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Abstract: Porous composites consisting of a polysulfone
(or cellulose acetate) matrix and bioactive glass particles
were prepared by phase separation techniques. Microstruc-
tures were designed for potential application as an intercon-
nect between artificial cartilage and bone. The effects of
polymer type, concentration and molecular weight, as well
as bioactive glass size and content, on the microstructures of
the composites were studied. The composites have asym-
metric structures with dense top layers and porous struc-
tures beneath. The microstructural features depend most
strongly on the type of polymer, the interaction between the
polymer and bioactive glass, and the glass content. The
dense top layer could be removed by abrasion to make a

structure with large pores (20-150 �m) exposed. Composites
were immersed in simulated body fluid at body tempera-
ture. The growth of hydroxycarbonate apatite inside and on
the composites demonstrates their potential for integration
with bone. Composite modulus and break strength in-
creased with increasing glass content due to the change in
composition and pore content. © 2002 Wiley Periodicals, Inc.
J Biomed Mater Res 61: 551–563, 2002
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INTRODUCTION

The structures and compositions of the interfaces
between soft and hard tissue are complex and well
designed for their functions.1–3 The interface between
cartilage and bone, the zone of calcified cartilage
(ZCC), serves as a good example.1,4 The ZCC extends
from the interface between uncalcified cartilage and
calcified cartilage (the tidemark) to the interface be-
tween calcified cartilage and subchondral bone (the
cement line). As the interface attaching cartilage to
bone, the ZCC also transfers compressive force and
controls the diffusion of tissue fluid containing oxygen
and nutrients from bone to other layers of cartilage.4

Artificial tissues are needed to perform the function of
interfaces such as the ZCC.

Biomaterials and artificial tissues have been devel-
oped for soft and hard tissue applications.5 For ex-
ample, the relatively simple structure of cartilage
makes the engineering of an artificial cartilage an at-

tractive possibility for repair of damaged cartilage.6–10

Autologous chondrocyte transplantation11 and im-
plantation of artificial matrices with cells and growth
factors7–10,12 are particularly promising because they
lead to development of hyaline cartilage. However,
developing the interface between the artificial carti-
lage and the underlying bone presents a challenge.
The integration between artificial cartilage and host
tissue is poor.12,13 Although methods such as sewing
and press fitting14,15 have been used to integrate arti-
ficial cartilage and host tissue, problems still exist for
larger defects and long-term application. Also, the in-
terface, the zone of calcified cartilage, is difficult to
develop directly from artificial cartilage and natural
bone.16 New methods designed specifically for con-
necting artificial cartilage and bone are needed.

One strategy is to construct an interface material
capable of bonding to both artificial cartilage and
bone. Porous polymer/bioactive ceramic composites
are candidate materials for engineering the artificial
cartilage/bone interface and possibly other soft-to-
hard tissue interfaces. A porous polymer matrix with
large (>100 �m) pores and small (<10 �m) intercon-
nected pores provides biological bonding via cell at-
tachment and ingrowth and fluid transfer, respec-
tively. The polymer matrix also provides flexibility
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and toughness. The bioactive ceramic helps to encour-
age bonding to bone17 and may influence calcification
in the cartilage.18 Although research has shown that
dense polymer/bioactive glass composites have in
vitro and in vivo bone bonding ability,19–21 little atten-
tion has been given to the preparation or properties of
porous polymer/bioactive glass composites.22

The choice of polymer and ceramic for the porous
composite requires the consideration of the mechani-
cal stability, biocompatibility, and tissue-bonding abil-
ity. Biodegradable polymers are candidates for poly-
mer phase,15 but challenges in developing adequate
mechanical properties23 and controlled degradation
still exist.24 A nonbiodegradable biopolymer has ad-
vantages such as good mechanical properties and sta-
bility.25–27 As a nonbiodegradable polymer, polysul-
fone has good mechanical properties, biocompatibil-
ity, and hemocompatibility; in addition, it also has
been tested as an orthopedic implant material.25,28

Furthermore, techniques to develop porosity in poly-
sulfone are well developed for its application as a
membrane.29 For the ceramic phase, bioactive glass
bonds well with both hard and soft tissues by the
development of a hydroxycarbonate apatite (HCA)
layer.17,30–33 Bioactive glasses and glass ceramics in-
teract well with osteoblasts and chondrocytes; cells
attach, spread, proliferate, and synthesize extracellu-
lar matrix on the bioactive glass and glass-ceramic sur-
face.18,34 Apatite forms in the presence of bioactive
glass particles; thus, it may be possible to control min-
eralization in the composite by changing the glass con-
tent. The incorporation of ceramic particles can also
strengthen the porous polymer matrix.

In this work, a phase separation method previously
developed in our laboratory35,36 was used to form po-
rous polymer/bioactive glass composite. A homoge-
neous polymer solution containing ceramic particles
was separated into polymer/ceramic-rich phase and
polymer-lean phases by changing the polymer solu-
bility through solvent (or nonsolvent) composition
changes. The final microstructure contains a continu-
ous structure resulting from polymer/ceramic-rich
phase and pores from the drying of polymer-lean
phase. Microstructures are affected by the interaction
between the polymer and the ceramic as well as the
ceramic particle size and content.35,36 Composites with
both large open pores (size >100 �m) and intercon-
nected small pores (size <5 �m) can be prepared. This
report focuses on the phase separation processing and
morphologies of the porous polymer/bioactive glass
composites. The effects of polymer choice, as well as
glass particle size and content on microstructure, are
explored, some mechanical properties are character-
ized, and in vitro growth HCA inside and on the com-
posites are studied.

MATERIALS AND METHODS

Materials

Polysulfone (Mw = 35,000 or 66,000), cellulose acetate (Mw

= 30,000), tetrahydrofuran (THF), N,N-dimethylacetamide,
acetone, and ethanol were obtained from Aldrich Chemical
Company. Bioactive glass with a composition of 4.6MgO,
44.7CaO, 34.0SiO2, 16.2 P2O5, and 0.5 CaF2 (wt%) was pur-
chased from Specialty Glass, Inc. The as-received glass has
an average particle size of 9.4 �m and a size distribution
from 0.04 to 58 �m as measured by a Coulter� LS 230 Par-
ticle Analyzer. Some of the bioactive glass was further pro-
cessed in an attrition mill to achieve an average particle size
of 2.05 �m and a size distribution from 0.04 to 23 �m. The
Brunauer–Emmett–Teller (BET) specific surface areas of the
as-received and milled glass particles are 1.53 m2/g and 9.79
m2/g, respectively. The glass particles are dense and have
an irregular morphology from fracture during size reduc-
tion.

Preparation of porous polymer/bioactive
glass composites

Polysulfone/bioactive glass composites were prepared by
a phase-separation technique based on a method designed
for polysulfone membranes,37 which was adapted to include
ceramic particles. Homogeneous dispersions were made by
dispersing bioactive glass particles in a mixture of THF,
DMAc (solvents for polysulfone), and ethanol (a nonsolvent
for polysulfone) and then dissolving polysulfone into the
glass dispersion. Dispersions with different compositions
were prepared (see Table I). Dispersions were cast onto glass
substrates by a doctor blade (gap height = 800 �m). The
resultant coatings were dried under flowing moist air about
10 s and then immersed with substrate in a water bath for at
least 10 min to induce further phase separation. The com-
posites separated from their substrates in the water bath.
Then, a solvent exchange37 was performed in methanol. The
exchange prevented collapse of the porous structure during
drying. The composites were dried at room temperature for
at least 24 h and then in a vacuum oven at 70°C for 2 h. Pure
polysulfone specimens were also prepared using this
method.

The effect of the polymer choice on the composite micro-
structure was studied by using cellulose acetate as the poly-
mer phase and employing a phase separation technique de-
signed for ceramic/polymer composites.35 Homogeneous
dispersions were made by combining cellulose acetate, bio-
active glass particles, acetone (a solvent for cellulose ac-
etate), and water (a nonsolvent for cellulose acetate; see
Table II). Dispersions were cast onto glass substrates by a
doctor blade (gap height = 800 �m), and the resultant coat-
ings and substrates were immediately immersed in a water
bath for 10 min to induce phase separation. The composites
separated from their substrates in the water bath were dried
at room temperature for at least 24 h. Solvent exchange was
not necessary.
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Interaction between polymers and bioactive
glass particles

To better understand the composites’ microstructural de-
velopment, the adsorption of polymer onto bioactive glass
particles was studied. Glass dispersions with varying rela-
tive amounts of cellulose acetate were prepared by adding
0.1, 0.25, 0.5, 0.75, 1.0, and 1.2 g cellulose acetate to indi-
vidual dispersions of bioactive glass (1.3g, size = 2.5 �m) in
acetone (7.0 g) and water (2.5 g). The individual dispersions
were mixed on a stir plate for 24 h and then centrifuged,
decanted, and washed with acetone (10.0 g) five times to
remove nonadsorbed polymer. The resultant specimens
were dried at room temperature. Glass dispersions with
varying relative amounts of polysulfone were prepared by
adding 0.5, 1.0, 1.4, and 2.0 g polysulfone to individual dis-
persions of bioactive glass (0.35 g, size = 2.5 �m) in DMAc
(3.8 g), THF (3.8 g), and ethanol (1.0 g). The individual dis-
persions were mixed on a stir plate for 24 h and then cen-
trifuged, decanted, and washed with DMAc (10.0 g) five
times. The resultant specimens were dried at room tempera-
ture. The weight loss from these specimens was character-
ized from 30 to 800°C using a Perkin–Elmer TGA-7 thermo-
gravimetric analyzer. The weight losses from polysulfone,
cellulose acetate, and bioactive glass powders were also de-
termined for compartison. Results were analyzed to deter-
mine the amount of polymer adsorbed on particle surfaces.

Study of HCA growth in simulated body
fluid (SBF)

SBF38 has almost the same ion concentrations as that of
human blood plasma and serves a medium for in vitro in-
vestigations of apatite growth. The SBF was prepared by
dissolving reagent-grade chemicals NaCl, NaHCO3, KCl,

K2HPO4 � 3H2O, MgCl2 � 6H2O, and CaCl2 in deionized wa-
ter in a polypropylene bottle and buffered at pH 7.25 with 50
mM trishydroxymethyl aminomethane [(CH2OH)3CNH2]
and 45 mM HCl at 37°C. Composites (1 cm × 1 cm) were
soaked individually in 50 mL of SBF at 37°C. Two methods
were used in this study: (1) composites were transferred to
SBF immediately after the phase separation was finished in
the water bath (without drying) and (2) dried composite
surfaces were abraded by sand paper (400 grit), immersed in
ethanol, and then transferred to SBF. Only method (1) was
used for the cellulose acetate/bioactive glass composites.
The SBF was changed every other day. After 2 weeks, com-
posites were washed with ethanol and then dried at room
temperature for further characterization. Porous polysulfone
and cellulose acetate membranes were also soaked by the
first procedure.

Composite characterization

Scanning Electron Microscopy (SEM, Hitachi S800 and
S900) was used to characterize the microstructure of the
composites prepared with different dispersion compositions
and after soaking in SBF for 2 weeks. Porosity of some com-
posites was measured by mercury porosimetry (Micromer-
itics model Poresizer 9320). X-ray diffraction and Fourier
transform-infrared spectroscopy patterns of the composites
after soaking in SBF were performed on a Bruker-AXS mi-
crodiffractometer with 2.2 kW sealed Cu X-ray source and a
Nicolet Magna-IR 750 (diffuse reflectance mode, DRIFTS)
spectrometer, respectively.

The mechanical tests were performed with a Perkin-Elmer
DMA-7 dynamic mechanical analyzer attached to a PC via a
DMA7/DX thermal controller. Specimens for mechanical
property tests were abraded to remove the dense top surface
layers (see procedure above). This process made the speci-

TABLE I
Polysulfone/Bioactive Glass Composite Compositions

Specimen

Polysulfone:Solvents:
Non-solvent

(wt. ratio)

Polysulfone
Molecular

Weight
Glass:Polysulfone

(wt. ratio)

Avg. Glass
Particle

Size (�m)

Glass
Vol.% in

compositea

PS1 14:76:10 35,000 1:4 2.05 9.4
PS2 14:76:10 66,000 1:4 2.05 9.4
PS3 22:63.6:14.4 35,000 1:4 2.05 9.4
PS4 14:76:10 35,000 1:4 9.4 9.4
PS5 14:76:10 35,000 1:1.6 2.05 20.5
PS6 14:76:10 35,000 1:1 2.05 29.2
PS7 14:76:10 35,000 0 N/A 0

aRelative to total solids.

TABLE II
Cellulose Acetate/Bioactive Glass Composite Compositions

Specimen

Cellulose Acetate:
Solvent: Non-solvent

(wt. ratio)

Glass: Cellulose
Acetate

(wt. ratio)

Avg. Glass
Particle Size

(�m)
Glass Vol.% in

Compositea

CA1 5:70:25 1:0.8 2.05 33.3
CA2 5:70:25 1:0.4 2.05 50.0
CA3 5:70:25 1:0.2 2.05 66.7
CA4 12:63:25 1:0.9 2.05 30.8
aRelative to total solids.
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men thickness more uniform (typical variation �10%). Av-
erage thickness values were used for calculation of mechani-
cal properties; the error imparted by this procedure was less
than that due to sample-to-sample variation. A static stress
mode (loading rate: 500 mN/min) was used for tensile tests.
Elastic modulus was calculated from the elastic region (up to
1% strain) of the stress-strain curve. Break strength was also
determined. Results are reported for data collected for nine
specimens for each material. Statistical analysis of the data
was performed using a student’s t test to determine whether
differences exist to a level of significance of p < 0.05. The
porosity of specimens used for DMA testing was deter-
mined from bulk density measurements; data are reported
for an average of five specimens.

RESULTS AND DISCUSSION

Microstructures of porous polymer/bioactive
glass composites

SEM images of a polysulfone/bioactive glass com-
posite are shown in Figure 1. The average thickness of

the composite was ∼300 �m. The composite thickness
was uneven as a result of the preparation method: The
drying stage in moist air induced surface ripples that
persist in the final structure. This feature can be mini-
mized. The structure consists of a dense polymer-rich
layer at the surface that was in contact with the water
bath and a porous supporting layer with small and
large voids. The size of larger voids is between 20 and
150 �m. The smaller pores have an average size of 5
�m and appear to be interconnected. This porous
structure is a characteristic morphology of the poly-
sulfone membranes formed by phase separation.29

The glass particles are well distributed in the compos-
ite, on the pore surfaces, and in the polysulfone ma-
trix. Fine, spherical polymer particles (∼200 nm size)
were sometimes found on the composite surface that
was in contact with the glass [Fig. 1(d)]. These par-
ticles are likely formed by precipitation from the poly-
mer-lean phase during processing.

The effects of changing polysulfone concentration
and bioactive glass content and size on the microstruc-

Figure 1. SEM images of porous polysulfone/bioactive glass composite (PS1): (A) cross-section, 150×; (B) cross-section,
400×; (C) cross-section, 1000×; backscattered image which highlights glass particles; (D) bottom surface with inset to show fine
polymer particles. Top surface is dense and featureless (not shown).
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ture relative to PS1 (Fig. 1) are shown in Figure 2. The
microstructures of all composites (see Table I) con-
tained the features described above and are similar to
those of polysulfone alone [PS7, Fig. 2(a)]. Increasing
the polymer concentration in the dispersion [PS3, Fig.
2(b)] led to a small decrease in the number density of
larger voids, but changing the polymer molecular

weight (PS2, not shown) had little effect on the micro-
structure. When larger glass particles were used [PS4,
Fig. 2(c)], again the microstructure is similar but there
were fewer particles overall in the composite. With
increasing glass content [Fig. 2(d–f)], more particles
were apparent, especially on the pore surfaces, but the
void structure was not affected much until the highest

Figure 2. Cross-section SEM images of (A) porous polysulfone (PS7) and porous polysulfone/bioactive glass composites: (B)
PS3; (C) PS4; (D) PS1; (E) PS5; (F) PS6.
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glass content, which has smaller large voids compared
to the other composites. Mercury porosimetry data
showed that the total pore content did not vary much.
The polysulfone material without glass (PS7) has a
porosity of 73.3 volume%, whereas PS1 was 71.3%,
PS5 was 76%, and PS6 was 69.0%.

SEM images of the cross-section and the bottom sur-
face of a cellulose acetate/bioactive glass composite
(CA1) are shown in Figure 3. The microstructure is
similar to the polysulfone-based composites with
larger voids and smaller voids; however, the larger
voids are narrower and extend more completely
through the thickness. The microstructure of these
composites was more sensitive to the dispersion com-
position. For example, CA3 has a higher glass content
and a much less porous microstructure (see Fig. 4).
The bottom surface shows that the diameters of large
voids are about 10 times smaller than those in CA1.
This change is similar to that observed by Androff et

al.35 when the polymer adsorbs on the ceramic par-
ticles in the dispersion.

Past research on similar composites indicates the
changes in microstructure are brought about when the
polymer adsorbs on the ceramic particles in suspen-
sion.35, 36 Figure 5 shows the adsorption behaviors of
both polymers on bioactive glass. With polymer ad-
sorbed on their surfaces, ceramic particles become part
of the polymer-rich phase during the phase separation
and tend to be incorporated in the polymer-rich ma-
trix. Increasing glass particle content increases the
stiffness of the polymer-rich phase, which inhibits the
formation of larger polymer lean regions and hence
voids. Adsorption and suppression of large voids with
increasing glass content was observed for cellulose ac-
etate/bioactive glass composites.

In the case of polysulfone/bioactive glass, the poly-
mer does not adsorb as strongly, likely due to its more
hydrophobic character. During phase separation, the

Figure 3. SEM images of porous cellulose acetate/bioactive glass composite (CA1): (A) cross-section; (B) bottom surface.

Figure 4. SEM images of porous cellulose acetate/bioactive glass composite (CA3): (A) cross-section; (B) bottom surface.
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glass particles are not as likely to be segregated to the
polymer-rich phase and hence do not influence the
pore structure development as much. However, par-
ticles are entrapped in the polymer rich phase during
phase separation, and the void structure at higher
loadings of glass does change (see Fig. 2), indicating
that the glass is playing a role in the development of
structure.

The dense layers on the top and bottom surfaces of
the composites present a challenge to their future ap-
plication as interface materials, as these layers can
serve as a barrier for cell in-growth, nutrient transpor-
tation and bonding to tissues. One practical method to
remove these dense layers is abrading their surfaces to
expose the inner porous structure. An SEM image of
an abraded polysulfone/bioactive glass composite is
shown in Figure 6. Large pores with a size over 100
�m were exposed after the abrasion. A promising al-
ternative method of creating surface pores involves

salt leaching from the surface; a study is currently
underway and will be reported separately.

Hydroxycarbonate apatite growth

Figure 7 shows the SEM images of polysulfone/
bioactive glass composites (PS1, without abrasion) af-
ter soaking in SBF for 2 weeks. In comparison to before
soaking (see Fig. 1), the surfaces of the composite and
the morphology of the glass particles distributed in
the polysulfone matrix are different. A flake-like struc-
ture developed on the surface of the particles but not
on the polysulfone matrix surface inside the compos-
ite. The bottom surface [Fig. 7(c,d)] shows a layer of
new material composed of micron-sized clusters with
a fine texture. The top surface of the composite was
also modified in a similar way, but the new material
did not cover the surface completely.

Figure 8 shows the morphology of an abraded poly-
sulfone/bioactive glass composite (PS1) after soaking
in SBF for 2 weeks. In this composite, flake-like mate-
rial was found inside the composite not only on the
glass particles, but also on the polysulfone matrix. The
formation of apatite throughout the structure indi-
cates that simulated body fluid permeated the struc-
ture and that the pores are interconnected. Similar ma-
terial also developed on both bottom and top surfaces
of abraded composites, forming a sheet-like structure;
however, the openings of the large pores were not
covered by this new material.

Similar results also obtained for the cellulose ac-
etate/bioactive glass composites after two weeks of
soaking in SBF. Figure 9 shows the microstructure of a
composite (CA2) after soaking. Material with a flake-
like structure was found on the top and bottom sur-
faces and inside the composites. All of the exposed
porosity remained open after soaking. A composite
with a denser surface structure (CA4) showed a con-
tinuous layer of new material after soaking; however,
inside the composite new material forms on particles
and on the matrix. Of note in comparison with the
structure of polysulfone-based composites is that the
cellulose acetate composites have higher glass content
and the polymer is more hydrophilic than polysul-
fone.

Figure 10 shows the XRD patterns of polysulfone/
bioactive glass composites (PS1, not abraded) after
soaking in the SBF for 2 weeks. The composite was
mounted so that its bottom surface was analyzed. Be-
fore soaking, the composite is amorphous. After soak-
ing for 2 weeks in the SBF, apatite peaks (JCPDS
9-0432) were observed, showing that the new material
observed on the composites is crystalline apatite. The
FTIR-DRIFTS (diffuse reflectance mode) pattern for
the flake-like material removed from the same poly-
sulfone/ bioactive glass composite sample is show in

Figure 5. Adsorption isotherms of (A) polysulfone and (B)
cellulose aceatate on bioactive glass particles in dispersions.

Figure 6. SEM image of the surface of an abraded porous
polysulfone/bioactive glass composite (PS1).
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Figure 11. The characteristic bands for phosphate
group (472, 565, 604, 962, and 1035 cm−1) and carbon-
ate group (873, 1419, and 1456 cm−1)39,40 were ob-
served, showing that the new material in the compos-
ite is HCA. Likewise, apatite was detected for abraded
polysulfone-based composites and the cellulose ac-
etate-based composites that were soaked in SBF.

No apatite was developed either for the pure porous
polysulfone or cellulose acetate materials after soaking
in SBF for 2 weeks.

The mechanism for the formation of bonelike apa-
tite on bioactive glasses after soaking in SBF has been
well-studied.38,41,42 The HCA formation mechanism
on A/W glass and glass-ceramics proposed by
Kokubo43,44 can be generalized by three steps: (1) re-
lease of calcium ions from the glass, increasing of ion
activity product of the apatite in the surrounding body
fluid; (2) apatite nucleation on hydrated silica sites on
the surface of the glass; and (3) growth of apatite by
consumption of calcium and phosphate ions from the

surrounding body fluid. Based on this mechanism,
Tanahashi et al.45 developed a method to form bone-
like apatite on dense polymers. The polymer under-
goes an apatite nucleation step in the presence of bio-
active glass and SBF, followed by an apatite growth
step in a more concentrated SBF.45 (Apatite forms on
some hydrophilic polymers directly on soaking in SBF
and similar fluids.46,47) The importance of the presence
of bioactive glass for developing HCA has also been
shown by formation of apatite on dense polysulfone/
bioactive glass fiber composites developed for ortho-
paedic applications.19,20 Likewise in the composites
studied here, the bioactive glass was necessary for
HCA formation in and on the porous polymer matrix.
HCA did not form on the polymer matrices alone.

During the soaking of nonabraded polysulfone/
bioactive glass composites, the supply of SBF into
pores in the composites was hindered by the compos-
ites’ denser outer surfaces and the apatite layers that
formed on their surfaces. SEM studies show the outer

Figure 7. SEM images of nonabraded polysulfone/bioactive glass composite (PS1) after soaking in SBF for 2 weeks: (A)
cross-section, 500×; (B) cross-section, 5000×; (C) bottom surface, 5000×; and (D) bottom surface, 20000×.
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surfaces covered with apatite while the interior had
flake-like material on the glass alone. The formation
of the apatite on the composite outer surface is likely
due to the relatively small surface area (fewer
nucleation sites) and the plentiful supply of ions for
growth. These results are consistent with those of
Zhang and Ma,46 which show that the rate and
amount of HCA formation for a dense poly(L-lactic
acid) sample were higher than those for a porous
poly(L-lactic acid) when soaked in a modified SBF.
When the polysulfone/bioactive glass composite sur-
faces were abraded, the porous internal structure
was exposed and the SBF had better access to the in-
side of the composites. In this case, apatite formed on
the inside the composites (on glass and on the poly-
sulfone matrix surface) as well as on the outer surface.
Another possible reason for more apatite formation in
the abraded composites may be that the surface treat-
ment in ethanol before soaking in SBF induced polar
groups onto the composites’ surfaces. Ethanol was
used to wet the composites’ matrix surfaces and the
residual polar hydroxyl group on the polymer surface

may trap silicate ions and help the apatite nucle-
ation.44,48–51

Compared with the nonabraded polysulfone/
bioactive glass composites, more HCA grew inside the
cellulose acetate/bioactive glass composites even
though the composite had a dense top layer and small
bottom pores. The larger bioactive glass content in
these composites is an important factor contributing to
the differences. In addition, carboxylic acid groups,
developed from hydrolysis of cellulose acetate, result
in negatively charged carboxylate anions which may
provide apatite nucleation sites.46 However, the bio-
active glass was still necessary for apatite formation in
cellulose acetate.

Previous research has correlated the ability of bio-
materials to develop HCA upon soaking in SBF relates
to bone bonding in vivo.52,53 Therefore, the in vitro for-
mation of HCA in polysulfone/ bioactive glass com-
posites after soaking in SBF demonstrates their bone
bonding ability. Studies on the interaction between
composites and chondrocytes in culture are underway
and will be reported separately.

Figure 8. SEM images of abraded polysulfone/bioactive glass composite (PS1) after soaking in SBF for 2 weeks: (A)
cross-section, 500×; (B) cross-section, 2500×; (C) bottom surface, 500×; and (D) bottom surface 15000×.
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Mechanical properties

The mechanical properties of porous polysulfone
and porous polysulfone/bioactive glass composites
are shown in Figures 12 and 13. Representative tensile
test data (Fig. 12) show an elastic region at low levels
of force, followed by plastic deformation and failure.
The composites are stiffer and stronger than the poly-
mer alone, as shown also in Figure 13. The elastic
modulus of the composites increases significantly
with the addition of bioactive glass, which has a
higher modulus than the polymer. In dense compos-
ites, experimental54,55 and modeling55–57 studies show
that the addition of higher modulus glass or ceramic
particles to a polymer matrix increases its modulus. In
porous composites, however, pore structure and con-
tent affect the modulus in addition to the relative
amounts of glass and polymer. Decoupling the effects

of glass and pore content requires a model that ac-
counts for both variables.

One approach is to start with a model that accounts
for the effect of porosity on the elastic modulus of a
highly porous material, such as foam, given by the
following expression:

E = Eo (1 − P)n (1)

where Eo is the modulus of the solid phase (without
pores), P is the pore fraction and n is a constant that
depends on the microstructure.58 When the experi-
mental data for E and P of porous polysulfone (PS7)
are inserted into Eq (1) along with the reported modu-
lus of dense polysulfone (Eo) 2482 MPa,28 the constant
n is found to be 1.88. This value is close to 2, the
theoretically predicted value for open cell foams.58 For
the composites in this study, Eo depends on the
amount of glass incorporated into the polymer matrix.

Figure 9. SEM images of bottom surface of cellulose acetate/bioactive glass composite (CA2) after soaking in SBF for 2
weeks: (A) 350×, backscattered image which highlights glass particles; (B) 1500×.

Figure 10. XRD data for nonabraded polysulfone/
bioactive glass composite (PS1) after soaking in SBF for 2
weeks.

Figure 11. FTIR spectrum of the new material on the non-
abraded polysulfone/bioactive glass composite (PS1) after
soaking in SBF for 2 weeks. Characteristic absorbances for
phosphate (�) and carbonate (�) are shown.
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Using a model developed by Ishai and Cohen,59 the
modulus of a dense composite, Eo in the context of this
article, is:

Eo = EP �1 +
vF

m��m − 1� − vF
1�3� (2)

where EP is the modulus of the polymer (2482 MPa), m
is the ratio of the modulus of the glass to that of the
polymer (in this case m = 36, using 89 GPa for the
modulus of the glass60) and vF is the volume fraction
of glass incorporated into the polymer matrix (relative
to the volume of the polymer and the incorporated
glass). In terms of the porous composite volume,

vF =
vG1

vG1 + �1 − P − vT�
(3)

where vG1 is the volume fraction of glass incorporated
into the polymer matrix (relative to the porous com-
posite volume) and vT is the total volume fraction of
glass (relative to the porous composite volume). SEM
results show that glass is both incorporated in the
polymer matrix and on the pore surfaces; glass on the
pore surfaces does not add to the modulus of the ma-
trix, but rather behaves more like pores, filling space
but not supporting a load. Hence, the pore fraction is

in this case the sum of the measured pore fraction (P)
and vG2, the fraction of the glass that is not incorpo-
rated into the polymer matrix (relative to the porous
composite volume). Thus, vT = vG1 + vG2. Therefore,
Eq. (1) becomes:

E = Eo�1 − P − vG2�n (4)

TABLE III
Predictions of Glass Incorporateda into the Polymer Matrix and Matrix Modulus

VT pb Ec (MPa) VG1 VG2 VF Eo (MPa)

PS1 0.016 0.83 88.0 0.0085 0.0075 0.052 2676
PS5 0.039 0.81 95.5 0.014 0.025 0.085 2840
PS6 0.076 0.74 136.2 0.016 0.060 0.080 2812

aSee text for definitions.
bDetermined from bulk density measurements of composites.
cAverage from DMA analysis.

Figure 12. Representative tensile test data for porous poly-
sulfone (PS7) and porous polysulfone/bioactive glass com-
posites (PS1, PS5, PS6); specimens were abraded to remove
dense surfaces before testing. Data collected using a dy-
namic mechanical analyzer (DMA) with static stress mode
(loading rate: 500 mN/min).

Figure 13. Variation of (A) elastic modulus and (B) break
strength of porous polysulfone (PS7: average porosity =
85%) and porous polysulone/bioactive glass comoposites
(PS1: 9.4 vol% glass relative to total solids, average porosity
= 83%; PS5: 20.4 vol% glass relative to total solids, average
porosity = 81%; PS6: 29.2 vol% glass relative to total solids,
average porosity = 74%). All materials had their denser top
surfaces removed by abrasion. Data are shown for the aver-
age of nine specimens with bars showing one standard de-
viation and * indicating statistical difference compared to
PS7 (p < 0.05).
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By combining Eq. 2–4 and assuming EP = 2482 MPa, n
= 1.88, m = 36, vG1 can be predicted for each composite
(see Table III). The results show that the amount of
glass incorporated into the polymer matrix is less than
that in the porous composite as a whole (vT). None-
theless, calculations of Eo demonstrate that the pres-
ence of the glass increases the modulus of the com-
posite matrix. The amount of glass incorporated in the
polymer levels out and the amount segregated to the
pores increases as more glass is added during process-
ing, which may be due to the lack of strong adsorption
of the polymer on the ceramic (see Fig. 5). These cal-
culations provide a start to understanding the com-
plex mechanical behavior of porous composites, but
clearly more work is needed in this area. To develop a
better model, finite element analysis methods such as
those developed by Guild and Bonfield56,57 are re-
quired. In addition, experimental results from com-
posites with varying pore content and constant glass
content will be important for testing the model’s
validity.

The break strengths of the composites are higher
than that of porous polysulfone. The enhancement is
due, at least in part, to the increase in modulus. The
composite with the highest glass content (PS6) is sig-
nificantly stronger than the other materials. Since fail-
ure is likely initiated at the larger voids, the decrease
in the size of the larger voids for this composite ac-
counts for its higher strength. In dense polysulfone/
bioglass� composites, decreased strength with in-
creased glass content was observed because the par-
ticles themselves act as the critical flaws.61 More
research is needed to balance the mechanical proper-
ties with the desired microstructural features for these
porous composites.

CONCLUSIONS

Porous composites consisting of polysulfone (or cel-
lulose acetate) and bioactive glass particles were pro-
duced by phase separation techniques. The compos-
ites have asymmetric structures with dense top layers
and porous structures beneath. The dense top layer
could be removed by abrasion to make a structure
with large pores (20–150 �m) exposed. Microstructure
control depends mainly on the choice of polymer and
particularly in the case of a polymer that absorbs on
the glass, the bioactive glass content. HCA growth in-
side and on the composites after soaking them in SBF
suggests the bone-bonding ability of the composites.
The pore content as well as the glass content affects
the mechanical properties of the composites. These po-
rous composites have potential applications as inter-
facial materials between soft and hard tissues, such as
the artificial cartilage/bone interface.

We are grateful to Prof. T. R. Oegema, Jr., Prof. R. F. Cook,
Dr. Hongwei Yan, Mary E. Grimm, Jiakuan Sun, and Jaime
Grunlan for insightful discussions.
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