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Abstract Polymer—ceramic composites are favourite
candidates when aiming to replace bone tissue. We present
here scaffolds made of polycaprolactone-hydroxyapatite
(PCL-HAp) composites, and investigate in vitro minerali-
sation of the scaffolds in SBF after or without a nucleation
treatment. In vitro bioactivity is enhanced by HAp incor-
poration as well as by nucleation treatment, as demon-
strated by simulated body fluid (SBF) mineralization.
Surprisingly, we obtained a hybrid interconnected organic-
inorganic structure, as a result of micropore invasion by
biomimetic apatite, which results in a mechanical
strengthening of the material after two weeks of immersion
in SBFx2. The presented scaffolds, due to their multiple
qualities, are expected to be valuable supports for bone
tissue engineering.

1 Introduction

Scaffolds are used in tissue engineering as a physical and
biological support for seeding cells, and transplanting them
into an organism. In the field of bone tissue engineering,
polymer matrix/ceramic load composites have been drawn
to attention as promising materials for tissue scaffolding,
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for they may combine both the advantages of polymer
materials and ceramics. Synthetic biomedical polymers
such as polycaprolactone (PCL), or polylactide (PLA),
polyglycolide (PGA), and their copolymers (PLGA) are
easy to process in porous forms, and their ductile nature
permits a good fit into the defects; their major drawback is
that they do not show any intrinsic bioactivity, or in other
words, they do not induce any positive regenerative
response from bone cells when implanted. On the other
hand, some ceramics, among which calcium phosphates
(BCP, TCP), Bioglass and hydroxyapatite (the mineral
phase of bone), have been shown to have positive effects
on bone formation and cell fate in vivo and in vitro.
Unfortunately, due to their nature, they are brittle, and can
hardly be processed into porous structures as intercon-
nected needed for cell spreading and colonisation. For
better biological results and user-friendliness (possibility
for the surgeon to fit the implant into the defect shape), the
use of composites has thus been considered. Various
studies have assessed the effect on cell response of the
incorporation of an inorganic phase (calcium phosphates or
Bioglass®) into biocompatible polymers like PCL, PLA or
PLGA. All considered studies have shown improved bio-
compatibility and higher expression of osteogenic markers
when HAp [1-3] or Bioglass is incorporated to the poly-
mers. This behaviour may be partially explained by an
improved adsorption of binding extracellular matrix
(ECM) proteins—such as fibronectin or vibronectin—to
composites as compared to neat polymers [4]. Besides, a
biomimetic technique consisting of the deposition of bone-
like apatite onto polymeric scaffolds in simulated body
fluid has been developed, based on the works of Kokubo
and co-workers [5, 6]. His group first described the com-
position of a solution called simulated body fluid (further
called SBF), which is able to reproduce in vitro changes
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that normally occur physiologically when a bioactive
material is implanted in the body prior to bone bonding,
namely the deposition of an apatite layer on the surface of
the material. This simulated body fluid has nearly the
same electrolyte concentration as human blood plasma [5]
and can therefore be used to assess easily in vitro the
bioactivity of a material, where the speed of apatite
deposition has been related to the in vivo bone bonding
ability [6]. The mechanisms for deposition of biomimetic
apatite in SBF have been described for various materials:
it is generally argued that the deposition is related with
negative surface potential of the materials. Moieties that
are likely to be deprotonated at physiological pH, such as
maybe —COOH, -TiOH, —OH, —SiOH, —PO4H,, and thus
induce negative surface charge, are effective for nucle-
ating biomimetic apatite [6—8]. The mechanism has been
studied in detail by Kokubo et al. on hydroxyapatite, and
is likely to be similar on other bioactive surfaces: due to
the negative surface potential calcium cations are attrac-
ted. Calcium-rich amorphous calcium phosphate is then
deposited, until surface potential is inversed; then phos-
phate-rich amorphous calcium phosphate is deposited; this
amorphous inorganic layer finally crystallizes into apatite
[9]. The so-formed apatite is known to be carbonated,
moderately crystalline, and to contain substitution atoms
like Mg and Na; it is thus more similar to bone apatite
than synthetic (highly pure and crystalline) ones, and
generally described as biomimetic or bonelike apatite [10,
11]. Based on the assumption that biomimetic apatite-
coated materials would show a better cellular response
than uncoated ones, SBF-coating or synthesis of biomi-
metic apatite-polymer [12] hybrid materials has been
approached as a strategy per se, not for assessing in vitro
bioactivity, but with the aim of obtaining better biological
properties; the inclusion of proteins during coating has
been considered as well [13, 14], and also the synthesis of
apatite by a chemical way using SBF as a reaction
medium was carried out [15, 16].

Various posterior works have focussed their attention on
the formulation of improved SBF, multiplying SBF con-
centration to accelerate the apatite formation [17, 18],
modifying the carbonate concentration [19-21] or the pH
of SBF [22]; all these factors have been seen to have a
decisive influence on the properties of the apatite formed
(crystallinity, Ca/P ratio, A or B-type substitution, crystal
growth orientation, etc.) [19-21].

In spite of the fact that hydroxyapatite particle incor-
poration has been described as beneficial for cell response,
the expected positive effect of biomimetic coating on cells
is controversial. Some authors claim to obtain better pro-
liferation of osteoblasts or osteoblast precursor cells,
osteogenic markers expression (alkaline phosphatase and
osteocalcin production), or osteoblast-like morphology
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[1, 12, 13, 17], when materials are coated with or contain
biomimetic apatite. On the other hand, other authors obtain
worse results with coated materials [10, 23] or even state
that mesenchymal stem cell differentiation may be inhib-
ited by bone-like mineral film [24]. These discrepancies
will be later discussed but, as clearly appears in the study
of Chou et al. [22], cells react to slight variations in
chemistry and morphology of apatite, giving rise to con-
tradictory results if the precise composition, morphology
and above all solubility of the formed apatite is not
assessed.

In this work, we synthesized interconnected porous
scaffolds of poly(e-caprolactone) and poly(e-caprolactone)-
hydroxyapatite composites using a mixed process of
porogen leaching and phase inversion. Polycaprolactone
has been used in various studies, giving good results for
bone tissue engineering, and better results when mixed
with an inorganic phase like hydroxyapatite. We then used
a treatment for promoting apatite bonding ability [25] and
subjected the scaffolds to SBF immersion; untreated sam-
ples were used as well in order to compare the results
obtained. The scaffolds were then characterized by means
of microscopy, elemental analysis, thermogravimetry, and
the effect of HAp coating on mechanical properties was
evaluated with compression tests. The particularity of the
materials obtained here is a hybrid structure resulting from
interpenetration of the mineral phase with the microstruc-
ture of the scaffolds during the coating process which, to
our knowledge, has not been described before.

2 Materials and methods
2.1 Preparation of the scaffolds

PCL Mw = 43000-50000 was furnished by Polysciences.
HAp particles of mean size 90 nm were a courtesy from the
Centre for Biomaterials of la Habana, Cuba. 1,4-Dioxane
and ethanol of purity 98% were bought from Scharlab and
used as received.

The sheets of neat PCL used for surface characterization
measurements were prepared by melting PCL pellets
between two glass plates at 90°C for 20 min and sub-
sequent cooling in air.

Scaffolds were prepared by a mixed particle leaching/
freeze extraction process. Low molecular weight polyeth-
ylmethacrylate (PEMA) beads (from Lucite International)
with mean diameter 200 um were used as a porogen.
Freeze extraction is a modification of freeze drying as
proposed by Wang and co-workers [26], which saves time
by dissolving the solidified solvent instead of sublimating
it. In our case, dioxane was used as a solvent, and it was
dissolved in the freezer at —20°C in ethanol.
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First hydroxyapatite nanoparticles were dispersed in
dioxane by ultrasonic exposure. Then polycaprolactone
was added and dissolved under constant stirring. The ratio
PCL/dioxane was 17.6% by weight in all the scaffolds. The
nanoparticle content in the composites was 2.5, 7.5 or 15%
by weight with respect to PCL, nanocomposite samples
will be referred to as PCL2.5HAp, PCL7.5HAp,
PCL15HAp, respectively. The solution was mixed with
PEMA beads in a weight ratio 4/5 and immediately frozen
in liquid nitrogen. Solvent extraction was performed in
cold ethanol at —20°C as described in [26]; ethanol was
changed three times. Subsequently particle leaching was
performed in ethanol at 40°C. The first series of samples
obtained in this way showed a systematic and proportional
shift of the HAp nanoparticles content measured by ther-
mogravimetry compared to the expected content. We
related it to the leaching of a part of the particles during
solvent/porogen extraction, also supported by the obser-
vation of some white coloration of the ethanol during
extraction. In consequence, we added the adequate excess
of nanoparticles to reach the desired content.

2.2 Biomimetic HAp deposition

A series of nanocomposite scaffolds was treated witha 1 M
sodium hydroxide solution for 1 day at room temperature,
and then submitted to alternate Ca/PO, solutions dipping,
as a way to generate calcium phosphate nuclei and enhance
apatite formation ability, as described in [25]. Shortly, after
basic attack of sodium hydroxide, the scaffolds were rinsed
with ultrapure Millipore water, plunged for 10 s in 0.2 M
CaCl, aqueous solution, rinsed with ultrapure Millipore
water for 1 s, plunged for 10 s in 0.2 M K,HPO, aqueous
solution, rinsed with ultrapure Millipore water for 1 s.
CaCl, and K,HPO, aqueous solutions were prepared with
ultrapure Millipore water. The whole dipping cycle was
repeated three times. The samples that were subjected to
this treatment are thereafter designated as treated samples.

Control scaffolds were immersed directly in SBF with-
out nucleating treatment to verify the influence of the
treatment on apatite-nucleating ability. Subsequently the
scaffolds were immersed in simulated body fluid, SBF,
with the following molar concentrations: Na* 142.0; K*
5.0; Mg 1.5; Ca®" 2.5; C1™ 148.8; HCO;~ 4.2; HPO, %~
1.0; SO,*~ 0.5 buffered at pH 7.4 with Trishydrox-
ymethylaminomethane (0.5 M) and hydrochloric acid
(1 M), prepared as described in [6]. The SBF was changed
weekly in order to replace the precipitated ionic species
and ensure a nearly constant ionic activity.

A second group of samples used for mechanical testing
was treated with the mentioned treatment and immersed in
SBF x2 (twice the mentioned ionic concentrations) for two
weeks to accelerate the mineralization process as described

by Kim et al. [17]. The SBF was changed weekly as in the
first series. The quantification of the deposited apatite in
these scaffolds was carried out by weighing them, yet the
process had to be non-destructive to permit further use of
the scaffolds for mechanical testing.

During all the immersion procedures, great care was
paid to the correct wetting of the scaffold since PCL is very
hydrophobic and hard to wet with aqueous solutions;
moreover, the synthesized scaffolds show high specific
surface area; in order to ensure the correct wetting of all
internal surfaces of the scaffolds after immersion in SBF,
they were submitted to depressurization/pressurization
cycles in ultrasonic bath until they stopped bubbling in
vacuum.

2.3 Porosity measurement

Porosity was measured by gravimetric means. The samples
were weighed dry, filled with ethanol under vacuum, and
subsequently weighed again. Porosity was calculated as the
quotient of the volume of pores (see below) and the total
volume of the scaffold.

The volume of pores, V.., was deduced from the
weight difference between dry (mg,,) and wet (m,,,,) sam-
ple, according to Eq. 1 assuming that the amount of ethanol
absorbed by the PCL phase is negligible during the sort
time of the experiment. Thus, the volume of pores equals
the volume occupied by the absorbed ethanol.

Myyer — Mgy

— Mo~ Ty (1)

\%
pore
dethanol

where d,,.n0; 1S the density of ethanol.

The volume of polycaprolactone was calculated from
the dry weight of the scaffold assuming as density of PCL
1.135 g cm ™, which corresponds to the average crystal-
linity measured by DSC, close to 62%. Density was cal-
culated on the basis of amorphous phase and crystalline
phase densities of respectively 1.021 and 1.2 g cm™> [27].

2.4 SEM observation and elemental analysis

Samples were fractured in liquid nitrogen, mounted on a
copper stub, gold sputtered and observed with a JEOL
JSM6300 scanning electron microscope with an accelera-
tion tension of 10 kV. Energy dispersive X-ray analysis
(EDX) was performed in order to analyze the quantitative
composition of the deposited mineral: calibration of the
detector was realized with copper standards.

2.5 Fourier transform infrared analysis

Chemical surface changes with nucleation treatment were
studied using an FTIR Thermo Nicolet Nexus apparatus in
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ATR mode. Surfaces of untreated, sodium hydroxide
treated, and apatite covered samples were measured.

2.6 Contact angle measurement

Contact angle measurement with water was performed by
sessile drop method, using a Dataphysics OCA20 device
equipped with a Nikon Camera; contact angles were cal-
culated using image analysis software. Results were aver-
aged from a set of at least five drops.

2.7 TGA measurements

Thermogravimetric analysis (Thermogravimetric analyzer
SDTQ600 from TA Instruments) was used in order to
determine the quantity of HAp nanoparticles and biomi-
metic deposited HAp in the samples. The samples were
subjected to a temperature ramp from room temperature
until 700°C, at 20°C/min under nitrogen flow (50 ml/min).

2.8 Mechanical analysis

In order to determine the influence of bonelike apatite
formation on the mechanical properties of the PCL scaf-
folds, compression tests were conducted before and after
apatite treatment. The samples were cut into pieces of
5 x5 x 3 mm approximately, and compressed in a
Microtest standard compression machine with a 15 N load

Fig. 1 Composite scaffolds
synthesized by mixed freeze-
extraction process: pure PCL
(a); PCL with 2.5% HAp (b);
PCL with 7.5% HAp (c); PCL
with 15% HAp (d) (dimension
bar 600 pm)
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cell. Mechanical properties were evaluated following the
guidelines of ASTM norm D1621-04a “Compression of
rigid cellular plastics”; the presented results are mean
values of at least 5 measurements. Statistical analysis was
used to compare results of diverse scaffold types: a t-test
was used and differences were considered significant for
P < 0.05.

3 Results
3.1 Structure of the scaffolds

As can be seen in Fig. 1, scaffolds show double pore
structure due to the production process. Porogen leaching
leads to an interconnected macroporous structure with
pores of around 200-300 pm connected by large necks,
whereas solvent crystallization and subsequent dissolution
leads to microporosity with micrometric channelled struc-
ture. The porosity of the scaffolds reached 85 £ 1.7%; the
porosity of the pure PCL scaffold was slightly higher than
the porosity of composite scaffolds (PCL: 86.4 £ 2.4%;
PCL2.5HAp: 86.0 £ 2.1%; PCL7.5HAp: 85.22 £ 0.1%;
PCL15HAp: 83.51 £ 0.7%), but as can be seen in SEM
pictures, the overall structure was not affected by HAp
nanoparticles incorporation. As can be seen in the SEM
micrographs taken at higher magnification (Fig. 2), many
HAp nanoparticles appear on the inner surfaces of the
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Fig. 2 A comparison of the surface of a pure PCL scaffold (a) and a
scaffold with 7.5% HAp particles (b) x5000 (dimension bar 10 pm)

scaffolds, which is likely to be due to their expelling by the
crystallization front of PCL during tempering (DSC mea-
surements show that PCL scaffolds are highly crystalline
after freeze extraction process, data not shown) [28].

On the other hand, the inclusion of HAp particles seems
to have a nucleating effect in the crystallization of dioxane
when freezing the PCL/HAp/dioxane solution since the
microstructure observed for scaffold with 15% HAp is
much finer than that of neat PCL, which means that smaller
dioxane crystals were formed on freezing.

3.2 The composition of the nanocomposite scaffolds

TGA residue analysis provides information about the
actual composition of the composites. In a first set of
samples loaded with HAp but before any treatment, a
systematic deviation of 30% from the nominal concentra-
tion was observed. It was related to the leaching of some
HAp particles during the elimination of dioxane and
porogen. Consequently the following sets of samples were

synthesized with a proportional excess of HAp particles in
order to obtain the desired concentrations after leaching out
the porogen.

3.3 Surface analysis of bulk samples

In order to deposit a layer of biomimetic hydroxyapatite on
the internal surface of the porous structure of the scaffold,
it was subjected to different treatments to facilitate the
nucleation of the HAp crystals on the surface. Character-
izing the effect of such treatments on the bended surface of
the scaffold trabeculae is not easy, thus, flat sheets of neat
PCL were subjected to the same treatments to characterize
the change induced in the surface properties.

Wettability was greatly enhanced by surface treatment
with sodium hydroxide, as can be seen in Fig. 3 (contact
angle with water changed from 72.5 4 0.5° to 37 £ 1°
upon etching with sodium hydroxide). When the surface
was coated with a layer of biomimetic apatite after three
weeks immersion in SBF there was a light wettability
improvement that was nevertheless not decisive. An aver-
age value of the contact angle of 31.4 4+ 3.4° was mea-
sured but with large scattering in the results probably due
to the heterogeneity of the mineral layer. (This means a
change of only 6° to 31.4 &+ 3.4° with respect to the sample
treated with sodium hydroxide.)

Analysis of the sample surface with FTIR after etching
with sodium hydroxide treatment showed an increased
proportion of C-O bonds with respect to ester bonds
(Fig. 4a) [25] as well. The effect increased with longer
treatment times. Detail of the 1600-1500 cm™' zone
(Fig. 4b) shows the apparition of a resonance band due to
coupling of COO vibration of the carboxylic groups cre-
ated by scission of ester groups through attack of the
hydroxide; these moieties are likely to be deprotonated and
substituted with Na ions or hydrated, allowing strong
coupling of both oxygen stretching.

80
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20

water contact angle, grades

10-

PCL PCL-e PCL-c

Fig. 3 The variation of PCL films contact angle with water after
surface treatment: etched with NaOH (PCL-e) and covered with
biomimetic apatite (PCL-c)
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Fig. 4 Changes in the spectra
of PCL solvent cast films after
etching for 1 day (PCL-el) and
2 days (PCL-e2) with molar
sodium hydroxide. Change of
C-0/C-0-C ratio (a). COO
resonance band in the 1450-
1650 region (b)
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Results of FTIR can explain the increase in wettability
with water observed by sessile drop measurement by the
increase of polar groups with respect to aliphatic backbone
that happens due to basic chain scission. At the same time,
it has been observed that etched porous samples and treated
samples, when subjected to TGA, lose more bound water at
low temperatures: in the same way, a wide peak due to
intermolecular hydrogen bonds with bound water is
observed in FTIR spectra at 3000-3500 cm™' on these
samples (data not shown), confirming the hydrophilization
of the surface.

After coating with the apatite layer (Fig. 5), the charac-
teristic peaks for PCL disappear, and phosphate associated
peaks are seen: at 964 cm ™', the v; mode of phosphate, and
in the range between 970 and 1135 cm ™', the v; stretching
mode, as well as weak peaks associated with CO5>~ at 1460,
1420 and 875 cm™' (characteristic for B-type substitution,

absorbancy

T T T

1850 1650 1450 1250 1050 850 650

wavenumber (cm-1)

Fig. 5 FTIR-ATR spectrum of untreated (PCL) and apatite-covered
PCL film (PCL-c): phosphate group (<), carbonate group (¥%) and
groups from polymer moieties (O)
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where CO5”~ substitutes phosphate moieties). Nonetheless,
the strong peaks at 1695-1735 cm™" associated with car-
bonyl stretching, or the peaks at 2800-3000 cm ™', typical
for CH, symmetrical and asymmetrical stretching of the
PCL backbone, do not appear; this means that the coating is
quite thick and spread over the whole surface of the sample,
reflecting all the infrared beam. The spectrum thus shows
nearly no polymer-associated frequencies.

3.4 Deposition of biomimetic apatite on PCL scaffolds

Apatite was successfully deposited on PCL after nucleation
treatment by immersion in alternate Ca/PO, solutions and
as can be seen on the micrographs in Fig. 6. The EDX
analysis of the deposited apatite layer shows peaks which
are characteristic of the presence of impurities such as
potassium, chlorine and magnesium (Fig. 6b), which is
common for biomimetic apatite. Nevertheless, untreated
pure PCL did not support the growth of an apatite layer as
can be seen for treated samples. Some mineral was
deposited but EDX reveals that unspecific precipitation of
various salts occurred and the characteristic cauliflowers
shape of apatite crystals was scarcely observed, even after
2 weeks of SBF immersion as shown in Fig. 6a and in
Fig. 7 at higher magnification. In the case of the compos-
ites the deposition of mineral in the untreated samples
increases with respect to pure PCL scaffolds, but still the
composition is not always that expected for hydroxyapatite
even if the morphology observed in the SEM micropho-
tographs resembles that of biological apatite (Fig. 7). The
nucleating effect of synthetic HAp nanoparticles seems to
increase with the quantity present on the surface, as
PCL15HAp showed the most apatite formation with a
dense layer of cauliflower shaped crystals covering all the
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Electron Image 1

Electron Image 1

Spectrum 1 Spettrum 2
Cl
ca Ca
Ca P Ca
r Na I ca Ca
0 1 2 3 ! s 5 o 1 2 3 4 s 6
Full Scale 4390 cts Cursor: 4163 (108 cts) ke Full Scale 3746 cts Cursor 6091 (30 cts) ke

Fig. 6 Spectra for undifferentiated mineral deposition (chlorine ions (a)) on an untreated sample and for calcium phosphate, apatite precursor
deposition on a treated sample (b) (PCL neat samples, 3 weeks in SBF)

structure (Fig. 7c). Quantitative results of element pro-
portions in the deposited mineral layer are listed in
Table 1. The ratios of Ca/P and CI/P are represented as an
indicator for the specificity of the deposition. A bone-like
hydroxyapatite layer should present a Ca/P ratio close to
1.65 which is the value reported for bone. High chlorine
ion content should indicate undifferentiated precipitation
and is not indicative for bone bonding ability.

The total amount of mineral deposited in the nucleated
scaffolds was measured with TGA as a function of the
immersion time in SBF (Fig. 8). The results are shown for
pure PCL where the trend is really representative, whereas
uncertainty in HAp previous content of composites samples
makes interpretation harder. As can be seen, the nucleation
treatment is really effective for the induction of apatite
deposition; when a latency time is observed for untreated
PCL, the treatment immediately nucleates the mineral
phase on the surfaces of pure PCL scaffolds, which is likely
to be due to dissolution, local concentration variation of
SBF and reprecipitation by local increase of the supersat-
uration. Nevertheless, it is important to note that these
measurements have to be interpreted with care since, as we
commented above, unspecific mineralization may occur
concurrently or simultaneously with apatite deposition; at
the same time, carbonate ions may be—at least partially—
thermally degraded during thermal scan.

3.5 Hybrid structure

Amazingly, we discovered that treated samples that had
been coated for two or three weeks in SBF, showed after
calcination at 700°C in nitrogen atmosphere in the TGA
(Fig. 10), a residue that conserved the initial shape of the
scaffold (also when not showing much mechanical resis-
tance and crumbling when held with a clamp). Figure 10
shows a micrograph of the TGA residue of a 15HAp
treated scaffold after 3 weeks in SBF. The structure of the
residue is the same as that of the scaffold. So the apatite
actually precipitates within the micropores of the structure,
as can be seen in Fig. 9, and the scaffold turns into an
interpenetrated network of inorganic coating and polymeric
matrix.

3.6 Mechanical testing

The results of the compression tests for the uncoated and
coated samples are presented in Fig. 11. Between untreated
samples, the incorporation of HAp nanoparticles is seen to
have a strengthening effect on the elastic modulus as well
as on the yield stress of the scaffolds. The series of samples
used to study the strengthening effect of the biomimetic
HAp coating was subjected to a nucleation treatment and
then immersion in SBF until a weight fraction of apatite
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Fig. 7 The evolution of mineral
layer deposition after SBF
immersion of untreated samples
over one (a), two (b) or three (¢)
weeks for neat PCL (leff) and
PCL15HAp (right) (bar size

30 pm excepted PCL15SHAp
(a), 60 um)

et 5 3014

Neat PCL PCL 15% HAp

Table 1 Atomic Ca/P and CI/P ratios measured from EDX element

analysis 25
Ratio Ca/P Ratio CI/P 20 1
3
Control group (without treatment) 3 157
n
Pure PCL 2.3 34 ® 104
2.5 HAp 34 3.1 X 5
7.5 HAp 2.7 35 /
15 HAp 34 0.5 o * T T
Nucleation treatment 0 1 K 2 SBF 3 4
Pure PCL 23 0.1 weeks In
2.5 HAp 1.3 0.5 Fig. 8 Mineral deposition, in weight percent after immersion in SBF
7.5 HAp 1.6 02 for different times, calculated by the residual weight after calcinations
15 HAp 16 04 at 700°C, for pure PCL without treatment (4), and with nucleation

treatment ([J)
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Fig. 9 Penetration of the mineral phase into the microstructure of the
scaffold (7.5HAp treated, 3 weeks in SBF) (bar size 40 pm)

Fig. 10 Micrograph of the pyrolysis residue of a PCL 15HAp
composite treated with nucleation treatment and covered with
biomimetic apatite for three weeks in SBF (bar size 400 pum)

with respect to PCL weight of around 30% was attained in
all samples in order to obtain comparable results. In the
case of the pure PCL scaffold and also in the composite
scaffold containing 15% HAp nanoparticles both the elastic
modulus and yield stress are seen to be significantly higher
in the scaffolds coated with biomimetic HAp than in the
uncoated ones, whereas the difference is not significant for
PCL 7.5%HAp and PCL 2.5%HAp samples.

4 Discussion

4.1 Hydroxyapatite coating formation

Much has been written about apatite layer formation on
materials in simulated body fluid. However, in many

41
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Fig. 11 Evolution of yield stress (a) and Young modulus (b) after
apatite deposition on scaffolds (* P < 0.1, ** P < 0.05)

papers, there is no qualitative assessment of basic proper-
ties of the so-called apatite, such as atomic composition,
Ca/P ratio, crystal morphology and crystallinity. This
aspect is fundamental when related to biological properties,
since cells react very differently depending, for example,
on coating crystallinity: amorphous calcium phosphate has
been shown to provoke cytotoxicity in vitro and in vivo,
likely because of high concentrations of both calcium and
phosphates (Adams et al. showed that these ions provoke
apoptosis of bone cells in a synergistic way [29]). The
dissolution of other phases possibly present in the coating,
as for example CaO, has been shown to provoke a basifi-
cation of cell culture medium in vitro, which is associated
with increased cell death rate [30]. Here, the coatings
described have been characterized with SEM and elemental
analysis, revealing that all the expected elements are con-
tained and indicating that calcium phosphates are being
deposited. Nonetheless, in some cases, undifferentiated
precipitation of other electrolytes occurs, for reasons that
are not really understood. It has been shown that a positive
polarization of an apatite surface favours calcium chloride
precipitation at the expense of apatite deposition during
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immersion in SBF [31]. In our groups, results of PMMA
scaffolds led to calcium chloride deposition (unpublished
results), maybe due to such surface potential effects. In
some cases, it may be that incomplete porogen leaching
favoured calcium chloride deposition in some scaffolds.
Here we are dealing with very porous materials that have a
huge specific surface owing to their double pore structure,
which facilitates the local variation of SBF concentration
an thus the precipitation of all kinds of salts (the scaffolds
are coated much faster than the sheets of PCL); this
physical property was described as a drawback in the
critical article of Bohner and Lemaitre on testing bioac-
tivity with SBF solution [32]. The nucleation of the mineral
phase is highly enhanced by the presence of hydroxyapatite
particles, as can be seen on the micrographs from Fig. 7.
Whereas pure PCL shows scarce nuclei with typical pre-
apatite shape [22], PCL15SHAp shows dense coating with
cauliflower structure as usually described for apatite; this is
the confirmation that hydroxyapatite introduction into the
PCL matrix causes an improved biocompatibility of the
scaffold.

Besides, the effect of the nucleation treatment is positive
regarding the amount of apatite deposited and the speed of
deposition, chloride precipitation, as well as regarding the
Ca/P ratios of the mineral layer. A ratio close to 2.5, which
is the ratio of calcium to phosphate present in SBF, is more
indicative for deposition of amorphous calcium phosphate
than for apatite, with the associated problems if considering
a use of the covered scaffolds with cells due to the cyto-
toxicity of amorphous calcium phosphate (a need for apa-
tite crystallization before use).

From the FTIR measurements it can be seen that the
apatite deposited is carbonated, with a B-substitution type
(location of the associated peaks at 1460, 1420 and
875 cm_l) [33], as is usually observed when a SBF with a
carbonate content lower than 20 mM is used [19]) when
carbonate substitutes phosphate. The carbonate substitution
may be scarce because we used traditional SBF which
possesses a low amount of carbonate (4.2 mM when san-
guine plasma contains 27 mM) but because of a low signal/
noise ratio, the 600 cm™! zone could not be measured
accurately and quantification of COj3 substitution was not
possible. Crystal morphology on treated samples showed
the typical cauliflower structure, with plate-like crystals
organized as spherulites.

4.2 Interpenetrated hybrid structure and mechanical
strengthening

Resulting from biomimetic apatite growth in the scaffold,
an interpenetrated hybrid structure with two co-continuous
phases was generated by long time-treatments, as is
apparent from Figs. 9 and 10. Figure 10 shows that a high
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interpenetration is reached since the physical macrostruc-
ture remains when burning out the organic part of the
scaffold. This was observed with samples that were min-
eralized for three weeks. We then designed another
experiment for assessing the mechanical strengthening that
can be obtained by the apatite layer deposition. As
explained in Sect. 3, strengthening was effective in half of
the cases considered at a statistically significant level.
Explanations on why it is not effective in all cases can be
sought in various directions: the interpenetration degree is
the first to be considered, since although the mineralization
percentage was similar in all samples, it is possible that in
some cases (namely the case of PCL2.5HAp and PCL
7.5HAp), the mineralization did not result in a totally
interconnected layer throughout the scaffold, thus limiting
the extent of mechanical strengthening. Other possible
factors are a different affectation of the polymer due to
hydrolytic attack with sodium hydroxide that may weaken
the polymer structure and act as a counter-effect on
mechanical strengthening. Albeit we do not believe that
scaffolds should be used as implants with this degree of
mineralization, as according to the results by Chim et al.
[23] in vivo results may be compromised by a flaking of the
mineral layer under physiological stresses. Moreover, the
evoked problems affecting precise layer composition and
solubility should be solved in order to promote a better cell
response. Nevertheless, these results are interesting since in
vivo mineralization should be able to produce the same
type of structure through secretion of extra-cellular matrix
proteins and mineralization of this matrix, thus permitting a
strengthening of the construct and a good interaction
between the colonising tissue and the scaffold. As a matter
of fact, a high specific surface due to mesopores has been
described as a key physical factor for promoting osteoin-
duction [34]. De Groot and co-workers associated better
osteoinductive behaviour of microporous ceramics to
enhanced specific surface, that leads to enhanced reactivity
in terms of dissolution and reprecipitation of biological
apatite (with the possibility of co-precipitating relevant
endogenous proteins which in turn initiate the differentia-
tion of multipotent cells into the osteogenic linage [35]).

5 Conclusions

We were able to synthesize materials with highly inter-
connected macroporosity much alike to the trabeculae of
spongy bone, with suitable pore size for trabeculae for-
mation and vascularization; once treated, these materials
show rapid apatite formation in SBF (clue for bone bond-
ing), and they possess a high specific surface that is thought
to enhance surface reactivity. These materials enjoy the
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well-known biocompatible and bioactive character of PCL-
HAp biomaterials; they may be able to rapidly strengthen
when implanted due to interpenetration with extracellular
matrix and mineralisation, as demonstrated by mechanical
testing after in vitro biomineralisation. These are many
clues which lead us to believe that these composite scaf-
folds should be a promising basis for bone tissue
engineering.
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