formation of normally differ-

entiated subcutaneous fat pads by an established preadi-
pose cell hine. J. Cell. Physiol. 101, 169, 1979,

. Patrick, CW., Jr., Chauvin, P.B., Hobley, J., and Reece,

G.P. Preadipocyte seeded PLGA scaffolds for adipose tis-
sue engineering. Tissue Eng. 5, 139, 1599,

. Schoeller, T., Lille, 5., Wechselberger, G., Otio, A.,

Mowlawi, A., and Piza-Katzer, H. Histomorphologic and
volumetric analysis of implanted autologous preadipocyte
cultures suspended in fibrin glue: A potential new source
for tissue augmentation. Aesthetic Plast. Surg. 25, 57, 2001.

. von Heimburg, D., Zacharizh, S., Heschel, 1., Kuhling, H.,

Schoof, H., Hafemann, B., and Pallua, N. Human pre-
adipocytes seeded on freeze-dried collagen scaffolds in-
vestigated in vitro and in vivo. Biomaterials 22, 429, 2001.

. Patrick, C.W,, Jr., Zheng, B., Johnston, C., and Reece, G.P.

Long-term implantation of preadipocyte-seeded PLGA
scaffolds. Tissue Eng. 8, 283, 2002.

Halberstadt, C., Austin, C., Rowley, J., Culberson, C.,
Loebsack, A., Wyatt, 5., Coleman, S., Blacksten, L., Burg,
K., Mooney, D., and Holder, W., Jr. A hydrogel material
for plastic and reconstructive applications injected into the
subcutaneous space of a sheep. Tissue Eng. 8, 309, 2002.
Kawaguchi, N., Toriyama, K., Nicodemou-Lena, E., Inou,
K., Torii, S.. and Kitagawa, Y. De novo adipogenesis in
mice at the site of injection of basement membrane and ba-
sic fibroblast growth factor. Proc. Natl. Acad. Sci. US.A.
95, 1062, 1998.

. Tabata, Y., Miyao, M., Inamoto, T, Eshii, T., Hirano, Y.,

Yamaoki, Y., and Tkada, Y. De novo formation of adipose
tissue by controlled release of basic fibroblast growth fac-
tor. Tissue Eng. 6, 279, 2000.

Kimura, Y., Ozeki, M., Inamoto, T., and Tabata, Y. Time
course of de novo adipogenesis in matrigel by gelatin mi-
crospheres incorperating basic fibroblast growth factor.
Tissue Eng. 8, 603, 2002.

Yuksel, E., Weinfeld, A.B., Cleek, R., Waugh, ] M., Jensen,
J., Boutros, 5., Shenag, S.M., and Spira, M. De novo adi-
pose tissue generation through long-term, local delivery of
insulin and insulin-like growth factor-1 by PLGA/PEG mi-
crospheres in an in vivo rat model: A novel concept and ca-
pability. Plast. Reconstr. Surg. 105, 1721, 2000.

Yuksel, E., Weinfeld, A.B., Cleek, R., Jensen, J., Wams-
ley, S., Waugh, J.M., Spira, M., and Shenaq, S. Augmen-
tation of adipofascial flaps using the long-term locat de-
livery of insulin and insulin-like growth factor-1. Plast.
Reconstr. Surg. 106, 373, 2000.

Yuksel, E., Weinfeld, A.B., Cleek, R., Wamsley, 8., Jensen,
J., Boutros, S., Waugh, .M., Shenaq, S.M., and Spira, M.

20.

21.

22

23

24,

25.

26.

27.

297

535

Increased free fat-graft survival with the long-term. local
delivery of insulin, insulin-like growth factor-I, and basic
fibroblast growth factor by PLGA/PEG microspheres.
Plast. Reconstr. Surg. 105, 1712, 2000.

. Okino, H., Nakayama, Y., Tanaka, M., and Matsuda, T. In

situ hydrogelation of photocurable gelatin and drug release.
J. Biomed. Mater. Res. 59, 233, 2002.

. Matsuda, T., and Magoshi, T. Preparation of vinylated

polysaccharides and photofabrication of tubular scaffolds
as potential use in tissue engineering. Biomacromolecules
3, 542, 2002.

. Caplan, A.l. The mesengenic process. Clin. Plast. Surg. 21,

429, 1994.

Gregoire, F.M., Smas, C.M., and Sul, H.S. Understanding
adipocyte differentiation. Physiol. Rev. 78, 783, 1998.
Eppley. B., Sidner, R., Platis, J., and Sadove, M. Bioacti-
vation of free-fat transfers: A potential new approach to
improving graft survival. Plast. Reconstr. Surg. 94, 1022,
1992,

Rupnick, M.A., Panigrahy, D., Zhang, C.Y., Dallabrida,
S.M., Lowell, B.B., Langer, R., and Folkman, M.]. Adi-
pose tissue mass can be regulated through the vasculature.
Proc. Natl. Acad. Sci. U.S.A. 99, 10730, 2002

Babensee, 1.E., Mclntire, L.V., and Mikos, A.G. Growth
factor delivery for tissue engineering. Pharm. Res. 17, 497,
2000.

Tabata. Y., and Ikada, Y. Protein release from gelatin ma-
trices. Adv. Drug Deliv. Rev. 31, 287, 1998.

Yamamoto, M., Ikada, Y., and Tabata, Y. Controlled re-
lease of growth factors based on biodegradation of gelatin
hydrogel. 1. Biomater. Sci. Polym. Ed. 12, 77, 2001.
Tabata, Y., Hijikata, S., Muniruzzaman, M., and Tkada, Y.
Neovascularization effect of biodegradable gelatin micros-
pheres incorporation basic fibroblast growth factor. J. Bio-
mater. Sci. Polymer Ed. 10, 79, 1999.

Tanihara, M., Suzuki, Y., Yamamoto, E., Noguchi, A., and
Mizushima, Y. Sustained release of basic fibroblast growth
factor and angiogenesis in a novel covalently crosslinked
gel of heparin and alginate. J. Biomed. Mater. Res. 56, 216,
2001.

Address reprint requests to:

Takehisa Matsuda, Ph.D.

Department of Biomedical Engineering
Graduate School of Medicine

Kyushu University

3-1-1 Maidashi, Higashiku

Fukuoka 812-8582, Japan

E-mail: matsuda@med kyushu-u.ac.jp



Available online at www.sciencedirect.com
sclzucz@mnzc'ro

Biomaterials 25 (2004) 5867-5873

Biomaterials

www elsevier.com/locate/biomaterials

In situ-formed, tissue-adhesive co-gel composed of styrenated gelatin
and styrenated antibody: potential use for local anti-cytokine
antibody therapy on surgically resected tissues
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Abstract

Styrenated antibody (ST-Ab) and styrenated gelatin (ST-gelatin) were prepared by condensation reaction of antibedy 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 ST-gelatin and ST-Ab. The amount of non-reacted ST-Ab released from the co-gel of 8T-
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) antibody, 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 a 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. Iotroduction

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
choice 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
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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 a malignant behavior is usually accelerated by
various 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-§ (TGF-f) [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, resulting 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 cytokines produced and
accumulated in the intraperitoneal space during wound healing after abdominal surgery and affect remnant cancer cells 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
cylokines on remnant cancer cells. The antibody-antigen complexes also penctrate 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) Anticancer drug-immobilized co-gel of $T-Ab and ST-gelatin on resected tissue. Cytokine
permeation into the tissuc 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)} monoclonal
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 have 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-li zht irradiation in the
presence of a water-soluble canm 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
$T-gelatin, producing a tissue-adhesive, 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-

(A) ST-antibody ST-gelain ()R

Y=

photoirradiation
Co-pel of ST-gelation and ST-antibody

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 um 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 antibody-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-vinvibenzoic
acid from Tokyo Chemicals Inc., Co., Ltd. (Tokyo,
Japan); 1-ethyl-3-(3-dimethylaminopropy!l)carbodiimide
hydrochloride (WSC) from Dojindo Laboratory (Ku-
mamoto, Japan); rhodamine-conjugated BSA from
Sigma-Aldrich Inc. (St. Louis, MO); anti-BSA rabbit
IgG 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 Technre 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]. Briefly, an anti-BSA
ST-Ab was prepared as follows (for anti-HGF antibedy,
the reaction feed was scaled down): 4-Vinylbenzoic acid
(5.9 mg, 3.98 x 10~* mol) was dissolved in 15ml of 0.1 N
sodium hydroxide and then neutralized to pH 7.5 with
hydrochloric acid. After the addition of WSC (246.7 mg,
1.28 x 10™*mol), the reaction solution was stirred at
4°C for 30min and mixed with the anti-BSA antibody
(10 mg, 6.7 x 10~%mol) dissolved in 15ml of PBS. The
reaction mixture was stirred at 4°C for 1 h, dialyzed, and
lyophilized to vield a 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 immunosorbent assay
(ELISA) and compared with that of the non-treated
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, 60yl 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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the plate was incubated for 1h 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 1h at room temperature.
Then, 100pl of pNPP substrate (4-nitrophenyl phos-
phate disodium salt solution, Sigma-Aldrich, Inc.) was
added and color development, as a quantitative measure
of the level of antigen-antibody complex based on
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 1ts viscosity and adhesive strength were opti-
mum [26]. A typical co-gel of ST-gelatin and ST-Ab was
prepared as follows. The solution containing 700 u! of
PBS, 300mg of ST-gelatin (30wt% 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 irradiation 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 ih, and subsequently
dehydrated with a graded series of ethamol, 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
(30 wt%) 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 Sml of 26.4 ug/ml 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
fluorescence 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)
[30], generously donated by Dr. H. Iguchi, were cultured
and then suspended in DMEM containing 2% fetal
bovine serum (FBS) at 37°C in 5% CO,. 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 (30 wt%) and non-
treated anti-HGF antibody (0.2wt%); or Group 3,
ST-gelatin (30 wt%) 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 pl of DMEM with or without 10 or 50 ng/ml human
HGF was added to the inner cup. DMEM (750 pl)
containing 2% FBS was added to the outer well and the
inmer cup was inserted into the outer well. After 24 h 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 qf 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, only ST-gelatin gel (30wt%); Group 2,
ST-gelatin gel (30wt%) 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
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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
(7 = 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), $T-gelatin and non-treated anti-BSA antibody (Group 2),
and ST-gelatin and anti-BSA ST-Ab (Group 3) were immersed in PBS
for 24k, 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 ST-Ab is released, indicating that the
majority of ST-Ab copolymerizes in a gel.
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