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ARTICLE INFO ABSTRACT

Keywords: Simulated body fluid (SBF) is widely utilized in preclinical research for estimating the mineral-
Bone tissue engineering ization efficacy of biomaterials. Therefore, it is of great significance to construct an efficient and
Biomineralization

stable SBF mineralization system. The conventional SBF solutions cannot maintain a stable pH
value and are prone to precipitate homogeneous calcium salts at the early stages of the bio-
mimetic process because of the release of gaseous COs. In this study, a simple but efficient five
times SBF buffered by 5 % CO2 was developed and demonstrated to achieve excellent mineralized
microstructure on a type of polymer-aligned nanofibrous scaffolds, which is strikingly similar to
the natural human bone tissue. Scanning electron microscopy and energy-dispersive X-ray ex-
aminations indicated the growth of heterogeneous apatite with a high-calcium-to-phosphate ratio
on the aligned nanofibers under 5 times SBF buffered by 5 % CO,. Moreover, X-ray diffraction
spectroscopy and Fourier transform infrared analyses yielded peaks associated with carbonated
hydroxyapatite with less prominent crystallization. In addition, the biomineralized aligned pol-
ycaprolactone nanofibers demonstrated excellent cell attachment, alignment, and proliferation
characteristics in vitro. Overall, the results of this study showed that 5 x SBFs buffered by 5 %
CO,, partial pressure are attractive alternatives for the efficient biomineralization of scaffolds in
bone tissue engineering, and could be used as a model for the prediction of the bone-bonding
bioactivity of biomaterials.

Simulated body fluid
Aligned nanofibers

1. Introduction

Bone tissue engineering is expected to be an effective strategy for the clinical treatment of patients with bone defects [1,2]. Various
biologically active scaffolds were developed as carriers to induce stem cell proliferation and osteogenesis-oriented differentiation,
thereby promoting bone regeneration [1-4]. Oriented fibers can guide the directional adhesion and colonization of mesenchymal stem
cells, while the loose fiber structure facilitates nutrient and metabolite exchange [5]. Polycaprolactone (PCL), a biodegradable medical
polymer certified by the US Food and Drug Administration, exhibits excellent biocompatibility [6,7]. Moreover, PCL possesses a
relatively slow degradation rate, making it an ideal polymer for constructing nanofiber scaffolds in bone regeneration research [6,8].
However, PCL nanofiber scaffolds have drawbacks such as low mechanical strength and inadequate hydrophilicity [6], rendering them
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unsuitable for the direct construction of osteogenic microenvironments. Incorporating hydroxyapatite into nanofiber scaffold com-
posites enhances both fiber mechanical strength and scaffold osteogenesis guiding ability. Simulated body fluid (SBF), which simulates
the inorganic composition of human plasma, is commonly employed to form calcium phosphate coatings on fiber surfaces due to its
simplicity, mild reaction conditions, low cost, and resulting apatite structure and composition that closely resemble bone tissue [9-11].
However, the traditional SBF solution has long been questioned to possess the osteogenic potential of biomaterials [10].

The process of SBF immersion is simple under mild reaction conditions, and the chemical composition of the formed apatite is
closer to that of natural bone [12]. However, biomineralization in classical SBF is slow and requires fresh solution [10,13].
High-supersaturated SBFs (such as 5 x SBF) can considerably accelerate the process of biomimetic mineralization, but the solutions
cannot maintain a stable pH value and are prone to precipitate homogeneous calcium salts at the early stages of the biomimetic process
because of the escape of gaseous CO» [14-19]. Therefore, a set of stable and efficient SBF systems is urgently required for investigating
the potential of existing and newly developed bio-mineral materials. In this study, a simple but efficient modified 5 x SBF solution that
was pumped with 5 % CO, was developed, which was demonstrated to maintain the constant pH value for a long time. More
importantly, taking advantage of a type of aligned PCL nanofibrous scaffolds [20], the modified SBF systems were revealed to induce
mineralized crystallization with excellent morphology that resembles the bone tissue. Compared with traditional SBF solution, the
mineralized crystallization under modified SBF solution showed a higher calcium-phosphorus and calcium-magnesium ratio. Addi-
tionally, we also observed that a higher oscillation speed of 200 rpm yielded superior surface mineralization of PCL fibers in modified
SBF solutions. Furthermore, the mineralized crystallization under modified SBF solution showed good biocompatibility to support the
proliferation and osteogenic differentiation of human embryonic palatal mesenchymal. Therefore, this modified SBF solution could
serve as an important tool for predicting the osteogenic potential of various biomaterials. This type of modified SBF solution can also be
used for the surface modification of three-dimensional mesoporous materials.

2. Experimental section
2.1. Fabrication of nanofibrous scaffold

The aligned nanofibers were prepared with the use of electrospinning and a parallel dynamic collection device [5]. PCL (17 g, Mn
80,000, Sigma, St. Louis, Missouri, United States was dissolved in 100 ml Dimethylformamide (DMF) and Dichloromethane (DCM) (v:
v = 1:3) to prepare a 17 % (w/v) electrospinning solution. The PCL solution was pumped into a 3 ml syringe fitted with a 21G blunt
needle at the feed rate of 0.025 ml min~'. The needle tip was held 10 cm above the collection tracks, and a voltage of 10 kV was
applied. The tracks of the parallel dynamic collection device ran at speeds of 50 mm s, and the nanofibers were collected at the
bottom of the rotating tracks for 7 min. The fibers were then bonded to a 25 mm stainless steel ring by silica gel to prepare the
nanofibrous scaffolds and were dried in a vacuum to remove the residual organic solvents during electrospinning.

2.2. Preparation of 5 x SBF

The 5 x SBF was prepared according to the previous study [21]. In brief, 40.62 g NaCl, 1.86 g KCl, 1.84 g CaCl,.2H,0, 1.52 g
MgCly.6H20, 0.6 g NagHPO4, and 0.36 g NapSO4 were fully dissolved in 900 ml of deionized (DI) water. During the process, the
solution was evenly heated up to 36.5 + 0.5 °C and the pH value of the solution was raised by dissolving NaHCO3 and modified with 1
mol/L HCl. The total amount of solution was added up to 1000 ml using DI water, and the final pH value of 5 x SBF was 6.4 + 0.05.

2.3. Biomineralization process

The surface hydrolysis of fibers was conducted by immersion in a 0.1 N NaOH solution for 45 min before the biomineralization
process. After hydrolysis with 0.1 N NaOH, the surface of PCL fibers is enriched with hydroxyl and carboxyl functional groups [22].
Subsequently, the functional groups of PCL capture Ca?* ions from HBF, facilitating the attraction of PO3~ ions and resulting in the
formation of multiple point-like distributed crystal nuclei. The samples were then rinsed with DI water and immersed vertically in 80
ml 5 x SBF on an oscillator in a cell incubator in the presence of 5 % CO; at 37 °C (modified 5 x SBF, simulated human blood
environment, referred to as Cs) or without CO (traditional 5 x SBF, simulated atmospheric environment, referred to as Cgp). The fiber
scaffolds were incubated for 12, 24, and 36 h at the oscillation speeds of 0, 150, or 200 revolutions per minute (rpm). After immersion
in 5 x SBF SBF for a set time, the specimens were removed, washed with DI water three times, and then dried in a vacuum hood for
further characterization.

2.4. Stability and pH change of 5 x SBF

The simulated body fluid properties were observed, and the pH values of the solution at different oscillation speeds were measured
at the set time. Specifically, the tests were conducted at 2, 4, 6, 8, 10, 12, 24, and 36 h after the beginning of biomineralization at an
oscillation speed of 200 rpm. Each experimental group comprised three samples. Before measuring the pH, the standard solution was
calibrated at room temperature.
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2.5. Weight change

All PCL scaffolds were accurately weighed before (w1) and after (w2) biomineralization and the mass changes were recorded. To
accurately calculate the weight change and assess the mineralized value, the drying step was conducted after the biomineralization
process. The weight gain of scaffolds PCL was normalized to the initial weight of the sample. The formula used to normalize the data
was defined as the weight gain divided by the initial weight, multiplied by 300, given that the initial weight is approximately 300 mg.

2.6. Morphological observations

The morphology and topography of the uncoated and coated nanofibers were examined with the use of a field-emission scanning
electron microscope (FE-SEM, Hitachi SU-70, Japan). The aligned arrays were pressed against and transferred to the SEM stubs with
two parallel adhesive tapes on their surfaces. The samples were coated with platinum before observation. The diameter and fibril
alignment of the electrospun nanofibers were determined using image analysis software (ImagePro) and Hough transform analysis.
The Hough transform is employed in this study to leverage the global characteristics of the SEM image of PCL nanofibers for direct
detection of the target contour and subsequent connection of edge pixels to form a closed boundary region. The mineral coating formed
on the nanofibers at different conditions was evaluated to determine the optimal parameters.

2.7. Determination of the elemental composition of the coating

The elemental composition of the mineral coating on the fibers was measured with the use of an energy-dispersive X-ray spec-
troscopy (EDX). The contents of calcium, phosphate, and magnesium in the coating were observed. The ratios of calcium to phosphate
(Ca/P) and calcium to magnesium (Ca/Mg) were determined by comparing the percentage by weight of calcium to the percentage by
weight of phosphate or magnesium in the samples.

2.8. Crystallographic structural determination and chemical composition analysis

XRD and FTIR analyses were performed to identify the crystallographic structure and chemical composition of the mineral apatite
on the scaffolds in both 5 x SBFs. The nanofibrous scaffolds were immersed in solutions for 12, 24, and 36 h at an oscillation speed of
200 rpm. The scaffold fiber bundle was cut from the stainless steel ring and placed into DCM for continuous stirring until completely
dissolved. The mixture was centrifuged for 15 min at 4000 rpm. The supernatant was removed, and the minerals were rinsed in fresh
DCM and centrifuged again to remove DCM. The mineralized powder was dried in a fume hood for 2 d to evaporate the residual DCM.

Thin-film XRD spectra were obtained using a Rigaku D/max X-ray diffractometer with Cu Ka radiation (2500VB2+/PC, 40 kV, 200
mA). The scanning range was from 5 to 60° with a step size of 4° min~'. For FTIR measurements, the scanning range was between 4000
and 600 cm ™, the resolution was 4 cm ™}, and the average scanning times were 128.

2.9. Human embryonic palatal mesenchymal (HEPM) cell culture on scaffolds

Human embryonic palatal mesenchymal cells (HEPM, CRL-1772, ATCC) were selected for their potential for osteogenic differ-
entiation. The cells were seeded on the unmineralized and mineralized nanofibrous scaffolds at a density of 4 x 10* cells cm~2 and
cultured in AMEM media with 10 % fetal bovine serum (FBS) at 37 °C in the presence of 5 % CO, for the entire study. Scaffolds
mineralized for 24 h at oscillation speeds of 150 and 200 rpm were chosen (referred to as HA/PCL-150 and HA/PCL-200). The
attachment, extension, and proliferation of the cells within the structures were observed.

An Alamar Blue assay was performed to evaluate cell proliferation. Briefly, HEPM cells were cultured on scaffolds for 1, 3, 5, and 7
days, and cell proliferation was measured against the control at each set time point according to the production protocol. The per-
centage reduction of Alamar blue was normalized relative to that of the control.

The morphology of HEPM cells incubated on unmineralized and mineralized scaffolds was studied on the fifth day of cell culture.
Briefly, the cells were fixed in 4 % paraformaldehyde and stained with phalloidin 555 (actin-red) and 4',6-diamidino-2-phenylindole
(DAPI, nucleus-blue). The attachment, alignment, and morphology of the cells on the scaffolds were assessed by confocal microscopy.
Each group contained three samples, and multiple locations were observed.

2.10. Statistical analysis

Graphpad prism?7.0 software was used in this study, and the measured data were expressed as means + standard deviations. First,
the normal distribution and homogeneity variance tests were conducted. T-tests were performed between the two sample groups.
Three or more groups of samples were statistically analyzed by one-way analysis of variance (ANOVA). Tukey’s test was used for
comparison between groups. A value of P < 0.05 was considered statistically significant.
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3. Results
3.1. Stability and pH change of 5 x SBF

The pH value of our body fluid is stable owing to the acid-base buffer systems, which are pivotal for mineralization and bone
formation. Thus, we first tested the pH value change of the modified 5 x SBF system. Fig. 1 shows the changes in pH values of the
traditional 5 x SBF and modified 5 x SBF throughout the process of biomineralization. The pH value of the traditional 5 x SBF
continued to rise from its initial value of 6.4-8.0, and the solution rapidly became cloudy within 2 h. Within the set of 5 % CO», the pH
of the modified 5 x SBF increased to 6.8, within 2 h, and then remained relatively stable. The solution remained clear throughout the
biomineralization process and showed no signs of precipitation.

3.2. Weight gain of scaffolds

The aligned PCL nanofibers were developed and utilized as a model for further testing the mineralization ability of the modified SBF
solution. The collected PCL nanofibers were uniform with an average diameter of 0.86 + 0.20 pm, and the surfaces of the fibers were
smooth (Fig. 2A-D). The Hough transform was used to analyze the alignment of the fibers, and the average angular deviation of the
nanofibers was 7.1° (Fig. 2C). In the process of biomimetic mineralization, the weights of scaffolds in the traditional SBF solution
increased slowly. However, after soaking them in the modified 5 x SBF, the weights of the scaffolds increased fast (Fig. 2E and F). This
result indicates that the modified SBF solution could fasten the mineralization process.

3.3. Microstructure of mineral coating on scaffolds under modified SBF solutions

To further investigate the morphology of the microstructure of mineralized coatings, SEM images were captured during the
mineralization process under traditional and modified SBF solutions at the oscillation speeds of 0,150, and 200 rpm (Figs. 3-5). Results
showed that the microstructure of mineralized coatings or particles of all groups in the traditional 5 x SBF always maintained a
homogeneous appearance during the entire biomineralization process (Fig. 3A). In the modified 5 x SBFs, the deposition behavior and
morphology of the mineral apatite were different (Fig. 3B). In the initial 12 h, sparse mineralization centers first appeared on the
surface of the fibers. The apatite centers gradually grew and merged into flakes as biomineralization progressed. After 36 h, the surface
of the fibers was completely covered by an even apatite layer, and a lamellar heterogeneous structure was observed, which was
remarkably different from those formed in the traditional 5 x SBFs (Fig. 3B). The movement and exchange of calcium and phosphorus
ions in 5 x SBF were enhanced with increasing solution oscillation speed, thereby promoting the growth of apatite on the fiber surface.
Thus, the biomineralization process occurred faster with an increase in the oscillation speed. When the oscillation velocities of the
solution were 150 and 200 rpm, the time for the lamellar morphology to be observed was 24 h (Fig. 4A and B) and 12 h (Fig. 5A and B),
respectively. A thick layer containing many agglomerations can be observed on the scaffolds at each set time at an oscillation speed of
200 rpm (Fig. 5A and B). Thus, in addition to accelerating biomineralization, the present study demonstrates that the incorporation of
5% CO3 into 5 x SBF significantly influences the microscopic morphology of the mineralized coating on the fiber surface. Compared to
conventional 5 x SBF, modification with 5 % CO3 in 5 x SBF induces a transformation of the mineralized coating from a homogeneous
block-like structure to a heterogeneous porous and layered structure, resembling the natural bone structure observed in humans.
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Fig. 1. Changes of pH values in traditional five times simulated body fluid (5 x SBF) and modified 5 x SBF with immersion time at the oscillation
speeds of 0, 150, and 200 revolutions per minute (rpm).
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Fig. 2. Weight gain of aligned PCL nanofibers in modified SBF solution. (A, B) SEM of highly aligned nanofibrous scaffold. (C) The average angular
deviation of the nanofibrils was 7.1°, as determined by Hoffman analysis. (D) The collected PCL nanofibers were uniform with an average diameter
of 0.86 + 0.20 pm. (E) SEM image depicting the morphology of mineralized crystallization under modified SBF solutions. (F) Weight increments of
polycaprolactone (PCL) nanofibrous scaffolds with immersion time in the traditional and modified 5 x SBF solutions. The biomineralization
experiment was conducted at an oscillation speed of 200 rpm.

3.4. Elemental composition and crystallographic structure of mineral coating on scaffolds under modified SBF solutions

The FTIR spectra of the apatites scratched from scaffolds immersed in both 5 x SBFs at an oscillation speed of 200 rpm for 24 h are
shown (Fig. 6A and B). The absorption bands between 3500 cm ! and 3000 cm ™! were attributed to H,0. The band at PO%’ was shown
by the presence of 1010 cm ™. Peaks in the range of 15001385 cm ' included the contributions of CO3~. The band gradually widened
with the increase in immersion time, thus indicating that the PO~ moiety of apatite was partially and gradually replaced by CO%in
apatite to form carbonated hydroxyapatite. XRD analysis further confirmed the presence of hydroxyapatite (HA). The XRD spectra of
all minerality formed on the fibers incubated in both 5 x SBFs were similar, independent of the oscillation speed and immersion time.
Only a broad peak was detected for 20 angles in the range of 25-35°, thus indicating the formation of less crystallized or amorphous
Ca-P phases (Fig. 6C and D). These results indicate that, compared with traditional SBF solution, the elemental composition of mineral
coating was more similar to the biological hydroxyapatite in the natural bone under modified SBF solution. In addition, the elemental
composition of mineral coating maintained unchanged under modified SBF solution. The EDX analysis of the PCL fibrous scaffolds after
incubation in both SBFs are determined (Fig. 6E and F). In both 5 x SBFs, the Ca/P ratio of apatites formed on the fibers was lower than
the theoretical stoichiometric Ca/P ratio of 1.67. However, with the increase in immersion time and oscillation speed, the mineral
apatite formed in the modified 5 x SBF showed an increasing trend in the Ca/P ratio, especially after the formation of the flaky
heterogeneous coating. Compared with the apatites formed in traditional 5 x SBF, the Ca/Mg ratio of mineral depositions formed in
modified 5 x SBF was higher.

3.5. Biocompatibility evaluation of HA-PCL under modified SBF solution

The scaffolds were co-cultured with HEPM cells for seven days (Fig. 7A-C). The cytoskeleton and nuclei were stained and observed
with the use of a confocal microscope. The HEPM cells adhered and proliferated on the PCL and HA/PCL scaffolds. The cell densities of
the HA-PCL scaffolds under modified SBF solution were similar to those of the PCL scaffolds. The morphology of cells on the HA-PCL
scaffolds under modified SBF solution was similar to that of the PCL fiber scaffolds, and the polarity distribution of the cytoskeleton
was consistent with the fiber orientation. Quantification results of cell proliferation further confirmed these findings (Fig. 8A-D). The
above results indicated that the uniform mineralized coating on the fiber surface showed good biocompatibility and have potential for
inducing biomineralization under modified SBF solution.



K. Fu et al. Heliyon 10 (2024) 32850

0% CO,in still

Fig. 3. Scanning electron microscopy (SEM) images depicting the morphology of mineralized crystallization under traditional and modified SBF
solutions in still. (A) SEM images of PCL scaffolds soaked in still, traditional 5 x SBF for 12 h, 24 h, and 36 h at low (up panel, scale bar 2 pm) and
high magnifications (down panel, scale bar 500 nm). (B) SEM images of PCL scaffolds soaked in still, modified 5 x SBF for 12 h, 24 h, and 36 h at
low (up panel, scale bar 2 pm) and high magnifications (down panel, scale bar 500 nm).

4. Discussion

The simulation of the extracellular matrix (ECM) of natural bone is crucial in bone tissue engineering [23,24]. Generally, bio-
mineralization with SBFs is considered to be a quick and convenient method for the mineralized coating of polymeric composites [25,
26]. Supersaturated SBFs have been adopted by researchers to accelerate the biomineralization process. In addition to timesaving,
supersaturated SBFs are particularly suitable for biomaterials with a rapid degradation rate [14,19]. However, homogeneous nucle-
ation and deposition of calcium and phosphate minerals inevitably occurred in supersaturated SBFs owing to HCO3 decomposition and
escape of gaseous CO4 [14-16,19]. As the concentration of HCOj3 in the solution increases, the rate of decomposition increases [17].
Our findings on the biomineralization of PCL nanofibrous scaffolds in traditional 5 x SBF were consistent with this view. The pH of the
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A
0% CO, at oscillation speed of 150 rpm

12 h 24 h

B 5% CO, at oscillation speed of 150 rpm
24 h

Fig. 4. Scanning electron microscopy (SEM) images depicting the morphology of mineralized crystallization under traditional and modified SBF
solutions at oscillation speed of 150 rpm. (A) SEM images of PCL scaffolds soaked under traditional 5 x SBF for 12 h, 24 h, and 36 h at low (up panel,
scale bar 2 pm) and high magnifications (down panel, scale bar 500 nm). (B) SEM images of PCL scaffolds soaked under modified 5 x SBF for 12 h,
24 h, and 36 h at low (up panel, scale bar 2 pm) and high magnifications (down panel, scale bar 500 nm).

traditional 5 x SBF continually increased up to 8.0, and the solution became turbid in 2 h owing to the occurrence of homogeneous
precipitation of apatite crystals. In the SBF, the homogeneous precipitation of calcium salt and the nucleation and growth of calcium
salt on fibers occurred simultaneously and competed with each other [15]. Therefore, the Ca-P formation on the fibers in the tradi-
tional 5 x SBF was postponed owing to the reduction of the ionic strengths of calcium and phosphorus caused by the significant
precipitation of calcium salt at the initial stage of biomimetic mineralization. The large amount of loose spherical calcium salt particles
on the fibers of group at the oscillation speeds 200 was prone to be the result of the precipitated calcium salt captured by the fibers at
high-oscillation speeds, rather than the nucleation and growth of calcium salt on the fibers. In addition, the mineralized coating on the
fiber surface maintained a lumpy and homogeneous appearance with a low Ca/P ratio throughout the entire biomimetic process in
traditional 5 x SBF.
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0% CO, at oscillation speed of 200 rpm
12 h 24 h 36h

Fig. 5. Scanning electron microscopy (SEM) images depicting the morphology of mineralized crystallization under traditional and modified SBF
solutions at oscillation speed of 200 rpm. (A) SEM images of PCL scaffolds soaked under traditional 5 x SBF for 12 h, 24 h, and 36 h at low (up panel,
scale bar 2 pm) and high magnifications (down panel, scale bar 500 nm). (B) SEM images of PCL scaffolds soaked under modified 5 x SBF for 12 h,
24 h, and 36 h at low (up panel, scale bar 2 pm) and high magnifications (down panel, scale bar 500 nm).

In this study, a stable and highly efficient 5 x SBF in 5 % CO, was developed. The increase in pH values of traditional 5 x SBF and
the formation of homogeneous apatite were attributed to the decomposition of HCO3 and the escape of gaseous COs. The solubility of
CO; in water was approximately 23.6 mm at 37 °C, and the pKa of the formed H>CO3 which decomposed to HCO3 and H' was 6.35
[27]. These two data points are close to the initial concentration of HCO3 and the pH value of the traditional 5 x SBF. The continuous
CO4, gas supply helped overcome the decomposition equilibration reaction of HCO3. The pH value of 5 x SBF in the presence of 5 %
CO, remained stable at approximately 6.8, and the solution remained clear throughout the entire biomimetic process. Human blood
was buffered mainly by a balance between carbonates and 5 % CO; in serum [28]. Therefore, it was more reasonable to perform
biomineralization with the use of this type of modified 5 x SBF, which resembles human serum. In addition, in the modified 5 x SBF,
the growth and deposition of apatite on nanofibrous scaffolds increased as a function of the dipping time. The rate of increase can be
further modified by the oscillation speed. Shortening the immersion time is particularly important for biodegradable polymers, as
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Fig. 6. Elemental composition and crystallographic structure of mineral coating on scaffolds under modified SBF solutions. (A, B) Changes of
Fourier transform infrared (FTIR) spectra of PCL fibrous scaffolds with immersion time in the modified and traditional 5 x SBF solutions at an
oscillation speed of 200 rpm. The red arrows indicate the peeks of PO3 ™. (C, D) Changes of X-ray diffraction spectra of PCL fibrous scaffolds with
immersion time in the modified and traditional 5 x SBF solutions at an oscillation speed of 200 rpm. The broad peaks indicated by the red arrow
suggest that the crystal size of the coating is relatively small, implying the formation of amorphous mineralization and carbonated apatite. (E, F) Ca/
P and Ca/Mg ratio of the apatites deposited on PCL scaffolds with soaking time in the traditional and modified 5 x SBF solutions at the oscillation
speeds of 0,150, and 200 rpm.

some of them can degrade considerably during prolonged incubation periods.

The heterogeneous nucleation and growth process of apatite on the fiber surface in the modified 5 x SBF was observed based on
SEM images. After hydrolysis with NaOH (0.1 N), the surface of PCL fibers was rich in hydroxyl and carboxyl functional groups [29].
Ca ions in the simulated body fluid could not be absorbed onto the PCL fiber surface and calcium phosphate formed via chemical
bonds. Multiple crystal nuclei first appeared and grew with the increase in immersion time, and a uniform mineralized coating covered
the entire surface of the fibers. In the modified 5 x SBF, the morphology of the mineralized coating was bound to transform to a
heterogeneous lamellar structure. This transformation rate could be accelerated by the oscillation speed because of the increased
exchange rate of ions in the solution. The combination of small crystals and the tiny space between them were closer to the micro-
structure of bone and resulted in a “yield zone,” which provided toughness and strength [30].

Based on the atomic composition analysis, it was found that the apatite formed in the traditional 5 x SBF was poorly crystallized
calcium-deficient hydroxyapatite, and the Ca/P ratios were as low as 1.1-1.2. However, a Ca/P ratio greater than 1.3 was achieved
after the formation of a coating with a flaky microstructure in the modified 5 x SBF. This value was similar to the Ca/P ratio of
biological hydroxyapatite in the natural bone. The ionic composition of human plasma was complex, and the HCO3 content was high.
It is not difficult to imagine that HCOj3 is also involved in bone growth and development. Recent hard tissue composition analysis has
shown that there are CO%‘, Mg2+, and Na™ substitutions in bone tissue [31,32]. The FTIR and XRD results showed that the mineralized
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Fig. 7. Biocompatibility evaluation of HA-PCL under modified SBF solution. (A) SEM photographs of PCL fibrous scaffolds and scaffolds immersed

in the modified 5 x SBF for 24 h. (B) Hough transform analysis of the fibers. (C) Immunohistochemical staining images of cells cocultured with
scaffolds for 5 days.
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Fig. 8. Biocompatibility evaluation of HA-PCL under modified SBF solution. Human embryonic palatal mesenchymal (HEPM) cell proliferation on
PCL and HA-PCL scaffolds at day 1 (A), day 3 (B), day 5 (C), and day 7 (D) (*P < 0.05, ***P < 0.001, ****P < 0.0001).

coating was characteristic of a less crystallized and carbonated Ca-P phase. In addition, with an increase in the oscillation speed of the
solution, the movement and exchange of calcium phosphate ions in 5 x SBF are enhanced, thereby facilitating the growth of hy-
droxyapatite on the fiber surface. Thus, the oscillation speed is a critical factor in enhancing the surface mineralization of PCL fibers
using 5 x SBF. Overall, the apatite formed on the surfaces of scaffold fibers in the 5 x SBF system in the presence of 5 % CO3 was much
more similar to bone apatite in structure and composition.

The present study determined the appropriate treatment methods and parameters for optimal mineralization of nanofibril scaffolds.
These highly aligned biomineralized nanofibrous scaffolds were fabricated to closely mimic natural bone (in terms of structure and
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composition) on which the osteoprogenitor cells demonstrated excellent attachment, alignment, and proliferation, thereby suggesting
the attractiveness of these scaffolds for bone tissue engineering.

In addition, the simulated body fluid is typically considered useful for predicting the bioactivity of biomaterials in vitro. However,
the rationality of using supersaturated SBFs, including 5 x SBF, to test bone-bonding bioactivity has been questioned [17,33]. This is
because the precipitated homogeneous apatite crystals would attach to the surface of any biomaterial. A consensus has been reached
such that the deposition of heterogeneous apatite on the surface of biomaterials is the primary requirement for bioactivity assessment
with the use of SBF. In this study, the 5 x SBF in the presence of CO, partial pressure was stable, and a more important heterogeneous
mineralized coating could be formed on biomaterials within a short time period. Therefore, this type of modified 5 x SBF could be used
as a medium for predicting the bone-binding capacity of biomaterials in vivo. In addition, the entire biomineralization process, which
was completed in a water-based medium in mild reaction conditions, is favorable for surface modification of three-dimensional porous
biomaterials, and the simple operation of CO partial pressure setting is conducive to the clinical application of this technology.

5. Conclusion

The modified 5 x SBF, in the presence of a 5 % CO., partial pressure, exhibits excellent stability and can be utilized for efficient
heterogeneous biomineralization of polymer nanofibrous scaffolds without the need for additional buffer agents. Furthermore, by
adjusting the immersion time and oscillation speed, the deposition of apatite can be further tailored. The biomimetic aligned nanofiber
scaffold demonstrates remarkable biocompatibility. This entire biomineralization process is highly favorable for surface modification
of three-dimensional porous biomaterials, while the simple operation of CO, partial pressure setting facilitates its clinical application.
Moreover, utilizing the modified 5 x SBF enables accurate prediction of bone-bonding bioactivity in biomaterials and hydroxyapatite
growth in solution. Additionally, it is necessary to further evaluate various types of bone tissue engineering materials in a modified SBF
solution with a 5 % CO» concentration to assess the universality of 5 x SBF buffered by 5 % CO» in promoting material biominer-
alization. Furthermore, appropriate animal models should be employed for conducting in vivo assessment of the bone regenerative
potential of the mineralized material in a modified simulated body fluid solution.
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