26) TF: K Koumoto, M Mizu, K Sakurai, T Kunitake, S Shinkai.
41 b)V: Polysaccharide/Polynucleotide Complexes, Part 6: Complementary-Strand-
Induced Release of Single-Stranded DNA Bound in the Schizophyllan Complex.
Mg, BB, A—Y, WIKE: Chemistry & Biodiversity 13 520-529, 2004.

27) #E#: R Karinaga, M Mizu, K Koumoto, T Anada, S Shinkai, T Kimura, K Sakurai.
%A kJ)b: First Observation by Fluorescence Polarization of Complexation between mRNA
and ‘the Natural Polysaccharide Schizophyllan.
Mits, BB, =T, HRE: Chemistry & Biodiversity 1: 634-639, 2004.

28) FEE: M Mizu, K Koumoto, T Anada, R Karinaga, T Kimura, T Nagasaki,
S Shinkai, K Sakurai.

%A +Jl: Enhancement of the Antisense Effect of Polysaccharide-Polynucleotide
Complexes by Preventing the Antisense Oligonucleotide from Binding to Proteins
in the Culture Medium.

pzed, &8, -, HAREE: Bull. Chem. Soc. Jpn., 77: 1101-1110, 2004.

29) ZE#: M Mizu, K Koumoto, T Anada, T Matsumoto, M Numata, S Shinkai,
T Nagasaki, K Sakurai.
%A k) A Polysaccharide Carrier for Immunostimulatory CpG DNAs To Enhance Cytokine
Secretion.
Mits, B, R—Y, HER%E: J. An Chem. Soc. 126: 8372-8373, 2004.

30) ¥%#: T Kimura, A Beppu, K Sakurai, S Shinkai.
& A k)b: Separation Technique for Messenger RNAs by Use of Schizophyllan/Poly (A) Tail
Complexation.
Mizk4, BB, R—Y, MR Biomacromolecules 6: 174-179, 2005.

® #EHREF: B8R =
31) & T Yamaguchi, H Otsuka, S Kidoaki, T Matsuda, A Takahara.
4 4 }Jl: Physicochemical Properties and Bio-degradation of Segmented Polyurethane and
Poly (urethane-urea) Derived from Lysine-Based Diisocyanate.
Mezkar  EB N—, WRREE: Transactions of the Materials Research Society of Jépan
29(6): 2873-2876, 2004.

32) ¥FE: A Takahara, M Hadano, T Yamaguchi, H Otsuka, S Kidoaki, T Matsuda.
A kJi: Charcterization of Novel Bio-degradable Segmented Polyurethanes Prepared

120



from Amino—acid Based Diisocyanate.

Mrts #BE, _R—, MR Macromolecular Symposia in press.

@ HIBWMREF: BX =R
33) E#H: S Matsuda, H Miura, R Nagamine, T Mawatari, M Tokunaga, R Nabeyama, Y Iwamoto.

&4 )b Anatomical analysis of the femoral condyle in normal and osteoarthritic knees.

MiEd, BB, NX—, AR Journal of Orthopaedic Research 22: 104-109, 2004.

® SIEMERE: A Mk
34) #F#H: T Manabe, H Okino, R Maeyama, K Mizumoto, E Nagai, M Tanaka,

T Matsuda,
%4 k) Novel strategic therapeutic approaches for prevention of local recurrence

of pancreatic cancer after resection: trans-tissue, sustained local drug-

delivery systems.
sk BB AN—, HKRE: Journal of Controlled Release 100: 317-330, 2004.

121



Arrtificial Organs
28(1):64-71, Blackwelt Publishing, Inc.
© 2004 International Society for Artificial Organs

Recent Progress of Vascular Graft Engineering in Japan

Takehisa Matsuda

Division of Biomedical Engineering, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Abstract: The development of 2 small-diameter vascular
graft has long been awaited. This review covers research
activities, achievements and progress on vascular engineer-
ing in Japan, which was conducted over the last decade. The
article includes recently developed experimental scaffolds,
biologically active artificial extracellular matrices (ECMs)
or non-fouling synthetic coatings, cell sourcing including
the autologous vascular cell type, endothelial progenitor
cells and genetically-engineered, temporary endotheljal-
like cells. The discussions were presented from biomechan-
ical, biomaterial, cellular and tissue aspects. Once the
mechano-biological and biologically active extracellular

milieus are established in a designed vascular graft, the
functional, structural and mechanical tissue morphogenesis
and adaptation of implanted vascular grafts may proceed
with implantation duration, and the spatio-temporal tissue
modulations at cytokine, cellular, ECM levels under phys-
iological stress proceed to regenerate vascular tissue archi-
tecture. The ultimate solution to a small-diameter vascular
graft should be realized by optimal combinations of these
factors. Key Words: Scaffold—Artificial extracellular
matrix—Amntithrombogenic coating—Vascular cell type—
Vascular tissue engineering.

The development of vitally functioning vascular.

substitutes has been a more than half-century
endeavor. Although medium- to large-diameter arti-
ficial grafts made of either expanded poly(tetrafluo-
roethylene) (ePTFE) tubular sheet or poly{ethylene
terephthalate) (PET) fiber fabrics have been enjoy-
ing clinical use for many years, however, small-
diameter artificial grafts with less than 5-6 mm inner
dizmeter have not yet been realized in clinical set-
tings despite many years of effort and numerous
approaches (1). The failure in the early phase of
implantation is mainly due to occlusion derived from
thrombus formation, which is initiated by foreign
surface reactions triggered by highly potent and com-
plex body defense mechanisms, including the partic-
ipation of humoral systems such as blood coagulation
and complement systems, and cellular systems (plate-
lets and white blood cells), followed by continuous
tissue ingrowth. In the chronic phase of implantation,
an excessive tissue ingrowth (intimal hyperplasia),
particularly at the anastomosed site, results in steno-
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sis-induced thrombus formation, and sooner or later
the graft is occluded. This is the general scenario of
failure for small-diameter grafts. Such stenosis and
thrombus formation are not essential problems
for medium- to large-diameter grafts, but critical
to determining the fate of small-diameter graft
implantation.

This article attempts to compile the studies con-
cluded over the last decade on small-diameter artifi-
cial and tissue-engineered grafts in Japan. The
designs of “mechano-active” and “tissue-permeable”
structural scaffold, biological mimicking of an extra-
cellular matrix, and non-fouling coating, cell sourcing
are presented first, and various types of engineered
tissues are described, followed by a discussion of the
promising future direction of small-diameter vascu-
lar tissue engineering.

ARTIFICIAL EXTRACELLULAR MATRIX
AND ANTITHROMBOGENIC COATING

Non-thrombogenic coatings

A well-defined block copolymer of pelystyrene
and poly(2-hydroxyethyl methacrylate), which forms
a multiphase-separated surface; exhibited non-cell
adhesivity for more than 400 days of implantation
in a canine model when the block copolymer was
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coated on the luminal surface of the artificial graft to
completely fill the pores, thus producing a smooth
luminal surface. Neither pannus formation nor tissue
ingrowth from the anastomosea sites were observed.
Only a very thin proteinaceous layer that did not
induce thrombus formation was formed. It has been
stated that a well-organized proteinaceous layer on
the phase-separated surface is attributed to anti-
thrombogenicity (2,3).

Recently, another approach via a2 new phospho-
lipid-like polymer coating also provided similar
results. A highly antithrombogenic phospholipid
polymer, the 2-methacryloyloxyethyl phosphoryl-
choline (MPC) polymer, has a cell membrane-like
structure with potent antithrombogenicity. Coating
this polymer on polyester-fabrics luminal surfaces
produced non-porous coated grafts. Implanted grafts
were thrombus-free, and neither pseudointima nor
neointima were formed during one month of implan-
tation in a canine model (4,5).

These two coatings described above, which pro-
vided smooth, non-porous surfaces, produced neither
neointimal formation nor pannus formation at the
anastomosed sites. Therefore, these two studies pro-
vide a novel approach to the design of a luminal
surface. That is, when the luminal surface is coated
with a highly biocompatible polymer that induces the
formation of an organized non-thrembogenic pro-
teinaceous layer, such a surface is thrombus-free
without endothelialization or transanastomotic and
transmural tissue ingrowth. More detailed studies,
including long-term performances and surface anal-
yses of implanted small-diameter grafts, are eagerly
awaited to elucidate the underlying mechanisms.

Poly(amino acid) urethane copolymer (PAU)

A coating of poly(y-methyl-glutamate) urethane
multiblock copolymer (PAU) on ePTFE converted it
from a highly hydrophobic and non-wettable surface
to a highly hydrophilic solution surface, while inter-
stices of a graft were maintained similarly to a non-
coated one. Such coated ePTFE absorbed water very
well. In a rat model rapid transanastomotic endothe-
hialization was observed for a small-diameter (diam-
eter: 1.5 mm) PAU-coated .ePTFE vascular graft.
Although the research is in a preliminary stage, the
interim results look very promising (6).

Photoreactive biemacromolecules

Photoreactive artificial extracelluiar matrices
(ECMSs) were designed and tested in vivo. The pho-
toreactive group was derivatized in biomacro-
molecules including cinnamate, phenylazide and
benzophencne. Upon UV irradiation, a pair of asso-

ciated cinnamate groups was converted to a dimer.
The intramolecular dimer formation resulted in the
formation of a cross-linked gel. Partially cinnamated
biomolecules designed for these purposes were cin-
namated hyaluronan (HA) and cinnamated gelatin.
The experimental vascular graft, composed of a
heparin-immobilized, photocured cinnamated HA
gel layer or a luminal surface and a photocured cin-
namated gelatin gel layer as an outer coating, was
fabricated and implanted in a canine model for a
relatively short term. It exhibited a promising result,
including a markedly reduced fibrin formation on the
luminal surface and enhanced tissue ingrowth from
the outer coating. Such a design concept of a differ-
entiated biocompatible surface may be essential for
a small-diameter graft (7).

Upon UV-irradiation photolysis, phenylazide and
benzophenone produced radicals, Gelatins partially
derivatized with either of these photolyzable groups
were covalently fixed on the substrate and simulta-
neously formed a stable gel layer on the substrate
due to complex radical reactions. A heparin and basic
fibroblast growth factor (bFGF)-coimmobilized
gelatinous layer gel thus formed on the luminal sur-
face of a segmented polyurethane (SPU) tube appar-
ently reduced the thrombus formation in an early
plase of implantation and markedly enhanced neo-
intimal formation with endothelialization due to
bioactive substances-subtained release, as will be
described later in detail (8-11).

ARTIFICIAL SCAFFOLD DESIGNS

Major requirements of a scaffold are (1) to be
provisional (biodegradable} or permanent (non-
biodegradable), depending on the type of applica-
tion, (2) to enable rapid transmural tissue ingrowth
through pores, thus facilitating endothelialization,
and (3) to provide a “mechano-active” environment
in response to pulsatile stress, resulting in compliance
similar to natural vascular grafts. However, currently
clinically used artificial grafts, such as ePTFE and
polyester-fabric grafts, are so stiff that these grafts
hardly inflate, even at a high-pressure region. PET-
based fabric grafts, with or without a thin-layer coat-
ing of glutaraldehyde-cross-linked gelatin, on the
market were made by the Ube company, a Japanese
manufacturer. These are the sole commercially avail-
able Japan-made grafts which are classified as “non-
compliant” vascular grafts.

Poraosity
Porosity (the size and density of pores) is a de-

terminant factor for transmural tissue ingrowth;
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accompanied by endothelial cells (ECs), it supplies
endothelial and endothelium stability due to ensured
anchoring of neoarterial tissue, which has been dis-
cussed for more than four decades. For example,
Wesolowski et al. reported, “Porosity: primary deter-
minant of ultimate fate of synthetic vascular graft”
(12) and Fry etal. (13) reported, “Importance of
porosity in arterial prostheses™. These articles were
reported in the early 1960s. The influence of the mi-
crofibril length of ePTFE prosthesis upon healing
and host modification was studied in detail (14). The
lengths of microfibrils studied were 20, 40, 60 and
90 pm. The longer fibril group (60 and 90 um) pro-
vided a much higher degree of endothelialization and
a higher volume of collagen produced by cells which
invaded through the pores, as compared with the
shorter fibril group (20 and 40 pm). This finding is in
good accordance with the generally accepted consen-
sus or experimental results that a higher porosity
graft exhibits high patency.

Mechano-active environment

Arterial tissues, from the aorta to arterioles, are
continuously exposed to dynamic mechanical forces
such as perpendicular stress, circumferential stress
and shear stress, which are repeatedly driven by car-
diac pulsatile output, and these arteries contribute to
the efficient forward blood flow to peripheral tissues
with minimal energy loss because of their unique
biomechanical properties: large inflation in the low-
pressure regions, gradually reduced inflation in the
physiological pressure regions and little inflation in
the high-pressure regions, which is termed the “J”
curve in the pressure-diameter plot (15). Among
many factors determining the patency of the small-
diameter artificial grafts, the compliance mismatch
between the native artery and the artificial grafts has
been discussed as a major detrimental factor of graft
failure of small-diameter artificial grafts. This is due
to the fact that thrombus formation and neointimal
hyperplasia on the surface of the small-diameter arti-
ficial graft are more critical factors for small-diame-
ter graft failure than the medium- to large-diameter
artificial grafts, because the effective flow area of the
small-diameter artificial graft becomes much smaller
when a similar amount of thrombi or a similar
degree of neointimal hyperplasia is generated.
Moreover, the difference in mechanical property
between a native artery and an artificial graft induces
a hemodynamical flow disturbance and stress con-
centration near the anastomosed site, thereby
enhancing thrombus formation and neointimal
hyperplasia. Therefore, 1t is highly apparent that a
small-diameter artificial graft esseatially requires
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compliance matching with the native arteries as
much as possible.

Compliant design

A few approaches to biomechanically adopted
artificial grafts that respond to the periodic pulsatile
stress to generate periodic distension have been
experimentally developed. The main technological
feature of this new “mechano-active™ graft is the use
of a durable synthetic elastomer, SPU, as a substrate,
coupled with laser-ablated microporing with com-
puter-assisted designing (CAD) and computer-
assisted manufacturing (CAM) (16,17). A SPU tube
was multiply micropored with the excimer laser
(KrF: 248 nm) ablation to produce microporous
thin-walled SPU tubes {(wall thickness: 100 um;
round-shaped pore size: 100 um in diameter; inner
diameter: 1.5 mm; length: 2.0 cm) with various pore
densities. The high pore-density tube produced
compliance or stiffness similar to that of human cor-
onaries within the physiological pressure range (18).
A coating of a mixed solution of heparin, bFGF and/
or vascular endothelial growth factor (VEGF) and
photoreactive gelatin as a photocurable artificial
ECM completely covered the luminal and outer sur-
faces as well as filling the pores (19,20). Upon
implantation of such a graft in the rat's abdominal
aorta, the implanted grafts pulsated in response to
the pulsatile flow. Transanastomotic endothelializa-
tion from the anastomotic site proceeded in an early
period of implantation, followed by transmural
endothelialization through micropores, which spread
through the entire luminal surface at a later period
of implantation. Neither thrombus formation nor
intimal hyperplasia were observed.

On the other hand, the significance of compliance
matching as well as porosity on the patency of the
grafts is a controversial issue and has been discussed
over the years. The differentiated roles of compliance
and porosity may provide us with an insight into the
etiology of intimal hyperplasia. However, to address
the question as to which effect, porosity or compli-
ance, predominantly contributes to vesse] patency, a
well-designed experimental model was devised to
eliminate other factors involved in intimal hyperpla-
sia, such as antithrombogenic potential and foreign
body reactions, both of which are caused by the graft
materials, that confound in vivo studies. To clarify
this important issue, the following three models, uti-
lizing thin SPU tubes (wall thickness: 100 pm) with
or without controlled micropores created by the exci-
mer laser ablation technique, were designed and
tested in vivo (21): Model I (microporous, permeable
and compliant); Model I (controlled ablation creat-
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ing deep grooves but leaving 5um of non-ablated
layer in the wall; smooth-surfaced, impermeable and
compliant); and Model III (non-ablated tubes;
smooth-surfaced, impermeable and non-compliant).
In Models I and II, the pore or groove size (diameter:
100 um) and pore or groove arrangement were fixed,
and consequently their compliances were almost
identical. Irrespective of the model, the luminal sur-
faces were coated with benzophenone-derivatized
gelatin and subsequently photocured. Twenty grafts
(length: 20 mm) of €ach model were implanted in the
abdominal aortas of rats for up to twenty-four weeks.
The total patency rate decreased in the order of
Model I >II > ITI grafts. All of the patent grafts were
completely endothelialized after twelve weeks of
implantation, irrespective of the model. Twenty-four
weeks after implantation, in Model 1 grafts the
peoarterial wall was thin, and smoocth muscle cells
(SMCs) were of the contractile phenotype. In Model
II grafts the neoarterial wall exhibited considerable
thickening. In Model III grafts the neoarterial wall
exhibited marked thickening, and SMCs were of the
synthetic phenotype. The neoarterial wall thickness
in the midportion of the grafts aftér twenty-four
weeks of implantation increased in the order of
Model I << IT << I1I grafts. Overall, the porous com-
pliant graft was superior to the non-porous compliant
graft. The worst one was the non-porous, non-
compliant graft. Thus, the significance of the roles of
porosity and compliance was differentiated. In addi-
tion, this study clearly demonstrated that compliance
matching and porosity synergistically resulted in
neoarterial wall restoration without appreciable
thickening.

Recently, a new design concept based on a biome-
chanical design was proposed and fabricated, and
prototype devices were tested in a canine model: a
coaxial double-tubular compliant graft biomimicking
the “J” curve of canine common carotid arteries
using micropored SPU tubes (22,23). The coaxial
double-tubular compliant graft was assembled by
inserting the high-compliance inner tube into the
low-compliance outer tube. By increasing the intralu-
minal hydrodynamic pressure, the inner tube inflates
markedly in the low-pressure regions, and after the
inner tube came into contact with the outer tube,
both tubes inflated together gradually in the high-
pressure regions. The wall thickness, pore diameter
and density (relative area of micropores), which are
the principal parameters determining the pressure-
dependent diameter change, were adjusted according
to the design criteria of the graft. This fabricated
coaxial double-tubular graft exhibited the “J” curve
mimicking that of target canine carotid arteries. Sur-

face processing, which aimed to reduce thrombus for-
mation on the luminal surface of the inner tube in
the early stage of implantation and prevent tissue-
mediated adhesion between the inner and outer
tubes, and also between the outer tube and the sur-
rounding tissues, was conducted by photochemical
grafting of hydrophilic polymers. Upon implantation
into the canine carotid arteries, the implanted grafts
pulsated in response to the pulsatile flow, and the
vascular morphogenesis proceeded with implanta-
tion duration. Tissue adhesion gradually occurred
with implantation duration, resulting in a steeper “J”
curve for a longer implantation period. A higher
performance tissue-adhesion-preventing hydrophilic
material is essentially required. Thus, the coaxial
double-tubular graft was theoretically realized, but
the shortcoming of the current technology men-
tioned above should be eliminated in the near future.

TISSUE-ENGINEERED VASCULAR GRAFT

Cell sourcing

The major issue in vascular tissue engineering is
cell sourcing: how to harvest or recruit a sufficient
amount of the vascular cell types, particularly ECs,
which are natural non-thrombogenic luminal lining
cells. To this end, a few approaches have been devel-
oped as follows.

Autologous vascular cells and collagen-based
vascular grafis

Various types of collagen-based vascular tissues
with autologous vascular cells harvested from veins
have been devised and tested in vitro and in vivo.
Utilizing the unique characteristics of spontaneous
thermal gelation of type I collagen solution at phys-
iological conditions and entrapped cell-driven self-
contraction, cell-innoculated hybrid vascular tissues,
including three-layered vascular tissues, were pre-
pared (originally proposed and devised by Weinberg
and Bell (24)).

Three vascular tissue models were prepared on the
lurninal surfaces of artificial grafts using three vascu-
lar cell types: EC-seeded intimal tissue which formed
on collagen gel (Model I) (25), layer-by-layering
of an EC-monolayered intimal layer and a SMC-
innoculated medial layer (Model II} (26) and three-
layered tissue structured hierarchically by an
EC-monolayered intimal layer, a SMC-containing
medial layer and a fibroblast-innoculated adventitial
layer (Model IIT) (27). At up to one year of implan-
tation, the canine models showed the following
differentiated tissue morphogenesis potentials. Irre-
spective of the model, no thrombus was formed and
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complete patency was obtained. This is primarily due
to the natural non-thrombogenic potential of inte-
grated monclayered ECs. However, the degree of
tissue morphogenesis at cellular and ECM levels
depended on the model type. Rapid subendothelial
accumulation and circumferential orientation of
SMCs (which was 100% synthetic type as seeded)
was observed for Model III at three months after
implantation, followed by Model II at six months
alter implantation. Concomitantly, phenotypic alter-
ation from synthetic to contractile type of SMCs was
obscerved in accordance with the progress of SMC
accumulation and its cellular orientation. The highest
degree of retardation of cellular events in medial
tissue formation was observed in Model I, in which
cellular migration, accumulation and orientation,
and phenotypic alteration completed at approxi-
matcly atl twelve months after implantation. As for
ECM regeneration, well-organized supramolecular
ECM assemblies, such as the circumferential orien-
tation of collagen bundles and the honeycomb-type
structure of clastin, occurred in the order of Model
111 >> 11 >> 1. Interestingly, although the thickness of
the ncoarterial tissue formed on the luminal surface
of grafls incrcased as the implantation period
procecded from the early period of implantation,
it tended to decrease with a further longer-term
implantation pcriod. This degeneration appeared to
synchronously occur in a concerted manner of phe-
notypic alteration (rediflerentiation) of SMCs, irre-
spective of the model type. Thus, it is concluded that
a three-layered vascular tssuc model possesses the
vascular wall regeneration with the highest potential,
followed by the bi-layer vascular tissue model.
When the mixture of threc vascular cell types was
embedded into a collagen gel, a ime-dependent cell
sorting-out or segregation occuired with implanta-
tion duration: the EC monolaycr was at the top of
the gel layer, followed by SMC accumulation and
circumferential orientation, and fibroblasts existed at
the outer layer (27). This spatio-cellulary-demanded
remodeling may be derived from “nature’s strategy™.
This collagen gel-based technique was applied to
fabricate “compliant” vascular grafts in which a cell-
innoculated, cell-traction-driven dense tubular col-
lagen gel was wiapped with a multiple-micropored
elastomeric SPU sheet, which provided a “compli-
ant” tissue-engineered vascular graft (28,29) that
functioned well for canine implantation models. Pre-
conditioning of the exposure of these engineered
hybrid tissures by periodic circulation in an in vitro
mock circuit prior to implantation promoted a higher
degree of vascular tissue morphogenesis, including
mechanical properties with higher pressure-resistant
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durability and larger mechanical strength, cellular
orientation (31,32) and phenotypic alteration, and
supramolecular organization (33) of structural biom-
acromoles inciuding collagen and elastin.

On the other hand, when such a cell-innoculated
tubular collagen gel was further cultured in vitro, an
opaque elastomeric tubular hybrid vascular tissue
without any scaffold was obtained. The breaking
pressure of the hybrid tissue as the intraluminal pres-
sure increased to approximately 100-130 mm Hg.
Therefore, although such a hybrid tissue will not be
able to withstand pulsatile stress in a high-pressure
circulatory system, attempts have been made to use
this hybrid tissue as a replacement for a diseased
vein classified as a low-pressure circulatory system
(34,35). Upon hnplantation into veins after luminal
endothelialization in a canine medel, the patency was
well maintained without rupture. The thrombus-free,
monolayered ECs were noted. The wall thickness
was dramatically increased from approximately
300 um to 1200 pm in the early phase of implanta-
tion, but it was decreased to approximately 50 pm at
six months after implantation, indicating that tissue-
engineered veins appear to be mechanically adopted
or remodeled in a low-pressure circulatory system.
This process appeared to synchronously proceed as
the degree of tissue architecture became high.

As an extension of a series of studies on hybrid
vascular tissue, a branched hybrid graft was prepared
using two different sizes of hybnd tissues that were
assembled into a branched hybrid medial tissue by
end-to-side anastomosis between two tubular hybrid
medial tissues, and subsequently endothelialization
occurred (36). The local hydrodynamic effect on lipid
or protein uptake of fluorescent-labeled protein or
lipid was determined by confocal laser scanning
microscopy; the uptake was low at the high-shear
zone in the branch region, while in the flow separa-
tton region the uptake was very high (37). These
findings reflect region-specific tissue architecture in
the branch region in response to the local flow pat-
tern, and may provide an in vitro atherosclerosis
model as well as lead to the development of func-
tional branched hybrid grafts.

Tissue fragmentation

A series of Noishiki’s pioneering works (38-42) on
the seeding of fragmented tissues, such as autologous
venous or adipose connective tissues, into commer-
cially available artificial grafts markedly enhanced
rapid tissue regeneration, including endothelializa-
tion. The principle of tissue fragmentation technol-
ogy is to seed minced or fragmented tissues onto and
into a highly porous fabric vascular prosthesis under
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mild pressurization, which essentially eliminates the
preclotting procedure. After implantation, tssue
morphogenesis proceeded rapidly with time to
regenerate vascular tissue close to the native one.
Irrespective of the adipose connective tissue (39) or
venous tissue fragments (37), tissue-sealed grafts
were covered with thrombus in an early phase of
implantation, and soon caused smooth neointimal
tissue without any degenerative changes in a canine
model. It is concluded that rapid endothelialization,
followed by a high density of capillary network for-
mation in the regenerated tissues, is due to the supply
of a large amount of ECs migrating from fragmented
tissues. This technique has been clinically applied
without significant adverse effects (39).

Noishiki’s more recent trial uses bone marrow,
which is seeded in ePTFE prostheses (41,42). The
transplanted bone marrow survived in the prostheses
and accelerated neointimal formation on the luminal
surface. A high level of bFGF secretion into a tissue
was noted, which is a major contributor to necintimal
tissue formation. No sign of differentiation of young
primitive and highly proliferative cells in the bone
marrow into vascular cell types was observed, indi-
cating that bone marrow supplies a large amount
of growth factor(s) which eventually recruit and
proliferate ECs, but no “differentiation or trans-
differentiation” of the cellular system occurred (42).

Although the tissue fragmentation method has
been noted to be very effective for rapid tissue regen-
eration for medium- to large-diameter grafts, frag-
mented tissue-related thrombus formation, which
occurs in the early phase of implantation, appears
to be a major drawback when such a technique is
applied to a small-diameter graft. The immersion of
tissue-sealed graft into heparin solution appeared to
help reduce the thrombus formation for a short time/
However, a more potent anticoagulation and long-
lasting drug releasing system is necessary.

Tissue-engineered pulmonary artery

Small children suffering from congenital pulmo-
nary artery diseases require age-dependent growable
vascular prostheses which can enlarge with the chil-
dren’s growth. Shin'oka et al. devised a tissue-
engineered device with biodegradable scaffold,
poly(caprolactone-colactic acid) copolymer (weight
ratio: 1:1) (43,44). Ten days after seeding of the
mixture of vascular cell types, cells {ECs, SMCs and
fibroblasts) were isolated from the patient’s venous
wall, and the grafts were autoogously transplanted
intp the pulmonary artery. On follow-up angiogra-
phy, the transplanted graft was noted to be com-
pletely patent. No evidence of graft occlusion or

aneurismal changes on chest radiography were
noted. Shin’oka et al. claimed that, in pediatric car-
diovascular surgery, tissue engineering may play an
important role as an alternative to transplantation
and the use of an artificial graft. To date, more than
a few tens of children have been successfully treated
with Shin’oka’s engineered tissues without any
complications. Biodegradable polymers, which were
designed to be degraded and adsorbed within eight
months in the body, can constitute a temporary scaf-
fold through which tissue ingrowth in vivo eventually
replaces the prosthesis and leaves a complete biolog-
ical vascular conduit. His revised procedure was to
use bone marrow as a sobbing biclogics? This elimi-
nates the labor- and time-consuming procedure
of cell harvesting and culturing in the former
procedures.

Endothelial progenitor cell (EPC)

Recent studies have reported that a very small
number of EPCs are circulating in the peripheral
blood and they exhibit cell markers specific to ECs
(45). The cloning of EPCs, achieved by the isolation
of the mononuclear cell fraction of the whole blood
and successive culturing on fibronectin-coated dishes
in the medium eariched with VEGF, enabled EPCs
to be the new cell source (46,47). The isolated EPCs,
which were obtained at the average rate of approxi-
mately 18% of harvesting, were seeded on the
collagen gel-coated microporous SPU grafts. EPC-
covered grafts, autologously implanted into canine
carotid arteries, produced neither thrombus nor inti-
mal hyperplasia at three months after implantation.
The smooth, glistening and ivory-colored luminal
surfaces of implanted grafts was completely covered
with cobblestone-like EPCs that secreted prostacy-
cline as well as producing intracellular nitric oxide,
both of which have potent antiplatelet activity. This
finding indicates that EPCs are alternative luminal
lining cells to ECs, thus ensuring non-thrombogenic-
ity. The EPCs’ harvesting is carried out by a mini-
mally invasive procedure as compared with veins
harvesting for ECs. However, the efficacy of harvest-
ing was limited to approximately 20%, as mentioned
above, and requires further improvement to attain
the high efficacy of targeted cell harvesting which is
needed for clinical application.

As an extension of the series of studies on EPC-
based vascular tissue engineering, intraluminal EPC
delivery systems were devised and tested in vitro and
in vivo (48,49). The expandable stents, which were
coated with cell adhesive photoreactive gelatin or
wrapped with elastomeric microporous SPU film,
were subjected to EPC seeding and subsequent cul-
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turing. An EPC-innoculated, self-contracted collagen
gel tube was also installed to cover the stents, Upon
implantation and deployment of these stents in a
vessel, EPCs were migrated from the inflated stent
structs, hybrid tissues or microporous substrate
and proliferated to form a confluent monolayer of
EPC on the non-endothelialized diseased wall. This
intraluminal EPC delivery and subsequent EPC
“paving” technology on the vessel wall may intro-
duce a new therapeutic procedure for the curing of
injured or athelosclerotic sites in vascular walls.

Genetically-engineered fibroblasts

Since the difficulty of harvesting vascular cell types
from patients hampers the use of vascular tissue-
engineered grafts in clinical settings, an alternative
cell source has long been awaited. Provisional or
transient pseudoendothelial cells that secrete antico-
agulant molecules and cytokines specifically enhance
EC recruitment and proliferation. To this end, fibro-
blasts harvested from skin tissue were transfected by
gene-encoding adenovirus to express various bioac-
tive proteins, including a tissue factor pathway inhib-
itor (TFPI), which potently neutralize tissue factor (a
very potent coagulation enzyme initiating the activa-
tion of an extrinsic pathway of the coagulation
system) secreted from fibroblasts, C-type natriuretic
peptide (CNP), which is a multipotent tissue modu-
lator, and VEGF. This triple-gene-transfected,
fibroblast-inoculated collagen gel wrapped with
microporous SPU film was implanted into canine
carotid arteries for up to three months postopera-
tively. In contrast to the result that all of the
non-transfected fibroblast-inoculated grafts were
occluded within two days after implantation, the
three-gene-transfected fibroblast-based graft exhib-
ited a high patency: 100% at one month and 70% at
three months postoperatively. Thus, fibroblasts, which
are very thrombogenic due to the secretion of TF,
can be used as temporary or transient endothelial-
like cells (50).

CONCLUSION

The search for smail-diameter vascular graft sub-
stitute materials, biclogical modulators and fabrica-
tion process technologies to provide extracellular
milieu in portions of diseased vessels similar to a
natural physiological environment has a long history
in artificial organs and biomaterials. Although seek-
ing completely non-reactive substances to blood and
the surrounding tissue is likely to be unrealistic, the
incorporation of maximally-“passive” coatings as
described here (Okano et al., Ishihara et al. and
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Kodama et al) may elicit non-thrombogenic
potential without the use of the natural non-
thromobegenic liner, EC. The emergence of tissue-
engineering technology has made the development
of a novel biologically viable vascular substitute fea-
sible (Noishiki et al., Matsuda et al. and Shin'oka
et al.). When an appropriate cell sourcing, “mechano-
active” and “tissue-permeable” scaffold design, and
biologically active ECM or non-fouling coating are
maximally incorporated into a designed small-diam-
eter vascular graft, such a graft may be applicable in
clinical settings. The mechano-biological, genetic and
progenitor/stem cell engineering help to promote
“real” vascular tissue morphogenesis. These disci-
plines and engineering, once combined, should give
the ultimate solution for a long-awaited, functionally
viable vascular substitute.
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Abstract

We devised a new transtissue drug-delivery system. based on a multiple-needle-arrayed injector that has 36 long and short needles
on the needle head. to administer the drug into local points of the target tissue at 4 well-controlled depth and pitch. A preliminary
in vitro study, focusing the time-dependent depth profiling of protein injected in agarose gel as a model tissue using confocal laser
scanning microscope, was condugted to evaluate the performance of the multiple-needle-arrayed injector coupled with photoreactive
gelatin (styrenated gelatin: St-gelatin} as the sustained-release vehicle. Rhodamine<onjugated albumin, which was mixed with the
St-gelatin buffer solution, was the model drug of the in vitro study, and the mixture was injected into agarose gel using the multiple-
needle-arrayed injector by single injection. followed by visible-light irradiation to photocure the gelatin solution. Time-dependent
distribution from the injected material into the surrounding agarose gel was observed using a confocal laser scanning microscope up
to seven days. Injection of the drug material and concomitart withdrawal of the syringe (termed muitired method) enabled the long-
and short-rod-like injections into the agarose gel at the same locations of the injected sites. The model drug gradually diffused
throughout the agarose gel. In an in vive study, the comparison of the efficacy of the angiogenic protein (bFGF: 10 pg for each) with
placebo was performed using the non-ischemic hind limb model of rabbits. Four weeks after injection, a significant increase in the
number of angiogenic capillaries was observed in the mixed St-gelatin/bFGF group compared with that of placebo. The multiple-
needle-arrayed injector coupled with a sustained-release vehicle may be an effective drug delivery system for realizing the spatio-
regional distribution of angiogenic protein.

O 2003 Elsevier Lid. All rights reserved.

Keywords: Multiple-needle-arrayed injector: Drug delivery system; Styrenated gelatin

1. Introduction

Although therapeutic procedures aiming at systemic
drug administration and concormitant local accumnula-
tion at diseased sites have been explored by modification
of a drug or a designed drug carrier, the development of
transtissue spatio-regional drug delivery technology,
which enables direct delivery of a drug to a regionally
targeted tissue at various depths, has been desired for
particular diseases. One promising solution is the device-
directed drug delivery system.

Therapeutic angiogenesis has recently received sig-
nificant attention as an alternative procedure for
patients who suffer from severely occlusive vascular
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diseases (e.g., arteriosclerosis obliterans and myocardial
infarction) and also who failed the interventional
angioplasty or revascularization. Therapeutic angio-
genesis at a target tissue may be divided into three
local delivery therapies, all of which are based on
multiple injections using a single-needled syringe:
protein {1-3], gene [4,5] and cell delivery [6.7). Admin-
istration of angiogenic proteins (for example, basic
fibroblast growth factor (bFGF), and vascular endothe-
lial growth factor (VEGF), transgenics of angiogenic
growth factors (for example, adenovirus encoding
VEGF gene (AdVEGF), and naked plasmid DNA
encoding VEGF gene (phVEGF), and cell transplanta-
tion (for example, endothelial progenitor cells and
cardiomyocytes) have been experimentally and clinically
attempted. However, there are potential problems
involved in overcoming the shortcomings associated
with these therapies.
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For the local administration of angiogenic proteins, a
large dose and frequent administration are necessary,
because the effective residence of low-molecular-weight
proteins such as angiogenic proteins, which are localized
at injected sites, should be very short, and high blood
concentration due to ‘angiogenic protein injection may
induce the distribution of these mitogenic proteins in the
whole body, resulting in potentially serious side effects,
such as exacerbation of diabetic retinopathy or promo-
tion of occult cancer [8-10). As for gene therapy and cell
transplantation, their efficacies have not yet been
realized at a stable level. Furthermore, the administra-
tion of these substances or living cells has to be
performed by local or multiple injections at various
depths of a target tissue. This requires skiliful techni-
gues, and it may be difficult to control the dose of the
injected drug and its spatial distribution including depth
and pitch.

To solve these problems, we have developed a delivery
device called the *‘multiple-needle-arrayed injector’.
This injector can administrate drugs into the tissue at
different depths and regionally at multiple points of
tissue by only 2 single injection. In addition, when the
drug is mixed with visible-light-induced photopolymer-
izable gelatin, followed by injection and subsequent
visible-light irradiation, the photocured gelatin serves as
a drug carrier and reservoir, and thereby sustained
release is feasible. In this article, we conducted pilot

Connector

Needle Head

study demonstrating the effectiveness of the multiple-
needle-arrayed injector coupled with the photoreactive
gelatin as a drug-immobilizable biodegradable matrix,
and demonstrate its therapeutic potential.

2. Materials and methods
2.1. Fuabrication of injector

The multiple-needle-arrayed injector, which has short
and long needles that are set alternately on the top face
of the needle head, was custom-designed (Four Leaves
Inc., Osaka, Japan; Fig. 1A). All parts of the injector
were made of stainless steel (SUS 304). This injector,
which is composed of a connector and a needle head
with multiple needles, was designed to inject a drug- or
cell-containing solution into tissues locally and multiply-
at different depths by a single injection.

Thirty-six (6 x 6) needles were arrayed on the top face
of the needle head by insertion into the micropores of
the top face (Figs. 1A and B). The outer and inner
diameters of a needle were 0.4 and 0.3 mm, respectively,
and the lengths of the short and long needles were 2.5
and 5.0 mm, respectively. The pitch between the needles
was 2.0mm. The needle head onto which the needles
were set was connected with the screw-type connector
(Fig. 1C). The bottom of the connector can be attached

Fig. 1. External appearance of the multipie-needle-arrayed injector. (A) The intact injector. (B) Top view of the injector, (C) Separable needle head
and connector. (D) Assembly of injector and syringe. Thirty-six (6 % 6) long (5.0 mm) and short {2.5 mm) needles were arrayed on the top face of the
needle head. The needle outer diameter was 0.4 mm, and the pitch between needles was 2.0 mm. The needle head can be connected to a syringe using a

serew-type COnNector.
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to a syringe (Fig. i1D). Upon pushing the rod of the
syringe, the drug solution in the syringe is first
transported into the reservoir, which is an interspace
between the connector and the needle head, and further
pressing enables delivery of the solution through the
multiple needles into the target tissue.

2.2. In vitro experiment

Rhodamine-conjugated albumin (molecular weight:
6.6 x 10%, Sigma-Aldrich Co., Ltd., St. Louis, MO) was
used as the model drug. Styrenated gelatin, which is in-
house prepared photocurabie gelatin and photocured in
the presence of carboxylated camphorquinone (CQ) as
the photocleavable radical generator under visible-light
irradiation, was used as a sustained-release vehicle {11].
Detailed procedures including preparation of styrenated
gelatin, photocuring characteristics and drug release
characteristics were previously reported [12].

The in vitro pilot study was designed as follows: a
mixed phosphate-buffered saline solution (PBS) {(ap-
proximately 0.5 ml), which contained 0.125 wt% rhoda-
mine-conjugated albumin, 30 wt% styrenated gelatin
(28.9 styrene groups per gelatin molecule) and 0.05 wt%
CQ, was used. The needles of the injector loaded with
the mixed solution were inserted into 1.0 wt% agarose
gel (Nacalai Tesque, Inc., Kyoto, Japan), and the model
drug solution (approximately 0.5ml) was slowly in-
jected. Concomitantly, the needles were gradually
removed from the gel. Visible-light irradiation of the
drug-loaded gel was carried out for 3min using an 80 W
halogen lamp (Tokuso power lite, Tokuyama Co., Ltd.,
Tokuyama, Japan). Then, the agarose gel was immersed
in PBS solution for up to seven days. Fluorescence
images of the top views and the cross-sectional views of
the agarose gel were observed using a confocal laser
scanning microscope (CLSM: 543 nm excitation; Radi-
ance 2000, Bio-Rad Laboratories, Inc.,, Hercules, CA)
and fluorescence intensity of the rhodamine at various
depths and regions was measured using a line-profile
method.

2.3. In vivo experiment

Ten healthy Japanese white rabbits (average weight:
3.0kg; range: 2.9-3.1kg) were used in the in vivo
experiment. The animal experiment was reviewed by the
Committee on Ethics in Animal Experiments of Kyushu
University Graduate School of Medical Sciences and
was carried out in accordance with the Guideline for
Animal Experiment at Kyushu University Graduate
School of Medical Sciences and the Law (No. 105) and
the Notification {No. 6) of the Japanese Government.
The rabbits were anesthetized with an intravenous
injection of xylazine (Celactal, Bayer AG, Leverkusen,
Germany: 2.5 mg/kg) and ketamine (Ketaral 50, Sankyo
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Co., Ltd., Osaka, Japan: 30mg/kg), and given inter-
mittent injections of these anesthetics. Longitudinal skin
incisions were bilaterally performed from inguinal
ligament to just proximal portion of the patella, and
bilateral thigh muscles were exposed. In total, 10 rabbits
were used.

The injected materials (0.5 ml each) were divided into
four groups (n=>5 for each) as follows:

(1) Group I PBS (Placebo).

(2) Group I 10pg of recombinant human basic
fibroblast growth factor (bFGF, R & D Systems,
Inc., Minneapolis, MN) containing PBS (PBS+
bFGF).

{(3) Group Iff: 30 wt% styrenated gelatin (CQ: 0.05
wt%) solution (St-gelatin).

(4) Group IV: 10ug of bFGF-containing 30 wt%
styrenated gelatin (CQ: 0.05 wi%) solution
(St-gelatin + bFGF).

After injection of these materials into the quadriceps
muscle, four suture markings were performed using a 6-
0 nylon suture Imm from the four corners of the
injected site of the thigh muscle in order to identify the
location of the injection at the second operation for
extirpation of the thigh muscle. For Groups III and 1V,
visible light was irradiated to photocure the styrenated
gelatin,

2.4. Arteriography

Four weeks after injection, all animals were anesthe-
tized again and heparinized (Novo Heparin, Novo
Nordisk Pharmaceuticals, Copenhagen, Denmark:
100U/kg), and then femoral arteriography was per-
formed with a single injection of contrast medium
{lomeron 350, Eisai Co., Ltd., Tokyo, Japan: 3ml) via
the abdominal aorta, with recording by the Toshiba
cineangiography system (DG-15GB/CAS-CA, Toshiba
Medical, Tokyo, Japan). After the arteriography, the
animals were sacrificed by overdose anesthetics and the
thigh muscles of animals from'each group were removed
and fixed with 10% formalin.

2.5. Histological examination

Three cross-sections (4 pm thick) each of all specimens
were cut for observation at the middle, 3 mm proximal
and distal portions of the nylon-marked harvested
muscles, were histologically examined. For all hematox-
ylin-eosin stained samples, 10 randomly selected fields of
each sample were subjected to determination of the
capillary/muscle-fiber ratio under light microscopic
observation ( x 400); the number of capiliaries is divided
by the total number of muscle fibers in the same field. In
this study, the capillary is defined as the presence of the



2862 H. Sonoda et al. | Bimnaterials 25 {2004 ) 2859-2866

luminal structure supported by endothelial-like cells and
filled with red blood cells among the muscle fibers.

2.6. Statistical analysis

All capillary/muscle-fiber ratios are expressed as
mean+standard deviation. Statistical analysis was
performed using one-way ANOVA followed by Tu-
key—Kramer's test. A P value of <0.05 was considered
to be statistically significant.

3. Results

Using a newly designed and custom-fabricated multi-
ple-needle-arrayed injector, protein injection was per-
formed on agarose gel as model tissue. The depth
prefiling of injected protein and its time-dependent
diffusion profile were determined by confocal laser
scanning microscope {CLSM). Based on the results of
n vitro pilot study, an in vivo study was conducted by
mjection of bFGF into rabbit quadrices muscle to assess
the effective development of angiogenic capillaries.

3.1. Assembly of multiple-needle-arrayed injector and
in vitro performance

The multiple-needle-arrayed injector (Fig. 1A) con-
sisted of two parts: one is the needle head which has 36
short (height: 2.5mm) and long (5.0 mm) needles which
alternately installed with 2mm of distance (Fig. 1B)

between them, and the other is the screw-type connector
(Fig. 1C). After assembly, the injector could be easily
and tightly connected to a plastic syringe used clinically
(Fig. 1D). The needle head was inserted into the model
tissue (1.0 wt% agarose gel). As the mjection of the
model drug (rhodamine-conjugated albumin) solution
proceeded with gradual pushing of the syringe rod. the
needles were gradually removed from the agarose gel.
The CLSM technique was utilized to assess qualita-
tively and quantitatively the localization of the drug and
its time-dependent permeation into the surrounding gel.
Fig. 2 shows the fluorescence images of the top views
and the fluorescence intensities of the scanning region
immediately after photoirradiation, one and seven days
after injection. Fig. 3 shows the fluorescence images of
the cross sections and the fluorescence intensities of the
scanned region. Top views show that the fluorescence
images of the injected rhodamine-conjugated albumin
were observed; a regular array was observed with many
“spot-like” circular or irregular elliptical shapes at the
same locations as the injected sites (Figs. 2A-C).
Immediately after the injection, high-intensity fluores-
cent regions surrounded by diffused regions existed (Fig.
2A). Depth profiling of the fluorescence intensity
showed periodic large peaks with high intensity and
relatively large width (Fig. 2D). Even the lowest
fluorescence intensity observed at the valley between
two adjacent peaks was relatively high. These results
suggest that the drug spontaneously diffuses into the
surrounding gel after injection. The cross-sectional view
shows that the drug was localized at a rod-like region,

Fig. 2. Top views of confocal laser scanning microscopic images after injection of photocurable styrenated pelatin solution mixed with rhodamine-
conjugated albumin into agarose gel using the multiple needle-arrayed injector. Upper micrographs show fluorescence images taken immediately
after photoirradiation {A), and one day (B). and seven days (C) after immersion in PBS. Lower graphs show the relationship between fluorescence
intensity and distance of the line-scanning region (yellow lines in upper micrographs) of the above fluorescence images taken immediately after
photoirradiation (D), and one day (E) and seven days (F) after immersion in PBS.
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Fig. 3. Cross-sectional views of confocal laser scanning microscopic images after injection of the photocurable styrenated gelatin solution mixed with
rhodamine-conjugated albumin inlo agarose gel using the multiple-needle-arrayed injector. Upper micrographs show fiuorescence images taken
immediately after photoirradiation (A). | day (B). and 7 days (C) after immersion in PBS. Lower graphs show the relationship between fluorescence
intensity and distance of the line-scanning region {yellow lints in upper micrographs) of the above fluorescence images taken immediately after

photoirradiation (D). 1 day (E), and 7 days (F} after immersion in PBS.

and localization of the drug clearly differed depending
on the needle length (Figs. 3A-C). The measured length
of the rod-like region was approximately 4.5 mm for the
long one, and 2.2 mm for the short one, both of which
are very similar to the respective lengths of the needles.

At 1 day after the injection of the drug, although the
peak intensity was the same as that immediately after
photoirradiation the peak width became small (Figs. 2E
and 3E). At 7 days after injection, in both top and cross-
sectional views, the peak intensity at the injected sites
was markedly decreased, and the peak width became
even smaller (Figs. 2F and 3F).

3.2. In vivo experiments

After an injector-driven injection was applied to
rabbit quadriceps muscle, microarteriography and
histochemnical staining were performed to assess the
development of angiogenic capillaries four weeks after
the injection. Fig. 4 shows representative arteriographic
photos taken from the four groups: Group [ (PBS;
control or placebo, Fig. 4A), Group II (PBS +bFGF,
Fig. 4B), Group III (St-gelatin; control, Fig. 4D) and
Group IV (St-gelatin + bFGF, Fig. 4C). Although there
is no significant difference in the degree of angiogenesis
among these groups, the number of capillaries for
Group IV (St-gelatin + bFGF) appears to be higher than
those of the other three groups (Fig. 4C).

Hematoxylin-cosin staining of tissue shows, capil-
laries observed in the muscle fibers as exemplifed in
Fig. 5. Fig. 6 shows capillary/muscle-fiber ratios of the
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Fig. 4. Arteriographic findings. (A) PBS group (Group I), (B)
PBS + bFGF group (Group II}, {C) styrenated gelatin + bFGF group
(Group 1V) and (D) styrenated gelatin group {Group IIf). Arrows
indicate the injection areas. The dotted circle indicates the area where
increased angiogenesis was observed in Group IV.

quadriceps muscle of four groups. The capillary/muscle-
fiber ratio (given as a percentage) of Group II
(PBS+bFGF) was significantly higher than that of
Group 1 (PBS: placebo) (6.543.2% vs. 41£2.1%,
P <0.05). The capillary/muscle-fiber ratic of Group IV
{St-gelatin + bFGF) was significantly higher than that of
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Fig. 5. Microséopic view of the cross section of the quadriceps muscle
at four weeks after injection (hematoxylincosin staining). Arrows
indicate capillaries.
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Fig. 6. Capillary/muscle-fiber ratios after injection. Group 1: PBS:
control group. Group 1I: PBS+bFGF group, Group II1: styrenated
gelatin group, and Group IV: styrenated gelatin+bFGF group. *:
P<0.05.

Group 1II (St-gelatin: control) (6.84+3.2% vs.
5.4+2.9%, P<0.05). Furthermeore, the capillary/mus-
cle-fiber ratio of Group III was significantly higher than
that of Group I (5442.9% vs. 4.1+2.1%, P<0.05).
However, there is no statistically significant difference in
the capillary/muscle-fiber ratio between Group H and
Group IV (P=0.37).

It is of interest to examine the fate of the photocured
gelatin. As can be seen in Fig. 7, a long small-diameter
photocured gelatinous rod existed among muscle fibers,
which started from the inlet site of the tissue to a deep
region that was approximately 5 mm from the inlet. This
length corresponds to that of long needles. It is apparent
that photocured gelatin was being biodegraded and
sorbed away, leaving foam-like organized tissue. Since
the number of recruited inflammatory cells was small,
inflammatory reaction was found to be very mild.

124
Fig. 7. Histological findings of the injected photocured gelatin four
weeks after injection, (A) Gross finding at low magnification (original
magnification: x 40). (B) Inlet site of the injected gelatin, {C) central
portion of the injected gelatin, and (D) top front of the injected gelatin
at high magnification (original magnification: x 200). G: injected
photocured gelatin.

4. Discussion

Recently, therapeutic angiogenesis has been consid-
ered as a new treatment regimen for drug-refractory
ischemic diseases to salvage ischemic lesions that cannot
be cured by conventional angioplasty or bypass grafting.
This treatment includes the administration of angiogenic
proteins by systemic or local injection [1-3], gene
transfection [4,5] and cell transplantation [6,7]. The
angiogenic potential of angiogenic proteins has been
demonstrated in in vivo studies using ischemic models
[1,2). However, the optimum dose of angiogenic
proteins, the duration of pharmacological effect and
the method of administration have not been standar-
dized yet. Since the residence time of the angiogenic
proteins at injected sites should be short, and low
molecular weight proteins circulating in blood are
usually metabolized within a short time, it may be
necessary to administer them in large and repeated doses
in order to maintain the effective concentration in
ischemic lesions. However, high doses of angiogenic
proteins may have adverse effects such as exacerbation
of diabetic retinopathy or promotion of occult cancer,
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and may also be expensive. Therefore, if the sustained
release of angiogenic protein can be realized locally in
the target ischemic tissue at a dose lower than that
leading to side effects, the angiogenesis can be induced
more effectively, and safely, and at a lower cost.

The methods for administering drug coupled with a
sustained release vehicle are divided into three (Fig. 8).
The first one, which is called the one-point injection
method, involves single injection using only one needle
(Fig. 8A). Here, the injected drug will be distributed
only near the injected site. The second method, called
the multipoint-injection method, involves multipoint
injection using a multiple-needle-arrayed injector with-
out gradual removal of the injector’s needles from the
tissue (Fig. 8B). In this case, locally and multiply

_injected drug can be distributed widely over a certain
region compared with the first method. The third
method, called the multi-rod method, involves rod-like
injection as shown in Fig. 8C. Concomitant drug
injection and syringe withdrawal can take place in this
rod-like injection. This method can distribute the drug
into the widest region at various depths by changing the
length and pitch of the needles.

In this study, we developed a prototype of the
multiple-needle-arrayed injector and evaluated the
in vitro and in vivo performances of 2 local delivery
system that uses this injector with styrenated gelatin as
the sustained-release vehicle. In addition, the multiple-
needle-arrayed injector was able to perform controlled

and multiple injections spatio-regionally at various
depths and widths,

Regarding the design of the multiple-needle-arrayed
injector, 36 needles were set within a | cm? area (needle
diameter: 0.4 mm) and long and short needles (lengths:
5.0 and 2.5mm, respectively) were used in this study.
Because the needle density, pitch, length and diameter
can be changed, the design of the multiple-needle-
arrayed injector can be adapted to the purpose of
injection (such as higher density with thinner needles).

The in vitro experiment using agarose gel as model
tissue showed that the injection of the model drug
(thodamine-conjugated albumin) coupled with styrenated
gelatin and CQ was possible using the multi-rod method,
and that long- and short-rod-like drug reservoirs could be
realized. Studies of the time-dependent changes up to 7
days showed that the gradual distribution of the model
drug from the vehicle into the surrounding model tissue
was observed. The sustained-release rate of the drug from
photocured gelatin may be controlled by manipulating
the photocuring characteristics by changing the concen-
tration of the styrenated gelatin and CQ. The study on
detail manipulation of releasing rate from photocured
gelatin was already reported in our previous article {12].

On the other hand, the in vivo pilot experiment using
non-ischemic rabbit hind-limb muscles showed that the
injection of a small amount of angiogenic protein
(16 pg of bFGF) induced neovascularization around
the injected site, but did not show that application of the

Fig. 8. Methods for administering drug into tissue coupled with the sustained release vehicle. {A) Single injection using only one needle (one-point
injection method). (B) Multipoint injection using multiple-needle-arrayed injector without gradual removal of injector's needles from tissue
{multipoint injection method). (C) Redlike injection using multiple-needle-arrayed injector with gradual removal of injector’s needles from tissue

(multi-rod method).
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sustained release of bFGF (Group IV: St-gelatin+
bFGF) was more effective than that of the bFGF
solution (Group IlI: PBS+bFGF), as venified by
histological examination. Although the styrenated gela-
tin remained within the injected site four weeks after
injection (Fig. 7), further systematic research is neces-
sary to provide strong evidence of the efficacy of the
sustained-release method with ischemic tissues.

This pilot study aimed at evaluating the potential of
the multiple-needle-arrayed injector coupled with visi-
ble-light-photocured gelatin as a sustained vehicle, and
demonstrated the ease of handling and the prolonged
spatio-regional drug distribution. More detailed inves-
_ tigation is necessary to reveal the potential of the
multipoint and rodlike injection .as a sustained-release
model. We surmise that device-directed transtissue -or
the transdermal delivery system, exemplified in this
study, promise superior potential of spatio-regional
pharmacological effectiveness, cost-effective perfor-
mance and markedly reduced the systemic side effects.
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Abstract: Recent biochemical studies revealed that intra-
cellular Rho guanosine triphosphatases (Rho, Racl, and
Cdc42) are key regulatory molecules that link surface recep-
tors to cytoskeletal organization and regulation of cell
shape/morphology /motility. In this study, Swiss 3T3 fibro-
blasts were cultured on three representative substrates [tis-
sue culture polystyrene dishes, nontreated polystyrene, and
poly(ethylene terephthalate)] for 24 h after plating. Time-
dependent changes in cell shape, morphology, cytoskeletal
dynamics, and motility as well as Rho family activities were
determined on each substrate. The cells on tissue culture
polystyrene and on poly(ethylene terephthalate), which in-
duced rapid and relatively rapid cell spreading, respec-

tively, expressed Racl and Cdc42 activities continucusly
during the cbservation period. In contrast, such activities
were suppressed in cells on polystyrene, which induced
slow spreading but the highest cell motility compared with
the other two substrates. Although a clear-cut relationship
between cellular behavior and Rho family activation was not
obtained, substrate-dependent coordinated control of cellu-
lar activities by Rho family is discussed. © 2003 Wiley Peri-
odicals, Inc. ] Biomed Mater Res 68A: 314-324, 2004

Key words: Rho family; cell shape; cell morphology; cy-
toskeletal organization; cell motility

INTRODUCTION

Tissue morphogenesis, the control of which is es-
sential for the construction of functional vital engi-
neered tissues,’™* is driven by spatio-temporally coor-
dinated changes in cell shape, growth, and motility.
Such complex biclogical processes, which also deter-
mine wound healing and cellular homeostasis in two-
or three-dimensional extracellular milieu, require pre-
cise control of cellular behaviors including adhesion,
spreading, proliferation, and migration. This is
achieved by stimuli from the extracellular milieu,
which is conducted by the collaborative effects of both
soluble regulatory molecules such as cytokines and
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extracellutar macromolecules such as adhesive pro-
teins including collagen and fibronectin. Upon adhe-
sion on extracellular macromolecules, cells, which are
round in suspension, initiate spreading with time. Ma-
jor intracellular events that occur during the processes
of adhesion and spreading are spatio-temporal cy-
toskeletal rearrangements including the formation of
actin fiber and its supramolecular organized “stress
fiber,” and of focal adhesion complex or adhesion
plaques at the cellular basal side interacting with the
extracellular matrix.’

Recent studies showed that the complex scenario of
adhesion, spreading, and migration is conducted by
the Rho family of small guanosine triphosphatase
(GTPase), which includes Rho, Racl, and Cdcd2%”
These proteins have essential roles in the regulation of
the diverse cellular activities described above, and
function as molecular switches in cellular signaling
pathways, many of which influence cell morphology
and motility. As schematically shown in Figure 1,
upon receiving signals from plasma membrane recep-
tors, these proteins are activated to trigger a variety of
intracellular responses, including cytoskeletal organi-
zation, membrane trafficking, cell adhesion, migra-
tion, and polarity. A large focal adhesion complex
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Figure 1. Proposed model for the regulation of Rho by both soluble factor and extracellular matrix. Cell adhesion via
integrin/extracellular matrix coupling activates Rho family via the transmembrane signaling pathway, leading to the

clustering of integrins and formation of focal adhesions,

which also generate signals to down-regulate Rho, thereby

preventing the excessive formation of focal adhesions. The spatio-temporal cytoskeletal organization via the assembled
adhesional machinery influences cell shape and morphology. FAK, focal adhesion kinase.

forms as integrins are clustered, and proteins such as
vinculin and talin are recruited to form an adhesion
machinery. The Rho family and the integrins are inti-
mately related at multiple levels.® Rho family activa-
tion leads to the assembly of actin-myosin filaments
(stress fibers) and of associated focal adhesion com-
plexes.”*® Rho cycles between a guanosine diphos-
phatase (GDP)-bound inactive state and a GTP-bound
active state, thus operating via positive and negative
feedback mechanisms (see Fig. 1). When Racl is acti-
vated, actin polymerization is induced and focal ad-
hesion complexes form as integrins become clustered
to produce lamellipodia’ and membrane ruffles' as
described below. When Cdc4?2 is activated, bundles of
actin filaments protrude from the cell body in filopo-
dia or peripheral actin microspikes.”® Figure 2
shows typical cell morphology as observed by atomic
force microscopy and the fluorescence-labeled cy-
toskeleton of adhered cells with lamellipodia and
filopodia. Cell morphology changes induced by Rho,
Racl, and Cdc4?2 activation share many aspects such
as an apparent increase in polymerized actin, cluster-
ing of integring, and assembly of large protein com-
plexes containing vinculin, talin, focal adhesion ki-
nase, and paxillin (Fig. 1).1%*7

In this article, the substrate dependence of time-
dependent cellular behaviors, such as changes in mac-
roscopic cell shape and microscopic cell morphology,
cytoskeletal dynamics, and cell motility, and the acti-
vation of Rho family in Swiss 3T3 fibroblasts, which

were mainly used in biochemical studies on the Rho
family during the first 24 h after cell plating, are
discussed in conjunction with temporal activation and
deactivation of these Rho families.

MATERIALS AND METHODS

Materials

Tissue culture polystyrene {TCPS) dishes (430165, Comn-
ing, NY), suspension culture’ polystyrene (PS) dishes
(430588, Cormning), and poly(ethylene terephthalate} (PET)
film (SANPLATEC Co., Ltd., Osaka, Japan) were used for
cell culture study. The PET film was cut into 100-mm-diam-
eter discs, rinsed with phosphate-buffered saline (PBS), and
placed in a 100-mm-diameter tissue culture plate.

Cell culture

Swiss 3T3 cells were commercially obtained from Dainip-
pon Pharmaceutical Co., Ltd. (Osaka, Japan), and were cul-
tured in Dulbecco’s modified Eagle's medium (DMEM)}
(Gibco BRL, Grand Island, NY) containing 10% fetal calf
serurn {FCS) (Gibeo), 2 mM r-glutamine, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin at 37°C, 98% humidity,
and 5% CQ,. Before seeding, cells at confluence were incu-
bated in DMEM without serum ovemight in order to make

139



