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Abstract

In this article, highly organized HA nanostructure was developed using a nonionic surfactant p-(1,1,3,3-tetramethylbutyl) phenoxypoly

(oxyethylene) glycol (triton X-100) as the template. The obtained well-organized architectural units were examined using transmission electron

microscopy (TEM), SEM, XRD and FTIR. High-resolution transmission electron (HRTEM) revealed that HA nanorods were well assembled

in order along the c-axis. FTIR results indicated the possible interactions between triton X-100 and HA. The mechanism of the assembly of

well-oriented nanostructure was proposed. The composites containing nanosized hydroxyapatite with structural features close to that of human

bone should be useful and important for the practical applications, especially in the development of biomimetic materials.
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1. Introduction

Hydroxyapatite (HA), a major inorganic component of bone,

has been used extensively for biomedical implant applications

and bone regeneration due to its bioactive and osteoconductive

etc. properties [1–3]. However, the application of pure HA is

very limited due to its brittleness.

Human bone is an inorganic–organic material consisting

mainly of collagen fibres and nanosized, needle-like hydro-

xyapatite crystals. Collagen molecules exert a remarkable level

of control over the nucleation, the size and the orientation of

hydroxyapatite crystals and over the assembly of nanocrys-

tallites as building blocks into hierarchy complex structures to

achieve the extraordinary durability and strength [4,5]. It was

presumed that the acidic extracellular matrix proteins that are

attached to the collagen scaffold play important templating and

inhibitory roles [6–9]. This ability to direct the assembly of

nanoscale components into controlled and sophisticated

structures has motivated intense efforts to develop assembly

methods that mimic or exploit the recognition capabilities and

interactions found in biological systems [10,11].
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To duplicate this high performance of natural bone, artificial

bone materials have been produced in which organic substrates

such as poly(lactic acid), poly(L-lactide), peptide-amphiphile

nanofibers, reconstituted collagen, and inorganic substrate have

been used in the mineralization [12–21]. However, results are

far from satisfying due to the difficulty in manipulating the

position and orientation of HA nanoparticles.

Surfactants with hydrophilic and hydrophobic groups are

often employed to direct organized superstructures due to their

specific self-assembly behavior in solutions [22]. In the work of

Clarkson and coworkers [23], the surfactant-docusate sodium

salt was utilized to modify HA nanorods with a hydrophobic

surface, and then these hydrophobic HA nanorods were

organized into an enamel prism-like structure induced by

solvent evaporation. Stupp and Braun designed self-assem-

bling, synthetic substitutes for collagen, which can act as

templates for hydroxyapatite crystallization [24]. Chen et al.

used dodecylamine as the template and ordered hydroxyapatite

(HA) nanorods were prepared after a hydrothermal treatment

[25]. Recently, Ye et al. prepared oriented HA using P123 and

tween 60 as the template [26].

Herein, biocompatible and biodegradable nonionic surfac-

tants triton X-100 was utilized to biomimetically synthesize the

oriented organization of HA nanorods. The synthesized

samples were characterized by scanning electron microscopy
d.
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Fig. 1. XRD pattern of pure HA and HA-triton X-100 composites (pure HA

phase).
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(SEM), X-ray diffraction (XRD), Fourier transform infrared

spectroscopy (FTIR), nitrogen sorption, transmission electron

microscopy (TEM) and high-resolution TEM (HRTEM).

2. Experimental procedures

2.1. Preparation of triton X-100/hydroxyapatite composites

Triton X-100 ( p-(1,1,3,3-tetramethylbutyl) phenoxypo-

ly(oxyethylene) glycol) (composition C14H22O(C2H4O)n

(n = 9–10) was used as the structure directing agent. Triton

X-100 is a nonionic surfactant which has a hydrophilic

polyethylene oxide group (on average it has 9.5 ethylene oxide

units) and a hydrocarbon lipophilic or hydrophobic group. It is

related to the Pluronic range of detergents marketed by BASF

Corporation. Ca(NO3)2�4H2O (Sinopharm Chemical Reagent

Co. Ltd) and (NH4)2HPO4 (Sinopharm Chemical Reagent Co.

Ltd) were of analytic grade and used without further

purification.

Triton X-100 aqueous solution was prepared by dropping the

suitable amount of triton X-100 into distilled water. After

conditioning, the solution was added into a 0.02 M

(NH4)2HPO4 solution and the solution pH was adjusted to

11 using NaOH. Then 0.0334 M Ca(NO3)2�4H2O solutions

were gradually added to the triton X-100/(NH4)2HPO4

solutions(the solution pH was pre-adjusted to 11 with NaOH)

under stirring. The HA/X-100 mass ratio was calculated

assuming that all the Ca(NO3)2�4H2O was transformed into HA

after reaction. The temperature of the solutions was varied from

room temperature to 80 8C using water bath. After finishing, the

mixture was aged at room temperature for 24 h before filtration.

The powder was freeze-dried subsequently.

2.2. Characterization of triton X-100/hydroxyapatite

composites

Powder XRD patterns were obtained on a Rigaku D/MAX-

2550V diffractometer at 40 kV and 25 mA. Scans were run

from 108 to 708 (2u) at a speed of 48/min and a step of 0.028
using Cu Ka X-rays (wavelength of 1.5418 Å). TEM analysis

was performed using a JEOL 2100F electron microscope with

an accelerating voltage of 200 kV. Interaction between triton X-

100 and nano-HA powder was determined using a Fourier

transform infrared spectrometer in the 400–4000 cm�1 region

using a KBr wafer technique, scans were run from 4000 to

400 cm�1, with data spacing 3.857 cm�1. Microstructures of

the samples were observed by field emission scanning electron

microscopy (FESEM, JSM-6700F, JEOL, Tokyo, Japan).

3. Results and discussion

The XRD diffraction pattern of HA-triton X-100 composite

(triton X-100/HA mass ratio is 0.2) and the pure HA grains

were shown in Fig. 1. Similar to that observed using sodium salt

carboxymethyl cellulose (CMC) as the template [27], the

development of HA-triton X-100 composite directly depends

on the triton X-100/HA mass ratio. The HA crystals that were
synthesized without triton X-100 revealed the characteristic

peaks of HA in the XRD pattern that were consistent with

JCPDS files (9-432). Due to the ultrafine nature of the powder,

peak broadening was observed in the X-ray diffraction pattern.

After the addition of triton X-100, all the diffraction peaks

corresponded to the standard characteristic peaks of hexagonal

HA (JCPDS (Joint Committee for Powder Diffraction

Standards) No. 09-0432), indicating the phase of the samples

was consistent with that of highly pure HA. In the presence of

triton X-100, a decrease in the peak intensity was observed.

However, the preferred orientation of plane (0 0 2) was

maintained in the sample series.

The crystallite size was calculated by Scherrer’s equation.

The crystallinity (Xc), corresponding to the fraction of

crystalline apatite phase, was deduced according to Ref.

[28]. For each point, three samples were prepared and tested

with the average presented. The size of synthetic crystals varies

with temperature and X-100 content, Fig. 2. The temperature

shows a significant influence on the grain size and crystallinity,

this is in well agreement with the result shown in the literature

[29], Fig. 2a. It was shown that the triton X-100 content had a

slight influence on the grain size and crystallinity degree (xc) of

HA: For instance, the synthetic crystals with no X-100 was

bigger than those with X-100, and the higher the X-100 content,

the smaller the particle size and the lower the crystallinity

degree, Fig. 2b, this might suggest the possible interaction

between X-100 and HA.

Fig. 3 shows the TEM analytical results of the prepared

synthetic crystals at different temperature with the X-100/HA

mass ratio as 0.2. At room temperature, the synthesized HA

grains were not well aligned. The increase of temperature to

60 8C led to a well alignment of HA grains. Further increase the

temperature did not show any improvement in alignment. This

might be due to the fact that with the increase in temperature,

the hydrophilic PEO segment in X-100 will become more

hydrophobic and could not self-assembly into well-ordered

structure. Based on these results, the temperature was kept at

60 8C for the following study.
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Fig. 2. Influence of the temperature (a) and X-100 content (b) on the size and

crystallinity of HA grains (for each point, three samples were prepared and

tested with the average presented).
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Fig. 3. Micrographs of HA composites synthesized at different temperature (X-

100/HA mass ratio is 0.2).
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Fig. 4 shows the TEM images of the assemblies of HA with

different X-100 content. It was shown that in the presence of

triton X-100, HA nanorods tend to be aligned and formed big

particles. In Fig. 4b–e, these assemblies appeared to be

comprised of bundles of the same size nano-HA rods aligned

parallel to each other to yield an ordered matrix of island.

However, with the increase of triton X-100/HA ratio up to 0.4, a

less ordered structure was evidenced. At higher triton X-100/

HA mass ratio of 0.7, a less ordered structure was developed too

and mesopores appeared. In order to obtain well-organized HA

structure, the triton X-100/HA mass ratio was kept between 0.1

and 0.2 in the subsequent experiment.

The HRTEM images (Fig. 5a) and selected area electron

diffraction (SAED) pattern (Fig. 5b) indicate that all these

synthetic nanorods were single crystals with a typical apatite

crystalline structure. The crystal lattice planes were perfectly

aligned and the lattice spacing was 0.346 nm, corresponding to

the interplanar spacing of (0 0 2) planes for hexagonal HA. This

reveals that the growth of HA occurs in the [0 0 2] direction and

suggests that the building blocks of oriented attachment of HA

nanorods are self-organized into ordered structures similar to

that of human bones.

Fig. 6 demonstrates the SEM micrographs of samples.

Bundles of nanorod-like HA crystals were observed in sample,
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Fig. 4. The influence of triton X-100 content on the alignment of HA grains prepared at 60 8C.

J. Zhang et al. / Ceramics International 36 (2010) 2441–24472444



[(Fig._5)TD$FIG]

Fig. 5. HRTEM and election diffraction pattern of HA composites prepared at 60 8C (triton X-100/HA mass ration is 0.2).
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in agreement with the TEM observation. Based on the above

study, the suitable temperature and the X-100/HA mass ratio

were selected as 60 8C and 0.1–0.2, respectively. The EDS data

show that the Ca/P ratio of these synthetic crystals is 1.65,
[(Fig._6)TD$FIG]

Fig. 6. Micrograph of HA composites prepared at 60 8C (triton X-100/HA mass

ratio is 0.2).
which is similar to the reported Ca/P molar ratio of HAp

prepared in labs [30].

An FTIR spectrum shown in Fig. 7 was carried out in order

to study the composition of the samples. The FTIR spectra

showed that the P–O bond of the phosphate group’s stretching

and bending vibration remained in the same position at 1097,

1032, 962, 604, and 564 cm�1. This indicates that all these

prepared nanorods retained the same apatite crystalline

structure in the experimental range. The weak bands at 871,

1400 and 1483 cm�1 were ascribed to CO3
2� band positions,

indicating that these groups may have incorporated into the HA

crystal structure and replaced PO4
3� groups [31]. (The

1483 cm�1 band is the overlap of the both peaks of –CH2

and –CO3
2�.) The carbonate might come from the atmosphere

carbon dioxide during dissolving, stirring and reaction

processes. The bands at 2922, 2854, 2972 cm�1 were ascribed

to –CH2 groups, indicating the existence of surfactant chains

within the HA particles. Compared with pure HA, samples had

[(Fig._7)TD$FIG]

Fig. 7. FTIR spectra of HA composites.
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Fig. 8. Triton X-100 structures.
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a weak stretching vibration mode of the OH groups at

3570 cm�1 and no librational vibration mode at 633 cm�1 was

observed [32], implying the possible interaction between the

surface groups of HA and the EO groups of X-100. This is

similar to the case using P123 and tween 60 as the template

[26]. It was reasonable to deduce that the hydrophilic end of X-

100 have similar binding ability to hydroxyapatite rods as that

of P123 and tween 60 and would therefore bind to

hydroxyapatite nanorods.

The structure of triton X-100 is shown in Fig. 8. This

formation of well-aligned HA nanoparticles is presumably

templated by triton X-100, similar to the case in the natural

bone that guided by collagen. Initially, in aqueous solution,

triton X-100 tends to form the hexagonal phase after micellar

solution [33], Fig. 9. Robson and Dennls proposed that the

center of the core of triton X-100 micellar was hydrophobic

consisting of octylphenyl groups and the shell was

hydrophilic with oxyethylene groups extending outward

through the core [34]. It was possible that the EO segments in

X-100 coordinate with Ca2+ ions, similar to that observed

between monosaccharide and Ca2+ ions [35,36]. After the

addition of phosphorous source, the Ca2+ ions and PO4
3�

might co-precipitate on the hydrophilic surface of X-100

micelle and formed the precursor of HA. With the

proceeding of the precipitation process, the precursor cluster

with critical size was formed by adsorbing more phosphates

and Ca2+ ions. In this way, the micelles acted as interactive

templates where the organic/inorganic superstructure was

developed in which nanoscaled calcium phosphate entities

were interspersed with ordered domains. This formation of

complexations between HA grains and triton X-100 molecule[(Fig._9)TD$FIG]
Fig. 9. Scheme of the formation process of the well-aligned HA nanorods.
might lead to the alignment of small HA crystallites along

the triton X-100 molecule, Fig. 9. Though the interactions

was quite mild, the HA nano-grains was found to be well

assembled. Further study on the templating mechanism is in

process. This triton X-100/HA composite with well-

controlled grain size and orientation of HAp nanorods might

extend the understanding of biomineralization process and is

also useful for the development of biomimetic materials.

4. Conclusions

Novel HA composites with various triton X-100/HA mass

ratios were prepared using the co-precipitation method. In the

composites obtained, calcium phosphate formed crystalline HA

nanorods and a self-assembly phenomenon of HA nanocrystals

along c-axes can be observed. Triton X-100 molecules were

found to be effective to control the particle size of HA and the

subsequent alignment of them. This might be due to the EO

segments in triton X-100 which can attract Ca2+ ions and thus

guide the growth of HA grains. The self-assembled organized

structures of hydroxyapatite nanorods were similar to the

hierarchy structure of human bones. This work shows the

potential of applying nanotechnology to the direct bottom-up

creation of scaffolds for bone tissue engineering applications.
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