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Abstract Nano-hydroxyapatite/poly(L-lactic acid) (nano-

HA/PLLA) composites with uniform HA distribution and

good mechanical performance were fabricated by a modified

in situ precipitation method, using Ca(OH)2 and H3PO4 as

precursors for the synthesis of HA phase. This method has

solved the aggregation problem of the nano-sized particles in

the polymer matrix. The X-ray diffraction, Fourier transform

infrared spectroscopy, and transmission electron microscopy

were used to characterize the phase composition, chemical

interactions and morphology of the composites, while the

mechanical properties were determined by compressive

measurements. The results show that the rod-like nano-HA

particles synthesized by this method were uniformly dis-

tributed in the PLLA matrix. The compressive strength and

Young’s modulus of the composites were greatly enhanced

and reached the values of 155 MPa and 3.6 GPa at 20 wt%

HA content, respectively, which are much higher than those

of the reference samples fabricated by direct mixing of

PLLA with nano-HA particles. This supports the potential of

these composites for applications in bone tissue engineering

and load bearing bone defects repair.

1 Introduction

Bones are rigid organs with the microstructure that is hier-

archically patterned to provide maximal strength with

minimal mass. Many circumstances call for bone grafting,

which is due to bone defects deriving from traumatic or non-

traumatic destructions [1]. A few therapies are clinically

available for the treatment of bone defects, but there exist

disadvantages, such as donor shortage, a chance for rejec-

tion, and a risk of transmission of infectious disease. In this

context there is an ongoing search in the field of bone repair

for new biomaterials that are biocompatible, biodegradable

to nontoxic products, osteoinductive, osteoconductive, and

have composition and mechanical properties similar to

natural bones [2–30].

Hydroxyapatite (HA) has now been recognized as a

promising bone substitute, which is mainly due to its

chemical and biological similarities to the mineral phase of

the native bones. In addition, HA possesses good bio-

compatibility, osteoconductivity and bone-bonding prop-

erties [4–10]. However, the brittleness of HA ceramics

limits its clinical application to repairs of load-bearing

bones [11]. By contrast, biodegradable polymers such as

poly(lactic acid) (PLA), poly(L-lactic acid) (PLLA),

poly(glycolic acid) (PGA), and poly(D,L-lactic acid-co-

glycolic acid) (PLGA) are biomaterials that are ductile, and

their properties have been exploited in the fabrication of

scaffolds for cell transplantation and tissue engineering

[12–15]. The osteoconductivity of calcium phosphates

combined with the good workability of the polyesters gave

rise to the development of a variety of bio-ceramic/poly-

ester composite scaffolds for bone tissue engineering [16,

17]. For the same reason hydroxyapatite/poly(L-lactic acid)

(HA/PLLA) nano-composites have received attention in

orthopedic and dental applications.
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A critical factor that determines the properties of HA/

PLLA composites is a fine dispersion of HA filler in the

PLLA matrix. The issue has not been satisfactorily solved

up to date [18]. Mechanical [19–22] and ultrasonic stirring

[23] have been used to enhance the fine distribution of HA

particles in the matrix. The effects, however, are temporary

and without stirring the particles tend to re-aggregate. In an

attempt to synthesize the HA/PLLA composites with uni-

form distribution of HA particles, various modification

methods have been proposed in the past decade [17, 24–

29]. Most of these modifications, however, were carried out

on the surface of ex-situ grown HA particles that were

already agglomerated. Moreover, many organic com-

pounds used for HA grafting are usually noxious. Tian

et al. [30] on the other hand, have fabricated HA/PLLA

composite by infiltrating PLLA into the framework of

sintered HA. Sintered apatite, however, rarely remolds

in vivo, which is due to its high crystallinity.

The aim of this study was to obtain nano-HA/PLLA

composites with uniform nano-HA dispersion and good

mechanical properties. We mimicked the natural bone for-

mation by using a bionic approach that consists of the

modified in situ precipitation method [31–33]. In the method

nano-HA particles were synthesized in situ using Ca(OH)2

and H3PO4 as precursors in the PLLA template and bio-

compatible PEG was added to improve the interface adhe-

sion between HA and PLLA. In order to evaluate the effect

of nano-HA particle incorporation on the properties of HA/

PLLA composites, compressive measurements were per-

formed on the particulate reinforced composites obtained by

hot pressing.

2 Materials and methods

Ca(OH)2, H3PO4, polyethylene glycol (PEG 2,000) and

N,N-dimethyl formamide (DMF), all of AR grade, were

purchased from Sinopharm Chemical Reagent Co., Ltd.,

P.R. China, and poly-L-lactic acid (Mw 200,000), from

Shengzhen BrightChina Industrial Co., Ltd., P.R. China.

2.1 Synthesis of pure nano-HA particles

Pure nano-HA particles were synthesized by wet chemical

method from Ca(OH)2 and H3PO4 along the following

equation [34]:

10Ca OHð Þ2þ6H3PO4 ! Ca10 PO4ð Þ6 OHð Þ2þ18H2O ð1Þ

With the atomic ratio Ca/P & 1.67, an appropriate amount of

0.6 mol/l H3PO4 aqueous solution was slowly titrated into the

mixture that contained 0.025 mol/l Ca(OH)2 and 71.4 vol.%

DMF at 80�C under continuous stirring, while the pH value of

the mixture was adjusted to be about 10. After the titration,

the precipitate was aged at room temperature for 24 h. The

nano-HA particles were obtained by washing the precipitate

with deionized water and drying at 100�C.

2.2 Fabrication of nano-HA/PLLA composites

by in situ precipitation

Prior to the synthesis of the composite, 0.6 mol/l H3PO4 in

DMF was added drop-wise into 50 g/l PLLA in DMF with

continuous stirring to get a homogeneous solution. At the

same time, an appropriate amount of PEG 2000 aqueous

solution was added to the mixture of 0.025 mol/l Ca(OH)2

and 71.4 vol.% DMF solution. To fabricate the composite,

the two solutions were slowly titrated into 200 ml DMF at

80�C at the atomic ratio of Ca/P & 1.67. The titration

speed was controlled to maintain the pH at about 10. The

resultant solution turned blue at the end of the titration

process. After stirring for 2 h and aging for 12 h at room

temperature, the deionized water was added to make the

HA and PLLA co-precipitate. Finally, the nano-HA/PLLA

composite was obtained by washing the precipitate three

times with deionized water and drying at 48�C.

The composites were prepared at the following HA/PLLA

weight ratios: 5/95, 10/90, 15/85, 20/80, and 25/75. The initial

amounts of the reagents used are listed in Table 1. Samples

with higher HA content were not prepared, which is because

PLLA degrades at high H3PO4 and Ca(OH)2 concentrations.

For comparison, another kind of nano-HA/PLLA com-

posite with the same HA weight content was prepared by

direct mixing the synthetic nano-HA with PLLA DMF

solution.

2.3 Characterization

The phase composition was identified by X-ray diffraction

(XRD) in a Philips X’pert PRO X-ray diffractometer with

Cu–Ka radiation. The XRD patterns were collected at room

temperature in the 2h scanning range from 10� to 70�
with a step of 0.033� and a scanning rate of 10.16 s per

step. The Fourier transform infrared (FT-IR) spectroscopy

measurements were used to confirm the chemical

Table 1 The dosage of reagents for the preparation of nano-HA/

PLLA composites

Nano-HA/PLLA

composite (wt%)

PLLA (g) Ca(OH)2 (g) H3PO4 (g)

5/95 9.5 0.37 0.294

10/90 9 0.74 0.588

15/85 8.5 1.11 0.882

20/80 8 1.48 1.176

25/75 7.5 1.85 1.470
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composition and possible chemical interactions between

HA and PLLA in the composites. All samples for FT-IR

measurements were mixed with KBr powders and then

pressed into the discs. The FT-IR spectra were recorded

from 4000 to 400 cm-1 with a Nicolet Nexus spectrometer

operating in transmission mode. Transmission electron

microscopy (TEM) was employed to characterize the

morphology of both the HA particles and the nano-com-

posites. TEM images were taken with a JEOL-2010

microscope and the samples were prepared by dripping a

drop of the ethanol suspension of the composites onto a

TEM grid covered with a carbon film and by evaporating

the solvent completely at room temperature. Energy dis-

persive spectroscopy (EDS, Oxford INCA) was imple-

mented to estimate the atomic proportion of Ca and P in the

HA particles.

Mechanical properties of the nanocomposite were eval-

uated by compressive measurements with a CMT4204

mechanical tester (SANS, China) at a maximum load of

20 kN. The samples for compressive tests were prepared as

follows. The powders of the HA/PLLA composites were

placed in a cylindrical stainless steel mould with an internal

radius of 10 mm, then preheated at 145�C for 30 min, and

pressed for 2 min under a pressure of 200 MPa. The length

of the cylindrical hot pressed samples was about 20 mm.

The cross-head speed was set as 1 mm/min, and the load

was applied until the specimen was crushed. The elastic

modulus was calculated as the slope of the initial linear part

of the stress–strain curve. When the yield point was not

clear, the yield stress was determined from the cross point of

the two tangents on the stress–strain curve (Fig. 4). The data

for compressive strength and Young’s modulus are the

averages of at least five measurements.

3 Results and discussion

3.1 XRD results

Figure 1 shows the XRD patterns recorded for the pure

PLLA (curve a), the inorganic component obtained by

burning out the organic materials in the composite (curve

b), the nano-HA/PLLA composite (curve c), and the pure

nano-HA (curve d). As can be seen, the XRD pattern of the

pure PLLA exhibits two characteristic peaks around

2h = 17o and 19o. The peaks at 2h = 25.9�, 31.9�, 33.2�,

34.2�, 35.1�, and 40.1� detected in the patterns of the pure

nano-HA and of the inorganic component in the composite

can be well indexed as those of the HA phase (JCPDS card

09-432 [35]). This illustrates that the HA particles syn-

thesized in this study are a pure phase. By contrast, the

XRD pattern of the nano-HA/PLLA composite (curve c)

consists of the same peaks characteristic of the pure HA

and PLLA phases, however, with a larger width at half

maximum. This implies the existence of smaller crystallites

in the composites. According to the Scherrer equation, the

crystallite size of pure HA particles and the HA particle in

the composites is 41 and 27 nm, respectively. By com-

paring the XRD patterns of the nano-HA/PLLA composite

(curve c) with those of the pure HA (curve b or d) and the

pure PLLA (curve a), it can be seen that the crystallinity of

HA and PLLA in the composites is obviously lower,

indicating that there may exist PLLA-nano-HA interac-

tions. These crystallographic characteristics of HA syn-

thesized in this study are similar to those of the mineral

(biological apatite) in natural bones [36].

In the nano-HA/PLLA composites synthesized in this

work, the nucleation and growth of HA crystallites were

restrained by the PLLA matrix. On the other hand, the

inorganic nano-particles could inhibit somewhat the crys-

tallization of PLLA. Therefore, the crystallite size of HA in

the composites is smaller than that of the pure nano-HA

particles and the crystallinity of both HA and PLLA in the

composites is lower than when the compound was syn-

thesized independently.

3.2 FT-IR results

FT-IR spectra of the nano-HA/PLLA composite, the nano-

HA, and the pure PLLA are shown in Fig. 2. It follows from

the spectra that the composite consists of HA and PLLA. In

the spectrum of the nano-HA (c), the absorption bands at

1092, 1035, 961, 602 and 567 cm-1 correspond to different

vibration modes of PO4
3-, while those at 3571 and 630 cm-1

can be assigned to the stretching and bending vibration of

OH-. The fact that these characteristic bands also exist in the

FT-IR spectra of the bone apatite [37] suggests the similarity

of the nano-HA crystallites synthesized in this study to the

Fig. 1 XRD patterns of (a) pure PLLA, (b) the inorganic component

obtained by burning out the organic materials in the composite, (c) the

nano-HA/PLLA composite, and (d) nano-HA
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bone apatite. Furthermore, a lower intensity of OH-

absorption bands and carbonyl (C=O) stretching vibration

bands in the spectrum of the nanocomposite may be indic-

ative of the formation of hydrogen bonding between the OH-

group of the nano-HA and the functional groups of PLLA. In

addition, a slight shift and a decrease in intensity of the C–H

vibration bands together with the disappearance of carboxyl

groups (–COOH) absorbance bands in the spectrum of the

nanocomposite also suggest the occurrence of possible

molecular interactions between the nano-HA and PLLA in

the nanocomposite. These interactions may greatly affect the

interfacial behavior and mechanical properties of the

composites.

3.3 Microscopy

Figure 3 presents TEM images of 10 wt% nano-HA/PLLA

composite (Fig. 3a) and of the nano-HA crystallites

(Fig. 3b) with EDS spectrum (Fig. 3c). The images of the

other samples were similar and are not shown. Figure 3a

reveals that the nano-scaled HA particles are distributed

homogeneously in the PLLA matrix and that the interface

between the nano-HA crystallites and the PLLA is closely

compacted. The rod-like HA crystallites are about

10–30 nm in diameter and 40–100 nm in length (Fig. 3b).

The molar ratio of Ca/P in the synthesized nano-HA parti-

cles was deduced as 1.6 from the EDS spectra, which is close

to the stoichiometric composition of HA (Ca/P & 1.67).

Thus, it is worth noting that the particle size and the ele-

mental composition of the prepared nano-HA crystallites are

similar to the apatite phase in the natural bones [37].

Importantly, it can be expected that the uniform distribution

of the nano-HA in the nano-HA/PLLA composite powders

Fig. 2 FT-IR spectra of (a) pure PLLA, (b) 10 wt% nano-HA/PLLA

composite, and (c) pure nano-HA

Fig. 3 TEM micrographs of a 10 wt% nano-HA/PLLA composite,

and b pure nano-HA with EDS spectrum (c)
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guaranties a fine distribution of the nano-HA in the bulk

products manufactured from these composite powders.

3.4 Mechanical properties

The mechanical properties of the nano-HA/PLLA compos-

ites were evaluated from the compressive stress–strain

measurements. The results for different nano-HA content in

the composites are shown in Fig. 4. It is worth pointing out

that the presence of HA nano-crystallites influences the

fracture mode of the nano-composites. The nano-HA/PLLA

composites exhibit rupture behavior between plastic defor-

mation and brittle fracture, while the pure PLLA samples

exhibit uniform plastic deformations without any rupture.

Compressive strength and Young’s modulus are pre-

sented in Fig. 5 as a function of HA content in the nano-

HA/PLLA composites. The results of the samples prepared

by direct mixing are also shown for comparison. From the

obtained mechanical data it can be inferred that the

incorporation of HA into PLLA matrix resulted in a sig-

nificant enhancement of the mechanical properties. When

the HA content increases from 0 to 20 wt%, the com-

pressive strength and Young’s modulus of the composites

increase monotonously from 53 MPa to 155 MPa and from

1.2 to 3.6 GPa, respectively. Furthermore, these values are

definitely higher than those of the samples prepared by

direct mixing. The observed difference in the mechanical

properties of these two kinds of composites may thus be

viewed as resulting partly from the molecular interactions

between PLLA and HA in the in situ precipitated com-

posites, which was confirmed by the XRD and FT-IR

results (Sects. 3.1 and 3.2), and partly from the more uni-

form distribution of the nano-HA particles. As shown in

Table 2, when compared to the nano-HA/PLLA compos-

ites reported in the literature [38–40], the nano-HA/PLLA

composites prepared by the in situ precipitation in this

study have superior mechanical properties. However, with

a further increase in HA content, the compressive strength

and Young’s modulus slightly decreased, which may be a

result of the PLLA degradation at high H3PO4 and

Ca(OH)2 dosage.

The primary problem during the development of bone

substitutes is how to obtain homogeneous composites with

the mechanical properties comparable with the natural

bone tissue. It was reported that the compressive strength

and elastic modulus of the natural bone vary, for instance

Fig. 4 Curves of compressive stress versus strain for three different

nano-HA contents: (a) pure PLLA, (b) 10 wt% HA, and (c) 20 wt%

HA

Fig. 5 Dependence of compressive strength and Young’s modulus on

the nano-HA content in nano-HA/PLLA composites fabricated by

in situ precipitation and by direct mixing method, respectively

Table 2 Compressive strength and Young’s modulus of dense HA/PLLA composites

Method Tested materials Mechanical properties

Molecular weight

(PLLA) (kDa)

Filler (HA) characteristics

(content, size)

Processing conditions Compressive

strength (MPa)

Elastic

modulus (GPa)

This work 200 10 wt%, 40–100 nm 145�C, 200 MPa 109 ± 8 2.3 ± 0.2

20 wt%, 40–100 nm 155 ± 8 3.6 ± 0.2

[38] 104 25 wt%, 100 nm 190�C, 300 MPa 88 3.8

50 wt%, 70–100 nm 97 5.6

[39] 100 80 wt%, 0.5–0.7 mm 176�C, 98 MPa 38 2.0

80 wt%, 100 nm 72 3.5

[40] 202 50 wt%, 0.3–20 lm 103�C 115 6.5
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for the load bearing bone tissue the former amounts to

between 1.9 and 167 MPa, and the latter to between 0.09

and 18.6 GPa [41]. In this work the compressive strength

up to 155 MPa and elastic modulus up to 3.6 GPa were

measured for the nano-HA/PLLA composites containing

20 wt% HA obtained by the in situ precipitation. The

values correspond to the top values of the ranges for the

natural load bearing bone, thus making the composites a

promising candidate for bone tissue engineering.

4 Conclusion

In this study the nano-HA/PLLA composites were fabri-

cated by a modified in situ precipitation method. These

composites mimic natural bones in such aspects as crystal-

linity, elemental composition, crystallite size, and fine dis-

tribution of HA crystallites in the polymer matrix. The

compressive strength and Young’s modulus of the com-

posites were found to be high. These features may be

explained by both molecular interactions between the nano-

HA particles and the PLLA matrix and the uniform distri-

bution of the nano-HA particles in the composites. The

experimental results demonstrate the feasibility of this

bionic approach for the preparation of the nano-HA/PLLA

composites with excellent performance. The resultant

nanocomposites are promising biomedical materials that

may be applied in load bearing bone repair and bone tissue

engineering.
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