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Irregular bone defects, characterized by unpredictable size, shape, and depth, pose a major challenge to clinical
treatment. Although various bone grafts are available, none can fully meet the repair needs of the defective area.
Here, this study fabricates a dough-type hydrogel (DR-Net), in which the first dynamic network is generated by
coordination between thiol groups and silver ions, thereby possessing kneadability to adapt to various irregular
bone defects. The second rigid covalent network is formed through photocrosslinking, maintaining the osteo-
genic space under external forces and achieving a better match with the bone regeneration process. In vitro, an
irregular alveolar bone defect is established in the fresh porcine mandible, and the dough-type hydrogel exhibits
outstanding shape adaptability, perfectly matching the morphology of the bone defect. After photocuring, the
storage modulus of the hydrogel increases 8.6 times, from 3.7 kPa (before irradiation) to 32 kPa (after irradi-
ation). Furthermore, this hydrogel enables effective loading of P24 peptide, which potently accelerates bone
repair in Sprague-Dawley (SD) rats with critical calvarial defects. Overall, the dough-type hydrogel with
kneadability, space-maintaining capability, and osteogenic activity exhibits exceptional potential for clinical
translation in treating irregular bone defects.

1. Introduction predominant materials in stomatology. Autogenous bone blocks have

excellent mechanical properties, resulting in outstanding

Bone defects caused by trauma, infection, tumor resection, and
congenital diseases severely impact human health, causing heavy bur-
dens on both society and families [1,2]. Irregular bone defects usually
appear with random shapes, sizes, and depths. The irregular craniofacial
bone defects would seriously affect the functions and aesthetics of pa-
tients, which is a critical challenge in stomatology [3,4]. Specifically, it
is difficult to choose suitable materials that can fit the defective area’s
morphology and the surrounding tissues’ physiological properties.
Currently, autogenous bone blocks and xenogeneic granules are two
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space-maintaining capacity. However, the poor plasticity hinders them
from implanting into irregular bone defects. Meanwhile, the limited
resources and potential complications could also threaten their clinical
application [5]. Xenogeneic granules can be used to fill the irregular
bone defects by stacking these particles together, but their stability is
unsatisfactory due to unsustainable integrity. External forces from flap
closure, pressure of surrounding soft tissue, and movement of adjacent
muscles can cause significant displacement of these granules, which
leads to collapse of the osteogenic space and seriously affects the

E-mail addresses: caizhengwei@shsmu.edu.cn (Z. Cai), wgcui@sjtu.edu.cn (W. Cui), huangzhengwei@shsmu.edu.cn (Z. Huang).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2024.06.021

Received 24 February 2024; Received in revised form 23 May 2024; Accepted 11 June 2024
2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:caizhengwei@shsmu.edu.cn
mailto:wgcui@sjtu.edu.cn
mailto:huangzhengwei@shsmu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.06.021
https://doi.org/10.1016/j.bioactmat.2024.06.021
https://doi.org/10.1016/j.bioactmat.2024.06.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.06.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Wang et al.

A SH
HS
bg}& .-SH
HS . [
4-arm-PEG-SH P24
S
Ag*

B

Bioactive Materials 40 (2024) 430-444

Rigid network ®

Light

=

Recruitment \ Osteogenesis differentiation

Scheme 1. Schematic diagram of the dough-type hydrogel for irregular bone defects repair. A) Synthesis process of the P24@DR-Net hydrogel. B) Dough-type
properties of the P24@DR-Net hydrogel match the irregular bone defects. C) The enhanced osteogenesis in the rats with calvarial critical-size defect under the

treatment of the P24@DR-Net hydrogel.

quantity of bone formation [6,7]. The contradiction between plasticity
and the space-maintaining capability of these materials has always
troubled clinicians [8]. Therefore, developing a bone-regenerative ma-
terial possessing both of these properties is urgently necessary to treat
irregular bone defects.

The behavior of bone cement materials is similar to that of con-
struction cement [9]. The bone cement can be applied in bone defect
areas with strong mechanical properties after the self-curing process
[10]. As the most prevalent bone cements, polymethyl methacrylate
(PMMA) bone cement and calcium phosphate cement (CPC) have widely
attracted the attention of researchers [11,12]. Generally, PMMA bone
cement has some advantages, including injectability and ease of use, but
it also exhibits apparent drawbacks. For example, the curing process of
PMMA bone cement would generate excessive heat and toxic polymer
monomers. The PMMA bone cement also presents limited bioactivity,
excessively high mechanical properties, and non-degradability [13,14].
Due to the similar inorganic compositions of bones, CPCs show excellent
biocompatibility and osteoconductive properties, which have been
comprehensively investigated [15,16]. However, CPCs suffer from poor
mechanical properties, collapse in humid environments and short curing
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duration, which limits their clinical use [17-19]. Therefore, an ideal
material is supposed to have the following characteristics: (1) satisfac-
tory plasticity to adapt to irregular bone defects; (2) excellent biocom-
patibility and degradability; and (3) sufficient mechanical strength to
maintain the space for bone formation and provide a sustained micro-
environment for promoting osteogenic differentiation.

Recently, hydrogels have been widely investigated due to their
controllable degradation rate, good manipulability, and adjustable me-
chanical properties [20-22]. Hydrogels are typically formed through
various crosslinking methods to transit from solution to gelation, which
can be applied in designing injectable biomaterials [23]. The injectable
hydrogel has unique advantages when applied in the relatively closed
anatomical space, as the precursor solutions can rapidly fill the targeted
area. Then, the hydrogel can tightly integrate with the surrounding
tissues after crosslinking [24-26]. However, many defective areas are
uncontained bone defects, which lack bone walls [6]. The high fluidity
of precursor solutions often leads to leakage in these defects. Moreover,
most injectable hydrogels suffer from poor mechanical properties, which
cannot maintain the spatial structure under external forces [27,28].
Therefore, it is meaningful to fabricate hydrogels that can match
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irregular bone defects together with robust mechanical properties.

Inspired by the kneadability of dough, a sequentially crosslinked
dough-type hydrogel (DR-Net) was designed in this study. The first dy-
namic hydrogel network was formed by the S-Ag coordinated bonds
between thiol groups (4-arm-PEG-SH) and Ag ions, which makes the
hydrogel kneadable to fill irregular bone defects in the mandibular
alveolar bone. Subsequently, a rigid network was constructed via in situ
photocuring of GelMA to enhance the mechanical properties, resist the
external forces from the surrounding tissues, and maintain the space for
osseous regeneration. Moreover, the synthetic peptide P24 derived from
bone morphogenetic protein 2 (BMP-2) shows osteoinductivity similar
to BMP-2, and has a thiol group at the cysteine residue that can
dynamically bind to Ag" in the DR-Net hydrogel [29]. Therefore,
DR-Net hydrogel can effectively load P24 peptide, which exhibits
excellent biocompatibility, degradability, and capability in enhancing
the in vitro proliferation and osteogenic differentiation of MC3T3-E1
cells. Furthermore, accelerated new bone formation was observed in
SD rats with critical calvarial defects treated with the dough-type
hydrogel in vivo (Scheme 1). Overall, this study provides an innovative
treatment approach for irregular bone defects in the future.

2. Materials and methods
2.1. Synthesis of the hydrogels

Dynamic-Network (D-Net): 0.1 g of 4-arm-PEG-SH (SINOPEG,
Shenzhen, China) was dissolved in 0.5 mL of deionized water to prepare
the 20 % (w/v) solution A at 37 °C. Subsequently, solution B, consisting
of 0.5 mL of AgNO3 (0.05 M, Aladdin, Shanghai, China), was added to
solution A and thoroughly mixed to obtain the D-Net hydrogel.

Rigid-Network (R-Net): 0.1 g GelMA (Yongginquan, Suzhou, China)
was dissolved in 1 mL deionized water with photoinitiator LAP (0.25 %,
w/v, Yongqinquan, Suzhou, China) to prepare the 10 % (w/v) GelMA
solution at 37 °C. Then, the prepared GelMA solution was exposed to
light for 60 s to obtain the R-Net hydrogel.

DR-Net: To prepare solution C, 0.1 g of 4-arm-PEG-SH (SINOPEG,
Shenzhen, China) and 0.1 g of GelMA (Yongginquan, Suzhou, China)
were dissolved in 0.5 mL of deionized water containing the 0.5 % (w/v)
photoinitiator LAP at 37 °C. Then, 0.5 mL solution B (0.05 M AgNO3
solution), was mixed with solution C to obtain a first-crosslinked
hydrogel as pre-DR-Net, which was further subjected to a second
crosslinking process under light exposure for 60 s to form DR-Net.

P24@DR-Net: Peptide 24 (P24) (N—C: KIPKASSVPTELSAIS-
TLYLSGGC) was synthesized by Apeptide Co., Ltd (Shanghai, China).
Solution D was prepared by dissolving 0.1 g 4-arm-PEG-SH, 0.1 g
GelMA, and 10 mg P24 peptide into 0.5 mL deionized water containing
0.5 % LAP at 37 °C. Subsequently, 0.5 mL solution B (0.05 M AgNOs
solution), was mixed with solution D to obtain a first-crosslinked
hydrogel. Finally, a second crosslinking process was achieved through
60 s light exposure, forming the P24@DR-Net hydrogel.

2.2. Characterization of the hydrogels

The D-Net, R-Net and DR-Net hydrogels were fixed on the copper
table, then a thin layer of gold was sprayed. The scanning electron mi-
croscopy (SEM) (GeminiSEM 300, Zeiss, Germany) was utilized for
observing the surface morphological characteristics of the hydrogels.
The silver, sulfur, oxygen, carbon and nitrogen elements in DR-Net were
then identified using energy dispersive X-ray spectroscopy (EDS)
(GeminiSEM 300, Zeiss, Germany). Fourier-transform infrared spec-
troscopy (FTIR) (Nicolet iS20, Thermo Scientific, USA) was employed to
analyze the different functional groups of each hydrogel sample within
the wave number range of 400-4000 cml. The X-ray Photo-
electron Spectrometer (XPS) System (K-Alpha, Thermo Scientific,
USA) was used to analyze the elemental compositions of the hydrogels.
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2.3. Rheological measurements

First, stress-strain oscillations were conducted on the hydrogel to
identify the critical strain required to disrupt the network of the
hydrogel and transition it to a solution state at 37 °C and 60 % RH. And
commercial fibrin glue (FG) was obtained from Shanghai RAAS Blood
Products Co., LTD. (Shanghai, China) as a control. To observe the self-
healing properties, changes in the storage modulus, loss modulus, and
viscosity of the hydrogel were measured by a continuous step change of
the strain 600 % and 0.5 % with a frequency of 10 rad/s at 37 °C and 60
% RH. The shear-thinning properties were tested at a shear rate of
0-320/s with a plate spacing of 0.3 mm at 37 °C and 60 % RH. The
rheological curve of the photosensitive hydrogel was detected in situ by
placing a 400 pL sample on the platform and subjecting it to irradiation
(405 nm, 50 mW/cm?) using the LED light source of the rotary rheom-
eter at 37 °C and 60 % RH for 120 s.

2.4. Swelling and degradation testing of the hydrogel

The swelling test was calcuated as the following description.
Hydrogels were immersed in deionized water and placed in a thermo-
static shaker at 37 °C and 120 rpm. Then, the hydrogel was periodically
weighed after the excess surface liquid was absorbed by the filter paper.
The mass of the hydrogel at each time point was denoted as Mg, while the
initial mass was recorded as M. The following formula calculated the
swelling ratio: Swelling ratio = Mg/Mg x 100 %. For the degradation
experiment in deionized water in vitro, the hydrogel mass after 24 h of
swelling was denoted as M,. The hydrogel was then incubated in
deionized water in a thermostatic shaker at 37 °C and 120 rpm, and the
mass at different time points was recorded as M. The degradation rate in
vitro was calculated using the formula: Degradation Rate = My/M, X
100 %. For the degradation experiment in collagenase II solution, the R-
Net and DR-Net hydrogels swelled for 24 h and were placed in the PBS
solution containing 1 U/mL collagenase II in a thermostatic shaker at
37 °C and 120 rpm. The degradation rate of R-Net and DR-Net in the
collagenase II solution was calculated using the above mentioned
formula.

2.5. Release of P24@DR-Net hydrogel in vitro

To evaluate the release of P24 from the P24@DR-Net hydrogel, 200
pL of the P24@DR-Net hydrogel was initially immersed in 1 mL of PBS,
after which the mixture was placed in a thermostatic shaker at 37 °C
with a shaking speed of 120 r/min. At different intervals, the release
solution (0.1 mL) was collected, and an equivalent volume of PBS so-
lution was added. Concentration of P24 was detected using a BCA assay
kit (Beyotime, China).

2.6. Cell culture

Mouse preosteoblasts (MC3T3-E1) were cultured at 37 °C and 5 %
CO, atmosphere with alpha minimum essential culture medium
(a-MEM) (GIBCO, USA) supplemented with 10 % fetal bovine serum
(FBS) (GIBCO, USA) and 1 % penicillin-streptomycin (PS) (GIBCO,
USA). The a-MEM culture medium was refreshed every 3 days. When the
number of cells grew to 70-80 %, they were passaged for subsequent in
vitro experiments. The cell experiments were performed with five
groups: Control, D-Net, R-Net, DR-Net, and P24@DR-Net. Except the
control group, the other groups were cultured in different hydrogel
extracts.

2.7. Biocompatibility
To verify P24@DR-Net biocompatibility, we used live/dead cell

staining, cytoskeleton staining, and CCK-8 proliferation assay for
comprehensive evaluation of P24@DR-Net hydrogel effect on
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proliferation and toxicity of mouse preosteoblasts (MC3T3-E1). 500 pL
of hydrogel samples were immersed in 25 mL of a-MEM culture medium,
and the hydrogel extracts of each group were collected at 24 h for
MC3T3-E1 cell culture. First, the cell viability was detected on day 4
using the Cell Viability/Cytotoxicity Assay Kit (Beyotime, China), and
the laser confocal microscope (Leica, Germany) was utilized to acquire
the fluorescence image. Among them, dead cells are red, and living cells
are green. Image J software counted the number of living and dead cells,
and cell viability was defined as:

Cell Viability (%) = Living cell number / (Living cell number + Dead cell
number).

In order to explore the influence of hydrogels on MC3T3-E1 cells
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adhesion and spreading. The study was carried out on the 5th day by
skeleton staining. The cells were stained with F-actin tracker red-594
and 2-(4-aminophenyl)-6-indolecarbamidine dihydrochloride (DAPI)
(Beyotime, China) to label F-actin and nucleus, respectively. A laser
confocal microscope (Leica, Germany) was used to observe and take
photos. To explore the proliferation of MC3T3-E1 cells, after 1, 4 and 7
days of incubation, the cell counting kit-8 (Beyotime, China) was uti-
lized to assess the cell proliferation. The full wavelength microplate
reader (Thermo Scientific, USA) was used to quantify the absorbance
value (OD) at 450 nm.

2.8. Osteogenic differentiation in vitro

To assess the impact of the P24@DR-Net hydrogel on cell osteogenic

Light

Dynamic network

kneading

Fig. 1. Physicochemical properties of the DR-Net hydrogel. A) Schematic diagram of the synthesis of the DR-Net hydrogel. B) Illustration of self-healing properties of
the pre-DR-Net hydrogel. C) Compressible and kneadable properties of pre-DR-Net. D, E) Photographs of pre-DR-Net molded into different shapes. F) Mechanical
changes of the DR-Net hydrogel before and after irradiation. G) SEM morphology of the D-Net, R-Net and DR-Net hydrogels. H) EDS analysis of Ag, S, O, C and N

elements in the DR-Net hydrogel.
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differentiation, MC3T3-E1 cells were incubated with the hydrogel ex-
tracts in 24-well plates. After 7 days of in vitro culture, the MC3T3-E1
cells were treated with a 4 % paraformaldehyde solution. Subse-
quently, the samples were evaluated by alkaline phosphatase (ALP)
staining kit (Beyotime, China) and observed by an inverted microscope.
After 7 days of incubation, the cells were rinsed with PBS and then lysed
to collect the supernatant by centrifugation. The ALP assay kit (Beyo-
time, China) was used to measure the ALP activity in each group.

To further assess the effect of the P24@DR-Net hydrogel on inducing
mineralization, the cells were stained by an Alizarin Red S staining kit
after 14 days of incubation, following fixation with 4 % para-
formaldehyde. Then, the cells were photographed utilizing an inverted
microscope. To quantify Alizarin Red S staining results, cells were
incubated with 10 % cetylpyridine chloride (Solarbio, China) for 1 h,
and the absorbance of suspension was quantified at 562 nm.

The osteogenic-related mRNA expression levels were detected uti-
lizing RT-PCR to further validate the osteogenic differentiation effect of
the P24@DR-Net hydrogel on MC3T3-E1 cells. After 7 days of culture,
RNA was isolated from the cells by TRIzol reagent, followed by reverse
transcription to obtain cDNA. The mRNA levels of Runx2, Col-1, ALP,
OCN and OPN were detected and analyzed using a fluorescent quanti-
tative PCR kit (Takara, Japan). The relative mRNA expression levels
were normalized by the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) using the ““Ct method, and the primer se-
quences are displayed in Table S1.

2.9. Animal models

In this study, all animal procedures were approved by the Animal
Research Committee of Shanghai Jiao Tong University School of Medi-
cine (SYXK 2018-0027). The research subjects were eight-week-old
male SD rats weighing approximately 280 g. The rats were randomly
divided into 5 groups (6 rats per group): the control group, D-Net group,
R-Net group, DR-Net group, and P24@DR-Net group. Before surgery, the
rats were administered anesthesia by intraperitoneally injecting pento-
barbital sodium solution (50 mg/kg) and immobilized on the surgical
table upon loss of reflex reactions. After that, the hair surrounding the
surgical area was shaved to ensure complete skull exposure and dis-
infected using an iodine solution. 5 mm diameter bone defects were
drilled with an electric drill at a relatively flat position on the skull. The
hydrogels were subsequently implanted in situ and R-Net, DR-Net, and
P24@DR-Net were crosslinked by light irradiation. Following comple-
tion of the crosslinking, the muscles and skin were sutured with a 5-0
thread. After 4 and 8 weeks of implantation, the rats were euthanized by
carbon dioxide asphyxiation. The skull samples were subsequently
collected and fixed in a 4 % paraformaldehyde solution for 24 h.

2.10. Micro-CT evaluation

Micro-CT was used to scan the rats’ skulls collected at 4 and 8 weeks,
and three-dimensional reconstruction and quantitative statistical anal-
ysis were performed. Bone defect healing was assessed based on the
quantification of bone volume/tissue volume (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation
(Tb.Sp).

2.11. Histological evaluation

To further evaluate in vivo bone formation, decalcification was per-
formed on the collected rat skull samples at 4 and 8 weeks, followed by
the preparation of paraffin tissue specimens. Subsequently, 5 pm thick
sections obtained using a microtome were subjected to H&E, Masson,
and immunofluorescence staining. Immunostaining was performed by
permeabilizing skull sections in 0.1 % Triton X-100 for 15 min. Then, the
skull sections were blocked with 5 % goat serum at room temperature
for 30 min, followed by incubating with primary antibody overnight at
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4 °C. Primary antibody: OCN (GB11233-100, Servicebio, China) and
Col-1 (GB11022-3-100, Servicebio, China). Afterward, the sections were
thoroughly washed with PBS and incubated with secondary antibodies
at room temperature. Additionally, nuclear counterstaining was ach-
ieved using DAPI. Confocal microscope and ImageJ software were used
to observe and quantify the fluorescence image, respectively.

2.12. Statistical analysis

The experimental data were presented as mean and standard devi-
ation after at least three repetitions of each segment. Origin and
GraphPad Prism 9.5.1 were utilized for statistical analysis. The experi-
mental data among groups were compared utilizing One-way analysis of
variance (ANOVA) with Tukey’s post hoc analysis. A statistically sig-
nificant difference was defined as P value < 0.05.

3. Results and discussion
3.1. The preparation and characterization of DR-net hydrogel

Hydrogels composed of a dynamic network via metal-ligand coor-
dination exhibit high adaptability to the physical properties of natural
tissues in tissue engineering [30,31]. On the other hand, photo-
crosslinking hydrogels can be synthesized by photochemical reactions,
such as free radical polymerization and click chemistry, forming a rigid
covalent network, which have excellent mechanical properties [32-34].
To fabricate a sequentially crosslinked hydrogel with both kneadability
and space-maintaining capability, we performed the first dynamic
network between the thiol groups of 4-arm-PEG-SH and silver ions due
to their high affinity. This first crosslinked hydrogel, called pre-DR-Net,
was a dough-type hydrogel with superb kneadability. Furthermore, the
second rigid network was conducted through the photoinitiated free
radical polymerization of gelatin methacrylate (GelMA) to form the
DR-Net hydrogel with significantly enhanced mechanical properties
(Fig. 1A).

To explore the self-healing capability of the first dynamic network of
DR-Net (pre-DR-Net), two hydrogels with different colors (blue and
yellow) were prepared (Fig. 1B). These two hydrogels were cut in half
and placed together. After 60 s, these two hydrogels (blue and yellow)
were fused into a whole without any apparent interface. Furthermore,
when the hydrogel was lifted, the incision did not split, demonstrating
that the interaction force was sufficient to bear the weight of the other
half of the hydrogel. Further, we made a scratch on the pre-DR-Net
hydrogel and captured the self-healing interface of the hydrogel under
a stereo microscope. As illustrated in Fig. S1, the scratch on pre-DR-Net
hydrogel autonomously healed within 50 s. The self-healing capability
of pre-DR-Net could be attributed to the dynamic and reversible S-Ag
coordination between thiol groups and silver ions [35].

In addition, the pre-DR-Net hydrogel showed similar properties to
the dough (Movie S1), which can be kneaded and shaped to any
morphology. As shown in Fig. 1C, the pre-DR-Net hydrogel could be
compressed without a noticeable rebound. Subsequently, the hydrogel
was kneaded from a cubic form into a spherical shape. Furthermore, the
pre-DR-Net hydrogel could fill molds with various shapes, such as
hexagons, triangles, and letters as shown in Fig. 1D and E. The intriguing
properties of pre-DR-Net hydrogel make it a suitable candidate for
treating irregular bone defects. Then, the mechanical characteristics of
DR-Net hydrogel were evaluated before and after photoinitiated cross-
linking. As shown in Fig. 1F, the pre-DR-Net hydrogel was soft and
compliant with limited mechanical strength before irradiation. Under
the influence of gravity, the pre-DR-Net hydrogel was noticeably curved.
In contrast, the double-network DR-Net hydrogel exhibited no signifi-
cant deformation owning to the new formation of the rigid covalent
network, which indicates that the DR-Net hydrogel could effectively
maintain the spatial structure after the implantation compared to the
pre-DR-Net hydrogel.
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Fig. 2. Characterization of the hydrogels. A) Strain sweep measurements of G’ (storage modulus) and G" (loss modulus) of pre-DR-Net. B) Dynamic step-strain
measurements of pre-DR-Net via repeated deformation of 0.5 % strain for 60s and 600 % strain for 60s. C) The different viscosity of pre-DR-Net varies with
shear rate. D) Change of G’ and G” of DR-Net via irradiation for 120s. E) Comparison of storage modulus of D-Net, R-Net, pre-DR-Net, DR-Net and FG, n = 3. F) FTIR
spectrum of D-Net, R-Net and DR-Net. G) Swelling curves and H) Degradation behavior of the hydrogels, n = 3. I) The release behavior of P24 peptide from the
P24@DR-Net hydrogel, n = 3. J) The shape-adaptive filling of pre-P24@DR-Net hydrogel in the irregular defect of the fresh porcine mandibular alveolar bone.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2024.06.021.

Afterward, we synthesized the dynamic network hydrogel (D-Net)
and the rigid network hydrogel (R-Net). D-Net was formed by the S-Ag
coordination between 4-arm-PEG-SH and silver ions, and R-Net was
synthesized by the photoinitiated radical polymerization of GelMA. The
morphologies of DR-Net, D-Net, and R-Net hydrogels were explored by
the scanning electron microscopy (SEM). These three hydrogels were
porous with sponge-like structures and interconnected channels
(Fig. 1G). The porous structure is similar to the natural extracellular
matrix (ECM), which benefits the cell adhesion and proliferation [36,
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37]. Moreover, the DR-Net had a rougher and denser morphology than
the D-Net and R-Net hydrogels (1000 x magnification), which would
facilitate the adhesion of osteoblasts [38]. Additionally, according to the
energy dispersive X-ray spectroscopy (EDS) analysis of the DR-Net
hydrogel, Ag, S, O, C, and N elements homogenously distributed in the
DR-Net hydrogel, confirming the successful formation of the hydrogel
networks via dynamic coordinated crosslinking (between silver ions and
4-arm-PEG-SH) and photocrosslinking (GelMA) (Fig. 1H).

The rheological analysis further evaluated the mechanical properties
of these hydrogels (D-Net, R-Net, and DR-Net). As shown in Fig. 2A, the
first crosslinked pre-DR-Net hydrogel exhibited higher storage modulus
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Fig. 3. The biocompatibility of the hydrogels in vitro. A) Representative live/dead staining images of MC3T3-E1 cells cultured with hydrogel extracts on day 4. B)
Cytoskeleton morphology of MC3T3-E1 cells treated with hydrogel extracts for 5 days. C) Semi-quantitative analysis of cell viability, as assessed using the live/dead
assay. D) The CCK-8 values. (*p < 0.05 and ***p < 0.001. “NS”, no statistical significance. Data are presented as mean + SD, n = 3. One-way ANOVA followed by

Tukey’s post hoc analysis was used).

and lower loss modulus, indicating the gel state. Then, the storage
modulus gradually decreased with the increased shear strain. The
hydrogel showed a flow state when the shear strain reached 227 %.
Additionally, the self-healing properties of pre-DR-Net were assessed by
the dynamic step-strain measurements. As depicted in Fig. 2B, the
storage modulus (G') exhibited a notable decline, decreasing from
approximately 3000 Pa-300 Pa, and the viscosity decreased from 300
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Pa s to 80 Pa s during the strain transition from 0.5 % to 600 %. When
the strain was reduced from 600 % to 0.5 %, the viscosity and modulus
of the hydrogel could recover within a few seconds. In addition, we
further performed 20 cycles of dynamic step-strain measurements on the
pre-DR-Net hydrogel, and the results showed that the pre-DR-Net
hydrogel still maintained excellent resilience (Fig. S2). Moreover, the
shear rate gradually increased with a decreased viscosity of pre-DR-Net,
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indicating the shear-thinning property of this first crosslinked hydrogel
(Fig. 2C). These findings revealed that the dynamic metal coordinated
bonds between silver ions and thiol groups were weakened with
enhanced external stress, resulting in a decrease in the storage modulus
and viscosity of the hydrogel. Once the external stress was removed, the
dynamic metal coordinated bonds were re-established with the restoring
mechanical properties of the hydrogel. Similar phenomena were also
observed in D-Net (Figs. S3 and S4).

Furthermore, the photocrosslinking behavior of DR-Net and R-Net
was investigated under the irradiation. As shown in Fig. 2D, pre-DR-Net
was processed with the first crosslinking. After 60 s of the first cross-
linking, an LED light source (405 nm, 50 mW/cm?) was used to conduct
the second crosslinking to form DR-Net hydrogel for 120 s. The storage
modulus (G) of the DR-Net rapidly increased and reached equilibrium
after approximately 60 s of light exposure. The R-Net precursor solution
was directly crosslinked for 120 s with the storage modulus (G')
increased to (5.5 kPa) (Fig. S5). According to the rheological results,
the storage modulus (G) of DR-Net (G’~ 32 kPa) was significantly
higher than that of D-Net (G’~ 2.4 kPa), R-Net (G’~ 5.5 kPa), pre-DR-
Net (G’~ 3.7 kPa) and FG (G’~1.1 kPa), which meant the modulus of
DR-Net increased by 8.6 times after irradiation and was 29 times that of
FG (Fig. 2E, S6). These results indicate that DR-Net hydrogel is a hybrid
system consisting of dynamic and rigid networks with mechanical
properties that are not simply the sum of D-Net and R-Net.

Further, the hydrogel structure was explored by Fourier transform
infrared (FTIR) spectroscopy. The characteristic peak of the S-Ag co-
ordination bonds was identified at 1344 cm ™! in D-Net and DR-Net
hydrogels, which is the critical mechanism in forming the dynamic
network. Meanwhile, the characteristic peak of -NH; (GelMA) was
observed at 3283 cm™! in both R-Net and DR-Net hydrogels, suggesting
both the dynamic network of D-Net and the rigid network of R-Net
appearing in the DR-Net hydrogel (Fig. 2F). Moreover, based on the X-
ray photoelectron spectroscopy (XPS) findings, both the DR-Net and D-
Net hydrogels contained the Ag element (Fig. S7). Meanwhile, DR-Net
hydrogel had the same N element as R-Net. These results also reveal
the coexistence of the D-Net and R-Net in the DR-Net hydrogel.

The swelling capacities of D-Net, R-Net, and DR-Net hydrogels were
evaluated by calculating the swelling rate at different time points. After
incubating for 24 h, the D-Net, R-Net, and DR-Net exhibited swelling
rates of 109.56 + 5.78 %, 253.87 + 11.94 %, and 230.08 + 15.53 %,
respectively (Fig. 2G), which indicated these hydrogels could have
excellent water retention ability. Notably, D-Net hydrogel reached a
swelling balance after only 8 h of incubation. Afterward, the hydrogel
network began to degrade. In the degradation experiments, the D-Net
hydrogel totally degraded after 5 days of incubation in deionized water,
which meant that the D-Net hydrogel could be unstable in vivo and
unable to match the regeneration process of bone tissue. In contrast, R-
Net and DR-Net hydrogels retained approximately 75 % and 85 % of the
original mass even after 30 days of incubation in deionized water
(Fig. 2H). Furthermore, since R-Net and DR-Net hydrogels contained
GelMA, they were incubated in a phosphate-buffered saline (PBS) so-
lution with collagenase II. The R-Net hydrogel completely degraded
within 3 days, while DR-Net took 11 days (Fig. S8). The DR-Net group
exhibited the slowest degradation rate in vitro, demonstrating that the
double networks could effectively enhance the stability of the hydrogel,
and of course the degradation rate was also correlated with the con-
centration of collagenase. As is well known, the bone healing is a slow
and complex process, which can be divided into four different phases:
hematoma phase, cartilaginous callus formation phase, bony callus
formation phase and bone remodeling phase, and this process lasts for
8-16 weeks [39,40]. Therefore, compared with D-Net and R-Net, the
degradation rate of DR-Net will better match the bone formation rate,
which gradually decomposes with the formation of new tissues.

Currently, most bone-tissue engineering scaffolds lack osteoinduc-
tivity, so it is necessary to introduce growth factors [41]. The synthetic
peptide P24 is derived from bone morphogenetic protein-2 (BMP-2),
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demonstrating osteoinductivity similar to BMP-2 [42]. Compared to the
BMP-2, P24 exhibits higher specificity and fewer side effects [43].
Additionally, P24 has thiol groups at the cysteine residue that can
dynamically bind with Ag" in DR-Net, guaranteeing the dynamic release
of P24. Therefore, we incorporated P24 into the DR-Net hydrogel to
prepare the osteoinductive hydrogel (P24@DR-Net). As shown in Fig. 21,
the P24 release behavior was evaluated in a phosphate-buffered saline
(PBS) solution. During the first 7 days, 40 % of P24 peptide underwent a
burst release. Subsequently, the release rate gradually decreased. After
28 days, about 70 % of the P24 peptide was released. The burst release
could be attributed to the initial swelling of the P24@DR-Net hydrogel
upon contact with the PBS solution, leading to an expansion of the
hydrogel network and facilitating the rapid release of P24. Then, the
stable double-crosslinked hydrogel networks guaranteed the constant
release of P24 in the following days. Additionally, an irregular alveolar
bone defect was established in the fresh porcine mandible (Fig. 2J). The
pre-P24@DR-Net hydrogel exhibited outstanding shape adaptability
after the first crosslinking, perfectly matching the morphology of the
bone defect without collapse under the influence of gravity. Then, the
hydrogel was processed with photocuring to enhance the mechanical
performance. Afterward, the filling area was rinsed with fast-flowing
water. As expected, P24@DR-Net could withstand the external force
without displacement or collapse in situ, maintaining the spatial shape
and structure for bone regeneration (Movie S2). In contrast, D-Net
hydrogel quickly collapsed after filling irregular bone defects, while
R-Net hydrogel precursor failed to fill uncontained bone defects and
flowed out along the low edge of the bone wall. In addition, we further
compared them with FG, although FG has injectable capability, it cannot
effectively fill uncontained alveolar bone defects. In addition, the gela-
tion rate of fibrin glue is too fast for kneading and shaping (Fig. S9).
Therefore, P24@DR-Net demonstrates the optimal shape adaptability
and space-maintaining capability.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2024.06.021.

3.2. Biocompatibility assessment of the P24@DR-Net hydrogel in vitro

The P24@DR-Net hydrogel, as a promising kneadable bone-
promoting biomaterial, requires good biocompatibility. Therefore,
mouse preosteoblasts (MC3T3-E1) were cultured in different hydrogel
extraction solutions for three experiments to evaluate the biocompati-
bility of the hydrogels. After 4 days of incubation, we performed live/
dead staining on the cells. As shown in Fig. 3A, a few dead cells were
indicated by red fluorescence in each group. In contrast, most MC3T3-E1
cells exhibited viability indicated by green fluorescence, with good
cellular morphology and vitality. According to a statistical analysis on
the populations of live and dead cells, the cell viability consistently
remained above 95 % in all the experimental groups, with no statisti-
cally significant differences (Fig. 3C). On the 5th day, the spreading and
morphology of cells were observed by skeleton/nucleus fluorescence
staining. The cytoskeleton was clear in all groups, without significant
differences in the spread area of the cells (Fig. 3B). Then, the cell pro-
liferation was quantified by the cell counting kit-8 on day 1, 4 and 7. As
shown in Fig. 3D, no dramatic difference was observed in the absorbance
value (450 nm) of each group after 1 day of culture. However, on days 4
and 7, the findings demonstrated that the P24@DR-Net hydrogel
effectively enhanced the proliferation of the cells. To sum up, the
P24@DR-Net hydrogel exhibits good biocompatibility and can promote
cell proliferation.

3.3. Osteogenic properties evaluation of the P24@DR-Net hydrogel in
vitro

To investigate the impact of the P24@DR-Net hydrogel on osteogenic
differentiation of MC3T3-El1 cells, the cells were incubated with
extraction solutions from various hydrogel groups. Subsequently,
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was used).

osteogenic differentiation performance was further detected using
alkaline phosphatase (ALP) staining and Alizarin Red S (ARS) staining
[44-46]. ALP, a widely recognized early osteogenic differentiation
marker, is a crucial enzyme in osteogenic differentiation [47,48]. ALP
can react with organic phosphates, raising the local concentration of
POz~ [49]. Additionally, it can bind to ca’®* to regulate the minerali-
zation of the bone matrix [50]. As shown in Fig. 4A, after 7 days of in-
cubation, the P24@DR-Net group exhibited more intense ALP staining
than the control group and the other hydrogel groups. This showed that
P24@DR-Net hydrogel could promote osteogenic differentiation of
MC3T3-E1 cells. Furthermore, the P24@DR-Net hydrogel had higher
ALP activity than the other groups, according to the ALP activity assays
(Fig. 4C). In summary, these findings suggest that the release of P24
facilitated osteogenic differentiation of MC3T3-E1 cells. A similar trend
was observed for ARS staining. The control, D-Net, R-Net, and DR-Net
groups exhibited irregularly shaped and small-volume red calcified
nodules that were loosely scattered, after 14 days of osteogenic culture.
Conversely, a large number of clustered red calcified nodules were
observed in the P24@DR-Net group (Fig. 4B). These findings suggested
that the release of P24 promoted the osteogenic activity of MC3T3-E1
and enhanced bone matrix mineralization. As shown in Fig. 4D, the
P24@DR-Net group exhibited significantly higher values compared to
the other groups, according to the quantified results of ARS staining. The
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result was consistent with the observed staining outcomes.

The complex process of osteogenic differentiation involves multiple
interrelated regulatory variables. Runt-related transcription factor 2
(Runx2), a crucial gene involved in osteogenesis, is responsible for
regulating the formation of bone tissue [51,52]. Type 1 collagen (Col-1),
an essential component of the bone ECM, plays a vital role in facilitating
the interaction between cell surface receptors and ECM proteins [53].
Consequently, we assessed the expression levels of osteogenic genes
(Runx2, Col-1, ALP, OCN and OPN) to further evaluate the hydrogels.
The P24@DR-Net group exhibited significantly higher mRNA levels of
osteogenesis genes than other groups, according to Fig. 4E, F and S10.
These results further validated the effectiveness of the P24@DR-Net
hydrogel in enhancing the osteogenic differentiation of MC3T3-E1 cells.

3.4. Osteogenic effects of P24@DR-Net hydrogel in vivo

To evaluate the efficacy of the P24@DR-Net hydrogel in repairing
bone defects in vivo, an SD rat model with critical-sized calvarial defects
measuring 5 mm was established for in vivo osteogenesis experiments
(Fig. 5A-C) [54,55]. The groups were divided into control, D-Net, R-Net,
DR-Net, and P24@DR-Net in vivo. Among them, DR-Net and
P24@DR-Net were crosslinked twice, improving the hydrogel networks’
strength and providing better mechanical support for subsequent bone
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Fig. 5. The osteogenic effect of the hydrogels in vivo. A-C) The establishment of the calvarial defect model (size, 5 mm) in SD rats and the implantation of hydrogels.
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hoc analysis was used).

formation. At 4 and 8 weeks after surgery, the rat calvarial defect areas
were scanned and analyzed by Micro-CT. Micro-CT reconstruction
techniques were employed for the three-dimensional reconstruction of
bone defects to observe the defect area precisely and further quantify the
new bone mass. Bone morphometry was then utilized to analyze BV/TV,
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Tb.Th, Tb.N, and Tb. Sp across all groups [56,57]. As illustrated in
Fig. 5D, new bone formation appeared from the defect edge to the center
in all hydrogel groups, with a gradually reduced calvarial defect area. At
4 and 8 weeks, the control group and D-Net group exhibited limited new
bone generation only at the periphery of the bone defect, whereas other
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groups with rigid covalent networks, such as R-Net, DR-Net, and
P24@DR-Net, demonstrated comparatively enhanced levels of osteo-
genesis. This finding suggested that the D-Net hydrogel with a single
dynamic network suffered from rapid degradation, prematurely losing
its role as an osteoconductive scaffold. It is noteworthy that at 8 weeks,
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p < 0.0001. “NS”, no statistical significance. Data are presented as mean + SD, n = 6. One-way

the BV/TV was significantly greater in the double-network group
(DR-Net) than in the single-network groups (D-Net and R-Net) (Fig. 5E).
This result revealed that double networks could further increase both
the density and strength of the hydrogel with slow degradation rate,
which can be effectively synchronized with bone formation, thereby
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facilitating osteoconductivity. In addition, the sustained mechanical
support provided by the double networks could also contribute to the
osteogenic differentiation of stem cells to a certain extent. In conclusion,
the double-network structure designed in this study can better fulfil the
scaffold function and promote new bone formation.

To further enhance the osteoinductivity of the hydrogel scaffold, we
introduced the active peptide P24 into the double-network structure. As
expected, among all the groups, the P24@DR-Net hydrogel group
demonstrated the highest degree of osteogenesis in the defective region,
with well-integrated bone and strong growth of new bone from the edge
to the center (Fig. 5D). Especially at 8 weeks, the P24@DR-Net treat-
ment group exhibited almost complete filling of the bone defect area
with newly formed bone tissue, indicating its most significant bone
repair effect. As shown in Fig. 5E-H, the P24@DR-Net group demon-
strated obviously increased BV/TV, Tb.N, and Tb.Th, with decreased Tb.
Sp, compared to the other groups at 4 and 8 weeks. In addition, the
P24@DR-Net group achieved more than 30 % BV/TV within 4 weeks,
compared to only 22 % at 6 weeks for the previously reported com-
mercial fibrin glue (FG) [58]. Hence, we speculate that the P24@DR-Net
hydrogel can not only serve as a double-network scaffold with excellent
osteoconductivity, but also exert osteoinductive effects through sus-
tained release of the P24 peptide, thereby accelerating bone defect
repair.

3.5. The histological evaluation in vivo

To further assess the in vivo osteogenesis-promoting effects of the
P24@DR-Net hydrogel, this study employed H&E staining and Masson
staining to evaluate bone regeneration in the defect area. The newly
formed bone is denoted as NB, HB represents the host bone, and F in-
dicates the fibrous tissue, with the area of the bone defect within the
dashed box. H&E staining results were shown in Fig. 6A and C. Only
limited new bone tissue appeared at the edges of the defective area, and
the central part was composed of fibrous tissue in the control group.
These findings suggest that bone defects cannot be self-healing in a 5
mm critical-sized calvarial defect model.

Moreover, there was no significant difference between the D-Net and
the control groups (Fig. 6E, F). However, introducing the rigid network
in DR-Net resulted in a comparatively more substantial degree of new
bone formation within the defect area. These findings indicated that the
pure dynamic network hydrogel (D-Net) degraded rapidly. On the other
hand, the double-network hydrogel (DR-Net) reduced the degradation
rate with enhanced bone guidance and mechanical support, providing a
better match with the bone repair process. Over time, there was a pro-
gressive bone formation in all experimental groups. Notably, the
P24@DR-Net hydrogel group exhibited abundant new bone formation
around the periphery and a discernible trend of bone growth in the
central area. At 8 weeks after surgery, the defect area was almost filled
with newly generated bone tissue in the P24@DR-Net group. The results
of Masson staining further corroborated those obtained from H&E
staining (Fig. 6B, D).

Additionally, to investigate the effect of the P24@DR-Net hydrogel
on collagen secretion by osteoblasts and mineralization of the bone
matrix, immunofluorescence analysis was conducted at 4 and 8 weeks to
examine the expression levels of the osteogenic markers (Col-1 and OCN
proteins). Fig. 7A and B displayed the staining outcomes of Col-1 and
OCN proteins in each group at 4 and 8 weeks. Over time, the expression
of Col-1 and OCN showed an increasing trend based on quantitative
analysis. (Fig. 7C, D). Consistent with the previous results, Col-1 and
OCN expression levels were significantly higher in the P24@DR-Net
group compared to the other groups. At 8 weeks, compared to the
control group, the expression of Col-1 and OCN in the P24@DR-Net
group showed a significant increase of 3.9 and 4.5 times, respectively.
These findings suggested that the P24@DR-Net hydrogel could signifi-
cantly promote osteoblasts to secrete bone matrix and mineralization. In
summary, this kneadable dough-type hydrogel, P24@DR-Net, not only
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conforms to various irregular bone defects, but also rapidly promotes
bone formation, demonstrating significant clinical application
prospects.

4. Conclusion

In this study, we innovatively fabricated a dough-type hydrogel to
repair irregular bone defects. The first dynamic network is constructed
through S-Ag coordination bonds of 4-arm-PEG-SH and silver ions. It
can match various irregular bone defects through kneading. Compared
with D-Net, R-Net and the commercial fibrin glue, DR-Net demonstrate
user-friendly operability during the process of filling uncontained
alveolar bone defects. Furthermore, a second rigid covalent network was
formed through photocrosslinking reaction of GelMA. The modulus of
DR-Net increased by 8.6 times after irradiation and was 29 times that of
the commercial fibrin glue. Therefore, the double-network hydrogel can
effectively resist the external forces from surrounding tissues and
maintain the space for bone regeneration. Furthermore, the P24 peptide
with osteogenic activity was introduced to DR-Net through S-Ag coor-
dination, which significantly promoted the sustained release process of
P24 peptide, with 70 % released in 28 days, effectively accelerating the
repair of critical cranial defects in rats. Overall, this dough-type
hydrogel with kneadability, space-maintaining capacity, and osteo-
genic activity opens a new era for the treatment of irregular bone
defects.
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