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B
ioceramics such as bioglass are favor-
able materials for bone grafting appli-
cationsdue to thehighbiocompatibility

and bonding capability to the host tissue in
the body.1�6 The surface of bioactive materi-

als forms a biologically active hydroxyapatite

layer, which provides the bonding interface

with tissues. This apatite phase is chemically

and structurally equivalent to the mineral

phase in bone, providing interfacial bonding.7

Among bioceramics, silica-based materials

show great potential for bone tissue regen-

eration applications. One of the major obsta-

cles for the application of bioglass in bone

repair is its poormechanical properties, which

make its manufacturing a challenging issue.

Several attempts have been made to resolve

the issues associated with the brittle and

fragile structure of bioglass prior to bone

grafting.8 Introducing materials with a lower

elastic modulus such as polymer matrices is a
strategy to improve the mechanical proper-
ties of bioglass and mimic the natural bone
structure.9�11

Poly(methyl methacrylate) (PMMA) is a
synthetic polymer often used to augment

the mechanical properties of bioglass.8,11�15

This polymer has broad biomedical applica-
tions due to its self-hardening property and

excellent mechanical properties.16 It has

been used for prosthetic fixation, as a bone
substitute in orthopedics, and as a self-

curing reagent in dental prosthetics.17,18

PMMA-based bone cements were first in-
troduced in 1960s.19 Since then, progress

has been made to improve their properties

for fixation of implants and filling bone

voids after removal of tumors or trauma.13

For example, in orthopedic and dentistry

operations, amixture ofmethylmethacrylate
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ABSTRACT Bioglasses are favorable biomaterials for bone tissue engineering; however, their

applications are limited due to their brittleness. In addition, the early failure in the interface is a

common problem of composites of bioglass and a polymer with high mechanical strength. This

effect is due to the phase separation, nonhomogeneous mixture, nonuniform mechanical strength,

and different degradation properties of two compounds. To address these issues, in this study a

nanoscale interaction between poly(methyl methacrylate) (PMMA) and bioactive glass was formed

via silane coupling agent (3-trimethoxysilyl)propyl methacrylate (MPMA). A monolith was produced

at optimum composition from this hybrid by the sol�gel method at 50 �C with a rapid gelation time
(<50 min) that possessed superior physicochemical properties compared to pure bioglass and

physical mixture. For instance, the Young's modulus of bioglass was decreased 40-fold and the dissolution rate of silica was retarded 1.5-fold by integration

of PMMA. Prolonged dissolution of silica fosters bone integration due to the continuous dissolution of bioactive silica. The primary osteoblast cells were well

anchored and cell migration was observed on the surface of the hybrid. The in vivo studies in mice demonstrated that the integrity of the hybrids was

maintained in subcutaneous implantation. They induced mainly a mononuclear phagocytic tissue reaction with a low level of inflammation, while bioglass

provoked a tissue reaction with TRAP-positive multinucleated giant cells. These results demonstrated that the presence of a nanoscale interaction between

bioglass and PMMA affects the properties of bioglass and broadens its potential applications for bone replacement.
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(MMA) monomer, initiators, and activators is placed in
the body, and the fixation occurs by in situ poly-
merization.20 This approach, however, is not desirable
due to several issues including damage to the sur-
rounding tissues as a result of temperature raise (70 �C)
from an exothermic reaction; release of toxic com-
pounds such as residual MMA monomer, initiators,
and activators; and inertness and lack of bioactivity.
These issues lead to the thickening of an intervening
fibrous tissue layer; inhibition of cell function and
growth/differentiation; increased inflammatory re-
sponse and cell death/necrosis; and finally loosening
of prosthesis/implants.11,13,21 Several approaches have
been attempted to resolve the problems of PMMA-
based implants. For example, the amount of MMA
monomer was reduced with the addition of PMMA
polymer to the mixture. This reduced the heat genera-
tion during the exothermic reaction, minimizing the
damage to surrounding tissues.22�24 However, this
method still does not eradicate the issue of adding
MMA monomer for in situ polymerization and low
bioactivity.
Bioglass powder was added as a filler to PMMA-

based biomaterials to enhance their biocompatibility
and bioactivity.13,14,23,25 The amount and particle size
of bioglass powder have a significant effect on the
bioactivity of PMMA�bioglass physically mixed com-
posites. Decreasing the particle size of bioglass in-
creases the surface area, resulting in higher exposure
of bioactive compounds to the surrounding tissue,
hence enhancing the bioactivity of the implant.12,23,26

However, physicalmixtures of PMMAandbioglassmaybe
nonuniform due to the lack of adhesion between these
two materials and the absence of molecular interaction.
Phase separation is a challenging issue in manufactur-

ing ceramic�polymer composites (physical mixtures)
due to the different inherent physicochemical character-
istics of these two compounds. This effect leads to the
formation of cavities in their interfaces and sudden
changes in the structural properties of the material.27,28

Discrepancies in the physical properties, such as degra-
dation rate and mechanical strength, increase the risk of
implant failure.12,29 Additionally a UV- or photosensitive
initiator may be added to the composite for in situ

polymerization of MMA monomer to promote homoge-
neous mixing of these two compounds.30 This strategy
accelerates the gelation time of these composites, which
is favorable for injectable bone implants. However, these
reagents may be toxic to surrounding tissues.
Organic�inorganic hybrids have been introduced as

an alternative approach to address the issue of phase
separation in physical mixing.31 The interaction between
PMMA�bioglass ranges from weak van der Waals and
hydrogen bondings (class I hybrid) to strong covalent
bonds (class II hybrid). Organosilane coupling agents
such as 3-(trimethoxysilyl)propyl methacrylate (MPMA),
shown in Figure 1, are molecules with both organic and

inorganic moieties that provide the active sites for cova-
lent bonding between organic and inorganicmolecules.32

These hybrids are commonly produced by the sol�gel
method atmoderate temperatures, which is the favorable
method for the incorporation of an organic compound
into the structure of an inorganic substance without
thermal degradation.33 Furthermore, the sol�gel method
is efficient in creating a homogeneous distribution be-
tween two phases as a result of dissolving both com-
pounds in a common solvent. The presence of MPMA
organosilane coupling agent results in the formation of
Si�O�Si covalent bonds to the silica network and forma-
tion of a homogeneous mixture of PMMA�bioglass. The
schematic molecular structures of PMMA, MPMA, and
PMMA�bioglass are shown in Figure 1.
PMMA�silica hybrids have been used in optics,34

mechanics,34�36 and electronics.36,37 Few studies
synthesized and characterized the physical and che-
mical properties of PMMA�silica hybrids and intro-
duced this material as a candidate for bone cements38

and dental39,40 applications. The bioactivity of PMMA�
silica hybrids was confirmed by the formation of an
apatite layer on the surface.16,29 In comparison with
pure PMMA polymer, the cell response was also pro-
moted in samples containing silica.41,42 However, these
studies have not investigated the impact of covalent
bonding at the molecular level on bioactivity, physico-
chemical, and biological properties of hybrids, which
was one of the objectives for our study.
MPMA has been used as a coupling agent to en-

hance chemical bonding between bioglass and PMMA
to fabricate hybrids with superior properties. It was
perceived thatMPMAcomposition has a negligible effect
on the molecular interaction between PMMA�bioglass
and formation of the hybrid.43 However, we have pre-
viously demonstrated that the composition ofMPMAhas
a significant impact on chemical conjugation between
PMMA and silica and formation of homogeneous
hybrids.44 The hybrids produced from a 0.1 molar ratio
of MPMA:MMA were transparent, underlining the ab-
sence of phase separation; however, at lowermolar ratios
(i.e., 0.004, 0.02), samples were opaque due to phase
separation between PMMA and bioglass. This observa-
tion was confirmed by the results of one- and two-
dimensional solid-state NMR, indicating strong intermo-
lecular interaction between bioglass and PMMA at a
molecular level when using 0.1 molar ratio of MPMA:
MMA, while at lower ratios this interaction was low.44

Additionally, this nanoscale interaction shifted the de-
gradation temperature of this hybrid fabricated at 0.1
molar ratio of MPMA:MMA to 400 �C, which was at least
10% higher than PMMA and hybrids prepared from
MPMA:MMA < 0.1 (mol ratio).43,44 The PMMA-co-MPMA
produced at highermolar ratios ofMPMA:MMA (e.g. >0.1)
was very viscous and involved complicated purification
steps. Therefore, a 0.1 MPMA:MMA molar ratio was
deemed as the optimum composition for the fabrication
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of bioglass�PMMA hybrids. It is important to note that it
was viable to fabricate hybrids with various ratios of
bioglass:PMMAwhen using a 0.1MPMA:MMAmolar ratio.
The morphology, mechanical properties, and degra-

dation profiles are the crucial factors for bone implant
applications. Therefore, in this study, we aim to inves-
tigate the effect of intermolecular interactions on the
properties of PMMA�bioglass. A 0.1 MPMA:PMMA
molar ratio was used to fabricate hybrids, and their
properties were compared with a physical mixture and
neat bioglass. Analytical methods such as scanning
electron microscopy (SEM), energy dispersive spectro-
metry (EDS), atomic force microscopy (AFM), and scan-
ning transmission electron microscopy (STEM) were
used to investigate the surface properties of these
composites. Furthermore, the effect of covalent bond-
ing and molecular interaction of hybrids on the me-
chanical strength and degradation profile was
assessed. Finally, in vitro and in vivo assays were
conducted to compare the bioactivity, cell adhesion
properties, and cytotoxicity of hybrids with bioglass
and a physical mixture.

RESULTS AND DISCUSSION

In this study the physical properties of the hybrid
(H1) were compared with the physical mixture of
PMMA�bioglass (H0). Both pure bioglass and PMMA
homopolymer were considered as control samples, as
shown in Table 1. It was observed that only H1 formed
a one-phase, transparent, three-dimensional (3D), mono-
lith structure, which is due to the formation of covalent
bondingbetweenMPMAand silanol groups of bioglass.44

However, in the absence of MPMA, the sol�gel method
was not efficient for the creation of a uniform mixture of
PMMA and bioglass, and two separate phases of a thin
film of polymer and a gel structure of brittle bioglasswere
formed. Previous studies have shown that it is viable
to create a 3D structure of PMMA�bioglass of different
composition by in situ polymerization ofMMAmonomers
in the presence of bioglass as a filler. However, these

products are still not as uniform as hybrids and exhibit a
nonhomogenous degradation profile and nonuniform
distribution of mechanical force due to the different
load-bearing characteristics of polymer and bioglass
particles.45

The hybrid and bioglass were formed within 5 and
120 h by the sol�gel method at room temperature,
respectively. However, it was found that by increasing
the temperature from 25 �C to 50 �C the gelation times
of H1 and bioglass were decreased dramatically to 3 h
and 45 min, respectively. These data demonstrate the
significant impact of temperature on the formation of a
silica network.46,47 The faster gelation of H1 compared
to bioglass was due to the presence of strong Si�C
bonds.46,48 Rapid gelation is favorable for the fabrica-
tion of in situ products in clinical applications.

Morphological Analyses. Themorphology of H0 andH1
was compared in the macro- and nanoscale to assess
the risk of phase separation as a result of lack of
molecular integration. As shown in Figure 2, the differ-
ences in surface characteristic of bioglass (Figure 2a)
and H0 (Figure 2b) elucidate the appearance of phase
separationbetweenceramic andpolymer for thephysical
mixture of PMMAandbioglass (H0). However, the surface
of hybrid samples in Figure 2(c) was homogeneous, and

Figure 1. Schematic procedure for the fabrication of a PMMA�bioglass class II hybrid.

TABLE 1. Optical Transparency andGelationTimeofDifferent

Samplesa

gelation time (h)

sample

MPMA:MMA

(mol ratio)

Mn (Da),

PDI

sol(B):

sol(A)

optical

transparency 25 �C 50 �C

H1 0.1 60:40 T 5 0.75 (45 min)
H0 0 60:40 NT NG NG
bioglass T 120 3
PMMA 0 17025, 1.89 NG NG
PMFS 0.1 21721, 1.77 NG NG

a T: transparent; NT: not transparent; NG: no gel formation; Mn: number average
molecular weight; PDI: polydispersity index; PMFS: functionalized PMMA using
0.1 molar ratio of MPMA:MMA.
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no phase separation occurred in the structure of H1,
underlining the presence of chemical conjugation result-
ing in structural integrity. The absence of phase separa-
tion in H1 and a homogeneous distribution of bioglass in
the PMMA structure was further confirmed by mapping
the SEM image by an EDS detector. The results in Figure 3
and quantitative analysis of these data demonstrated that
calcium, silicon, and carbon were distributed uniformly
throughout the H1 sample, while for H0, calcium was
detectedonlyona few regionsof the surface. Theabsence
of phase separation in nanoscale for H1 and formation of
two phases for H0 were elucidated by STEM analysis, as
shown in Figure 4.

AFM analysis was used to compare the surface
properties of hybrids fabricated in this study with a
physical mixture of PMMA�bioglass. The roughness
values were nonuniform for the H0 sample, under-
lining the nonhomogenous distribution of applied
stress. However, as depicted in Figure 5, the surface
of the H1 hybrid was smoother and the roughness
dropped 5-fold compared to the physical mixture.

The results of analysis by SEM, EDS, STEM, and AFM
demonstrated that the addition of a 0.1 molar ratio of
MPMA:MMAthat led tocovalentbondingbetweenPMMA
and bioglass was efficient in creating a homogeneous
mixture of PMMA and bioglass. This amount of coupling

Figure 2. SEM images of (a) bioglass, (b) H0, and (c) H1.

Figure 3. EDS results of (a) H0 and (b) H1 including the EDSmapping results for carbon, silicon, and calcium elements and the
statistical results of the presence of elements.
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agentwasadequate topreventphase separationbetween
these two organic and inorganic phases.

Mechanical Properties. Mechanical properties are one
of the key factors for selecting a biomaterial.43 The bulk
mechanical properties of prepared hybrid monoliths
were compared to neat bioglass (BG). The physical
mixture (H0)was excluded from this test due to the lack
of 3D structure and nonuniform gel formation. As
shown in Figure 6(a), the uniaxial stress�strain com-
pression curves of H1 and BG showed two regions
(I and II) before fracture: the linear region I, from which
the Young's modulus was calculated, and the quasi-
linear region, in which the stress was increased until
fracture. It was observed that region I in H1 extended
up to 0.1 mm/mm, while this region was decreased
10-fold in BG and did not exceed 0.01 mm/mm. Further-
more, the 40-fold reduction of the Young's modulus of
bioglass (229 MPa) compared to H1 (6 MPa) resulted in
achieving higher mechanical stability for the hybrid
samples. The ultimate strain of H1, also, was 8-fold
higher than the bioglass sample (Figure 6(b)), which

completely collapsed in the first stage of the mechan-
ical test. Moreover, the toughness of the hybrid was
2.6-fold higher than the bioglass sample. The enhance-
ment of mechanical properties of H1 was attributed to
the covalent bonding (Si�O�C bonds) and integration
of PMMA chains into the silica structure.

It is favorable to develop a biomaterial that mimics
the hardness of the host tissue.49 As shown in Figure 6-
(c), the hardness value of the H1 hybrid was close to
natural bone (i.e., 33�45 Vickers hardness (HV))50 and
significantly higher than bioglass and PMMA and even
their physical mixtures (p < 0.001). These data demon-
strated that H1wasmore stable and less deformed under
stress compared to H0, bioglass, and PMMA. It can be
concluded that the integration of PMMA chains into the
molecular structure of silica increased the toughness and
ductility, while decreasing the brittleness. The compres-
sion strength and Young's modulus of the H1 that was
prepared from 60:40 vol % PMFS:bioglass solutions were
within the range suitable for osteoblast cell adhesion and
proliferation.7,51,52 An in vitro cell study was then con-
ducted to assess the cell adhesion to this material.

Degradation Analysis. One of the challenging issues in
the application of composite materials is the separate
degradation profile of each component, especially
when one of the components degrades before the
regeneration of the tissue.12 Inhomogeneous degrada-
tion causes uneven stress distribution or load transmis-
sion on the composite materials that leads to adverse
effects such as loosening of the implant.

The degradation of H1, bioglass, and pure PMMA
samples was measured within 100 days. The data inFigure 4. STEM images of (a) H0 and (b) H1.

Figure 5. AFM results including topographic images, phase imaging, and roughness of the surface of H0 (physical mixture)
and H1 (hybrid).
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Figure 7 show that PMMA has no weight loss during
this period; however, bioglass was rapidly degraded
and completely dissolved after 83 days. The mechan-
ism of degradation of bioglass is well established in the
literature.45,53�55 During the degradation of bioglass,
SiO2 is gradually dissolved and results in producing
silicic acid, which is excreted from the body.45,53�55

However, the degradation rate of SiO2 matrices is a
function of parameters such as the composition of
precursors, water:TEOS molar ratio, pH, and network
connectivity of the silica matrix that is shown by Qn

species.56 Qn shows the number of Si�O�Si bonds
around each silicon. For example, the high value of Q3

and low value of Q4 are indicative of a less compact
network and hence a faster degradation rate. Previous
studies also showed that the covalent bonding be-
tween a bioglass and a polymer had a negligible effect
on the mechanism of degradation that is based on
releasing the silica ion.45,57

The composition of bioglass in this study was TEOS:
water:HCl:CC = 1:8:0.01:0.2 with 41% Q3 and 53% Q4

species, which were calculated from 29Si NMR analysis.44

The data in Figure 7 demonstrated that these character-
istics led to the degradation rate of 0.92% per day and
0.65% per day for bioglass and H1 samples, respectively.
The zero-order kinetics of bioglass degradation was in
agreementwithother studies.53 The additionof PMMA to
bioglass by covalent bonding (H1) resulted in impeding
the degradation rate of bioglass by 1.5-fold and main-
taining nearly 30% of its original weight after 100 days of

incubation. It was demonstrated that the mechanism of
the new bone formation at the implant interface and the
host tissue continues until there is ion exchangebetween
the implant and body fluids.58 Therefore, retarding the
degradation of the silica matrix in H1 provides a longer
period for ion exchange, hence resulting in stronger
interaction with the host tissue and formation of thicker
apatite for bone formation. It is assumed that during
gradual degradation of bioactive glass innate hydroxya-
patite and extracellularmatrix are regenerated in situ that
mimic the required mechanical strength for bone regen-
eration. In addition, no weight loss was observed in the
degradation profile of H0, which was due to the fact that

Figure 6. Mechanical properties of bioglass and H1 samples: (a) stress�strain diagram, (b) ultimate strain, (c) microhardness
values (*** represents p < 0.001).

Figure 7. Degradation profiles of hybrid compared with
pure PMMAandbioglass (the datawere extrapolated for BG
until day 83).
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the hydrophobic PMMA did not facilitate the interaction
of bioglass particles with the surrounding solution.

The FTIR analysis conducted on the residues of the
H1 sample after 100 days' incubation in PBS at 37 �C
confirmed the presence of silica ions in the degraded
H1 sample. As shown in Figure 8, CdO and CO3

2�

peaks of polymer and bioglass were detected at 1722
and 1625 cm�1, respectively. The presence of the
1625 cm�1 peak in the solid residues underlines that
after 100 days bioglass was still maintained in the solid
phase and was not completely dissolved in the media.
The ratio of intensities for characteristic peaks at 1625/
1722 cm�1 was indicative of bioglass degradation. This
ratio is calculated to change from 2 to 0.66 after

degradation, whichwas in agreementwith 67%weight
loss of H1. This slower degradation rate is suitable for
bone implant due to the fact that at least 90 days'
implantation time is required for bone tissues to
regenerate.58 The visual observation and the presence
of a strong peak at 1722 cm�1 confirmed the presence
of PMMA in the degraded sample.

Biological Activity of PMMA�Bioglass Hybrids. Prior to in

vitro testing, the bioactivity of the hybrid was tested by
incubation of samples in simulated body fluid (SBF),
which is a standard method for selection of biomateri-
als for bone and dental applications.59�61 In this
method, formation of an apatite layer is indicative of
bioactivity of samples. As shown in Figure 9, an apatite
layer was clearly observed on the surface of both
bioglass and hybrid samples. On the other hand, no
apatite layer was formed on the PMMA surface due to
the inertness of this polymer. In the physical mixture
(H0), formation of apatite was observed only in some
regions of the surface, and full coverage similar to the
hybrid was not detected. This result confirmed the
formation of apatite only on the surface of bioglass.
One of the main advantages of hybrids compared to
physical mixtures or conventional composites is that
the inorganic layer is well distributed over the surface
and it is more accessible for precipitation and forma-
tion of a calcium-phosphate layer. However, in physical
mixtures the organic phase covers the surface of
samples and decreases the interface between theFigure 8. FTIRspectraof (a) H1and(b) residuesofdegradedH1.

Figure 9. Bioactivity test shows the formation of HAon the surface of (a) bioglass, (b) H1, (c) H0, and (d) PMMAsamples after 7
days' incubation in SBF.
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inorganic phase and calcium-phosphate ions.32 Further-
more, the formation of apatite on the surface of H1
implies that the presence of inert PMMA polymer with
a composition of 60:40 PMFS:bioglass had a negligible
impact on bioactivity.

In Vitro Attachment, Proliferation, and Osteoblastic Differ-
entiation. Physical mixture (H0) and hybrid (H1) of
PMMA-bioglass were analyzed in vitro for their cell
attachment and osteoblast growth properties. These
materials were compared with their constituent
materials, pure PMMA and bioglass. The bioglass was
markedly brittle and prone to thermal and mechanical
shock-induced fracturing.

Cells were found to adhere to all surfaces and
supported attachment after 4 days in culture, as visua-
lized by scanning electronmicroscopy (Figure 10). Cells
showed a more flattened morphology, indicative of
increased attachment on bioglass compared to PMMA.
Notably thismorphologywas bettermaintained on the
hybrid H1 compared to H0, suggesting the improved
homogeneity of the PMFS-bioglass gave more consis-
tent attachment.

Cell growth was measured by viability assay on
cultured primary osteoblasts at days 1 and 7 after
cell seeding. No significant difference was seen be-
tween the samples after 24 h; however the H1 hybrid
showed a remarkable increase after 7 days, which was
superior to all other samples including the physical

mixture in terms of cell viability. The cell viability
number of H1 was close to the control (TCPS) after
7 days of culture (p > 0.05). A trend toward increased
viability was seen in tissue culture plastic controls,
although this is a surface optimized for cell attachment
and growth.

Finally, the alkaline phosphatase (ALP) activity of
samples was assessed. Human preosteoblasts were
grown on H0, H1, PMMA, and bioglass materials and
treated with osteogenic differentiation media to in-
duce expression of mature osteoblast markers. Robust
staining was seen on cells grown on tissue culture
plastic as a positive control (Figure 12). Notably,
blue ALPþ cells were seen on the H1-treated hybrid
samples but not on the H0 samples or on the PMMA
or bioglass alone. These data suggest that the
hybrid material may have superior properties as a
bone replacement material for early osteoblast
differentiation.

In Vivo Study. Histological Results: Bioglass Group.

The brittleness of bioglass resulted in the formation
of bulk-like structures within the implantation bed and
fragments of various sizes ranging up to small particles
after 10 days. As shown in Figure 13 and Figure 14, the
implantation of this material provoked two different
cellular reactions. Around the bulk-like structures with-
in the implantation bed granulocytes and mononu-
clear cells, mainly macrophages and lymphocytes, were

Figure 10. SEM images of (a) pure PMMA, (b) H0, (c) H1, and (d) bioglass. White arrows show the individual narrowed cells on
the surface of samples.
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embedded within a well-vascularized granulation tissue
(Figure 13(a)). The immunohistochemical detection of
the macrophage-specific F4/80 antigen showed that
these cells were mainly detectable as a monolayer at the
material�tissue interface and loosely distributed within
the material�adherent granulation tissue (Figure 13(b)).
Furthermore, only a small percentage of cells within the
peri-implant tissuewas shown to express tartrate-resistant
acid phosphatase (TRAP) (Figure 13(c)).

The tissue reaction to bioglass fragments was domi-
nated by multinucleated giant cells in addition to the
above-mentionedmononuclear cells (Figure 14(a,b)). The
immunochemical detection of the F4/80 antigen addi-
tionally revealed the dominance of macrophages among
all material-adherent mononuclear cells (Figure 14(b)).
Furthermore, TRAP staining revealed that within the im-
plantation bed of fragments both TRAP-positive mono-
nuclear and multinucleated cells dominated when com-
pared to thosewithout TRAP expression (control samples)

(Figure 14(c)). We postulate that the occurrence of the
multinucleated giant cells within the bioglass might be
mainly size-related and less associated with the potential
material impurity.

Histological Results: H1 Group. Better mechanical
properties and less brittleness of H1 samples in com-
parison to the bioglass resulted in almost no material
fragments within the peri-implant tissue during im-
plantation and explantation (Figure 15). Thus, only one
cellular reaction pattern was detected. The histological
analysis at day 10 after implantation revealed that the
H1 implant was embedded within a cell- and vessel-
rich connective tissue (Figure 15). This tissue was
localized as a relatively thick wall along the material�
tissue interface and contained macrophages, granulo-
cytes, and lymphocytes aswell as fibroblasts. The tissue
reaction was comparable to that toward the bioglass
bulk-like structures. It should be noted that no cell and
tissue penetration into the material core was observed
due to the lack of porosity. Directly at the surface of the
H1 implant predominantly macrophages were located
(Figure 15). Furthermore, a fewer number of multi-
nucleated cells was detectable within the tissue adja-
cent to the material (Figure 15(b)). TRAP detection
revealed that only a small number of cells at the surface
of the H1 implant showed expression of this enzyme
(Figure 15(c)).

In this study an in vivo pilot study was performed in
order to assess the tissue reaction to bioglass and H1
samples. The histological evaluation has revealed that
during the implantation phase of 10 days bioglass
underwent a fragmentationmost likely due to physical
forces during animal movement rather than tissue
penetration into the material. Consequently, this

Figure 11. Viability assay of H1 hybrid sample compared to
the PMMA and bioglass (*** represents p < 0.001).

Figure 12. ALP staining on materials showing ALPþ cells (blue) after 4 days of osteogenic differentiation. Positive staining
was seen on H1 hybrid and tissue culture plastic, but not on PMMA, bioglass, or H0 material.
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Figure 14. Tissue reaction to bioglass fragments at day 10 after implantation. (a) H&E staining: an overview of the
implantation bed of fragments (BG), which were embedded within a vessel-rich (red arrows) granulation tissue. At their
surfaces mononuclear (blue arrowheads) and multinucleated cells (green arrowheads) were observable. (b) Macrophage-
specific F4/80-immunostaining: the involvement of phagocytic mono- and multinucleated cells (blue/green arrowheads) in
the tissue reaction to the bioglass fragments (BG). (c) TRAP staining: the marked presence of multinucleated giant cells
involved in the degradation of the bioglass fragments. These cells showed higher TRAP-enzyme expression potential.

Figure 13. Tissue reaction to the bioglass implant at day 10 after implantation. (a) Azan-staining: the vessel-rich (red arrows)
multilayered tissue wall (double arrow) covering the bulk-like structural segments of the implanted material (BG). A layer of
mononuclear cells (blue arrowheads) was adherent to the material surface. (b) Macrophage-specific F4/80-immunostaining:
macrophages (orange arrowsheads) were located in all regions of the peri-implant tissue (double arrow). (c) TRAP staining:
only a lownumber ofmononuclear cellswithin theperi-implant tissue expressed TRAP (red arrowheads), while themajority of
these cells were TRAP-negative (black arrowheads).
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material induced two different cellular reactions. The
bulk-like structures induced a mainly mononuclear
inflammatory response, while the fragments induced
multinucleated giant cells. The occurrence of the latter
was independent of fragment size. Overall, the im-
plantation bed of this group was relatively extensive,
which again can be attributed to the presence of the
multinucleated giant cells, which are known to produce
vascular endothelial growth factor (VEGF) among other
substances responsible for material degradation. H1 un-
dergoes negligible fragmentation during the observation
period, which can be attributed to its higher mechanical
stability. This material induced mainly mononuclear cells
and a relatively low amount of multinucleated giant cells.
Interestingly, the latter did not show a high TRAP expres-
sion, and it was observed that the implantation bed of H1
was well vascularized.

CONCLUSIONS

PMMA�bioglass hybrids were produced by the
sol�gel method in the presence of chemical bonding

that integrated organic and inorganic components.
This molecular level interaction addressed the issue
of phase separation that is commonly observed in the
preparation of physical mixtures of bioglass with a
polymer. In addition, the mechanical properties of
the hybrid acquired at an optimum composition of
MPMA:MMA were significantly improved compared
with bioglass; the Young's modulus of the hybrid was
decreased 40-fold and its hardness was 16-fold higher
than pure bioglass. The chemical bonding of PMMA
with bioglass resulted in prolonging the degradation of
bioglass, which may be favorable for bone regenera-
tion and in situ drug release applications. Additionally,
the results of in vitro and in vivo studies demonstrated
that the molecular level interaction had no adverse
effect on biocompatibility of bioglass and in fact
significantly enhanced its integrity and reduced the
level of inflammation. Therefore, the fabricated hybrid
in this study is a viable alternative for bioglass and
PMMA�bioglass physical mixtures as bone regenera-
tive materials.

MATERIALS AND METHODS

Materials. Precursors required for the synthesis of PMMA-co-
MPMA copolymer including MPMA, R,R0-azoisobutyronitrile
(AIBN), and N,N0-dimethylformamide (DMF) were purchased from
Sigma and used as received. Methyl methacrylate purchased from

Sigma was used after distillation under reduced pressure. Hydro-
chloric acid (HCl; Merck), tetraethyl orthosilicate (TEOS; Sigma),
calcium chloride dihydrate (CaCl2. 3 2H2O (CC); Ajax Finechem Pty
Ltd.), tetrahydrofuran (THF; Merck), and deionized water were used
for fabrication of the inorganic solution and the hybrid.

Figure 15. Tissue reaction to the H1 implant at day 10. (a) Macrophage-specific F4/80-immunostaining: an overview of the
distribution ofmononuclear cells within the peri-implant tissue (double arrow) within the subcutaneous (CT) layer of the CD1
mouse. Most of the cells at the surface as well as the periphery were identified as macrophages (orange arrowheads). (b) H&E
staining: a granulation tissue was located at the surface of the implant. (c) TRAP staining: only a small amount of cells at the
surface of the material as well as within the material-adherent tissue (CT) showed signs of TRAP activity (red arrowheads).
Most of the cells were TRAP-negative (black arrowheads).
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Preparation of Bioglass, PMMA-co-MPMA, and Pure PMMA Solutions.
TEOS was mixed with deionized water and HCl and stirred for
30 min followed by addition of calcium chloride dihydrate. A
common calcium source for the preparation of sol�gel-derived
bioglasses is calcium nitrate tetrahydrate; however, in this
study, calcium chloride was used to minimize the risk of toxicity
resulting from nitrate byproduct.62 The precursors were mixed
with a molar ratio of TEOS:water:HCl:CC = 1:8:0.01:0.2, and the
solution is referred to as sol(A) for convenience.

A free radical polymerization technique was used for the
synthesis of PMMA-co-MPMA with MPMA:MMA = 0.1 mol ratio
coded as PMFS and PMMA (without MPMA) using AIBN as an
initiator. Precursors were mixed in a Schlenk flask (MMA:AIBN =
200 (mol ratio), DMF (20 mL)) and degassed by three freeze�
pump�thaw cycles. Polymerization was conducted at 70 �C for
a period of 12 h. The polymer was purified by precipitation in
diethyl ether followed by filtration and drying under vacuum.
PMFS or PMMA was dissolved in THF with a concentration of
10 wt %, and the solutions were labeled as sol(B) and sol(C),
respectively.

Hybrid Formation. Sol(A) and sol(B) were mixed in the volu-
metric ratio of sol(B):sol(A) = 60:40, thenmechanically stirred for
1 h to obtain a homogeneous and well-dispersed solution. This
composition was selected due to the fact that bioglass compo-
sition was shown to have no significant impact on the network
characteristics and molecular integration of hybrids.

It was then kept sealed until a gel formed, then was dried at
ambient temperature and subsequently at 37 �C for a period of
7 days at each temperature. The product was then dried in a
vacuum oven at 40 �C for a period of 2 days. This temperature
profile was developed for drying the samples to remove
residues of solvents and maintain the monolith structure.

Physical Mixture Formation. Sol(A) and sol(C) were mixed
(sol(C):sol(A) = 60:40 vol %) and mechanically stirred for 1 h.
Thesameprocedurewas followed todry these samplesashybrids.A
thin film of polymer was obtained with a gel structure of bioglass,
which was subsequently ground andwell-mixed as a powder. After
this, the powderwas dissolved in THF (10wt%) and cast on a Teflon
container, which was then vacuum-dried at 40 �C for 2 days.

Characterizations. Scanning Electron Microscopy�Energy Dis-
persive Spectrometry (SEM-EDS). The surface microstructures
and crystal phase formed on the specimens were analyzed by
field emission scanning electron microscopy (FE-SEM; Zeiss
ULTRA Plus). This instrument was equippedwith a Bruker XFlash
4010 EDS detector with high-speed acquisition and hypermap-
ping capability. Samples were mounted on aluminum stubs
using conductive carbon paint, then gold coated by using an
Emitech K7550X instrument prior to SEM analysis.

Scanning Transmission Electron Microscopy (STEM). STEM
analysis was conducted to investigate the interaction between
the phases in nanoscale. Samples were ground to powders,
embedded in epoxy resins, andmicrotomedwith Leica Ultracut
ultramicrotomes (UC7) for 100 nm layers. The layers were
harvested and seated on carbon grids prior to STEM analysis
(Zeiss ULTRA Plus).

Atomic Force Microscopy (AFM). The surface topography of
the prepared hybrid samples was characterized by an atomic
force microscope (Asylum Research, MFP-3D-BIO) in ac mode
using a silicon nitride tip (AC160). In order to identify the
uniformity of distribution and separation of bioglass within
the polymer structure, phase images were recorded. A thin film
was produced to examine the surface properties.

Mechanical Testing. Hybrid samples were prepared in the
form of monoliths, and uniaxial compression tests were per-
formed in an unconfined state with a 1000 N load cell by Instron
(model 5543). Dimensions of the samples were 6.61( 0.05 mm
diameter and 1.2( 0.1mmheight. The samples were subjected
to a loading, and a Young's modulus was obtained as the
tangent slope of the stress�strain curve between 0% and
10% strain level. The area under the compressive stress�strain
curves was calculated for measuring the toughness of the
samples. Three samples were examined for each group for
statistical analysis.

Microhardness measurements were performed using Vick-
ers indentations at loads of 50 g and an indentation time of 5 s at

25 �C using a microhardness tester (Buehler, Lake Bluff, IL;
1105D). Six tests were conducted for each sample for statistical
analysis.

Degradation Assessment. The degradation rate of samples
was tested by measuring the change in sample weight over
time under simulated physiological conditions. Three samples
were kept in PBS at 37 �C, and at different time intervals they
were removed from the degradation medium, rinsed three
times with deionized water, and dried prior to weighing. The
measurement was continued for a period of 100 days.

Attenuated Total Reflection Fourier Transform Infrared (ATR-
FTIR) Spectroscopy. The molecular structure of the hybrid and
the degradation products of samples after leaving in PBS for 100
days were analyzed by ATR-FTIR spectroscopy (FTIR; Nicolet
6700, Thermo Fisher Scientific Inc.). The samples were scanned
at a speed of 32 scan/min.

Bioactivity. The samples were characterized for their bioac-
tivity by incubation in simulated body fluid63 at 37 �C for periods
of 1, 3, 7, and 14 days. Samples were washed twice with
deionized water to remove any residue of minerals absorbed
on the surface. The dried monoliths were examined to deter-
mine the formation of an apatite layer on the surface.

Cell Attachment, Morphology, and Proliferation. Human pre-
osteoblasts (HOB) were used to assess the cell interaction with
the samples. Complete osteoblast growth media (Invitrogen)
was used to culture the HOB cells, which were incubated at
37 �C in thepresenceof 5%CO2 and95%humidity. Themediawas
refreshed every 3 days until the cells approached confluence.

The samples (12 mm diameter� 1 mm height) were placed
into a well plate and kept in 70% ethanol for 1 h for sterilization,
followed by rinsing with PBS three times. Samples were then
exposed to UV light for 30 min and were washed with fresh
medium at 37 �C overnight. The substrates were placed into
well plates, seeded with cells at a density of 2 � 105 cells/mL,
and kept in culture for 7 days. Cell morphologywas examined at
day 4 of culture by SEM (FE-SEM; Zeiss ULTRA plus) analysis after
being fixed with glutaraldehyde according to a previously
publishedmethod.64 Viability wasmeasured at 1 day and 7 days
postseeding. Cellular viability was assessed using the CellTiter
96 Aqueous One Solution cell proliferation assay kit (Promega)
according to the manufacturer's instructions. Briefly, scaffolds
were incubated with the viability solution for 30 min at 37 �C
and read using a spectrophotometer at 595 nm. All samples
were analyzed triple for statistical analysis. Tissue culture poly-
styrene (TCPS) was used as a control.

In Vitro Osteogenic Differentiation and Alkaline Phosphatase
Activity. To initiate osteogenic differentiation, samples were
transferred to media supplemented with ascorbic acid (50 μg/
mL), β-glycerophosphate (10mM), and BMP-2 (200 ng/mL) after
48 h of culture with cells. The time of transferring the samples to
this media was considered as day 0 for the alkaline phosphatase
(ALP) test.

ALP is an osteogenic marker that is expressed by differen-
tiating osteoblasts. ALP staining was carried out on pure PMMA
and bioglass, their physical mixture, and hybrid at day 4.
Samples were fixed with gluteraldehyde, washed with PBS,
and incubated in TRIS buffer (1 M, 9.4 pH) for 5 min. The
scaffolds were then stained in Naphthol AS-BI phosphate
(Sigma) as a substrate and Fast Blue (Sigma) as the stain.
Scaffolds were washed with H2O to remove excess staining
before imaging. Cells alone on tissue culture plastic were used
as a control. Images were captured using a Leica MZ6 micro-
scope with a QImaging Micropublisher 5.0 camera.

In Vivo Study. Experimental Design of the in Vivo Pilot Study.
The in vivo experiments were carried out after approval from the
Committee on theUse of Live Animals in Teaching and Research
of the State of Rhineland-Palatinate, Germany. A total of 10
female 4�6-week-old CD1-mice (Charles River Laboratories,
Germany) were reared under standard experimental conditions
at the in vivo Laboratory Animal Unit at the Institute of
Pathology of the Johannes Gutenberg University of Mainz,
Germany. The animals were randomly divided into three ex-
perimental groups. Animals of the first two groups (n = 4 and 8
animals in total) underwent a subcutaneous implantation with
the bioglass and prepared hybrid in this study in accordance
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with a previously described experimental setup.65�72 Two
additional animals (n = 2) underwent the preparation of the
subcutaneous pocket without biomaterial insertion (control
group). This control group served for classification of the
inflammatory response related to the operation procedures.

Subcutaneous Implantation Model. The subcutaneous im-
plantation of bone substitutes was applied according to a
previously published operation procedure.65�72 The animals
were anesthetized with an intraperitoneal injection (10 mL of
ketamine (50mgmL�1) with 1.6mL of 2% xylazine). Subsequently,
a subcutaneous pocket in the subscapular region was formed by
means of a scalpel and surgical scissors. The bone substitute
materials were subsequently inserted under sterile conditions into
the subcutaneous tissue pocket under the thin skin muscle of the
subscapular region. Wound closure was performed by means of
Prolene 6.0 suture material (Ethicon, Germany).

Explantation and Tissue Preparation. The tissue preparation
for all of the groups was performed according to a previously
described method.65�72 Experimental animals were sacrificed
by an overdose of ketamine and xylazine at day 10 after
implantation. After 10 days the bone substitute materials were
resected together with the surrounding peri-implant tissue.
Tissue fixation was carried out by means of 4% formalin for 24
h. For further histological workup and (immuno-) histochemical
staining, the tissue of the implant site was cut into three
segments of identical dimensions containing the left margin,
the center, and the right margin of the biomaterial. Paraffin
embedding was performed after dehydration of the biopsies in
a series of increasing alcohol concentrations followed by xylol
incubation. Six ongoing 3�5 μm thick sections weremade from
the central segment of each animal by means of a rotation
microtome (Leica RM2255, Wetzlar, Germany).

Histological Examination of the Animal Tissue. The materi-
al�tissue interaction was visualized by means of previously
published histochemical and immunohistochemical staining
methods.65�72 The first three slides sections were stained with
hematoxylin and eosin (H&E), Mova�ts Pentachrome and Azan,
respectively. The fourth slidewas used to identify osteoclast-like
cells by TRAP staining according to previously described methods.
The fifth slide was used for immunochemical staining with a pan-
macrophage marker (F4/80 antibody, rat monoclonal, Clon BM8,
eBioScience, USA) in combination with peroxidase and diamino-
benzidine (EnVision Detection System, peroxidase/DAB, rabbit/
mouse, K5007; Dako Cytomation, Hamburg, Germany). The sixth
slide served as a control of the staining method in absence of the
F4/80 antibody. All of the other chemicals were purchased from
Sigma-Aldrich and used without further purification.

Histological Analysis of Animal Tissues. The histopathologi-
cal evaluationwas performed by two independent investigators
(S.G. and M.B.) by means of a conventional diagnostic micro-
scope (Nikon Eclipse 80i, Tokyo, Japan). The description and the
outcome of the cell� and tissue�biomaterial interactions were
evaluated by examination of the total implantation bed and its
peri-implant tissue as previously described.65�72

Statistical Analysis. Statistical significance was conducted
by analysis of variance (ANOVA), and data were represented as
mean ( standard deviation (SD). Statistical significance was
indicated in the figures as *** (p < 0.001).
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