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Abstract: The occurrence of fractures has emerged as one of the most prevalent injuries in the human
body. In bone reconstruction surgery, after the implantation of porous hydroxyapatite materials,
there is an initial infiltration of body fluids into the porous implant, followed by biomineralization-
mediated apatite crystal formation and the subsequent ingrowth of bone cells. Despite extensive
research efforts in this field, previous investigations have primarily focused on the formation of ap-
atite crystals on exposed surfaces, with limited literature available regarding the formation of apatite
crystals within the internal microstructures of bone implants. Herein, we demonstrate the occur-
rence of dynamic biomineralization within a three-dimensional porous hydroxyapatite/wollastonite
(HA/WS) skeleton, leading to the abundant formation of nano-sized apatite crystals across diverse
internal environments. Our findings reveal that these apatite nanocrystals demonstrate distinct rates
of nucleation, packing densities, and crystal forms in comparison to those formed on the surface.
Therefore, the objective of this study was to elucidate the temporal evolution of biomineralization
processes by investigating the microstructures of nanocrystals on the internal surfaces of HA/WS
three-dimensional porous materials at distinct stages of biomineralization and subsequently explore
the biological activity exhibited by HA/WS when combined with cell investigation into apatite
crystal biomineralization mechanisms at the nanoscale, aiming to comprehend natural bone for-
mation processes and develop efficacious biomimetic implants for tissue engineering applications.
The simultaneous examination of bone cell attachment and its interaction with ongoing internal
nanocrystal formation will provide valuable insights for designing optimal scaffolds conducive to
bone cell growth, which is imperative in tissue engineering endeavors.

Keywords: hydroxyapatite; biomineralization; apatite crystal; bone tissue

1. Introduction

With the advancement of medical technology, fractures have emerged as some of the
most prevalent injuries in the human body. While external fixation techniques are suitable
for stable fractures, patients with unstable fractures (such as comminuted fractures), ad-
vanced ages, abnormal bone metabolism, or osteoporosis exhibit a relatively increased risk
of non-union or delayed union due to their limited fracture healing ability or compromised
osteogenic capacity [1]. Consequently, bone reconstruction surgery utilizing artificial im-
plant skeletons remains the primary treatment approach [2]. Currently, hydroxyapatite
(HA) stands out as the most commonly employed biomaterial for fabricating these artificial
implant skeletons. Following bone reconstruction surgery involving porous HA skeletons,
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bodily fluids come into contact with and gradually infiltrate these structures, initiating
biomineralization [3–6]. Apatite nanocrystals are slowly formed after the beginning of
biomineralization. Due to the gradual infiltration of body fluids onto the porous HA skele-
ton, biomineralization occurs not only on the surface of the artificial porous HA skeleton
but also, more importantly, inside the artificial porous HA skeleton [7–10]. In the later stage
of the implantation of the artificial porous HA skeleton, bone cells grow onto the skeleton,
and the microstructure of the skeleton plays an important role in the success of implantation.
Therefore, this process will inevitably depend on the internal porous structure modification
of the HA skeleton [11]. However, the apatite nanocrystals on the inner surface of the
artificial porous HA skeleton are rarely studied, and their key role in bone growth and
regeneration is unclear. Therefore, the study of the microstructure diversity of apatite
nanocrystals formed by the biomineralization between the inner surface of the skeleton
and body fluids and the influence of microstructure diversity on osteocyte adhesion play
important roles in exploring the mechanism of bone growth and cell regeneration in an
artificial porous skeleton [12–14].

At present, many studies [15–19] have investigated the biomineralization process of
apatite nanocrystal formation in simulated body fluids (SBFs) and the related benefits of
apatite nanocrystals in bone integration and regeneration. But, typically, such studies select
fully exposed HA surfaces with non-porous characteristics, both experimentally and in
modeling, to create controlled SBF contact environments. This is the most common way to
study the basic principles of apatite crystal formation.

After bone reconstruction surgery, it is certain that the infiltration of the three-dimensional
porous skeleton in body fluids is not synchronous [20]. The main reason is that the
sizes, shapes, and surface texture states of the micro-channels, micro-pores, and micro-
holes of the three-dimensional porous skeleton are different, so the microstructures of
apatite nanocrystals formed by mineralization are diverse. Theoretically, different SBF
contact environments lead to different types of nanocrystal structures that cannot be
observed on HA surfaces soaked in a smooth, well-controlled SBF contact environment.
Since the internal environment of the three-dimensional porous skeleton after undergoing
biomineralization is more relevant to the growth of bone cells, the in-depth and detailed
study of the unique nanocrystal structure “hidden” inside the three-dimensional porous
skeleton will provide valuable insights into the nature of bone cell growth and bone tissue
regeneration [20]. Although the study of micropores with different surface sizes (from a
few µm to a few hundred µm) on the three-dimensional porous skeleton is important for
the function of bone growth [21–24], it is equally important, or even more important, to
study the biomineralization process and its microscopic diversity on the internal surface of
the three-dimensional porous skeleton. Studies have shown that the internal micropore
size and distribution of a three-dimensional porous skeleton have significant impacts on
the early stage of bone integration [25–27]. In addition, recent studies have shown that
the nucleation forms of apatite nanocrystals inside the three-dimensional porous skeleton
are diversified during the stage of bone integration, which is mainly related to the contact
environment between the skeleton and body fluids. Thus, it can be foreseen that the
complex and constantly changing apatite nanocrystal structure in the three-dimensional
porous skeleton structure is critical to the success of the skeleton at all stages of bone growth.
Therefore, the purpose of this study was to reveal the change rule of the three-dimensional
porous skeleton during the biomineralization process by studying the microstructures of
the nanocrystals on the inner surface of a Hydroxyapatite/Wollastonite (HA/WS) three-
dimensional porous skeleton at different biomineralization stages and to further study the
biological activity of the three-dimensional porous HA/WS skeleton when it was simulated
with in vitro cells. The adhesion of bone cells and the interaction of these cells with the
ongoing formation of internal apatite nanocrystals were also studied. The results will give
us clear indications for designing the ideal skeleton for bone cells, which is urgently needed
for tissue engineering.
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2. Materials and Methods
2.1. Materials

Hydroxyapatite was sourced from the Sigma-Aldrich (Shanghai, China) Trading Co.,
Ltd. Wollastonite came from Siyuan Mining (Xinyu, China) Co., Ltd. and polymethyl
methacrylate (PMMA) and Gelatine were purchased from Aladdin Reagent (Shanghai,
China) Co., Ltd. Deionized water was produced at our laboratory. NaCl, NaHCO3, KCl,
Na2HPO4·2H2O, MgCl2·6H2O, Na2SO4, CaCl2·H2O, Tris, and HCl were purchased from
Aladdin Reagent (Shanghai, China) Co., Ltd.

2.2. Preparation of Three-Dimensional Porous HA/WS Skeleton and 1.5 × SBF

In this study, a three-dimensional porous HA/WS skeleton with random micropore
structure was prepared by using freeze-drying method. The three-dimensional porous
HA/WS skeleton was prepared by sintering 95 wt% HA and 5 wt% wollastonite at 1250 ◦C.
Wollastonite was added because of its ability to form glass phase at high temperatures, thus
providing additional mechanical strength to the three-dimensional porous skeleton. As is
shown in Figure 1, the process involves these steps: Weigh 950 g of hydroxyapatite (HA)
and 50 g of wollastonite (WS), mix thoroughly, then add 4000 mL of deionized water. Add
100 g of PMMA, 200 g of gelatin, 50 g of a water reducer, and 50 g of Na5P3O10 accelerator.
The homogenized solution is freeze-dried to create a porous structure under the following
experimental conditions: −20 ◦C for 12 h, −40 ◦C for 4 h, with a vacuum degree at 89 µBar.
Dry at room temperature for an additional twelve hours with a vacuum pressure set at
23 µBar. Once completely dried, remove the samples from the dryer and place them into a
high-temperature furnace set to non-pressure sintering at 1250 ◦C for two hours. Finally,
obtain three-dimensional porous HA/WS skeleton in Figure 1.
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Figure 1. Schematic process for the preparation of a three-dimensional porous HA/WS skeleton and
immersion in 1.5 × SBF solution.

Then, the prepared three-dimensional porous HA/WS skeleton was immersed in
1.5 × SBF solution for 3 weeks at a temperature of 37 ± 0.5 ◦C, with PH value maintained
at 7.4, humidity controlled at 85%, and CO2 concentration at 5%. After the immersion,
the skeleton was removed from the 1.5 × SBF solution, washed with distilled water, and
dried at room temperature. In order to observe the hidden apatite nanocrystals inside
the three-dimensional porous HA/WS skeleton, the three-dimensional porous HA/WS
skeleton was cut off and was sprayed with carbon layer on the exposed cross section for
SEM observation.

2.3. Immersion of Three-Dimensional Porous HA/WS Skeleton in SBFs

In this study, 1.5 × SBF solution with ion concentration similar to that in human
plasma was used. The solution contained analytical NaCl, NaHCO3, KCl, Na2HPO4·2H2O,
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MgCl2·6H2O, Na2SO4, CaCl2·H2O, and tris. The prepared three-dimensional porous
HA/WS skeleton was immersed in 1.5 × SBF solution for 3 weeks at a temperature
of 37 ± 0.5 ◦C, with PH value maintained at 7.4, humidity controlled at 85%, and CO2
concentration at 5%. After the immersion, the skeleton was removed from the 1.5 × SBF
solution, washed with distilled water, and dried at room temperature. In order to observe
the hidden apatite nanocrystals inside the three-dimensional porous HA/WS skeleton, the
three-dimensional porous HA/WS skeleton was cut off and was sprayed with carbon layer
on the exposed cross section for SEM observation.

2.4. Analysis Method

The microscopic morphology of three-dimensional porous HA/WS skeleton and
cell adhesion status were observed using a field emission scanning electron microscope
(SEM, model Zeiss-1555-VPFE-SEMe from Oberkochen). The microscopic diversity of
apatite nanocrystals on biomineralized three-dimensional porous HA/WS skeleton was
evaluated by using the different types of micro morphologies observed using scanning
electron microscopy. The elements on the crystal surface were evaluated by using an
energy dispersion spectrometer. The different microstructures of nanocrystals on HA/WS
were observed using scanning electron microscope to evaluate the results of HA/WS
after biomineralization. The adhesion status of osteoclasts on HA/WS samples after cell
culture in vitro was observed with optical microscope (model BX53M from Olympus). Since
HA/WS is a three-dimensional porous material, different from plate samples, the biological
activity of osteoclasts on HA/WS can only be evaluated by observing the adhesion status
and quantity distribution of osteoclasts on HA/WS using optical microscopy.

3. Results and Discussion
3.1. The Effect of SBF Immersion on the Microstructure of an HA/WS Skeleton

The microstructures of apatite nanocrystals “hidden” on the inner surface of the
three-dimensional porous HA/WS skeleton during the inward growth of bone cells were
investigated by using a high-intensity field emission scanning electron microscope (SEM).
It has been shown that two different types of apatite nanocrystals are formed during
the process of biomineralization and the inward growth of bone cells [15,28,29]. In this
study, we observed two different types of apatite nanocrystals: one was a circular apatite
nanocrystal, located on the surface of the sintered three-dimensional porous HA/WS
skeleton, and the other was a sail-like nanocrystal cluster located on the top of the circular
nanocrystal. The two main types of apatite nanocrystals can be observed from the oblique
surface microstructure and in a cross-sectional view of the three-dimensional porous
HA/WS skeleton, as shown in Figure 2a. The red and blue illustrations show two different
types of apatite nanocrystals inside the three-dimensional porous HA/WS skeleton. The
purpose of this study was to study the interior of the three-dimensional porous HA/WS
skeleton to explore the microscopic diversity of apatite nanocrystals “hidden” in it and
their influence on the adhesion of biological cells.

In this study, a three-dimensional porous HA/WS skeleton with a random micropore
structure was prepared using the freeze-drying method [30–32]. In addition to the changes
in the internal pore structure of the three-dimensional porous HA/WS skeleton, it is
also necessary to consider three representative structures in the three-dimensional porous
HA/WS skeleton. When the three-dimensional porous HA/WS skeleton and SBF come
into contact, three different SBF contact environments are formed. The three SBF contact
environments are shown in Figure 2b: (i) micropores fully filled with SBFs, (ii) half-full-
with-SBF contact environments that exist due to the presence of partial air pressure in the
pores or limited SBF infiltrate, and (iii) completely closed micropores, with only a wall or
where just a limited SBF quantity infiltrates through micropore channels and adheres to
the inner walls of the micropores. Detailed studies of apatite nanocrystals formed in these
unique SBF contact environments will enable us to understand the internal microstructure
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changes resulting from the formation of apatite nanocrystals to assess their potential impact
on bone cell growth and bone tissue regeneration in future studies.
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Kim et al. [15] explained the formation process of apatite nanocrystals distributed
on the surface after SBF contact with sintered HA. First, calcium ions of positive valence
contact and react with the exposed HA surface to form calcium-rich apatite nanocrystals.
Then, the calcium-rich nanocrystals contact and react with negative phosphate ions to
form calcium-poor apatite nanocrystals. The alternating process and dynamics of crystal
formation are affected by the total amount of positive calcium and the number of negative
phosphate ions available for crystallization. If the total concentration of positive calcium
ions and negative phosphate ions changes, different types of apatite nanocrystals will be
formed. Therefore, according to the results of Kim et al., it can be concluded that in a
settled concentration of SBFs, the general trend of forming apatite nanocrystals is that the
calcium-rich apatite nanocrystals are located at or near the surface of sintered HA while
the calcium-poor apatite nanocrystals are located away from the surface of sintered HA.

Figure 3a is the original electron microscope photograph with a scale of the three-
dimensional porous HA/WS skeleton, showing the surface microstructure of the micro-
holes inside the HA/WS skeleton. It can be seen from Figure 3a that there are completely
closed holes and half-closed holes in the HA/WS skeleton. Figure 3b–d show a detailed
enlarged image of Figure 3a. It can be seen that there are relatively dense apatite nanocrystal
layers and sail-like apatite nanocrystals on the surface. According to the overall formation
trend of calcium-rich apatite nanocrystals and calcium-poor apatite nanocrystals under
quantitative SBF conditions, the relatively dense apatite crystal layer comprises the first
calcium-rich apatite nanocrystals formed at the initial crystallization stage while the sail-
like apatite nanocrystals are the calcium-poor apatite nanocrystals formed at the later
crystallization stage.

As shown in Figure 3a–c, the SBF permeates the inner micropores, micro-channels,
and micro-holes of the three-dimensional porous HA/WS skeleton surface and forms
calcium-rich apatite nanocrystals. Due to the relatively abundant supply of calcium ions in
the external body-fluid environment at the initial crystallization stage, calcium-rich apatite
nanocrystals are formed. Moreover, these calcium-rich apatite nanocrystals gradually
form a dense coating of apatite nanocrystals on the outer surface of the three-dimensional
porous HA/WS skeleton. Holes with closed surfaces or small openings are less infiltrated
by the SBF than holes with completely open or large openings, and so, the supply of
calcium ions is limited, resulting in the formation of calcium-poor apatite nanocrystals. As
shown in Figure 3a–c, since the outer surface of the three-dimensional porous HA/WS
skeleton is in full contact with the SBF solution, more calcium ions are available for the
formation of apatite nanocrystals, and so, a thicker and dense coating of calcium-rich
apatite nanocrystals is formed on the outer surface of the three-dimensional porous HA/WS
skeleton. As can be seen from Figure 3d, the dividing line between the HA/WS skeleton
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and apatite nanocrystals is relatively obvious. Because of the different SBF environments,
the different calcium ion concentrations, and the different micropore structures, different
forms of apatite nanocrystals are formed inside and outside the three-dimensional porous
HA/WS skeleton. It must be noted that the formation of the tunnel wall (about 8 µm
thick) shown in Figure 3d has similar characteristics to the apatite film (about 500 nm)
observed under TEM [33]. The results show that the concentration of calcium ions has a
great influence on the type and thickness of apatite nanocrystal coating.
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Figure 3. The complex microstructure of the three-dimensional porous HA/WS skeleton. (a) Com-
pletely closed and half-closed holes. (b) Enlarged view of the mid-section in (a), showing different
interior sail-like nano-platelet clusters. (c) Enlarged view of (b), showing a small entry has been sealed
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in (a).

Figure 4a is the microstructure picture of the outer surface of the three-dimensional
porous HA/WS skeleton. It can be observed that the boundary between the mirror-like
surface and the rough area is easily distinguished. The completely open micro-holes and
micro-channels in the three-dimensional porous HA/WS skeleton and the pores near the
surface are completely filled with apatite nanocrystals, and a dense apatite nanocrystal
coating is formed on the surface of the HA/WS skeleton. This may have a significant
impact on the role of micro-holes, micro-channels, and micropores in bone regeneration.
In actual bone implantation surgery, whether to promote or restrict the growth of apatite
nanocrystals depends on the reaction of the skeleton with bone cells. In part, this may
explain why bone marrow cells and regenerative stem cells should be transplanted into the
skeleton fold before actually being implanted [34–36].

Since the total time of SBF immersion was only three weeks, the experimental results
show that the dense apatite nanocrystals coating of about 2 µm as shown in Figure 4b can
be formed within 21 days and the deposition rate of apatite nanocrystals exceeds 100 nm
per day. Due to the proven biomineralization process, the growth of apatite nanocrystals on
the surface and internal micropores structures in weeks is critical for the success of artificial
skeleton implantation. On the other hand, the results in Figure 4a show that the apatite
nanocrystals formed during the immersion process with SBF can cover the holes and gaps,
thus proving that the apatite nanocrystals formed by the biomineralization process of the
HA/WS skeleton and SBF can repair micro-cracks in the natural HA system such as in the
teeth and bones.
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Figure 4. A crystal-clear view of the surface at nano-scale. (a) An HA/WS grain apex on the uneven
skeleton surface. (b) The interface between HA/WS and apatite nanocrystals. (c) Enlarged view
of (b). The extension of the interface in (b), showing a perfect interface at the nano-scale.

On the relatively uneven surface of the three-dimensional porous HA/WS skeleton
(left of Figure 4a), the vertices of the HA/WS skeleton grains are surrounded by clusters
of calcium-rich apatite nanocrystals and calcium-poor sail-like apatite nanocrystals. The
combination of the two types of apatite nanocrystals effectively doubles the total thickness
of the coating, which is advantageous if bone integration is a major consideration for a
particular implant. Figure 4b,c show the interface between the HA/WS skeleton and the ap-
atite nanocrystals; this may be the first time that the interface between the artificial skeleton
and the apatite nanocrystals has been clearly observed using scanning electron microscopy,
and this interface is perfect even at the nanoscale. In addition, the interface between the
HA/WS skeleton and apatite nanocrystals shows no signs of cracking, indicating strong
interface bonding. It can be seen from Figure 4c that the apatite nanocrystals at the interface
are of the smallest size, which is only about 50 nm. As apatite nanocrystals grow outward
gradually, the sizes and shapes of the apatite nanocrystals increase gradually. The disparity
between Figures 4 and 5 illustrates the generation of distinct apatite nanocrystals on the
external and internal surfaces of the exposed three-dimensional porous HA/WS skeleton.
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Figure 6 shows a natural cross-sectional view of the subtle changes in the microstruc-
tures of apatite nanocrystals in a half-full cavity. The relatively diluted SBF and limited
calcium ions within this internal cavity facilitate the formation of apatite nanocrystals
exclusively on the bottom surface of the groove, which is distinct from their absence on
the three-dimensional fracture plane, as depicted in Figure 4 or Figure 5. Another obvious
difference is that the apatite nanocrystals on the outer surface of the HA/WS skeleton are
tightly arranged while the apatite nanocrystals in the inner half-full cavity are loosely ar-
ranged, as shown in Figure 6c. Therefore, the observations in Figures 5 and 6 are consistent,
and they both reflect the influence of calcium ion concentration inside the HA/WS skeleton
on the formation of apatite nanocrystals.
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Figure 6. A microscopic view of the V-bottom interior of HA/WS skeleton. (a) Micrographs of the
interior environment of the half-full cavity. (b) Enlarged view of the flat surface and the V-bottom
section, showing seaweed-like nanocrystals. (c) Further enlarged view at the V-bottom.

The two distinct internal apatite nanocrystal structures depicted in Figure 7a,b were
utilized in the illustration presented in Figure 2 to emphasize the objective of this study,
which was to investigate the microstructural diversity of apatite nanocrystals within a
three-dimensional porous HA/WS skeleton. In Figure 7a, a portion of the pure wall can be
observed on the inner surface of the cavity. The occurrence of the pure wall phenomenon on
the inner hole surface is attributed to the high concentration of wollastonite’s glass phase,
which is formed during the sintering process at elevated temperatures. The microstructure
of the tiny caverns inside, as shown in Figure 7b, exhibits a more intricate composition,
suggesting that the distinct microstructures of the apatite nanocrystals reflect variations in
the SBF contact environment. The internal micropore structure of the bone implant skeleton
may therefore require redesigning in accordance with the preferences of bone cells and bone
regeneration. The internal micropore structure of an SBF needs to undergo in vitro cell tests
after different periods of infiltration, highlighting the necessity of the careful tailoring of
biomaterials with appropriate chemical composition, microstructure, pore size, and porosity
to optimize conditions for stimulating bone tissue regeneration [37–40]. Engineered cells
and gene-activated materials [41–44] will open up new avenues for research on bone growth
and regeneration by incorporating bioabsorbable apatite nanocrystals with diverse micro
morphologies into the three-dimensional micropore structure of the material.
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Figure 7c illustrates the presence of a narrow wall, measuring approximately 1 µm,
separating the two fully occupied internal micro-caves. The micropores in the cavity wall
were filled with calcium-rich apatite nanocrystals, which subsequently formed a compact
coating of approximately 1 µm thick apatite nanocrystals on both sides. The presence of
clusters consisting of calcium-deficient apatite nanocrystals on both sides indicates the
closure of pre-existing micro-holes in the thin wall by these nanocrystals, suggesting a
modification in the opening system within the skeleton. Consequently, further research is
required to optimize skeleton design considering fluid infiltration and apatite nanocrystal
formation, enabling the efficient utilization of cells and genes for activating apatite crystal
formation while minimizing potential adverse side effects on the open-hole skeleton system.

The internal environment of the sintered three-dimensional porous HA/WS skeleton
is significantly more intricate compared to the flat and fully exposed surface utilized in
current biomineralization studies [8,28,29,45]. In addition to the large open micropores
ranging from 50 µm to 500 µm in size, there exist numerous micropores and nanopores on
the inner wall, which are interconnected through various means. The formation conditions
of apatite nanocrystals in three distinct SBF contact environments, as depicted in Figure 2b,
further contribute to the intricate nature of the structure. The observations demonstrate
that the inherent variations in internal conditions inevitably give rise to the heterogeneity of
apatite nanocrystals. The crystallization process, even when constrained by a specific and
well-defined condition such as the internal angle or nanoscale surface roughness, continues
to present novel discoveries and challenges. The key functions of the apatite nanocrystal
structure in the three-dimensional porous skeleton need to be investigated from various
perspectives including crystal engineering [46–48] and tissue engineering [49–54].

A three-dimensional structural image of the skeleton was acquired using a micro-
computed tomography (Micro-CT) system, specifically the Skyscan 1176 Micro-CT, pro-
vided by the Harry Perkins Medical Center at Xihua University. The macroscopic morphol-
ogy and interconnected pore structure of the sintered three-dimensional porous HA/WS
skeleton obtained using Micro-CT are illustrated in Figure 8. The Micro-CT analysis reveals
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that both freeze-drying and non-pressure sintering methods yield a characteristic three-
dimensional porous HA/WS skeleton with an interconnected pore structure extending
from the external to the internal regions, exhibiting a diverse distribution of pore sizes
ranging from approximately 100 to 500 µm. The interconnected porous structure and high
porosity of the three-dimensional HA/WS skeleton provide an optimal environment for
cellular cultivation, proliferation, and tissue growth.
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Figure 8. Morphology of the 90HA/10WS scaffolds obtained via micro-CT analysis. (a) Front view;
(b) top view; (c) side view; and (d) inside cutting-surface view.

The results demonstrate the occurrence of active biomineralization processes within
the three-dimensional porous HA/WS skeleton, revealing nanoscale microstructure details
of the inner surface that are seldom observed on the exposed outer surface. In a clinical
context, it is anticipated that the internal pore structure and morphology of bone implants
will gradually evolve due to the formation of ever-changing apatite nanocrystals during
biomineralization. This suggests that conducting bone cell experiments on skeletons with
an internal porous structure at different time points after SBF infiltration will provide further
insights into the effects of bone cell and bone tissue regeneration. In vitro cell culture tests
should be performed on the internal structure of the three-dimensional porous HA/WS
skeleton exposed after SBF infiltration, which will determine how these hidden internal
apatite nanocrystals interact with bone cells and thus determine the bone regeneration
process. Therefore, it is crucial to pay close attention to relevant SBF simulations and in vitro
cell experiments. To our knowledge, this aspect has not been systematically investigated.

3.2. The Effect of SBF Immersion Time on the Microstructure of the HA/WS Skeleton

The morphological comparison of the three-dimensional porous HA/WS skeleton
before and after immersion in SBF solution is illustrated in Figure 9. The surface of the
three-dimensional porous HA/WS skeleton exhibited a relatively dense biomineralized
layer after being immersed in 1.5 × SBF for 21 days, as depicted in Figures 5–9. After con-
ducting further observations of the local area, it was discovered that the generated apatite
exhibited a thin sheet structure, and this formation was found to be closely associated
with the crystallographic characteristics and orientation of apatite crystals. The sheet has
a diameter of approximately 2 µm, with a thickness ranging in the dozens of nm. It is
intricately interwoven and intertwined. The deposition of hydroxyapatite in simulated
body fluids within the HA/WS three-dimensional porous skeleton can be observed in Fig-
ure 9, demonstrating a three-dimensional directional growth. Furthermore, the biological
mineralization process leads to the formation of apatite nanoparticle crystals within the
cavities, walls, and inner surfaces of the three-dimensional porous HA/WS skeleton.

The biomineralization process being dynamic in nature, the osmosis gradually pro-
gresses inward as the simulated body fluid comes into contact with the three-dimensional
porous HA/WS skeleton and the infiltration time increases. The internal cavity structure
becomes intricate due to variations in the SBF contact environment. As immersion pro-
gresses, the biomineralization process differs across these environments, resulting in the
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formation of distinct types of apatite nanocrystals during mineralization. The internal
micropore structure of the implant skeleton may require redesigning based on bone cell
preferences and regeneration needs. Therefore, it is necessary to investigate the changes in
the internal micropore structure after different durations of SBF soaking. In this study, a
three-dimensional porous HA/WS skeleton was immersed in 1.5 × SBF solution for vary-
ing periods (1 day, 3 days, 7 days, 14 days, and 21 days) under identical culture conditions.
After each immersion period, excess impurities were removed from the surface via cleaning
with deionized water followed by drying at room temperature. The effect of simulated
body fluid immersion time on the microstructure of the three-dimensional porous HA/WS
skeleton was observed using scanning electron microscopy.
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Figure 9. (a) Microstructure of three-dimensional porous HA/WS skeleton before immersion; (b,c) mi-
crostructure of three-dimensional porous HA/WS skeleton after 21-days immersion.

The microstructure of the three-dimensional porous HA/WS skeleton after being
immersed in simulated body fluids for 1 day is depicted in Figure 10. The observation from
Figure 10a reveals that following a 1-day immersion period, only a few apatite nanocrystals
grow on the three-dimensional porous HA/WS skeleton surface within certain grooves.
This can primarily be attributed to the short duration of immersion, which corresponds to
an early stage in the biomineralization process and consequently results in a slow crystal
growth rate. Upon further certification (Figure 10b), a lake-like distribution of apatite
nanocrystals surrounded by a WS glass phase becomes apparent. The smooth region
surrounding it represents the high-temperature-formed glass phase composed of WS while
the area consisting of the central nanocrystal sheet signifies the cluster of apatite nanosheets
formed through biomineralization. The subsequent magnification of the three-dimensional
porous HA/WS skeleton surface provides clearer evidence that solely formed apatite
nanocrystals are distributed within fluted areas. Based on experimental findings, it can
be concluded that under a 1-day immersion time, there is a greater inclination for apatite
nanoparticles to form within grooves present on the three-dimensional porous HA/WS
skeleton surface.

The microstructure of the three-dimensional porous HA/WS skeleton after being
soaked in simulated body fluids for 3 days is shown in Figure 11. It can be observed from
Figure 11a that with an increased mineralization time, apatite nanocrystals are almost
completely covering the surface of the three-dimensional porous HA/WS skeleton. The
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distribution appears to be relatively uniform, and the stacked layers of nanosheets are
relatively thin. Compared to an immersion time of 1 day, a more uniform distribution of
apatite nanocrystals is evident after 3 days of immersion, indicating a relatively complete
biomineralization process. Therefore, a relatively uniform layer of apatite nanocrystals can
be formed on the surface of the three-dimensional porous HA/WS skeleton after a soaking
time of 3 days.
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Figure 10. Microstructure of three-dimensional porous HA/WS skeleton immersed in simulated
body fluids for 1 day. (a–c) SEM images of HA/WS skeleton after immersed in simulated body fluids
for 1 day at different magnifications.

The microstructure of the three-dimensional porous HA/WS skeleton after 7 days
of immersion in simulated body fluids is presented in Figure 12. It can be observed that
mineralization is relatively complete with prolonged immersion time. The surface of the
three-dimensional porous HA/WS skeleton is fully covered by apatite nanocrystals, which
exhibit longitudinal growth and gradually accumulate on the original crystal layer. Further-
more, after 7 days of immersion, there is an evident increase in both length and thickness in
the apatite nanocrystals on the surface of the three-dimensional porous HA/WS skeleton.

The microstructure of the three-dimensional porous HA/WS skeleton, as depicted in
Figure 13, exhibits complete biomineralization after being immersed in simulated body
fluids for a duration of 14 days. Notably, apatite nanocrystal sheets have effectively bridged
the gap between the two cavities while a substantial coating of apatite nanocrystals has
formed along the cavity wall.

The microstructure of the three-dimensional porous HA/WS skeleton after 21 days
of immersion in simulated body fluids is presented in Figure 14. Prolonged immersing
in simulated body fluids results in the formation of a relatively dense apatite nanocrystal
coating on the surface of the three-dimensional porous HA/WS skeleton. With longer
immersing durations, there is a gradual accumulation of mineralization, an interweaving
of formed nanosheets, and even fusion in certain areas, resulting in a denser surface. In
summary, increasing the duration of immersion in simulated body fluids gradually en-
hances the density and thickness of the crystal layer on the surface of the three-dimensional
porous HA/WS skeleton. This confirms successful biological mineralization after cul-
turing the three-dimensional porous HA/WS skeleton within a simulated human body
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fluid environment, which promotes its biocompatibility within the human body. These
findings contribute to understanding key functions played by apatite nanocrystals within
three-dimensional porous HA/WS skeletons during bone regeneration.
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fluids for 21 days at different magnifications.
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3.3. The Influence of SBF Immersion Time on the Surface Energy Spectrum of an HA/WS Skeleton

Energy dispersive spectroscopy (EDS) is a crucial technique for micro component
analysis, enabling the simultaneous characterization of sample surface morphology and
composition when combined with the SEM method. As depicted in Figure 15, calcium
(Ca) elements are highlighted in red and phosphorus (P) elements in green during energy
spectrum analysis. A substantial deposition of calcium and phosphorus elements from
simulated body fluids onto the three-dimensional porous HA/WS skeleton surface was
observed, without any noticeable accumulation. The distribution of elements provides
an enhanced visualization of the morphology of laminar sediments, and an increase in
immersion time in simulated body fluids leads to the formation of intensified biominer-
alization deposits. Based on EDS results, the sediments primarily consist of calcium and
phosphorus minerals, with the released calcium and phosphorus from mechanical degra-
dation being fully utilized during the mineralization process. Furthermore, the sediments
were subjected to elemental quantitative analysis using the EDS electron probe. The results
revealed the presence of Ca, P, and O elements in addition to C elements on the sediment
surface. The results detailing the HA/WS surface element content after EDS analysis are
shown. As illustrated in Figure 16, the EDS analysis of the prepared three-dimensional
porous HA/WS skeleton revealed that the calcium content in the calcium-rich region was
32.6 atomic percent (At%) while the phosphorus content was 17.9 At%, resulting in a Ca/P
ratio of 1.82. In contrast, the calcium content, phosphorus content, and Ca/P ratio were
found to be 16.9 At%, 13.2 At%, and 1.28, respectively in the calcium-poor region. These ex-
perimental findings provide strong evidence supporting the crystal theory of calcium-rich
and calcium-poor apatite discussed in this manuscript.
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Figure 16. Surface element analysis results of three-dimensional porous HA/WS skeleton immersed
in simulated body fluids for 21 days.

3.4. Experimental Study on Cell Adhesion within HA/WS Skeleton In Vitro

The C57BL/J6 murine preosteoclast cells were utilized for conducting in vitro cell
adhesion assays on a three-dimensional porous HA/WS scaffold. The cells were seeded
onto the scaffold, stimulated with 100 ng/mL rRANKL and 10 ng/mL M-CSF, and subse-
quently cultured under controlled humidified conditions. After three days of incubation,
the cells were fixed using 4% PFA and lightly coated with carbon. The adhesion of cells
to the porous skeleton was examined using both scanning electron microscopy as well
as optical microscopy. Numerous researchers have acknowledged the extensive interac-
tions between cells and the microenvironment surrounding the skeletal surface during
in vitro growth and culture, with three-dimensional culture models being more adept at
simulating in vivo conditions compared to traditional two-dimensional cell culture models.
In order to construct a three-dimensional cell culture model, we devised and manufac-
tured an HA/WS porous skeleton featuring an interconnected micro-scale porous network
that facilitates fluid delivery through its pores, thereby closely mimicking natural cellular
growth processes.

As depicted in Figure 17, osteoclasts exhibit robust adhesion, spreading, and prolif-
eration on the three-dimensional porous HA/WS skeleton, indicating excellent biocom-
patibility. The presence of a three-dimensional porous structure further enhances the
microenvironment for osteoclast adhesion and proliferation. Immersion in SBFs and the
subsequent functional modification of the three-dimensional porous HA/WS skeleton to
induce apatite nanocrystal formation within its structure represent an effective approach
for promoting osteoclast adhesion, growth, and culture.

As depicted in Figure 18, the adhesion morphology of osteoclasts on the three-
dimensional porous HA/WS skeleton was suboptimal in the absence of SBF immersion,
with a sparse and uneven distribution. Only a limited number of osteoclasts exhibited
adherence to the three-dimensional porous HA/WS skeleton. Despite imperfect adhesion,
this observation still suggests that HA/WS three-dimensional porous skeletons possess
biological activity.
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Comparing the three-dimensional porous HA/WS skeleton without SBFs, shown in
Figure 18, and the three-dimensional porous HA/WS skeleton immersed in SBFs, shown in
Figure 18c, the pretreatment of the three-dimensional porous HA/WS skeleton with SBF
facilitated enhanced growth, permeation, and filling by osteoclasts. As shown in Figure 19,
after SBF immersion, the proliferation of osteoclasts in the skeletal pore wall and inner
pore was significantly promoted with the assistance of apatite nanocrystals. The results
indicated that HA/WS three-dimensional porous skeleton had good biocompatibility, and
the three-dimensional porous skeleton structure provided a good microenvironment for the
adhesion and proliferation of osteoclasts, and promoted the adhesion, growth and culture
of osteoclasts.
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Figure 19. SEM images showing more details of osteoclast cell antenna adhesion on apatite nanocrys-
tals of porous three-dimensional HA/WS skeleton. (a–c) Different views of cells attached tightly on
walls and holes inside, at different magnifications, after 3 days of seeding.

The three-dimensional porous HA/WS skeleton possesses a highly porous network
with an optimal pore size range of 100 µm to 500 µm, facilitating the fluid flow of SBFs in
three-dimensional cell culture models. Our findings demonstrate that the pretreated apatite
nanocrystal-coated three-dimensional porous HA/WS skeleton promotes the adhesion and
proliferation of preosteoclast cells, making it more suitable for osteoclast culture compared
to the surface of a conventional 24-well cell culture plate. Therefore, these innovative
biomimetic three-dimensional porous HA/WS skeletons pave the way for potential clin-
ical applications in growing autologous osteoclasts using in vitro three-dimensional cell
culture models.

The three-dimensional porous HA/WS skeleton can also serve as a ceramic/polymer
composite scaffold for interfacing bone and soft tissue, facilitating the reconstruction and
regeneration of biological tissues. Moreover, it holds potential as a tissue engineering
scaffold suitable for low-load applications such as cancellous bone replacement repair.

4. Conclusions

In this study, a three-dimensional porous HA/WS skeleton was incorporated into
simulated body fluids to investigate the process of apatite nanocrystal formation through
biomineralization and its microstructural diversity. Furthermore, mouse C57BL/J6 pre-
osteoclast cells were employed for in vitro cell adhesion experiments. We observed the
adherence of C57BL/J6 osteoclasts to the three-dimensional porous HA/WS skeleton and
explored the influence of biomineralization-induced microstructure variations in apatite
nanocrystals on cell adhesion, leading to the following conclusions:

(1) The biomineralization process was successfully achieved after a 21 day immersion
in 1.5 × SBF, resulting in the formation of densely laminar apatite nanocrystals.
These flake-shaped nanocrystals were deposited within the three-dimensional porous
HA/WS skeleton pores, each with an outer diameter of approximately 2 µm, an inner
layer thickness of about 1 µm, and a single thickness ranging in tens of nanometers.
This morphology is attributed to the concentration and distribution of Ca ions present
in simulated body fluids.
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(2) Apatite nanocrystals exhibit exceptional interfacial properties with a three-dimensional
porous HA/WS skeleton substrate. The sedimentary environment within the three-
dimensional porous HA/WS skeleton is complex and diverse, resulting in diverse
apatite nanocrystals being formed through biomineralization in SBF solution. These
nanocrystals can enhance pore wall thickness, reduce original pore size, and promote
densification. This highlights the practical significance of channel structure design in
bio-porous materials. Furthermore, variations in microscopic morphology and particle
size in apatite nanocrystals also significantly impact subsequent cell experiments.
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