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Abstract

Objectives: This study aims to characterize a three-dimensional-printed hydroxyapatite (HA)/polycaprolactone (PCL)
scaffold and assess its biocompatibility both in vitro and in vivo. Methods: A bionic, porous HA/PCL scaffold was fabricated
using 3D printing, and its microstructure, porosity, hydrophilicity, and mechanical properties were evaluated through
scanning electron microscopy and various assays. Bone marrow mesenchymal stem cells (BMSCs) and vascular endothelial
progenitor cells (VEPCs) were co-cultured with the scaffold, and their proliferation and osteogenic differentiation were
assessed using the Cell Counting Kit-8, ALP assays, and alizarin red staining. Osteogenic marker expression was analyzed
via gRT-PCR. In vivo bone regeneration was evaluated through histological analysis of H&E and Masson’s trichrome staining
in a rat cranial defect model. Results: The average pore size of the scaffold was 462.00 + 100.389 ym, with a porosity
of 53%, a water absorption expansion rate of 5.10%, a contact angle of 94.55°, an elastic modulus of 53.82 MPa, and a
compressive strength of 6.10 MPa. ALP activity and gRT-PCR analysis of osteogenic markers (BMP2, OCN, Runx2) showed
significant uprequlation in cells co-cultured with the scaffolds. In vivo experiments demonstrated enhanced bone regeneration
and collagen deposition in the HA/PCL scaffold group. Conclusion: The results suggest that the HA/PCL scaffold promotes
osteogenic differentiation and bone regeneration, making it suitable for bone tissue engineering applications.
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Introduction

Large segment bone defects can arise from various causes,
such as severe trauma, infection, chronic osteomyelitis, bone
tumor surgery, and congenital malformations. Moreover,
their incidence is steadily increasing each year'2. The healing
of bone defects is further complicated by factors such
as insufficient blood supply to the defect area, infection,
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and tumors, making self-repair of the defects difficult®.
Approximately 2 million bone grafting procedures are
performed annually worldwide, making bone the second
most transplanted tissue after blood transfusions?. However,
bone transport presents challenges, including prolonged
treatment cycles, joint stiffness, muscle atrophy, and
inconvenience caused by the use of large external fixators®.
Membrane induction technology also introduces issues such
as extensive trauma, long treatment durations, difficulties in
sourcing adequate bone material, and secondary trauma®.
As a result, the development of bone grafts and substitutes
for treating bone defects has become a prominent area of
research.

Currently, three-dimensional (3D) printing in bone tissue
engineering and bone regeneration is gradually emerging,
offering new hope for the repair of large segment bone
defects. Seed cells are injected into bionic structural bone
scaffolds, using tissue engineering scaffolds to form a cell-
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Figure 1. The production procedures of PCL/HA wire: (a) Dissolution of PCL using N,N-dimethylformamide; (b) Addition of HA to the
mixture; (c) Vacuum drying; (d) Cutting of the dried material, followed by quick drying; (e) Extrusion of the material into filaments using
the machine; (f) PCL/HA wire. PCL, polycaprolactone; HA, hydroxyapatite.
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scaffold complex. This complexis thenimplantedinto the bone
defect, ultimately achieving the goal of repairing the defect®”.
At present, scaffold materials used in bone tissue engineering
are mainly categorized into two types: inorganic materials,
such as hydroxyapatite and tricalcium phosphate, and
organic materials, including natural materials and synthetic
degradable polymers like polycaprolactone (PCL)E. Human
bone is a heterogeneous composite structure®!°. Composite
materials have been developed to design ideal scaffolds for
bone tissue engineering, combining the characteristics and
advantages of these materials in a complementary manner.
PCL offers good biocompatibility and shape retention, while
hydroxyapatite (HA), with its high biological activity, is an
ideal bone replacement material''. The HA/PCL composite
is considered an optimal material for bone scaffolds. Several
studies have explored the physicochemical properties and
fabrication processes of HA/PCL materials''"'>. However,
the properties of scaffolds produced by different processes
vary, and the biocompatibility of HA/PCL materials remains
unclear. This study aims to explore the physicochemical
properties and biocompatibility of HA/PCL scaffolds.

Materials and Methods
Production of PCL/HA Wire

The HA/PCL 3D bionic porous bone scaffold was
fabricated using 3D printing. The HA/PCL composite system
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was prepared with a mass ratio of 15:85 based on pre-
experimental results and previous literature'®. The overall
production process is shown in Figure 1. First, 1 g of PCL
was dissolved in 10 mL of N,N-dimethylformamide to create
a PCL solution. The appropriate mass ratio of HA was then
added to the PCL solution. To enhance biological activity,
the solution was supplemented with small amounts of salts,
including silicic acid, calcium, sodium, and strontium. The salt
ratio was approximately Boron:sodium:phosphorus: silicic
acid:calcium = 1:2.1:8.4:9.8:31, with the salt content making
up about 1% of the PCL content. The mixture was dissolved
at a constant temperature of 70°C and stirred at 500 rpm.
After vacuum drying, the material was cut, soaked, and
cleaned with deionized water repeatedly. After drying again,
the cut particles were extruded to form HA/PCL wire using
an extruder (Figure 1 a—f).

Preparation of 3D Printed HA/PCL Scaffold

The interconnected 3D bionic porous scaffold model
was designed using Pro/ENGINEER software (Parametric
Technology Corporation, Boston, MA, USA). The scaffold
model was designed with overall dimensions of 8 mm x 8
mm X 13 mm to match the tibial defect size of New Zealand
white rabbits (Figure 2a). The HA/PCL scaffold was then
prepared using high-temperature melting deposition and
3D printing (FS-10, Fly Thinking, Guangzhou, China) (Figure
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Figure 2. The preparation of 3D printed HA/PCL scaffold: (a) The 3D model diagram of HA/PCL scaffolds; (b) The HA/PCL scaffolds
prepared by 3D printing. The melting temperature is approximately 180°C, with a cooling time of about 12 minutes. 3D, three-

dimensional; PCL, polycaprolactone; HA, hydroxyapatite.

2b). The microstructure of the scaffold was observed using
a scanning electron microscope (SEM; S-4800, Hitachi,
Japan). Elemental analysis was also performed using SEM.

The Evaluation of Mechanical and Physicochemical Properties
of the Scaffolds

Porosity Measurement

A certain amount of deionized water was placed into a
prepared cylinder, and the initial volume (V1) was recorded.
Next, the HA/PCL 3D porous bone scaffold (without cells)
was immersed for 5 minutes, and the new volume (V2) was
recorded. The scaffold was then placed in a vacuum drying
oven with negative pressure suction for degassing, allowing
the deionized water to fill the scaffold’s pores until no bubbles
escaped. The volume at this stage (V3) was noted. The
porosity (E) was calculated using the formula:
E=(V2-V3)/(V2-V1).

The porosity of three samples was measured individually,
and the average value was calculated.

Measurement of Water Absorption and Expansion Rate

The HA/PCL 3D bionic porous bone scaffold (without
cells) was soaked in deionized water. After soaking at room
temperature for 10 minutes, the scaffold was removed. The
scaffold was then left in the air for 1 minute until no water
droplets remained, after which it was weighed (W). Next, the
scaffold was dried in a vacuum drying oven at 30°C for 12
hours and weighed again (WO). Three samples were tested
separately, and the average was calculated. The apparent
density test method was used for calculation. The formula is
as follows:

X=(W-WO0)/W
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Evaluation of the Hydrophilicity of Scaffold Materials

The hydrophilicity of the material was evaluated by
measuring the contact angle. The HA/PCL solution was
freeze-dried for 24 hours to obtain HA/PCL samples. The
sample was then cut into 10 X 10 X 1 mm square pieces and
placed on a slide. The surface of the sample was leveled, and
deionized water droplets were applied to the surface using a
microinjector equipped with a 27 G blunt needle. The surface
contact angle was measured using the NuonaSL-200B
Droplet Analysis System (Kono Industries, USA), and the
experiment was repeated three times.

Shore Hardness Assessment

The hardness of the scaffold materials was measured using
a Shore hardness tester. A Shore hardness of 90 or greater is
considered soft plastic, while values below 90 are classified
as rubber. The test samples were placed on a hard platform,
and the presser foot of the hardness tester was smoothly
pressed into the sample with stability, ensuring the foot was
parallel to the surface. Sufficient force was applied to ensure
complete contact between the presser foot and the sample.
The force was recorded within one second after full contact.
Five different positions on each sample were tested, and the
mean value was calculated. Three samples were tested in
total, and the average value was computed.

The Compression Modulus

Three 3D bionic porous bone scaffolds were cut into
standard mechanical test specimens. The samples were then
fixed onto a mechanical testing machine and compressed at
a rate of 2 mm/min. The Young’s modulus was calculated
based on the stress-strain curve.
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Isolation and Identification of Seed Cells

Bone marrow stem cells (BMSCs) were extracted from
4-week-old New Zealand white rabbits provided by the
Experimental Animal Center of Southwest Medical University.
The rabbits were selected for iliac bone puncture to aspirate
bone marrow fluid, which was then loaded into anticoagulant
tubes and diluted with phosphate-buffered saline (PBS). The
bone marrow mixture was gently added to the upper layer of
Percoll separation solution (Solarbio, China), avoiding mixing
with the Percoll solution. After centrifugation, the central
cell layer (mononuclear cell layer) was gently aspirated. The
cell suspension was mixed with an equal volume of PBS and
centrifuged again, discarding the supernatant. This washing
procedure was repeated twice. After the final centrifugation,
the cells were resuspended in 2 mL Dulbecco’s Modified Eagle
Medium (Corning, USA) containing 10% fetal bovine serum
(HyClone, USA). The cell suspension was then inoculated into
a 25 c¢cm? culture flask, followed by the addition of 5 mL of
medium. After 48 hours, the medium was replaced, and the
cells were incubated in a humidified incubator at 37°C with
5% CO,,

Vascular endothelial progenitor cells (VEPCs) were
isolated from bone marrow cell suspension by repeatedly
washing the cancellous bone and medullary cavity of
4-week-old New Zealand white rabbits. The bone marrow cell
suspension was carefully layered onto the surface of Percoll
solution (density 1.083). After centrifugation, the cell pellet
(cell cloud) was collected and washed. The cells were then
cultured in medium containing 1 ug/mL vascular endothelial
growth factor (VEGF), 1 ug/mL basic fibroblast growth factor
(bFGF), 10 ng/mL epidermal growth factor (EGF), 1 mg/
mL hydrocortisone, 100 U/mL penicillin, and 100 U/mL
streptomycin.

The isolated cells (BMSCs and VEPCs) were identified
using immunofluorescence assay. Cells were fixed with
paraformaldehyde at 4°C for 30 minutes. After washing
with PBS, the cells were incubated with primary antibodies
overnight at 4°C. The primary antibodies used were CD44
(60224-1-1g, 1:100, Proteintech) and CD31 (66065-2-
19, 1:100, Proteintech). After rinsing, secondary antibody
incubation was performed at room temperature for 2
hours. The cell nucleus was stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 5 minutes. The cells were observed
using a TCS SP8 confocal microscope (Leica, Germany).

Cell Treatment

The isolated cells were subcultured in appropriate medium.
The second-generation cells (BMSCs and VEPCs) were used
for the experiments. The cells were prepared as a single-cell
suspension at a concentration of 1 x 10° cells/mL. The cells
were divided into five experimental groups:

* (Groups 1-2) 100 pL of BMSCs or VEPCs suspension was
added to culture dishes for cultivation, respectively.

* (Groups 3-4)HA/PCL scaffoldmaterials were supplemented
with 100 uL of BMSCs or VEPCs suspension, respectively.

* (Group 5) HA/PCL scaffolds were added with 100 L of cell

www.ismni.org

suspension, which contained 50 pL of BMSCs and 50 L of
VEPCs cell suspension.

Cell morphology was photographed at 6 hours, 7 days,
and 14 days. Cell proliferation was assessed using the Cell
Counting Kit-8 (CCK-8) assay at 24 and 48 hours. Specifically,
CCK-8 solution (Tongren Company, Japan) was added to the
culture dish, and the cells were incubated for 1.5 hours. The
optical density at 450 nm was then measured.

ALP

Alkaline phosphatase (ALP) activity was measured
using an ALP assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China, Cat. No. AO59-2). Cells from the
following groups were harvested: BMSCs, BMSCs + scaffolds,
combined BMSCs and VEPCs + scaffolds, VEPCs, and VEPCs
+ scaffolds. ALP activity was quantified according to the
manufacturer’s instructions. Absorbance was measured at
405 nm using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA), and ALP levels were expressed in IU/L,
based on a standard curve generated from the kit.

Alizarin Red Staining

Cells were cultured according to the designated groupings
and treated with an inducer. Alizarin red staining was
performed after 14 days. Briefly, the cells were fixed with
4% paraformaldehyde for 20 minutes at room temperature
and then washed with PBS. Alizarin red staining (Solarbio,
China) was applied for incubation at room temperature for
approximately 10 minutes. The cells were then rinsed with
PBS and observed under a microscope. The pixel grayscale
of the alizarin red-positive area was extracted using Image
J (version 1.8.0, NIH, Bethesda, MD, USA), and the average
grayscale value of the positive area was semi-quantitatively
calculated.

Animal Model and Surgical Procedures

Six male Sprague-Dawley (SD) rats (n=3 per group), aged
6-8 months and weighing approximately 300-350 g, were
obtained from the Laboratory Animal Center of Sichuan
Provincial People’s Hospital (Chengdu, China). The animals
were housed under standard laboratory conditions, including
a 12-hour light/dark cycle, controlled temperature (22°C),
and humidity (50-60%), with free access to food and water.

For both the PCL and HA/PCL groups, rats were
anesthetized with 2% isoflurane (RWD Life Science Co.,
Ltd., Shenzhen, China) in an induction chamber. The skin
overlying the parietal bone was shaved and sterilized with
povidone-iodine. A midline incision was made to expose
the parietal bone, and two bilateral cranial defects, each
with a diameter of 4 mm, were created using a dental
drill (NSK Ultimate XL-K, Japan). To fit the cranial defect
model, the original 3D-printed scaffolds (dimensions:
8 mm X 8 mm x 13 mm) were trimmed into cylindrical
pieces measuring approximately 4 mm in diameter and
2 mm in thickness. These trimmed scaffolds ensured
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Figure 3. Themicrostructure ofthe HA/PCL scaffold: (a) The general appearance of the 3D-printed HA/PCL scaffold; (b) The microstructure
of the HA/PCL 3D bionic porous bone scaffold observed using SEM (35.0x), with pore size and fiber bundle size measured. The pore size
of the scaffold was measured using SEM, and the average pore size was calculated by repeating the measurement five times. (c—d) The
microstructure of the scaffold observed using SEM (35x), showing rectangular micropores with connections in all vertical directions and
good connections in horizontal directions. (e—f) Calcium salts on the surface of the cylindrical fibers under SEM (Figure e: 200X, Figure f:
1000x). 3D, three-dimensional; SEM, scanning electron microscope; HA, hydroxyapatite; PCL, polycaprolactone.
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proper coverage of the defect area. In the PCL group, a
3D-printed polycaprolactone (PCL) scaffold, prepared
from polycaprolactone filament (Sigma-Aldrich, St.
Louis, MO, USA), was implanted into the defects. In the
HA/PCL group, the defects were filled with a 3D-printed
hydroxyapatite/polycaprolactone  (HA/PCL) scaffold,
fabricated from HA powder (Alfa Aesar, Thermo Fisher
Scientific, USA) and PCL filament (Sigma-Aldrich, USA).
After scaffold implantation, the skin was sutured with 4-O
nylon sutures (Ethicon, Inc., Johnson & Johnson, USA).
Postoperatively, all rats received meloxicam (5 mg/kg,
Boehringer Ingelheim, Germany) for analgesia and were
monitored daily for signs of infection or discomfort.

www.ismni.org

PCR

Total RNA was extracted from the cell groups (BMSCs,
BMSCs + scaffolds, VEPCs, VEPCs + scaffolds, and
combined cell + scaffolds group) and cranial bone tissues
from the PCL and HA/PCL groups at 8 weeks post-
implantation. RNA extraction was performed using TRIzol
reagent (Thermo Fisher Scientific, Cat. No. 15596018),
andreversetranscriptionwas carriedoutusing PrimeScript
RT Master Mix (Takara, Dalian, China, Cat. No. RRO36A).
Quantitative RT-PCR (qRT-PCR) was performed using the
TB Green Premix Ex Taq Il (Takara, Cat. No. RR820A) on
a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA) to assess the expression levels
of osteogenic markers, including BMP2, OCN, and Runx2.
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Figure 4. Elemental analysis of the scaffold material: (a) The energy spectrum distribution of Ca and P analyzed by SEM; (b) The
distribution of elements (C, O, P, Ca) analyzed in the scaffold material by SEM. Ca, calcium; P, phosphorus; SEM, scanning electron

microscope; C, carbon; O, oxygen.
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Table 1. The physicochemical properties of scaffolds in three samples.

Characterization Porosity Thit{kness Contact Angle Shore hardness Young’s modulus ST
swelling rate strength
Sample a 49% 4.57% 105.7° 78.2 HA 47.67 MPa 6.05 MPa
Sample b 56% 5.07% 83.26° 80 HA 46.98 MPa 4.74 MPa
Sample ¢ 54% 5.66% 94.68° 76.6 HA 69.82 MPa 7.52 MPa
Mean value 53% 5.10% 94.55° 78.27 HA 53.82 MPa 6.10 MPa
GAPDH was used as the internal control, and relative HE Staining

gene expression levels were calculated using the 2*-AACt
method. Primer sequences for each gene were as follows:
BMP2 (forward: 5-ACCCGCTGTCTTCTAGTGTTG-3/,
reverse: 5-CAACTCAAACTCGCTGAGGAC-3, OCN
(forward: 5-CCACCGTTTAGGGCATGTGT-3/,  reverse:
5-AGCTGTGCCGTCCATACTTT-3, and Runx2
(forward: 5-CACAAGTGCGGTGCAAACTT-3/, reverse:
5-ATGACTCGGTTGGTCTCGGT-3/).
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Cranial bone tissues from both the PCL and HA/
PCL groups were harvested at 8 weeks post-surgery
for histological analysis. The tissues were fixed in 10%
neutral-buffered formalin (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China), decalcified in 10% EDTA
(Sigma-Aldrich, USA), and embedded in paraffin. Serial
sections (5 pm) were cut using a microtome (Leica
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Figure 5. The identification of BMSCs using CD44 immunofluorescence staining (a—b: 100X; c—d: 200X). DAPI was used for nucleus
staining (blue), and CD44 for BMSCs staining (red). BMSCs, bone marrow stem cells; DAPI, 4’,6-diamidino-2-phenylindole.
. J

a b
c d

Figure 6. The identification of VEPCs using CD31 immunofluorescence staining (a—b: 100X; c—d: 200X). DAPI was used for nucleus
staining (blue), and CD31 for VEPCs staining (red). VEPCs, vascular endothelial progenitor cells; DAPI, 4’,6-diamidino-2-phenylindole.
. J
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Figure 7. The effects of scaffold materials on cell morphology of BMSCs and VEPCs. (a—c) Measurement of cell morphology of BMSCs and
VEPCs at 6 h (a), 7 d (b), and 14 d (c). (d) Detection of cell viability using CCK-8. *P < 0.05 vs. other groups. BMSCs, bone marrow stem
cells; VEPCs, vascular endothelial progenitor cells; CCK-8, Cell Counting Kit-8. The experiment was repeated three times.
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RM2235, Leica Biosystems, Germany) and stained with
hematoxylin and eosin (H&E) (Beyotime Biotechnology,
Shanghai, China, Cat. No. CO105). The stained sections
were examined under a light microscope (Olympus BX53,
Olympus Corporation, Tokyo, Japan) to evaluate the extent
of new bone formation and scaffold integration.

Masson Trichrome Staining

Paraffin-embedded tissue sections were stained
using a Masson trichrome staining kit (Solarbio Life
Sciences, Beijing, China, Cat. No. G1340) following the
manufacturer’s instructions. This staining differentiates
collagen fibers (stained blue), newly formed bone
(stained red), and cells (stained black or dark brown).
After staining, the sections were examined under a
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light microscope (Olympus BX53, Olympus Corporation,
Tokyo, Japan) at 100x and 400x, and the degree of
collagen deposition and bone matrix formation was
gualitatively assessed.

Statistical Analysis

Statistical analysis was performed using SPSS 17.0
(Chicago, IL, USA), and GraphPad Prism (San Diego, CA,
USA) was used for plotting. Data are presented as mean +
standard deviation. An independent sample t-test was used
for comparisons between two groups. A one-way analysis
of variance (ANOVA) was employed to compare differences
among multiple groups, and the Bonferroni test was used
as a post hoc analysis. A p-value of < 0.05 was considered
statistically significant.
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Results
Scaffold Morphology and Microstructure

The morphology of the scaffold was first observed.
The HA/PCL bionic scaffold exhibited an interconnected
porous structure (Figure 3a). Scanning electron microscopy
(SEM) revealed pores on the surface of the scaffold and
interconnected pores on the sides. The average pore size
of the HA/PCL scaffold was 462.00 = 100.389 um (Figure
3b). The fibers were neatly arranged and tightly connected
(Figures 3c-f).

Elemental Analysis

The elemental content of the 3D porous scaffold was
analyzed using SEM energy spectroscopy. The energy
spectrum distribution of calcium and phosphorus was
measured (Figure 4a). The elemental distribution map
showed that the total content of carbon, oxygen, phosphorus,
and calcium was 99.99%, while the content of silicon (Si) and
strontium (Sr) was 0.01% (Figure 4b).
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Characterization of Physicochemical Properties of Scaffolds

The physicochemical properties of the scaffolds were
evaluated, and the characterization results are shown in
Table 1. The scaffolds demonstrated good porosity, water
absorption and expansion rate, and compressive strength.
However, some deficiencies in hydrophilicity and Shore
hardness were observed. Overall, the physicochemical
properties of the scaffolds were well aligned with those of
human cancellous bone.

Identification of Seed Cells

BMSCs and VEPCs were isolated from rabbits, and the
seed cells were identified by immunofluorescence. CD44 was
expressed in BMSCs (Figure 5), and CD31 was expressed in
VEPCs (Figure 6). These results confirmed the successful
isolation of primary BMSCs and VEPCs.

Biocompatibility of Scaffold Materials

To assess the biocompatibility of the scaffold materials,
BMSCs and VEPCs were separately or simultaneously loaded
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Figure 9. ALP activity and the expression levels of osteogenic markers (BMP2, OCN, and Runx2) in different experimental groups. The
graph shows ALP activity (a) and the relative expression of BMP2, OCN, and Runx2 (b) as determined by gRT-PCR. The experiment was
repeated three times. P <0.01 vs. BMSCs group (**); P < 0.01 vs. VEPCs group (##).
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Figure 10. Histological and gRT-PCR analysis of cranial bone tissue from the PCL and HA/PCL groups. (a) H&E staining of cranial bone
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onto the scaffolds. Cell morphology was observed at 6 h, 7
d, and 14 d (Figure 7a-c). The CCK-8 assay results showed
that the scaffold materials exhibited no cytotoxicity towards
BMSCs and VEPCs. The combined loading of BMSCs and
VEPCs promoted cell proliferation (P < 0.05, Figure 7d).
Alizarin red staining was used to evaluate the osteogenic
differentiation of the cells. The results indicated that,
compared to the groups with BMSCs or VEPCs alone, cells
co-cultured with scaffold materials demonstrated enhanced
osteogenic differentiation. Specifically, the mixed-cell culture
co-cultured with the scaffold materials exhibited the most
pronounced osteogenic differentiation ability among all
groups (Figure 8).

ALP Activity and Expression of Osteogenic Markers

The ALP activity levels in the different experimental
groups are shown in Figure 9a. The BMSCs + scaffolds group
exhibited a significant increase in ALP levels compared to
the BMSCs group (P < 0.01). Similarly, the VEPCs + scaffolds
group showed significantly higher ALP levels than the VEPCs
group (P < 0.01). Although the BMSCs group had slightly
higher ALP activity than the VEPCs group, this difference was
not statistically significant. The BMSCs + scaffolds group also
showed slightly higher ALP levels than the VEPCs + scaffolds
group. Notably, the combined BMSCs and VEPCs + scaffolds
group demonstrated significantly higher ALP activity
than all other groups (P < 0.01), suggesting a synergistic
enhancement of osteogenic differentiation when both cell
types were combined.

The expression levels of osteogenic markers (BMP2, OCN,
and Runx2) were assessed using gRT-PCR (Figure 9b). In the
BMSCs + scaffolds group, the expression of BMP2, OCN, and
Runx2 was significantly elevated compared to the BMSCs
group (P < 0.01). Similarly, the VEPCs + scaffolds group
showed a significant increase in the expression of these
markers compared to the VEPCs group (P < 0.01). While the
BMSCs group showed slightly higher expression of BMP2,
OCN, and Runx2 than the VEPCs group, the BMSCs + scaffolds
group demonstrated slightly higher expression of these genes
than the VEPCs + scaffolds group. Importantly, the combined
BMSCs and VEPCs + scaffolds group exhibited significantly
higher levels of BMP2, OCN, and Runx2 compared to all other
groups (P < 0.01), indicating a robust osteogenic response.

In Vivo Bone Regeneration and Osteogenic Marker Expression

H&E staining results revealed differences in new bone
formation between the PCL and HA/PCL groups. In the PCL
group, only a small amount of new bone tissue was observed
within the defect area, indicating limited bone regeneration.
In contrast, the HA/PCL group exhibited significantly more
newly formed bone tissue, although the bone defect was
not fully regenerated. The HA/PCL scaffolds promoted
substantially greater new bone formation compared to the
PCL group, suggesting that the addition of hydroxyapatite
enhances bone regeneration (P < 0.01, Figure 10a).
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Masson’s trichrome staining showed a clear distinction
in collagen fiber deposition between the two groups. In the
PCL group, soft connective tissue was visible, with minimal
collagen formation. In comparison, the HA/PCL group
demonstrated significantly more mature collagen fibers,
indicating enhanced tissue remodeling and bone matrix
maturation. These results confirm that the HA/PCL scaffold
promotes the development of a more mature bone matrix
compared to the PCL scaffold (P < 0.01, Figure 10b).

gRT-PCR analysis of cranial bone tissue further supported
these histological findings. The expression levels of key
osteogenic markers, including BMP2, OCN, and Runx2,
were significantly elevated in the HA/PCL group compared
to the PCL group (P < 0.01). These results suggest that the
HA/PCL scaffolds not only enhance bone formation but also
promote the upregulation of genes critical for osteogenic
differentiation and bone regeneration (Figure 10c).

Discussion

Several studies have demonstrated that the porous
structure of bionic bone scaffolds is advantageous for
tissue ingrowth, nutrient and metabolite transport, and
the long-term stability of bone material integration and
implantation'*'s. In this study, 3D printing was used to
fabricate the HA/PCL scaffold. SEM imaging revealed the 3D
porous structure of the scaffolds, with fibers arranged neatly
and tightly connected. This 3D pore structure provides a
larger space for cell adhesion, migration, and proliferation,
while also offering a transport channel for nutrients and
metabolites, facilitating cell growth and metabolism within
the scaffold. Traditional methods of fabricating bionic bone
scaffolds cannot achieve precise microstructural control,
resulting in limited ability to manage the mechanical and
biological properties of the materials'®. In contrast, 3D
printing allows for accurate control over the scaffold’s 3D
structure. Fused deposition modeling, a commonly used 3D
printing technique, deposits thermoplastic material layer by
layer using a temperature-controlled moving nozzle to build
3D structures. Additionally, it has been widely adopted as a
production method for synthetic scaffolds'"'8,

We characterized the physicochemical properties of the
HA/PCL 3D bionic porous bone scaffold prepared by 3D
printing. The average pore size of the scaffolds in this study
was 462.00 = 100.389 um, which falls within the 400 pm-
600 pumrange typically considered optimal for cell growth, as
reportedby most current studies. Increased porosity hasbeen
shownto enhance bone inductionandimprove cell attachment
to the scaffold, as porosity determines the available surface
area for cell-scaffold interactions. Scaffolds with porosity
between 35% and 75% promote cell adhesion and growth,
while 40%-60% porosity facilitates the diffusion and flow
of cells and nutrients'®. The porosity of human cancellous
bone ranges from 50% to 90%?%°. In this study, the scaffolds
exhibited a porosity of 53%, which is conducive to promoting
cell proliferation. The balance between surface hydrophilicity
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and hydrophobicity is a key factor influencing the cell
compatibility of biomaterials. Hydrophilicity, in particular,
plays a crucial role in cell adhesion and proliferation, while
also impacting scaffold degradation?'24. To optimize both
degradation performance and mechanical properties, PCL
was incorporated into the scaffolds. The average contact
angle of the scaffolds was slightly above 90°, indicating a
superior hydrophilicity compared to pure PCL scaffolds. For
bone tissue engineering scaffolds to function effectively,
they must withstand certain loads to provide space for cell
adhesion and proliferation®®. The ideal mechanical properties
of bone tissue engineering scaffolds aim to replicate those
of natural bone tissue®®?”, The Young's modulus of human
cancellous bone is approximately 50 MPa, with compressive
strength ranging from 7 to 10 MPa?®. The scaffolds in this
study demonstrated a Young’s modulus of 53.82 MPa and
compressive strength of 6.10 MPa, which, while not matching
the mechanical properties of human cortical bone, align with
the characteristics of adult cancellous bone.

Seed cells play a crucial role in bone tissue engineering®®.
In this study, BMSCs and VEPCs were selected as seed cells.
After two weeks of cell culture on the scaffold material,
the growth of BMSCs and VEPCs was significantly better
compared to cells without scaffold loading. CCK-8 assay
results further demonstrated that the cells proliferated well
when loaded into the scaffold, with the mixed cells exhibiting
enhanced proliferation. Additionally, the HA/PCL bionic
porous bone scaffolds displayed no cytotoxicity and showed
good biological compatibility. The osteogenic differentiation
ability of the cells was significantly enhanced after scaffold
loading, with the mixed cells showing the strongest
osteogenic differentiation among all groups. These findings
suggest that the two cell types mutually promote osteogenic
differentiation on the scaffold, highlighting the potential for
optimizing scaffold performance.

ALP is an early marker of osteogenic differentiation, and
its elevated activity indicates active osteoblast function3°.
Co-culturing BMSCs and VEPCs with the HA/PCL scaffold
significantly increased ALP activity, particularly in the mixed
cell + scaffold group, suggesting a synergistic effect. gRT-
PCR results further confirmed high expression of osteogenic
genes(BMP2,0CN, Runx2)inthis group, supportingenhanced
osteogenesis. These findings indicate that the HA/PCL
scaffold not only supports cell proliferation but also promotes
bone regeneration®'32, H&E and Masson’s trichrome staining
revealed more extensive new bone formation and collagen
deposition in the HA/PCL group compared to the PCL group,
suggesting that hydroxyapatite enhances bone regeneration.
However, complete defect repair was not achieved,
emphasizing the need for further optimization of the scaffold.
gRT-PCR results also demonstrated enhanced expression of
osteogenic markers, underscoring the scaffold’s bioactivity
and its potential for improving bone regeneration.

These in vitro and in vivo experimental results collectively
demonstrate the excellent potential of HA/PCL scaffold
materials in bone tissue engineering. Future studies could
focus on optimizing scaffold designs for clinical applications
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or integrating growth factors and drugs to enhance repair
outcomes. Additionally, the limitations of this study, such
as the comparison between animal model bone defects and
human bone defects, as well as the need for longer follow-
up periods to assess long-term integration and functional
recovery of the newly formed bone, should be addressed.

The HA/PCL 3D-printed scaffold shows promising
potential for bone tissue engineering by promoting
osteogenic differentiation and bone regeneration both in
vitro and in vivo. Its biocompatibility and ability to support
the proliferation and differentiation of BMSCs and VEPCs
suggest its suitability for bone repair applications. However,
further optimization is required to address large bone defects
fully. This study offers a basis for future research to improve
scaffold design and explore its potential clinical applications
in bone tissue engineering.

Conclusion

The mechanical and chemical properties of the HA/PCL
3D bionic porous bone scaffold prepared through 3D printing
demonstrate its potential to mimic the characteristics of
human cancellous bone. Following cell culture, the HA/PCL
3D scaffold shows no toxicity and exhibits good biological
compatibility. When loaded with BMSCs and VEPCs, the HA/
PCL scaffold promotes the best osteogenic differentiation
both in vitro and in vivo, making it suitable for optimal bone
tissue engineering scaffold design. Further research and
clinical studies are needed to explore its full potential.
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