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 The incorporation of nanoscale hydroxyapatite (n-HAp) into biodegradable polymers can potentially mimic the 
native structure of bone and influence the mechanical properties and the extent of bioactivity. In this investigation, 
nanocomposites of poly(1,6-Hexanediol-Maleate-Citrate) (PHMC) containing 5, 10 and 15 wt% n-HAp were fabricated 

and characterised. The polyester was characterized by solubility studies, 1H NMR and 13C NMR spectral studies. Fourier transform infrared (FT-
IR) spectroscopy was performed to analyze the interactions between n-HAp and PHMC matrix. X-ray diffraction analysis was carried out to 
study the structural information of nanocomposite. Tensile tests were conducted to evaluate the mechanical properties of the nanocomposites 
and differential scanning calorimetry (DSC) was carried out to study the thermal properties of n-HAp/PHMC nanocomposites. The Young’s 
modulus and tensile strength of nanocomposites were increased with higher concentration of n-HAp. Thermal studies showed that the Tg of 
the nanocomposites decreased with increase in n-HAp contents. The morphological studies were characterized by SEM.  This study provides an 
insight into how the hydroxyapatite nanoparticle content can modulate the physical properties of n-HAp/PHMC nanocomposites.
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1.  INTRODUCTION 
In the recent past, the synthesis of new biodegradable polymeric 
nanocomposite has attracted significant interest to fulfill the unmet 
needs of healthcare. Biodegradable aliphatic polyester elastomers 
have been recognized as one of the most promising biodegradable 
materials because they are easily susceptible to biological attack and 
their degradation products are non-toxic and can enter the metabol-
ic cycles of bio-organisms [1,2].  Tissue engineering, which applies 
methods from engineering and life sciences to create artificial con-
structs to direct tissue regeneration, has attracted many scientists and 
surgeons with a hope to treat patients in a minimally invasive and 
less painful way [3].The use of mesenchymal stem cells has been in-
creasingly popular for the treatment of bone defects.  These cells can 
be easily expanded to high cell numbers and the addition of mesen-
chymal cells facilitates the healing of bone defects.  However, mesen-
chymal stem cells suspensions are difficult to maintain within a bone 
defect and do not provide any biomechanical stability. Hence, mesen-
chymal stem cells are combined with scaffolds for tissue engineering 
applications.

The standard biomaterials used for scaffolds is the polyester 
poly(L-lactide)(PLLA). The disadvantage of using PLLA is that it under-
goes slow and bulk degradation which results in chronic inflamma-
tion, fracture, pain and revision surgeries. In order to increase the os-
teoconductive and osteogenic properties, an apatite material such as 
hydroxyapatite (HAp) is incorporated into biomaterials. Calcium phos-
phate ceramics such as hydroxyapatite (HAp) are often considered 
for these applications because HA makes up the inorganic phase of 
native bone and is biocompatible, osteoconductive, and osteoinduc-
tive [4-7]. For these reasons calcium phosphate ceramics have gained 
acceptance in both dental and orthopedic applications, including 
the repair of bone defects, augmentation of the alveolar ridge, tooth 
root replacement, ear implants, spine fusion, and bone cements [8-
12]. However, the main limitation of HAp is the formation of microc-
racks induced during harsh processing conditions and its brittleness 
[13-15]. Furthermore, processing under high temperatures can cause 
changes in crystallinity and Ca/P stoichiometry [16]. To overcome 
these disadvantages, hydroxy apatite was combined with biodegrad-
able polyesters [17-22].

Herein, we report on the synthesis and characterization of new 
biocompatible and biodegradable elastomer, poly(1,6-Hexanedi-
ol-maleate-citrate). The incorporation of nanohydroxyapatite (n-HAp) 
into the elastomer is expected to increase the mechanical properties 
of the nanocomposites. Tensile and thermal properties of the nano-
composites were evaluated. The morphology of the nanocomposites 
was studied.

2. Experimental
2.1. Materials 
Maleic acid (MA) (99%) (MERCK AR grade), hexanediol (HD) (99%) 
(Lancaster AR grade) and citric acid (CA) were obtained and used 
without further purification. Nano-hydroxyapatite (n-HAp) was syn-
thesized by sol-gel method [23]. The other materials and solvents 
used for the analytical methods were of analytical grade.

2.2. Synthesis of nano-hydroxyapatite
0.25M Phosphoric acid (PA) solution was prepared and to this solu-
tion ammonia (MERCK AR grade) was added in drops and stirred till 
a constant pH = 10.  1M Calcium nitrate tetrahydrate (CNT, Aldrich) 
solution was prepared and was slowly added to the PA-NH

3
 solution, 

maintaining a Ca/P ratio of 1.67. Further small amounts of ammonia 
was added to the solution to maintain a constant pH=10. The solution 
was vigorously stirred for 1hr and kept for ageing for 24 hr at room 
temperature. The gel obtained after ageing was dried at 65ºC for 24 
hrs in a dry oven. The powders obtained from dried gel were washed 
repeatedly using double distilled water to remove NH

4
+ and NO

3
−. Af-

ter washing, the powder was calcined in air at 500ºC for 30 min in an 
electric furnace.

2.3. Preparation of n-HAp/poly((hexanediol-maleate-cit-
rate) (PHMC) nanocomposites
Equimolar amounts of both HD and acids [HD:(CA + MA) = 1:1] were 
added to a round bottomed flask and melted together at 160-165ºC 
followed by mixing at 140-145ºC for 1hr under constant steam of 
nitrogen to obtain PHMC pre-polymer. The pre-polymer was then 
mixed to incorporate 5%, 10% and 15% by weight n-HAp. PHMC 
pre-polymer dissolved in ethanol (1:1 w/v) was mixed with the de-
sired amount of n-HAp powder. The PHMC-n-HAp mixture was stirred 
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to get homogeneous solution and cast into Teflon dishes and left in 
an oven at 110ºC for 2 days for post-curing. The nanocomposites with 
0, 5, 10 and 15 wt% of n-HAp were named as P0, P5, P10, and P15 
respectively.

2.4. Characterisation
2.4.1. Solubility
The solubility of the synthesized polyester, PHMC, was determined in 
various solvents qualitatively.

2.4.2. 1H NMR measurements
1H NMR spectra of the synthesized copolyester were recorded on AV 
3500 MHz Spectrometer by using 7% wt of trifluoroacetic acid/CDCl

3
 

mixed solvent. 

2.4.3. 13C NMR measurements
 13C NMR spectra of the synthesized copolyester were recorded using 
deuterated chloroform as solvent at 300-600 MHz.

2.4.4. Fourier- Transform Infrared (FTIR) spectroscopy
IR spectra of the n-HAp, copolyester and nanocomposite were record-
ed using a perkin Elmer IR spectrometer in the range of 700 cm−1 to 
4500 cm−1. The samples were embedded in KBr pellets.

2.4.5. X-Ray Diffraction (XRD) analysis
A Siemens D 500 diffractometer with CuKα filtered radiations was 
used for assessing the crystallinity of n-HAp, copolyester and nano-
composite. The samples were scanned over the 2θ range from 5º to 
80º.

2.4.6. Differential Scanning Calorimetry (DSC)
The DSC scans of the copolyester and the nanocomposite were re-
corded at a heating rate of 10ºC/min using a Perkin-Elmer Pyris I 
analyser. Indium was used as the calibration standard.

2.4.7. Mechanical properties
The mechanical properties of the films of copolyester and nano-
composites were measured using tensitometer (model:K10KS-0128) 
equipped with 100N load cell at room temperature. The film samples 
were prepared according to the ASTM standard D 882-01 were tested  
at a rate of 10mm/min. Tensile strength and young’s modulus were 
calculated from the stress-strain curve. [24]

2.4.8. Scanning Electron Microscopy (SEM)
The structure and morphology of the n-HAp powder, polyester and 
nanocomposite thin films were studied using a HITACHI S-3000 scan-
ning electron microscope (SEM).

2.4.9. Transmission Electron Microscopy (TEM) 
Transmission electron microscope (TEM) (HR-TEM, Model-HITACHI, 
H-7650) was used to observe the morphology and the particle size of 
calcined n-HAp powders.

3. Results and Discussion
3.1. Solubility studies
The solubility of the synthesised random copolyester was tested qual-
itatively in various organic solvents and the results are presented in 
Table 1. 

Table 1 Solubility of copolyester PHMC

Po
ly

m
er

Acetone CHCl
3

DMSO Methanol Ethanol THF DMF Water

PH
M

C

+ + + + + + + + + + + + + + + + + + + −−−

+++  -  Freely Soluble, ++  -  Soluble, −−−  -  Insoluble
 
The synthesised copolyester is freely soluble in acetone, CHCl

3
, DMSO, 

methanol and ethanol. The polyester is soluble in THF and DMF and 
insoluble in water.

3.2. 1H NMR spectra of polyester
The structure of the repeating units present in the copolyester can 
be analysed qualitatively and quantitatively by 1H NMR spectrosco-

py.  Figure 1 shows the 1H NMR spectra of synthesized copolyester 
PHMC. 1H-NMR spectra of the sample show the expected character-
istic peaks.  

 

Fig. 1 1H NMR spectra of copolyester PHMC
 
The chemical shift values obtained from 1H NMR spectra of copoly-
ester are as follows. The peak observed at 2.8-2.6 ppm, was assigned 
to –CH2– from citric acid. The peak located at 3.36 ppm correspond to 
central methylene protons of 1,6-hexanediol. The peaks observed be-
tween 6 and 7 ppm were assigned to the protons of –CH=CH– from 
maleic acid incorporated into the polymer chain.

3.3. 13C NMR spectra of polyester
The chemical shift values of carbons present in different environ-
ments of the synthesised copolyester can be analysed by 13C NMR 
spectroscopy. Figure 2 shows the 13C NMR spectra of synthesized co-
polyester PHMC. 

 

Fig. 2 13C NMR spectra of copolyester PHMC
 
The chemical shift values obtained from 13C NMR spectra of copolyes-
ter are as follows. The peaks located at 28–29 and 23–26 ppm, were 
assigned to –CH

2
– from diacids. The peak located at 169.83 ppm was 

assigned to carbonyl carbon atom of the ester group and peaks lo-
cated at 65–61 ppm were assigned to –CH

2
-CO– group. The peak at 

130.51 ppm was assigned to -CH=CH- from maleic acid and the peak 
at 40.44 ppm was assigned to –CH

2
– from citric acid.

3.4. Fourier-Transform Infrared (FT-IR) spectroscopy
FT-IR spectra have been recorded for n-HAp, random copolyester and 
polymer nanocomposite and are presented in Figure 3.
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Fig. 3 FT-IR spectra of (a) n-HAp, (b) copolyester PHMC  
and (c) 15% n-HAp/PHMC nanocomposite
 
In spectra (a) a strong band of PO43- group was seen at 1042 cm-1 
and 1050 cm-1 due to symmetric stretching vibration. The spectra 
possessed a broad band ranging between 3350 cm-1 and 3550 cm-1 
shows the presence of –OH group. H2O band was also observed at 
1632 cm-1. In spectra (b) the pronounced peaks at 1690–1750 cm−1 
suggest the presence of carbonyl (C=O) groups from the ester bond 
and pendent carboxylic acid from the citric acid [25]. The shoulder 
peak of a lower wavelength at 1639 cm−1 proves the presence of the 
olefin moiety [26] from maleic acid. The bands centered at around 
2944 cm−1 were assigned to methylene (-CH2-) groups for diacids/
diols. Hydrogen-bonded hydroxyl functional groups showed absorb-
ance as a broad peak centered at 3570 cm−1. It seems that the spec-
tra of (c) were the superimposing of n-HAp on spectra (b) and no new 
peaks appeared in the spectra of the nanocomposite.

3.5. XRD analysis
The XRD patterns of n-HAp, copolyester and polymer nanocomposite 
are shown in Figure 4.

 

 

 

 

Fig. 4 X-ray diffraction pattern of (a) n-HAp, (b) copoly-
ester PHMC and  (c) 15% n-HAp/PHMC nanocomposite
 
XRD pattern of the dried HAp gel powder calcined at temperature 
500°C showed mainly broad peaks of HAp and no characteristic peaks 
of impurities were observed, indicating that the product was of high 
purity. The amorphous HAp powders that were obtained at lower 
temperatures in this study are expected to be more metabolically ac-
tive than the fully developed crystalline hydroxyapatite structure.

XRD pattern of amorphous polymers shows less sharp and highly in-
tense peaks whereas the nanocomposites of crystalline polymer show 
sharper and highly intensed peaks. This is due to the development of 
crystallinity in nanocomposites. Highly intense peaks occur in the pat-
tern of nanocomposite due to the presence of inserted n-HAp powder 
in the polymer matrix.

3.6. Thermal analysis  
The thermal properties of polyesters and polymer nanocomposites 
were studied from Differential Scanning Calorimetry, DSC analysis. 
The DSC heating thermograms of PHMC and 15% of n-HAp/PHMC are 
depicted in Figure 5(a) and 5(b). 
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Fig. 5 DSC thermogram of (a) PHMC and (b) 15% n-HAp/
PHMC nanocomposite
 
It can be seen that all of the nanocomposites were amorphous, and 
no crystallization melting peaks were found. The glass transition tem-
perature (Tg) of PHMC matrix is around −20.77ºC. When n-HAp was 
incorporated, the Tg of the the nanocomposite is affected by chemical 
cross linking density, resulted in the decreased glass transition tem-
perature of −24.54ºC. 

3.7. Mechanical properties
The mechanical properties of the synthesized copolyester and nano-
composite are tabulated in Table 2.

%n-HAp Tensile 
Strength (MPa)

Young’s 
Modulus (MPa)

Elongation at 
Break (%)

0 0.037 0.19 21.06

5 0.060 0.234 37.20

10 0.067 0.48 21.29

15 0.075 0.81 13.95

 
Table 2 Mechanical properties of nanocomposites
 
As shown in Table 2, it can be seen obviously that with increasing 
n-HAp content from 0 wt% to 15 wt% in the nanocomposite, the 
tensile strength and the modulus of nanocomposites prominently in-
creased, meanwhile, the elongation at break of the nanocomposites 
reduced. The tensile strength and the modulus of the virgin PMHC 
elastomer are relatively lower than their nanocomposites because 
the molecular chains could be cleaved by high-shearing force, so the 
cross-link density of PMHC decreased here.

3.8. Scanning Electron Microscopy (SEM) analysis
The morphologies of n-HAp, polyester and nanocomposite were ex-
amined by SEM analysis. Figure 6 shows the SEM images of n-HAp, 
copolyester and polymer nanocomposite.

 

 

 

Fig. 6 SEM image of (a) n-HAp, (b) copolyester PHMC 
and (c) 15% n-HAp/PHMC nanocomposite
 
Figure 6(a) shows the SEM image of HAp calcined at 500ºC. The pow-
der appears to be of crushed angular shape which was taken at high-
er magnification reveals single particle of HAp is made up of agglom-
eration of nano sized grains. The nucleation and growth of HAp can 
be described by nucleation-aggregation-agglomeration theory [27] 
explained by Rodriguez et al. The grains formed may be agglomerat-
ed due to the formation of the gel during the synthesis. Figure 6(b) 
shows the SEM image of polyester film. The distribution of n-HAp par-
ticles in polymers was shown in Figure 6(c) depicted that there were 
no clear agglomeration can be found in the composites and relatively 
strong interfacial interaction between n-HAp and polymer matrix for 
the polymers filled with 15 wt% n-HAp.

3.9. Transmission Electron Microscopy (TEM) 
The morphology of prepared nanohydroxyapatite sintered at 500ºC 
was confirmed by TEM. Figure 7 shows TEM images of n-HAp.
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Fig. 7 TEM images of n-HAp
 
The TEM images of n-HAp powders fabricated by sol-gel method were 
in the sub-micron to nano-size range with all having dimensions of 
30–70 nm.

4. Conclusions
In this study, a new type of copolyester has been synthesised by a 
simple catalyst-free melt polycondensation method with 1,6-hexane 
diol, citric acid and maleic acid as starting monomers.  The nanostruc-
tured hydroxyapatite powder via sol-gel method using calcium and 
phosphorous precursors and the n-HAp/polyester nanocomposite 
were prepared. The chemical, physical and physico-chemical charac-
teristics such as chemical structure, strength, elasticity and morpholo-
gy were studied using spectral, thermal and mechanical methods. The 
materials were elastomeric in nature which is evident from thermal 
and mechanical analysis. The mechanical properties of PHMC elas-
tomer is improved by incorporating n-HAp due to strong interfacial 
interaction and relatively uniform distribution of n-HAp. The PHMC 
and n-HAP/PHMC nanocomposite had appreciable mechanical and 
thermal properties which substantiate their cross-linking abilities. The 
developed new material will significantly improve the ease of fabrica-
tion and performance of biocompatible elastomers for future tissue 
engineering applications.
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