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Abstract: The mineralization of octacalcium phosphate (OCP) crystals in gel media was studied in
the presence of a magnetic field. OCP crystal growth was found to be dependent on mineralization
temperature, mineralization time, and the magnetic field. Higher temperatures significantly reduced
the mineralization time, which is crucial for directional growth of OCP crystals. The growth of
OCP crystals was accelerated by the applied magnetic field, while OCP crystals generated in the
presence of a magnetic field exhibited increased length and width of oriented growth. This study
provides valuable insights into the influence of mineralization factors in bioprocessing-inspired
manufacturing processes.
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1. Introduction

Human bone, as an organic/inorganic composite of collagen and apatite crystals,
inspires exploration into calcium phosphate/polymer composites as potential candidates
for bone tissue scaffolds [1]. Those composites, formed by synthesizing and hybridizing
calcium phosphate with polymers, exhibit altered biocompatibility due to their similarity
to the inorganic component of natural bone (apatite), high bone conductivity, and high
affinity for proteins [2,3].

Bone possesses anisotropic properties, exhibiting weaknesses in tension and shear yet
resilience in the longitudinal direction. The alignment of elastic collagen fibers along the
bone’s stress direction promotes mechanical flexibility. Incorporating calcium phosphate
particles into polymers aims to mimic the human bone structure; however, only a few
reported calcium phosphate/polymer composites have demonstrated sufficient mechanical
strength for bone tissue scaffolds. To achieve anisotropic mechanical properties, controlled
dispersion and alignment of calcium phosphate particles with specific size and morphology
in the polymer are essential [4]. Particle size and shape also impact biological responses
such as cell adhesion and bone regeneration. For instance, variations in hydroxyapatite
particle size and morphology in hydroxyapatite/polyethylene composites affect mechanical
properties, with larger hydroxyapatite particles decreasing strength and modulus but
increasing ductility [5,6]. The two-dimensional morphology of calcium phosphate particles,
such as a belt or plate shape, is expected to enhance particles unidirectionally due to a
larger surface area with stronger adsorption properties.

Octacalcium phosphate (Ca8(HPO4)2(PO4)4·5H2O, hereafter abbreviated as OCP)
shares structural similarity with hydroxyapatite (Ca3(OH)2(PO4)6, henceforth referred to as
HA) and is reported to facilitate mineralized tissue formation as an initial precursor phase
of HA [7–9]. OCP, under normal physiological conditions, is thermodynamically metastable
with respect to HA, and it has been demonstrated that in vivo transformation of OCP to HA
through hydrolysis takes place [10,11]. This conversion of OCP to HA has facilitated the
study of OCP-based composites as bone scaffolds. Two-dimensional OCP particles having
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a range of 3–5 µm have been explored for various applications, including adsorption and
as capacitors. The size and shape of OCP play important roles in some uses [12]. The 3D
flower-like OCP with a size of 2–5 µm was demonstrated to be an efficient Pb2+ adsorbent.
The size of OCP within the polymer hybrids was reported to exert an influence on the
capability of bone regeneration and the rate of resorption of the hybrid material [13,14].
Resorption of OCP/collagen by osteoblast-like cells showed enhancement of the composite
composing belt-shaped OCP particles with dimensions of 0.5–3 µm compared to those
measuring 53–300 µm and pure collagen [15].

Though over two decades of research have advanced our understanding of biomin-
eralization mechanisms and biomimetic mineralization, a significant gap exists in fully
achieving a biomimetic transition from structure to function. This discrepancy may be
attributed to the following: inadequate simulation of the physiological activity factors of
biomineralization [16]. The authentic biomineralization procedure unfolds with cellular
participation; thus, biomimetic mineralization necessitates consideration of the impact
of physiological activities in conjunction with the aforementioned organic and inorganic
milieus for sufficient simulation of the intricate environmental factors of biomineraliza-
tion [17,18]. The actual biomineralization occurs in a complex environment, apart from
organic substrates, inorganic ions, pH value, temperature, and other prevalent direct factors;
there are complex electromagnetic fields, gravity fields, and other environmental elements
that are frequently overlooked. The effects of these minor environmental factors should
not be ignored during the protracted biomineralization process, spanning years [19–21].
Comprehensive simulation of the above factors is an immense task and complicated proce-
dure. The simulation of single factors, from superficial to profound levels, is the logical
scientific approach to address the issue.

In our work, the role of magnetic fields in the mineralization of OCP crystals was
investigated. The growth of OCP nanocrystals was fulfilled in vitro with and without a
magnetic field. Different stages of the growth process of OCP nanocrystals during the
mineralization were captured; meanwhile, the microstructure of OCP nanocrystals at
different positions in the mineralization solutions and gels were demonstrated. Then, the
effect of mineralization temperature was studied. The directional growth of OCP crystals
with varied conditions depends on the concentration of calcium ions, the mineralization
temperature, and the magnetic field.

2. Materials and Methods

High-purity materials, including calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, Merck,
Rahway, NJ, USA), sodium phosphate dibasic (Na2HPO4, Fisher Scientific, Hampton, NH,
USA), and sodium metasilicate nonahydrate (Na2SiO3·9H2O, Fisher Scientific), with purity
exceeding 98%, were utilized in this experiment. All experiments were conducted using
triple-distilled water.

A solution of sodium metasilicate nonahydrate with a specific gravity of 1.03 g/cc
was mixed with 0.3 M sodium phosphate dibasic solution in a 1:1 ratio. The pH value of
the solution was adjusted to 7 through treatment with acetic acid. Subsequently, 5 mL of
the above solution was solidified in a centrifuge tube for 1 day to obtain silica gel.

A total of 5 mL of 0.5 M calcium nitrate tetrahydrate solution was added as a super-
natant to the gel medium for diffusion. The above samples were mineralized at 37 ◦C for
different periods of time (1, 3, and 5 days). The same samples were mineralized at 50 ◦C for
additional mineralization periods (2, 4, and 8 h). The experiment was repeated with the
presence of a magnetic field achieved by placing centrifuge tubes between Nd2Fe14B bar
magnets spaced approximately 1.5 cm apart, producing a field strength of about 0.3 T as
measured with a Gauss meter. The obtained crystals were washed with deionized water,
freeze-dried, and subjected to further characterization. Photographs depicting the gel
medium after the mineralization process with and without the magnetic field are shown in
Figure 1. Liesegang rings (LRs) were classified into Upper LRs, Middle LRs, and Lower LRs,
with the crystallization influenced by factors such as temperature, pH, and concentration.
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Figure 1. Photograph of Liesegang rings and DCPD crystallized in the gel medium (a) without a
magnetic field and (b) with a magnetic field.

The X-ray diffraction (XRD) analysis was carried out using an X-ray diffractometer (D8
Advance). Fourier transform infrared spectra (FTIR) were recorded with a Jasco Nexus FTIR
spectrometer. Scanning electron microscopy (SEM) micrography and energy-dispersive
X-ray (EDX) analysis were carried out using a JSM-7500F SEM. Transmission Electron
Microscopy (TEM) images were obtained with a Talos F200S operated at 200 kV.

3. Results and Discussion
3.1. Physical Phase Analysis of Crystals in Gel Media

According to the XRD patterns in Figure 2, the main crystalline phase of the Lower
LR samples with and without a magnetic field was octacalcium phosphate (OCP) (JCPDS
(26-1056)). The (020) peak corresponding to dicalcium phosphate dihydrate only appeared
in Lower LR samples mineralized at 37 ◦C for 5 days. Also, the principal crystalline phase of
the DCPD crystals generated in the gel medium was confirmed to be dicalcium phosphate
dihydrate (JCPDS card: no 72-0713) (Figure S1). The coexistence of DCPD crystals and
Lower LRs may be attributed to the overlapping growth of DCPD crystals and Lower LRs
with increasing mineralization time. The presence of a magnetic field resulted in only a
slight variation in lattice parameters compared to experiments without a magnetic field [22].
This phenomenon is due to the fact that the presence of a magnetic field only leads to
morphological changes in trace amounts of OCP crystals on the surface. The effect of the
magnetic field on the overall powder XRD results is negligible.
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3.2. Effect of External Magnetic Field on the Size and Shape of OCP

The SEM images (Figure S2a–f) of LR samples after mineralization at 25 ◦C for 14 days
revealed the different growth phenomena of OCP crystals without and with magnetic
fields. The oriented growth of octacalcium phosphate crystals is observed on the surface
of the Middle LRs and Lower LRs in samples under a magnetic field. This indicates that
the magnetic field favors the directional growth of octacalcium phosphate crystals. In
the sample mineralized under a magnetic field, the average thickness of the directional
growth layer increased from 26 µm in Middle LRs to 61 µm in Lower LRs, confirming that
increased distance from the gel–supernatant interface is more conducive to the growth of
the octacalcium phosphate crystal-oriented layer. The physical phase of the LR sample
was determined to be OCP crystals by XRD combined with FTIR spectroscopy analysis
(Figure S2g,h).

The mineralization temperature was increased from 25 ◦C to 37 ◦C to reduce the
mineralization time. Figure 3a–c,a’–c’ indicates that OCP crystals in Upper LRs have
similar microstructures with and without a magnetic field. However, in the Middle LRs
and Lower LRs, the directional growth of OCP crystals could also be observed in samples
without a magnetic field (Figure 3f,h,i). In the Middle LRs mineralized for 1 day at 37 ◦C,
the length of the directional layer band crystals increased from 3.6 µm in samples without
a magnetic field to 8.5 µm in samples with a magnetic field. In Lower LRs, the length and
width of directional layer ribbon crystals were increased from 7.1 µm to 30 µm and from
0.4 µm to 2.1 µm when a magnetic field was applied. Therefore, the directional growth of
OCP crystals is not only caused by the mineralization temperature but also by the magnetic
field. Both temperature and magnetic field can accelerate the crystallization and growth of
OCP crystals. Comparing the samples mineralized under the same conditions, the OCP
directional growth length escalated in Lower LRs, whereas the directional growth of OCP
crystals was not observed in Upper LRs. These changes in crystal structure and size indicate
that the magnetic field has a significant effect on the nucleation and directional growth of
OCP. This phenomenon is accounted for by the elevation in the free energy of the nucleus
due to the presence of a magnetic field [22–24]. During nucleation, the magnetic anisotropy
of nucleated clusters surpasses that of individual molecules, promoting the alignment
of the nucleated clusters and fortifying the organization of the nano-sized crystals in the
parent solution in relation to the magnetic field. Additionally, the magnetic field accelerates
the diffusion process of ions within the gel medium [23,25,26].
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Figure 3. SEM micrographs of cross sections of LR samples at 37 ◦C: (a–c) samples of Upper LRs at 1,
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(g–i) samples of Lower LRs at 1, 3, and 5 days of mineralization, (a’–i’) control samples under
magnetic field.

In addition, the magnetic field also plays a crucial role in the mineralization process.
According to the valence bond theory of coordination bonds, Ca2+ in solution is easy
to form [Ca(H2O)6]2+, which has a regular octahedral polyhedron and relatively stable
structure. When the mineralization solution is applied with a magnetic field, the dipole
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moment of water molecules changes to alter the O-H bond length and H-O-H bond angle,
which distorts the originally stable [Ca(H2O)6]2+ octahedral configuration and ultimately
leads to its stability decline. The decrease of the stability of [Ca(H2O)6]2+ leads to the
increase of Ca2+ reactivity, which is conducive to the mineralization of OCP crystals.

A large number of plate and dendrite calcium phosphate dihydrate crystals were
observed at the interface of the mineralized fluid and the gel. It is speculated that the high
ion concentration at the interface of the mineralized liquid and gel is conducive to the
growth of calcium bisphosphate dihydrate crystals but not conducive to the directional
growth of OCP crystals.

The orientation and crystal structure of the ribbon particles were further investigated
using transmission electron microscopy (TEM). The HRTEM images of the ribbon particles
showed a lattice stripe spacing of 0.81 nm and 0.34 nm (Figure S3), corresponding to
(010) and (002) crystal planes, confirming the orientation of the ribbon OCP. The striped
particles obtained after magnetic field treatment have more diffraction spots and higher
crystallinity [27–30].

The mineralization at 50 ◦C indicates that OCP crystals will develop directionally on
the surface of Liesegang rings (Figure 4). There were considerable dissimilarities in the
oriented growth crystals of Upper LR, Middle LR, and Lower LR OCP crystals for the 8 h
mineralized samples (Figure 4c,f,i), with no oriented growth observed in all Upper LRs.
The results further confirm that the OCP directional growth length increases closer to the
bottom of the centrifuge tube.
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Figure 4. SEM micrographs of cross sections of LR samples at 50 ◦C: (a–c) samples of Upper LRs at 2, 4,
and 8 h of mineralization, (d–f) samples of Middle LRs at 2, 4, and 8 h of mineralization, (g–i) samples
of Lower LRs at 2, 4, and 8 h of mineralization, (a’–i’) control samples under magnetic field.

XRD patterns of the samples mineralized with and without a magnetic field, as seen
in Figure 2, show that only OCP crystals were formed at 50 ◦C; there is no crystal phase
of DCPD. This is caused by the increased mineralization temperature, which leads a
conversion of unstable calcium bisphosphate dihydrate phases to OCP crystals.

When the mineralization temperature was progressively elevated from 25 ◦C to 37 ◦C
and then to 50 ◦C, the time needed for a complete mineralization process decreased.
The results also prove that OCP crystals preferred to grow directionally under higher
mineralization temperatures, a magnetic field, and a lower calcium ion concentration.

3.3. Effect of External Magnetic Field on the Rate of OCP Directional Growth

Based on these SEM images, the growth rates of directional OCP crystals in Lower
LRs mineralized at different conditions were calculated and are presented in Table 1. For
samples mineralized at 37 ◦C, the magnetic field slightly accelerates the growth rate of
mineralization, which increases from 0.98 to 1.19 µm/h in length and 0.02 to 0.05 µm/h
in width. For samples mineralized at 50 ◦C, the magnetic field dramatically accelerates
the growth rate of mineralization, which increases from 7.64 to 11.27 µm/h in length and
0.17 to 0.23 µm/h in width. The results also prove that the mineralization temperature
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promotes the directional growth of OCP crystals. The increase in the growth rate of
octacalcium phosphate crystals can be attributed to the accelerating effect of the magnetic
field in the ion diffusion phase. The charged ions in the gel will move directionally in the
presence of an applied magnetic field, making it easier for reactions between anions and
cations [22,24]. This contributes to the nucleation growth process of octacalcium phosphate
crystals. In addition, the distortion of complex ions in the gel caused by the magnetic field
will increase the supersaturation of Ca2+.

Table 1. Dimensions of directional OCP crystals in Lower LRs with and without magnetic field at a
mineralization temperature of 37 ◦C and 50 ◦C, respectively.

Temperature (◦C) Time (hours)

Lengths of Directional OCP Crystals in
Lower LRs (µm)

Widths of Directional OCP Crystals in
Lower LRs (µm)

Without
Magnetic Field

With
Magnetic Field

Without
Magnetic Field

With
Magnetic Field

37

24 7.1 30 0.4 2.1

72 50 85 1.4 4.7

120 102 144 1.9 7.2

Growth rate (µm/hour) 0.98 1.19 0.02 0.05

50

2 3.7 12.7 0.3 0.8

4 15.2 43.7 0.5 1.2

8 48.8 82 1.3 2.2

Growth rate (µm/hour) 7.64 11.27 0.17 0.23

4. Discussion

The directional growth of OCP crystals was successfully controlled via mineralization
under different conditions, as confirmed by XRD and SEM. OCP crystal growth was found
to be dependent on mineralization temperature, mineralization time, and the magnetic field.
Higher temperatures significantly reduced the mineralization time, which is crucial for the
directional growth of OCP crystals. OCP crystals generated in the presence of a magnetic
field exhibited increased length and width of oriented growth compared to those without a
magnetic field. The analysis of the mineralization mechanism of octacalcium phosphate
clarifies that the effect of the magnetic field on the mineralization of octacalcium phosphate
mainly leads to an increase in the free energy of its nuclei, which enhances the ordering
of the crystals with respect to the magnetic field. In the ion diffusion stage, the magnetic
field mainly induces the modification of the water molecule bond angles, resulting in the
aberration of [Ca(H2O)6]2+ complex ions. This study provides valuable insights into the
influence of mineralization factors, particularly magnetic fields, in bioprocessing-inspired
manufacturing processes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst14050463/s1, Figure S1: XRD pattern of DCPD crystals generated in
gel medium; Figure S2: SEM images of LRs in samples after mineralization at 25 ◦C for 14 days (a–c)
without magnetic field, (d–f) with magnetic field; (g) XRD and (h) FT-IR of Lower LRs; Figure S3:
HRTEM images and corresponding FFT patterns of belt-liked particle: (a) Sample of Lower LRs
without magnetic field at 37 ◦C and (b) Sample of Lower LRs with magnetic field at 37 ◦C.
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