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Abstract: The pathological microenvironment of osteoporosis poses a substantial clinical challenge for bone defect regeneration.
Through single-cell RNA-sequencing (scRNA-seq) analysis, we identified a reactive oxygen species (ROS)-overloading osteoblast
subpopulation as a critical pathological feature of osteoporotic niches. Guided by scRNA-seq analysis, we engineered a microenvironment-
adaptive hydrogel system through precise integration of antioxidant curcumin-encapsulated zeolitic imidazolate framework-8
nanoparticles (CCM@ZIF-8 NPs) within photo-crosslinkable alginate methacrylate (AlgMA) hydrogel (AIlgMA/CCM@ZIF-8).
This engineered design exhibited dual functions: effectively scavenging ROS in bone marrow-derived mesenchymal stem cells
(BMSCs) while simultaneously suppressing osteoclast differentiation. The osteo-regenerative superiority of the AIgMA/CCM@ZIF-8
nanocomposite hydrogel was conclusively demonstrated in bone defect models of osteoporotic mice. This scRNA-seq-informed
engineering strategy offers a promising approach for developing pathophysiology-adapted biomaterials to promote regenerative
repair in osteoporotic bone defects.
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1 Introduction

Osteoporosis is a prevalent systemic skeletal dis-
order characterized by progressive bone loss, microar-
chitectural deterioration, increased fragility, and height-
ened susceptibility to fractures (Chen et al., 2024). With
a global prevalence exceeding 200 million cases (Wu
et al., 2020), osteoporosis is responsible for approxi-
mately 8.9 million fragility fractures annually (The
Lancet Diabetes & Endocrinology, 2021), imposing a
substantial socioeconomic burden.
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Emerging evidence has highlighted the pivotal
roles of skeletal aging and chronic inflammation in the
pathogenesis (Yu and Wang, 2016). Large-scale human
epidemiological cohort studies have recently shown a
significant correlation between elevated levels of sys-
temic inflammatory markers and increased risk of os-
teoporotic fractures (Barbour et al., 2014). Extensive
research has established that inflammation and exces-
sive reactive oxygen species (ROS) generation, along
with the resultant oxidative stress, play a pivotal role in
modulating bone healing processes (de Oliveira et al.,
2020; Sheng et al., 2023; Chen W et al., 2025). However,
the precise alterations within the bone marrow micro-
environment during osteoporosis progression remain
poorly understood, and the production and pathophys-
iological involvement of ROS in different cell popula-
tions remain key knowledge gaps in the field (Iantomasi
etal., 2023).

The lack of a precise understanding of the os-
teoporotic microenvironment has led to the current
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commonly used osteoporosis drugs, such as bisphospho-
nates, denosumab, and parathyroid hormone (Zhang
et al., 2023), with limited specificity. Consequently,
their application is constrained by systemic side effects,
the need for high dosages, and reduced local effective-
ness (Guan et al., 2024). Moreover, bisphosphonates
and denosumab are tightly correlated with medication-
related osteonecrosis of the jaw (Cho et al., 2024). There-
fore, elucidating the precise characteristics of the os-
teoporotic cellular microenvironment, including its oxi-
dative stress status, and developing a localized drug de-
livery system based on these insights hold critical sig-
nificance for the treatment of osteoporotic bone defects.

Curcumin (CCM), a polyphenolic compound de-
rived from the rhizome of turmeric, has attracted sig-
nificant attention for its multifaceted therapeutic po-
tential, particularly due to its potent antioxidant, anti-
inflammatory, and immunomodulatory properties (Yang
XM et al., 2023; Amaroli et al., 2024; Wang JJ et al.,
2024; Zhang JY et al., 2024). Mechanistically, CCM di-
rectly scavenges ROS, including superoxide anion radi-
cals generated by the xanthine oxidase system and hy-
droxyl radicals produced during Fenton reactions (Wang
et al., 2025). CCM enhances the expression of catalase
(CAT) (Li Y et al., 2024) and nuclear factor erythroid
2-related factor 2 (NRF2) (Li et al., 2023; Li Y et al.,
2024), thereby effectively scavenging intracellular ROS.
Despite these promising therapeutic properties, the clin-
ical translation of CCM is significantly constrained by its
poor pharmacokinetic profile, characterized by limited
aqueous solubility, low absorption, and diminished
effectiveness in vivo (Inchingolo et al., 2024). Bioma-
terials functionalized with metal-organic frameworks
(MOFs) represent a class of advanced materials char-
acterized by high specific surface area, high porosity,
and controllable degradability (Zhao et al., 2023; Li
SW et al., 2024). Zeolitic imidazolate framework-8
(ZIF-8) exhibits suitability as a carrier for CCM owing
to its distinctive structural and physicochemical char-
acteristics (Teimouri et al., 2024; Yan et al., 2024). ZIF-8
is synthesized through the coordination-driven self-
assembly of zinc ions (Zn*") with 2-methylimidazole
(2-MIM) organic linkers, forming a hybrid framework
that combines the advantageous characteristics of both
MOFs and zeolite materials (Zhang X et al., 2024).
This unique structure endows ZIF-8 with high porosity,
large surface area, and abundant unsaturated metal sites,
which collectively enhance its loading capacity for hy-
drophobic therapeutic drugs. Alginate methacrylate
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(AlgMA) is a versatile biomaterial with extensive appli-
cations in drug delivery, tissue engineering, bioprint-
ing, and wound healing (Tomi¢ et al., 2023). As a
photo-crosslinkable derivative of natural alginate,
AlgMA retains excellent biocompatibility while gain-
ing spatiotemporal control over gelation through light-
initiated polymerization. Its inherent porous structure
facilitates drug loading and cell infiltration (Zhang FS
et al., 2024). It has been engineered to address critical
challenges in massive bone defect regeneration (Huang
et al., 2025).

Single-cell RNA-sequencing (scRNA-seq) tech-
nology, with its high-throughput capacity and single-
cell resolution, enables the analysis of transcriptomic
expression profiles at the single-cell level across di-
verse cell subpopulations (Lin et al., 2024). This ap-
proach has the potential to fully elucidate the hetero-
geneity and dynamics of various cell types, as well as
intercellular interactions within the osteoporotic mi-
croenvironment. In this study, we used scRNA-seq to
systematically characterize the pathological landscape
of human osteoporotic bone. Our analysis revealed two
critical findings: (1) neutrophils exhibit excessive ROS
production during bone remodeling in osteoporotic con-
ditions; (2) osteoblasts show heightened sensitivity to
ROS-mediated stress (Fig. 1). Building on these mech-
anistic insights, we engineered a microenvironment-
responsive hydrogel system (AlgMA/CCM@ZIF-8)
through rational integration of CCM-loaded ZIF-8 nano-
particles (NPs) into a photo-crosslinkable alginate ma-
trix. This innovative design simultaneously addresses
multiple pathological features: (1) effectively scaveng-
ing excess ROS in osteoblasts; (2) suppressing osteo-
clast differentiation; and (3) rebalancing bone remod-
eling dynamics. Remarkably, this targeted intervention
not only promoted functional bone regeneration in os-
teoporotic defects but also restored bone microarchi-
tecture to near-physiological levels.

2 Materials and methods
2.1 scRNA-seq analysis

Publicly available scRNA-seq data from four os-
teoporotic femoral head samples (Gene Expression Om-
nibus (GEO) accession: GSE169396) were processed
and analyzed (Qiu et al., 2021). Raw count matrices
were imported into Seurat (version 4.3.0, implemented
in R) for quality control (QC), retaining cells with >10
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Fig. 1 Schematic illustration of single-cell RNA-sequencing (scRNA-seq)-guided reactive oxygen species (ROS) scavenging
via alginate methacrylate/curcumin-encapsulated zeolitic imidazolate framework-8 (AlgMA/CCM@ZIF-8) nanocomposite
hydrogel for bone defect regeneration in osteoporosis. (a) scRNA-seq analysis characterizes the cellular composition and
microenvironment in human osteoporotic femoral samples. (b) scRNA-seq analysis reveals excessive ROS production by
neutrophils under osteoporotic conditions, triggering hyper-oxidative stress in osteoblasts. (¢) Synthesis and biomedical
application of AIgMA/CCM@ZIF-8 nanocomposite hydrogel. (d) The AIgMA/CCM@ZIF-8 nanocomposite hydrogel
promotes bone regeneration by remodeling the osteoporotic microenvironment, via scavenging ROS in osteoblasts and
suppressing osteoclast differentiation. 2-MIM: 2-methylimidazole. Created with BioRender.com.

and <8000 detected genes, and a mitochondrial gene
content of <20%. After QC, data were normalized using
the “LogNormalize” method, and variable features were
identified for principal component analysis (PCA). Di-
mensionality reduction was performed using Uniform
Manifold Approximation and Projection (UMAP) with
the top 30 principal components.

Cell clusters were annotated based on canonical
marker genes. Differential gene expression analysis
among clusters was conducted with the Wilcoxon
rank-sum test (adjusted P-value<0.05, |log,(fold
change)|>0.25). Marker genes of each cluster were
visualized in volcano plots using the scRNAtoolVis
(version 0.0.7) package.

To assess ROS-related pathways, gene set scoring
was performed using AddModuleScore with GOBP_
REACTIVE OXYGEN_SPECIES BIOSYNTHETIC _

PROCESS (https://www.gsea-msigdb.org/gsea/msigdb/
human/geneset/GOBP_REACTIVE _OXYGEN _
SPECIES BIOSYNTHETIC PROCESS) and GOBP_
RESPONSE TO REACTIVE OXYGEN SPECIES
(https://www.gsea-msigdb.org/gsea/msigdb/human/
geneset/GOBP_RESPONSE TO REACTIVE
OXYGEN_SPECIES). Scores were compared across
cell clusters and visualized as violin plots. All analyses
were implemented in R (v4.2.3) with the tidyverse
(version 1.3.2), Seurat (version 4.3.0), and clusterPro-
filer (version 4.4.4) packages.

To uncover potential ligand receptor interactions
between different cell clusters, CellChat (version 1.6.1,
R) was carried out. The heatmap, netVisual circle, and
netVisual bubble functions were used to visualize the
network and identify the senders and receivers involved
in cell—cell communication.



2.2 Syntheses of ZIF-8 and CCM@ZIF-8 NPs
2.2.1 ZIF-8 NP synthesis process

ZIF-8 NPs were synthesized using a previously
reported method with some modifications (Au-Duong
and Lee, 2017). Firstly, 2.5 mmol (0.7333 g) of zinc
nitrate hexahydrate (Zn(NO,),-6H,O; Aladdin, China)
was dissolved in 20 mL of methanol (high-performance
liquid chromatography (HPLC) grade; Aladdin), while
40 mmol (3.2446 g) of 2-MIM (Aladdin) was sepa-
rately dissolved in 80 mL of methanol. The two metha-
nolic solutions were then combined and stirred for 4 h
at room temperature, followed by incubation at 50 °C
for 1 h. The mixture was subsequently centrifuged at
10 000 r/min for 10 min. The obtained precipitate was
washed with methanol and centrifuged again under the
same conditions. Finally, the product was dried over-
night at 60 °C in a convection oven.

2.2.2 CCM@ZIF-8 NP synthesis process

CCM was incorporated into the ZIF-8 NPs using
the following procedure: Firstly, 0.05 mg of CCM
(MCE, USA) was co-dissolved with 2.5 mmol (0.7333 g)
of Zn(NO,), 6H,0 in 20 mL of methanol. The subse-
quent synthesis steps, including solution combination,
stirring, incubation, centrifugation, washing, and dry-
ing, were identical to those described for the prepara-
tion of ZIF-8 NPs.

2.3 Surface characterization of ZIF-8 NPs and
CCM@ZIF-8 NPs

2.3.1 Scanning electron microscopy and transmission
electron microscopy analyses

Morphological assessment was conducted to evalu-
ate variation in the appearance and sizes of the two
nanoparticles using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Samples
were coated with a 15-nm-thick layer of gold using a
fully automated high vacuum coater, Q150T PLUS™
(Quorum Technologies, Wallruf, UK), for 70 s. Initial
SEM images were acquired using an SM300™ scanning
electron microscope (Topcon, Singapore). Subsequent
SEM images were captured using a GeminiSEM 300™
scanning electron microscope (Zeiss, Germany). TEM
images were acquired using an HT7700 EXALENS™
microscope (Hitachi, Japan).
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2.3.2 Fourier-transform infrared analysis

Fourier-transform infrared (FTIR) spectroscopy
was conducted to characterize the chemical composition
of the samples using a Vertex 70™ Fourier-transform
infrared spectrophotometer (Bruker, Germany). Spectra
were acquired at room temperature over the wavenum-
ber range of 4000400 cm™.

2.3.3 In vitro CCM release from CCM@ZIF-8 NPs
and AlgMA/CCM@ZIF-8

For the bare nanocomposite system, 5.0 mg of
CCM@ZIF-8 NPs was homogenously suspended in
20 mL of 0.01 mol/L phosphate-buffered saline (PBS)
supplemented with 0.5% (5 g/L) Tween 20 to ensure
sink condition maintenance. Parallel evaluation of
the alginate-encapsulated formulation was performed
using a dialysis membrane technique (molecular weight
cutoff (MWCO) 3.5 kDa). Specifically, 5.0 mg of
CCM@ZIF-8 NPs was uniformly incorporated into
2.0 mL of 5% (50 g/L) AlgMA hydrogel precursor
solution, followed by ultraviolet (UV)-induced photo-
crosslinking (A=405 nm) for 15 s to form the AlgMA/
CCM@ZIF-8 nanocomposite hydrogel. Both release
studies were conducted under two different pH condi-
tions: (1) pH=7.4, representing a healthy bone marrow
microenvironment; (2) pH=5.5, simulating osteoporotic
pathological conditions. All release experiments were
performed under controlled conditions (37 °C, 150 r/min
orbital agitation) with temporal sampling at defined
intervals (0—12 h: hourly; 24—80 h: terminal endpoints).
For the direct suspension system, aliquots were centri-
fuged (10000g, 5 min, 4 °C; rotor radius 8.6 cm), while
the dialysis system used medium replacement to main-
tain concentration gradients. CCM release was quan-
tified by spectrophotometric analysis (1=425 nm) using
a standard curve.

2.4 In vitro experiments
2.4.1 Cell preparation and cytotoxicity assay

Bone marrow-derived mesenchymal stem cells
(BMSCs) were initially extracted from the tibia and
femur of 6-week-old C57BL/6J mice. BMSCs were cul-
tivated in 25 c¢cm® flasks (Corning, USA) using mini-
mum essential medium o (a-MEM; Cienry, China) sup-
plemented with 10% (volume fraction) fetal bovine se-
rum (FBS; Gibco, USA) and 1% (volume fraction)
penicillin-streptomycin, incubated in a humidified



1176 | Journal of Zhejiang University-SCIENCE B 2025 26(12):1172-1191

atmosphere at 37 °C with 5% (volume fraction) CO,,
with the culture medium replaced every 2 d to main-
tain optimal growth conditions. Cells were passaged
before reaching about 90% surface coverage. For sub-
sequent biological studies, passage 2 and passage 3
BMSCs were used to ensure consistent and reliable ex-
perimental results.

To determine the appropriate dose of CCM@ZIF-8
NPs for enhancing cell proliferation, a cell counting
kit-8 (CCK-8) assay (GlpBio, USA) was conducted
using a cell density of 1x10* cells/mL. The results were
obtained after 24 and 48 h of incubation with various
concentrations of CCM@ZIF-8 NPs to identify the
optimal concentration that promotes cell proliferation
without inducing cytotoxicity. To further assess the tox-
icity of the selected concentration on both BMSCs and
mouse mononuclear macrophage cells (RAW264.7)
(ICell, Shanghai, China; m047), live/dead cell stain-
ing was performed using calcein acetoxymethyl ester
(calcein AM), which fluoresces green in live cells and
propidium iodide, which stains dead cells red (MKBio,
China). Cells were seeded at a density of 1x10* cells/mL
and stained after coculturing with the selected concen-
tration of ZIF-8 and CCM@ZIF-8 NPs for 24 h. Sub-
sequently, the cells were examined using an EVOS
M35000™ fluorescence microscope (Invitrogen, USA).

2.4.2 Intracellular uptake of CCM@ZIF-8 NPs

To prove that CCM@ZIF-8 NPs can be internal-
ized, BMSCs and RAW264.7 were co-cultured with
ZIF-8 and CCM@ZIF-8 NPs (both 20 pg/mL), respec-
tively, for 24 h in vitro. Subsequently, the cells were ex-
amined using laser confocal microscope (Zeiss) to de-
termine the presence of spontaneous green fluorescence
of CCM, indicating the successful internalization of
CCM@ZIF-8 NPs into the cells.

2.4.3 Tartrate-resistant acid phosphatase staining for
osteoclast formation

RAW264.7 cells were cultivated in osteoclastic dif-
ferentiation medium (PH Biotechnology, Wuxi, China;
CTCC-Y005) at a density of 2x10° cells/mL for 7 d
in three groups: control, ZIF-8 NPs (20 pg/mL), and
CCM@ZIF-8 NPs (20 pg/mL). Subsequently, cells were
rinsed with PBS, stained using the tartrate-resistant acid
phosphatase (TRAP) staining kit (Amizona, China), and
documented using a multifunctional fluorescent imag-
ing equipment BZ-X800LE (Keens, Japan).

2.4.4 RT-PCR assay

Real-time polymerase chain reaction (RT-PCR)
was conducted to evaluate the expression levels of
osteoclast-related genes. RAW264.7 cells were cultivated
in osteoclastic differentiation medium at a density of
2x10° cells/mL for 7 d in three groups: control, ZIF-8
NPs (20 pg/mL), and CCM@ZIF-8 NPs (20 pg/mL).
After incubation, cells were rinsed twice with PBS, and
total RNA was extracted. The RNA was then reverse
transcribed into complementary DNA (cDNA) using the
PrimeScript RT reagent kit (TaKaRa, Japan). Gene ex-
pression levels of TRAP, cathepsin K (Ctsk), and cellular
proto-oncogene fos (c-Fos) were analyzed using SYBR
Premix Ex Taq Il (TaKaRa) with the specific primers
listed in Table 1. The expression levels of these target
genes were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal control.

Table 1 Primer sequences of the genes involved in this study

Primer  Species Sequence (5'—3")

TRAP-F Mice CTGGAGTGCACGATGCCAGCGACA
TRAP-R Mice TCCGTGCTCGGCGATGGACCAGA
Ctsk-F Mice CTTCCAATACGTGCAGCAGA
Ctsk-R Mice TCTTCAGGGCTTTCTCGTTC
c-Fos-F Mice CCAGTCAAGAGCATCAGCAA
c-Fos-R Mice AAGTAGTGCAGCCCGGAGTA
GAPDH-F Mice ACCCAGAAGACTGTGGATGG
GAPDH-R Mice CACATTGGGGGTAGGAACAC

F: forward; R: reverse.

2.4.5 Western blot analysis

BMSCs were seeded on 6-well plates (1x10° cells
per well) with 500 pmol/L H,O, for 24 h to establish
an oxidative stress model. Experimental groups were
treated with ZIF-8 or CCM(@ZIF-8 NPs (co-incubated
with H,0,-challenged BMSCs for 24 h). Then, the ly-
sates of BMSCs were collected, and protein extraction
was conducted. The protein concentration was deter-
mined by the bicinchoninic acid (BCA) method accord-
ing to the instructions of the BCA kit (Beyotime, China).
The resulting proteins were analyzed by gel electropho-
resis and transferred to nitrocellulose membranes (Bey-
otime). The membranes were sealed for 15 min using
QuickBlock block buffer (Beyotime) and incubated
with primary antibody, including NRF2 polyclonal
antibody (Proteintech, China; 33123-1-AP) and GAPDH



antibody (Abcam, UK; ab8245) overnight at 4 °C. The
membranes were then incubated with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit immunoglo-
bulin G (IgG; Huabio, China; HA1001) for 1 h at room
temperature. Protein bands were visualized using an
enhanced chemiluminescence (ECL) kit (Beyotime).
Then the chemiluminescent signals were detected using
ChemiDocTM Touch (Bio-Rad, USA), and the band
intensities were quantified using ImagelJ software (Na-
tional Institutes of Health, Bethesda, MD, USA).

2.4.6 ROS level measurement

To validate the antioxidant capacity of nanopar-
ticles on BMSCs, intracellular ROS levels were as-
sessed through dual-modality detection (confocal mi-
croscopy and flow cytometry). BMSCs were primed
with 500 umol/L H,O, for 24 h to establish an oxida-
tive stress model. Experimental groups were treated
with ZIF-8 or CCM@ZIF-8 NPs (co-incubated with
H,O,-challenged BMSCs for 24 h).

For quantitative ROS profiling, cells were stained
with 10 pmol/L fluorescent probe 2',7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA; Beyotime) in
serum-free medium (37 °C, 30 min, protected from
light). The internalized probe was removed via three
sequential washes with ice-cold PBS.

ROS distribution was captured using an all-in-one
fluorescence microscope (BZ-X800, Keyence, Japan),
and the fluorescence was quantified by Imagel soft-
ware. Single-cell resolution fluorescence quantifica-
tion was subsequently performed on a CytoFLEX LX
flow cytometer (Beckman Coulter, USA) with >10 000
events recorded per sample. Data were normalized to
H,O,-treated controls and analyzed in FlowJo v10.8.1
(TreeStar, Ashland, OR, USA) using geometric mean
fluorescence intensity (gMFI).

2.4.7 Alkaline phosphatase activity examination

To monitor the osteogenic effect on BMSCs, alka-
line phosphatase (ALP) enzyme activity was measured.
After seeding 1x10° cells per well in 12-well plates,
they were cultured in osteogenic differentiation medium
for 7 d, and then ALP staining was performed using
the 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazolium (BCIP/NBT) Alkaline Phosphatase Color
Development kit (Beyotime). The absorbance was
measured at 520 nm to quantify ALP activity using the
Alkaline Phosphatase Assay kit (Jiancheng Inc., China).
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2.4.8 Tube formation assay

Tube formation assays were conducted using hu-
man umbilical vein endothelial cells (HUVECs), which
were inoculated at a density of 5x10* cells per well on
Matrigel for 12 h. Subsequently, after staining with
ghost pen cyclic peptide (Biosharp, China), images were
captured using a multifunctional fluorescence imag-
ing system BZ-X800LE (Keens) to evaluate the tube-
forming capacity, which was quantified using ImageJ
software.

2.5 In vivo study
2.5.1 Ovariectomy model establishment

Thirty-two 8-week-old female C57BL/6J mice un-
derwent bilateral ovariectomy (OVX) using established
techniques as previously documented (Liu XF et al.,
2024). Under aseptic conditions, their dorsal surfaces
were sterilized with an iodine solution followed by me-
dicinal alcohol, and the animals were secured in the
prone position. Linear incisions of 10 mm were made
bilaterally in the skin on the lumbar side, and both
ovaries were carefully excised, with the oviducts ligated
to prevent bleeding and ensure complete removal of
ovarian tissue. The incisions were then closed with su-
tures, and post-operative care was provided according
to institutional guidelines.

2.5.2 Bone defect creation and drug injection

Lithium phenyl-2,4, 6-trimethylbenzoylphosphinate
(LAP) powder was dissolved in PBS at 45 °C to obtain
a 0.25% (2.5 g/L) photoinitiator solution. Subse-
quently, AlgMA (M301775) was added to the 0.25%
(2.5 g/L) photoinitiator solution and heated at 65 °C for
30 min until the polymer completely dissolved. The so-
lution was then infused with ZIF-8 NPs or CCM@ZIF-8
NPs. The mice were randomly divided into four groups
eight weeks post-surgery: (1) blank, (2) AlgMA,
(3) AlgMA@ZIF-8 hydrogel, and (4) AlgMA/CCM@
ZIF-8 hydrogel. A bone defect with a diameter of 1 mm
was created beneath the cartilage development plate in
each mouse. The hydrogel formulations were respectively
injected into the defect sites and immediately photocured
in situ using a UV lamp at a wavelength of 405 nm for
30 s, ensuring rapid and efficient fixation for each group.

2.5.3 ROS level analysis of neutrophils in vivo

Quantitative assessment of neutrophil oxidative
stress was performed via flow cytometric analysis in
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femoral bone marrow from 16-week-old C57BL/6J
mice, comparing controls (n=3) and osteoporotic
models (n=3). Single-cell suspensions were prepared
by mechanical dissociation and erythrocyte lysis (BD
Pharm Lyse™, USA). Neutrophils were identified using
the immunophenotypic markers cluster of differentia-
tion 45 (CD45; BioLegend, USA; #147707), CD11b
(BioLegend; #101225), and Ly6G (Cell Signaling,
USA; #88876).

Intracellular superoxide levels were quantified
by staining with dihydroethidium (DHE; Beyotime,
S0064S) at 37 °C for 20 min (light-protected). Sam-
ples were analyzed on a CytoFLEX LX flow cytome-
ter (Beckman Coulter). Data were analyzed in FlowJo
v10.8.1 (TreeStar) using gMFI.

2.5.4 Micro-computerized tomography analysis

Animals were euthanized at two intervals (two or
four weeks) after drug implantation, and femurs were
extracted. The specimens were preserved in 4% (40 g/L)
paraformaldehyde and then scanned using a micro-
computerized tomography (micro-CT) system (Quantum
GX, PerkinElmer, USA) to assess differences in the
quality of bone healing. The scan parameters were: X-
ray voltage, 80 kV; X-ray current, 100 pA; scan dura-
tion, 2 min; field of view, 36 mm; pixel dimension,
50 pm. The parameters of bone volume fraction (BV/
TV), trabecular thickness (Tb.Th), and trabecular sep-
aration (Tb.Sp) were calculated.

2.5.5 Histological staining

Subsequently, histological evaluation was per-
formed. Samples were decalcified using a 10% (100 g/L)
ethylenediaminetetraacetic acid (EDTA) solution
(Sigma-Aldrich, USA) with the solution changed twice
weekly for at least eight weeks at 4 °C before embed-
ding. Serial sections with a thickness of 5 um were cut
and mounted onto adhesion microscope slides (Citoglas,
Beijing, China; Ref. 188105). Hematoxylin and eosin
(H&E) and Masson’s trichrome staining were conducted
to observe bone regeneration.

For antigen retrieval, tissue sections were heated
in sodium citrate buffer at 95 °C for 15 min. After cool-
ing to room temperature, nonspecific binding sites were
blocked with 5% (50 g/L) bovine serum albumin (BSA)
in PBS for 1 h at room temperature. Primary antibody
incubation was performed overnight at 4 °C using the
following antibodies: 8-hydroxy-2'-deoxyguanosine

(8-OHdG; MCE; HY-P81140), osterix (SP7; Abcam;
ab22552), platelet endothelial cell adhesion molecule-1
(CD31; Abcam; ab182981), Runt-related transcription
factor 2 (RUNX2; Abcam; ab192256), ALP (Invitro-
gen; PAS5-106391), collagen type I al (COL1ATL;
Abcam; ab270993), and osteocalcin (OCN; Proteintech;
23418-1-AP). After washing with PBS, sections were
incubated for 1 h at room temperature with Alexa
Fluor” 555-conjugated goat anti-mouse IgG (Huabio;
HA1118) for 8-OHdG and CD31 detection. iFluor™
488-conjugated goat anti-rabbit IgG (Huabio; HA1121)
for RUNX2, SP7, ALP, COL1A1, and OCN visualiza-
tion. Following secondary antibody incubation, nuclei
were counterstained with 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI; 1 pg/mL) for 5 min. Fluores-
cent images were acquired using an all-in-one fluores-
cence microscope (BZ-X800, Keyence).

2.6 Statistical analysis

All data are presented as meantstandard devia-
tion (SD). Data in this study were obtained from at least
three independent experiments (7=3). To assess statis-
tical differences, statistical analysis was performed
using one-way analysis of variance (ANOVA), two-way
ANOVA, or Student’s #-test using SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA). Differences were con-
sidered statistically significant at P<0.05.

3 Resuults

3.1 Characterization of ROS-enriched microenvir-
onment in osteoporotic bone marrow by scRNA-seq

Osteoporosis is a multifactorial age-related dis-
ease driven mainly by dysregulated interactions within
the bone microenvironment (Yu and Wang, 2016).
Through integrative analysis of scRNA-seq data from
osteoporosis patients, we deciphered the complex cellu-
lar landscape of osteoporotic bone marrow. Notably, the
osteoporotic bone microenvironment was found to har-
bor abundant immune cell subsets, while mesenchymal
cell populations were significantly reduced (Figs. 2a
and 2b), consistent with the clinical phenotypes of bone
loss and chronic inflammation in osteoporosis patients.
Among all the cell types, osteoblasts showed the most
prominent ROS stress signature (Figs. 2c, 2d, and
S1). Excessive ROS accumulation has been shown
to compromise cell survival and impair osteogenic
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Fig. 2 Single-cell RNA-sequencing (scRNA-seq) analysis of reactive oxygen species (ROS)-enriched femoral microenvironment
of osteoporosis patients. (a) Uniform Manifold Approximation and Projection (UMAP) illustrating the cellular composition
of four osteoporotic femoral samples, colored by cell-type annotation. (b) Expression patterns of marker genes across
distinct cell subpopulations. (¢) UMAP visualization of “response to ROS” gene set enrichment scores. (d) Violin plots
depicting the distribution of “response to ROS” gene set scores across cell clusters. (¢) UMAP representation of “ROS
biosynthetic process” gene set enrichment. (f) Violin plots showing “ROS biosynthetic process” gene set scores among different
cell types. (g) Quantitative analysis of intercellular communication events between distinct cell populations. (h) Interaction
weight matrix representing the strength of cellular crosstalk between different cell clusters. (i) Heatmap showing the
intensity of incoming (right) and outgoing (left) signaling pathways across cell types. Rows represent signaling pathways,
columns indicate cell populations, with darker hues denoting stronger pathway activation. (j) Chord diagram visualizing
the complement signaling pathway networks between neutrophils and other cell populations. (k) Ligand—receptor pairs
associated with complement signaling pathways originating from neutrophils to recipient cell clusters. GMPs: granulocyte-
monocyte progenitors; ECs: endothelial cells; NK cells: natural killer cells; CSAR1: complement C5a receptor 1; C3:
complement 3; CR2: complement receptor 2; ITGAX: integrin a X; ITGAM: integrin a M; ITGB2: integrin subunit p2;
Commun. Prob.: communication probability.
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differentiation (Manolagas, 2010; Zou et al., 2021; Tang
et al., 2025). To identify cellular sources of ROS in
the osteoporotic microenvironment, enrichment anal-
ysis of ROS synthesis-related gene sets was performed
across all cell populations, revealing neutrophils as the
primary contributors to ROS production (Figs. 2e and
21). Consistent with the scRNA-seq findings, flow cy-
tometry showed significantly increased ROS genera-
tion in osteoporotic neutrophils versus the control group
(Fig. S2).

Cell—cell interaction analysis demonstrated intri-
cate signaling networks between diverse immune cells
and osteoblasts (Figs. 2g and 2h), highlighting the
regulatory role of the immune microenvironment in os-
teoblast function. Further investigation of the specific
signaling pathways mediating immune cell—osteoblast
crosstalk (Fig. 2i) revealed that neutrophils potentially
regulate osteoblast differentiation and fate determina-
tion through the complement-related signaling pathways
(Figs. 2j and 2k). Importantly, these complement-
associated pathways are closely linked to both the pro-
inflammatory effects of neutrophils and their ROS pro-
duction (Becker et al., 2024; Das et al., 2024; Magsood
et al., 2024). Furthermore, osteoblasts exhibit high ex-
pression of complement receptors, including comple-
ment C5a receptor 2 (C5AR2) and integrin subunit 2
(ITGB2) (Fig. S3), suggesting that neutrophil-derived
C3a/C5a ligands regulate osteoblast function through
specific ligand—receptor interactions. Critically, targeted
blockade of C5a-mediated inflammation during early
phases has been shown to enhance fracture healing
(Kovtun et al., 2017). Collectively, these findings indi-
cate that neutrophil-derived ROS in the osteoporotic
microenvironment likely induce ROS stress in osteo-
blasts, exacerbating bone loss and accelerating disease
progression. Therefore, therapeutic strategies targeting
ROS accumulation in osteoblasts may represent a
promising approach for mitigating osteoporosis.

3.2 Synthesis, characterization, and drug release
kinetics of CCM@ZIF-8 NPs

CCM was encapsulated within ZIF-8 using a one-
pot synthesis method, resulting in the formation of
CCM@ZIF-8 NPs (Fig. 3a). During the fabrication
process, the B-diketone groups of CCM coordinate with
the Zn* of ZIF-8 and simultaneously form additional
coordination bonds with 2-MIM (Jung et al., 2022).
SEM and TEM images revealed that both ZIF-8 and

CCM@ZIF-8 exhibit similar crystalline structures. How-
ever, CCM@ZIF-8 shows a rougher surface texture
and slightly larger particle size due to the adsorption
of CCM. The median particle diameters are about
25 nm for ZIF-8 NPs and 29 nm for CCM@ZIF-8
NPs (Fig. 3b).

FTIR analysis was conducted to investigate the
chemical composition of CCM, ZIF-8, and CCM@ZIF-8
NPs (Fig. 3c). In the FTIR spectrum of CCM@ZIF-8
NPs, the characteristic peaks of CCM at 3512 cm™'
(attributed to the enol hydroxyl group) and 1512 cm™
(corresponding to the phenolic hydroxyl group) were
notably diminished (Perera et al., 2021). Additionally,
a new peak emerged at about 420 ¢cm™', indicative of
the formation of a Zn-N bond (Nagaraju et al., 2017).

CCM@ZIF-8 and AlgMA/CCM@ZIF-8 exhibit
pH-dependent release behavior, with enhanced disso-
lution at pH 5.5 (Figs. 3d and 3e), while hydrogel en-
capsulation significantly retards the release profile.

3.3 Biocompatibility of CCM@ZIF-8 NPs

CCK-8 cell viability/cytotoxicity tests on BMSCs
were used to examine the biocompatibility of ZIF-8
and CCM@ZIF-8 NPs. Briefly, BMSCs were treated
with specific concentration gradients of the prepared
ZIF-8 and CCM@ZIF-8 NPs for 24 and 48 h. As shown
in Fig. 4a, at concentrations below 20 pug/mL, there
were no significant differences in BMSC viability be-
tween the control group and the group treated with
ZIF-8 or CCM@ZIF-8 NPs, for both the 24 and 48 h
incubation periods. Therefore, 20 pg/mL was selected
as the optimal concentration for the subsequent in vitro
and in vivo studies.

When BMSCs and RAW264.7 cells were treated
with CCM@ZIF-8 NPs at 20 ug/mL for 24 h, the live/
dead staining results provided visual evidence of their
biocompatibility. Most cells exhibited green fluores-
cence, indicating high viability, while only negligible
red fluorescence was observed, suggesting low levels
of cell death (Fig. 4b). These findings confirm that
CCM@ZIF-8 NPs are biocompatible and safe for fur-
ther in vitro and in vivo studies. Next, to verify whether
CCM@ZIF-8 NPs could be effectively internalized by
cells, we used BMSCs and RAW264.7 to investigate
the intracellular uptake of CCM@ZIF-8 NPs using con-
focal microscopy. After a 24 h incubation period, green
fluorescence was clearly observed within both BMSCs
(Fig. 5a) and RAW264.7 (Fig. 5b), which indicates
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Fig. 3 Characterization of zeolitic imidazolate framework-8

(ZIF-8) and curcumin-encapsulated ZIF-8 (CCM@ZIF-8)

nanoparticles (NPs). (a) Schematic illustration of the synthesis process for ZIF-8 and CCM@ZIF-8 NPs. (b) Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) images, along with particle size distribution of
ZIF-8 and CCM@ZIF-8 NPs. The inset provides a local magnification. (c) Fourier-transform infrared (FTIR) spectra in the
range of 4000-400 cm™ for CCM, ZIF-8, and CCM@ZIF-8. (d) Cumulative CCM release from CCM@ZIF-8 under different
pH conditions. (¢) Cumulative CCM release from AIgMA/CCM@ZIF-8 under different pH conditions. (d, e) Data are

expressed as meantstandard deviation (SD) (2=3). ™ P<0.001.

a.u.: arbitrary unit.

successful cellular uptake of the CCM@ZIF-8 NPs (Li
Y et al., 2024). The results show that CCM@ZIF-8
NPs can efficiently penetrate and be internalized by
the cells, suggesting their potential for enhanced in-
tracellular delivery and therapeutic efficacy.

3.4 Reduction of intracellular ROS levels by
CCM@ZIF-8 NPs in BMSCs

To assess the antioxidant efficacy of CCM@ZIF-8
NPs on BMSCs, intracellular ROS levels were quantita-
tively measured using the fluorescent probe DCFH-DA.
Figs. 6a and 6b show that treatment with 500 pmol/L
H,O, induced a significant elevation in fluorescence
intensity (P<0.001) compared to untreated controls,
whereas CCM@ZIF-8 NP cotreatment markedly at-
tenuated this increase (P<0.001). Flow cytometry

2-MIM: 2-methylimidazole; AlgMA: alginate methacrylate;

further confirmed these findings, demonstrating that
CCM@ZIF-8 NPs reduced intracellular ROS levels by
approximately 50% relative to both H,O,-treated and
H,O,+ZIF-8-treated control groups (P<0.001; Figs. 6¢
and 6d). The alleviation of ROS by CCM@ZIF-8 NPs
may be mediated by the upregulation of the antioxi-
dant transcription factor NRF2 (Fig. S4). These results
collectively indicate that CCM@ZIF-8 NPs effectively
mitigate oxidative stress in BMSCs.

3.5 Inhibition of osteoclast formation and marker
expression by CCM@ZIF-8 NPs

RAW264.7 cells were cultured in osteoclastic
differentiation medium to assess the impact of
CCM@ZIF-8 NPs on osteoclast development. Results
showed that CCM@ZIF-8 NPs significantly inhibited
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(BMSCs) cocultured with ZIF-8 or CCM@ZIF-8 NPs. (b) Fluorescence microscopy images of live/dead staining for BMSCs
and mouse mononuclear macrophage cells (RAW264.7) after coculturing with ZIF-8 or CCM@ZIF-8 NPs for 24 h. Calcein
acetoxymethyl ester (green fluorescence) for live cells and ethidium homodimer-1 (red fluorescence) for dead cells. Data
are expressed as meanzstandard deviation (SD) (n=3). " P<0.05, " P<0.01.

(a) Rhodamine DAPI CCM Merge

ZIF-8

BMSC

CCM@ZIF-8

Rhodamine DAPI

(b)
00

Fig. 5 Cellular internalization of curcumin-encapsulated zeolitic imidazolate framework-8 nanoparticles (CCM@ZIF-8 NPs).
(a, b) Confocal microscopy images of bone marrow-derived mesenchymal stem cells (BMSCs) (a) and mouse mononuclear
macrophage cells (RAW264.7) (b) after coculturing with ZIF-8 or CCM@ZIF-8 NPs for 24 h. DAPI: 4',6-diamidino-2'-
phenylindole.

ZIF-8

RAW264.7

CCM@ZIF-8

20 ym 20 pm



Journal of Zhejiang University-SCIENCE B 2025 26(12):1172-1191 | 1183

Blank

(@)

*okk

H,0,+CCM@ZIF-8

H,0,+ZIF-8

(b)

(€)

Subset name
—_— Blank
- o,
8 - H,0,+ZIF-8
> H,0,+CCM@ZIF-8
‘B
5 T
E 94 T
©
o
=
3 4+
0
L
= -
kel
=21
©
o .
= gy — iy
0 0 10
FITC-

Blank H,0,

80000 —

60000 —

40000

20000 —

Mean flourescence intensity

108

107

10°
A

H,0,+ZIF-8 H,0,+CCM@ZIF-8

Fig. 6 Effect of curcumin-encapsulated zeolitic imidazolate framework-8 nanoparticles (CCM@ZIF-8 NPs) on H,O,-induced
reactive oxygen species (ROS) generation in bone marrow-derived mesenchymal stem cells (BMSCs). (a) Representative
fluorescence micrographs of intracellular ROS detection using dichlorodihydrofluorescein diacetate (DCFH-DA) staining in
BMSCs under different treatment conditions. (b) Quantitative analysis of relative fluorescence intensity from panel (a). (c) Flow
cytometric histograms showing intracellular ROS levels. (d) Quantitative analysis of mean fluorescence intensity from flow
cytometry data. Data are expressed as mean+standard deviation (SD) (n=3). ™ P<0.01, ™" P<0.001. FITC: fluorescein

isothiocyanate.

osteoclast formation compared to both the ZIF-8 NP-
treated and control groups (P<0.001), as shown by
TRAP staining (Fig. 7a).

To further elucidate the role of CCM@ZIF-8 NPs
in osteoclastogenesis, we quantified the expression levels
of messenger RNA (mRNA) involved in osteoclast dif-
ferentiation using RT-PCR. Fig. 7b shows that treatment
with CCM@ZIF-8 NPs significantly reduced the mRNA
expression levels of genes associated with osteoclast
differentiation, including TRAP (P<0.001), Ctsk (P<
0.05), and c-Fos (P<0.01). These findings indicate that
CCM@ZIF-8 NPs exert a negative regulatory effect on
osteoclast differentiation and downregulate the expres-
sion of osteoclastogenesis-related genes.

3.6 Promotion of osteogenesis and angiogenesis by
CCM@ZIF-8 NPs in vitro

ALP staining showed that the CCM@ZIF-8 NP
treatment group exhibited significantly stronger ALP
activity in BMSCs compared to the control group (P<
0.05; Fig. 8a), indicating that CCM@ZIF-8 NPs effec-
tively stimulate the production of ALP, a marker of

osteogenic differentiation, highlighting their capability
in promoting osteogenesis (Sun et al., 2022).

The pro-angiogenic potential of CCM@ZIF-8
NPs was confirmed using a tube formation assay with
HUVECs. After 12 h culture, the total tube length in
the CCM@ZIF-8 NP-treated group was significantly
increased compared to the control and ZIF-8 NP groups
(P<0.05; Fig. 8b), suggesting that CCM@ZIF-8 NPs
can effectively promote angiogenesis in vitro, which is
essential for large-area bone reconstruction (Lee et al.,
2023).

3.7 Promotion of bone healing by CCM@ZIF-8 NPs
in OVX-induced osteoporotic mouse model

To further assess the therapeutic effects of
CCM@ZIF-8 NPs in vivo, we used a typical OVX-
induced osteoporotic mouse model (Fig. 9a). No ad-
verse events or fatalities were recorded in any of the
experimental groups. Eight weeks post-OVX surgery,
bone defects with a diameter of 1 mm were created in
each femur. Immediately after defect creation, the cor-
responding drugs were injected into the bone defect area
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Fig. 7 Inhibition of osteoclast formation and gene expression by curcumin-encapsulated zeolitic imidazolate framework-
8 nanoparticles (CCM@ZIF-8 NPs) in vitro. (a) Representative images and quantification of tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated cells. (b) The expression levels of TRAP, Ctsk, and c-Fos messenger RNAs
(mRNAs) were quantitatively analyzed by real-time polymerase chain reaction (RT-PCR). Data are expressed as mean
standard deviation (SD) (n=3). " P<0.05, " P<0.01, ™ P<0.001. Ctsk: cathepsin K; c-Fos: cellular proto-oncogene fos.

for each group. Mice were sacrificed in batches after
two or four weeks following drug injection surgery. Fe-
murs were harvested for micro-CT scanning and stain-
ing. The CT scans revealed that CCM@ZIF-8 NPs
promoted bone healing at the defect area compared to
the other three groups (Fig. 9b). Fig. 9c shows that
quantitative analysis confirmed a significant increase
in BV/TV in the CCM@ZIF-8 NP-treated group rel-
ative to the groups without CCM@ZIF-8 NP treat-
ment at both two weeks (P<0.01) and four weeks (P<
0.001). Additionally, a significant increase in Tb.Th

was observed in the CCM@ZIF-8 NP-treated group
compared to the blank group at four weeks (P<0.05).
H&E and Masson’s trichrome staining of femur tissue
sections also verified that CCM@ZIF-8 NPs acceler-
ated bone healing in OVX model mice (Figs. 10a
and 10b). Immunofluorescence staining for 8-OHdG
confirmed superior ROS-scavenging capacity in the
CCM@ZIF-8 NP-treated group (Fig. 10c), while con-
current detection of RUNX2 (Fig. 10d) and CD31
(Fig. 10e) demonstrated enhanced bone regeneration
and vascularization (Wang Z et al., 2024) within the
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defect area following CCM(@ZIF-8 NP treatment. De- 4 Discussion

tection of COL1A1, ALP, OCN, and SP7 also confirmed

the enhanced bone regeneration in the CCM@ZIF-8 The treatment of bone defects in osteoporotic pa-
NP-treated group (Fig. S5). These findings show that  tients remains a major clinical challenge (The Lancet
CCM@ZIF-8 NPs can effectively promote bone heal-  Diabetes & Endocrinology, 2021). Our scRNA-seq ana-
ing and improve bone quality in the OVX-induced lysis of human osteoporotic tissues provides critical
osteoporosis mouse model. insights into the mechanistic interplay between ROS



dynamics and osteoblast dysfunction. While osteoblasts
showed profound ROS stress signatures, their limited
expression of ROS synthesis-related genes strongly
suggests an exogenous origin of ROS overload, likely
originating from neighboring immune cells within the
bone marrow niche. This observation aligns with emerg-
ing evidence implicating immune-metabolic crosstalk
in bone remodeling disorders (Su et al., 2022). Not-
ably, our scRNA-seq analysis identified neutrophils as
the predominant source of ROS within the osteopo-
rotic bone marrow niche, with persistent activation of
complement-mediated intercellular signaling pathways
between neutrophils and osteoblasts. This finding car-
ries significant dual-pathway implications. First, com-
plement system activation in neutrophils drives ROS
overproduction (Morris et al., 2022; Das et al., 2024;
Magsood et al., 2024), establishing a prooxidant mi-
croenvironment that directly suppresses osteogenic ca-
pacity (Sheng et al., 2023; Yang Z et al., 2023; Liu J
et al., 2024; Chen W et al., 2025). Second, neutrophil-
derived inflammatory signals, potentially mediated by
complement pathways, may synergistically exacerbate
osteoblast apoptosis and differentiation arrest (Zou
et al., 2021). This two-pronged mechanism, combining
oxidative stress and chronic inflammation, could ex-
plain the accelerated bone loss observed in advanced
osteoporosis. These findings collectively underscore the
therapeutic potential of targeting ROS accumulation
in BMSC:s for osteoporotic bone healing.

Consequently, developing effective strategies to
modulate the ROS-enriched, osteogenesis-inhibitory
bone marrow microenvironment in osteoporosis pa-
tients remains a critical unmet challenge for achieving
functional bone defect regeneration (Guo et al., 2023).
CCM, a natural polyphenol derived from the rhizomes
of Curcuma longa (a traditional Chinese medicinal herb),
has emerged as a promising therapeutic agent for bone
regeneration due to its potent ROS-scavenging pro-
perties and osteogenic effects (Tan et al., 2021; Wang
et al., 2025). However, the clinical translation of CCM
for osteoporosis-related bone repair is significantly hin-
dered by its poor pharmacokinetic profile, including ex-
tremely low aqueous solubility, limited systemic bio-
availability, and rapid hepatic metabolism and elimi-
nation (Inchingolo et al., 2024). These pharmacolog-
ical challenges underscore the critical need for develop-
ing advanced delivery systems that can both protect
CCM from premature degradation and ensure its sus-
tained release at bone defect sites.
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In this study, we developed an innovative
microenvironment-responsive therapeutic platform by
integrating CCM@ZIF-8 NPs within AlgMA hydrogel
for targeted osteoporosis treatment. This system aims
to ameliorate the local ROS-enriched, osteo-inhibitory
microenvironment, reduce ROS stress in osteoblasts,
and enhance their survival and osteogenic capacity. The
AlgMA hydrogel component serves as an injectable,
photopolymerizable scaffold that perfectly adapts to
complex bone defect geometries while providing a bio-
active matrix for cellular attachment and tissue regen-
eration (Aycan et al., 2024). The embedded ZIF-8 NPs
exhibit intelligent pH-responsive behavior, undergoing
controlled degradation in the acidic microenvironment
characteristic of osteoporotic bone (Chen LF et al.,
2025), which is mediated by osteoclast-derived hydro-
gen ions. This microenvironment-triggered dissolution
enables spatiotemporal release of CCM, achieving ther-
apeutic local concentrations while minimizing systemic
exposure. This strategy avoids the systemic effects as-
sociated with conventional oral osteoporosis medica-
tions such as alendronate. By synergistically combin-
ing AlgMA’s structural support with ZIF-8’s stimuli-
responsive drug release properties, our system demon-
strates a novel strategy for precision treatment of os-
teoporotic bone defects through: (1) on-demand anti-
oxidant delivery, (2) osteoblast protection, and (3) cre-
ation of a regenerative niche. This platform represents
a significant advance in developing pathophysiology-
driven biomaterials for complex bone regeneration
challenges.

Our study revealed that elevated ROS levels con-
stitute a defining feature of the osteoporotic bone mar-
row microenvironment, where CCM@ZIF-8 NPs show
potent ROS-scavenging and bone-regenerative capabil-
ities. ROS-associated oxidative stress exerts cytotoxic ef-
fects on osteoblasts, inducing apoptosis (Li et al., 2021).
Concurrently, ROS impairs BMSC osteogenic differen-
tiation by suppressing p-catenin signaling through
Forkhead box O (FOXO)-mediated inhibition of the
Wingless/integrated (WNT) pathway (Almeida et al.,
2009). As the master regulator of antioxidant responses,
NRF2 maintains ROS homeostasis and prevents oxi-
dative damage (Wang et al., 2023). Under physiological
conditions, cytoplasmic Kelch-like ECH-associated
protein 1 (KEAP1) sequesters NRF2, maintaining low
basal levels. During oxidative stress, activated NRF2
translocates to the nucleus where it transcriptionally
controls virtually all antioxidant response elements
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(AREs) (Dodson et al., 2019), inducing downstream
antioxidant enzymes and conferring cytoprotection
(Morgenstern et al., 2024). CCM disrupts NRF2—-KEAP1
binding through conformational alteration of KEAP1
(Shin et al., 2020), thereby enhancing NRF2 nuclear
translocation and ROS clearance. This mechanism
alleviates ROS-mediated suppression of osteogenic
differentiation. Thus, CCM@ZIF-8 NPs may promote
osteogenesis by both restoring BMSC viability through
ROS mitigation and reversing the osteo-inhibitory mi-
croenvironment imposed by oxidative stress.

Overreaction of osteoclasts is one of the contribu-
tors to osteoporotic bone resorption. Mature osteo-
clasts attach to the bone surface and secrete a large num-
ber of H' ions, thereby acidifying the local extracellu-
lar microenvironment (Boyle et al., 2003; Tsukasaki
and Takayanagi, 2019). This acidic environment dis-
solves the bone’s mineral phase and creates ideal con-
ditions for the breakdown of the organic matrix by
TRAP and Ctsk (Lin et al., 2020). Our results showed
that CCM@ZIF-8 NPs reduced osteoclast formation
and activity by downregulating osteoclastogenesis-
related markers (TRAP, Ctsk, and c-Fos) during os-
teoclast differentiation.

Thus, the bifunctional activity of AlgMA/
CCM@ZIF-8 nanocomposite hydrogel targets both
osteoblasts and osteoclasts, not only attenuating exces-
sive bone resorption but also actively enhancing bone
formation. This dual-action approach represents a sig-
nificant advance in osteoporosis therapy. Future in-
vestigations should delineate the tripartite interplay
among neutrophils, the complement system, and ROS
generation, as well as their collective impact on osteo-
porotic pathogenesis, to provide a more comprehen-
sive mechanistic understanding.

5 Conclusions

This study reveals a key mechanism in osteoporo-
sis pathogenesis whereby neutrophil-derived ROS gen-
erate severe oxidative stress in osteoblasts, compromis-
ing their function through complement activation path-
ways. This ROS-mediated disruption of bone microen-
vironment homeostasis critically impairs the regener-
ative capacity of osteoporotic bone defects. The engi-
neered AlgMA/CCM@ZIF-8 nanocomposite hydrogel
targets ROS accumulation in BMSCs and effectively

promotes osteoporotic bone repair through the multi-
faceted mechanism: (1) regulating BMSC fate determi-
nation via ROS scavenging, and (2) synergistically sup-
pressing osteoclastogenesis. These findings not only
elucidate the crucial role of ROS signaling in osteo-
porosis pathogenesis but also establish the AIlgMA/
CCM@ZIF-8 nanocomposite hydrogel as a promis-
ing therapeutic platform for regenerating osteoporotic
bone defects, providing a foundational strategy for de-
veloping ROS-targeted nanocomposites in bone tissue
engineering.
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