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Abstract

Zirconia bio-ceramic hollow fiber membranes were developed using a sequence of mixing, extrusion, phase inversion and sintering steps. ZrO2

p
g
m
m
w
e
f
©

K

1

i
t
t
d
m
m
w
c
s
s
v
d

0
d

artially stabilized by Y2O3 was chosen as the starting membrane material. The prepared membranes were characterized by SEM, EDX, XRD and
as permeation techniques. Effects of the starting ZrO2 particle size and sintering temperature on the physical properties of the resulted hollow fiber
embranes were extensively studied. Sintered at 1400 ◦C for 10 h, membranes made from 80 nm sized ZrO2 particles display cubic fluorite as the
ajor crystalline phase and give rise to interesting microstructure for cell response. Without any surface modification, this tailor-made membrane
ith high mechanical strength and pore size less than 1 �m was selected for further test of osteoblast attachment. In vitro bio-compatibility was

valuated by using mouse MC-3T3-E1 osteoblast cell culture. A series of cell interactions with fiber surface (i.e. cell adhesion, proliferation,
ormation of bone nodules, mineralization, etc.) verified the bio-compatibility of the prepared membranes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Accomplished by selectively permeable membranes,
mmunoisolation of transplanted cell is actively studied for
he potentials in replacing lost function in the host tissue due
o disease or degeneration. Hollow fiber as immunoisolation
evice typically confines cells in the lumen of permselective
embranes [1–8]. The passage of large immune-system
olecules and antigens is restricted by membrane portion,
hile other small molecules such as oxygen and nutrients

an freely permeate into the encapsulated environment. In the
ame way, cell-secreted bio-active products can be released
ite-specifically to the host. Polymeric membranes are pre-
iously used to embed non-autogenetic cells for soft tissue
evelopment and disorder treatment. Due to the intrinsic low

∗ Corresponding author. Tel.: +65 67943896; fax: +65 67943747.
E-mail address: SMLiu@ntu.edu.sg (S. Liu).

mechanical strength, poor thermal stability and easy fouling,
their application in bone cell transplantation is very limited
[1,9]. Ceramics are promising alternative materials because
of their good structural, thermal and chemical stability, high
mechanical strength, toughness and unlimited autoclavability.
Thin tubes or hollow fibers possess promising geometry in
terms of large membrane area per unit volume and ease of
sealing. However, the control of membrane properties to work
as immunoisolation and simultaneously suit the requirements
for osteoconduction and osteoinduction poses huge challenges.
How to enhance the cell interactions with bio-material surfaces
is the focus of many recent research endeavors [10–15]. Previ-
ous studies indicated that osteoblast adhesion is independent
of ceramic surface chemistry and material phase, but strongly
dependent on the ceramic surface topography [10–15]. For
example, enhanced osteoblast adhesion on ceramic surface can
be achieved if bio-ceramics are made from nanophase alumina
or titania. Alternatively, designing a bio-compatible device by
mimicking the microstructure of natural bone is a very useful
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strategy [11,15]. Such surface microstructure may provide
a better microenvironment (or focal contacts suitability), to
promote cell–substrate interaction, therefore facilitating cell
adsorption, anchorage and spreading.

In this paper, we report the successful development of
bio-ceramic hollow fiber membranes with a topology similar
to natural bone, a structure favoring the interactions between
osteoblast cells and fiber membrane surfaces. Among the
bio-materials, i.e. alumina, TiAl and CoCr alloy, etc., zirconia
ceramics exhibit better bio-compatibility, structural stability
and higher mechanical strength [16–18], and therefore were
chosen as the starting membrane material. The modified phase
inversion and sintering methods were employed to prepare
the ceramic hollow fiber membranes. The described work
is the first part of a recent project ‘bio-ceramic hollow fiber
membranes for immunoisolation and gene delivery’ with the
ultimate goal of bone reconstruction/regeneration mediated by
ceramic hollow fiber immunoisolation devices.

2. Experimental

2.1. Preparation of zirconia ceramic hollow fiber
membrane (ZCHFM)

N-Methyl-2-pyrrolidone (NMP) [Synthesis Grade, Merck]
and polyethersulfone (PESf) [Radel A-300, Ameco Perfor-
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field emission). Mechanical strength of the hollow fiber was
measured using a tensile tester (Instron Model 5544) [20]. A
long porcine bone was boiled in mild organic solvent to disag-
gregate and remove most of the organics [21]. Microstructure of
the remaining inorganic matrix of porcine bone was character-
ized by SEM and compared with that of ZCHFMs.

Mouse MC-3T3-E1 osteoblast cells were purchased from
ATCC (USA). The culture medium was alpha minimum essen-
tial medium supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin. Cells were incubated at 37 ◦C in 5%
CO2–95% air environment. The medium was replaced every
2 days. Cells were subcultured by Trypsin–EDTA trypsina-
tion before confluence. ZCHFMs were degreased, ultrasonically
cleaned and sterilized in a steam autoclave at 121 ◦C for 30 min.
Before cell seeding, all fibers were pre-equilibrated with the
culture medium for 1 day. To test cell adhesion on the outside sur-
face of ZCHFM, 2 × 108 cells were seeded on 1 g of ZCHFMs
in each 150 mm culture dish. Cells on ZCHFM surface were
perfused with phosphate buffered saline (PBS) and fixed by 2%
gluteraldehyde in PBS at 4 ◦C for 2 h. ZCHFM were then dehy-
drated in ethanol with ascending gradient concentration from
35 to 100%. Samdri 780A critical point dryer was employed to
dry the constructs. After Au coating, 3T3 cell morphology was
examined using SEM.

3. Results and discussion
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ance, USA] were mixed in flask to form the polymer solution.
fter that, 3 mol% Y2O3 partially stabilized ZrO2 powder with
article size of 0.4 �m (0.4 �m-ZrO2) [Tosoh, Japan] or (ZrO2
0 nm) 80 nm [Shandong, China] was added into the polymer
olution. The mixture was stirred for at least 24 h to ensure uni-
orm distribution of the particles. Polyvinylpyrrolidone (PVP,
90) [GAF® ISP Technologies, Inc., MW = 630,000] was used

s an additive to modulate the viscosity of the solution. The
esulting suspension was subsequently degassed at room tem-
erature and transferred to stainless steel reservoir, which was
ressurized with helium to 275.79028 × 103 Pa (40 psi). Extru-
ion was carried out through a tube-in-orifice spinneret with
he outside and inner diameter of 2.5 and 0.8 mm, respectively.
he fibers emerging from the spinneret at a speed of 5 m/min
ere passed through an air gap of 4 cm and immersed in a water
ath to complete gelation. After thorough washing in water, the
elled hollow fibers were dried in oven at 150 ◦C. The hollow
bers were then heated in a furnace to 800 ◦C at about 3 ◦C/min
nd maintained at that temperature for 15 h to decompose and
emove the polymer. Sintering was carried out at high tempera-
ure for 10 h to allow the particle fusion and bonding to occur.
he fibers were finally cooled to room temperature at 2 ◦C/min.

.2. Membrane characterization and osteoblast response

The gas permeance of the hollow fibers was measured at room
emperature using soap-bubble meter with a nitrogen flux under
.01325 × 105 Pa (1 atm) gas pressure difference. The mean pore
ize of the membranes was determined using the gas permeation
ethod [19]. Structures of ceramic were examined using scan-

ing electron microscope (SEM, JEOL 5600 and LEO 1550 VP
The well-known dry/wet phase inversion method, commonly
mployed for spinning polymeric hollow fiber membranes, has
een successfully modified to prepare porous and dense ceramic
ollow fiber membranes [19,20]. Compared to other methods,
he combined phase inversion and sintering technique is simple
nd fast, and therefore is chosen to prepare the ceramic hollow
bers. In this study, seven batches of hollow fibers were prepared
nd their physical properties are carefully studied. Experimen-
al optimization results indicate that, by the use of 80 nm-ZrO2
owder as the membrane material, controlling the ZrO2/polymer
eight ratio at 5 and sintering temperature at 1400 ◦C for 10 h,

irconia ceramic hollow fiber membranes display very interest-
ng properties for cell response.

.1. Morphology and physical properties of the ZCHFMs

.1.1. Microstructure evolution
Fig. 1 shows the SEM micrographs of the ZCHFM precursors

nd the sintered fibers which were spun from the dope containing
.67 wt% PESf, 26.67 wt% NMP, 66.66 wt% 0.4 �m-ZrO2 pow-
er, deionized water and tap water as the internal and external
oagulants, respectively. The o.d. and i.d. of the fiber precur-
or measured from Fig. 1a are 2.12 and 1.42 mm, respectively.

oreover, the micrograph of Fig. 1b illustrates that near the
uter and inner walls of the fiber precursor, short finger-like
tructures are present while sponge-like structures are existent
t the center. The appearance of the fiber structures shown in
ig. 1b is attributed to the rapid precipitation occurred at both

he inner and outer fiber walls, resulting in long fingers and slow
recipitation giving the sponge-like structure at the centre of the
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Fig. 1. SEM pictures of the ZCHFM before (a–c) and after sintering (d–f) at 1550 ◦C for 10 h: (a and d) lower magnification of cross-section; (b and d) cross-section;
(c and f) outside surface. Bars = 100 �m (a), 100 �m (b), 1 �m (c), 20 �m (d), 100 �m (e) and 5 �m (f).

fiber. Micrograph of Fig. 1c shows the outside surface of the
hollow fiber precursor, from which, it can be seen that, before
high temperature sintering, most of these ZrO2 small particles
are well dispersed and connected to each other by the polymer
binder. Fig. 1d–f shows the microstructure of the sintered hollow
fiber. The sintering process was carried out in air at a temper-
ature of 1550 ◦C for 10 h. It can be seen from the micrograph
of Fig. 1d that the o.d. and i.d. of the sintered fiber were shrunk
to 1.63 and 1.05 mm, respectively. Shrinking in the fiber length
was also observed with a decrease of 25%. The cross-sectional

structure of the sintered fiber as shown in Fig. 1e is the same as
that of the precursor, i.e. the sponge-like structures at centre are
sandwiched by the short finger-like structures located at the outer
and inner walls of the fiber. Further comparison of the SEM pic-
tures, especially for the surfaces between the precursor (Fig. 1c)
and the sintered fiber (Fig. 1f) reveals that the pores near the
surface of the fiber were completely eliminated leading to a thin
dense structure at surface after the sintering process although
the general asymmetric structure is maintained. In agreement
with this, ZCHFMs have no gas permeation as shown in Table 1

Table 1
Physical properties of ZCHFMs prepared at different conditions

Batch No. ZrO2/PESf (by weight),
ZrO2 particle size (�m)

Sintering conditions Gas permeance
(×107 mol m−2 Pa−1 s−1) (N2)

Average pore
size (�m)

Bending
strength, σF

(MPa)Temperature (◦C) Time (h)

1 10:1, 0.4 1550 10 0 – 520
2 9:1, 0.4 1475 10 1.33 0.1 433
3 9:1, 0.4 1500 10 1.15 0.05 442
4 9:1, 0.4 1550 10 0.31 0.02 469
5 9:1, 0.4 1590 10 0 – 503
6 5:1, 0.08 1200 10 400 1.34 49
7 5:1, 0.08 1400 10 30.8 0.5 220
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(batch-1). It is clear that hollow fibers prepared under this condi-
tion are not appropriate as immunoisolation devices, since there
is no connected porosity through the fiber walls. However, due
to the oxygen ionic conductivity at high temperatures, gas tight
ZCHFMs can be used as electrolytes in solid oxide fuel cells
or oxygen sensors [22]. Certainly, it is another topic beyond the
scope of the current study.

3.1.2. Physical properties of ZCHFMs
The physical properties of the final hollow fiber membranes

are influenced by many factors such as the particle size of the
starting powder, the ceramic content in the dope, sintering tem-
perature/time, sintering atmosphere and so on. In order to find a
hollow fiber membrane with appropriate properties for the prac-
tical use in osseous regeneration, the other six batches of hollow

fibers were prepared. The basic preparation conditions and phys-
ical properties of the resulting hollow fibers are given in Table 1
and summarized below.

Hollow fibres from batch-2 to batch-5 were prepared from
the same dope where the weight ratio of 0.4 �m-ZrO2 to PESF
is 9. As can be seen from Table 1, the gas permeances of
ZCHFMs were reduced steadily with the increase of sintering
temperature, but the mechanical strength was enhanced greatly.
Sintered at 1590 ◦C, the ZCHFMs again show no gas perme-
ation and become gas-tight. ZrO2 grain size growth with the
increase of sintering temperature is very obvious by the compar-
ison of Fig. 2a–c. Asymmetric structure evolved from the phase
inversion process was well maintained even at a high sintering
temperature of 1590 ◦C (Fig. 2d). This is a significant feature of
good thermal dimensional stability. Zirconia is a kind of poly-
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ig. 2. SEM pictures of ZCHFMs prepared from the dope where ZrO2/PESF weigh
utside surface and (d) cross-section] and XRD patterns of the original 0.4 �m-ZrO2

f). Bars = 1 �m (a), 1 �m (b), 1 �m (c) and 20 �m (d).
t ratio is 9 and sintered at: (a) 1475 ◦C, (b) 1500 ◦C, (c and d) 1590 ◦C [(a–c)
powder (e) used as membrane materials and the crashed ZCHFM sample of a
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morph that occurs in three forms: monoclinic, tetragonal and
cubic fluorite [23]. Pure zircoina is monoclinic at room tem-
perature. The addition of some oxides like CaO, MgO, CeO2
and Y2O3 can partially or fully stabilise the cubic phase. As
expected, XRD pattern of the received 0.4 �m-ZrO2 powder
partially stabilized by 3 mol% Y2O3 exhibits both monoclinic
and cubic fluorite crystalline phases as shown in Fig. 2e. Com-
paring Fig. 2e and f, we can say that ZrO2 crystalline phases
before and after sintering remain unchanged.

Among the many factors influencing the membrane proper-
ties, particle size of the inorganic powder used as the starting
membrane material is usually the first important one. Different
from other samples, batch-6 and batch-7 ZCHFMs were made
from smaller 80 nm-ZrO2 particles with morphology as shown
in Fig. 3h. In order to prepare a solution dope suitable for a spin-
ning process, ZrO2 content in the dope should be controlled in
the range from 40 to 55 wt%. In this work, ZrO2 hollow fiber
precursors of batch-6 and batch-7 were made from the dope
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ig. 3. SEM pictures of the ZCHFMs (a, b, f and g) prepared from 80 nm-ZrO2 wi
t 1400 ◦C; (a and b) surface views; (f) cross-section; (g) magnified part of (e)], natu
atterns of the 80 nm-ZrO2 original power (d) of sample (h) and the crashed ZCHFM
g) and 5 �m (i).
th morphology are shown in (h) [(a) sintered at 1200 ◦C; (b, f and g) sintered
ral porcine bone (i), energy dispersive X-ray spectra (c) for sample (b), XRD
(e) of sample (f). Bars = 100 nm (a), 100 nm (b), 100 �m (f), 1 �m (g), 200 nm
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where the content of PESf, NMP and ZrO2 powder is 10, 40 and
50 wt%, respectively. It should be noted that, due to difficulty of
preparing a suitable dope, extrusion of the hollow fiber precur-
sor could not be carried out if all the ZrO2 particle size is much
smaller than 80 nm.

Sintered at 1200 ◦C, the three-point-bending strength of the
prepared fiber is only 49 MPa. More than three times higher
strength is achieved by further densification at a higher sintering
temperature of 1400 ◦C. Closer examination of SEM pictures
of Fig. 3a and b reveals that the precise grain size is 150 nm and
300 nm after sintering at 1200 and 1400 ◦C for 10 h, respectively.
An energy dispersive X-ray (EDX) spectrum of the ZCHFM
outside surface shows the presence of zirconium and oxygen
(Fig. 3c). However, due to the low concentration, yttrium was
not detected by EDX. Fig. 3d is the XRD pattern of the received
original 80 nm-ZrO2 powder partially stabilized by 3 mol%
Y2O3. Again, it consists of monoclinic and cubic fluorite crys-
talline phases. However, after sintering cubic phase (Fig. 3e)
predominates the XRD patterns of the prepared ZCHFMs.
Compared to fibers sintered from submicrometer sized particles,

ZHFMs from 80 nm particles show a more favorable crystalline
phase, because cubic fluorite can exist up to 2680 ◦C (m.p. of
ZrO2) and is the most stable phase among the zirconia poly-
morph [24]. Fig. 3i is the SEM picture of natural porcine bone.
After the removal of organics, the remaining carbonated hydrox-
yapatite is a very good osteoconductive and osteoinductive
scaffold [21]. Examination of its microstructure indicates that
the grain size is about 250–300 nm. After a thorough compari-
son of grain size and microspaces between the grains in Fig. 3b,
e and g, it is very interesting to observe that, sintered at 1400 ◦C,
not only the surface area but also the cross-sectional area of
ZCHFM display a striking similar topology to that of porcine
bone. It should be noted that here the similar topology means the
similar grain size, grain arrangements and microspaces between
neighboring grains, but not the larger porous structures. This
unique property of the prepared ZCHFM has been highlighted
in this paper because of its particular significance in promoting
cell attachment in the microenvironment provided by the fiber
surface. Obviously, such unique characteristics in topology
and crystal phase are strongly dependent on the properties of

F
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ig. 4. SEM picture of 3T3 cells attached to the ZCHFM outside surface at day-2 (a)
icroscopy image of confluent cells formed at day-7 (c); SEM pictures of multilayer

0 �m (c), 10 �m (d) and 2 �m (e).
, higher magnified part of: (a) illustrates the morphology of microvilli (b); light
cells and mineralized nodules at day-14 (d and e). Bars = 10 �m (a), 1 �m (b),
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the used original inorganic particles and the fiber sintering
temperature.

It was reported that pore diameter on the active thin layer
less than 1 �m will be able to prevent the immune process medi-
ated by cell-to-cell contacts, especially in the case of allografts
within cell impermeable membranes [25]. Too dense or gas-tight
ZCHFM may impede the supply of small molecular nutrient and
oxygen, making cells in capsule necrotic or apoptic. Based on
this requirement, ZCHFMs with o.d. 1.39 mm and i.d. 0.94 mm
from batch-7 are chosen for further cell encapsulation study.
The average pore size on the outside active thin layer is about
0.5 �m. The three-point-bending strength measured is 220 MPa
which is four times as that of alumina hollow fibers prepared
at similar conditions [26]. Implanted thin tube is susceptible to
bending and kinking and the low mechanical strength of poly-
meric materials restricts their further application in this area [1].
To cite one example, Lanza et al. reported polymeric membrane
fracture in dogs around 5–7 months post-implant, 80–90% of
the devices implanted into a soft tissue site had been broken
[27]. Such shortcoming would be overcome by the use of the
developed ZCHFMs with superior mechanical property.

3.2. Osteoblast response

Many parameters such as device physical form, impurity con-
tent and distribution, reactive surface and so on, play crucial roles
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osteoblast adhesion on nanophase ceramics and reported that
osteoblast adhesion was more dependent on the ceramic sur-
face topography [11,15]. In agreement with this, the prepared
hollow fibers are not composed of natural bone ingredient, but
they have a similar surface topography which may provide a
good microenvironment to promote cell–substrate interactions.
Using the same ZCHFM, cell encapsulation and protein release
are also investigated and details will be reported later. To our
knowledge, this is the first report of application of ceramic hol-
low fiber membrane in the field of bone regeneration.

4. Conclusion

Zirconia bio-ceramic hollow fiber membranes were devel-
oped using extrusion from a polymer solution followed by gela-
tion and sintering. Asymmetric structure evolved from the phase
inversion process is well maintained even at a high sintering
temperature of 1590 ◦C, a significant feature of good thermal
dimensional stability. Compared to that made from submicrom-
eter sized powders, ZCHFMs prepared from 80 nm sized ZrO2
particles display unique characteristics in topology and crys-
tal phase. Without any surface modification, the tailor-made
ZCHFMs with natural bone-like surface topography were eval-
uated by mouse MC-3T3-E1 osteoblast cell culture. A sequence
of cell interactions on ZCHFM surface including cell adhesion,
p
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n bio-compatibility evaluation [28,29]. The absence or the low
evel of zirconia ceramic cytotoxicity was already demonstrated
23,30–32]. However, previous studies were focused on the sin-
ered powders or bulk ceramics, the in vitro bio-compatibility of
heir tubular counterpart has not been reported so far.

Osteoblast 3T3 cells were seeded on the fiber outer surface
nd examined after incubation in vitro for a series of prescribed
ime periods. Bacterial colonization was not found during the
hole incubation processes for all samples. In Fig. 4a, cell

ttachment on fiber surface is clearly distinguishable after 2-day
ncubation. Cells were intimately adhered on the rough fiber
urface through a possible mechanism of filopodia extension
nd exhibited well-spread cell growing morphology. The higher
agnification part of one cell (Fig. 4b) shows that cylindri-

al shaped microvilli (strong healthy indicators) are abundant
n the cell body. Microvillus is an important dynamic struc-
ure for cell growing via a mechanism for targeted delivery of
dhesion/fusion protein molecules [33]. With the increase of
ncubation time, cells continuously proliferated and migrated.
t day-7, cells covered the whole hollow fiber surface as indi-

ated in the light microscopy image (Fig. 4c). Moreover, at
ay-14, multilayers of bone nodules were formed (Fig. 4d).
fter mineralization, many microspheres of minerals were dis-

ributed among extracellular space (Fig. 4e). It should be noted
hat without any surface modification or coating with hydroxya-
atite, the prepared ZCHFMs were used directly for the studies
f osteoblast cell response. Starting from the early attachment,
steoblast cells experienced successive stages of proliferation,
igration and formation of mineral deposits. All these phe-

omena verified the good osteoconducting characteristics of
he chosen ZCHFM samples. Previous researchers studied the
roliferation, formation of bone nodules, mineralization, etc.,
nderline the bio-compatibility of the developed membranes.
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