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the conjugation of proteins to poly(ethylene glycol)

(PEG) [10-20]. PEG-modified proteins have lower

clearance rates from blood circulation and show
reduce immunogenicity in vivo, due to an increase in
the proteins molecular weight and steri¢ hindrance.
Recently, several PEG-modified enzymes and pro-
teins, such as PEG-modified uricase [17], L-as-
paraginase [18], interleukin 2 [19], superoxide dis-
mutase [20], and interferon [14] have been undergo-
ing clinical trials. PEG-modified adenosine deamin-
ase has been filec. with the FDA and is used to treat
patients diagnosed with adenosine deaminase-defi-
cient severe combined immunodeficiency syndrome
[15). However, it has been reported that the PEG-
modified proteins mainly distribute in the blood,
suggesting that their transport from blood to cells or
tissues is unlikely. Recently studies using polymer-
modified drug designs have focused on site-specific
targeting of specified organs, tissues and cells, in

addition to prolonged blood circulation, reduced’

immunogenicity and antigenicity. For polymer-modi-
fied drugs, which are particularly applicable to

cardiovascular diseases, selective control of distibu- _

tion or localization is of primary interest.

Control of the interaction between water-soluble
polymers and cell membranes may provide a means
for designing polymer-modified drugs with selective
distribution and localization characteristics. In this
study, we designed new water-soluble polymers as
polymeric modifiers for drugs. These water-soluble
polymers possess triphenylmethane leucohydroxide
groups, which dissociate into triphenylmethyl cations
and counter hydroxide ioms wpon UV irradiation
(Scheme 1), The preparation and purification of the
photodissociable polymers is quite simple and reli-
able. It was expected that under conditions where the
photo-dissociable polymer is not irradiated the modi-
fied drug would reside mainly in the blood due to the
nonionic nature of the photodissociable polymer. In
contrast, irradiation of the modified drug could
potentially facilitate enhanced residence on the cel-
lular surfaces due to the generation of a cationic
rature to the polymer. Such sequential stimulation
may facilitate the transmembrane transport of the

modified drug, whereas stronger irradiation may

- drive intracellular transport or cause cell damage.
As shown in Fig. 1, irradiation of the aqueous
solution of the photodissociable polymer 2 resulted

in the solution changing immediately from neutral to
basic and was ascribed to the photo-dissociation of
the leucohydroxide moicty, generating a tri-
phenylmethy cation and hydroxide ion. By using the
absorption  coefficient  of  triphenylmethane
leucohydroxide, which dissociates completely into an
ion pair under acidic conditions, about 90% of the
tnphenylmethane leucohydroxide group of the poly-
mer 2 dissociated into an ion pair after 5 min of
irradiation. '

Using the prepared photo-cation generatable poly-
mer 2, control of the nature and magnitude of the
interaction with the cells was performed and assessed
using a calcium jon-sensitive photoprotein, aequorin,
which can bind three calcium ions per molecule
accompanying with emission of chemiluminescence.
The intensity of the emission is proportion to
[Ca®*1'"**, which was experimentally confirmed by
Prendergast and co-workers [34] It was thought that
quantitative measurement of the cytosolic calcium
ion concentration, and its time-dependent change,
may enable predictions to be made regarding the
distribution and localization of the drugs modified
with the water-soluble photodissociable polymer. We
used endothelial cells, which are one of anchorage-
dependent cells. Such cells are =exhibited particular
properties after adhering on a substrate. In this study,
we measured interaction between cell membranes
and polymers, which may be non-biospecific and
may not be dependent on the particular properties of
endothelial cells. Therefore, the interaction can be
measured even under suspension condition,

As expected, the cationic polymer, derived from
the photo-cation generatable polymer 2 upon UV
irradiation, induced an inflow of calcium ions into
endothelial cells, resulting in an elevation of cyto-
solic calcium ions, whilst no measurable inflow was
observed for the nor-irradiated neutral polymer. A
longer irradiation time, and a higher content of the
photodissociable group resuited in a greater inflow of
calcium ions. On the other hand, no calcium ien
inflow was observed by the elevation of pH to about

- 9 with the addition of an alkaline solution. Therefore,

it can be said that the inflow of the calcium ions may
be occurred by non-biospecific membrane stimula-
tion not by biospecific mechanism such as calcium
ion channels, indicating the amount of the calcium
ion inflow may be corresponding to the magnitude of
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the membrane stimvlation by the direct interaction
between cell membranes and polymers. Using the
developed photo-cation generatable copolymers, the
interaction between cells and water-soluble polymers
could be controlled by the iradiation time, and
composition and amount of the water-soluble poly-
mers. As shown in Fig. 3, the cytosolic calcium ion
concentration increased to a maximurm at a polymer
concentration of 10 mg/ml and thereafter was con-
stant with higher polymer concentrations. This de-
pendence suggests that the polymer may induce two
competitive processes during stimulation. In the case
of the 20 and 30 mg/ml concentrations of polymer

2a, shortening the time before the addition of Triton

X-100 led to greater luminescence using the pre-
scribed experimental conditions. In both concen-
trations, when Triton X-100 was added to the cell
suspension 1-min after the addition of polymer 2a
the magnitude of Triton X-100-induced chemilumin-
escence increased by about 1.2 times of that obtained
5 min after the polymer addition. In contrast, at the
concentration of 10 mg/ml there was little different
on the magnitude of the interaction by changing the
time of the addition of Triton X-100. These indicated
that at higher concentrations a weak continuous
stimulation of cell membranes, in addition to an
immediate transient stimulation, might be occurring.
The mechanism for the Ca®* elevation is not well
understood, but at higher concentrations of the
photodissociable polymer longer lasting stimulation
may occur due to the continuous stimulation induced
by association with the membrane surface.

As demonstrated in Table 3, even at total con-
centrations of 10 mg/ml, the photodissociable poly-
mer 2a, caused little cellular damage with the
exclusion of trypan blue regardless of the presence of
UV irradiation. The growth of the ECs, treated with
UV irradiated polymers, was little different to that of
the control. It was of interest, however, that after
treatment with the UV-irradiated polymer 2a, which
has a smaller content of the photo-dissociable group,
the copelymer, which has a fluorescent triphenyl-
methane leucohydroxide group, was taken up by the
cells as observed using fluorescent microscopy. The
typical fluorescence micrograph of endothelial cells
immediately after the treatment with copolymer 2a
pre-immadiated for 5 min at the total concentration of
10 mg/mi was shown in Fig. 6. Fluorescence was

Fig. 6. Phase contrast micrograph (A} and flucrescence microg-
raph (B) of endothelial cells immediately afler treatment with a
FBS solution of copolymer 2b (concentration; 10 mg/mi) pre-
irradiated for 5 min.

observed only at the cells adhered. This may be due
to the transmembrane transport of the copolymer into
cells, which is associated with the fact that cationic
peptides such as poly-L-lysine are taken up by cells
[35]. Thus, this photo-cation generatable copolymer
is expected to enhance the residency on the EC
surface and may facilitate the fransmembrane trans-
port of the polymer-modified drug. On the other
hand, treatment with photoirradiated polymer 2b,
which has a larger content of the photo-dissociable
group, indicated that the growth of the ECs was
dose-dependently inhibited. The stronger cationic
polymers may disturb the membrane, resulting in cell
death or penetration/transport of the polymers them-
selves.
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5. Conclusion

The nature and magnitude of the interaction
between photo-cation generatable water-soluble co-
polymers and ECs can be controtled by UV irradia-
tion condition in addition to composition and amount
of the copolymer. Changes in irradiation time,
concentration of the photo-cation generatable co-
polymer and the density of the photodissociable
group in the polymer may be used to design hybrid
drugs with selective distribution and location charac-
teristics. Such tailor-made hybrid drugs may provide
a powerful therapeutic tool for the treatment of
cardiovascular diseases.
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ABSTRACT

In this study photoinduced cation generation, based on the
photochemical properties of malachite green (MG), was used
for the surface design and in vitro photochemical control of cell
adhesion and proliferation. The MG-derivatized surface was
prepared by coating a photoreactive polymer as a substrate
onto a poly(ethylene terephthalate) (PET) sheet. The photo-
reactive polymer was radical copolymer of styrene with the
MG-derivatized monemer diphenyI(4-vinylphenyl)yme-
thane lencohydroxide (degree of substitution of MG unit: 12.4
mol%). Water contact angle measurements and X-ray
photoelectron spectroscopy revealed high hydrophobicity and
homogeneous distribution of the MG groups on the outermost
surface of the coated film, respectively. When the coated film
was exposed to ultraviolet light (UV) irradiation at wavelengths
of 290-410 nm, a time-dependent color change of the film was
observed from pale yellow, before irradiation, to green. These
results indicated generation of cations on the film surface by
photochemical cation generation of the MG groups, which was
quantitatively characterized by force versus distance curves
measurements in atomic force microscopic (AFM) observation
using a carboxylated AFM tip. The seeding and culture of
endothelial cells showed a marked reduction in adhesion on the
nonirradiated coated film surface, whereas the UV-irradiated
surface promoted cell adhesion and proliferation except for
incubation in serum-free medium, which was similar to
commercial tissue culture PET sheet. These nbservations may
be due to adsorption of cell adhesive proteins, typified by
fibronectin, in serum-containing medium onto the cationized
photoreactive copolymer surface by electrostatic interactions.
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INTRODUCTION

Studies to examine the induction of cell movement, direction and
organization, together with the role of cell function (attachment—
adhesion, elongation, migration and proliferation) on cell mor
phology have been demonstrated using micropaitemed surfaces.
These surfaces enable adhesion and nonadhesion areas of cells
to be precisely segrezated at the micrometer level (1-18). Such
micropattemed surfaces can be produced using various existing
microprocessing techniques such as photolithography wusing
conventional semiconductor manufacturing techniques (19,11,
15) or by combining photolithography with silane coupling on
a glass surface (2—4,10). In addition, regional ultraviolet light uvy
irradiation (16) including an excimer laser (17), which has been
used in recent years for manufacturing of super high—density large-
scale integration eircuits, realized submicrometer-order precision,
On the other hand, microcontact printing, which combines
@ microprocessed stamp with an alkanethjol ink that can form
a self-assembly monolayer on gold surface (5,6), has recently been
developed and allows the production of precise micropatternad
surfaces using very simple procedures (13,18). '

We have previously developed photochemical driven surface
modification methods. These include photograft polymerization
(7.8,19) using the photochemistry of dithiocarbamate, an “‘in-
iferter™ (20-23), which acts as a radical polymerization initiator,
transfer agent and terminator and photegrafting using photo-
reactive polymers derivatized with photoreactive groups (azide
[1,11], dithiocarbamare [24} and benzophenone [25] groups
generating radicals or coumarin [26] and cinnamate [27] groups
showing dimerization). Using the surface graft polymerization
method, micropatterned surfaces of polymers with multiply
different physicochemical properties can be casily produced by
regional photoirradiation in a particular monomer solution while
moving the irradiation portion (8). Because cell adhesion and
proliferation are enhanced on relatively hydrophobic or ionie
{especially cationic) hydrophilic surface (28-31) via preadsorption
of cell adhesive proteins such as fibronectin, vitronectin and
lamimin in serum-containing medium onto the surfaces, it is
possible that two-dimensionally patterned tissues could be readily
produced that posses micrometer-order precision.

The next stage in preparing high-performance surfaces for
cellular matrixes requires the development of technologies, which
can reversibly control cell attachment and detachment or control
direction of cell migration for in sy design of organization of
adhered cells. A reversible cell amachment-detachment matrix
was previously prepared using thermeinsolubilization of
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Figure 1. Photochemical dissociation into jon pairs of triphenylmethane
leucohydroxide (MG).

poly(N-isopropylacryamide) for culture plate (32), However, the
thermal reaction has met little regional contro} in principle becanse
of an accompaniment of diffusion process. On the other hand, there
is no report about in sitt control of direction of cell migration,

The aim of this study was to develop a novel surface modi-
fication method, which can photochemically control cell attach-
ment regions, as a fundamental base for in sity control of cell
organization. To achieve this, a photochemical cation-generatable
surface was designed based on the photochemistry of malachite
green (MG). MG is a2 well-known photochromic molecule that
reversibly dissociates into jon pairs under UV iradiation (33,34,
producing intensely deep-green—colored triphenylmethyi cation,
which is a plane structure, and counter hydroxide ions very rapidly

" (within 40 ns) and in high quantum yields (34), as shown in Fig. 1.
We have previously synthesized water-soluble polyacrylamide
copolymers with MG side chains (35). Using this system we found
that a cationic copolymer, produced by UV irradiation, induced
an immediate strong interaction with cells suspended in buffer
solution and was dependent on irradiation time, concentration of
copolymer and content of MG groups. Therefore, using the photo-
chemistry of MG, which can reversibly generate the cation, in situ
control of the direction of cell migration will be realized by moving
the irradiation portion.

In this study a hydrophobic MG-derivatized copolymer
composed mainly of styrene (ST) units was prepared and used as
a photoreactive polymer, UV irradiation—induced changes on the
surface physicochemical properties of the photoreactive copolymer
film were evaluated by X-ray photoelectron spectrascopy (XPS),
water conlact angle measurements and atomic force microscopic
(AFM) analyses. Using this novel surface an initial stedy in in virro
photochemical control of cell adhesion and proliferation was
performed.

MATERIALS AND METHODS

Materials. ST was obtained from Ohken Co., Ltd. (Tokyo. Japan). AN
solvents and reagents were of special reagent grade and were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and used afier
standard purification. 2,2’-Azobis(isobutyronitriIe) (AIBN) was recrystal-
lized wwice from methanol.
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Figure 2. Synthetic route for the preparation of photoreactive copolymer
(2) with MG groups.
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Table 1. Preparation of poly(s:yrene—co-diphcnyl(4-vinylphenyi‘)merhanc
leucohydroxide) (2)*

Monomer feed Copolymer (2)

ratio (mol%)
Conversion Mnt Content of (1)
ST (1) (%) (x10* g/mol) wnit} (mol%)
76 24 20 74 12.4

*Total monomer concentration = 200 mg/mL in benzene; initiator con-
centration = [monomcr]j[inilimor] = 100, 60°C, 18 h in sealed tubes.

tDetermined by GPC measurements (calibrated with polystyrene); eluent,
N N-dimethylformamide,

IDetermined by 'H-NMR analyses.

Preparation of the photoreactive polvmer (2) and s fiim. A glass tube
containing a mixture of ST (447 mg, 4.3 mmol), diphenyl(d-vinylpheny?)-
methane leucohydroxide (34) (1, 537 mg, 1.5 mmol), AIBN (9.5 mg,
5.8 X 1072 mmol; molar ratio of [monomer}/{initiator] = 100} and benzene
(5 mL) was sealed under reduced pressure after three freeze—pump-thaw
cycles for degassing. Polymerization was carried out for 18 h at 60°C in the
dark. The polymer, after precipitation with a large amount of methanol, was
filtered (11G4, TOP, Kyoto, Japan). Reprecipitation was earried out by
exchanging benzene solution (hree times with methanol, The final
precipitation was dried under a vacyum and-stored in a dark desiccator,
and the yield was 212 mg (20%). The molecular weight of the copolymer
(2), estimated by ge! permeation chromatography (GPC) analyses, was
approximately 7.4 X 10°g/mol. The content of the triphenylmethane
leucohydroxide unit in the copolymer was [2.4 mol%, which was
determined by 'H-nuclear magnetic resonance (NMR) spectroscopy.

Films of the pholoreactive copolymer (2) were prepared by coating from
the benzene solution (1% wifvol, 100 L per L5 cml) onto the circujar
poly(ethylene terephthalate) (PET) sheet (diameter: 14 mm, WAKO Plastic
Sheet, Osaka, Japan} and air-dried; :

UV irradiation. UV irradiation was carried out with an ulirahigh-
pressure mercury-vapor lamp (250 W, SPOT CURE250, Ushia, Tokyo,
Japan) through a’quantz optical fiber (diameter: 5 mm, length: { m). The
light wavelength (290 nm < A < 410 nm) was selected with the aid of
cutoff filters (UV-D25-and UV-31, Toshiba, Tokyo, Japan). The light
intensity, measured with a photonieter (UVR-1, Topcon, Tokyo, Japan),”
was 0.5 mW/em? at the sample surface.

Suiface characterization. The chemical composition of the outermost
surface layer of the MG-derivatizad copolymer (2) flm was determined by
XPS (36,37) (ESCA 750, Shimadzu, Kyote, Japan) using a magnesium
anode {(MgKa radiation} connected to 2 data processor ESCAPAC-760 at
room temperature and 2 X 1077 Torr (8 kV, 20 mA) at a takeoff angle of
90°. The angle was defined as the angle between the sample surface and the
‘electron optics of the energy analyzer. Because the elemental analysis data
determined by XPS measurenient were reproducible (n = 3, 8D < 10%3,
oniy the average values wers reported. : :

The surface wettability was evaluated by water conract angle measure-
ments (38,39) using the sessile drop lechnique with a contact angle meter
(CA-D, Kyowa Kaimenkagaku Co., Ltd., Tokyo, Japan).

Adhesion forces were determined from foree versus distance (F-d) curve
measurements obtained by AFM (40,41 {Dimension 3000, Digital In-
struments, Santa Barbara, CA), using a probe-tip surface modified with
a curboxyl group. This was prepared through self-assembled monolayer
formation of 12-mercapto-{-dodecanoic acid, according to the method of
our previous study (42). Thirty f-d curves were obtained ar one location
through repeated tip approach-retract cycles, and the mensurements were
then repeated at five locations for each sample. The frequency of the
approach—retract cycle, 3.2 Hz, was chosen to minimize the noise
fluctuation in a single f-d curve, Sequential f-d curves were collected
using computer software at | s intervals. The adhesion force between the tip
and the photoreactive copolymer film surface wag evaluated from the
hysteresis in the retract trace of the fd curves, where the jump-height from
the bottom of the retrace line corresponded to the total adhesive force
strength. The spring constant (0.12 N/m), provided by the probe
manufacturer (DNP-S, Digital Instruments), was used without further
calibration in this study.

Orher physical measurements. Average molecular weights were de.
termined by GPC analyses (43,44) of N.N-dimethylformamide with a RI-
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Table 2. Water contact angles and surface chemical compositions of the photoreactive copalymer film before and after UV irradiation

Contact angle (°)*

Element ratiot

Surface Advancing Receding o/C N/C
Nontreated PET M7 6=*2.1 0.43 (0.4)t R ()
After coating of photoreactive copolymer (2)
without irradiation 93+21 B+ 14 0.010 (0.012)1 0.020 (0.025)1
with irradiatien for 5 min 73%31 64+52

*Measured by the sessile drop method (n = 5).
tDetermined from XPS measurements (n = 3).
{Parentheses show the theoretical values.

8012 instrument (Tosoh, Tokyo, Japan} at 40°C using Tosoh TSKgel 3000
and w6000 columns. The columns were calibrated using narrow weight
distribution polystyrene (PST) standards. '"H-NMR spectra were obtained
on a JEOL JNM-JX-270 (270 MHz) spectrometer (JEOL, Tokyo, Japan)
and were recorded in dimethylsulfoxide-ds solutions using tetramethylsi-
iane as the internzl standard.

Celf cudture. Endothelial cells (EC) harvested from bovine thoracic aorta
by collagenase digestion were cultured in Dulbecco’s modified Eagle's
medium (Flow Laboratories, McLean, VA) supplemented with 15% fetal
bovine serum (HyClone Laboratories, Inc., Logan, UT), a mixtre of
penicillin and streptomycin (50 mg/L, ICN Biomedicals Inc., Aurora, OH)
and amphotericin B (2.5 mg/L, ICN Biomedicals Inc.). EC betwsen the
14th and 16th passage were used. EC were seeded onto PET sheets
(WAKO), placed at the bomom of PST 24 multiwell culture dishes
(Coming, N, with or without coating of the photoreactive copolymer at
a density of 2 X 10° cells/well at 37°C in water saturated with 5% COyf
95% air atmosphere for up to 3 days. Culre medivm was replaced every
day. Samples were observed by phase-contrast microscopy (Nikon
Diaphoto, Tokyo, Japan) and photographed for at least three fields in each
sample with a Nikon camera (HFX) using Polaroid 667 film (Polaroid,
Cambridge, MA), and the pumber of adherent EC per unit arta was
counted,

RESULTS AND DISCUSSION
Surface preparation and characterization

The photoreactive copolymer (2) was prepared by radical copoly-
merization of ST with the MG-derivatized monomer dipheny
(4-vinypheny)methane leucohydroxide (1), which was synthesized
using the Grignared reaction with 4-bromostyrene and Michler's
ketone (34), as shown in Fig. 2. The results of copolymerization
are shown in Table 1, with the degree of substitution of the MG
unit in the copolymer found to be 12.4 mol%. .

The copolymer (2) was coated onte the surface of the PET sheet
from its benzene solution to form a film. Water contact angle
measurements of the film, when used as the base material, showed
that both advancing and receding contact angles were significantly
higher compared with the nontreated PET sheet. These results were
similar to previously reported values for polystyrene (45) and
showed high hydrophobicity (Table 2). Surface elemental analysis
by XPS measurements revealed an oxygen/carbon (O/C) elemental
ratio of 0.010 and a nitrogen/carbon (N/C) ratio of 0.021, which
were close to their respective theoretical values of 0.012 for Q/C
and 0.025 for N/C as calculated from the chemical structure of the
copolymer (Table 2). These results indicate that the MG groups
were distributed on the outermost surface of the coating film
according to the composition ratio of the copolymer (2).

When the coated film surface was UV irradiated for 5 min, the
water contact angle decreased slightly (Table 2), indicating a slight
increase in surface hydrophilicity. In addition the film, which was
pale yellow color before irradiation, tumed yellowish green (Fig. 3).

With increasing irradiation time the depth of the green color
increased and became almost constant after 20 min irradiation.
These findings strongly sugpest the generation of triphenylmethyl -
cations from the MG groups after UV irradiation, as shown in Fig.
1. The green color was maintained, without fading, for several days
at 37°C, indicating that the generated cations were highly stable in
the polymer matrix.

To quantitatively characterize the positive charge on the
outermost surface of the photoreactive copolymer-coated films,
which were induced by ionization of the MG on UV irradiation,
AFM f-d curve measurements were performed for each surface
before and after UV irradiation. For these measurements the AFM
tip with close-packed carboxyl groups was used. Because the
carboxylated tip is negatively charged under neutral pH, positive
charges detected were from electrostatic attractive interactions
between the surface and the negatively charged tip, as shown on
the f-d curve profiles,

Figure 4 shows the representative f-d curves obtained for the
photoreactive copolymer-coated surface before (Fig. 4A} and after
(Fig. 4B) UV irradiation for 20 min. The approaching trace of the
f-d curve (dashed curve in Fig. 4) obtained after UV iradiation
showed a remarkable puil-in force, which was not seen before
irradiation. In the retracting trace of the f-d eurve (solid curve), the

Irradiation time (min)

‘Figure 3, Color change of the photoreactive copolymer (2)-coated PET
sheet using UV imadiation. Bar = 500 pm,
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_A: before irradiation
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Figure 4. AFM force curves on the photoreactive copolymer (2) surface
before (A) and afier (B) UV imadiation for 20 min. Dashed curves:
approaching trace. Salid curves: retracting trace. The zero position of the tip
is expediently defined as the starting position of the linear part in the tip
surface contact region. '

typical adhesive jump-height was larger on the surface after UV
irradiation than before irradiation. Adhesion forces measured from
150 f-d curves ranged from 0.5 to 3.6 nN, as shown in the
histograms in Fig. 5. The mean adhesion force appeared to be
larger on the surface after UV irradiation (2.0 0.7 nN) than
before irradiation (1.3 *=0.4 nN). Such an increase in adhesion
force on the UV-irradiated surface is attributable to the contri-
bution from the electrostatic-binding force at the interface between
the negatively charged carboxylated tip and the positively charged
photoreactive copolymer-coated surface, This in turn was added
1o the basal adhesive interaction between the tip and the surface
before UV irradiation.

The above observations verify that the copolymer-coated surface
* was undoubtedly pasitively charged after UV irradiation, Because
the adsorption force was markedly different among the measure-
ment sites, the surface was considered to be heterogeneous in the
microscopic range at the nanometer level. On the other hand, in
water contact angle measurements, which have micrometer level
precision corresponding to a cellular size, reproducible data were
obtained with very small standard devidtion, as shown in Table 2,
Therefore, it can be said that the cations were uniformly produced
on the photoreactive copolymer surface within a cellular size.

Cellular responses

EC were seeded on the surface of the photoreactive copolymer
films either with or without UV irradiation. After 3 h of incubation
on the whole surface of the film, which was UV irradiated homao-
geneously for 20 min, the seeded cells adhered and elongated in
a manner very similar to that on the surface of a PET tissue culture
sheet that was used as the control (Fig. 6). In contrast, almost all
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Frequency (%)
25

A: before UV irradiation

20

15

10

| B: after UV irradiation
20 F

0 1 2 3 4
Adhesive Force (nN)
Figure 5. Histograms of the frequency of adhesion force observed in the
repetitive f-d curve measurements betwesn COOQ™-AFM tip and the

photoreactive copolymer-coated surfaces before (A) and after (B) Uv
irradiation for 20 min,

cells attached onto the nonimradiated film surface were circular in
shape. With longer culture incubation, cells on the surface of the
irradiated films proliferated with a doubling time of about 1 day, as
did the control (Fig. 7). After 3 days of incubation the surface of
the UV-irradiated film and the control surface were fully covered
with a confluent- monolayer of cells (Fig. 6). On the other hand,
cells on the surface of the nonirradiated film showed little
proliferation and negligible change in cell numbers even after 3
days of culture (Fig. 7). When the surface of the nonirradiated §lm
was precoated with such cell adhesive proteins (fibronectin), the
cells showed much adhesion and proliferation (Fig. 7).

It has been reported that cellular responses such as attachment—
adhesion, spreading and proliferation on material surfaces are
generally dependent on surface characteristics such as chemical
composition and properties. In the cellular attachment-adhesion
two distinetly different mechanisms have been discussed (28-
31,46-54). One is biospecific interaction of cellular membrane
receptors and adsorbed cell adhesive proteins, typified by fibro-
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) ﬁ‘t\'l'h‘lh
s B S el

Figure 6. Phase-contrast micrographs of adhered EC on the photoreactive copolymer (2) film surface before (A) and after (B) UV irradiation for 20 min and

tissue culture dish (C). Bar = 100 pm,

nectin and vitronectin (55-57). Such surfaces, in which adsorption
of such adhesive proteins present in a serum-containing medium
preferentially occur, are relatively hydrophaobic or ionic (especially
cationic). The other mechanism proceeded 1ig direct interaction of
negatively charged cellular membrane and cationically charged
surfaces via clectrostatic interactions, which occurred even under
incubation in a serum-free medium. For examples, poly{L-lysine)
or cationic synthetic polymer surfaces enhanced cellular adhesion

Number of Cells (x 10 ‘cells)
20

15

10

0 20 40 60 80
Incubation Time (h)

Figure 7. Growth curves of EC adhered on (O) tissue culture PET sheet,
{4&) nonirradiated photoreactive copolymer (2) film, {3} photoreaciive
copolymer (2) film UV irradiated for 20 min, {A) nonirradiated
photoreactive copolymer (2} film with coating of fibronectin and (@)
photoreactive copolymer (2) film UV irradiated for 20 min under incubation
in serum-free medivm.

(47-51). On the other hand, least protein adsorption and easiest
desorptive surfaces have been identified as nonionic swellable or
highly hydrophobic surfaces. In fact, poly(ethylene glycol)-deriv-
atized surface or the fluorinated one reduced protein adsorption,
and concomitantly, significant reduced attachment of platelets and
EC were observed (58). . '

" In this study, the UV-irradiated photoreactive copolymer film
surface, where positive charges were homogeneously distributed all
over the area in the precision at cellular level, enhanced cell adhesion
and growth (Figs. 6 and 7). This observation is well correlated with
data in previous studies reported from many institutions (46—54),
whereas under incubation in the serum-free medium, attachment of
cells was markedly prevented on the photoreactive copolymer film
even after UV irradiation, as shown in Fig. 7. This phenomenon was
observed under 3 h incubation in a saline solution (data not shown).
These may be due to low density of the generated cationic charges.
On the other hand, transformation of MG by UV irradiation forms
planar structure in addition to carboeation. However, the structural
change is hard to lead to any changes of the overall structure of the
MG-derivatized copolymer because of random direction of the
copolymer in addition to very low content of MG unit in the co-
polymer (ca 10%). Therefore, it is suggested that the enhancement of
cell adhesion and proliferation was induced by adsorption of cell
adhesive proteins in a serum-containing medium on the UV-
iradiated cationized photoreactive copolymer surface by electro-
static interactions. In addition, it seems that protein adsorption alone
was difficult to occur on the nonirradiated photoreactive copolymer
surface, thereby inhibiting cell proliferation.

The results from this study suggest that UV irradiation provides
proliferativity to cell nonproliferative surfaces and allows control of
cell proliferation on the surface. When high-density cell adhesion
areas are partially produced on a completely non—cell adhesive
surface with regional precision, by controlling areas of irradiation
and UV is irradiated on their adjacent nonirradiated areas, it is
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possible to induce cell movement—proliferation in newly iradiated
areas. On the other hand, it seems that the reversible contro] of cell
attachment or detachment on culture surfaces may be realized by the
hypothesis as follows. The transformation of MG is reversible in
solution. If highly cationically charged graft surfaces induced from
the MG-derivatized surface will enhance cellular attachment vig
electrostatic interaction with the negatively charged cellular
membrane without adsorption of the cell adhesive proteins, cells
will be attached to only limited areas under UV irradiation, whereas
absence of the caticnically charges, which may be induced by
cessation of irradiation, may lead to detachment of the attached cells
by disappearance of electrostatic interaction between the cell
membrane and the substrate. These studies for in sity design of
organijzation of adhered cells are currently in progress.
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Abstract: In order to reduce the compliance mismatch be-
tween the native artery and the artificial graft, we have
developed a coaxial double-tubular compliant graft, using
multiply micropored segmented polyurethane (SPU) thin
films, which mimies the relationship between the intralumi-
nal pressure and vessel internal diameter (P-D) of the native
artery (termed “J” curve). The graft was coaxially assembled
by inserting a high-compliance inner tube with a heparin-
immebilized photocured gelatin coating layer into a low-
compliance outer tube with a photocured hydrophilic poly-
mer coating layer. Twenty-eight coaxial double-tubular
compliant grafts were implanted into the canine common
carotid arteries in an end-to-end fashion for up to 12 months.
The overall patency rate was 86% (24/28), and neither rup-
ture nor aneurysmal formation was observed. A neoarterial
wall was formed via transanastomotic and transmural tissue
ingrowth, resulting in neoarterial tissue formation on the
luminal surface and into the intertubular space of the dou-

ble-tubular graft, accompanied by mainly myofibroblasts
and inflammatory cells in the early stage and endotheliali-
zation and collagen-rich extracellular matrices in the late
stage of implantation. Surrounding-tissue adhesion with the
outer tube was prevented by the hydrophilic polymer cdat-
ing. Although the J curve of the implanted prototype model
was preserved 1 month after implantation, the impaired J
curves were observed because of tissue ingrowth and tissue
adhesion between the outer surface of the inner tube and the
surrounding tissues 3 and 6 months after implantatior. At
12 months after implantation, however, the implanted coax-
ial double-tubular graft exhibited high compliance due to
biodegradation of the SPU films. © 2003 Wiley Periodicals,
Inc. ] Biomed Mater Res 65A; 170-181, 2003

Key words: coaxial double-tubular graft; compliance match-
ing; segmented polyurethane; healing process; biodegrada-
tion

INTRODUCTION

Arterial tissues including aorta to arteriole are con-
tinuously exposed to a dynamic mechanical force such
as perpendicular stress, circumferential stress, and
shear stress, which are repeatedly driven by cardiac
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pulsatile output, and these arteries contribute to effi-
cient forward bloed flow to peripheral tissues with
minimal energy loss because of their unique biome-
chanical properties': large inflation in the low-pres-
sure regions, gradually reduced inflation in the phys-
fological pressure regions, and little inflation in the
high-pressure regions, termed the “J” curve.

On the other hand, artificial grafts such as expanded
polytetrafluoroethylene (ePTFE; Gore-tex) and polyes-
ter-based  (Dacron) grafts, which have been widely
used clinically for bypass grafting or the replacement
of occluded or aneurysmal arterial tissues, are so stiff
that the fabricated tubes show little inflation over full-
pressure regions. The patency rate after the implanta-
tion of a small-diameter artificial graft has been much
lower than that of a medium- to large-diameter artifi-
cial graft because of an early stage thrombosis and a
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late stage neointimal hyperplasia.®>® Among the many
factors determining the patency of the small-diameter
artificial grafts, the compliance mismatch between the
native artery and the artificial grafts has been dis-
cussed as a major detrimental factor of graft fail-
ure.*>71% Thrombus formation and neointimal hyper-
plasia on the surface of the small-diameter artificial
graft become more critical factors for graft failure than
those of the medium- to large-diameter artificial graft,
because the effective flow area of the small-diameter
artificial graft must be much smaller when the same
amount of thrombus or neointimal hyperplasia is gen-

erated. In addition, the difference in mechanical prop-

erties between a native artery and an artificial graft
induces hemodynamical flow disturbance and stress
concentration near the anastomoses, causing further
thrombus formation and neointimal hyperpla-
sia.>”'® Therefore, the small-diameter artificial graft
essentially requires compliance matching with the na-
tive arteries as much as possible.

We reported new design concept based on biome-
chanical design criteria and fabricated a prototype
small-diameter graft of a unique structure'; a coaxial
double-tubular compliant graft biomimicking the J
curve of canine common carotid arteries using micro-
pored segmented polyurethane (SPU) films. SPU has
long been used as a material for the artificial heart
{e.g., diaphragms or valves), because of proven phys-
ical characteristics such as highly flexible elastomer
and excellent durability against cyclic stretching. The
coaxial double-tubular compliant graft was assembled
by inserting the high-compliance inner tube into the
low-compliance outer tube (Fig. 1). Upon increasing
the intraluminal hydrodynamic pressure, the inner
tube inflates markedly in the low-pressure regions
(Fig. 1, phase A to B), and after the inner tube comes
in contact with the outer tube (Fig. 1, phase B}, both
tubes inflate together gradually in the high-pressure
regions (Fig. 1, phase C). This mechanical property
" mimicks the J curve of the native artery. The wall
thickness, diameter and pore density (relative area of
micropores), which are the principal parameters de-
termining the pressure-dependent diameter change,
were adjusted to meet the design criteria of the graft
(target vessel was canine carotid arteries: inner diam-
eter, 4.0 mm; averaged from eight arteries) and were
50 pm, 4.5 mm, and 35.1% for the inner tube, and 100
km, 5.5 mm, and 15.0% for the outer tube, respectively
(Fig. 2). This fabricated coaxial double-tubular graft
exhibited the J curve mimicking that of target canine
carotid arteries. The transition point was set within the
physiological pressure range (100 mmHg).

In this article, the surface processing aiming at re-
duced thrombus formation on the luminal surface of
the inner tube in the early stage of implantation and
prevention of tissue-mediated adhesion between the
inner and outer tubes and between the outer tube and
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Figure 1. Design concept of the coaxial double-tubular
compliant graft. Top: the conceptual pressure-diameter re-
lationship of the coaxial double-tubular graft. Bottom: the
short-axis views of the coaxial double-tubular graft, depend-
ing on the intraluminal pressure. Phase A: at zerp pressure;
phase B: at P, (contact phase); phase C: at given P (high-
pressure regions). The inner tube inflates rapidly in the
low-pressure regions (phase A to B). After the inner tube
comes in contact with the outer tube (phase B), both tubes
inflate together gradually (phase C).

the surrounding tissues, was conduced by photo-
chemical grafting. Upon implantation into canine ca-
rotid arteries, morphogenesis and compliance changes
were investigated. The perspective of the coaxial dou-
ble-tubular graft and the shortcomings of the current
technology were discussed. ‘

MATERIALS AND METHODS

Fabrication of coaxial double-tubular
compliant graft

The design criteria and the detailed fabrication proce-
dures of the coaxial double-tubular compliant graft were
reported previously.!" Briefly, our graft was assembled by
inserting a high-compliance inner tube irto a low-compli-
ance outer tube. The materials used were multiply micro-
pored segmented polyurethane thin films (Cardiomat 610,
Zeon Kasei Co., Ltd,, Tokyo, Japan). It is claimed by the
manufacture that Cardiomat 610, a segmented poly(ure-
thane-ether) was prepared from poly(teramethylene glycol),
14diphenyl methane diisocyanate and 14 -butanediol
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Pore Wall (chain extender). The material descriptions Including di-
Diameter Density Thickness mensions are listed in Figure 2 and shown in Figure 3.
Innertube  4Smm o Ba% 50 pm A surface coating was applied to the graft using a pho-
Outertabe  55mm 150% 100 um tografting technique previously developed by us. The outer

and inner surfaces of the inner tube were coated with a

mixed aqueous solution of 2 wt % photoreactive gelatin

2““" (benzophenone-derivatized gelatin: number of benzophe-

none groups is 29.9 per gelatin molecule {molecular weight:

—— Commonecaratidatery g5 % 10%)] and 1 wt % heparin (Wako Pure Chemicals Inc.,’

®  Prototype model Osaka, Japan) and subsequently photocured by ultraviolet

: {(UV) light irradiation from a mercury arc lamp (H-400P,

Toshiba, Tokyo, Japan; A > 270 nm; intensity, 0.14 mW/

Physiological an?).*** The outer and inner surfaces of the outer tube

Pressurs Range were coated with 1% aqueous solution of a photoreactive

hydrophilic  polymer, poly(N.N-dimethylacrylamide-co-

m-azidostyrene) (azidostyrene content; 10 mol %; molecular

- weight: 2.0 X 10%) and subsequently photocured by UV light
or irradiation 16

150 =

_- iS_‘S. 100}

Pressure (mm Hg)
o
-]

%o Py 5.0 55 50 s Animal models
Diemeter (m) Twenty-eight coaxial double-tubular compliant grafts

Figure 2. Design criteria and pressure-diameter relation-  Were bilaterally implanted into the common carotid arteries
sl'ug;;uof the prot%ntype model ofpthe coaxial double-tubular ~ of 14 aduit mongre! dogs (average weight, 28.5 + 2.2 kg;
graft. The pressure-diameter relationships of the prototype  range, 25-35 kg, Table I). All animals received care accord.
model matched well with that of the common carotidartery  ing to the “Prirciples of Laboratory Animal Care” (formu-
in the intermediate and higher pressure regions, and the  lated by the National Society for Medical Research) and the
transition point was set within the physiological pressure  “Guide for the Care and Use of Laboratory Animals” (NIH
range. o publication no. 86-23, revised 1985).

FABRICATION | - COATING
, &
7 PHOTOIRRADIATION

A. Inner Tube

1,

_ , ASSEMBLY
Photoreactive Gelatin &
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Figure 3. Fabrication process of the coaxial double-tubular graft. The inner and outer tubes were fabricated and coated
separately, and the coaxial double-tubular graft was assembled by inserting the inner tube into the outer tube.
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TABLE 1
Patency as a Function of Implantation Period

No. of Patent Grafts/

Implantation Body

Period (month) Weight (kg) No. of Implanted Grafts
1 285*10 7/8 (88%)
3 2.7 +35 6/6 (100%)
6 28.0=x17 5/6(83%)
12 28027 6/8 (75%)
Average 28.5+22 24/28 (86%)

Graft implantation

General anesthesia was induced by injection of intramus-
cular ketamine (Ketaral 50, Sankyo Co., Ltd., Tokyo, Japan;
15 mg/kg) and intravenous pentobarbital (Nembutal, Dain-
ippon Pharmaceutical Co., Lid,, Osaka, Japan; 10 mg/kg)
and maintained by intermittent injection of pentobarbital.
Bilateral para-tracheal incisions were made along the tra-
chea, and both common carotid arteries were dissected,
which yielded a segment approximately 10 cm in length.
After intravenous injection of heparin (Novo Heparin, Novo
Nordisk Pharmaceuticals, Copenhagen, Denmark; 100
U/kg), the arteries were crossclamped 20 mm away from the
anastomoses, and a segment 3¢ mm long was resected. The
coaxial double-tubular graft was interposed by means of

end-to-end anastomosis (Fig. 4). The anastomoses of the-

inmer tube were constructed with 12 interrupted 7-0

polypropylene sutures (Nespilene, Azwell Co., Ltd., Osaka,

Japan) on each side, and the outer tube that was placed
outside of the inner tube gver the anastomosis was roughly
fixed to the adventitia of the adjacent native artery. Neither
antiplatelet nor anticoagulant agents were administered ex-
cept for the intracperative heparin injection.

Histological examination

All grafts were fixed in sifu with 20% formaldehyde and
4% glutaraldehyde except for the grafts subjected to mea-
surement of the compliance (P-D relationship), w_hich were
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fixed after the measurement. Specimens for light micro-
scopic examination were stained with hematoxylin-eosin,
Masson'’s trichrome, and Elastica van Gieson to observe the
time-dependent changes of neoarterial structure and wall
thickness of the grafts after implantation. For immunchisto-
chemical staining, the antibodies against the smooth muscle
a-actin (1A4, DAKO Corp., Glostrup, Denmark) and the von
Willebrand factor (A082, DAKO Corp.) were used to iden-
tify the smooth muscle cells (SMCs) and the endothelial cells
(ECs), respectively. Specimens for scanning electron micro-
scopic observation were postiixed with 1% osmium tetrox-
ide, dehydrated in graded series of ethanol, critical point
dried, and sputter-coated with osmium to identify the en-
dotheljal ingrowth of the luminal surface of the grafts. The
surfaces of the SPU materials of the retrieved outer tubes
were also observed using a scanning electron microscope
(SEM: JSM-6301F, JEOL, Tokyo, Japan).

Measurements of P-D relationship and compliance

The P-D relationships of the retrieved grafts with adjacent
arteries at 1, 3, 6, and 12 months after implantation were
measured using a digital X-ray imaging system and a pres-
sure transducer as previously reported.'” Briefly, one end of
a vessel segment was cannulated to a fixed stainless steel
connector for pressure loading and the other to a sliding
connector, and the vessel was restored to in sity length in a
bath filled with Krebs-Ringer solution held at 37°C. The
vessel was gradually inflated with a pressurized contrast
medium {Iomeron 350, Eisai Co., Ltd., Tokyo, Japan) using a
syringe pump, recording the intraluminal pressures from 0
to ~200 mmHg. An X-ray digital fluoro-imaging system
(series 9600, OEC Medical Systems Inc., Salt Lake City, UT)
was used for obtaining the intraluminal radiographs of the
vessel, and realtime digital images were recorded on a

 digital videocassette tape. The P-D relationships at the mid-

dle portion of the grafts were measured using an NIH Image
software (Version 1.59, public domain software). The details
of the procedure were described in our previous article."”

Compliance changes were evaluated with the stiffness
parameter (B value) determined from the following equa-
tHonl84s.

Figure 4. Operative findings of the coaxjal double-tubular grafts. The grafts were implanted into the canine common carotid

arteries in an end-to-end fashion.
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-Figure 5. The external and luminal views of the grafts after implantation.

In (P/Ps)=B(D/Ds — 1) (1

where Ps and Ds are the standard intraluminal pressure (100
mmHg in this study) and the external diameter at Ps, re-
spectively. P is the intraluminal pressure and D is the exter-
nal diameter at P. '

RESULTS

~The fabrication procedure of double-tubular graft is
schematically shown in Figure 3. The diameters of inner
and outer tubes were 4.5 and 5.5 mm, respectively. For
both tubes, the inmer and outer surfaces were pho-
tografted with a respective photoreactive substance. The
inner tube was coated witha photocured heparin-immo-
bilized gelatin layer, and the outer fube was pho-

tografted with a hydrophic polymer, poly(N,N-dimethy-
lacrylamide) partially derivatized with a photoreactive
group (phenylazide). Both surface processing technolo-
gles and materials were described in our previous arti-
cles.*1® These grafts were bilaterally implanted into
canine common carotid arteries up to 12 months. Figure
4 shows a photograph of the surgical operation. When
anastomosed and blood-circulated, the periodic cycles of
inflation and deflation of the graft were noted, indicating -
that pulsatile blood flow was taking place in the im-

planted graft.

Patency and macroscopic appearance

Twenty-four of the 28 grafts were patent at the
moment of explantation (overall patency rate: 86%;
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Figure 6. Scanning electron microscopic findings of the luminal surface of the implanted graft. (A} Anastomosis portion at

1 month after implantation (original

magnification, Xx1000). (B) Middle portion at 3 months after implantation (original

magnification, X5000). (C) Middle portion at 6 months after implantation (original magnification, X1000).

Table I). Figure 5 shows the external and luminal

views of the implanted graft at various times. Neither -

rupture nor aneurysmal formation was observed even
at 12 months after implantation. Tissue adhesion
around the graft was most massive at 1 month after
implantation [Fig. 5(A}], but the degree of adhesion
reduced gradually with the implantation period [Fig.
5(CE,G)]. The outer tube photografted with a hydro-
philic polymer could be retrieved easily without ad-
hesion between the inner and outer tubes in all obser-
vation periods. The intertubular space between the
inner and outer tutes was filled with ingrowth tissues
that migrated from the tissues surrounding the graft
or from the host arteries. - 7

In the luminal views, thrombus formaton was ob-

served at 1 and 3 months after implantation [Fig.-

5(B,.D)]. At 6 and 12 months after implantation, the
luminal surface was almost covered with glistening
and milky-white neointima with little thrombus and
neointimal hyperplasia [Fig. 5(F,H)].

Implantation-period-dependent morphogenesis

SEM observation shows that the ECs infiltrated se-
quentially from both proximal and distal stumps of
the host artery into the graft surface beyond the anas-
tomoses [Fig. 6(A)]. The endothelializing front was
positioned at ~3 mm from the anastomoses at 1
month after implantation, and at ~7 mm at 3 months
after implantation. At 1 and 3 months after implanta-
tion, the luminal surface of the graft where ECs were
not found was covered with the thrombus or fibrin
[Fig. 6(B)). At 6 months after implantation, however,
the luminal surface was completely covered with ECs
[Fig. 6(C)]. -

The neoarterial wall was reconstructed by tissue
ingrowth from the arterial stumps and from the sur-
rounding tissues through the micropores of the grafts.
The tissue ingrowth inside the inner tube and the

tissue ingrowth into the intertubular space between
the inner and outer tubes were defined here as the
neointima and the neomedia, respectively. At 1 month
after implantation, the neointima and the neomedia
near the anastomosis were filled with myofibroblast-
rich cells and inflammatory cells [Fig. 7(A), 8, and
9(A)), and fresh thrombus was attached to the lJuminal
surface of the middle portion of the graft [Figs. 7(E)
and 9(E)]. At 3 months after implantation, the neoin-
tima and the neomedia near the anastornosis began to
be replaced with collagen-rich extracellular matrices
[Figs. 7(B) and 9/B)], although fibrin was attached to
the luminal surface of the middle portion of the graft
[Figs. 7(F) and 9(F)]. At 6 months after implantation,
the neointima and the neomedia were almost replaced
with extracellular matrices, and the cellular compo-
nents were localized at the luminal side of the necin-
tima [Figs. 7(C,G) and 9(C,G)]. At 12 months after
implantation, well-aligned smooth musdle cell layers,
the thickness of which were approximately 50 to 80
um, were observed beneath the intima [Figs. 7(D,H),
9(D,H)}, and 10(A,B)], although elastic fibers were not
observed among those layers [Fig. 10(C)). Also, the
luminal surface of the neointima was fully covered
with ECs [Fig. 10(D})].

Figure 11 shows the time-dependent change of wall
thickness. The neointimal wall thickness at para-anas-
tomosis of the grafts at 3 months after implantation
was the largest (512 * 41 um) and decreased at 6 and
12 months after implantation (414 + 54 um at 6
months, and 313 * 48 pum at 12 months). The neoin-
timal wall thickness in the middle portion of the grafts
became larger with time, reaching approximately
315 * 30 pm at 12 months after implantation [Fig.
11(A)]. On the other hand, the neomedial wall thick-
nesses at para-anastomosis of the grafts were signifi-
cantly larger than those in the middle portion in all
observation periods except that at 3 months [Fig.

- 11(B)].
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Figure 7. Longitudinal sections at the para-anastomosis and the middle portion of the grafts after implantation. The sections
were stained with hematoxylin-eosin. IT, inner tube; OT, outer tube; NI, neointima; NM, neomedia. Original magnification,

x40,

Compliance changes and material deterioration

The P-D relationships after implantation are shown
in Figure 12. The P-D relationship at 1 month after
implantation exhibited the J curve but became steeper
at 3 and 6 months after implantation. The ] curve was
restored only within the low-pressure regions. How-
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ever, the J curve was observed again at 12 months
after implantation. This curve closely resembled that
of the native arteries: large inflation in the low-pres-
sure regions and gradual inflation in the high-pressure
regions. The stiffness parameter (B value), calculated
from Equation (1), is also shown in Figure 12: the B
value of the preimplanted graft was 9.2, which was

0 pm

Figure 8. Microscopic findings at the para-anastomosis of the graft at 1 month after implantation (hematoxylin-eosin
staining). Arrows and arrowheads indicate myofibroblasts and inflammatory cells, respectively. Original magnification,

%400,
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Figure 9. Longitudinal sections at the para-anastomosis and the middle portion of the grafts after implantation. The sections
were stained with Masson's trichrome. IT, inner tube; OT, outer tube; NI, neointima; NM, neomedia. Original magnification,

x40,

comparable to that of the native artery but with longer
implantation periods; the B value increased to 51.4 at
6 months after implantation but decreased to 19.6 at 12
months after implantation.

SEM observations of the surfaces of the material
{SPU) are shown in Figure 13. The surface and edge of
the fabricated micropores before implantation were
fairly smooth [Fig. 13(A)]. However, the surface grad-
ually became rougher with time [Figs. 13(B-D)], and
many deep cracks were observed around the fabri-
cated micropores at 12 months after implantation [Fig.
13(D)], strongly indicating that the SPU film degraded
with time, resulting in the loss of integrity leading to
the decrease of mechanical strength of the SPU film of
the tube.

DISCUSSION

Despite much effort and various approaches as well
as numerical attempts to develop vitally functioning
small-diameter artificial grafts for many years, a ma-
jority of the research works have shown only the
partial improvements including surface-biocompat-
ible medification or the quality of the graft material,
and only a few research groups have continued to
develop novel small-diameter artificial grafts in terms
of material, surface, and structural designs.?%=**

The structural components of native arteries are
maindy cellular elements (SMCs and ECs) and connec-
tive tissue elements (elastic and collagenous fibers).
Among these components, the latter elements contrib-
ute to the mechanical strength of the native artery and
the unique mechanical property of the native artery
(termed ] curve): an artery easily inflates in the low-
pressure regions {0 to ~60 mmHg), moderately in-
flates in the physiological pressure regions (~60-140
mmHg), and hardly inflates in the high-pressure re-
gions (approximately >140 mmHg). The single syn-
thetic elastomeric tube made of SPU generally exhibits
an “inverse J” curve in the P-D relationship due to
creep characteristics of the elastomeric film, which
occur under high stretching conditions. To overcome
this problem, our conceptual design and fabrication
technology are based on the coaxdal double-tubular
graft, that was assembled by two different types of
elastomeric tubes: the inner tube has high-compliance
and the outer tube has low-compliance, and theoreti-
cally and experimentally this type of graft mimicked
the J curve, as shown in Figure 2.

Although the J curve in the P-D relationship was
realized by the optimal selections of material, struc-
tural, and fabrication parameters as described in our
previous article, one potential problem that remains
to be solved is the tissue adhesion between the inner
and outer tubes upon tissue ingrowth and that be-
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50 pm

Figure 10. Longitudinal sections at the middle portion or the graft at 12 months after implanfaﬁon. (A) Masson’s trichrome
staining. (B} Staining for smooth muscle e-actin. (C) Elastica van Gieson's staining, (D} Staining for von Willebrand factor.

tween the outer tube and the surrounding tissue. If  ance for the latter case. To circumvent or solve these
these occur during the implantation period, the two  problems, we performed surface photoprocessing of
' tubes would unify to behave as a single tube for the  these tubes, and this led to long-term patency and
former case or show considerably reduced compli-  restoration of compliance. The coating material was
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