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Abstract

Not only the surface morphology but also the surface chemistry can be changed during the fabrication of biomaterials. Therefore,
the result of a biocompatibility test of one material may alter to a great extent, dependent on the fabrication process. In this paper, the
in vitro interaction of myoblasts and EVAL membranes with different surface properties was investigated. It was observed that
moderate contact angle and porous structure are favourable for the cell adhesion and growth. However, cell adhesion and growth
were decreased on a porous structure with particulate morphology and higher contact angle. © 1998 Published by Elsevier Science

Ltd. All rights reserved
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1. Introduction

Recently, many techniques have been used to combine
the membrane technology with biological cells to treat
a specific disease, such as artificial pancreas [1-4] and
membrane-guided bone regeneration [5,6]. Much
research has been explored in the studies of the bio-
compatibility of biomaterials [7-14]. However, the
mechanism of cell adhesion and growth on different
kinds of biomaterials is still not well established. This is
due to the fact that it is difficult to attribute the difference
of cell behaviour to the biomaterials themselves or other
factors such as wettability, porosity, charge and rough-
ness. In this study, we circumvented this problem by
using one material, ethylene vinyl alcohol (EVAL), and
evaluated the adhesion and growth of cells on the differ-
ent structure of EVAL membranes.

Membranes are generally prepared by the phase inver-
sion method [15]. In this process, a casting solution
consisting of polymer and solvent inverts into a polymer
network or gel to form the membrane. There are two
kinds of phase inversion process: dry process or wet
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processes. In dry processes, a membrane is formed by
complete evaporation of the solvent. In wet processes, the
casting solution is immersed into a non-solvent coagula-
tion bath. Interchange of solvent and non-solvent causes
the casting solution to go through a phase transition to
form a membrane.

The wet process involves two different types of phase
transition [ 16]: solidification and liquid-liquid demixing
(Fig. 1). When the viscosity of the polymer solution in-
creases to a certain assumed value, the motion of poly-
mer chains will be limited and the system can be regarded
as a solid to fix the membrane structure. In liquid-liquid
demixing, the completely miscible solution crosses the
binodal boundary to enter the two-phase region. When
a homogeneous solution becomes thermodynamically
unstable, the solution can divide into two liquid phases of
different composition to decrease its free energy of mix-
ing. The two liquid phases reach the thermodynamic
equilibrium and can be connected by the tie line in the
phase diagram. If the polymer concentration of the
phase transition is larger than the critical point, a nucleus
of the polymer-poor phase that forms the pore, then
a polymer-rich phase surrounds the pore. If the polymer
concentration of the phase transition is smaller than
the critical point, the polymer-rich phase separates as
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Fig. 1. Typical ternary phase diagram of polymer—solvent-non-sol-
vent.

a nucleus of a particle rather than the formation of
a nucleus of polymer-poor phase.

The phase diagram is the description of an equilibrium
state. In membrane formation, the membrane structure is
mainly governed by the composition variation of the
casting solution at the instant of phase transition [17].
Three types of membranes can form.

(1) A dense structure is formed when the composition
variation path enters the solidification region directly.

(2) If the composition variation path crosses the
binodal boundary above the critical point, a porous
structure is formed. The polymer is then served as a conti-
nuous matrix in the membrane.

(3) A particle-bonded structure is formed if the com-
position variation path crosses the binodal boundary
below the critical point. The polymer acts as a discon-
tinuous matrix in the membrane.

The recent progress in biomaterials has raised the
advancement in orthopaedic surgery. The bone and soft
tissues present around the biomaterials may be adversely
affected by the cell-material interaction after implanta-
tion. Based on the clinical experience, it is impossible for
bone defect healing when the muscle tissue around the
bone defect is seriously hurt. This can be ascribed to the
fact that the blood supply of bone is from muscle tissue.
Therefore, after implantation of biomaterials, the skeletal
muscles are also exposed to the effect of device-related
factors. There were many discussions in the literature
describing the effects of biomaterials on bone tissue, but
few references described the effect of the morphology of
material surface on the skeletal muscles [7, 18]. There-
fore, following the above membrane formation mecha-
nism, the adhesion and growth of myoblasts on a series of
well-characterized EVAL membrane were presented to
study cell behaviour on the same material, but with
different morphology in vitro.

2. Materials and methods
2.1. Materials

EVAL copolymer of 56 mol% of vinyl alcohol
monomeric units was obtained using the previously re-
ported techniques [19]. In this study, de-ionized and
ultrafilirated water were used. Other reagents were of
chemical reagent grade and were used without further
purification.

2.2. Membrane preparation

EVAL copolymer was dissolved in dimethyl sulphox-
ide (DMSO) to form a 25 wt% polymer solution at 60°C.
The solution was kept at 25°C for 24h and then was
spread on a glass plate in a uniform thickness of 175 um
at 25°C to prepare membranes.

EVAL membranes were identified by the letters A,
B and C in Table 1. Membrane A was prepared by
evaporating DMSO at 70°C. Membranes B and C were
prepared by immersing the casting solution immediately
(no evaporation step) into a non-solvent bath. The non-
solvent bath for membrane B was water maintained at
60°C. The non-solvent bath for membrane C was
a DMSO/water mixture containing 80 wt% DMSO
maintained at 25°C. After the evaporation and precipita-
tion were completed (ca 1 day), the membranes were
removed from the glass plate and kept in a water bath at
25°C for 24 h.

2.3. Membrane characterization

The morphology of the membranes was examined
on freeze-dried samples using a scanning electron
microscope (SEM). Contact angles were measured at
25°C in water using a reverse air-bubble apparatus (CA-
D, Kyowa Scientific Co.). The porosity of membranes
was measured on freeze-dried samples by mercury intru-
sion porosimetry (Micrometrics Autopore 11-9220). The
intrusion volume was recorded for various pressures
ranging from 0 to 50,000 psi.

Table 1
Characteristics of EVAL membranes

Membrane Phase Morphology Contact angle  Porosity
inversion (deg)
A Dry Dense 442 + 1.6 0.00°
B Wet Porous 345+ 3.0 0.60° + 0.11
C Wet Particles- 55.0° + 1.6 0.64° + 0.05
bonded

Sample numbers n = 6.

* The smallest pore that can be measured in the porosimetry is 3 nm.

®These data show a significant difference of membrane properties
(P <0.05) compared with membrane A.
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2.4. Cell culture

Primary culture of Wistar rat myoblasts were used in
this study. Myoblast cells were isolated from male Wistar
rats (250-350 g) by enzymatic digestion technique follow-
ing the method of Bischoff [20]. The culture media used
was Dulbecco’s modified Eagle’s medium (MEM) supple-
mented with 10% foetal calf serum (Gibco-RBL Life
Technologies, Paisley, U.K.) and 1% antibiotics (penicil-
lin G sodium 100 Uml™! streptomycin 100 Uml™!,
Gibco-RBL Life Technologies, Paisley, U.K.).

EVAL membranes were mounted in six-welled tissue
culture polystyrene plates (Corning, New York, U.S.A)
by surgical adhesive CYNAL-5 (Nycomed Ingenor,
France). The mounted membranes were rinsed extensive-
ly with distilled water and subsequently sterilized under
ultraviolet light overnight. Then 3 ml of cell suspension
seeded on to the surface of membrane (2.25 x 10° cells per
well). Cell cultures were maintained in a humidified at-
mosphere with 5% CO, at 37°C.

After 4h incubation, the membrane surface was
washed with phosphate buffer solution (PBS) twice to
remove cell debris being present in the medium. Adhering
cells were detached with tryspin, stained with trypan blue
to make sure the cell viability and counted using
a Neubauer counting-chamber under the inverted micro-
scope [7]. The myoblasts adhesion to a membrane was
expressed as the percentage of the cells adhering to the
tissue culture polystyrene. Cell growth on the membrane
was carried out for 2, 4 and 7 days in the same way as the
cell adhesion.

For morphological observation, the cells adhering to
the membrane were washed with PBS and then fixed with
2.5% glutaraldehyde in PBS for 1h at 4°C. After thor-
ough washing with PBS, the cells were dehydrated by
graded ethanol changes and then the critical point dried.
The membranes were then gold sputtered in vacuum and
examined by SEM.

2.5. Data analysis

All experiments were repeated six times (n = 6) and
results are expressed as mean + SEM (standard error of
mean). The differences between various membranes were
evaluated by using Student’s -test. Significance was as-
sessed at the P <0.05 level of confidence.

3. Results and discussion
3.1. Morphology of membranes
Macroscopically, membrane A was transparent, whilst

B and C appeared opaque. The microstructure of EVAL
membranes was analysed qualitatively by SEM. Mem-

brane A showed fairly dense and smooth structure
(Fig. 2a). The membrane formation mechanism is de-
scribed in Fig. 3. Point I was the initial composition of
the casting solution on the solvent-polymer line. The
composition variation path of membrane A followed the
line I-A by complete evaporation of the solvent and
a dense structure was formed.

Membrane B coagulated in a water bath at 60°C
showed a heterogeneous morphology with pores either
superficial or open to the interior (Fig. 2b). If the mem-
brane was prepared by using water at 25°C as a coagula-
tion agent, it showed a dense skin with a porous sublayer
(SEM pictures were presented in [16]: Fig. 2). Such
a complex behaviour is thought to be due to the follow-
ing [16]. The interaction between DMSQO and water is
strong, DMSO in the casting solution dissolves rapidly
into the water coagulation bath at the moment the cast-
ing solution and water come into contact. However,
relatively little water diffuses into the casting solution
since it is a non-solvent for EVAL copolymer. As shown
in Fig. 3, the composition variation path entered the
solidification region directly following the line I-B" dur-
ing the membrane formation at a 25°C water bath. The
role of water changed from a strong non-solvent to
a weak one at 60°C [19] so the diffusion of water into the
casting solution increased. In addition, since mixing
DMSO and water was exothermic, the DMSO outflow
decreased by increasing the temperature of the coagula-
tion bath. The outcome was the composition variation
path of membrane B followed the line I-B through the
binodal boundary to cause liquid-liquid phase separ-
ation to form a porous structure on the surface.

Membrane C, coagulated in a DMSO/water bath con-
taining 80% DMSO, formed the constituent particles
ranging from 0.2 to 0.5 um (Fig. 2¢). Adding solvent to
the coagulation bath was similar to the coagulation bath
at high temperatures, which could reduce the interaction
between solvent and non-solvent mixture. The diffusion
tendency of solvent into the coagulation was reduced,
therefore, the composition variation path could reach the
binodal boundary at a lower polymer concentration,
even smaller than the critical solution concentration; see
the line I-C in Fig. 3. Consequently, concentrated poly-
mer droplets dispersed in a dilute polymer solution to
form the particle-bonded structure.

3.2. Contact angles of membranes

Underwater contact angles are shown in Table 1.
These data show a significant difference (P <0.05) of
membrane properties compared with the membrane A.
Membrane B had the most hydrophilic surface with
a contact angle of 34.5 + 3.0° and membrane C was the
most hydrophobic with a contact angle of 55.0 + 1.6°.
Membrane A, with a contact angle of 44.2 + 1.6°, was
between membranes B and C.
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Fig. 2. SEM pictures of EVAL membranes: (a) A; (b) B and (c) C.

This reflected that the hydrophobic ethylene segments
and the hydrophilic vinyl alcohol segments were selec-
tively present at the surface in the course of preparation
of the membrane. Although this is a relatively slow pro-
cess in the case of rigid polymers, molecules in a solution

state have the ability to rearrange and reorganize their
surface structures. The contact angle of membrane B sug-
gested that the hydrophilic components of EVAL mol-
ecules may migrate toward the surface at the moment
that the casting solution and water came into contact.
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Fig. 3. Composition paths of EVAL membranes A (I-A), B (I-B) and
C (I-C).
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Fig. 4. Relative value of myoblasts adhesion on EVAL membranes
after 4h culture. Sample numbers » = 6. (* These data show a signifi-
cant difference of cell adhesion (P < 0.05) compared to the membrane
A)

Membrane A formation occurred in a dry state, the
surface was enriched with hydrophobic ethylene seg-
ments and hydroxyl groups were embedded into the
deeper layer of the material. The spherical shape of
EVAL molecules in membrane C might be the effect
responsible for the highest contact angle. From a thermo-
dynamic point of view, the spherical shape has the lowest
surface energy. Therefore, every particle of membrane
C minimized its surface polarity in the particle formation.

3.3. Cell adhesion

We expressed the results from the adhesion tests on the
EVAL membranes as a percentage of the control (Fig. 4).
It appeared that within 4 h, there was a significant differ-
ence (P <0.05) of the cell adhesion on membranes B and
C compared with membrane A (52% of the control). For
membranes B and C, respectively, cell adhesion was
significantly higher for membrane B when compared
with C (P <0.05). Approximately 67% of cells adhered on

the most hydrophilic membrane B relative to the control.
Less cells adhered on the most hydrophobic membrane
C (60%). Despite the contact angle of membrane A being
between that of membranes B and C, however, it showed
a poor adhesion of myoblasts. The result was supported
by the work of others. Wachem et al. [8] demonstrated
that human endothelial cells adhered and spread prefer-
ably on moderately wettable polymers with a water con-
tact angle of 35°. Lee and Lee [12] found the maximum
adhesion of the Chinese hamster ovary cells appeared at
around a water contact angle of 55°. A perfect relation-
ship between cell adhesion and contact angle was not
found. Therefore, the effect of contact angle probably
only resulted in the limited correlation on cell adhesion.

Another important factor affecting cell adhesion is the
surface morphology on which the cultured cells attach.
For example, it 1s reasonable to hypothesize that the
amount of cell adhesion would increase as the area of its
contact with the surface increases. Therefore, the surface
of membrane A which was very dense without any pore
from SEM picture (Fig. 2a) showed the poorest cell ad-
hesion. Membrane B with the most cell adhesion, besides
the effect of hydrophilicity, was probably due to the
porous structure. Comparing the bulk porosity of mem-
branes B and C, there were no significant differences
(P>0.05) between them (Table 1). Therefore, it is reason-
able to assume they have a similar surface area for cell
adhesion. However, the polymer served as a continuous
matrix in membrane B and the pore served as a continu-
ous matrix in membrane C. In addition, the surface is
concave on the pore of membrane B and the surface is
convex on the particle of membrane C. Consequently,
membrane C with less cell adhesion than B was probably
due to the effects combined with hydrophobicity and
particulate morphology, not their contact area, as in-
dicated by the results of this work.

After cell contact surfaces, cells will alter their cell
membrane and its morphology to stabilize the cell-ma-
terial interface [ 14]. Cell morphology on the membranes
was studied using SEM. There were observable differ-
ences among the morphologies of myoblast cells cultured
on the various membranes at the same incubation time.
Fig. 5 showed the SEM pictures of the myoblast cells
grown on the EVAL membranes after 4h culture. Cells
on membrane B were completely flattened and well
spread. Similarly, cells on membrane A were also spread.
Although membrane C showed more adhesion of the
myoblast cells than A, the SEM observation revealed
that the cells were spread better on the membrane A than
on the membrane C. The cells were not spread at all and
remained spherical on membrane C. Obviously, cell ad-
hesion might increase as the area of its contact with the
substratum increases, however, it does not promise that
cells can spread very well. Therefore, on membranes
A and B better cell spreading was probably due to their
moderate hydrophilicity.
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Fig. 5. SEM pictures of myoblasts adhered on EVAL membranes after 4h culture. (a) membrane A: the cell constitutes the centrifugal growth of
filopodia; (b) membrane B: the cell has almost completed adhesion and spreading; (c) membrane C: the cells remain spherical at points of contact with
membrane C.

3.4. Cell growth the number of myoblast cells on the EVAL membranes
after 2,4 and 7 days culture. After 4 days culture cell
When cell adhesion was followed by progressive flat- numbers had increased 2-4-fold compared with those

tening of the cells, proliferation occurred. Fig. 6 showed after 2 days culture. At 7 days a minor cell proliferation
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Fig. 6. The number of myoblasts on EVAL membranes after 2, 4 and
7 days culture. Sample numbers # = 6. (4+This data show a significant
difference (P < 0.01) between membrane A and B after 7 d culture.
*This data show a significant difference (P < 0.01) between membrane
C and B after 7 d culture.)

occurred on all the EVAL membranes compared with the
preceding days. All the growth became relatively slow
and the cell number did not change significantly.

The cell growth was similar to the cell adhesion; mem-
brane B showed the highest cell number after 7 days
culture (P <0.01). Although membrane C showed more
adhesion of the myoblast cells than A, the numbers of
myoblast cells were similar between membranes A and
C after 7 days culture (P>0.05). The result can be as-
cribed to the fact that the celis were spread better on
membrane A than on membrane C, therefore, there was
no difference in the cell growth between membranes
A and C.

The interactions of cells with solid substrates depend
on many factors, such as wettability, porosity, chemistry,
charge and rigidity. The results of increasing cell culture
toward the porous surfaces in this study agreed with
those of other works [8, 10, 12]. Although the particle-
bonded surface had enough porosity, the cell behaviour
on the particle-bonded surface was not good. It is pos-
sible that microparticulate morphology would not be
beneficial to cell spreading. A thorough study of the
effects of polymer surface properties on the biocompati-
bility will be followed by in vivo evaluation.

4. Conclusion

We prepared EVAL membranes with different struc-
ture by the phase inversion process and studied the
adhesion and growth of myoblasts on the different struc-
ture of EVAL membranes. The major advantage is that
different structures are effectively compared on the same
material. The result clearly demonstrated that the hy-
drophilicity and the morphology of membrane were im-

portant factors for cell adhesion and growth. Therefore, it
is difficult to compare the cell behaviour on different
materials when the surface properties are not well de-
fined.
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