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Abstract

In this work, polycaprolactone-coated alumina scaffolds were produced and characterized to validate the concept of polymer—ceramic composites
with increased fracture resistance. Alumina scaffolds were sintered using a foam replication technique. An open-porous structure was achieved with
~70% porosity and 150 wm mean pore size. The polymer coating was obtained by infiltrating the scaffold with either a polycaprolactone solution
or a polycaprolactone nanodispersion. The latter was obtained by an emulsion—diffusion technique. Dynamical Young modulus measurements
and four-point bending tests were conducted to evaluate the mechanical properties of the composites. It was found that their elastic behaviour is
controlled on the first order by the ceramic scaffold, while the fracture energy mainly depends on the polymer phase. A 10-20 vol.% addition of
polycaprolactone to alumina scaffolds led to a 7- to 13-fold increase of the apparent fracture energy. SEM observations showed that toughening is

due to crack bridging by polymer fibrils.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Highly porous scaffolds with open structure are today the
best candidates for cancellous bone substitution.! As compared
to auto-grafts, synthetic bone substitutes involve less invasive
surgery (a two step operation is necessary for the former) and
are available in large quantities. As compared to xeno-grafts,
the risk of rejection is much less important and the transmis-
sion of diseases is avoided.? Current synthetic scaffolds are
processed from ceramic or polymer, but a better combination
of mechanical and biological properties may be achieved with
a composite or hybrid structure.

Many polymers have been proposed for medical appli-
cations,? either natural (collagen, alginate, glycosaminogly-
can, starch, chitin and chitosan) or synthetic (poly(lactic
acid), poly(glycolic acid), poly(hydroxybutyrate), poly(e-
caprolactone) (PCL), poly(ethylene oxide), poly(p-dioxanone),
poly(methyl methacrylate), etc.).* Each of them presents differ-
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ent biological and mechanical properties, allowing a choice of
the right polymer for the right application. However, polymers
usually present low modulus (below a few GPa) and creep
resistance compared to bones (whose Young modulus ranges
between 0.5 and 20 GPa depending on their type). This is the
major reason that limits their clinical use for bone substitution.

Calcium phosphate ceramics (i.e. hydroxyapatite (HAP)
and tricalcium phosphate (TCP)) and bioactive glasses (silica
glasses containing calcium and phosphorus) have proven good
biological properties and clinical successes in some specific
applications (i.e. tibial osteotomy). However, calcium phos-
phates and bioactive glasses are brittle, impairing their use for
load-bearing applications and making difficult the handling by
the surgeon.

Using composites is a method to take advantage of both poly-
mer and ceramics qualities, ideally to achieve materials with
high stiffness and high toughness. Such composites can be based
either on a polymer or a ceramic matrix and should be highly
porous to meet the biological requirements for cancellous bone
substitution.

The polymer matrix approach is the most widely studied,
with a high number of systems proposed during the last
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decades.>® More recently, resorbable porous composite scaf-
folds constituted of PCL, PLA, polysulfone or their copolymers
with additions of inorganic particles or fibres (mainly bioactive
glass or hydroxyapatite) have been developed.®'* However,
polymer matrix composites may not achieve the stiffness
required for bone replacement, especially for load bearing
regions.

A sintered ceramic scaffold will exhibit a higher stiffness
and creep resistance than a ceramic-filled polymer of equivalent
porosity. Nevertheless, the ceramic matrix route is much less
studied. It consists in infiltrating a sintered ceramic scaffold with
a polymer.'>~17 This approach is inspired by the fact that nearly
60 wt.% of dry bone is constituted by an inorganic phase (HAP).
We believe that a mineral/organic ratio close that of natural bone
will bring better integration of the bone substitute. Thus a mate-
rial with high inorganic content may be preferred. The addition
of a polymer phase to a ceramic scaffold is expected to enhance
the resilience of the composite and to allow the functionalization
of the surface.

Our long-term goal is therefore to process and characterize a
new generation of tougher composite bone substitutes, made of
a sintered ceramic scaffold infiltrated by a polymer phase. For
this purpose, and as a first step, we propose to validate this con-
cept with materials that are biocompatible but not optimized for
bone substitution. Thus in this work, polycaprolactone-coated
alumina scaffolds were produced and characterized. Alumina is
a widely used material that finds applications in FDA approved
bone graft devices; PCL is a biocompatible polymer exhibiting
high fracture energy (compared to other biopolymers),> so it
should give good toughening properties to the composite. PCL
was processed in two different ways to achieve alumina scaffold
infiltration: PCL solution in chloroform — which is easy to set
up, fast and reproducible — and PCL nanodispersion in water —
which avoids the use of organic solvents and is a more versatile
method. The mechanical behaviour of the scaffolds was evalu-
ated through four-point bending tests. Results are discussed in
terms of both Young modulus and apparent fracture energy in
relation with the microstructure.

2. Experimental
2.1. Alumina scaffolds

The alumina scaffolds were processed using a classical foam
replication technique.'®!® Alumina slurries were prepared in
water from alumina powder (Ceralox SPAO5) using a dis-
persant (Darvan C). Solid content of 75 wt.% (43 vol.%) was
achieved. Different polymer foams were tested for infiltration
and melamine foam (~250 ppi, Frina Mousse, France) was cho-
sen because of its thin, needle like struts.2 Pieces cut out of
sheets of this melamine foam were infiltrated with controlled
quantities of alumina slurry (the amount of slurry was calcu-
lated so that the porosity of the cellular ceramic after sintering
would be 70%). The pieces were homogenised with a roller
and left to dry at room temperature for at least 24 h. Samples
were then heat-treated, first to remove the sacrificial melamine

scaffold (5 h at 600 °C, heating and cooling rate of 50 °C/h) and
finally to sinter the alumina so as to obtain dense struts (1550 °C,
2h30, heating and cooling rate of 300 °C/h).

Samples not undergoing further infiltration process will be
later referred as “A”.

2.2. Infiltration with the polymer

2.2.1. Infiltration with PCL solution

A 4wt % solution of PCL (Polycaprolactone, Aldrich,
M, =80,000 g/mol by SEC) in chloroform (Riedel-de-Haén,
containing 1% ethanol) was chosen in order to obtain a viscosity
(60 mPas at a shear rate of 500s~!) adequate for further infil-
tration of the ceramic scaffolds. Alumina porous scaffolds were
outgased and infiltrated in low vacuum conditions with the PCL
solution. As infiltration was completed, the vacuum was released
and evaporation of the solvent was held at ambient temperature
for 2 days. After evaporation, differential scanning calorimetry
(DSC) measurements were performed and demonstrated the lack
of residual solvent. In order to increase the quantity of polymer
in some scaffolds, the whole procedure was repeated and fol-
lowed by a thermal treatment above and close to polymer melt
temperature (80 °C, 70 min) to fuse the two PCL layers. There-
after, samples with one PCL infiltration will be called “T”, “II”
designating the samples with two infiltrations.

2.2.2. Infiltration with PCL nanodispersion

A dispersion of PCL nanoparticles in water was prepared
by an emulsification—diffusion technique, using a non-ionic
surfactant (i.e. a triblock copolymer poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide): Pluronic F-68,
Sigma). Detailed information on the dispersion technique can
be found elsewhere.2!:22 Briefly, in a first step two solutions
were prepared: a 2.5 wt.% PCL in water saturated ethyl acetate
and a 4.5 wt.% Pluronic in ethyl acetate saturated water. The
two solutions were then mixed (PCL/Pluronic weight ratio of
1/2) and emulsified with a sonicator (Bioblock Scientific, 750 W,
70% amplitude, 2 min). An important volume of deionized water
(more than twice the volume of the emulsion) was added to the
emulsion to create the gradient necessary to remove the ethyl
acetate from the PCL nanoparticles. Finally, the nanodispersion
was held at 80 °C under stirring until the desired concentration
of particles was reached (8 wt.% solid content). Under these
conditions, we obtained nanoparticles dispersed in water with a
135 &+ 5 nm mean size (as determined by Light Dynamic Diffu-
sion, Malvern Zetasizer 3000).

Alumina samples were gradually covered with aqueous
nanodispersion of PCL and evaporation was held at room tem-
perature during 7 days. They were finally heated at 80 °C for
70 min in order to form a continuous film on the scaffolds. Alu-
mina samples infiltrated with PCL nanoparticles will be called
“IN”.

2.2.3. Characterisation of the structure/microstructure

The structure of the different materials was investigated on
fracture surfaces using scanning electron microscopes (SEM,
Phillips XL20 and FEI XL30 ESEM FEG). The porosity was
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Fig. 1. Overall view of an alumina scaffold.

also characterized using mercury intrusion porosimetry (MIP,
Micromeritics) using pressures ranging from 3.5 kPa to 400 MPa
(corresponding to pore diameters ranging from 3 nm to 350 wm).

The apparent density of each sample was obtained from its
weight and dimensions and compared when possible with values
obtained from MIP.

2.2.4. Mechanical characterisation

The Young modulus of each sample was measured using a
dynamical method (Grindosonic®: the Young modulus is related
to the natural frequency of the samples).

Samples were then collected in groups of seven to form
four groups (A, I, II and IN) with similar Young modu-
lus distributions. Four-point bending tests were conducted on
7mm x 10 mm x 60 mm samples with an Instron universal test-
ing machine at constant cross-head speed of 0.5 mm/min. The
deflection and load were recorded during all tests. Apparent frac-
ture energy was calculated for each sample by measuring the area
under the load—deflection curve between 0 and 450 pm deflec-
tions (for infiltrated scaffolds, the tests had to be interrupted
before fracture because the samples came in contact with the
side of sample-holder).

3. Results

After sintering, alumina scaffolds with porosity ranging from
69% to 84% are obtained. The mean interconnection diame-
ter measured by MIP is around 150 pwm, which is high enough
to allow very easy access of the cells to the volume of the
material.'’»>> MIP does not detect the presence of open micro-
porosity. Fig. 1 shows the overall structure of an alumina
scaffold.

Infiltration of alumina scaffolds by PCL solutions gives sat-
isfactory results since all the macro-pores are coated with a
homogeneous layer of PCL (Fig. 2) and the infiltration process
is reproducible. As expected, samples infiltrated twice contain
a double quantity of polymer (26 vol.% of the porosity is occu-
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Fig. 2. Fracture surface of an alumina scaffold: (a) without infiltration and (b)
infiltrated once (I) (note the homogeneous polycaprolactone coating).

pied by PCL in samples II, versus 13 vol.% in samples I), without
loosing homogeneity and reproducibility. Two infiltrations lead
to a ~1/1 inorganic/organic volume ratio, which is similar to
that of bone. Heat treatment leads to a uniform PCL phase: no
interface can be distinguished by SEM between the first and the
second layer.

Infiltration with nanoparticles leads to a polymer fraction in
the scaffolds comparable to I samples (~13 vol.%). From SEM
observations, it seems that the infiltration step followed by the
drying sequence (7 days at room temperature) does not lead to
a continuous PCL film and that nanoparticles remain distinct.

Young modulus of cellular alumina samples prior to infiltra-
tion ranges from 5 to 31 GPa with a standard deviation that can
reach 35% of the mean modulus at a given density. These val-
ues are in the range of natural bone Young modulus. It is well
correlated to the density, and follows approximately the Ashby

equation for open-cell foams?*:

E=E0< Pfoam )2
PAlumina
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Fig. 3. Young modulus vs. normalized density of the pure alumina scaffolds
(A). The continuous line is a fitting by Ashby open-cell foam model (with an
alumina modulus of 280 GPa).

where E( is the bulk modulus of alumina, E the modulus of
the porous scaffold, pajumina the density of alumina and pfoam
is the apparent density of the porous scaffold in spite of the
wide variability (Fig. 3). The “bulk modulus” determined after
Ashby model is Ey =280 GPa, which is lower than the usual
Young modulus for alumina (400 GPa). After infiltration with
polycaprolactone, whatever the quantity or the infiltration tech-
nique no change in the Young modulus can be measured. This
was expected since the Young modulus of polycaprolactone is
negligible as compared to that of alumina.

During the four-point bending tests, pure alumina scaffolds
exhibit a typical brittle, linear elastic behaviour. The tensile
strength of these scaffolds ranges from 3.7 to 9.7 MPa, which
is comparable to the values previously obtained for this kind of
scaffolds.?* Conversely to the prediction of Ashby,>* the correla-
tion between tensile strength and density is weak (Fig. 4). Even if
a fit with Ashby model (o7 = 0.20%(0foam/ PAlumina)-’ >, Where
oy is the fracture stress of the composite and oy the strength
of alumina struts) gives a correct value for the strength of the
alumina struts (i.e. 257 MPa), the correlation coefficient is very
low (2 ~0.23).

More important, polycaprolactone addition completely
changes the mechanical behaviour of the scaffold and the
load—deflection curve can now be decomposed in three stages
(Fig. 5). The initial stage exhibits a linear elastic behaviour.
It is followed by a drop of the load, which leads to a plateau
during which the load remains roughly constant while the deflec-
tion can reach several millimetres depending on the infiltration
method. The plateau in the scaffolds infiltrated with nanoparti-
cles is very short (generally less than 50 pm of deflection) and
at a very small load (around a tenth of the maximum load).
On the other hand, the plateau in the scaffolds infiltrated with
PCL solutions is much longer. We can only say that the deflec-
tion before final fracture is higher than 1 mm, since most of the
tests had to be interrupted after a deflection of 1 mm because
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Fig. 4. Ultimate strength (of) vs. normalized density of the different scaffolds.
The correlation is weak. Nevertheless, a fit with Ashby open-cell foam model
gives a fracture strength of the struts (o) of 257 MPa, coherent with the value
measured on bulk alumina.

the samples came in contact with the side of the sample-holder.
The level of the plateau depends on the quantity of PCL inside
the scaffold: after one infiltration (corresponding to 13 & 1% of
the pore volume occupied by PCL), the plateau is situated at
one fourth of the maximum load (giving a seven-fold increase
in the fracture energy) and after two infiltrations (25 £ 3% of
the pore volume occupied by PCL) it is at half of the maxi-
mum load (fracture energy multiplied by 13 as compared with
A samples). Fig. 6 shows the apparent fracture energy values of
the different samples along with the quantity of polymer inside
the pores.

Stage 111

Normalised Load (F/Fyy)

S=~beere—ded--A |
0 50 100 150 400 600

Deflection (um)

Fig. 5. Typical four-point bending load—deflection curves. The load was nor-
malized to the maximum load to make the comparison more clear. Note the long
load plateau for samples infiltrated with PCL solutions.
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Fig. 6. Apparent fracture energy of the different samples alongside with the
quantity of PCL in the porosities. Note the parallel evolution of these two
parameters (except for the sample infiltrated with nanoparticles).

4. Discussion

In the alumina samples, the better correlation of density with
Young modulus than with strength can be explained by the struc-
ture heterogeneities created during the processing of the ceramic
scaffold. Indeed, these heterogeneities are more important at
high strain since they act as “weak points” for the initiation

t WD Exp
1

of fracture. The fact that the modulus E(y found with Ashby’s
equation is lower than expected is related to the technique used
for its determination. Indeed, the Young modulus measured by
dynamical method depends more on the percolation degree of
the samples than on their density.

The significant improvement of mechanical properties (strain
to fracture and apparent fracture energy) of the alumina-
PCL materials can be explained very easily by examining the
load—deflection curves presented in Fig. 5. For samples desig-
nated I and II, these curves show three different stages. The
first stage is linear elastic, controlled at first order by the alu-
mina scaffold alone. This is supported by the fact that Young
modulus does not change with polymer addition, thus the elas-
tic behaviour depends on the ceramic part only. In the second
stage, we observe a drop of the load due to crack propagation in
the alumina scaffold. In some cases the load drop is not brutal
but progressive, indicating that some progressive damage occurs
in the ceramic. In the third stage (the plateau) the load remains
roughly constant while the deflection increases to several mil-
limetres. Here, the ceramic scaffold is broken and the sample
is held together by the PCL. As PCL is strained, crack open-
ing leads to the formation of fibrils that bridge the crack in the
ceramic, as shown in Fig. 7. The fibrils appear and develop in the
zone of maximal tensile stress, i.e. of maximal crack opening
displacement. Each fibril will progressively deform plastically
before breaking as the crack opening displacement reaches a
critical value. As aresult, the zone of maximal tensile stress will

pot Magn  Det WD Exp
1000x SE 147 1
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Fig. 7. Microstructure of a fractured polycaprolactone—alumina composite: (a) presence of PCL fibrils bridging the crack; (b) magnified view of a polycaprolactone
fibril anchored to the alumina scaffold; (c) global view of the composite after fracture; (d) magnified view of the polycaprolactone coating after deformation and

rupture showing high density of fibrils.
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move progressively upward in the specimen stressing up new
fibrils. Thus, the PCL phase controls the deformation to frac-
ture. This hypothesis is supported by the fact that the plateau
level depends on the quantity of polymer in the pores (more
PCL means higher plateau—Fig. 5). The high deformation capa-
bility of PCL as compared to alumina explains the very high
deformation prior final fracture of these materials.

It has been shown that one of the toughening mechanisms in
bone is crack bridging by collagen fibrils.?> Polycaprolactone
fibrils seem to act in a similar way in alumina scaffolds. More-
over, the morphology of polycaprolactone fibrils (size, length
and density) is very close to that observed for collagen fibrils in
human bone.? The role of collagen in bone failure properties has
been the subject of numerous studies. In a recent work, Currey>®
has shown that the post-yield strain of bone is highly depen-
dent on collagen content. Degradation of collagen by irradiation
makes bone more brittle, but does not affect the modulus of
elasticity. The same feature is obtained with our scaffolds, infil-
trated or not by polycaprolactone: Young modulus is unaffected
by infiltration, but both post-yield strain and failure energy are
greatly improved. These results are encouraging, even if only a
combination with other toughening mechanisms observed in nat-
ural bone (i.e. micro-cracking, uncracked ligament bridging and
crack deflection) will permit to approach human bone toughness.

The present results, obtained via the infiltration of ceramic
scaffold with a polycaprolactone solution could probably be
improved, in terms of height of the plateau, by adding more
PCL in the scaffold. However, one must keep in mind the
desired application, which is bone substitution. Indeed, the final
materials have to meet atleast two criteria: the cells responsible
for bone reconstruction must have an easy access to all the
porosities (which means that the interconnection size must not
be smaller than 50 wm) and they must be able to interact with
the ceramic part of the substitute (in real substitutes calcium
phosphate or bioactive glass will provide an adequate surface
for bone growth). Too much polymer in the material would
certainly toughen the material, but might also decrease its
biological activity.

Nanoparticle infiltrated samples (N) offer in contrast a
disappointing mechanical behaviour. Indeed, no significant
improvement is seen, although the quantity of polymer is equiv-
alent in I and IN samples. We believe that the drying and
filmification treatment did not lead to the formation of a con-
tinuous film but to a layer of juxtaposed particles without
any chemical bonds between them. Optimisation of the drying
sequence using higher temperature may be a way to improve
the polymer interdiffusion and thus the coating quality. The for-
mation of a continuous film would considerably increase the
mechanical properties of scaffolds, the only limiting agent being
aminimum dispersant content that could decrease the coherence
of the polymer layer.

5. Conclusions
Highly porous materials made of a sintered alumina scaf-

fold with open porosity coated with a polycaprolactone layer
were elaborated. They exhibit the same stiffness as a pure alu-

mina scaffold, together with a fracture energy that can be 13
times higher. We show that the high fracture energy is due to the
formation of PCL fibrils that bridge the cracks in the ceramic,
leading to a plateau on the load—deflection curve.

Such an approach is applicable to other systems, for instance
hydroxyapatite/polylactide that could be used for synthetic bone
substitutes. An increase of the mechanical properties (strength
and energy to fracture) of these bone substitutes would ease the
handling and machining by the surgeon and even make possible
the use of synthetic bone substitutes for load bearing applications
without the help of invasive fixation devices.
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