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Abstract

Introduction: Being known for an array of properties that favor hard tissue regeneration, ranging from
osteoconductivity to biocompatibility to non-immunogenicity, and being the natural bone mineral
phase hydroxyapatite (HA, Ca10(PO4)s(OH)>) is the natural bioceramic of choice for the reinforcement
phase of biocomposites.

Objective: The main objective of this study is to successfully synthesize uniform one dimensional HA
nano-structures using a gram-scale hydrothermal batch process.

Material and Methods: Brushite used as a precursor for HA synthesis. The powders obtained after
washing and drying were evaluated. The analysis performed in the sample includes inductively coupled
plasma (ICP), Raman Spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction, Field Emission Scanning Electron Microscope (FE-SEM), and high-resolution TEM.

Result: The results of this study showed that the initial brushite used in the hydrothermal process was
dissolved, followed by the nucleation process and the growth of hydroxyapatite. The synthesized
powders in this study were rod-shaped, with 35 nm in diameter and between 50 and 250 nm in length.
The main direction of rod growth was <002>, which is C axis.

Conclusion: The powders synthesized in this research have the potential to be used in bone tissue
engineering, implantation, and drug delivery.
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Introduction

from osteoconductivity to biocompatibility to non-

Future biocomposites in bone tissue engineering are
probably composed of natural biopolymers as the
porous matrix phase and the organic or inorganic
phase or hybrid in nano and micro size as
reinforcements [1-5]. Being known for an array of
properties that favor hard tissue regeneration, ranging

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License.

immunogenicity, and being the natural bone mineral
phase hydroxyapatite (HA, Caio(POa4)s(OH)2) is the
natural bioceramic of choice for the reinforcement
phase of biocomposites, rivaled in response only by a
handful of other materials, such as chitin [6],

Tissues & Biomaterials 8 ® .'
ResearchGroup o ¢ o


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:h.nosrati@modares.ac.ir
mailto:rsarrafm@modares.ac.ir

Nosrati H. /Journal of Tissues and Materials 2019;2(3):1-8

bioactive glass [7], carbon nanostructures (graphene,
carbone nanotube) [8,9], and others.

Recently, there has been a growing interest in bone
tissue engineering for HA nanoparticles and
nanostructures with large surface-to-volume ratios
[10].

The osteoinductive properties of the materials
containing these nanostructures are directly related to
their specific surface area [11], which is also very
useful for drug delivery. One-dimensional nano and
micro-particles such as rods [12-14], wires [15], tubes
[16, 17], ribbons [18] and similar morphological
porous assembled 3D materials made of them are
particularly capable of meeting biomedical
applications. The combined effects of nanosized and
micro surfaces on the size of the one dimensional
material can not only be optimal for cell proliferation
and bone differentiation, but also useful for
expressing angiogenic  factors in stem cell
differentiation [19]. The development of controlled
synthesis methods for one-dimensional HA
nanostructures is largely accomplished by this
objective, especially since recent advances in the field
have not yet fully met the criteria for effective size
and shape control.

The first objective of this study is to successfully
synthesize uniform one dimensional HA structures,
ranging from nanorods to more complex
morphological species, using a gram-scale
hydrothermal batch process. The synthesis framework
applied by studying traditional hydrothermal and hot
solution methods for the synthesis of one dimensional
HA structures such as ribbons, whiskers, platelets and
tubes [20-24] and organic modifiers assisted methods
[25-27]. Brushite (Dicalcium Phosphate Dehydrate),
a member of the calcium phosphate family, was used
in this study as synthesis precursors. Crystal structure
modeling and growth planes for brushite and
hydroxyapatite crystals have been performed for ease
of understanding the process. The results of this study
can be useful for a variety of medical applications,
including hard bone tissue engineering, drug delivery
and implantation.

2. Materials and Methods

The chemicals used in this study include Calcium
nitrate tetrahydrate, Diammonium
hydrogenphosphate, and brushite. The properties of
these materials have already been published [28]. The
brushite used in this study was prepared using the
same precipitation method.

In the precipitation stage, the ratio of calcium to
phosphate is considered to be 1.67, which is
equivalent to that of hydroxyapatite. The precipitation
step was carried out inside the Teflon container and
after adjusting pH> 10, it was transferred to a
hydrothermal autoclave. The hydrothermal process
was carried out at 180 ° C for 6 hours. Figure 1
schematically shows the hydrothermal autoclave and
Teflon container.

The characterization performed consists of X-ray
diffraction (XRD, X’ Pert Pro, Panalytical Co.),
Fourier transform infrared spectroscopy (FTIR,
VERTEX 70, Brucker Co.), Micro-Raman
spectroscopy (Reinshaw invia spectrometer), Field
Emission Scanning Electron Microscope (FESEM,
Hitachi S4700 equipped with energy dispersive X-ray
spectroscopy), @ HRTEM  (TALOS  F200A),
Transmittance Electron Microscopy (TEM, CM120,
Philips), and inductively coupled plasma (ICP)
(DV7300, Optima Co.). Details of the devices and
methods have been published in previous articles [28-
30]. The software used in this research includes
SolidWorks, Diamond, and ImageJ.

Figure 1: Teflon container (a) and hydrothermal autoclave (b)
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Figure 3: XRD analysis (a), schematic image of hydroxyapatite unit cell (b), and crystal growth planes of hydroxyapatite (c).
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3. Results and Discussion

Figure 2 shows the XRD analysis, schematic image of
brushite unit cell, and crystal growth planes of
brushite. The crystal structure complies with JCPDS
72-0713 (Fig. 2a). The crystalline structure of brushite
iIs monoclinic. The unit cell characteristics of the
synthesized brushite include a= 0.581 nm, b= 1.519
nm, ¢= 0.624 nm and B= 116.4 degree. The unit cell
volume is about 493 Az (Fig. 2b). The (020) planes
with d- spacing of 0.76 nm show one of the preferred
growth directions (Fig. 2c) [28].

Probably due to high pressure and high temperature,
all of the primary brushite is dissolved in
hydrothermal autoclave, and the nucleation and
growth process of hydroxyapatite is performed.

Figure 3 shows the XRD analysis, schematic image of
hydroxyapatite unit cell, and crystal growth planes of
hydroxyapatite. The crystal structure complies with
JCPDS 09-0432 (Fig. 3a). The crystalline structure of
HA is hexagonal. The unit cell characteristics of the
synthesized HA include a= 0.94 nm and c¢= 0.69 nm.
The unit cell volume is about 530 As (Fig. 3b). The
(002) planes with d- spacing of 0.34 nm show one of
the preferred growth directions (Fig. 3c) [29, 30].

In fact, structural change has not happened. The first
structure completely dissolves and disappears and the
second structure is synthesized. These structures
actually show the thermodynamic equilibrium of each
of the calcium phosphates.

Figure 4 shows Raman and FTIR analyzes for
powders in two states (Brushite and HA). In both
analyzes, synthesis of brushite and HA are confirmed
and this analysis together with the ICP analysis results
confirm the successful synthesis of hydroxyapatite.
Low-intensity, broad and sharp peaks at 428 and 962
cm?, due to the O-P-O bending mode and the P-O
stretching mode of POs4 groups respectively
(symmetric stretching of tetrahedral oxygen atoms
around phosphorus atoms), only are revealed in the
HA phase with high crystallinity. The peak at 1049
cm refers to apatite phosphate groups only visible in
high-quality, stoichiometric HA with high

Table 1: The results of FTIR analysis

Wavenumber Bond Mode
(cm?)

3400- 3500 O-H Stretching vibration
1095 P-O(H) Stretching vibration
1035 P-O(H) Stretching vibration
925 P-O(H) Stretching vibration
565 P-O Bending

crystallinity (Fig. 4a). Table 1 shows the results of
FTIR analysis as shown in Fig. 4b. These findings
indicate that the powders contain pure HA [29, 30].

Figure 5 shows the microscopic images of the
synthesized hydroxyapatite. The particle morphology
is in the form of nanorods. The rods diameter is about
35 nm and their length varies from 50 to 250 nm. The
direction of particle growth is <002> and some
agglomeration is observed in the final synthesized
samples. It can be seen, the diameters of the particles
are uniform throughout, indicating a high crystallinity
of the particles [29, 30].

Figure 6 shows the microscopic images (TEM) of the
synthesized hydroxyapatite. The results of this
analysis confirm the information in FESEM images.
The sharpness of the particles tip in these images
shows that the crystallinity of the particles is
extremely high. The preferred growth orientation is C
axis [29, 30].

Figure 7 shows the HRTEM image, FFT, and IFFT
analysis of the synthesized hydroxyapatite. This
analysis proves that the main crystals growth direction
in synthesized hydroxyapatite is <002> (C axis). The
d- spacing between the specified planes is 0.34 nm
[29, 30].
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Figure 4: Raman (a) and FTIR (b) analyzes for powders in two states.

Figure 6: the microscopic images (TEM) of the synthesized hydroxyapatite.
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Figure 7: The HRTEM image, FFT, and IFFT analysis of the synthesized hydroxyapatite.

4.  Conclusion

The results of this study showed that the initial
brushite used in the hydrothermal process was
dissolved, followed by the nucleation process and the
growth of hydroxyapatite. The synthesized powders
in this study were rod-shaped, with 35 nm in diameter
and between 50 and 250 nm in length. The main
direction of rod growth was <002>, which is C axis.
The powders synthesized in this research have the
potential to be used in bone tissue engineering,
implantation, and drug delivery.
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