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ABSTRACT: The treatment of various large bone defects has remained a challenge for =~ .
orthopedic surgeons for a long time. Recent research indicates that curculigoside (CUR) o

extracted from the curculigo plant exerts a positive influence on bone formation, contributing to

fracture healing. In this study, we employed emulsification/solvent evaporation techniques to S B e o e

successfully fabricate poly(e-caprolactone) nanoparticles loaded with curculigoside (CUR@ |4 /\
PM). Subsequently, using three-dimensional (3D) printing technology, we successfully )J
developed a bioinspired composite scaffold named HA/GEL/SA/CUR@PM (HGSC),
chemically cross-linked with calcium chloride, to ensure scaffold stability. Further character- e
ization of the scaffold’s physical and chemical properties revealed uniform pore size, good
hydrophilicity, and appropriate mechanical properties while achieving sustained drug release for
up to 12 days. In vitro experiments demonstrated the nontoxicity, good biocompatibility, and
cell proliferative properties of HGSC. Through alkaline phosphatase (ALP) staining, Alizarin
Red S (ARS) staining, cell migration assays, tube formation assays, and detection of angiogenic
and osteogenic gene proteins, we confirmed the HGSC composite scaffold’s significant angiogenic and osteoinductive capabilities.
Eight weeks postimplantation in rat cranial defects, Micro-computed tomography (CT) and histological observations revealed
pronounced angiogenesis and new bone growth in areas treated with the HGSC composite scaffold. These findings underscore the
scaffold’s exceptional angiogenic and osteogenic properties, providing a solid theoretical basis for clinical bone repair and
demonstrating its potential in promoting vascularization and bone regeneration.

1. INTRODUCTION filling function without bone-inductive capabilities, hindering
the effective promotion of vascularization.” '* Consequently,
there is an imperative requirement to engineer multifunctional
scaffolds capable of concurrently stimulating angiogenesis and
osteogenesis. This development aims to improve the long-term
stability and bone regeneration potential of these constructs.
The foundational materials for preparing drug-loaded
scaffolds typically consist of nontoxic and biodegradable
proteins or polymers such as collagen, chitosan, and poly(e-
caprolactone) (PCL), among others. Inorganic materials like
hydroxyapatite (HA), tricalcium phosphate, montmorillonite,
and bioactive glass can also be employed." ~'* Sodium alginate
(SA), a natural anionic polysaccharide, exhibits unique gel
properties upon cross-linking with calcium ions, making it
suitable for the fabrication of three-dimensional mesh
scaffolds."> However, due to the lack of cell-adhesive sites in

In the face of extensive bone defects arising from trauma,
corrective surgeries, and excision of bone and soft tissue tumors,
orthopedic surgeons encounter formidable challenges." While
autologous bone grafts have become the consensus for treating
bone defects, concerns persist regarding the risks of immune
rejection and infection associated with both autologous and
allogeneic bone grafts.” These concerns stem from limited donor
availability and the substantial time and cost requirements for
such procedures.” With the rapid evolution of bone tissue
engineering, three-dimensional (3D) printing has found wide-
spread applications in the field of bone defect repair. Ongoing
efforts are dedicated to crafting an optimal, high-precision, and
biodegradable scaffold that aims to exhibit impeccable control
over drug release while maintaining a high degree of
biocompatibility.”> This intricately designed scaffold serves as
a template to precisely guide the regeneration of bone tissue.’

Additionally, it strives to strike a delicate balance between Received: February 17, 2024 ©ONMECAG e
structural integrity and controlled drug delivery, emerging as a Revised:  April 30, 2024 g W ¢
promising candidate for advancing the field of bone tissue Accepted:  May 10, 2024 \
engineering.7 However, existing bone repair scaffolds are Published: June 7, 2024 ‘
confronted with certain challenges, such as limited biological -

activity, uncontrolled drug concentrations, and a sole bone-
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Scheme 1. Schematic Illustration of the Preparation of Composite Scaffolds Loaded with Curculigoside and Their Application in

Bone Regeneration
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sodium alginate itself, chemical modification or physical binding
is needed to overcome its limitations.'® Physical modification,
such as the approach taken by Liu et al, involving the
incorporation of varying proportions of montmorillonite into
gelatin and sodium alginate, has been demonstrated as a simple,
cost-effective, and nontoxic method to enhance osteogenic
properties.”” Hydroxyapatite (HA), a biologically active ceramic
with a composition similar to human bone, is commonly used in
the field of BTE due to its excellent biocompatibility and bone-
inductive properties.'® However, its high brittleness restricts its
application. Reports indicate that combining sodium alginate
with hydroxyapatite can effectively improve the mechanical
properties of the scaffold, making it suitable for bone repair
materials.'"” Gelatin (GEL), despite having good biocompati-
bility and nontoxicity, has shortcomings such as poor
mechanical properties and easy degradation. By incorporating
gelatin into a composite with sodium alginate and hydrox-
yapatite, we can significantly promote cell proliferation and
adhesion and address mechanical deficiencies.'*

Curculigoside (CUR), derived from the rhizomes of plants
belonging to the Curculigo genus, is a critical bioactive phenolic
compound.” Tt has been historically integrated into herbal
treatments for osteoporosis since ancient times in China.
Curculigoside (C,,H,40;;) has been identified as the primary
active component in Curculigo plants, despite the detection of
flavonoids, plant sterols, and other phenolic compounds in these
plants (Structure 1).

It should be noted that changes in the physicochemical
properties of materials can subsequently impact cell responses.
Tan et al. developed a pure drug-loaded scaffold. However, the
combination of a pure scaffold with drugs may lead to unstable
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drug release.”’ Therefore, we are attempting to develop a
sustained-release drug-loaded scaffold structure that can
promote vascularization and bone growth at the site of bone
defects. Poly(e-caprolactone) (PCL) is a biocompatible and
easily processable aliphatic polyester. Compared to commonly
used drug carrier materials such as polylactic acid and
poly(lactic-co-glycolic acid), PCL possesses superior character-
istics.”> This is because the degradation rate of the former
material is unstable, making it more prone to locally produce
acidic degradation products, thereby increasing the risk of local
acidosis.” To alleviate these potential issues, this study chooses
PCL as the material for microspheres.

The objective of this study was to fabricate a 3D-printed
hybrid scaffold composed of HA/GEL/SA/CUR@PM
(HGSC) with a biomimetic dual-layer porous structure using
the freeze-drying method. We employed an emulsification/
evaporation method to prepare PCL porous nanomicrospheres
loaded with curculigoside (CUR@PM), which were then
incorporated into the HA/GEL/SA composite scaffold for
controlled release of curculigoside. The biological activity of
curculigoside in promoting vascularization and bone regener-
ation was harnessed to optimize the osteogenic effects of the
hydroxyapatite composite scaffold (Scheme 1). Through in vitro
experiments, we evaluated the cytotoxicity and biocompatibility
of the scaffold while simultaneously assessing the levels of
osteogenic and angiogenesis-related genes and proteins. These
findings have profound implications for the promotion of
vascularization and improvement of bone regeneration by
HGSC. Furthermore, intriguingly, micro-computed tomogra-
phy (CT) and histological analysis revealed significant bone
repair capability and angiogenic effects in the rat cranial defect
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area 8 weeks after implantation of the scaffold. In summary, this
study boldly combines plant-derived bioactive compounds with
modern bone tissue engineering, offering a novel direction for
repairing large-scale bone defects in clinical settings.

2. MATERIALS AND METHODS

2.1. Materials. The gelatin (GEL), sodium alginate (SA),
and hydroxyapatite (HA) used in this study were procured from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Curculigoside (CUR) and polycaprolactone (PCL) were
obtained from Yuan Ye Biotechnology Co., Ltd. (Shanghai,
China). Dichloromethane (DCM) and dimethyl sulfoxide
(DMSO) were supplied by Merck & Co., Inc. (Shanghai,
China), while phosphate-buffered saline (PBS) was purchased
from Solarbio. Dulbecco’s modified Eagle’s medium (DMEM),
5% v/v fetal bovine serum (FBS), and 1% v/v penicillin/
streptomycin (P/S) were acquired from Thermo Fisher
Biochemical Products Corporation (Shanghai, China).

2.2. Methods. 2.2.1. Preparation of PCL Curculigoside
Nanomicrospheres. PCL nanomicrospheres loaded with
curculigoside (CUR@PM) were prepared using the traditional
oil/water (O/W) emulsion/solvent evaporation technique. In
brief, PCL (100 mg) was dissolved in DCM (S mL), and the
solution was sonicated for 1 h in a water bath (110 W, 35 Hz).
The carefully weighed CUR (233 mg of drug powder) was
added to the solution to achieve a final concentration of 100
mM.”" Subsequently, the mixture was dripped into a poly(vinyl
alcohol) (PVA) solution (2.0 w/v %) to form an emulsion. The
emulsion was stirred at 500 rpm at room temperature for 3 h
until the organic solvent completely evaporated, resulting in
hardened microspheres. The nanomicrospheres were then
washed three times with deionized water to remove residual
surfactant, collected by centrifugation at 11,000 rpm (Sigma2-
16p, Germany), and finally freeze-dried overnight. These
particles were stored in a refrigerator at 4 °C (n = 3). The
preparation of PM without CUR was similar and is not described
further.

2.2.2. Preparation of Composite Scaffolds. The HGSC
composite scaffold was prepared using the freeze-drying
method. In brief, 2 wt % HA, 2 wt % SA, and 6 wt % GEL
were prepared in ultrapure water and mixed at a 1:1:1 ratio. The
mixture was stirred using a magnetic stirrer, and CUR@PM was
added. The prepared bioink was loaded into a 3DDiscovery
bioprinter (Regen Hu Ltd.) and printed using a DD135-N
nozzle with a diameter of 0.33 mm, a printing speed of 3.6 mm/s,
and a pressure range of 0.40—0.45 MPa. Finally, composite
scaffolds with dimensions of 7.0 mm (diameter, @) X 2.16 mm
(height, h), suitable for a rat cranial defect model, were obtained.
The HGSC composite scaffold containing CUR@PM was
prepared as the experimental group, while the HGS scaffold
without CUR@PM was prepared as the control group. Both
scaffolds were immersed in a 2 wt % calcium chloride solution
for cross-linking, with a duration of 8 h. Subsequently, they were
washed three times with deionized water and freeze-dried
overnight in a freeze-dryer (IlshinBioBase, located in
Dongducheon, Korea) at —75 °C.

2.2.3. Characterization of CUR@PM and Composite
Scaffolds. Morphological evaluation of the nanomicrospheres
and scaffolds was conducted using scanning electron microscopy
(SEM) (JSM-6360LA, Japan). Additionally, PM samples (S0
mg) were dispersed in 10 mL of distilled water using
ultrasonication (360 W, 10 s). The size distribution of the PM

was measured by dynamic light scattering (DLS) using a
Zetasizer instrument (Malvern Co, U.K.).

2.2.4. Fourier Transform Infrared (FTIR) Analysis. Fourier
transform infrared (FTIR) spectroscopy was used to analyze the
functional group composition of the materials. The HGS/
HGSC scaffold samples were flattened and placed in the
spectrometer, which had a resolution of 4 cm™'. Each sample
was scanned three times to obtain spectral results in the range of
400—4000 cm™".

2.2.5. Rheological Analysis of the Composite Biomaterial
Ink. The feasibility of printing the bioink was evaluated using a
TA Q500 HiRes system (TA Instruments). In brief, the bioink
on the rheometer plate was subjected to small-amplitude
oscillatory shear testing at 37 °C, with a shear rate ranging from 0
to 100 s™" and a 5% strain amplitude. The storage modulus (G’)
and loss modulus (G”) were recorded over a temperature range
of 10—4S5 °C.

2.2.6. Water Absorption Test. Three scaffolds were randomly
selected from each group and then weighed (W, ). Subsequently,
they were immersed in distilled water at 37 °C for 24 h. After
removing excess water, they were weighed again (Wpg). The
formula for calculating water absorption is as follows:

W, — W,
—B A« 100%
W,

A

water absorption ratio (%) =

Here, W, and Wy represent the weights of the scaffold before
and after immersion, respectively.

2.2.7. Evaluation of Degradation. Before starting the in vitro
degradation test, all sample scaffolds were dried and weighed to
determine W,. Subsequently, all samples were immersed in PBS
and kept at 37 °C for 3, 7, 14, and 28 days. At each time point,
the samples were removed, dried, and reweighed to determine
W,. The test was repeated three times. The weight loss was
calculated using the following formula:

Wo - W,
———L X 100%
Wo

degradation (%) =

2.2.8. Determination of the Drug Loading Rate of CUR@
PM. First, 30 mg of CUR@PM was placed into a 15 mL
centrifuge tube, 7 mL of dichloromethane (DCM) was added,
and then 2 mL of dimethyl sulfoxide (DMSO) was added to
ensure complete dissolution of the drug. After sonication of the
mixture for 1 min, 10 mL of phosphate-buffered saline (PBS, pH
7.4) was added and stirred untii DCM was completely
evaporated. The samples were centrifuged at 11,000 rpm for
1S min, and the supernatant was collected and analyzed using a
UV spectrophotometer at a wavelength of 310 nm. Drug loading
was calculated using the following formula:

actual drug weight
CUR@PM weight

loading rate (%) = X 100%

2.2.9. In Vitro Drug Release Assay. The prepared CUR@PM
microspheres and HGSC scaffolds were separately placed in 30
mL centrifuge tubes containing PBS (pH = 7.4) and incubated at
a constant temperature of 37 °C. At predetermined time points,
2 mL of the supernatant was collected and replaced with fresh
PBS to maintain a total volume of 30 mL. The drug release rate
was determined using UV—visible spectroscopy and calculated
using the following formula (n = 3):

https://doi.org/10.1021/acsomega.4c01533
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Table 1. Primer Sequences for qPCR Analysis

gene forward

GAPDH (tuman)

5’-AATGGGCAGCCGTTAGGAAA-3’

reverse

§’-GCGCCCAATACGACCAAATC-3’

VEGF 5'-AACCTCACCAAAGCCAGCACATAG-3’ §'-CAAATGCTTTCTCCGCTCTGAACAAG-3’
CD31 5'-AGCCAGCAGTATGAGGACCAGTC-3' 5 “TCCAATGACAACCACCGCAATGAG-3'
GAPDH (y1q50) §'-CACCACCAACTGCTTAGC-3/ $-TTCACCACCTTCTTGATGTC-3’

OCN §'-TTCACCACCTTCTTGATGTC-3' §'-CCTTATTGCCCTCCTGCTTG-3'

ALP 5'-GCAGTATGAATTGAATCGGAACAAC-3' §'-ATGGCCTGGTCCATCTCCAC-3'

CUR released % = (measured CUR released
/total CUR amount) X 100%

2.2.10. Evaluation of Mechanical Properties. The scaffolds
were freeze-dried and placed directly on the testing platform.
Compression tests were conducted on the samples at 37 °C,
with aload of 0.1 N and compression speed of 0.1 mm/s, using a
universal material testing machine (MTS SYSTEMS Co., Ltd,,
China). The stress—strain curve was calculated.

2.3.0. Cell Culture. Before the experiment, the composite
scaffolds were sterilized using ethylene oxide gas. Mouse bone
marrow mesenchymal stem cells (BMSCs) and human umbilical
vein endothelial cells (HUVECs) (ATCC; Chinese Academy of
Sciences, Shanghai, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% (v/v) penicillin—streptomycin
(P/S) solution in a 5% CO, incubator at 37 °C. The medium
was changed every 2 days, and cells were passaged when they
reached 80% confluence for subsequent experiments. Scaffold
extract (SE) was obtained according to the requirements of the
International Organization for Standardization (ISO 10993-12).
Briefly, sterile scaffolds were soaked in serum-free DMEM at a
ratio of 0.1 g/mL. After incubation in a cell culture incubator for
48 h, the supernatant was collected, aseptically filtered, and
stored at 4 °C after the addition of 10% PBS and 1% P/S.

2.3.1. Cell Adhesion. To assess the biocompatibility of the
scaffolds with cells, we seeded BMSCs at a density of 1 X 10°
cells per well onto the HGS and HGSC composite scaffolds and
cultured them in 12-well plates for 24 h. After fixation with 4%
paraformaldehyde for 1 h, the scaffolds were subjected to a
graded dehydration process, followed by freeze-drying. Sub-
sequently, scanning electron microscopy (SEM) was employed
to examine the attachment of cells to the scaffolds.

2.3.2. Evaluation of Scaffold Toxicity and Proliferation
Characteristics. To assess the impact of HGS/HGSC scaffolds
on BMSC proliferation, a Cell Counting Kit-8 assay (Beyotime,
China) was employed. BMSCs were seeded at a density of 4 X
10° cells per well in a 96-well plate and incubated with SE for 1,
3, and 7 days according to the manufacturer’s instructions. The
absorbance at 450 nm for each well was measured using a
microplate reader. After 3 days of incubation with SE, a live/
dead fluorescence staining assay (Invitrogen) was used to
differentiate between viable and nonviable cells. Subsequently,
proliferation assessment was conducted using the EdU
(Invitrogen) assay kit. Cells were seeded at a density of 1 X
10° cells per well in a 96-well plate and incubated for 1 day.
Subsequent steps for fluorescence staining were performed
following the manufacturer’s instructions. Stained cells were
visualized using an inverted fluorescence microscope (Olympus
IX 73, Japan).

2.3.3. Real-Time Quantitative Polymerase Chain Reaction
(RT-GPCR). To conduct RT-qPCR following the methods

previously described in our research group, in summary,

HUVECs and BMSCs were seeded on scaffolds at a density of
4 X 10* cells per well and cocultured for 3 and 7 days. Total RNA
was extracted from the cells by repeatedly pipetting the scaffolds
with TRIzol (500 uL) reagent (TRIzol reagent, Invitrogen).
Reverse transcription was performed using a reverse tran-
scription kit (Vazyme, China). Finally, real-time fluorescence
PCR was carried out using the SYBR Green quantitative PCR kit
(Vazyme, China). The primer sequences for angiogenesis and
osteogenesis genes are provided in Table 1.

2.3.4. Cell Migration and Tube Formation Experiments. In
a 24-well plate, HUVECs were seeded at a density of 2 X 10*
cells per well and cocultured with SE for 2 days to assess their
migratory ability. Subsequently, images were captured (n = 3),
and a quantitative analysis of cell migration was performed. To
evaluate the scaffold’s influence on tube formation capacity,
HUVECs were seeded at a density of 4 X 10* cells per well onto a
matrix gel (ABW Matrigel, China) in a 48-well plate and
coincubated with SE culture medium for 7—8 h. Calcein-green
(Invitrogen) fluorescence staining was conducted, and images
were recorded using an inverted fluorescence microscope.
Quantitative analysis included grid formation, node count, and
branch count on the matrix gel for each group (n = 3).

2.3.5. Alkaline Phosphatase (ALP) and Alizarin Red
Staining. In each well of a 6-well plate, 5.0 X 10* BMSCs
were seeded and cultured in scaffold extract (SE) for 7 and 14
days. Subsequently, staining was performed using the ALP assay
kit and Alizarin Red S staining kit (Beyotime, China).

2.3.6. Immunofluorescence Analysis. In the initial step,
BMSCs were seeded at a density of 3 X 10* cells per well in a 12-
well plate, followed by cultivation in scaffold extract (SE) for 3
days. Fixation was performed using 5% paraformaldehyde,
permeabilization with 0.3% Triton X-100 solution, and blocking
with 5% bovine serum albumin solution. Primary antibody
(RUN=x2, 1:100, Sanying Biotechnology, China) was incubated
at 4 °C for 24 h. Subsequently, a secondary antibody conjugated
with a fluorescent dye (1:200, Abcam) was applied for 45 min.
After washing three times with PBS, staining was carried out
using DAPI solution (Beyotime, China). Finally, fluorescence
intensity was observed and quantitatively analyzed using an
inverted fluorescence microscope (Olympus, Japan).

2.3.7. Western Blotting Assay. *'Following the established
procedures in our research group for protein imprinting
experiments, in brief, total proteins from BMSCs and HUVECs
were individually extracted using the RIPA lysis method. The
BCA Protein Assay Kit (Solarbio Beijing, China) was then
employed for protein quantification. Subsequently, proteins
underwent sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and were transferred onto nitrocellulose
membranes. Overnight incubation at 4 °C was carried out with
rabbit anti-HIF-1a (1:2000), anti-VEGF (1:3000), anti-RUNX-
2 (1:2000), and anti-Osterix (1:2000) antibodies. After three
washes with TBST, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies

https://doi.org/10.1021/acsomega.4c01533
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Figure 1. Scaffold characterization. (A) SEM image of CUR@PMs; (B) gross morphology of the different scaffolds; (C) SEM image of the scaffolds,
with the CUR@PM indicated by the red arrow; and (D) size distribution of CUR@PM microsphere.

(1:4000) before protein imprint analysis using the ECL western 2.3.8. In Vivo Experiment. To assess the in vivo efficacy of the
composite scaffold in bone repair, we selected 15 Sprague—
from Sanying Biotechnology (Wuhan, China). Image] software Dawley (SD) rats aged 8-10 we.eks, Wl_th aweight of (210 £ 50)

grams. They were randomly divided into three groups: blank
was employed for quantitative analysis of the immunoblot control group, HGS group, and HGSC group. Initially, all rats
underwent intraperitoneal injection of 3% pentobarbital (100

blot detection system (Millipore). All antibodies were procured
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Figure 2. Infrared spectrum of the material. (A) Infrared spectroscopic analysis of CUR, HA, SA, and GEL; (B) composition analysis of HGS/HGSC
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Figure 3. Physicochemical properties of HGS/HGSC composite scaffolds. (A) and (B) Rheological analysis of the scaffolds; (C) water absorption
capacity of scaffolds (n = 3); (D) degradation of the scaffolds; (E) evaluation of curculigoside release from drug-loaded nanomicrospheres and
microsphere-composite scaffolds; and (F) engineering stress—engineering strain curves for HGS/HGSC composite supports.

mg/kg) for anesthesia. Subsequently, the rat’s scalp was
disinfected, and a 1.5 cm incision was made at the center of
the scalp to expose the skull. A cylindrical skull defect (diameter
8 mm) was created using an electric drill, and after clearing bone
fragments, the scaffold was implanted into the defect. Finally, the
incision was sutured layer by layer. All animal experiments
followed the guidelines of the Institutional Animal Care and Use
Committee (IACUC) and received approval from Jiangsu
Science Standard Medical Detection Co., Ltd. (Approval No.
JACUC22-0098).

2.3.9. Micro-CT Scanning and Tissue Staining Evaluation.
Using the SkyScan 1276 micro-CT scanner, we conducted
detailed observations (n = 3) on rat skull repair at 8 weeks
through micro-CT scanning and analysis. During the analysis,
we focused on bone volume fraction (BV/TV) and cross-
sectional trabecular number (Tb.N). To obtain comprehensive
information, we subjected rat skull samples from each group to
decalcification with 15% ethylenediaminetetraacetic acid
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(EDTA) at room temperature for 35 days, with updates every
48 h. Subsequently, the samples underwent sequential ethanol
dehydration and paraffin embedding, and were sectioned into §
pm thick slices. These slices were stained with hematoxylin and
eosin (H&E) and Masson’s trichrome for observation under an
optical microscope (Olympus, Japan). Subsequently, to
investigate the vascular generation activity of in situ vascularized
tissue-engineered bone (TEB), in the immunofluorescence
staining, the defatted tissue sections were blocked with 5% BSA
in PBS-Tween. We utilized primary antibody Anti-CD31
(1:200, Abcam) and secondary antibody, Alexa Fluor 488-
conjugated goat antirabbit (1:500). Finally, observation was
conducted using an inverted fluorescence microscope (Zeiss,
Oberkochen, Germany).

2.3.10. Statistical Analysis. All data are presented as the
mean =+ standard deviation. One-way analysis of variance
(ANOVA) was used to evaluate significant differences between
the two groups. *P < 0.05 (*), **P < 0.01 (**), and ***P <
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Figure 4. Evaluation of the biocompatibility of scaffolds. (A) SEM images of cells seeded on the different scaffolds for 3 days (n = 3); (B—D) evaluation
of scaffold biotoxicity using CCK-8, Live/dead staining, and EdU staining (*P < 0.05, n = 3).

0.001 (***) were considered statistically significant. Origin 8.0
software (OriginLab Corporation) and GraphPad Prism 9.1
software were used for statistical analyses.

3. RESULTS

3.1. Characterization of CUR@PM and Composite
Scaffolds. Based on the SEM results, CUR@PM exhibits a
spherical shape with a smooth surface and uniform size (Figure
1A). Figure 1B depicts a macroscopic view of the 3D-printed
scaffold. The surface of the HGS/HGSC composite scaffold is
rough, with uniform pore sizes. It is worth noting that the pore
size of the scaffold directly affects the transport of nutrients in
the local tissue. In the local area of HGSC, dispersed CUR@PM
can be observed (Figure 1C). According to dynamic light
scattering (DLS) measurements, the size of the nanomicro-
spheres primarily falls within the range of 15.7 + 14 nm (Figure
1D).

3.2. FTIR Analysis. In the infrared spectrum of curculigoside
(CUR), strong peaks at approximately 1700—1750 cm ™" can be
observed, which may be attributed to carbonyl (C=O0)
vibrations. Hydroxyapatite exhibits significant peaks distributed
at approximately 1010 cm™, primarily due to the stretching and
bending vibrations of phosphate groups. Sodium alginate (—
COO-) characteristic peaks appear at approximately 1600 and
1400 cm™". Additionally, a broad peak near 3300 cm ™" suggests
the formation of hydrogen bonds. Gelatin’s characteristic peaks
were observed at 1630 cm™’, and amide peaks were observed at
1540 cm™' (Figure 2A). Based on Figure 2B, in the HGSC
group, a characteristic peak of curculigoside can be observed at
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approximately 1715 cm™!, indicating the successful loading of
the drug into the scaffold.”*

3.3. Rheological Analysis of the Composite Biomate-
rial Ink. To evaluate the suitability of the bioink for printing,
rheological behavior tests were performed. In this study, the
bioink containing HGSC had a storage modulus (G’) higher
than the loss modulus (G”) between 10 and 45 °C, regardless of
the temperature variation. However, the bioink containing HGS
had a storage modulus (G’) lower than the loss modulus (G”) at
30 °C (Figure 3A). Additionally, by measuring the flow
properties of the two bioinks, we found that both exhibited
shear-thinning behavior, with a decrease in viscosity as the shear
rate increased, ensuring printing stability and flowability (Figure
3B).

3.4. Evaluating Scaffold Properties: Water Absorption,
Drug Loading, Release, and Mechanics. Based on Figure
3C, there was no significant difference in water absorption
between the two groups of scaffolds after the addition of CUR@
PM. The degradation rate curve of the scaffolds showed a similar
trend between the HGS scaffold and the HGSC scaffold. From
day 3 to day 7, both scaffolds exhibited an accelerated
degradation rate (Figure 3D). From day 7 to day 14, the
degradation rate slowed, and from day 14 to day 28, there was
another acceleration in the degradation rate. The drug loading
rate of CUR@PM was found to be 16.98 + 2.23%. On day 3,
CUR@PM and HGSC released 45.1 & 3.51% and 6.86 + 1.05%
of the total drug, respectively. Finally, on day 12, it was observed
that the drug release rate for CUR@PM was 82.0 + 4.9%, while
for HGSC, it was 25.7 + 3.1% (Figure 3E). The engineering
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Figure S. Evaluation of HGS/HGSC composite scaffold-induced vascularization of HUVECs in vitro. (A) CD31 mRNA expression; (B) VEGF
mRNA expression; (C) representative images of the transwell assay and quantified as (E) number of migration; (D) tubular formation assay of
HUVECs after culturing with extracts and quantified as (F) number of junction points; and (G) number of branches (*P < 0.0S, ***P < 0.001, n = 3).

stress—strain curve showed that the HGSC scaffold had lower
variability than the HGS scaffold (Figure 3F).

3.6. Cell Adhesion. In this study, BMSCs were able to
adhere well to the scaffolds and maintained their cellular
morphology, indicating the good biocompatibility of the HGS/
HGSC scaffolds (Figure 4A).

3.7. Evaluation of Scaffold Toxicity and Proliferation
Characteristics. In this study, there were no significant
differences in cell viability among the groups on days 1 and 3.
However, by day 7, the HGSC group exhibited significantly
higher cell proliferation than the HGS group (Figure 4B).
Results from live/dead fluorescence staining showed that in
both groups, the majority of cells emitted green fluorescence,
indicating live cells, while only a small number of cells emitted
red fluorescence, indicating dead cells. This suggests that the
scaffold is nontoxic (Figure 4C). The EdU results further
confirmed our initial hypothesis, indicating that the HGSC
scaffold possesses excellent biocompatibility and nontoxicity,
making it suitable for continued use in subsequent cell
experiments (Figure 4D).
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3.8. In Vitro Effect of Scaffolds on Angiogenesis in
HUVECs. After coculturing SE and HUVECs for 3 days, the
expression of the gene markers CD31 and VEGF was detected
by RT-qPCR (Figure SA,B). The experimental results showed
significantly upregulated gene expression related to angiogenesis
in the experimental group compared to the control group. The
results of the transwell experiment showed that the number of
HUVECs migrating was significantly higher than that of the
control group and was quantitatively analyzed (Figure SC,E).
The tube formation assay demonstrated significant tube-like
structure formation on the HGSC scaffold (Figure SD).
Quantitative analysis of the number of nodes and branches
significantly differed between the groups (Figure SF,G).

3.9. In Vitro Effect of the Scaffold on the Osteogenic
Differentiation of BMSCs. Following 3 and 7 days of culture,
we conducted RT-qPCR to assess the expression of osteogenic
markers ALP and OCN (osteocalcin). The results indicated that
the expression of these markers increased with the duration of
culture, and by the seventh day, the HGSC scaffold group
exhibited significantly higher expression levels compared to the
HGS group (Figure 6A,B). These findings suggest that the
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Figure 7. (A) RUNX2 cell immunofluorescence staining on Scaffolds; (B) quantitative analysis of RUNX2 fluorescence intensity (**P < 0.01, n = 3).

HGSC composite scaffold may have a positive role in inducing
osteogenic differentiation. Alkaline phosphatase (ALP) is
considered an early osteogenic marker.”® Our research results
demonstrate that the HGSC group exhibits higher ALP activity
compared to the HGS group, confirming its enhanced
osteogenic potential (Figure 6D). Additionally, we conducted
Alizarin Red S staining (ARS), a late-stage osteogenic marker,
which further validated the abundant formation of mineralized
nodules within the HGSC scaffold during the later stages of
culture (Figure 6C). In addition to ALP analysis, we also
conducted immunofluorescence staining for another early
osteogenic marker, RUNX2, and quantitatively analyzed the
fluorescence intensity. Similar to the ALP and ARS results, the
fluorescence intensity in the HGSC group was significantly
higher than that in the HGS group, providing additional support
for the concept of enhanced osteogenic characteristics within
the HGSC scaffold (Figure 7A,B).

4.0. WESTERN BLOTTING ASSAY

Using immunoblotting, we monitored the levels of proteins
associated with angiogenesis and osteogenesis. The results
(Figure 8A,B) indicate a significant increase in the levels of
angiogenesis-related proteins HIF-1a and VEGF, as well as
osteogenesis-related proteins RUNX2 and Osterix in the HGSC
scaffold compared to the control group. Quantitative analysis of
the grayscale values of the protein expressions was performed
(Figure 8C,D).

4.1. Micro-CT Scanning Analysis. After 8 weeks post-
operatively, observation of rat skull using Micro-CT scanning
revealed mild bone filling in the blank control group and the
HGS group, while the HGSC group exhibited significantly
superior new bone repair compared to the other two groups
(Figure 9A). Analysis showed that the bone volume fraction in
the HGSC group was significantly higher than the control group,
reaching 1.9—2.1 times, with significant statistical significance
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(Figure 9B). The cross-sectional trabecular number in the
HGSC group showed a significant increase, reaching 1.6—1.8
times, also with significant statistical significance (Figure 9C).
This indicates a significant advantage of HGSC in new bone
generation.

4.2. H&E Staining and Masson'’s Staining Results. To
assess the impact of the scaffold on osteoinduction and vascular
generation, we conducted H&E staining and Masson’s staining,
In H&E staining, we observed scattered network-like blood
vessels near the scaffold, and all groups showed varying degrees
of new bone formation. However, the bone matrix in the HGSC
group was significantly higher than in the other two groups.
Similarly, Masson’s staining results also showed that in the blank
and control groups, only a small amount of bone collagen and
bone matrix was present, while in the HGSC group, a large
amount of new bone and mature bone tissue filled the bone
defect site (Figure 10A,B). These results are consistent with the
Micro-CT findings, further highlighting the significant effect of
the HGSC scaffold in promoting bone integration.

4.3. Immunofluorescence Staining of Tissues. As is well
known, the generation of blood vessels can greatly impact local
new bone formation. We used immunofluorescence staining to
evaluate the expression of the new vascular marker CD31 at the
calvarial defect site (Figure 11A,B). We found that 8 weeks
postsurgery, the positivity rate in the HGSC group was
significantly higher than in the HGS group and the blank
group. We also conducted a quantitative analysis of fluorescence
intensity, indicating that the HGSC scaffold can effectively
promote vascular generation at the calvarial defect site,
effectively synergizing with new bone formation.
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5. DISCUSSION

In the context of bone tissue engineering, despite significant
advancements in three-dimensional drug delivery scaffolds for
their high precision and personalized medication, challenges
such as high side effects, burst drug release, and low drug
utilization cannot be overlooked.”® Although some studies
suggest that chemical reactions or scaffold degradation can
mitigate the sudden release of drugs, concerns about low drug
utilization persist.”” The widespread application of PCL
microsphere drug delivery systems addresses many short-
comings compared to traditional scaffolds, including poor
biological activity and drug release associated with drug
incorporation or coating.”® The PCL microsphere drug delivery
system not only enhances the biological activity of the scaffold
but also facilitates controlled drug release, playing a crucial role
in targeted drug delivery and improving biocompatibility.””
Curculigoside (CUR) is a natural phenol glycoside compound
extracted from Curculigo orchioides, which promotes osteo-
genic differentiation of adipose-derived stem cells (ADSCs) by
activating the PI3K/Akt signaling pathway. Researchers have
also found that CUR significantly promotes the phosphorylation
of AKT, thereby converting it into P-AKT, which is essential for
the osteogenic differentiation process.”” Wang et al. reported
that CUR can enhance the expression of transcriptional
coactivator with PDZ-binding motif (TAZ), thereby increasing
osteogenic activity in BMSCs.”" According to Chengjian Ma et
al, MC3T3-El cells treated with CUR showed significantly
upregulated protein expression of VEGF and BMP-2.”" These
findings are consistent with the conclusions obtained from in
vitro and in vivo experiments. They provide reliable evidence for
the osteogenic-promoting properties of the prepared HGSC
scaffold. It has been reported that the scaffold exhibits
angiogenic and osteogenic effects by incorporating various
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Figure 9. Rat calvarial defects with scaffold-induced new bone regeneration at 8 weeks postsurgery. (A) Micro-CT scan images; (B) and (C)
quantitative analyses of bone volume and cross-sectional trabecular number (**P < 0.01, n = 3).

A

Figure 10. Histological staining evaluation of bone regeneration at 8 weeks postsurgery. (A) H&E staining images; (B) Masson’s trichrome staining

images (A = angiogenesis, NB = new bone, and M = composite scaffold).

growth factors, but their preparation process is prone to
inactivation.”> Compared to electrospray, solution casting, and
gel particle formation methods for microsphere preparation, the
emulsion/solvent evaporation method stands out for its
simplicity, cost-effectiveness, and suitability for hydrophobic
drugs.”*™* To this end, we successfully prepared CUR@PM
nanomicrospheres with a size of approximately 15.7 + 14 nm

using the emulsion/solvent evaporation method. These nano-
microspheres, integrated with 3D printing technology, were
employed to construct an HGSC (hydroxyapatite/gelatin/
sodium alginate) scaffold.

The excellent rheological properties of the bioink are
foundational for the successful fabrication of 3D-printed
scaffolds. Both groups of scaffolds exhibited good stability and
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shear-thinning behavior in their bioink, ensuring that the
materials could maintain stable flowability and shape flexibility
during the printing process.” Despite the hydrophobic nature of
the nanomicrospheres, they constitute a small proportion of the
HGSC scaffold, resulting in no significant difference in water
absorption between the two scaffold groups. Concerning drug
release over time, the nanomicrospheres exhibited a faster drug
release rate. This difference reflects the secondary encapsulation
of the drug microspheres within the scaffold, significantly
slowing drug release. This sustained drug release capability
addresses a primary concern in drug delivery, allowing for long-
term regulation of local drug concentrations and higher drug
efficacy without adverse side effects. The drug loading results of
the nanomicrospheres suggest that the PM designed by us has
the capacity to effectively load curculigoside. In both cell culture
and animal implantation, biocompatible and nontoxic scaffolds
are essential for facilitating normal cell proliferation and
differentiation. Subsequent experiments, including CCK-8, cell
adhesion, and EdU assays, successfully validated the biocompat-
ibility of the HGSC scaffold, laying the foundation for further
research.””*® New blood vessel formation is essential for bone
regeneration, development, and remodeling.39 Endothelial cell
migration assays and tube formation assays are common
methods for evaluating the angiogenic potential of in vitro
studies. Our results indicate that after stimulation with
conditioned medium from HGSC scaffolds, there is significant
directional chemotaxis and angiogenic potential. Additionally,
we found that HGSC scaffolds can upregulate the expression of
genes related to angiogenesis and increase the expression of
HIF-1a and VEGEF proteins. This is because abnormal activation
of the HIF-1a signaling pathway stimulates the upregulation of
VEGF expression, thereby promoting angiogenesis.*’ There-
fore, we believe that encapsulating curculigoside can stimulate
the transcriptional activity of HIF-la and promote VEGF
expression, thereby enabling the composite scaffold to promote
the vascularization and migratory capacity of HUVECs. Youlu
Chen and others have pointed out that vascular regeneration can
be achieved in a mouse model by directly encapsulating the
VEGF gene."' Osteoblast differentiation is a prerequisite for
bone regeneration.*” Therefore, we conducted osteogenic gene
detection analysis, alkaline phosphatase staining (ALP), Alizarin
Red staining (ARS), and western blot experiments for each
group. ALP and OCN are widely recognized as specific
indicators of osteogenic differentiation. By detecting the
expression levels of bone genes, the results show that the
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composite scaffold loaded with CUR@PM exhibits high
expression of OCN and ALP. We believe this may be due to
the combination of hydroxyapatite and CUR@PM, which helps
enhance the osteogenic gene expression ability of BMSCs. ALP
is an early marker of osteogenic differentiation and plays an
important role in the conversion of inorganic pyrophosphate to
inorganic phosphate during mineralization.*> ARS staining is an
important marker of late-stage mineralized bone nodules, and
the experimental results show strong positivity after culturing
with HGSC and BMSCs.** This is consistent with Wu et al.’s
method of verifying osteogenic potential by using electro-
spinning technology to load telmisartan and promote osteo-
genesis through macrophage M2 polarization.”® Furthermore,
we conducted western blot experiments, where RUNX2 and
Osterix are key transcription factors regulating early osteo-
genesis and late-stage bone mineralization, respectively.*> Our
in vitro results are similar to those reported in the existing
literature.”® In summary, we can reasonably conclude that
HGSC scaffolds possess angiogenic and enhanced osteogenic
functions. Previous literature has indicated that the generation of
Osterix is regulated by RUNX2, and Osterix, in turn, influences
the downstream processes of RUNX2, involving various aspects
of bone formation.*® In subsequent studies, we intend to delve
into the specific molecular mechanisms between these
molecules, further elucidating their collaborative regulatory
mechanisms in the process of bone formation.

In order to directly observe the new bone growth at the defect
sites of each group, we utilized Micro-CT for evaluation.
Biocompatibility and nontoxicity are prerequisites for materials
implanted in vivo, while possessing degradation capability is also
essential.”’ According to the imaging results, we found varying
degrees of new bone ingrowth at the defect sites, indicating that
our composite scaffold exhibits excellent biocompatibility and
nontoxicity while also possessing appropriate degradation
characteristics. This finding is consistent with the conclusion
of Ma et al., who reported that a composite scaffold constructed
by combining hydroxyapatite with nanoattapulgite (ATP)
promotes rabbit tibial defect repair.'* This characteristic
facilitates gradual degradation of the scaffold after implantation
into the bone defect, gradually replaced by new bone tissue,
thereby providing rapid healing while also contributing to the
restoration of the natural biomechanical properties of bone
tissue. Trabeculae are structures that extend from cortical bone
to cancellous bone, primarily providing support within the bone
marrow cavity. In addition to qualitative analysis by micro-CT,
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we also conducted quantitative analysis of bone volume fraction
and trabecular parameters. According to the literature, tumor
diseases promote bone metabolism, thereby exacerbating
osteoporosis.”® The results at 8 weeks postoperatively showed
that both bone volume fraction and trabecular parameters were
significantly higher in the HGSC group compared to the HGS
scaffold. This indicates the HGSC group exhibited features of
new bone formation and abundant mature bone tissue.”” HE
staining results revealed a large amount of connective tissue
ingrowth in the Blank group and HGS group, along with a small
amount of new bone formation, as well as a small number of
neovascularization. In the HGSC group, there was a significant
irregular bone formation. Masson’s staining was used to stain
collagen fibers, further evaluating bone formation and maturity.
This further confirmed the role of HGSC in promoting new
bone tissue generation. These findings are consistent with the
results of Micro-CT scanning analysis. CD31 is a cell adhesion
molecule involved in angiogenesis or neovascularization. We
assessed the vascularization of the scaffold at the defect site
through CD31 immunofluorescence, which is consistent with
the method our research team previously validated for assessing
vascularization.’® In conclusion, we believe that the vasculariza-
tion performance and superior bone regeneration of the HGSC
scaffold may be attributed to the sustained release of CUR@PM
postimplantation and the intrinsic osteoinductive properties of
hydroxyapatite itself, thereby maximizing bone integration.

6. CONCLUSIONS

Based on the research results, HGSC exhibits excellent
physicochemical properties. Importantly, it can slowly and
continuously release CUR, enhancing drug utilization and
safety, thereby demonstrating its nontoxicity and biocompati-
bility. Through the analysis of osteogenic gene and cell protein
expression, as well as micro-CT and tissue staining results, we
have validated the outstanding performance of the scaffold in
promoting osteogenesis and vascular formation. Therefore, our
research results suggest that this CUR-loaded composite
scaffold significantly strengthens the osteogenic effect of the
scaffold, providing strong support for its application in the field
of bone tissue engineering.
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