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ABSTRACT: Biomimetic modification of hydroxyapatite on a polymer surface is a potent strategy for activating biological functions
in bone tissue engineering applications. However, the polymer surface is bioinert, and it is difficult to introduce a uniform calcium
phosphate (CaP) layer. To overcome this limitation, we constructed a specific nano-topographical structure onto a poly(ε-
caprolactone) substrate via surface-directed epitaxial crystallization. Formation of the CaP layer on the nano-topological surface was
enhanced by 2.34-fold compared to that on a smooth surface. This effect was attributed to the abundant crystallization sites for CaP
deposition because of the increased surface area and roughness. Bone marrow mesenchymal stromal cells (BMSCs) were used to
examine the biological effect of biomineralized surfaces. We clearly demonstrated that BMSCs responded to surface
biomineralization. Osteogenic differentiation and proliferation of BMSCs were significantly promoted on the biomineralized
nano-topological surface. The expression of alkaline phosphatase and osteogenic-related genes as well as extracellular matrix
mineralization was significantly enhanced. The proposed strategy shows potential for designing bone repair scaffolds.

■ INTRODUCTION

Bone defects are a common clinical problem caused by trauma,
developmental deformities, tumor resection, and infection,
among other factors. When a bone defect area exceeds a critical
size, the body cannot heal itself, necessitating clinical
intervention.1 Currently, autologous and allogeneic bone
allografts are the commonly used treatment approaches.
However, these two approaches have some limitations, such
as donor site damage, infection, limited bone transplantation
volume, and high cost.2−5 Thus, additional methods for bone
regeneration are needed.
Bone tissue engineering (BTE) is an advanced method used

to overcome the primary limitations of traditional treatments.
Using this approach, we seeded cells, such as mesenchymal
stem cells (MSCs), onto scaffold implants where MSCs
differentiate into osteoblasts to promote bone regeneration.
This method has multiple advantages, such as low infection
risk, excellent biocompatibility, and no apparent complica-
tions.6−8 However, seeded cells (particularly stem cells) often
exhibit multilineage differentiation ability, and guiding their
osteogenic differentiation is key to bone regeneration.9 Thus,

obtaining detailed insights into bone physiology and
constructing BTE scaffolds with good osteoconductivity and
osteoinductivity are necessary.10,11

Considering the inorganic and organic composition of
natural bone tissues, a wide variety of biomaterials and their
combinations have been evaluated as candidates for BTE
applications, such as polymers, bioceramics, and composite
materials.12 Among these, aliphatic polyester materials, such as
poly(ε-caprolactone) (PCL), poly(lactic-co-glycolic acid), and
poly(L-lactic acid), have attracted attention because of their
excellent biocompatibility, plasticity, degradability, abundance
and easy availability of sources, and low cost.13−17 However,
unlike the natural extracellular matrix (ECM), these polyesters
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exhibit bioinertness, with an absence of cell-anchorage, bio-
active moiety, and hydrophilic groups.18 Endowing these
materials with bioactive properties remains challenging.19,20

Constructing a biomimetic surface onto polyesters may be a
feasible strategy for directing their biological functions.20−22

In natural bone tissues, the biological behavior of bone tissue
cells is regulated by cell-ECM interactions.23 A major part of
the bone ECM comprises inorganic components (∼65 wt %),
mainly hydroxyapatite (HA). Accumulating evidence has
demonstrated that HA-based biomaterials effectively promote
the osteogenic differentiation and osteogenesis of MSCs.24−26

Currently, three main approaches have been identified for
surface mineralization: (i) incubation in simulated body fluid
(SBF) to allow for calcium phosphate (CaP) deposition, (ii)
chemical deposition by alternative exposure to Ca2+ and PO4

3−

solutions, and (iii) seeding osteogenic lineages onto the
scaffold surface to secrete mineralized ECM followed by
decellularization.27 However, these biochemical modifications
may not be suitable for aliphatic polyesters as the bioinert
surface of aliphatic polyesters lacks a hydrophilic group, and
excessive chemical modification may alter the original
properties of aliphatic polyesters.
Generally, surface mineralization is initiated from apatite

nuclei, which grow by consuming CaO and P2O5 from the
surrounding fluid.28 Thus, providing sufficient crystallization
sites for apatite nuclei is necessary for surface biomineraliza-

tion. In our previous study, we proposed the use of surface-
directed epitaxial crystallization to construct a nano-topological
structure on the PCL substrate.29 Uniform edge-on lamellae
developed from the substrate following the preferred crystallo-
graphic match. The thickness, periodic distance, and root-
mean-square nano-roughness of the epitaxial lamellae were
tunable by changing the crystallization parameters. We
hypothesized that this specific nano-topological pattern with
an increased surface area and roughness could provide more
mineralized crystallization sites for mimicking the natural bone
microenvironment. Thus, in this study, we explored the
possibility of biomineralization on the PCL substrate with
nano-topology (Figure 1). We first investigated the effects of
the nano-topology structure on mineralization. Next, bone
marrow MSCs (BMSCs) were used to evaluate the osteogenic
properties of the topology-mineralization surface. Cell
proliferation experiments, alkaline phosphatase, mineralization
quantitation, and osteogenic mRNA detection were performed
to investigate the biological effects of the biomineralized
surface. This study provides a plausible method for efficiently
biomineralizing the surface of aliphatic polyesters, addressing
the problem of bioinertness of different aliphatic polyester
scaffolds for use in clinical applications.

Figure 1. Schematic illustration of biomineralization on the nano-topology surface: (a) PCL substrate with a smooth surface (PCLS). (b)
Immersion of PCLS into nutrient solution followed by solvent evaporation. (c) Formation of the nano-topology surface on the substrate (PCLT).
(d) Immersion of PCLT into biomineralization solution (SBF) followed by vacuum evaporation. (e) Formation of the biomimetic mineralized
layer onto the nano-topology surface (PCLTM).

Figure 2. Surface morphology of (a, a′) PCLS, (b, b′) PCLT, (c, c′) PCLM, and (d, d′) PCLTM at various magnification indices.
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■ RESULTS AND DISCUSSION

Surface Morphology. The procedure of surface epitaxial
nano-topography-facilitated biomineralization is illustrated in
Figure 1. The surface of PCLS was smooth, as shown in Figure
2a,a′. Epitaxial formation of the uniform nano-topology was
observed on the sample surface (Figure 2b). At higher
magnification (Figure 2b′), the nanoridge was found to be
composed of edge-on PCL lamellae and showed increased
surface roughness. Because of the low surface energy,
deposition of CaP on the smooth PCLS was difficult. Sparse
precipitates were observed on the PCLM surface (Figure 2c)
along with immature mineralization (Figure 2c′). In contrast, a
large amount of mineralization precipitates was observed on
PCLTM (Figure 2d). Upon immersion in the biomimetic
solution with calcium and phosphate, the nano-topology
provided nucleation sites for CaP crystal growth. The
mineralized coating covered PCLTM homogeneously and

showed a connected and compact petal-like morphology
(Figure 2d′). As a result, biomimetic mineralization was
considerably promoted by epitaxial crystallization.
Figure 3 shows the scanning electron microscopy images

and EDS elemental mapping images of Ca and P for PCLM
and PCLTM. The insets represent the digital photographs of
the sample stained with alizarin red, which combines with
calcium ions to produce strong chelates. Greater mineralization
on PCLTM was observed with stronger dyeing. Additionally,
EDS elemental mapping was performed to detect the
distribution of Ca and P. Figure 3a′,a″ shows local
agglomeration of Ca and P on PCLM, forming a coating on
only a part of the surface, whereas they were uniformly
distributed and covered the entire surface of PCLTM (Figure
3b′,b″). The nano-topography was conducive to hydroxyapa-
tite (HA) deposition.

Figure 3. Scanning electron microscopy images (a, b) and X-ray energy-dispersive spectroscopy elemental mapping images of Ca and P of PCLM
(a′, a″) and PCLTM (b′, b″). Insets represent digital photographs of the sample stained by alizarin red.

Figure 4. Surface properties of different groups: (a) Fourier transform infrared spectra, (b) water contact angles, (c) X-ray diffraction spectra, and
(d) thermogravimetric analysis curves of PCLS, PCLT, PCLM, and PCLTM.
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Figure 4a shows the Fourier transform infrared spectrum of
the samples. PCLS showed a CO peak of PCL at 1722 cm−1.
In addition, the same spectrum of PCLT indicated an
unchanged chemical composition, verifying the occurrence of
homogeneous epitaxial crystallization. After biomimetic
mineralization, both PCLM and PCLTM showed the
characteristic peak of HA at 1046 cm−1, whereas the
characteristic peaks of PCL were weakened. Particularly, the
characteristic peaks of PCL were nearly absent from those of
PCLTM, confirming the formation of a dense mineralized
layer. Figure 4b shows the X-ray diffraction pattern of the
decorated surface. Compared with PCLM, HA, with a
characteristic peak of 31.9°, was more obvious on PCLTM,
in accordance with the results shown in Figure 3a. The

mineralized layer significantly reduced the water contact angle
of the surface (Figure 4c), which decreased from 83 ± 1.8° for
PCLS to 46.7 ± 5.6° for PCLM and from 102 ± 2.0° for
PCLT to 21.1 ± 1.5° for PCLTM. The residual weight fraction
observed in the thermogravimetric analysis curves reflects the
HA mineralization level (Figure 4d). The residual amount of
PCLTM (2.78%) was double that of PCLM (1.33%). This
further demonstrates that the surface nano-topography
promotes biomimetic mineralization.

Adhesion and Proliferation of BMSCs on the
Biomineralized Surface. The morphology of BMSCs was
marked using phalloidin, which can clearly display the
cytoskeleton under confocal laser scanning microscopy (Figure
5a). After seeding, cells perceive the surface microenvironment

Figure 5. Adhesion and proliferation of BMSCs: (a) fluorescence staining showing the morphology and cell density of BMSCs under CLSM; (b)
viability of BMSCs on different substrates after 1, 3, and 5 days of cultivation. Data represent the mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 6. Osteogenic differentiation of BMSCs on substrate surfaces. (a) ALP product staining of BMSCs cultured for 7 and 14 days; (b) ALP
activity quantitation of BMSCs cultured for 7 and 14 days; (c) mineralization staining of different substrate surfaces on days 0 and 14; (d)
mineralization quantitation of different substrates: the 0D group reflects the initial surface biomineralization on different surfaces, and the 14D
group reflects the total mineralization on different substrates on day 14. The ECM refers to the mineralization secreted by BMSCs obtained by
subtracting the initial mineralization volume (0D) from the total mineralization volume (14D). Data represent the mean ± SD (n = 4), *p < 0.05,
**p < 0.01, ***p < 0.001.
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and transform their morphologies, greatly influencing their
fate, particularly their differentiation.30,31 After seeding for a
day, the cells from all four groups were evenly dispersed
without any apparent difference in density. After continuous
cultivation for 3 days, cell proliferation was observed in the
four groups. Cell densities in the mineralization groups
(PCLM and PCLTM) exceeded those observed in PCLS
and PCLT. On day 5, BMSCs in different groups proliferated,
reaching higher cell densities. PCLTM showed the highest
proliferation rate and near-saturated cell density. Because of
direct contact with the topology structures, the cells on PCLT
showed slight elongation, whereas the cells on the biominer-
alization surface showed greater dispersion. This is consistent
with the surface hydrophilicity in the different groups. The
excellent hydrophilicity of PCLTM provided a desirable
surface for cell migration and proliferation. Furthermore, the
adhesion and migration of cells associated with bone
production on a biomaterial surface are mediated via
integrins.32 Protein−surface interactions not only depend on
surface physicochemical properties (e.g., topology and rough-
ness) but also are correlated with adsorbed proteins. CaP has a
high adsorption capacity for serum proteins, providing more
adhesive sites for seeding cells.24,33

The CCK-8 assay was performed to quantitatively
investigate the viability and proliferation of BMSCs (Figure
5b). On the first day after seeding, there was no significant
difference between the four groups as newly seeded cells had
not entered the exponential growth period. However, there was
also no extra cytotoxicity caused by the biomineralized surface.
After cultivation for 3 days, cell viability in the PCLT, PCLM,
and PCLTM groups exceeded that in the control group
(PCLS), with significant results observed for PCLM and
PCLTM. After cultivation for 5 days, a slight increase was
observed among the four groups, indicating that the cell
density was close to saturation and that cell proliferation had
entered a plateau period. During this period, cell viability in

PCLTM showed the greatest increase, exceeding that of
PCLM (p < 0.05). This is because the mineralized layer on
PCLTM renders the PCL surface hydrophilic and provides
surface roughness for cell proliferation.

Osteogenic Differentiation of BMSCs on the Biomin-
eralized Surface. Bone defect repair is a cellular cascade
reaction involving various cells, and the bone-producing cell
lines are mainly derived from BMSCs.34 Directing osteogenic
differentiation of BMSCs is critical for designing bone tissue
engineering scaffolds. The osteogenic effect of PCLTM was
evaluated by measuring ALP activity, which is an early
osteogenic differentiation marker. Compared with PCLS,
denser and deeper nodules were observed on the PCLT
surface, and PCLTM exhibited the strongest ALP product
staining (Figure 6a). Compared with the results observed after
cultivation for 7 days, those at 14 days showed enhanced ALP
activities that reflect further osteogenic differentiation of
BMSCs. ALP activity showed the same trends (Figure 6b).
Compared with that of PCLS, the ALP activities of PCLT,
PCLM, and PCLTM were significantly enhanced. PCLT
showed higher activity than PCLS and PCLM, which was
ascribed to the nano-topology that provided physical cues for
cell differentiation.35 Notably, PCLTM showed higher activity
than PCLT after cultivation for both 7 and 14 days. This result
indicates that a single physical-mechanical entity has a limited
ability to reflect the full biological scope of the natural bone
ECM, whereas biomimetic modification is a good strategy for
addressing this problem.31 Through biomimetic mineralized
modification, the PCLTM surface closely mimics the natural
bone microenvironment, thereby exhibiting strong osteogenic
effects.
Mineralization of BMSCs cultured on different substrate

surfaces was measured by alizarin red staining. On day 0, no
staining was observed on PCLS and PCLT. A small number of
mineralized crystals were found on PCLM, and increased
mineralized crystals were observed on PCLTM (Figure 6c).

Figure 7. qRT-PCR results: expression of (a) ALP, (b) Col-I, (c) OCN, and (d) Runx-2 in BMSCs on different substrates after 7 and 14 days of
cultivation; (e, f) underlying mechanism of the osteogenic effect of PCLT and PCLTM. Data represent the mean ± SD (n = 3), *p < 0.05, **p <
0.01, ***p < 0.001.
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After cultivation for 14 days, mineralization was observed in all
four groups. The staining results showed that PCLM and
PCLTM both exhibited mineralization, attributed to BMSCs,
and initial biomineralization. To better quantify the osteo-
genesis effect of BMSCs, 10% cetylpyridinium chloride was
used to dissolve the alizarin red stain followed by measurement
of the optical density values. As shown in Figure 6d, the
number of mineralized crystals formed on the PCLTM surface
was approximately twice (2.34-fold) that on PCLM on day 0.
After cultivation for 14 days, apparent mineralization increases
were observed in the four groups, which is consistent with the
staining results. The ECM group represented minerals secreted
by BMSCs during differentiation, which was calculated by
subtracting the initial mineralization on the substrate from the
total mineralization observed in 14 days. PCLTM still showed
the greatest increase in mineralization compared to the other
groups. The results reveal that surface biomineralization
promoted by nano-topography significantly enhanced osteo-
genesis.
The expression of osteogenesis-related genes (ALP, Col-1,

Runx-2, and OCN) was analyzed via RT-PCR (Figure 7). On
day 7, expression of the ALP gene presented a similar trend as
the ALP activity expression shown above. This activity was
upregulated by 2.2-fold (PCLTM) and 1.53-fold (PCLT)
compared to that of PCLS. Additionally, the expression of Col-
1 was upregulated in the PCLTM group (4.1-fold) compared
to those in the other groups. The expression of Col-1 indirectly
reflected the production of type I collagen, which constitutes
the main component of the natural bone ECM. Furthermore, it
demonstrated that BMSCs constantly differentiated into
osteoblasts, which are the chief bone-making cells and main
producers of type I collagen.36 Thus, this result highlights the
superior osteogenic effect of PCLTM. The expression levels of
OCN for PCLTM were downregulated, possibly because OCN
is a later-stage osteogenic marker of BMSCs.34 Runx-2 is an
osteogenic gene expressed in pre-osteoblasts, reflecting the
preliminary osteogenic differentiation of BMSCs. This gene
was upregulated by 1.6-fold (PCLT) and 1.39-fold (PCLTM)
compared to that in the control group (PCLS). Compared to
PCLTM, PCLT exhibits an early-stage osteogenic effect. In our
previous study, we confirmed that this topology structure can
provide physical signals upregulating TAZ and Runx-2 to
promote osteogenic differentiation29 (Figure 7e). However,
such a physical-mechanical signal is short-lived in BTE
application; the nano-topology on PCLT may be constantly
decreased during the biodegradation process.37 Thus,
compared with PCLTM, PCLT mainly provides an immediate
and early osteogenic effect, and further mineralized mod-
ification (PCLTM) may result in a long-term effect and better
reliability in BTE applications.
As cultivation was extended to 14 days, the expression of

osteogenesis-related genes showed a similar trend. Compared
with the PCLS group, nano-topography modification (PCLT)
resulted in significant upregulation of osteogenesis-related
genes, which was also significantly higher than that observed in
the biomineralization group (PCLM). Notably, the topology-
mineralization group (PCLTM) showed the most significant
upregulation of osteogenesis-related genes. Apart from ALP
expression showing no significant difference compared to that
observed with PCLT, the expression of other osteogenesis-
related genes was significantly higher than in the other groups.
This result indicates that PCLTM has desirable osteogenesis
effects over the long term, highlighting the advantages of this

modification method. Several studies have demonstrated the
underlying osteogenic mechanism of biomineralization mod-
ification. Compared to the nano-topography in PCLT, which
mainly provides cells with physical signals, the biomineraliza-
tion layer can deliver both physical-mechanical and bio-
chemical signals to the seeded cells. The application of SBF
immersion can form a CaP nanostructure layer onto a
biomaterial surface, which can significantly enhance surface
roughness.38 A rougher surface can affect cell adhesion,
migration, and morphology, thereby regulating cytoskeletal
tension. This tension can further activate the nuclear
transcription factors YAP/TAZ via the cytoskeleton, which
binds to the osteogenic transcriptional factor Runx-2, finally
promoting osteogenic differentiation.39 Additionally, biominer-
alization can provide biochemical signals by releasing Ca and P
ions. Uptake of phosphate can promote the synthesis of ATP
in mitochondria. The release and degradation of ATP can
produce adenosine, which further activates adenosine receptors
on the cell surface through the autocrine/paracrine pathway,
thereby promoting cell osteogenic differentiation.26 This
biochemical signal results from the constant release of calcium
phosphate ions, and its osteogenic effects may be sustainable
(Figure 7f).
Our findings clearly demonstrate that constructing a

biomimetic mineralized layer onto a nano-topology surface
may be an efficient route for bioactivation of an inert polymer
surface. Furthermore, it is of use to transfer 2D surface
modification to 3D porous scaffolds, which are foundational
for BTE applications. Most reported surface modification
methods may be difficult to reproduce in 3D scaffolds,
particularly those with complex structures. The immersion-
evaporation modification method used in this study is
theoretically not greatly affected by the scaffold structure.
The nano-topography and CaP layer were mediated by the
growth solution, which can readily infiltrate arbitrary pores and
surfaces of the scaffolds. When applied to the 3D scaffold,
similar modification results were observed as with a 2D
substrate (Figure S2). This modification approach is applicable
for decorating polymer BTE scaffolds with desirable
morphological structures and mechanical properties while
maintaining suitable biological properties. In the face of critical
bone defects in clinical practice, researchers may use this
approach to fabricate biomimetic scaffolds and implant them
into the bone defect area to promote bone healing and new
bone formation. At the same time, with the biodegradation of
the internal polymer materials, the entire bone tissue
engineering scaffold will be further replaced by natural bone
tissues without leaving any synthetic materials or scars.
Therefore, this simple surface biomimetic modification would
bring a very effective bone repair effect.

■ CONCLUSIONS
In summary, the nano-topography epitaxial crystallization and
SBF immersion-evaporation method successfully constructed a
biomimetic mineralized layer onto a bioinert PCL substrate.
An adequate and dense mineralized coating formed on the
nano-topographical surface. Proliferation and osteogenic differ-
entiation of BMSCs were significantly promoted by the
mineralized surface. The biomimetic mineralized surface
provided BMSCs with both physical-mechanical and bio-
chemical osteogenic signals, resembling the natural bone
microenvironment. Hence, this surface modification strategy
may be useful for bioactivation of inert polymer surfaces,
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demonstrating significant potential in bone tissue engineering
and other related biomedical applications. It may be possible to
combine this bioactive surface and biomimetic method with
the bone structure biomimetic scaffold to provide a more
suitable osteogenic environment for cells at the bone
regeneration site.

■ EXPERIMENTAL SECTION
Materials. PCL (600C, Mη = 60,000 g/mol) was purchased

from EASON Technology Co., Ltd. (Shenzhen, China). Tris-
hydroxymethyl aminomethane (Tris), acetic acid (AcOH, AR-
grade), and all other reagents were purchased from the
Chengdu Kelong Chemical Reagent Factory (Chengdu,
China).
Sample Preparation. Topological Structure Construc-

tion. PCL sheets were fabricated by compression molding at
100 °C and 10 MPa. The prepared sheets were annealed at 50
°C for 12 h. The nano-topography-based structure was
obtained via epitaxial crystallization. Briefly, the annealed
PCL sheets were immersed in prepared 0.5% w/v PCL
solution (77/23 v/v acetic acid/water solution) for 10 min
followed by evaporating the solvent naturally at room
temperature. The detailed procedures were described in a
previous study.29 The topological sheet was used as the
substrate for biomineralization.
Biomimetic Mineralization. Supersaturated 10× SBF was

prepared as reported previously.27 It consisted of 58.50 g of
NaCl, 0.37 g of KCl, 3.68 g of CaCl2·2H2O, 1.02 g of MgCl2,
and 1.2 g of NaH2PO4 to 1000 mL of deionized water. The
topological sheets were soaked in 10× SBF solution, and 0.1
mM/L Tris-solution was added as a buffer to regulate the pH
at 7.4. The mineralization process was performed for 10 h at 37
°C, and the supersaturated 10× SBF solution was replaced at 5
h. The samples were removed and rinsed with deionized water
to remove minerals not bound to the substrates. For
comparison, the same mineralization procedure was performed
on the smooth PCL sheet. The smooth sheet, topological
sheet, and structure obtained after mineralization on the
smooth and topological surfaces are abbreviated as PCLS,
PCLT, PCLM, and PCLTM, respectively.
Sample Characterization. The surface morphology of the

sheets was observed by field-emission scanning electron
microscopy (Nova Nano450, FEI, Hillsboro, OR, USA) at
an acceleration voltage of 5 kV. X-ray energy-dispersive
spectroscopy (EDS; Inca Energy 200, Oxford Instruments,
Oxford, UK) was used to detect the distribution of Ca and P
elements. Fourier transform infrared spectroscopy (Nicolet
6700, Thermo Fisher Scientific, Waltham, MA, USA) was
performed in the range of 650−4000 cm−1 at a resolution of 2
cm−1. The mineral phase on the substrates was evaluated by X-
ray diffraction (Ultima IV, Rigaku, Tokyo, Japan) analysis.
Hydrophilicity was measured using a contact angle goniometer
(DA 30, Krüss, Hamburg, Germany), and the average value of
five specimens per group was measured.
Cell Culture. BMSCs were extracted from 2 week old male

Sprague−Dawley rats.40 Briefly, the femur and tibia of
euthanized rats were surgically removed, and the bone marrow
cavity was washed with basic medium to obtain BMSCs. Flow
cytometry was used to identify the cell type (Figure S1). An
MEM-Alpha basic (Gibco, Grand Island, NY, USA) containing
10% fetal bovine serum (Gibco) and 1% antibiotic solution
(penicillin and streptomycin) was used for culture. Cells
obtained after passages 3−5 were used for subsequent

experiments. Animal experiments were approved by the
Sichuan Experimental Animal Management Committee
(Sichuan, China).

Cell Morphology. The morphology of BMSCs was
observed by fluorescence staining. BMSCs were cultured on
the samples for 1, 3, and 5 days at a seeding density of 10,000
cells/cm2, rinsed with phosphate-buffered saline (PBS), and
fixed in 4% paraformaldehyde. The cells were then incubated
with phalloidin and finally imaged by confocal laser scanning
microscopy.

Cell Viability Assay. Cell viability was determined using
cell counting kit-8 (CCK-8) after culturing the cells for 1, 3,
and 5 days at an initial seeding density of 10,000 cells/cm2. At
the abovementioned time point, the culture medium was
collected according to the manufacturer’s instructions (CK04,
Dojindo, Kumamoto, Japan) to determine relative intracellular
lactate dehydrogenase concentrations. After washing with PBS,
cells on the samples were incubated with 10% CCK-8 solution
at 37 °C for 2 h and then the solution absorbance was read at
450 nm.

Alkaline Phosphatase (ALP) Activity. BMSCs (20,000
cells/cm2) were seeded onto the sample surface. After the cell
culture density reached ∼70%, an osteogenic induction
medium was added for further cultivation. After incubation
for another 7 or 14 days, the samples were washed and treated
with cell lysis buffer (P0013J, Beyotime, Shanghai, China).
ALP activity was evaluated by measuring the absorbance at 405
nm. The results were normalized to the total protein contents,
which were tested by a bicinchoninic acid protein assay
(P0321M, Beyotime, Shanghai, China). A 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium ALP color develop-
ment kit (C3206, Beyotime, Shanghai, China) was used to
stain the ALP product of BMSCs.

Extracellular Matrix Mineralization. Mineral deposition
was evaluated by alizarin red staining. The initial biomineral-
ization volume was measured on the substrates. The
osteogenesis effect was evaluated on day 14. Briefly, BMSCs
were seeded onto the samples. After the cell culture density
reached ∼70%, the medium was replaced with the osteogenic
induction medium. On day 14, the samples were washed and
fixed in 4% paraformaldehyde and then stained with 2%
alizarin red. Next, staining was desorbed with 10%
cetylpyridinium chloride and absorbance was measured at
560 nm.

Quantitative Real-Time (qRT) Polymerase Chain
Reaction (PCR) Assay. The expression of osteogenesis-
related genes was detected by the qRT-PCR assay. BMSCs
(20,000 cells/cm2) were cultured on the sample surface. When
the cell culture density reached ∼70%, the culture medium was
replaced with the osteogenic induction medium. On days 7
and 14, the cells were digested from the material surface with
Trypsin−EDTA (1×, Phenol Red, Gibco), and total RNA was
isolated using a total RNA extraction kit (RP1202, BioTeke,
Beijing, China) and TB Green Premix Ex Taq II (RR082A,
Takara, Shiga, Japan). qRT-PCR was performed with a
QuantStudio 3 real-time PCR system (Thermo Fisher
Scientific) using a PrimeScript RT reagent kit with a gDNA
eraser (RR047A, Takara). The PCR thermal cycling
parameters were as follows: 95 °C for 10 s followed by 40
cycles at 95 °C for 5 s, 60 °C for 15 s, and 72 °C for 30 s.
Melting curve analysis of quantitative real-time PCR samples
confirmed specific amplification. Gene expression was
evaluated using the 2-ΔΔCt method. Glyceraldehyde-3-
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phosphate dehydrogenase was used as a reference gene to
standardize the expression levels of the target genes. The
primer sequences are listed in Table S1.
Statistical Analysis. All measurements were performed in

triplicate or quadruplicate, and the data are reported as mean
± standard deviation (SD). Statistical analysis was performed
via t tests and one-way analysis of variance (ANOVA). A p-
value < 0.05 was considered statistically significant.
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