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Abstract

Background: Currently, the clinical treatment of severe bone defects remains a major challenge. Gelatin methacryloyl (GeIMA) hydro-
gels with extracellular matrix (ECM)-like properties are commonly used materials for bone defect repair. However, due to the lack of
osteogenic activity, researchers have considered using tissue engineering methods to address this issue. Methods: A composite hydrogel
scaffold was fabricated by incorporating acryloylated polyethylene glycol N-hydroxysuccinimide (AC-PEG-NHS)-modified osteogenic
growth peptide (OGP)(10-14) (AC-PEG-OGP(10-14)) and primary osteoblasts into a GelMA matrix. The hydrogel scaffold was char-
acterized using scanning electron microscopy (SEM), mechanical testing, and the bicinchoninic acid (BCA) protein assay. In vitro, the
effects of the scaffold on the differentiation of osteoblasts and bone marrow-derived macrophages (BMMs) were evaluated. In vivo,
its role in bone defect repair was assessed using a rat model. Results: The results demonstrated that the AC-PEG-OGP(10-14)-loaded
hydrogel scaffold significantly enhanced the mechanical properties and slowed the degradation rate based on the GelMA scaffold, and it
could also achieve the controlled release of the osteogenic peptide OGP(10-14). In vitro and in vivo experiments showed that the material
exhibited excellent biocompatibility and osteogenic mineralization properties. It inhibited osteoclast formation, thereby significantly
promoting the repair of mouse femoral bone defects. The underlying mechanism is closely related to the activation of the Wnt/3-catenin
signaling pathway. Conclusions: AC-PEG-OGP(10-14)-loaded hydrogel scaffold offers an effective solution for repairing bone defects
and significantly enhances bone regeneration.
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Introduction immune rejection, and insufficient osteogenic capacity, a
completely ideal bone repair material does not exist [5,6].
At present, study has shown that bone tissue engineering
can simulate the process of tissue repair by carrying cells

Bone defects of critical size caused by trauma, tumors,
and osteoporosis are common conditions in the field of or-

thopedics [1,2]. Such conditions may lead to localized dys- and growth factors in scaffold materials, which has impor-

funcFlf)n, WhI.Ch m turp affects the patient s daily life fmd tant application prospects in the treatment of large bone de-
mobility, posing a serious threat to the patient’s physical fects [7]

and mental health. Bone grafting has been widely used as

a conventional treatment for bone defects in orthopedics. Bone tissue regeneration is a complex and intricate
Commonly used materials for bone defect repair include  process that involves the interaction of multiple growth fac-
autogenous bone, allograft bone, xenograft bone, polymer  tors, such as bone morphogenetic protein (BMP)-2, BMP-

materials, and periosteum-induced materials [3,4]. How- 9, concentrated growth factors (CGF), and other growth
ever, due to problems of origin, potential ethical issues, factors [8—10]. These factors directly affect the prolifer-
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Fig. 1. Schematic illustration of the fabrication of OGP(10-14)-loaded sustained-release hydrogels and their application in pro-

moting bone regeneration. The figures were partially designed with Adobe Illustrator (version Illustrator 28.x, USA). A-P-O = AC-

PEG-OGP(10-14).

ation, migration, and differentiation of bone-related cells.
Currently, studies have reported that the combination of
growth factors and scaffold materials can promote bone
defect repair [11-13]. Among these growth factors, os-
teogenic growth peptide (OGP) is a highly conserved natu-
ral polypeptide present in the human body. It is composed
of 14 amino acids and is resistant to high temperatures and
organic solvents [14,15]. During hydrolysis, OGP produces
a C-terminal pentapeptide (Tyr-Gly-Phe-Gly-Gly), known
as OGP(10-14). Studies have demonstrated that OGP(10-
14) promotes the proliferation, differentiation, and mineral-
ization of osteoblasts [16,17] and regulates the expression
of transforming growth factors, insulin-like growth factors,
and basic fibroblast growth factors, all of which increase
in vivo bone formation and bone mineral density (BMD)
of trabecular bone [18,19]. OGP(10-14) is the smallest
fragment of OGP with biological activity, and its struc-
ture is relatively stable; thus, OGP is suitable for the clin-
ical treatment of bone defect repair as an additional bone
growth factor. However, how to effectively control the re-
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lease of OGP(10-14) remains one of the key issues to be
solved in the field of bone defect repair. As a chemical
cross-linking molecule, acryloylated polyethylene glycol
N-hydroxysuccinimide (AC-PEG-NHS) has an NHS group
at one end that can bind to the amino groups of amino acids,
forming stable amide bonds, and an AC group at the other
end that can react with materials capable of photopoly-
merization [20,21]. Therefore, compared with the simple
method of mixing OGP(10-14) with material physics, AC-
PEG-NHS, as the connecting molecule, can specifically
bind to OGP(10-14), significantly prolonging the release
time of this peptide and effectively avoiding the burst re-
lease phenomenon, thereby achieving a more controllable
sustained-release effect.

Gelatin methacryloyl (GelMA) retains the core func-
tional sequences of the extracellular matrix (ECM). It also
possesses unique photo-crosslinking properties, enabling it
to solidify into a hydrogel under specific light irradiation
[22]. These characteristics endow GelMA with injectabil-
ity, rapid gelation, suitability for customized bioprinting,
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and ease of cell seeding; thus, it is widely used in the field
of bone defect research [23,24]. In addition, studies have
found that GelMA can enhance cellular mechanical trans-
duction and promote osteogenic differentiation of stem cells
[25,26], and the use of cell-loaded GeIMA can enhance
bone defect repair [27-30].

In this study, the researchers cross-linked AC-PEG-
NHS with OGP(10-14) and loaded the resulting complex
onto a GelMA scaffold together with primary osteoblasts,
thereby synthesizing a novel controlled-release hydrogel
(Fig. 1). This research further analyzed the relevant physic-
ochemical properties of this material in vitro and in vivo,
evaluated its biocompatibility, and elucidated the effects of
the novel sustained-release hydrogel on the repair of mouse
femoral bone defects, with the goal of providing a new strat-
egy for bone defect repair.

Materials and Methods
Materials

The following materials were used in this study:
gelatin methacryloyl (EFL-GM-90, EFL, Suzhou, China),
OGP(10-14) (HY-107024, MCE, Monmouth Junction,
NJ, USA), AC-PEG-NHS (EFL-AC-PEG-NHS-2K, EFL,
Suzhou, China), Ham’s F-12 nutrient mixture (F-12)
(11765054, Gibco, Grand Island, NY, USA), fetal bovine
serum (C0234, Gibco, Grand Island, NY, USA), Calcein-
AM/PI cell activity and cytotoxicity assay kit (C2015M,
Beyotime, Shanghai, China), WST-1 cell proliferation
and cytotoxicity assay kit (C0035, Beyotime, Shanghai,
China), osteogenic induction medium (MUXMX-90021,
OriCell, Suzhou, China), recombinant mouse macrophage
colony-stimulating factor (M-CSF) (CB34, Novoprotein,
Suzhou, China), recombinant mouse receptor activator of
nuclear factor-«B ligand (RANKL) (C28A, Novoprotein,
Suzhou, China), a-Minimum Eagle’s Medium (a-MEM)
(C12571500BT, Gibco, USA), twelve-week-old C57BL/6
mice (C57BL/6, Charles River, Wilmington, MA, USA),
bicinchoninic acid (BCA) protein assay kit (BL521A,
Biosharp, Hefei, China), mouse granulocyte-macrophage
colony-stimulating factor (GM-CSF) ELISA kit (EK0365,
Boster, Wuhan, China), and mouse interferon-y (IFN-v)
ELISA kit (EK0375, Boster, China).

Fourier Transform Infrared Spectroscopy (FTIR)

A sample of AC-PEG-NHS (0.8 mg) was mixed with
200 puL of an OGP(10-14) solution (the concentration of
OGP(10-14) was 10 mM). The mixture was incubated in
the dark at 4 °C for 20 hours. After incubation, the solution
was lyophilized to obtain a powder. An FTIR spectrome-
ter (Spectrum Two, PerkinElmer, Waltham, MA, USA) was
used to analyze the lyophilized powder and pristine AC-
PEG-NHS powder. After scanning was completed, the data
were saved in Excel format. Data processing software was
subsequently used to analyze the obtained data.

www.ecmjournal.org

Scanning Electron Microscopy (SEM)

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) was added to GelMA as a photoinitiator at a
concentration of 0.25 % (w/v). The mixture was protected
from light and heated in a water bath at 63 °C until
completely dissolved, with periodic agitation during the
process to obtain the GeIMA solution. The incubated
AC-PEG-OGP(10-14) was mixed with GelMA solution
and then irradiated with UV light (405 nm, 3 W) at a
distance of 10 cm for 30 seconds to generate the AC-PEG-
OGP(10-14) group composite material (the concentration
of AC-PEG-OGP(10-14) was 10~7 mM). Following the
same procedure, OGP(10-14) was mixed with GeIMA so-
lution to constitute OGP(10-14) group composite material
(the concentration of OGP(10-14) was 10~7 mM), and
GelMA group material without OGP(10-14) peptide. The
microstructure of the materials was observed using SEM
(ZEISS Cross Beam 340, Carl Zeiss AG, Oberkochen,
Germany), and the pore size was calculated using ImageJ
software (1.53k, NIH, Bethesda, MD, USA).

C57BL/6 neonatal mice were purchased from the
Third Military Medical University. Neonatal mice were eu-
thanized by an overdose of sodium pentobarbital injection,
and primary osteoblasts were isolated from their calvariae.
The osteoblasts were subsequently cultured in complete F-
12 medium. After the osteoblasts were passaged to the third
generation, they were implanted into three groups of ma-
terials and prepared into three groups of biomaterials: the
GelMA group, OGP(10-14) group and AC-PEG-OGP(10-
14) group. Each biomaterial was adjusted to a cell density
of 1 x 108 cells/mL. The growth of osteoblasts within the
biomaterials was observed using SEM.

Pore Measurement Experiment

The porosity was evaluated using the liquid displace-
ment method [31,32]. The dimensions of the samples were
recorded, and their volume (V) was calculated. The initial
weight (Wg) of each sample was measured before immer-
sion in anhydrous ethanol for 24 hours. After immersion,
the weight (W) was recorded, and the porosity was calcu-
lated using the following equation:

(Wp — WO)

Porosity % = x 100 % (1)

Where p is the density of anhydrous ethanol (0.79
g/em?).

Assessment of Mechanical Properties

Considering the three groups of materials, 200 pL
of GeIMA, OGP(10-14), and AC-PEG-OGP(10-14) were
respectively added to the molds. The hydrogel was sub-
sequently induced by irradiation with a 405 nm near-
ultraviolet flashlight for 30 seconds. The resulting cylindri-
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Fig. 2. Characterization of the materials. (A) Schematic representation of the reaction between AC-PEG-NHS and OGP(10-14) to
form AC-PEG-OGP(10-14). The figure was designed with Adobe Illustrator (version Illustrator 28.x, USA). (B) FTIR spectra of AC-
PEG-NHS and AC-PEG-OGP(10-14). (C) Cross-sectional SEM view of the composite materials. The scale bar represents 50 yum. (D)
Pore size distribution of the materials. (E) Porosity assessment of the materials. (F) Young’s modulus measurements of the materials.
(G) Cumulative degradation of the materials. (H) Cumulative release of composite OGP(10-14). (I) SEM images of biological materials
loaded with osteoblasts. The red arrows point to osteoblasts. n = 3. ns, not significant; **p < 0.01. The scale bar represents 10 pm.

cal hydrogels were vertically positioned at the center of the
lower compression plate of the mechanical testing instru-
ment (TA ElectroForce LMI 400N, TA Instruments, New
Castle, DE, USA), ensuring that no tilt occurred. Compres-
sion testing was then performed at a rate of 0.01 mm/s until
sample fracture. The stress-strain curves of the different
material groups were recorded and saved.

Materials Degradation Experiment

Three groups of materials, GeIMA, OGP(10-14) and
AC-PEG-OGP(10-14), were subjected to freeze-drying
treatment, and their initial masses (Wo) were recorded.

o
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The materials were subsequently immersed in phosphate
buffered saline (PBS) and placed in a constant temperature
incubator at 37 °C. After 2 days, the supernatant was re-
moved, followed by another freeze-drying process to record
the mass at this stage (W). The materials were then re-
immersed in PBS. This procedure was repeated at specified
time points on Days 4, 10, 16, and 22. The degradation rate
was calculated by using formula (2):

Wo—-W

0

Degradation % = x 100 %

(@)
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Fig. 3. In vitro evaluation of the biocompatibility of hydrogels in different groups. (A) Calcein-AM/PI staining image. (B) Survival
rate of osteoblasts. (C) Proliferation of primary osteoblasts. n = 3. ns, not significant. The scale bar represents 100 pm.

Where W is the weight after each degradation.

In Vitro Release Experiments of OGP(10-14) Peptide

The three groups of prepared materials, GelMA,
OGP(10-14) and AC-PEG-OGP(10-14), were immersed in
PBS and placed in a constant temperature incubator at 37
°C. The material extract was collected daily, and fresh PBS
was added. This process was repeated for a total of 7 days
of collection. The collected material extract was analyzed
using a BCA protein assay kit to measure the optical den-
sity (OD), and the cumulative release of OGP(10-14) was
calculated.

Cell Compatibility Experiment

Osteoblasts were implanted into three groups of mate-
rials to generate the three groups of biomaterials, GeIMA,
OGP(10-14) and AC-PEG-OGP(10-14), and the prolifera-
tion of cells in the biomaterials was analyzed usinga WST-1
cell proliferation and cytotoxicity assay kit. WST-1 solu-
tion was added to 96-well plates, and the OD values were
measured at 12 hours, 24 hours, and 48 hours. Cell cytotox-
icity was assessed using a Calcein-AM/PI Cell Activity and
cytotoxicity assay kit, and fluorescence microscopy imag-
ing (ZOE™ Fluorescent Cell Imager, 1450031, Bio-Rad,
Hercules, CA, USA) was used to determine live/dead cells
on the biomaterials.

www.ecmjournal.org

In Vitro Osteoblast Differentiation Experiments

Osteogenic Differentiation with Biomaterials

After the three groups of biomaterials, GelMA,
OGP(10-14) and AC-PEG-OGP(10-14), were cultured
in osteogenic medium for 7 days, the messenger RNA
(mRNA) expression of the osteogenic differentiation genes
Runx2, Sp7, Collal, B-catenin, and c-myc was examined
using reverse transcription quantitative polymerase chain
reaction (RT-qPCR). Primer sequences are provided in Sup-
plementary Table 1. Staining was performed using an al-
kaline phosphatase (ALP) staining kit. After 14 days of cul-
ture, the biomaterials GeIMA, OGP(10-14), and AC-PEG-
OGP(10-14) were stained with Alizarin Red S (ARS) stain-
ing solution.

Co-Culture Osteogenic Differentiation Experiments

The GeIMA, OGP(10-14), and AC-PEG-OGP(10-14)
biomaterials were cultured in F-12 medium. Extracts were
collected daily over both 7-day and 14-day periods. These
extracts were used to prepare osteoblast co-culture media.
Following 7 days of co-culture with osteoblasts in cul-
ture plates, osteogenic differentiation-related gene mRNA
expression levels were analyzed using RT-qPCR, and the
cells were stained with ALP reagent. After 14 days of co-
culture under identical conditions, the cells were stained
with ARS solution. Stained samples were examined un-
der microscopy (Motic SMZ-171, Motic China Group, Xia-
men, China), and representative images were captured. The
images were analyzed using ImagelJ software to calculate
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Fig. 4. Sustained-release hydrogels promote osteoblast differentiation in vitro. (A) mRNA expression of osteogenesis-related genes
in primary osteoblasts. (B) ALP staining results and quantification of the staining area. (C) ARS staining results and quantification of
the staining area. (D) mRNA expression of osteogenesis-related genes in co-cultured primary osteoblasts. (E) ALP staining results and
quantification of the staining area of co-cultured primary osteoblasts. (F) ARS staining results and quantification of the staining area of
co-cultured primary osteoblasts. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001. The scale bar represents 1 mm.
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the percentage of the area that was positively stained in the
entire field of view.

In Vitro Bone Marrow-Derived Macrophage (BMM)
Differentiation Co-Culture Experiment

Five-week-old C57BL/6 mice were purchased from
the Third Military Medical University. Five-week-old
C57BL/6 mice were euthanized by an overdose of sodium
pentobarbital injection, and BMMs were isolated from their
femurs and tibias. The extracts of three groups of biomateri-
als, namely, GeIMA, OGP(10-14), and AC-PEG-OGP(10-
14), were collected daily for four consecutive days. The
extracts were then used to prepare co-culture media con-
taining RANKL (100 ng/mL) and M-CSF (50 ng/mL). This
medium was used to co-culture BMMs in culture plates
for 4 days. The mRNA expression levels of CTSK and
MMP9 were subsequently detected using RT-qPCR. Primer
sequences are provided in Supplementary Table 1. Ad-
ditionally, staining was performed using a tartrate-resistant
acid phosphatase (TRAP) staining kit, and the stained cells
were observed and imaged under a microscope (DMIL
LED, Leica, Wetzlar, Germany) for further analysis.

Construction of Animal Models

Twelve-week-old C57BL/6 mice were purchased
from Charles River Laboratories and maintained at the

www.ecmjournal.org

Third Military Medical University. The mice were accli-
matized for approximately one week under controlled tem-
perature and humidity conditions prior to experimentation.
The mice were randomly divided into four groups, with
three mice in each group. Three groups of biomaterials,
namely, GeIMA, OGP(10-14), and AC-PEG-OGP(10-14),
were prepared in advance and cultured in complete F-12
medium. The biomaterials to be implanted were cut to ap-
propriate sizes before the procedure. The mice were anes-
thetized with sodium pentobarbital. Hair was removed from
the femoral region, and the area was disinfected with iodine
tincture. The skin and subcutaneous tissues were separated
to expose the midshaft of the femur, and a 1.6-mm diam-
eter hole was drilled along the central axis of the femur.
The mice were divided into four groups according to the
type of implant material: the control group (no material
implanted), GeIMA group (GelMA material implanted),
OGP(10-14) group (OGP(10-14) material implanted), and
AC-PEG-OGP(10-14) group (AC-PEG-OGP(10-14) mate-
rial implanted). After implantation, the muscles and skin
were sutured using absorbable sutures. The mice were al-
lowed free movement and unrestricted access to food and
water postoperatively. After 4 weeks of breeding, the mice
were anesthetized with sodium pentobarbital. Blood was
collected from the retro-orbital plexus, and serum was ob-
tained. An overdose of anesthetic was subsequently ad-
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Fig. 6. Evaluation of the in vivo biocompatibility and bone repair performance of different hydrogels. (A) Serum levels of IFN-y
in mice. (B) Serum levels of GM-CSF in mice. (C,D) Quantitative evaluation of the micro-CT imaging parameters. (E) Micro-CT
images. (F) HE staining images. (G) Statistical analysis of HE stained images. (H) Goldner’s trichrome stained images. (I) Statistical
analysis of Goldner’s trichrome stained images. (J) TRAP stained images. (K) TRAP staining area statistics of bone defect tissues. n =
3. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. The scale bar represents 50 pm.

ministered to euthanize the mice, after which the femurs
were extracted. The workflow of the animal experiments is
shown in Supplementary Fig. 1.

ELISA Experiment

The concentrations of GM-CSF and IFN-v in the
serum were assessed using the mouse GM-CSF ELISA Kit
and the mouse IFN-y ELISA kit through OD value mea-
surements.

Micro-Computed Tomography (CT) Imaging Analysis

Mouse femur samples were analyzed using the micro-
CT scanning technique (Skycan 1272, Bruker, Billerica,
MA, USA). After the defective region was identified, the
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region of interest (ROI) was reconstructed using the as-
sociated CTAn (1.20, Bruker Corporation, Billerica, MA,
USA) and CTVol (2.3, Bruker Corporation, Billerica, MA,
USA) software, and bone volume/tissue volume (BV/TV)
and bone mineral density (BMD) were calculated.

Histological and Immunostaining Analysis

After decalcification, embedding, and sectioning, the
mouse femur samples were stained with hematoxylin and
eosin (HE), Goldner’s trichrome, and TRAP. The area of
new bone tissue and the distribution area of osteoclasts were
calculated using ImageJ software. Mouse femur sections
were stained with 3-catenin and Collal antibodies, and the
mean optical density in the bone defect area was calculated
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Fig. 7. Immunohistochemical analysis of bone defect tissues. (A) Immunohistochemical staining for S-catenin and statistical analysis.
(B) Immunohistochemical staining for Co//al and statistical analysis. The red arrow indicates the positive part. n = 3. ns, not significant;

*p < 0.05; **p < 0.01. The scale bar represents 50 pm.

using ImageJ software. The antibodies used for immuno-
histochemistry are listed in Supplementary Table 2.

Data Analysis

All experiments were performed in three independent
replicates to ensure reproducibility. Data were collected
using Microsoft Excel (16.0, Microsoft Corporation, Red-
mond, WA, USA) and statistically analyzed using Graph-
Pad Prism software (version 8.01, Graph-Pad Software, San
Diego, CA, USA). Differences between two groups were
analyzed using the Student’s z-test. If the data from two
groups are normally distributed and exhibit equal variance,
a Student’s ¢-test assuming homogeneity of variances is
applied; otherwise, a f-test not assuming equal variances
is used. If the data from both groups are not normally
distributed, non-parametric tests are employed. Differ-
ences among multiple groups were analyzed using one-way
ANOVA, followed by Tukey’s post hoc test for multiple
comparisons. Data are presented as the means + standard
deviations (SDs) or means =+ standard error of the means.
Significant differences are indicated as follows: *p < 0.05,
**p < 0.01 and ***p < 0.001.

Results
Characterization of Materials

The reaction of AC-PEG-NHS with OGP(10-14) gen-
erates AC-PEG-OGP(10-14), as shown in Fig. 2A. These
results showed that compared with AC-PEG-NHS, AC-
PEG-OGP(10-14) has an additional amide bond. There-
fore, in this study, the AC-PEG-OGP(10-14) and AC-PEG-
NHS powders were examined by FTIR, which showed that
new peaks at X = 1656 cm~! and X = 1609 cm~! for AC-
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PEG-OGP(10-14) compared with those for AC-PEG-NHS
(Fig. 2B), indicating that OGP(10-14) was successfully
linked to AC-PEG-NHS. The mold for synthesizing the
composite material and an image of the AC-PEG-OGP(10-
14) group are shown in Supplementary Fig. 2A. SEM re-
vealed the microstructures of the three groups of compos-
ite materials, namely, GeIMA, OGP(10-14) and AC-PEG-
OGP(10-14). The results revealed that all three composite
materials exhibited similar microstructures, with intercon-
nected pores and no significant differences in pore size (Fig.
2C,D). Furthermore, no significant differences were ob-
served in the porosity among the three materials (Fig. 2E).
These results indicated that loading OGP(10-14) or AC-
PEG-OGP(10-14) did not change the original microstruc-
ture of the GelMA scaffold.

The mechanical property and degradation rate of the
GelMA, OGP(10-14), and AC-PEG-OGP(10-14) groups
were measured to evaluate the changes in the composite
materials. Rheological experiments revealed that, within
the low-frequency range (10'-10 Hz), the storage mod-
ulus (G') of all three hydrogel groups was higher than
the loss modulus (G"), indicating a typical gel-like be-
havior (Supplementary Fig. 3A). Mechanical perfor-
mance tests further demonstrated a consistent trend be-
tween Young’s modulus (Fig. 2F) and compressive
strength (Supplementary Fig. 3B). Notably, the AC-PEG-
OGP(10-14) group exhibited significantly better mechani-
cal properties compared to the OGP(10-14) group, while no
significant differences were observed between the OGP(10-
14) and GelMA groups. Degradation experiments (Fig.
2G) showed that the cumulative degradation of the AC-
PEG-OGP(10-14) group was significantly reduced, indicat-
ing enhanced in vitro stability. In vitro release experiments
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demonstrated that the cumulative release of the OGP(10-
14) group reached 92.3 % within the first four days, whereas
the cumulative release of the AC-PEG-OGP(10-14) group
was significantly lower than that of the OGP(10-14) group,
which was 60.5 % (Fig. 2H). These results indicate that
the AC-PEG-OGP(10-14) group of composites can effec-
tively slow the release of OGP(10-14). Cells extracted from
neonatal mouse calvaria were subsequently cultured for 3
days. These cells were also free of mycoplasma contamina-
tion (Supplementary Table 3) and exhibited a short spin-
dle or cuboidal shape, with overlapping growth and high
cell density (Supplementary Fig. 4A). Flow cytometry
analysis revealed that the mean fluorescence intensity of
CD90 in these cells was significantly greater than that in the
control group (Supplementary Fig. 4C,D). These results
confirm that the cells are osteoblasts. Primary osteoblasts
were seeded onto different materials, generating three cell-
laden biomaterial groups: the GeIMA group, the OGP(10-
14) group, and the AC-PEG-OGP(10-14) group. Images of
the AC-PEG-OGP(10-14) group of biomaterials are shown
in Supplementary Fig. 2B. Twenty-four hours after the
cells were planted onto the composites, 4',6-diamidino-
2-phenylindole (DAPI) staining experiments showed that
cells were attached to the material (Supplementary Fig. 5).
Further observation of the biomaterials with cells implanted
for 3 days by SEM revealed cell distribution on the scaffold
(Fig. 2I). These findings verify the successful fabrication of
the sustained release hydrogels, which effectively support
osteoblast incorporation.

Biocompatibility of the Sustained-Release Hydrogels

Biocompatibility assessment serves as a fundamental
methodology for evaluating the biosafety of engineered bio-
materials. A live/dead staining assay demonstrated robust
cell viability across all experimental groups (Fig. 3A,B).
WST-1 proliferation assays further substantiated these find-
ings, showing that osteoblasts were able to achieve sta-
ble proliferation in all three biomaterials, and no signifi-
cant difference was observed in proliferative activity among
the groups (Fig. 3C). Taken together, the results showed
that these biomaterials exhibited excellent biocompatibility
with osteoblasts.

Sustained-Release Hydrogels Promote Osteogenic
Differentiation In Vitro

In this study, the osteogenic potential of the biomate-
rials was thoroughly evaluated. The differentiation ability
of osteoblasts was examined in three biomaterial groups:
GelMA, OGP(10-14), and AC-PEG-OGP(10-14). The RT-
gqPCR results showed (Fig. 4A) that the expression of the
osteogenic marker genes Sp7, B-catenin, and c-myc in the
AC-PEG-OGP(10-14) group was significantly greater than
that in the GelMA and OGP(10-14) groups. ALP stain-
ing of osteoblasts embedded in the scaffolds demonstrated
markedly enhanced enzymatic activity in the AC-PEG-
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OGP(10-14) group compared with that in the other groups
(Fig. 4B). Furthermore, after the above three groups of bio-
materials were incubated for 14 days, their osteogenic min-
eralization capacity was examined by ARS staining, and
the formation of orange-red chelate complexes was used
as an indicator of mineralization. Quantitative mineraliza-
tion assays revealed significantly enhanced mineralization
rates in the AC-PEG-OGP(10-14) group than in both the
GelMA and OGP(10-14) control groups (Fig. 4C). These
findings indicate that the AC-PEG-OGP(10-14) sustained-
release hydrogel possesses superior osteogenic potential.

In the process of bone repair, the role of materials
in osteoblasts in the bone microenvironment is crucial.
Therefore, in this study, the extract solution of the bio-
material was further co-cultured with osteoblasts to ver-
ify its effects on the differentiation of primary osteoblasts
in the bone microenvironment. Osteoblasts were cultured
with the three groups of extract solutions for 7 days, RT-
gPCR results revealed that the expression of the osteogenic
marker genes Collal, B-catenin, and c-myc was signifi-
cantly greater in the AC-PEG-OGP(10-14) group than in
the GeIMA and OGP(10-14) groups (Fig. 4D). Moreover,
ALP staining revealed that compared with the GeIMA and
OGP(10-14) groups, the AC-PEG-OGP(10-14) group had
significantly increased ALP expression (Fig. 4E). After
co-culture for 14 days, the ARS staining results further
confirmed that the mineralization capacity of osteoblasts
in the bone-promoting microenvironment of the AC-PEG-
OGP(10-14) group was significantly stronger than that of
the GeIMA and OGP(10-14) groups (Fig. 4F). These re-
sults indicated that compared with the GelMA and OGP(10-
14) groups, the AC-PEG-OGP(10-14) group had a signifi-
cant advantage in promoting osteogenic differentiation in
the bone microenvironment.

Sustained-Release Hydrogels Inhibit BMM Differentiation
In Vitro

To evaluate the effects of the materials on osteoclasts,
conditioned media were prepared using extracts of the bio-
materials and co-cultured with BMMs in cell culture plates.
First, cells extracted from mouse bone marrow were cul-
tured for 3 days. These cells were free of mycoplasma con-
tamination (Supplementary Table 3), exhibited a round
or oval shape with a regular morphology (Supplementary
Fig. 4B), and had a significantly greater mean fluorescence
intensity of F4/80 than the control group according to flow
cytometry analysis (Supplementary Fig. 4E,F), confirm-
ing their identity as BMMs. BMMs were subsequently cul-
tured in conditioned media for an additional 4 days. The ef-
fects of these biomaterials on the differentiation of BMMs
were assessed using RT-qPCR and TRAP staining. Com-
pared with those in the GelMA group, the expression lev-
els of the osteoclast differentiation marker genes MMP9
and CTSK in the OGP(10-14) and AC-PEG-OGP(10-14)
groups were significantly lower (Fig. 5A,B). TRAP stain-
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ing revealed that the TRAP-stained areas in the OGP(10-
14) and AC-PEG-OGP(10-14) groups were significantly
decreased (Fig. 5C,D). These experimental results indicate
that the GeIMA hydrogel scaffold containing OGP(10-14)
can effectively inhibit the differentiation of BMMs.

Sustained-Release Hydrogels Promote Bone Defect Repair
In Vivo

To evaluate the bone repair ability of biomaterials in
vivo, this study involved construction of a femoral defect
model in C57BL/6 mice and biomaterials were implanted
in the region of bone defects. The immune response is
an important indicator for assessing the biocompatibility of
biomaterials in vivo. Therefore, serum samples were col-
lected 4 weeks post-implantation to analyze immune rejec-
tion. The results revealed no significant differences in the
levels of the immune factors GM-CSF and IFN-y among
the control, GeIMA, OGP(10-14), and AC-PEG-OGP(10-
14) groups (Fig. 6A,B). These results indicate that the AC-
PEG-OGP(10-14) group exhibited excellent biocompatibil-
ity in vivo.

Micro-CT scanning was used to evaluate the bone his-
tomorphometry of femoral defects repaired for 4 weeks.
Quantitative analysis methods were applied to assess the
BMD and BV/TV in the defect areas across the four ex-
perimental groups. The results revealed that the BMD val-
ues in the AC-PEG-OGP(10-14) group were significantly
greater than those in the control, GeIMA, and OGP(10-
14) groups. Similarly, the BV/TV values in the AC-PEG-
OGP(10-14) group were significantly greater than those in
the other three groups (Fig. 6C,D). Three-dimensional re-
construction revealed that the AC-PEG-OGP(10-14) group
had the greatest amount of new bone formation, which al-
most completely repaired the bone defect area. The new
bone generation in the OGP(10-14) group was less than that
in the AC-PEG-OGP(10-14) group, with small gaps still ev-
ident in the defect area. The bone defect areas in the GeIMA
group and the control group remained relatively obvious
(Fig. 6E).

Further histochemical analysis of the repaired bone
tissue was conducted. The results of HE staining and Gold-
ner’s trichrome staining were consistent with the results of
the micro-CT scan. Compared with the control group, the
GelMA, OGP(10-14), and AC-PEG-OGP(10-14) groups
all showed significant increase in new bone volume. As
shown in Fig. 6F-I (Supplementary Fig. 6 for scale-
down multiples), the amount of new bone was significantly
greater in the AC-PEG-OGP(10-14) group than in the other
groups. Furthermore, TRAP staining revealed that the num-
ber of TRAP-positive cells in the AC-PEG-OGP(10-14)
group was significantly lower than that in the other three
groups, indicating significant inhibition of osteoclast for-
mation (Fig. 6J,K). These findings collectively demon-
strate that the AC-PEG-OGP(10-14) sustained-release hy-
drogel has high potential for promoting bone defect repair.
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Sustained-Release Hydrogels May Promote Bone Defect
Repair via the Wnt/3-Catenin Signaling Pathway

Immunohistochemical analysis of bone defect tissues
was performed in this study. The results of the analy-
sis revealed that the protein expression of 3-catenin in os-
teoblasts was significantly greater in the AC-PEG-OGP(10-
14) group than in the OGP(10-14) group, the GeIMA group,
and the control group, with the lowest expression in the
control group (Fig. 7A). Further analysis of the osteogenic
marker Collal revealed significantly higher protein expres-
sion in the AC-PEG-OGP(10-14) group than in the other
groups (Fig. 7B). Notably, Collal serves not only as a
crucial osteogenic marker but also as a key effector in
the Wnt/[-catenin signaling pathway. Collectively, these
results demonstrate that the AC-PEG-OGP(10-14) group
enhances bone defect repair through the activation of the
Wnt/3-catenin signaling pathway, which is accompanied
by the upregulation of both 3-catenin and Collal expres-
sion.

Discussion

In tissue engineering, bioscaffold materials, seed cells,
and growth factors together constitute the three core ele-
ments of bone tissue engineering. In this study, a novel
composite material with a sustained OGP(10-14) release
capability was developed through the incorporation of AC-
PEG-NHS as a crosslinking molecule. FTIR experiment
showed that new peaks at X = 1656 cm~! and X = 1609
cm~! for AC-PEG-OGP(10-14) compared with those for
AC-PEG-NHS. According to previous studies [33,34], X
= 1656 cm™! is an amide I group (C = O), and X = 1609
cm~! is an amide II group (N-H), indicating that OGP(10-
14) was successfully linked to AC-PEG-NHS. From a struc-
tural standpoint, the composite material retains the inherent
porous structure of GeIMA while maintaining good connec-
tivity between these pores. This unique structural design
provides an ideal attachment environment for cells, greatly
facilitating the exchange of substances between cells and
the external environment, which has an extremely impor-
tant positive effect on cell growth and differentiation [35—
37]. Bone tissue repair is a long-term biological pro-
cess, during which materials implanted into the bone de-
fect are required to withstand sustained mechanical stress
in the physiological environment. Therefore, the mechan-
ical properties and the degradation rate of scaffold mate-
rials are significant indicators for evaluating bone repair
scaffold materials [38—40]. The current study had im-
proved the mechanical strength of GeIMA and decreased
the rate of decline by adjusting the crosslinking reaction
with GelMA [41,42]. This experiment enhanced the struc-
tural stability of the material by crosslinking the double
bonds in GeIMA with AC-PEG-NHS, thereby improving
its mechanical properties and reducing the degradation rate.

In bone repair materials, functional molecules can
rapidly diffuse through the pores of the material, reduc-
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ing the effectiveness of functional molecules. Studies
have been conducted to establish a physical barrier to slow
the rate of growth factor release using microsphere en-
capsulation. For example, Ma et al. [43] encapsulated
OGP peptides and constructed AL-PLGA@PNPs nanopar-
ticles to achieve slow release of OGP. However, their re-
sults showed that the cumulative release rate of the pep-
tide was already close to 80 % by Day 4. In contrast,
the present study used a different strategy: OGP(10-14)
polypeptide was modified with AC-PEG-NHS to form AC-
PEG-OGP(10-14), and then AC-PEG-OGP(10-14) was at-
tached to the GeIMA scaffold. The experimental results of
this method showed that only 60.50 % of the OGP(10-14)
polypeptide was released during the first 4 days, and the
release rate stabilized after the 4th day. In addition, the re-
lease rate of the peptide from the composite material was
consistent with its degradation rate, leading us to speculate
that the peptide is released as the composite material de-
grades. This sustained release mode provides a more sta-
ble osteogenic microenvironment for the bone defect area,
which is conducive to the promotion of cell differentiation
and new bone formation, further ensuring the continuity and
effectiveness of the repair and regeneration process. This is
crucial for improving the efficacy of bone repair materials.

Biocompatibility experiments demonstrated that the
biomaterial exhibited good biocompatibility, supporting os-
teoblast survival and maintaining a stable proliferative state
within the material. An important objective of biomaterials
is that the materials themselves can undergo osteogenic dif-
ferentiation and mineralization [44]. The sustained release
of OGP(10-14) from the sustained-release GelMA scaf-
fold material provides a stable microenvironment for os-
teoblasts. In vitro studies revealed that the sustained-release
GelMA scaffold material not only significantly enhanced
the differentiation and mineralization of encapsulated os-
teoblasts but also promoted these effects in co-cultured os-
teoblasts. Bone homeostasis is a dynamic balance pro-
cess between bone resorption and bone formation, which
is accomplished mainly by the synergistic action of osteo-
clasts and osteoblasts. Study has shown that overactiva-
tion of osteoclasts can affect bone regeneration [45]. Liu
et al. [46] reported that OGP promoted the differentia-
tion and mineralization of osteoblasts and the secretion of
OPG, which combined with RANKL, thus obstructing the
binding of RANK and RANKL, inhibiting the activation of
the RANKL-RANK signaling pathway, and inhibiting the
differentiation and activity of osteoclasts. These findings
are consistent with our findings that biomaterials contain-
ing OGP(10-14) significantly inhibit BMM differentiation
into osteoclasts. In terms of new bone formation ability,
the AC-PEG-OGP(10-14) sustained-release GelMA scaf-
fold showed excellent bone defect repair ability and signifi-
cantly outperformed the OGP(10-14) group, GeIMA group
and the control group. These findings suggest that bioma-
terials carrying seeded primary osteoblasts and possessing
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sustained-release OGP(10-14) exhibit stronger bone defect
repair ability. High-viability implantation of osteoblasts
and controlled slow release of OGP(10-14) at the bone de-
fect site through bone tissue engineering technology may
be effective strategies for overcoming current bone defect
repair problems.

[-catenin is a crucial regulatory factor in the Wnt/3-
catenin signaling pathway, and its activation promotes the
proliferation and differentiation of osteoblasts [47,48]. Ad-
ditionally, Collal is both an osteogenic differentiation ef-
fector in the Wnt/[3-catenin signaling pathway and a major
component of newly formed bone [46,49,50]. A series of
experiments conducted by Shou ef al. [51] confirmed that
biomaterials loaded with OGP could significantly enhance
the gene expression of B-catenin, OCN, OPN and Collal
in MC3T3-E1 pre-osteoblasts. After small interfering RNA
(siRNA)-mediated knockdown of 3-catenin, the expression
levels of these osteogenic markers were significantly down-
regulated. In this study, immunohistochemical analysis re-
vealed that AC-PEG-OGP(10-14) group could significantly
enhance the protein expression of [-catenin and Collal,
and RT-qPCR test results also confirmed that the mate-
rial could increase the gene expression of S-catenin and
Collal. These data collectively support that the sustained-
release hydrogel scaffold AC-PEG-OGP(10-14) likely ex-
erts its effects through activation of the Wnt/3-catenin sig-
naling pathway.

Although slow-release hydrogel materials demon-
strate considerable potential in promoting bone regenera-
tion, this study has certain limitations. First, regarding the
evaluation of degradation properties, only in vitro degrada-
tion experiments were conducted. The degradation behav-
ior in vivo remains unexamined, and it is unclear whether
its degradation kinetics phase matches with the bone re-
generation process. Second, while RT-qPCR and immuno-
histochemistry results indirectly suggest that the material
may facilitate bone defect repair by modulating the Wnt/3-
catenin signaling pathway, the specific mechanisms under-
lying this pathway have not been thoroughly elucidated.
Further studies employing Western blot analysis, such as
examining total §-catenin levels and expression changes
of downstream target molecules, could provide more di-
rect evidence to clarify the mechanistic involvement of this
pathway. Third, the number of animal samples in each
group in the in vivo experiments was small (n = 3). Al-
though the results showed a certain trend, this small sample
size limited the statistical power and the generalizability of
the conclusions. Therefore, in the future study, further val-
idation is needed through animal experiments with larger
sample sizes to ensure the robustness and reproducibility of
the results.

Conclusions

In this study, a novel slow-release hydrogel was suc-
cessfully constructed based on tissue engineering princi-
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ples, and its effect on bone defect repair was evaluated.
The experimental results showed that the composite not
only maintained the porous structure and biocompatibil-
ity of the GeIMA scaffold but also significantly improved
the mechanical properties of the material, effectively slow-
ing the degradation rate of the material through the intro-
duction of AC-PEG-NHS and achieving the sustained re-
lease of OGP(10-14). In vitro experiments indicated that the
composite material promoted osteogenic differentiation and
mineralization and inhibited BMM differentiation. /n vivo
experiments revealed that four weeks after implantation, the
composite material significantly improved the efficiency
of bone defect repair, accelerated the process of defect re-
pair and increased the amount of new bone. Mechanistic
studies revealed that sustained-release hydrogel could pro-
mote bone defect repair by activating Wnt/(3-catenin sig-
naling in osteoblasts. Preliminary research indicated that
the sustained-release hydrogel is a biomaterial with good
biocompatibility, mechanical properties, and the ability to
slowly release OGP(10-14), which has great potential for
application in the field of bone defect repair.
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