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Elevated levels of oxidative stress, inflammation, and a dysregulated osteoclastogenesis balance frequently
characterize the microenvironment of osteoporosis, which impedes the processes of healing and repair. Existing
treatment approaches are limited in scope and rely primarily on factors and drugs. An injectable hydrogel
designed for the ROS-responsive release of HyS gas is presented in this study. The first network of the hydrogel
comprises sodium alginate (SA-SATO) chelated with S-aroylthiooxime (SATO) and an H,S-generating group,
while the second network is composed of photocrosslinkable PEGDA. Through the integration of Cys-releasing
microspheres that are reactive with ROS, a composite hydrogel was developed that exhibited advantageous
mechanical characteristics and biosafety. The composite hydrogel effectively promoted osteogenic differentia-
tion of mesenchymal stem cells, modulated macrophage polarization, decreased inflammatory responses, and
halted cell apoptosis, as evidenced by in vitro experiments. Additionally, it released H,S gas and mitigated excess
ROS in cells. The efficacy of the composite hydrogel in promoting bone defect repair and regeneration in an
osteoporotic model was further validated by in vivo findings. In summary, the composite hydrogel exhibits
potential as a viable approach to address osteoporotic bone defects by harmonizing osteogenesis and osteoclast
activity, modulating the microenvironment of bone injuries, and reducing inflammation. Consequently, it pre-
sents a viable strategy for the efficient repair of bone defects.

1. Introduction

Osteoporosis and other age-related skeletal diseases are distin-
guished by diminished bone mass and a compromised microstructure of
bone tissue [1]. These factors contribute to heightened bone fragility,
porosity, and susceptibility to fractures, which substantially impede the
repair of bone fractures and defects in osteoporotic patients [2]. Bone
grafting is a frequently utilized technique in the treatment of osteopo-
rotic defects [3]. Although autologous bone transplantation has
demonstrated favorable clinical results, it is constrained by the avail-
ability of donor sites and carries the risk of additional patient trauma. As
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a result, the development of novel biomaterials capable of promoting
osteoporotic bone regeneration must be a top priority. Because alloge-
neic and xenograft bone transplantation carry the potential hazards of
immunogenicity and disease transmission, this is of the utmost impor-
tance. An environment characterized by bone loosening is characterized
by elevated levels of oxidative stress [4], inflammation, and
osteoclast-osteoblast imbalance [5]. An increase in the activity of oste-
oclasts causes excessive bone resorption, whereas a decrease in the ac-
tivity of osteoblasts reduces the rate of bone formation [6,7]. To
promote bone repair in such an environment, it is therefore essential to
reduce oxidative stress and the inflammatory microenvironment
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associated with bone resorption, inhibit osteoclast formation, and
restore the viability of stem cells and osteoblasts.

Hydrogen sulfide (HyS) is a gas transmitter that functions as a
cellular messenger molecule in the human body. It has garnered sig-
nificant attention due to its various physiological and pathophysiolog-
ical roles in different systems [8,9]. Endogenous H»S is generated via the
action of cysteine sulfide f-synthases (CBSs) and cysteine sulfide y-lyase
(CSE), which facilitate the synthesis of cysteine and homocysteine
[10-12]. The vascular system, heart, kidney, brain, nervous system,
lower gastrointestinal tract, skeletal muscle, and bones all contain these
enzymes [13]. The therapeutic potential of HyS for a wide range of
diseases has garnered biomedical scientists’ growing interest. Recent
research has unveiled its participation in the process of bone repair,
thereby suggesting its potential as a regulator of bone formation. It has
been demonstrated that H,S preserves the stemness and functionality of
mesenchymal stem cells in bone marrow, thereby promoting osteoblast
survival in an environment of bone loosening. A multitude of H,S pro-
drugs have been the subject of investigation in clinical or preclinical
trials in recent years [14]. Despite this, the precise mechanism of action
and method of regulating the release of HsS in vivo remain unknown. To
investigate the effect of H,S on bone defect repair in the context of bone
loosening, it is necessary to develop an HsS release system that can be
controlled.

In recent years, there has been considerable attention directed to-
wards hydrogels on account of their bionic three-dimensional polymer
network structure, exceptional mechanical properties, rheological
behavior, and biocompatibility [15]. By functioning as carriers, they
have the ability to encapsulate S-aroylthiooxime (SATO), a
thiol-responsive donor of H,S [16]. This facilitates the regulated release
of HyS, improves operational effectiveness, and mitigates the inadver-
tent release and leakage of loaded HyS donors, thus diminishing the
likelihood of adverse effects. Sodium alginate, which is readily available
and inexpensive, is a prevalent natural macromolecular substance
composed primarily of the compounds -L-guluronic acid (G) and
f-D-mannuronic acid (M) [17,18]. By selectively oxidizing periodate
salts, sodium alginate can be converted into a variety of polysaccharide
derivatives, including alginate dialdehyde (ADA) [18]. Sodium alginate
is abundant in coordination and reaction sites, respectively, carboxyl
(-COOH) and hydroxyl (-OH) groups [19]. The preparation of the so-
dium alginate/Ca%" gel network is straightforward and widely recog-
nized [20,21]. Nevertheless, the expeditious and uneven amalgamation
of calcium ions and sodium alginate may impede the preparation of
injectable hydrogels, necessitating the implementation of an additional
network for this purpose. Good biocompatibility characterizes the hy-
drophilic polyethylene glycol diacrylate (PEGDA) [22,23]. Its terminal
double bonds are capable of reacting to form a gel network; when
combined with natural polymers, they frequently produce a double
network gel with enhanced mechanical strength. We prepared injectable
hydrogels with responsive HsS release in order to target the inflamma-
tory microenvironment within the osteoporotic environment in this
study. Our objectives were to decrease the formation of osteoclasts,
restore the function of osteoblasts, and facilitate the repair of defects in
the osteoporotic environment.

2. Materials and methods
2.1. Materials

Sodium alginate, Sodium periodate, hydroxylamine-O-sulfonate,
thiobenzoic acid, PVA (1788) and PEGDA (Mn = 1000) was purchased
from Aladdin. N,N,N’,N’ -tetramethyl-1,3-propanediamine, 4-(bromo-
methyl) phenylboronic acid and lithium acylphosphinate salt (LAP)
were from Sigma-Aldrich (Shanghai, China). Fetal bovine serum (FBS),
phosphate-buffered saline (PBS), a-minimum essential medium
(a-MEM), and dulbecco’s modified eagle medium (DMEM) were pur-
chased from Gibco (Grand Island, NY, USA). The antibodies (CD31,
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a-SMA, Col I) were purchased from Abcam. The antibodies CD86,
CD206) were purchased from BD.

2.2. Synthesis of S-benzoylthiohydroxylamine (SBTHA) and oxidized
alginate (SA-CHO)

SBTHA was synthesized as reported before [24]. To synthesize
SBTHA, hydroxylamine-O-sulfonate (1.13 g) was dissolved in 10 mL of
1M NaOH in an ice bath to create a 1M hydroxylamine- O- sulfonate
sodium solution. Next, thiobenzoic acid (1.11 g, 8 mmol) was dissolved
in 16 mL of 0.5M NaOH to form a 0.5M sodium thiobenzoate solution.
Then, sodium hydroxylamine-O-sulfonate was slowly added dropwise to
the thiobenzoate solution in an ice bath and stirred for 30 min. The
resulting white precipitate was collected by filtration and washed with
water, followed by freeze-drying for future use.

Oxidized alginate (SA-CHO) was synthesized as reported before [25].
A mixture of sodium alginate solution (5.00 g in 450 mL distilled water)
and sodium periodate aqueous solution (5.40 g in 50 mL distilled water)
should be prepared and stirred. The reaction should take place at room
temperature in the dark for 24 h. Once the reaction is complete, ethylene
glycol (3.00 mL) should be added and stirred for 0.5 h to stop the re-
action. The resulting product should then be transferred into a 7000 kDa
dialysis bag for purification through dialysis. Finally, freeze-drying
should be performed to obtain the SA-CHO product.

2.3. Conjugation of SBTHA to SA-CHO (SA-SATO)

In order to prepare H2S releasing gel, SBTHA was first grafted onto
aldehyde-containing SA-CHO to synthesize SA-SATO polymer. Briefly,
for preparation SA-SATO polymer, 1.0g SA-CHO was dissolved in 100
mL ultrapure water. Then, SBTHA (10 eq. corresponding to aldehyde
group) was added and dissolved. The reaction mixture was shaken at
25 °C for 12 h over molecular sieves, and subsequently transferred to
dialysis bag for dialysis purification. Finally, product obtained after
freeze-drying.

2.4. Preparation of ROS-responsive microparticles containing cysteine
(Cys)

The ROS-responsive microparticles was from the ROS-responsive
hydrogel. The hydrogel was prepared through reaction between phe-
nylboronic acid existing in TPA (ROS-labile linker) and alcohol hydroxyl
groups from PVA by simply mixing 50 mg TPA and 50 mg PVA. ROS-
responsive crossslinker (N-(4-boronobenzyl)-N'-(4-boronophenyl)- N,
N, N/, N-tetramethylpropane-1,3-diaminium,TPA) was synthesized via
quaternization reaction of N, N, N', N-tetramethyl-1,3-propanediamine
and 4-(bromomethyl) phenylboronic acid was synthesized as reported
before [26]. In order to prepare micro particles, gel is placed in a grinder
and crushed under the cooling of liquid nitrogen to obtain.

2.5. Preparation of PEGDA/SA-SATO-Ca composite (PESATO/MCys-
Ca) hydrogel

The double network hydrogel is created through a combination of
free radical polymerization and ionic bonding of PEGDA and a polymer
chain that includes H,S. To begin, a 40 % (w/v) PEGDA aqueous solu-
tion, 5 % SA-SATO aqueous solution, and a mixture of 15 mg/mL LAP
and 100uM CaCly solution in a 1:1:1 vol ratio are prepared. Subse-
quently, crosslinking is induced under blue light to form a gel. In the
preparation of PESATO/MCys-Ca, 200 mg microparticles containing Cys
are encapsulated within the 1 mL PESATO hydrogel. Upon release from
the microparticles, the mercaptan-containing compound cysteine (Cys)
diffuses into the gel, resulting in the generation of H,S. The morphology
and shape of hhydrogels were examined via scanning electron micro-
scopy (SEM, Hitachi S-4800, Japan). The compression behavior of the
hydrogel was evaluated by a commercial mechanical tensile machine
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(AG-2000A, Shimadzu, Japan).

For test of HyS Release in the Presence of Cysteine, HaS release was
measured using a modified methylene blue colorimetric assay as pre-
viously reported [27,28]. Place 200 mg of gel in 2 mL of solution con-
taining 2 mM Zn(OAc), and 1 mM cysteine solution, and take 100 out of
each vial at a predetermined time point p L. Every 100 p Use 100 for L
equal parts of the sample p Dilute with L FeCls solution (30 mM in 1.2M
HClI) and then use 100 p Dilute L N, N-dimethyl-p-phenylenediamine
(20 mM in 7.2M HCI). After taking the last aliquot, store the aliquot for
at least 24 h. Measure the absorbance of each sample at 750 nm using a
flat panel reader. Perform kinetic analysis by subtracting the absorbance
of the blank solution from the average absorbance at each time point.

2.6. Cell culture

The bone marrow mesenchymal stem cells (BMSCs) were harvested
from the femora and tibias of four-week-old Sprague-Dawley (SD) rats
and cultured in a-MEM medium supplemented with 10 % FBS and 1 % of
penicillin/streptomycin in a humidified incubator (37 °C and 5 % CO»).
The adherent cells were cultured and passaged when they reached
80-90 % confluence. The Passage 3 BMSCs were used in this study.

For the acquisition of the bone marrow mononuclear cells (BMMs),
bilateral tibias and femurs of 8-week-old C57BL/6 mice were obtained,
and the bone marrow cavity was thoroughly rinsed with a-MEM. After
centrifugation at 1200r/min for 5 min, the supernatant was discarded.
The bottom cells were lysed with sterile red blood cell lysis solution on
ice for 5 min, and after centrifugation at 1200r/min for 5 min, the su-
pernatant was discarded. The cells were resuspended and placed in a
culture bottle. After 1 day, the supernatant cells were collected and
cultured with 50 ng/ml M-CSF for 3 days. The adherent cells were
mononuclear macrophage BMMs.

The murine-derived macrophage cell line RAW 264.7 and HUVECs
used in this study were from Shanghai Institutes for Biological Science.
The cells were cultured in DMEM medium supplemented with 10 % FBS
and 1 % of penicillin/streptomycin in a humidified incubator (37 °C and
5 % CO2).

2.7. Ability of the hydrogel to scavenge intracellular ROS

The excessive ROS can lead to non-union of bone tissue and exac-
erbate the inflammatory response [29]. The intracellular
ROS-scavenging activity of hydrogel was evaluated through a ROS in-
dicator 2,7~ dichlorodihydrofluorescein diacetate (DCFH-DA). Briefly,
RAW264.7 (2 x 10* cells/well) were seeded in a 24-well plate and
cultured with different treatment for 24 h 100 ng/mL LPS was added to
initiate excess oxidative stress. Then, cells were washed and incubated
with 10 pM DCFH-DA at 37 °C for 1 h. After that, flow cytometry was
conducted on a Flow Cytometer BD Fortessa X-20 (BD Biosciences), and
results were further analyzed with the FlowJo software (FlowJo, LLC)
and fluorescence images were captured by confocal microscope (Nikon,
Japan).

2.8. Assessment of macrophage polarization

The bone tissues of patients with osteoporosis exhibit chronic
inflammation, which leads to an increase in the pro-inflammatory M1
macrophages. Therefore, the M1 polarization of macrophages under
different treatments was investigated. The polarization effect of hydro-
gel system on macrophages was assessed using flow cytometry.
RAW264.7 cells were treated with either LPS (100 ng/mL) or hydrogel
cocultured through Transwell for 24 h. Subsequently, the cells were
detached using a cell scraper, blocked with CD16/32 for 10 min, and
then stained with CD86 and CD206 antibodies for 30 min. Following
centrifugation, the cells were resuspended and analyzed using a flow
cytometer.
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2.9. Osteoclast culture assay

For the induction and culture of osteoclasts, bone marrow macro-
phages (BMMs) are scraped off when the fusion degree reaches 80-90 %
and plated in a 12-well plate at a density of 2x10"5 cells/well. The cells
are then cultured in alpha-minimum essential medium (a-MEM) con-
taining 330 ng/ml M-CSF until the fusion degree reaches 80-90 %, after
which 50 ng/mL of RANKL factor is added to induce osteoclast forma-
tion. The following day, the culture medium with the inducing factor is
changed to observe cell morphology. After 5-6 days, large irregular
multinucleated osteoclasts fused with multiple monocytes can be
observed under a microscope. In the co-culture of osteoblasts and os-
teoclasts, osteoclasts treated differently are seeded at the bottom using
Transwell, while osteoblasts are placed in small chambers. The
morphology of osteoclasts is observed, and the secretion of RANKL and
OPG factors in the medium is tested using ELISA. Subsequently, TRAP
staining is performed using the Sigma Aldrich white blood cell acid
phosphatase kit following the manufacturer’s instructions. TRAP posi-
tive multinucleated cells with 3 or more nuclei are identified as osteo-
clasts. Osteoclasts are then observed under a microscope, photographed,
and quantified.

2.10. Cytotoxicity and cell proliferation of hydrogel

The cytotoxicity of various gels was assessed using the CCK-8
method. Bone marrow mesenchymal stem cells (2 x 10*mL—") were
seeded into each well of a 24-well plate. After cell adhesion, the gels
were co-cultured for 1 and 4 days using a transwell system. CCK-8 so-
lution was added to each well at the specified time points, and the cells
were then incubated in a 5 % carbon dioxide incubator at 37 °C for 1 h.
Subsequently, 100 pL of the solution was transferred to a 96-well plate
and the absorbance at 450 nm was measured using an enzyme-linked
immunosorbent assay (ELISA) reader.

2.11. Osteogenic induction and evaluation

Passage 3 BMSCs were seeded on 24-well plate as 2 x 10* under
different treatment through Transwell. An alkaline phosphatase (ALP)
activity assay and Alizarin Red S (ARS) staining and quantification were
used to evaluate osteogenic differentiation. BMSCs were cultured in
osteogenic induction media with varying components for 3 and 7 days,
followed by fixation with 4 % paraformaldehyde and staining for ALP.
Stained images were captured using a microscope. For ARS staining,
BMSCs were cultured in osteogenic induction media with different
components for 7 and 14 days, fixed with 4 % paraformaldehyde, and
then incubated with 0.1 % ARS solution (pH = 4.8) for 30 min. Subse-
quently, the excess dye was removed by washing the samples with ul-
trapure water, and calcium nodules were observed under a microscope.

2.12. Tube formation assay

Human umbilical vein endothelial cells (HUVECs) were utilized in a
tube formation assay to examine the effects of various treatments.
Initially, the HUVECs were pre-treated with different gels for a period of
3 days. Subsequently, 200 pL of matrix gel was added to a pre-cooled 48-
well plate and placed in an incubator. Following this, 10 x 10* treated
HUVECs were seeded onto the matrix gel and allowed to incubate for 6
and 12 h. Tube formation was then assessed under a microscope, and
each group was quantified using ImageJ software.

2.13. Quantitative real-time polymerase chain reaction (qQRT-PCR)
analysist

BMSCs were treated with HpO2 (100 pM) and cocultured with
different hydrogels by transwell assay in 6-well plates. After 48 h of
culture, the culture medium was absorbed and washed twice with PBS,
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and the total RNA of the cells was extracted with Trizol reagent. Real
time quantitative polymerase chain reaction (QRT-PCR) was performed
to determine the mRNA expression. GAPDH served as a housekeeping
gene.

2.14. Establishment of osteoporotic bone defect model and implantation
of hydrogels

All animal treatment procedures are carried out in accordance with
the guidelines of the Animal Care Committee of Soochow hospital. SD
rats (female, 200 + 20 g) were purchased from the Experimental Animal
Center of Soochow hospital. Osteoporosis models were induced through
bilateral oophorectomy (OVX), with sham surgery performed on the
sham group, as previously documented [30]. Following anesthesia with
intraperitoneal injection of sodium pentobarbital (30 mg/kg) under
sterile conditions, the rats were disinfected with iodine solution and
medicinal alcohol, and positioned in a prone position. Subsequently, a
dorsal incision was made to remove both ovaries and ligate the fallopian
tubes. The rat model of osteoporosis was confirmed using micro CT at
one and two months post-surgery. Once the osteoporosis model was
established, the rats were randomly allocated into four groups: Sham
and OVX groups as the control groups, and different hydrogels were
implanted in the experimental group simultaneously. A 1 cm diagonal
incision was made on the inner skin of the distal femoral joint to expose
the bone by separating the fascia and muscles directly. A 3 mm surgical
drill bit was used to create a deep non-penetrating defect 4 mm below
the cartilage growth plate perpendicular to the bone surface. The cavity
defects in the experimental group were filled with composite gel.
Post-operatively, penicillin was administered at a standard dose of 800,
000 units per day for 3 days. Rats were euthanized at 4 and 8 weeks after
surgery, and their femurs were extracted for further analysis.

2.15. Micro-CT analysis

To evaluate the quality of new bone formation, we collected femurs
with defect areas for Micro CT imaging at weeks 4 and 8 after stent
implantation. Micro-computed tomography (micro-CT) was performed
to scan the skull defects using SkyScan under a standard condition (40
kV X-ray voltage; 250 pA electric current; 18 pm per pixel). Three-
dimensional (3D) images of micro-CT were reconstructed using Data-
Viewer (version 1.5.1.2, Bruker, Kontich, Belgium). A diameter of 3 mm
that covered the bone defect region in reconstructed 3D images was
defined as the region of interest (ROI).

2.16. Histological examination

In order to further evaluate the osteogenesis of hydrogel, samples
were stained with hematoxylin and eosin (H&E), Masson, TRAP,
immunohistochemistry (IHC) and immunofluorescence. At the sched-
uled time (4 and 8 weeks), the animals were euthanized and the har-
vested femur was fixed with 4 % paraformaldehyde. Then, use 15 %
EDTA to decalcify the femur until it can be embedded and sliced. After
embedding through gradient dehydration, the wax blocks were cut into
4.5 pm sections for staining. For IHC, the osteogenic marker collogen 1
(Col I) and angiogenesis marker (CD31) were selected for staining. Soak
the slices in a 3 % hydrogen peroxide solution for 15 min and clean them
three times. Then use sodium citrate antigen repair solution and mi-
crowave method for antigen repair. After cleaning, block the sections
with 10 % goat serum. After removing the blocking solution and
washing, incubate overnight with primary antibody CD31(abcam, USA)
or Col I (abcam, USA). Then, the processed slices were incubated with
secondary antibody working solution and corresponding horseradish
peroxidase (HRP) coupled streptomycin working solution at 37 °C. Then
drop the substrate solution of 3-3 - diaminobenzidine onto the slice.
When brown positive particles appear in the target tissue but no specific
color appears in the surrounding tissue, distilled water is added to
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prevent color development. In order to investigate the ability to form
blood vessels, immunofluorescence staining was used to observe the
formation of capillaries (CD31 positive) and mature blood vessels (a-
SMA positive) around the defect.

2.17. Statistical analysis

Statistical analysis was conducted with GraphPad Prism Software
(GraphPad Software Inc.), and all the numerical results were presented
as mean =+ standard deviation. One-way ANOVA was used to examine
group differences. Statistical significance was defined as *p < 0.05,
while **p < 0.0lindicated extreme significance.

3. Results and discussion
3.1. Preparation and characterization of PESATO/MCys-Ca

As shown in Fig. 1, we fabricated an injectable dual network gel
responsive to HyS release and an SA-SATO polymer chain that releases
H,S via the formation of SATO. Cys diffuses into the PESATO hydrogel
network when microparticles are present in the microenvironment of
osteoporosis, which is characterized by elevated oxidative stress. SATO
exhibits a specific response to mercaptan-containing compounds,
releasing HyS. The FT-IR spectra of SA and SA-CHO exhibited a broad
band at 3185 cm™}, which corresponds to the OH groups, as illustrated
in Fig. 2A. The bands at 1686 and 1528 cm ™! were identified as aromatic
C=C groups. The medium band at 1528 c¢cm™! was indicative of
carboxylate salt ions. The band at 752 cm™! was indicative of benzene
rings that were ortho-1,2-substituted. The FT-IR spectrum of SA-CHO
revealed the presence of a new absorption band at 1736 cm™!, which
corresponded to the stretching vibration of the C=0O group on the
carbonyl groups of the aldehyde. This finding confirmed the successful
synthesis of SA-CHO. The FT-IR analysis of SBTHA and SA-SATO
revealed that subsequent to the conjugation of SATO, the peak at
1736 cm ™! vanished and a new peak at 1683 cm ™! materialized, which
corresponds to the stretching vibration of the thiooxime C=N bond. This
discovery is consistent with results that have been previously reported
[31].

The results of the vial inversion test (Fig. 2B) demonstrated that gels
comprising various components can form rapidly and display fluidity
prior to solidifying, thereby establishing injectability. Tthe particles
extracted from the ROS-responsive gel are on the micron scale (Fig. 2C).
The porous structures of both the PESATO hydrogel and the PESATO/
MCys-Ca gel are evident from the SEM images, as depicted in Fig. 2C.
As illustrated in Fig. 2D-F, the PESATO/MCys-Ca gel recovers from
compression and possesses a greater compressive modulus. PESATO
hydrogel degraded more slowly than PESATO/MCys-Ca gel under
oxidative stress (100 pM H30,) (Fig. 2G). As depicted in Fig. 2H, the
PESATO/MCys-Ca gel released HsS for a duration of seven days when
Cys was present. This finding suggests that the gel possesses the capa-
bility to be utilized in long-term therapeutic applications. Nevertheless,
when Cys was absent, the release of HyS was virtually undetectable,
suggesting that SATO is particularly sensitive to compounds containing
thiols.

3.2. ROS levels in RAW264.7 cells after different interventions

High levels of oxidative stress and osteoclast activity characterize the
microenvironment of osteoporosis; these factors can inhibit osteogenic
activity and have an effect on the repair of bone defects [32,33]. By
decreasing intracellular reactive oxygen species (ROS) production, HoS
can prevent oxidative damage induced by hydrogen peroxide, thus
promoting epidermis tissue repair [34]. Thus, we conducted an inves-
tigation into the ROS removal capability of the hydrogels. LPS increased
ROS production in RAW264.7 cells, as demonstrated in vitro; this un-
derscores the significance of materials possessing antioxidant properties
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Fig. 2. Synthesis and characterization of composite hydrogel for repairing osteoporotic bone defect and releasing hydrogen sulfide gas. (A) FTIR spectroscopy of SA,
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(E) Compression curve of hydrogel. (F) Stress modulus of different hydrogel. (G) Degradation of PESATO/MCys-Ca hydrogel with or without HyO5. (H) H,S releasing

curves of PESATO/MCys-Ca in the presence of Cys.

in the treatment of osteoporotic bone defects. As illustrated in Fig. 3A,
the average cellular ROS concentration in the LPS-treated RAW264.7
cells exhibited a substantial increase in time when compared to the
control group. However, the application of PESATO/MCys-Ca treatment
significantly reduced the intensity of ROS. Furthermore, the intracel-
lular ROS fluorescence images (Fig. 3B) exhibited a comparable phe-
nomenon. Clearly, these effects were mitigated through the application
of PESATO/MCys-Ca. According to these findings, PESATO/MCys-Ca
exhibited potent antioxidant properties.

3.3. Anti-inflammatory characteristics of PESATO/MCys-Ca

Successful regeneration in osteoporotic bone defects necessitates the
establishment of a favorable microenvironment and the regulation of the
immune inflammatory response; these aspects comprise a multidimen-
sional management process. Controllable H,S exerts anti-inflammatory
properties [35]. In regions where bone resorption defects are present,
macrophages commonly exhibit a proinflammatory M1 phenotype,
which has the potential to hinder the healing process. In order to
examine the potential anti-inflammatory attributes of the hydrogels, we
conducted an assay to determine the effect of various materials on the
polarization of RAW264.7 cells in the direction of the M1 phenotype. By
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Fig. 3. Antioxidant and anti-inflammatory properties of composite hydrogels. (A) Intracellular ROS detection of RAW264.7 cells detected by flow cytometry. (B)
Representative fluorescence images of cellular ROS under different treatments. Scale bars: 100 pm. (C-D) Evaluation of M1 polarization of RAW264.7 cells by flow

cytometry under different treatments.

utilizing flow cytometry, the surface markers of RAW264.7 cells that
had undergone diverse treatments were analyzed. Concurrently detect-
ing the anti-inflammatory cytokine CD206 and the proinflammatory
marker CD86 allowed for the evaluation of the polarization of
RAW264.7 cells. As illustrated in Fig. 3C-D, LPS induced an inflam-
matory response; consequently, in the absence of material treatment,
there were significantly more CD86-positive cells than CD206-positive
cells. Following treatment with the hydrogels, the number of
CD86-positive cells decreased. Furthermore, the most conspicuous
reduction was noted in the group treated with PESATO/MCys-Ca.
Nevertheless, there was no increase in the quantity of CD206-positive
cells in response to the hydrogels. The potent antioxidant properties of
the released HyS may account for this. According to these findings,
PESATO/MCys-Ca is capable of efficiently inhibiting the inflammatory
response, thereby ameliorating the severe inflammatory microenviron-
ment associated with osteoporotic bone defects.

3.4. PESATO/MCys-Ca inhibits osteoclastogenesis in vitro

The investigation employed tartrate-resistant acid phosphatase
(TRAP) and F-actin staining techniques to assess the impact of various
gel formulations on the generation of osteoclasts (Fig. 4A-D). When
RANKL was introduced, osteoclasts were effectively generated, and
osteoclast formation was superior to that of the control group.

Nonetheless, osteoclast formation was diminished subsequent to in-
duction coculture with gel, and this reduction was particularly pro-
nounced in the PESATO/MCys-Ca group. The findings suggest that the
negative regulation of osteoclast generation through the emission of a
substantial quantity of HyS can be elucidated by the formation of oste-
oclasts within mononuclear macrophages treated with PESATO/MCys-
Ca.

Osteoblasts facilitate bone resorption and osteoclast development
during the normal phase of bone remodeling through the secretion of
RANKL. Additionally, osteoclasts secrete OPG, which further enhances
osteoblast vitality and promotes bone regeneration. Osteogenesis and
osteoclasts are frequently unbalanced in the microenvironment of
osteoporosis, which can impede bone repair [36,37]. In order to ascer-
tain the potential impact of gel treatment on osteoblast activity, cocul-
ture experiments were performed involving preosteoblasts and
osteoclasts (Fig. 4E). First, RANKL and OPG concentrations in the su-
pernatant of the coculture system were determined. As shown in
Fig. 4F-G, the PESATO/MCys-Ca group secreted a greater quantity of
OPG but less RANKL in comparison to the other groups. The
molecular-level regulation of bone metabolism by HjS is comprised of
numerous interdependent signaling pathways and is crucial for bone
formation and absorption [38].
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RANKL and OPG in the coculture system after different treatments.

3.5. Invitro evaluation of osteogenic differentiation and tube formation

Biomaterials’ biocompatibility is crucial for prospective applications
in bone tissue engineering. Using the CCK-8 method, we therefore
assessed the cytotoxicity of various hydrogels towards BMSCs and
HUVEGCs. As shown in the results (Fig. 5B-F), the addition of RANKL
decreased the OD values relative to the control group. However, the OD
values recovered in the hydrogel group, indicating that the hydrogels
are non-cytotoxic and can reverse the RANKL-induced decrease in cell
viability. Osteogenesis involves BMSCs, which determine both the rate
and extent of new bone formation. An ARS staining assay, qPCR, and an
ALP activity assay were utilized to examine the capacity of the hydrogels
to stimulate the osteogenic differentiation of mesenchymal stem cells in
the bone marrow. As a result of its ability to stain calcium deposits,
alizarin red can be utilized to ascertain whether osteoblastic differen-
tiation of stem cells has been accomplished. By coculturing cells with
various materials, the impact of the materials on the osteogenic differ-
entiation process was investigated, while the addition of RANKL
revealed the effect of RANKL on the process. The results presented in
Fig. 5A indicate that the addition of RANKL decreased the expression of
osteogenic genes (RUNX 2, BMP-2, Col I, ALP, and OCN) but increased

the expression of RANKL, in comparison to the control group. Following
coculture with the materials, the expression of osteogenic genes was
significantly restored by the PESATO/MCys-Ca gel. During the early
stages of osteogenesis, the mineralization process of the bone matrix is
significantly influenced by the increase in ALP activity. The ALP activity
of bone marrow mesenchymal stem cells cultured in various hydrogels
for predetermined durations (3 and 14 days) is illustrated in Fig. 5C-D.
The ALP activity exhibited by each cohort increased as the culture time
extended. The activity of ALP exhibited a notable decline following the
introduction of RANKL, as evidenced by the reduced staining of ALP.
However, the activity of ALP was reinstated subsequent to coculture
with gel, particularly in the PESATO/MCys-Ca group. A comparable
trend was noted when ARS staining was applied (Fig. 5E), wherein
RANKL impeded calcium deposition throughout the process of osteo-
genic differentiation, whereas PESATO/MCys-Ca significantly rein-
stated calcium deposition. These outcomes indicate that the HjS-
releasing gel promotes bone formation more effectively.

Angiogenesis is an essential factor in the process of bone healing.
Thus, the capacity of the hydrogel to stimulate angiogenesis was vali-
dated via tube formation experiments in HUVECs. As illustrated in
Fig. 5G, the angiogenesis capacity of the HUVECs treated with RANKL
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microscopic images of HUVECs tube formation. Scale bars: 50 pm.

was considerably diminished in comparison to the control group. Mi-
croscopy images of the formation of HUVEC tubular structures revealed
that the hydrogels, specifically the PESATO/MCys-Ca gel, promoted
HUVEC tube formation. The findings indicated that the PESATO/MCys-
Ca gel exhibited the most potent capacity for angiogenesis. Similar
findings to those reported previously indicate that HpS stimulates the
proliferation, migration, and angiogenesis of HUVECs [39,40].

3.6. In vivo evaluation of osteoporotic bone tissue regeneration

Due to their complex microenvironment, which is frequently marked
by an imbalance of osteoclastogenic activity, elevated ROS levels, and
an inflammatory milieu, osteoporotic bone defects are difficult to heal.
Treatments that are specialized are required to resolve these complex-
ities. Before evaluation of osteoporotic bone tissue regeneration, the
degradation of hydrogels in vivo was evaluated. The results presented in
Fig. S1 demonstrate that the PESATO/MCys-Ca hydrogels undergoes
gradual degradation over time, with nearly complete degradation
occurring within approximately 4 weeks. Furthermore, microscopic
analysis reveals significant signs of tissue infiltration after 1 week,
accompanied by limited tissue growth; however, there is an increase in
tissue invasion observed after 2 weeks. By 3 weeks, the majority of the
hydrogel is replaced by tissue. These findings suggest that the PESATO/

MCys-Ca hydrogels possess an appropriate degradation rate, making it
suitable for tissue repair while facilitating tissue regeneration. In an
osteoporotic model, the effectiveness of an injectable hydrogel in
response to the discharge of HsS gas into the ROS microenvironment was
evaluated. A bilateral oophorectomy was performed on female rats in
order to establish the osteoporosis model. The experimental protocol
involving animals is illustrated in detail in Fig. 6A. The OVX group’s
femoral micro-CT reconstructions (Fig. 6B—C) demonstrated substantial
bone loss and a reduced bone volume fraction in the sagittal direction.
Histological examinations utilizing H&E and Masson staining provided
additional confirmation of diminished bone trabeculae in the OVX
group, which signifies the successful establishment of the osteoporosis
model.

Following the establishment of the osteoporosis model, a cylindrical
defect measuring 4 mm in depth and 3 mm in diameter was drilled into
the lateral epicondyle of the OVX rats. At 4 weeks following the pro-
cedure, as depicted in Fig. 6B-C, the degree of new bone formation in
each defect group varied; however, the untreated control group retained
a significant defect area. Repair was accelerated in the hydrogel groups,
particularly the PESATO/MCys-Ca group. The presence of substantial
defects in the control group 8 weeks post-surgery suggests that the
critical defect linked to osteoporosis remained resistant to repair.
However, the defects in the PESATO/MCys-Ca group were nearly
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completely healed, whereas rats in the agglutination group experienced
substantial healing. Constantly exhibiting a slightly rough surface, the
new bone tissue appeared and felt identical to the surrounding tissue in
appearance and color. The quantitative analysis unveiled an analogous
pattern. In comparison to the other groups, the PESATO/Cys-Ca group
exhibited notably high BV/TV and Tb.N values.

The microstructure of the regenerated tissue was subsequently
examined via sectioning and staining of the tissue. The tissue
morphology of the bone defects and bone regeneration was additionally
examined using H&E and Masson staining, as illustrated in Fig. 7. In
comparison to the rats in the other groups, the rats in the PESATO/
MCys-Ca group produced the greatest number of bone trabeculae and
exhibited the most rapid and optimal regeneration rate 4 weeks after
surgery (Fig. 7). Significant defects persisted in the control group 4 and 8
weeks following surgery, suggesting that the bone injury failed to heal
gradually. Although there were still visible immature bone bridges and
gaps, the quantity of new bone in the PESATO group increased in
comparison to the 4-week mark, albeit with limited repair. However, an
established and steadfast skeletal structure was observed in the
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PESATO/MCys-Ca group at the 8-week mark. There was no discernible
demarcation between the host bone and the new bone; the host bone had
undergone complete integration with the new bone. At four weeks, the
PESATO/MCys-Ca group exhibited more active bone remodeling and
regeneration processes, as determined by TRAP staining; at eight weeks,
neither TRAP staining nor bone maturation were detected. These find-
ings corroborate the micro-CT results, providing further evidence that
PESATO/MCys-Ca facilitates the restoration of osteoporotic bone
defects.

By employing fluorescence staining for the angiogenic marker CD31/
a-SMA and immunohistochemical staining for Col I, vascular regenera-
tion and bone tissue regeneration during the repair process were
observed. In contrast to the other groups, the PESATO/MCys-Ca group
exhibited elevated levels of Col I and CD31/a-SMA expression at the site
of the osteoporotic defect (Fig. 8). This finding suggests that PESATO/
MCys-Ca facilitates vascular regeneration and bone repair in osteopo-
rotic defects.
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Fig. 7. Representative H&E staining, Masson’s trichrome staining and TRAP staining of Femoral bone sections.

4. Conclusion

We successfully developed a double-network injectable hydrogel
with the capability to release HS. Effective at removing ROS, regulating
macrophage polarization, promoting osteogenic differentiation and
angiogenesis, inhibiting osteoclast differentiation, and maintaining the
osteogenesis/osteoclast balance, this hydrogel possesses excellent me-
chanical properties. Cys released from the microparticles diffuses into
the PESATO gel network when the gel is exposed to the highly oxidative
microenvironment of osteoporosis; this causes the gradual and
controllable release of H,S gas, thereby carrying out its function. Several
of the hydrogel composite system’s biological properties are ideal. The
aforementioned findings suggest that the new system exhibits notable
benefits in terms of impeding inflammation and fostering bone angio-
genesis when applied to osteoporotic bone defects via a multifaceted
collaborative strategy. Consequently, this system presents fresh
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prospects for the clinical management of bone defects.
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