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A B S T R A C T

The repair of bone defects in the elderly individuals is significantly delayed due to cellular senescence and
dysfunction, which presents a challenge in clinical settings. Furthermore, there are limited effective methods
available to promote bone repair in older individuals. Herein, melatonin-loaded mesoporous bioactive glasses
microspheres (MTBG) were successfully prepared based on their mesoporous properties. The repair of bone
defects in aged rats was significantly accelerated by enhancing mitochondrial function through the sustained
release of melatonin and bioactive ions. MTBG effectively rejuvenated senescent bone marrow mesenchymal
stem cells (BMSCs) by scavenging excessive reactive oxygen species (ROS), stabilizing the mitochondrial
membrane potential (ΔΨm), and increasing ATP synthesis. Analysis of the underlying mechanism revealed that
the formation of tunneling nanotubes (TNTs) facilitated the intercellular transfer of mitochondria, thereby
resulting in the recovery of mitochondrial function. This study provides critical insights into the design of new
biomaterials for the elderly individuals and the biological mechanism involved in aged bone regeneration.

1. Introduction

As life expectancy has increased, the issue of population aging has
become more prominent. Bone defects are common among elderly in-
dividuals due to bone loss and weakened bone strength [1]. As a result of
organ deterioration, the repair of bone defects is significantly delayed,
which greatly affects quality of life [2,3]. To date, only a limited number
of studies have documented the application of bioactive materials for
bone repair in aged scenarios [4,5]. However, these materials have
shown limited efficacy in delaying cellular senescence or rejuvenating
senescent cells, resulting in suboptimal bone regeneration outcomes.
Consequently, the clinical challenge of repairing bone defects remains
unresolved among the elderly population. Therefore, there is an urgent
clinical necessity to develop bone repair materials specifically tailored to
this demographic.

Bioactive glasses (BG), especially mesoporous bioactive glasses with
the property of excellent cytocompatibility and rapid ion dissolution, are
known for their superior osteoconductive and osteoinductive properties,
thus, they are widely used to treat bone defects [6,7]. Additionally,
mesoporous BG exhibits a highly ordered mesoporous structure ranging
from 2 to 50 nm and possesses a significantly high specific surface area
and pore volume, enabling precise control over the loading and release
processes of biomolecules and drugs [8]. In mesoporous BG, bio-
molecules and drugs can be loaded in the mesoporous channel through
soaking techniques or surface grafting and can then be released in a
sustained manner [9]. All these characteristics contribute to the suit-
ability of mesoporous BG as an effective drug delivery system [9].
Although mesoporous BG is unable to delay cellular senescence or
enhance the function of senescent cells, it presents a distinctive advan-
tage for loading anti-aging agents.
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The indole hormone melatonin (N-acetyl-5-methoxytryptamine) is
primarily secreted by the pineal gland [10]. It has various functions,
including scavenging free radicals [11], promoting and regulating en-
ergy homeostasis [12,13] and delaying senescence [14]. Melatonin has
also been shown to stimulate the commitment and differentiation of
bone marrow mesenchymal stem cells (BMSCs) into osteoblasts [15,16].
However, oral administration of melatonin results in a relatively limited
concentration reaching the bone defect, leading to suboptimal bone
regeneration. To date, studies in the literature documenting the appli-
cation of bioactive microspheres incorporating melatonin in aged bone
regeneration are lacking. Hence, in this study, we synthesized
melatonin-loaded bioactive glasses microspheres (MTBG) and investi-
gated their potential to enhance bone tissue regeneration in aged rats.

Mitochondria manage cellular energy production and are intricately
involved in various biological processes, including cellular metabolism
[17,18], growth [19], differentiation [20] and aging [21,22]. A decline
in mitochondrial function occurs with aging [23,24]. Senescent cells
exhibit increased leakage of mitochondrial proteins, a reduced mito-
chondrial membrane potential (ΔΨm), and an excessive accumulation of
reactive oxygen species (ROS) in mitochondria, resulting in decreased
energy supply [25,26]. Due to the decreased mitochondrial function in
senescent BMSCs, their proliferation and differentiation abilities are
significantly compromised [27]. Therefore, improving mitochondrial
function is an effective method for promoting the osteogenesis of se-
nescent BMSCs, thus leading to the promotion of bone regeneration in
elderly individuals.

Mitochondrial transfer refers to the translocation of mitochondria
from one cell to other cells via specialized structures under both phys-
iological and pathological circumstances [28,29]. This transfer process
has been proven to be an effective method for restoring mitochondria in

injured cells [30]. Tunneling nanotubes (TNTs) are considered the major
structure involved in mitochondrial transfer [31]. It remains unclear
whether MTBG can accelerate age-related osteogenesis via mitochon-
drial transfer through TNT formation. In this study, we established an in
vitro senescence model of BMSCs, thoroughly examined the impact of
MTBG on mitochondrial function, and conducted comprehensive in-
vestigations into its underlying mechanisms (Fig. 1).

2. Materials and methods

2.1. Synthesis and characterization of MTBG

The preparation of mesoporous bioactive glasses microspheres was
conducted in accordance with our previously published study [32].The
detailed procedures for the preparation of mesoporous BG are provided
in the supplementary data. MTBG was prepared through mesoporous
adsorption. In brief, melatonin (Aladdin Chemical, Shanghai, China)
was dissolved in anhydrous ethanol at a concentration of 45 mg/L. After
100 mg of BG was dispersed, the solution was stirred at 37 ◦C at 200 rpm
for 24 h. The solution was then subjected to centrifugation at 10000×g
for 5 min at 4 ◦C. Afterward, the supernatant was collected and quan-
tified using UV–Vis spectroscopy (Miulab, China) at a wavelength of
279 nm. Finally, the samples were air-dried to obtain the MTBG.

The morphological features, phase composition and chemical
composition of the MTBG and mesoporous BG were analyzed using
advanced techniques, including scanning electron microscopy (FE-SEM,
Zeiss Sigma 300, Germany), X-ray diffraction (XRD, Rigaku ULTIMA IV,
Japan) and Fourier transform infrared spectroscopy (FTIR, Bruker
TENSOR 27, Germany). Transmission electron microscopy (TEM, FEI
Tecnai G2 F20 S-Twin, USA) was used to visualize the microstructure of

Fig. 1. Schematic illustration of the proposed mechanism for accelerating aged bone regeneration via enhancing mitochondrial transfer mediated by tunneling
nanotubes using melatonin-loaded bioactive microspheres (MTBG).
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the particles, and energy-dispersive X-ray spectroscopy (EDS) was used
to measure the elemental content. Selected area electron diffraction
(SAED) patterns were taken in the TEM mode. The zeta potential was
detected by a Malvern Zetasizer Nano As (Malvern, UK). The multipoint
Brunauer–Emmett–Teller (BET) N2 absorption technique at 77.3 K was
employed for the determination of the specific surface area, while the
Barrett–Joyner–Halenda (BJH) method was utilized to derive pore size
and distribution from the isotherm. Thermogravimetric analysis (TGA)
was performed using a TGA/DSC3+ thermal analysis system (Mettler
Toledo, Switzerland).

The melatonin release of the MTBGwas assessed by dispersing 10 mg
of MTBG in 3 mL of normal saline and subjecting it to agitation at a
speed of 100 rpm at 37 ◦C. The sample was immersed for a pre-
determined duration and subsequently centrifuged. The supernatant
was sampled by withdrawing 1 mL and simultaneously replenishing it
with 1 mL of fresh saline solution. The supernatant was subjected to
UV–Vis spectroscopy (Miulab, China) at a wavelength of 279 nm to
measure its absorbance, enabling the calculation of melatonin concen-
tration and determination of the quantity released at a specific time. A
standard curve of melatonin was established by measuring the absor-
bance at 279 nm across various concentrations of melatonin solution,
yielding a highly significant correlation coefficient (R2 = 0.9955)
(Fig. S1). The encapsulation efficiency (%) was calculated by dividing
the weight of melatonin that was encapsulated by the initial weight of
melatonin. The drug loading efficiency (%) was calculated by dividing
the weight of melatonin that was encapsulated by the weight of meso-
porous BG.

To assess the release of ions from BG and MTBG microspheres, 100
mg of microspheres were immersed in 5 mL of simulated body fluid
(SBF) with a pH of 7.4 at 37 ◦C for 1, 4, and 7 days. The concentrations of
calcium (Ca), silicon (Si), and phosphorus (P) ions in the SBF were
quantified using an inductively coupled plasma mass spectrometer (ICP-
MS, Agilent, USA) at each time point.

2.2. Evaluation of cellular senescence

Tert-butyl hydroperoxide (tBHP, Macklin, China) was utilized to
induce cellular senescence according to a previous study [33]. Mouse
BMSCs (Cyagen Biosciences, China) at passages 3 to 8 were used for
subsequent investigations. To demonstrate the effect of MTBG and BG on
BMSCs through ion dissolution and melatonin release, MTBG and BG
extracts were used in in vitro experiments. Initially, the cells were treated
with tBHP for 2 h after which the medium was replaced with normal
growth medium, melatonin, BG extracts, or MTBG extracts. Subse-
quently, the cells were cultured for an additional 24 h. Cells without
tBHP treatment were considered the normal group. Subsequently, cell
assessment was conducted using a β-galactosidase activity assay. Addi-
tionally, the protein expression levels of p16, p21 and p53 were
analyzed by western blotting. For assessments of osteogenic differenti-
ation, cells were exposed to osteogenic induction medium supplemented
with different extracts. After 21 days, alizarin red staining was per-
formed to assess the osteogenic potential of the cells. Additionally, the
protein and gene expression levels of OCN were analyzed by immuno-
fluorescence staining and qRT‒PCR analysis. For immunofluorescence
staining, a rabbit anti-OCN antibody (1:350, Proteintech, China) was
used. Detailed information regarding the experimental approaches
mentioned above, including the extract preparation procedures, can be
found in the supplementary data.

2.3. Evaluation of mitochondrial function

After treatment, the cells were processed for evaluation of mito-
chondrial function. Mitochondrial morphology was observed using
TEM. The cells were delicately scraped and subjected to centrifugation
at 300×g for 2 min. The pellets were further fixed in 2.5 % glutaralde-
hyde before being prepared for TEM (HT7700, HITACHI Japan)

observation. Detailed information regarding the experimental ap-
proaches can be found in the supplementary data.

The mitochondrial membrane potential and the levels of intracel-
lular and mitochondrial ROS were assessed using a JC-1 Assay Kit
(Bestbio, China), a DCFH-DA probe (Beyotime, China) and a mitoSOX
probe (MedChemExpress, USA), respectively. The cells were washed and
incubated with JC-1 staining working solution or complete medium
containing either 10 μM DCFH-DA or 5 μM MitoSOX in the dark for 20
min at 37 ◦C. After washing, the cells were immediately observed using a
confocal laser microscope or analyzed utilizing flow cytometry
(DxFLEX, USA).

Intracellular adenosine triphosphate (ATP) production in BMSCs was
quantified by utilizing an ATP assay kit (Solarbio, China) following the
manufacturer’s instructions. Initially, the cells were washed and lysed in
ATP extraction reagent. Subsequently, the samples were sonicated for 1
min and centrifuged at a speed of 10000×g for 10 min. The resulting
supernatant was combined with 500 μL of chloroform and maintained at
a low temperature on ice before quantification. The absorbance values at
0 min (A1) and 3 min (A2) were measured at 37 ◦C and 340 nm using an
ultramicro ultraviolet–visible spectrophotometer (Miulab, China).

2.4. Assessment of mitochondrial transfer

The cells were initially examined for the presence of TNTs. After
treatment, the cells were cultivated in the dark at 37 ◦C with 200 nM
MitoTracker Red (Beyotime, China) for 20 min. After being washed with
PBS and fixed with 4 % paraformaldehyde, the cells were permeabilized
using 0.1 % Triton X-100. The cells were then stained for F-actin using
Phalloidin-iFluor 488 Reagent (Abcam, United Kingdom) for another 20
min. Meanwhile, the nuclei were counterstained with DAPI (Beyotime,
China). A confocal laser microscope (Leica, Germany) was employed to
observe the formation of TNTs. Z-stacks spanning from the bottom to the
top of the cells were also acquired in order to visualize mitochondria
within TNTs.

To further investigate the intercellular mitochondrial transfer, cells
were labeled separately with MitoTracker Red and carboxyfluorescein
diacetate succinimidyl ester (CFDA SE) probes (Warbio, China)
following the manufacturer’s instructions. After treatment, cells labeled
with the different probes were digested with 0.25 % pancreatin and
mixed at a 1:1 ratio before being seeded onto sterile coverslips in 24-well
plates. The cells were then cultured with normal growth medium or
MTBG extracts for an additional 24 h. To clarify the effect of TNTs on
mitochondrial transfer, 200 nM cytochalasin B (CB, MedChemExpress)
was added to the MTBG extracts. After washing the cells again with PBS,
they were then fixed, permeabilized and stained for F-actin using Alexa
Fluor 405 Phalloidin (Jiangsu Jikai Biotechnology, China). Finally, the
cells were observed using confocal microscopy (Leica, Germany).
Furthermore, the gene and protein expression profiles of markers asso-
ciated with mitochondrial function andmitochondrial transfer were also
examined. Detailed information regarding the experimental approaches
is provided in the supplementary data.

2.5. In vivo bone regeneration evaluation

Male Sprague-Dawley (SD) rats aged 18 months and weighing
800–1000 g (Fig. S7) were obtained from the Laboratory Animal Center
at Southern Medical University. The animal procedures were conducted
in strict accordance with the approved protocol of the Institutional
Animal Care and Use Committee (Guangdong Pharmaceutical Univer-
sity) (Reference number: gdpulacspf2022112). The rats were randomly
allocated to three groups: the control, BG, and MTBG groups. The sur-
gical procedures were conducted under general anesthesia with an
intraperitoneal injection of pentobarbital (Nembutal, 3.5 mg/100 g).
The femoral condyle was subjected to the creation of a cylindrical defect
with a diameter and depth of 3 mm. Subsequently, the bone defects were
filled with 15 mg of either BG or MTBG particles (Fig. S8). At 6 weeks
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postimplantation, three rats from each group were sacrificed, and their
femoral bones were promptly excised and fixed in a 4 % para-
formaldehyde solution. All samples were scanned using microcomputed
tomography (micro-CT, Bruker SkyScan1276, Germany) with a voltage
of 85 kV and an electric current of 200 μA. Three-dimensional images
were reconstructed using NRecon software (Bruker, Germany) based on
the micro-CT results.

After scanning, all the samples were subjected to a 6-week decalci-
fication process in 10% EDTA solution, after which they were embedded
in paraffin. The samples were prepared for histological analysis by

sectioning and staining with hematoxylin and eosin (H&E) as well as
Masson’s trichrome. Additionally, the samples were subjected to
immunofluorescence staining for RUNX2 (1:50, Proteintech), OCN
(1:50, Proteintech), and collagen I (1:50, Proteintech) and double-
stained for Miro1 (1:100, Boster Biotech, China) and PGC1α (1:200,
Proteintech). Images were acquired using a fluorescence microscope
(Leica, Germany), and the fluorescence intensity was quantified utilizing
Image J software.

Fig. 2. Characterizations of BG and MTBG. (A) SEM images of BG and MTBG; (B) TEM images showing the mesoporous structures of BG and MTBG; (C) BG and
MTBG based on N2 adsorption—desorption analysis; (D) Pore size distributions of BG and MTBG; (E) Particle size distribution diagram of MTBG; (F) FTIR spectra
showing the chemical structures of BG, melatonin and MTBG; (G) XRD patterns presenting the typical amorphous structures of BG, melatonin and MTBG; (H)
Melatonin release profile of MTBG in vitro.
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2.6. Statistical analysis

All the data are measured and presented as the mean ± standard
deviation (SD). Statistical significance was determined using two-
sample t-test or one-way analysis of variance (ANOVA) with the least
significant difference (LSD) post hoc tests, and differences were
considered significant at P < 0.05.

3. Results

3.1. Characterization and cell biocompatibility of MTBG

In this study, MTBG was successfully prepared by a mesoporous
adsorption method. The SEM images revealed that both BG and MTBG
exhibited regular spherical morphologies, characterized by uniform
particle sizes of approximately 200 nm (Fig. 2A and E). The TEM images
demonstrated the preservation of the ordered mesoporous structure
even after melatonin loading (Fig. 2B), and the samples exhibited
elemental compositions consistent with those of BG (Figs. S2C and D).
The SAED patterns of both BG and MTBG exhibited diffuse ring patterns
(Figs. S2A and B), indicating their amorphous properties, which was
consistent with the XRD results (Fig. 2G). As shown in Fig. S3, the
average zeta potentials of BG and MTBG were − 0.55 mV and − 6.05 mV,
respectively. The N2 absorption-desorption isotherm results provided
additional evidence that both BG and MTBG demonstrated a charac-
teristic type IV curve with a type H3 hysteresis loop (Fig. 2C). The pore
diameter was distributed around 4 nm (Fig. 2D).

The loading efficiency and release characteristics of melatonin were
further investigated. The major peaks of melatonin were detected at
3303 cm− 1 (N–H), 1629 cm− 1 (C=O), 1555 cm− 1 (C–O) and 1212 cm− 1

(C–N), indicating the successful loading of melatonin (Fig. 2F). The
encapsulation and loading rates were 62.81 % and 12.56 %, respec-
tively. The results of the TGA analysis are presented in Fig. S4. The drug
loading of melatonin was calculated to be approximately 9.41 wt% by
comparing the respective weight loss data. The drug release profile of
MTBG is illustrated in Fig. 2H. The melatonin exhibited an initial burst
release within 24 h, with the cumulative release rate reaching 47.52 ±

2.34 % at this time point, followed by a sustained release phenomenon.
The cumulative release rate finally reached 91.24 ± 6.84 %. The release
profiles of other elements, such as Ca, Si, and P, exhibited a similar
patterns to that of melatonin, with rapid release within the first 24 h.
Subsequently, the rates of release gradually slowed (Fig. S5).

The proliferation of BMSCs cultured with MTBG was determined
with a CCK-8 assay (Fig. S6). The cells exhibited a rapid growth rate
starting on day 3. Additionally, the proliferative capacity of the MTBG
group was superior to that of the control group on day 7, indicating the
beneficial impact of MTBG on cellular proliferation.

3.2. MTBG accelerates in vivo bone regeneration of in aged rats

To further investigate the potential of inducing in situ bone regen-
eration in aged rats, BG and MTBG were implanted into femoral bone
defects, while rats with untreated empty femur defects were used as a
control group. At 6 weeks after implantation, the rats were euthanized,
and micro-CT analysis was performed to evaluate the extent of new bone
formation. The blank group exhibited a limited amount of bone tissue
surrounding the defect periphery, whereas the BG group demonstrated
enhanced new bone formation. The MTBG group exhibited significantly
greater formation of new bone (Fig. 3A). The quantitative micro-CT
analysis revealed significantly greater bone volume to total volume
ratio (BV/TV), bone mineral density (BMD), and trabecular number (Tb.
N) in theMTBG group compared to the control and BG groups, providing
further confirmation of substantial new bone formation in the MTBG
group (Fig. 3B, C and Fig. S9).

Next, samples were subjected to H&E and Masson’s trichrome
staining to provide a more detailed analysis. In the blank group, the bone

defect region remained predominantly unoccupied, with only sparsely
distributed fibrous tissue and a limited amount of newly formed bone
tissue. In the BG group, the bone defect region was mostly covered with
fibrous tissue, while a greater extent of new bone formation was
observed at the peripheral defects. Conversely, in the MTBG group,
abundant new bone tissue formed throughout the entire defect site,
exhibiting a bone structure andmineralization level comparable to those
of the surrounding native bone tissue (Fig. 3D). The osteogenic capa-
bility was further confirmed by assessing the expression levels of
RUNX2, OCN and collagen I. As illustrated in Fig. 3E and Fig. S10, the
MTBG group exhibited a greater expression levels of RUNX2, OCN and
collagen I compared with those in the BG or control group, suggesting
robust and advanced bone formation.

3.3. MTBG alleviates BMSCs senescence

BMSCs senescence was induced according to a previous study [33].
The cells were then processed for transcriptome analysis by RNA
sequencing. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed significant increases in metabolic, cellular
senescence, MAPK signaling, and p53 signaling pathways (Fig. S11),
indicating cellular senescence.

The representative bright-field microscopy images depicted in
Fig. 4A demonstrated that the aging cells lost their typical spindle
morphological features and exhibited a flattened or irregular cell
morphology with obvious pseudopodia. After treatment with melatonin
or MTBG, the cells exhibited spindle-shaped characteristics similar to
those of normal cells, whereas BG had no discernible impact on cell
morphology. Additionally, melatonin or MTBG significantly reduced
β-galactosidase staining and the protein expression of p16, p21 and p53
levels in aging BMSCs, confirming their efficacy in alleviating cellular
senescence. Conversely, BG did not noticeably delay cellular senescence
(Fig. 4B, E–H and J). Alizarin red staining demonstrated that both BG
and melatonin enhanced calcium deposition in senescent BMSCs, with
MTBG exhibiting the greatest effect (Fig. 4C and I). Evaluations of the
gene and protein expression levels of OCN further confirmed the robust
osteogenic potential of MTBG (Fig. 4D and Fig. S12).

3.4. MTBG enhances the mitochondrial function of senescent BMSCs

Based on the aforementioned results, in comparison to BG, MTBG
exhibited superior potential in promoting aged bone formation due to its
enhanced ability to delay cellular senescence. Therefore, we further
investigated the mechanisms by which MTBG alleviates cellular senes-
cence. Transcriptome sequencing was subsequently performed. A total
of 155 downregulated genes and 130 upregulated genes were identified,
as depicted in Fig. 5A. KEGG enrichment analysis revealed that the
differently expressed genes (DEGs) were involved mainly in pathways
associated with mitochondrial function, including calcium signaling, the
mTOR signaling pathway, and metabolic pathways (Fig. 5B). The
enrichment analysis suggested that MTBG may alleviate senescence by
regulating mitochondrial homeostasis and metabolism. Therefore, a
series of assays related to mitochondrial function were conducted. As
shown in Fig. 5D, TEM images revealed the presence of mitochondria
with swollen and vacuolated morphologies, exhibiting an irregular,
dilated, and asymmetrical distribution of cristae in the aging cells. In
contrast, following MTBG treatment, the mitochondria restored elon-
gated tubular shapes and straight, parallel cristae that were comparable
to those observed in the normal group. The intracellular and mito-
chondrial ROS levels were subsequently assessed. Immunofluorescence
staining revealed significant accumulation levels of intracellular and
mitochondrial ROS in the aging group, whereas treatment with MTBG
effectively decreased the ROS levels (Fig. 5C and Fig. S13). Flow
cytometry analysis further confirmed that the percentage of DCFH-DA-
labeled cells in the MTBG group was significantly reduced (Fig. 5E
and H). In addition, MTBG significantly enhanced ATP level in aging

H. Xiong et al.
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BMSCs (Fig. 5J). JC-1 is a reliable indicator for detecting mitochondrial
membrane potential in BMSCs. Distinct monomeric JC-1 was observed
within the mitochondria of aging cells, whereas a greater abundance of
JC-1 aggregates was detected within cellular mitochondria after MTBG
treatment (Fig. 5F). The red/green fluorescence ratio of the mitochon-
drial membrane potential significantly increased after MTBG treatment,
as confirmed by flow cytometry analysis (Fig. 5G and I). Taken together,
these data indicate that MTBG effectively restores the mitochondrial
function of senescent BMSCs.

3.5. MTBG facilitates mitochondrial transfer by TNTs

The term “mitochondrial transfer” refers to the transportation of
mitochondria between cells [28] (Fig. 6A). The transfer of mitochondria
through TNTs has been associated with the restoration of dysfunctional
mitochondria [34]. As shown in Fig. 6C, a typical actin–TNT-labeled
structure (red arrow) was observed intercellularly, with longer TNT

length noted in aging and MTBG treated aging cells. Confocal z-stack
images revealed mitochondria located within the TNTs, as indicated by
the red fluorescence-labeled mitochondria observed in the green
fluorescence-labeled TNT structures (Fig. 6D). To further elucidate the
phenomenon of intercellular mitochondrial transfer, cells labeled with
MitoTracker Red were cocultured with cells labeled with CFDA SE at a
1:1 ratio (Fig. 6B). MitoTracker Red-labeled mitochondria were
observed in CFDA SE-labeled cells, providing evidence of intercellular
mitochondrial transfer, as depicted in Fig. 6E. Miro1, the key regulator
of mitochondrial transfer, was significantly upregulated in the MTBG
group, indicating enhanced mitochondrial transfer. PGC1α expression
was also increased after MTBG treatment (Fig. 6F–H and Fig. S14). The
in vivo results further demonstrated significantly greater numbers of
Miro1 (red)- and PGC1α (green)-positive cells (triangular arrow) at the
site of newly formed bone in the MTBG group than in the BG and blank
groups, indicating an increase in mitochondrial transfer and biogenesis
(Fig. 6I and J).

Fig. 3. In vivo evaluation of bone regeneration using femoral bone defects in an aged rat model. (A) Reconstructed micro-CT images of the femur defects including
overall view, top view, side view and 2-dimensional cross-sectional sections; (B) Quantitative analysis of the regenerated bone tissues by measuring the bone volume
to total volume (BV/TV); (C) Quantitative analysis of the regenerated bone tissues by measuring the bone mineral density (BMD); (D) Images of the defects with
surrounding tissue stained with H&E and Masson’s staining: the left column shows a general view of the profile; the right one presents the magnified view of the
yellow box in the left column; (E) Immunofluorescence staining of osteogenesis-related markers after implantation for 6 weeks. Abbreviations are new bone (NB), old
bone (OB) and defect (DF). **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. MTBG alleviates BMSCs senescence and promotes osteogenic capacity. (A) Cell morphology observed by light microscopy. Black triangular arrows indicate
the senescent cell; (B) β-galactosidase staining of BMSCs; (C) ARS staining of BMSCs; (D) Immunofluorescence staining images of OCN; (E) Protein expression levels of
p16, p21 and p53; (F–H) Semiquantitative analysis of p16, p21 and p53; (I) Semiquantitative analysis of ARS staining; (J) Quantitative analysis of β-gal staining. *P
< 0.05, **P < 0.01, ***P＜0.001.
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The TNT inhibitor cytochalasin B (CB) was used to further elucidate
the involvement of TNTs in facilitating mitochondrial transfer (Fig. 7A).
As depicted in Fig. 7B, CB significantly attenuated the facilitating effect
of MTBG on mitochondrial transfer. Moreover, CB compromised the
protective effect of MTBG on mitochondria, as evidenced by elevated

ROS levels (Fig. 7D, F–G), decreased mitochondrial membrane potential
(Fig. 7C and H), and reduced ATP production (Fig. 7E). These findings
substantiate the participation of TNTs in facilitating mitochondrial
transfer and mediating mitochondrial protection in senescent BMSCs.

Fig. 5. MTBG enhances the mitochondrial function of senescent BMSCs. (A) Volcano plot of the differentially expressed genes between Aging + MTBG and Aging
groups (≥2-fold difference, P value < 0.05); (B) The gene enrichment KEGG pathways analysis of Aging + MTBG vs Aging; (C) Immunofluorescence staining images
of intracellular ROS by DCFH-DA probe; (D) Representative TEM images showing the nanostructures of mitochondria; (E) Flow cytometry histograms showing the
intracellular ROS levels; (F) Immunofluorescence staining images of mitochondrial membrane potential detected by JC-1 probe; (G) Flow cytometry histograms
showing the mitochondrial membrane potential; (H) Quantitative analysis of flow cytometry assays showing the intracellular ROS level; (I) Quantitative analysis of
flow cytometry assays showing mitochondrial membrane potential; (J) Intracellular ATP levels of BMSCs determined by ATP assays. **P < 0.01, ***P < 0.001.

H. Xiong et al.
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Fig. 6. MTBG induces TNTs formation and mitochondria transfer in senescent BMSCs. (A) Schematic illustration of mitochondrial transfer; (B) Schematic repre-
sentation of the coculture experimental design for the detection of mitochondrial transfer; (C) Confocal images of co-staining with phalloidin (green) and MitoTracker
Red (red). Red arrows indicate tunneling nanotubes (TNTs); (D) Z-stack images (a–f) of the white box area in Fig. 6C show mitochondria (white arrows) inside TNT
structures; (E) Immunofluorescence staining of mitochondrial transfer from cells labeled with MitoTracker Red to cells labeled with CFDA SE. The lower row presents
the magnified view of the white box in the upper row. White arrows indicate the transferred mitochondria; (F) Protein expression of Miro1 and PGC1α; (G)
Semiquantitative analysis of Miro1; (H) Semiquantitative analysis of PGC1α; (I) Double-stained immunofluorescence images of Miro1 and PGC1α of the femur
samples. The lower row presents the magnified view of the white box in the upper row; White triangular arrows indicate the co-localizing cells. Abbreviation is new
bone (NB); (J) Quantification of the Miro1/PGC1α double-positive cell number. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Cytochalasin B mitigates the effect of MTBG on enhancing mitochondrial transfer and mitochondrial protection in senescent BMSCs. (A) Schematic illus-
tration of cytochalasin B blocking the transfer of mitochondria; (B) Immunofluorescence staining of the transferred mitochondria from cells labeled with MitoTracker
Red to cells labeled with CFDA SE. White arrow indicates the transferred mitochondria; (C) Immunofluorescence staining images of mitochondrial membrane po-
tential detected by JC-1 probe; (D) Immunofluorescence staining images of intracellular ROS by DCFH-DA probe; (E) Intracellular ATP levels of BMSCs determined by
ATP assays; (F) Flow cytometry histograms showing the intracellular ROS levels using DCFH-DA probe; (G) Quantitative analysis of flow cytometry assays showing
the percentage of DCFH-DA-labeled cells; (H) Quantitative analysis of flow cytometry assays showing mitochondrial membrane potential. **P < 0.01, ***P < 0.001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

Bone defect repair in the elderly population is a global challenge. In
this study, we successfully synthesized MTBG, which rejuvenated se-
nescent BMSCs, leading to the significant acceleration of bone defect
repair in aged rats. Additionally, we elucidated a new mechanism by
which MTBG promotes the formation of TNTs and facilitates mito-
chondrial transfer in senescent BMSCs, thereby restoring mitochondrial
function.

The exceptional specific surface area and pore volume of mesoporous
BG render it an optimal candidate for loading bioactive molecules and
drugs [35]. The prevailing belief is that a surface area of 200–350 m2

g− 1, along with a mesopore size ranging from 3 to 5 nm, would create an
optimal environment for adsorbing various biomolecules and drugs
[32]. In this study, the MTBG synthesized had a mesoporous structure
with a mesopore size approximately of 4 nm. Additionally, the MTBG
was effectively loaded with melatonin and exhibited sustained release
kinetics. Furthermore, the osteogenic capacity of the MTBG micro-
spheres was superior to that of the BG microspheres in aged rats.
Melatonin released from the MTBG microspheres evidently plays a sig-
nificant role in accelerating bone regeneration.

To further investigate the mechanisms by which MTBG promotes
osteogenesis, a series of in vitro experiments were conducted to compare
the effects of BG, melatonin, and MTBG on cellular senescence and
osteogenic capacity. Senescent cells display an enlarged and flattened
morphology, accompanied by a limited proliferative capacity [36].
MTBG and melatonin restored the morphology of senescent BMSCs. The
cyclin-dependent kinase inhibitors p16, p21 and p53 are widely
acknowledged as biomarkers of aging and cellular senescence [37,38],
and β-galactosidase activity increases with age [39]. The protein levels
of p16, p21 and p53 in senescent BMSCs were significantly reduced by
MTBG and melatonin, and the intensity of β-galactosidase staining
decreased, indicating the effective alleviation of the aging process in
BMSCs. However, BG did not exert any discernible impact on the delay
of cellular senescence. In addition, both BG and melatonin promoted
osteogenic differentiation in aging cells, while MTBG exhibited the
greatest effect. Combined with the in vivo results, these findings suggest
that MTBG releases not only Ca, Si, and P ions to enhance calcium
deposition but also melatonin to alleviate cellular senescence, thereby
further promoting osteogenesis.

Among the various factors contributing to senescence, mitochondrial
dysfunction has emerged as a prominent contributor to the aging process
[40]. Significant alterations in mitochondrial morphology, perturbed
dynamics, heightened ROS production, and compromised functioning of
the electron transport chain (ETC) and ATP synthesis are intricately
linked to mitochondrial dysfunction, thereby leading to cellular senes-
cence [21,41]. Therefore, maintaining optimal mitochondrial function is
crucial for preventing cellular senescence. Mitochondrial cristae in-
crease the surface area of the inner membrane, facilitating higher
abundances of proteins associated with mitochondrial respiration [42].
Consequently, remodeling of the structure of the mitochondrial cristae
structure is closely linked to mitochondrial function [43]. In the present
study, MTBG restored the irregular, dilated and discontinuous cristae in
senescent cells to a continuous configuration. A decrease in the mito-
chondrial membrane potential has been observed during aging, indi-
cating that mitochondria are impaired in senescent cells [44]. In
addition to scavenging ROS, MTBG also enhanced the mitochondrial
membrane potential and the ATP production of senescent BMSCs,
providing compelling evidence for the restoration of mitochondrial
function by MTBG in these cells.

A novel and intriguing finding of this study is that MTBG promotes
intercellular mitochondrial transfer between senescent BMSCs. Studies
have shown that intercellular mitochondrial transfer occurs in numerous
tissues, resulting in a significant increase in ATP production in the
recipient cells [30]. This finding suggested the functional incorporation
of exogenous mitochondria into the pool of endogenous mitochondria

within the recipient cells [45]. Mitochondrial transfer has emerged as a
promising therapeutic strategy owing to its ability to restore the bio-
energetic needs of injured cells [46,47]. Mesenchymal stem cells (MSCs)
preferentially release their functional mitochondria toward damaged
cells, which subsequently fuse with the mitochondrial network and
facilitate the recovery of mitochondrial quality in these injured cells [48,
49]. In addition to functional mitochondria, damaged mitochondria can
also be delivered to neighboring cells for degradation, recycling, or even
signaling rescue [50,51]. For instance, damaged neurons transfer
damaged mitochondria to astrocytes for degradation, thereby preser-
ving optimal mitochondrial function and preventing cellular stress [52].
Melatonin was found to promote mitochondrial transfer between
injured HT22 cells and restructure their mitochondrial network, ulti-
mately resulting in cellular recovery [53]. We speculated that the
incorporation of melatonin into MTBG may contribute to the facilitation
of mitochondrial transfer among aging cells. However, it remains un-
clear how these transferredmitochondria contribute to the restoration of
the mitochondrial network. Further investigations are needed to eluci-
date the regulatory mechanism governing the fate of transferred mito-
chondria in cells.

Among the various structures that mediate intercellular mitochon-
drial transfer, TNTs are currently considered the major cellular structure
[31]. They are dynamic membranous protrusions containing actin and
are characterized by a diameter of 20–500 nm and lengths of up to 100
μm [54,55]. The formation of TNTs is a main feature of cells under stress
conditions, such as senescence, ROS accumulation and inflammation
[30,53]. Confocal laser microscopy enables precise monitoring of TNT
formation. Live imaging of TNT-connected cells can be valuable for
tracking the dynamic transfer of mitochondria. Another quantitative
method to investigate intercellular mitochondria transfer is flow
cytometry, which provides a more direct and faster quantitative analysis
but is inferior compared to microscopy analysis [56]. In this study, TNTs
formation increased in aging cells, which is consistent with previous
findings. Z-stack laser confocal microscopy was employed to confirm the
presence of mitochondria within the TNTs. Furthermore, treatment with
cytochalasin B, a TNT inhibitor, significantly attenuated
MTBG-mediated increase in mitochondrial transfer and the restoration
of mitochondrial function, providing further evidence that intercellular
mitochondrial transfer occurs via TNTs.

Although the precise regulatory mechanism of mitochondrial trans-
fer remains elusive, mitochondrial Rho-GTPase 1 (Miro1), an outer
mitochondrial membrane protein, is considered a key player in mito-
chondrial transfer via TNTs [57]. Miro1 interacts with the kinesin motor
protein KLF5, as well as TRAK1 and TRAK2, to form a motor adaptor
complex that facilitates mitochondrial transport machinery and regu-
lates mitochondrial movement on microtubules [58]. Overexpression of
Miro1 in MSCs resulted in enhanced TNTs formation and increased
mitochondrial transfer to cocultured astrocytes in vitro, leading to
improved mitochondrial biogenesis [59]. PGC1α is the master regulator
of mitochondrial biogenesis [60]. The protein levels of both Miro1 and
PGC1α were significantly upregulated following MTBG treatment.
Additionally, the MTBG group demonstrated the highest coexpression of
Miro1 and PGC1α in the bone defect samples, providing compelling
evidence linking mitochondrial transfer to an increase in mitochondrial
biogenesis in vivo.

5. Conclusion

In this study, a sustained release system of melatonin and bioactive
ions was successfully prepared. MTBG significantly accelerated aged
bone regeneration by improving mitochondrial function and thus reju-
venating senescent BMSCs. More specifically, a novel mechanism in
which MTBG induces the formation of TNTs and facilitates mitochon-
drial transfer among senescent BMSCs, ultimately enhancing mito-
chondrial biogenesis was elucidated. In summary, MTBG provides new
avenues for material design in the fields of tissue engineering and
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regenerative medicine for elderly individuals.
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