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- Figure 4. Scanning micrograph of cross-sectionzl {4/ end luminal {B) views of in situ—{formed collagen mesh at
different magnifications {magnification is enlarged from left to right). Note that A in the cross-sectional view with
the lowest magnification denotes the dense collagen meshes formed in micropores when squeezed, and B denotes

a dense collagen mesh layer.

a-actin (for smooth muscle cells), all of which were purchased
from Dakd Corp, were used as primary antibodies, respectively,
and the biotin-avidin-peroxidase—labeled rat anti-rabbit 1gG served
as the secondary antibody to identify the cell types in the neoar-
terial wall of the grafts.

Results

Mononuclear cells in peripheral blood isolated by means of
the centrifugal gradient density technique were cultured in
collagen-coated dishes. The majorty of isolated mononu-
clear cells died within 2 to 3 weeks of culture. Colonies of
proliferating cells appeared at approximately 10 days, and
the primary culture of the surviving cells (n = 6) was
continued for 17.3 * 6.5 days before subculture. The har-
vest rate of EPCs was approximately 15% (blood volume
per sample, 15 mL; total number of samples, 40; number of
generations of colony, 12, number of proliferative EPCs, 6).
Figure 2 demonstrates that the subcultured cells exhibited a
cobblestone-like morphology (Fig 2, A), positive uptake of
fluorescence-labeled acetylated tow-density lipoprotein (Fig
2, B}, and positive staining of the factor VilI-related antigen
(Fig 2, C) and Flk-1 (Fig 2, D). These cells also produced
NO intracellularly, which was proved by means of intracel-

lular staining with an NO-specific indicator, DAF-2DA (Fig
2, E). Our experiments showed that approximately 4.2 *
1.2 X 10° EPCs were regularly obtained after 16 = 4 days
at 1 10 2 passages of subcultures. The PDT during the
exponential stage of cell proliferation, which started from 2
to 3 days after subculture and was semiquantatively deter-
mined, ranged from 23 to 29 hours, and the average PDT
calculated was 24.2 * 2.5 hours (Figure 3).

The hybrid vascular graft, which is composed of a con-
fiuent EPC monolayer, dense collagen fiber mesh layer, and
microporous thin SPU film, was prepared according to the
schematic shown in Figure 1. Briefly, after a collagen gel
was formed in the interspace between a mold consisting of
an inner glass mandrel and an outer glass sheath, a micro-
porous SPU film was wrapped and squeezed tightly to expel
water out to form dense collagenous fiber meshes, as shown
in Figure 4. Collagen meshes completely covered the lumi-
nal surface of an SPU tube in which micropores were filled
with collagen meshes. After tight wrapping with the micro-
porous SPU film and suturing, the glass mandrel was care-
fully removed to leave a collagen mesh-lined SPU tube.
EPCs were seeded on the luminal surface of the graft and
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Figure 5. Macroscopic examination of EPC-seeded vascular
grafts: A, as implanted; B, the grafts had a smooth, glistening, and
ivory-colored luminal surface 3 months after implantation.

TABLE 1. Patency versus implantation period

Implantation period (mo} No. of implanted gratts

1 6{1)°
3 6(0)

*Number in parentheses represents the number of ditated or occluded
grafts.

further cultured for 1 week. The graft (dimensions of ap-
proximately 4.5 mm in diameter and 6 ¢m in length) was
connected to the carotid arteries of a dog from which
peripheral blood was withdrawn (Figure 5, A). There was
neither dilation along the graft nor stricture at either anas-
tomostic site at implantation. The projected implantation
period was scheduled to occur at 1 and 3 months. Eleven of
12 implanted grafts were completely patent The smooth,
glistering, ivory-colored luminal surfaces, which are free of
thrombus, were observed for completely patent grafts at 3

months after implantation (Fig 5, B). One graft at 1 month
after implantation was dilated and partially occluded by the
thrombus, which might be due to loosening of the wrapping
sutures along the graft. The overall results of the implanted
grafts are summarized in Table 1.

Scanning electron microscopic observation showed that
the luminal surfaces of the grafts at 3 months after implan-
tation were covered with a confluent monolayer of cobble-
stone-like cells oriented parallel to the direction of anterial
flow (Figure 6, A and B). Immunohistologically, monolay-
ered cells on the luminal surface of the graft were positive
for the factor VIII-related antigen, as shown in Figure 7, A.
The ingrowth of the surrounding connective tissue through
the pores of the wrapping material was distinct (Figure 7,
B): cells strongly stained with anti-vimentin, probably iden-
tified as fibroblasts, invaded the pore in up to two thirds of
the neoarterial tissue and the thin layer in the Iluminal
region. Cells (defined as smooth muscle cells) positively
stained with smooth muscle cell-specific e-actin, were ob-
served, with accumulation in the subtissue beneath the lu-
minal surface and distribution in the middle part of the
neoarterial tissue (Figure 7, C). Figure 8 shows a typical
merphogenetic feature of the tissue stained with hematox-
ylin and eosin (cells), Masson trichrome (collagen), and
Alcian blue (proteoglycan), indicating that tissue regenera-
tion proceeded well. The neoarterial walls have a thickness
of less than 200 pm at 1 month after implantation and
approximately 300 pm at 3 months after implantation (Fig-
ure 9). For both cases, there is little distance dependency of
neoarterial tissue formation {from the anastomotic site).

Discussion

Although extensive efforts have been made to develop a
vital, functioning, small-diameter artificial graft (inner di-
ameter of <5 mm), none have been realized clinically, On
the other hand, EC transplantation onto 2 synthetic artificial
graft by using either seeding or sodding techniques has
exhibited proved nonthrombogenic potential once a fully
endothelial monolayer that can withstand high pressure—
loaded arterial circulatory stress is formed on the luminal
surface of the artificial graft! Early successes achieving
long-term patency of EC-lined small-diameter grafts in an-
imal studies have not been followed by extensive use of this
technology in human subjects, except for by Zilla's group,
who have been extensively implanting EC-seeded grafts
under well-defined clinical criteria and surgical procedures
and reported a more than 9-year follow-up study. The major
reasons for limited clinical realization must be the limited
number of ECs that can be obtained from a segment of
autologous vein, as well as questions concerning the re-
moval of viable vein segments from patients with vascular
diseases.
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Figure 6. Scanning electron micrographic examination of the luminal surface of the grait 3 months after
implantation. The intima was covered with a confiuent endothelial monolayer oriented parallel fo the direction of
arterial blood flow. {Original magnification: A, 100x; 8, 1000x.} Arrows indicata the direction of arterial blood flow,

Alternative sources of autologous ECs are omental fat'*
or adipose tissues.!* ECs from omental microvascularized
fat on an artificial graft have experimentally contributed to
endothelialization. However, it has been suggested that mi-
crovascular ECs from omental tissue are not of endothelial
origin.!® Sodding of fragmented vessel tissues has been
clinically used in Japan. On implantation, in situ cell sorting
resulted in the formation of EC lining on subvascular tissue
with implantation time.!” However, this method might not
be applicable to a small-diameter graft because massive
thrombus is formed at a very early phase of implantation.*®

Recent studies have shown that mature fall-out ECs
detached from the vascular wall and bone marrow-derived
EPCs are circulating in the peripheral bloodstream.’ A
very small amount of bone marrow-derived EPCs circulat-
ing in blood, which are differentiated from CD34” cells,
form endothelial colonies.>!® These cells uptake acety-
lated low-density lipoprotein, produce NO by means of
vascular endothelial growth factor stimulation, and express
von Willebrand factor, vascular endothelial cadherin, platelet
endothelial cell adhesion molecule 1, vascular endothelial
growth factor receptor 2 (Flk-1), and Tie-2 receptor.”??*°
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Figure 7. Immunochemical staining of the neocarteriat wall of EPC-seeded vascular grafts 3 months after implan-
tation: &, monoclonal antibody against factor Vi{l—related antigen {original magnification 200x); B, monoclonal
antibody against vimentin {original magnification 200x}; C, monocional antibody against smooth muscle a-actin
{original magnification 200x), L, Luminal surface; §, SPU-contacting surface; P, wrapped polyurethane. Scafe bars

= 100 pm.

Figure 8. Histologic examination of the necarterial wall of EPC-seeded vascular grafts 3 months after implantation
(original magnification 200x}; A, hematoxylin and eosin staining; B, Masson trichrome staining; C, Alcian blue
staining. L, Luminal surface; §, SPU-contacting surface. Scale bars = 100 pm.

Before the existence of EPCs in circulating blood was
scientifically defined, several articles reported that im-
planted artificial devices were endothelialized for a long
period in vivo. The contribution of such ECs or EPCs 1o
endothelialization on impervious artificial grafts and ven-
tricular assist devices, both of which totally prevent transin-
terstitial tissue ingrowth, was observed in canine and sheep
models, respectively. Shi and coworkers® reported that scat-
tered islands of endothelial-like cells and @-actin-positive
smooth muscle cells were found beneath some of the endo-

thelial islands on the artificial graft. In addition, Frazier and
associates®’ reported neointima that formed on the surface
of left ventricular assist devices is colonized by CD34"
cells.

Our separate study with human EPCs revealed that an-
tiplatelet activity, as determined quantitatively on the basis
of the production rate of endothelial-type NO synthase and
prostacyclin, and fibrinolytic activity, as determined on the
basis of the production rate of the tissue plasminogen acti-
vator, were almost one third to one half of the former

462 The Journal of Thoracic and Cardiovascular Surgery » August 2003

225



Ha ot al Cardiopulmonary Support and Physlology
600 tiale into mature ECs as the implantation period proceeds.
(0 One moath This means that EPCs existing in circulating peripheral

= 500 o 8 Three months blood can be an alternative cell source for vascular tissue~
é engineered grafts. In fact, recent clinical studies have shown
£ 40 o that the infusion of the mononuclear cell fraction or CD34"
i cells, both of which contain EPCs, into ischemic tissues in
% 200 legs markedly improved the blood circulation in peripheral
z regions caused by vasculogenesis.?* On the other hand, a
: 200 recent study of ovine EPC-seeded decellularized porcine
g ’—§ iliac vessels exhibited high patency, as well as contractile
£ o0 -] activity and NO-mediated vascular relaxation, similar to
that of native arteries.® Thus on the basis of these preceding

0 : & ' studies, EPC-based engineered grafts are clinically promis-

Distance {cm)

Figure 9. Thickness of neoarterial wall as a function of distance
from distal anastomotic site 1 and 3 months after implantation.
Each result is expressed as the mean x SD,

activity of human ECs and almost equivalent for the latter,?*
Therefore human EPCs might have nonthrombogenicity
close to that of ECs.

In this study canine EPCs harvested from circulating
peripheral blood and cultured according to a method similar
to that previously reported®? were obtained at a harvesting
rate of approximately 15% on single (15 mL of blood) or
multiple sampling. (Note that this rate is very high com-
pared with approximately 18% for human EPCs from 100
mL. of blood, as shown in our experiment,??) The uptake of
low-density lipoprotein, the expression of factor VIil and
Flk-1, and the production of intraceliular NO showed that
EPCs have the characteristic features of ECs. The patency
rate of EPC-based hybrid grafts was almost the same as
those of EC-based hybrid grafts, both of which use the same
scaffold (microporous SPU tube) and extracellular matrix
(collagen meshes).® This pulsatile stress-responsive elasto-
meric tubular scaffold was found to have compliance close
to that of canine native carotid arteries, which was investi-
gated in detail in our previous articles.

In situ—formed collagen meshes as a cell-adhering matrix
penetrated into and filled micropores of the microporous
SPU wall scaffold, thus enabling exertion of the adhesicon
strength of cell-matrix complexes on the SPU film, which
withstands continuously loaded pulsatile stress-inducing hy-
drodynamic shear stress and mechanical wall distension.
The transmural or transinterstitial tissue ingrowth from peri-
graft tissues through micropores was accompanied with
vimentin-positive cells (probably fibroblasts). At 3 months
after implantation, smooth muscle cells (a-actin positive
cells) were accumulated beneath the luminal surface and
scattered distributed in the medial layer. Although we have
not yet determined quantitatively the nonthrombogenic po-
tentials of implanted EPCs, EPCs are expected to differen-

ing. Because isolation of EPCs and their mass proliferation
is a critical task for such an engineered graft, harvesting
from a patient’s bone marrow by mobilizing with the aid of
colony-stimulating factor and isolation and clonal prolifer-
ation of EPCs is more suited than those from peripheral
blood.

Dr He is on leave of abseace from the Zhujiang Hospital
affiliated to the First Military Medical Univemsity of PLA, P.R.
China.

References

1. Dewtsch M, Meinhart J, Fischlein T, Preiss P, Zilla P, Clinical autol-
ogous in vitro endathelialization of infrainguinal ePTFE grafts in 100
paticnts: a 9-year experience. Sirgery, 1999;126:847-55.

2. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, et
al. Isolation of putative progenitor endothelial cells for angiogenesis.
Science, 1997,275:964-7,

3. ShiQ, Rafii §, Wu MH, Wijelath ES, Yu C, Ishida A, et al. Evidence
for circulating bone marrow—derived endothelial cells. Biood. 1998;
92:362-7.

4. Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of circulating
endothelial cells and endothelial outgrowth from blood. J Clin Invest.
2000;105:71-7.

5, Peicher M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, et al.
Expression of VEGFR-2 and AC133 by circulating human CD34(+)
cells jdentifies a population of functional endothelial precursors.
Blood. 20001,95:952-8.

6. Shi Q, Wu MH, Hayashida N, Wechezak AR, Clowes AW, Sauvage
LR. Proof of fallout endothelialization of impervious Dacron grafts in
the aorta and inferior vena cava of the dog. J Viasc Swrg. 1994:20: 546-
57.

7. Shi Q, Wu MH, Fujita Y, Ishida A, Wijelath ES, Hammond WP, et al.
Genetic tracing of arterial graft flow surface endothelialization in
allogeneic marrow transplanted dogs. Cardiovasc Surg. 1999:7:98-
105,

8. Kaushal S, Amiel GE, Guleserian KJ, Shapira OM, Perry T, Suthe:-
land FW, et al. Functional small-diameter neovessels created using
endothelial progenitor cells expanded ex vivo. Nas Med. 2001.7:1035-
40.

9. Kojima H, Nakatsubo N, Kikuchi K, Kawahara $, Kirino Y, Nagoshi
H, et al. Detection and imaging of nitric oxide with nove] fluorescent
indicators: diaminofluoresceins. Anal Chem. 1998;70:2445-53.

10, Zilla P, Fasol R. Dudeck U, Siedler S, Preiss P, Fischlein T, et al. In
situ cannulation, microgrid follow-up and kow-density plating provide
first passage endothelial cell mass cultures for in vitro lining. J Vasc
Surg. 1990;12:180-9.

11. He HB, Matsuda T. Newly designed compliant hierarchic hybrid
vascular graft wrapped with microporous elastomeric film (II): mor-
pbogenesis and compliance change upon implantation. Cell Trans-
plars. 2002:11:75-87.

The Jowrnal of Thoracic and Cardiovascular Surgery + Volume 126, Number 2 463

226




Cardiopulmonary Support and Physiology

He ot al

12

13.

15.

16.

17.

18.

Doj K, Nakayama Y, Matsuda T, Novel ¢ompliant and tissue-perme-
able microporous polyurethane vascular prosthesis fabricated by an
excimer laser ablation technique. Jf Biomed Aater Res. 1996:31:27-33.
Kobashi T, Matsuda T. Branched hybrid vessel: in vitro loaded hy-
drodynamic forces influence the tissue architecture. Celf Transplant.
2000:9:93-105.

. Jamreli BE, Williams SK, Stokes G, Hubbard FA, Carabasi RA, Koolpe

E, et al. Use of freshly isolated capillary endothelial cells for the
immediate establishment of 2 monolayer on a vascular graft af surgery.
Surgery. 1986;100:392-9.

Kem PA. Knedler A, Eckel RH. Isolation and culture of microvascular
endothelium  from human adipose tissue, J Clin  Invest.
1983:71:1822-9.

Visser MJ, van Bockel JH. van Muijen GN. van Hinsbergh VW, Cells
derived from omental fat tissuc and used for seeding vascular pros-
theses are not endothelial in origin A study on the origin of epitheloid
cells derived from omentum. J Vasc Surg. 1991;13:373-81.

Karube N. Soma T, Noishiki Y, Yamazaki [, Kosuge T, Ichikawa Y,
et al. Clinical long-term results of vascular prosthesis sealed with
fragmented autologous adipose tissue. Arfif Organs. 2001;25:218-22.
Noishiki Y, Tomizawa Y, Yamane Y, Okoshi T, Satoh S, Matsumoto
A. Acceleration of neointima formation in vascular prostheses by

21.

22,

transplantation of autologous venous tissue fragments. Application to
small-diameter grafts. J Thorac Cardiovase Surg. 1993;105:796-804.

. Boyer M, Townsend LE, Vogel LM, Falk J, Reitz Vick D, Trevor KT,

et ai. Isolation of emdothelial cells and their progenitor cells from
buman peripheral blood J Vase Surg. 2000:31:181-9.

. Murohara T, Tkeda H, Duan J, Shintani 8, Sasaki K, Eguchj H. et al

Transplanted cord blood-derived endothelial precursor cells augment
postnatal neovascularization J Clin /nvest. 2000;105:1527-36.
Frazier OH, Baldwin RT, Eskin SG, Duncan JM. Immunochemical
identification of human endotbelial cells on the lining of a ventricular
assist device. Tex Heart Inst J. 1993;20:78-82.

Shirota T. He HB, Yasui H, Matsuda T, Human endothelial progenitor
cell (EPC)seeded bybrid graft: proliferative and antithrombogenic
polentials in vitro and fabrication processing. Tissie Eng. 2003;9:127-
36.

- Matsuda T, Miwa H. A bybrid vascular model biomimicking the

hierarchic structure of arterial wall. neointimal stability and neoarterial
regencration process under arterial circulation. J Thorac Cardiovase
Surg. 1995;110:988-97.

. Tateishi E, Masali H, Matsubara H. Clinical feasible therapeutic

angiogenesis using autologous implantation of bone marrow-derived
mononuclear cells to ischemic limbs [abstract]. Jpn Circ J. 2001;
65(suppl 1-A):181.

464 The Journal of Thoracic and Cardiovascular Surgery « August 2003

227



Novel therapeutic strategy for prevention of malignant

tumor recurrence after surgery: Local delivery

an

prolonged release of adenovirus immobilized in
photocured, tissue-adhesive gelatinous matrix

Hidenobu Okino,'? Tatsuya Manabe,'? Masao Tanaka,' Takehisa Matsuda?
Department of Surgery and Oncology, Graduate School of Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-ku,

Fukuoka 812-8582, Japan

?Department of Biomedical Engineering, Graduate School of Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-ku,

Fukuoka 812-8582, Japan

Received 4 April 2002; revised 16 October 2002; accepted 8 November 2002

Abstract: We have been developing a new gene delivery
method using a styrenated gelatin-based tissue-adhesive
matrix that allows in situ adenovirus-immobilized gel for-
mation on living tissue and sustained virus release to per-
meate carcinoma tissue. Styrenated gelatin was synthesized
by the condensation reaction of gelatin with 4-vinylbenzoic
acid. Aqueous styrenated gelatin solution premixed with
AdLacZ, adenovirus encoding B-galactosidase ¢cDNA, and
carboxylated camphorquinone (CQ) as a photoinitiator was
irradiated with visible light to form a styrenated gelatin gel.
The in vitro adenovirus release from the styrenated gelatin
gel to a medium strongly depended not on styrenated gel-
alin concentration but on CQ concentration. Maximal B-ga-
lactosidase expression was observed on day 1, followed by a
rapid decrease that continued up to 1 month for a styrenated
gelatin gel prepared with a low styrenated gelatin concen-

tration and a low CQ concentration. Dose-dependent re-
duced expression of B-galactosidase activity with increasing
CQ under photoirradiation was observed. AdLacZ-immobi-
lized styrenated gelatin gel was formed on a hybrid tissue,
which is a cell traction-induced collagenous gel entrapped
with fibroblasts, and lacZ gene expression of fibroblasts in
the hybrid tissue was observed for more than one month.
The result of this in vitro model experiment implies that the
tissue-adhesive styrenated gelatin may be applicable for the
delivery of adenovirus encoding cDNA for tumor dormancy
therapy into malignant tissue to prevent tumor recurrence
after surgery when cDNA is properly selected. © 2003 Wiley
Periodicals, Inc. ] Biomed Mater Res 66A: 643651, 2003

Key words: styrenated gelatin; adenovirus; delivery system

INTRODUCTION

A therapeutic procedure leading to avoid recur-
rence of malignant tumors after radical operation can-
not be realized by surgery alone, and a new therapeu-
tic strategy has been long awaited. Our concept to this
end is based on the in situ construction of a tissue-
adhesive local delivery system of bicactive substance
for the surgically injured tissue after removal of ma-
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lignant tissue. The feature of our local delivery system
is visible-light-induced radical polymerization of
styrenated gelatin, which is photocured to form a
gelatinous matrix and drug-immobilized reservoir
and from which an anticancer substance is slowly
released with time for permeation into the deeper
region of the target diseased tissue.

In our previous study,’ such an in situ photocuring
system was extensively investigated in terms of the
release of proteinaceous drugs and its controlling fac-
tors. The latter systems include material parameters
(degree of styrene groups in a gelatin molecule) and
operation parameters (concentrations of both styre-
nated gelatin and radical initiator), both of which
eventually control the release rate, the release period,
tissue adhesivity, photocuring rate, and applied vis-
cosity. In fact, a viscous-buffered solution optimally
formulated with styrenated-gelatin-based tissue ad-
hesive and a proteinaceous model drug was rapidly



converted to a gel with visible-light irradiation and
exhibited prolonged delivery of the drug to living
tissue.

The present study is an extension of our previous
study of the local delivery system and focuses on the
immobilization of a gene-encoding adenovirus and its
release from the photocured gelatinous matrix. Re-
gardless of the synthetic drug, protein or gene-encod-
ing adenovirus, our technology based on the in situ
photopolymerization technique shows many advan-
tages for the following reasons. First, the desired
amount of adenovirus in a photocurable gelatinous
matrix can be easily immobilized. Second, the
crosslinking density, which may affect the adenovi-
rus-release rate, can be controlled. Third, in situ pho-
topolymerization allows the creation of a local reser-
voir and release site of adenovirus on a target tissue.

In the first part of this article, the immobilization of
adenovirus in the photocured gel formed with visible-
light irradiation and the sustained release of adenovi-
rus are described. Then, we discuss the feasibility of
adenovirus-mediated gene transfer from gelatinous
matrix to hybrid tissues.

MATERIALS AND METHODS

Preparation of styrenated gelatin

The synthesis and characterization of styrenated gelatin
{M,: 9.5 X 10" and a carboxylated camphorquinone (CQ)
and the photogelation method were described in detail in
our previous work.?

Gel yield and degree of swelling

Gel yield and degree of swelling were measured accord-
ing to the method previously reported.! Gel yield (%) was
calculated using the equation W, /W,y X 100, and the
degree of swelling (DS) was calculated as (W, per = W,a)
/Wea (W,ouat the weight of solid content in styrenated
gelatin gel, W, the weight of swollen styrenated gelatin
gel in water, and W,,;: the weight of vacuum-dried styre-
nated gelatin gel).

Replication-defective recombinant adenovirus

Replication-defective Ela, Elb, and E3 recombinant ade-
novirus vector expressing Escherichia coli lacZ (AdLacZ} was
kindly gifted from Professor H. Ueno (University of Occu-
pational and Environmental Health, Fukuoka, ]apan).:M The
titer of the viral stock was assessed by a plaque formation
assay using 293 cells and expressed as a plaque-forming unit

(pfu).

OKINO ET AL.

Proéparation of aqueous styrenated gelatin solution
and photoirradiation

Sorbitol-added lactated Ringer’s solution (Otsuka Phar-
maceuticals, Tokushima, Japan) containing AdLacZ, styre-
nated gelatin, and CQ was vigorously mixed with a high-
speed rotary shaker, Visible-light irradiation was conducted
using an 80 W halogen lamp (Tokuso power lite, Tokuyama
Co., Ltd,, Tokuyama, Japan; wavelength: 400 to 520 nm, light
intensity: 1.3 X 10° lux).

Determination of adenovirus release

Two hundred milligrams of AdLacZ (8.18 x 10° pfu)-
containing styrenated gelatin solution was added to the each
well of a 24-well microplate (Corning Incorporated, Corn-
ing, NY) and subsequently irradiated with visible-light for 3
min to form a styrenated gelatin gel. Two milliliters of
Dulbecco’s modified Eagle medium (DMEM, Gibco Labora-
tories Inc., Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS, CSL Ltd., Victoria, Australia) was added
to each well and the medium was withdrawn at regular
intervals. A microplate assay using the fluorescent dye, Fi-
coGreen (Molecular Probes, Eugene, OR), was used to quan-
tify the released adenovirus DNA according to the method
previously reported.’ The microplate was read on an imag-
ing analyzer (Molecular imager FX, Bic-Rad, Hercules, CA)
with excitation and emission settings of 488 and 530 nm,
respectively.

Cell line

MRC-5, a potent hepatocyte growth factor (HGP) produc-
ing fibroblast cell line, was obtained from the American
Type Culture Collection (Rockville, MD) and maintained in
DMEM supplemented with 10% FBS, 100 U/mL streptomy-
cin, and 100 U/mL penjcillin

Quantitation of B-galactosidase expression

Fibroblasts (MRC-5: density of 1 X 10* cells/cm?) were
cultured in 2 mL of DMEM supplemented with 10% FBS in
which an AdLacZ (8.18 % 10° pfu}-immobilized styrenated
gelatin gel was soaked. Two days later, the lacZ expressions
of the fibroblasts were quantified by measuring &gr;-galac-
tosidase activity by means of a calorimetric assay using
O-nitrophenyl-B-D-galactopyranoside (Sigma-Aldrich Co.,
St. Louis, MO) as previously described® using a microplate
reader (Microplate Reader 550, Bio-Rad) at 415 nm.

Contact effect of adenovirus with photacured gel
and unreacted styrenated gelatin

Two hundred milligrams of the styrenated gelatin solu-
tion (phosphate-buffered saline (Dainippon Pharmaceutical
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Co., Ltd., Osaka, Japan; styrenated gelatin concentration: 20
or 30 wt %, CQ concentration: 0.05 wt %) was at first pho-
tocured on the each well of a 12-well microplate (Corning),
and 2 mL of AdLacZ solution (titer: 6.82 x 10° pfu/mL) was
subsequently added to the each well. After shaking on a
shaker (Mild Mixer PR-36, TAITEC, Saitama, Japan) for é h,
AdLacZ solution was withdrawn and added to a medium,
DMEM supplemented with 10% FBS [at a multiplicities of
infection (moi) of 10 to 50], and then fibroblasts (MRC-5)
were cultured with the medium at a density of 1 X 10*
cells/cm?. Separately, fibroblasts (MRC-5) were also cul-
tured in the medium mixed with AdLacZ solution and 20 wt
% unreacted styrenated gelatin at an moi of 10 to 50. Two
days later, the lacZ expressions of the fibroblasts were quan-
tified by a calorimetric assay.®

Effect of camphorquinone on adenovirus DNA

CQ (concentratior: 0.1 to 1.0 wt % based on the weight of
AdLacZ solution) was added to the AdLacZ solution {1.71 X
10° pfu) with or without visible-light irradiation for 3 min
(light intensity: 1.3 X 10% lux). DNA of AdLacZ was ex-
tracted with the use of a QlAamp DNA Mini kit (Qiagen,
Hilden, Germany} following the manufacturer’s instruction.
Ten microliters of the extracted products was subjected to
electrophoresis (FIGE Mapper System, Bio-Rad) in 1% aga-
rose gel and stained by ethidium bromide (Sigma-Aldrich
Co.). The relative fluorescence intensities of the DNA bands
were measured by an imaging analyzer (Molecular imager
FX, Bio-Rad) with excitation and emission settings of 532
and 555 nun, respectively.

Gene transduction in tissue

A disc-type hybrid tissue (diameter: 10 mm, thickness: 1
mmy) as an in vitro tissue model was prepared witha DMEM
solution containing fibroblasts (MRC-5; 5 X 10* cells) and
type I collagen (0.3%; Cellgen, Koken Corp., Tokyo, Japan),
subsequently incubated at 37°C, followed by incubation for
7 days according to the method previously described.”
Twenty milligrams of 20 or 30 wt % styrenated gelatin
solution premixed with AdLacZ (8.18 X 10 pfu) was coated
on the tissue surface and subsequently irradiated with vis-
ible light to form a styrenated gelatin gel. Transverse cryo-
stat sections prepared with a microslicer (CM 1850, Leica,
Nussloch, Germany) were subjected to X-gal staining with
chromogenic substrate, 5-bromo-4-chloro-3-indolyl-§-galac-
topyranoside (Sigma-Aldrich Co.), according to the methed
previously described® and observed under a phase-contrast
microscope (TE 300, Nikon, Tokyo, Japan).

RESULTS

Gel yield and degree of swelling

The viscous mixture of styrenated gelatin (27.6 sty-
rene groups per gelatin molecule), a CQ as a photo-
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Figure 1. Effects of CQ concentration on gel yleld (a) and

degree of swelling (b). Gels were prepared with styrenated

gelatin at the concentrations of 20 wt% (*)} and 30 wt% (O).
Values are expressed as mean * SD (n = 3).

initiator and AdLacZ as a model DNA-encoding ade-
novirus was photocured to form a styrenated gelatin
gel by visible light-induced radical polymerization of
the styrene groups. Two different concentrations of
styrenated gelatin were used: 20 and 30 wt %. CQ
concentration ranged from 0.05 to 2 wt % based on the
weight of styrenated gelatin. Figure 1 shows the ef-
fects of CQ concentration on gel yield. Gel yield and
equilibrium degree of swelling (DS) were independent
of CQ concentration, regardless of the concentration of
styrenated gelatin (Fig. 1). Gel yield was approxi-
mately 55-75%, and DS was approximately 9-12. The
high styrenated gelatin concentration based gel (30 wt
% styrenated gelatin gel) gave a slightly higher gel
yield but a slightly lower DS than the low styrenated
gelatin concentration-based one (20 wt % styrenated
gelatin gel; Fig. 1).

In vitro adenovirus release characteristics

Figure 2 shows the daily and cumulative amounts of
AdLacZ released into the medium from styrenated
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Figure 2. Daily and cumulative amounts of AdLacZ released into the medium from styrenated gelatin gels as a function of
incubation time. Gels were prepared with styrenated gelatin at the concentrations of 20 wt % (a,b) and 30 wt % (cd,) with
varying CQ concentrations of 0.05 wt % (#), 0.5 wt % (O), 1 wt % (W) and 2 wt.% (O) based on the weight of styrenated gelatin.

Values are expressed as mean * SD (n = 3).

gelatin gels prepared with either 20 or 30 wt % styre-
nated gelatin and different CQ concentrations, both of
which are plotted against the incubation time. Irre-
spective of the concentrations of styrenated gelatin
and CQ, the amount of released adenovirus was the
largest on day 1 of incubation and sharply decreased
with incubation time, but the release continuously
proceeded at a low rate. There is little difference in the
release profiles between 20 and 30 wt % styrenated
gelatin gels at a fixed CQ concentration; thus, the
release rate did not depend on styrenated gelatin con-
centration. However, the release rate strongly de-
pended on CQ concentration. A lower CQ concentra-
tion resulted in a higher release rate, regardless of
styrenated gelatin concentration. For example, on day
10 of incubation, approximately 50% of the immobi-
lized adenovirus was released from the styrenated
gelatin gel photocured at 0.05 wt % CQ concentration,
but only 25% of the adenovirus was released from
styrenated gelatin gel prepared at 2 wt % CQ concen-~
tration.

Dependence of B-galactosidase expression on
styrenated gelatin gel formulation

The B-galactosidase activity of AdLacZ released
from a styrenated gelatin gel was assessed in terms of
B-galactosidase activity expressed in fibroblasts
(MRC-5) that were transfected in the adenovirus-con-
taining tedium that was daily collected from the
medium contacted with styrenated gelatin gels. The
amount of expression of B-galactosidase as detected
by calorimetric assay is plotted against the release
time (Fig. 3). A marked difference in 8-galactosidase
expression was observed between the styrenated gel-
atin gels prepared with different styrenated gelatin
concentrations and CQ concentrations. The expression
of B-galactosidase for the 20 wt % styrenated gelatin
gel was much higher than that for the 30 wt % styre-
nated gelatin gel {More than a few 10-fold higher
expression was noted for the former styrenated gelatin
gel compared with the latter one). Higher B-galactosi-
dase activity was observed at a lower CQ concentra-
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Figure 3. Expression of p-galactosidase was detected by
calorimetric assay. Gels were prepared with styrenated gel-
atin at the concentrations of 20 wt % (a} and 30 wt % (b} with
varying CQ concentrations of 0.05 wt % (*), 0.5 wt % (), 1 wt
% (M), and 2 wt % (O) based on the weight of styrenated
gelatin. Values are expressed as mean + 5D (v = 3).

tion, regardless of 20 or 30 wt % styrenated gelatin gel.
Regardless of styrenated gelatin concentration or CQ
concentration, maximal expression of B-galactosidase
was observed on day 1, followed by a rapid decrease
with time. This tendency resembled that of the daily
release characteristics as shown in Figure 2(a,c). Al-
though the expression became weak with time, it con-
tinued up to 1 month for some 20 wt % styrenated
gelatin gels (CQ concentration less than 0.5 wt %).

Effects of photocured gel and unreacted styrenated
gelatin on B-galactosidase expression

To investigate how adenovirus activity was im-
paired by contacting with styrenated gelatin gel or
unreacted styrenated gelatin molecule, AdLacZ solu-
tions were incubated in 20 wt % styrenated gelatin gel
and 30 wt % styrenated gelatin gel layered dish or
mixed with 20 wt% unreacted styrenated gelatin, both
of which were subjected to shaking for 6 h. As control,
AdLacZ solution placed in a tissue culture dish was
also subjected to shaking for 6 h. As shown in Figure
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4, the expression of B-galactosidase largely increased
with AdLacZ at low moi and then increased steadily
with increasing moi. However, both AdLacZ solutions
contacted with 20 wt % styrenated gelatin gel and 30
wt % styrenated gelatin gel showed lower expression
of B-galactosidase than that of control, although the
expression also increased with an increase in moi.
However, AdLacZ solution mixed with 20 wt % un-
reacted styrenated gelatin molecule showed a marked
decrease in expression, regardless of moi. It is appar-
ent that adenovirus bioactivity was almost lost.

DNA integrity

To study the effects of photoirradiation and photo-
initiator on the integrity of the adenovirus genome,
the adenovirus was incubated with different concen-
trations of CQ with or without visible-light irradia-
tion, and adenovirus DNA was extracted by filtration
according to the manufacturer’s instruction. The fil-
trate was electrophoresed in 1% agarose gel. In the
absence of irradiation, the fluorescence intensities of
the 35-kb pair bands corresponding to AdLacZ se-
quences appeared to be almost identical, whereas the
fluorescence intensities of the 35-kb pair bands de-
creased with increasing photoirradiated CQ concen-
tration, although little DNA smear, indicative of ran-
dom DNA fragmentation, was observed (Fig. 5). This
indicates that the DNA content in the filtrate was
decreased with an increase in CQ concentration,

147
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Figure 4. FEffect of photocured gel and unreacted styre-
nated gelatin on p-galactosidase expression. Two milliliters
of AdLacZ solution (6.82 X 10° pfu/mL) was contacted with
20 wt % styrenated gelatin gel (¢) and 30 wt % styrenated
gelatin gel (") for 6 h on the shaker. Twenty wt % unreacted
styrenated gelatin was mixed with AdLacZ solution (H).
Control {0). Values are expressed as mean = 5D (n = 3.
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Figure 5. Effect of CQ concentration on adenovirus DNA was examined with or without visible-light irradiation. AdLacZ
solution (1.71 X 10° pfu) containing CQ ranging from 0.1 wt % to 1.0 wt % based on solution weight was exposed to visible
light at 1.3 X 10° lux for 3 min (a). The relative fluorescence intensity of each DNA band was quantified with irradiation {7)
or without irradiation () (b). Values are expressed as mean * SD (n = 3).

which may induce adenovirus aggregation via radical
reactions due to the photocleaved CQ.

Gene expression in hybrid tissue

Gene transduction from a photocured gel (prepared
with 20 wt % styrenated gelatin and 0.05 wt % CQ) to
a disc-type hybrid tissue, which is fibroblast-inocu-
lated collagen gel, was conducted as follows. The con-
trol group (pretransduction group) was pretrans-
ducted with AdLacZ (at an moi of 100} before the
fabrication of the hybrid tissue &Is1b;Fig. 6(a)]. X-gal
staining-positive cells were observed on day 3 and 7,
but did not exist from day 14 onwards in the control
group [Fig. 6(a)]. In the in situ hydrogelation group, 20
mg of styrenated gelatin solution premixed with Ad-
LacZ (8.18 X 107 pfu) was coated on the hybrid tissue

using nontransducted fibroblasts and subsequently ir-
radiated with visible light to form a styrenated gelatin
gel [Fig. 6(b)). The lacZ expression in the hybrid tissue
was evaluated over the observation period starting
from day 3 to the fourth week by X-gal staining of the
transverse section of the tissue [Fig. 6(b)]. The Ad-
LacZ-immobilized styrenated gelatin gels were also
stained blue due to the p-galactosidase contained in
AdLacZ solution in the virus replication process in
293E1 cell.

DISCUSSION

Qur newly developed therapeutic strategy, which
uses a styrenated gelatin-based tissue-adhesive matrix
that acts as a local reservoir for bioactive substances and
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(A) Pretransduction group (B) In site hydrogelation group

Visible-light

Disc-type hybrid tissue * *

AdLacZ pretransducted fibroblast {100 mot) Sl]yrenatcd gelatin gel
immobilized with AdLacZ

Figure 6. Comparison of the duration of lacZ gene expression using disc-type hybrid tissues. LacZ expressions in the hybrid
tissues were evaluated from day 3 to the fourth week by X-gal staining. {a} Pretransucted group. Hybrid tissue was prepared
with fibroblasts that were pretransducted with AdLacZ (at an moi of 100) before the fabrication of the hybrid tissue. (b) In
situ hydrogelation group: Hybrid tissue was coated with 20 mg of styrenated gelatin solution premixed with AdLacZ (818 X
107 pfu) and subsequently irradiated with visible-light to form a styrenated gelatin gel. G, styrenated gelatin gel immobilized
with AdLacZ; H, hybrid tissue. Bar = 200 pm, X100.

adheres to the target tissue, involves the immobilization  for the removal of malignant tissue is conducted. The
and release of adenovirus encoding cDNA for tumor  following results are discussed in respect to the merits
dormancy therapy in situ at the site where an operation ~ and shortcomings of our current technology.

234



650

There were only slight differences in gel yield as
well as the degree of swelling between the styrenated
gelatin gels (20 and 30 wt %), regardless of CQ con-
centration, although the 20 wt % styrenated gelatin gel
exhibited a slightly lower gel yield but a slightly
higher degree of swelling than the 30 wt % styrenated
gelatin gel [Fig. 1(b)]. It was also found that the ade-
novirus release rate depended not on styrenated gel-
atin concentration but on CQ concentration (Fig. 2). A
lower CQ concentration led to a higher release rate of
adenovirus. We surmise that the radicals produced by
photoirradiated CQ may chemically bind adenovirus
particles to the styrenated gelatin molecule and the
number of bound adenovirus particles may be CQ
concentration dependent, thereby resulting in the re-
duction of the number of releasable adenovirus parti-
cles with increasing CQ concentration. Because there
is no significant difference in the distribution of voids
and micropores between the 20 wt % styrenated gel-
atin gel and the 30 wt % styrenated gelatin gel in the
scanning electron micrograph of photocured styre-
nated gelatin gel (data not shown), the aforemen-
tioned mechanism may operate in this release process.

The reduction of B-galactosidase activity of the Ad-
LacZ solution that was contacted with the styrenated
gelatin gel (Fig. 4) implied that “contact inactivation™
occurred in adenovirus particles during the processes
of adsorption to and desorption from the styrenated
gelatin gel. B-Galactosidase activity was markedly re-
duced when the adenovirus solution was mixed with
unreacted styrenated gelatin (Fig. 4) and this might be
the result of “complex formation” of adenovirus par-
ticles with unreacted styrenated gelatin molecules,
thereby reducing virus bioactivity. CQ is considered
to be another factor that inactivates the adenovirus. As
shown in Figure 5, photoirradiated CQ did not cause
the DNA smear (adenovirus double-stranded DNA
fragmentation), which indicated the integrity of ade-
novirus DNA. Adenovirus proteins, such as fiber knob
and penton base, which are required for viral entry
into target cells,” ! might be damaged by photoirra-
diated CQ (viz crosslinking). Several photosensitizers
that produce radicals and subsequent reactive oxygen
species with visible-light irradiation have been re-
ported to inactivate the virus bioactivity at the level of
DNA and/or virus protein.'?!* Therefore, we con-
cluded that the synergistic effects of “contact inactiva-
tion,” “complex formation,” and CQ might reduce
virus bioactivity under immobilized conditions at
both high styrenated gelatin concentrations and high
CQ concentrations. It is of importance to discuss on
whether CQ and its photodecomposition induce cyto-
toxicity. In fact, Bryant et al.'” reported that cam-
phorquinone exhibited concentration-dependent cyto-
toxicity for NIH/3T3 cells on culture dishes. Our
study showed that there is no evidence on hybrid
tissues for cytokilling or apoptosis as a result of cam-
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phorquinone and its photodecomposition under the
experimental condition used in this study (data not
shown).

The disc-type hybrid tissue that we have devised to
mimic living tissue in vitro was covered with AdLacZ-
immobilized photocurable gel to estimate the duration
of gene expression of adenovirus in tissue. Prelimi-
nary studies on the in vitro application of AdLacZ-
immobilized styrenated gelatin gel to disc-type hybrid
tissue resulted in high transduction efficiency and
long-term gene expression for at least one month (Fig.
6), indicating that AdLacZ was continuously released
from the styrenated gelatin gel for a long pericd of
time. These results suggest that in situ gelation tech-
nology might overcome the disadvantage of short-
term gene expression using adenovirus vector by the
continuous release of adenovirus to tissue.

HGF/NK4, which has been recently reported to be
an antagonist for HGF, was found to have a potent
function to inhibit tumor growth, metastasis and an-
giogenesis.’® =% In pancreatic cancer, local recurrence
in retroperitoneal space, “tumor bed,” after surgery
often results in poor prognosis. If the HGF/NK4 gene
transduction directly into potentially remnant malig-
nant cells or mesenchymal cells in “tumor bed” after a
surgical removal of the primary tumor is feasible us-
ing this adenovirus delivery system, it will contribute
to the improvement of the prognosis in pancreatic
cancer. In the near future, the results of in vive exper-
iments on the inhibition of tumor recurrence using
AdNK4-immobilized styrenated gelatin gel will be re-
ported.
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Recent Progress of Vascular Graft Engineering in Japan
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Abstract: The development of a 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 endothelial-
like cells. The discussions were presented from biomechan-
ical, biomaterial, cellular and tissue aspects. Once the
mechano-biological and biologically active extracelular

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——Antithrombogenic 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
diameter 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 sconer 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 polystyrene
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 a 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 prafts. 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-thrombogenic 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-
lialization 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 biomacromolecules

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

Porosity
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 pm) 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 um). 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, graduaily 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, it is highly apparent that a
small-diameter artificial graft essentially 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 pum:
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 vessel 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 um) 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 II (controlled ablation creat-
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ing deep grooves but leaving 5 um of non-ablated
layer in the wall; smooth-surfaced, impermeable and
compliant); and Model 1II (non-ablated tubes;
smooth-surfaced, impermeable and non-compliant).
In Models I and II, the pore or groove size (diameter:
100 pum) and pore or groove arrangement were fixed,
and consequently their compliances were almost
identical. Yrrespective of the model, the luminal sur-
faces were coated with benzophenone-derivatized
gelatin and subsequently photocured. Twenty grafts
(length: 20 mm) of each 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 1 >I1 > III 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 I grafts the
neoarterial wall was thin, and smooth 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 prafts after twenty-four
weeks of implantation increased in the order of
Model I << II << III 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-
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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 I
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 tissuze 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 grafts

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-
jological 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
luminai 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 III) (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 monolayered 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 I1I at three months after
implantation, foliowed by Model II at six months
after implantation. Concomitantly, phenotypic alter-
ation from synthetic to contractile type of SMCs was
obscrved in accordance with the progress of SMC
accumnulation and its cellular orientation. The highest
degree of retardation of cellular events in medial
tissuc formation was observed in Model I, in which
cellular migration, accumulation and orientation,
and phenotypic alteration completed at approxi-
mately al twelve months after implantation. As for
ECM regeneration, well-organized supramolecular
ECM asscmblies, such as the circumferential orien-
tation of collagen bundles and the honeycomb-type
structure of clastin, occurred in the order of Model
111 >> 11 >> I. Interestingly, although the thickness of
the neoarterial tissue formed on the luminal surface
of grafts increased as the implantation period
proceeded from Lhe early period of implantation,
it tended to dcercase with a further longer-term
implantation period. This degeneration appeared to
synchronously occur in a concerted manner of phe-
notypic alteration (redilferentiation) of SMCs, irre-
spective of the model type. Thus, it is concluded that
a three-layered vascular tissuc model possesses the
vascular wall regeneration with the highest potential,
followed by the bi-layer vascular tissue model.
When the mixture of three vascular cell types was
embedded into a collagen gel, a time-dependent cell
sorting-out or segregation occurrcd with implanta-
tion duration: the EC monolayer 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 “nalure’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 wrapped with a multiple-micropored
elastomeric SPU sheet, which provided a “compli-
ant” lissue-engineered vascular graft (28,29) that
functioned well for canine implantation models. Pre-
conditioning of the exposure of these engineered
hybrid tissues by periodic circulaticn 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 including 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 10G0-130 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 implantation into veins after luminal
endothetialization in a canine model, the patency was
well maintained without rupture, The thrombus-free,
monolayered ECs were noted. The wall thickness
was dramatically increased from approximately
300 pm to 1200 pum 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 hybrid tissues that were
assembled into a branched hybrid medial tissué by
end-to-side anastomosis between two tubular hybrid
medial tissues, and subsequently endothclializa:\ion
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-
tion 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



