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Abstract
In this work, the in vitro interaction of cerebellar granule neurons prepared from 7-day-old Wistar rats and poly ethylene-co-vinyl
alcohol (EVAL) membranes was investigated. Cells were cultured in smooth and particulate EVAL membranes for up to 7 days.
Particulate membranes were prepared by using 1-octanol to precipitate EVAL solutions in DMSO. Such a membrane was
microporous characterized by a packed bed of particles. Voids left between the aggregated particles formed a continuous and
interconnected porous network. Crystallization of the EVAL polymer induced by 1-octanol is responsible for the formation of
particulate morphology. The membrane structure and its relationship with cells were examined by scanning electron microscopy and
the MTT assay. It was observed that the particulate membrane was more favorable for the neuron culture than the smooth
membrane. Neurons seeded on the particulate membrane were able to regenerate with formation of an extensive neuritic network.
Therefore, the particulate structure may spatially mediate cellular response that can promote neuronal cell attachment, di!erentiation
and neuritic growth, indicating that the particulate structure should be useful as a new polymer sca!old for nerve repair.  2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction
During the past several decades, various novel polymer membranes have experienced a notable growth in
di!erent phases of biomedical industry. Many techniques
have been used to combine the membrane technology
with di!erent biological cells to ful"ll speci"c purposes,
such as islets for arti"cial pancreas [1}4], osteoblasts for
membrane-guided bone regeneration [5,6] and neuronal
cells for nerve repair [7,8]. Especially, the neuronal cell
behavior on a biomaterial has attracted much attention
because of its scienti"c interest and clinical importance.
Attempts to replace lost or dysfunctional neurons following trauma or disease by means of tissue transplantation
or peripheral nerve grafting have been extensively investigated recently [9}12]. Obviously, the behavior of neuronal cells is in#uenced by both their intrinsic genetic
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program and their extracellular environment. Therefore,
the chemical nature and physical microstructure of the
culture substrate can in#uence the behavior of neurons.
Several studies have shown that modi"cations of the
chemical structure and composition of the polymer substrates can greatly a!ect the degree of cell attachment
and di!erentiation, and guidance of neuritic processes
[13}19]. This research was developed to prepare synthetic polymer membranes with a special particulate
morphology to improve the growth of neuronal cells. The
particulate morphology was prepared by using 1-octanol
to precipitate polyethylene-co-vinyl alcohol (EVAL)
solutions in DMSO to form a membrane. Such a membrane was characterized by a packed bed of nearly
equal-diameter particles approximately in the submicron
order. It was proposed that crystallization of the polymer
induced by 1-octanol is responsible for the formation of
particulate morphology. Morphological studies of neurons
seeded onto the particulate membrane demonstrated the
capacity of such a membrane structure to support attachment and growth of neurons and neuritic growth. Therefore, this study developed an easy method to prepare
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membranes with the particulate structure for neuronal culture.

2. Materials and methods
2.1. Membrane preparation
Membranes were prepared by using EVAL (105A,
Kuraray Co. Ltd., Japan) having an average ethylene
content of 44 mol%. DMSO and 1-octanol of extra pure
reagent grade (Nacalai Tesque, Kyoto, Japan) were used
as received.
Two di!erent structures of EVAL membrane were
fabricated by using the dry and wet processes of the
phase inversion method, respectively [20]. An appropriate amount of EVAL was dissolved in DMSO to form
a 25 wt% homogeneous solution. This solution was dispersed uniformly on a glass plate (ca. 100 m) by an
autocoater (KCC303, RK Print-Coat Instruments, UK).
Subsequently, the membrane solution together with the
glass plate were evaporated at 703C to form dense membranes with a smooth morphology or directly immersed
into 1-octanol to form porous membranes with a particulate morphology. DMSO and 1-octanol used in the
preparation of EVAL membranes were potentially toxic
for neurons and had to be extracted from the membranes.
The smooth membrane was extensively washed by water
and the particulate membrane was soaked in ethanol to
remove 1-octanol and then in water to remove ethanol.
Freeze-dried samples of the membranes were examined
using a scanning electron microscope (SEM) to obtain
the membrane structures.
2.2. Gelation and liquid}liquid demixing boundaries
To clearly understand the formation mechanism of
EVAL membranes, knowledge of the equilibrium behavior in 1-octanol-DMSO-EVAL, which is related to di!erent types of phase separation during the membrane
formation, is required. The most straightforward method
is to determine the crystallization-induced gelation and
liquid}liquid demixing boundaries analyzed by the cloud
point method as described in a previous publication
[21,22]. Brie#y, a speci"c amount of EVAL polymer
(dried in oven at 503C) was mixed with a suitable amount
of DMSO and 1-octanol mixture at 703C until a clear
homogeneous solution was obtained. The solution was
then placed in an isothermal thermostat, which was
maintained at 253C for a period of 2 weeks. Two types of
phase-separated results could be observed: (i) solution
precipitated into a translucent or a white gel and
(ii) solution became a clear liquid phase coexisting with
a white solid. For case (i), the equilibrium gelation point
was identi"ed as the composition at which a sharp increase in turbidity was observed by a turbidity bridge

(Digital turbidimeter, Orbeco-Hellige, USA). The cloudy
samples at these compositions are as a consequence of
crystallization of EVAL molecules that have been proved
by DSC scan in a previous publication [21,22]. For
case (ii), gelation occurred in the polymer-rich phase after
the liquid}liquid demixing [21,22]. Therefore, the
liquid}liquid demixing and the gelation region would
overlap in the phase diagram. The location of binodal in
the ternary phase diagram was determined when the
polymer-poor phase "rst occurred in a series of samples
with increasing 1-octanol concentration.
2.3. Cell culture
EVAL membranes were cut into circular discs of
16 mm diameter suitably sized for tissue culture plate
wells. The membranes were sterilized with 70% alcohol
under ultraviolet light overnight and then rinsed extensively with phosphate bu!er solution (PBS). Subsequently,
membranes were placed in 24 well tissue culture
polystyrene plates (Corning, New York, USA) by placing
a silicon rubber ring on top of each membrane [23].
Before cell culture, membranes were covered with 10 mg/l
poly-L-lysine (Sigma) [13] in PBS and incubated 2}3 h,
after which time excess poly-L-lysine solution was removed by suction and dried for another hour. A glass
coverslip (Assistent, Germany) was placed in 24 well
tissue culture polystyrene plates as control, which was
treated by the same way as test membrane-containing
wells.
Cerebellar granule neurons were prepared from 7day-old Wistar rats according to Levi et al. [24]. Brie#y,
neurons were dissociated from freshly dissected cerebelli
by mechanical disruption in the presence of trypsin and
DNase. Following preparation, cells were seeded onto
EVAL membranes and coverslips at a density of
4;10 cells/well in basal Eagle's medium (BME; Gibco)
supplemented with 10% fetal calf serum (FCS; Gibco),
25 mM KCl, penicillin G (100 IU/ml) and streptomycin
(100 g/ml). Cultures were maintained at 373C in a humidi"ed atmosphere of 95% air/5% CO . Cytosine ara
binoside (10 M) was added to the culture medium
18}24 h after plating to prevent replication of non-neuronal cells. Immunocytochemical analysis of these primary
cultures has shown that they contain 95% granule neurons [24,25].
2.4. Assessment of neuronal viability
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT, Sigma) was prepared as a 0.5 mg/ml
stock solution in PBS, sterilized by Millipore "ltration,
and kept in dark [26]. MTT (0.35 ml) was added to each
well and plates were incubated for 5 h at 373C. Mitochodrial dehydrogenases of viable cells cleave selectively to
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the tetrazolium ring, yielding blue/purple formazan crystals. Therefore, the level of the reduction of MTT into
formazan can re#ect the level of cell metabolism. After
incubation, the medium was aspirated and the formazan
reaction products were dissolved in 0.4 ml of 10% sodium dodecyl sulphate (SDS, Sigma) in PBS and the
plates were then shaken for 15 h [27]. The optical density
of the formazan solution was read on an ELISA plate
reader (ELx 800, BIO-TEK) at 570 nm. Cell viability
determined by the MTT assay was performed at days 1,
3, 5 and 7 after plating. All data were shown as the
mean$standard deviation and statistical signi"cance
was assessed by Student's t-test. The level of signi"cance
was chosen as p(0.05.
For morphological observation, the cells adhering
to the membrane were washed with PBS and then "xed
with 2.5% glutaraldehyde in PBS for 1 h at 43C. After
thorough washing with PBS, the cells were dehydrated
by graded ethanol changes and then critical point dried.
Finally, the membranes were gold sputtered in vacuum
and examined by SEM.

3. Results
3.1. Membrane morphology
Membranes prepared by evaporating DMSO at 703C
showed a fairly dense and smooth surface structure, as
shown in Fig. 1. There were no pores existing in the top
surface and cross section. In contrast, membranes
prepared by precipitation in 1-octanol showed that the
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morphology was composed of submicron particles, as
indicated in Fig. 2. Voids left between the aggregated
particles formed a continuous and interconnected porous
network. Therefore, a particulate and microporous substrate for neuronal culture was successfully prepared. The
formation mechanism of particulate morphology can be
explained by the phase diagram of 1-octanol-DMSOEVAL (shown in the next section). Basically, the particle
structure is representative of crystallization from a homogeneous mixture [21,22] as have also been observed
for other semicrystalline polymers [28,29].
3.2. The relation between the phase diagram and the
membrane formation mechanism
In Fig. 3, the phase diagram of 1-octanol-DMSOEVAL at 253C is shown. The circular and triangular
symbols were, respectively, the composition at which
gelation and two equilibrium liquid phases "rst occurred
in a series of samples with increasing 1-octanol concentration. A solution above the gelation boundary is homogeneous and transparent. EVAL polymer is dissolved in
such a mixture at higher DMSO compositions. When the
solution is within the crystallization-induced gelation
gap, the solution will undergo solid}liquid demixing to
form a gel consisting of small crystalline aggregates
dispersed in a liquid phase [21,22]. Below the two
equilibrium liquid data points, the supersaturated
liquid is metastable with respect to liquid}liquid demixing. In general, initiation of liquid}liquid demixing
is more rapid than nucleation of polymer crystallization
that requires a rearrangement of polymer [30], so

Fig. 1. Scanning electron microphotographs of the smooth EVAL membrane: (a) top surface view; (b) cross-sectional view.
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Fig. 2. Scanning electron microphotographs of the particulate EVAL membrane: (a) top surface view; (b) cross-sectional view.

demixing. Therefore, using a 25 wt% EVAL solution to
prepare membranes, the membrane structure with linking of particles is controlled by crystallization. Furthermore, the particles of this membrane are approximately
of equal size, suggesting that all of the particles emerged
from individual EVAL nuclei are born simultaneously.
These nuclei then grow radially until their fronts meet
and join with adjacent particles.
3.3. Cell culture

Fig. 3. Phase diagrams of 1-octanol-DMSO-EVAL at 253C. The data
points, denoted by "lled circles (䢇) and triangles (䉱), represent the
composition at which the gelation and two liquid phases "rst occurred
in a series of samples with increasing 1-octanol concentration.

liquid}liquid demixing is kinetically favored to separate
the supersaturated solution into two clear liquid phases.
Subsequently, the polymer-rich phase will be always
greatly supersaturated with respect to crystallization,
thus, EVAL polymers eventually crystallize to form
a white gel solid to coexist with a clear liquid phase.
However, no liquid}liquid demixing data could be obtained experimentally at higher EVAL concentration in
the phase diagram, as indicated in Fig. 3. This suggests
that a highly supersaturated solution prefers to undergo
the solid}liquid demixing rather than the liquid}liquid

Fig. 4 shows the time course of formazan accumulation
for the EVAL membranes and control. Formazan absorbance indicates that neurons seeded onto the EVAL
membranes were able to convert the MTT into a blue
formazan product. For the smooth membrane, the
formation of formazan by neuronal cells exhibited a lag
phase of 3 days, followed by an increase of up to day 7.
The formazan absorbance of control indicated a similar
pro"le and only with a slight lower accumulation up to
day 5, but at a signi"cantly lower level than that of the
smooth EVAL membrane at day 7. This indicates that
the smooth EVAL membrane can be used as a substrate
for the attachment and growth of neuronal cells. In
addition, a di!erent trend in formazan deposition is observed between the particulate membrane and the
smooth membrane. Examination of the kinetics of formazan production reveals that the particulate membrane
had the highest accumulation of formazan and signi"cant
di!erences compared to control (p(0.05) at all time
points. The more formazan product present on the particulate membrane indicates particulate morphology was
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Fig. 4. MTT-tetrazolium assay. Formazan absorbance expressed as
a function of time from cerebellar granule neurons seeded onto EVAL
membranes and controls. Values are means$S.E.M. of 4 determinations.

favorable for the attachment of neuronal cells. The results of MTT assay were consistent with qualitative observations of SEM (shown in the next section). It is
reasonable to hypothesize that the number of cell adhesion would increase as the area of its contact with the
membrane surface increases. However, it is di$cult to
measure the surface area of a particulate membrane. In
addition, it has been demonstrated that concave pores or
convex particles on the membrane surface have a great
in#uence on the behavior of myoblasts [31]. Therefore,
exactly what factors are responsible for culturing neurons
on the particulate membranes remains to be determined.
Obviously, some direct in#uence of the surface particles
on the neurons must be involved.
SEM of critical point dried membranes con"rmed the
presence of the neurons on the smooth and particulate
EVAL membranes throughout the 7 days of culture
(Figs. 5 and 6). In addition, astrocytes were also observed
in Fig. 6(b), which was con"rmed by using glial "brillary
acidic protein as a marker for astrocytes [32]. Although
cytosine arabinoside was added to the culture medium to
kill dividing non-neuronal cells that are synthesizing
DNA [24,25], some cells might survive because they were
at stages of the cell cycle that were not going DNA
synthesis. This indicates that EVAL membranes also
have the potential as the substrate for culturing astrocytes.
Fig. 5 shows that most of the neurons displayed spherical or ellipsoid morphology on the smooth membrane.
Some neurons formed aggregates on the smooth structure after 7 days in culture, but to a lesser extent than the
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Fig. 5. Scanning electron microphotographs of neurons seeded onto
the smooth EVAL membrane after 7 days in culture. The cells are
round or ellipsoid in shape and formed aggregates with few neurites.

particulate structure cultures (Fig. 6). Furthermore, these
cells already showed features of di!erentiation, with a few
neurites that extended on the membrane surface. In contrast, although di!erences in cell morphology on membranes was not so clear, apparent large aggregates
formed on the particulate membrane that varied in size
from a few to several tens of cells. Qualitatively, the particulate membrane was more favorable for the neuron
culture. Well-established neurons were prepared, so
those cells interact with each other to form the cell
pattern in aggregate cultures. In addition, on the particulate membrane, the density of the axonal network was
more complex and dendritic arbors were more elaborate
and highly branched. These aspects of development re#ect the continuation of processes begun at a good stage
of development. Therefore, the particulate membrane
promoted cell}cell interaction for aggregate cultures,
which led to the neuronal maturation and the development of a neural network.

4. Discussion
In this article, particulate membranes were easily prepared by using 1-octanol to precipitate EVAL solutions
in DMSO. Based on the analysis of the phase diagram,
the membrane structure with linking of particles is controlled by crystallization. Interestingly, besides EVAL,
other crystallizable polymers such as Nylon-66 and
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Fig. 6. Scanning electron microphotographs of neurons seeded onto the particulate EVAL membrane after 7 days in culture. (a) Most of cells have
formed aggregates and showed neurites that form bundles. (b) A high magni"cation of some neurons attached directly to polymer particles.

PVDF can also form particulate membranes by precipitating polymer solutions in 1-octanol [33], In our laboratory, such particulate membranes have proved useful in
plasma protein separation [33] and micro"ltration [34].
However, prior to this study, very little was known about
the characteristics of neuronal cell behavior on a particulate membrane. Therefore, we prepared EVAL membranes with smooth and particulate structures and
studied the behavior of neurons on the di!erent structure
of EVAL membranes. The major advantage is that the
behavior of neurons on di!erent structures was e!ectively compared on the same material. The result clearly
demonstrates that the membrane morphology is an important factor for attachment and growth of neurons.
Although cell attachment would occur on both membrane surfaces, the neuritic network on the particulate
surface was more complex compared to neuritic outgrowth on the smooth surface. In addition, the particulate morphology had a signi"cant in#uence on cell
aggregation. This suggests that cell aggregation can be
in#uenced by the surface morphology of the substrate.
Since the size of cell aggregate is controlled by cell migration [35], the particulate surface has a signi"cant e!ect
on cell motility. Therefore, although soluble neurotrophic factors and the chemical structure of the substrates contribute to the neuron growth, appropriate
physical structures are also necessary for cell growth and
integration.
Overall, the main "nding of this study is the feasibility
of culturing neuronal tissue cells on particulate EVAL
membranes. These in vitro results are very encouraging

since this information should be useful for the development of strategies for promoting the regrowth and regeneration of tissue in the nervous system. Such a particulate
morphology can provide support structures upon which
the neuronal cells grow and organize to form a tissue
matrix permeable to axonal growth. Therefore, it has the
potential to make use of particulate structure to improve
healing and axonal regeneration of injured neural tissue
and provide a means for the architectural design of more
complex tissue-engineered systems. A thorough study of
the e!ects of polymer surface structure properties on the
attachment and di!erentiation of neurons will be followed by in vivo evaluation.
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