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Introducing bone regeneration–promoting factors into scaffold materials to
improve the bone induction property is crucial in the fields of bone tissue
engineering and regenerative medicine. This study aimed to develop a Sr-HA/
PTH1-34-loaded composite hydrogel system with high biocompatibility.
Teriparatide (PTH1-34) capable of promoting bone regeneration was selected as
the bioactive factor. Strontium-substituted hydroxyapatite (Sr-HA)was introduced
into the system to absorb PTH1-34 to promote the bioactivity and delay the release
cycle. PTH1-34-loaded Sr-HA was then mixed with the precursor solution of the
hydrogel to prepare the composite hydrogel as bone-repairingmaterial with good
biocompatibility and high mechanical strength. The experiments showed that Sr-
HA absorbed PTH1-34 and achieved the slow and effective release of PTH1-34. In
vitro biological experiments showed that the Sr-HA/PTH1-34-loaded hydrogel
system had high biocompatibility, allowing the good growth of cells on the
surface. The measurement of alkaline phosphatase activity and osteogenesis
gene expression demonstrated that this composite system could promote the
differentiation of MC3T3-E1 cells into osteoblasts. In addition, the in vivo cranial
bone defect repair experiment confirmed that this composite hydrogel could
promote the regeneration of new bones. In summary, Sr-HA/PTH1-34 composite
hydrogel is a highly promising bone repair material.
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1 Introduction

Bone tissue engineering has emerged as a promising strategy for addressing the limitations
associated with traditional methods of bone repair and reconstruction. Current procedures often
involve graft transplantation, which faces challenges such as donor site morbidity, limited graft
availability, and potential immunogenic responses. As a result, there is a growing interest in
developing alternative strategies that can stimulate the body’s innate regenerative capacity. Among
these, in-situ bone tissue engineering stands out as it combines the principles of biology and
engineering to create functional bone tissue directly at the site of injury or disease (Kim et al., 2011;
Hou et al., 2018; Chen et al., 2021a; Chen et al., 2021b). The use of scaffolds that either have inherent
bone-inducing properties or are functionalized with osteoinductive growth factors is increasingly
being recognized as a key factor in successful in-situ bone regeneration (Hasani-Sadrabadi et al.,
2020a; Wan et al., 2022; Zhang et al., 2023). Novel scaffold materials, including bioactive ceramics,
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synthetic polymers, and compositematerials, have been engineered to not
only provide structural support but also to facilitate bone cell adhesion,
proliferation, differentiation, and ultimately, new bone formation
(Annamalai et al., 2018; Johnson et al., 2019; Olov et al., 2022; Liu
et al., 2023).

An injectable hydrogel has the advantages of high-water content,
injectability, in situ formation, controllable physical and chemical
properties, and high biocompatibility (Cui et al., 2019; Zhao et al.,
2019; Hasani-Sadrabadi et al., 2020b; Wu et al., 2021). It has been
considered one of themost promising biologicalmaterials and is used in
the field of bone tissue engineering. Furthermore, the injectable
hydrogel can mini-invasively load cells, drugs, and various biological
factors and thus has several advantages in bone tissue engineering (Olov
et al., 2022; Zhao et al., 2022). Therefore, usingmini-invasive techniques
for administering the injectable hydrogel loaded with bone
regeneration–promoting factors into the high-risk regions of
osteoporotic fractures in elderly people with initial fractures,
followed by in situ solidification, can rapidly enhance the
mechanical strength of local bone tissues and exert short-term
protective effects (Zhang et al., 2020; Oprita et al., 2022). In
addition, the controlled local release of biological factors and the
degradation of the hydrogel can persistently enhance the bone
density and bone mass of patients and thus exert long-term
protective effects (Cheng et al., 2020). This treatment can be used to
treat OP and prevent the occurrence of fractures in key regions.

In recent years, various types of gelatin hydrogels have been widely
investigated and used for bone defect repair. Gelatin has several
advantages, including high biocompatibility, biodegradability, low
production cost, and capability of being chemically modified. For
instance, gelatin methacryloyl (GelMA) hydrogel is a relatively ideal
bone-substitute material. The methacrylic acid groups of GelMA are
linked to the amino group on the side chain of gelatin, which can well
mimic the extracellular matrix (ECM) (Chai et al., 2022; Wang et al.,
2022). The chemical cross-linking of GelMA can effectively maintain cell
viability, combine bioactive factors that promote cell or bone
regeneration, and thus produce more excellent biological materials for
bone tissue engineering (Yue et al., 2015). Heparin hydrogel is also a
material widely used as a bone tissue engineeringmaterial, which has not
only high histocompatibility but also high bioactivity (Sakiyama-Elbert,
2014; Nilasaroya et al., 2021). Combining chemically modified heparin
with other high-molecular-weightmaterials can produce bone-substitute
materials for bone defect repair. Strontium (Sr) is an extremely important
element in the human skeleton (Place et al., 2011; Malinovsky et al.,
2013). Various previous studies demonstrated that Sr could inhibit bone
resorption to increase bone strength and improve the rate of the bone
union. Sr ranelate is an effective drug for treating OP in clinical practice
(Tournis et al., 2006). Recent studies have also demonstrated the
osteogenic capability of Sr The supplementation of Sr ions to bone-
substitute materials, such as bioactive glass and calcium phosphate,
improves not only themechanical properties of thematerials but also the
bone induction capability of the system, thus inducing the differentiation
of osteoblasts in vitro and accelerating bone regeneration in the area of
osteoporotic bone defect in vivo (Kargozar et al., 2019;Demirel andKaya,
2020). Hydroxyapatite (HAP) is the major component of bones and
teeth in vertebrates, which has high bioactivity and biocompatibility.
Compared with conventional bone-substitute materials such as metals
(e.g., stainless steel and titanium alloy) and ceramics (e.g., aluminum
oxide and silicon nitride), HAP has the advantages of high resistance to

corrosion and high capability of inducing bone generation (Shi et al.,
2021). In addition, the degradation of HAP also eliminates the safety
concerns associated with the use of conventional materials. Previous
studies on the application of HAP as bone-substitute materials mainly
focused on two aspects: HAP coating and human bone biomimetic
regenerative material. Compared with HAP, strontium-substituted
hydroxyapatite (Sr-HA) could more significantly accelerate bone
union and enhance bone-forming capability (Vestermark, 2011).
Small amounts of Sr-HA with the hydrogel also have such effects.

Achieving the balance between osteoblasts and osteoclasts is
critical for effectively promoting bone regeneration. Currently,
teriparatide (PTH1-34) is the only bone regeneration–promoting
drug approved by the Food and Drug Administration (Gomes-
Ferreira et al., 2022). The unique capability of PTH1-34 in activating
osteoclasts and osteoblasts can help achieve the balance between
bone resorption and bone regeneration and thus maintain the good
state of bone. Various previous studies demonstrated that the local
intermittent injection of PTH could effectively repair bone defects
(Yoshida et al., 2019). However, the development of a local drug
delivery system is generally limited, restricting the precise release of
drugs. On the contrary, the local high-dose injection of PTH1-34 may
induce net bone resorption (Chandra et al., 2014; Orbeanu et al.,
2022). Therefore, we hypothesized that the local low-dose PTH1-34

intervention could provide a microenvironment to promote bone
regeneration.

In this study, Sr-HA was used to absorb PTH1-34 polypeptide
and obtain Sr-HA/PTH1-34. Then, double-bonded heparin
(HepMA) and methacrylate gelatin (GelMA) were used as the
main body of the hydrogel to produce the precursor solution of
the hydrogel with high biocompatibility. Further, Sr-HA/PTH1-34

was combined with the precursor solution of the hydrogel to prepare
the Sr-HA/PTH1-34composite hydrogel, which could allow the local
controlled release of low-dose PTH to achieve the repair of defected
bone tissues. In vitro cellular experiments showed that Sr-HA/PTH1-

34-loaded hydrogel system had high biocompatibility (Figure 1).
This composite hydrogel could promote the differentiation of
MC3T3-E1 cells into osteoblasts. In vitro cranial bone defect
repair experiments confirmed that this composite hydrogel could
effectively promote the regeneration of new bones. The composite
hydrogel was mini-invasively injected into the site of osteoporotic
fractures, followed by in situ solidification, which could rapidly
enhance the mechanical strength of the local bone tissues and thus
exert supporting effects. In addition, with the swelling and
degradation of the composite hydrogel, the released PTH1-34

could induce bone marrow mesenchymal stem cells (BMSCs) to
promote osteoblastic differentiation, persistently increase the bone
density and bond mass at specific sites, and thus exert long-term
protective effects.

2 Experimental

2.1 Preparation of the composite hydrogel

GelMA and HepMA were prepared as described in previous studies
(Yue et al., 2015; Brown et al., 2017; Kurian et al., 2022). In brief, gelatin or
heparin was dissolved in phosphate-buffered saline (PBS) to prepare a
10% gelatin solution or 2% heparin solution. Then, a certain amount of
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methacrylic anhydride was added to react for 3–4 h. A high amount of
deionized water was added for dialysis for 5 days, which was then freeze-
dried to obtain the GelMA and HepMA monomers. The prepared
HepMA and GelMA were dissolved in PBS and mixed evenly. Sr-
HAwas dissolved in a weak acid to prepare a homogeneous emulsion.
The aforementioned solutions were mixed evenly, and then PTH1-34 was
added. Blue ray photoinitiator Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was added to induce rapid cross-
linking and solidification, forming the injectable composite hydrogel.
LAP has high biocompatibility and can be used to induce the
solidification of the hydrogel that wraps the cells (Wang et al., 2012;
Magalhães et al., 2020).

2.2 Physical and chemical properties of the
composite hydrogel

2.2.1 Gel formation time of the hydrogel
The tube inversion method was used to measure the gel

formation time of the hydrogel. Different concentrations of the
hydrogel were prepared at 37°C. The gel formation time was the time
during which the inverted tube showed no flow. All samples were
prepared in triplicate for the measurement.

2.2.2 Analysis of themicrostructure of the hydrogel
Cylinders with a diameter of 6 mm and thickness of 1 mm were

prepared, which were then freeze-dried. Then, the samples were
placed on the platform of a scanning electron microscope. The sizes
and numbers of pores, as well as the pokiness rate, were analyzed
using scanning electron microscopy.

2.2.3 Analysis of mechanical properties
The Shimadzu mechanical system (AG-IS, Shimadzu, Japan) was

used to assess themechanical properties of the hydrogel. The cylindrical
hydrogel with a diameter of 8 mm and thickness of 6 mm was
compressed at the strain rate of 5 mm/min, and the modulus of
compression was calculated using the slope of the stress–strain curve
in the range of linearity corresponding to 5%–10% of strain. The
limiting stress was the highest stress before the rupture of the hydrogel.

2.2.4 Analysis of the swelling behavior of the
hydrogel

The hydrogel was freeze-dried, and the dry weight (Wd) was
measured. The dry hydrogel was placed in deionized water and
retrieved at predefined time points (i.e., 0.5, 1, 3, 6, 12, 24, and
36 h). The wet weight (Ww) of the hydrogel at each time point was
measured. The swelling ratio was calculated using the equation: swelling
ratio = (Ww–Wd)/Wd × 100%, where Ww is the wet weight at
predefined time points andWd is the dry weight of the initial material.

2.2.5 Analysis of the degradation of the hydrogel
The hydrogel was freeze-dried, and the dry weight (Wd) was

measured. The hydrogel was placed in 1× PBS, and the PBS was
changed every other day. The hydrogel was retrieved on a predefined
day 7 and freeze-dried, and the dry weight (Wt) was measured. The
hydrogel was then placed in 1× PBS again and retrieved sevenmore days
later (a total of 14 days) and freeze-dried, and the dry weight was
measured. The experiment was continued for 28 days. The remaining
mass of the hydrogel was calculated using the equation: Remaining
mass =Wt/Wd × 100%, whereWt is the dryweight at the predefined time
points and Wd is the initial dry weight.

FIGURE 1
Schematic illustration of a composite hydrogel for local low dose delivery of PTH1-34 for bone repair.
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2.3 In vitro drug release test of the
composite hydrogel

The drug release test of the hydrogel was performed. In brief,
1 mL of the hydrogel sample loaded with PTH1-34 (1 mg/mL) was
dispersed in 5 mL of 1× PBS and vortexed in a water bath at 37°C.
The samples were retrieved at different time points (i.e., 0, 5, 10, 20,
30, 50, 70, 90, 120, 140, and 180 h) and centrifuged to obtain the
supernatant. Then, high-performance liquid chromatography was
used to measure the PTH1-34 level in the solution. The cumulative
drug release level was assessed, and the cumulative drug release
curve was plotted. The chromatographic column used in this study
was the X-Bridge-Shield-RP-C18 column (Waters, United States)
(50 × 4.6 mm2, 3.5 µm), the flow rate was 2.5 mL/min, and the
column temperature was 40°C. The volume of the sample load was
100 μL, and the wavelength of measurement was 245 nm. The
mobile phase A was 0.05% Trifluoroacetic acid (TFA)–water
solution and the mobile phase B was 0.05% TFA–acetonitrile,
which were used for gradient elution.

2.4 In vitro assay of the composite hydrogel

2.4.1 Biocompatibility of the composite hydrogel
MC3T3-E1 (ATCC, United States) were cultured in α-minimum

essential medium (α-MEM, Gibco, United States) supplemented with
10% fetal bovine serum (Gibco), 1% penicillin, and streptomycin
(Gibco). The cells were cultured under standard conditions in the
presence of 5% CO2 and at 95% humidity. The merged cells were
collected after digestion with EDTA containing 0.25% trypsin (Gibco)
for the subsequent experiments.

The live/dead detection reagent Calcein AM and propidium (PI)
were prepared, added to cells co-cultured with the hydrogel, and
incubated at 37°C for 15 min. The samples were washed with PBS
twice, and then an inverted fluorescence microscope was used for
imaging. The CellTiter 96 aqueous solution cell proliferation assay
(MTS, Promega, United States) was used to measure the viability of
hBMSCs. The culture medium was discarded after the cells were
cultured for 1, 3, and 7 days, and then 200 μL of the fresh culture
medium with 10% MTS was added to incubate the cells for 4 h. A
microplate reader (ELX808, BioTek, United States) was used tomeasure
the optical density at 490 nm.

2.4.2 Induction of osteoblast differentiation by the
hydrogel

The alkaline phosphatase (ALP) activity was measured to assess
osteoblast differentiation. The BCIP/NBT ALP detection kit (Beyotime,
China) was used to measure the ALP activity following the
manufacturer’s protocols. In brief, the 48-well plate was fixed with
formalin solution, washed with PBS, and stained with 300 μL of the
dye. Then, the cells were rinsed with running water and blotted dry, and
the Olympus CKX53 microscope was used for imaging.

2.4.3 Expression of osteogenesis-related genes
induced by the composite hydrogel

Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed to assess the expression of osteogenesis-related
genes. The AG RNAex Pro reagent (AG21102, Accurate

Biotechnology, China) was used to extract the total RNA from
cells following the manufacturer’s protocols. The Nanodrop
2000 spectrophotometer (Thermo Scientific, United States) was
used to quantitatively assess the RNA level, and the OD260/
OD280 was between 1.9 and 2.1. Total RNA (1 μg) was
obtained and reverse transcribed to obtain cDNA using the
PrimeScript RT kit (RR037A, TaKaRa, Japan). The StepOnePlus
quantitative PCR system (Applied Biosystems, United States) with
TB Green pre-mixed Ex Taq (RR420A, Takara, Japan) was used for
the qRT-PCR. When assessing osteogenesis-related genes (ALP,
osteocalcin (OCN), osteopontin (OPN), and runt-related
transcription factor 2 (RUNX2)), GAPDH was used as the
internal reference, and the 2−ΔΔCT method was used to estimate
the relative expression of mRNA. All the primers were synthesized
by Sangon Biotech, China.

2.5 Induction of the cranial bone defect
model

All the animal procedures were approved by the Animal
Research Committee of Shenzhen People’s Hospital, Jinan
University. Forty-eight male rats (10 weeks old, body weight of
280–300 g) were obtained from the Guangzhou Animal
Experiment Center. After the rats were anesthetized with an
intraperitoneal injection of pentobarbital sodium (45 mg/kg), a
manual electric trephine was used to make two symmetric full-
thickness round defects of 4.5-mm diameter on the bilateral sides
of the skull in the rats. GelMA, GelMA + HepMA + Sr-HA, and
GelMA + HepMA + Sr-HA + PTH1-34 were injected into the skull
defects (each group consisting of six rats), and normal saline was
injected into the rats in the control group (sham surgery group).
The antibiotics were injected into all the rats after the surgery once
every 3 days. All the rats were sacrificed by cervical dislocation
after 4 weeks. The skull was obtained and stored in 4% formalin,
which was consequently used for imaging and histological
analyses.

2.6 Micro-CT assay

The rats were sacrificed 4 weeks after the surgery, the root
skull was collected and fixed in 4% paraformaldehyde (PFA), and
then the skull was scanned using the high-resolution images were
acquired using the 3D creator software, and then the parameters
including bone mass density (BMD), bone volume (BV/TV),
bone trabecular number (Tb.N), and trabecular separation
(Tb. sp) were calculated.

2.7 Histological analysis and
immunohistochemistry

After micro-CT assay, the skull was immersed in 10% EDTA
for decalcification, followed by dehydration and paraffin
embedding. Then, 5-µm-thick slices were prepared, stained
using hematoxylin and eosin (H&E) (Sigma, United States)
and Masson trichrome staining (Solarbio, China) for assessing
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FIGURE 2
Physical and chemical properties of different hydrogels. (A–E)Microstructural properties of the hydrogels (A): GelMA hydrogel; (B) SrHA; (C)GelMA
+ HepMA hydrogel; (D) GelMA + HepMA + SrHA hydrogel; (E) GelMA + HepMA + SrHA/PTH1-34 hydrogel). (F) Time of gel formation of the hydrogel. (G)
Comparison of modulus of compression of different hydrogel preparations. (H, I) Swelling and degradation behaviors of different hydrogel systems.

FIGURE 3
Influence of different hydrogel systems on PTH1-34 release behaviors. (A) PTH1-34 mixed with the hydrogel system of GelMA:HepMA = 1:1. (B) PTH1-

34 mixed with the hydrogel system of GelMA:HepMA = 1:1 (with SrHA).
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the histological morphology of the defect region of the skull. For
the immunohistochemistry (IHC), the skull was fixed in 4% PFA,
dehydrated, and paraffin embedded. The slices (5 µm) were
prepared and dewaxed with xylene, rehydrated with ethanol,
processed using 3% H2O2 in absolute methanol for 30 min,
immersed and boiled in citrate buffer (pH = 6.0) for 10 min,
and then cooled to room temperature. The slices were blocked
with normal goat serum for 30 min and then incubated with rat
anti-RUNX2 and anti-OCN monoclonal antibodies at 4°C
overnight. Afterward, the samples were subjected to
processing using an Avidin-Biotin Complex (ABC) kit
(Zhongshanjinqiao Biotechnology Co., Ltd, China) (biotin: 1 h;
streptavidin: 30 min, 37°C) and then incubated using the
3,3′Diaminobenzidine (DAB) kit (Zhongshanjinqiao
Biotechnology Co., Ltd.) for 1 min. The Mayer hematoxylin
was used for counterstaining. The omission of the primary
antibody was used as the negative control.

2.8 Statistical analysis

All the data were described as means and standard deviations
(≥3 samples). One-way analysis of variance and paired-sample t-test
were used for the statistical analysis. A p-value < 0.05 indicated a
statistically significant difference. All the statistical analysis and figure
plotting were performed using the Origin 8.5 software.

3 Results and discussion

3.1 Preparation of the composite hydrogel
and analysis of physical and chemical
properties

The composite hydrogel system was prepared by rapid
solidification of HepMA (10 wt%) and GelMA (2 wt%)

FIGURE 4
In vitro cellular experiments of the composite hydrogel. (A) Live-dead cell staining findings after MC3T3-E1 cells were co-cultured with different
hydrogel systems for 3 and 7 days (B) Quantitative analysis of the cell proliferation of MC3T3-E1 cells co-cultured with different hydrogel systems for
3 and 7 days using MTS. (C) The ALP activity of MC3T3-E1 cells after 7-day growth on various hydrogels-conditioned medium (A): GelMA hydrogel; (B)
GelMA + HepMA hydrogel; (C) GelMA + HepMA + SrHA hydrogel; (D) GelMA + HepMA + SrHA/PTH1-34 hydrogel); (D) Measurement of the
expression of different osteogenesis-related genes (A):GelMA + HepMA hydrogel; (B) GelMA + HepMA + SrHA hydrogel; (C) GelMA + HepMA + SrHA/
PTH1-34 hydrogel).
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induced by a blue ray photoinitiator LAP. The gel formation
time of the different systems is shown in Supplementary Table
S1. The Sr-HA showed no significant influence on the gel
formation time of the ultimate systems (Figure 2F). The
porosity and sizes of pores were critical for some cellular
functions, such as influencing cell growth and nutrient
transportation. The freeze-dried samples were scanned
using electron microscopy. The findings are shown in
Figures 2A–E. Adding HepMA to GelMA could increase the
cross-linking of the hydrogel and the number of pores in the
hydrogel, making the network more dense and even. In
addition, when the ratio of GelMA to HepMA was 1:1, the
best modulus of compression was obtained. The introduction
of HAP could reduce the modulus of compression of the
hydrogel (Figure 2G). The swelling equilibrium of the
hydrogel was achieved in approximately 12 h. Compared
with pure GelMA hydrogel, adding HepMA reduced the

swelling ratio of the system, and adding SrHA also slightly
but not significantly reduced the swelling ratio (Figure 2H).
After the different hydrogel preparations were freeze-dried,
the degradation assay was performed by immersing the
samples in PBS, followed by degradation after 7, 14, and
21 days. The findings are shown in Figure 2I, which
indicated that the introduction of Sr-HA could delay the
degradation of the system.

3.2 In vitro drug release assay of the
composite hydrogel

The in vitro effects of the composite hydrogel on PTH1-34 release
were assessed. As shown in Figure 3A, the direct combination of PTH1-

34 with the hydrogel resulted in a relatively fast release in the first 3 days.
On the contrary, introducing Sr-HA into loaded PTH1-34 reduced the

FIGURE 5
Effects of the composite hydrogel systems in promoting bone regeneration in vivo. (A) 3D reconstruction images of the skull after different hydrogel
materials were implanted to the site of skull bone defects for 4 weeks. (B–E)Quantitative analysis of the micro-CT images for the assessment of BV/TV,
BMD, Tb.N, and Tb.Th. (A): GelMA + HepMA hydrogel; (B) GelMA + HepMA + SrHA hydrogel; (C) GelMA + HepMA + SrHA/PTH1-34 hydrogel).
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release rate in the initial stage and allowed the slow, low-dose release of
PTH1-34 in the following week (Figure 3B).

3.3 In vitro cellular experiments of the
hydrogel

MC3T3-E1 cells were co-cultured with the hydrogel, and MTS and
live-dead cell staining were performed after the cells were cultured for
3 and 7 days, respectively, to assess the influences of different hydrogel
systems on cell viability. As shown in Figures 4A, B, the co-culture of cells
with different hydrogel systems-maintained cell viability. In addition, the
introduction of Sr-HA and PTH1-34promoted the proliferation of cells.
Scanning electron microscope (SEM) was used to visualize the state of
cells co-cultured with the hydrogel (Supplementary Figure S1), showing
that the cells could attach to the surface of hydrogelmaterials and survive.
ALP staining was performed to assess the effects of the hydrogel systems
on the osteoblast differentiation ofMC3T3-E1 cells. The findings showed
that compared with the control group, the hydrogel loaded with Sr-HA
and PTH1-34 showed the most significant ALP staining signals, which
were higher than those for the system loadedwith Sr-HAonly, indicating
that Sr-HA and PTH1-34 could jointly promote the differentiation of
MC3T3-E1 cells into osteoblasts (Figure 4C). The hydrogel systems
loaded with Sr-HA increased the expression of osteogenesis-related
genes, including OCN, OPN, RUNX2, and ALP (Figure 4D). More
significantly, the simultaneous loading of Sr-HA and PTH in the system
resulted in the highest expression levels of the osteogenesis-related genes.

These findings demonstrated that the joint effects of Sr-HA and PTH1-34

could better promote the differentiation into osteoblasts.

3.4 In vivo effects of the composite hydrogel
in promoting bone regeneration

After the materials were implanted in the body for 4 weeks, micro-
CT images clearly displayed the differences in the regeneration of new
bone tissues after treatment with different components (Figure 5). The
images clearly showed that the in vivo osteogenesis effects were in
agreement with the in vitro findings, and the hydrogel with both Sr-
HA and PTH could better promote the repair and regeneration of bone
tissues at the bone defects (Figure 5A). The quantitative analysis of BMD,
BV/TV, Tb.N, and Tb.Th was performed to further assess the
osteogenesis effects. The findings showed that after treatment with the
composite hydrogel system for 4 weeks, the hydrogel loadedwith both Sr-
HA and PTH could induce the regeneration of new bones at the site of
bone defects, and the effects were higher than those for the hydrogel
system loaded with Sr-HA only (Figures 5B–E).

3.5 Histological assessment and IHC of the
new bones

H&E staining, Masson trichrome staining, and IHC were
used for the assessment of bone regeneration at the site of bone

FIGURE 6
H&E staining (A) and Masson trichrome staining (B) after the bone defects were treated with different hydrogel systems for 4 weeks (4×).
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defects to further verify the effects of the composite hydrogel
systems on bone regeneration. The Figure 6 shows the H&E
staining and Masson trichrome staining results of bone defects
in different groups. The findings were in agreement with the
micro-CT results. Compared with other treatments, Sr-HA and
PTH co-treatment induced the highest amount of new bone
tissues, with the new bones filling the whole defect site, and the
regenerated collagenous fibers were denser than those in other
groups. The Masson trichrome staining further showed that
the GelMA/HepMA/SrHA/PTH group had more calcified
bone-like tissues connected to each other, indicating the
presence of more new bones with higher maturity. The IHC
assay showed slightly lower expression in the GelMA/HepMA/
Sr-HA group, while the expression of OCN and
RUNX2 significantly increased in the GelMA/HepMA/SrHA/
PTH group (Figures 7A, B).

4 Conclusion

In this study, we established a composite hydrogel capable of
the controlled release of PTH to achieve the local controlled
release of low-dose PTH, providing a good microenvironment
for promoting bone regeneration at the site of bone defects. First,
Sr-HA was used to absorb the PTH polypeptide, which was then
mixed with the precursor solution of GelMA/HepMA hydrogel

to prepare the composite hydrogel system with high mechanical
strength and high biocompatibility and capable of the local
controlled release of low-dose PTH by light cross-linking.
The treatment of bone defects using the composite hydrogel
could effectively promote the cells to differentiate into
osteoblasts and promote tissue regeneration via the local
controlled release of low-dose PTH. In addition, the mini-
invasive injection of the composite hydrogel into the site of
osteoporotic fracture, followed by in situ solidification, could
rapidly enhance the mechanical strength of local bone tissues,
thus exerting the supporting effects. Furthermore, with the
swelling and degradation of the hydrogel, the PTH released
by the composite hydrogel could induce the BMSCs to
promote bone differentiation, persistently improve the local
bone density and bone mass, and thus exert long-term
protective effects.

Despite the promising results demonstrated in our research,
several limitations must be acknowledged. Firstly, the results
indicated that the local low dose PTH treatment could better
activate the signaling pathways associated with osteoblasts and
thus promote bone regeneration. However, the exact mechanisms
involved in the effects on osteoblasts and osteoclasts were not
investigated, which should be explored in future. Secondly, the
current study only examined the short-term effects of the
developed hydrogel in bone repair. Long-term studies are
necessary to assess the persistence of the newly formed bone and

FIGURE 7
IHC images of OCN (A) and RUNX2 (B) after the bone defects were treated with different hydrogel systems for 4 weeks (4×).
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the possible long-term effects or complications related to the hydrogel
or its degradation products. In addition, the use of strontium and PTH
was based on their proven benefits in osteoporosis treatment and bone
regeneration. However, the specific doses and ratios used in this study
were determined empirically. Further dose-response studies may be
necessary to optimize the concentrations of strontium and PTH for
maximal therapeutic effects and minimal side effects. Nevertheless,
future work will need to explore the long-term safety, efficacy, and
practicality of these hydrogel systems.
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