
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry B

www.rsc.org/materialsB

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Organoamine-assisted biomimetic synthesis of faceted hexagonal 

hydroxyapatite nanotubes with prominent stimulation activity for 

osteoblast proliferation 

Xiangke Guo, Liang Yu, Lanhua Chen, Heyun Zhang, Luming Peng, Xuefeng Guo,* Weiping Ding 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

Uniform single-crystalline hydroxyapatite nanotubes with 

hexagonal facets have been synthesized via a distinctive 

organoamines-assisted biomimetic route. These novel HA 

nanotubes exhibit exceptional performance in stimulating 10 

osteoblast proliferation, which endows them intriguing 

potential for bone repair. 

 
Hydroxyapatite(Ca10(PO4)6(OH)2, denoted as HA in the context), 15 

is of considerable interest for their potential applications as 
biomaterial, adsorbent, ion exchanger, catalyst or catalyst support 
due to their special ion-exchange ability, adsorption capacity, and 
acid-base properties.1 Particularly, HA as the main mineral 
constituent of animal and human bone, has attracted extensive 20 

attention in bone tissue engineering because of its high 
biocompatibility and osteoconductivity.2 The hierarchical 
structure and morphology of HA are important, which may affect 
its performance significantly.3 Hence there has been great interest 
in developing new strategies to fabricate novel morphology and 25 

hierarchical structures of HA for out-bound performance, in 
despite of the considerable difficulties arisen from the complexity 
of HA crystallization.4 
  The formation of HA in creatures is a very slow 
biomineralization process accompanying with the crystal phase 30 

evolution of calcium phosphates, which is controlled by proteins 
with acidic amino acid residues ingeniously.5 Inspired by the 
biomineralization process, most investigators focused material-
design of HA on carboxylate group-rich organic molecules, such 
as collagen, citrate, and etc., to control the nucleation, growth and 35 

morphology of HA crystals since carboxylate group binds 
effectively to Ca2+.6 However, the role of amino group, the other 
important moiety on amino acid, is ignored. Meanwhile, although 
many methods have been successfully adopted to fabricate HA 
with various morphology and structure,7 only a few uncommon 40 

approaches were reported to achieve impure HA nanotubes, for 
example, nanotubular HA composed of nanoparticles formed in 
porous alumina template,7c nanotubular F-containing HA 
synthesized from CaF2 precursor,7d and HA nanowire/nanotube 
arrays prepared by a solvothermal synthesis.7e Up to date, the 45 

synthesis of high-quality impurity-free HA nanotubes still 
remains a challenge. 

Herein, we report a distinctive biomimetic process to fabricate 

pure HA single crystalline nanotubes just using organoamines as 
inducer and controller. The obtained HA products are uniform 50 

nanotubes with hexagonal face and open tips. Our investigations 
discover a novel process that how carboxylate group-free 
organoamine molecules (dodecylamine and hexadecylamine) 
induce the formation of HA nanotubes through a dual evolution 
of crystal phase and morphology: from CaHPO4•2H2O (DCPD) 55 

rectangular plates to CaHPO4 (DCP) nanorods and from CaHPO4 
nanorods to Ca10(PO4)6(OH)2 nanotubes. And more importantly, 
these novel single-crystalline nanotubes strikingly present 

 
Fig. 1 HA nanotubes obtained after 48 hours of hydrothermal treatment at 
393 K. a) TEM; b) SEM; c); d) and e) HRTEM images. The inset of c 
shows the SAED pattern taken at the nanotube; b) a crystal model of HA 
nanotube. Only the surface atoms are shown: the points are calcium 
(green), phosphorus (red) and hydroxyls (deep blue) and the oxygen 
atoms in phosphate are omitted for clarity. 
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exceptional performance in stimulating osteoblast proliferation, 
even more effective than natural bone morphogenetic protein-7 
(BMP-7).  

Typical electron microscopy images of the prepared HA 
nanotubes are shown in Fig. 1. The TEM image (Fig. 1a) clearly 5 

shows the hollow one-dimensional structures of the products with 
open ends. These nanotubes are several micrometers in length 
with inner and outer diameters of ca. 8~50 nm and 20~80 nm, 
respectively. SEM image (Fig. 1b) and HRTEM image of the 
cross section of a single HA nanotube (see Supplementary 10 

Information (SI), Fig. S1) reveal the hexagonal faceted 1D 
structure of the nanotubes, consistent with the hexagonal 
structure of HA. Fig. 1c and Fig. 1d depict HRTEM images of an 
individual nanotube with lattice fringes of planes corresponding 
to (100) planes parallel to the nanotube axis, implying that the 15 

axis is along the [001] direction of HA. This is a frequent growth 
characteristic for onedimensional materials with hexagonal 
structure. The inset of Fig. 1c is a selected area electron 
diffraction pattern (SAED) taken at the single nanotube, 
indicating the nanotube is single crystalline and the axial 20 

direction is [001] of HA. The HRTEM image in Fig. 1e taken at 
the open tip of another individual nanotube also indicates the tube 
is HA single crystal. The lattice fringes of planes with a d-spacing 
of 2.81 Å correspond to (211) planes of HA. Based on these 
structural data, a crystal model of HA nanotube is proposed in Fig. 25 

1f, with realistic outer and inner surfaces. In the synthesis, the 
amino groups of organoamines have interactions with the 
phosphate groups of HA crystal, which may contribute to the 
surfacial (100) planes of HA nanotubes with more PO4

3- groups.8 
The biomimetic process which leads to HA nanotubes 30 

formation was carefully monitored to investigate the evolution of 
the morphologies and crystal phases of calcium phosphate. The 
synthetic process could be divided into two steps: the slow 
dropwise addition of the organoamines solution into the mixed 
solution (Ca(H2PO4)2 and CaCl2 in water) and the hydrothermal 35 

process. In the first stage, along with the very slow addition of the 
organoamines, the pH value of the system increased from 4.3 to 
9.5 gradually, meanwhile the amino groups reacted with the 
dihydrogen phosphate ions to result in precipitation (SI, Fig. 

S2a,). When the pH value was below 8.2, only regular rectangular 40 

plates were observed (SI, Fig. S2b). The plates were determined 
as CaHPO4•2H2O (DCPD) (XRD patterns shown in Fig. 2), 
which is the predominant phase of calcium phosphate precipitated 
at low pH conditions.4b When the pH value increased to 8.2, all 
the nanoplates disappeared and only nanofibers were observed 45 

(SI, Fig. S2c), which occurred in a very narrow pH window. The 
nanofibers were determined as CaHPO4 (DCP) according to the 
XRD data (Figure 3). 

Fig. S2d-2g (SI) shows the process of morphology 
transformation of the calcium phosphate during the hydrothermal 50 

process. After 6 hours of hydrothermal treatment, the starting 
DCP fibers (SI, Fig. S2d) were converted to partially hollow 
fibers (hollow at both ends of the fibers (SI, Fig. S2e)). Meantime, 
the XRD results of these fibers indicate the appearance of the HA 
phase (Fig. 2), which is more stable under alkaline conditions.4b 55 

Since the atomic ratio of Ca : P is 1 : 1 for DCP and 1.67 : 1 for 
HA, the transformation of DCP to HA must be accompanied by 
the dissolving of PO4

3- from the DCP nanofibers due to the 
reaction of CaHPO4 with organoamines, which accounts for the 
formation of the hollow structures. Since the organoamines 60 

adsorbed on the surface (SI, Fig. S2c), the surface layer of the 
DCP fibers transformed to HA crystal structure firstly and kept 
the rod shape simultaneously. Prolonged hydrothermal treatment 
causes further removal of PO4

3- from the inner space of 
nanofibers which leads to the formation of the nanotubes with 65 

open ends (SI, Fig. S2f and S2g). After 24 hours of hydrothermal 
treatment, the products are almost nanotubes (SI, Fig. S2g). The 
subsequent hydrothermal treatment (till 48 hours) leads to more 
regular shape and better crystallization of the nanotubes (Fig. 1a 
and Fig. 2). 70 

The XRD profiles of the products obtained at different time of 
hydrothermal treatment are shown in Fig. 2. The crystal phase 
transformation from DCP to HA during the hydrothermal 
treatment is very clear, which accords very well with the 
morphology transformation. After prolonged hydrothermal 75 

treatment (48 hours), almost all the diffraction peaks can be well 
indexed to the hexagonal HA (Ca10(PO4)6(OH)2, JCPDS72-1243). 

 
Fig. 3 Schematic show of the formation mechanism of HA nanotubes. a) 
DCPD plates formed at pH lower than 8.2. The top right inset is the crystal 
structure of DCPD, of which lattice water molecules are between the 
calcium phosphate chains along the c direction. b) DCP nanofibers formed 
by the dehydration and splitting of DCPD plates along c axis at pH value 
higher than 8.2. c) HA nanotube transformed from DCP nanofibers step by 
step during the hydrothermal treatment. The hollow structure spread from 
tips to the middle and then the whole tubular structure formed at the end. 
The organoamines molecules on the solids are omitted in the figure for 
clarity. 

 
Fig. 2 XRD patterns of the samples obtained at different synthetic stages. 
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Based on the above systematical studies, the biomimetic 
process of the formation of the HA nanotubes in presence of 
organoamines is schematically described as Fig. 3: It is a synergic 
evolution of outer morphology and inner crystalline phase of 
inorganic species. Both the organoamine molecules and their very 5 

slow addition are pivotal for the formation of HA nanotubes. The 
extremely slow addition of organoamines mimicking the slow 
process of biomineralization, allow the regular DCPD plates to 
form and further transform into nanorod-like intermediate (DCP), 
otherwise tanglesome precipitate is obtained instead. It is well 10 

known that HA phase can be transformed from DCPD phase and 
DCP phase,9 and HA nanorods can be obtained from octacalcium 
phosphate (OCP) plates.10 Recently, the evolution process from 
the calcium phosphate precursor sheets to HA 
nanowires/nanotubes arrays under solvothermal condition has 15 

also been reported.7e However, to the best of our knowledge, this 
formation process of HA nanotubes: from DCPD plates to DCP 
nanorods and future to HA nanotubes, is never discovered before.  
  It has been shown that an interplay exists between osteoblasts 
and nanoapatite features.11 Here we culture the murine 20 

osteoblasts with HA nanotubes in vitro to investigate the effects 
of HA nanotubes on cell proliferation and migration, in the 
absence of osteogenic supplements. The results of the 6-day cell 
culture in vitro are shown in Fig. 4. From the cell proliferation 
curves (Fig. 4a), one can see that the nanotubes boost the cell 25 

proliferation significantly, i.e., the cellular numbers in the sample 
with nanotubes (the dose of HA nanotubes is 250 µg/ml) 
increased 1.5 times (from 20×104 to 30×104), while those of the 
control remained largely unchanged. More interestingly, the 
nanotubes are even more effective in accelerating the cell 30 

proliferation than BMP-7 (Fig. 4a), a member of transforming 
growth factor β (TGF-β) family which are key modulators of cell 
proliferation, differentiation, and etc. When nanotubes are 
combined with BMP-7 in the cell culture, a positive synergistic 
effect is observed (Fig. 4a, blue curve). Moreover, cell viability 35 

on cytotoxicity test of the nanotubes is shown in Fig. 4b: the 
nanotubes are noncytotoxic and even show slightly better effect 
on the cell viability. The boosting effect on cell proliferation can 
also be seen clearly using an inverted microscope, as shown in 
Fig. S3. Interestingly, the cells tend to migrate together and 40 

proliferate radially around the aggregation of the nanotubes (inset 
of Fig. S3b). The HA nanotubes possess special hollow 
nanostructure and large surface area to adsorb proteins, offering 
many more binding sites to cell membrane receptors, which 
might benefit the cell proliferation and migration.12 45 

In conclusion, we develop an unprecedented organoamines-
assisted biomimetic route to fabricate impurity-free HA 

nanotubes. Single crystalline HA nanotubes with hexagonal face 
and open tips were synthesized and a novel formation process of 
nanotube was discovered. More importantly, the results of cell 50 

culture showed that the obtained pure nanotubular HA was highly 
efficient in encouraging cell proliferation, which endows it great 
potential for bone repair. Studies on the catalytic performance 
and selective separation of the novel nanotubes are also under 
way. 55 
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Uniform single-crystalline hydroxyapatite nanotubes were synthesized via a distinctive 

organoamines-assisted biomimetic route, and exhibited exceptional performance in stimulating 

osteoblast proliferation. 
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