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Abstract: We devised an in situ tissue-adhesive, drug-
release technology based on a photoreactive gelatin, which
allows in situ drug-incorporated gel formation on living tis-
sues and sustained drug release directly on diseased tissues.
Styrene-derivatized gelatins, synthesized by condensation
reaction of gelatin with 4-vinylbenzoic acid, were photopo-
lymerized in the presence of a water-soluble camphorqui-
none derivative as a photoinitiator upon visible-light irra-
diation to form swollen gels. Using albumin as a drug
model, gelation characteristics and drug-release characteris-
tics easily were manipulated by material variables, formu-
lation variables, and operation variables. Tissue adhesivity

of the gel was superior to that of fibrin glue. The biologic
response, which was evaluated by intraperitoneal implanta-
tion in rats, showed that the gel was biodegraded and bio-
sorbed, without cytotoxicity, within a few months after im-
plantation. An in situ processable tissue-adhesive local drug
release system effectively may be used to help inhibit tumor
recurrence. © 2001 John Wiley & Sons, Inc. ] Biomed Mater
Res 59: 233-245, 2002
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INTRODUCTION

Advanced malignant-tumor recurrence caused by
remnant malignant cells occurs at a high rate even
after radical surgery. Although systemic adjuvant che-
motherapy can be and often is performed after sur-
gery, it does not necessarily contribute to a reduction
of the recurrence rate. If a system capable of directly
delivering a drug to a target tissue for a prolonged
period were to be developed and applied to diseased
tissues immediately after surgery, it might lead to
maximum therapeutic benefits while minimizing the
systemic side effects.
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Such a tissue-directed drug delivery system for this
purpose would have several requirements. First, a
drug-immobilizing, insoluble matrix would have to be
developed, one that would adhere well on living tis-
sues. Second, the immobilized drug would have to be
sustainedly released over time. Third, after a desired
time period, the matrix would have to biodegrade and
biosorb.

To this end, in situ photopolymerization techniques
have advantages over conventional chemical cross-
linking methods for the following reasons: (1) the de-
sired amount of drug in a photocured matrix can be
easily loaded; (2} the crosslinking density, which may
affect the drug-release rate, can be controlled; and (3)
in situ photopolymerization enables the formation of a
drug-loaded tissue-adhesive matrix on diseased tis-
sue. Based on these requirements, we devised a vis-
ible-light-driven photocurable drug-release technol-
ogy. as described later.

Recently, the photopolymerization technique has
been employed in biomedical applications because it
enables the rapid conversion of a photoreactive mono-
mer or macromer solution into gels or solids under
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Figure 1.. Schematic of in situ photocurable drug-release
drogelation on tissue surface; (B) hydrogelation in tissue.

physiologic conditions in situ with minimal invasion.

Various hydrogels for use in local drug delivery sys-.

tems were synthesized by a photopolymerization
technique using mono-, di- or multifunctional vinyl-
ated monomer or macromers, such as 2-hydroxyethyl

methacrylate,' poly(ethylene glycol) di(meth)acry-

late,*® poly(ethylene glycol)-co-poly(lactic acid) block
copolymer terminated with (meth)acrylate at both
ends, methac?/lated dextran,? oligo(ethylene glycol)
multiacrylates,” and styrenated gelatin.'%'!

As one application of multifunctional styrene-
derivatized gelatin, which originally had been devel-
oped for photocurable tissues by us,'* the potential of
an in situ drug delivery system is assessed here for the
treatment of cancer by local chemotherapy. A newly
designed and conceptual therapeutic procedure for
fully utilizing the photocuring characteristics of gela-
tin by visible-light irradiation, which leads to the for-
mation of a drug-release reservoir on as well as in
diseased tissues, is shown schematically in Figure 1.
Figure 2(A) shows the schema of photoreactive gela-
tin, in which styrene groups multiply were deriva-
tized via the amino groups of lysine residues of gela-
tin.

Water-soluble carboxylated camphorquinone,
which produces radicals upon visible-light irradiation,
served as the initiator for radical polymerization. In-
ter- and intramolecular polymerizations of styrene
groups in gelatin molecules lead to the formation of a
crosslinked gelatin network, producing a water-
swollen gel [Fig. 2(B)]. An immobilized drug, when
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Figure 2. Photocurable gelatin and its photogelation: {A)
chemical structure of styrene-derivatized gelatin; (B) pho-
togelation mechanism by formation of crosslinked gelatin
networks by the intermolecular and intramolecular poly-
merizations of styrene groups in gelatin molecules.
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HYDROGELATION OF PHOTOCURABLE GELATIN

premixed in a photocurable system prior to photoir-
radiation, may be released from the gel, and swelling
and enzymatic and/or immunocompetent cell-in-
duced biodegradation may accelerate drug release. It
is conjectured that both the drug release rate and the
release period are controlled by the physical structure
of the gel.

The objective of this study was to develop an in situ
tissue-adhesive drug-release system using a styrene-
derivatized gelatin, whereby a gel is formed on the
living tissue after a few minutes of visible-light irra-
diation, immobilizing the drug and subsequently al-
lowing the sustained release of the drug to the tissue
in contact with the photocured gel. As the first article
in a series of studies, this study focuses on the funda-
mental aspects of gelation characteristics and the in
vitro performance of the gel as tissue-adhesive, drug-
releasable matrix, and it is divided into three sections.
First, gelation characteristics of the photoreactive gela-
tin are described; second, release characteristics of al-
bumin as the model proteinaceous drug from the gel
are determined; and third, tissue-adhesive strength for
application is measured. The potential application of
the gel to postoperative cancer chemotherapy is dis-
cussed.

MATERIALS AND METHODS

Materials

Gelatin (from bovine bone, MW 9.5 x 10*) was ob-
tained from Wako Pure Chem. Ind., Ltd., (Osaka, Ja-
pan). Water-soluble camphorquinone (CQ) was pre-
pared according to the method described previously.!
Dye-conjugated proteins, rhodamine-lactalbumin and
rhodamine-albumin, were obtained from Sigma
Chemical Co. (St. Louis, MO). Rhodamine goat anti-
mouse IgG was purchased from Molecular Probes
(Eugene, OR). Acid-solubilized bovine dermal type-I
collagen solution was purchased from Koken Corp.
(CELLGEN, Tokyo, Japan).

Synthesis of styrene-derivatized gelatin

Styrene-derivatized gelatins with different degrees
of derivatization were synthesized according to the
procedure reported previously.!! The gelatins with
different degrees of derivatization were prepared with
various concentrations of 4-vinylbenzoic acid (Tokyo
Kasei Kogyo, Co., Ltd., Tokyo, Japan) while all the
other parameters were fixed. The typical procedure
was as follows: 4-vinylbenzoic acid (5.7 g, 38.5 mmol)
was dissolved in 400 mL of an aqueous sodium hy-
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droxide solution (0.1N) and then neutralized to pH 7.5
with 1.0N of hydrochloric acid. To the aqueous solu-
tion, 500 mL of a phosphate-buffered saline solution
(PBS; pH 7.4; Nissui Pharmaceutical Co., Ltd., Tokyo,
Japan) of gelatin (10.0 g) was added, and the mixture
was stirred for 30 min on ice. After the addition of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (WSC; 14.8 g, 77.2 mmol; Dojindo Labo-
ratories, Kumamoto, Japan), the solution was stirred
for 24 h at room temperature, The reaction mixture
was dialyzed using a seamless cellulose tube (Dialysis
Membrane, Size 36, Wako Chemicals USA, Inc., Rich-
mond, VA) in water for 3 days and then lyophilized
using a freeze-drier (FZ-1, Labconco, Kansas, MO) un-
der reduced pressure. A white cotton-like substance
was obtained. The number of styrene groups incorpo-
rated into a gelatin molecule was calculated based on
its absorbance as determined using a UV/Vis spectro-
photometer (DU530, Beckman, Fullerton, CA), and the
degree of derivatization (DD) was calculated using
these values, based on the maximum number of amino
groups in the lysine residues (36.8 per mol), which
was determined using the trinitrobenzene sulfonate
(TINBS) method.

Preparation of aqueous gelatin solution

A typical example of preparation of an aqueous
gelatin solution is as follows: PBS solution containing
styrene-derivatized gelatin and carboxylated cam-
phorquinone (CQ) was stirred thoroughly with a high-
speed rotating shaker (MX-201, Thinky Co., Ltd., To-
kyo, Japan) and subsequently degassed at 40°C for 30
min.

Visible-light irradiation

Visible-light irradiation was carried out using an
80-W halogen lamp (Tokuso power lite, Tokuyama
Co. Ltd., Tokuyama, Japan). The wavelength of illu-
mination ranged from 400 to 520 nm. Light intensity as
measured with a photometer (ANA-F11, Tokyo Koh-
den Co., Ltd., Tokyo, Japan) was 1.3 x 108 1x.

Gel yield and degree of swelling

An aqueous gelatin solution (100 uL; weight of the
solid content: W, ;) containing 0.05 wt % CQ was
poured onto a circular glass coverslip (diameter, 18
mm) and then irradiated for a predetermined time.
After removing the nonreacted substances by soaking
in PBS at 60°C for 20 min, the disk-shaped gels ob-
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tained were equilibrated in PBS for 24 h at room tem-
perature and then weighed (W) after excess water
carefully was removed. The vacuum-dried gels were
weighed (W,,). The gel yield (%) was calculated using
the equation

Weer / Wootia % 100
and the degree of swelling (DS) was calculated as

Wnter = Wch/ wgc!'

Determination of drug release

One hundred and fifty mg of aqueous gelatin solu-
tion containing 0.05 wt % CQ and dye-conjugated pro-
tein, as mentioned below, was poured onto the bottom
of a cuvette (Kartel, Milano, Italy), and a ;:)hotocurable
gel was prepared by exposure to 1.3 x 10° Ix of visible-
light for 3 min. After adding 3 mL of PBS (pH 7.4)
supplemented with penicillin, streptomycin, and flu-
conazole into the cell, liquid samples were withdrawn
from the cuvettes at regular intervals at room tem-
perature. The concentrations of dye (rhodamine)-
conjugate proteins, such as lactalbumin (MW: 1.4 x
10%), albumin (MW: 6.6 x 10%), and IgG (MW: 1.6 x
10%), were fixed at 2 wt % of the total mixture, The
amount of rhodamine-conjugated proteins released
from the gel was determined spectrophotometrically.
The maximum absorbance of the drug solutions was
detected at 558 nm for lactalbumin, 595 nm for albu-
min, and 572 nm for IgG, respectively.

Determination of apparent diffusion coefficient

The apparent relative diffusion coefficients were de-
termined according to Fick’s second law of diffusion
as follows.”?

M, 4 Dt)m
M., o\l

Here, M, is the amount released from the gel at any
time, M.. is the total amount released at infinite
time, D is diffusion coefficient, f is the time and 8 is
the half thickness of the gel.

Viscosity

The viscosity of aqueous solutions of the styrene-
derivatized gelatin at 25° and 37°C was measured
with a viscometer (TV-20, TOKIMEC, Tokyo, Japan).

OKINO ET AL.

Tissue adhesion

The shear adhesive strength of the gel coated on a
moisturized collagen film (collagen casing, Nippi Inc.,
Tokyo, Japan) as the model tissue was measured using
a rheometer (Rheonerll, Yamaden, Tokyo, Japan).
Onto the collagen film, which was equilibrated in PBS
at room temperature and subsequently wiped of ex-
cess water, 100 pL of aqueous gelatin solution was
poured, followed by photoirradiation for 3 min. The
collagen film was fixed on the sample holder table,
and then the produced gel was fixed with a plunger
using cyanoacrylate as the adhesive. A plunger was
moved apart from the collagen film in distilled water
at a rate of 1 mm/s. The maximum stress was defined
as an adhesive strength.

SEM observation

The specimens were fixed in a fixative (2% glutar-
aldehyde in 0.1-M cacodylate buffer, pH 7.4) for 2 h at
room temperature and rinsed with buffer five times.
They were postfixed with 1% osmium tetroxide in
buffer for 2 h, washed with buffer five times, stained
with 1% tannic acid for 30 min, and washed with dis-
tilled water five times. Subsequently, they were dehy-
drated with a graded series of ethanol, critical-point
dried, sputter-coated with platinum, and evaluated by
scanning electron microscopy (SEM) (JEOL, JSM-
6301F, Tokyo, Japan).

Tissue permeability

A disk-type hybrid tissue (diameter, 10 mm; thick-
ness, I mm), which was the fibroblast-immobilized
collagen gel produced by a cell-traction mechanism in
highly swollen collagenous §e1, according to the
method previously described,”” was used as the hy-
brid tissue. Liver tissues of 6-week-old Wistar rats
were used as in vivo models. Regardless of the tissue’s
being hybrid or living, the styrene-derivatized gelatin
solution premixed with rhodamine-albumin was
coated on the tissue surface and subsequently irradi-
ated with visible-light to form a gel. Slices of a 3-day-
cultured hybrid tissue also were subjected to fluores-
cence measurement. Three days after implantation,
the liver tissue with the gel was harvested, fixed with
10% formalin neutral buffer solution (pH 7.4), dehy-
drated in a graded ethanol series, embedded in paraf-
fin, and sectioned. After they were stained with he-
matoxylin-eosin, liver specimens were evaluated by
light microscopy (AH-2 microscope, Olympus, Tokyo,
Japan). The transverse slices, prepared with a micro-
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slicer (VT-1000S, Leica, Nussloch, Germany), were ob-
served by fluorescence microscopy (Eclipse E 800, Ni-
kon, Tokyo, Japan).

RESULTS

Multiple styrene-derivatized gelatin was polymer-
ized in the presence of a visible-light-induced radical-
generating radical initiator to form a water-swollen
gel. Various properties and performances of the gel
required for in situ hydrogelation and its drug-
releasing characteristics were determined according to
material, formulation, and operation variables, listed
in Figure 3.

Preparation of styrene-derivatized gelatin

According to the method previously described, "
multiple styrene-derivatized gelatins with different
degrees of derivatization [DD; defined as the percent-
age of derivatized residues relative to the total number
of lysine residues (36.8 per molecule)] were prepared
by a coupling reaction of the amino groups of the
Iysine residues of gelatin (MW: 9.5 x 10%) with 4-vi-

Material and
Formulation Variables
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nylbenzoic acid in the presence of water-soluble car-
bodiimide (WSC) as a condensation agent in water.
Extensive dialysis, followed by freeze-drying, pro-
duced a white powdery substance. All styrene-
derivatized gelatins were soluble in water. Different
DDs ranging from 10 to 78% were obtained under a
fixed WSC concentration and reaction time but with
different concentrations of 4-vinylbenzoic acid. As
shown in Figure 4, DD was directly proportional to
the initial feed concentration of 4-vinylbenzoic acid
under the present experimental conditions.

Photocuring characteristics

Vigorous mixing of styrene-derivatized gelatin and
carboxylated camphorquinone in PBS, followed by de-
gassing, produced a viscous homogeneous solution.
Visible-light irradiation resulted in gel formation. The
gel yield and the degree of swelling (DS5) in water
varied with changes in formulation parameters, such
as DD, gelatin concentration, and initiator concentra-
tion, and in operation parameters, such as photoirra-
diation time, as will be described below.

Figure 5(A) shows the effects of irradiation time on
gel yield under fixed conditions (gelatin concentra-
tion, CQ concentration) but different DDs. Irrespective

Styrenated gelatin
(I:)egree of cllerivatizatxon N Viscosity
oncentration
Photoinitiator
(Camphorquinone) Gel yield
Concentration
Gelation rate
Drug
Concentration Degree of swelling
P
Drug-release rate
Operation Variables
Photointensity Ad.h esive strength
Biodegradability

Irradiation time

Figure 3.
properties.
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Figure 4. Degrees of derivatization of styrene groups into
gelatin molecule by condensation of gelatin with different
concentrations of 4-vinylbenzoic acid (n = 3). Values are ex-
pressed as means + SD.

of DD, gelatin solutions solidified to form a gel within
1 min of irradiation. The gel yield increased with an
increase in irradiation time of up to 3 min.

The resultant gels, which were prepared from gela-
tins with different DDs and subjected to different ir-
radiation times, exhibited different DSs (Fig. 5(B}). DS
decreased as the irradiation time increased, but little
decrease in DS was observed after more than 3 min of
irradiation.

Figure 6(A) shows the effect of CQ concentration on
gel yield under fixed conditions (styrene-derivatized
gelatin: DD, 78%; concentration, 30 wt %; and irradia-
tion time, 3 min). Gel yield increased with an increase
in CQ concentration up to 0.05 wt % and then leveled
off above this concentration. Figure 6(B) shows the
effect of CQ concentration on DS of photocured gels.
DS decreased as CQ concentration was increased.

The dependence on gelatin concentration of gel
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yield as well as DS is shown in Figure 7. The increases
in gelatin concentration and in DD resulted in an in-
crease in gel yield and a concomitant decrease in DS of
the formed gels. .

The surface structure of the photocured gels was
observed microscopically by SEM after freeze-drying.
Figure 8 shows that the gelatin fibers were randomly
crosslinked to form a gel. The network mesh formed
using gelatin with a low DD (24%) appeared to be
coarser than that formed using gelatin with a high DD
(78%).

Drug release behavior

Rhodamine-albumin as a model proteinaceous drug
was mixed with a styrene-derivatized gelatinous so-
lution containing CQ and subsequently photocured.
The amount of dye-conjugated albumin that diffused
out from the gel into PBS was determined at fixed time
intervals using a spectrophotometer. Figure 9 shows
the time-dependent change of the amount of fractional
dye-conjugated albumin for various photocured gels
prepared with different DDs and gelatin concentra-
tions. Irrespective of DD and gelatin concentration,
rhodamine-albumin was released from the gels with
time. The release rate and the final fractional release
achieved are very strongly dependent on DD and
gelatin concentration.

In order to quantify this dependence, the apparent
diffusion coefficient was calculated in a manner
shown in Equation (3), which is based on the Fickian
diffusion process.’? The fractional release (M,/M,,) in-
creased linearly with the square root of time at the
early stage. Figure 10 shows the linear dependence of
the early-time rhodamine-albumin release on '3,

50

N
=

[ 7%
(o]

b
o

Degree of swelling

—
[=]

-
B
5

Irradiation time (min)

Figure 5. Effects of irradiation time and degree of derivatization on (A) gel yield and (B} degree of swelling. Gelatin
concentration: 30 wt % [DD: 24% (@), 49% (A), and 78% (M)). The concentration of CQ was fixed at 0.05 wt % of the gelatin
contained in the aqueous gelatin solution (n = 3). Values are expressed as means + SD.
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Figure 6. Effects of CQ concentration on (A) gel yield and (B) degree of swelling. Aqueous gelatin solution containing 30 wt
% of styrene-derivatized gelatin (DD: 78%) was exposed for 3 min to 1.3 x 10% Ix of visible-light irradiation (n = 3). Values are

expressed as means + SD.

based on a Fickian analysis. The dependence of the
diffusion coefficient on gelatin concentration is shown
in Figure 11(A). Apparently, the diffusion coefficient
progressively decreased as both gelatin concentration
and DD increased. The dependence on DS of the dif-
fusion coefficient is shown in Figure 11(B). Other than
that of rhodamine-albumin (MW: 6.6 x 10%), the re-
lease of other rhodamine-conjugated proteins with
different molecular weights, such as lactalbumin
(MW: 1.4 x 10%) and IgG (MW: 1.6 x 10°), from the gel
(concentration of the gelatin: 20 wt %, DD: 24%) is
measured and the results are shown in Figure 12. Ir-
respective of the species or molecular weight of pro-
teins, little difference in release rate was observed.

Tissue adhesion

When applied to living tissues, as an in situ pho-
togelation drug-incorporating matrix, the viscosity of
the photoreactive gelatin solution and the tissue ad-

100 _(A)

o
(=

Gel yield (%)
3
T

s
(=]
T

20

0 10 20 30 40 50
Gelatin concentration (%}

hesiveness of the gel are both important. If viscosity is
low, the applied solution flows away from the tissue,
whereas if it is high, the contact with tissues will be
hampered. Figure 13(A) shows the logarithm of the
viscosity of gelatin solution plotted against the con-
centration of gelatin (DD: 78%) at 25° and at 37°C.
Viscosity increased almost exponentially as gelatin
concentration increased. Gelatin solutions with gelatin
concentrations below 20 wt % were found to be too
fluid whereas those with gelatin concentrations above
40 wt % were too viscous. The optimum working vis-
cosity was found to be around 30 wt %.

Figure 13(B) shows the adhesive strength to a swol-
len collagen film as a model tissue. Although there
appears to be a gelatin concentration that gives the
maximum tissue adhesive strength for gelatins with
high DDs, the trend is that higher gelatin concentra-
tion and higher DD result in higher adhesive strength.
The maximal adhesive strength (157.1 + 14.6 g/cm?)
obtained was higher than that of fibrin glue (45.2 +7.1
g/cm?).

30
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Figure 7. Effect of gelatin concentration on (A} gel yield and (B} degree of swelling. DD: 11% (@), 24% (&), 49% (.0'), and
78% (M). CQ concentration was fixed at 0.05 wt % of the gelatin contained in the aquecus gelatin solution. Visible-light
irradiation was for 3 min at a photointensity of 1.3 x 10° Ix (n = 3). Values are expressed as means * SD. -
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Figure 8. Scanning electron micrographs of the surface of gelatinous gel. Gelatin concentration: 30 wt %. (A) DD: 24%; (B)
DD: 78%. Original magnification x10,000. Bar represents 1 pm.

Tissue permeability specific disease model in vivo, we conducted two pre-
liminary in vitro and in vivo experiments. The in vitro

Prior to an extensive study focusing on in situ con-  experiment was conducted using a disk-type hybrid
trolled release therapeutic efficacy on an experimental  tissue thatwasa relatively dense tissue prepared from

ry
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Figure 9. Fractional release of rhodamine-albumin from different systems, as a function of time. DD: (A) 11%; (B) 24%; (C)
49%; and (D) 78%. Gelatin concentration: 10 wt % (@); 20 wt % (A); 30 wt % (#); and 50 wt % (M). The concentration of CQ
was fixed at 0.05 wt % of the gelatin contained in the aqueous gelatin solution. Visible-light irradiation was for 3 min at a
photointensity of 130 x 10* Ix. M, is the amount released from the gel at any time, M., is the total amount released at infinite
time (n = 3). Values are expressed as means + SD. :
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Figure 10. Short-time dependence of albumin release from
the gel on t'/2. DD: 78%. Gelatin concentration: 10 wt % (®);
20 wt % (A); 30 wt % (#); and 50 wt % (W) (n = 3). Values
are expressed as means = SD.

collagen and fibroblasts.!> A rhodamine-albumin-
containing thin-layered, photocured gelatin was
formed on a tissue. Figure 14(A) shows the gel that
was formed on the hybrid tissue. A fluorescence mi-
crograph of the cross-sectional sliced tissue shows that
albumin released from the gel permeated into the hy-
brid tissue [Fig. 14(B)].

Figure 15(A) shows the procedure of visible-light
irradiation of the aqueous gelatin solution on the hver
surface. Figure 15(B) shows that the gel was formed on
the liver surface. Three days after implantation, the gel
was found to adhere to the liver surface [Fig. 15(C)}.
Histologic examination of the cross-sectional speci-
mens stained with hematoxylin-eosin also confirmed
that the gel tightly adhered to the tissue [Fig. 15(D)].
The fluorescence micrograph shows that rhodamine-
albumin released from the gel permeated into the liver
tissue [Fig. 15(E)].
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DISCUSSION

It is possible that malignant tissues cannot be com-
pletely removed even by radical surgery. In such
cases, highly effective chemotherapy that is conducted
immediately after the removal of malignant tissues
must be achieved by a locally sustained release of
drugs directly into tissues where there may be rem-
nant malignant cells. Our therapeutic strategy to this
end involves immobilization of a drug in situ at the
site where surgery for the removal of malignant tissue
has been conducted. To realize this, we attempted to
devise a local drug delivery technology that permits in
situ drug loading, gelation, and tissue adhesion imme-
diately after surgery together with sustained release of
the drug and biodegradation of the drug-immobilized
matrix over a period of time. As a basic matrix for in
situ drug delivery, a tissue-adhesive material (gelatin)
was employed.

Gelatin, a thermally denatured ccillagen,14 has been
used in a variety of biomedical applications, including
drug-releasing matrices,'>'¢ hemostatic aids or tissue
adhesives, "7 and matrices or scaffolds for tissue-
engineered devices.”®?° Chemically crosslinked gela-
tins as release matrices in drug-delivery systems usu-
ally have been prepared using condensation agents
such as N,N-(3-dimethylaminopropyl)-N'-ethyl carbo-
diimide (EDC)?! or N-hydroxysuccinimide (NHS).!”
On such microporous gelatin foams fabricated by
freeze-drying, drug loading usually is achieved by
sorption of a drug-containing solution into these
foams and subsequent drying.

On the other hand, the advantage of using photo-
curing or a photopolymerization technique is the su-
perior temporal and spatial control of gelation that
proceeds only when and where light is irradiated onto
the photomerizing solution. Photopolymerization is a
fast and efficient method of converting a solution into

1601
140t
1201
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80 t
60 | * =
40t
20t
0 e . W, . —

0 5 10 15 20 25 30
Degree of swelling

(B)

y =6.0627x - 11.945
R*=0.7432

Diffusion coefficient

Figure 11. (A) Dependence of diffusion coefficient on gelatin concentration and DD. DD: 11% (@); 24% (A); 49% (#); and
78% (M). (B) Relationship between degree of swelling and diffusion coefficient. DD: 11% (@); 24% (A); 49% (#); and 78% (m).
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Figure 12, Release of rhodamine-conjugated proteins [al-
pha-lactalbumin (@), albumin (4), and IgG ()] from the gel
over time. DD: 24%; gelatin concentration: 20 wt %. CQ con-
centration was fixed at 0.05 wt % of the gelatin contained in
the aqueous gelatin solution. Visible-light irradiation was
for 3 min at a photointensity of 1.3 x 10° Ix (n = 3). Values are
expressed as means + SD.

gel in situ under ambient conditions. Other advan-
tages include very easy, controllable manipulation of
gelation characteristics, drug-releasing characteristics,
and in situ tissue adhesion, and also in situ drug immo-
bilization without substantial loss of precious bioac-
tive substances. Such characteristics can be manipu-
lated by material variables such as DD and gelatin
concentration, formulation variables such as CQ con-
centration and drug concentration, and operation vari-
ables such as photointensity and irradiation time.
Figure 3 shows the inter-relationships among these
variables and performances/properties. The combina-
tion of these variables determines the viscosity of the
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aqueous gelatin solution, gel yield, gelation rate, de-
gree of swelling, drug-release rate, tissue adhesive
strength, and biodegradability. Therefore, it can be
said that a photochemically driven controlled-release
system potentially possesses a wide variety of deliv-
ery characteristics, as listed above. The following is a
summary of how these variables affect gelation and
drug-release characteristics.

1. Atlow gelatin concentrations, higher DDs result
in higher gel yields [Fig. 7(A)] whereas there is
no appreciable dependence of DDs on gel yield at
higher gelatin concentrations {e.g., over 30 wt %;
Fig. 5(A)]. The higher the initiator concentration,
the higher the gel yield [Fig. 6{(A}]. On the other
hand, the degree of swelling of the formed gels in
water is dependent on both gelatin concentration
and DD. Within a few minutes of irradiation, sol-
to-gel phase transformation is achieved upon vis-
ible-light irradiation. The solution viscosity,
which does not induce flow away from the living
tissue, is dependent mainly on gelatin concentra-
tion [Fig. 13(A)]. This ease of handling is a great
advantage for use in clinical application.

2. As for the release characteristics of rhodamine-
albumin from gels into PBS, the release rate is
dependent on gelatin concentration and DD; that
is, the higher gelatin concentration and DD, the
slower the release rate (Fig. 9). Since there is a
linear dependence of the early fractional release
on the square root of time (Fig. 10), the release
characteristics in the early period obey the Fick-
ian diffusion process expressed in Equation (3).
The diffusion coefficient calculated using Equa-
tion (3) is markedly dependent on gelatin con-
centration and DD [Fig. 11(A}]. There is a rough

200;
(B)

Adhesive strength (g/cm?)

20 30 40 50
Gelatin concentration (%)

Figure 13. (A) Viscosity of aqueous gelatin solution with different concentrations of gelatin (DD: 78%) at 25°C (@) and 37°C
(A) (n = 3). Values are expressed as means  SD. (B) Adhesive strength of wet collagen film. 100 pL of aqueous gelatin solution
was poured onto the collagen film (diameter: 7 mm), and a photocurable gel was prepared by exposure for 3 min to 1.3 x 10°
Ix of visible-light irradiation. CQ concentration was fixed at 0.05 wt % of the gelatin contained in the aqueous gelatin solution.
DD: 24% (®); 49% (A); and 78% (M) (1 = 3). Values are expressed as means x 5D,
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Figure 14. In vitro drug permeability in a disk-type hybrid tissue. (A) Gel formed on the hybrid tissue; (B) fluorescence

micrograph of cross-sectional sliced tissue.

relationship between the diffusion coefficient
and the degree of swelling, that is, the higher the
degree of swelling, the higher the diffusion coef-
ficient [Fig. 11(B)). Therefore, the desired release
rate of the gel is manipulated by controlling the

degree of swelling, a key index of drug-release
characteristics, by both DD and gelatin concen-
tration. Although such in vitro drug-release char-
acteristics do not necessarily reflect or predict
those in vivo because of the biodegradation that

Figure 15, In vivo drug permeability in rat liver tissue. (A) Procedure of visible-light irradiation of the aqueous gelatin
solution on the liver surface; (B) gel formed on the liver surface; (C) resected specimen (3 days after implantation); (D)
cross-sectional specimen (HE staining); and (E) flucrescence micrograph of cross-sectional specimen.
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occurs with implantation time and the type of
tissue involved, manipulation of the drug-release
characteristics on the order of days to months
may be feasible. That is, short-term drug-release
can be attained by the gelatinous system with
low DD and low gelatin concentration whereas
long-term sustained release can be achieved by
the system with high DD and high gelatin con-
centration. Since the diffusion coefficient is re-
duced markedly as DD and gelatin concentration
increase, a gelatinous structure with a small net-
work mesh size, as evidenced by SEM observa-
tion, appears to retard drug release. In contrast,
little difference in the release rate was observed
when the molecular weights of drugs were
changed. Since the drug-release characteristics
obey Fick’s second law of diffusion in the early
period of release, the drug-release rate must be
determined by the ratio of the drug radius to the
network mesh size of gels. That is, a large-sized
protein must have a low release rate if such a
ratio is sufficiently high. In the case of a low ratio
(i.e., high mesh size), the drug-size effect should
be minimized. In fact, freeze-dried SEM samples
of photocured gelatins show a fibrous mesh net-
work, the size of which is much larger than those
of the proteins used.

3. The in vitro study showed that the photocured
gel adhered to the collagen film more tightly than
fibrin glue. The adhesive strength of photocured
gelatin (prepared using gelatin with DD of 78%
at a gelatin concentration of 40 wt %) was about
four times higher than that of the fibrin glue. At
1-month implantation, the cross-section of the
specimen clearly showed that the gel tightly ad-
hered to the rat liver surface {data not shown).
The gel was biodegraded and biosorbed. Biodeg-
radation is related to cellular infiltration and in-
growth into the gel due to a foreign-body reac-
tion. Cellular ingrowth was observed at 1 week
after implantation. At 4 weeks, full ingrowth of
giant cells, lymphocytes, and fibroblasts was ob-
served; the fibrous tissue, which was more
prominent, showed higher vascularization with
more macrophages than it did at 2 weeks (data
not shown). Since the in vivo degradation rate of
gel can be controlled by the density of gel and the
crosslinking density, it is considered that the deg-
radation period from 1 to several months may be
attained, which depends on the formulation of
the gel.

Since photocurable gelatin is modified minimally by
the introduction of styrene groups, it is possible that it
is nontoxic in nature. In addition, visible-light irradia-
tion itself does not induce any substantial damage at
cell and tissue levels (We used a light apparatus that

OKINO ET AL.

has been used in dental treatment). However, the po-
tential hazard derived from radicals generated by
camphorquinone, which also is an active ingredient
for photocurable dental resin,? upon visible-light ir-
radiation cannot be completely ruled out. However,
the CQ concentration used in this system is less than
0.01-0.02 wt % of the photoreactive solution. It is sus-
pected that spontaneous cell damage due to radicals
may be minimal in this application.® In fact, in situ
gelation on rat liver surface induced neither degenera-
tion nor necrosis of the hepatocytes (data not shown).

As a therapeutic application of this technology, we
strongly believe that this in sifu photocuring drug-
release system should be used in the postoperative
treatment of carcinogenic tissues. The in situ photo-
construction of a local drug-delivery system would
allow surgeons to minimize tumor recurrence via
highly localized drug delivery through a layering onto
tissues or direct injection into them, as shown in Fig-
ure 1. Irrespective of the “on-tissue” or “in-tissue”
method, compared with ultraviolet-light-driven pro-
cedures and chemical-based methods, the visible-
light-photocuring method developed here is only
minimally harmful to living cells.

In cancer chemotherapy, the strategy of “cytostasis” *
instead of “cytokilling” is in the mainstream because
conventional chemotherapy has reached its limits. Re-
cently, various bioactive substances for tumor dor-
mancy therapy have been developed for this purpose.
These proteinaceous drugs include angiostatin (MW;
3.8 x 10*),** endostatin (MW: 2.0 x 10%,” and HGF/
NK4 [MW: 6.7 x 10% an antagonist for the hepatocyte
growth factor (HGF)],*® which have functions of in-
hibiting tumor growth, metastasis, and angiogenesis.
Our ongping investigation, aimed at the development
of a therapeutic procedure, will focus on immobilizing
HGF/NK4 in gelatinous hydrogel for preventing the
recurrence of tumors, particularly pancreatic cancer.

CONCLUSIONS

In order to prevent tumor recurrence, we devised an
in situ processable tissue-adhesive localized drug-
release system, to be utilized immediately after the
removal of malignant tissues. This in situ gelation

- technology may be effective in inhibiting tumor recur-

rence. Extensive in vitro studies using hybrid tissues
and in vivo studies are ongoing, the results of which
will be reported in the near future.

The authors thank Dr. Toshinobu Sajiki for technical sup-
port and Kanna Okuda for viscosity measurements.
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Abstract

Objective: Docetaxel (DOC) is a novel microtubule polymerizing agent, with superior antiproliferative properties a5 compared to
paclitaxel. DOC is therefore a potential therapeutic tool for the prevention of restenosis following angioplasty. However, DOC has
systemic toxicity such as leukocytopenia, which occurs in a dose-dependent manner. To minimize such adverse effects, we carried out
local delivery of low-dose DOC directly to injured vessel sites. Methods: The rabbit iliac artery was denuded, and then DOC (2 mg) or
control vehicle was administered locally 20 min, via a local drug delivery catheter. Results: The levels of DOC in the plasma were within
ng/ml range, eliminating hematopoietic side effects. Seven days after the local delivery (DOC: n=4, control: n=4), DOC decreased the
number of Ki-67-labeled cells in the intima (DOC: 22%10 vs. control: 66=18 cells/mm”, P<0.01), indicating a decreased proliferative
activity. At 28 days (DOC: n=8, control: n=8), computer-assisted morphometric analysis demonstrated that DOC significamily reduced
the intimal area {DOC: 0.1520.13 vs. control: 0.70+0.13 mm?, P<0.01). There was also a decrease in medial aren in the DOC-treated

vessels (DOC: 0.62+0.17 vs. control: 1.13%0.38 mm?, P<0.01). Conclusions: Locul delivery of DOC, even after a single low-dose
administration, effectively inhibits neointimal hyperplasia. Such administration is associated with a minimal likelihood of systemic
adverse effects (leukocytopenia), but potentially induces local toxicity (a decrease in medial wall thickness) due to extensive cytoloxic

effect. © 2002 Elsevier Science BV. Al rights reserved.

Kevwords: Angioplasty; Atherosclerosis: Phavmacokinetics; Histol patho)logy; Restenosis: Smooth muscle

This article is referred to in the Editorial by M. Sturek
and H.XK. Reddy (pages 292-293) in this issue.

1. Introduction

Despite extensive effort, including the development of
adjunctive therapies and mechanical techniques, 30-50%

Abbreviations: DOC=Docetaxel; PTCA=Percutancous Transluminal
Coronary Angioplasty: WBC=White Blood Cell; vWF=von Willebrand’s
factor

*Corresponding author, Tel.: +B81-6-6333-5012; fax: +81-6-6872-
T486.

E-mail address: syasuda@hsp.ncve.gojp (S. Yasuda).

of patients, undergoing percutaneous transluminal coronary
angioplasty (PTCA) develop restenosis within 3 to 6
months of the procedure [1]. In addition to vascular
remodeling, neointimal hyperplasia is a major cause of
restenosis in response to arterial injury [2]. This process
predominantly involves vascular smooth muscle cell prolif-
eration. Therefore, one of the therapeutic strategies for the
prevention of restenosis is the suppression of such prolifer-
ation using cytostatic or cytotoxic agents [3].

Recent studies have revealed that the microtubules
within cells are among the most important components of
cellular dynamics, including mitosis, cell signaling and

Time for primary review 32 days.

0008-6363/02/8 - see front matter © 2002 Elsevier Science BV. Al rights reserved.
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motility [4]. Microtubule polymerizing agents of taxoids,
such as paclitaxel, inhibit cell proliferation by biocking
mitosis, and are therefore currently used as anticancer
drugs [5-7]. In vitro studies have shown that paclitaxel
also inhibits vascular smooth muscle cell proliferation
[8.9], indicating its potential therapeutic value against
restenosis following PTCA.

Docetaxel (DOC: Taxotere®, Rhone Poulenc Rorer,
Paris, France) is an analog of paclitaxe! (N-debenzoyl-N-
tert-butoxycarbonyl-10-deacety] taxel) that more efficiently
induces microtubule polymerization, with superior anti-
cancer and antiproliferative properties as compared to
paclitaxel [10,11]. The principal toxicity of DOC is
Jeukocytopenia, which occurs in a dose-dependent manner.
To minimize the likelihood of such systemic adverse
effects, local administration of the drug directly to the
target site has been attracting increasing interest [12]. In
the previous studies [9,13], paclitaxel did not inhibit
neointimal formation in rabbits after balloon injury. There-
fore, in the present study, we tested our hypothesis that
local delivery of a low dose of DOC, a novel and potent
microtubule polymerizing agent, may attenuate the prolif-
erative response to vascular injury, with reduced risk of
systemic toxicity,

2. Methods

All the procedures were in accordance with the institu-
tional guidelines, which conform to the ‘Position of the
American Heart Association on Research Animal Use’.

2.1. The model

New Zealand white rabbits weighing 3.0-3.5 kg were
used for this study as in our previous one [14]. Anesthesia
was induced by intramuscular injection of ketamine (50
mg/kg), following treatment with xylazine (10 mg/kg).
The femoral arteries were exposed by an incision below
the inguinal ligament. Heparin sulfate (1000 U) was
administered intravenously to prevent blood coagulation.
After administration of 2 ml of 1% lidocaine, a 3.6 Fr
angioplasty catheter (Tokai Medical Products Inc., Aichi,
Japan) [15] was introduced under fluoroscopic guidance by
an over-the-wire system into the right iliac artery. This
catheter {15] possesses the triple functions of balloon
inflation, local administration and blood perfusion. This
device was found to maintain 347 ml/min of distal biood
flow during drug administration at a mean aortic pressure
of 100 mm Hg in our pilot studies [15]. Thus, this device
enables a drug delivery over a relatively long duration (20
min) with maintaining perfusion. As reported previously
[14], the 3.0-mm-diameter balloon, 20 mm in length, was
inflated with contrast medium at the right iliac artery
immediately distal to the aortic bifurcation (a reliable and
reproducible landmark for the removal of the vessels at a
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later date). The balloon inflated at 6 atm was then retracted
and deflated. This procedure was repeated three times in
the same segment (20 mm in length from the bifurcation)
to ensure complete endothelial denudation.

2.2. Local delivery of docetaxel

Following the balloon-induced injury, local drug deliv-
ery was effected via a multifunctional angioplasty catheter.
A detailed description of this device appears in our
previous reports [14,15]. Briefly, the drug delivery port
was positioned at the injured site and the balloon was
inflated at a low pressure (2 atm) to allow accumulation of
the drug. Then the guidewire was removed 1o a site
proximal to the perfusion port to allow distal perfusion. In
pilot studies using this device, the drug permeated into the
medial and the adventitial tissues immediately afier the
delivery, and then persists in the medial tissue for at least
24 h. In addition, this device could deliver the drug
homogeneously over 80% of the target site. Via an infusion
pump (STC-521, Terumo, Japan), the rabbits were locally
administered 2 mg of DOC dissolved in 10 ml saline
(DOC group, n=12) or vehicle solution without DOC
(Control group, n=12) over 20 min, via the local drug
delivery catheter. The dose of DOC used in the present
study (2 mg) was one order of magnitude lower than the
dose of paclitaxel (~35 mg) used in the previous study in
rabbits [9,13].

In the DOC group (1=4), blood samples were obtained
30 min after the drug administration and stored at —20°C.
The DOC concentrations in the plasma were then mea-
sured at Mitsubishi Chemical BCL (Tokyo, Japan) by
high-performance liquid chromatography, as described
previously [16]. The concentration range was confirmed to
be from 20 to 4000 ng/ml in the plasma {16].

2.3. White blood cell counting

DOC has systemic toxicity such as leukocytopenia,
which occurs in a dose-dependent manner. To evaluate the
hematopoietic effects of low doses of DOC, the white
blood cell (WBC) number was counted in the DOC group
(n=4). Blood samples were obtained before, 1, 3, 7, 14
and 28 days after the administration of DOC.

2.4. Postmortem procedures

Seven or 28 days after the procedure, the rabbits were
sacrificed by injection of a fatal dose of pentobarbital. For
pressure perfusion fixation, a mid-abdominal incision was
made and the lower abdominal aorta was isolated, flushed
with saline, and fixed with 10% buffered formalin at 80
mm Hg for over 15 min. At least 24 h postfixation, the
arterial segments were dehydrated and embedded in paraf-
fin [14]).
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2.5, Immunohistochemical analysis

In addition, to quantify the degree of smooth muscle cell
proliferation, Ki-67 was immunochistochemically stained
[17] in tissue specimens obtained 7 days after the drug
administration. The primary antibody used was MIB-1
monoclonal antibody (PAKO, Denmark) [17]. The fraction
of Ki-67-positive cells per mm? of the intimal layers was
subsequently determined in the control (=4) and DOC-
treated vessels (z=4). Monocytes/macrophages were de-
tected with monoclonal antibody against CD68 (DAKO).
Arterial cross sections were also immunostained with
primary amtibody for von Willebrand's factor (VWF)
(DAKO) as a marker for endothelial cells.

2.6. Morphometrric analysis

For histology, 5-um sections were cut and stained with
elastic van Gieson or hemotoxylin—eosin. Morphometric
analysis was performed on arterial cross sections at 28
days, and imaged using a National Institutes of Health
image software package. The endoluminal border, the
circumference bounded by the internal elastic lamina, and
the external elastic lamina were manually traced, and then
the luminal, intimal, and medial areas were calculated.
Nuclear counts were also made in the media and intimal
area. We compared these parameters between the control
{(n=28) and the DOC-treated vessels (n=8).

2.7. Sratistics

All data were expressed as means*S5.D. To compare the
DOC group with the Control group, data were analyzed by
the unpaired Student’s z-test to evaluate the two-tailed
levels. In the DOC group, the WBC data were compared
by analysis of variance. A value of P<<0.05 was consid-
ered as denoting significance.

3. Results

Even 0.5 h after the local administration, the plasma
levels of DOC did not exceed 20380 ng/ml (range of
114 to 270 ng/ml). Fig. 1 shows the serial changes in the
WBC counts. There were no significant changes, indicating
that the local delivery of a low dose of DOC is associated
with minimal risk of leukocytopenia.

The degree of cell proliferation and the cell type were
determined based on immunohistochemical studies (Fig.
2). At 7 days, the number of cells positive for VWF
(against endothelial cells) and CD-68 (against macro-
phages) were not significantly different between the two
groups. However, the number of Ki-67-positive cells was
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Fig. 1. Serial changes in means=$.D. data of white blood cell (WBC)
count after local delivery of DOC (n=4).

2210 cells/mm? in the DOC group, significantly lower
than the number, 6618 cells/ mm? (P<0.01), in the
Control group. This finding suggests a decreased prolifer-
ative activity of vascular smooth muscle cells in the
vessels adminisiered with DOC,

Fig. 3 shows representative photomicrographs of his-
tologic cross sections from the injured arterial segments at
28 days. Table 1 summarizes the group morphometric data
28 days after the administration. Local delivery of 2 mg
DOC induced a significant reduction in the intimal area,
and a decrease in the intima-to-media area ratio. Although
these findings indicate suppression of neointimal hyper-

_ plasia by the microtubule polymerizing agent, there was

also a decrease in medial area in the DOC-treated vessels.
The cell density in the media was significantly lower in the
DOC group than in the Control group (650102 vs.
819+124 counts/mm>, P<0.01).
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Fig. 2. Quantitative immunohistochemical examinations at 7 days in the
Control (untreated-) vessels (open bars: #=4) and Docetaxel (DOC)-
treated vessels (closed bars: n=4). The means*S.D. data of the number
of cells positive for von Willebrand's factor (vWF) (against endothelial
cells), CD-68 (against macrophages), and Ki-67, respectively, are shown.
* P<0.05 vs. control by unpaired 7-test.
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Table 1
Comparison of arterial morphomeric data 28 days after the local
administration of docetaxel

DOC (#=8) Control (n=8)
Intima area, mm’ 0.15£0.13* 0.70+0.13
Media area, mm? 0.62+0.17* 1.13=0.38
Intima-lo-media ratio, % 22+18* 61x12

Values are mean=S.D. * P<0.01 vs. Contrel (by unpaired r-test).
DOC: Docetaxel (2 mg).

4. Discussion

The major finding of this in vivo study is that, even a
single low dose local delivery of DOC effectively suppres-
ses neointimal hyperplasia.

Balloon arterial injury activates vascular smooth muscle
cell migration and proliferation, thereby inducing neointi-
mal hyperplasia [2]. This response is associated with the
induction of a cascade of signaling pathways [3). Micro-
tubules are important in the transmission of proliferative
transmembrane signals from the cell surface receptors to
the nucleus [18-20]. Because of their critical role in cell
signaling at multiple sites [4], microtubules can be a
potential therapeutic target for antiproliferative strategies.

Taxoids, such as paclitaxel and DOC, polymerize
tubulin and enhances the assembly of microtubules, and
inhibit the proliferation of vascular cells [8,9], as well as
tumor cells {10,11). This inhibitory effect was reported to
be sustained for a period of 14 days even after brief (20
min) application in a monoculture of vascular smooth
muscle cells [8]. This may be related to its strongly
lipophilic structure (facilitating rapid cellular uptake and
onset of action) and its strong binding activity to tubulin
(leading to sustained action) [21-23]. The recent ex vivo
study demonstrated that paclitaxel substantially permeated
into the vascular wall {especially into the media) even after
15 min application and that the concentration in vascular
tissue exceeded the applied concentration [23]. In addition,
paclitaxel affects the proliferation of endothelial cells less
than that of smooth muscle cells, as shown in a co-colture
experimental model [9,24).

Based on these in vitro and ex vivo findings, we
examined the efficacy of in vivo application in suppressing
nevintimal proliferation that occurs in response to arterial
injury. Taxoids were found to exert not only antiprolifer-
ative effects but also adverse hematopoietic effects
(leukocytopenia) in a dose-dependent manner. The latter is
the principal toxicity of this drug in vivo and therefore is
of great clinical importance. To minimize the systemic
adverse effects, local administration of the drug directly to
the target site has been attracting increasing interest [12].
Since the Jocal delivery of =35 mg of paclitaxel {using the
microporous balloon over =30 s) did not inhibit intimal
growth in a previous study in rabbits [9,13], we focused on
DOC, an analog of paclitaxel, in the. present study. This
novel agent may be particularly advantageous at a Jow

dose, because it is relatively more active as a promoter of
tubulin polymerization and as an inhibitor of cell prolifer-
ation than paclitaxel {10,11].

We found that the local delivery of DOC to the injured
arterial site significantly suppressed intimal hyperplasia, as
shown in Table 1 and Fig. 3. This was achieved even after
a single low dose (2 mg) administration. The levels of
DOC in the plasma were within the ng/ml range, thus
being associated with a minimal risk of lenkocytopenia
(Fig. 1). In immunochistochemical studies (Fig. 2), a
significant decrease in smooth muscle cell proliferation but
no change in endothelial cell number was observed in
DOC-treated vessels. These findings indicate that the local
administration of a low dose of DOC enables tissue
concentrations sufficient for the cytostasis of vascular
smooth muscle cells to be obtained while minimizing the
likelihood of systemic side effects in an in vivo experimen-
tal model.

However, as shown in Table 1, DOC also induced a
significant decrease in the medial area. This was accom-
panied by the reduction in cell density in the media, and
documented in the previous studies using paclitaxel-coat-
ing stent [25]. These findings may indicate local toxicity,
probably due to extensive injury in the vessels adminis-
tered with DOC. Tissue toxicity was not observed in our
previous study employing local delivery of human recom-
binant hepatocyte growth factor, a potent endothelial-cell
mitogen, using the same experimental model [14]. Differ-
ent from the re-endothelialization action of hepatocyie
growth factor [13,26], the antiproliferative action of DOC
may additionally disrupt normal vascular function. More-
over, this study was performed in the otherwise non-
atherosclerotic arteries. In the atherosclerotic lesions, the
present approach of local drug delivery may have a
limitation. Therefore, further development of methods
would be desirable for clinical use.

In conclusion, considering their important biological
role in cell proliferation [4,5], microtubules are a therapeu-
tic target for the prevention of restenosis following PTCA.
For better efficacy and fewer adverse effects, local delivery
of microtubule polymerizing agents, such as DOC, could
be a potential approach.
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Abstract

The two-component, addition-curing silicone glue is widely used as an insulator for autonomic nerve activity recerding. Due to ils
high fluidity before curing, a sizable mass of the glue is needed to completely cover the electrode tips, which may cause mechanical
stress on the nerve. To overcome this problem, we designed a novel photocurable insulator material composed of Vaseline and 1,12-
dodecanediol dincrylate (50:50wt%) together with a photoinitiator, camphorquinone, at 0.25 wt%. This material had an
appropriate viscosity of 0.18 Pas at 25°C and was converted to a soft solid upon an arbitrary timing ol photoirradiation. The
compressive force per mm deformation of the resulting solid was 155.5kPa at 1 min of photoirradiation. The impedance of the solid
for 1 mm length and 10 mm? cross-sectional area was above 1 MQ. In unesthetized rabbits, a very small mass of the photocurable
material was able 1o cover the electrode Lips and the nerve in situ. Changes in both the aortic depressor nerve activity and renal
sympathetic nerve activily were stably recorded. These results indicate that the photocurable material developed is useful as an in

vivo insulator material for autonomic nerve activity recording. @ 2002 Elsevier Science Ltd. All rights reserved.

Keyiords: Photopolymerization; Crosslinking: Rabbits; Aortic depressor nerve; Renal sympathetic nerve

1. Introduction

The recording of autonomic nerve activily together
with cardiovascular parameters such as blood pressure
and heart rate is essential to gain an insight into
cardiovascular regulation under pathophysiological
conditions. Bipolar metallic electrodes are frequently
used for multifiber recording of autonomic nerve
activity. The electrodes are attached to a surgically
exposed nerve bundle and then insulated from sur-
rounding tissues to record nerve activity. Liquid
insulators such as mineral oil and liquid paraffin are
used with metallic electrodes rigid enough to hold a
nerve bundle [1]. However, postural changes associated
with surgical preparation easily detach the electrodes
from the nerve, making this method unsuitable for
simultaneous recordings of autonomic nerve activities
from multiple regions. On the other hand, solid

*Corresponding author. Tel.: +81-6-6833-5012: fax:+8]-6-6835-
5403.
E-mail acddress: torukawa@res.neve.go jp (T. Kawada),

insulators such as the two-component, addition-curing
silicone glue are used with flexible metallic wire
electrodes. Since the cured silicone glue fixes the
electrode tips to the nerve and the lead wires are flexible,
postural changes do not hamper the nerve activity
recording. Hence, this method is useful for examining
regional differences of autonomic nerve activity [2].
Despite the advantages of the addition-curing silicone
glue over liquid insulators in recording autonomic nerve
activity, several problems remain to be resolved. First, a
pool of the silicone glue is required for the electrode tips
and nerve to soak in. However, forming a proper cavity
around the recording site is sometimes difficult depend-
ing on the tissue structure surrounding a given nerve.
Second, the timing of curing is uncontrellable once the
two components of the silicone glue are mixed. Thus, the
electrode position cannot be corrected even when
application of the silicone glue happens to dislocate
the electrode tips from the nerve. Third, due to the high
fluidity before curing, a large mass of the silicone glue
tends to be formed compared to the electrode tips.
Because the cured silicone glue does not adhere to the

0142-9612/02/$ - see front matter & 2002 Elsevier Science Ltd, All rights reserved.
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