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Abstract

Bone defects stemming from trauma, infection, osteoporosis, tumor resection, and
congenital or metabolic bone diseases often demand effective strategies for repair.
Current bone graft options, such as autologous or allogeneic bone, face limitations
related to donor morbidity, immune rejection, and poor osseointegration. Bone
tissue engineering, which integrates biocompatibility, osteogenic capacity, and
angiogenic potential, therefore offers a promising approach for bone defect repair.
This study evaluated the therapeutic potential of a novel composite scaffold, the
TGP-377 nanoparticle-loaded methacrylated hyaluronic acid hydrogel-infused
poly(lactic-co-glycolic acid)/B-tricalcium phosphate (THPT) scaffold, in supporting
early bone repair and angiogenesis-related responses. The scaffold was designed to
provide sustained local release of TGP-377 and to support concurrent osteogenic and
angiogenesis-related responses. In vitro, TGP-377 exhibited pronounced osteogenic
and angiogenic effects, boosting MC3T3-E1 cell proliferation and osteogenic
differentiation, alongside human umbilical vein endothelial cell proliferation and
migration. In a rabbit femoral defect model, THPT increased mineralized tissue-
related micro-computed tomography indices and osteogenic and angiogenesis-
related marker expression at four weeks. Moreover, the scaffold demonstrated
favorable biocompatibility, with no pathological changes observed in major organs.
These findings support the use of THPT as a local bioactive scaffold for early bone-
defect repair.

Keywords: Bone defect repair; TGP-377; Poly(lactic-co-glycolic acid)/B-tricalcium
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1. Introduction

Bone defects represent common and clinically
challenging conditions in orthopedics, trauma surgery,
and musculoskeletal oncology, resulting from trauma,
infection, osteoporosis, tumor resection, and congenital
or metabolic bone diseases.! Critical-sized bone defects
remain difficult to repair because of mechanical instability,
insufficient intrinsic regenerative capacity, and prolonged
healing. Although autologous bone grafting remains
the gold standard for bone repair, its clinical application
is limited by donor-site morbidity, restricted graft
availability, additional surgical trauma, and postoperative
complications.? Therefore, the developmentofartificial bone
substitutes integrating biocompatibility, biodegradability,
mechanical support, and osteoregenerative activity has
become a major focus in bone tissue engineering.*”

Bone regeneration is a highly coordinated biological
process involving the close interaction between
angiogenesis and osteogenesis.** Newly formed blood
vessels supply oxygen and nutrients and provide routes for
cell migration, and reciprocally regulate osteoprogenitor
recruitment, osteoblast differentiation, and extracellular
matrix deposition through multiple signaling pathways.*°
Insufficient vascularization is a major cause of delayed
bone healing and poor-quality regeneration.'*'? Therefore,
designing scaffolds that concurrently support angiogenesis
and osteogenesis has become a key objective in bone tissue
engineering."!"

Among current biomaterial systems, polymer/
bioceramic composite scaffolds have attracted considerable
attention because they combine structural support
with biological activity. Poly(lactic-co-glycolic acid)
(PLGA) represents a biodegradable synthetic polymer
extensively applied in bone repair, owing to its outstanding
biocompatibility, adjustable degradation kinetics, and
superior  processability.®'”  B-tricalcium  phosphate
(B-TCP), a representative calcium phosphate ceramic,
closely resembles the inorganic phase of natural bone in
composition while demonstrating good biocompatibility,
osteoconductivity, and  osteoinductive  potential.'®
Incorporating B-TCP into PLGA not only improves the
scaffold’s mechanical performance and surface bioactivity
but also neutralizes the acidic microenvironment produced
during PLGA degradation, thereby creating a more
favorable interface for bone regeneration.’** Accordingly,
PLGA/B-TCP (PT) composite scaffolds are regarded as
promising candidates for bone defect repair.*** However,
their intrinsic properties alone are often insufficient
to support rapid vascular ingrowth and efficient bone
regeneration, particularly in critical-sized defects.®*

Recent advances have demonstrated that integrating

structural scaffolds with bioactive molecule delivery
systems can enhance regenerative outcomes by creating a
favorable microenvironment.?**

Hydrogels have emerged as attractive carriers for
controlled delivery because of their extracellular matrix-
like characteristics, high water content, and capacity for
molecularloading. Among them, methacrylated hyaluronic
acid (HAMA) hydrogel exhibits excellent biocompatibility,
tunable properties, and potential for sustained local
delivery of bioactive agents.**** TGP-377 is a reported small
molecule that selectively upregulates vascular endothelial
growth factor A (VEGFA) expression.® VEGFA is a
central regulator of angiogenesis and also serves a critical
function in bone repair by mediating endothelial-
osteogenic crosstalk, osteoprogenitor recruitment, and
new bone formation.'>**3* Although various angiogenic
and osteogenic factors, such as VEGF and bone
morphogenetic protein-2, have been incorporated into
biomaterial systems to enhance bone regeneration, their
clinical translation remains limited by several challenges,
including high production costs, protein instability,
short biological half-life, and potential safety concerns
associated with uncontrolled biological activity. TGP-377
represents a different regulatory strategy by stimulating
endogenous VEGFA expression rather than directly
supplying exogenous growth factors. As a small-molecule
regulator, TGP-377 may offer advantages in chemical
stability, manufacturing feasibility, and compatibility with
controlled-release biomaterial platforms.

In this study, we developed a TGP-377 nanoparticle-
loaded HAMA hydrogel-infused PLGA/B-TCP composite
scaffold (THPT) for vascularized bone defect repair.
The PT scaffold provides structural support, while the
TGP-377-loaded HAMA hydrogel serves as a functional
delivery phase to establish a sustained pro-angiogenic
microenvironment. We hypothesized that THPT scaffolds
could enhance angiogenesis-related responses associated
with VEGFA upregulation and support early osteogenic
regeneration. To test this hypothesis, the biological effects
of TGP-377 were evaluated in vitro, and the regenerative
potential of THPT scaffolds was assessed using a rabbit
femoral bone defect model through micro-computed
tomography (CT), histological, and molecular analyses
(Figure 1).

2. Materials and methods

2.1. Poly(lactic-co-glycolic acid)/p-tricalcium
phosphate scaffold fabrication and characterization

Poly(lactic-co-glycolic acid) (lactide:glycolide molar ratio
65:35; molecular weight 40,000-75,000 Da) was dissolved
in 1,4-dioxane (Aladdin, China) to yield a 10% (w/v)
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Figure 1. Angiogenesis-coupled osteogenesis mediated by a multifunctional poly (lactic-co-glycolic acid)/p-tricalcium phosphate (PLGA/B-TCP) scaffold

for bone defect repair

homogeneous solution. B-TCP powder (Shanghai Bio-lu
Biomaterials Co., China) was subsequently incorporated
into the PLGA solution at a B-TCP:PLGA mass ratio
of 1:4, and the mixture was thoroughly stirred using
a magnetic stirrer to obtain a uniform PT paste. A low-
temperature rapid-prototyping 3D printer (CLRF-2000-1II,
Nantong University, China) was employed to fabricate
the composite scaffolds at —30 °C. Upon completion
of printing, the scaffolds underwent lyophilization in a
freeze dryer (BoYiKang FD-1-50, China) for 24 hours at a
vacuum level of 20-40 Pa.

The porosity of the PT scaffolds was determined using
the liquid displacement method with anhydrous ethanol as
the displacement medium. Briefly, dried PT scaffolds were
completely immersed in a graduated cylinder containing a
known initial volume of anhydrous ethanol (V1). Vacuum-
assisted infiltration was performed to facilitate complete
penetration of ethanol into the interconnected pores and
remove trapped air until no visible bubbles were observed.
After complete infiltration, the total volume of the ethanol
and scaffold was recorded as V2. The ethanol-saturated
scaffold was then carefully removed without squeezing,
and the remaining ethanol volume was recorded as V3.
The porosity of the PT scaffold was calculated according
to Equation 1:

Porosity (%) = [(V1 = V3)/ (V2 - V3)] x 100% (1)

At least three independent PT scaffolds were analyzed,
and the results were expressed as mean + standard
deviation.

The pore size of the PT scaffold was determined
from scanning electron microscopy (SEM; Supra 55,
Zeiss, Germany) images. Representative SEM images
were calibrated according to the scale bar, and clearly
identifiable complete pores were measured using Image]
(version 1.53n, National Institutes of Health, United
States). The equivalent pore diameter was calculated for
individual pores, and the mean pore diameter and pore
size distribution were determined from multiple pores in
representative regions.

2.2, Fabrication and characterization of TGP-377-
encapsulated nanoparticles

As previously reported,”® TGP-377-loaded nanoparticles
were fabricated via a double-emulsion solvent evaporation
approach. In brief, 200 uL of TGP-377 dissolved in
dimethyl sulfoxide (10 mg/mL) was mixed with 1 mL of
dichloromethane incorporating 100 mg of PLGA. Using an
ultrasonic homogenizer, the mixture was emulsified for 30
seconds in 3 mL of 7% (w/v) poly(vinyl alcohol) (molecular
weight 14,160 Da) solution under ice-bath conditions. The
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resulting primary emulsion was then poured into 50 mL
of a 1% (w/v) poly(vinyl alcohol) solution and underwent
sonication for an additional 60 seconds. The mixture
was stirred for at least 24 hours at ambient conditions
until dichloromethane was thoroughly evaporated. The
resulting nanoparticles were purified through three
consecutive wash-centrifugation cycles (distilled water,
15,000 rpm, 5 minutes) and were finally resuspended in
deionized water for subsequent experiments. The TGP-
377-loaded nanoparticles were characterized by dynamic
light scattering on a Mastersizer 3000 analyzer (Malvern
Instruments Ltd., United Kingdom). Nanoparticle
encapsulation efficiency and drug loading rate reached
73% and 14%, respectively.

2.3. Preparation of sodium methacrylate
hyaluronate photocurable hydrogel

Sodium hyaluronate was dissolved in deionized water
at 2-5% (w/v) and stirred in an ice bath for 30 minutes.
Methacrylic anhydride was subsequently introduced, and
the reaction proceeded at a pH of 8.0-8.5 over 24 hours.
The resulting solution was dialyzed against deionized
water for three days with water changes three times per
day and subsequently lyophilized to obtain HAMA solid.
For use, the HAMA solid was dissolved in deionized water
at 3% (w/v), and a photocurable HAMA solution was
prepared by adding the photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate at 0.1% (w/v).

2.4, Preparation of HPT and THPT

To ensure consistent terminology throughout this study,
PLGA/B-TCP scaffolds are referred to as PT scaffolds,
HAMA hydrogel-infused PT scaffolds as HPT scaffolds,
and TGP-377 nanoparticles-loaded HAMA hydrogel-
infused PT scaffolds as THPT scaffolds. Briefly, the drug-
free HAMA precursor solution or HAMA precursor
solution containing TGP-377-loaded PLGA nanoparticles
was introduced into the interconnected pores of the PT
scaffolds by vacuum-assisted infiltration. The infiltrated
scaffolds were then irradiated with 405-nm light for
approximately 30 seconds to photo-crosslink the HAMA
phase in situ. Following photo-crosslinking, the entire
composite constructs were frozen at —80 °C and lyophilized
for 24 hours to obtain the final dried HPT and THPT
scaffolds. The dried composite scaffolds were stored at —80
°C until subsequent use.

The mechanical properties of the PT, HPT, and THPT
scaffolds were evaluated using a TMS-PRO texture
analyzer (FTC, United States) in texture profile analysis
(TPA) mode. A 10-mm-diameter cylindrical steel probe
was used for compression testing. The trigger force was
set at 5 g (approximately 0.049 N), and the samples were

compressed to 90% deformation. The pre-test, test, and
post-test speeds were all set at 1 mm/s (60 mm/min). Each
sample underwent two consecutive compression cycles,
and the corresponding load-displacement curves were
recorded. Mechanical parameters, including first-cycle
hardness, initial modulus, and resilience, were obtained
from the instrument-generated data. Three independent
specimens were analyzed for each group.

2.5. Scanning electron microscopy of PT and THPT

The PT and THPT scaffolds were cross-sectioned with
a sharp blade. The scaffold morphologies and porous
structures were examined by SEM (Supra 55, Zeiss,
Germany) at 15 kV accelerating voltage following sputter-
coating with gold.

2.6. Particle size measurement of nanoparticles

The nanoparticle suspension was diluted to 0.1 mg/mL
with deionized water, and the size distribution was assessed
by repeated measurements using dynamic light scattering.
This method provides an accurate representation of the
actual particle size distribution in an aqueous medium.

2.7. 'H nuclear magnetic resonance detection

Structural characterization was performed using a Bruker
AVANCE III HD 400 MHz nuclear magnetic resonance
spectrometer (Bruker BioSpin, Germany) at 25 °C, with
deuterated water as the solvent and chemical shift units
expressed in ppm.

2.8. Hydrogel rheological properties testing

The hydrogels underwent rheological characterization
on a rheometer fitted with a parallel-plate geometry
(35 mm diameter). The sol-gel transition was tracked
by continuously recording the storage modulus (G’)
and loss modulus (G”) throughout the gelation process.
Measurements were conducted at a steady temperature
of 20 °C, and the evolution of the moduli over time was
recorded on logarithmic coordinates. The gelation time
was identified at the crossover point of G’ and G”, marking
the transition from a liquid-like state (G”>G’) to a solid-
like state (G’>G”).

2.9. Infrared spectroscopy of hydrogel

Lyophilized HA and HAMA samples were mixed with
potassium bromide (KBr), ground, and compressed
into pellets for Fourier-transform infrared (FTIR)
spectroscopy. FTIR spectra were recorded using a Nicolet
iS10 spectrometer (Thermo Fisher Scientific, United
States) equipped with a DTGS-KBr detector and a KBr
beam splitter. Spectra were acquired over a wavenumber
range of 4,000-400 cm™* at a resolution of 4 cm™, with 32
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scans collected for each sample. The spectra were analyzed
to evaluate the methacrylation of HA, with particular
attention to the characteristic HA bands near 1,405 and
1,030 cm™ and the ester carbonyl band near 1,740 cm™
associated with methacryloyl groups.

2.10. Release of TGP-377

To compare the release kinetics of TGP-377 from scaffolds
with and without nanoparticle/hydrogel mediation, two
formulations were prepared: TGP-377 directly loaded onto
the PT scaffold (TGP-377/PT) and THPT. Each sample,
containing the same theoretical loading of TGP-377, was
submerged in 5 mL of phosphate-buffered saline (PBS;
pH 7.4, 0.1% Tween-80) at 37 °C under gentle shaking. At
designated time points, 1 mL of supernatant was withdrawn
and substituted with an equivalent volume of fresh
release medium. The TGP-377 concentration in collected
samples was measured via high-performance liquid
chromatography (Agilent 1100, Agilent Technologies,
China) equipped with a reverse-phase C18 column and
ultraviolet detection at 254 nm. Cumulative drug release
was computed as the percentage of TGP-377 released
relative to the total loaded amount. The cumulative release
profiles of TGP-377/PT and THPT were fitted using the
zero-order, first-order, Higuchi, and Weibull models.
The Korsmeyer-Peppas model was additionally applied
to data points corresponding to cumulative drug release
<60% to evaluate the early-stage release behavior. Model
fitting was assessed using the coefficient of determination
(R?), adjusted R?, root-mean-square error (RMSE), and
corrected Akaike information criterion (AICc). The model
with the lowest AICc, together with a higher adjusted R?
and lower RMSE, was considered to provide the most
appropriate fit. Release kinetic analysis was performed
using GraphPad Prism 9.5.

2.11. Cell culture

MC3T3-El cells and human umbilical vein endothelial
cells (HUVECs) were procured from the National
Collection of Authenticated Cell Cultures (China).
MC3T3-El cells were cultured in a-MEM containing
10% fetal bovine serum (FBS; Gibco, United States) and
1% penicillin/streptomycin (100 U/mL penicillin and
100 pg/mL streptomycin; Suzhou NCM Biotech Co., Ltd.,
China) at 37 °C with 5% CO,. HUVECs were cultured in
Dulbecco’s Modified Eagle Medium comprising 10% FBS
and the same antibiotics under identical conditions.

2.12. Cell biocompatibility

To assess the influence of HPT and THPT on MC3T3-El
cell and HUVEC proliferation and cytotoxicity, a Live/
Dead staining assay (MA0361, Meilunbio, China) was

employed. For the Transwell assay, MC3T3-El cells or
HUVECs (1.0 x 10* cells/mL) were plated into the lower
chamber of a 24-well Transwell plate (Corning, United
States), with the blank control, HPT, or THPT positioned
in the upper chamber. On days 1, 3, and 5, cells were
stained with 500 pL of calcein acetoxymethyl ester/
propidium iodide working solution (Beyotime, China)
for 30 minutes and then observed under a fluorescence
microscope (APEXVIEW APX100, ZEISS, Germany).
For the direct contact assay, 1 x 10° MC3T3-E1 cells or
HUVECs were placed on the surfaces of the blank control,
HPT, and THPT in 24-well plates and maintained for three
days. Subsequently, the cells were stained with calcein
acetoxymethyl ester/propidium iodide working solution
for 30 minutes, and cell adhesion and proliferation on the
various surfaces were observed under the microscope.

2.13. Cell viability

MC3T3-E1 cell and HUVEC viability was examined via
the Cell Counting Kit-8 (CCK-8) assay (C0038; Beyotime
Biotechnology, China). Cells were seeded into 96-well
plates and cultured to roughly 80% confluence, followed by
treatment with TGP-377 or no treatment. At 24, 48, and 72
hours post-treatment, the culture medium was discarded
and substituted with 100 pL of fresh medium comprising
10 pL of CCK-8 solution. After a subsequent two-hour
incubation at 37 °C, absorbance at 450 nm was recorded
using a microplate spectrophotometer.

2.14. 5-Ethynyl-20-deoxyuridine assay

Cell proliferation was evaluated with a 5-ethynyl-
20-deoxyuridine (EdU) assay kit (C00054, RiboBio,
China) per the supplier’s protocols. MC3T3-E1 cells and
HUVECs were plated in 96-well plates and underwent
the same treatment as mentioned in the CCK-8 assay. In
brief, cells were incubated with 100 pL of EdU solution
for two hours at 37 °C, followed by three PBS washes.
Subsequently, cells were fixed in 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100. Next, 100 uL
of Apollo staining solution was applied to each well and
maintained for 30 minutes at ambient conditions. Nuclei
were then counterstained using Hoechst solution for 30
minutes. A fluorescence microscope (Leica DMR3000,
Leica Microsystems, Germany) was employed to capture
fluorescence images.

2.15. Wound healing assay

MC3T3-El cells and HUVECs were trypsinized and
plated into 6-well plates. Upon reaching approximately
80% confluence, linear scratches were made across the cell
monolayer with a sterile pipette tip. Detached cells were
eliminated by PBS washing, and images were acquired
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at the initial time point (0 hours) using a microscope
(APEXVIEW APX100, ZEISS, Germany). The cells
were incubated under standard culture conditions,
and additional images were acquired after 24 hours for
MC3T3-E1 cells and after 12 hours for HUVECs.

2.16. Cell cycle analysis

MC3T3-E1 cells and HUVECs were treated with TGP-377
or left untreated for 48 h. After treatment, the cells were
harvested by trypsinization, centrifuged, and resuspended
in 50 uL of PBS. For fixation, 900 pL of prechilled 70%
ethanol was added dropwise with gentle vortexing, and
the cells were stored at —20 °C for 3 days. Prior to analysis,
the fixed cells were collected by centrifugation and washed
three times with PBS. The cells were then stained with
propidium iodide for 20 min in the dark. After staining,
the cells were centrifuged, the supernatant was removed,
and the resulting pellet was resuspended in 400 pL of
PBS. Cell cycle distribution was analyzed using an Attune
NxT flow cytometer (Invitrogen, United States), and the
percentages of cells in the G0/G1, S, and G2/M phases were
determined.

2.17.Transwell analysis

Cell migration was assessed via a Transwell assay employing
8-um pore size inserts. Cells were harvested, resuspended
in serum-free basal medium, and adjusted to 5 x 10*
cells/mL. Subsequently, 300 pL of the cell suspension was
placed into the upper chamber, while 700 uL of complete
medium comprising 20% FBS was introduced into the
lower chamber as a chemoattractant. The assembled
chambers were incubated at 37 °C in a 5% CO, humidified
atmosphere for 24 hours (MC3T3-E1 cells) or 12 hours
(HUVECs). Following incubation, the upper chamber
medium was aspirated, and the inserts were gently rinsed
with PBS. Cells that had migrated to the lower surface
were fixed in 4% paraformaldehyde for 30 minutes at
ambient conditions, washed with PBS, and subsequently
stained with crystal violet for 5-10 minutes. A cotton
swab was employed to gently clear non-migrated cells
from the upper side. Migrated cells were then visualized
and recorded utilizing a fluorescence microscope (Leica
DMR3000, Leica Microsystems, Germany).

2.18. Western blot assay of cell protein

Total protein was extracted from MC3T3-E1 cells
or HUVECs wusing radioimmunoprecipitation lysis
buffer containing 1% protease inhibitor. Lysates were
combined with 1x loading buffer, denatured by boiling,
and stored at —20 °C until further use. Proteins were
separated on 6-12% gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels and then blotted

onto polyvinylidene fluoride membranes. Membranes
were blocked using 5% non-fat milk at ambient conditions
for 1.5 hours and subsequently incubated overnight
at 4 °C with the following primary antibodies: Runt-
related transcription factor 2 (RUNX2; 1:1,000; 12556,
Cell Signaling Technology, United States), osteopontin
(OPN; 1:1,000; 22952-1-AP, Proteintech, China), VEGFA
(1:1,000; ab214424, Abcam, United States), alkaline
phosphatase (ALP; 1:1,000; R381009, Zenbio, China),
and hypoxia-inducible factor 1-alpha (HIF-1a; 1:1,000;
14179, Cell Signaling Technology, United States). Post-
rinsing, membranes were incubated overnight at 4 °C with
IRDye 800-conjugated secondary antibody (1:10,000; 926-
32211 [anti-rabbit] or 926-32210 [anti-mouse], Rockland
Immunochemicals, United States). Protein bands were
acquired using the Odyssey imaging system (version 5.5.4)
and quantified in Image], normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH; 1:10,000; 60004-
1-Ig, Proteintech, China) or B-actin (1:10,000; 66009-1-Ig,
Proteintech, China).

2.19. Alkaline phosphatase and Alizarin Red S
staining for mineralization

MC3T3-EI cells were plated in 6-well plates at 5 x 10° cells/
cm? and underwent osteogenic induction for 14 or 21 days.
Osteogenic differentiation was triggered by supplementing
a-MEM with 50 pg/mL L-ascorbic acid (Sigma-Aldrich,
United States), 10 mM B-glycerophosphate (Sigma-
Aldrich, United States), and 10 nM dexamethasone (Sigma-
Aldrich, United States). ALP activity was determined
via a 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium color development kit (C3206, Beyotime,
China) per the supplier’s protocols. Mineralization was
examined through Alizarin Red S staining using a modified
kit for calcium detection (G3280, Solarbio, China). Stained
plates underwent imaging with a digital camera, and
representative microscopic photographs were obtained
using a light microscope (BX41, Olympus, Japan). Five
arbitrarily chosen fields per well (10x magnification) were
quantitatively analyzed via Image] software (version 1.53n).
ALP staining was performed on day 14, and Alizarin Red S
staining was performed on day 21.

2.20. Tube formation assay

Matrigel (KeyGenBioTECH, China) was retrieved from
the —80 °C freezer one day prior and transferred to the 4
°C refrigerator for overnight thawing. The Matrigel was
then blended with basal medium at a 1:1 ratio, and 40 pL
of this mixture was dispensed into the center of a 24-well
plate, spread in a circular pattern along the well wall,
and incubated for one hour until solidification occurred.
Digested HUVECs were resuspended in Dulbeccos
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Modified Eagle Medium containing 10% FBS, counted,
and seeded at roughly 5x10° cells per well. Cells were kept
at 37°C in a 5% CO, humidified incubator. Images were
captured at six hours from three distinct angles under high
magnification.

2.21. Rabbit femoral bone defect model

Six-month-old New Zealand White rabbits (n = 15; 3.0
+ 0.5 kg; purchased from the Laboratory Animal Center
of Nantong University, Nantong, China) underwent
surgery to establish a femoral bone defect model. The
animals were arbitrarily split into three groups: control
(no scaffold), simple scaffold (HPT), and scaffold loaded
with TGP-377 (THPT), with five rabbits per group (n =
5). Bilateral femoral defects were created in each rabbit.
Prior to surgery, animals underwent anesthesia induction
through ear vein injection of 3% sodium pentobarbital.
The surgical area around the knee joint was shaved and
disinfected with iodine. A medial parapatellar arthrotomy
was performed, followed by patellar dislocation to expose
the distal femur. Cylindrical bone defects (3 mm in
diameter and 3 mm in depth) were created using a sterile
drill under constant saline irrigation (0.9%) to avoid
thermal injury to the adjacent bone tissue. Scaffolds were
implanted into the defects, and the wounds were closed
in layers. Postoperatively, enrofloxacin (25 mg/kg) was
administered for infection prophylaxis. At four weeks after
surgery, the rabbits were deeply anesthetized with sodium
pentobarbital (30 mg/kg, intravenous administration). An
adequate depth of anesthesia was confirmed by the absence
of pedal withdrawal and corneal reflexes. An additional
dose of sodium pentobarbital was then administered
intravenously to achieve a total dose of at least 100 mg/
kg. Death was confirmed by the permanent cessation of
spontaneous respiration and heartbeat and the absence
of corneal reflexes before tissue collection. Femoral
specimens were collected and immersed in 10% formalin
for subsequent analyses. The animal experiment protocol
was approved by the Experimental Animal Care and Use
Committee of Nantong University (approval number
S20240110-101). The study is reported in accordance with
the Animal Research: Reporting of In Vivo Experiments
2.0 guideline.

2.22. Micro-computed tomography scanning and
analysis

Micro-CT analysis was conducted utilizing a SkyScan-1276
system (Bruker Micro-CT, Belgium) to assess bone defect
healing in the rabbit model. Femurs were obtained and
kept at —-80 °C before scanning. Samples underwent
scanning at a pixel resolution of 15 um with a 1-mm
aluminum filter at 85 kV and 200 pA. A cylindrical volume

of interest corresponding to the original defect region was
selected while excluding surrounding native bone. Three-
dimensional reconstruction was performed using CTVox
software (version 3.3.1), and quantitative morphometric
parameters, including bone volume fraction (BV/TV),
trabecular number (Tb.N), and trabecular separation (Tb.
Sp), were calculated using CTAn software (version 1.18).
Considering the radiopacity of P-TCP, scaffold-related
mineral signals were carefully interpreted with reference
to the background characteristics of the PT scaffold,
following previously reported approaches for PLGA/p-
TCP composite scaffolds.

2.23, Western blot assay of tissue protein

Bone defect specimens were snap-frozen in liquid
nitrogen and were subsequently ground into a fine
powder using a mortar and pestle at ambient conditions
kept by liquid nitrogen. The powdered tissue was lysed
using radioimmunoprecipitation buffer comprising 1%
protease inhibitor. Following lysis, 1x loading buffer was
added, and proteins were denatured by boiling. Protein
samples were kept at —20 °C until use. Equal amounts of
protein were separated on 6-12% gradient sodium dodecyl
sulfate-polyacrylamide gels and then transferred onto
polyvinylidene fluoride membranes. Membranes were
blocked with 5% non-fat milk for 1.5 hours at ambient
conditions, followed by overnight incubation at 4 °C with
primary antibodies against RUNX2 (1:1,000; 20700-1-AP,
Proteintech, China), COL-I (1:1,000; 72026, Cell Signaling
Technology, United States), ALP (1:1,000; R381009,
Zenbio, China), and VEGFA (1:1,000; ab214424, Abcam,
United States). After washing, membranes were incubated
overnight with IRDye800-conjugated secondary antibody
(1:10,000; 926-32211 [anti-rabbit] or 926-32210 [anti-
mouse], Rockland Immunochemicals, United States) at 4
°C. Protein bands were detected via the Odyssey imaging
system and analyzed using Image] software, with B-actin
(1:10,000; 66009-1-Ig, Proteintech, China) serving as the
internal reference for normalization.

2.24. Real-time reverse transcription quantitative
polymerase chain reaction

Total RNA from the bone-defect tissue samples was
isolated using an RNA Isolation Kit (R0026, Beyotime,
China) per the supplier’s protocols. RNA concentration
and purity were determined with a Nanodrop One
spectrophotometer (Thermo, United States). Subsequently,
1 pg of RNA was subjected to reverse transcription
utilizing SweScript RT II Enzyme Mix (G3330, Servicebio,
China) per the supplier’s protocols. Quantitative real-time
polymerase chain reaction (RT-qPCR) was carried outon a
LightCycler 480 system (Roche Diagnostics, United States)
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with 2x Universal SYBR Green Fast qPCR Mix (RK21203,
Abclonal, United States). GAPDH was employed as the
internal reference gene. The primer sequences used were
as follows:

(i) ALPL:Forward: 5-TGGACCTCGTGGACATCTG-3%
reverse: 5-CAGGAGTTCAGTGCGGTTC-3

(ii) COLIAI: Forward: 5-GGAAACGATGGTGCTACTGG-3’;
reverse: 5-CCGACAGCTCCAGGGAAG-3’

(iii) RUNX2:Forward:5-GCAGTTCCCAAGCATTTCATC-3%
reverse: 5-GTGTAAGTAAAGGTGGCTGGATA-3’

(iv) VEGFA:Forward:5-TGCCCACCGAGGAGTTCA-3%
reverse: 5-GGCCCTGGTGAGGTTTGAT-3’

(v) GAPDH:Forward:5-AAACTCACTGGCATGGCCTT-3%
reverse: 5-TTAGCAGCTTTCTCCAGGCG-3’

2.25. Hematoxylin and eosin staining

Femoral specimens from each rabbit group were retrieved
and preserved in 4% paraformaldehyde at ambient
conditions for 24 hours. The samples then underwent
careful decalcification, followed by paraffin embedding
and sectioning at a thickness of 5 pm. After rehydration,
the sections were stained with hematoxylin and eosin
(HE) (Servicebio Technology Co. Ltd., China) to evaluate
bone defect repair. Similarly, heart, liver, spleen, lung, and
kidney tissues from the various experimental groups were
paraffin-embedded, sectioned, and HE-stained to assess
tissue response and overall biocompatibility of the THPT
scaffold treatment.

2.26. Blood safety assessment

Four weeks after surgery, blood samples were collected
from three rabbits per group via the marginal ear vein.
EDTA-anticoagulated whole blood was used for routine
hematological analysis. White blood cell count, red blood
cell count, and platelet count were determined using an
automated veterinary hematology analyzer (BC-30 Vet,
Shenzhen Mindray Animal Medical Technology Co., Ltd.,
China). Serum biochemical parameters, including alanine
aminotransferase, aspartate aminotransferase, creatinine,
albumin, globulin, and blood urea nitrogen, were measured
using an automated veterinary chemistry analyzer (BS-240
Vet, Shenzhen Mindray Animal Medical Technology Co.,
Ltd., China).

2.27. Statistical analysis

All quantitative data are presented as the mean =*
standard deviation. Data normality was assessed using
the Shapiro-Wilk test, and homogeneity of variance was
evaluated using Levenes test. Comparisons between two
independent groups were performed using an unpaired
two-tailed Student’s t-test. Comparisons among three or
more groups were performed using one-way analysis of

variance, followed by Tukeys multiple-comparison test
when the overall analysis of variance indicated statistical
significance. All statistical tests were two-sided, and a
p-value < 0.05 was considered statistically significant.
Statistical analyses were performed using GraphPad Prism
9.5.

3. Results
3.1. Characterization of THPT

Poly(lactic-co-glycolic acid) nanoparticles have been
extensively employed as drug carriers owing to their
superior biocompatibility, minimal toxicity, film-
forming ability, and degradability, with applications in
pharmaceuticals and biomedical materials.’**® In this
study, the fabrication process of the THPT scaffold is
illustrated in Figure 2A. Firstly, TGP-377 nanoparticles
were synthesized and characterized. TEM revealed that
both the empty nanoparticles and TGP-377-loaded
nanoparticles exhibited uniform, spherical morphologies
under high magnification (Figure 2B). Particle size
analysis showed that the empty nanoparticles had an
average diameter of 126.97 + 1.55 nm, whereas TGP-
377-loaded nanoparticles measured approximately 117
nm (Figure 2C). The properties of HAMA hydrogels,
both empty and TGP-377-loaded, were subsequently
examined. Photopolymerization testing demonstrated that
the HAMA hydrogel transitioned from a flowing liquid
state to a solid when irradiated with 405 nm ultraviolet
light (Figure 2D). SEM revealed a three-dimensional
porous network in both empty and TGP-377-loaded
hydrogels, which is favorable for cell migration and tissue
regeneration (Figure 2E). '"H nuclear magnetic resonance
spectroscopy verified the presence of methacrylate groups,
with characteristic peaks at 5.7 and 6.1 ppm corresponding
to the two protons of the double bond (C=CH,) (Figure
2F). FTIR spectroscopy further verified hydrogel synthesis:
hyaluronic acid exhibited characteristic COO~ asymmetric
stretching and C-O-C vibrations at 1,405 cm™ and 1,030
cm™, respectively, and a new peak at 1,740 cm™ assigned to
the C=0 group of methacrylate (Figure 2G). Rheological
analysis confirmed that the HAMA hydrogel underwent a
liquid-to-solid transition upon light exposure (Figure 2H).

In our study, the porosity of the PT scaffold, as
determined by the liquid displacement method, was 53.77
+ 14.88%, while SEM-based image analysis showed a
mean pore diameter of 543.53 £ 165.92 pm. Compression
testing revealed distinct mechanical behaviors among
the PT, HPT, and THPT scaffolds (Figure 2I and 2]J). The
representative load-displacement curves showed that the
PT scaffold exhibited the highest first-cycle peak load, with
a fracture force of 86.06 + 7.88 N, together with the highest
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hardness and initial stiffness, reflecting the rigid structural
support provided by the PLGA/B-TCP framework.
Following incorporation of the HAMA hydrogel and
TGP-377-containing components, both HPT and THPT
exhibited moderately reduced first-cycle hardness and
initial modulus compared with PT, while no obvious
abrupt fracture event was observed under the applied
compression conditions. In contrast, resilience increased
progressively from PT to HPT and THPT, with the THPT
scaffold exhibiting significantly higher resilience than the
PT scaffold. These changes suggest that incorporating the
hydrogel phase reduced the rigidity of the PLGA/B-TCP
framework while imparting a more compliant and resilient
mechanical response. This behavior may be attributed to
the flexible hydrogel matrix distributed within the rigid
porous framework, which could partially buffer externally
applied deformation and mitigate abrupt structural failure.
Importantly, despite the reduction in hardness and stiftness,
the HPT and THPT scaffolds retained substantial resistance
to compression, indicating that hydrogel incorporation
did not eliminate the mechanical support provided by
the PLGA/B-TCP framework. Overall, the composite
design achieved a balance between the structural support
of the rigid PLGA/B-TCP framework and the mechanical
flexibility imparted by the hydrogel phase, which may be
advantageous for adapting to the dynamic mechanical
environment of bone defects.

Drug release studies demonstrated that TGP-377
exhibited sustained release behavior. In the TGP-377/PT
scaffold, approximately 77.29 + 1.19% of TGP-377 was
released within 21 days, whereas in the THPT scaffold,
only 55.49 * 0.37% was released after 21 days (Figure
2K). Kinetic analysis showed that the TGP-377/PT
release profile was best described by the Weibull model
(R* = 0.9754; adjusted R*= 0.9683; RMSE = 3.31%; AICc
= 29.66). For THPT, the Higuchi model showed the
lowest AICc (30.10), while the Weibull model provided
a comparable fit with a slightly higher R* (0.9458) and
lower RMSE (3.49%) (Figure Al). These findings suggest
that incorporating TGP-377-loaded nanoparticles into
the HAMA hydrogel substantially retarded drug release.
The slower release from THPT is attributed to the HAMA
hydrogel forming a gel network that gradually releases the
drug, prolonging its availability. This sustained release is
critical for fracture healing, as bone regeneration and
angiogenesis-related responses require extended time.***
The prolonged release profile may provide a sustained
local supply of TGP-377; however, whether the released
fraction retains the full biological activity of freshly
prepared TGP-377 remains to be determined. Moreover,
continuous VEGFA stimulation enhances angiogenesis-
related responses, increases capillary formation, improves

nutrient and oxygen delivery, and accelerates bone tissue
regeneration.*"*

Figure 3A shows the gross morphology of PT and
THPT, indicating that both scaffolds maintained an intact
and stable overall structure. SEM images further revealed
the surface microstructure of PT and THPT (Figure 3B).
Compared with PT, THPT exhibited a more favorable
porous and roughened surface morphology owing
to the incorporation of hydrogel, which may provide
additional anchoring sites for cell attachment and facilitate
subsequent cell spreading. These structural characteristics
are important for tissue-engineered scaffolds, as surface
morphology and pore architecture can directly influence
cell-material interactions.

Biocompatibility and cell adhesion are critical for tissue
engineering applications. MC3T3-E1 cells and HUVECs
were seeded and co-cultured on HPT or THPT to evaluate
cytotoxicity and cellular response in two ways (Figure 3C).
Cell counting and CCK-8 assays further demonstrated
that all groups supported cell proliferation over five days,
with no evidence of toxicity (Figure 3D-F). Microscopic
observations indicated sparse cell attachment on HPT
scaffolds, whereas THPT scaffolds supported robust cell
adhesion, spreading, and growth (Figure 3G), highlighting
the positive influence of TGP-377 incorporation on cellular
interactions.

3.2. MC3T3-E1 cell proliferation and osteogenic
differentiation

The effect of TGP-377 on osteoblast proliferation was
assessed via the CCK-8 assay to determine the optimal
concentration. Treatment with 500 nM TGP-377 for
48 and 72 hours significantly enhanced MC3T3-E1 cell
proliferation compared with the control group, whereas
250 nM and 1,000 nM showed less pronounced effects
(Figure 4A), indicating that 500 nM is the optimal
concentration for promoting proliferation and was used
in subsequent experiments. Transwell migration assays
revealed that TGP-377 significantly increased MC3T3-E1l
cell migration through the inserts relative to the NC group
(Figure 4B and 4C). Consistently, the wound healing
assay demonstrated accelerated scratch closure in TGP-
377-treated cells compared with controls (Figure 4D
and 4E), confirming enhanced migratory capacity. Flow
cytometry further showed that TGP-377 promoted cell
cycle progression, increasing the fraction of cells in S and
G2 phases, indicative of elevated DNA replication and
proliferative activity (Figure 4F and 4G). These results were
corroborated by the EdU assay, which revealed a higher
fraction of cells undergoing DNA synthesis in the TGP-
377 group (Figure 4H and 4I).
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Figure 2. Fabrication and physicochemical characterization of the THPT scaffold. (A) Schematicillustration of THPT scaffold fabrication. (B) Representative
microscopic images of the PLGA nanoparticles and TGP-377 nanoparticles. Scale bar: 1 pm; magnification: 10,000x. (C) Particle size distribution analysis
of the nanoparticles. (D) Photographs showing the photopolymerization process under 405 nm light irradiation. (E) SEM images showing the porous
microstructure of the HAMA hydrogel. Scale bar: 500 pm; magnification: 100x. (F) 'H nuclear magnetic resonance spectrum confirming successful MA
modification. (G) FTIR spectra of HA and HAMA, showing characteristic chemical groups after modification. (H) Rheological testing of (i) HA and (ii)
HAMA. (I, ]) Compression behavior and mechanical parameters of PT, HPT, and THPT scaffolds (n = 3). (K) Cumulative TGP-377 release from TGP-377/
PT and THPT scaffolds over 21 days (n = 3).

Abbreviations: FTIR: Fourier-transform infrared spectroscopy; HA: Sodium hyaluronate; HAMA: Methacrylated hyaluronic acid; HPT: HAMA hydrogel-
infused PLGA/B-tricalcium phosphate scaffold; MA: Methacrylic anhydride; NMR: Nuclear magnetic resonance; PLGA: Poly(lactic-co-glycolic acid); PT:
PLGA/p-tricalcium phosphate scaffold; SEM: Scanning electron microscopy; THPT: TGP-377 nanoparticle-loaded HAMA hydrogel-infused PLGA/B-
tricalcium phosphate scaffold.
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Figure 3. In vitro biocompatibility evaluation of HPT and THPT scaffolds. (A) Gross photographs of PT and THPT scaffolds. (B) SEM images showing the
porous microstructures of PT and THPT scaffolds. Scale bar: 1 mm; magnification: 40x. (C) Schematic illustration of Transwell co-culture systems. (D)
Live cell staining images of MC3T3-E1 cells and HUVECs cultured in different groups (n = 3). Scale bar: 100 um; magnification: 100x. (E, F) Quantitative
analysis of cell viability in the Transwell co-culture systems (1 = 3). (G) Images showing HUVECs and MC3T3-E1 cells’ adhesion and spreading on HPT
and THPT scaffolds. Scale bar: 100 um; magnification: 100x. Data are denoted as mean + standard deviation.

Abbreviations: HPT: Methacrylated hyaluronic acid hydrogel-infused poly(lactic-co-glycolic acid)/B-tricalcium phosphate scaffold; HUVECs: Human
umbilical vein endothelial cells; PT: Poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold; SEM: Scanning electron microscopy; THPT: TGP-377
nanoparticle-loaded methacrylated hyaluronic acid hydrogel-infused poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold.
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To evaluate osteogenic differentiation, MC3T3-El
cells were cultured in osteogenic induction medium.
ALP staining after 14 days showed increased ALP activity
in TGP-377-treated cells, indicating enhanced -early-
stage osteogenic differentiation (Figure 4]). By day 21
of induction, Alizarin Red S staining revealed more
abundant calcium nodule deposition and extracellular
matrix mineralization in the TGP-377 group than in
controls (Figure 4K). Collectively, these findings indicate
that TGP-377 enhances both proliferation and osteogenic
differentiation of MC3T3-EL1 cells.

Additionally, we further confirmed the effect of TGP-
377 on osteogenesis-related protein expression. With
GAPDH serving as an internal control, RUNX2, OPN,
and ALP expression levels were evaluated. Western
blot analysis demonstrated that TGP-377 markedly
upregulated these osteogenic markers versus the control
group (Figure 4L-0O), suggesting that TGP-377 promotes
osteogenic differentiation by boosting the expression of
key osteogenesis-related proteins. Notably, TGP-377 also
increased VEGFA expression in MC3T3-El cells (Figure
4L and 4P). Although the precise mechanism underlying
VEGFA production and secretion by osteoblasts remains
incompletely understood, VEGFA is known to influence
multiple aspects of osteoblast function. Proposed
mechanisms include: (i) coupling angiogenesis with
osteogenesis by modulating osteoblast responses to
vascular growth; (ii) acting as an autocrine regulator of
osteoblast differentiation and activity; and (iii) inducing
adjacent cells to express regulatory factors, thereby
indirectly modulating osteoblast function.

3.3. Proliferation and angiogenic capacity of human
umbilical vein endothelial cells

The CCK-8 assay showed that treatment with 500 nM
TGP-377 for 48 hours and 72 hours significantly enhanced
HUVEC proliferation versus the control group, whereas
the 250 nM and 1,000 nM treatments were less effective,
indicating 500 nM as the optimal concentration for
promoting proliferation (Figure 5A). All subsequent
experiments were conducted using this concentration.
Transwell migration assays demonstrated that TGP-377
significantly increased HUVEC migration through the
inserts (Figure 5B and 5C), and the scratch assay confirmed
accelerated wound closure relative to the control group
(Figure 5D and 5E), indicating enhanced migratory
capacity.

Flow cytometry analysis revealed that TGP-377
promoted the transition of HUVECs into the S and G2

phases, indicative of increased DNA replication and cell
proliferation (Figure 5F and 5G). EdU assays further

confirmed an elevated proportion of HUVECs undergoing
DNA synthesis (Figure 5H and 5I). Western blot analysis
showed that TGP-377 markedly upregulated the expression
of angiogenic proteins VEGFA and HIF-1a relative to the
control (Figure 5]-L), suggesting that TGP-377 enhances
endothelial angiogenic capacity. HIF-la is known to
regulate multiple target genes associated with angiogenesis
and bone regeneration, coordinating the coupling of
these processes. Finally, the Matrigel tube formation assay
demonstrated that TGP-377 significantly promoted the
formation of vascular structures by HUVECs after 6 h of
treatment (Figure 5M-P).

3.4. Enhancement of early bone repair and
angiogenesis-related marker expression in rabbit
femoral defects

To assess drug-loaded scaffolds’ efficacy in vivo, a rabbit
femoral bone defect model was established (Figure 6A).
Both imaging and histomorphometric analyses were
performed, including micro-CT for three-dimensional
assessment of bone formation and HE staining for
histological evaluation. HE staining revealed that the THPT
group’s regenerated bone tissue was substantially greater
than that of the control and HPT groups, with less fibrous
tissue, demonstrating the scaffold’s strong osteoinductive
properties (Figure 6B). The scaffold provided an optimal
environment for osteoblast proliferation and angiogenesis.
Micro-CT further confirmed these observations: the
control group showed minimal bone regeneration, the
HPT group exhibited moderate new bone formation, and
the THPT group displayed abundant mineralized bone
(Figure 6C). Quantitative analysis of bone parameters
indicated significantly higher BV/TV and Tb.N, along with
lower Tb.Sp in the THPT group compared with the other
groups (Figure 6D-F), suggesting full bone regeneration
along the scaffold’s pores.

The THPT scaffold significantly enhanced osteogenesis
and angiogenesis at the defect site. Western blot and
RT-qPCR analyses of regenerated bone tissue showed
that osteogenic markers (COL-I, ALP, RUNX2) were
notably upregulated in the THPT group versus control
and HPT (Figure 6G-J, 6L-N), while angiogenic marker
VEGFA was also significantly increased (Figure 6G, 6K
and 60). This indicates that TGP-377 promoted both
osteoblast differentiation and vascular formation, creating
a synergistic microenvironment for bone regeneration.
Concurrent vascular and bone tissue formation enhanced
nutrient and oxygen delivery, sustaining ongoing osteoblast
activity.

Additionally, the THPT scaffold provided suitable
mechanical properties alongside sustained TGP-377
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Figure 4. TGP-377 enhances proliferation and osteogenic differentiation in MC3T3-E1 cells. (A) CCK-8 assays revealing how different concentrations of
TGP-377 affect MC3T3-E1 cell proliferation (n = 4). (B, C) Transwell migration assays and quantitative analysis demonstrating enhanced migration after
TGP-377 treatment (n = 3). Scale bar: 100 pm; magnification: 100x. (D, E) Wound healing assays indicating accelerated scratch closure (n = 3). Scale bar:
200 pum; magnification: 40x. (E G) Flow cytometry analysis of cell cycle distribution showing increased S- and G2-phase populations (n = 3). (H, I) EAU
staining confirming enhanced cell proliferation (n = 3). Scale bar: 100 um; magnification: 100x. (J, K) ALP staining and Alizarin Red S staining showing
promoted osteogenic differentiation and mineralization. (L-P) Western blot analysis of osteogenesis-related proteins (RUNX2, ALP, OPN) and VEGFA
expression (1 = 3). Data are denoted as mean * standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviations: ALP: Alkaline phosphatase; CCK-8: Cell counting kit-8; EdU: 5-ethynyl-2’-deoxyuridine; OPN: Osteopontin; RUNX2: Runt-related
transcription factor 2; VEGFA: Vascular endothelial growth factor A.

release, creating an ideal environment for bone tissue scaffold by newly formed bone were not directly quantified
formation and maturation. The scaffold provided a porous in the present study. Biocompatibility evaluations revealed
structural framework that supported tissue ingrowth and no notable differences in blood routine or biochemical
bone regeneration during the observation period. However, parameters across the groups, indicating that HPT and
the in vivo degradation kinetics and replacement of the THPT scaffolds did not induce systemic physiological
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Figure 5. TGP-377 enhances proliferation and angiogenic capacity of HUVECs. (A) CCK-8 assays indicating how varying concentrations of TGP-377
affect HUVEC proliferation (n = 4). (B, C) Transwell migration assays and quantitative analysis demonstrating enhanced HUVEC migration after TGP-377
treatment (n = 3). Scale bar: 100 um; magnification: 100x. (D, E) Wound healing assays indicating accelerated scratch closure (n = 3). Scale bar: 200 um;
magnification: 40x. (E G) Flow cytometry analysis of cell cycle distribution showing increased S- and G2-phase populations (n = 3). (H, I) EAU staining
confirming enhanced cell proliferation (# = 3). Scale bar: 50 pm; magnification: 200x. (J-L) Western blot analysis of angiogenesis-related proteins (VEGFA
and HIF-1a) (n = 3). (M-P) Tube formation assay demonstrating enhanced angiogenic potential of HUVECs (1 = 3). Scale bar: 200 m; magnification:
40x. Data are denoted as mean + standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviations: CCK-8: Cell counting kit-8; EdU: 5-ethynyl-2’-deoxyuridine; HIF-1a: Hypoxia-inducible factor 1-alpha; HUVECs: Human umbilical vein
endothelial cells; VEGFA: Vascular endothelial growth factor A.

changes (Figure 7B-D). HE staining of major organs (heart, framework. The composite retained interconnected
liver, spleen, lungs, kidneys) revealed no pathological porosity and compressive support while gaining a more
changes (Figure 7A), confirming the scaffolds’ good in vivo compliant mechanical response and a markedly prolonged
biocompatibility. TGP-377 release profile. In vitro, TGP-377 enhanced the

. . proliferation, migration, and osteogenic differentiation
4. Discussion of MC3T3-El cells and promoted the proliferation,

In this study, we developed a multifunctional THPT scaffold migration, VEGFA/HIF-la  expression, and tube
by integrating TGP-377-loaded PLGA nanoparticles formation of HUVECs. In a rabbit femoral defect model,

and a HAMA hydrogel within a porous PLGA/B-TCP THPT increased mineralized tissue formation, improved
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Figure 6. In vivo bone regeneration evaluation in a rabbit femoral defect model. (A) Schematic of the animal experiment. New Zealand white rabbits
with bilateral femoral defects were divided into Control, HPT, and THPT groups and analyzed after four weeks. (B) Representative hematoxylin and
eosin staining of defect areas. Scale bar: 100 pum; magnification: 200x. (C) Representative micro-CT images and 3D reconstructions showing mineralized
tissue within the defect regions. (D-F) Quantitative micro-CT analysis of BV/TV, Tb.N, and Tb.Sp (n = 5). (G) Representative Western blot images of
osteogenesis- and angiogenesis-related proteins. (H-K) Quantification of protein expression levels (n = 3). (L-O) RT-qPCR analysis of ALPL, COLIAI,
RUNX2, and VEGFA mRNA expression. Data are denoted as mean + standard deviation; *p < 0.05, **p < 0.01, **p < 0.001.

Abbreviations: ALP: Alkaline phosphatase; BV/TV: Bone volume fraction; COL1A1: Collagen type I alpha 1 chain; HPT: Methacrylated hyaluronic acid
hydrogel-infused poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold; micro-CT: Micro-computed tomography; RT-qPCR: Quantitative real-
time polymerase chain reaction; RUNX2: Runt-related transcription factor 2; Tb.N: Trabecular number; Tb.Sp: Trabecular separation; THPT: TGP-377
nanoparticle-loaded methacrylated hyaluronic acid hydrogel-infused poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold; VEGFA: Vascular
endothelial growth factor A.

trabecular microarchitecture, enhanced osteogenic and systemic toxicity over the four-week observation period.
angiogenic marker expression, and produced no evident Together, these findings indicate that the THPT design
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Figure 7. In vivo biosafety evaluation of THPT. (A) Hematoxylin and eosin staining images of major organs, encompassing the heart, liver, spleen, lung,
and kidney, from each group. Scale bar: 100 um; magnification: 200x. (B) Routine blood test results (# = 3). (C) Liver function analysis (n = 3). (D) Kidney

function analysis (n = 3). Data are denoted as mean + standard deviation.

Abbreviations: HPT: Methacrylated hyaluronic acid hydrogel-infused poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold; THPT: TGP-377
nanoparticle-loaded methacrylated hyaluronic acid hydrogel-infused poly(lactic-co-glycolic acid)/p-tricalcium phosphate scaffold.

can couple local angiogenic stimulation with osteogenic
support and thereby improve early bone-defect repair.

Bone repair scaffolds are increasingly designed as
multifunctional microenvironment-regulating systems
rather than passive defect fillers. Stage-regulative constructs
that coordinate osteoimmunomodulation, increased
angiogenesis-related marker expression, and osteogenesis,
as well as locally delivered small molecules that
simultaneously stimulate angiogenesis and osteogenesis,
have demonstrated the value of integrating structural
and biological functions within a single platform.*** The
THPT scaffold follows this principle: the PLGA/B-TCP
phase provides a porous structural framework, the HAMA
hydrogel fills the interconnected pores and improves local
cargo retention, and the nanoparticle formulation slows
TGP-377 release. The reduction in stiffness after hydrogel
incorporation was accompanied by increased resilience,
suggesting that the composite achieved a balance between
rigid support and deformation tolerance. Such a hybrid
architecture may be advantageous for irregular defects
because it combines scaffold stability with a hydrated, cell-
accessible microenvironment.

TGP-377 was originally identified as a small molecule
capable of increasing VEGFA expression through RNA-
targeted regulation.”® The present results extend this
concept to bone regeneration: TGP-377 increased VEGFA
expression in both osteoblastic and endothelial cells and
enhanced HUVEC migration and tube formation in vitro.
Inbone-defect tissue, THPT treatment was accompanied by
increased VEGFA expression. These findings are consistent
with a VEGFA-related pro-angiogenic response, although
direct vessel visualization and quantitative vascular
assessment were not performed. These observations are
biologically plausible because VEGFA is a central mediator
of vascularized bone repair. Previous studies showed that
VEGFA inhibition reduces angiogenesis-related responses,
callus mineralization, and bone formation, whereas
VEGFA supplementation promotes angiogenesis and
defect bridging;* VEGF blockade also impairs vascular
invasion and endochondral ossification46. In addition,
osteoblast-derived VEGFA contributes to vascular
recruitment and osteoblast differentiation," and deletion
of VEGFA in early osteoblast-lineage cells compromises
periosteal angiogenesis, woven-bone formation, and
fracture healing.*® Therefore, the coordinated increases in

1
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endothelial activity and osteogenic markers observed here
support the interpretation that TGP-377 may improve bone
repair by creating a VEGFA-enriched microenvironment
that facilitates angiogenesis—osteogenesis coupling.

An effective bone substitute must provide an
osteoconductive framework while supporting cell
recruitment, matrix deposition, and functional tissue
maturation.”’ Reciprocal interactions between osteogenic
cells and newly formed vessels are essential because
vascular networks deliver oxygen and nutrients and
provide signals that sustain extracellular matrix synthesis
and mineralization.®* Mechanical stability is also
necessary to maintain the defect space and provide an
appropriate physical environment for bone formation.>**!
In this study, free TGP-377 increased RUNX2, OPN,
ALPL, and VEGFA expression in MC3T3-El cells in
vitro, whereas THPT increased ALPL, COL-I, RUNX2,
and VEGFA expression in rabbit bone-defect tissues.
Micro-CT further showed higher BV/TV and Tb.N and
lower Tb.Sp in the THPT group. Because residual p-TCP
is radiopaque and may remain incompletely degraded at
four weeks, these micro-CT measurements should be
interpreted as mineralized tissue-related indices rather
than unequivocal new-bone volume. Their agreement with
HE histology nevertheless strengthens the conclusion that
THPT promoted early bone regeneration.

Recent biomaterial research has emphasized
multifunctional platforms that combine architecture,
controlled delivery, and biological regulation. A microgel-
hydrogel hybrid system, for example, demonstrated how
integrated structural and functional phases can improve
mechanical stability and vascularized tissue formation.*
Within bone repair, Zheng et al.** reported an HAI5-
loaded B-TCP/PLGA scaffold that promoted osteogenesis
and vascular regeneration in a rabbit radial defect model,
while Cao et al.** combined a platelet-rich plasma-loaded
methacrylated gelatin/methacrylated alginate hydrogel
with laponite and a polycaprolactone framework to achieve
sustained growth-factor release, vascular ingrowth, and
bone regeneration. The present THPT system shares the
concept of coupling a mechanically supportive framework
with a bioactive delivery phase, but differs by using a
small-molecule regulator to enhance endogenous VEGFA
expression rather than directly delivering exogenous
angiogenic proteins. This approach may offer advantages
in chemical stability, manufacturing feasibility, and
compatibility with sustained-release biomaterials, although
these potential advantages require direct comparative and
translational validation.

This study has several limitations. First, although TGP-
377 treatment was associated with increased VEGFA

expression and enhanced osteogenic and endothelial
cellular responses, VEGFA/VEGEFR inhibition, cell-specific
knockdown, and rescue experiments were not performed.
Therefore, the causal contribution of VEGFA-related
signaling to the angiogenic and osteogenic effects of THPT
remains to be established. Second, direct visualization
and quantitative assessment of blood vessels, including
CD31/alpha-smooth muscle actin immunostaining,
microvessel-density analysis, and vascular perfusion
imaging, were not conducted. Accordingly, the increased
tissue VEGFA expression observed in this study should be
interpreted as an angiogenesis-related molecular response
rather than definitive evidence of mature or functional
neovascularization. Third, the biological activity of TGP-
377 recovered from the THPT release medium was not
directly evaluated; therefore, the sustained-release data and
the cellular effects observed with free TGP-377 represent
complementary but separate lines of evidence. Fourth, the
in vivo experiment included a single TGP-377 dose, one
early four-week endpoint, and a relatively small animal
cohort. In addition, the absence of a bare PLGA/B-TCP
group prevented separate evaluation of the independent
contribution of the HAMA hydrogel to bone repair. Fifth,
residual radiopaque B-TCP may have contributed to the
micro-CT mineralized signals and could not be completely
distinguished from newly formed bone using the current
analysis. Quantitative histomorphometry, long-term
scaffold degradation, wet-state mechanical properties,
bone-scaffold replacement, and restoration of functional
mechanical strength were also not assessed. Finally, the
pharmacokinetics, immune response, long-term local and
systemic safety, and efficacy of THPT in larger or load-
bearing defect models remain unknown. Future studies
should incorporate mechanistic intervention experiments,
direct assessment of released TGP-377 bioactivity, multiple
doses and observation time points, quantitative vascular
and bone histomorphometry, improved discrimination
between residual scaffold and newly formed bone, and
long-term evaluation in appropriately powered large-
animal models before clinical translation is considered.

5. Conclusion

In this study, a THPT scaffold integrating a porous PLGA/
B-TCP framework with HAMA hydrogel containing
TGP-377-loaded PLGA nanoparticles was developed.
Free TGP-377 enhanced the proliferation, migration, and
osteogenic differentiation of MC3T3-E1 cells and increased
the proliferation, migration, and tube-forming activity of
HUVECs in vitro. In a rabbit femoral defect model, THPT
increased mineralized tissue-related micro-CT indices and
osteogenic and angiogenesis-related marker expression at
four weeks compared with the HPT and control groups.
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No obvious abnormalities were observed in the assessed
organ histology or blood biochemical parameters during
the four-week observation period. These findings support
further investigation of THPT as a local bioactive scaffold
for early bone-defect repair. Mechanistic intervention
studies, direct evaluation of the bioactivity of released
TGP-377, longer observation periods, and quantitative
discrimination between residual scaffold and newly
formed bone are required before translational conclusions
can be drawn.
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Appendix

Figure Al. Release kinetic analysis of TGP-377 from TGP-377/PT and THPT scaffolds. (A, B) Experimental cumulative release profiles of TGP-377 from
TGP-377/PT and THPT scaffolds, respectively, fitted using the zero-order, first-order, Higuchi, and Weibull models. Experimental data are presented as
the mean =+ standard deviation from three independent samples (1 = 3). (C) Korsmeyer-Peppas analysis of the TGP-377 release profiles. The model was
fitted using data points corresponding to cumulative drug release <60%. Symbols represent the experimental data, and lines represent the corresponding
fitted curves.
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