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Poly(DL-lactide) (PDLLA) foams and bioactive glass (Bioglass®™) particles were used to form
bioresorbable and bioactive composite scaffolds for applications in bone tissue engineering.
A thermally induced phase separation process was applied to prepare highly porous PDLLA
foams filled with 10 wt % Bioglass®™ particles. Stable and homogeneous layers of Bioglass®™
particles on the surface of the PDLLA/Bioglass®™ composite foams as well as infiltration of
Bioglass®™ particles throughout the porous network were achieved using a slurry-dipping
technique. The quality of the bioactive glass coatings was reproducible in terms of thickness
and microstructure. In vitro studies in simulated body fluid (SBF) were performed to study
the formation of hydroxyapatite (HA) on the surface of the PDLLA/Bioglass®™ composites, as
an indication of the bioactivity of the materials. Formation of the HA layer after immersion in
SBF was confirmed by X-ray diffraction and Raman spectroscopy measurements. The rate of
HA formation in Bioglass®-coated samples was higher than that observed in non-coated
samples. SEM analysis showed that the HA layer thickness rapidly increased with increasing

time in SBF in the Bioglass®-coated samples. The high bioactivity of the developed
composites suggests that the materials are attractive for use as bioactive, resorbable

scaffolds in bone tissue engineering.
© 2003 Kluwer Academic Publishers

1. Introduction

Tissue engineering presents an alternative approach to
the repair of a damaged tissue, avoiding the need for a
permanent implant made of an engineered material. The
underlying principle involved is the regeneration of
living tissue, where a loss or damage has occurred as a
result of injury or disease [1]. A suitable temporary
scaffold material exhibiting adequate mechanical and
biological properties is required to enable tissue
regeneration by exploiting the body’s inherent repair
mechanisms [2, 3]. Tissue engineering scaffolds required
for bone tissue regeneration and repair need to satisfy a
variety of criteria, which have been summarized by
Hutmacher [4]. Ideally, a scaffold should have the
following characteristics: (i) three dimensional and
highly porous with an interconnected pore network for
cell growth and flow transport of nutrients and metabolic
waste, (i) biocompatible and bioresorbable with a
controllable degradation and resorption rate to match
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cell/tissue growth in vitro and/or in vivo, (iii) suitable
surface chemistry for cell attachment, proliferation, and
differentiation and (iv) mechanical properties to match
those of the tissues at the site of implantation. It has also
been reported, that a suitable scaffold for bone repair
should bond to the host tissue without the formation of
scar tissue, i.e. it should exhibit some degree of
bioactivity and osteoconductivity [5]. Moreover a
suitable scaffold should be made from versatile
processing techniques that can produce irregular or
complex shapes to match those of the defects in the tissue
of the patient.

Numerous bioresorbable materials have been investi-
gated as scaffolds for tissue engineering, including
naturally occurring [3,6] and synthetic polymers [7—
11]. Many practical advantages arise when using
synthetic scaffolds because precise engineering of
material composition and micro and macrostructure is
possible. This allows adequate control of scaffold
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properties, thus creating optimal conditions for cell
survival, proliferation, and subsequent tissue formation
[12]. Synthetic bioresorbable polymers have attracted
increasing attention for their use as tissue engineering
scaffolds in the last ten years, in particular polylactic acid
(PLA), polyglycolic acid (PGA) or their copolymers [7—
11]. These materials have already demonstrated pro-
mising results in clinical use, for example, as resorbable
surgical sutures and meshes or in drug delivery systems
[11,13]. Some problems have been encountered
regarding the use of these polymers in tissue engineering
applications, however, which are related to the release of
acidic degradation products leading to inflammatory
responses [7,8, 11-15]. Other limitation of biodegrad-
able polymers is that they lack a bioactive function, i.e. in
particular for bone tissue applications, they do not allow
for bone tissue apposition or bonding on the polymer
surface [16].

Certain ceramic materials, such as hydroxyapatite
(HA), tricalcium phosphate (TCP) and selected composi-
tions of silicate and phosphate glasses and glass-
ceramics, for example, the commercially available
Bioglass™, react with physiological fluids and form
tenacious bonds to hard and soft tissues through cellular
activity [5]. These materials are therefore known as
““bioactive’’ [17].

For applications in bone regeneration and repair a
scaffold material should exhibit both bioresorbability
and bioactivity. The most efficient way to achieve this
combination of properties is to combine resorbable
polymers and bioactive materials in a composite
scaffold. A further advantage of composites is that
their micro and macrostructure can be engineered in such
a way that their resorption rate after implantation
matches the formation rate of new tissue. Moreover the
addition of bioactive ceramic phases to degradable
polymer (polyesters) may be used to counteract the
acidic release degradation of these polymers by the pH
buffering effect of the alkaline dissolution of the glass or
ceramic [18, 19]. In addition, bioactive glass or ceramic
phases embedded in polymer matrices may provide a
means to increase the overall mechanical properties and
structural integrity of the scaffold [18-20].

To the authors’ knowledge, the first reports on the
development of biodegradable polymer composites
containing HA or bioactive glasses were published
about 15 years ago [21-24]. Early composites developed
by Japanese researchers were based on PLA containing
up to 50wt% HA and they were intended for
biodegradable bone fillers [21]. Other early develop-
ments were based on addition of calcium metaphosphate
fibers to PLA and related polymer matrices for bone
fixation devices [22,23]. Currently, various approaches
to the development of bioresorbable and bioactive
composites for tissue engineering applications are
being investigated, including combinations of PLA,
PGA and other resorbable polymers with HA, TCP or
bioactive glasses and glass-ceramics in different scaffold
architectures [13, 18-20, 24-45].

In the present work novel bioactive and bioresorbable
composite materials were fabricated using macroporous
poly(DL-lactide) (PDLLA) foams filled and coated with
bioactive glass (Bioglass™) particles. The in vitro
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response of the composites in contact with simulated
body fluid (SBF) was assessed. The materials are
primarily intended as scaffolds for bone tissue engi-
neering applications. This study extends related recent
research on composite materials based on bioresorbable
Bioglass‘/"@-coated surgical sutures [13,35,37] and
meshes [38]. Moreover polymer foams related to those
used in this study (but without Bioglass™ additions) have
been characterized recently, in particular for applications
in repairing nerve sections, both in the peripheral and
central nervous systems [46,47].

2. Experimental

2.1. Materials

Purasorb®™ poly(DL-lactide) (PDLLA) with inherent
viscosity of 1.52dl/g was obtained from Purac
Biochem (Goerinchen, The Netherlands). The bioactive
material used was a melt-derived bioactive glass powder
(Bioglass™ grade 4585, US Biomaterials Co., Alachua,
FL, USA). The powder had a mean particle size < 5 pm.
The composition of the bioactive glass used was (in
weight percentage): 45% SiO,, 24.5% Na, 0, 24.5% CaO
and 6% P,0s5, which is the original composition of the
first bioactive glass developed by Hench and coworkers
in 1971 [48]. Dimethylcarbonate (DMC) of 99% purity
was purchased from Sigma Aldrich. Polymers and
solvents were used without further purification.

2.2. Fabrication of Bioglass™-filled foams
The preparation of the Bioglass™-filled poly(DL-lactide)
(PDLLA) foams, referred to here as composite foams,
followed a thermally induced phase separation process,
also termed freeze-drying, which has been described in
detail elsewhere [10]. The process was conveniently
modified for the incorporation of Bioglass™ particles, as
described next. The polymer was dissolved in DMC to
produce a polymer weight to solvent volume ratio of 5%.
The mixture was stirred overnight to obtain a homo-
geneous polymer solution. A given amount of Bioglass™
powder, calculated to result in a final proportion of
10wt % of Bioglass™ in the composite, was added into
the polymer solution, resulting in a homogeneous
PDLLA/Bioglass® mixture. The mixture was then
transferred into a 150mL lyophilization flask and
sonicated for 15 min in order to improve the dispersion
of the Bioglass ™ into the polymer solution. The flask was
then rapidly immersed into liquid nitrogen and was
maintained at — 196 °C for 2 h. The frozen mixture was
then transferred into an ethylenglycol bath at — 10°C
and connected to a vacuum pump (102 Torr). The
solvent was sublimated at — 10 °C for 48 h, and then at
0°C for additional 48h. The sample was completely
dried at room temperature in a vacuum oven until
reaching a constant weight.

2.3. Fabrication of Bioglass®-coated
composite foams

Bioglass®™ coatings were made using a slurry-dipping

technique, similar to that proposed recently to coat

surgical sutures and polymeric meshes with Bioglass®™



particles [37,38]. The coating technique for foams
similar to those used here has been optimized in previous
studies [49]. Briefly, the technique involves preparation
of a stable slurry with 42 wt % of Bioglass® particles in
distilled and deionized water, which is continuously
stirred magnetically. Pre-treatment of the PDLLA foams
with ethanol was carried out following a procedure
originally described by Mikos et al. [50]. It was shown in
previous studies that better results in terms of degree of
infiltration and coating homogeneity are achieved by the
ethanol pre-treatment procedure because the high
hydrophobicity of the PDLLA foam can be decreased
[49]. In the present experiments, ethanol-treated PDLLA
foams were lowered into the slurry using tweezers and
left in immersion for 5 min. Following immersion, the
samples were carefully withdrawn to avoid damage at a
withdrawal velocity of ~5cms~!. The samples were
subsequently dried on glass plates at room temperature in
a humid-controled atmosphere.

2.4. Characterization and in vitro studies
PDLLA/Bioglass™ composite samples were character-
ized by using scanning electron microscopy (SEM) (Jeol
JSM-T220), in order to assess the quality of the
Bioglass™ coating and degree of infiltration. Dried
samples were carefully cut using a calliper, gold-coated
and observed at an accelerating voltage of 20-25kV.

In vitro studies were carried out using the simulated
body fluid (SBF) composition and following standard
procedures described by researchers at the University of
Kyoto (Japan) [51]. Dry Bioglass™-coated and uncoated
composite foams were immersed in 75 mL of SBF in
clean conical flasks, which had previously been washed
using hydrochloric acid and deionized water. The conical
flasks containing the foams were placed inside an orbital
shaker (New Brunswick Scientific, C24 Incubator
Shaker), which rotated at 175rpm at a controlled
temperature of 37 °C. All samples were left in immersion
in SBF for varying time periods of 7, 14, 21 and 28 days.
The SBF was changed every seven days as cation
concentration decreased during the course of in vitro
studies, as a result of the changes in the chemistry of the
samples, as discussed below. After immersion in SBF the
microstructure of the samples surface was observed
using SEM. X-ray diffraction (XRD) analysis (Philips
PW 1700 Series, Cu Ka radiation, 40kV) was used to
verify whether or not crystalline HA had been formed on
the surfaces of samples treated in SBF. With this aim,
Raman spectroscopy also was conducted on SBF-treated
samples. Raman spectroscopy has been shown to be
extremely sensitive in detecting the formation of crystal-
line HA on bioactive surfaces [52]. These measurements
were carried out using a Renishaw 1000 Raman micro-
spectrometer. For excitation, a diode laser was used at
830nm wavelength and 100 mW power. The exposure
time was 10s and 10 scans were accumulated in order to
improve signal-to-noise ratio. The spectral resolution

was 1em L

3. Results and discussion

3.1. Materials characterization

The morphology of a Bioglass®-filled PDLLA foam
prepared by thermal-induced separation and subsequent
freeze-drying is shown in the SEM micrographs in Fig.
1(a), (b). The foam exhibits a high porosity > 90%,
comprising two distinct pores sizes: (i) macropores of
> 100 um average diameter, and (ii) micropores with an
average diameter of 20-30 um, which form an inter-
connected network. The tubular macropores were highly
oriented as a result of the unidirectional cooling process.
This kind of morphology is typically formed after freeze-
drying of poly (a-hydroxyacids) [10], including polylac-
tide and copolymers of e-caprolactone with lactide or
glycolide in solvents such as dioxane and dimethyl
carbonate. To the authors’ knowledge this is the first
experimental study reporting on the fabrication of highly
porous PDLLA foams containing additions of glass
particles by the freeze-drying technique. It is interesting
to point out that addition of 10 wt % Bioglass®™ particles
of mean size < 5 pum had no effects on the development
of a well-defined tubular and interconnected porous
structure in the foam. The foams produced here are thus
comparable in terms of porosity and porous structure to
those fabricated by the same technique but without
addition of glass particles, which have been described
elsewhere [53, 54].

The high-magnification SEM image (Fig. 1(b)) shows
the agglomeration of Bioglass™ particles on the surface
of the fractured walls of the foams. The presence of
Bioglass™ on the pores boundaries is required to
encourage bone-tissue growth into the porous scaffold,
i.e. providing the scaffold osteoconductive properties, as
discussed below. )

Fig. 2(a)—(c) show SEM micrographs of Bioglass™-
coated composite foams produced by slurry-dipping at
different magnifications. After drying, the particles were
strongly adhered to the polymer substrate as neither
peeling-off of Bioglass™ particles nor macro-delamina-
tion of the Bioglass® coating were observed. At low
magnifications (Fig. 2(a)), it can be observed that
Bioglass®™ particles homogeneously cover the outer
surfaces of the foam. Using an immersion time of
5min, the Bioglass®™ particles have also deeply
infiltrated the pores of the foam and glass particles are
deposited along the internal surfaces of the porous
structure, as Fig. 2(b) shows. The experimental technique
also allowed for obtaining thick coatings characterized
by a highly packing density of Bioglass®™ particles, as
shown in Fig. 2(c). The microstructure of the Bioglass™
coating was highly reproducible and its typical features,
e.g. porosity, were the result of the narrow size
distribution of the Bioglass® particles used.

3.2. In vitro studies in SBF

The response of Bioglass ®-filled PDLLA foams without
and with Bioglass™ coating in contact with SBF was
analyzed qualitatively using SEM, XRD analyses and
Raman spectroscopy. The SEM micrographs in Fig.
3(a)—(c) show the gradual development of a HA layer on
the surface of the coated composite samples as a result of
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Figure 1 SEM micrographs showing typical cross sections of
Bioglass™-filled PDLLA foams at low (a) and high (b) magnification.

increasing days of immersion in SBF i.e. after 7, 21 and
28 days.

The results were compared to those of uncoated
PDLLA composite foam samples, which were also
immersed in SBF for varying times. Fig. 4(a), (b) show
SEM micrographs of an uncoated composite sample after
28 days of immersion in SBF at two different
magnifications. It is apparent that HA crystals have
also formed as a result of contact of Bioglass™ particles
incorporated in the foams with SBF. However the HA
phase remains discretely distributed on the surface of the
foam and localized in the areas where Bioglass™
particles have been in direct contact with SBE No
continuous layer formation, as in the case of the coated
samples (see Fig. 3(c)), is observed. In fact, in non-
coated foams, the stage of HA formation after 28 days
immersion in SBF is similar to the stage reached by the
coated samples after just 7 days, as a direct comparison
of Figs. 3(a) and 4(a) reveals.

The crystallinity of the structure formed on the surface
of the foams was investigated using XRD. For the
Bioglass™-coated composite samples XRD analyses
confirmed that crystalline HA formed on the composite
surface after 7 days immersion in SBF, as Fig. 5 shows.
Since the analyzed samples varied in size and
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Figure 2 SEM micrographs showing the typical microstructure of
PDLLA foams coated by Bioglass® particles produced by slurry-
dipping. The homogeneous coating and efficient infiltration of
Bioglass™ particles can be observed at (a) low and (b) high

magnifications. The micrograph in (c) shows the uniform Bioglass®™

coating microstructure.

morphology, a quantitative analysis revealing the
amount of HA formed in dependence of immersion
time in SBF could not be carried out. Nevertheless, the in
vitro studies were successful in confirming the high
ability for hydroxyapatite (HA) formation on the surfaces
of Bioglass®-coated samples, which is a measure of the
significant biaoctivity of the material. The formation of
HA crystals on the surface of the Bioglass®™-coated
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Figure 3 SEM micrographs showing surfaces of Bioglass®—c0ated PDLLA foams after degradation in contact with SBF for: (a) 7, (b) 21 and (c) 28
days. The micrographs reveal progressive formation of HA crystals and development of a surface HA layer.

samples after immersion in SBF was also confirmed by
the Raman spectroscopy measurements. Fig. 6 presents
the Raman spectra of Bioglass™-coated composite foams
after having been soaked in SBF for 7 and 14 days. The
spectrum for a sample in the as-fabricated condition is
also shown.

The formation of the hydroxyapatite layer on the
surface of the PDLLA foams is indicated by the strong
peak at 964 cm !, which corresponds to the symmetric
stretching vibration of P-O in POz~ tetrahedra
belonging to hydroxyapatite crystals [55,56]. The small
peak at 1075 cm ~ ! also belongs to PO3 ~ tetrahedra and

Figure 4 SEM micrographs of an uncoated PDLLA foam after 28 days immersion in SBF showing limited formation of HA particles, at low (a) and

high (b) magnifications.
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Figure 5 XRD patterns of Bioglass‘/"}“—coated PDLLA foams: in (a) as-fabricated state, and after immersion in SBF for (b) 28 and (c) 7 days. The XRD
patterns demonstrate the development of crystalline HA with increasing time of immersion in SBF. Note that the intensity is given in arbitrary units,
i.e. the relative height of the peaks does not correlate with the relative amount of HA present in the different samples.

corresponds to P-O asymmetric stretching. A qualitative
estimation of the growth in thickness of the hydro-
Xyapatite layer can be obtained by considering the ratio
of the 964 cm ~! peak and the CH; deformation peak at
1462cm~! or C=O0 stretching at 1780cm !, which
correspond to PDLLA. This ratio indicates that the
hydroxyapatite layer becomes thicker when the PDLLA/
Bioglass® composite sample is immersed in SBF for
longer times, in agreement with the SEM results (Fig. 3).

As Fig. 3(a)—(c) show, the structure and morphology of
the HA layer changed during immersion in SBE. Small
HA crystals deposited after the first week of immersion,
which developed into a continuous HA layer formed by
coalescence of large crystals after the third and fourth
week of immersion in SBE. The HA layer formed on the
Bioglass™-coated composite surfaces was relatively
thick, compared to other studies on bioactive and
resorbable composites reported in the literature, where
HA was used as the bioactive phase (see, for example,
Ma et al. [27]). In the present composites, the thickness
of the HA layer formed on Bioglass™-coated surfaces
was increased manifold (of the order of 10 um after 21
days immersion in SBF), an indication of the enhanced
bioactivity of these materials. It is well-known that
Bioglass®™ has a higher index of bioactivity than HA,
which makes it a more suitable material for applications
in bone reconstruction [17]. Moreover Bioglass™, being
a class A bioactive material (as opposed to HA, which is
class B), has shown strong bond also to soft tissues [57].
The application potential of the Bioglass™-coated com-
posite foams fabricated here, therefore, could compass
both hard and soft tissue regeneration and repair.

For the non-coated composites, however, the incor-
poration of Bioglass™ particles into the polymer matrix
resulted in a lesser degree of formation of HA. The
behavior of these composites in SBF was comparable to
that reported in the literature, where bioactive glasses in
the form of particles or fibers have been incorporated into
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solid biodegradable polymer matrices [18,42,43]. It has
been shown, for example, that incorporation of 10 wt %
Bioglass™ particles into a dense biodegradable starch-
based polymer led to formation of apatite crystals only
after 14 days immersion in SBF [42], in close agreement
with the present results. Although the bioactivity of the
PDLLA material seems to be little affected by addition of
10wt % Bioglass™ particles, the stiff particles used as
filler can, however, be conveniently used to enhance the
mechanical properties of the porous constructs. In a
parallel study [58], the addition of higher concentration
of Bioglass® particles (up to 40wt%) is being
investigated both in terms of its effect on bioactivity
and mechanical properties of PDLLA foam:s.

Another motivation for fabricating composites both
filled and coated by bioactive glass particles concerns the
positive effect that the Bioglass® dissolution may have
on the degradation of the polymer. This has not been yet
quantitatively studied for the present composites.
However, it can be speculated that the bioactive glass
coating acts as a protective hydrolysis barrier affecting
both the extent and rate of degradation of the polymer
substrate [37, 38]. The rapid exchange of protons in water
for alkali in the glass provide a pH buffering effect at the
polymer surface, therefore acceleration of polymer
degradation will not occur due to small pH changes
during bioactive glass dissolution. Recent results on in
vivo and in vitro degradation of bulk composites based on
PDLLA containing bioactive glass particles seem to
confirm this approach [18].

It is therefore envisaged that using Bioglass™ both as
filler and coating of porous resorbable polymer scaffolds
will add to the possibilities of tailoring the mechanical
properties and the rate of resorption of the composite
scaffolds to that of the required application. Further
logical steps to the optimization of scaffolds for tissue
engineering should focus on tailoring the microstructure
of the composite foams for determined applications,
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Figure 6 Raman spectra of Bioglass®-coated PDLLA foams: (a) before exposure, (b) after 7 days in SBF, (c) after 14 days. The strong peak at
964 cm ! corresponds to the symmetric stretching vibration of P-O in PO}~ tetrahedra in HA crystals.

including the development of graded porosity and graded
bioactive Bioglass™ coatings, this being the focus of

current developments.

4. Conclusions

Bioactive and bioresorbable composites were developed
based on PDLLA foams and Bioglass®™ particles. The
preparation of PDLLA foams filled with 10wt%
Bioglass™ particles followed a thermally induced phase
separation process. The foam porosity was > 90%. An
aqueous slurry-dipping technique was used to coat and
infiltrate the PDLLA composite foams with Bioglass®™
particles. The technique led to stable and uniform glass
coatings as well as adequate infiltration of Bioglass™ into
the porous network of the foams. The PDLLA foam/
Bioglass®™ composites were tested by means of in vitro
studies in simulated body fluid (SBF) to determine their
potential as tissue engineering scaffolds. In Bioglass™-
coated foams, it was found that HA particles formed after
only 7 days in SBF, which further grew to form a thick
and uniform HA layer on the scaffold with increasing
time in SBF (up to 28 days investigated). In the non-
coated (but Bioglass@‘—ﬁlled) samples the formation of

HA was less pronounced and slower than in Bioglass™-

coated samples. Bioglass™-coated samples, prepared by
a combination of freeze-drying and slurry-dipping
techniques, are therefore preferred in terms of bioactive
potential. The present work may open a new way for the
development of porous bioresorbable scaffolds of high
bioactivity for tissue engineering. Future research should
focus on tailoring novel microstructures for determined
applications, including the development of composites
with higher Bioglass™ filler content, as well as foams of
graded porosity and graded Bioglass®™ coating micro-
structures.
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