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Abstract: Repairing load-bearing bone defects in children remains a big clinical challenge. Miner-
alized collagen (MC) can effectively simulate natural bone composition and hierarchical structure
and has a good biocompatibility and bone conductivity. Polylactic acid (PLA) is regarded as a gold
material because of its mechanical properties and degradability. In this study, we prepare MC/PLA
composite scaffolds via in situ mineralization and freeze-drying. Cell, characterization, and animal
experiments compare and evaluate the biomimetic properties and repair effects of the MC/PLA
scaffolds. Phalloidin and DAPI staining results show that the MC/PLA scaffolds are not cytotoxic.
CCK-8 and scratch experiments prove that the scaffolds are superior to MC and hydroxyapatite
(HA)/PLA scaffolds in promoting cell proliferation and migration. The surface and interior of the
MC/PLA scaffolds exhibit rich interconnected pore structures with a porosity of ≥70%. The XRD
patterns are typical HA waveforms. X-ray, micro-CT, and H&E staining reveal that the defect bound-
ary disappears, new bone tissue grows into MC/PLA scaffolds in a large area, and the scaffolds are
degraded after six months of implantation. The MC/PLA composite scaffold has a pore structure and
composition similar to cancellous bone, with a good biocompatibility and bone regeneration ability.

Keywords: mineralized collagen; polylactic acid; children; bone remodeling; bone regeneration

1. Introduction

In recent years, various absorbable materials have been developed to repair bone
defects, and significant progress has been made in artificial bone replacement [1,2]. As
most studies have focused on adult bones, there are no suitable materials for repairing
load-bearing bone defects in children [3,4]. Children are in the peak period of growth
and development, and their bones continue to grow. Therefore, bone repair materials
suitable for children need to induce and maintain the process of bone healing and dynamic
structural characteristics to adapt to the continuous growth of bones [5]. The materials
should also exhibit the appropriate mechanical properties. The implant material should
have an elastic modulus similar to that of bone tissue to avoid stress shielding and provide
mechanical support for the defect until bone tissue regeneration [6,7].
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Biomimetic mineralized collagen (MC) comprises type I collagen (Col I) and hydrox-
yapatite (HA). It is a bone repair material that works on the principle of in situ biomimetic
mineralization and molecular self-assembly technology, which can simulate the composi-
tion and hierarchical structure of natural bones. It exhibits a good biocompatibility, bone
conductivity, and biological activity, provides a suitable cellular microenvironment for
bone regeneration, and has applications in bone defect repair [8–12]. However, the mechan-
ical properties of simple MC scaffolds are limited and need to meet the high mechanical
strength and dynamic property requirements for bone repair materials [13].

Polylactic acid (PLA) is a polymer derived from the polymerization of lactic acid
produced by biological fermentation. A single lactic acid molecule has a hydroxyl group
and a carboxyl group. Multiple lactic acid molecules are together, and the hydroxyl group is
dehydrated with the carboxyl group of other molecules. The carboxyl group is dehydrated
with the hydroxyl group of other molecules to form polylactic acid [14]. It is a natural and
eco-friendly aliphatic polyester obtained from various sources. It exhibits excellent mechan-
ical properties, biocompatibility, and plasticity and is a good biodegradable regenerative
material. It is widely used in biodegradable sutures, bone fixation devices, surgical implant
materials, and drug delivery systems [15–22]. Many studies have shown that PLA can
improve implant materials’ mechanical, osteogenic, and chondrogenic properties [23–27].

In this study, we introduced PLA as a composite material to fabricate MC/PLA
artificial bone repair scaffolds. We also evaluated their physicochemical properties via
biological characterization and biocompatibility in vitro via cell experiments. Finally, we
established a femur defect model in developing sheep, implanted the scaffolds in vivo, and
evaluated their effect on bone defect repair via imaging and histological analyses.

2. Materials and Methods
2.1. Fabrication of MC Power and the MC/PLA Composite Scaffold

MC is a biomimetic material with high osteogenic activity, synthesized using in situ
mineralization technology for an initial theoretical Col I/HA mass ratio from 10/90 to
20/80. The synthesis of the scaffolds started with the dissolution of the Col I sponge
(purity > 99%; Kaolisen, Beijing, China) in acetic acid and stirring with magnetic stirrers
(MS3; Quan, Beijing, China) for more than 10 h until the Col I was completely dissolved.
The solution was then slowly dropped into a calcium chloride and phosphate solution
and vigorously stirred for 2 h. The resulting solution was added dropwise to a sodium
hydroxide solution (0.5 mol/L) to adjust the pH to 10, and the mixture was stirred for 10 h.
The mineralized suspension was centrifuged at 8000 rpm for 3 min, and the precipitate
was removed and cleaned. The centrifugation and cleaning were repeated until the pH
of the supernatant reached 7. The precipitate was pre-frozen at −20 ◦C for 24 h, vacuum
lyophilized at −50 ◦C for 48 h in a freeze-drying machine (FD-1-50; Boyikang, Beijing,
China), and ground into powder. PLA (biomedical grade; DaiGang, Beijing, China) was
dissolved in 1, 4-dioxane and stirred for 1 h to form a homogeneous, stable liquid mixture.
The acquired MC powder was added under continuous stirring at a mass ratio of MC to
PLA (45:55 to 60:40). The resulting slurry was molded into a sheet mold to fabricate the
scaffold for the cell experiments; a cylindrical mold was used for the characterization and
animal experiments. The final interconnected porosity of the scaffolds was determined by
freeze-drying. Briefly, the scaffolds were pre-frozen at −20 ◦C for 48 h and subjected to
vacuum lyophilization at −50 ◦C for 72 h. The compressive strength of the scaffold was
0.8–1.2 MPa, the porosity was ≥70%, and the network structure was porous. The scaffolds
were then completely immersed in anhydrous ethanol, cleaned with ultrasound to remove
the mixed solvent, and stored at room temperature. After fabrication, all the scaffolds used
for the cell or animal experiments were sterilized via 60Co irradiation at 15–25 kGy.

2.2. Characterization of MC Power and Natural Bone

A phase analysis of the MC power was conducted using an X-ray diffraction (XRD)
diffractometer (SmartLab; Rigaku Corporation, Tokyo, Japan). The detailed morphology
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and microstructure of the MC powder were observed using transmission electron mi-
croscopy (Aojing, Beijing, China). We also compared the analysis results of the scaffold
with those of natural bone tissue.

2.3. Cell Culture

This study used bone marrow mesenchymal stem cells (BMSCs; Cell Bank, Chinese
Academy of Sciences, Shanghai, China) and mouse pericranial bone cells (MC3T3-E1; Cell
Bank, Chinese Academy of Sciences, Shanghai, China). The BMSCs were cultured in α-
MEM with 10% (v/v) fetal bovine serum (FBS; Gibco, GrandIsland, NY, USA) and 1% (v/v)
penicillin/streptomycin (PS; Gibco, GrandIsland, NY, USA). The MC3T3-E1 cells were cul-
tured in α-MEM with 10% FBS and incubated at 37 ◦C with 5% CO2. The prepared scaffolds
were immersed in alpha-minimum necessary medium (α-MEM; Gibco, GrandIsland, NY,
USA) and soaked at 37 ◦C for 72 h; the mass volume ratio of the sample to the medium was
0.05 g/mL, and the extracts were collected and stored at 4 ◦C. Simultaneously, the HA/PLA
scaffold (Aojing, Beijing, China) and MC were collected using the abovementioned method.

2.4. Phalloidin and 4′,6-Diamidino-2-phenylindole Dye (DAPI) Staining

Extracts from different materials were used to grow the MC3T3-E1 cells, and α-MEM
was used as the blank control. The filamentous actin and cell nuclei of the MC3T3-E1 cells
were stained with phalloidin and DAPI, respectively, at 1 and 5 d. The cytoskeletal structure
was observed using an Olympus fluorescence microscope (Olympus Bx 53; Tokyo, Japan).

2.5. Cell Proliferation

A cell counting kit (CCK)-8 (Dojindo, Kumamoto, Japan) was used to assess the cell
proliferation. The MC3T3-E1 cells were plated in 96-well plates at a 5 × 105 cells/well
density. After 24 h of culturing at 37 ◦C and 5% CO2, the medium was replaced with MC,
MC/PLA, and HA/PLA extracts, and a blank control group was set up without treatment.
After incubation for 1, 3, and 5 d, 10 µL of CCK-8 reagent was added to each well and
incubated for 2 h. The optical density was measured at 450 nm using enzyme markers, and
cell proliferation was compared among the groups.

2.6. Cell Migration

The effects of different materials on the migration ability of the BMSCs were compared
using scratch-healing experiments. The BMSCs were inoculated into 6-well plates and
cultured to 90% confluency. A scratch was made using the tip of a 1 mL sterile pipette,
extracts of different materials were added, and a blank control group was set up. Wound
images were collected from each group at 0, 24, 36, and 48 h, and the healing rate was
calculated using the ImageJ software (version 1.8.0; National Institutes of Health, Bethesda,
MD, USA).

2.7. Characterization of the MC/PLA Scaffold

The pore morphology, size, and distribution of the MC/PLA scaffolds were observed
using SEM (Regular8100; Hitachi, Tokyo, Japan) after gold spraying. Simultaneously,
the calcium–phosphorus ratio of the scaffold was measured using an EDS detector. The
transmitting voltage was 15 kV and the working distance was 5–6 mm. An XRD analysis
of the MC/PLA scaffold was conducted by grinding the scaffold into fine particles with a
particle size of < 40 µm. The crystal phase of the scaffold was determined by comparing
the diffraction patterns with those of the standard PDF card. The diffraction conditions
were as follows: Cu Kα radiation was generated at 40 kV and 40 mA, and spectra were
recorded in the 2θ range of 20–60◦ with a scanning speed of 1.8 s/step and a step size
of 0.02◦. The grain size was calculated using the Jade6.5 software (MDI, Los Angeles,
CA, USA). The scaffold’s porosity was measured using an automated mercury injection
instrument (AutoPoreIV9500; Micromeritics, Atlanta, GA, USA). Briefly, the scaffold was
trimmed into a cube (10 mm3 × 10 mm3 × 10 mm3), dried, weighed, and placed in a
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dilatometer for complete sealing. The dilatometer was successively placed in low- and
high-pressure stations for a porosity analysis. The compressive strength of the MC/PLA
scaffold was measured using a universal mechanical tester (AG-IC; Shimadzu, Kyoto, Japan)
and compared with that of natural bone tissue. The pressure load range was 0–250 N.

2.8. In Vivo Animal Experiments, the MC/PLA Scaffold

In this experiment, young developing animals, healthy sheep aged 3 months and
weighing 10–25 kg, were selected to prepare bone defects with a length of 2 cm in the
middle part of the femur of each sheep to construct an animal model of long bone defects
in the developing stage. To assess the MC/PLA scaffold integration and subsequent bone
regeneration, sterilized MC/PLA scaffolds were implanted at the defect site, while, in the
control group, no implants were implanted and fixed with steel plates. Femur samples were
collected 1, 3, and 6 months after implantation. X-ray and micro-computed tomography
(micro-CT) were performed on the bone defects, and the bone density information in
the defect area was collected to compare the coverage of new bone tissue between the
two groups. A histological evaluation of the femur samples was performed. Sections
(5 µm thick) were prepared after the decalcification, washing, dehydration, and embedding
of the femur. The sections were stained with hematoxylin and eosin (H&E), methylene
acid fuchsin, and Goldner’s trichrome and observed under an optical microscope (IX81;
OLYMPUS, Tokyo, Japan).

2.9. Statistical Analysis

The results are expressed as the average± standard error. Data from the MC, MC/PLA,
HA/PLA, and blank control groups were compared using a one-way analysis of variance,
followed by the least significant difference post hoc test. Statistical analyses were conducted
using the SPSS software (version 23.0; SPSS, Chicago, IL, USA), with statistical significance
set at p < 0.05.

3. Results and Discussion
3.1. Comparison of the Characteristics of MC and Natural Bone

The MC bone powder was synthesized through an innovative, biologically inspired
synthetic process, which recapitulated the main steps of bone biomineralization and self-
assembly. The XRD patterns revealed that the shape and distribution of the diffraction
peaks of the MC were consistent with those of human bone tissue (Figure 1A). According to
an electron diffraction analysis (Figure 1B–D), the HA crystal grew in the interstitial space
of collagen fibers, and its c-axis preferred orientation was parallel to the long axis of the
collagen fibers, which was similar to the crystal composition and nanostructure of natural
human bone. The composition and structure of the MC were confirmed by the XRD and
electron diffraction analyses at the molecular level, which indicated that MC can simulate
natural bone well in terms of its composition and hierarchical structure.

3.2. Comparison of the Cell Compatibility of MC/PLA, HA/PLA, and MC Scaffolds

PLA is one of the most common degradable materials with good osteogenic activity,
mechanical properties, and plasticity. We introduced it into the MC and HA, and the
composite scaffolds were prepared via freeze-drying to explore the feasibility of its appli-
cation in the repair and treatment of bearing bone defects in the development stage. The
stability, degradability, and biocompatibility of bone defect repair materials are essential
for their clinical application, and cell compatibility experiments are an effective method
for verifying their biocompatibility [30–33]. We used MC3T3-E1 cells to verify the effects
of the MC/PLA, MC, and HA/PLA scaffolds on cytotoxicity and cell proliferation. The
original medium was used as a blank control. The expression of the actin cytoskeleton is
an important indicator of cell morphology. Figure 2A,B show the cell morphologies of the
materials co-cultured with MC3T3-E1 cells for 1 and 5 d, respectively. Red filamentous cy-
toskeletal proteins were observed, and most of the nuclei were completely oval, indicating
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that the cells were very healthy and active. The effects of different scaffold materials on the
proliferation of the MC3T3-E1 cells were determined using the CCK-8 assay. As shown in
Figure 2C, the OD values of the three materials were lower than that of the blank control
group on the first day of culture (p < 0.05), and cell proliferation was not obvious. After
3 d of culture, there was a difference in the effect of the three materials on cell proliferation
compared to the control group, but this difference was not statistically significant (p > 0.05).
When the co-culture time was prolonged to 5 d, the OD value of the MC/PLA group was
higher than that of the control group (p < 0.05), and the proliferation promotion ability was
better than that of the MC and HA/PLA groups. The results showed that the MC/PLA
scaffold had no toxicity to cell viability and could promote cell proliferation compared to
the control, MC, and HA/PLA groups.
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cytoskeleton-stained MC3T3-E1 cells cultured in a medium containing different materials (control,
MC, MC/PLA, and HA/PLA) for 1 d (A) and 5 d (B), (C) proliferation of MC3T3-E1 cells in medium
containing different materials, measured by CCK-8 (* p < 0.05 compared with the control group).

A prerequisite for repair is that BMSCs are mobilized from the bone marrow to the
injured site through peripheral circulation during healing [34,35]. We compared the effects
of MC/PLA, MC, and HA/PLA on the migration and recruitment of BMSCs. As shown in
Figure 3, in the scratch-healing experiment, the cell migration rate of the MC/PLA group
was higher than that of the MC and HA/PLA groups, which could significantly promote
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BMSC migration. However, the cell migration rate of the MC/PLA group was slightly
higher than that of the control group, but the difference was not statistically significant
(p > 0.05). MC/PLA materials could significantly promote the migration of cells, which
was conducive to the repair of bone defects.
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Figure 3. Effects of different materials on cell migration. (A) Wound images of BMSCs were collected
at 0, 24, 36, and 48 h when cultured in a medium containing different materials (control group,
MC, MC/PLA, and HA/PLA) with scratches. (B) Scratch healing on medium containing different
materials, cell mobility as mean ± standard deviation (* p < 0.05 compared with the control group).

In vitro cell experiments showed that the MC/PLA composite scaffolds had a good cy-
tocompatibility and met the requirements for tissue engineering. Dewey et al. [36] showed
that PLA added to an MC scaffold to form a composite material had a favorable effect on
adipose-derived stem cells’ vitality and proliferation ability, similar to this study’s results.

3.3. Characteristics and Mechanical Properties of the MC/PLA Scaffold

Figure 4 shows that the MC/PLA scaffold was a three-dimensional porous material.
The SEM images show that the scaffold had an ordered honeycomb structure, and in-
terconnected multi-stage pore structures were present on the surface and interior of the
scaffold. The ca/P ratio of the MC/PLA scaffold was 1.67, consistent with that of HA. The
XRD pattern of the MC/PLA scaffold (Figure 5) revealed that, compared to the standard
card ICDD09-0432 of HA, the diffraction peak distribution of this material was similar to
that of HA, and the main peaks were located near 26 and 32◦, that is, the characteristic
peaks of HA, with no obvious peaks of calcium phosphate and other crystalline substances.
Moreover, the material’s grain size was distributed between 20 and 50 nm. As mentioned
above, the scaffold contained the HA phase according to the XRD pattern and Ca/P ratio.
The addition of PLA did not affect the composition of the HA crystals.
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In addition, the porosity of the MC/PLA composite scaffold was ≥70%, measured
using a mercury injection instrument, and the compressive strength of the scaffold was
0.8–1.2 MPa, measured using a mechanical tester. The porosity of the scaffolds (≥70%)
showed similar values to those found in cancellous bone (around 30–90%), providing the
required space for the retention of nutrients, the growth of blood vessels, and the adhesion
and growth of cells, playing an important role in osteogenesis [37,38]. In this study, the
compressive strength of the MC/PLA composite scaffold was 0.8–1.2 MPa. Compared to
MC, the mechanical properties of the MC/PLA composite scaffold were enhanced, but
they were still lower than the compressive strength of the spongy bone (2–12 MPa) and
cortical bone (170–230 MPa) [39,40]. Therefore, the mechanical properties of the composite
scaffold must be further improved.

The characterization of the MC/PLA composite scaffold indicated that the composite
scaffold was a bionic bone repair material with a good structural composition and physical
and chemical properties.

3.4. In Vivo Animal Experiments

The MC/PLA composite scaffold was implanted into the critical femoral defect model
of a 3-month-old sheep, and the regeneration and repair ability of the material for weight-
bearing bone defects was evaluated. Unfortunately, the sheep in the control group broke the
steel plate 2 weeks after the operation, so we only obtained the experimental group’s results.

Figure 6 shows X-ray images of a 3-month-old sheep after the implantation of the
MC/PLA scaffold at the site of the bone defect. The sheep grew healthily without rejection
one month after the scaffold implantation, and the scaffold was fixed well. Three months
after the implantation, the formation of bone tissue was obvious; there were bone bridges
at both ends of the defect, the boundary between the bone defect area and the original
bone became blurred, and a large area of new bone tissue had replaced the scaffold. The
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bone tissue grew further at six months, covering almost the entire area of the bone defect.
Figure 7 shows micro-CT images obtained after the scaffold implantation. The implant
material remained intact and new bone tissue formed after 1 month. Compared to those at
1 month, the images obtained at 3 months showed more obvious bone tissue repair and
the scaffolds began to degrade. After 6 months of repair, the scaffold degraded and a large
amount of new bone tissue grew into the defect.
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To further explore the effect of the MC/PLA composite scaffold on the regeneration
and repair of load-bearing bone during development, we performed a histological exami-
nation of the site of the bone defects in the sheep. In the three staining images, it can be
seen that, one month after the operation, the implant’s contour was still distinguishable, no
obvious medullary cavity was observed, and no large-scale material degradation occurred
(Figure 8). The appearance of the medullary cavity indicated that the material began to
degrade while inducing new bone formation. As shown in Figure 9, extensive infiltration
of inflammatory cells and osteoblasts was observed in the H&E-stained images 3 months
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after the operation. Bone tissue grew on the surface of the material, new bone trabeculae
were observed, and the material degraded gradually. Six months after the operation, a wide
range of new bone tissue was formed, the new bone trabeculae grew into the scaffold in a
large area, and the material degraded significantly. The degradation rate of the scaffolds
was in line with the growth rate of sheep femurs during development.
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The MC/PLA composite scaffolds provided a suitable environment for promoting
the growth and migration of cells and exhibited long-term in vivo biocompatibility and
bone regeneration capacity for repairing bone defects during development, consistent with
previous research results [41].
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4. Conclusions

Preparing materials suitable for bearing bone defects in children has always been
a difficult problem in orthopedic biomaterials, especially developing materials with bio-
compatibility and the appropriate mechanical strength. For bone repair material MC,
which conforms to natural bone structure and has good biological activity, it is difficult to
solve the problem of its weak mechanical strength due to its inherent structure. PLA is a
biopolymer widely used in tissue engineering owing to its high mechanical strength, good
biocompatibility, and degradability. In the present work, we investigated a biomimetic
composite MC/PLA by introducing PLA. The MC/PLA scaffold was applied to repair
critical-sized segmental femur defects in developing sheep to clinically simulate the repair
treatment of bearing bone defects in children. In vitro cell experiment results showed that
the MC/PLA scaffold had no toxicity to cell viability and could promote cell proliferation
compared to the control, MC, and HA/PLA groups. We compared the effects of MC/PLA,
MC, and HA/PLA on the migration and recruitment of BMSCs and found that MC/PLA
materials could significantly promote the migration of cells, which was conducive to the
repair of bone defects.

Moreover, we further studied the characterization of the MC/PLA scaffolds. The
composite material was an interconnected multi-stage pore structure on both the surface
and inside. Its porosity (≥70%) showed similar values to those found in cancellous bone
(around 30–90%). The XRD pattern was consistent with the HA standard diffraction card,
and the calcium–phosphorus ratio was consistent with the element proportion in HA.
Through the characterization of the MC/PLA composite scaffolds, it could be seen that
the scaffold material had a good porosity and pore structure suitable for bone growth, its
composition was consistent with that of natural bone, and the addition of PLA did not
affect the composition of the HA crystal. It indicated that the composite scaffold was a
bionic bone repair material with a good structural composition and physical and chemical
properties. Finally, we established a femur defect model in developing sheep, implanted
the MC/PLA scaffolds, and analyzed the scaffolds’ in vivo bone repair and regeneration
ability using imaging and histological methods. After the implantation of the scaffolds,
the extensive infiltration of inflammatory cells and osteoblasts was observed, and new
bone tissue continuously formed on the surface and in the internal pores of the scaffolds.
The surrounding bone was continuous, the material was well-connected to the natural
bone tissue, and the defect site was repaired over a large area. It is worth noting that,
during the period from implantation to 6 months after surgery, the material was degraded
continuously with the regeneration of the bone, and the degradation rate of the scaffold
adapted to the growth rate of the sheep femur during development.

In this study, we fabricated an MC/PLA composite scaffold as an artificial bone
implant material and observed its excellent performance in the repair of bone defects.
The scaffold had a suitable porosity, good physical and chemical properties, and a good
cytocompatibility. It also promoted the proliferation and migration of BMSCs. Moreover,
the stent significantly promoted bone regeneration and repair in developing sheep with
femur defects. Therefore, the MC/PLA scaffold can potentially be used to repair bone
tissue defects in children.
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