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Abstract—Binary system of CaO-SiO2 glasses enables the 

apatite formation in simulated body fluid (SBF). However, 

the presence of phosphate content in SiO2-CaO-P2O5 glasses 

leads to the formation of orthophosphate nanocrystalline 

nuclei, which facilitates the generation of carbonate 

hydroxyapatite; this compound is more compatible with 

natural bone. The brittle and less flexible properties of 

bioactive glasses are the major obstacle for their application 

as bone implant. The hybridization of essential constituents of 

bioactive glasses and glass-ceramics with polymers such as 

PMMA can improve their poor mechanical properties. The 

aim of this study was to improve the bioactivity of 

nanocomposites fabricated from poly(methyl metacrylate) 

(PMMA) and bioglass for bone implant applications. Bioglass 

compounds with various phosphate contents were used for the 

preparation of PMMA/bioglass hybrid matrices. Since the 

lack of adhesion between the two phases impedes the 

homogenous composite formation, a silane coupling agent 

such as 3-(trimethoxysilyl)propyl methacrylates (MPMA) was 

incorporated into the polymer structure. The effect of 

addition of MPMA on the molecular structure of composite 

was investigated. Furthermore, the presence of MPMA in the 

system improved the homogeneity of sample. Increasing 

phosphate content in the inorganic segment of hybrid up to 10 

mol% resulted in the formation of apatite layer on the 

surface; hence the hybrid was bioactive and suitable 

candidate for bone tissue engineering. 

I. INTRODUCTION 

iomaterials suitable for bone defect fillers are in 

demand for orthopaedic applications. Porous 

bioceramics such as apatites, β-TCP, biphasic ceramics 

(OHA-β-TCP) and bioactive glasses and bioactive glass-

ceramics are often used due to their biocompatibility, 

bioactivity and bonding capability in the body [1]. When 

implanted in the body, the surface of bioactive materials 

forms a biologically active hydroxyl carbonate apatite 

(HCA) layer, which provides the bonding interface with 

tissues. This HCA phase is chemically and structurally 

equivalent to the mineral phase in bone, providing 

interfacial bonding [2]. Sol-gel method is an efficient 

method for glass production due to the production of high 

purity, homogeneous glasses, low processing temperatures 

compared with the melt derived techniques for the glass 

fabrication. Due to low temperature operating process it is 

feasible to add organic compounds to the gel during the 

process [3]. Addition of organic compounds may address 

brittleness, which is the major obstacle in using 

bioceramics. Incorporation of organic groups reduces the 
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degree of crosslinking of inorganic oxide network, which 

results in more flexible structure.  

Polymethyl methacrylate (PMMA) has been widely used 

for biomedical applications such as prosthetic fixation or 

as a bone substitute in orthopaedics or in its self curing 

form in dental prosthetics [4-5]. However, an unresolved 

problem with using PMMA as a bone substitute is its 

inertness and lack of bioactivity which leads to the 

thickening of intervening fibrous tissue layer and the 

aseptic loosening of implant in some cases [6]. The 

composites of PMMA with bioactive materials such as 

calcium phosphates [7] and bioactive glasses [8] are 

developed to address this issue. Therefore, organic-

inorganic hybrids of PMMA and bioactive glass were 

considered as a suitable biomaterial in this study. The lack 

of adhesion between two phases (ceramic and polymer) 

leads to an early failure at the interface. Rhee et. al used a 

silane coupling agent to improve the adhesion between 

ceramic fillers and PMMA [9]. The mechanical properties 

of organic-inorganic hybrid materials are strongly 

dependent on the micro- and nanostructures, but also on 

the intensity of interactions between organic and inorganic 

components. 

Ohtuski et. al investigated the effective parameters on 

the bioactivity of glasses. They concluded that silanol 

groups and calcium ions are essential constituents to show 

bioactivity [10]. Vallet-regi et al. found that although the 

presence of P2O5 in the composition retards the initial 

reactivity of glasses, it accelerates the growth and size of 

apatite crystals in the new layer when calcium phosphate 

nuclei were formed [11].  

In this study, PMMA/bioglass hybrids were prepared 

through sol-gel method to fabricate a bone substitute 

material with superior properties. Copolymer was 

hydrolysed and co-condensed with bioglass solution with 

the presence of HCl as a catalyst for sol-gel reaction. The 

effects of phosphate groups on the bioactivity of hybrid 

material and silane coupling agent on the molecular 

structure of polymer were investigated. Fabricated hybrid 

may have potential as a bone substitute material due to 

improved mechanical properties, homogeneity and 

bioactivity. 

II. MATERIALS AND METHODS 

A. Synthesis of PMMA-co-MPMA 

Poly (methyl methacrylate)-co-3-(trimethoxysilyl)propyl 

methacrylate (PMMA-co-MPMA) copolymer was 

prepared by free radical polymerization using 
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azobisisobutyronitrile (AIBN) as an initiator. MMA 

(4.8×10
-2

 mol), MPMA (9.6×10
-4

 mol) and AIBN (2.4×10
-

4
 mol) were dissolved in 20 mL N,N´-dimethylformamide 

(DMF). A Schlenk flask with a magnetic stirrer and a 

rubber septum was charged with the solution of initial 

chemicals and was degassed by three freeze-pump-thaw 

cycles. The flask was sealed followed by immersing the 

flask into an oil bath preheated at 70°C to polymerize. 

After reaction for 24 h, the flask was taken away from the 

bath and the reaction mixture was cooled to room 

temperature followed by precipitation in Diethyl ether. The 

product was filtered and dried in vacuum. 

B. Preparation of inorganic solution 

Inorganic solution was prepared by mixing 

tetraethylorthosilicate (TEOS), water and calcium nitrate 

tetrahydrate (CNT) in the molar ratio of 

TEOS:water:HCl:CNT=1:8:0.01:0.15. Different molar 

ratios of triethylphosphate (TEP) were added to the 

inorganic solution to evaluate the effect of phosphate in the 

bioactivity of product.  

C. Organic-inorganic hybrid product s 

Copolymer of PMMA-co-MPMA was dissolved in THF 

(polymer: THF = 10:1 wt.%) and mixed with inorganic 

solution (IS). For convenience in this paper the 

combination of organic-inorganic compounds is referred to 

as C; C0-0 is a solution with 0 mol% TEP and 0 day 

incubated in SBF. To keep the structure of hybrid, it was 

slowly dried for a period of one week at room temperature, 

followed by drying at 37°C for the same period and 48 h at 

40°C under vacuum. 

D. In-vitro bioactivity assessment 

In vitro studies were carried out by soaking the samples 

in SBF at 37°C for 0, 7 and 14 days. After soaking, the 

powder was filtered, rinsed with distilled water, and dried 

at room temperature before analysis by FTIR, XRD and 

SEM. 

E. Characterization 

The synthesized polymer was characterized by 
1
H NMR 

on a bruker Ultra Shield Avance (400 MHz) spectrometer 

using CDCl3 as the solvents. The functional groups of 

samples were analysed by Fourier transform infrared 

spectroscopy (FTIR; Varian 660-IR) before and after 

incubation in SBF. X-ray diffractometer (XRD; Shimadzu 

S6000) with voltage 40 KV and current 30 mA was used to 

characterize the samples. The surface microstructures and 

crystal phase formed on the specimens were analysed by 

field emission scanning electron microscopy (FE-SEM; 

Zeiss ULTRA plus). This instrument was equipped with 

Bruker XFlash 4010 EDS detector with high speed 

acquisition and hypermapping capability. 

III. RESULTS AND DISCUSSION 

The molecular structure of synthesized polymer is 

illustrated in Fig. 1a. As depicted in Fig. 2, 
1
H NMR 

spectrum in CDCL3 and FTIR results confirmed the 

structure of synthesized copolymer of PMMA-co-MPMA. 

Characteristic vibration bands of synthesized polymer are 

observed in the FTIR spectra;  symmetric vibrations at 

2892 cm
-1

 and asymmetric vibrations at 2950 cm
-1

 are 

attributed to C-H bonds in CH3 [11-12]. Bands at 1734 cm
-

1
 and 1452 cm

-1
, were assigned to a C=O bond and CH2 

bending, respectively. The broad peak detected at 1200-

1000 cm
-1

 is attributed to the overlapping of Si-O-C 

bending vibrations at around 1088 cm
-1

 [13] and C-O 

vibrations at 1150 cm
-1

 [12]. The typical symmetric 

vibrations of Si-O bonds at 810-790 cm
-1

 can also be 

detected [11]. 

The characteristic vibrations of inorganic segments were 

compared with the polymeric segment in Fig. 3. Peaks 

located at 980 cm
-1

, 1029 cm
-1

 and 1080 cm
-1

 confirms the 

presence of Si-O-Si bonds which confirms the network 

structure of bioglass [14]. The peaks at 1420 cm
-1

 and 

1322 cm
-1

 are attributed to the CO3 and NO3 groups in the 

structure of bioglass, respectively [15-16]. 

PMMA-co-MPMA copolymer is conjugated to the 

bioglass structure and form a new composite material.  The 

FTIR result of hybrid (C0-0) depicted in Fig. 3 

demonstrates two significant features:  

1. The absence of peaks for the polymer (e.g. 1734 cm
-1

 

for C=O bond) may be due to its hydrophobic properties, 

which resulted in its aggregation and forming second phase 

in water, which contains inorganic segments of the 

bioglass structure. This phenomenon is commonly 

observed for self-assembly molecules [17]. In these 

structures, after self-assembly, the hydrophobic internal 

component, which forms the core, is not detected in 
1
H 

NMR and FTIR analyses.  

2. The characteristic peak of Si-O-Si at 1029 cm
-1

 is 

significantly changed in the composite material. As 

depicted in Fig. 3, a broad peak was found for the bioglass 

system (B0-0); however, a sharp peak was observed for 

hybrid (C0-0). This variation may be due to the interaction 

between bioglass and MPMA segment. 
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Fig 1. Schematic molecular structure of the a) copolymer PMMA-

MPMA, b) copolymer conjugated to the bioglass network. 

 

The homogenous distribution of polymer particles in 

bioglass solution was investigated by Energy-dispersive X-

ray spectroscopy (EDS) analysis. The hybrid sample after 
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14 days incubation in SBF (sample C0-14) was analysed 

with EDS. As shown in Fig. 4, all the elements C, Si, and 

Ca were distributed homogenously on the surface. The 

presence of Si and C on the surface was due to the small 

thickness of the formed calcium phosphate layer, 

underlining that the penetration depth of emitted X-ray 

beam was more than the thickness of apatite layer on the 

sample.
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Fig 2. 1H NMR of the copolymer PMMA-co-MPMA; Insects is the 

FTIR results of the synthesized copolymer. 

 

The presence of phosphorous in the hybrid network was 

evaluated by the characteristic peak at 800 cm
-1

. As 

depicted in Fig. 5, this peak is gradually increased in width 

by enhancing the phosphorous content in bioglass 

structure. Two broad peaks in the range of 900-970 cm
-1

 

and 1000-1100 cm
-1

 are attributed to PO4
3-

 symmetric and 

asymmetric stretch vibrations, respectively [16]. 
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Fig 3. FTIR results of the bioglass without phosphate content (B0-0) and 

the synthesized polymer (PM-MP) and hybrid materials prepared from 

combination of organic and inorganic compounds (C0-0) 
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Fig 4. EDS results of the hybrid sample after 14 days incubation in 

SBF; a) SEM image, b) The colorful map of the specified elements, c) 

map of carbon content, d) map of phosphorus content, e) map of silicon 

content, f) map of calcium content 

 

In order to investigate the effect of phosphate content on 

the in vitro bioactivity of composite, hybrid sample was 

incubated in SBF for different periods of 7 and 14 days. It 

can be seen in Fig. 6 that as a function of conditioning time 

in SBF the spectra for hybrid material showed an increase 

in the absorbance of phosphate peak in the range of 1000-

1100 cm
-1

 which is attributed to asymmetric stretch of 

PO4
3-

 group.  

The layer formed on the surface of hybrid samples was 

analyzed. Two characteristic peaks of phosphate groups 

(1050 cm
-1

) and nitrate groups (1322 cm
-1

) were selected 

and the ratio of intensities of these two peaks were 

calculated and demonstrated in Fig. 7. By increasing the 

phosphate content from 0 mol% up to 5 mol% no 

significant difference is obtained; however, by increasing 

the phosphate content up to 10 mol%, the ratio of 

intensities grows significantly. It means that the presence 

of phosphate in the system improved the formation of 

apatite layer on the surface. It should be considered that 

these data represent the samples which were incubated in 

SBF for 14 days. This period is sufficient for apatite 

crystals to form and grow in the appropriate environment 

of SBF. 
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Fig 5. FTIR results of the samples with 0 mol % P2O5 (C0-0), 5 mol% 

P2O5 (C5-0) and 10 mol% P2O5 (C10-0) before incubation in SBF 
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C0-0
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Fig 6. Effect of incubation time in SBF on the formation of phosphate 

group bands in the hybrid material 

 

Bioactivity assessment was conducted by comparing the 

morphology and composition of hybrid surface. It was 

concluded from FTIR and EDS results that the 

composition of surface layer formed was calcium 

phosphate. As depicted in Fig. 8 and Fig. 9, the SEM 

images of samples show the formation of spherical 

particles on surface. 

It was confirmed with SEM results that by increasing the 

incubation time in SBF, apatite layer formed on the surface 

was enhanced as depicted in Fig. 7. The effect of 

phosphate content on the bioactivity of hybrid material was 

studied. As depicted in Fig. 8, by increasing phosphate 

content from 0 mol% to 10 mol% the apatite layer on the 

surface was enhanced. This effect was due to dissolution of 

phosphate ions in the surrounding fluid and the subsequent 

formation of an apatite-like layer on the surface. However, 

at above 10 mol% phosphate ion gel was not formed on the 
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surface even after two weeks drying at room temperature 

and 2 weeks in 37°C. 
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Fig. 7. Semiquantitative analysis (ratio of phosphate peak at 1050 cm-

1to the nitrate peak at 1322 cm-1) after 14 days incubation in SBF 
a b c

 
Fig. 8. SEM images of hybrid samples with 0 mol% P2O5, a) 0 day 

(C0-0), b) 7 days (C0-7), c) 14 days (C0-14) incubation in SBF 
a b c

 
Fig 9. SEM images of hybrid samples with a) 0 mol% (C0-14), b) 5 

mol % (C5-14) and c) 10 mol % (C10-14) P2O5 

 

The formation of apatite layer over the samples with 

different amount of phosphate ion was confirmed by XRD 

analysis which is shown in Fig. 10. Peaks assigned to 

hydroxyapatite with low crystallinity are observed at about 

26° and 32° after soaking for 14 days.  

C0-14

C5-14

C10-14

 
Fig. 10. XRD results for hybrid samples with 0 mol %, 5 mol % and 

10 mol% P2O5 after 14 days incubation in SBF 

IV. CONCLUSIONS 

The nanocomposite of PMMA-co-MPMA and bioglass 

was prepared via sol-gel method which enables the 

fabrication of hybrid at room temperature. In this method, 

PMMA-co-MPMA chains are entrapped into the gel-like 

structure of bioglass. The presence of (MPMA) improved 

the homogeneity and attachment of copolymer to inorganic 

segment in the hybrid. The results of in vitro study 

demonstrate that increasing the concentration of phosphate 

in bioglass promotes the apatite formation on the surface 

of composite samples.  However, above 10%, the 

formation of apatite layer was impeded due to substantial 

pH increase in medium. It is anticipated that the 

nanocomposites produced in this study have high potential 

for bone implant applications. 
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