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ABSTRACT: Investigation of novel biomaterials for bone
regeneration is based on the development of scaffolds that
exhibit bone-bonding ability, biocompatibility, and sufficient
mechanical strength. In this study, using novel poly (ε-
caprolactone)/bioactive glass (PCL/BG) hybrids with differ-
ent organic/inorganic ratios, the effects of BG contents on the
in vitro bone-like hydroxyapatite (HA) formation, mechanical
properties, and biocompatibility were investigated. Rapid
precipitation of HA on the PCL/BG hybrid surfaces were
observed after incubating in simulated body fluid (SBF) for
only 6 h, as confirmed by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), and inductively coupled
plasma atomic emission spectroscopy (ICPS). The ICPS elemental analysis results were further analyzed in terms of the Ca2+ and
PO4

3− which were consumed to form the apatite layer. The results revealed that the rate and total amount of HA deposition
decreased with an increase in PCL content. The compressive modulus and strength of the PCL/BG hybrids increased with the
decrease in PCL content. The highest values were achieved at the lowest PCL content (10 wt %) and were around, 90 MPa and
1.4 GPa, respectively. To evaluate the cytotoxicity of PCL/BG bioactive hybrids, MC3T3-E1 osteoblast-like cells were cultured
for up to 72 h. Our data indicated that whereas initial cell attachment was marginally lower than the control tissue culture poly
styrene (TCPS) surface, the hybrid materials promoted cell growth in a time-dependent manner. Cell viability within the
different PCL/BG hybrid samples appeared to be influenced by compositional differences whereby higher PCL contents
correlated with slight reduction in cell viability. Taken together, this study adds important new information to our knowledge on
hydroxyapatite formation, mechanical properties, and cytotoxic effects of PCL/BG hybrids prepared by the sol−gel process using
a tertiary glass composition and may have considerable potential for bone tissue regeneration applications.
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■ INTRODUCTION
Development of novel biomaterials represents an essential area
of interest in bone tissue engineering strategies.1 A variety of
biomaterials, including natural and synthetic polymers and
ceramics,2 are being used to fabricate synthetic scaffolds which
act as guides and stimuli for tissue regeneration.3 In general,
scaffolds for bone tissue regeneration are required to be, at the
very least, capable of supporting cell attachment, and provide
sufficient mechanical strength, bioactivity, and biodegradabil-
ity.4 For this reason, bioactive glasses (BG) and biodegradable
synthetic polymers were among the most widely studied
materials for bone tissue engineering.5,6 BG-based biomaterials
are known for their biocompatibility, osteoinductivity,
osteoconductivity, and ability to form a bone-like mineral
phase at the interface when in contact with living tissues.7,8

However, BGs are stiff and brittle, making them difficult to be
formed into complex shapes, and are susceptible to fracture
under mechanical loads.9 Although aliphatic polyesters such as
poly (glycolic acid) (PGA), poly (L-lactic acid) (PLA), poly (ε-

caprolactone) (PCL), and their copolymers have been
extensively investigated as potential scaffold materials for
bone tissue engineering,10 they have shown limited strength
and mechanical stability to match with bone tissue, especially
when fabricated with large volume fractions of macroporosity.11

In addition, they are not osteoconductive and do not directly
bond to bone. Despite the availability of different materials, it
has been a challenge to find a single material that is both
mechanically competent and biodegradable. Recently, sol−gel
derived organic−inorganic (O/I) hybrid material from
biodegradable polymers and bioactive inorganic materials
have been developed with the aim of increasing mechanical
stability and improving tissue interaction during bone
regeneration.12−14 O/I hybrid biomaterials are based on
selective combination of either biostable15,16 or biodegrad-
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able12,17 polymers and bioactive glasses which are expected to
exhibit tailored physical, biological, and mechanical properties.
In addition, this type of structural organization of synthetic
materials resembles the structure of bone tissue, where the
inorganic component mimics the hydroxyapatite and the
polymer component mimics the collagen-rich extracellular
matrix.18

The requirement for the O/I hybrids to bond to living bone
is the formation of a biologically active hydroxyapatite (HA)
layer on their surface when they are exposed to physiological
fluid. The in vitro bone-like HA layer formation ability of bone-
forming biomaterials, evaluated in a simulated body fluid
(SBF),19 is generally thought to facilitate recruitment of
proteins such as collagen, fibronectin, and vitronectin, in
which osteoblasts bind and proliferate,20 thereby allowing for
the formation of an intimate bond to bone. The modification of
the inorganic network by adding organic polymers in the O/I
hybrid materials were suggested to influence the bioactivity and
the mechanical properties of the resultant hybrid materials.15,21

For example, in the PCL/silica hybrid system, higher PCL
content showed a lower apatite-forming rate and polymer-like
ductile−tough fracture behavior than lower PCL content which
showed a higher rate of apatite formation and ceramic-like
hard−brittle fracture behavior.2215 Results from these studies
imply that, by varying the polymer to inorganic (i.e., Silica)
ratio, the bioactivity and mechanical properties of the hybrid
material could be tailored. Other studies also showed that
incorporation of Ca2+ in the hybrid system provided an
improved osteoconductivity and in vitro bone-like apatite
formation ability of the hybrid system.23 Another aspect of vital
importance in preparing a scaffold material for bone
regeneration is biocompatibility of the scaffold material to the
host tissue. Sol−gel derived bioactive and biodegradable O/I
materials are presumed to be cytocompatible only after
calcination (ca. 600 °C) and removal of the polymer template
used for the sol−gel process.24−28 Obviously, once the polymer
is degraded, the materials are no longer O/I hybrids. Sol−gel
derived O/I hybrid materials are prepared at low temperature
to facilitate silicate hydrolysis and avoid phase separation
between the organic and inorganic components. In the absence
of high temperature treatment that removes unreacted species
and/or traces of trapped impurities, the sol−gel approach could
be a major source of concern to the cytocompatibility of this
class of biomaterials. Although data is scanty, cellular responses
to sol−gel derived O/I hybrids without high-temperature
treatment generally showed poor results23 even with attempts
to neutralize the residual HCl that may be present in the
samples.29

Notwithstanding the above reports, systematic data on O/I
hybrid materials with biodegradable polymer and tertiary glass
components is notably lacking. Previously, we have reported
the synthesis and characterization of bioactive and biodegrad-
able PCL/BG hybrid biomaterials with different organic to
inorganic ratios via a sol−gel process.12 In that study, we have
also demonstrated a PCL/BG hybrid scaffold fabrication by the
electrospinning process.12 However, the suitability of these
novel hybrid biomaterials for potential bone tissue engineering
applications was not studied. Therefore, the objective of the
present study was to investigate the effect of composition on
the in vitro bone-like apatite formation ability, mechanical
property, and cytotoxicity of the PCL/BG hybrid biomaterials
synthesized via a sol−gel process. This study adds important
new information to our knowledge of rapid hydroxyapatite

formation on PCL/BG surfaces prepared by the sol−gel
process using a biodegradable polymer and a tertiary glass
composition.

■ EXPERIMENTAL SECTION
Preparation of PCL/BG Hybrid Materials. PCL/BG hybrids

were synthesized via a sol−gel process as described previously.12

Briefly, a known amount of PCL (CAPATM 6800, MW 80 000 g/
mol) pellets were dissolved in methyl ethyl ketone (MEK) at 35 °C
under moderate stirring for 12 h. After the PCL is completely
dissolved, tetraethyl orthosilicate (TEOS), DI water, triethyl
phosphate (TEP), and CaCl2·2H2O were added successively under
vigorous stirring in the presence of a catalytic amount of 1N HCl.
Hydrolysis of TEOS was carried out at 35 °C until a homogeneous
and transparent sol was obtained. Following this, the sol was sealed
and kept in an oven at 50 °C for 72 h. Aging and drying of PCL/BG
hybrid gels were carried out at 60 °C for 7 days. The compositions of
PCL/BG hybrids used in this study are summarized in Table 1.12

In Vitro Bioactivity of PCL/BG Hybrids. The in vitro bioactivity
of the PCL/BG hybrid and control PCL disk samples (6 mm × 2 mm)
were carried out by incubating in SBF.19 The SBF solution has a
composition and concentration similar to those of the inorganic part of
human plasma (see Table S1 in the Supporting Information). One liter
of SBF solution was prepared by dissolving NaCl (7.996 g), NaHCO3
(0.350 g), KCl (0.224 g), K2HPO4·3H2O (0.228 g), MgCl2·6H2O
(0.305 g), CaCl2 (0.278 g), and Na2SO4 (0.071 g) into distilled water
and buffering at pH 7.4 with tris (hydroxymethyl) amminomethane
(HOCH2)3CNH2 (6.057 g) and an appropriate amount of 1N HCl.
The as-prepared PCL/BG hybrid monoliths were pulverized by a ball
mill for 5 min; then 0.05 g of powder was weighed and heat pressed
using a custom-made stainless steel mold to prepare PCL/BG hybrid
disks with an approximate dimension of 6 mm in diameter and 2 mm
in thickness. Each specimen was immersed in 20 mL of SBF (0.05 g/
20 mL) contained in polypropylene bottles covered with a tight lid.
The bottles were placed in an orbital shaker at a constant speed of 120
rpm and temperature of 37 °C from 6 to 168 h without SBF
refreshing. After each soaking period, the disks were collected from the
SBF and rinsed thoroughly with phosphate-buffer saline (PBS) and
ethanol and dried overnight at 37 °C.

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy. The morphology of HA-like crystals precipitated on
the disks surface during the incubation period was observed using a
high resolution scanning electron microscopy (Leo 1540 FIB/SEM
with Cross-Beam, 25 kV, Zeiss Nano Technology Systems Division,
Germany). The growth and elemental composition of the HA-layer
formation were also evaluated by using an energy dispersive X-ray
spectroscopy (EDX) detector attached to the S-2600N SEM. All disks
were coated with 3 nm of osmium using a Filgen OPC-80T osmium
plasma coater prior to SEM imaging.

Inductively Coupled Plasma Spectroscopy. The concentra-
tions of calcium, phosphate, and silicon ions in the SBF solution
during the incubation period were determined using the inductively
coupled plasma optical-emission spectroscopy (ICP-OES; Vista-Pro
Axial, Varian Inc., USA). Furthermore, Ca2+ and PO4

3− ion
consumption in SBF to form the HA layer were calculated as follows:

= −X X Xconsumption max in SBF final in SBF

Table 1. Compositions of PCL/BG Hybrid Biomaterials

PCL/BG (wt %) sample code

0/100 BG
10/90 1090
40/60 4060
60/40 6040
100/0 PCL
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where X indicates either Ca2+ or PO4
3− ion concentrations and

Xmax in SBF and Xfinal in SBF were determined from the time-course
inductively coupled plasma atomic emission spectroscopy (ICPS)
measurements.
Fourier Transform Infrared Spectroscopy. The Fourier trans-

form infrared spectroscopy (FTIR) absorption spectra were collected
using the Bruker IFS 55 FTIR (Bruker Optics, Billerica, MA). After
soaking in SBF, the specimens were powdered, and 2 mg of each
sample was mixed with 200 mg of potassium bromide (KBr) powder,
pressed as a pellet, and scanned at a resolution of 4 cm−1 and sample
scans of 32. All spectra were analyzed utilizing the OPUS software
version 4.0. Identification of the absorption bands was based on
previous study on synthetic and biological apatite.30

X-ray Diffraction. XRD measurements of the samples were carried
out using a rotating anode X-ray diffractometer model RTP300
(Rigaku Rotaflex, Japan) operating on Co Kα radiation and run at 45
kV and 160 mA. Samples for XRD measurements were prepared by
crushing the PCL/BG hybrid disks before and after incubating in SBF.
XRD measurements were conducted in the 2θ range from 2 to 82°
with step size of 0.02. Two 2θ for equivalent Cu Kα radiation was
obtained using Bragg’s law, λ = 2d sinθ and θCu = sin−1(λCusinθCo/
λCo), where, λCu = 1.54056 Å and λCo = 1.79026 Å.
Compressive Testing. PCL/BG hybrid and the PCL control

cylindrical specimens (n = 5) with 3:2 aspect ratio (9 mm in height
and 6 mm in diameter) were used for compressive mechanical testing.
An uniaxial compression test was conducted using an Instron
Universal Mechanical testing machine equipped with 5 kN load cell
(Instron model 3345, Canton, MA) with crosshead speed of 1 mm/
min at ambient temperature and humidity. The compressive modulus
was determined from the slope of the initial linear elastic portion of
the stress−strain curve. The maximum strength of the PCL/BG hybrid
specimens were also determined using the software associated with the
Instron machine.
Cytotoxicity Assay. For colorimetric assay of the metabolic

activity of viable cells, nonradioactive Cell Proliferation Kit I (MTT;
Roche, Toronto, ON, Canada) was used. In this technique, the yellow
tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)) is reduced to a purple formazan compound by the
dehydrogenase activity of intact mitochondria. Consequently, this
conversion only occurs in living cells. For the purpose of this assay, the
PCL/BG hybrid powders were first sterilized using ultraviolet (UV)
light for 1 h. Following this, a known amount of PCL/BG hybrid
powders were dispersed in serum-free culture media (α-MEM) using
ultrasonic irradiation for 20 min to make up 2 mg/L suspension.
MC3T3-E1 osteoblast-like cells (generously provided by Dr. Jeff
Dixon at the University of Western Ontario) were seeded in 96-well
tissue culture plates at an initial density of 1 × 104 cells per well. A final
volume of 100 μL of cultured medium per well containing α-MEM
supplemented with 10% FBS and 100 U/mL of penicillin and 100 μg/
mL of streptomycin were used. Cultures were incubated for 24 h in a
humidified atmosphere of 95% air and 5% CO2, at 37 °C. The PCL/
BG hybrid suspension at concentrations of 100, 200, 300, and 500 μg/
mL was then added in the confluent layer of MC3T3-E1 osteoblast-
like cells. After 24 and 72 h of incubation period, 10 μL of MTT
solution (5 mg/mL in PBS) was added to each well followed by
incubation in a humidified atmosphere at 37 °C for 4 h. For
dissolution of the purple formazan crystals formed after the incubation
period, 100 μL of the solubilization solution (10% SDS in 0.01 M
HCl) was added and incubated overnight in a humidified atmosphere
at 37 °C . The optical density (OD) of each well at the absorbance
wavelength of 595 nm was determined by a microplate reader (ELX
800, Bio-Tek, USA) with a reference wavelength of 650 nm. Tissue
culture poly styrene (TCPS) was used as a control. The cell-free
culture medium with respective PCL/BG hybrid suspension was used
as a blank. Triplicates of each sample were tested for each incubation
time. The data obtained were then normalized with respect to the OD
value of the TCPS at the 6 h culture.
Statistical Analysis. Statistical data analyses were conducted using

a one-way analysis of variance (ANOVA) and Tukey HSD Rank Order
Test. A probability value of 95% (p < 0.05) was used to determine the

level of significance. Error is reported in the figures as the standard
deviation (SD).

■ RESULTS
In Vitro Bioactivity of PCL/BG Hybrid Materials.

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy. The SEM micrographs of the PCL/BG hybrid
and PCL disk surface before and after different incubation
times in SBF solution are shown in Figure 1. Before incubation

in SBF solution (0 h), all the PCL/BG hybrid samples with
different compositions showed a smooth surface. After 6 h, the
PCL/BG hybrid surfaces were covered with heterogeneous and
sparsely dispersed spherically shaped particles. After 24 h of
soaking, the surfaces were covered with densely packed
particles.
In Figure 2, a high magnification of the micrographs taken

for a representative 4060 PCL/BG sample is presented. Similar
to typical HA morphology, these micrographs showed evidence
of needle-like crystallites covering the PCL/BG hybrid disks.
The observed morphology of the HA apatite layer on the
surface of PCL/BG hybrid disks was similar for all
compositions (see additional micrographs in Figure S1 of the
Supporting Information). To the contrary, no apatite layer
deposition was observed on the PCL control disks for all time
points up to 168 h incubation.
To demonstrate the evolution of apatite layer deposition on

the specimen surfaces with respect to the incubation time, the
EDX elemental intensities from Figure 2 were converted into
wt % and are presented in Figure 3. Before incubation (0 h),
the EDX spectrum showed that the surface of the PCL/BG
hybrid had large amounts of silicon (65 wt %) compared with
the other inorganic constituents (29 wt % Ca and 6 wt % P).
After incubation in SBF from 6 to 168 h, the EDX analysis
detected an increase in Ca and P concentrations compared with
the Si content. Both the increase of Ca and P and the decrease
of Si were sharp at the earlier incubation times before it leveled
off after 96 h of incubation. The Si content on the surface
became extremely low, likely due to the consequence of the
thickness of the newly formed apatite layer and the limitation
on the X-ray beam penetration depth. The Ca/P ratio after 168
h was calculated to be 1.70 ± 0.04 which is slightly higher than

Figure 1. SEM micrographs showing the evolution of the HA layer on
different PCL/BG hybrids and PCL control disk surfaces after
incubating in SBF at different time points. 0 h represents the samples
before incubation starts. (Scale bar = 5 μm.)
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the stoichiometric (Ca10(PO4)6(OH)2) Ca/P ratio (1.67),
possibly due to the B-type CO3

2− substitution in apatite
lattice.31 The observation from SEM and EDX studies clearly
confirmed that the new surface was enriched by Ca and P,
which are the main constituents of HA.
At the 25 keV primary electron beam used in our experiment,

the penetration depth at which the primary electrons have
sufficient energy to generate characteristic X-rays is limited to
about 2−5 μm thick. We therefore measured the apatite layer
thickness at different times. To do this, specimen surfaces were
scratched to disrupt the deposited HA layer and cross sectional
images were taken at 45° angle. The data collectively presented
in Figure 4 showed that the film thickness increased

significantly from 2 μm at 6 h incubation to 21 μm at 168 h
of incubation with SBF.

Inductively Coupled Plasma Spectroscopy. When PCL/BG
hybrids are incubated in SBF, the first step is the release of
Ca2+, PO4

3−, and Si ions from the PCL/BG hybrid disks into
the SBF solution. This is followed by the redeposition
(consumption) of the released ions as well as the ions in the
SBF solution to the disks to form the HA layers. We therefore
measured the concentration variations of these ions in the SBF
with the incubation time by means of ICPS. At earlier
incubation times, the ions increased sharply in the SBF solution
before it decreased due to Ca2+ and PO4

3− ions deposited to
the hybrid disks (see Figure S2 in the Supporting Information).
The consumption of Ca2+ and PO4

3− by each sample was
calculated by subtracting the final concentration at 96 h from
the maximum concentration at 6 h. The data presented in
Figure 5 demonstrated that the total consumption for both
Ca2+ and PO4

3− ions varied with composition. Significantly
lower Ca2+ and PO4

3− consumption from the SBF solution
were observed for 6040 and PCL disks (p < 0.05). In the
extreme case of the control PCL, a negligible amount of ions
were consumed. Furthermore, the results from Figure 5
indicated the amount of CaP deposited on the surfaces of the
PCL/BG hybrid samples, which may be used as one of the
screening criteria for the evaluation of in vitro bioactivity of
materials.

Figure 2. High magnification SEM micrographs and the correspond-
ing EDX patterns for the evolution of the HA layer on 4060 PCL/BG
hybrid disks before and after incubation in SBF for different time
points. (SEM scale bar = 1 μm.)

Figure 3. Composition (wt %) profiles of Si, Ca, and P atoms on the
surface of 4060 PCL/BG hybrid disks (as determined by EDX) before
and after incubation in SBF for different time points.

Figure 4. HA film thickness variation with incubation time for 4060
PCL/BG hybrid disks as determined by SEM (A, B) followed
quantification using ImageJ (C). Scale bar: A = 2 μm; B = 10 μm.
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Fourier Transform Infrared Spectroscopy. The growth of
HA crystals on PCL/BG hybrid sample was also investigated by
FTIR spectroscopy before and after incubation for up to 168 h
(7 days) in SBF. The IR absorption spectra for PCL/BG hybrid
samples and pure BG after various incubation times in SBF are
displayed in Figure 6.

The spectra of the PCL/BG hybrid samples before
incubation in SBF showed the absorption peak of the bending
and stretching vibrations of Si−O−Si bonds at the wavelength
of 800 and 1080 cm−1. The peak at 1630 cm−1 is attributed to
−OH groups from residual moisture. The characteristic peaks
of PCL are observed at 1730 cm−1 (CO). However, after
incubation in SBF for 6 h, a weak P−O vibrational band near
602 cm−1 was detected, indicating the initial presence of CaP-
rich layer. After immersion in SBF for 24 h, two crystalline P−
O vibrational peaks at 564 and 602 cm−1 were clearly observed.
With increased incubation time, the other vibrational peaks of
HA were also gradually detected, indicating the evolution of
HA as a function of time. The IR spectra of the PCL/BG
hybrid samples incubated for more than 96 h showed well-
resolved vibrational peaks at 1080 and 800 cm−1, which were
assigned to the Si−O−Si bands; the peaks at 1492 cm−1 were
assigned to the C−O vibration bands; the peaks at 964, 602,
and 564 cm−1 were assigned to the P−O bands.30

X-ray Diffraction. The XRD patterns for PCL/BG hybrid
and pure BG samples before and after incubation in SBF up to
168 h are shown in Figure 7. The unincubated BG and PCL/

BG hybrid samples (0 h) showed no diffraction peaks
indicating that the samples were completely amorphous. In
contrast, after 6 h of incubation the apatite diffraction peaks
appeared at 2θ = 21.8°, 25.9°, 31.77°, 45.4°, and 53.45°, which
were indexed to be (200), (002), (211), (222), and (004)
diffraction planes, respectively, of HA (JCPDS #9-432). The
apatite (002) diffraction peak became more evident and

Figure 5. Total consumption of Ca2+ and PO4
3− ions from the SBF

solution during the in vitro bioactivity test conducted for PCL/BG
hybrids with different compositions. Different letters indicate that the
groups are significantly different at p < 0.05.

Figure 6. FTIR spectra of the in vitro HA formation on the surface of
the PCL/BG hybrid and pure BG disks after incubating in SBF for
different time points.

Figure 7. XRD pattern of the in vitro HA formation on the PCL/BG
hybrid and pure BG materials surface after soaking in SBF at different
time points.
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appeared sharp after 24 h of incubation. The (211) diffraction
peaks also became narrower with a longer time. In addition,
other diffraction apatite peaks (200, 211, 222, and 004) also
became more evident.
Mechanical Properties. The compression test results of

the PCL/BG hybrids and control PCL are illustrated in Figure
8. Each of the curves is a representative for each composition.

The mean values and standard deviations of compressive
modulus, compressive strength, and strain at failure of the
PCL/BG hybrids and control PCL obtained from the current
study are summarized in Table 2. It can be seen that the

incorporation of the PCL within the inorganic network
significantly increased the strain at failure from 7.67 ± 0.52%
for 1090 to 10.81 ± 1.53% for 6040 (p < 0.05). On the other
hand, the presence of the inorganic component in the hybrid
system also contributed to an increase in the compressive
modulus and compressive strength. The four compositions
shown in Table 2 were separated into three significant groups
(p < 0.05).
Cytotoxicity Assay. The cytotoxicity of the PCL/BG

hybrid samples were assessed by the MTT assay, and the results
are presented in Figure 9. As can be seen, the cell viability data
showed that the addition of the as-prepared PCL/BG hybrid
powder suspension into the cell culture demonstrated no
significant toxicity (p > 0.05) to the cell viability compared to
the cell density after a 6 h culture on the TCPS. However, slight
reductions in the optical density (OD) values were observed for
the higher polymer content (6040). In addition for all
compositions, an increase in OD value was observed after 24
and 72 h incubation periods, suggesting that while the growth
rate may be lower than the TCPS control, cells were actively

metabolizing on all hybrid materials for the 72 h culture period.
The data in Figure 9 is for 500 μg/mL powdered hybrid
materials added to the cell culture; however, the results for the
100, 200, and 300 μg/mL were consistent with Figure 9 (see
Supporting Information Figure S3).

■ DISCUSSION
Organic−inorganic hybrid biomaterials synthesized by a sol−
gel process are becoming one of the most sought-after classes
of materials in scaffold fabrication for bone tissue regener-
ation.13,32 More specifically, the use of biodegradable polymers
such as PCL in the sol−gel process would be an interesting
option, due to its biocompatibility and biodegradability.
Although there are literature reports of PCL/BG glasses
based on the sol−gel process,33,34 PCL is not often added to
the sol while the network is being formed during the
polycondensation. Instead, sol-gel derived and sintered BGs
are combined with PCL matrices. Unlike the present work,
however, these nanocomposites are not considered to be hybrid
materials whereby the bioactive glass components and the
polymer chains are interacting via chemical bonding on a
molecular scale forming a single phase. The most relevant work
to the current study was conducted by Rhee and co-
workers22,35,36 who reported sol−gel derived PCL/silica
materials where the PCL was added during the silicate
hydrolysis stage. Sol−gel chemistry is inherently carried out
with water as the main solvent for hydrolysis of the silicate
component. This, in turn, means that the organic polymer must
have a high molecular weight and be water soluble.
Unfortunately, these criteria are met only by nonbiodegradable
polymers such as polyvinyl alcohol (PVA) or polyvinyl
pyrrolidone (PVP). If the polymer is degradable and water
soluble but has low molecular weight, it will be leached out or
segregated easily. Because high molecular weight PCL tends to
precipitate in the presence of water during the sol−gel process
(owing to its water insolubility), Rhee et al.35 used a low
molecular weight (2000 g/mol) water soluble and degradable
α,ω-hydroxyl PCL. In order to overcome leaching and
segregation of this low molecular weight α,ω-hydroxyl PCL,
it was chemically linked to 3-isocyanatopropyl triethoxysilane
which was then co-condensed with TEOS. Contrary to these
cited works, the present study did not require the use of a
coupling agent since we have utilized a high molecular weight
PCL (80 000 g/mol) that does not leach out from the hybrid.
Since high molecular weight PCL was not water soluble, we
addressed this challenge using MEK as a cosolvent to ensure

Figure 8. Representative stress−strain curves for pure PCL and
different compositions of PCL/BG hybrid samples as obtained from
uniaxial compressive testing.

Table 2. Summary of the Mechanical Properties of the PCL/
BG Hybrids and PCL Samples (n = 5) as Obtained from the
Uniaxial Compressive Testinga

sample
ID

strain at failure
[%]

compressive strength
[MPa]

compressive modulus
[MPa]

1090 7.67 ± 0.52 a 88.58 ± 9.57 a 1388.6 ± 75.87 a
4060 9.76 ± 0.98 b 30.89 ± 4.08 b 633.3 ± 45.38 b
6040 10.81 ± 1.53 b 28.95 ± 2.80 b 552.62 ± 30.37 b
PCL 19.79 ± 1.05 c 335 ± 11.92 c

aDifferent letters indicate that the groups are significantly different at p
< 0.05.

Figure 9. Normalized MC3T3-E1 cell viability after culturing in direct
contact with BG, 1090, 4060, and 6040 PCL/BG hybrid particulates
with concentrations of 500 μg/mL, for periods of 6, 24, and 72 h.
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that we had a homogeneous system at all times during the
polycondensation.12

Previously, we reported the synthesis and characterization of
novel organic−inorganic hybrid materials based on PCL and
tertiary BG with uniformly distributed calcium for potential
applications in bone tissue engineering.12 However, the effects
of composition on properties such as the bioactivity,
mechanical properties, and biocompatibility of these materials
were not investigated. In the present study, we hypothesized
that the presence of surface silanol groups (Si−OH) and the
incorporation of both calcium and phosphate ions into the
hybrid system accelerates the in vitro bioactivity behavior. To
test this hypothesis, three different PCL/BG hybrids with
different composition were prepared with anticipated bio-
activity and enhanced mechanical properties as compared to
studies conducted by different groups, which used either
nondegradable polymers15,16,37 or silica as the only inorganic
phase in the hybrid system.15,22,38 The reason for restricting the
maximum PCL content in the hybrid system to 60 wt % (i.e.,
6040) was due to the fact that the hydrophobic nature of PCL
limited its solubility in the inorganic sol even with MEK
cosolvent . Our data (Figure 1) demonstrated that all the PCL/
BG hybrids, except for the pure PCL, showed a bone-like
apatite forming ability in SBF. The FTIR spectra (Figure 6)
revealed that HA formation was higher with increased inorganic
content (1090 and 4060) than lower inorganic content (6040).
This result, while consistent with a literature report,22 is
significant due to the use of the tertiary BG as the inorganic
phase and the biodegradable polymer (PCL) as an organic
phase, combinations that are not reported to date. Perhaps, the
most striking finding of our study is the fact that we were able
to observe a well-structured HA layer formation at a very low
incubation time of 6 h regardless of the PCL-BG composition.
In PCL/silica sol−gel materials incorporating calcium, previous
studies22,39 have demonstrated the need for 7 days of
incubation in SBF to obtain meaningful HA layers.
Furthermore, an attempt to induce rapid HA deposition by
annealing the samples at elevated temperature (200 °C) had a
detrimental effect.40 Careful examination of these cited studies
indicate that phosphate groups were notably absent in the sol−
gel hybrid materials. Given that HA deposition study in the
present work was done on hybrid samples containing tertiary
glass components, we believe that the phosphate was
responsible for rapid HA deposition rather than the PCL-BG
composition. For all compositions and incubation times, the
deposited HA morphology was not different but the deposited
film thickness increased significantly over time (Figure 4).
Since the growth of the apatite layer is known to be affected

by the presence of PO4
3− and Ca2+ ions,41,42 the amounts of the

Ca2+ and PO4
3− ions present in the inorganic phase of the

present hybrid system were initially optimized on the basis of
the condition where a greater bioactivity is observed as reported
in other studies.43 The bioactivity data on different PCL/BG
ratios used in the current study indicated that the amount of Ca
and P ions in the hybrid materials influenced the HA
deposition. The total amount of Ca2+ and PO4

3− ion released
from the specimens into SBF and subsequently consumed
(Figures 5 and S2, Supporting Information) to form the apatite
layer on the PCL/BG hybrid surfaces were directly propor-
tional to the amount of the inorganic content incorporated in
the hybrid system. In addition to the phosphate groups present
in the bioactive glass, the rapid apatite nucleation observed in
our system (6 h) could also be related to the presence of high

concentration silanol groups on the PCL/BG surfaces and the
increased overall ionic activity of the solution.44 Once the
apatite nuclei are formed, the layer can grow spontaneously by
consuming the Ca2+ and PO4

3− ions from SBF; this is because
the SBF is supersaturated with respect to the apatite.
The choice of PCL in this study was to provide

biodegradability and to optimize the mechanical properties of
the hybrid systems. It has been reported22,35 that low molecular
weight PCL accelerates the biodegradability of PCL/silica
hybrids and affects the mechanical properties whereby higher
PCL contents resulted in polymer-like ductile−tough fracture
behavior.22 Conversely, the low PCL content in the hybrid led
to a ceramic-like hard−brittle fracture behavior. With respect to
the fracture failure, our data is consistent with the above notion.
In the present study, the compressive stress and modulus values
increased with the increase in BG content and vice versa
(Figure 8, Table 2). Maximum compressive strength and
modulus values of 90 MPa and 1.4 GPa, respectively, were
achieved for 90% BG content. When we compared our data
with the closest study in the literature,22 there was a notable
difference since, contrary to the cited work, both the
compressive strength and modulus of our PCL/BG hybrid
system significantly increased with the increase in the BG
content. Given the PCL molecular weight difference between
these studies and the experimental conditions involved, direct
comparison is somewhat difficult. However, our data under-
scores the predictability of the mechanical properties of the
current PCL/BG hybrids, collectively suggesting that, by
combining a tertiary BG and a biodegradable PCL polymer,
the mechanical properties and HA formation could be
modulated.
In addition to the bioactivity and mechanical properties,

biomaterials used for bone regeneration also need to be
cytocompatible, without eliciting adverse response from the
application site or surrounding tissue. Various studies24−28,33,34

demonstrated that polymer/BG hybrid materials synthesized by
a sol−gel process and have undergone a thermal stabilization at
high temperature (ca. 600 °C) to be nontoxic since the high
temperature burns off residual and leachable toxic components
including the polymer. However, the PCL/BG hybrids derived
from the sol−gel process in this study could not be thermally
treated at high temperature, since it would lead to degradation
of the PCL. In view of this, the effect of the possible unreacted
precursors on cell viability was evaluated. As shown in Figure 9,
the result from the cytotoxicity assay of PCL/BG hybrids
indicated that the present materials were not significantly toxic
when compared with the TCPS control for each time point.
Cell viability studies on sol−gel derived BG hybrid biomaterials
were reported primarily for PVA systems.8,29,45 It seems that
the cytocompatibility in the PVA hybrid systems is dependent
on cell type. For example, when primary cells are cultured on
these materials, cell viability is generally poor29 whereas stem
cells (both bone marrow and adipose-derived) showed
excellent viability.8,45 Although we did not utilize stem cells
in this study, the osteoblast-like cells viability on the PCL/BG
hybrid system is better than PVA/BG hybrids on primary cell
viability whereas it is comparable to the stem cell data.
Taken together, the PCL/BG hybrids synthesized via a sol−

gel process demonstrated some of the advantages of combining
biodegradable polymers with tertiary BGs. The ability to use a
single material, polymer or glasses, for such purposes may be
impractical, and hybrids may be utilized to yield better results.
Such is the case with organic−inorganic hybrids, which can
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exhibit a range of bioactive, resorbable, and mechanical
properties. Further tailoring of the material chemistry and
morphology can thus be employed to match these properties
with the host tissue, in an effort to give better incorporation
and enhanced efficacy.

■ CONCLUSION
In this study, in vitro bone-like HA formation ability,
mechanical properties, and biocompatibility of sol−gel derived
PCL/BG hybrids based on tertiary glasses were investigated. It
was shown that the bioactivity of sol−gel derived BG is mainly
governed by the presence of surface silanol group (Si−OH)
and Ca and P content. After incubating in SBF, all hybrid
materials showed HA formation ability. However, the rate and
total amount of HA formation decreased with an increase in
PCL content (Figure 5). The strain at fracture increased with
an increase in PCL content whereas the compressive modulus
and strength of the PCL/BG hybrids increased with the
decrease in PCL content. The cytotoxicity test indicated that no
significant (p > 0.05) toxicity was observed for lower polymer
contents; however, a slight reduction in cell viability was
observed with the higher polymer content as compared to the
control. Therefore, the ability to tailor the bioactivity and
mechanical property of these novel PCL/BG hybrid materials
could represent a potential application for bone tissue
regeneration.
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