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Abstract Designing tissue engineering scaffolds with the
required mechanical properties and favourable microstruc-
ture to promote cell attachment, growth and new tissue
formation is one of the key challenges facing the tissue
engineering field. An important class of scaffolds for bone
tissue engineering is based on bioceramics and bioactive
glasses, including: hydroxyapatite, bioactive glass (e.g.
Bioglass®), alumina, TiO, and calcium phosphates. The
primary disadvantage of these materials is their low resis-
tance to fracture under loads and their high brittleness. These
drawbacks are exacerbated by the fact that optimal scaffolds
must be highly porous (>90% porosity). Several approaches
are being explored to enhance the structural integrity, frac-
ture strength and toughness of bioceramic scaffolds. This
paper reviews recent proposed approaches based on devel-
oping bioactive composites by introducing polymer coatings
or by forming interpenetrating polymer-bioceramic micro-
structures which mimic the composite structure of bone.
Several systems are analysed and scaffold fabrication pro-
cesses, microstructure development and mechanical
properties are discussed. The analysis of the literature sug-
gests that the scaffolds reviewed here might represent the
optimal solution and be the scaffolds of choice for bone
regeneration strategies.

Introduction

Tissue engineering is a discipline based on the principle
that the living body has the potential of regeneration and
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combines engineering and cell biology concepts towards
the creation (growth) of new human tissue [1].

One significant branch of tissue engineering involves the
use of engineered materials with high porosity, termed
scaffolds, which should act as (temporary) 3D templates
for cell adhesion, proliferation, migration and ultimately
the formation of new tissue [2]. The structure and proper-
ties of these scaffolds are pertinent to the tissue concerned
and the loads it will experience in vivo. The generic
requirements for ideal tissue engineering scaffolds have
been discussed frequently in the literature [3-6]. Since
scaffolds are intended as temporary artificial extra cellular
matrix (ECM) to guide 3D tissue formation, materials that
most closely resemble the intended tissue replacement are
the most promising candidates. The challenges faced by
tissue engineers are linked to the complex combination of
properties required in an ideal scaffold. This is particularly
significant in bone tissue engineering where the structural
competence of the scaffold and its ability to sustain
mechanical loads are essential.

An ideal scaffold for bone engineering should fulfil a
number of criteria: (1) biocompatibility to enable cell
attachment, differentiation and proliferation, (2) osteo-
conduction and osteoproduction (i.e. the material should
induce strong bone bonding), (3) biodegradability at a rate
matching the rate of new tissue formation, (4) mechanical
competence, e.g. the strength of the scaffolds should be
sufficient to provide mechanical stability in load bearing
sites prior to regeneration of new tissue, and (5) intercon-
nected porous structure with porosity >90% and pore size
between 300 and 500 um for cell penetration, tissue in
growth and vascularisation [6, 7].

An important class of scaffolds for bone tissue engineer-
ing is based on biodegradable and bioactive ceramics and
glasses, including: hydroxyapatite (HA) (Ca;o(PO4)s(OH),),
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bioactive silicate glasses and calcium phosphates. There are
also research efforts in producing scaffolds from other oxide
ceramics, notably alumina, titania and zirconia. Although
these are not biodegradable ceramics, they find application in
ex vivo approaches or in bioreactors. Bioceramic scaffolds
exhibiting highly porous structures are being fabricated
(with different degrees of success) by a variety of techniques,
as reviewed elsewhere [8].

Since the inorganic component of bone is made of
carbonated hydroxyapatite, many calcium phosphate-based
scaffolds have been extensively studied [8]. These scaf-
folds are also bioactive, e.g. they induce a strong bond to
bone when implanted. Bioactive glasses, discovered by
Hench in 1969 [9], and related silicate glass—ceramics
constitute another group of bioactive materials being
highly considered in tissue engineering scaffold develop-
ment [10-13] due to their high bioactivity. The primary
advantage that makes bioactive glasses promising scaffold
materials is their rapid rate of surface reactions which leads
to fast tissue bonding without the formation of scar tissue.
Moreover bioactive glass of composition 45S5 Bioglass®
(in wt%: 45% SiO,, 24.5% Na,0, 24.4% CaO and 6%
P,0Os) exposes critical concentrations of Ca, Si, Na and P
ions which have been shown to activate genes in osteoblast
cells thus stimulating new bone formation in vivo [14].

The main advantage of inorganic scaffolds made of HA,
bioactive glass or other bioceramics is their high biocom-
patibility. They suffer however from low mechanical
strength and high brittleness. One approach being investi-
gated to improve the mechanical properties of these brittle
scaffolds is to coat them with polymer layers, in order to
fill existing cracks in the bioceramic structure with a
polymer phase. It is hypothesised that polymer filaments
will bridge cracks during fracture thus increasing the
scaffold toughness, in a similar manner as collagen fibres
enhance the fracture toughness of bone [15]. The approach
has been extended to include scaffolds with interpenetrat-
ing network structures, where the polymer is added not
only as a surface coating but is also made to penetrate and
infiltrate the pore walls (struts) of the scaffold via
remaining porosity or microcracks. In addition, the poly-
mer phase can have other functions, such as being a carrier
for drugs and other biomolecules, e.g. growth factors,
hence enhancing the functionality and bioactivity of the
scaffolds.

In the present paper we review the relevant previous
work in the field of polymer-coated inorganic scaffolds and
scaffolds with interpenetrating network microstructure.
The review is organised in the following manner: section
“Fabrication of inorganic scaffolds” includes a description
of three typical fabrication technologies developed for
production of bioceramic scaffolds, section “Bio-ceramic
scaffolds combined with polymers” contains a detailed
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analysis of the available literature on polymer-coated and
interpenetrating microstructure systems, while section
“Recent developments: bioactive glass—ceramic/PDLLA
composite scaffolds with interpenetrating microstructure”
presents recent results on a Bioglass®/poly(p,L-lactide)
(PDLLA) composite system, as an example of a novel
scaffold with interpenetrating network structure.

Fabrication of inorganic scaffolds

This section will briefly review three methods which are
widely used for fabrication of inorganic scaffolds. A more
detailed description of these and other scaffold technolo-
gies, including computer assisted methods (e.g. rapid
prototyping), has been presented elsewhere [8].

Foam replication method

The earliest production of macroporous ceramics by the
foam replica method dates back to the early 1960s, when
Schwartzwalder and Somers [16] used polymeric sponges
as templates to prepare ceramic cellular structures of var-
ious pore sizes, porosities and chemical compositions. In
the replica method approach, synthetic (e.g. polymer
foams, typically polyurethane, PU [10]) and natural (e.g.
coral, wood [17]) templates of desired macrostructure can
be used to fabricate macroporous ceramics. The template is
initially soaked into a ceramic suspension until the struts
are homogeneously coated with the ceramic material. The
coating should be viscous enough to avoid dripping by
thixotropic effects. Thickening additives such as clays,
colloidal silica, carboxymethyl cellulose and polyethylene
oxide in combination with conventional dispersants can be
used [17-20]. Moreover binders and plasticizers are added
to the initial suspension in order to prevent cracking of the
struts during the subsequent heat-treatment process. The
ceramic-coated polymeric template is subsequently dried
and the polymer template is burnt out through careful
heating between 300 and 800 °C and finally densified by
sintering in an appropriate atmosphere at temperatures
between 1,000 to 1,500 °C, depending on the material.
Highly porous ceramics can be produced reaching open
and interconnected porosity levels in the range 40-95%
with sizes of pores between 200 um and 3 mm. One pos-
sible disadvantage of the method is the tendency to produce
a hole in the centre of each strut resulting from the removal
of the polymer skeleton on heating. The presence of this
hole can negatively affect the mechanical properties of the
foams [10]. However the approach of filling the hole with a
polymer, as discussed below, leads to improved mechani-
cal behaviour exploiting the interaction between the
polymer and ceramic phases.
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Alumina [21-23], titania [24, 25], zirconia [26, 27] and
Bioglass® [10, 28] foams are examples of scaffolds pro-
duced by the replica method using polymer sponges as the
synthetic templates. Figure 1 shows the typical structure of
a Bioglass®- based glass—ceramic scaffold fabricated by
the foam replica method [10].

A great variety of hydroxyapatite and calcium phosphate
scaffolds have been also produced using both synthetic
polymer templates as well as coral as natural templates
[29-34]. The polymeric sponge method has been also
proposed to manufacture macroporous calcium phosphate
glass scaffolds of composition CaO-CaF,-P,0s—MgO-
ZnO [35] and glass-reinforced HA foams [36]. Several
approaches are being investigated to improve the
mechanical properties of foams produced by replication
methods. It has been reported for example that combination
of replicating techniques with gelcasting of foams (dis-
cussed in [8, 37, 38]) leads to HA cellular structures of
improved fracture strength [32].

Sacrificial template method

This method leads to porous materials having a negative
replica of the original sacrificial template as opposed to the
(positive) replica obtained with the method discussed
above. The technique involves the preparation of a biphasic
composite comprising a homogenously dispersed sacrificial
phase in a continuous matrix of ceramic or glass particles
[39]. The sacrificial phase is ultimately extracted from the
partially consolidated matrix to generate pores within the
microstructure. The removal of the sacrificial phase does
not lead to flaws in the struts as is the case of positive
replica methods. Therefore, the mechanical strength of the
structures made by the sacrificial template method is

Fig. 1 Macroporous structure of a Bioglass®-based glass—ceramic
scaffold fabricated by the foam replica method using PU sponge as
sacrificial template [10]

usually higher than that of scaffolds fabricated by the
replica method; however, porosity and pore interconnec-
tivity are substantially lower [39, 40]. Hydroxyapatite
porous bodies produced from PMMA particles, PVB beads,
wax and starch particles, as well as naphatane and sucrose
[41-45] as sacrificial materials have been made by this
method.

Direct foaming methods

In the direct foaming method approach, air is incorporated
into a ceramic suspension which is then set in order to
create a structure of air bubbles [46, 47]. In most cases, the
consolidated foams are afterwards sintered at high tem-
peratures to produce a high-strength porous ceramic.
Stabilisation of air bubbles in the initial suspension is the
most critical process. The stability of the air bubbles can be
achieved by various surfactants and particle stabilisers. The
foam structures prior to solidification are important
because they influence the total porosity, pore size, wall
thickness and microstructure of the final products. The
porosity of foams produced by this method typically varies
between 40% and 93%, whereas the average pore size can
change from 10 to 300 pm.

Examples of scaffolds produced from the direct foaming
technique are hydroxyapatite and calcium phosphate scaf-
folds [48, 49] obtained by gel-casting setting process as
well as sol-gel derived bioactive glass scaffolds [46, 50].

Bioceramic scaffolds combined with polymers

The basic process developed to fabricate both polymer-
coated inorganic scaffolds and polymer—ceramic scaffolds
with interpenetrating network microstructures consists of
infiltrating a sintered or partially sintered bioceramic
scaffold with the polymer phase [51], as schematically
shown in Fig. 2. In most cases, a biodegradable synthetic
polymer is used. This approach is inspired by the fact that
nearly 60 wt% of bone is constituted of an inorganic phase
(hydroxyapatite) and the rest is the organic phase (colla-
gen) and water. It is well known that the fracture behaviour
of mineralised tissues such as bone (and dentin) is influ-
enced by the optimal interaction of the inorganic and
organic phases, and the toughening mechanisms induced
by the presence of collagen fibrils in bone are starting to be
elucidated [52, 53]. Thus, the addition of a polymer phase
to a porous ceramic scaffold is expected to enhance the
fracture toughness of the composite and to allow the
functionalisation of the surface to induce enhanced bioac-
tivity. Investigations on dense materials have also shown
improved mechanical properties of the interpenetrating
polymer/ceramic composites as compared to those of
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Fig. 2 The polymer solution
dipping method developed to
coat bioceramic scaffolds with
biodegradable polymers, e.g.
PDLLA solution in dimethyl
carbonate (DMC) [25]

Bioceramic scaffold

monolithic brittle ceramics or glasses [54]. In the following
paragraphs, specific polymer-coated bioceramic scaffolds
and polymer—bioceramic scaffolds with interpenetrating
network microstructure are discussed. The alternative of
fabricating hybrid polymer—ceramic composite scaffolds,
e.g. exploiting the molecular mixing of inorganic and
organic phases for example in sol-gel based approaches,
has also been explored [55, 56]; however those hybrid
materials will not be considered in the present review.

Calcium phosphate-based scaffolds

As mentioned above, calcium phosphates including
hydroxyapatite (HA), tricalcium phosphate (TCP) and
calcium phosphate cements (CPC) play an important role
in the development of scaffolds for bone tissue engineer-
ing. Miao et al. [57] have produced porous calcium
phosphate ceramics with interconnected macropores
(>200 pm) and microporosity (~5 pm) as well as high
porosities (~80%) by firing polyurethane (PU) foams
coated with calcium phosphate cement at 1,200 °C. The
open micropores of the struts were infiltrated with
poly(lactic-co-glycolic acid) (PLGA) to achieve an inter-
penetrating bioactive ceramic/biodegradable polymer
composite structure. This work followed from earlier work
by the authors [58], where PLGA-coated porous CPC
scaffolds were developed exhibiting compressive strength
values of up to 4 MPa. In their most recent investigation
Miao et al. [57] further coated the PLGA filled struts with a
58S bioactive glass (33 wt%)-PLGA composite coating.
The resulting scaffolds proved to be bioactive and exhib-
ited even higher compressive strength values (up to
7.7 MPa) and compressive moduli of up to 3 GPa, these
values being comparable to those of natural spongy bone.
Miao et al. [59] have also developed highly porous HA/
TCP composite scaffolds (87% porosity) infiltrated with
PLGA to form ceramic—polymer interpenetrating micro-
structures. In these composites the addition of PLGA led to
a significant improvement of the compressive strength [59].
The mechanism based on crack bridging, previously
investigated by Pezzotti et al. [60], was proposed to
explain the strengthening and toughening in the compos-
ites, evident by the presence of polymer ligaments that
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were stretched upon crack opening along the wake of the
crack [59].

Li et al. [61] have produced macroporous HA ceramics
with nanoporous struts. Then, a commercially available
biopolymer, Polyactive™, was incorporated into the struts
by vacuum infiltration. As a result, the mechanical prop-
erties of the porous composites with interpenetrating
organic/inorganic phases were found to improve signifi-
cantly. Similar results were achieved in earlier
investigations by Tencer et al. [62, 63], who found that
coating the internal surfaces of porous HA with a biode-
gradable polymer (PDLLA) improved the compressive
strength significantly, but the coated material was shown to
lack bioactivity.

Since bioactive silicate glasses exhibit higher bioactivity
[64] or have faster rates of apatite formation than crystal-
line HA, bioactive glasses have been combined with HA
scaffolds in bioactive composite coatings. Huang and Miao
[65], for example, have used tetracalcium phosphate (Cay
(PO4),0; TTCP) and dicalcium phosphate anhydrous
(CaHPO,4; DCPA) macroporous ceramics and PLGA/Bio-
glass® composite to coat HA scaffolds. The bioactive glass
addition to the polymer coating increased the bioactivity of
the scaffolds. The replication technique was combined with
H,0, (hydrogen peroxide) pore forming method to produce
the macroporous HA scaffolds which resulted in an
increase in porosity and smaller size of the pores [65]. The
HA scaffolds were first coated with 40 wt% PLGA and
further coated with bioactive glass/PLGA to increase the
bioactivity as well as the compressive strength (5.8 MPa).
Figure 3a shows a SEM micrograph of the microstructure
of Huang and Miao’s composites [65] showing that the
PLGA phase fills the open micropores in the struts of the
hydroxyapatite foam. It was observed that PLGA also filled
the large defects (central hole) in the struts, as shown in
Fig. 3b.

Nakahira et al. [66] investigated hybrid hydroxyapatite/
polymer composites by the infiltration of nylon into porous
hydroxyapatite prepared from whisker-like powder at sin-
tering temperatures between 800 and 1,000 °C. These HA/
nylon composites were shown to have fracture toughness
(Kjc) of 1.65 MPam'’?, and also they showed good bio-
activity according to the results of SBF immersion tests.
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Fig. 3 SEM micrographs showing the microstructure of PLGA/HA
composite scaffolds fabricated by Huang and Miao [65]: (a) PLGA
phase (dark) filling open micropores in a HA strut (bright) and (b)
PLGA phase filling the large defect in the centre of a strut

A related study was published by Pezzotti et al. [54] who
produced HA composites with relative porosity of 32% by
cold-isostatic pressing followed by sintering. The HA
structures containing percolated submicron porosity chan-
nels were infiltrated with 6-nylon to produce composites
with improved fracture properties. The results of this
investigation also demonstrated the effect of different types
of polymers with different mechanical properties on the
overall fracture behaviour of the composites.

Miao et al. [67] have studied a composite consisting of
three interpenetrating networks: tricalcium phosphate
(TCP), HA and PLGA. Firstly, the porous TCP network
was produced by coating a PU foam with hydrolysable
o-TCP slurry. Then, a HA network was derived from cal-
cium phosphate cement (CPC) filled in the porous TCP
network. Finally, the remaining open pore network in the
HA/TCP composites was infiltrated with PLGA. These
composites feature three phases with different degradation
behaviour. It was postulated that bone would grow on the

fastest degrading network (PLGA), while the remaining
phases would remain intact thus maintaining their geome-
try and load bearing capability. The achieved compression
strength of the PLGA coated material was remarkable at
30 MPa; however the final porosity of the coated foams
was not reported in the original study [67].

In other developments targeted to improve bone
ingrowth and osseo integration, HA scaffolds have been
coated with HA particles and polycaprolactone (PCL). The
PCL matrix also acted as carrier for the antibiotic drug
tetracycline hydrochloride which was entrapped within the
coating layer [68, 69]. HA scaffolds have been also coated
with PLLA and compressive strength values of ~3 MPa
were achieved however for a pore volume fraction of 70%,
which can be considered lower than what is ideal for bone
tissue scaffolds [70]. With the PCL/HA composite coating,
on the other hand, the mechanical properties such as
compressive and elastic modulus were improved by several
orders [68, 69]. The release rate of the drug sustained for
prolonged periods was found to be dependent on the degree
of coating dissolution. In a parallel study by the same
group [71], HA porous scaffolds were coated with polymer
(PCL)-HA hybrids for use as wound healing and tissue
regeneration substrates. The antibiotic Vancomycin was
incorporated in the PLC matrix in different concentrations
and the drug release profile was determined. The encap-
sulated drug within the coated scaffold was released in a
highly sustained manner as compared to the rapid release
of drugs directly adsorbed on the pure HA scaffold [71].
These studies were the first to show the enhanced function
of a scaffold achieved by applying a polymer coating. Not
only are the mechanical properties improved but the scaf-
fold also becomes a vehicle for targeted drug delivery.

Bioactive glass-and calcium silicate-based scaffolds

Chen et al. [72] have investigated the mechanical proper-
ties and bioactivity of Bioglass®-based scaffolds, before
and after applying a PDLLA coating on the foam struts.
They found that the bioactivity of scaffolds upon immer-
sion in simulated body fluid (SBF) was maintained in the
PDLLA-coated foams, while the transformation of the
crystalline phase (Na,Ca,SizOy) to amorphous calcium
phosphate, which is a typical feature in Bioglass® derived
glass—ceramic scaffolds [10], was retarded by the PDLLA
coating. The compressive and three-point bending
strengths were slightly increased by the PDLLA coating,
and the toughness was considerably enhanced, e.g. the
work-of-fracture of the foams after PDLLA coating was
20 times higher than the value without PDLLA coating.
The polymer layer was made to cover and fill the micro-
cracks in the strut, improving the mechanical stability of
the scaffold as the polymer layers induced a crack bridging
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mechanism, as mentioned above. The mechanical strength
of as-sintered foams decreased to a large extent (from 0.3
to 0.03 MPa) upon immersion of the foams in SBF when
the crystalline phase Na,Ca,SizOq transformed to amor-
phous calcium phosphate. However the mechanical
performance was shown to be maintained in the polymer-
coated foams even after immersion in SBF for 8 weeks
[72]. The surface of the foams developed a nanostructured
composite layer upon immersion in SBF formed by newly
grown HA nanocrystals onto the polymer coating layer. It
is expected that this in situ formed nanostructured layer
will further improve the mechanical integrity of the con-
structs as well as serving as nanoscaled surface topography
for the efficient attachment and proliferation of osteoblast
cells [73]. PDLLA was the first biodegradable polymer
considered to coat Bioglass® scaffolds [72]; however, more
recently, a new polymer based on a polyhydroxyalkanoate
has been investigated as alternative coating material [74].
The polymer chosen, poly(3 hydroxybutyrate), PHB, is a
natural thermoplastic polymer produced by many types of
micro-organisms which can be extracted as a stereoregular,
optically active, isotactic polyester with high purity and
without any inclusion of catalyst residues [75]. In addition
to its biocompatibility and biodegradability PHB has been
reported to have piezoelectric properties, which can stim-
ulate bone growth and aid in healing. Bretcanu et al. [74]
used for the first time bacteria-derived PHB to infiltrate
45S5 Bioglass® scaffolds. These scaffolds are intended for
applications in cancellous bone substitution after trauma
incidents. The pore morphology and macrostructure of the
scaffolds before and after coating with PHB as well as the
coating homogeneity were investigated. It was found that
polymer coating did not affect the interconnectivity of the
pore structure; however, the coating was not fully homo-
geneous, as shown in Fig. 4. The compressive strength of
the coated and uncoated scaffolds was measured and it was
found that the polymer coating considerably increased the
compressive strength of the scaffolds (~ 1.5 MPa at 85%
porosity). The formation of HA crystals on the scaffolds’
surface was investigated confirming the high bioactive
character of the scaffolds, as after 2 weeks of immersion in
SBF, a uniform layer of HA crystals formed. The high
exposure of the bioactive glass surface to SBF, due to the
partial disruption of the polymer layer (shown in Fig. 4), is
thought to have led to this result, which indicates that, as
the polymer has a long degradation time, a composite HA/
P(3HB) coating layer can form in situ on the scaffold
surfaces [74].

In separate developments, Wu et al. [76] have produced
a highly porous interconnected (~99.9%) calcium silicate
scaffold coated with PDLLA by the sponge replica tech-
nique. They reported compressive strength values of up to
1.45 MPa in air and 1.10 MPa in PBS. The PDLLA
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Fig. 4 SEM image showing the microstructure of a Bioglass®
scaffold coated by P(3HB) polymer [74]

modification was found to decrease the dissolution ratio of
the calcium silicate scaffolds, while maintaining their
apatite forming ability in SBF. In addition, the studies
showed that PDLLA-modified scaffolds had a more uni-
form and continuous network of inner connectivity
compared to non-modified scaffolds, in agreement with
other investigations using Bioglass® [72] or HA [70], while
also increasing the spreading and viability of human bone
derived cells.

Polymer-coated scaffolds based on alumina and titania

The concept of polymer coating and formation of inter-
penetrating polymer—ceramic microstructures has also
been applied to scaffolds made from “bioinert” ceramics,
such as alumina and titania. Peroglio et al. [77] have
recently investigated alumina scaffolds coated with PCL.
The coating was obtained by infiltrating the scaffolds with
either a PCL solution or PCL nanodispersion. A typical
fracture surface of a scaffold strut is shown in Fig. 5,
which exhibits the presence of the polymer phase on the
surface and penetrating cracks in the alumina micro-
structure. It was found that the elastic behaviour is
controlled primarily by the ceramic scaffold, while the
fracture energy mainly depends on the polymer phase.
Addition of 10-20% of PCL to the alumina scaffolds led
to a 7- to 13-fold increase of the apparent fracture energy,
in agreement with the results of Chen et al. for PDLLA-
coated Bioglass® scaffolds [72]. The toughening mecha-
nisms were discussed [77] and crack bridging by polymer
fibrils was identified as being the most likely. The authors
also showed that infiltrating PCL by nanodispersion did
not result in significant improvement of the mechanical
behaviour of the scaffolds.
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Fig. 5 SEM image of the fracture surface of a PCL/alumina
composite scaffold obtained by infiltrating alumina foams with a
PCL solution [77]. The polymer phase is seen to coat the strut and to
penetrate cracks in the alumina microstructure

TiO, foam-like scaffolds with pore size ~300 pm and
>95% porosity were fabricated by the foam replication
method by Novak et al. [25]. In order to improve the
structural integrity of the as-sintered foams, which exhib-
ited extremely low compression strength (<0.045 MPa),
PDLLA or PDLLA/Bioglass® coatings were developed.
The PDLLA coating of a few microns in thickness was
shown to improve the mechanical properties of the scaf-
fold: the compressive strength was increased by a factor of
~7 (0.3 MPa). Moreover the composite coating involving
Bioglass® particles was shown to impart the rutile TiO,
scaffold with the necessary bioactivity for the intended
applications in bone tissue engineering. A dense hydroxy-
apatite layer was shown to form on the surface of the foams
upon immersion in SBF for 1 week [25].

Recent developments: bioactive glass—ceramic/PDLLA
composite scaffolds with interpenetrating
microstructure

In order to exploit the effect of interpenetrating network
microstructures in scaffold optimisation, current work is
investigating the infiltration of a biodegradable polymer
phase (e.g. PDLLA) into partially sintered Bioglass®
glass—ceramic scaffolds prepared by the foam replica
technique. In order to leave partially sintered, e.g. relative
porous, strut structures, sintering was stopped at tempera-
tures below 1,000 °C or sintering time was reduced
considerably. The results showed that the mechanical
properties of the interpenetrating microstructure of
the 45S5 Bioglass®/PDLLA composites significantly
increased; the compressive strength of the coated scaffold
was up to 7 times higher than the value for the non-coated
scaffolds, as shown in Fig. 6. This result indicates that
PDLLA films have effectively infiltrated the micropores of
the partially sintered struts, as shown in Fig. 7. A pre-
liminary qualitative analysis of fracture surfaces has shown
that the PDLLA phase can increase the toughness of the 3D
glass—ceramic scaffolds by the presence of uncracked
polymer fibrils bridging the cracks, but the detailed
toughening mechanism is still under investigation. Work
by Nalla et al. [52, 53] has investigated the toughening
mechanisms in bone and dentin by collagen interaction
with microcracks in the inorganic phase. The role of col-
lagen fibrils providing a crack bridging mechanism was
postulated [53]. This toughening effect of collagen would
explain the apparent relationship between bone toughness
and collagen denaturation, which appears to weaken bone.
Moreover a detailed analysis of fracture paths in human
bone indicating how cracks interact with the microstructure
has been provided by Nalla et al. [52], and the effect of

Fig. 6 Typical compressive 0.50
stress-strain curves of an as- Il Coated sample MUncoated sample
sintered 4585 Bioglass® 0.45
scaffold and a poly(p,L-lactic
acid)-coated Bioglass® scaffold 040
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0.25

Stress in N/mn?
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Uncoated sample

\
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Fig. 7 SEM images showing
the microstructure of the 45S5
Bioglass® scaffold struts after
coating with PDLLA at (a) low
and (b) high magnifications

Fig. 8 SEM image showing the fracture surface of a Bioglass®/
PDLLA scaffold strut with interpenetrating network microstructure.
The uncracked polymer fibrils are seen to bridge the major crack, in
notable similarity with the collagen bridged cracks in bone, as
reported in the literature [52]

crack bridging by collagen fibrils on toughening has been
quantified for the first time. Figure 8 shows the fracture
surface of a Bioglass®/PDLLA scaffold strut with inter-
penetrating network microstructure, where the uncracked
polymer fibrils are seen to bridge the major crack, in
notable similarity with the collagen bridged cracks in bone
reported by Nalla et al. [52].

The bioactivity of the PDLLA-coated 45S5 Bioglass®
scaffolds was investigated by immersion in acellular
1.5SBF and by subsequently determining the formation of
hydroxyapatite on the surfaces. HA was clearly detected
after 7 days of immersion in concentrated SBF (1.5SBF)
and the layer thickness increased with increasing time in
the medium, reaching a dense, continuous HA layer after
28 days in 1.5SBF, as shown in Fig. 9. This result suggests
that the PDLLA coating does not affect negatively the
bioactive character of the 45S5 Bioglass®-based scaffolds,
as also discussed elsewhere [72].
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Fig. 9 SEM image of the surface of a 45S5 Bioglass® sintered
scaffold coated with PDLLA after immersion in 1.5SBF for 28 days
showing the formation of a continuous hydroxypaptite surface layer

Conclusions

An overview of the literature on the development of tissue
engineering scaffolds based on polymer-coated bioceramics
and interpenetrating polymer/bioceramic microstructures
has been presented. The potential for improving the
mechanical properties of bioceramics/polymer composite
scaffolds by this approach has been demonstrated in several
systems, which have achieved mechanical properties, in
particular compression strength, in the range of values for
cancellous bone. A significant toughening effect by the
polymer incorporation, especially in scaffolds exhibiting
interpenetrating network microstructure, has also been
found. The addition of a polymer phase might have extra
functions, e.g. the biodegradable polymer can act as carrier
for biomolecules, growth factors and antibiotics, hence
increasing the capability of tissue engineering constructs.
Moreover addition of nanoparticles or carbon nanotubes to
the polymer coating will induce nanotopographical surface
features which should be relevant for enhancing cell
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attachment and subsequent cellular behaviour in contact
with the scaffold.

Acknowledgements

OB acknowledges the European Commission

for funding via a Marie Curie Fellowship. DMY acknowledges the
financial support of the Malaysian Government for a PhD Studentship
at Imperial College London, UK. We thank X. Miao (Queensland
University of Technology, Australia) and J. Chevalier (INSA Lyon,
France) for providing some of the micrographs presented in this
paper.

References

~N N

19.
20.
21.
22.
23.
24.
25.

26.

. Vacanti JP, Vacanti CA (2000) In: Lanza RP, Langer R, Vancanti

JP (eds) Principle of tissue engineering, 2nd edn. Acedemic
Press, California, p 3

. Ikada Y (2006) J R Soc Interface 3:589
. Hutmacher DW, Schantz JT, Lam CXF, Tan KC, Lim TC (2007)

J Tissue Eng Regen Med 1:245

. Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR (2006) Bioma-

terials 27:3413

. Guarino V, Causa F, Ambrosio L (2007) Expert Rev Medical

Devices 4(3):405

. Agrawal CM, Ray RB (2001) J Biomed Mater Res 55(2):141
. Yang S, Leong K, Du Z, Chua C (2001) Tissue Eng 7(6):679
. Jones JR, Boccaccini AR (2005) In: Colombo P, Scheffler M

(eds) Cellular ceramics, structure, manufacturing, properties and
applications, chap 5.8. Wiley-VCH, Weinheim, pp 547-570.
ISBN: 3-527-31320-6

. Hench LL, Splinter RJ, Allen WC, Greenlee TK (1971) J Biomed

Mater Res 2:117

. Chen QZ, Thompson ID, Boccaccini AR (2006) Biomaterials

27:2414

. Vitale-Brovarone C, Verne E, Robiglio L, Appendino P, Bassi F,

Martinasso G, Muzio G, Canuto R (2007) Acta Biomater 3:199

. Fu Q, Rahaman MN, Bal BS, Huang W, Day DE (2007) J Bio-

med Mater Res A 82:222

. Livingston T, Ducheyne P, Garino J (2002) J Biomed Mater Res

62:1

. Xynos ID, Edgar AJ, Buttery LDK, Hench LL, Polak JM (2001)

J Biomed Mater Res 55:151

. Wang X, Bank RA, Tekoppele JM, Agrawal CM (2001) J Orthop

Res 19:1021

. Schwarzwalder K, Somers AV (1963) Methods of making porous

ceramic articles, US Pat 3090094, 1963

. Sieber H, Kaindl A, Schwarze D, Werner JP, Greil P (2000) CFI

Ceram Forum Int 77:21

. Zhu XW, Jiang DL, Tan SH, Zhang ZQ (2001) J Am Ceram Soc

84:1654

Montanaro L, Jorand Y, Fantozzi G, Negro A (1998) J Eur Ceram
Soc 18:1339

Saggio-Woyansky J, Scott CE, Minnear WP (1992) Am Ceram
Soc Bull 71:1674

Lutyen J, Thijis I, Vandermeulen W, Mullens S, Wallaeys B,
Mortelmans R (2005) Adv Appl Ceram 104(1):4

Richardson JT, Peng Y, Remue D (2000) Appl Cat A Gen 204:19
Lange FF, Miller KT (1987) Adv Ceram Mater 2:827

Haugen H, Will J, Koehler A, Hopfner U, Aigner J, Wintermantel
E (2004). J Eur Ceram Soc 24:661

Novak S, Druce J, Chen QZ, Boccaccini AR (2008) J Mater Sci
(submitted)

Chen QZ, Zhang HB, Wang DZ, Edirisinghe MJ, Boccaccini AR
(2006) J Am Ceram Soc 89:1534

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.

40.
41.
42.

43.
44,

45.

46.

47.
48.

49.
50.
51
52.
53.
54.

55.
56.

57.

58.

59.

60.
61.

62.
63.
64.

65.
66.

Kim HW, Kim HE, Knowles JC (2004) J Biomed Mater Res
70B:270

Boccaccini AR, Chen QZ, Lefebvre L, Gremillard L, Chevalier J
(2007) Faraday Discuss 136:27

Ben-Nissan B (2003) Curr Opin Solid State Mater Sci 7:283
Roy DM, Linnehan SK (1974) Nature 247:220

Ebaretonbofa E, Evans JRG (2002) J Porous Mater 9:257
Ramay HR, Zhang M (2003) Biomaterials 24:3293

Zhang Y, Zhang M (2002) J Biomed Mater Res 61:1

Miao X, Hu Y, Liu J, Wong AP (2004) Mater Lett 58:397

Lee Y-K, Park YS, Kim MC, Kim KM, Kim KN, Choi SH, Kim
CK, Jung HS, You CK, Legeros RZ (2004) Key Eng Mater 254—
256:1079

Queiroz AC, Teixeira S, Santos JD, Monteiro FJ (2004) Key Eng
Mater 254-256:997

Sepulveda P, Bressiani AH, Bressiani JC, Meseguer L, Koenig B
Jr (2002) J Biomed Mater Res 62:587

Sepulveda P (1997) Am Ceram Soc Bull 76(10):61

Bouler JM, Trecant M, Delecrin J, Royer J, Passuti N, Daculsi G
(1996) J Biomed Mater Res 32:603

Koc N, Timucin M, Korkusuz F (2004) Ceram Int 30:205
Suchanek W, Yoshimura M (1998) J Mater Res 13:94

Navarro M, Del Valle S, Ginebra MP, Martinez S, Planell JA
(2004) Key Eng Mater 254-256:945

Liu DM (1997) J Mater Sci Mater Med 8:227

Tsuruga E, Takita H, Itoh H, Wakisaka Y, Kuboki Y (1997)
J Biochem (Tokyo) 121:317

Albuquerque JSV, Nogueira REFQ, Pinheiro da Silva TD, Lima
DO, Prado da Silva MH (2004) Key Eng Mater 254-256:1021
Sepulveda P, Jones JR, Hench LL (2002) J Biomed Mater Res
59:340

Lemos AF, Ferreira JMF (2004) Key Eng Mater 254-256:1041
Almirall A, Larrecq G, Delgado JA, Martinez S, Planell JA,
Ginebra MP (2004) Biomaterials 25:3671

Sepulveda P, Binner JGP, Rogero SO, Higa OZ, Bressiani JC
(2000) J Biomed Mater Res 50:27

Rainer A, Giannitelli SM, Abbuzzese F, Traversa E, Licoccia S,
Trombetta M (2008) Acta Biomater 4:362

Komlev VC, Barinov SM, Rustichelli F (2003) J Mater Sci Lett
22:1215

Nalla RK, Kinney JH, Ritchie RO (2003 Nat Mater 2:164
Nalla RK, Kinney JH, Ritchie RO (2003) Biomaterials 24:3955
Pezzotti G, Asmus SMF, Ferroni LP, Miki S (2002) J Mater Sci
Mater Med 13:783

Mansur GS, Costa HS (2008) Chem Eng J 137:72

Montserrat C, Antonio JS, Maria V-R (2006) Chem Mater
18:5676

Miao X, Tan LP, Tan LS, Huang X (2007) Mater Sci Eng C
27:274

Miao X, Lim G, Loh K-H, Boccaccini AR (2004) In: Khor KA,
Ramanujan RV, Ooi CP, Zhao JH (eds) Materials processing for
properties and performance (MP3), vol 3. Institute of Materials
East Asia, pp 319-326

Miao X, Tan DM, Li J, Xiao Y, Crawford R (2008) Acta
Biomater (in press). doi:10.1016/j.actbio.2007.10.006

Pezzotti G, Asmus SMF (2001) Mater Sci Eng A A316:231

Li SH, De Wijn JR, Layrolle P, De Groot K (2003) Key Eng
Mater 240-242:147

Tencer AF, Woodard PL, Swenson J, Brown KL (1987) J Orthop
Res 5(2):275

Tencer AF, Mooney V, Brown KL, Silva PA (1985) J Biomed
Mater Res 19:957

Hench LL (1998) ] Am Ceram Soc 81:1705

Huang X, Miao X (2007) J Biomater Appl 21(4):351

Nakahira A, Tamai M, Miki S, Pezotti G (2002) J Mater Sci
37:4425. doi:10.1023/A:1020681309572

@ Springer


http://dx.doi.org/10.1016/j.actbio.2007.10.006
http://dx.doi.org/10.1023/A:1020681309572

4442

J Mater Sci (2008) 43:4433-4442

67.
68.

69.
70.
71.

72.
73.

Miao X, Lim WK, Huang X, Chen Y (2005) Mater Lett 59:4000
Kim HW, Knowles JC, Kim HE (2004) J Biomed Mater Res
70B:240

Kim HW, Knowles KC, Kim HE (2004) Biomaterials 25:1279
Tian T, Jiang D, Zhang J, Lin Q (2008) Mater Sci Eng C 28:51
Kim HW, Knowles JC, Kim HE (2005) J Mater Sci Mater Med
16:189

Chen QZ, Boccaccini AR (2006) J Biomed Mater Res 77A:445
Chen QZ, Efthymiou A, Salih V, Boccaccini AR (2008) J
Biomed Mater Res A 84:1049

@ Springer

74.

75.

76.

71.

Bretcanu O, Chen QZ, Misra SK, Roy I, Verne’ E, Vitale
Brovarone C, Boccaccini AR (2007) Eur J Glass Sci Technol A
48:227

Misra SK, Valappil SP, Roy I, Boccaccini AR (2006) Biomac-
romolecules 7(8):2249

Wu C, Ramaswamy Y, Boughton P, Zreiqat H (2008) Acta
Biomater 4:343

Peroglio M, Gremillard L, Chevalier J, Chazeau L, Gauthier G,
Hamaide T (2007) J Eur Ceram Soc 27:2679



	Polymer-bioceramic composites for tissue engineering scaffolds
	Abstract
	Introduction
	Fabrication of inorganic scaffolds
	Foam replication method
	Sacrificial template method
	Direct foaming methods

	Bioceramic scaffolds combined with polymers
	Calcium phosphate-based scaffolds
	Bioactive glass-and calcium silicate-based scaffolds
	Polymer-coated scaffolds based on alumina and titania

	Recent developments: bioactive glass-ceramic/PDLLA composite scaffolds with interpenetrating microstructure
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


