#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

PAPER

Directional growth of octacalcium phosphate using

{") Check for updates‘
micro-flow reactor mixing and subsequent agingfy

Cite this: RSC Adv., 2021, 11, 15969

Ploypailin (Milin) Saengdet ) and Makoto Ogawa

Well-defined belt-shaped particles of octacalcium phosphate were prepared by mixing aqueous solutions
of calcium acetate and that of sodium phosphate monobasic with the aid of a micro-flow reactor. Higher
crystallinity and narrower particle size distribution were achieved by the micro-flow reactor if compared
with the results of the batch reaction using the same solutions. The width of the belt was controlled by
the mixing temperature (0.8 and 2.3 um for the preparation at 50 and 70 °C, respectively). Post mixing
aging at 50 °C, resulted in the directional growth of belt-shaped particles to obtain particles with the
length of 17 pm (aspect ratio of 53). XRD and TEM analysis indicated that the micro-flow reactor could
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Introduction

As human bone is an organic/inorganic composite of collagen
and apatite crystals," calcium phosphate/polymer composites
are regarded as candidates of bone tissue scaffolds. Calcium
phosphates have been synthesized and hybridized with poly-
mers for biomedical application, especially for bone graft
substitutes.> Hybridization with calcium phosphate particles
was reported to alter the biocompatibility of polymers due to its
similarity to the inorganic component (apatite) of the natural
bone,® high osteoconductivity and high affinity to protein.**
Although calcium phosphate/polymer composites have been
investigated for biomedical applications, it remains a challenge
to obtain hybrids with suitable mechanical strength for bone
tissue scaffolds.®

Mechanical properties of bones are anisotropic; weak in the
tension and shear and tough along the longitudinal direction of
human body.” The elastic collagen fibers are aligned along the
stress direction of bone leading to mechanical flexibility. The
incorporation of calcium phosphate particles in polymers has
been attempted to mimic the structure of human bone,
however, only few calcium phosphate/polymer composites were
reported to have a mechanical strength suitable for bone tissue
scaffolds.*® Calcium phosphates with controlled size and
morphology are expected to be useful to be dispersed and
aligned in polymers, in order to obtain anisotropic mechanical
properties of the resulting composites. Particle sizes and shapes
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separate nucleation and growth allowing preferential growth along the a-direction.

were also known to affect biological responses such as cell
adhesion and bone regeneration.>'**> The small difference in
the particle size and morphology of hydroxyapatite in the
hydroxyapatite/polyethylene composites was reported to affect
the mechanical properties of composites, large size hydroxy-
apatite particles reduced the strength and modulus but
increased the ductility of the composites.** Calcium phosphate
particles with two-dimensional morphology (belt or plate) are
expected to lead uni-directional reinforcement of the particles.
The stronger cell adsorption property due to the higher surface
area comparing with other shape has also reported.™

Octacalcium phosphate (Cag(HPO,),(PO,4),-5H,0, hereafter
abbreviated as OCP) is structurally similar to hydroxyapatite
(Cas(OH),(PO,)s, hereafter abbreviated as HA) and it has been
reported to participate in mineralized tissue formation as an
initial precursor phase of HA.'™'® Under physiological condi-
tions, OCP is thermodynamically metastable with respect to HA,
and in vivo transformation of OCP to HA by the hydrolysis was
reported.’”*° The in vivo transformation of OCP to HA encouraged
the study on OCP-based composites as bone scaffolds.” OCP
particles with two-dimensional morphology, with the size in the
rage of 3-5 pm, were used for the application as adsorbents** and
capacitor.* The size and shape of OCP play important roles for
some applications. 3D flower-like OCP with the size of 2-5 um was
shown to be an efficient Pb>" adsorbent.* The size of OCP in
polymer hybrid was reported to affect the capability of bone
regeneration and degree of resorption of hybrid materials.”® The
resorption of OCP/collagen by osteoblast-like cells was enhanced
in the composite composed of belt-shaped of OCP particles with
the size from 0.5-3 pm in length comparing that with the size of
53-300 um and pristine collagen.>?

Homogeneous precipitation from solution and phase
transformation of dicalcium phosphate dihydrate (CaHPO,-
-2H,0, hereafter abbreviated as DCPD)* or o-tricalcium
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phosphate (a-Caz(PO,),, a-TCP)**** have been used to prepare
OCP. Well-defined OCP plates were prepared by the homoge-
neous precipitation from acidic aqueous calcium phosphate
solution using urea hydrolysis,** where the incorporation of
carbonate ions in the apatite lattice occurred.*+** The carbonate
ions suppressed the crystal growth of OCP in the a-direction to
lead irregularly shaped OCP particles with the size of 200-
500 nm.*

The effects of the aging time and the aging temperature on
the shape and size of OCP particles were reported for homo-
geneous precipitation in batch reactions. Because the precipi-
tation of OCP is a fast reaction,®® the conventional batch
method provided heterogeneous supersaturation in the reac-
tion medium causing a difficulty to obtain well-defined parti-
cles. The mixing strongly affects the concentration distribution
of reactants, so that it should be optimized for the homoge-
neous supersaturation. In this study, micro-flow reactor is
applied to prepare OCP taking such advantageous aspects of
micro-flow reactor as rapid and homogeneous mixing under
controlled reaction conditions and homogeneous heating.>*°
Micro-flow reactor is expected to lead monodispersed OCP if
compared with those obtained by batch methods. Though
micro-flow reactor has been applied to synthesize HA,"* to the
best of our knowledges, there is no report on the preparation of
OCP using micro-flow reactor.

Experimental

Materials

Calcium acetate monohydrate, Ca(CH3;COO),-H,0 (=99.0%,
Dae-Jung), and sodium phosphate monobasic, NaH,PO,
(98.0%, Sigma Aldrich), were used without further purification.
MQ water (pH 6.5, >15 MQ cm, Millipore) was used for all the
experiments.

Sample preparation

Aqueous stock solutions of calcium acetate monohydrate
(0.04 M, pH = 7.37) and sodium phosphate monobasic (0.03 M,
PH = 4.76) were prepared. Before the mixing, the solution was
pre-heated in a water bath (50, 60 and 70 °C), and then, the two
solutions (at the molar Ca : P ratio of 1.33, which corresponds to
the composition of OCP) were sent to the mixer by syringe
pumps (HSW NORM-JECT® Luer-lock syringe 20 mL with the
maximum set volume of 18 mL) at the flow rate of 10 mL min ™"
through polytetrafluoroethylene (PTFE) tube with the inner
diameter of 1 mm. Spica (static type) microreactor was used
(SUS316, mixing volume: 20 pL, flow channel depth: 0.2-0.8
mm, flow channel width: 0.2-1.0 mm). A 15 cm long collecting
PTFE tube was attached at the mixing chamber for collecting
the products. Mixing was done at the pre-heated temperature,
then, the solution was aged at the same temperature for 3 h in
a sealed container with gentle stirring (70 rpm) (Fig. 1). After the
aging, the solid was collected by filtration using membrane
filler (nitrocellulose membrane, pore size of 0.1 pm, MT™
Membrane Merck Millipore Ltd), rinsed in water to remove
unreacted ions, and freeze-dried. OCP was prepared by the
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reported batch method® as follows; 18 mL of 0.02 M calcium
acetate monohydrate solution was added dropwise to 0.02 M (18
mL) of sodium phosphate monobasic. Then, the mixture was
magnetically stirred (200 rpm) at 60 °C in a 50 mL beaker. The
solid was collected by filtration, rinsed in water (to remove
remaining soluble salts) and freeze-dried. The conditions are
summarized in Table 1.

Characterization

The particles morphology was evaluated using field emission
scanning electron microscope (FE-SEM, JEOL JSM-7610F field
emission electron microscope) without coating the sample.
Transmission Electron Microscope (TEM) images were obtained
with a JEOL JEM ARM200F operated at 200 kV. The size of the
particles was determined from the SEM images with imaging
software (Image], NHI). 100 particles were used to derive the
particle size distribution. The powder X-ray diffraction patterns
were recorded using a Bruker New D8 Advance instrument
using Ni filtered Cu Ko radiation (operated at 40 mA, 40 kV). The
diffraction patterns were obtained from 3 to 70° of 26 with the
scanning speed of 0.2° min~". The Fourier transform infrared
spectra on a FTIR spectrometer (model Frontier FTIR, Perki-
nElmer). The spectra were collected in the wavenumber range of
4000-400 cm ™" with a resolution of 4 cm™" for 32 scans.

Results and discussion

Effects of the reaction temperature on the crystalline phases
of the products (samples A-D)

Fig. 2 shows the X-ray powder diffraction patterns of the prod-
ucts prepared at different temperatures where the starting
solutions of the same concentration were employed (samples A
to D). The major crystalline phase of A (25 °C) and B (40 °C) was
DCPD (JCPDS card: no. 09-0077), and that of C (50 °C) and D (60
°C) was OCP. Possible reasons to describe the different phases
depending on the synthesis temperature were discussed as
follows. Under the examined pH range (the pH of the suspen-
sion after the mixing was around 5.6-5.8, Fig. S1t), H,PO,~ and
HPO,>” co-exist in the aqueous solution. The fraction of
H,PO,~ and HPO,>” varies according to the ionization

/ N Spica type micromixer
B3l Material: SUS316
” %> Mixing volume; 20 L
Lo Flow channel depth: 0.2-0.8 mm
.- Flow channel width: 0.2-1.0mm

Ca(CH,CO0), NaH,PO,
solution solution

Pre-heating

Mixing part Aging

Fig. 1 Synthetic diagram of micro-flow reactor system and micro-
reactor Spica (static type).
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Table 1 Synthesis conditions employed in the present study
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Phases of the

Sample name  Initial [Ca(CH;C0O0),] (mol L™")  Initial [NaH,PO,] (mol L™')  Reaction temperature (°C)  Aging time (h)  products
A 0.04 0.03 25 — DCPD

B 0.04 0.03 40 — DCPD

C 0.04 0.03 50 — OCP

D 0.04 0.03 60 — OCP

E 0.04 0.03 50 3 OCP

F 0.04 0.03 50 6 OCP

G 0.04 0.03 50 12 OCP

H 0.02 0.015 50 3 DCPD, OCP
I 0.02 0.015 60 3 OCP

] 0.02 0.015 70 3 OCP

K* 0.02 0.015 60 3 OCP

% Sample K was prepared by a batch method. OCP = octacalcium phosphate and DCPD = dcalcium phosphate dihydrate (brushite).

enthalpies of both H,PO,  and buffer HPO,>~ depending on
the temperature as described by the Van't Hoff equation.*” The
changes of the concentration of the ions involved and pH affect
the degree of supersaturation, the solution will be oversaturated
with respect to OCP, resulting in the precipitation of OCP at 50-
60 °C (samples C and D). For the formation of preferred crystal
phases in supersaturated solutions with respect to different
phases, kinetic factors are also important as described previ-
ously.>**® Other phases may form during the initial precipita-
tion. The lower solubility of OCP at the temperature above 50 °C
compared with that of DCPD*****® can also be a reason of the
difference.

Effects of aging time on the size and shape of OCP (samples E-G)

The formation of OCP during the aging was followed by the X-
ray diffraction patterns and FTIR spectra. Fig. 3a shows the
XRD patterns of samples E, F and G (obtained at 50 °C after
aging for 3, 6 and 12 h, respectively) and appearances of the
suspension during aging. The XRD patterns exhibited the
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Fig. 2 XRD patterns of the products (A-D) collected just after the
mixing without aging.
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(100), (200) and (010) reflections corresponding to character-
istic to OCP at 4.7, 9.4 and 9.7 degree (26), respectively. The
structural developments were supported by the FTIR, which
indicated no transformation during the aging stages (Fig. 3b).
FTIR spectra of all the samples show characteristic absorption
of OCP* such as PO,*~ and HPO,>~ derived bands at 1050-

Intensity/ a.u.

0 10 20 30 40 50 60
26 /deg (CuK a)

% T

R
[s0]
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PO%
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Fig. 3 (a) The XRD patterns and (b) FTIR spectra of samples C, E, F and

G.
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990 cm ™ '. The absorption at 1193 cm ™' was associated with
H,O0 in the structure. The SEM images of the products (C, E, F
and G) are shown in Fig. 4a. Aggregate spherical-liked particles
with the size of 0.3-0.7 um were seen for the sample without
post-mixing aging (sample C, Fig. 4a). For E, belt-shaped
particles with the average size of ca. 0.25 pm in the width
and aggregated spherical-liked articles with the diameter of
1.5 pm co-existed. Longer aging time led longer belt-shaped
particles as seen in the SEM images of samples F and G.
After the aging for 12 h (sample G), the average length of the
OCP particles was 17 pm, while the width changed only slightly
(from 0.25 to 0.32 um) as shown by the SEM image. The
orientation and crystal structure of belt-shaped particles were
further examined by TEM and selected area electron diffrac-
tion (SAED). SAED of the belt-like particle showed the (010)
and (002) diffraction spots (sample G, Fig. 4b), suggesting bc
plane is the plane of the belt-shaped OCP. HRTEM images
showed orientation along bc plane. The SAED patterns of the
belt-shaped particles obtained after the aging for 12 h showed
more diffraction spots, indicating higher crystallinity. The
TEM and SAED observations are consistently suggesting the
developments of bc plane during the aging, which was also
seen in the XRD result.

20nm

Fig. 4
patterns of belt-liked particle.
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OCP unit cell consists of apatitic layers, in which Ca®>" and
PO,*~ occupy the same relative positions as HA, and hydrated
layers, which consists of PO,(HPO,) and OH(H,0), parallel to
the g-direction as shown in Scheme 1.* The growth of OCP
occurs by involving apposition of ions on the (100) face, which is
exposed to the solution.'®*® The (100) face of the apatitic layer
was reported to be the most energetic face in contact with water
greater than the other faces.®® Due to the higher surface energy,
the ions preferentially add to the (100) face in order to reduce
the total surface energy. The intense (200) reflections observed

Hydrated

Apatitic
Apatitic layer P

Scheme 1 Schematic illustration of the growth direction of octacal-
cium phosphate. Crystal structure was created by using VESTA
ver.3.4.8.

(@) SEM images and (b) TEM images of samples C, E, F and G, the inserts show SAED patterns. (c) HRTEM images and corresponding FFT

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of samples H, | and J.

Fig. 6 SEM images of samples D (a) with magnified image under SEM
observation (b), sample H (c) with magnified image (d), sample | (e) and
sample J (f).

after the aging indicated the development of OCP crystal along
the a-direction, which corresponded to the TEM results. The
longer aging time may cause further elongation of OCP and
improve crystallinity along a-direction. The topotactic trans-
formation of OCP to HA under aging time was reported to
occur,” OCP was obtained without HA formation after the aging
for 12 h in the present study.

Effects of the mixing temperature on the size and shape of
OCP (samples H, I and J)

The XRD patterns of samples H, I and J (prepared at 50, 60 and
70 °C) with the aging for 3 h are shown in Fig. 5. In the
diffraction pattern of sample H (50 °C, Fig. 5a), the (100)
reflection of OCP and the (020) reflection of DCPD were seen at
4.70° and 11.61°, respectively, while the reflections due to DCPD
were not seen for samples I (60 °C) and ] (70 °C). The (100)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effect of reaction temperature on the crystallite size and
particles size of OCP

Reaction Crystallize Average particle
temperature/°C size“/nm size’/pum

50 30.8 1.08

60 34.6 1.00

70 36.4 2.26

¢ Crystallize size was calculated from Scherrer's equation as Xs = 0.9/
(FWHM x cos §) where X, is the crystalline size [nm]; A is the
wavelength of X-ray beam [nm] (A = 0.15406 nm for CuKa); FWHM
the full width at half maximum of the (100) diffraction peak.
b Average particle size was derived from SEM image with 100 particles.

reflection of OCP was sharper for the samples prepared at
higher temperature. Same as C, aggregated spherical particles
were observed for D (after mixing at 60 °C without aging) as
shown in the SEM images (Fig. 6a and b). In the SEM image of
sample H (Fig. 6¢), platy particles with the lateral size of ca. 15-
20 pm and particles with flower-like morphology composed of
belt-shaped particles with the size of ca. 85 nm in the thickness
and 30 pm in the length (Fig. 6d). Isolated belt-shaped particles
were main product for samples I and J. The width of the belt was
ca. 1.0 and 2.3 um for samples I and J, respectively, and the
average length was ca. 18 um (Fig. 6e and f), which is consistent
with the crystallite size in the a-direction determined by XRD
using Scherrer equation shown in Table 2.

It was shown that the length of the particles increased from
1.5 (sample D) to 17 (sample I) pm after the post mixing aging at
60 °C for 3 h (Fig. 6a and e). The crystal growth rate is propor-
tional to the reaction temperature according to the formula, dZ/
dt = C exp(—1/RT), where L is corresponding to the crystal size,
and T corresponds to the reaction temperature.® The crystal
growth rate may be considered for the difference in the ob-
tained particle size (sample I and J).** In addition, TEM images
show the connection of the particles for the sample obtained at
higher mixing temperature (Fig. 7a, white circle). The particle
size distribution measured by dynamic light scattering (DLS)
showed the bimodal size distribution, indicating the evidence
of particle attachment (Fig. 7b). The larger OCP particles at
higher temperature were thought to be caused by the crystal
growth rate and particle attachment.

General discussion

OCP was reported to precipitate as 3D flower-like particles
consisting of belt,***** plate®”** and fiber.>**>*® It was reported
that such organic molecules as cetyltrimethylammonium
bromide (CTAB)*” and ameloginin®® played a role to control the
particle size of OCP. Belt-shaped particle of OCP with the size of
1-3 pm was obtained by the precipitation in the presence of
CTAB.” As a negative aspect of the additives, they might be
harmful to health/environment and affect the bioactivity and
biocompatibility of the resulting OCP. In the present study, belt-
shaped particles of OCP were obtained without using additives,
avoiding the procedures to purify the product.

RSC Adv, 2021, 11, 15969-15976 | 15973
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Fig. 7

(a) TEM images and (b) dynamic light scattering compared between micro-flow reactor and batch sample, (c) XRD patterns of samples |

and K and (d) particle size (width) distribution of C, D, E, F, G, H and J derived from the SEM images.

It is thought that the nucleation is driven by the formation of
metastable calcium phosphate, which rapidly transforms to
OCP. In the metastable phases (DCPD and amorphous calcium
phosphate, hereafter denoted as ACP), no orientational long-
range order of atomic positions exist. In the precipitation
from high supersaturation, nucleation consumes the ions in the
solution for ACP formation to terminate further nucleation and
the assembly of crystals occurs in a diffusion-controlled growth.
This process lasts a few minutes and the supersaturation falls
(indicating by the drop of pH after mixing, Fig. S27) to a level at
which the growth mode changes from the diffusion-controlled
to the reaction-controlled. During the aging, the trans-
formation of ACP to OCP occurs.” On the other hand, at low
supersaturation, DCPD formed and transformed to OCP.>*%

Instantaneous mixing and homogeneous heat transfer by
micro-flow reactor are expected to provide a short nucleation
period, preventing further nucleation before the crystal
growth.®® In order to confirm this hypothesis, a batch mixing
was done using the same solution and the temperature used for
the preparation of sample I. The DLS results (Fig. 7b) confirmed
that the micro-flow reactor mixing afforded a short nucleation,
leading to obtain narrow particle size distribution against the
preparation in batch (Fig. 7d and S2t). The higher crystallinity
of OCP was obtained by the micro-flow reactor compared to the
product prepared by a batch (Fig. 7¢), suggesting the growth rate
of OCP in the a-direction depend on mixing condition. The
mixing condition was optimized to affect OCP formation and
growth with maintaining the supersaturation of OCP.*> Homo-
geneous mixing provided by flow reactor made the reaction
environment favorable for OCP growth. Apart from the reaction
temperature, the size of particle was reported to be controlled by

15974 | RSC Adv, 2021, 11, 15969-15976

the flow rate.***' These parameters will be examined in the
subsequent study.

Conclusions

Belt-shaped octacalcium phosphate particles were prepared by
using micro-flow reactor for mixing calcium acetate solution
and sodium phosphate monobasic solution at temperature
above 50 °C. This is the first report on the synthesis of octa-
calcium phosphate using micro-flow reactor. The octacalcium
phosphates obtained by using micro-flow reactor were charac-
terized by the narrower particle size distribution and higher
crystallinity if compared with the product prepared by a batch
reactor by separation of nucleation and subsequence aging
process. The size of belt-shaped octacalcium phosphate parti-
cles was 0.78 pm when the mixing was performed at 50 °C and
was 2.3 um at 70 °C. The directional growth of the belt-shaped
octacalcium phosphate particles was observed during the aging
by preferential growth along a-direction.
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