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Osteoporosis therapies remain limited by non-specific osteoclast inhibition,
which disrupts physiological bone remodeling and increases fracture risk.

Here we show that selectively targeting mature osteoclasts via enzyme-
responsive nanoparticles could eliminate pathological bone resorption while
generating apoptotic bodies (ABs) to promote regeneration. We design
OsteoSAVE, a peptide-based nanoparticle integrating a cathepsin K (CTSK)-
cleavable linker, a bone-targeting motif, and a self-assembling biphenyl core.
Upon CTSK-mediated hydrolysis, OsteoSAVE transforms into nanofibers
within osteoclast lysosomes, inducing apoptosis and releasing ABs enriched
with PDGF-BB. Mechanistic studies confirm CTSK-selective cleavage and
charge-driven cellular specificity. In ovariectomized mice, OsteoSAVE restores
bone density by coupling osteoclast elimination with ABs-mediated osteo-
genesis via PI3K/AKT activation in mesenchymal stem cells. This work estab-
lishes enzyme-triggered supramolecular self-assembly as a paradigm for dual-
action therapies that recalibrate bone homeostasis without disrupting phy-
siological processes.

The aging population faces significant health challenges, with osteo-
porosis posing a critical burden, especially among postmenopausal
women'. Characterized by deterioration of bone microstructure and
accelerated bone loss, osteoporosis arises from an imbalance between
bone resorption and formation, primarily driven by excessive osteo-
clast (OC) activity”. Thisimbalance increases fracture risk, contributing
to elevated morbidity and mortality’. Current first-line treatments,
such as bisphosphonates, indiscriminately inhibit OCs, leading to
apoptosis of all bone-resorbing cells*. While effective in slowing dis-
ease progression, these therapies disrupt pre-osteoclasts (pre-OCs)-
mediated bone remodeling processes’, often resulting in serious
complications®’. Consequently, there is an urgent need for targeted
therapeutic strategies that selectively limit excessive osteoclastic
activity while maximally preserving pre-OCs activity to maintain phy-
siological bone remodeling.

OCs are macrophage-derived multinucleated cells formed by the
fusion of bone marrow-derived monocytes (BMMs), tightly controlled
by two key cytokines: receptor activator of nuclear factor kB ligand
(RANKL) and monocyte colony-stimulating factor (M-CSF)%. The for-
mation of OCs induced by RANKL involves the differentiation of BMMs
into pre-OCs, followed by their fusion into mature OCs’. While pre-OC
membranes have been explored as a therapeutic strategy to inhibit the
fusion of pre-OCs to form OCs, mature OCs (already formed) may also
fuse with pre-OC membranes, potentially reducing the therapeutic
efficacy'. Notably, mature OCs exhibit high expression of cathepsin K
(CTSK)", a lysosomal enzyme critical for bone resorption, whereas pre-
OCs show minimal CTSK activity’. Despite its pivotal role, there are
currently no CTSK-based precision therapies for osteoporosis. Addi-
tionally, treating osteoporosis requires bone targeting in vivo to
minimize the risk of side effects at non-bone sites. A previous study
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demonstrated that a sequence of six aspartic acid residues (D-Asp6)
can effectively deliver drugs to bone tissue®. Therefore, we developed
a osteoporosis treatment strategy that combines bone targeting cap-
ability with CTSK responsiveness.

OCs have a short lifespan and undergo apoptosis after completing
their resorptive function. This process involves nuclear and cyto-
plasmic condensation, membrane blebbing, and the formation of
apoptotic bodies (ABs)®. The contents of ABs are highly variable and
may include nucleic acids, proteins, and lipids. Recent studies suggest
that pharmacologically induced OCs-derived ABs, generated using
agents like Alendronate (ALD) and Staurosporine, can promote bone
formation and modulate bone remodeling®”. However, these
approaches lack selectivity, inducing apoptosis in both OCs and pre-
OCs, and are unsuitable for in vivo application. Leveraging the unique
enzymatic profile of OCs in osteoporosis, we propose a targeted
strategy to selectively induce OC apoptosis in vivo and generate
therapeutic ABs that restore bone homeostasis.

Here, we introduce OsteoSAVE, a bone-targeted nanoparticle
system designed to induce OC apoptosis through CTSK-assisted self-
assembly. OsteoSAVE nanoparticles are designed to target bone sur-
face and have passive cell targeting properties due to their negative
charge, which allows them to be engulfed in large quantities only by
macrophages, such as OCs and pre-OCs. Within in OC lysosomes, CTSK
triggers their transformation into nanofibers, induce apoptosis and
generating ABs enriched with PDGF-BB. These ABs regulate osteogenic
differentiation of bone marrow mesenchymal stem cells (BMSCs),
restoring bone homeostasis in osteoporosis. By coupling selective OC
elimination with in vivo generation of therapeutic ABs, OsteoSAVE
offers a promising strategy for treating osteoporosis and advancing
therapies for age-related bone disorders.

Results

Molecular design and characterization of OsteoSAVE-BGD
nanoparticles

We developed OsteoSAVE nanoparticles, termed BGD, by integrating a
self-assembling sequence with a CTSK-cleavable peptide linker and a
bone-targeting sequence (Fig. 1b). The modular structure of BGD
includes: i) Bip-FF: This component features a biphenyl group (Bip) and
two phenylalanine (FF), enhancing hydrophobicity at the
N-terminus'® %, It facilitates the formation of stable self-assembled
structures through -t interactions”**. Previous study has demon-
strated that Bip-FF not only facilitates the self-assembly but also
increases membrane disruption when assemblies accumulate locally®.
ii) WKYK: A hydrophobic/positively charged sequence to enable lyso-
somal membrane disruption post-assembly. iii) GHPGVGPQ: a CTSK-
cleavable peptide linker for targeted cleavage®. iv) DDDDDD: A hexa-
aspartic acid bone-targeting motif® to direct nanoparticles to bone
surfaces and confer a negative surface charge. BGD nanoparticles
respond to CTSK overexpressed by mature OCs, undergoing enzy-
matic cleavage to form nanofibers that induce apoptosis. The resulting
OCs-derived ABs promote osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs), restoring bone homeostasis
(Fig. 1a). The peptides are synthesized by standard Fmoc-based solid-
phase peptide synthesis (SPPS) method (Supplementary Fig. 1). We
also designed several control peptides to examine the importance of
each part (Table S3). The structure, purity, and molecular weight of the
peptides are confirmed by liquid chromatography-mass spectrometry
(LC-MS) and matrix-assisted laser desorption ionization with time-of-
flight mass spectrometry (MALDI-TOF, Supplementary Fig. 2).

Critical micelle concentration (CMC) measurements by Spectro-
fluorometer (Edinburgh, F55) revealed that BGD (7.8 uM), BAD
(11.8 uM), and BGG (14.37 uM) exhibited strong self-assembly cap-
abilities (Fig. 2a and Supplementary Fig. 3). However, WGD (222.83 uM)
exhibited weak self-assembly ability (Supplementary Fig. 3). Using TEM
to observe the morphological changes of peptides in PBS buffer

(pH=7.4). Transmission electron microscopy (TEM) indicated that
both BGD and BAD formed dispersed, nearly spherical nanoparticles in
an aqueous solution (pH 7.4), while BGG self-assembled into uniform
nanofibers with a diameter about 10 nm (Fig. 2b and Supplementary
Fig. 4). Dynamic light scattering (DLS) analysis further confirmed that
BGD and BAD formed nanoparticles average sizes of 32.5 and 36.6 nm
(Fig. 2c and Supplementary Fig. 5), respectively. Zeta potential mea-
surements indicated that BGD nanoparticles (-32.8 mV) and BAD
nanoparticles (-20.8 mV) possessed high surface negative charges,
suggesting excellent colloidal stability”’ (Fig. 2d and Supplemen-
tary Fig. 5).

To evaluate the CTSK-responsive properties of BGD, we examined
its morphological changes in MES buffer (pH = 5.5) with and without
CTSK. In the absence of CTSK, BGD formed amorphous aggregates
when the pH reached to pH 5.5. However, upon addition of CTSK
(800 ng/ml), BGD underwent enzymatic cleavage and self-assembled
into nanofibers (Fig. 2e, f). Liquid chromatography-mass spectrometry
(LC-MS) analysis confirmed the progressive degradation of intact BGD,
with the emergence of a new peak corresponding to the cleavage
product Bip-FFWKYKGHPG (Fig. 2g and Supplementary Fig. 6). The
enzymatic cleavage exhibited a half-life of 2.29 h (Fig. 2h). Notably, the
zeta potential of the BGD reaction mixture increased from —22.3 mV to
+19.6 mV after CTSK-mediated cleavage, a shift that facilitates lysoso-
mal membrane disruption® (Supplementary Fig. 7). Moreover, in the
presence and absence of CTSK enzyme, the zeta potential of the
control peptide BAD is —9.5 and -14.3 mV, respectively (Supplemen-
tary Fig. 7).

In vitro inhibition of osteoclastogenesis and bone resorption
We first evaluated the cytotoxicity of BGD, BAD and WGD toward bone
marrow-derived monocytes (BMMs) and RAW264.7. BGD showed no
significant cytotoxicity against either BMMs and RAW264.7, while BAD
demonstrated consistent cytocompatibility across all tested con-
centration (Supplementary Fig. 8). Since OCs differentiate in the bone
marrow cavity, we tested the toxicity of BGD on other myeloid cells,
including pre-OCs, BMSCs, and ATDC5 chondrocytes. The results
showed that BGD did not show obvious toxicity to other cells, con-
firming its broad cytocompatibility (Supplementary Fig. 8). In addition,
WGD showed no obvious cytotoxicity towards BMMs (Supplemen-
tary Fig. 9).

To assess the effect and selectivity of BGD on OCs formed by
BMMs and RAW264.7, peptides were added on day 5 of RANKL
induction to intervene in OCs (Fig. 2i). TRAP staining and cytotoxicity
assay revealed that BGD significantly reduced the number of OCs in a
concentration-dependent manners compared to the RANKL control
group (Fig. 2j, 1 and Supplementary Fig. 8). In contrast, BAD showed no
significant effect on OCs number (Fig. 2j, m and Supplementary Fig. 8),
suggesting the key role of CTSK-responsive motif for OCs death
selectively. At the same time, WGD also had no significant effect on
OCs number, indicating the importance of the N-terminal self-assem-
bly sequence Bip-FF (Supplementary Fig. 9). Moreover, BGD also had a
corresponding effect on RAW264.7-derived OCs (Supplementary
Fig. 10). Pretreatment with the CTSK inhibitor Balicatib® greatly
diminished BGD’s inhibitory effect on OCs (Fig. 2j, m and Supple-
mentary Fig. 10), confirming that CTSK-mediated cleavage is essential
for BGD’s activity. Cytoskeletal fluorescence staining demonstrated a
dramatic reduction in F-actin ring size in the BGD-treated group
compared to the RANKL and Balicatib-pretreated groups (Fig. 2k, n),
indicating impaired OCs functionality. To further evaluate the impact
of BGD on OCs-mediated bone resorption, we conducted a bovine
bone resorption assay*’. Scanning electron microscopy (SEM) revealed
that the bone resorption area in the BGD group was significantly
smaller than in the RANKL group (Fig. 2k, o). In order to study whether
BGD affects the differentiation process of OCs, we intervened with
BGD on days 1 and 3, and performed TRAP staining on day 6.
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Fig. 1| The molecular design of OsteoSAVE-BGD nanoparticles for selective and
targeted therapeutic systems. a By intravenous injection, the bone-targeted
OsteoSAVE-BGD nanoparticles are recruited to the bone surface and passively
target OCs. When the nanoparticles are phagocytosed by OCs, CTSK in lysosomes
triggers their conversion into nanofibers, inducing OCs apoptosis and producing

ABs rich in PDGF-BB. These ABs can activate the PI3K/AKT signaling pathway in
BMSCs to promote their osteogenic differentiation, ultimately achieving the goal of
restoring bone homeostasis in vivo. b The structure of the nanoparticle with bone
targeting and CTSK responsiveness.

Compared with the RANKL group, the TRAP staining results showed no
difference in the number of OCs formed when BGD intervened on days
1 and 3 (Supplementary Fig. 11). In addition, we applied Balicatib to
intervene in OCs on day 5 of RANKL induction. The results showed that
the application of Balicatib at this stage did not inhibit OCs formation
(Supplementary Fig. 12). These findings suggest that BGD can effec-
tively induce OCs apoptosis but does not inhibit RANKL-induced OCs
differentiation, with CTSK playing a central role in its mechanism of
action.

BGD induces OCs apoptosis via lysosomal self-assembly
To elucidate the mechanism by which BGD induces OCs apoptosis, we
performed a series of experiments. Immunofluorescence (IF) images

revealed that BGD-Cy5.5 treatment for 24 h disrupted the podosome
belt structure of OCs on both cell plates and bone slices (Fig. 3a). Red
fluorescence in the extracellular space indicated peptide escape from
lysosomes, accompanied by cytoskeletal damage and gradual cell
disintegration. To explore the mechanism of nanoparticle endocytosis
by OCs, we next used various endocytic inhibitors in co-incubation
experiments. After the addition of Filipin Ill, the mean fluorescence
intensity in OCs decreased from 1.27 to 0.045 (Fig. 3b, ¢), indicating
that caveolae-mediated endocytosis contributes to the cellular uptake
of BGD. In addition, ethylisopropyl amiloride (EIPA) and chlorproma-
zine (CPZ), inhibitors of macropinocytosis/clathrin-mediated endocy-
tosis, caused the mean fluorescence intensity in OCs to decrease to
0.24 and 0.1, respectively (Fig. 3b, c). These results suggest that the
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Fig. 2| The characterization and biological function of BGD. a The CMC measure
of BGD. b Transmission electron microscopy (TEM) images of nanoparticles
formed by the self-assembly of BGD at pH 7.4 (n =3 biologically independent
samples, scale bars = 50 nm). ¢ The diameter of nanoparticles formed by the self-
assembly of BGD. d The zeta potential of nanoparticles formed by the self-assembly
of BGD (n =3 biologically independent samples). e, f TEM images of the reaction
mixture of BGD incubated with the CTSK enzyme for 8 h at pH 5.5 (n = 3 biologically
independent samples, scale bars = 100 nm). g Reaction progress of BGD in the
presence of the CTSK enzyme monitored by LC-MS. The black arrow indicates the
peak of the original molecule, and the blue arrow represents the peak of the pro-
duct after enzymatic cleavage. h The remaining BGD after the enzymatic reaction.

The half-life of enzymatic cleavage is 2.29 h. i, j Representative images of TRAP-
positive cells in each group in the presence of M-CSF and RANKL. The black dotted
circle represents damaged OCs. Scale bar = 400 um. k Representative confocal
images of F-actin in OCs of each group and representative scanning electron
microscopy (SEM) images of the resorbed areas in bone slices of each group. Scale
bars: 30 and 100 pm. j, I, m Quantification of the number of TRAP-positive OCs (>3
nuclei) in each group (n =5 biologically independent samples).

k, n, o Quantification analyses of the mean number of nuclei in each OC and the
resorbed area (n =5 biologically independent samples). Data are expressed as
mean + SD. Statistical analysis was performed using one-way ANOVA with Tukey’s
post hoc test. Source data are provided as a Source Data file.
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uptake of BGD by OCs occurs through multiple endocytic pathways. CTSK decreased, and OCs showed signs of disintegration and fission
The above effects of BGD were reversed by pretreatment with the (Fig. 3d). Additionally, we found that 2 and 6 h after pretreatment of
CTSK inhibitor Balicatib, confirming the CTSK’s role in BGD’s activity.  Balicatib, red fluorescence fused with green fluorescence, indicating
To further evaluate the effect of BGD on lysosomes, we used the that BGD was trapped in the lysosomes (Supplementary Fig. 13), while
lysosomal membrane marker Lampl and the lysosomal enzyme CTSK  the cytoskeleton remained relatively intact.

for IF experiments. In the RANKL group, Lampl and CTSK were fused, Most cells preferentially phagocytose positively charged parti-
but after 24 h of intervention with BGD, the co-staining of Lampl and  cles, but macrophages, including OCs, exhibit strong uptake of
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Fig. 3 | BGD self-assembles to damage lysosomes and induce apoptosis in OCs.
a The representative confocal images show the impaired podosome belt structure
of OCs after treatment with BGD. Blue indicates nuclei; green indicates Lampl; cyan
indicates F-actin; red indicates Cy5.5-labeled BGD. White arrows indicate the
impaired podosome belt structure, and yellow arrows represent BGD escaping
from lysosomes (n =3 biologically independent samples, Scale bar = 100 pm).

b Representative confocal images of BGD uptake by OCs after intervention with
different endocytosis inhibitors. Red indicates Cy5.5-labeled BGD. White dotted
circles indicate OCs. Scale bar =100 pum. ¢ Quantification of the mean fluorescence
intensity (MFI) of each OC (n =3 biologically independent samples).

d Representative confocal images of OCs treated with BGD. Blue indicates nuclei;
green indicates Lamp]; red indicates CTSK. The blue dotted circle represents OCs
(n =3 biologically independent samples, Scale bar = 50 pm). e Representative Bio-
EM images of OCs following treatment with BGD for different times. Scale bars:
5pum, 2 pm, 1 um, and 500 nm. White arrows indicate the endocytosis process, and

yellow arrows highlight the distribution of peptide within endosome. Red arrows
denote the disruption of lysosomal membrane, and blue arrows represent self-
assembled nanofibers (n =3 biologically independent samples). f Representative
confocal images of apoptosis and necrosis staining of OCs with BGD treatment for
different times. Blue indicates healthy cells; green indicates necrotic cells; red
indicates apoptotic cells (n =3 biologically independent samples, Scale bar =

50 um). g Representative confocal images of Tunel staining of OCs treated with
BGD. Blue indicates healthy cells; green indicates apoptotic cells; red indicates
F-actin. Scale bars = 100 pm. h Protein expression of cleaved caspase-3 in OCs after
BGD intervention. i, j Quantification of the percentage of Tunel-positive nuclei
(n=>5 biologically independent samples) and the expression level of cleaved
caspase-3 after treatment with BGD (n = 3 biologically independent samples). Data
are expressed as mean + SD. Statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc test. Source data are provided as a Source Data file.

negatively charged particles due to their high phagocytic capacity®. To
evaluate this, we tested the uptake of BGD by three myeloid cells
(BMMs, BMSCs, and ATDCS). Fluorescence imaging confirmed that
negatively charged BGD was rarely phagocytosed by these cells (Sup-
plementary Fig. 14), highlighting its selective targeting of OCs. To
further investigate the role of surface charge, we replaced the
C-terminal hexa-aspartic acid (BGD) with hexa-lysine (BGK) or hexa-
asparagine (BGN). BGK formed positively charged assemblies (zeta
potential: +11.2mV), while BGN maintained a negative charge
(-26.4 mV) (Supplementary Fig. 15). Cytotoxicity assays revealed that
BGN was biocompatible with BMMs, whereas BGK exhibited cyto-
toxicity at 32 uM (Supplementary Fig. 15). These results suggest that
negatively charged peptide assemblies, like BGD, are better suited for
targeting multinucleated macrophages such as OCs.

Bio-EM provided direct insights into the intracellular beha-
vior of BGD (Fig. 3e). Within the first 10 min, BGD was observed
entering the OCs, evidenced by the accumulation of peptide
assemblies on cell membrane and their sparse distribution within
developing vesicles. After 2 h, the assemblies were more widely
distributed in the endosomes. By 4 h, a pronounced concentra-
tion of assemblies within the endosomes was noted, indicated by
the darkening of the endosomal structures, alongside early signs
of lysosomal integrity damage. After 24 h, extensive lysosomal
disruption and nanofiber formation were observed both inside
and outside lysosomes.

Lysosomal enzyme leakage into the cytoplasm triggers cell
death®. Using an Apoptosis/Necrosis Assay Kit, we observed that BGD
induced OC apoptosis (red fluorescence) with minimal necrosis (green
fluorescence) (Fig. 3f). Apoptotic features, including membrane bleb-
bing and cell disintegration, were confirmed by white light microscopy
(Supplementary Fig. 16). Tunel staining and WB further validated
apoptosis, showing increased cleaved Caspase-3 expression after 6 h,
which peaked at 24 h (Fig. 3g-j). Compared with the Tunel staining
positive control group (ALD), almost only OCs underwent apoptosis in
the BGD group, while a large number of OCs and pre-OCs underwent
apoptosis in the ALD group (Supplementary Fig. 17). Balicatib pre-
treatment significantly reduced apoptosis, underscoring the role of
CTSK in BGD’s mechanism. To further verify the importance of caspase
3 in BGD-induced OCs apoptosis, we subsequently performed siRNA
experiments. OCs were transfected with 10 nM siRNA (caspase 3) for
6 h, and the knockout efficiency was verified by WB, followed by TRAP
and Tunel staining. WB showed that 10 nM siRNA could significantly
inhibit the expression of caspase 3 protein. In addition, TRAP and
Tunel staining showed that the number of BGD-induced apoptosis was
significantly reduced after OCs were pretreated with siRNA (Supple-
mentary Fig. 18). This series of experiments confirmed that caspase 3
can play an important role in the process of BGD-induced OCs
apoptosis.

BGD-derived ABs promote osteogenic differentiation via PDGF-
BB-mediated PI3K/AKT signaling pathway

A large number of ABs are produced during cell apoptosis, and ABs of
0OCs have the function of stimulating the osteogenic differentiation of
BMSCs'. Therefore, we collected ABs of OCs induced by BGD for
subsequent experiments. To investigate the biological functions of
OC-derived ABs, we collected ABs induced by BGD and the positive
control Alendronate (ALD)"”, and examine their effects on the differ-
entiation of BMSCs into osteoblasts (Fig. 4a). ABs were identified using
Annexin-V/FITC staining and TEM. Confocal microscopy revealed that
both BGD-ABs and ALD-ABs were spherical, single-membrane vesicles
positive for Annexin-V (Fig. 4b and Supplementary Fig. 19). TEM con-
firmed the spherical structure of ABs, and DLS showed that the dia-
meters of ABs mostly ranged from 700 nm to 5pm (Fig. 4c and
Supplementary Fig. 20). Flow cytometry further assessed ABs purity,
showing distinct size differences between ABs and cells (Fig. 4d).
Annexin-V/FITC staining indicated significant phosphatidylserine (PS)
exposure in ABs compared to apoptotic cells, while live cells showed
minimal PS exposure. Propidium iodide (PI) staining revealed a small
proportion of Pl-positive ABs, suggesting the presence of nucleic acids
in a minor fraction of ABs.

To explore the proteomic composition of BGD-ABs and ALD-ABs,
we performed liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis. The resulting mass spectra were processed using
Proteome Discoverer 2.5, with database searches against the Mus
musculus proteome UniProtKB (UPO00000589). A total of 41,135 pep-
tides and 5470 proteins were identified. Hierarchical clustering ana-
lysis of the proteomic profiles was visualized in heatmaps
(Supplementary Fig. 21). Differentially expressed proteins (DEPs) with
statistical significance (P<0.05) were categorized into up-regulated
(FC>2.0) and down-regulated (FC<0.5) groups, and visualized and
identified in volcano plots. Notably, PDGF-BB was identified as a key
component of BGD-ABs, with minimal expression in ALD-ABs (Fig. 4€).
Functional annotation of differentially expressed genes (DEGs) using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
revealed enrichment in pathways such as metabolic pathways, pha-
gosome, carbon metabolism, PI3K-Akt signaling, and oxidative phos-
phorylation (Fig. 4f). Screening for DEPs associated with the PI3K/AKT
pathway highlighted PDGF-BB as a distinctly altered protein (Fig. 4g).
WB and enzyme-linked immunosorbent assay (ELISA) experiments
further confirmed that ABs in the BGD and ALD groups co-expressed
PDGF-BB protein, and the PDGF-BB level in the BGD group was sig-
nificantly higher than that in the ALD group (Supplementary Fig. 20).
Previous studies have shown that PDGF-BB activates the PI3K/AKT/
mTOR pathway, promoting osteogenic differentiation and bone
repair’” ™, Thus, we hypothesized that PDGF-BB-enriched BGD-ABs
activate the PI3K/AKT signaling pathway to enhance BMSCs
osteogenesis.

Nature Communications | (2026)17:88


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66791-9

a
M-CSF + RANKL BGD or ALD Differential
centrifugation 3
\ Apoptosis Q
BMMs ocCs induction - ABs 3
st Pt @
y N P NN 4 N 5
.Y, Y g »
gg 120 h gﬁ 24h <
Gating for cells Live cells ) Gating for ABs BGD-ABs
“0.83% 4.21% “142.1%
o | o
5 5
w w
= :
D £ 19} £
1) 3 2] 3
- e |« L c |~
c c
<. 1.66% | usa% | 187
2 v v R
FSC-A Pl
e ) f
© Down regulated (189) © Notsig (350) © Up regulated (258)
T - logio(pvalue)
. | Metabolic pathways .
6 i | Phagosome o 8
|
5 LR 8! Carbon metabolism { ] o °
— L] p— 4
m PI3K- Akt signaling pathway o
24 ‘~' PDGF-BB o . 2
é ' < Oxidative phosphorylation L ]
=3 % Alcoholic liver disease{ ~ ®
g ° count
N ) 13 AGE- RAGE signaling pathway in diabetic complications L ] ® 25
L ° @ 50
o )
1 | Sphingolipid signaling pathway{ ® @
| . @ 100
0 | PPAR signaling pathway 4 ® . 135
24 -18 -12 -6 0 6 12 18 24 0.0 0'1 0'2
log,(Fold Change) : ) :
9 o h BGD-ABs
PI3K-AKT signaling pathway ctrl 1h 4h 24 h
I ALD 15

Ctrl

ALP

P=0.0388
1
P=0.0004
P=0.0195
[l

—

Induced BGD-ABs ALD-ABs

e
=

o
w

Relative ALP
staining density
o
o

o

‘£ 0.0
<
PPP2R1B K
m P-0.0377
- - P<0.0001
p-PI3K e ok 0
P=0.0018
p-PI3KIPIBK 1.0 1.5 25 1.8 0.8 o
[ P WD G — — 0 - o
g
Runx2/B-actn 1.0 2.1 . 28 P-AKT S - 56 kD §90.4 P=0.0072
ALP -~ 57kD Pp-AKT/AKT 1.0 1.2 17 1.4 CE
» 0.2
ALP/gactin 1.0 13 27 15 AKT w— s— w— —
. - -~ = 0.0
B-aClN —— cm— —— — :
D0 b actin G G — — & P S
Ctl  Induced BGD-ABs ALD-ABs Ctrl Induced BGD-ABs ALD-ABs N

To confirm the role of ABs in osteogenic differentiation, BGD-ABs
labeled with Annexin-V/FITC were co-cultured with BMSCs stained
with Cell Tracker Red. Confocal microscopy revealed time-dependent
internalization of ABs by BMSCs (Fig. 4h). Alizarin Red S (ARS) and
alkaline phosphatase (ALP) staining demonstrated that both BGD-ABs
and ALD-ABs induced osteogenic differentiation, with BGD-ABs exhi-
biting significantly higher osteogenic potential (Fig. 4i-k). This

difference may be attributed to the higher PDGF-BB content in BGD-
ABs. WB analysis confirmed elevated expression of osteogenic mar-
kers, including Runx2 and ALP, in BMSCs treated with BGD-ABs com-
pared to ALD-ABs (Fig. 4l). Additionally, BGD-ABs significantly
activated the PI3K/AKT pathway, as evidenced by increased phos-
phorylation of AKT (Fig. 4m). Collectively, these finding demonstrate
that BGD-ABs promote osteogenic differentiation of BMSCs through
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Fig. 4 | BGD-ABs promote osteogenic differentiation of BMSCs via the PI3K/
AKT signaling pathway. a Schematic diagram of the induction and isolation
process of ABs. b Representative confocal image of BGD-ABs stained with
Annexin-V/FITC (n =3 biologically independent samples, Scale bar = 3 pm). ¢ TEM
image of BGD-ABs (n =3 biologically independent samples, Scale bar = 500 nm).
d The FSC/SSC analysis, along with Annexin-V/PI staining, was performed to
assess live cells, apoptotic cells, and BGD-ABs. e Volcano plots showing the DEPs
in the ABs of ALD and BGD groups. The red dots represent DUPs (FC >2.0), and
the blue dots represent DDPs (FC < 0.5). Differential expression was analyzed
using a two-sided t-test with Benjamini-Hochberg correction. Among the pro-
teins, PDGF-BB expression levels were significantly upregulated in BGD-ABs
compared with ALD-ABs. f KEGG pathway enrichment analysis for BGD-ABs versus
ALD-ABs group. Enrichment analysis of differentially expressed genes in KEGG

pathways was performed through the hypergeometric test with one-sided test
and Benjamini-Hochberg adjustment. g Heat map of DEPs involved in the PI3K-
Akt signaling pathway, in which PDGF-BB plays an important role. h BMSCs
labeled with Cell Tracker Red were cultured with BGD-ABs labeled with Annexin
V/FITC (n =3 biologically independent samples, Scale bar = 50 pum). i BMSCs were
stained with ALP and ARS after being treated with media containing BGD-ABs or
ALD-ABs. j, k Quantification of the ALP and ARS activity after treatment with BGD-
ABs and ALD-ABs (n =3 biologically independent samples). I, m WB was used to
analyze the expression of ALP, Runx2, p-PI3K, and p-AKT in BMSCs after treat-
ment with BGD-ABs and ALD-ABs. Data are expressed as mean + SD. Statistical
analysis was performed using one-way ANOVA with Tukey’s post hoc test. Source
data are provided as a Source Data file.

PDGF-BB-mediated activation of the PI3K/AKT signaling pathway,
highlighting their therapeutic potential for bone regeneration.

Bone targeting and anti-osteoporosis effects of BGD in vivo
After validating the selectivity of BGD in vitro, we assessed its bone-
targeting ability and therapeutic efficacy in vivo. BGG, a control pep-
tide replacing the hexa-aspartic acid bone-targeting motif with hexa-
glycine, was used to evaluate the role of targeting sequence in bone
homing. First, we evaluated the biosafety of BGD and BGG. Similar with
the in vitro experiment of BGD, the in vitro experiments demonstrated
the cytocompatibility of BGG (Supplementary Fig. 22). In vivo, short-
term (24 h) intravenous administration of BGD and BGG caused no
hemolysis or systemic inflammation (Supplementary Figs. 23, 24).
Hemolysis tests revealed that both peptides induced a hemolytic rate
of less than 5% at 800 pM, confirming their safety for systemic use.

To investigate bone targeting and the biodistribution of BGD
nanoparticles, Cy5.5-labeled BGD and BGG were administered to
ovariectomized (OVX) mice 28 days post-surgery (n =3) (Fig. 5a). Mice
euthanized at 6-, 24-, and 36-h post-injection, and tissues (spines,
hindlimbs, hearts, livers, and kidneys) were harvested for fluorescence
analysis (Fig. 5b). BGD exhibited significant accumulation in the hin-
dlimbs and spine at 6 h, with sustained retention at 36 h, demon-
strating robust bone-targeting ability. In contrast, BGG showed
minimal bone accumulation due to the mutation of targeting residues.
High fluorescence signal in the liver and kidneys suggested hepatic and
renal clearance of the peptides. Quantitative analysis of fluorescence
signals further confirmed that BGD had a highly efficient bone tar-
geting ability compared with BGG (Fig. 5b). IF analysis of femur sec-
tions further confirmed BGD’s bone-targeting specificity. Co-staining
with an anti-CTSK antibody to label OCs revealed greater overlap
between green (CTSK) and red (Cy5.5) signals in the BGD group
compared to BGG, particularly in the bone marrow and on trabecular
surfaces (Fig. 5c). These findings demonstrated the bone targeting
ability of our design.

To evaluate the therapeutic potential of BGD, OVX mice were
treated with BGD, BGG, or ALD starting at week 5 post-surgery. BGD
and BGG were administered intravenously every three days for four
weeks, while ALD was injected intraperitoneally (Fig. 5d). Eight weeks
post-OVX, mice were euthanized, and femurs, livers, spleens, and
kidneys were harvested for analysis. Micro-CT imaging revealed that
BGD and ALD significantly improved bone mineral density (BMD),
bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), and
trabecular number (Tb.N), while reducing trabecular separation
(Tb.Sp) compared to the OVX and BGG groups (Fig. 5e-j). Notably,
BGD outperformed ALD in all parameters, indicating its superior effi-
cacy in delaying bone loss. BGG showed minimal anti-osteoporotic
effects, consistent with its poor bone-targeting ability. Histological
analysis of femur sections stained with hematoxylin and eosin (H&E)
and tartrate-resistant acid phosphatase (TRAP) confirmed these find-
ings. The OVX group exhibited significant bone loss and increased OC
numbers, while BGD treatment effectively reversed these trends

(Fig. 5k). Quantitative analysis showed that BV/TV reached 26.74% in
the BGD group, compared to 20.92% (ALD), 14.16% (BGG), and 11.08%
(OVX) (Fig. 51). Similarly, the number of OCs per bone surface (N.oc/
BS) was significantly lower in the BGD group (3.74%) than in the OVX
(7.34%) group (Fig. 5m). H&E staining of the liver, spleen, and kidneys
confirmed the biosafety of BGD and BGG after long-term (4-week)
intravenous administration (Supplementary Fig. 25). Additionally, no
systemic inflammation or abnormalities in liver and kidney function
were observed (Supplementary Figs. 26, 27). These results demon-
strate that BGD exhibits efficient bone-targeting ability and robust
anti-osteoporotic effects in vivo, outperforming ALD in restoring bone
mass and structure. Its biosafety profile further supports its potential
as a therapeutic agent for osteoporosis.

BGD regulates bone homeostasis in vivo

To investigate the regulatory effects of BGD on bone homeostasis
in vivo, OVX mice were treated with BGD, BGG, and ALD at week 5 post-
surgery'®. To assess the rate of new bone deposition, intraperitoneal
injections of calcitonin and alizarin red were administered to label the
bone formation lines. As illustrated in Fig. 6a, the BGD group exhibited
the greatest distance between the two calcium deposition lines, indi-
cating enhanced bone formation. Quantitative analysis of the mineral
apposition rate (MAR) confirmed that BGD promoted a significantly
faster rate of bone deposition compared to the other groups (Fig. 6d).
Von Kossa staining revealed a marked increase in the number of
mineralized bone trabeculae and thicker trabeculae in the BGD group
compared to the OVX, BGG, and ALD groups (Fig. 6b). Quantitative
analysis of the mineralized area demonstrated that calcium deposition
was significantly higher in the BGD group (Fig. 6e). Masson’s trichrome
staining further supported these findings, showing a substantial pre-
sence of newly formed woven bone in the BGD group (Fig. 6b).
Quantitative analysis indicated that collagen volume reached 9.19% in
the BGD group, compared to 6.75% (ALD), 4.88% (BGG), and 3.23%
(OVX) (Fig. 6f). Immunohistochemistry (IHC) staining showed that the
positive expression of p-AKT, Runx2, ALP, and VEGF was the strongest
in the BGD group, indicating that both the osteogenic and vascular
coupling systems were activated (Fig. 6¢, g-i and Supplementary
Fig. 28). In contrast, the BGD group exhibited the lowest expression of
CTSK, a marker of osteoclast activity, suggesting significant inhibition
of bone resorption (Supplementary Fig. 29).

Discussion

This study introduces OsteoSAVE, a bone-targeted nanoparticle sys-
tem that leverages enzyme-responsive self-assembly to selectively
eliminate mature OCs while in vivo generating pro-osteogenic ABs,
thereby restoring bone homeostasis in osteoporosis. Unlike conven-
tional antiresorptives (e.g., bisphosphonates), which indiscriminately
inhibit OC lineage cells and disrupt physiological bone remodeling®’,
OsteoSAVE combines precision targeting of pathological bone
resorption with ABs-mediated bone formation-a dual mechanism that
addresses a critical unmet need in osteoporosis therapy.
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OsteoSAVE exploits the overexpression of CTSK, a lysosomal
protease central to OCs-mediated bone resorption, to achieve cellular
specificity. The nanoparticles’ CTSK-cleavable backbone triggers their
transformation into membrane-disruptive nanofibers within mature
OC lysosomes, inducing apoptosis while sparing pre-OCs. This speci-
ficity is further enhanced by OsteoSAVE’s negative surface charge,
which minimizes uptake by non-target cells (e.g., BMSCs, ATDCS) but

P<0.0001 g
P-0.0376 LI %.fw ) e P 000};10.0252
P=0.0007 = F Lo
— —~ 03 - _ pa
& E k2 o8 g 0.04 ap & &
o 02 =
3 3% s £
o & 0.02
=xX 8
o 0.
BGG ALD OSham OOVX
OBGD OBGG OALD
= e P-0.0264
P<0.0001
pal.t w ] \’:30-‘%° °
s B b4 & ~ 7500 um S/ ﬁ g
> 204
& FARTE ‘@’
.m P=0.7509

N.oc/BS

enables selective phagocytosis by multinucleated OCs. Such spatial
control over therapeutic activity preserves pre-OC communication
with osteoblasts, maintaining physiological remodeling-a key limita-
tion of current therapies.

We demonstrate that OsteoSAVE-generated ABs, enriched with
PDGF-BB, activate the PI3K/AKT pathway in BMSCs, driving osteogenic
differentiation and bone formation. Compared to ABs induced by ALD,
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Fig. 5 | Bone targeting and anti-osteoporosis effects of BGD. a Schematic dia-
gram of in vivo targeted experiment process. b Representative images depict the
biodistribution of BGD and BGG in the heart, liver, kidneys, hindlimbs, and spine at
6,24, and 36 h after intravenous injection. ROI, region of interest (n = 3 biologically
independent samples). ¢ The biodistribution of BGD and BGG in the femur at 6 h
after intravenous injection (n = 3 biologically independent samples, Scale bars: 100
and 50 um). TB, trabecular bone. Red, Cy5.5 labeled BGD and BGG; green, CTSK-
positive OCs; blue, DAPI. d Schematic diagram of animal treatment experiment

process. e Micro-CT evaluation of the bone masses of the femur in each group.
f-j Quantitative measurements of bone microstructure-related parameters: BV/TV,
BMD, Tb.N, Tb.Sp, and Tb.Th, in each group (n =4 biologically independent sam-
ples). k H&E and TRAP staining images of the femur in each group. Scale bars, 500
and 100 pm. I, m Quantification of the BV/TV, and N.oc/BS values in each group
(n =5 biologically independent samples). Data are expressed as mean + SD. Statis-
tical analysis was performed using one-way ANOVA with Tukey’s post hoc test.
Source data are provided as a Source Data file.

OsteoSAVE-derived ABs exhibit superior osteogenic potential due to
their higher PDGF-BB content, a finding supported by proteomic
analyses, molecular biological studies, and functional assays. The
abundance of PDGF-BB in OsteoSAVE-derived ABs may be attributed to
the fact that intracellular PDGF-BB is primarily degraded in lysosomes.
Since BGD can damage lysosomes, this leads to reduced degradation
of PDGF-BB, which is then released along with the ABs. Compared to
ABs induced by ALD, OsteoSAVE-derived ABs exhibit superior osteo-
genic potential due to their higher PDGF-BB content, a finding sup-
ported by proteomic analyses, molecular biological studies, and
functional assays. The reason why OsteoSAVE-derived ABs was rich in
PDGF-BB may be that intracellular PDGF-BB is mainly degraded in
lysosomes®, while BGD can damage lysosomes, resulting in reduced
PDGF-BB degradation, which is then released with ABs. This contrasts
with prior strategies using non-selective pharmacological agents (e.g.,
staurosporine) to generate ABs in vitro, which lack translational
applicability and disrupt OC lineage cells indiscriminately. Thus, unlike
prior strategies relying on exogenous AB administration or non-
selective in vitro induction, OsteoSAVE nanoparticles exploit the
pathological bone microenvironment to generate ABs directly at the
site of imbalance. This approach harnesses the body’s natural apop-
totic machinery to deliver osteogenic signals (e.g., PDGF-BB), creating
a self-reinforcing cycle of resorption inhibition and bone formation. In
OVX mice-a model mimicking postmenopausal osteoporosis-
intravenous OsteoSAVE administration achieved robust bone target-
ing, significantly improving bone mineral density, trabecular thickness,
and bone volume while reducing OC numbers. Crucially, OsteoSAVE
showed no systemic toxicity, with no hemolysis, organ damage, or
inflammatory responses observed after short- or long-term use. Its
bone-specific accumulation and clearance via hepatic/renal pathways
further underscore its clinical translatability. Recent articles reported
that in osteoarthritis, OCs-ABs promote subchondral bone recon-
struction through the RANKL reverse signaling pathway, aggravating
osteoarthritis®. In bone tumor diseases, OCs-ABs exhibit an immuno-
suppressive function and promote secondary metastasis of breast
cancer®®. The above studies suggest that OC-derived ABs play a wide
range of roles in bone-related diseases, with mechanisms of action that
vary significantly, warranting further investigation in the future.

In summary, OsteoSAVE exemplifies the potential of enzyme-
responsive biomaterials to recalibrate bone homeostasis through cell-
selective targeting and engineered extracellular vesicle signaling. By
coupling precision antiresorption with pro-osteogenic cues, this plat-
form offers a regenerative alternative to traditional osteoporosis
therapies, with broad implications for treating age-related skeletal
disorders.

Methods

Materials

RAW?264.7 cell was kindly provided by Stem Cell Bank, Chinese Acad-
emy of Sciences (TCM13). ATDC5 chondrogenic cell was obtained from
Sigma-Aldrich (99072806-1VL). The following materials were used:
Fetal bovine serum (FBS) (Gibco, USA), a-minimal essential medium
(a-MEM) (Gibco, USA), recombinant receptor activator of nuclear
factor kB ligand (RANKL) (R&D Systems, USA), macrophage colony-
stimulating factor (M-CSF) (R&D Systems, USA), Calcein (Sigma, USA),
Alizarin Red S (Sigma, USA), Sterile bone slices (IDS, UK),

B-glycerophosphate (Aladdin, China), L-ascorbic acid (Aladdin, China).
ActinRed™ 555 ReadyProbes™ Reagent and Cell Tracker Red were
obtained from Thermo (San Jose, USA). Recombinant human CTSK
(219461) were purchased from Merck (China). CTSK inhibitor Balicatib
(HY-15100) and Alendronate (ALD) (HY-11101) were purchased from
MCE (Shanghai, China). Staining antibodies and kits were summarized
in Supplementary Tables 1, 2.

Peptide synthesis

Peptides (Table. S3) were synthesized via Fmoc-based solid-phase
peptide synthesis (SPPS) employing a microwave peptide synthesizer
(Liberty Blue 2.0, CEM Corporation) as previously described®. During
SPPS, the N-terminus was conjugated with biphenyl using
4-biphenylacetic acid (catalog no. 196487, Sigma-Aldrich). Crude
peptides were cleaved from 2-chlorotrityl chloride resin for 1 h using a
cleavage reagent (trifluoroacetic acid (TFA): triisopropylsilane (TIS):
H,0 =95%: 2.5%: 2.5) and then concentrated with ice-cold ether. Pur-
ification was carried out using high-performance liquid chromato-
graphy (HPLC) on an Agilent 1260 Infinity Il Manual Preparative
system, utilizing a mobile phase consisting of CH3CN and water, each
containing 0.1% TFA. The purified peptide was subjected to lyophili-
zation and subsequently analyzed using mass spectrometry (MS) on an
Agilent InfinityLab LC/MSD system, with the MSD detector configured
to positive ion mode. MALDI TOF of each peptide was obtained on
Bruker’s FLEX series MALDI-TOF systems.

Material characterization

The critical micelle concentration (CMC) of the peptides was evaluated
with a spectrofluorometer (Edinburgh Instruments, F55). Initially, BGD,
BAD, BGG, and WGD peptides were dissolved in phosphate-buffered
saline (PBS) solution at a concentration of 2.56 mM and then diluted
eight times two-fold. After adjusting the pH of the solutions to 7,
100 plL of the peptide solution was combined with 2 pL of rhodamine
6 G and incubated for 24 h to determine the CMC. The CMC was cal-
culated by measuring the wavelength that showed the maximum
optical density (OD) value within the 515 to 560 nm range. Moreover,
the average size and (-potential of the peptides at the specified con-
centrations were determined using a Zetasizer (Malvern
Instruments, U.K.).

To study the morphology of the peptide assemblies, a Talos
L120C G2 transmission electron microscope (TEM) from Thermo
Fisher Scientific was used. For sample preparation, BGD, BAD, and BGG
peptides were dissolved in PBS solution at a concentration of 64 pM
and incubated for 8 h. Following incubation, 10 pL of the peptide
suspension was deposited onto 200-mesh copper grids and subse-
quently stained with uranyl acetate for 2 min. After allowing the grids
to dry, they were examined under the TEM for morphological analysis.

In vitro study of enzymolysis

Based on previous studies, in vitro enzyme cleavage assays were
conducted*®*., BGD (64 pM) was incubated with CTSK (800 ng/ml) in
MES buffer (50 mM, pH 5.5), supplemented with 0.1% DMSO, 2 mM
ethylene diamine tetraacetic acid (EDTA), 4 mM dithiothreitol (DTT) at
37 °C. The C-potential of BGD and BAD in the reaction mixture was
determined using a Zetasizer (Malvern Instruments, U.K.). At specified
time intervals, 100 pL of the reaction mixture was collected. To stop
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Fig. 6 | BGD promotes bone formation in vivo. a Alizarin red (red) S and calcein
blue (green) fluorescent labeling indicating the width of bone mineral attachment
(distance between yellow arrows). TB: trabecular bone. Scale bars = 20 pm. b Von
Kossa and Masson’s trichrome staining images of the femur in each group. Scale
bars, 500 and 100 pm. ¢ IHC staining for Runx2, p-AKT, and ALP of the femur in
each group. Scale bars = 100 pm. d-f The MAR (n =3 biologically independent

samples), the formation of mineralized bone nodules (n =3 biologically indepen-
dent samples), and collagen volume were quantified (n = 5 biologically independent
samples). g-i Quantitative analysis of the intensity of immunostaining for Runx2, p-
AKT, and ALP (n =5 biologically independent samples). Data are expressed as
mean = SD. Statistical analysis was performed using one-way ANOVA with Tukey’s
post hoc test. Source data are provided as a Source Data file.
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the enzymatic reaction, 100 pL of methanol was added to each sample.
The samples were then analyzed using Liquid Chromatography-Mass
Spectrometry (LC-MS). During the LC-MS analysis, peaks correspond-
ing to both the original molecule (the compound before conversion)
and the product (the compound of the conversion reaction) were
identified. The ratio of remaining peptide was calculated by integrating
the areas under the respective peaks for the original molecule and
product at each time point.

Cells culture

All animal experiments received approval from the Animal Experi-
mental Ethics Committee at Zhejiang Chinese Medicine University
(IACUC-20230731-01). BMMs were isolated from the tibiae and femora
of 6-week-old mice, then incubated with a-MEM complete medium
supplemented with M-CSF (20 ng/ml). After 48 h, the medium was
changed, leaving adherent BMMs. Similarly, BMSCs were harvested
from the tibia and femur, expanded in a-MEM complete medium for
subsequent experiments.

Cytotoxicity Assay

To test the toxicity of each peptide on cells within the bone marrow
cavity, including BMMs, pre-OCs, OCs, BMSCs, and ATDC5 chon-
drocytes, CCK-8 assays were performed according to the instructions
provided by the manufacturer. Cells (10* cells per well) were seeded
into 96-well plates and incubated overnight. Afterwards, the medium
was replaced with the medium containing the indicated peptides
concentrations and incubation for 24 h. Following this, 10 pL of CCK-8
reagent was introduced to each well, followed by a 4-h incubation at
37 °C, after which absorbance was recorded at 450 nm using a multi-
mode plate reader.

0Cs differentiation assay

BMM:s, at a density of 10* cells per well, were incubated overnight in a
96-well plate using a-MEM complete medium with 20 ng/ml of M-CSF
(Day 0). On day 1, the cells were stimulated with RANKL (50 ng/ml), and
OCs typically began to form on day 5 after RANKL stimulation (the
medium was replaced every 2 days). In order to study whether BGD
affects the differentiation process of OCs, we intervened with BGD on
days 1 and 3, and performed TRAP staining on day 6. Additionally, we
investigated whether Balicatib itself could affect the differentiation
process of OCs by intervening with 20 nM Balicatib on day 5 and
performing TRAP staining on day 6. To evaluate the ability of the
peptides to induce OCs apoptosis, new culture medium containing
64 uM BGD, BAD, and WGD was added on day 5, and performed TRAP
staining on day 6. In addition, OCs in the CTSK inhibitor pretreatment
group were first treated with Balicatib (20 nM) for 12 h, followed by
peptide intervention experiments. Following incubation, the cells were
fixed with 4% paraformaldehyde for 20 min, after which OCs were
identified using TRAP staining. TRAP-positive multinucleated cells
(with more than three nuclei) were counted and considered to be
mature OCs. For immunofluorescence (IF) staining of F-actin, the
ActinRed™ 555 ReadyProbes™ Reagent was applied. A confocal fluor-
escence microscope (Leica, DMi8, Germany) was used to capture
images.

The siRNA specific to Caspase 3, and the negative control siRNA
were custom-made by TsingkeBio, China (Table. S4). For siRNA
transfection in OCs, BMMs (10° cells per well) were cultured in a 6-well
plate with 20 ng/ml M-CSF (Day 0). On day 1, the cells were stimulated
with RANKL (50 ng/ml), and OCs typically began to form on day 5 after
RANKL stimulation (the medium was replaced every 2 days). Briefly,
cells were washed with PBS after OCs formation and then transfected
with siRNA/Lipofectamine complex. Specifically, siRNA and Lipo-
fectamine (Thermo Fisher Scientific, MA, USA) were first diluted in
optiMEM (Gibco, USA) to a final concentration of 10 nM and allowed to
stand at room temperature for 20 min to form complexes. Cells were

then treated with 10 nM siRNA for 6 h. After 6 h, cells were treated with
fresh medium containing FBS, M-CSF, and RANKL for 24 h. After 24 h,
transfection efficiency was detected by WB. In addition, we investi-
gated whether siRNA pre-treatment would affect the ability of BGD to
induce OCs apoptosis. Briefly, we first pre-treated cells with siRNA on
day 5 of RANKL-induced OCs, treated cells with BGD on day 6, and
finally performed TRAP staining.

In addition, RAW264.7 (5x10° cells/well) were incubated over-
night in a 96-well plate using a-MEM complete medium (Day 0). On day
1, the cells were stimulated with RANKL (50 ng/ml), and OCs typically
began to form on day 5 after RANKL stimulation (the medium was
replaced every 2 days). To evaluate the ability of BGD induces OCs
apoptosis, new culture medium containing BGD was added on day 5,
and TRAP staining was performed and counted on day 6.

Bone slice resorption assay

Sterile bone slices (DT-1BON1000-96) were employed in the pit for-
mation assay. First, these bone slices were carefully placed on the
bottom of a 96-well plate, and then BMMs (10* cells per well) were
seeded on top of them and incubated with 20 ng/ml M-CSF overnight.
To induce the formation of OCs, RANKL at a concentration of 50 ng/ml
was added, and the medium was refreshed every two days. On the fifth
day, OCs were exposed to 64 uM of either BGD or BAD, along with
RANKL and Balicatib, for an additional 48 h. On day 7, the bone slices
were first digested and then brushed to remove the remaining cells.
Scanning electron microscopy (SEM) was utilized to observe the bone
resorption pits on bone slices. Subsequently, Image] was employed to
quantify the bone resorption pits in each slice. At least 3 slices were
quantified per group.

Cellular uptake

To analyze the cellular distribution of BGD within OCs, BMMs (10*
cells per well) were placed in a 96-well plate and subjected to M-CSF
and RANKL stimulation for 5 days. On day 5, OCs were treated with
CyS5.5-labeled BGD (16 pM) in the presence of absence of Balicatib for
different times. Then, cells were next fixed with 4% PFA and stained
with a primary LAMP1 antibody at a 1:200 dilution, as well as F-actin.
Following this, a goat anti-rabbit Alexa Fluor 488 secondary anti-
body, diluted 1:1000, was used for one h at room temperature in the
dark. After being stained with 4’,6-Diamidino-2-phenylindole (DAPI),
the cells were visualized using a confocal fluorescence microscope
(Leica, DMi8, Germany). Moreover, we used Cy5.5-labeled BGD to
intervene in BMMs, BMSCs and ATDCS and observed the uptake of
various cells.

The method to evaluate the endocytosis mode was previously
described”. BMMs, at a density of 10* cells per well, were incubated
overnight in a 96-well plate using a-MEM medium with 20 ng/ml of
M-CSF (Day 0). On day 1, the cells were stimulated with RANKL (50 ng/
mL), and OCs typically began to form on day 5 after RANKL stimulation
(the medium was replaced every 2 days). Briefly, various endocytosis
inhibitors such as MBCD, Amiloride, EIPA (ethyl-isopropyl-amiloride),
CPZ (chlorpromazine), and Filipin IIl were pre-incubated for 30 min.
Subsequently, fresh medium containing Cy5.5-labeled BGD was added
to each well to a final concentration of 16 pM, and fluorescence images
were taken after 30 min of incubation. The mean fluorescence inten-
sity (MFI) of each OC was calculated.

The Bio-EM (Talos L120C G2 transmission electron microscope)
was employed to observe the endocytosis and cytoplasmic release of
the peptide. OCs were induced from BMMs (10° cells per well) in 6-well
plates using RANKL and M-CSF stimulation, followed by incubation
with BGD (64 pM). At the indicated time points, cells were collected
with 900 pL PBS and 100 pL FBS. The resulting cell suspension was
centrifuged at 400 g for 10 min. The obtained pellet was fixed in a
fixation buffer, followed by embedding, staining, and imaging
procedures.
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0OCs apoptosis detection

On day 5 of RANKL stimulation of BMMs, the medium was changed to
fresh medium containing 64 uM BGD in the presence and absence of
Balicatib or siRNA pre-treatment and culture continued for the
indicated time points. In the apoptosis experiment, ALD (500 puM)-
induced OCs apoptosis was used as the positive control group. To
observe the intracellular distribution of CTSK, cells were fixed and
washed and stained with LAMP1 (dilution 1:200), CTSK (dilution
1:200), and DAPI. Next, secondary antibodies goat anti-rabbit Alexa
Fluor 488 and goat anti-rat Alexa Fluor 555, both diluted at 1:1000,
were applied for one h at 37 °C in the dark. Finally, CLSM imaging was
performed. To observe the phenotype of cellular death, cells was
stained for apoptosis and necrosis with the Apoptosis/Necrosis
Detection Kit. To observe the apoptosis, cells were stained for
apoptosis with the Tunel apoptosis assay kit before CLSM imaging
(Leica, DMi8, German).

To form OCs, BMMs (10° cells per well) were cultured in a 6-well
plate and treated with RANKL and M-CSF for a duration of 5 days. OCs
were exposed to 64 uM BGD for specified durations. The cells were
subsequently lysed with radioimmunoprecipitation (RIPA) lysis buffer
to extract the proteins, followed by WB experiment to detect the
expression of cleaved-caspase 3.

Extraction and identification of ABs

To trigger apoptosis in OCs, they were treated with 64 pM BGD for 24 h
at 37°C, using ALD (500 pM) as a positive control. Following the
incubation, the supernatants from the cells were collected and cen-
trifuged at 300 g for 15 min to eliminate cell debris. The supernatant
obtained was then centrifuged again at 3000 g for 20 min, and the ABs
were collected for further analysis. Using the DLS (Malvern, UK) to
measure the size distribution of BGD-induced ABs. ABs were char-
acterized through staining with Annexin-V/FITC and examined using
confocal microscopy. For flow cytometry, the ABs were processed
using the Annexin V-FITC/PI kit following the manufacturer’s instruc-
tions. Briefly, live cells were the negative control and ALD induced
apoptotic cells were the positive control. The amount of ABs was then
analyzed and quantified using a flow cytometer analyzer (CytoFLEX LX,
Beckman Colter). After quantification, ABs-media was generated by
dissolving 5 x 10° ABs into 50 mL complete medium for further in vitro
study’.

LC-MS/MS analysis of ABs
The protein concentrations in ABs generated from BGD or ALD were
determined using a bicinchoninic acid (BCA) protein assay (Catalog
No. 23225, Thermo Scientific). A quantity of 10 ug of total protein was
reduced with 10 mM dithiothreitol at 60 °C for 30 min, followed by
alkylation using 20 mM iodoacetamide at room temperature in the
dark for 30 min. Purification was performed employing SP3 technol-
ogy as described*’. The purified proteins were digested with trypsin
(Promega, Catalog No. V5280) using a 1:50 enzyme-to-protein ratio (w/
w) at room temperature overnight. The resulting peptides were then
lyophilized in preparation for LC-MS/MS analysis.

For LC-MS/MS analysis, peptide separation was performed using a
72 min gradient elution at a flow rate of 0.300 pL/min on a Thermo
Vanquish Neo integrated nano-HPLC system. This system was directly
interfaced with the Thermo Exploris 480 mass spectrometer. Separa-
tion was achieved using a custom-designed fused silica capillary col-
umn with an inner diameter of 75 um and a length of 150 mm, packed
with C-18 resin (300 A, 3 um, Varian, Lexington, MA). In mobile phase A,
there was 0.1% formic acid dissolved in water, while mobile phase B
included 80% acetonitrile along with 0.1% formic acid. Using Xcalibur
4.1 software, the mass spectrometer functioned in data-dependent
acquisition mode with FAIMS set at CV =-45. A comprehensive mass
spectrum was obtained using the Orbitrap (350-1800 m/z, 60,000

resolution), followed by MS/MS scans at 15,000 resolution, with a cycle
time of 2 s and 30% normalized collision energy.

The analysis of mass spectra data was conducted with Proteome
Discoverer 2.5, which allowed for searches in the Mus musculus
(mouse) proteome database from UniProtKB (UPO00000589). For the
Sequest search, the parameters were adjusted to a precursor mass
tolerance of 10 ppm, a fragment ion tolerance of 0.02 Da, and up to 2
internal cleavage sites were allowed. Cysteine alkylation was used as a
constant modification, whereas methionine oxidation was considered
a variable modification. A filtering threshold of 1% false discovery rate
(FDR) was applied to peptide identifications. Additional details can be
requested from the corresponding author.

ABs induce osteogenic differentiation of BMSCs in vitro

To assess the effect of BGD induced OCs-derived ABs on the osteo-
genesis of BMSCs, 5 x 10° BMSCs were incubated in 96-well plates. To
study the phagocytosis of ABs by BMSCs, the BMSCs were marked with
Cell Tracker Red for 30 min at 21 °C. Annexin V/FITC-labeled ABs were
then co-incubated with these labeled BMSCs for 24 h. Afterward, the
cells were washed and examined with confocal microscopy to confirm
ABs uptake.

Secondly, osteogenic medium containing ABs was used to induce
BMSCs osteogenic differentiation. Osteogenic medium was based on
complete medium containing 10 mM f-glycerophosphate and 50 pg/
mL L-ascorbic acid. When the cell confluence reaches more than 80%,
basal medium was changed to ABs-containing osteogenic medium and
induced osteogenic differentiation for 7 days and 14 days (medium was
replaced every 2 days). Then, ALP activity was assessed using an ALP
staining kit and calcium deposit was stained with Alizarin Red S (ARS)
after 7 and 14 days of induction, respectively. Image ] was used to
measure the intensities of ALP and ARS staining. To detect the protein
levels, 10° BMSCs were incubated in 6-well plates, then treated with
ABs-containing osteogenic medium for 7 days. Then, the total proteins
were harvested for WB detection.

WB and Elisa assay

The cells or ABs were washed with PBS, and then RIPA lysis buffer was
added to extract proteins for subsequent WB and ELISA experiments.
Protein levels of active + pro Caspase 3, pro Caspase 3, PDGF-BB, ALP,
Runx2, PI3K, p-PI3K, AKT, p-AKT, B-actin, and Histone H3 were asses-
sed using WB. The proteins used for WB experiments were first sepa-
rated by SDS-PAGE electrophoresis, and then the proteins were
transferred to a polyvinylidene fluoride membrane and blocked with
skim milk. The membranes underwent overnight incubation with the
primary antibodies mentioned above (1:1000) at 4 °C. Subsequently,
they were washed and incubated with HRP-conjugated secondary
antibodies (1:10000) for 2h at room temperature. Super ECL Plus
(Beyotime, China) was used to detect the chemiluminescence signals
of the antibodies. Images were taken with an ImageQuant LAS 4000
(GE Healthcare, Silverwater, Australia) and analyzed with Image)
software.

In addition, the PDGF-BB concentration in ABs was also deter-
mined by ELISA. Serum level of PDGF-BB were determined by ELISA
using a mouse-specific ELISA kit according to the manufacturer’s
instructions.

Hemolysis assay

To achieve a final concentration of 800 uM, BGD and BGG were
dissolved in PBS and then subjected to three 2-fold dilutions. A
tenfold dilution was carried out on 2 ml of freshly collected blood
from a New Zealand rabbit using PBS. Subsequently, the RBC pellet
was obtained through centrifugation and rinsed eight times with PBS
prior to being incubated with varying concentrations of peptides for
3h at 37°C. For controls, water was set as positive and PBS as
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negative. The mixture was centrifuged at 1000 g for 10 min, and the
supernatant’s absorbance at 570 nm was measured to assess the
hemolysis rate.

Bone targeting fluorescence imaging experiment in vivo

Using an in vivo IVIS spectrum imaging system, the specific bone
binding of BGD in vivo was confirmed. BGD-Cy5.5 and BGG-Cy5.5 were
administered intravenously to the mice at a dose of 0.77 mg/kg via the
tail vein. The spine, hindlimbs, heart, liver, and kidneys were collected
and examined in vitro to study the distribution of BGD and BGG at 6,
24, and 36 h post-injection. Living Image software was used to quantify
the fluorescence intensity. Additionally, bone tissue sections were
created to assess the in vivo distribution of BGD 6 h post-injection.
Further staining of femur sections with anti-CTSK (1:200) and DAPI was
performed to visualize BGD colocalization with OCs, followed by CLSM
imaging.

OVX mice model establishment

Animals were housed in the Laboratory Animal Center of Zhejiang
Chinese Medical University. Food and water were available ad libi-
tum. Mice were housed in a specific pathogen-free (SPF) environ-
ment with a 12-h light/dark cycle, a temperature controlled at
24 +2°C, and a humidity controlled at 50-60%. Twelve-week-old
female mice were anesthetized with an intraperitoneal injection of
zoletil at a dose of 50 mg/kg, then underwent OVX. The sham group
mice had only the skin and muscles cut without removing the ovar-
ies. The mice were randomized and assigned to five groups (n =5 per
group): the sham group, the OVX group, the OVX with BGD group,
the OVX with BGG group, and the OVX with ALD group. Four weeks
after OVX surgery, mice in the BGD and BGG groups were adminis-
tered a tail vein injection of peptides at 11.5 mg/kg every 3 days for
4 weeks, while mice in the ALD group were given intraperitoneal
injections of ALD (10 mg/kg) as a positive control®”. Additionally,
0.9% NaCl (NS) was injected into the tail veins of mice in the sham
and OVX groups as a control. Following four weeks of medication,
mice in each group were executed for major organs (liver, spleen,
and kidney), peripheral blood, serum and bilateral femurs collection.
Subsequently, blood counts and the functions of liver and kidney
were analyzed. According to the manufacturer’s instructions, an
ELISA was utilized to evaluate the serum levels of IL-1f, IL-6, TNF-a,
and IL-10 using a mouse-specific ELISA kit.

Micro-CT scanning and analysis

The Skyscan 1176 micro-CT instrument (Bruker, Kontich, Belgium) was
used to scan the separated femurs of each group with a resolution of
4000 x 2672 pixels and an isotropic voxel size of 10 mm. 3D images
were reconstructed through NRecon and analyzed using CTAn soft-
ware. The areas of 0.5 mm below the distal femoral growth plate and
1mm in height were selected for quantitative analysis. Morphometric
analysis was undertaken using bone mineral density (BMD), trabecular
thickness (Tb. Th), trabecular number (Tb. N), trabecular separation
(Tb. Sp), and trabecular bone volume/tissue volume (BV/TV).

Histology, immunohistochemistry, and fluorescence labeling
Fluorescent dual-labeling of the newly formed mineralization was
performed in this study**. Briefly, Calcein (30 mg/kg) and Alizarin Red
S (30 mg/kg) were administrated to the mice by intraperitoneal injec-
tion at 4- and 8-week post-surgery. The subsequent procedures
included fixing, dehydrating, and sectioning the bone samples, using
fluorescence microscopy to visualize new mineralization through
fluorescent labeling, and then applying Von Kossa staining.

Then, other femurs were fixed and decalcified, dehydrated, and
embedded. Subsequently, femur tissue sections with a thickness of
4 um were stained using Masson, TRAP, hematoxylin and eosin (H&E),
IF, and immunohistochemistry (IHC). For IHC staining, paraffin

sections underwent incubation in 0.01 M citrate buffer for 4 hat 60 °C,
and then inactivated in 3% H,O, for 20 min. Next, sections were incu-
bated with primary antibodies against Runx2 (1:200), ALP (1:200),
p-AKT (1:200), CTSK (1:200), and VEGF (1:200) at 4 °C overnight. The
corresponding secondary antibody was utilized for a period of 2 h at
room temperature. Finally, hematoxylin was used as a counterstain
after applying DAB staining. Two Veteran physicians were recruited to
measure the number of OCs per bone surface area (N. oc/BS), the
trabecular region, the collagen region, and the mean density of Runx2,
ALP, p-AKT, CTSK, and VEGF. Quantification of positive staining was
calculated using ImageJ software.

Acute and chronic toxicity assay in vivo

For chronic toxicity assay, major organs (liver, spleen, and kidney)
were collected from mice treated with 4 weeks of BGD and BGG
interventions in the animal experiments described above. Subse-
quently, the tissues were fixed and subjected to H&E staining. Serum
concentrations of IL-13, IL-6, TNF-a, and IL-10 were measured by ELISA.
For acute toxicity assay, 12-week-old healthy mice were given a single
injection of the peptides (11.5 mg/kg). 24 h later, the serum was exe-
cuted and collected for ELISA testing,.

Statistical analysis

Data were expressed as mean + standard deviation (SD). Our results
were analyzed in Graph pad Prism 7 using independent samples t-test
or one-way ANOVA and Tukey’s post hoc test to make multiple com-
parisons. The experiments were repeated independently at least three
times with similar results unless otherwise mentioned, and the
micrographs were representative data from individual samples (the n
was provided in figure legends). Significance levels were denoted as
P<0.05, P<0.01, P<0.001, and P<0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data is available for Figures and Supplementary Figs. in the
associated source data file. Source data are provided with this paper.
The mass spectrometry proteomics data generated in this study have
been deposited to the ProteomeXchange Consortium via the iProX
partner repository with the dataset identifier PXD069800.
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