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ARTICLE INFO ABSTRACT
Keywords: Angiogenic and osteogenic factors coordinate bone repair through time-dependent regulation of cellular re-
Tissue engineering sponses, ensuring synchronized neovascularization and osteogenesis. Therefore, we designed a framework using

3D printing
Graphene oxide
Angiogenesis
Bone regeneration

polycaprolactone (PCL) and hydroxyapatite (HAp), which was then filled with a gelatin (GEL) matrix containing
graphene oxide (GO) (PH/GO scaffold). The GEL matrix rapidly degrades in the early stage, releasing GO to
enhance the migration of vascular endothelial cells and promote the expression of angiogenic factors to stimulate
early angiogenesis. The continuous release of HAp from the PCL framework promotes osteoblast differentiation
by enhancing expression of bone-specific proteins and matrix mineralization. In vivo studies confirmed that PH/
GO-1 (1%GO) significantly elevates the expression of early angiogenic factors and accelerates new bone for-
mation during defect healing. This scaffold synergistically enhances angiogenesis and osteogenesis via spatio-
temporal release, demonstrating superior regenerative capacity. It enables sustained delivery of key bioactive
molecules, offering a promising biomaterial strategy for critical-sized bone defect repair.

1. Introduction resection, or chronic inflammation [2]. When defect dimensions exceed
the body’s innate regenerative capacity, the biomechanical and physi-

Bone tissue is one of the most critical structural and functional tissues ological functions of bone are severely compromised, leading to signif-

in the human body, with primary roles including mechanical support, icant negative impacts on patients’ quality of life. Current clinical
organ protection, locomotion facilitation, and mineral metabolism strategies for bone defect repair include autologous bone grafting,
regulation [1]. Bone defects are commonly caused by trauma, tumor allogeneic bone transplantation, and metallic prosthesis implantation
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[3]. However, limitations such as insufficient donors, immune rejection,
and suboptimal biocompatibility restrict their clinical application [4].

Bone tissue engineering offers an innovative paradigm to overcome
the shortcomings of traditional repair strategies, with advantages
including abundant material sources and avoidance of secondary sur-
gical trauma [5]. Cytokines, seed cells, and scaffolds constitute the three
core elements of bone tissue engineering, in which scaffolds, as the 3D
support structure for bone regeneration, play a crucial role [6]. To
achieve optimal regenerative outcomes, researchers have refined scaf-
fold performance through material selection, microarchitecture design,
surface modification, and fabrication technologies [7]. Additionally, 3D
printing technology enables precise customization of implants tailored
to patient-specific defects. It can also simulate the microstructure of
natural bone and effectively promote the attachment, proliferation and
differentiation of cells in the defect area [8].

Polycaprolactone (PCL) has been widely applied in bone tissue en-
gineering due to its superior mechanical properties, biocompatibility,
and controllable biodegradability [9]. HAp, a calcium phosphate-based
bioceramic that mirrors the chemical composition and crystallographic
features of native bone tissue, has attracted considerable attention for its
excellent biocompatibility and osteoconductivity [10]. Bone defect
repair involves a complex multi-stage biological process comprising
inflammatory, reparative, and remodeling phases, with the reparative
phase playing a pivotal role [11]. During this stage, angiogenesis serves
as the cornerstone of bone repair by delivering cells, bioactive factors,
and nutrients to the defect area, initiating and sustaining bone regen-
eration [12]. Subsequent osteoblast proliferation, bone matrix deposi-
tion, and tissue remodeling ultimately achieve complete bone
regeneration and functional recovery. GO, a derivative of graphene via
oxidative modification, has garnered significant attention in bone tissue
engineering due to its pro-angiogenic capability that enhances blood
supply and nutrient delivery to bone defect regions, thereby improving
bone regeneration efficiency [13].

Currently, the combination of pro-angiogenic and pro-osteogenic
components has become a prevalent trend. For instance, Chen et al.
homogeneously mixed nHA and vascular endothelial growth factor
(VEGF) into GelMA hydrogel to achieve synchronous release, thereby
promoting both osteogenesis and angiogenesis simultaneously [14].
However, such designs mix all bioactive components in a single matrix,
resulting in synchronous release kinetics, which may not optimally
match the strictly time-sequenced physiological cascade inherent in
bone healing.Therefore, the structural design of this study leverages the
rapid degradation property of GEL and the slow degradation property of
PCL. By physically separating the 3D-printed PCL/HAp framework from
the freeze-dried GEL/GO components, this design enables the differen-
tiation of the release kinetics of these two key bioactive elements. The
3D-printed PCL-hydroxyapatite (PH) scaffold framework provides me-
chanical support and sustains the release of calcium ions to facilitate
osteogenesis. More critically, through the encapsulation of GEL/GO
components within the scaffold cavities, the rapid degradation kinetics
of GEL during the early reparative phase is exploited to release GO,
thereby enhancing angiogenesis to initiate and sustain bone regenera-
tion. This design effectively meets the stage-specific biological re-
quirements by regulating the release kinetics and temporal dynamics of
bioactive substances. 3D printing technology enables precise anatomical
customization to match the defect morphology, while freeze-drying
technology generates porous structures that promote cell adhesion,
proliferation, and differentiation [15]. By integrating 3D printing and
freeze-drying technologies, the scaffold constructs an optimal microen-
vironment conducive to angiogenesis and osteogenesis, which has been
demonstrated to significantly enhance regenerative potential through
synergistic mechanisms.

In this study, comprehensive physicochemical characterization
and in vitro experiments will evaluate the scaffold’s mechanical prop-
erties, biocompatibility, angiogenic capacity, and osteogenic perfor-
mance. Then practical efficacy will be validated in vivo to assess its
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feasibility and effectiveness in defect repair. Our systematic evaluation
will provide both theoretical and experimental support for future po-
tential clinical applications.

2. Materials and Methods
2.1. Materials

PCL (Mn = 45,000), GEL (Type A) were purchased from Sigma-
Aldrich (US). GO was purchased from Macklin Co., Ltd. (Shanghai,
China). HAp (<100 nm) was purchased from Aladdin Co., Ltd.
(Shanghai, China). Rat retinal vascular endothelial cells ({RMECs) and
rat bone marrow mesenchymal stem cells (rBMSCs) were obtained from
Wuhan Procell Life Sciences Co., Ltd.

2.2. Preparation of scaffolds

2.2.1. Preparation of pH frameworks

HAp and PCL were dissolved in dichloromethane at a mass ratio of
1:10 and stirred continuously for 3 h at room temperature to ensure
adequate mixing. After freeze-drying the mixture, the PCL/HAp com-
posite material was prepared. Subsequently, the composite material was
cut into appropriately sized small pieces for subsequent 3D printing. The
key parameters of the 3D printing process were as follows: 22-gauge
injection nozzle was used, the printing temperature was set at 70 °C,
the platform temperature was maintained at 25 °C (room temperature),
the extrusion pneumatic pressure was set at 0.4 MPa, the layer height
was 400 pm, and the printing filament spacing was 500 pm. The printing
path angle was configured with alternating angles of 45°/—45°. Addi-
tionally, to ensure the uniform dispersion of HAp and prevent nozzle
clogging, the PCL/HAp mixture was thoroughly mechanically stirred
before being loaded into the printer. Ultimately, the PCL/HAp com-
posite 3D printed scaffold (referred to as PH frame) was finally prepared.

2.2.2. Preparation of GO filling material

The GEL and deionized water were mixed at a mass ratio of 1:10 and
stirred under a 40 °C water bath until complete dissolution to prepare a
homogeneous GEL solution. Subsequently, GO was added to 10 ml of the
GEL solution at different mass proportions (0, 100, and 200 mg). The
mixtures were ultrasonically dispersed for 30 min to ensure uniform
distribution, ultimately yielding dispersed solutions containing varying
mass fractions of GO (0 %, 1 %, and 2 %).

2.2.3. Preparation of PH/GO composite scaffold

The 0 %, 1 %, and 2 % GO dispersed solutions were slowly dripped
into the PH scaffolds, respectively. After the solution fully wetted the
scaffold, the scaffolds were placed in a —80 °C freezer for cryogenic
solidification. The frozen scaffolds were freeze-dried and then cross-
linked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS). Subsequently, the
scaffolds were thoroughly rinsed with deionized water three times to
remove residual EDC/NHS cross-linking agents. Finally, the GO com-
posite scaffolds (denoted as PH/GO-0, PH/GO-1, and PH/GO-2) were
obtained.

2.3. Characterization of PH/GO composite scaffold

2.3.1. Morphology of the scaffolds

The general appearance of the PH/GO-0, PH/GO-1 and PH/GO-2
scaffolds was captured using a digital camera. The microstructure of
the scaffolds was observed by scanning electron microscopy (SEM,
Phenom, Netherlands) at an accelerating voltage of 5 kV to evaluate the
microstructural of composite 3D printed scaffolds [16].

2.3.2. Mechanical properties
The mechanical properties of the filled and unfilled scaffolds were
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tested using a universal testing machine (Instron 5567, Norwood, MA,
USA) [17]. Uniaxial compression was performed at a constant crosshead
speed of 2 mm/min until 50 % strain was reached. Compression strength
and compression modulus were calculated from the compression curves.
Three replicate tests were performed for each group. Herein, the defi-
nitions of two scaffold types are clarified as follows: Uncasted scaffold
refers to the framework fabricated solely by 3D printing of the PCL/HAp
composite material. Casted scaffold denotes the composite scaffold ob-
tained by filling the pores of the uncasted scaffold with GEL matrix
followed by freeze-drying treatment.

2.3.3. Thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG)

TGA of the PH/GO-0, PH/GO-1, and PH/GO-2 scaffolds was con-
ducted in nitrogen using a thermogravimetric analyzer PerkinElmer
TGA8000 (PerkinElmer Enterprise Management Co. Ltd., Shanghai,
China). The temperature range was set from 30 °C to 800 °C with a
heating rate of 5 °C/min [18]. Thermogravimetric parameters were
analyzed based on the TGA curves.

2.3.4. Water contact angle

The surface water contact angle of the PH/GO-0, PH/GO-1, and PH/
GO-2 stents was measured using a contact angle analyzer (DSA30,
KRUSS, Germany) by depositing 5 pl of deionized water onto the scaffold
surfaces [19]. Three replicates were performed for each group.

2.3.5. Porosity and water absorption

The porosity of PH/GO-0, PH/GO-1, and PH/GO-2 scaffolds was
determined via the liquid displacement method using cylindrical cast
scaffolds [20]. Briefly, the diameter (d), height (h), and dry weight (m,)
of the scaffolds were measured. The scaffolds were then immersed in
anhydrous ethanol. After removal from ethanol, excess liquid on the
scaffold surfaces was gently blotted with filter paper, and the wet weight
(mp) was recorded. The porosity was calculated using the following
formula:

my- My
2
d
Pethanol X <§> x hx =

The water absorption of PH/GO-0, PH/GO-1, and PH/GO-2 scaffolds
was determined as follow: the dry scaffold mass (mg) was measured, and
the scaffold was then immersed in deionized water; at different time
points, excess surface moisture on the samples was gently blotted with
filter paper, and the wet mass (m;) was recorded [20]. The water ab-
sorption capacity was calculated using the following formula:

Porosity (%) = x 100%

m; —my

Water absorption capacity (%) = x 100%

my

2.3.6. Hemolysis assay

To evaluate the blood compatibility of PH/GO-0, PH/GO-1, and PH/
GO-2 scaffolds, 5 ml of fresh blood from Sprague Dawley (SD) rats was
collected in anticoagulant tubes and diluted with sterile phosphate-
buffered saline (PBS, pH 7.4) at a 1:1 vol ratio. Sterilized scaffolds
from each group were placed in test tubes, and 5 ml of sterile PBS was
added, followed by incubation at 37 °C for 30 min. Positive and negative
control groups were prepared using 5 ml of pure water (without scaf-
folds) and 5 ml of sterile PBS (without scaffolds), respectively. Subse-
quently, 0.2 ml of the diluted blood was added to each test tube. After
incubation at 37 °C for 60 min, the tubes were centrifuged at 3000 rpm
for 5 min. The supernatant of each sample was observed, photographed,
and its optical density (OD) value was measured at a wavelength of 545
nm using a spectrophotometer (with five replicates per group) [17]. The
hemolysis rate (HR) was calculated using the following formula:
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OD ‘material ™ OD, negative

——————— x 100%
ODposirive' ODnegan've

HR (%) =

2.3.7. Degradation test

To evaluate the degradation behavior of each group of PH/GO
composite scaffold, the dried scaffolds were cut into identically sized
pieces, and their initial mass (mg) was recorded. After sterilization under
ultraviolet light for 1 h, the samples were prepared for degradation
testing. Samples were placed in centrifuge tubes containing 2 ml of
sterile PBS and incubated in a constant-temperature shaking incubator
at 37 °C and 100 rpm. Specimens from each group were retrieved after 7,
14, 28, 60, and 90 days of degradation, rinsed with deionized water, and
freeze-dried [18]. The post-degradation mass (m;) of each group was
then measured. Triplicate tests were conducted for each group, and
average values were calculated. The degradation rate was determined
using the following formula:

My —my

Degradation rate (%) = x 100%

0

2.3.8. Ion release test

Dried composite scaffolds were cut into pieces of equal mass, fol-
lowed by sterilization under ultraviolet light for 1 h. Subsequently, all
test samples were placed in centrifuge tubes containing 2 ml of sterile
PBS. These tubes were incubated in a constant-temperature shaking
incubator at 37 °C and 100 rpm. At 14, 28, 60, and 90 days, the incu-
bation solutions were collected and replaced with an equal volume of
fresh PBS. The collected solutions were analyzed using inductively
coupled plasma atomic emission spectrometry (ICP-AES, Prodigy Plus,
Leeman, USA) to quantitatively determine the calcium ion concentra-
tion released from the PH/GO composite scaffold. Triplicate tests were
performed for each group.

2.4. Invitro cytocompatibility of PH/GO scaffold

2.4.1. Invitro cell culture

The rRMECs were cultured in high-glucose DMEM medium supple-
mented with 10 % fetal bovine serum (FBS) and 1 % pen-
icillin-streptomycin. rBMSCs were cultured in o-MEM medium
containing 10 % FBS. Both cell types were maintained in a humidified
incubator at 37 °C with 5 % CO», and the culture medium was replaced
every other day to sustain cell growth.

2.4.2. Cell proliferation assay

The rRMECs and rBMSCs were seeded into 96-well plates at a density
of 2 x 10° cells per well. After 24 h of incubation, the culture medium
was replaced with extracted medium from PH/GO-0, PH/GO-1, and PH/
GO-2 scaffolds. On days 1, 3, and 5 of culture, the old medium was
removed, and the cells were washed twice with PBS. Subsequently, 10 %
(v/v) CCK-8 reagent-containing medium was added, followed by incu-
bation in the dark at 37 °C for 1.5 h. The absorbance of each group was
then measured at 450 nm using a microplate reader.

2.4.3. Live/dead fluorescence staining

The rRMECs and rBMSCs were seeded into 48-well plates at a density
of 1 x 10* cells per well. After 24 h of culture, the medium was replaced
with extracted medium from PH/GO-0, PH/GO-1, and PH/GO-2 scaf-
folds. On days 1, 3, and 5, cells were washed three times with PBS and
stained using the Calcein-AM/PI dual staining kit according to the
manufacturer’s instructions to assess cell viability. The fluorescent sig-
nals of cells were observed under a fluorescence microscope, with green
fluorescence indicating live cells and red fluorescence representing dead
cells [21].
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2.4.4. Colony formation assay

The rRMECs and rBMSCs were seeded into 6-well plates at a density
of 3 x 102 cells per well. After 24 h, the medium was replaced with
scaffold extracts. Following 7 days of culture, cells were washed three
times with PBS, fixed with anhydrous methanol for 15 min, and stained
with 1 ml of 0.1 % (w/v) crystal violet solution per well. Stained colonies
were subsequently imaged and analyzed.

2.5. In vitro angiogenic effects of PH/GO scaffold

2.5.1. Scratch wound assay

The rRMECs were seeded into 6-well plates at 3 x 10° cells per well.
After 24 h, a linear wound was created in the confluent cell monolayer
using a 200 ul pipette tip. Cells were washed three times with PBS, and
scaffold extracts were added to continue culture. Wound closure was
monitored and imaged under an optical microscope at 12-hour intervals.

2.5.2. Cell migration assay

To evaluate the effect of scaffolds on rRMEC migration, scaffold
extracts (PH/GO-0 and PH/GO-1) were added to the lower chamber of a
transwell system. The rRMECs (2 x 10* cells) were seeded into the upper
chamber and incubated for 24 h. Migrated cells were fixed, stained with
0.1 % (w/v) crystal violet, washed with PBS, and imaged under an op-
tical microscope. Migrated cell counts were quantified using ImageJ
software.

2.5.3. Tube formation assay

To assess the angiogenic potential of scaffolds, 24-well plates were
pre-coated with Matrigel. The rRMECs (8 x 10* cells) were seeded onto
the Matrigel and cultured with PH/GO-0 and PH/GO-1 scaffold extract
medium. Tube formation was observed and imaged at 12 h using an
optical microscope. Quantitative analysis of vascular network parame-
ters (e.g., branch, junction and node) was performed with ImageJ soft-
ware [22].

2.5.4. The whole transcriptome analysis

To further examine the angiogenic capability of scaffolds, we per-
formed cell transcriptomics analysis on both the rRMECs (control) and
the rRMECs co-cultured with PH/GO-1 scaffold extract medium (PH/
GO-1). RNA extraction, mRNA library construction, and sequencing
were performed as previously reported [23]. RNA sequencing was
conducted on the Illumina NovaSeq X plus platform. Principal compo-
nent analysis (PCA) was conducted to enable the visualization of global
sample patterns and detect inherent biological clusters. The DESeq2
package was used for differential expression analysis, with the signifi-
cance criteria for differential expression set as a p-value <0.05 and an
absolute log2 fold change >1.00. Volcano plots were generated with
ggplot2 package to graphically display differential expression genes
between groups. For functional annotations, Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, the
topGO package and the clusterProfiler package were applied to identify
and visualize key regulatory pathways among the DEGs respectively,
with a p-value <0.05. The clusterProfiler package were also applied for
gene set enrichment analysis (GSEA).

2.6. In vitro osteogenic evaluation

2.6.1. Alkaline phosphatase (ALP) staining

The rBMSCs were seeded into 24-well plates at a density of 1 x 10*
cells per well. After 24 h of incubation, the culture medium was replaced
with osteogenic induction medium extracted from PH/GO-0 and PH/
GO-1 scaffolds. The medium was refreshed every other day. On days 7
and 14, the medium was removed, and cells were washed three times
with PBS, followed by fixation with 4 % paraformaldehyde for 15 min.
ALP staining was performed according to the instructions of the BCIP/
NBT ALP Chromogenic Kit (Beyotime, China). After washing, stained
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cells were observed and imaged under an optical microscope.

2.6.2. Alizarin red s (ARS) staining

The rBMSCs were seeded into 24-well plates at 1 x 10* cells/well.
After 24 h, the medium was replaced with osteogenic induction medium
extracted from PH/GO-0 and PH/GO-1 scaffolds, and replenished every
other day [24]. On days 14 and 21, the medium was discarded, cells
were washed three times with PBS, and fixed with 4 % para-
formaldehyde for 15 min. Subsequently, 500 pl of ARS staining solution
(Beyotime, China) was added to each well and incubated in the dark for
5 min. After thorough rinsing, mineralized nodules were visualized and
photographed under an optical microscope. For quantitative analysis,
10 % cetylpyridinium chloride solution was added to each well, incu-
bated at 37 °C for 30 min, and the absorbance of the solubilized dye was
measured at 562 nm using a microplate reader.

2.6.3. Western blotting analysis

The rRMECs were cultured with scaffold extracted medium for 3
days, while rBMSCs were cultured for 7 days in osteogenic induction
medium extracted from scaffolds. After the culture period, total proteins
were extracted using RIPA lysis buffer. Protein concentrations were
quantified using a BCA Protein Assay Kit (Beyotime, China), followed by
separation via SDS-PAGE with 20 pg of total protein loaded per lane.
Proteins were transferred onto PVDF membranes, blocked with 5 % skim
milk for 2 h at room temperature, and incubated with primary anti-
bodies overnight at 4 °C under gentle shaking. After washing three times
with Tris-buffered saline containing Tween-20 (TBST), membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. Protein bands were detected
using an enhanced chemiluminescence (ECL) kit. For rRMECs, the
detected proteins included platelet-derived growth factor receptor-beta
(PDGF-f), hypoxia-inducible factor 1-alpha (HIF-1a), cluster of differ-
entiation 31 (CD31), vascular endothelial growth factor receptor
(VEGFA), and actin. For rBMSCs, the detected proteins included
collagen type I alpha (COL1Al), runt-related transcription factor 2
(Runx2), osteocalcin (OCN), osteopontin (OPN), and actin.

2.7. In vivo osteogenic evaluation

2.7.1. Animal model of calvarial defect in SD rats

A total of 18 male Sprague-Dawley (SD) rats (8-10 weeks old) were
used in this study. The rats were randomly divided into 3 groups (n = 3
per group): control group (blank defect), PH/GO-0 group, and PH/GO-1
group. During the surgery, the rats were anesthetized via intramuscular
injection of tiletamine-zolazepam at 40 mg/kg and xylazine hydro-
chloride at 5 mg/kg. After anesthesia, the scalp was shaved and dis-
infected. A midline incision (~1.5 cm) was made along the skull using a
surgical blade, and layers of skin and periosteum were dissected to
expose the calvarium. Bilateral circular bone defects (5 mm in diameter)
were created on the skull using a trephine drill, with continuous cooling
saline irrigation to prevent thermal damage. Sterilized scaffolds (5 mm
in diameter, 0.7 mm in thickness) were implanted into the defects.
Postoperatively, the periosteum and skin were sutured. Rats received
daily intramuscular injections of penicillin (50,000 IU/day) for infection
prophylaxis. At 8 and 12 weeks post implantation, samples were har-
vested, fixed in 4 % paraformaldehyde, and analyzed by micro-
computed tomography (Micro-CT) to quantify parameters of bone
regeneration. Decalcified bone tissues were paraffin-embedded,
sectioned, and subjected to hematoxylin and eosin (H&E) and Mas-
son’s trichrome staining for histological evaluation. Animal experiments
were reviewed and approved by the Ethics Committee of Fudan Uni-
versity (No. 2024-DWYY-038).

2.7.2. Immunofluorescence
Tissue samples were fixed in 4 % paraformaldehyde, permeabilized,
and blocked with PBS containing 5 % bovine serum albumin (BSA) to
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prevent nonspecific binding. The samples were incubated with the pri-
mary antibody overnight at 4 °C to detect angiogenesis-related anti-
bodies (VEGF, a-SMA) and osteogenesis-related antibodies (OCN, OPN).
After PBS washing, samples were incubated with fluorescence-
conjugated secondary antibodies for 1 h at room temperature. Un-
bound antibodies were removed by PBS washing, and nuclei were
counterstained with DAPI. Sections were mounted with anti-fade me-
dium and imaged under a Laser Scanning Confocal Microscope.

2.8. Statistical analysis

Data are expressed as mean + standard deviation (SD). One-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test was
used for multiple comparisons. Statistical significance was defined as p
< 0.05, with symbols: * for p < 0.05, ** for p < 0.01, and *** forp <
0.001.

3. Results and discussion
3.1. Preparation and characterization of PH/GO composite scaffold

The fabrication process of PH/GO composite scaffolds is shown in
Fig. 1. First, PCL and HAp are mixed as the printing ink to construct the
PH framework with a defined pore architecture via 3D printing.
Concurrently, GO is uniformly dispersed into GEL solution. Subse-
quently, the GO/GEL solution is cast into the pores of the 3D-printed PH
framework. Finally, the entire composite construct is subjected to
freeze-drying and EDC/NHS cross-linking to obtain the final PH/GO
composite scaffold, which possesses a multi-phase structure and good
stability. Fig. 2A presents the macroscopic morphology of the scaffold,
with the GEL matrix exhibiting a gradual darkening in color as the GO
content increases (0 % to 2 %). SEM images in Fig. 2B further elucidated

Implanting

Materials & Design 260 (2025) 115273

the microstructure of the composite scaffold (Fig. 2B1-3). The GEL
matrix displayed a well-interconnected porous structure (Fig. 2B4-B6),
optimized for cell infiltration, nutrient diffusion, and proliferation.
Furthermore, successful integration of GO is observed in both the PH/
GO-1 and PH/GO-2 groups, confirming the good interfacial compati-
bility between GO and the GEL matrix. Meanwhile, Figs. 2B7-B9 showed
that the GEL/GO matrix effectively filled the macroscopic pores of the
PH framework, and the two components were physically well-bonded
without obvious delamination or detachment. In addition, high magni-
fication observation of the surface of the PH framework further
confirmed that the HAp nanoparticles were uniformly dispersed and
embedded in the PCL matrix without obvious particle agglomeration
(Fig. 2B10-B12). These morphological features laid a structural foun-
dation for the composite scaffold to realize subsequent biological
functions.

The incorporation of the GEL matrix significantly enhanced the
scaffold’s hydrophilicity. Hydrophilicity tests revealed that all scaffold
groups exhibited favorable hydrophilic properties, with water droplets
being completely absorbed within 8 s (Fig. 3A). The water absorption
rates across groups were comparable, approximately 60 % (Fig. 3B).
Additionally, the introduction of the GEL matrix induced the scaffold
porosity to ~40 % in all groups, which is conducive to cell adhesion and
infiltration (Fig. 3C). Thermal stability analysis further confirmed the
scaffold’s physical stability. As shown in Figs. 3D and 3E, TGA and DTG
demonstrated excellent thermal stability across all scaffold groups, with
significant mass loss observed only at ~400 °C, indicating sufficient
thermal stability for biomedical implantation. Fourier-transform
infrared (FTIR) spectroscopy revealed characteristic absorption peaks
near 1620 cm~! for the PH/GO-1 and PH/GO-2 groups, confirming
successful GO integration into the scaffolds (Fig. 3F). All composite
scaffolds exhibited excellent hemocompatibility, with hemolysis rates
below 0.04 %, meeting national standards for blood-contacting

Crosslinking

Casting

PH/GO Scaffold

Freeze drying |

Fig. 1. Schematic illustration of 3D printing process for PH/GO composite scaffolds designed for sequential release of pro-angiogenic and osteoinductive factors.
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PH/GO-1
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Fig. 2. Structural and morphological characterization of PH/GO composite scaffold. (A) Macroscopic photographs of PH/GO-0, PH/GO-1, and PH/GO-2 composite
scaffolds. (B) SEM images: (B1-B3) Cross-sectional SEM images; (B7-B9) Surface SEM images; (B4-B6) SEM images of cast GEL within scaffolds; (B10-B12) SEM

images of pH frameworks.

materials (Fig. 3G, Fig. S1) [25]. All groups exhibited a stable increased
degradation rate, with degrading approximately 10 % by day 90
(Fig. 3H). In addition, macroscopic photographs showed that no sig-
nificant degradation of the PH framework was observed over seven days,
but the casting portion produced some degree of disintegration (Fig. S2).
This suggests that GO may be able to be released rapidly at the initial
stage due to faster degradation, effectively realizing the goal of rapid
promotion of neovascularization at the initial stage. Ion release experi-
ments demonstrated sustained calcium (Ca2+) ion release from all
scaffolds throughout the testing period (Fig. 31), suggesting continuous
stimulation of osteogenesis during bone repair. Mechanical testing
confirmed that the PCL framework provided stable structural support.
Stress—strain curves (Fig. 3J) revealed favorable mechanical properties
for both GEL-cast and non-cast scaffolds. The compressive modulus
(5.40 + 0.37 MPa) and maximum compressive stress (13.62 + 1.79
MPa) of cast scaffolds were slightly higher than those of non-cast scaf-
folds (4.74 + 0.54 MPa and 11.97 + 0.88 MPa, respectively), though the
differences were not statistically significant (Fig. 3K, L). These results
preliminarily validate the temporal release strategy for bioactive com-
ponents in this study.

3.2. Cytocompatibility of PH/GO composite scaffold

GO holds broad biomedical potential due to its unique two-
dimensional lamellar structure and physicochemical properties. How-
ever, its sharp edges may induce mechanical damage to cell membranes,
potentially triggering cytotoxic responses. To mitigate these adverse
effects, encapsulating GO within a GEL matrix represents a viable
strategy. As a hydrolyzed product of natural collagen, GEL exhibits
excellent biocompatibility and hydrophilicity, providing a favorable

microenvironment for cell adhesion and spreading. The embedding of
GO within the GEL matrix effectively shields its sharp edges, reducing
direct contact with cell membranes and thereby attenuating mechanical
damage. In order to screen out the GO addition concentration that
achieves the best balance between biosafety and functionality, this study
further carried out cytocompatibility evaluation experiments (Fig. 4A)
under different GO content conditions, which provides the basis for
subsequent scaffold optimization and mechanism studies.

Cellular responses to the scaffolds were comprehensively assessed
through live/dead staining, CCK-8 proliferation assays, and colony for-
mation assays. rBMSCs or rRMECs were co-cultured with scaffold
extracted medium of varying concentrations to observe proliferous
changes. Live/dead staining (Fig. 4B) revealed dose-dependent of
cytotoxicity of GO toward both rBMSCs and rRMECs, with rRMECs
exhibiting lower sensitivity to GO toxicity compared to rBMSCs.
Consistent results were observed in CCK-8 proliferation assays (Fig. 4C,
D) and colony formation assays (Fig. 4E-G), demonstrating inhibitory
effects of high GO concentrations on early-stage cell proliferation.
Notably, although the CCK-8 assay (Fig. 4C, D) showed that cell pro-
liferation in the PH/GO-2 group appeared to recover after day 3, its
significant proliferation inhibition in the early stage of culture and the
evident cytotoxicity revealed by live/dead staining (Fig. 4A) cannot be
overlooked. The early stage of bone repair is highly sensitive to changes
in the microenvironment; even if this “early cytotoxicity” is only tem-
porary, it may severely impair the critical functions of cells, thereby
delaying or disrupting the subsequent regenerative cascade. Further-
more, combined with literature reports and the cytocompatibility data
of this study, 1 % GO concentration was confirmed to achieve the
optimal balance between bioactivity and safety [26]. Based on
comprehensive cytocompatibility analysis, PH/GO-0 and PH/GO-1
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Fig. 3. Physicochemical characterization of composite scaffolds. (A) Water contact angle analysis. (B)Water absorption rate. (C) Porosity analysis. (D) Thermog-
ravimetric analysis (TGA). (E) Derivative thermogravimetric (DTG) curves. (F) Fourier transform infrared (FTIR) spectroscopy. (G) Hemolysis ratio. (H) Degradation
rate. (I) Ion release kinetics. (J) Stress—strain curves of cast vs. non-cast scaffolds. (K) Compressive modulus. (L) Maximum compressive strength. Means + SD, n = 3.

*p < 0.05.

scaffolds were selected for subsequent angiogenesis and osteogenesis
studies to minimize potential cytotoxicity while ensuring experimental
reliability.

3.3. Invitro angiogenesis promotion ability of PH/GO composite scaffold

Vascular endothelial cells are the main components of the vascular
wall and play a crucial role in the process of angiogenesis. Their main
functions include promoting the formation of new blood vessels and
maintaining the stability of the vascular internal environment. We used

rRMECs for evaluating the angiogenesis promotion ability of the com-
posite scaffold with various experiments (Fig. 5A). During angiogenesis,
the migration ability of endothelial cells is an important indicator of
their functionality. Stronger migratory ability enables cells to rapidly
respond to injury and cytokine stimulation, facilitating the construction
of functional vascular networks in damaged areas [27]. Transwell
migration assays (Fig. 5B, C) and scratch assays (Fig. 5D, E) were
employed to quantitatively evaluate the effects of different scaffold
material groups on the migratory capacity of rRMECs. The results
demonstrated that, compared to the control group and PH/GO-0, PH/
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GO-1 significantly enhanced cell migration, further validating the sig-
nificant advantage of PH/GO-1 in promoting endothelial cell migration.

To further evaluate the impact of PH/GO scaffold on angiogenesis,
we conducted tube formation assays. The results demonstrated that the
PH/GO-1 group exhibited significantly more vascular branches and
interconnected tubular structures at the 2-, 6- and 12-hour time points,
with peak tube-forming capacity observed at 6-hour (Fig. 5F). Quanti-
tative analysis revealed that the PH/GO-1 induced 277 + 6.93 branch
points and 287 + 13.43 junctions, significantly higher than the control
and PH/GO-0 groups (Fig. 5G, H). These findings indicate that PH/GO-1
not only enhances endothelial cell migration but also significantly
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promotes vascular network formation during angiogenesis. PH/GO-1
may facilitate rapid assembly and stabilization of vascular structures
by improving endothelial cell adhesion and migratory capacity.

To investigate the molecular regulatory mechanisms of PH/GO
scaffold in angiogenesis, we examined the expression levels of key
angiogenesis-related proteins, including HIF-1a, VEGFA, PDGFR-f, and
CD31 (Fig. 5I) [28,29]. HIF-1a serves as an initiating signal for angio-
genesis by activating downstream angiogenesis-related gene expression
in hypoxic microenvironments. Studies have demonstrated that HIF-1a
directly regulates VEGFA, a key effector molecule of vascular neo-
genesis. VEGFA promotes endothelial cell proliferation and migration,
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thereby facilitating the formation of neovascular networks. PDGFR-f,
activated by binding to PDGF-BB, is a regulator of vascular maturation,
which recruits pericytes to wrap around the neovasculature and pro-
motes vascular stabilization. And CD31 is a marker of endothelial cell
function and vascular integrity. Our results showed that the PH/GO-1
group exhibited significantly higher expression levels of HIF-1a,
VEGFA, PDGFR-f, and CD31 compared to the control and PH/GO-
0 groups (Fig. 5J-M). In addition, we noted that there was no signifi-
cant difference in the expression of HIF-1a and CD31 between the PH/
GO-0 group and the control group (Fig. 5K, L). These data suggested
that PH/GO-1 enhanced early-stage angiogenesis by activating the HIF-
1a-VEGFA signaling pathway [30]. Concurrently, the upregulation of
PDGFR-p and CD31 promoted vascular maturation and stabilization.
Specifically, the rapid release of GO from the PH/GO-1 scaffold signif-
icantly upregulates pro-angiogenic factors, supporting the entire process
of angiogenesis. This indicates the preliminary success of our strategy to
design a time-sequential release scaffold.

To further investigate the potential regulatory mechanisms of the
composite scaffold in angiogenesis, transcriptomic sequencing analysis
was performed on the PH/GO-1 and control groups (Fig. 6A). The
principal component analysis (PCA) plot (Fig. 6B) revealed that samples
formed two distinct clusters, confirming significant differences between
groups. This provides a solid foundation for subsequent differential
expressed genes and functional pathway enrichment analysis. A total of
162 differentially expressed genes (DEGs) were identified, with 61 genes
upregulated and 101 downregulated in the PH/GO-1 group (Fig. 6C, D).
The results revealed that several upregulated genes participate in
vascular formation processes (Fig. 6G), indicating that PH/GO-1 pos-
sesses a significant advantage in promoting neovascularization. Upre-
gulation of Fms related receptor tyrosine kinase 1 (FLT1, also known as
VEGFR-1), a receptor for VEGF, activates the PI3K/PIK3R1 signaling
pathway, initiating downstream cascades that promote vascular endo-
thelial cell behavior and vascular network construction [31]. Addi-
tionally, regulator of cell cycle (RGCC), a key regulatory gene in cell
cycle progression, can be activated via the HIF-1a/VEGF pathway in
response to hypoxic stimuli, mediating smooth muscle cell migration
and neointima formation [32]. Spalt-like protein 4 (SALL4) directly
binds to the promoter regions of VEGF-A, -B, and -C, enhancing their
transcriptional expression, thereby boosting endothelial cell prolifera-
tion, migration, and tube formation capacity [33]. Concurrently, the
upregulation of Matrix Metalloproteinase 13 (MMP-13) suggests the
scaffold may amplify the angiogenic effect by modulating the FAK/ERK
signaling axis to synergistically stimulate VEGF-A secretion from fibro-
blasts and endothelial cells [34].

Based on Gene Ontology enrichment analysis (Fig. 6E), DEGs in the
PH/GO-1 group were significantly enriched in vascularization-related
biological processes, including cell proliferation, VEGFR1 signaling
pathway, and VEGF-A-activated receptor activity, indicating that this
scaffold drives endothelial cell migration and proliferation through the
VEGF/VEGFR signaling axis, possessing molecular regulatory capabil-
ities for inducing angiogenesis [35]. KEGG pathway analysis (Fig. 6F)
further revealed enhanced activity in the TGF-p/SMAD signaling
pathway, which promotes angiogenesis by inducing VEGF expression
via SMAD2-mediated signaling while enhancing vascular wall integrity
and intimal tissue accumulation [36]. Simultaneously, although HIF
—1la transcription levels showed no significant changes in the micro-
environment of decreased oxygen, its target genes were generally
upregulated, suggesting that the scaffold may enhance hypoxic response
by improving post-transcriptional stability [37]. GSEA (Fig. 6H-J)
confirmed upregulation of cytokine-receptor interactions and hypoxia
response pathways, where chemokine CXCL12 facilitates directed
migration of endothelial progenitor cells to hypoxic regions [38].
Notably, receptor tyrosine kinases (RTKs) such as VEGFRs and PDGFRs
play central roles in vascular remodeling by regulating cell growth,
migration, and differentiation. Under hypoxic conditions, HIF-1la
pathway activation stabilizes HIF-1a by inhibiting prolyl hydroxylase
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activity, thereby initiating transcription of pro-angiogenic genes
including VEGF and PDGF. These signals are transmitted through RTKs
(e.g., VEGFR, PDGFR), ultimately driving neovascularization [39].
Collectively, these Gene Ontology, KEGG, and GSEA enrichment ana-
lyses elucidate the complete mechanism by which the PH/GO-1 scaffold
promotes angiogenesis through synergistic effects across multiple
pathways (Fig. S3). The combined action of these mechanisms estab-
lishes a solid molecular foundation for the early vascularization of this
composite scaffold in bone defect repair, highlighting its significant
value in remodeling the defect microenvironment and enhancing its
functionality. Moreover, it is notable that a significant up-regulation of
HIF-1a protein level was observed in PH/GO-1 group, whereas its mRNA
abundance showed no significant change. This phenomenon is consis-
tent with the classical regulatory mechanism of HIF-1a, which is pri-
marily controlled at the post-translational level rather than at the
transcriptional level. It is speculated that the PH/GO-1 scaffold may
stabilize HIF-1a protein by creating a local hypoxic microenvironment
or by inhibiting prolyl hydroxylase activity through other mechanisms
[40]. Furthermore, as reported in the literature, enhanced mRNA sta-
bility or increased translational efficiency mediated by RNA-binding
proteins (such as HuR) may also synergistically contribute to this pro-
cess [41]. This rapid accumulation of HIF-1a protein, driven by protein
stability rather than an increase in mRNA, is sufficient to activate the
expression of downstream angiogenic factors such as VEGF [42], which
is fully consistent with the pro-angiogenic results observed in this study.

3.4. In vitro osteogenic properties of PH/GO composite scaffold

In bone tissue engineering, scaffold materials promote the differen-
tiation of mesenchymal stem cells (MSCs) into osteogenic lineages by
regulating extracellular matrix (ECM) secretion and cellular differenti-
ation behavior, thereby effectively repairing bone defects. We used
rBMSCs for evaluating the osteogenesis promotion ability of the com-
posite scaffold with various experiments (Fig. 7A). ALP, a hallmark
enzyme of osteoblast activation and differentiation, reflects the meta-
bolic activity of osteoblasts and serves as a critical early-stage indicator
in bone repair processes [43]. As shown in Fig. 7B, the PH/GO groups
exhibited significantly higher ALP activity compared to the control
group at both day 7 and day 14 of osteogenic induction. ARS staining
was performed to assess calcium deposition (Fig. 7C). Results revealed
no significant mineralization across groups at day 7, which might be due
to the fact that matrix mineralization had not yet significantly initiated.
However, by day 14 and 21, the PH/GO groups showed substantially
more mineralized nodules compared to the control group. Quantitative
analysis revealed that the absorbance value of PH/GO-1 at 562 nm was
2.01 + 0.07, which was significantly higher than that of the control
group (0.88 + 0.09) and the PH/GO-0 group (1.63 £ 0.13) (Fig. 7D).
These findings suggest that PH/GO scaffold not only promotes early
osteogenic activation and differentiation but also significantly enhances
calcium deposition and matrix mineralization. The improved minerali-
zation capacity of PH/GO-1 may be attributed to GO-mediated facili-
tation of ECM formation and calcium deposition during matrix
mineralization.

To explore the molecular mechanisms of PH/GO-induced osteogenic
differentiation, the expression levels of key osteogenic markers were
quantified (Fig. 7E). Compared to the control and PH/GO-0 groups, PH/
GO-1 significantly upregulated the expression of Runx2, COL1A1, OCN,
and OPN (Fig. 7F-I). These results indicated that PH/GO-1 promoted
osteoblast activation and differentiation by enhancing the expression of
osteogenesis-related proteins. The enhanced osteogenic differentiation
of rBMSCs by PH/GO-1 is potentially mediated through Runx2 upre-
gulation, a central transcriptional driver that activates downstream
targets (e.g., COL1A1, OCN) essential for bone matrix synthesis and
mineralization [44]. COL1A1 is a major component of type I collagen,
which forms a fibrous network in the extracellular matrix and partici-
pates in the process of cell attachment and mineralization. Runx2
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directly binds to the promoter of the COLLAGEN-1A gene and promotes
its transcription. In our study, increased expression of Runx2 and
COL1A1 may be related with the early stages of osteoblast differentia-
tion following PH/GO-1 administration. On the other hand, the increase
in the expression of OCN and OPN reflected the effects of PH/GO-1 on
the positive effects of PH/GO-1 on the maturation and mineralization
process of osteoblasts [45]. Furthermore, compared with the control
group, the expression of Runx2, COL1A1 and OPN, except OCN in the
PH/GO-0 group was significantly upregulated. This further indicates
that GO may activate specific signaling pathways and significantly
promote the osteogenic differentiation process of rBMSCs.

3.5. In vivo bone regeneration evaluation of PH/GO composite scaffold

To further validate the in vivo osteogenic capacity of the PH/GO
scaffold, we established a calvarial defect model in SD rats and
implanted the scaffolds into the defect sites (Fig. S4) and conducted
following experiments (Fig. 8A). At week 8 and 12 post-operation,
micro-CT and histological staining techniques were employed to eval-
uate new bone formation. Micro-CT analysis demonstrated that the PH/
GO-1 group outperformed the control group at all time points (Fig. 8B).
At week 8, PH/GO-1 exhibited a larger area of new bone coverage
compared to both the control and PH/GO-0 groups. By week 12, new
bone formation area in the PH/GO-1 group further increased, nearly
filling the entire defect area, with a bone volume to tissue volume ratio
(BV/TV) of 29.79 + 2.7 %, significantly higher than the control group
(Fig. 8D). Bone mineral density (BMD) analysis revealed that both PH/
GO-0 and PH/GO-1 groups showed significantly elevated BMD levels
compared to the control at 8 and 12 weeks (Fig. 8C). PH/GO-0 showed
no statistically significant differences from the control in BV/TV,
trabecular number (Tb.N), or trabecular thickness (Tb.Th) other than in
BMD (Fig. S5). In contrast, PH/GO-1 demonstrated significantly supe-
rior values for all micro-CT parameters relative to the control, despite no
intergroup differences in structure model index (SMI). Quantitative
analysis via Micro-CT (Fig. 8C, D) confirmed the significant advantages
of the PH/GO-1 group in terms of BV/TV and BMD. This excellent
mineralization and new bone formation volume is a direct reflection of
the success of the sequential release strategy for bioactive elements. The
sustained release of Ca®" ions from the PH scaffold framework provides
the necessary material basis for bone matrix mineralization, which can
be confirmed by the increased BMD of the PH/GO-0 group compared
with the control group. However, there was no significant difference in
BV/TV between the PH/GO-0 group and the control group (Fig. S5),
which strongly indicates that osteogenic signals alone, without early
vascularization, may be insufficient for bone defect repair. This high-
lights the core role of GO in the PH/GO-1 group: relying on the rapid
degradation of GEL, GO is released in the early stage, rapidly initiating
angiogenesis and providing a sufficient nutrient and oxygen environ-
ment for subsequent osteoblast migration, proliferation, and bone ma-
trix deposition.

Histological analysis using hematoxylin-eosin (H&E) and Masson’s
trichrome staining (Fig. 8E) revealed limited new bone formation in the
control group at 8 weeks, primarily confined to marginal regions, while
the central defect area remained dominated by fibrous tissue. In
contrast, both PH/GO-0 and PH/GO-1 groups displayed new bone tissue
extending from the defect margins toward the center, with PH/GO-1
exhibiting greater collagen deposition than PH/GO-0 (Fig. S6). By
week 12, scaffold degradation progressed, accompanied by significant
new bone formation in scaffold groups. Notably, the PH/GO-1 group
demonstrated near-complete defect closure with abundant new bone,
whereas PH/GO-0 showed inferior osteogenesis. Histomorphological
results further verified the positive effect of the PH/GO-1 group on
osteogenesis. Masson staining showed a large amount of blue-stained
collagen matrix in the PH/GO-1 group, whereas the control group and
PH/GO-0 group mainly contained red-stained fibrous tissue. This sig-
nificant collagen deposition may be an indirect effect of GO-induced
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early vascularization; that is, successful vascularization recruits more
osteoblasts, thereby promoting more bone matrix deposition. Mean-
while, the trend of new bone extending from the edge to the center in
H&E staining also confirms that this design provides ideal spatial
channels for cell and vascular ingrowth. These findings suggest that the
PH/GO-1 scaffold promotes superior bone regeneration, likely attrib-
utable to the sequential release of bioactive components that synergis-
tically enhance bone repair.

3.6. In vivo PH/GO composite scaffold elevate VEGF/a-SMA and OCN/
OPN levels

To elucidate the vascularization and osteogenesis mechanisms,
angiogenesis (VEGF/a-SMA) and osteogenic markers (OCN/OPN) were
analyzed via immunofluorescence at 8/12 weeks (Fig. 9A). PH/GO-1
group exhibited enhanced o-SMA (green) level localized to peri-
vascular pericytes and VEGF (red) expression overlapping nascent cap-
illaries (Fig. 9B). Quantitatively, PH/GO-1 group showed significantly
higher a-SMA and VEGF levels than control and PH/GO-0 groups
(Fig. 9C, D). Notably, PH/GO-0 displayed no elevation of VEGF versus
control at 8 weeks, while PH/GO-1 sustained significant increases across
both timepoints. This demonstrates that GO’s sustained release in PH/
GO-1 amplifies pro-angiogenic factor expression and neo-
vascularization, establishing a regenerative niche for bone repair.

PH/GO-1 group also demonstrated dense OCN (red) and OPN (green)
expression in new bone regions, with fluorescence intensities reaching
16.07 + 1.43 % (OCN) and 18.57 + 1.12 % (OPN) at 12 weeks, out-
performing other groups (Fig. 9E, F). Although the OCN and OPN
expression levels in the PH/GO-0 group were higher than those in the
control group at both timepoints, they remained lower than those in the
PH/GO-1 group. These results indicate that the PH framework can
support bone repair in the defect area through the continuous release of
Ca2" ions, while the incorporation of GO release accelerate vasculari-
zation, thereby promoting the bone regeneration process.

In brief, the PH/GO composite scaffold achieves time-sequential
controlled release of bioactive elements to address stage-specific bio-
logical requirements during bone repair. Early sustained release of GO
enhances angiogenic factor expression, accelerating vascular network
formation to facilitate nutrient supply and cell recruitment. The PH
framework provides mechanical support while continuously releasing
Ca* ions to promote osteoblast proliferation, differentiation, matrix
mineralization, and bone remodeling. This strategy effectively co-
ordinates vascularization and osteogenesis, culminating in comprehen-
sive bone defect regeneration. Although favorable results have been
achieved in both in vitro and in vivo experiments, this study still has the
following limitations: The SD rat calvarial defect model employed in this
study is a non-weight-bearing model, and its mechanical properties and
repair efficacy need to be further verified in weight-bearing bone defects
in subsequent research. Moreover, the long-term biosafety of GO still
requires longer-duration in vivo degradation studies and systematic
toxicological observations. For future research, we will focus on opti-
mizing the degradation rate of the scaffold to match the mechanical
requirements, and explore its application in larger animal models.

4. Conclusion

In this study, a PH/GO composite scaffold with a multiphase struc-
ture was successfully constructed by combining 3D printing and freeze-
drying technology. The scaffold utilized the rapid degradation of GEL
and the slow degradation of PCL to physically achieve the time-
sequential release of two key active components. In vitro experiments
confirmed that the GEL/GO component significantly activated the HIF-
la/VEGEF signaling pathway at the early stage, promoting the migration
and tube formation of rRMECs. In contrast, the PCL/HAp framework
continuously released Ca*, effectively supporting the late osteogenesis
and mineralization of rBMSCs. The results of the In vivo rat cranial defect



C. Lietal

@&,

SD rat

W

Interior Transverse

Coronal

(@

2.0

—~ 1.5+

lem®

=] 1.0

BMD (

Control PH/GO-0

At

- e
Jah

“{)f\\ ﬂ//aq_'\_",,.

Skull defect Implanting

Week 8

PH/GO-1

=3 Control
=1 PH/GO-0
=3 PH/IGO-1
s *%k
| n.s. *
* *

]

K,
1

= _

m

I
week 8

Week 8

__Control

Masson staining H&E staining

PH/GO-0 PH/GO-1

/
Ve

Bweeks/12weeks

Materials & Design 260 (2025) 115273

' - - & l_l'

Micro CT Tissue section Section staining

Week 12

=3 Control
=1 PH/IGO-0
=% = PHIGO-1 .
s *
E 40 n.s
| n.s.
2 n.s. . ns. E
&
e 1 )
week 8 week 12
Week 12

Control

A

PH/GO-0

-

Fig. 8. In vivo osteogenic efficacy evaluation of PH/GO scaffold. (A) Schematic workflow of rat calvarial defect model establishment, scaffold implantation, and in
vivo osteogenic efficacy evaluation. (B) 3D reconstructed micro-CT images at 8- and 12-weeks post-implantation. Quantitative assessment of (C) BMD and (D) BV/TV.
(E) Histomorphological analysis via H&E and Masson’s trichrome staining, Bars = 500 pm. Means + SD, n = 3. * p < 0.05, ** p < 0.01.

14



C. Lietal

Skull defect

B Week 8

 PH/GO-0

PH/GO-1

VEGF / a-SMA

————

OCN / OPN

Tissue section

; =
QO
Implanting Sample after
8weeks/12weeks

Materials & Design 260 (2025) 115273

Ay
Py

-
A v

-_:

Immunofluorescence

Week 12

VEGF / a-SMA

OCN / OPN

3 -3
= =1 Control z = Control 9 40 =3 Control 40 =3 Control
o . ol f ] -
£ =1 PHIGO-D 5 =1 PHIGD-0 = = PHIGO-D £ = PHIGO-D
£,] = PHIGOA s 5, 1 PHIGOD-1 o= £ 31 = PHIGO-1 - g% PHIGOA ok
g & 1 e e B
: Pl = T3 e g = [ =
8 — g " * Z - - -
a1 <! - T o 8 2 — 2 * .3 =
o] LAy I = 2] ] Il L0 |_:- = 10 % [
= | | | ] |'-'". ‘ o z I
g | | 5 1l %] © I’:EI
olr= ] C1l L1 | | S & : i 1 odLr= 1] ]
week 8 week 12 week & week 12 weoek & week 12 week 8 week 12

Fig. 9. The PH/GO composite scaffold confers dual angiogenic and osteogenic capabilities through elevated a-SMA-VEGF and OCN-OPN signaling. (A) Schematic
workflow of rat calvarial defect model establishment, scaffold implantation, and IF stain. (B) Angiogenesis-related proteins (VEGF-red, a-SMA-green,) and
osteogenesis-related proteins (OCN-red, OPN-green) were detected by IF at week 8 and 12. Bars = 500 um. (C-F) Quantitative analysis of IF intensity for angiogenesis
(a-SMA, VEGF) and osteogenesis (OCN, OPN) at 8 and 12 weeks. Means + SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



C. Lietal

model functionally validated the necessity of the time-series strategy.
The PH/GO-1 group exhibited significant bone regeneration, and its 12-
week new bone production was significantly higher than that of the
other groups. This critical comparison demonstrates that early vascu-
larization induced by GO is a prerequisite for the establishment of a
regenerative microenvironment that supports the subsequent deposition
of new bone matrix. In conclusion, this scaffold design with sequential
release of active ingredients is an effective way to achieve synergistic
enhancement of bone repair.
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