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To evaluate the mechanical properties of a polyurethane tube, which is fabricated to use as a scaf-
fold for artificial esophagus, the storage modulus of the material toward axial direction, dynamical
elasticity, and compliance values of the tube was investigated; A polyurethane tube of which surface
was oxidized to induce peroxide demonstrated the highest storage modulus and compliance, had
the larger radial change than those of the others against the same internal pressure, and showed
adaptable softness toward the radically directed pressure. These results indicate that mechanical

compliance of the material increased although oxidization produced deterioration.
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INTRODUCTION

urrently, various kinds of stents are in use to expand

lumen of the occluded esophagus to prevent or treat
dysphagia which is mainly oriented from cancer metasta-
sis or injury by swallowing chemicals that burn esoph-
ageal mucosa.” Placing a meshed metallic stent is a
representative of them, but the continuously penetrating
mucosa through the wire of filaments of the stent was
used to re-occlude the esophageal lumen with impinging
the placed stent.?

Although a silicone tube has been reported as an
acceptable device to replace damaged esophagus, its
high flexibility limits application to the lesion between
laryngopharynx and cardicac part of the stomach.”

To develop an artificial esophagus that would totally
replace esophagus including laryngopharynx and cardiac
part of the stomach, fabrication of polyurethane in tubu-
lar shape to use as scaffolds was considered.

The primary mechanical requirement for a material to
be an artificial esophagus is the optimal compliance that
the material should be dilated to provide smooth passage
for the swallowed dietary mass from top to bottom with-
out any interference during deglutition, and be shrunk
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during the rest time to prohibit reverse passage of food
from the gastric contraction.” Polyurethane (PU) is a
well-known material as bioinert implantation with
mechanical advantages including high durability against
continuously affecting bending stresses, and surface mod-
ification to provide biologically adequate properties for
tissue interactions on the material has also been widely
investigated.®

In this study, we evaluated the compliance value, stor-
age modulus toward axial direction, and dynamical elas-
ticity of variously surface modified PU tubes to produce
a scaffold that has optimal mechanical properties and
surface with acceptable tissue interactions.

MATERIALS AND METHODS

Fabrication of PU tubular scaffold

Thirteen % PU solution (Pellethane, 2363-81A, Dow
Chemicals, Midland, MI), which is purified by dimethy-
lacrylamide (DMAC) and methanol as previously descri-
bed,® was coated on a glass-rod with 3.8 mm of diame-
ter, and to fabricate tubes with length of 50 mm and
thickness of 0.5 mm.

The specimens were divided into 4 groups. Group 1
was the control without surface modification, Group 2
was the PU tubes whose outer-surface was treated by
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Fig. 1. Schematic diagram of the apparatus for compliance
assessment

5% hexamethylene diisocyanate(HMDI), Group 3 was
the tubes equally treated as the group 2 with additional
Dimethylsulfoxide(DMSO), and Group 4 was the speci-
men, whose surface were ozone-oxidized.

Through an ozone generator (TOG-B1, Peak Scientific
Inc., England, U.K), dried oxygen gas passed with 4.5 L/
min of oxygen flow rate, 1 bar of oxygen pressure, and
60 V of generator voltage at 37°C. The gas was supplied
into a chamber where PU tubes and films were placed
in. Ozone treatment was processed for 30 min, and
tubes were purged by nitrogen gas to remove non-
reacted ozone on polymer surface in the same way as
described previously.7

Compliance Assessment

The change of the tubular diameter in response to the
change of internal pressure was referred to compliance
value. An extremity of a tube was closed and the com-
pressed air was delivered into the specimen. The internal
pressure was measured by using a strain gage (060S-35,
KYOWA Co., Japan) through a pressure transducer
(SMD-10A, KYOWA Co., Japan) placed in the tube, and
changes of diameter were measured by a laser scan
micrometer (LS5000, KEYENCE Co., Japan). (Fig. 1)

The compliance value was calculated by following
equation;

C=2X{(D-Dy)/D,}/P

Here, C is the compliance, D, and D are the initial
and measured diameter at the internal pressure P, respec-
tively. (n=4/groups)

Storage modulus measurement

Storage modulus of a material was measured to inves-
tigate the complex stress, which occurs from the swal-
lowed dietary mass, bolus, that passes esophageal lumen.
To investigate the storage modulus, specimens were pre-

pared to rectangular sheets (20X4X0.5 mm). Storage
modulus toward axial direction, and dynamical elasticity
of the specimens were measured by using a dynamic
visco-elastic measurement equipment (Rheogel E-4000,
UBM Co., Japan), at 37°C with frequency range from 1
to 20 Hz. (n=4/groups)

Observation of the modified PU surface

A scanning electronic microscopic observation (S-800,
Hitachi, Tokyo, Japan) was carried to investigate surface
textures of all the specimens prior to the assessment of
storage modulus.

RESULTS

Compliance value assessment

Radial change ratio of the tubular PU scaffold was esti-
mated by measuring changes of diameter versus the
internal pressures, and the group 4, the ozone oxidation
induced PU tube, permitted the larger radial change
ratio than other groups. However, the HMDI treated
group 2 and HMDI-DMSO treated group 3 permitted
less radial change ratios than group 1, the control. (Fig.
2) '

The compliance values (=1/Kpa) were obtained from
calculating determined radial change. The compliance
values of the control group, group 2, group 3, and group
4 was 0.0015=%3.0E-4, 0.0012*2.2E-4, 0.0009 = 1.2E-4,
and 0.0037%8.2E-4 respectively. This indicates that the
group 4 has the highest flexibility toward the radial direc-
tion of all groups. Although either group 2 or 3 has mod-
ified surface, their compliance values are below than
those of the control. (Fig. 3)

Storage modulus measurement

The storage modulus in the longitudinal axial direction
reveals the strength toward the axial direction in tubes.
All the surface modified PU groups demonstrated higher
storage modulus than the control, and group 4 was the
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Fig. 2. Change of diameter in accordance with internal pres-
sure
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Fig. 3. Compliance in accordance with diameter changes
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Fig. 4. Storage modulus with frequency

highest. In the HMDI-treated groups 2 and 3, additional
DMSO-treated group 3 had the higher storage modulus.
At low frequency (1~5 Hz), the values of storage modu-
lus changed steeply than those of high frequency (5~20
Hz). (Fig. 4)

Modified surface texture

In scanning electron microscopic observation, relatively
smooth surface appeared on the HMDI treated group 2
and HMDI - DMSO treated group 3. The surface of PU

ozone treated group 4 demonstrated a diffuse and wavy
texture, and was similar to uniformly wavy surface tex-
ture of control PU. (Fig. 5)

DISCUSSION

Esophagus is a muscular digestive tract that transports
bolus from mouth to stomach, and consists of the inter-
nal mucous epithelium lining the tract lumen, inner cir-
cular layer and outer longitudinal layer of the external
smooth muscle fibers. Peristalsis, which propels mass
along the digestive tract, consists of waves of external
muscular contractions of repeating circular and longitudi-
nal contractions. A swallowed bolus inters esophagus
with opening of upper esophageal sphincter, the bolus is
pushed down by a primary peristalsis, the secondary
lower esophageal sphincter opening follows, and this
movement occurs repeatedly until the bolus enters stom-
ach.®

The ideal mechanical properties for artificial esophagus
should have both high compliance in radial direction and
low storage modulus in axial direction, because the
esophagus must expand in radial direction and produces
a tension in axial direction to provide esophageal peri-
stalsis for passing bolus. If an artificial esophagus has the
lower elastic modulus in radial direction and higher elas-
tic modulus in axial direction than the normal esophagus,
the tubular esophagus would easily derive the higher
stress concentrations in the boundary area between the
esophagus and the living tissues. And thereby the artifi-
cial esophagus would be removed from the connecting
interfaces with the living body. In the reverse, the higher
compliance value in radial direction and lower modulus
in axial direction, the small expansion in radial direction

Fig. 5. Surfaces of a) non-treated PU, b) HMDiI-treated, and c) ozone-treated PU observed by SEM
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produces smaller deformation without generating the
higher stresses in axial direction. Therefore, high elasticity
in radial but low elasticity in axial directions would be
necessary for fabricated materials.” Extensive work to
develop practical and economical methods for surface
modification of PU has been carried out, and many dif-
ferent biologically functional molecules have been chem-
ically or physically immobilized on polymeric supports.’®?
But these method limits their practical use because of
the side effects of residuals from chemical treatment, or
mechanical deformities after physical treatments. Previous
study reported that hexamethylene diisocyanate (HMDI)-
induced NCO- groups on PU surface to bind with
amines of collagen molecules, which resulted CONH-
covalent bonding, were effective. But it limits the selec-
tivity of solvent for dissolving proteins to avoid diisocyan-
ate-related toxicity.® To overcome the limitation, intro-
duction of the active species using an oxidation reaction
was considered to graft polymerization onto PU. Ozone
oxidation easily produces carboxyls and hydroperoxides
on the surface of molded polymers even with compli-
cated shapes.”*"™ On the PU surface, active oxygen-
atoms, which induce carbon and hydroxyl radicals, are
produced by the ozone decomposition. The carbon rad-
ical immediately reacts with oxygen molecules, and
leaves peroxyl radicals.”” Such polymeric peroxides are
convenient to initiate the graft polymerization with pro-
teins onto PU surface. External surfaces of the tubular PU
were modified to graft collagen molecules, and the effect
of chemical modification to compliance and storage
modulus was investigated in this study, because those
procedures produce chemical erosion and molecular
degradation on the PU surface.’ In this study, several
kinds of surface modification procedures were compared.
The compliance value of the HMDI-treated group 2 was
decreased as compared with that of control, and addi-
tional DMSO-treatment onto the HMDI-treated PU sur-
face produced the lower compliance value in group 3
than in group 2. This phenomenon was related to the
fact that the more chemical treatment induces the more
material degradation, and the specimens lost radial flexi-
bility due to re-aggregation of the degraded residues, in
concerning with the previous report about elasticity of
the HMDlI-treated PU.® :

In reverse, the ozone treated group 4 demonstrated
the more increased compliance value than the control,
and this was within the physiologically acceptable range.
It would be assumable that using oxygen gas, instead of
using HMDI and DMSO solution, produced less
degraded chemical residues, but produced surface ero-
sion leading to increased compliance value. This can be
presumable according to the surface texture observed

through scanning electron microscope. The surface of PU
treated by ozone gas revealed uniform wavy texture due
to surface deterioration by ozone attack'”, which was
similar to the surface of control PU, but the HMDI
treated PU surface was relatively smooth, which was
greatly different from the control PU surface.

In investigation of storage modulus, the stress forward
the longitudinal axis increased as the frequency increas-
ed, and group 4 demonstrated the highest value. The
steeper modulus values were obtained in all groups at
the low frequency than at the higher frequency, and this
assumes to be affected by the surface viscosity of the
PU."®

At this point of view, group 4 was appropriate to use
as a scaffold for artificial esophagus, though the storage
modulus was high, but it was in the applicable limit. But,
the group 4 assumes to have the most degraded surface,
and it is necessary to estimate the effect of surface treat-
ments on durability of the materials in a further study.

CONCLUSION

In this study, compliance of chemically surface modi-
fied tubular PU scaffold was investigated.

1. The compliance increased in the ozone treated PU
tubes, but decreased in the HMDI treated ones, while
storage modulus decreased in the ozone treated Pus, but
increased in the HMDI treated ones.

2. Inducing gas phase chemical is favorable one to
modify surface of PU for fabrication of artificial esopha-
gus.
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