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Directed rescue strategy for enhanced
implant osteointegration in aged rats

Xuan Li 1,2,6, Xiao Jiang1,6, Ye He3, Hongwei Xiong1, Qian Huang1, Kun Xu1,
Xin-Xin Luo1, Kai Li4, Bailong Tao4, Kangkang Zha 5, Jing Wu1, Peng Liu1 &
Kaiyong Cai 1

The elimination of senescent cells can enhance the osteointegration of
implants in elderly patients. However, achieving specific clearance of senes-
cent cells without adversely affecting the function of normal cells remains
challenging. Here we show an implant surface modification technique to
achieve specific clearance of locally senescent cells by modulating their
metabolism. Our method involve modifying implants with BPTES, a glutami-
nase 1 (GLS1) inhibitor, throughπ-π stackingwith dopamine. Thismodification
effectively induces intracellular acidosis in senescent mesenchymal stem cells
(MSCs) through suppression of glutaminolysis. Simultaneously, poly(γ-gluta-
mate) (PGA), modified by a layer-by-layer method, serve as a high-density
carbon source coating, continuously supporting glutamine metabolism in
MSCs without ammonia production. Our results show that modified implants
significantly reduce the senescence level around implants and promote
osteointegration in aged rats. These findings provide promising insights into
the design and application of orthopedic implants for elderly patients.

The accumulation of senescent cells is a primary driver of tissue
deterioration and the onset of age-related degenerative diseases1–3.
The elimination of senescent cells has been shown to restore the
function of various tissues, including the skeleton4–7. However, most
senolytics achieve this by broadly inhibiting anti-apoptotic pathways,
which can adversely affect normal cell functions and lead to significant
side effects8,9. In the scenario of orthopedic disease treatment, such
adverse effects on normal cellsmay result in implant loosening or even
failure. Therefore, there is an urgent need for strategies that specifi-
cally target senescent cells while preserving the function of normal
cells to improve the osteointegration of implants in elderly patients.

Senescent cells exhibit increased expression of anti-apoptotic
factors, such as BCL2 family members, which helps them resist apop-
tosis induced by the damage of various macromolecules, including
DNA and proteins10,11. This characteristic suggests that targeting these

anti-apoptotic factors could be a viable strategy for treating age-
related degenerative diseases12,13. However, the use of most senolytics
that target these factors has been limited by severe side effects,
including anemia, thrombocytopenia, and cytotoxicity14–16. Although
high levels of anti-apoptotic factors enable the survival of senescent
cells, the persistence of macromolecular damage continues to
adversely affect cell behaviors. Specifically, cytosolic DNA fragments
(including chromatin fragments and mitochondrial DNA) and mis-
folded proteins contribute to the activation of senescence-associated
secretory phenotype (SASP)17–19. Furthermore, these damaged macro-
molecules exacerbate lysosome stress and lead to lysosomal mem-
brane damage20–22. This damage not only causes the accumulation of
defectivemitochondria23,24, but alsodisrupts intracellular pHbalance25.
These changes collectively alter the metabolic profile of senescent
cells (e.g., SASP factors secretion, increased oxidative stress, enhanced

Received: 13 October 2024

Accepted: 9 October 2025

Published online: 24 November 2025

Check for updates

1Key Laboratory of Biorheological Science and Technology, Ministry of Education College of Bioengineering, Chongqing University, Chongqing, PR China.
2Life Sciences Institute, School of Life Sciences and Medical Engineering, Guangxi Medical University, Nanning, PR China. 3Thomas Lord Department of
Mechanical Engineering and Materials Science, Duke University, Durham, NC, USA. 4Laboratory Research Center, The First Affiliated Hospital of Chongqing
Medical University, Chongqing, PR China. 5Department of Orthopedics, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, PR China. 6These authors contributed equally: Xuan Li, Xiao Jiang. e-mail: kaiyong_cai@cqu.edu.cn

Nature Communications | (2025)16:10322 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-9354-2105
http://orcid.org/0000-0001-9354-2105
http://orcid.org/0000-0001-9354-2105
http://orcid.org/0000-0001-9354-2105
http://orcid.org/0000-0001-9354-2105
http://orcid.org/0000-0003-0421-5466
http://orcid.org/0000-0003-0421-5466
http://orcid.org/0000-0003-0421-5466
http://orcid.org/0000-0003-0421-5466
http://orcid.org/0000-0003-0421-5466
http://orcid.org/0000-0001-9029-680X
http://orcid.org/0000-0001-9029-680X
http://orcid.org/0000-0001-9029-680X
http://orcid.org/0000-0001-9029-680X
http://orcid.org/0000-0001-9029-680X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65284-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65284-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65284-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65284-z&domain=pdf
mailto:kaiyong_cai@cqu.edu.cn
www.nature.com/naturecommunications


glutamine metabolism), presenting an opportunity to induce apopto-
sis specifically in senescent cells through targeted metabolic inter-
vention with minimal side effects7,25,26.

Interestingly, metabolic rewiring also influences the fate of MSCs.
The stemness maintenance and differentiation of MSCs is highly
dependent on glycolysis27, and increased glucose uptake by MSCs
facilitates implant osteointegration28. Enhanced fatty acid oxidation
(FAO) and glutamine metabolism further support bone formation,
while their inhibition impairs MSC osteogenic differentiation29,30.
Unlike senescent cells, inhibition of glutamine metabolism does not
compromise MSC survival, due to differing glutamine metabolism
requirements. Senescent cells rely on glutaminolysis for ammonia
production to stabilize intracellular pH25, whereasMSCs use glutamine
metabolism for carbon source essential for osteogenic
differentiation31,32. This differential dependence on glutamine meta-
bolism offers a promising approach for selectively inducing apoptosis
in senescent cells while promoting osteogenic differentiation of MSCs
through metabolic intervention, thereby enhancing implant osteoin-
tegration in elderly patients.

Based on this, we develop a straightforward method for implant
surface modification to accelerate osteointegration in aged rats
through a directed rescue strategy (Fig. 1). Briefly, BPTES is modified
onto the surface of implants in a single step by co-incubation with
dopamine, calcium ions, and amino-modified implants to broadly
inhibit glutaminolysis. Subsequently, PGA and chitosan undergo
spontaneous self-assembly on the implant surface through charge
interaction to enhance glutamate availability at implant-host inter-
faces. We hypothesize that the modified implants will specifically
induce apoptosis in senescent MSCs by restricting glutaminolysis
while rescuing glutamine metabolism in non-senescent MSCs by sup-
plementing glutamate without ammonia production. Additionally, the
topological structure of the implant surface and enhanced glutamine
metabolism are expected to synergistically promote MSC osteogenic
differentiation, thereby accelerating implant osteointegration in
aged rats.

Results
GLS1 maintained the survival of senescent MSCs
The inhibitionofGLS1-dependent glutaminolysis has been identified as
a potential strategy for eliminating senescent cells and restoring
functions ofmultiple organs25. To investigate the critical role of GLS1 in
the survival of senescent MSCs, we established two different senes-
cence models of MSCs (Supplementary Fig. 1A). The success of
senescence model construction was confirmed through SA-β-gal
staining, immunofluorescence staining (p16 and p21 were selected as
the markers of senescence), and flow cytometry analysis (Supple-
mentary Fig. 1B–D). Western blot results further showed that elevated
expression of kidney-type glutaminase (KGA, one of the splicing var-
iants of GLS1) in both replicative senescent MSCs (r-Sen) and induced-
senescent MSCs (i-Sen), compared to non-senescent MSCs (non-Sen)
(Supplementary Fig. 2A), aligns with a previous study25.

To further validate the significance of GLS1 in the survival of
senescent MSCs, BPTES, an inhibitor of GLS1, was used. As shown in
Supplementary Fig. 2B, treatment with BPTES for 24 h led to a marked
reduction in the viability of both i-Sen and r-Sen MSCs, with cell via-
bility dropping below 50%of the initial levels and continuing to decline
over time. Flow cytometry confirmed that BPTES significantly induced
apoptosis in i-Sen and r-Sen, while non-Sen remained unaffected
(Supplementary Fig. 2C). These results underscore the essential role of
GLS1 in the survival of senescent MSCs. For subsequent experiments,
i-Sen was selected as the senescence model of MSCs.

The apoptosis of senescent cells inducedbyBPTESwas associated
with intracellular acidosis and its mediated activation of the BCL2 and
adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) and mitochon-
drial permeability transition pore (mPTP) axis25. To further investigate

the molecular mechanism of BPTES-induced apoptosis in senescent
MSCs, a pan-caspase inhibitor (Z-VAD-FMK)was used to verifywhether
BPTES induces apoptosis in senescent MSCs via a caspase-dependent
pathway (Supplementary Fig. 3A). The results showed that cyclospor-
ine A (CsA, an mPTP inhibitor), but not Z-VAD-FMK, could effectively
inhibit apoptosis, suggesting that BPTES-induced apoptosis in senes-
cent MSCs occurs through a caspase-independent mechanism. Wes-
tern blot analysis confirmed that senescent MSCs treated with BPTES
still showed a tight mitochondrial association with BNIP3 after alkaline
treatment (Supplementary Fig. 3B), consistent with the characteristics
of acidosis-induced apoptotic pathways25,33,34. Furthermore, sig-
nificantly reduced intracellular pH levels and significantly opened
mPTP in the BPTES and BPTES&PGA groups compared to the Control
and PGA groups further validated the occurrence of intracellular
acidosis and its mediated apoptosis (Supplementary Fig. 3C, D).
Notably, the presence of PGA did not affect the pro-apoptotic effect of
BPTES, which ensures the possibility of its use as a rescue donor for
glutamine metabolism in non-senescent MSCs. Interestingly, BPTES
could also lead to a significant reduction in the viability of senescent
endothelial cells (ECs) and senescent osteoblasts (Supplementary
Fig. 4), suggesting its potential broad-spectrum senolytic effects
within bone tissue. This observation aligns with its demonstrated
broad-spectrum senolytic activity across various tissues25.

PGA rescued glutamine metabolism of non-senescent MSCs
The inhibition of glutamine metabolism limits the production of α-
ketoglutarate (α-KG), thereby severely impairing the proliferation and
osteogenic differentiation of non-senescent MSCs32. To assess the
potential adverse effects of BPTES on non-senescent MSCs and eval-
uate the therapeutic capacity of PGA in restoring glutamine metabolic
homeostasis, we further conducted an investigation comparing the
individual and combined effects of BPTES and PGA on non-senescent
MSCs. As shown in Supplementary Fig. 5A, the significantly lowest cell
viability in the BPTES group indicated the inhibited proliferation of
non-senescent MSCs (Supplementary Fig. 2C, no significant cytotoxi-
city). Meanwhile, BPTES also significantly reduced the concentrations
of key metabolites in glutamine metabolism, including glutamate and
α-KG, within non-senescent MSCs (Supplementary Fig. 5B). It is note-
worthy that PGA not only rescued the proliferation of non-senescent
MSCs but also significantly restored their glutamine metabolism.
Additionally, ALP staining and quantitative analysis results demon-
strated that PGA significantly rescued the inhibition of osteogenic
differentiation of non-senescent MSCs caused by BPTES (Supplemen-
tary Fig. 5C).

The above results confirmed that the combination of BPTES and
PGA could effectively achieve specific elimination of senescent cells
while preserving the osteogenic differentiation potential of non-
senescent MSCs, which provides a potential strategy for achieving
effective implant osteointegration in elderly patients.

Construction and characterization of modified titanium
implants
Based on the above theoretical basis, we developed a modified tita-
nium implant incorporating a metabolic intervention strategy for
orthopedic applications in elderly patients. The sample preparation
process is outlined in Fig. 1. The samples were denoted as Ti, MT, MT-
NH2, BPTES@MNT, and BPTES@MNT/PGA. The physicochemical
properties of the samples were characterized. As shown in Fig. 2A,
environmental scanning electron microscopy (ESEM) was used to
characterize the surface topography of each sample. Compared to Ti,
the MT, BPTES@MNT, and BPTES@MNT/PGA showed a typical rigid
microstructure. Compared to MT, BPTES@MNT displayed a typical
micro-nano composite structure due to dopamine assembly, indicat-
ing dopamine nanoparticle formation on the implant substrate. The
self-assembly of multilayers resulted in a visible coating over the
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micro-nano structure of BPTES@MNT/PGA. Correspondingly, the
sample roughness measurement aligned with the observed morphol-
ogy (Fig. 2B). Following acid etching treatment and the formation of a
micro-nano composite structure, the surface roughnessof the samples
increased gradually. Subsequently, the roughness decreased with the
multilayer coating, indicating successful PGA coating. Hydrophilicity
was assessed using the water contact angle. As shown in Fig. 2C, the

averagewater contact angle of Ti was approximately 51.2°, significantly
higher than that of MT (around 12.7°). Although MT-NH2 did
not exhibit significant differences in topology or roughness compared
to MT, its average water contact angle was significantly higher
(about 49.5°) due to the hydrophobicity of the silane coupling agent
(Supplementary Fig. 6A). The micro-nano composite structure
reduced the averagewater contact angle to approximately 39.1°,which
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Fig. 1 | Design strategy for implant surface with engineered metabolic mod-
ulation. Schematic illustration of the design and preparation of the modified
titanium implants. The modified implants specifically induce apoptosis in senes-
cent MSCs by restricting glutaminolysis while rescuing glutamine metabolism in
non-senescent MSCs by supplementing glutamate without ammonia production.

The topological structure of the implant surface and enhanced glutamine meta-
bolism synergistically promote MSC osteogenic differentiation, thereby accel-
erating implant osteointegration in aged rats. Parts of the figure were drawn using
pictures from ServierMedical Art. ServierMedical Art by Servier is licensed under a
Creative Commons Attribution 4.0 International License.
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was due to the increased specific surface area and polydopamine
hydrophilicity. The multilayer construction further increased hydro-
philicity, with the average water contact angle of BPTES@MNT/PGA
being about 14.3°.

X-rayPhotoelectronSpectroscopy (XPS)was employed to analyze
the elemental composition of the samples. BPTES@MNT exhibited
characteristic peaks for Ca and S, confirming the successful incor-
poration of calcium ions and BPTES (Supplementary Fig. 6B). Analysis
of the XPS spectra for N1s and C1s of BPTES@MNT revealed *C-NH-C
and *C=N signals, indicating aMichael reactionbetweenpolydopamine
and the titanium substrate, and *π-π-stack signals, indicating
the interaction between BPTES and polydopamine. (Fig. 2D, E). The
encapsulation efficiency of BPTES was approximately 81.84%, and the
coating density of about 16.37μg/cm2. X-ray diffractometry (XRD)
patterns showed that the polydopamine coating existed in an amor-
phous state on the implant substrate (Supplementary Fig. 6C), sug-
gesting effective Ca2+ release35.

Release kinetics at the implant interface
Considering the physiological condition of a slightly acidic pH level in
the orthopedic injurymicroenvironment36, we investigated the release
kinetics of implants at different pH environments. The release curves
for Ca2+ revealed no significant difference between BPTES@MNT and
BPTES@MNT/PGA, indicating that the PGA coating did not affect Ca2+

release (Fig. 2F). However, a reduction in pHacceleratedCa2+ release to
a degree, though not statistically significant compared to pH 7.4.
BPTES release followed a similar trend (Fig. 2G), with a notable accel-
eration of release at pH 6.5 after 7 days, likely due to the acid-
degradable properties of polydopamine37.

Given that the PGA coating is designed to degrade into glutamate
as an exogenous carbon source for cells, we also examined the release
curves of glutamate for BPTES@MNT/PGA. As shown in Fig. 2H, the pH
changes did not significantly affect PGA degradation, with glutamate
release reaching approximately 0.065μmol/cm2 (pH 7.4) and
0.072μmol/cm2 (pH 6.5) over 7 days. The release did not plateau after

Fig. 2 | Characterization of BPTES@MNT/PGA and the release kinetics at
implant interfaces. A Representative ESEM images of different samples. 2000×:
Scale bar = 40μm; 10,000×: Scale bar = 8μm. B AFM images of different samples.
Surface Ra roughness data of different samples is shown at the bottomof the image
(n = 3 independent samples per group). C The water contact angle of different
samples (n = 3 independent samples per group). High-resolution XPS spectra of
D N1s scan and E C1s scan of BPTES@MNT/PGA. Release profile of F Ca2+, G BPTES,

and H Glu at different pH values (n = 3 independent samples per group). Data was
presented as means ± SD (*p <0.05, **p <0.01, ***p <0.001). Data analysis was
conducted utilizing one-way ANOVA with Tukey’s multiple comparison test (C).
Data analysis was conducted by using a two-tailed unpaired Student t test (F–H).
Exact P values were given in the Source data file. Source data are provided as a
Source data file.
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21 days of incubation, indicating that PGA serves as a high-density
carbon source coating, providing a rapid and sustained glutamate
supply at the implant-host interface.

Cytocompatibility evaluation
To ensure the application of implants in orthopedic treatment set-
tings, we conducted a cytocompatibility evaluation. Non-senescent
ECs, non-senescent osteoblasts, and non-senescent MSCs were all
evaluated to ensure the applicability of the implant. As shown in live/
dead staining, no significant cytotoxicity was observed in any group
across all cell types (Supplementary Fig. 7B, D, F). Notably, after 24 h of
incubation, the CCK-8 assay results revealed that the cell viability of all
cell types in the BPTES@MNT group was significantly lower than that
in the Ti and MT groups (Supplementary Fig. 7A, C, E), indicating that
BPTES@MNT severely inhibited the proliferation of all cell types,
which might be associated with the inhibition of glutaminolysis.
BPTES@MNT/PGA partially restored the cell viability of all cell types,
which might be attributed to PGA-mediated rescue of glutamine
metabolism.

BPTES@MNT/PGA specifically induced the apoptosis of senes-
cent MSCs by affecting intracellular pH stability
Given the pivotal role of GLS1 in the survival of senescent MSCs, we
hypothesized that BPTES@MNT/PGA could selectively induce apop-
tosis in these MSCs by inhibiting glutaminolysis. The mechanism of
apoptosis induced by BPTES@MNT/PGA is shown in Fig. 3A. GLS1
activity was analyzed in both senescent and non-senescent MSCs after
1 day of incubation with various samples. As shown in Fig. 3B, GLS1
activities were significantly lower in the BPTES@MNT and
BPTES@MNT/PGA groups compared to the Ti and MT groups, indi-
cating effective inhibition of GLS1. Notably, in senescent MSCs, intra-
cellular pH levels were significantly lower in the BPTES@MNT and
BPTES@MNT/PGA groups compared to Ti and MT groups, consistent
with prior studies and related to lysosomal leakage in senescent cells
(Fig. 3C)25,38,39. Correspondingly, BPTES@MNT and BPTES@MNT/PGA
induced significant mPTP opening in senescent MSCs, indicative of
apoptosis (Fig. 3D). However, no significant effect was observed in
non-senescentMSCs (Supplementary Fig. 8). Flow cytometry andCCK-
8 assays confirmed that BPTES@MNT and BPTES@MNT/PGA sig-
nificantly induced apoptosis in senescent MSCs, with viability rates
only about 66.33% and 58.15%, respectively (Fig. 3E). For non-senescent
MSCs, MSCs showed no notable cytotoxicity, with viability rates above
80%. However, BPTES@MNT and BPTES@MNT/PGA groups exhibited
reduced cell viability in non-senescent MSCs compared to other
groups, indicating inhibited proliferation (Fig. 3F). Notably, after
3 days of incubation, non-senescent MSC viability on BPTES@MNT/
PGA increased significantly, suggesting that PGA coating might rescue
glutamine metabolism and promote their proliferation.

BPTES@MNT/PGA inhibited the secondary senescence induced
by senescent MSCs
Senescent MSCs can exacerbate and propagate senescence through
the SASP, potentially leading to implantation failure40. Eliminating
senescent cells could inhibit secondary senescence41. To verify this, the
supernatant of senescent MSCs incubated with different samples was
analyzed (Fig. 4A). As shown in Fig. 4B, compared to Ti and MT,
BPTES@MNT and BPTES@MNT/PGA significantly reduced levels of
various SASP factors, including IFN-γ, IL-1β, IL-6, TNF-α, and peroxide,
in the supernatant. Additionally, SA-β-gal staining revealed that
BPTES@MNT and BPTES@MNT/PGA groups resulted in significantly
lower SA-β-gal-positive regions in non-senescentMSCs compared to Ti
and MT (Fig. 4C, E). BPTES@MNT and BPTES@MNT/PGA groups also
exhibited stronger osteogenic differentiation potential than Ti andMT
groups (Fig. 4D, F). These findings confirmed that BPTES@MNT/PGA
could inhibit secondary senescence by selectively inducing apoptosis

in senescent MSCs, thereby preserving the osteogenic differentiation
potential of non-senescent MSCs around the implant (Fig. 4G).

BPTES@MNT/PGA regulated the metabolic profile of non-
senescent MSCs by rescuing glutamine metabolism
While inhibiting glutaminolysis specifically induced apoptosis in
senescent MSCs, it also limited the proliferation of non-senescent
MSCs (Fig. 3F). To determine whether PGA coating could rescue glu-
tamine metabolism in non-senescent MSCs through glutamate sup-
plementation, the glutamine metabolism levels in each group were
analyzed. As shown in Fig. 5A, BPTES@MNT/PGA significantly
increased the concentrations of downstream products of glutamine
metabolism, such as glutamate, alanine, aspartate, and proline. Nota-
bly, intracellular glutamine levels in BPTES@MNT and BPTES@MNT/
PGA groups were significantly higher than those in other groups, fur-
ther indicating glutaminolysis inhibition, consistent with GLS1 activ-
ities results.

Targetedmetabolic analysis revealed significant differences in the
glycolysis pathway between BPTES@MNT and BPTES@MNT/PGA
groups compared to Ti and MT. (Fig. 5B). BPTES@MNT and
BPTES@MNT/PGA groups exhibited lower intracellular glucose, glu-
cose-6-phosphate, and fructose-6-phosphate, suggesting increased
glucose consumption. Notably, the BPTES@MNT/PGA group showed
elevated intracellular pyruvate and active tricarboxylic acid cycle (TCA
cycle), indicating enhanced aerobic glycolysis of MSCs. The
BPTES@MNT group displayed the highest isocitrate/α-KG ratio (Sup-
plementary Fig. 9A), suggesting that the TCAcycle ofMSCswas limited
by a high ATP/ADP ratio. Intriguingly, the BPTES@MNT group had
lower intracellular ATP compared to other groups (Supplementary
Fig. 9B), with a significantly higher succinate/fumarate ratio (Supple-
mentary Fig. 9C), indicating mitochondrial oxidative stress42 and ele-
vated intracellular reactive oxygen species (ROS) levels
(Supplementary Fig. 9D). The BPTES@MNT/PGA group had a sig-
nificantly higher intracellular α-ketoglutarate (α-KG) than the
BPTES@MNT, supporting the role of PGA in promoting glutamine
metabolism. The higher intracellular gluconate in BPTES@MNT/PGA
suggested an enhanced pentose phosphate pathway (PPP).
BPTES@MNT/PGAgroup also showed the lowest intracellular ribose-5-
phosphate but the highest intracellular adenosine monophosphate
and guanosine monophosphate, indicating the active biosynthesis of
MSCs. Additionally, BPTES@MNT/PGA group showed the highest
intracellular amino acids (Supplementary Fig. 9E) (excluding cysteine)
and higher intracellular L-carnitine compared to Ti and BPTES@MNT,
suggesting active FAO of MSCs43. These data indicated that
BPTES@MNT/PGA positively regulated the metabolic profile of non-
senescent MSCs and enhanced their biosynthesis by rescuing gluta-
mine metabolism (Fig. 5C). The metabolic profile of MSCs in the
BPTES@MNT/PGA group, characterized by enhanced aerobic glyco-
lysis, PPP, glutamine metabolism, and FAO, along with higher intra-
cellular hydroxyproline (a collagen-specific amino acid), suggests a
strong potential for promoting the osteogenic differentiation of non-
senescent MSCs27,44.

BPTES@MNT/PGA promoted the osteogenic differentiation of
non-senescent MSCs in vitro
The role of BPTES@MNT/PGA in promoting osteogenic differentiation
of non-senescent MSCs was further verified. To account for the
potential influence of Ca2+ released from samples on osteogenic dif-
ferentiation, we analyzed the intracellular Ca2+ level ofMSCs incubated
with different samples (Supplementary Fig. 10). Notably, the MT,
BPTES@MNT, and BPTES@MNT/PGA groups showed significantly
higher intracellular Ca2+ levels compared to the Ti group, with
increases of approximately 1.74, 1.66, and 1.65 times, respectively.
However, no significant differences were observed among the MT,
BPTES@MNT, and BPTES@MNT/PGA groups. These results suggest
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that the Ca2+ released from implants does not primarily drive the
osteogenic differentiation of non-senescent MSCs.

Subsequently, a Western blot was conducted to evaluate the
osteogenic differentiation of non-senescent MSCs after incubation
with different samples (Fig. 6A–D). The BPTES@MNT/PGA group
exhibited significantly higher levels of collagen type I (Col I), alkaline
phosphatase (ALP), and osteocalcin (OCN) compared to the Ti group,

indicating that BPTES@MNT/PGA possesses a stronger ability to pro-
mote osteogenic differentiation. Meanwhile, the BPTES@MNT group
also demonstrated significantly higher levels of Col I than the Ti group,
aligning with the intracellular hydroxyproline levels. Furthermore, the
MT group also showed a certain degree of osteogenic differentiation-
promoting effect (significantly higher levelsofCol I andALP than theTi
group), which might be due to its topological structure40,45. Similar
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results were obtained in the mineralization analysis (Fig. 6E, F). Nota-
bly, although the BPTES@MNT group did not exhibit significantly
higher expression levels of osteogenic-related proteins compared to
the MT group, its mineralization level was significantly elevated. This
phenomenon might be attributed to the enhanced mineralization
promoted by the Ca2+ released from implants.

BPTES@MNT/PGA eliminated the senescent cells and promoted
the proliferation of endogenous stem cells in vivo
The efficacy of BPTES@MNT/PGA was further verified in vivo using 18-
month-old rats as a senescent model (Fig. 7A). We assessed the senes-
cence level around the implant. As shown in Fig. 7B, the p16 expression
level around the implant in the BPTES@MNT and BPTES@MNT/PGA
groups was significantly lower than that in the Ti and MT groups. The
p16/DAPI ratio around the implant in the BPTES@MNT/PGA group was
only about 0.27 times that in the Ti group (Fig. 7D). The flow cytometry
results showed that the BPTES@MNT/PGA group had the lowest pro-
portion of SA-β-gal+ cells (40.5%) in bone marrow (Supplementary
Fig. 11), significantly lower than that in the Ti group (64.9%), confirming
the effective elimination of senescent cells. Additionally, compared to
the Ti and MT groups, significantly reduced inflammatory cell infiltra-
tion and markedly lower levels of inflammatory factors (IL-1β and IL-6)
were observed around the implant in the BPTES@MNT and

BPTES@MNT/PGA groups (Supplementary Fig. 12A and Supplementary
Fig. 13), which was consistent with the decreased senescence level of
tissue.

Given the potential proliferation-inhibiting effects of themodified
implants observed in vitro (Fig. 3F)32, we further evaluated the pro-
liferation level around the implant. The distribution of stem cells
(leptin receptor-expressing (LepR+)) was also assessed simultaneously
(Fig. 7C)46,47. The BPTES@MNT group exhibited the lowest prolifera-
tion activity and the fewest stem cells around the implant (Fig. 7E, F),
consistent with the in vitro results. The LepR expression level (LepR/
DAPI ratio) in the BPTES@MNT/PGA group was significantly increased
by approximately 3.06 times compared to the BPTES@MNT group.
Partial spatial colocalization with Ki67 was also observed, suggesting
relatively active stemcell proliferation in the BPTES@MNT/PGAgroup.
Hematoxylin and eosin (HE) and Masson staining further demon-
strated the robust ability of BPTES@MNT/PGA to promote stem cell
proliferation. The BPTES@MNT/PGA group exhibited a significantly
higher number of osteoblasts and osteocytes around the implant
compared to other groups, indicating active cell proliferation (Sup-
plementary Fig. 12A). In addition, theBPTES@MNT/PGAgroup showed
markedly thicker fibrous bone-like structures and pronounced bone
formation around the implant compared to the other groups (Sup-
plementary Fig. 12B).

Fig. 3 | BPTES@MNT/PGA specifically induced apoptosis in senescent MSCs.
A Schematic illustration of the apoptosis in senescentMSCs specifically induced by
BPTES@MNT/PGA. B Relative GLS1 activity of senescent and non-senescent MSCs
on different samples (n = 3 biologically independent samples per group).
C Representative fluorescence images and quantification of intracellular pH in
senescent (n = 4 biologically independent samples per group) and non-senescent
(n = 6 biologically independent samples per group) MSCs on different samples.
Scale bar = 200μm. D Representative fluorescence images and quantification of
mPTP in senescent MSCs on different samples (n = 6 biologically independent
samples per group). Scale bar = 100μm. E Apoptosis analysis of senescent and

non-senescent MSCs on different samples. F Cell viability of senescent and non-
senescent MSCs after incubated with different samples for 1 and 3 days (n = 6
biologically independent samples per group). Data were presented as means ± SD
(*p <0.05, **p <0.01, ***p <0.001, NS no significant difference). Data analysis was
conducted utilizing one-way ANOVA with Tukey’s multiple comparison test. Exact
P values were given in the Source data file. Source data are provided as a Source
data file. Parts of the figure were drawn by using pictures from Servier Medical Art.
Servier Medical Art by Servier is licensed under a Creative Commons Attribution
4.0 International License.

Fig. 4 | BPTES@MNT/PGA inhibited the secondary senescence induced by
senescent MSCs. A Schematic illustration of SASP factors analysis and co-culture
setup. BHeatmap for SASP factors (IFN-γ, IL-1β, IL-6, TNF-α, and Peroxide) analysis.
CRepresentative images andEquantitative statistics of SA-β-gal in each group after
incubation for 3 days (n = 3 biologically independent samples per group). Scale
bar = 1mm.D Representative images and F quantification of alizarin red staining in
each group after incubation for 14 days (n = 5 biologically independent samples per

group). Scale bar = 500 μm. G Schematic illustration of inhibited secondary
senescence mediated by BPTES@MNT/PGA. Data were presented as means ± SD
(*p <0.05, **p <0.01). Data analysis was conducted utilizing one-way ANOVA with
Tukey’s multiple comparison test. Exact P values were given in the Source data file.
Source data are provided as a Source data file. Parts of the figure were drawn by
using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed
under a Creative Commons Attribution 4.0 International License.
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Enhanced osteointegration of BPTES@MNT/PGA implant in
aged rats
After 6weeks of implantation,μ-CT analysis wasperformed to evaluate
the osteointegration of each implant. The BPTES@MNT/PGA group
exhibited the highest bone mass (BV/TV) around the implant

compared to all groups (Fig. 8B–H). In addition, the BPTES@MNT/PGA
group also showed most trabecular number (Tb.N), the thickest tra-
becular thickness (Tb.Th), and the lowest trabecular spacing (Tb.Sp)
among all groups. Notably, the structure model index (SMI) indicated
that the trabeculae structure around the implant in the BPTES@MNT/

Fig. 5 | BPTES@MNT/PGA regulated the metabolic profile of non-
senescent MSCs. A Effectiveness of different samples on the metabolite con-
centration of glutamine metabolism (n = 5 biologically independent samples per
group). The schematic of BPTES@MNT/PGA on rescuing glutamine metabolism is
shown in the box. B Heatmap represented differentially detected metabolites in
different groups associated with glycolysis, FAO, TCA cycle, PPP, and anabolic
metabolism. C Schematic illustration of metabolic profile in non-senescent MSCs

regulated by BPTES@MNT/PGA. Data was presented as means ± SD (*p <0.05,
**p <0.01, ***p <0.001). Data analysis was conducted utilizing one-way ANOVAwith
Tukey’s multiple comparison test. Exact P values were given in the Source data file.
Source data are provided as a Source data file. Parts of the figure were drawn by
using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed
under a Creative Commons Attribution 4.0 International License.

Fig. 6 | BPTES@MNT/PGA promoted the osteogenic differentiation of non-
senescent MSCs. A–D Western blot results for Col I, ALP, and OCN in non-
senescent MSCs after incubated with different groups for 7 days (n = 3 biologically
independent samples per group). E Representative images and F quantification of
alizarin red staining in each group after incubation for 14 days (n = 6 biologically

independent samples per group). Scale bar = 500μm. Data was presented as
means ± SD (*p <0.05, **p <0.01, ***p <0.001). Data analysis was conducted utiliz-
ing one-way ANOVA with Tukey’s multiple comparison test. Exact P values were
given in the Source data file. Source data are provided as a Source data file.
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PGA group was predominantly plate-like, in contrast to a rod-like
structure in other groups, suggesting enhanced stability of the
implants in the BPTES@MNT/PGA group. Interestingly, the bone
mineral density (BMD) around the implant in the BPTES@MNT/PGA
group was significantly higher than that in the BPTES@MNT group,
further emphasizing the importance of PGA coating in enhancing

implant osteointegration by rescuing glutamine metabolism.
Mechanical push-out testing was further conducted to evaluate the
integration of the implant with surrounding bone tissue (Fig. 8I).
As shown in Fig. 8J, K, BPTES@MNT/PGA achieved the highest max-
imal push-out force (60.58 ± 8.26N), which was significantly
higher than that in the other groups. Meanwhile, the results of

Fig. 7 | BPTES@MNT/PGA eliminated the senescent cells and promoted the
proliferationof endogenous stemcells in vivo.A Schematic illustrationof in vivo
analysis. B Representative fluorescence images and corresponding 3D profiles
(White box selection area) of the intensity of p16 around implants.CRepresentative
fluorescence images and colocalization analysis (White box selection area) of Ki67
and LepR around implants. D–F Quantitative statistics of Ki67, TUNEL, p16, and

LepRaround implants (n = 6 biologically independent samples per group). Key: im.,
implants. Data were presented as means ± SD (**p <0.01, ***p <0.001). Exact
P values were given in the Source data file. Source data are provided as a Source
data file. Parts of the figure were drawn by using pictures from Servier Medical Art.
Servier Medical Art by Servier is licensed under a Creative Commons Attribution
4.0 International License.
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immunofluorescence and Masson staining demonstrated that the
BPTES@MNT/PGA group exhibited the significantly highest level of
osteogenic-related protein expression (OCN and OPN) and the most
mature and continuous bone (Fig. 8L and Supplementary Fig. 14). HE
staining was used to evaluate the long-term biocompatibility of
implants (Supplementary Fig. 14B). A small number of inflammatory

cell infiltrations could be observed around the implant in both the Ti
and MT groups, which might be associated with long-term chronic
inflammation caused by the higher senescence level48. In contrast, the
BPTES@MNT/PGA group showed no significant inflammatory cell
infiltration around the implant, along with well-formed bone regen-
eration. Notably, the BPTES@MNT group showed significantly more

Fig. 8 | Enhanced osteointegration of BPTES@MNT/PGA implant in aged rats.
A Schematic illustration of in vivo analysis. B Three-dimensional μ-CT reconstruc-
tions around implants after 6weeks of surgery. Scale bar = 200μm.C–HAnalysis of
μ-CT data showing BV/TV, SMI, BMD, Tb.N, Tb.Th and Tb.Sp around implants (n = 5
biologically independent samples per group). I Schematic illustration of bio-
mechanical push-out testing. J Representative push-out testing curves of different
groups. K Maximum push-out force in different groups (n = 3 biologically

independent samples per group). L Representative fluorescence images and
quantitative staining analysis of OCN and OPN around implants. Data was pre-
sented as means ± SD (*p <0.05, **p <0.01, ***p <0.001). Exact P values were given
in the Source data file. Source data are provided as a Source data file. Parts of the
figure were drawn by using pictures from Servier Medical Art. Servier Medical Art
by Servier is licensed under a Creative Commons Attribution 4.0 International
License.
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fibrotic structures around the implant, both inHE andMasson staining,
suggesting the potential adverse effects of BPTES@MNT due to the
sustained inhibition of glutamine metabolism. All data demonstrated
that the BPTES@MNT/PGA implants achieved more stable osteointe-
gration in aged rats than other implants.

Discussion
In this study, a modified titanium implant was developed to target
senescent cells specifically and enhance the osteointegration in aged
rats. Themodified implant features amicro-nano composite structure,
created through in-situ polymerization of dopamine nanoparticles on
a ridge structure after acid etching. Ca2+ and -NH2 served as binding
sites, allowing for the smooth loading of BPTES. This micro-nano
structure is believed to facilitate osteogenic differentiation of MSCs40

and provides an increased specific surface area that benefits the
application of polymer coatings49.

The non-covalent binding of the modified implant allowed for
effective release of both BPTES and PGA. BPTES was used to inhibit
glutaminolysis, thereby inducing apoptosis in senescent cells. PGAwas
degraded into glutamate, which was then taken up by MSCs to effec-
tively rescue glutamine metabolism. Notably, the amount of BPTES
released from modified titanium within 3 days (approximately
0.01μmol) was insufficient to inhibit the proliferation of non-
senescent MSCs in vitro (Supplementary Fig. 2B). However,
BPTES@MNT still exhibited a significantly inhibitory effect on the
proliferation of non-senescent MSCs (Fig. 3F), likely due to the
improved delivery efficiency of BPTES through direct diffusion from
thecoating to cells50. This diffusionmode alsoensured the clearanceof
senescent cells around the implant, whichwas verified both in vivo and
in vitro. Meanwhile, the presence of PGA coating directed rescued
(without ammonia production) the inhibited glutamine metabolism,
which enabled BPTES@MNT/PGA could specifically induce apoptosis
of senescent MSCs while maintaining the proliferation ability of non-
senescent MSCs.

The specific elimination of senescent cells by BPTES was attrib-
uted to its restriction on free ammonia production, which was asso-
ciated with the dependence of senescent cells on free ammonia
generation causedby lysosomal leakage22,25. In contrast, non-senescent
cells maintain relatively stable intracellular pH levels, as they do not
experience lysosomal leakage issues triggered by macromolecular
damage. Additionally, PGA rescued the BPTES-mediated inhibition of
glutamine metabolism in non-senescent MSCs by supplementing glu-
tamate. The carbon skeleton of glutamate contributed to anabolism
through the TCA cycle as α-KG, and its amino group supported the
synthesis of amino acids via aminotransferase. Meanwhile, the amino
group of glutamine could also be involved in the de novo synthesis of
purine and pyrimidine nucleotides, counteracting the effects of glu-
taminolysis. Intriguingly, BPTES@MNT/PGA increased the concentra-
tion of most amino acids in non-senescent MSCs, except for cysteine.
This reduction in cysteine may be attributed to its increased con-
sumption for glutathione production, one of the main products of
glutamine metabolism, consistent with the lowest intracellular ROS
levels observed in the BPTES@MNT/PGA group.

Ca2+ released from implants did not affect intracellular Ca2+ levels,
a result likely due to both the limited concentration of released Ca2+

and the regulatory mechanism of intracellular Ca2+51. The increase in
intracellular Ca2+, driven by the topological structure, was associated
with the osteogenic differentiation of non-senescent MSCs. However,
the osteogenic differentiation of non-senescentMSCs in theMT group
was still limited by its lower anabolic activity (high ATP/ADP ratio
(isocitrate/α-KG ratio)), highlighting the need for an additional carbon
source. In addition, extracellular Ca2+ released from the modified
implants contributed to the mineralization process, providing
BPTES@MNT capacity to promote osteogenic differentiation in vitro.
Despite the successful elimination of senescent cells, BPTES@MNT

showed poor osteointegration in vivo, which was consistent with
in vitro results (lowest cell proliferation, lowest ATP production, and
highest intracellular ROS level). Notably, after 6 weeks, severe fibrotic
tissue formation appeared around BPTES@MNT implants, further
emphasizing the importance of rescuing glutamine metabolism for
long-term osteointegration of implants.

Different from our previous reported modified titanium implant
(MNT-PDA/GelHA) engineered through a SASP factors secretion sup-
pression and proliferation activation way52, BPTES@MNT/PGA
enhanced osteointegration in aged rats via coordinated senolytic and
osteogenic differentiation, effectively mitigating age-related con-
straints on the application of implants. Benefiting from the elimination
of senescent cells, BPTES@MNT/PGA not only promoted osteointe-
gration in advanced-aged rats (18 months old) but also circumvented
the potential chronic impairments to implant stability induced by
senescence cells.

However, compared with the mild osteointegration strategy of
MNT-PDA/GelHA, the potential side effects of the more aggressive
senolytic therapy may pose significant challenges for the clinical
application of BPTES@MNT/PGA in the future. This necessitates fur-
ther systematic and comprehensive in vivo investigations into the
underlying mechanisms of BPTES@MNT/PGA. In vivo gain/loss func-
tional analyses may serve as an effective approach to further elucidate
the mechanism of BPTES@MNT/PGA in the future, further validating
the efficacy of the directed rescue strategy and providing theoretical
foundations for the clinical application of BPTES@MNT/PGA.

In summary, BPTES@MNT/PGA was constructed based on a
directed rescue strategy to specifically eliminate senescent cells and
enhance osteogenic differentiation of non-senescent MSCs, thereby
improving osteointegration in aged rats (Fig. 1). BPTES@MNT/PGA
effectively disrupted the intracellular pH homeostasis of senescent
MSCs while meeting the high anabolic demands of non-senescent
MSCs through glutamate supplementation. This reduction in second-
ary senescence and enhanced osteogenic differentiation synergisti-
cally promoted the osteointegration of BPTES@MNT/PGA in aged rats,
providing valuable insights for the design of orthopedic implants for
elderly patients.

Methods
Ethical statement
The animal experiments were approved by the Animal Ethics Com-
mittees of the Chongqing Medical University (2021-738) and carried
out in strict accordance with the guidelines and relevant laws. All
animals were provided by Chongqing Medical University (SCXK
2022-0010).

Materials
Titanium foils and rods were purchased from Alfa Aesar Co. (Tianjin,
China). Chitosan (Chi), calcium chloride anhydrous (CaCl2), dopamine
hydrochloride, tris base, ammonium persulfate (APS), (3-aminopro-
pyl)-triethoxysilane (APTES), poly(γ-glutamate) (PGA), and cobalt (II)
chloride (CoCl2) were purchased from Aladdin Industrial Co. (Shang-
hai, China). BPTES were purchased from MedChemExpress LLC. (NJ,
USA). Cell counting kit-8 (CCK-8) was purchased from APExBIO
Technology LLC. (TX, USA). RatioWorks™ BCFL AM was purchased
from ATT Bioquest Inc. (CA, USA). DAPI, Triton X-100, alizarin red
sodium, glutamate content assay kit (WST colorimetry), and micro
glutaminase (GLS) assay kit were bought from Solarbio Science &
Technology Co., Ltd. (Beijing, China). Senescence-associated β-galac-
tosidase (SA-β-gal) staining kit, ROS assay kit, calcein AM, RIPA lysis
buffer, bovine serum albumin (BSA), etoposide, calcium assay kit,
Annexin V-FITC apoptosis detection kit, and Fluo-4 AM were pur-
chased from Beyotime Biotechnology Co. (Jiangsu, China). Rat IFN-γ,
IL-1β, IL-6, and TNF-α ELISA kits were purchased from Shanghai
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). Anti-p21,
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Anti-p16, Anti-OCN, and Anti-ALP were purchased from ABclonal Inc.
(Hubei, China). Anti-GLS1, Anti-KGA, Anti-Ki67, Anti-LepR, Anti-Col Ⅰ,
Anti-HSP27, Anti-VDAC1, and Anti-GAPDH were purchased from Pro-
teintech Group, Inc. (Hubei, China). Anti-OPN was purchased from
Affinity Biosciences (OH, USA). Anti-BNIP3was purchased fromAbcam
(Cambridge, UK). Anti-HSP-70 was purchased from Beijing Biosynth-
esis Biotechnology Co., Ltd. (Beijing, China). Other chemicals were
provided by Oriental Chemical Co. (Chongqing, China).

Cell isolation and culture
MSCs were isolated from Sprague-Dawley rats (male, 4-week-old) with
the differential adhesionmethod. The obtainedMSCswere donated as
non-senescent MSCs and cultured in DMEM medium (low glucose,
supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin) and then incubated at 37 °C under 5% CO2 atmosphere. Cells at
passage three were used for in vitro experiments. MC3T3-E1 (Subclone
14, with the catalog number of CRL-2594) and Human Umbilical Vein
Endothelial Cells (HUVECs, CP-H082) were purchased from Wuhan
Pricella Biotechnology Co., Ltd. MSCs were authenticated (Supple-
mentary Fig. 15) by the rat mesenchymal stem cell identification kit
(Cyagen);MC3T3-E1 cell lines were authenticated by the supplier using
Short Tandem Repeat (STR). HUVECs were authenticated by the sup-
plier using IF staining of CD31.

For replicative senescent MSCs, MSCs were passaged nine
times to lose their proliferation ability. For induced-senescent
MSCs, MSCs were treated with 20mM etoposide for 12–18 h and
then cultured in fresh medium for 3 days to ensure that they lost
the capacity for proliferation. The cellular senescence was eval-
uated by SA-β-gal staining and immunofluorescence staining of
p16 and p21 (senescence markers), and non-senescent MSCs were
selected as the control.

Western blot
RIPA lysis buffer (containing PMSF (100:1, Beyotime)) was used to
extract the total protein ofMSCs. The total proteins were separated by
SDS-polyacrylamide gels (Bio-Rad) and then blotted onto the 0.45μm
polyvinylidene fluoride membrane. After blocking with 5% BSA solu-
tion for 60min, the membrane was incubated with primary antibody
(1:1000) at 4 °C overnight, and then incubated with horseradish
peroxidase-conjugated secondary antibody (1:5000, Beyotime) for
another 60min. A multifunctional imaging system (SCG-W5000, Ser-
vicebio) was used to detect the signal. The intensity of bands was
normalized to the internal control protein.

Cell viability
The cell viability of MSCs in different samples was detected by the
CCK-8 assay. After 3 and 7 days of incubation, the medium of each
groupwasdiscarded, andCCK-8 solution (10%)was added to eachwell.
After incubating for 2 h, the supernatant of each sample was analyzed
by a spectrophotometric microplate reader (Bio-Rad 680).

Assessment of apoptosis
The apoptosis levels were detected by Annexin V-FITC apoptosis
detection kit (Beyotime) according to the manufacturer’s instructions.
Analytical FlowCytometry (NovocyteAdvanteon, Agilent, USA)was used
to detect the signal. The data was analyzed by NovoExpress software.

Cell fractionation and alkaline treatment
Cell mitochondria isolation kit (Beyotime) was used to separate
mitochondria and cytosolic proteins. After being thoroughly lysed
withmitochondrial isolation reagent and homogenized with a Dounce
homogenizer, the samples were split into two. The pH of one-half was
adjusted to 11.0 with 0.1M Na2CO3 and incubated on ice for 20min.
Subsequently, cytoplasmic fractions andmitochondrial fractions were
separated and collected according to the manufacturer’s instructions.

α-KG content analysis
The α-KG content was determined by the Amplex Red α-KG Assay Kit
(Beyotime). Experimental procedures were performed strictly fol-
lowing the manufacturer’s protocol. Fluorescence measurements
were conducted using a multifunctional microplate reader. Normal-
ization of protein quantification was performed by the BCA Protein
Assay Kit (Beyotime) to eliminate differences in cell count between
samples.

Surface modification of titanium
MT was constructed by acid etching. Briefly, the titanium was
sequentially treated with 3wt% hydrofluoric acid at room temperature
for 2min and then immersed in 66wt% sulfuric acid at 80 °C for 5min.
The obtained MT was rinsed thoroughly with ultrasonics. Subse-
quently, MT was immersed in 3% APTES solution (toluene as solvent)
for 24 h, and then washed thoroughly for further use.

BPTES@MNT was obtained by one-step polymerization of
dopamine. Briefly, MT-NH2 was placed in a mixed solution
(VTris-HCl buffer (10 mM, pH 8.5): VDMSO = 1:1) containing dopamine
(1mg/mL), CaCl2 (0.05mg/mL), BPTES (0.05mg/mL), and 1% APS. The
reaction mixture was under continuous shaking (40 rpm) at room
temperature overnight and avoid light. The obtained samples were
rinsed thoroughly with DI water.

Subsequently, PGA coating was modified on the substrate of
BPTES@MNT by the layer-by-layer method. In short, the samples were
alternately immersed in Chi (0.5w/v%) and PGA (1w/v%) solution (two
repeats). The samples were sterilized with ultraviolet irradiation or
prepared under an aseptic environment for subsequent in vitro and
in vivo experiments.

Characterization of samples
The topographic and hydrophilic characteristic of each sample was
characterized by ESEM (Quattro S, Thermo Fisher Scientific, USA),
atomic force microscopy (AFM, Dimension, Bruker, Germany), and a
video-based optical system (Model 200, Future Scientific Co., Taiwan,
China). The interfacial bonding mechanism of BPTES@MNT/PGA was
identified by XPS (ESCALAB 250Xi, ThermoFisher Scientific, USA). The
surface crystalline phase of the samples was detected by XRD
(Empyrean, Panalytical B.V., Holland).

Released profiling of Ca2+, BPTES, and glutamate
ForCa2+ and glutamate analysis, sampleswere immersed inPBS (pH7.4
or pH 6.5) under continuous shaking (40 rpm) at 37 °C. After being
incubated for a specific time, the supernatant was harvested, and the
fresh PBS was replenished. The Ca2+ and glutamate content in each
supernatant sample were measured by the calcium assay kit and glu-
tamate content assay kit, respectively.

For BPTES analysis, sampleswere immersed inDMSO/PBS (1:1, v/v,
pH 7.4 or pH 6.5) under continuous shaking (40 rpm) at 37 °C. The
supernatant was harvested at predetermined intervals, and the fresh
PBS was replenished each time. The BPTES content in each super-
natant sample was measured by a liquid chromatography mass spec-
trometry (LC-MS/MS, LCMS-8060, SHIMADZU Corporation, Japan).

GLS1 activity analysis
GLS1 activity of cell lysates was determined using a micro glutaminase
(GLS) assay kit (Solarbio) according to themanufacturer’s instructions.
Cells incubated with different samples for 1 day were collected to
analyze.

Intracellular pH analysis
Intracellular pH of each group was evaluated by BCFL AM. After
incubated with different samples, the medium of each group was
discarded, andBCFLAMworking solution (10μM)wasadded into each
well. After incubation for 30min, the samples werewashed thoroughly
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with PBS and then observed by a confocal laser scanning microscopy
(CLSM, TCS SP8, Leica, GER).

Mitochondrial permeability transition pore (mPTP) analysis
Briefly, Calcein AM was used to assess the changes in mPTP. After
washing thoroughly with PBS, the serum-free medium (containing
0.1μM Calcein AM and 0.4mM CoCl2) was added into each well for
30min at 37 °C. Then, fresh medium was replaced and incubated for
another 30min to ensure adequate hydrolysis of Calcein AM. Washed
with PBS for three times, the samples were observed by CLSM.

Enzyme-linked immunosorbent assay (ELISA)
Medium of each sample was collected after 3 days of incubation and
then centrifuged for 20min at 500 g. Then the supernatant was col-
lected, and the secretion of interferon-γ (IFN-γ), interleukin-1β (IL-1β),
interleukin-6 (IL-6), and tumor necrosis factorα (TNF-α) was detected.

Medium peroxide detection
Hydrogen peroxide assay kit (Beyotime) was used according to the
manufacturer’s instructions. After 3 days of incubation with different
groups, the medium was collected, and the contained peroxide was
measured.

Intracellular ROS detection
Intracellular ROS levels were detected by a ROS assay kit (Beyotime).
Briefly, 0.1% v/v of DCFH-DA was added to incubate the samples for
20min. After rinsing thoroughly, the cells were then imaged by CLSM.

Targeted metabolic analysis
Targeted metabolites were analyzed using liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS).
Data preprocessing and annotation were performed by Majorbio Bio-
Pharm Technology.

Central carbon metabolites analysis was performed using the
ExionLC AD system (SCIEX) with a UPLC HSS T3 column (1.8μm,
2.1 × 150mm; Waters Corporation) coupled to the QTRAP 6500+
(SCIEX). Briefly, 0.5 × 107 cells were combined with 10μL of internal
standard solution (containing 5μg/mL succinate-D4, 5μg/mL L-carni-
tine-D3, 20μg/mL cholicacid-D4, and 30μg/mL salicylic acid-D4),
50μL ofmethanol solution (methanol: water = 1:1, fisher) and 140μL of
acetonitrile. Then the mixed solution was vortexed for 1min and
sonicated for 30min at 4 °C. After sonication, the sample was cen-
trifuged at 14,000 × g for 20minat 4 °C, and 100 μLof supernatantwas
collected. 25μL of 3-NPH HCL (200mM) and 25μL of EDC HCL
(120mM, containing 6% pyridine) were added, and then the mixed
solution was vortexed for 30 s and placed into a constant temperature
oscillator for 40min at 60 °C. Finally, the sample was centrifuged at
14,000 × g for 20min at 4 °C, and the supernatant was collected for
analysis. Chromatographic separation was set at 40 °C, with a mobile
phase comprising water containing 0.03% formic acid (solvent A) and
methanol containing0.03% formic acid (solvent B).Mass spectrometry
analysis was set in both positive and negativemodes. The temperature
was set to 550 °C, curtain gaswasmaintained at 35 psi, collision gaswas
set tomedium, andboth ion sourcegases 1 and2were set to 55psi. Ion-
spray voltage was set to 4500V/−4500V.

For amino acids analysis, 0.5 × 107 cells were combined with 4μL
of internal standard solution (containing 100μg/mL L-Trp-D5, L-Gln-
D5, and L-Lys-D4), 216μL purified water (Fisher), and 25μL of 0.15%
DOC. The mixed solution was sonicated for 10min at 5 °C, and then
5μL of trichloroacetic acid (10M) was added. Before centrifugation,
the sample was stored at −20 °C for 10min. Then the sample was
centrifuged at 14,000 × g for 10min at 4 °C, and 50μL of supernatant
was collected. Three hundred fifty microliters of purified water were
added, and then the mixed solution was filtered by a PTFE filter
(0.2μm, biotage) for further analysis. Chromatographic separation

was achieved using an AdvanceBio MS Spent Media (2.7μm,
2.1 × 50mm) set to 40 °C, with a mobile phase comprising water con-
taining 0.1% formic acid and 10mM ammonium formate (solvent A),
and acetonitrile containing 0.1% formic acid and 10mM ammonium
formate (solvent B). QTRAP 6500+ (SCIEX) was used to analyze, and
the system was set in both positive and negative modes. The tem-
perature was set to 550 °C, curtain gas was maintained at 35 psi, col-
lision gas was set to medium, and both ion source gases 1 and 2 were
set to 50psi. Ion-spray voltage was set to 5500V/−4500V.

The LC-MS raw data were analyzed by Sciex software OS, with ion
fragments automatically identified and integrated using default para-
meters.Manual inspectionwasperformed to confirm the quality of the
data, and the metabolite concentrations of the samples were deter-
mined by comparing the peak areas of the analytes with those of the
internal standards, using a linear regression standard curve.

Intracellular Ca2+ detection
Fluo-4 AM was used to detect the intracellular Ca2+ of non-senescent
MSCs. After washed thoroughly with PBS, 0.5μM Fluo-4 AM (PBS as
solvent) was added into each well for 30min at 37 °C. Then, fresh PBS
was replaced and incubated for another 20min to ensure adequate
hydrolysis of Fluo-4 AM.Washed with PBS for three times, the samples
were observed by CLSM.

Mineralization analysis
After cultured for 14 days, cells were stained with alizarin red sodium
solution (0.1%, pH 4.1). The image data were collected by a stereo-
microscope (MVX10, Olympus, Japan). After dissolving the stained
mineral nodules in a 10%v/v acetic acid solution and thenmixingwith a
10% ammonia solution, a spectrophotometric microplate reader (Bio-
Rad 680) was used to collect the quantitative data.

Animal and bone defect model construction
Sprague-Dawley rats (male, 18 months old) were randomly allocated
into four groups: (1) Ti; (2) MNT; (3) MNT-PDA, and (4) MNT-PDA/
GelHA (n = 15 for each group), and 2% pentobarbital was administered
for preoperative anesthesia. The surgical site was disinfected with
iodophor. The femoral bone defect was created by a surgical drill on
the patellar femoral surface. The sterilized titanium rod was then
slowly implanted into the defect site. All surgical procedures were
performed under an aseptic environment. Female exclusion was
implemented to control for estrogen influences on osteoporosis.

Immunofluorescence staining of bone tissue sections
Theobtained tissue sampleswerefixedovernight, and thendecalcified
in a 0.5M EDTA solution (pH 7.4) under constant oscillation at 4 °C.
After paraffin embedding, the samples were sectioned into 10-μm-
thick sections. 1% citrate antigen retrieval solution was used for the
antigenic repair of sections (95 °C, 10min), and 5% BSA solution was
used for the blocking of sections (37 °C, 10min). The primary antibody
(anti-p16, anti-Ki67, anti-LepR, anti-IL-6, anti-IL-1β, anti-OCN, anti-OPN)
was added to adequately cover the sections and incubated overnight.
After TBS-T cleaning, the secondary antibody (Alexa Fluor 488-labeled
antibody or Alexa Fluor 647-labeled antibody, Beyotime) was then
added to incubate the samples for another 30min. Finally, DAPI was
used to stain the nucleus. Glycerin was used to seal the sections to
prevent fluorescence quenching. The sections were imaged by CLSM,
and the data were analyzed by ImageJ.

In vivo flow cytometry analysis
CellEvent™ Senescence Green Flow Cytometry Assay Kit (Thermo
Fisher Scientific)was used to detect the senescence level in vivo. Seven
days after the implantation surgery, the femurs were harvested, and
bonemarrow cells were isolated. Nucleated cells were separated using
Red Blood Cell Lysis Buffer (Beyotime). The cells were processed
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strictly following the manufacturer’s protocol. Analytical Flow Cyto-
metry (Beckman Coulter CytoFLEX LX) was used to detect the signal.
The data was analyzed by FlowJo.

Histological staining analysis
The sections were also stained by the HE andMassonmethods. The HE
stain kit (Solarbio) and Masson’s trichrome stain kit (Solarbio) were
used according to the manufacturer’s instructions. The sections were
imagedby aDigital SlicingWorkstation (Olympus, VS120), and thedata
were analyzed by OlyVIA and ImageJ.

μ-CT analysis
The osteointegration of the implant was analyzed by μCT100 (Scanco
Medical, CH) with a setting of 70 kV, 200 μA (resolution of 14.8μm/
pixel). The parameters and 3D models of osteointegration around the
implants were obtained by the SCANCO Medical microCT system.

Biomechanical push-out testing
The biomechanical push-out testing was performed using an in-situ
mechanical test system (CAREMeasurement & Control, China). Before
the tests, the samples were fixed vertically to the base using dental
cement. The implant was pushed out with a displacement rate of
1.2mm/min. The test was stopped when the screw was completely
separated from the bone. The maximum push-out force was recorded
to evaluate the mechanical stability. Each group had three parallel
replicates.

Data availability
Targeted metabolomics raw data have been deposited in Metabo-
lomics Workbench with the Project ID: PR002634 (Project https://doi.
org/10.21228/M85V83). All other data generated in this study are
provided in the Supplementary Information/Source data file. Source
data are provided with this paper.
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