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Abstract
Current applications of nanocomposites in medicine and surgery can be encouraged by using clinically well-known constituents in the 
preparation of nanocomposites. In addition, industrial production of medical devices made of nanocomposites can be increased by using 
simple one-pot methods. The process used in the study involves a bottom-up approach which starts with the synthesis of hydroxyapatite 
(HA) nanoparticles and polymethyl methacrylate (PMMA) simultaneously using basic precursors imitating strategies inside biological 
systems where it allows self-organizing into a higher order of microscale structure. In the present study, HA-PMMA nanocomposite was 
synthesized by a novel, facile bottom-up approach and its structural, morphological, mechanical and thermal properties were evaluated. 
X-ray diffractometry (XRD), Fourier transforms infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), Thermo-gravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) were used for the characterization. Homogeneous dispersion of needle shape, 
pure  HA nanoparticles (~29% of HA) in the PMMA matrix can be obtained by a novel, one spot synthesis using Ca(OH)2, NH4H2PO4 precursors, 
MMA monomers and K2S2O8 initiator. The thermally and mechanically improved nanocomposite can be used for the possible applications in 
bone grafting with enough clinical and experimental data supporting the performance of HA nanoparticles and PMMA
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Introduction
Bone is a highly vascularized connective tissue that has a unique 
capability of spontaneous regeneration and to remodel its micro- and 
macrostructure [1]. Bone matrix is precisely composed of two major 
phases at the nanoscale level namely organic (polymer) phase and 
inorganic (mineral) phase.  These phases have multiple components 
such as minerals, collagen, water, non-collagenous proteins, lipids, 
vascular elements and cells [2]. Here, the polymer, collagen acts as a 
structural framework in which plate-like tiny crystals of HA (4 nm x 50 
nm x 50 nm) are embedded to strengthen the bone [3–8]. 

The structural and compositional strategies, by which they are precisely 
built, make bone an amazing and a true nanocomposite. Nature has 
built extremely hard and tough bone using such soft (collagen) and 
brittle (HA) ingredients. It is believed that key to the strength of the 
bone is the complex structural hierarchy into which it is organized in 
a self-assembling mode [3]. Molecular self-assembly is the assembly of 
molecules without guidance or management from an outside source [9].  
Self-assembly can occur spontaneously in nature, for example, in cells 
and other biological systems, as well as in human engineered systems. 
At the nanostructural scale, biomineralization implies the molecular 
building of specific and self-assembled supramolecular organic 
systems which act as a previously arranged environment to control 
the formation of finely divided inorganic materials of approximately 
from 1 to 100 nm in size [10]. It usually results in an increase in internal 
organization of the system. Imitating these strategies, producing 
molecules with the ability to self-assemble into supramolecular 
assemblies is an important technique used in nanotechnology [9]. 
The broken bone is a lot more than painful and inconvenient, and 
mostly it is a costly and permanent health problem. According to the 
National Institutes of Health, approximately 1.5 million hip fractures 
occur worldwide each year, and this number might increase to 2.6 
million by 2025 and 4.5 million by 2050[11]. Majority of fractures will 
heal well without the need for major intervention due to the high 
regeneration capacity of the bone, particularly in younger people [12,13].
However, many circumstances call for bone grafting owing to bone 
defects either from traumatic or from non-traumatic destruction 
such as tumours, infection, biochemical disorders, abnormal skeletal 
developments, etc [3,14]. There are multiple methodologies available 
for the treatment of bone defects, which include autografting, 

Citation: T.P.Gamagedara et al. (2019), Facile Bottom-up Approach 
to  Synthesise Hydroxyapatite - Polymethyl Methacrylate Nano-
composites for Possible Applications in Bone Grafting. Int J Nano 
Med&Eng. 4:1, 1-8

tpiumnil@pdn.ac.lk


International Journal of Nanotechnology in Medicine & Engineering Volume 4 Issue 1, May  2019

Citation: T.P.Gamagedara et al. (2019), Facile Bottom-up Approach to  Synthesise Hydroxyapatite - Polymethyl Methacrylate Nanocomposites
for Possible Applications in Bone Grafting. Int J Nano Med&Eng. 4:1, 1-8

allografting, xenografting and alloplastic or synthetic bone grafting [3]. 
The most commonly used bone grafts in the clinic are autologous and 
allogenic bone but there still exists some problems such as interaction, 
limited supply and allograft rejection. Apart from autologous and 
allogenic bone, alternative bone graft materials such as metals, 
polymers and ceramics are applied not only to fill the bone defects 
but also to provide mechanical and structural support [15]. One of the 
most important problems encountered in orthopaedic surgery is that 
the hardness of the bony metal or ceramic implant does not match 
each other. Nanodevices and nanomaterials interact with biological 
systems at atomic and molecular levels offer great advantages [16].   
The strategy of incorporating of the bioactive component is still one 
of the most popular strategies to improve the mechanical strength, 
bioactivity and osteogenesis of polymer based scaffolds [15]. Due to its 
osseointegrative properties, nano-HA may represent a promising class 
of bone graft materials. It can form direct bonds with the host bone 
and it improves bone healing by stimulation of osteoblast activity and 
enhancing local growth factors [17]. 
Even though advanced researches have been carried out on many 
different types of nanocomposites, their use in medical devices is very 
much less than expected. One of the main reasons for lower usage 
of synthesized nanocomposites in clinical applications is that there 
is not enough reliable experimental and clinical data supporting the 
long-term performance of nanocomposites with respect to monolithic 
traditional materials [3,18].
This problem can be avoided by using clinically well-known 
constituents in the preparation of nanocomposites. Nano-scale HA has 
received much attention owing to its superior functional properties 
over its microscale counterpart. In addition, the in vitro and in vivo 
behaviour of nano-HA has extensively assessed in many studies and its 
biocompatibility was proven [17,19–22]. 
The properties of nano-HA can be improved with the aid of 
nanocomposites using biologically compatible polymers. [16] There 
is a major advantage of using synthetic polymers in the preparation 
of nanocomposites. Since the synthetic polymers can be produced 
under controlled conditions to exhibit predictable and reproducible 
mechanical and physical properties [3]. Long established use of PMMA 
cement provides the surgeon with satisfactory clinical data, whereas 
the newer systems have little to show in terms of clinical history [23,24]. 
PMMA used in bone cement is compliant and weak in comparison 
with natural bone; therefore, several reinforcement methods have 
been attempted [25,26]. The inclusion of bone particles in PMMA 
cement somewhat improves the stiffness and improves the fatigue 
life considerably [27]. The bone particles at the interface with patient’s 
bone are ultimately resorbed and are replaced by ingrown new bone 
tissue [27].
A novel way of fabricating nanocomposite bone grafts using 
strategies found in nature has recently received much awareness and 
is recognized to be beneficial over conventional methods. As most of 
the methodologies of nanocomposite are not simple, it is of interest 
to find out a simpler method for the synthesis of nanocomposite for 
an orthopaedic application using clinically well-known substitutes 
such as HA and PMMA. In addition, PMMA is highly compatible with 
HA and it can also act as a functionalizing/linking material with HA 
[28]. Therefore, allowing nano-HA to self-assemble into PMMA matrix 
may enhance the mechanical properties of the composite. There 
are only a few earlier studies on HA-PMMA composites [23,29–32]. The 
process used in our study involves a bottom-up approach, which 
begins by synthesizing Nano-HA and PMMA using basic precursors 
simultaneously that have the ability to self assemble or self organize 
spontaneously into a higher order of microscale structure.   According 

to the best of author’s knowledge, there are no extensive studies 
on HA-PMMA nanocomposites. Therefore, in the present study HA-
PMMA nanocomposites were synthesized by simple one-pot in-situ 
polymerization method and its structural, morphological, mechanical 
and thermal properties were evaluated.
Materials and Methods
Materials 
All chemicals were of analytical grade and were used without further 
purification. Materials used in this synthesis were calcium hydroxide 
(Ca(OH)2) powder, sodium persulphate (Na2S2O8), ammonium 
dihydrogen orthophosphate (NH4H2PO4), freshly distilled methyl 
methacrylate (MMA). De-ionized water is used throughout the 
experiment.
In situ synthesis of HA-PMMA Nanocomposites
First, 7.0 g (0.095 mol) of calcium hydroxide (Ca(OH)2) powder 
was suspended in a 50 mL of a solution containing 1.0 g of sodium 
persulphate (Na2S2O8) dissolved in deionized water, in a round bottom 
three-necked flask. 6.8 g (0.059 mol) of ammonium dihydrogen 
orthophosphate (NH4H2PO4) dissolved in 50 mL of deionized water and 
10 mL (~ 0.1 mol) of freshly distilled methyl methacrylate were added 
drop-wise from two dropping funnels simultaneously to the suspension 
containing Na2S2O8 and Ca(OH)2  while maintaining the temperature 
at 80oC using a water bath and vigorously stirring with a magnetic 
stirrer. It was then refluxed at 80 oC for 2 hours. The molar ratio of 
Ca/P was maintained at 1.67. Water vapour from a steam generator 
was then passed into the emulsion until the polymer composite was 
coagulated. The PMMA-HA composite thus obtained was allowed to 
settle down and the supernatant was decanted. The residue obtained 
was washed with deionized water and the supernatant was decanted 
after allowing its residue to settle down. This was repeated for 2 more 
times and the residue was air dried for 24 hours. Finally, the sample 
was dried in a vacuum oven at 45oC and 600 mmHg. 
Determination of the homogeneity of the nanocomposite
Randomly selected portions (~10 mg) of HAP-PMMA nanocomposite 
samples were heated to 30 – 500 oC at a rate of 5 oC min-1 using SCINCO 
STA N-1500 thermo-gravimetric analyzer for TGA and DSC analysis.
Determination of Mechanical Properties
Mechanical properties of the materials, such as the flexural strength 
(Modulus of Rupture, MOR), Young’s Modulus (Y) were explored 
using a locally made universal mechanical testing machine with 4-point 
bending at a crosshead speed of 4.075 X 10-3 mms-1 (Fig. 1). In the 
case of 4-point bending, the MOR can be calculated according to the 
following equation (1):

Where,
b, c, h   -   Dimensions of the bar [breadth, length, and height 
respectively]
a           -  Inner distance of the four-point bending setup (1 cm)
ℓ           -  Outer distance of the four-point bending setup (2 cm)
P	  -  Force at breaking point
Young’s Modulus (Y) was calculated by the following equation (2)

Where,		  x = depression at the load point.
2.5 Characterization techniques 
X-ray diffraction (XRD) spectra were recorded using computer 
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controlled X-ray diffractometer (Seimens D 5000, Cu Kα radiation, λ 
= 0.1540562 nm, 18 kW rotating anode) (University of Peradeniya, Sri 
Lanka) and XRD analysis was done at 40 kV and 25 mA with a scanning 
rate of 1o min -1. For this study, powdered forms of the samples were 
used and Stainless steel was analyzed as it is. Particle size was obtained 
using the Debye-Scherer formulae (3). 
D=kλ/(β cosθ )                                (3)
Where; 
	 D  	 - Median size of the particle
	 K	 - Broadening constant (varying between 0.89 to 
1.39)
	 λ 	 - Wave length of Cu Kα radiation (λ = 1.54060 Å) 
	 β	 - Full width at half maximum intensity (in radians) 
(FWHM)
	 θ	 - Position of peak maximum
Fourier Transform Infrared Spectroscopy (FTIR): The FTIR spectra 
were recorded using JASCO FTIR 410 spectrophotometer with 256 
accumulations at 4 cm-1 resolution. 1 cm diameter constant-weight 
pellets (dispersed in KBr as pellets in the mass ratio of sample: KBr = 
1:10) was used to record IR absorbance spectra. 
Scanning Electronic Microscopic (SEM) studies were done by JEOL JSM-
6320F Field Emission type scanning electron microscope (Shizuoka 
University, Japan), Hitachi SU6600 Analytical Variable Pressure Field 
Emission Scanning Electron Microscope (Shizuoka University, Japan) 
and ZEISS EVO LS15 Scanning Electron Microscope (University of 
Peradeniya, Sri Lanka). Samples were sputter-coated with gold by 
Quorum SE 7620 sputter coater (University of Peradeniya, Sri Lanka) 
before examination under the SEM.

Results and Discussion
X-Ray Diffraction (XRD)
Fig. 1 (a) shows the powder XRD patterns of pure HA prepared. The 
XRD pattern is comparable with the standard XRD pattern of pure 
HA (PDF # 74-0566), clearly showing the formation of HA from the 
synthetic procedure adopted in this work. The XRD pattern of the 
nanocomposite material also contains all the reflections corresponding 
to HA, indicating that the other components present in the reaction 
mixture do not disturb the HA formation reaction. In addition, all the 
XRD peaks of HA (Fig. 1b) are relatively broad, confirming the small 
size of HA nanoparticles in the nanocomposite. However, when the 
preparation of nanocomposites, the crystallinity of the HA phases was 
observed to be poorer according to  Fig.1b, compared to that in pure 
HA. Intensities of two major peaks for (211) and (002) planes have been 
decreased due to the presence of polymer, indicating a reduction of 
the crystal growing energy of the inorganic crystals by the organic 
polymer. The average particle size was calculated from the XRD study 
using the Debye-Scherrer equation, along the c-axis (using (002) peak) 
and a-axis (using (310) peak) respectively, giving the dimensions of 
the HA crystals to be 23 nm and 17 nm in pure HA and 28 nm and 8 
nm in HA-PMMA Nanocomposite. In the HA-PMMA Nanocomposite, 
the particle size of HA along the a-axis has reduced while the particle 
size along the c axis has slightly increased. PMMA may have a strong 
interaction with PO4 groups of HA which exposes in (010) plane. So 
that shielding effect by the polymer may control the growth along 
a-axis. Therefore, reduction of particle size along a-axis may be 
observed in the nanocomposite. In that case, dissimilarity of growth 
rates of (010) and (001) facets may lead to a needle shape rather than 
a spherical shape in the nanocomposite. 

Fig.1: XRD pattern of (a) HA nanoparticles (H2) and (b) HA-PMMA Nanocomposite

Fourier Transform Infrared (FTIR) Spectroscopy
Fig. 2 shows the FT-IR spectra of pure HA (a), HA-PMMA nanocomposite 
(b), and pure PMMA (c) and expanded versions of the spectra in 
different wave number regions are shown in Figs. 3 - 6. The vibrations 
responsible for these bands are assigned in Table 1[33–37]. In the FT-IR 
spectrum of HA-PMMA nanocomposite, the band corresponding 
to ester carbonyl stretching vibration has been shifted to 1732 cm-1 

from its position of 1734 cm-1 in pure PMMA and C=O band for PMMA 
is broader than the corresponding band for HA-PMMA (Fig 4) which 
suggests two different chemical environments at the C=O bond. In 
addition, vibration bands of C-O-C in the ester group at 1242 and 1269 
cm-1  in pure PMMA were shifted to 1238 and 1271 cm-1 respectively in 
the nanocomposite, suggesting an interaction of PMMA and HA in the 
nanocomposite
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Fig. 2: FT-IR spectra of (a) Pure HA (b) PMMA-HA 
nanocomposite and (c) PMMA

Fig. 3: FT-IR spectra of (a) Pure HA (b) PMMA-HA nanocomposite 
and (c) PMMA (expanded view from 3600 cm-1 to 3100 cm-1)

Fig. 4: FT-IR spectra of (a) Pure HA (b) PMMA-HA nanocomposite and (c) PMMA (expanded view from 1800 cm-1 to 900 cm-1)

Moreover, the vibrational band of C-O-C methoxy group of pure 
PMMA was shifted to 1145 cm-1 from 1147 cm-1, indicating an interaction 
between the polymer and HA phase in the nanocomposite. 
Vibrational band of skeletal deformation of PMMA is not resolved in 
the spectrum of nanocomposite (Fig. 4). Further, the band position 
of skeletal C-C of PMMA appeared at the same place with a lower 
intensity in the spectrum of the nanocomposite (Fig. 4). Moreover, 
P-O stretching vibration bands of pure HA were shifted to 563 and 
603 cm-1 in the spectrum of nanocomposite from 565 and 601 cm-1 

respectively also indicating an interaction between HA and PMMA in 
the nanocomposite (Fig 6). Additionally, there was a significant shift 
in one of the stretching vibrational peaks of PO4

3- in the formation of 
nanocomposite where the peak positions were shifted to 1031 and 
1097 cm-1 from 1033 and 1097 cm-1 respectively. (Fig. 5)   All of these 
results account for the indication of chemical interactions between HA 
and PMMA, most likely through the dipolar interactions of P of PO4

3- 
exposed in the (010) plane with ester oxygen atoms of PMMA and also 
by H-bonding of surface hydroxyl groups of HA with the ester oxygen 
atoms of PMMA.
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Fig. 5: FT-IR spectra of (a) Pure HA (b) PMMA-HA nanocomposite 
and (c) PMMA (expanded view from 1150 cm-1 to 450 cm-1)

Fig. 6: FT-IR spectra of (a) Pure HA (b) PMMA-HA nanocomposite
 and (c) PMMA (expanded view from 900 cm-1 to 400 cm-1)

Fig. 7:  [A] TGA curves of PMMA and PMMA-HA Nanocomposite, [B] DSC curves of PMMA and PMMA-HA Nanocomposite, and 
[C] (a) TGA and (b) DSC curves of HA.
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In order to analyze the homogeneous distribution of polymer in 
the nanocomposite, randomly selected portions (5 mg) of the 
nanocomposite samples were analyzed by TGA and DSC. 
TGA results indicate that water loss and the polymer loss at various 
locations were between 20 - 23% and 52-58% respectively (Table 2). It 
could be concluded, therefore, that the chemical composition of the 

nanocomposite is homogeneous and therefore, a good dispersion of 
nanoparticles in the PMMA matrix can be obtained in the synthesis of 
HA-PMMA nanocomposite when both HA and PMMA were produced 
simultaneously from Ca2+, PO43-, and OH- sources and the monomer. In 
mature bone, HA nanocrystals are dispersed in the collagen matrix in 
a ratio of 69: 31, and according to TGA data in the synthetic analogue, 
average PMMA: HA ratio was 71: 29.

PMMA-HAp
Sample

H2O loss (wt%) PMMA loss (wt%) PMMA (wt%) HA (wt%)

1 22.89 57.32 74 26

2 20.51 54.35 68 32

3 22.48 52.54 68 32

4 22.46 54.64 70 30

Table 2: Composition of HA-PMMA nanocomposite determined using TGA plots of the nanocomposites.

Colloidal apatite nanospheres of 2-5 nm in diameter was synthesized 
in the presence of poly(acrylic acid), PAA by San-Yuan Chen et al[35]. 
It is used as a structure directing agent for the synthesis of calcium-
deficient apatite (CDHA). Experimental observation suggests that 
there exists a critical amount of the low-molecular-weight PAA, 
above which morphological evolution of CDHA nanoparticles from 
needle to sphere was observed. Balamurugan et al[36] attempted to 
develop a ceramic/polymer composite by grafting PMMA with HA by 
using suitable grafting agent (PMMA was coupled and grafted onto 
HA particles via covalent bonding of isocyanate groups of isocyanate 
ethyl methacrylate). The synthesized composite was characterized 
using spectral techniques. The present approach is quite different 
to these methods as both the polymer and the inorganic crystals are 
synthesized in situ in one pot. This approach provides nanocomposites 
with controlled physical and chemical properties.
Scanning Electron Microscopy (SEM)
Fig. 8 shows SEM images of HA, PMMA and the HA-PMMA composite. 
PMMA particles are in spherical shape in the average particle size of 
200 nm. The HA particles in pure HA showed spherical shapes (Fig. 
8(b)) and the PMMA-HA nanocomposite has become needle-shaped 
(Fig. 8(c)) and approximately in 10 nm X 50 nm dimensions, showing 

the effect of the polymer enforcing the nucleation and growth of 
HA particles. The space restrictions enforced by the polymer on 
the growing HA particles and their higher interactions in ‘a’ axis 
direction have made the particles more elongated in c axis direction 
than spherical. The possible primary growth of the mineral crystals 
is limited as the growth of apatite crystals of nanocomposite occurs 
within the polymer matrix. Thus the crystals are forced to be discrete 
and discontinuous. Homogeneous dispersion of HA in PMMA matrix 
(Fig. 8 (c) and (d)) shows that PMMA has played an important role 
in controlling the size and mono-dispersion of HA in nanoparticles. 
Similarly, the properties of bone are determined at the nanoscale level, 
with nanoapatite calcium phosphate crystals embedded in the soft 
collagen fibrils[38–40]. The collagen fibres, surrounded and infiltrated by 
the mineral are the most significant structures seen at hundreds of 
nanometers to 1 µm scale. The mature apatite crystals are not needle-
shaped, but plate-shaped as the collagenous phase plays a central role 
in the regulation of mineralization, and the extent of mineral–collagen 
interactions[41,42]. Therefore in this work, the role of collagen in bones 
is tried to substitute by the role of PMMA as its well known clinical 
use with encouraging results in orthopaedic surgery for the fixation of 
artificial joints for last fifty years [43].
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Fig. 8: SEM Image of (a) pure PMMA, (b) HA nanoparticles, and (c) HA-PMMA nanocomposite (d) HA-PMMA 
nanocomposite in a lower magnification

During the bottom-up approach, nano-HA and PMMA are allowed 
to self-assemble into an organized structure where freshly distilled 
MMA undergoes free radical vinyl polymerization using the heat-
generated persulphate free radical and the simultaneous synthesis 
of HA nanoparticles through the combination of three stages: 
supersaturation, nucleation and crystal growth. 
Flexural strength of cortical bone is between 50 – 150 MPa[41] but 
the value depends on the bone direction, longitudinal or transverse, 
and the bone location [39]. In the current study, the flexural strength 
of HA alone was 1.64 MPa and it was 5.51 MPa in the HA-PMMA 
nanocomposite. The value is comparable with the flexural strength 
of cancellous bone which is around 1-20 MPa [12,41]. The Young’s 
modulus of cortical bone is reported to be around 7-25 GPa[12,44] and 
the synthetic analogue which has about 30% of HA mass percentage 
in the nanocomposite, has Young’s modulus of 19 GPa and that of HA 
alone is 27 GPa. Although the natural hierarchical structure is difficult 
to achieve in the laboratory synthesis, the HA-PMMA nanocomposite 
described in this work has a similar Young’s modulus in the range of 
cortical bone. 
An excellent bone implant material should be able to rapidly induce 
osteogenesis and form tight bony bonds with host bone [45]. As the 
HA component of the nanocomposite has more similarity to the 
bone mineral in composition, crystal structure, crystallinity and 
morphology[39] better osteoconductivity for the nanocomposites is 
expected.
Conclusions
Homogeneous dispersion of needle shape, discrete, discontinuous, 
less crystalline HA nanoparticles (~29% of HA) in the PMMA matrix 
can be obtained by a novel method, one spot synthesis of in situ HA-
PMMA nanocomposites using Ca(OH)2, NH4H2PO4 precursors, MMA 
monomers and K2S2O8 initiator in a single container at 80oC without 
controlling the pH manually. HA nanoparticles were able to bond 
via non-covalent bonds in the PMMA matrix. Flexural strength of 
the nanocomposite was higher than that of pure HA which is having 
a comparable value of natural cancellous bone. However, Young’s 
modulus of the nanocomposite was lower than that of pure HA, but 
the values are comparable with the value of natural cortical bone. 
In addition to the above properties, as there are enough clinical and 
experimental data supporting the performance of HA and PMMA, 
the nanocomposite can be used for the possible applications in bone 
grafting. 
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