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ABSTRACT: This contribution reports on the elaboration of novel
bioresorbable composites consisting of pseudowollastonite (psW)
(a silicate-based polycrystalline ceramic (R-CaSiO3)) and poly(L,L-
lactide) as a valuable polymeric candidate in bone-guided regenera-
tion. These composites were prepared by direct melt-blending to
avoid the use of organic solvents harmful for biomedical applications.
Amphiphilic poly(ethylene oxide-b-L,L-lactide) diblock copolymers
synthesized by ring-opening polymerization were added to psW-
based composites to modulate the bioactivity of the composites. The
bioactivity of the composites was first evaluated by monitoring the
release of bioactive Ca2þ and (SiO4)

4- ions as well as the con-
comitant formation of hydroxyapatite on the material surface after
soaking them in physiological fluid. Subsequently, the composites
were studied in vitro to evaluate their cytotoxicity in the presence of
SaOS-2 osteoblastic cells and in vivo to assess their osteoconductivity in an orthotopic rat tibia model. This study provides a first
insight into the use of direct melt-blended psW-poly(L,L-lactide) composites for bone-regeneration applications.

’ INTRODUCTION

Bioactive materials represent an important group that is
widely employed by orthopedic and dental surgeons for bone-
guided regeneration.1-3 Since 1969, the concept of bioactivity
has been related to a specific biological response at the material-
tissue interface, resulting in the formation of a bond between the
bone and the material, for example, by forming an apatite layer.4

In bone-guided regeneration, bioactive materials enhance osteo-
blast differentiation by promoting a strong bone-bonding at the
interface with the bone defect.5 Because of this osteoconductive
ability, bioactive ceramics including hydroxyapatite (HA),6 other
calcium phosphates,7 bioactive glass, and glass-ceramics have
extensively been studied for orthopedic and dental applications.8-15

Recently, pseudowollastonite (psW) has been suggested as
an interesting bone substitute material by stimulating bone regene-
ration.16-21This silicate-based polycrystalline ceramic (R-CaSiO3)
forms a surface apatite layer in physiological solutions like simu-
lated body fluid (SBF),16 human parotid saliva,17 or cell-culture

media. Interestingly, the formation of apatite on psW ceramics in
SBF is even faster than that on other bioactive ceramics such as
bioglasses and glass-ceramics.18 This last feature is ascribed to the
crystalline structure of psW with the presence of cyclic silicate
trimer (Si3O9) within the structure of psW, playing an important
role as active site for stereochemical match and heterogeneous
HA nucleation at the surface of the wollastonite-based implants
in vivo.19 The mechanism of the layer nucleation and growth for
psW would consist of the interchange between Ca2þ ions of the
ceramic and theH3O

þ of the solution. This could result in a rapid
formation of Si-OH groups on the ceramic surface, serving
as very efficient nucleating agents for the growth of apatite
crystals.17
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However, the fast dissolution of psW into physiological medi-
um represents a major disadvantage, that is, the fast alkalization
of the surrounding medium.16 This is due to the substantial
release of Ca2þ and (SiO4)

4- ions during the hydrolytic degra-
dation of the bioceramic, leading to a rapid and significant in-
crease in pH. This alkalization of the medium is harmful for the
both in vitro and in vivo uses of the psW. This last feature still
limits the use of psW ceramics in clinical applications.

The design of bioactive composite materials combining a
bioresorbable polymer matrix such as semicrystalline poly(L,L-
lactide) (PLLA) with a bioactive ceramic offers the unique op-
portunity to tailor together the release of the bioactive ions
provided by the bioceramic, pH changes modulated by the com-
bined alkali and acidic degradation products, and the physical and
mechanical properties of the resulting composites.22-28 These
composites can be engineered in such a way that their resorption
rate in the body canmatch the formation rate of the new tissue. In
this study, PLLA was studied as polymeric matrix for psW-based
composites because PLLA presents adapted thermomechanical
properties, bioresorbability, and biocompatibility.22,23 High mo-
lar mass PLLA can be prepared by ring-opening polymerization
(ROP) of L,L-lactide currently promoted by tin octoate.22 PLLA
has already shown to be suitable for bone regeneration when
temporary fixation is required.29-33 Because of its low stiffness,
PLLA cannot be utilized for load-bearing applications itself, but
when reinforced with apatite, PLLA could be a suitable bior-
esorbable matrix permissive for bone formation.34

To the best of our knowledge, no information about the
preparation and the use of bioactive psW-based composites for
osseointegration applications has been reported yet. Therefore,
this work aims at demonstrating the bioactivity and osteocon-
ductivity of novel PLLA/psW-based composites. These novel
dense PLLA/psW composites were produced by melt-proces-
sing. The bioactivity of the composites was evaluated by soaking
the composites in a SBF at 37 �C and at initial pH 7.4. As an
original approach, their bioactivity was modulated by adding
amphiphilic poly(ethylene oxide-b-L,L-lactide) block copolymers
to these composites. These copolymers were selectively synthe-
sized in bulk (absence of solvent) at 180 �C by ROP of L,L-lactide
(LLA) initiated from a commercially available monohydroxy-
lated polyethylene oxide (PEO)macroinitiator in the presence of
tin octoate (Sn(Oct)2) as a catalyst. In addition to their effect on
biocompatibility, these amphiphilic diblock copolymers are also
able to enhance the hydrophilicity of the PLLA/psW composites
by selective surface localization of the hydrophilic PEO blocks;
this could represent a significant factor to improve the adhesion
of the formed HA layer onto the surface of the composite. In fact,
it is assumed that the more the surface is hydrophilic, the more
the hydrophilic bone-like layer adheres.35 Furthermore, to assess
cell-material interaction, we have accordingly carried out pre-
liminary in vitro and in vivo studies to evaluate the composite
cytotoxicity in the presence of SaOS-2 osteoblastic cells and its
osteoconductive ability using an orthotopic rat tibia model.

’MATERIALS & METHODS

Materials. L,L-Lactide (LLA) and medical grade poly(L,L-lactide)
(PLLA) with a number-average molar mass of ca. 50 000 g/mol and a
polydispersity index of 2.4 were provided by Boehringer Ingelheim.
LLA was hot-recrystallized twice in dry toluene before use. The
PLLA homopolymer is a medical grade with a residual quantity of
lactide monomers <0.1 wt % and a residual grade of tin <60 ppm. Before

melt-processing, PLLA was dried overnight at 60 �C under reduced
pressure. psW powder (99% of purity, volumic mass = 2.9 g/cm3), was
provided by Sigma-Aldrich (mean number diameter = 100 nm measured
by means of a LS 230 Coulter laser granulometer). Monohydroxylated
poly(ethylene oxide)s (PEO-OH) with a number-average molar mass
of 1800 and 5000 g/mol (as determined by 1H NMR in CDCl3)
with a polydispersity index close to 1.2 (as determined by GPC in THF)
were provided by VWR. Tin octoate (Sn(Oct)2) (Sigma-Aldrich) was
diluted in freshly dried toluene at defined concentrations. Toluene
(Labscan) was dried by refluxing over CaH2 and recovered by distillation
before use.
Synthesis of Poly(ethylene oxide-b-L,L-lactide) block co-

polymers (PEO-b-PLLA). Ring-opening polymerization of LLA pro-
moted with PEO-OH/Sn(Oct)2 was carried out in bulk at 180 �C for
30 min. PEO-b-PLLA was recovered after dissolution of the crude
polymerized medium in chloroform, precipitation in heptane, and dry-
ing under reduced pressure at 60 �C overnight. Table 1 reports the
monomer conversion rate, the molecular parameters of the resulting
diblock copolymers (experimental average-number molar mass (Mn)
and polydispersity), and the hydrophilic balance (HLB) as a function of
the [LA]0/[OH] and [Sn]/[OH] initial molar ratios and the polymer-
ization time. The catalytic residues were removed by liquid-liquid
extraction with a 0.1 MHCl aqueous solution after dissolving the matrix
(∼1 g) in chloroform. Then, the polymer chains were recovered by
precipitation in 8 volumes of heptane, filtered, and dried under vacuum
at 45 �C until a constant weight was reached.
Melt-Blending of PLLA with psW. PLLA and raw psW materi-

als were dried overnight under reduced pressure, respectively, at 60 and
105 �C to eliminate any traces of moisture. This was confirmed by TGA
analyses as carried out from r.t. to 800 �C (20 �C/min) under He flow
(data not shown). Melt-compounding was conducted in a Thermo-
Haake twin-screw microcompounder to obtain 20 wt % psW within the
composite. The rotation speed of the screws was 30 rpm for 360 and 50 s,
then 70 rpm for 190 s. The resulting composites were molded by hot-
pressing into plates measuring 10 � 15 � 3 mm3. For the polylactide-
based composites, the materials were pressed under low pressure (∼30
bar) for 180 s at 190 or 210 �C according to the polyester matrix. Then,
three degassing cycles were performed at 50, 100, 150 bar for 5 s and
then released for 1 s after each pressure step (to get rid of any air bub-
bles). Finally, the last pressure molding was performed under 120 bar for
120 s at 190 or 210 �C. The samples were then cooled by compressing
at 15 �C at 150 bar for 500 s. For the in vivo experiments, cylindrical
samples of 1 mm diameter and 2 mm length were prepared by a DSM
mini-injection unit.
Bioactivity Assessment. The samples (10� 10� 3) mm3 were

immersed in 15mL of SBF for 1 week andmaintained at 37 �C and at pH
7.4. Ion concentrations and pH of the SBF solution was similar to those
of human blood plasma. Table 2 shows the ion concentrations of the
SBF compared with those of the human blood plasma. The volume of
the SBF used for the bioactivity immersion testing was calculated using
the recommended conditions for bioactivity tests proposed by Kokubo,26

Table 1. Experimental Conditions of LA Polymerization,
Molecular Parameters of the Synthesized Copolymers, and
the Hydrophilic Balance (Initial [Sn]/[OH] Molar Ratio =
0.05 - tpoly = 30 min)

name

MnPEO

(g/mol) conv. (%)

MnPLLA (g/mol)

MWDb HLBctheor exptla

PEO-b-PLLA 1 1800 100 6000 6800 1.7 4.2

PEO-b-PLLA 2 5000 75 6000 7000 1.4 7.7
aAs determined by 1H NMR (recorded in CDCl3).

bGPC analyses
performed in THF at 35 �C. cAs determined from ref 36
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according to the following eq 1 for an immersion coefficient K equal to
21 mm2/g

K ¼ Sa=V s ð1Þ
where Sa is the apparent surface area of immersed specimen (mm2) and
Vs is the volume of SBF (mL). At different soaking times, samples were
removed from the SBF solution for further examination and gently dried
using a filter paper. Pure psW disc (of K equal to 6.9 mm2/g) samples
served as controls after its coefficient K was normalized with respect to
that of composites.

pH measurements and the release of bioactive Ca2þ and (SiO4)
2-

ions (as determined by ICP-AES) were averaged over five sets of expe-
riments. The pH error was in the range of (0.1, and the concentration
error of bioactive ions was close to (5%. ICP-AES spectroscopy was
used for determining the atomic composition of these two ions after
calibration.
In Vitro Cytotoxicity Studies. To assess cytotoxicity of PLLA/

psW degradation products, we immersed PLLA/psW composites in
SBF. After 1 week, the supernatant was filtered through a 0.45 μm filter.
Filtered supernatant (LDHm) (0.5 mL), which contained degradation
products of PLLA/psW composites, was centrifugated at 13 200 rpm for
5 min, and 50 μL of each supernatant was transferred to six-well plates.
To test cytotoxicity in direct contact with the composites, PLLA/
psW(20%)/PEO-b-PLLA composite containing 15 wt % block copoly-
mer 2 was immersed for 1 week in 15 mL of culture medium (McCoy’s
medium þ15% fetal bovine serum) to initiate the formation of a HA
layer onto the surface. After immersion, the material was placed in a six
well-culture plate. Subsequently, 2.7 � 104 SaOs-2 cells were seeded in
the wells in 50 μL of culture medium for 1 or 2 weeks in culture. After
being rinsed with phosphate-buffered saline solution (PBS), the living
cells were scratched and collected using 1 mL of PBS. Then, they were
lysed by three heating/cooling cycles by being placed alternatively in
liquid nitrogen (ca. 180 �C) and in a bain-marie at 37 �C. The resulting
mediumwas centrifugated at 13 200 for 5min to get rid of cellular debris.
From each supernatant (LDHc), 50 μL was collected and transferred to
the six-well plates. For each well, 50 μL of substrate mix was added, and
the plate was incubated for 30 min in the dark. We then determined
cytotoxicity by measuring lactate dehydrogenase (LDH), a stable cyto-
solic enzyme, utilizing a CytoTox 96 nonradioactive cytotoxicity assay
according to the manufacturer’s procedures (Promega, Leiden, The
Netherlands). Practically, the LDHwasmeasured in themedia (LDHm)
or in the cell lysate (LDHc), and the LDH released (LDHr) was
calculated according to the following eq 2.

LDHr ð%Þ ¼ 100�LDHm=ðLDHmþ LDHcÞ ð2Þ
Absorbance data were collected at 490 nm on an ELISA, Multiskan
Ascent (Thermo Labsystems, USA).
In Vivo Studies. Orthotopic implantations of psW-based compo-

sites were performed on 11-week-old Rh-Fox female rats (Charles River,
Brussels, Belgium). Cylindrical samples were prepared with a diameter
of 1 mm and a length of 2 mm and sterilized by STERRAD. For each
condition, four samples were implanted. A longitudinal incision was
made anterior to the right tibia, and four bone defects with 1 mm diam-
eter and 2 mm depth were drilled in the diaphysis. Subsequently, the
composite cylinders were carefully inserted into two drilled holesmanually,
and one or two bone defects were left empty as control. When the

surgical operations were finished, the wounds were closed with resorb-
able Vicryl sutures, and 100 μL of Baytril antibiotic and 50 μL of Tem-
gesic analgesic were injected subcutaneously. This postoperative treat-
ment was carried out daily for 1 week. After 5 weeks of implantation, the
rats were sacrificed, and the tibias were harvested, fixed in 4% para-
formaldehyde, imaged by X-ray computer tomography (μCT), and sub-
sequently processed for histological analysis. All animal procedures were
approved by the local Ethical Committee for Animal Research (Katholieke
Universiteit Leuven).
Characterizations. 1H NMR spectra were recorded on solutions

prepared in CDCl3 using a Bruker AMX-300 apparatus at a frequency of
300 MHz. The pH of the SBF solutions was measured during the imme-
rsion tests using a combined electrode pHmeter (PHM210,MeterLab).
The ion concentration changes of Ca2þ and (SiO4)

4-were measured by
atomic emission spectroscopy inductively coupled plasma (ICP-AES,
Jobin Yvon 38 plus). For each measurement, 1 mL of the SBF solution
was collected and diluted in 25 mL of deionized water. Ca2þ and (SiO4)

4-

concentrations were determined using the specific atomic emission
wavelength at 317.933 and 251.611 nm, respectively. The angle contact
measurements were determined using a Drop Shape Analysis System
DSA 10 Mk2 equipped with a thermostatted chamber and a circulator
ThermoHaake DC 10. Thematerials were immersed for 90min prior to
the actual contact angle experiments and then carefully dried on a filter
paper to obtain stable results. After immersion in SBF, the composite
surfaces were sputter coated with gold and analyzed by scanning electron
microscopy (SEM) at an accelerating voltage of 15 keV using a Philips
XL20 fitted with an energy-dispersive X-ray spectrometer (EDX) to
monitor the surface changes due to the formation of HA. In addition,
SEM examinations were also carried out on polished and carbon sputter-
coated cross sections at an accelerating voltage of 10 keV using a JEOL,
JSM 6300 (JEOL Ltd., Tokyo, Japan). The cross sections were prepared
by embedding the samples within an epoxy resin followed by grinding on
60, 45, 25, 10, and 5μmsize SiC papers on a Struers-Knuth-Rotors-3 and
finally polished on a 1 μm diamond paste with a polisher machine
(Buehler-Metaserv, D€usseldorf, Germany). Atomic force microscopy
(AFM) experiments were carried out in tapping mode (TM) under an
ambient atmosphere with a Nanoscope IIIa microscope from Veeco
Instrument. The probes were commercially available silicon tips with a
spring constant of 24-52 N/m, a resonance frequency in the 264-339
kHz range, and a typical radius of curvature in the 10-15 nm range. To
analyze the bulk of the composites, we cut specimens in a pyramidal
shape by LEICA cryomicrotome equipped with a diamond knife, and
they were maintained at 180 �C. The average diameter was determined
by section profile upon Nanoscope software within five measurements.
The JEOL microscope was fitted with an ATW detector (Oxford
Instrument, High Wycombe, U.K.) and an INCA Energy 300 system.
The elemental composition of the cross sections for Ca, Si, and P was
analyzed using X-ray elemental maps of Ca, Si, and P. This method
provided information about the profile degradation of the composite
and the formation of superficial HA layer at the surface of composites
as a function of SBF immersion time. To assess qualitatively the
cell-material interaction, we took fluorescence images using a Leitz

Table 2. Nominal Ion Concentrations of the SBF in Com-
parison with That of Human Blood Plasma (mM)

ion Naþ Kþ Mg2þ Ca2þ Cl- (HCO3)
- (HPO4)

2- (SO4)
2-

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5

plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

Table 3. Contact-Angle Values for PLLA/psW Composite
(20 wt % psW) Added with PEO-b-PLLA Block Copolymers 1
and 2 (25�C - water)

PEO-b-PLLA block copolymer 1 PEO-b-PLLA block copolymer 2

relative amount (wt %) contact-angle relative amount (wt %) contact-angle

0 93� 0 93�
5 64� 5 65�
10 63� 10 64�
15 63� 15 63�
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Orthoplan microscope. The μCT analysis used for the in vivo study was
a Skyscan 1172 (Skyscan, Antwerp, Belgium) including Skyscan soft-
ware in combination with image-processing software (MIM-ICS, Ma-
terialise, Haasrode, Belgium) to capture the resulting images.

’RESULTS AND DISCUSSION

Bioactivity Studies. A series of psW/PLLA composites con-
taining 20 wt % inorganic filler was produced by melt-blending
andhot-pressing (Table 3). The content of inorganic filler (20wt%)
was optimized according to a previous study, affording compo-
sites with good stiffness.38 The PEO-b-PLLA block copolymers 1
(MnPEO = 1800 g/mol; MnPLLA = 6800 g/mol; see Table 1)
with an HLB of 4.2 and 2 (MnPEO = 5000 g/mol; MnPLLA =
7000 g/mol; see Table 1) with an HLB of 7.7 were added to the
compositions, and the effect of their relative content (ranging
from 5, 10, to 15 wt %) was studied on the surface hydrophilicity
of psW/PLLA composites upon contact angle measurements
at 20 �C.
Regarding the PEO-b-PLLA block copolymer 1, it results that

the addition of the PEO-b-PLLA block copolymer 1 to the
composite affected the hydrophilicity of the surface: the water
contact angle decreased from 93 to 63� when 15 wt % in PEO-b-
PLLA block copolymer 1 was added. The same observations are
made for PEO-b-PLLA block copolymer 2.
Table 4 reports the bioactivity (following the release for both

Ca2þ and (SiO4)
2- ions) and pH evolution of the composites

containing or not containing PEO-b-PLLA block copolymer 1
against immersion time in SBF. These results are compared with
respect to plain psW. After 1 and 6 weeks of immersion, the
release of Ca2þ ions for the psW/PLLA composite without PEO-
b-PLLA block copolymer 1 in SBF is observed, attesting that
these composites are bioactive; however, and as expected, the

concentration of released Ca2þ ions appears much lower as plain
psW particles.
Interestingly enough, the concentration of Ca2þ ions increases

with the content of PEO-b-PLLA block copolymers. Such behav-
ior is more likely explained by the enhanced hydrophilicity of
the resulting composite surface, improving the precipitation of
HA onto the surface of composite during immersion in SBF. The
release of (SiO4)

4- ions is strongly reduced for these composites
compared with psW. This is due to the fact that the complete
psW dissolution16 readily occurs at a pH value of 10, accom-
panied by a fast dissolution of (SiO4)

4- ions. In our case, the pH
of the solutions monitored over the exposure time reflected the
balance between the alkaline ions releases during the psW
dissolution and the acidic byproduct (lactic acid and related
oligomers) resulting from the degradation of the PLLAmatrix, as
elsewhere reported in the case of polyhydroxyalkanoate.37 For all
studied composites, the difference in pH is not very different after
0 and 1 week, maintaining an average pH at ca. 7.0 (measure-
ments accuracy (0.1) (Figure 1). At longer immersion time,
some slight acidification can be observed, but the pH values
remain acceptable. In contrast, in the case of plain psW particles,
the pH of the surrounding solution increases sharply from 7.4 to
8.0 after only 1 week and slowly reaches pH 8.3 after 4 weeks.
This increase in pH could be ascribed to the reduced release of

(SiO4)
4- ions after melt-blending psW with PLLA and to the

concomitant release of acidic byproduct (lactic acid and related
short oligomers) during the hydrolysis of the PLLA matrix.38

When comparing both PEO-b-PLLA block copolymers 1 and
2, Figure 2 attests that the release of bioactive Ca2þ ions follows

Table 4. Evolution of Normalized Ca2þ and (SiO4)
4- Concentrations (As Measured by AES-ICP) for psW and PLLA/psW

Composites Containing or Not Containing PEO-b-PLLA Block Copolymer 1 after 1 and 6 Immersion Weeks in SBF

type

1 week 6 weeks

Ca2þ (mg/L)a (SiO4)
4- (mg/L)a Ca2þ (mg/L)a (SiO4)

4- (mg/L)a

pure psW 700( 5 98( 3 841( 5 111( 3

PLLA/psW 43( 3 7( 1 191( 5 20( 3

PLLA/psW with 5 wt % PEO-b-PLLA 41( 5 7( 1 321( 16 15( 3

PLLA/psW with 10 wt % PEO-b-PLLA 77( 4 7( 1 251( 13 23( 3

PLLA/psW with 15 wt % PEO-b-PLLA 262 ( 5 10( 2 282( 14 23( 3
aConcentrations of released ions were normalized according to the K coefficient.

Figure 1. pH change of solutions with immersion time for plain psW
and PLLA/psW composites containing or not containing PEO-b-PLLA
block copolymer 1 (pH error: (0.1).

Figure 2. Evolution with time of the Ca2þconcentrations in SBF for the
composites containing 15 wt % of PEO-b-PLLA block copolymers 1
and 2.

http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-002.jpg&w=240&h=109
http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-003.jpg&w=240&h=152
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the same trend for both PEO-b-PLLA block copolymers at an
overall content of 15 wt% in copolymer. The same observations are
made with pH and (SiO4)

4- ions evolution as a function of time.
However, in the case of Ca2þ ions, after a long immersion time (i.e.,
16 weeks), the amount of Ca2þ ions is slightly higher in the case of
PEO-b-PLLA block copolymer 2; that is, the bioactivity of psW is
slightly enhanced with PEO-b-PLLA block copolymer 2.
Figure 3 shows the tapping-mode atomic force microscopy

(TM-AFM) images of the bulk morphology (prior to SBF
immersion) of psW-based composites with and without 15 wt %
PEO-b-PLLA block copolymer 1. The results show that the
psW particles were much more individualized in the presence of
PEO-b-PLLA block copolymer 1 compared with the noncompa-
tibilized composite. (See Figure 3a.) Apparently, the addition of
this amphiphilic copolymer is beneficial for the dispersion of psW
within PLLA. After 1 week of immersion, TM-AFM images

indicate that the majority of the psW particles is dissolved inde-
pendently of the composition of the studied composites (Figure 4).
However, voids (average size∼80( 5 nm) are only observed in
the composite containing 15 wt % PEO-b-PLLA block copoly-
mer 1 due to the degradation of organic matrix.39 The porosities
increase with immersion time, from 80 to 200 nm after 1 and 16
weeks, respectively (Figure 4). In the case of the composite with-
out any block copolymer, voids (average size ∼75 ( 5 nm)
appear after only 2 weeks of immersion. These results indicate
together with the bioactivity results that the addition of PEO-b-
PLLA block copolymer 1 improves the reactivity of these compo-
sites and the dissolution of psW in SBF.
Secondary back-scattered electron SEM images of the com-

posite containing 15 wt % PEO-b-PLLA block copolymer 1
confirm the AFM observations on bioactivity. In the case of the
composite not containing PEO-b-PLLA block copolymer, only

Figure 3. TM-AFM images (5� 5 μm2, topography) recorded before immersion on PLLA/psW(20%) composites (a) in the absence of any PEO-b-
PLLA block copolymer and (b) in presence of 15 wt % PEO-b-PLLA block copolymer 2 in the initial stage.

Figure 4. TM-AFM Images (5� 5 μm2, topography) recorded before immersion on PLLA/psW(20%) composites in the presence of 15 wt % PEO-b-
PLLA block copolymer 2 after (i) 1 week of immersion and (ii) 16 weeks of immersion.

http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-004.jpg&w=400&h=213
http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-005.jpg&w=399&h=194
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after 16 weeks of SBF immersion are some spots of HA observed
(Figure 5a). In contrast, the composite containing 15 wt % PEO-
b-PLLA block copolymer 1 already shows thin deposits on the
surface (Figure 5b) after only 1 week of immersion. These
deposits are readily identified as HA by EDS analyses because
the calcium-to-phosphate ratio is 1.67.40 After 16 weeks of im-
mersion, these deposits cover the entire composite surface
(Figure 5c). Cross-sectional analysis of the material shows that
this HA layer is ∼10 μm thick (not shown here).
Interestingly, the rate of the HA formation can be readily

tuned by using the amphiphilic block PEO-b-PLLA copolymer 2
(MnPEO = 5000 g/mol; MnPLLA = 7000 g/mol; see Table 1)
that is characterized by a highest hydrophilic character (HLB =
7.7). When 15 wt % of this more hydrophilic PEO-b-PLLA
copolymer 2 is added to PLLA/psW (20 wt %) composites, SEM
images show that after only 1 week of immersion are large plate-
like deposits found at different areas of the composite surface,
which is not the case for composites added with PEO-b-PLLA
block copolymer 1 (Figure 5d). It is worth noting that EDS
spectra confirm the nature of this layer composed of Ca, P, and O
with a Ca/P ratio ∼1.6 characteristic of HA. Furthermore, this
HA-like coating still presents a good adhesion to the surface of
composite, even if some cracks are observed, which are more
likely to originate from sample handling for SEM-EDS analysis.40

Interestingly, SEM analysis of the SBF-treated material surfaces
shows that the layer continues to grow over the entire sample
with time. Observation of the cross sections shows that the layer
is still present after 7 weeks of immersion and has a thickness of
∼10 μm (not shown here).
The performed morphological characterizations indicate that

the addition of 15 wt % PEO-b-PLLA block copolymer 2 to

PLLA/psW(20%) enhances the bioactivity of the composite. In
fact, a substantial and adherent HA layer already appears after 1
week of immersion and continues growing over the entire sample
during sustained immersion in SBF. On the basis of the above
results, further in vitro and in vivo experiments are carried out on
the PLLA/psW(20%) composite added only with 15 wt % PEO-
b-PLLA block copolymer 2, that is, representing the best can-
didate for bone regeneration.
In Vitro Studies. To evaluate cell viability and adhesion on

psW-based composite containing 15 wt % PEO-b-PLLA block

Figure 5. Backscattered electron SEM of (a) a cross-section of the PLLA/psW(20%) composite after 16 weeks of immersion, of the PLLA/psW(20%)
composite added with 15 wt % PEO-b-PLLA block copolymer 1 after (b) 1 and (c) 16 weeks of immersion, and (d) of the composite PLLA/psW(20%)
added with 15 wt % PEO-b-PLLA block copolymer 2 after 1 week of immersion.

Figure 6. Zoom over SaOS-2 osteoblastic cells in the presence of 0.5
mL of supernatant derived from the hydrolytic degradation of psW/
PLLA composites after 1 week of incubation (phase contrast, magnifica-
tion = 100�).

http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-006.jpg&w=400&h=280
http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-007.jpg&w=240&h=160
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copolymer 2 (HLB = 7.7), we placed the composite material in
contact with SaOS-2 osteoblastic cells, which are derived from a
human osteosarcoma (Figure 6).41 As illustrated in Table 5, the
LDH released (LDHr) from SaOS-2 cells in contact with the

studied composite is similar to standard culture plastic. This
indicates that the composite material does not exhibit major
toxicity under the investigated experimental conditions. Similar
results are obtained when SaOS-2 cells are in direct contact with
the supernatant derived from the degradation of PLLA/psW-
(20%)/PEO-b-PLLA composite added with 15 wt % block
copolymer 2 (Table 5). We should also mention that the values
of LDHr (expressed in percent) increase with incubation weeks,
indicating that the SaOS-2 cells continue growing by themselves.
In other terms, either untreated SaOS-2 cells or in presence of

psW/PLLA composites (Table 5) or supplemented with the
supernatant derived from the hydrolytic degradation of psW/
PLLA, composites show very similar cellular appearance after 1
week of culture. Only a limited number of dead cells are observ-
ed, attesting that the presence of the byproduct of degradation
has no negative effect on cell viability in vitro.
In vivo Studies. Orthotopic implantations (duration 5 week-

s) were carried out in a rat tibia model using PLLA/psW(20%)
added to 15 wt % PEO-b-PLLA block copolymer 2 composites as
cylindrical samples to assess the material’s osteoconductivity
(Figure 7). The rats used for in vivo experiments were 11-week-
old Rh-Fox females. To analyze the tissues, the rats were sacrifi-
ced after 5 weeks of implantation and were explanted immediately.
This implantation time was selected according to our bioactivity
results, showing that the maximum formation of HA is achieved

Table 5. LDH Released (Expressed in Percent) from the
Osteoblastic Cells in Contact with the Composites Contain-
ing 15 wt % PEO-b-PLLA block copolymer 2 and the Super-
natant-Derived Hydrolytic Degradation of These Composites
and Their Controls

in direct contact

incubation time

(week)

LDH released in contact with

composites (%)

LDH released from

controls (%)

1 39 ( 5 30 ( 5

2 49 ( 5 50 ( 5

from the supernatant

incubation time

(week)

LDH released in contact with

composites (%)

LDH released from

controls (%)

1 30 ( 5 28 ( 5

2 48 ( 5 52 ( 5

Figure 7. (A) Incision created at the anterior-right leg for orthotopic experiments using composites-based implants. (B) X-ray/μCT image of the tibia
with two PLLA/psW(20%) composites added with 15 wt % PEO-b-PLLA block copolymer 2 (1; 2) after 5 weeks of implantation (the implant is shown
in the Figure) and (C) an unfilled defect. (D) Histological section of the PLLA/psW(20%) composite added with 15 wt % PEO-b-PLLA block
copolymer 2 when implanted in tibias of rats. (The implant is highlighted with the Figure.) The purple arrow shows the osteon tissue formed during the
experiment of bone regeneration.

http://pubs.acs.org/action/showImage?doi=10.1021/bm101327r&iName=master.img-008.jpg&w=400&h=333
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after five weeks (as shown in our bioactivity studies). After the
removal of soft tissue, the explanted tibias were characterized by
X-ray computed tomography (μCT) to provide information on
the formation of new bone around the composites and poten-
tially also on the composite degradation.
As observed in Figure 7, the unfilled defect is almost healed

during the implantation time. Indeed, the cortex is almost fully
restored, with the appreciate formation of callus around the
defect and the bone in agreement with the well-established hea-
ling capacity of rats.42 In contrast, the defects filled with PLLA/
psW(20%)/15 wt % PEO-b-PLLA block copolymer 2 compo-
sites are not totally resorbed, as shown by Figure 7C. It seems
that the resorbability of the composite is not fast enough under
these testing conditions. Interestingly, we can observe that a thin
rim of cancellous bone is formed at the interface between implant
and bone. This is confirmed by histology carried out on
decalcified sections (Figure 7D). Interestingly, a thick layer of
new formed bone (as colored in brown-orange) appears at the
interface between the implant and the cancellous bone. This is
ascribed as an osteon organization. In addition, no fibrous encap-
sulation around the implant is observed. These results may indi-
cate that the rat environment accepts the implant based on the
PLLA/psW(20%) composites added to 15 wt % PEO-b-PLLA
block copolymer 2 with the formation of intimate contact bet-
ween the host bone and the bone. This indicates that the PLLA/
psW(20%) composites added to 15 wt % PEO-b-PLLA block co-
polymer 2 exhibit osteoconductive properties, making it an
interesting degradable material for applications in bone-guided
regeneration. Further optimizations to promote and to stimulate
the osteoconductions are under investigations.

’CONCLUSIONS

The bioactivity and osteoconductivity of PLLA/psW(20%)-
based composites is studied in view of a future application in
osseointegration. Initial psW-based composites were successfully
prepared from PLLA and psW by a melt-blending process. These
composites are found to be bioactive because they form an HA-
like layer at the composite surface after 16 weeks of immersion in
SBF. Hence, an amphiphilic copolymer was added to the initial
composites to increase the hydrophilicity of the composite
surface and to accelerate the HA formation and adhesion. The
compatibilization of PLLA/psW(20%)-based composites with
PEO-b-PLLA block copolymer 2 allows us to reduce significantly
the time to form in vitro an HA top layer (∼10 μm) to 1 week.
The enhanced hydrophilicity of the composites also improves
the adhesion of the HA layer.

The PLLA/psW(20%) composite added to 15 wt % PEO-b-
PLLA block copolymer 2 and its degradation products are not
toxic for osteoblastic cells under the studied experimental con-
ditions. The effect on bone growth is studied in vivo using a rat
tibia model, showing that the PLLA/psW(20%) composite
added to 15 wt % PEO-b-PLLA block copolymer 2 is a bio-
compatible material because no inflammation occurs when
implanted in vivo. Moreover, the composite is shown to be
permissive for bone-regeneration results. In fact the composite
proves to be osteoconductive in vivo because it supports the for-
mation of new bone. These promising in vitro and in vivo results
are encouraging to perform further studies to improve these bio-
active composite materials for their possible use in bone-guided
regeneration. However, these composites need further optimiza-
tion to stimulate or to promote bone formation in other living

organisms. As a part of these studies, the detailed mechanism of
the in vitro HA formation will be the subject of a forthcoming
paper.38
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