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ARTICLE INFO ABSTRACT

Keywords: Background: Exosomes produced by mesenchymal stem cells (MSCs) have vascular generative properties and are
Ex vivo bone fegerferation considered new effective candidates for the treatment of bone defects as alternatives to cell therapy. Improving
Mesoporous bioactive glass the pro-regenerative function and efficacy of exosomes has been a popular research topic in the field of
MSC-Derived exosomes orthopaedics

Immunomodulation

. Methods: We prepared mesoporous bioactive glass (mBG) microspheres via the template method. The ionic
Vascular regeneration

products of mBGs used to treat MSCs were extracted, and the effects of exosomes secreted by MSCs on osteoblast
(OB) and macrophage (MP) behaviour and bone defect repair were observed in vivo (Micro-CT, H&E, Masson,
and immunofluorescence staining for BMP2, COL1, VEGF, CD31, CD163, and iNOS).

Results: The mBG spheres were successfully prepared, and the Exo-mBG were isolated and extracted. Compared
with those in the blank and Exo-Con groups, the proliferation and osteogenic differentiation of OBs in the Exo-
mBG group were significantly greater. For example, on Day 7, OPN gene expression in the Ctrl-Exo group was
3.97 and 2.83 times greater than that in the blank and Exo-mBG groups, respectively. In a cranial defect rat
model, Exo-mBG promoted bone tissue healing and angiogenesis, increased M2 macrophage polarisation and
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inhibited M1 macrophage polarisation, as verified by micro-CT, H&E staining, Masson staining and immuno-
fluorescence staining. These effects may be due to the combination of a higher silicon concentration and a higher
calcium-to-phosphorus ratio in the mBG ionic products.

Conclusion: This study provides insights for the application of exosomes in cell-free therapy and a new scientific
basis and technical approach for the utilisation of MSC-derived exosomes in bone defect repair.

The translational potential of this article: Our study demonstrated that exosomes produced by mBG-stimulated
MSCs have excellent in vitro and in vivo bone-enabling and immunomodulatory functions and provides in-
sights into the use of exosomes in clinical cell-free therapies.

1. Introduction

The treatment of large bone defects caused by severe fracture
trauma, postoperative bone tumours or the removal of osteomyelitis
lesions and congenital bone tissue defects has always been a major
challenge in orthopaedic clinics [1]. Bone nonunion and large bone
defects, especially in load-bearing areas, can seriously affect the health
of patients and reduce their quality of life. Autologous and allogeneic
bone grafting, as the gold standard in the treatment of bone defects, can
often achieve satisfactory treatment results [2]. However, autologous
bone grafts often cause complications such as pain and discomfort in the
bone harvesting area, limited bone harvesting, bone fracture at the
harvesting site, haematomas and infections [3]. Moreover, allogeneic
bone grafts have disadvantages such as a high likelihood of rejection,
slow healing of bone defects, and increased costs [4]. Stem cell trans-
plantation therapy exploits the multidirectional differentiation potential
and self-replicating ability of stem cells to repair tissue damage and is an
advanced medical technology that is currently effective at promoting
fracture healing [5]. Mesenchymal stem cells (MSCs) are pluripotent
stem cells with multilineage differentiation and immunomodulatory
capabilities that are widely present in various tissues and have the po-
tential to promote tissue regeneration [6]. However, research reports
have shown that stem cell transplantation still faces some obstacles in
specific technical applications, such as a low survival rate of trans-
planted cells, innate heterogeneity, unknown factors related to the age
of the donor, and potential carcinogenicity [7].

MSCs act mainly in a paracrine manner, and their secreted mediators
are important facilitators of tissue repair and wound healing [8]. Exo-
somes are subcellular double-layer membrane extracellular vesicles
(EVs) with molecular diameters of 40-200 nm that are formed and
secreted by cells through the process of endocytosis—fusion-exocytosis.
Exosomes mainly contain cytokines and growth factors similar to those
of the cells from which they originate, and the microenvironment in
which they are embedded regulates the growth and function of effector
cells [9]. Numerous studies have demonstrated that exosomes derived
from MSCs are involved in a wide range of biological processes by
influencing tissue responses to injury, infection and disease and that
while exosomes possess the therapeutic properties of stem cells, they do
not exert the same detrimental effects as direct stem cell implantation
[9,10]. As major paracrine effectors of cells, exosomes have received
increasing attention for their ability to promote fracture healing [11].
Studies have shown that exosomes applied in bone tissue repair can
promote cell proliferation and migration during bone formation, as well
as osteogenesis and angiogenesis [12]. Although the value of exosomes
for clinical tissue repair applications has long been noted, their use in
practice is still severely limited by the difficulty of producing large
amounts of exosomes [13,14]. This limitation is mainly due to 1) the
inefficiency of current methods for extracting and purifying exosomes
and 2) the weak ability of cells to produce exosomes themselves [15,16].
Moreover, understanding how to enhance the specific functions of
exosomes to improve their ability to repair tissue defects in different
fields is a current research hotspot. Therefore, improving the ability of
cells to produce exosomes and enhancing the biological functions of
exosomes by modifying cells or adjusting the cellular microenvironment
are key strategies for obtaining sufficient exosomes with enhanced
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functions for regenerative medicine.

The secretion of exosomes is related to a variety of factors, including
cell type, cell state, and the microenvironment in which the cell is
located. When the microenvironment of a cell changes, its ability to
secrete exosomes and the biological function of the secreted exosomes
change substantially. For example, in a low-oxygen microenvironment,
the ability of amniotic fluid stem cells, human bone marrow mesen-
chymal stem cells, human monocytes, rat myocardial precursor cells,
and rat cardiomyocytes to secrete exosomes is significantly increased,
and their secreted exosomes significantly enhance myocardial repair,
vascularisation, and wound healing [17,18]. When the active signals of
biomaterials are released into the microenvironment, they can, on the
one hand, directly act on the cells and affect their growth; on the other
hand, the biomaterials can change the microenvironment in which the
cells are located, thus indirectly affecting cell growth. Additionally,
exosome release and phenotype may be affected after the administration
of biomaterials. For example, Ruan et al. reported that a traditional
Chinese medicine, a quick-acting heart-saving pill used to treat acute
myocardial ischaemia, significantly increased exosome secretion in
mouse cardiac myocytes [19]. Shyong et al. reported that the release of
calcium-containing microparticles into the cytoplasmic environment
after the phagocytosis of calcium phosphate microparticles increased
the secretion of exosomes by more than 2-fold; moreover, there was no
significant difference in the level of calcium in the secreted exosomes
under pathological or conventional conditions [20]. Bioactive glass (BG)
has been clinically applied as a bone and dental defect repair material
for many years because of its excellent osteogenic activity and
osteoinductivity and has also been a hot research topic in recent years
[21]. After decades of development, research on BG has progressed
through three generations, namely, the first generation of 45S5-fused
BG, the second generation of sol-gel (SBG), and the third generation
of mesoporous bioactive glass (mBG) prepared via the sol-gel method in
combination with the template method. With the recent iterations of the
preparation process, the energy consumption for preparing BGs has
decreased, and the surface area, dispersion, ion diffusion rate, bio-
mineralisation rate, and bioactivity of BG materials have significantly
improved [22]. Ions produced by BG can activate multiple
osteogenesis-related signalling pathways, thereby promoting the entry
of relevant transcription factors into the nucleus to bind to promoters or
enhancers of downstream genes, resulting in the upregulation of
osteogenesis-related genes and increased protein synthesis to facilitate
the mineralisation of cells for osteogenesis [23]. Zhi Wu et al. reported
that the 45S5-fused BG ion product significantly improved exosome
production by MSCs and further enhanced the ability of exosomes to
promote vascularisation and angiogenesis in cortical bone by modifying
exosome function [24]. However, there are still very few reports on the
effects of biomaterials on cellular exosome secretion and even fewer
reports on which mBG ionic products improve the osteoinductive
regenerative effects of exosomes from MSCs in vitro and in vivo.

The excessive immune-inflammatory response that occurs during
bone defect regeneration is another treatment challenge. While
inflammation is a mechanism for the early initiation of healing, timely
and effective resolution of inflammation is necessary for the formation
of a pro-bone regenerative environment [25]. Macrophages (MPs) play
an important role in the process of immune regulation, mainly via
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polarisation to the M1 and M2 phenotypes. M1 macrophages are
proinflammatory cells that recruit inflammatory factors to activate the
immune response early during inflammation and resist pathogen inva-
sion, but excessive inflammation causes tissue fibrosis and delayed
healing. In contrast, M2 macrophages are cells with powerful
anti-inflammatory effects and are involved mainly in the clearance of
inflammatory factors, tissue healing and remodelling, and immunomo-
dulation [26]. Therefore, biomedical materials must be able to modulate
M1-to-M2 macrophage polarisation. Similarly, the environment sur-
rounding bone defects can affect bone repair. In pathological bone de-
fects, such as defects associated with osteoporosis and tumours,
osteoclasts are abnormally active and adhere to bone tissue to promote
bone resorption and affect bone regeneration [27].

In summary, we hypothesised that cellular exosome production and
the osteogenic activity of exosomes could be simultaneously enhanced
by mBG. mBG ion products were used to stimulate MSCs. Exosomes
produced by MSCs stimulated with or without mBG ion products were
analysed, and the ability of these exosomes to promote osteoblast (OB)
differentiation was assessed. The results showed that mBG ion products
significantly promoted exosome production by MSCs. In addition,
compared with conventional exosomes from MSCs, exosomes from MSCs
stimulated with mBG ionic products had an improved ability to promote
osteogenic differentiation in vitro and bone and vascular regeneration in
vivo. Surprisingly, these exosomes promoted M2 polarisation and
inhibited M1 polarisation in macrophages. These results support our
hypothesis that mBG ion products significantly increase the production
of exosomes while improving their biological functions. Our findings
also suggest that cell stimulation with mBG is a safe and viable method
for modulating exosome secretion and enhancing its practical applica-
tion in the field of bone repair.

2. Materials and methods
2.1. Materials

Dodecylamine (DDA) and triethyl phosphate (TEP) were purchased
from Aladdin Bio-Chem Technology Co., Ltd. Ethyl orthosilicate (TEOS),
calcium nitrate tetrahydrate (CN), and anhydrous ethanol were pur-
chased from Guangzhou Chemical Reagent Factory. High-glucose Dul-
becco’s modified Eagle’s medium (DMEM; Gibco), phosphate-buffered
saline (PBS; Gibco), foetal bovine serum (FBS; 10270-106; Gibco), RIPA
lysis buffer (Beyotime), a cell counting kit-8 (CCK-8; Dojindo Labora-
tories), an alkaline phosphatase (ALP) test kit (Beyotime), a total protein
quantification kit (Thermo Fisher) and Alizarin red S (ARS; Sigma
Aldrich) were used. Rat MSCs and OBs were purchased from American
Type Culture Co. (ATCC, Manassas, VA). Mouse RAW 267.4 (MPs) was
purchased from Tongpai Biotechnology Co. (Shanghai, China).

2.2. Cell culture

MSCs, MPs and OBs were cultured in DMEM supplemented with 10
% FBS and 1 % penicillin/streptomycin. All of the cells were kept at
37 °C in an incubator with 5 % CO3 and high humidity. The culture
medium was replaced every two days. Cell subculturing was performed
after the cells reached 75-85 % confluence. For all the experiments in
this study, only early-passage MSCs and OBs (passages 2-5) were used.
Referring to the literature, we performed ALP staining and calcium
nodule staining on OBs on Days 3 and 7, respectively, to determine that
within this timeframe, OBs are able to undergo osteogenic differentia-
tion and produce calcium nodules under normal culture conditions [28].

2.3. Preparation and characterisation of mBG and its ionic products
2.3.1. Preparation of mBG and its ionic products

The molar percentage of the chemical composition of the mBG was
Si04:Ca0:P205 = 80:15:5. The specific preparation procedure was as
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follows: first, 40 g of DDA was dissolved in 250 ml of deionised water
and 800 ml of anhydrous ethanol. After stirring for 10 min, TEOS (160
ml), TEP (104.9 ml) and CN (242.1 g) were added sequentially to the
solution, and each reagent was stirred for 30 min before the next agent
was added slowly. Stirring was continued for 3 h, after which the
mixture was incubated for 24 h. The resulting precursors were centri-
fuged and washed three times alternately with deionised water and
anhydrous ethanol. Finally, the powder precursor was put into a muffle
furnace and heated at 650 °C for 3 h to obtain the mBG powder.

One hundred milligrams of mBG powder was added to 10 mL of basal
DMEM and incubated in a humidified 37 °C/5 % CO- incubator for 24 h.
Then, the supernatant was collected, centrifuged at 1000xg for 10 min
and sterilised through a filter (Millipore, 0.22 pm). The ionic product of
mBG was obtained.

2.3.2. Characterisation of mBG and its ionic products

The microscopic morphology of the mBG microspheres was observed
and characterised via a high-resolution field emission scanning electron
microscope (Merlin) from Carl Zeiss, Germany. The samples were plated
with platinum to ensure suitable electrical conductivity. The mBG mi-
crospheres were characterised via transmission electron microscopy
(JEM-2100HR) from JEOL Ltd. Additionally, the mBG microspheres
were characterised via a nanosize zeta potential tester (Zetasizer
NanoZS) from Malvern Instruments. The mBG mesopore structure was
characterised by a NOVA4200e analyser, a specific surface area and pore
size analyser from Kantar Instruments, USA. The test conditions were
250 °C for 4 h. The N, adsorption—desorption curves of the materials
were analysed to calculate the specific surface area, average pore size
and distribution of the materials. mBG was characterised by an X-ray
diffractometer (Empyrean Sharpshooter) from Panacor, Netherlands,
with a continuous scanning range from 1° to 10° and 10° to 80°,
respectively, and a scanning speed of 2°/min. The mesoporous and
phase structures of the materials were analysed via X-ray diffraction
(XRD). mBG was characterised by a Fourier transform infrared spec-
trometer (CCR-1) from Thermo-Nicolet, USA, and the chemical bonding
present in the samples was determined by analysing the characteristic
peaks of the infrared absorption spectra. The concentrations of Ca, Si
and P were determined via inductively coupled plasma-optical emission
spectroscopy (ICP-OES; Agilent 5110, USA).

The mBG ion products were diluted 4-fold for further use, and the
concentrations of the different ion types in the BG ion products are

Table 1
Sequences of the primers used for real-time polymerase chain reaction (PCR).

Genes Primer sequences

Forward: 5’-TGACCACAGTCCATGCCATC-3’
Reverse: 5'-GACGGACACATTGGGGGTAG-3’
Forward: 5’-TTCATAATTCCAGGCCGAAC-3’
Reverse: 5’-GGACGCTGACGAAGTACCAT-3’
Forward: 5’-
ATACTCTCCTGGGACTGTTTTCG-3’
Reverse: 5’-GATGTTGCTCTGTTCGTITCTT-
3

Forward: 5’-TGAACACAGCTGGTCTCAGG-3’

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)
Alkaline phosphatase (ALP)

Runt-related transcription factor 2
(RUNX2)

Bone morphogenetic protein 2

(BMP2) Reverse: 5’-ACCCCACATCACTGAAGTCC-3
Collagen Type I Forward: 5’-TTCTCCTGGCAAAGACGGAC-3’
COLI Reverse: 5’-CTCAAGGTCACGGTCACGAA-3’

Forward: 5°-
TGCAAACACCGTTGTAACCAAAAGC-3’
Reverse: 5'-TGCAGTGGCCGTTTGCATTTCT-
3

Forward: ATGGATGTTGATGGCTACTGG
Reverse: TTCTGACTCTGGACACTTGC
Forward: CATATCTGCCAAAGACATCG
Reverse: CATATCTGCCAAAGACATCG
Forward: GGGTGTTCATCCATTCTC
Reverse: GGTCACTGTCCCAGCAT
Forward: TACAGGCTCCGAGATGAACA
Reverse: AGGCCACAGGTATTTTGTCG

Osteopontin (OPN)

CD206
Arginase (ARG)
Tumour necrosis factor-a (TNF-a)

Interleukin-1 beta (IL-18)
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shown in Table 2. The mBG extract was diluted and supplemented with
FBS to a concentration of 10 % and used to culture MSCs and assay the
proliferative properties and ALP activity of the cells. MSCs not treated
with mBG ionic products were labelled the Ctrl group, and MSCs treated
with mBG ionic products were labelled the mBG group. The proliferation
of MSCs was measured at 1, 3, and 7 days via a Cell Counting Kit 8 (CCK-
8) assay. At the designated times, the cells were washed twice with PBS,
and CCK-8 assay solution (10 % (v/v)) in growth medium was added to
each plate and incubated for 2 h. The proteins were subsequently
transferred to a 96-well flat-bottomed plate, after which the absorbance
was measured at a wavelength of 450 nm. A cell viability assay of MSCs
was performed by staining the cells with AMPI. Subsequently, the
morphology and distribution of the cells were observed with an inverted
fluorescence microscope. Selected cells were tested after 72 h of adhe-
sion and proliferation. ALP activity was used to determine the osteo-
genic differentiation capacity of the cells after 7 and 14 days of in vitro
culture. Alizarin red S (0.5 %, pH 4.2; Sigma-Aldrich) was used to assess
matrix mineralisation after 14 days. ALP activity was used to determine
the osteogenic differentiation capacity of the cells in vitro. Specifically,
the cells were washed three times with ice-cold PBS after 7 days of
culture, and the plates were placed on ice. To each well, 400 pL of lysate
containing 1 % PMSF was added, and the cells were lysed on ice for 30
min. The cells were subsequently centrifuged at 14 000 rpm for 10 min,
and the supernatant was aspirated to obtain the total proteins, which
were placed in the refrigerator at —80 °C for later use. The total protein
concentration was determined with a BCA kit following the manufac-
turer’s instructions, ALP was quantified with a Biyuntian ALP kit
following the manufacturer’s instructions, and ALP activity was calcu-
lated as the ratio of the ALP concentration to the total protein concen-
tration. At predetermined time points (Days 7 and 14), qRT-PCR was
used to measure the expression of the typical osteogenesis-related genes
bone morphogenetic protein 2 (BMP2), alkaline phosphatase (ALP),
osteopontin (OPN), collagen type I (COL1), and runt-related transcrip-
tion factor 2 (RUNX2).

2.4. Exosome isolation

Complete medium with and without mBG ionic products was used to
culture the MSCs. The isolation and characterisation of exosomes in this
study followed the latest guidelines from the International Society for
Extracellular Vesicles (MISEV2018, PMID 30637094). MSCs were
stimulated with mBG ion products for 7 days, and the exosomes released
by MSCs in the supernatant were isolated via a method combining
conventional ultracentrifugation and ultrafiltration. MSCs were seeded
at a density of 5 x 10° cells per square centimetre and cultured in total
DMEM for 24 h. Then, the medium was removed, and the cells were
washed three times with PBS (Invitrogen) before fresh basal DMEM with
or without mBG ion products was added. After another 7 days of culture,
the medium was changed to serum-free medium, and the cells were
cultured for another 24 h. Subsequently, the culture supernatant was
collected. Then, the collected culture supernatant was first centrifuged
at 300xg for 10 min, 2000 x g for 20 min and 10 000 x g for 30 min at 4 °C
and filtered through a 0.22 pm Steritop™ filter (Millipore) to remove
cells, dead cells, cell debris and large vesicles, respectively. The super-
natant was then ultracentrifuged at 100000xg for 2 h at 4 °C to remove
soluble components such as proteins and to pellet the exosomes. After-
wards, the exosome pellets were resuspended in PBS. Finally, the exo-
some pellets were concentrated with an ultrafiltration device until the
volume of the solution in the upper compartment was reduced to

Table 2

The concentrations of different types of ions in the mBG ion products.
Sample Ca (ppm) P (ppm) Si (ppm)
Basal DMEM 75.66 28.75 0.16
1/4 mBG in basal DMEM 70.31 22.88 17.59
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approximately 200 pL. The obtained mBG-stimulated MSC-derived
exosomes were named Exo-mBG, and the conventionally cultured MSC-
derived exosomes were named Exo-Con; these exosomes were stored at
—80 °C or used for characterisation or further study.

2.5. Exosome loading and release

For the animal experiments, injectable and in situ light-cured
methacrylated silk (SiIMA) was used as the carrier material for the
exosomes. Specifically, a 0.25 % aqueous PBS solution of the photo-
initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
prepared. At room temperature, SiIMA was dissolved in LAP solution,
and exosome-containing PBS was added so that the concentration of
exosomes in the final solution was 2 mg/ml and the concentration of
SilMA was 10 %.

The in vitro release profile of exosomes from SilMA was evaluated.
Briefly, the hydrogels were placed in test tubes and immersed in 2 mL of
PBS at 37 °C under constant vibration at 30 rpm. At each time point, all
the supernatant was collected and replaced with an equal amount of
fresh PBS. The number of released exosomes was quantified via nano-
particle tracking analysis (NTA; NanoSight NS300, Malvern, UK) to plot
the release profile.

2.6. Characterisation of exosomes

2.6.1. Morphological observation

Transmission electron microscopy (TEM) was used to observe the
morphology of the MSC-derived exosomes via transmission electron
microscopy (Nikon Electronics Corporation JEM-1200EX). Briefly, the
isolated exosome pellets were first negatively stained with 3 % phos-
photungstic acid for 30 s and applied to a continuous carbon grid, fol-
lowed by visualisation via transmission electron microscopy (TEM),
after which images were taken.

2.6.2. Size distribution and purity detection

The collected exosome suspension was diluted 10-fold, and 50 pL of
the diluted sample was subjected to high-sensitivity flow cytometry
(HSFCM) for size analysis and particle concentration measurement [11].
For purity detection, another 50 pL of the diluted sample solution was
incubated with 50 pL of 2.0 % (vol/vol) Triton X-100 at 37 °C for 1 h,
followed by three washes with PBS to remove Triton X-100 and the
addition of 50 pL Amicon Ultra-15 Centrifugal Units. The particle con-
centration was subsequently measured via HSFCM, and the purity of the
isolated exosomes was calculated as the percentage of vesicles (%) [29].

2.7. Invitro study of exosomal osteogenic and immunomodulatory
properties

MSC-derived exosomes were cocultured with OBs, and then mBG ion
products were administered to investigate their effects on exosome
osteogenic function. First, the blank (no exosome group), Exo-Con
(exosomes derived from MSCs were added) and Exo-mBG (exosomes
produced from MSCs stimulated with the addition of mBG ionic prod-
ucts) groups were used for the cell experiments.

The proliferation of OBs was measured at 1, 3, and 7 days via a CCK-8
assay.

OBs were plated in 48-well plates at a seeding density of 5 x 10* cells
per well. After 24 h of adhesion, the medium was replaced with DMEM
with or without exosomes. At predetermined time points, qRT-PCR was
used to measure the expression of the typical osteogenesis-related genes
BMP2, ALP, OPN, COL1, and RUNX2.

RAW264.7 cells were inoculated in 24-well plates at a density of 5 x
10* cells per well. After 24 h of adhesion, the medium was replaced with
DMEM with or without exosomes, and the mixture was cultured for a
total of 1 or 3 days. IL-10 and IL-12 expression in RAW264.7 cells was
determined via enzyme-linked immunosorbent assay (ELISA) with IL-10
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and IL-12 kits. The operation of the quantified IL-10 kit was performed
according to the manufacturer’s instructions. Real-time fluorescence
quantitative PCR was used to detect the M1 immunomarker genes
Tumour necrosis factor-alpha (TNF-a) and Recombinant Human
Interleukin-1 beta (IL-1f); the M2 immunomarker genes CD206 and
arginase (Arg) and glyceraldehyde phosphate dehydrogenase (GAPDH)
were used as internal reference genes.

Briefly, total RNA was isolated via an RNA isolation kit (CW0581M)
according to the manufacturer’s protocol. After RNA isolation, DNase I
treatment was performed, and the total RNA concentration and purity
were measured at 260 nm via a Nanodrop spectrophotometer (Thermo).
For the reverse transcription (RT) reaction, cDNA was synthesised from
1 mg of total RNA via the HIFI ¢cDNA synthesis kit (CW2569M). Quan-
titative reverse transcriptase—polymerase chain reaction (QRT-PCR)
amplification was performed with an Applied Biosystems QuantStudio 6
Flex Real-Time PCR (Thermo) using UltraSYBR Mixture (Low ROX)
(CW2601M). The sequences of the forward and reverse primers used are
listed in Table 1. Relative mRNA levels were calculated and normalised
to those of GAPDH. Six qQRT-PCR assays were performed.

RAW264.7 cells were inoculated into 48-well plates at a density of 5
x 10* cells per well, and complete medium was added and incubated for
1 day. The medium was subsequently aspirated and washed with PBS,
followed by the addition of 50 pl of trypsin to each well and then 50 pl of
complete medium to terminate the digestion, followed by the addition of
900 pl of 4 °C PBS to each well. The cells were detached by gentle
blowing and centrifuged at 300 xg for 5 min. The cells were resuspended
in 1 % BSA/PBS, and 0.25 pg of the corresponding CD11c antibody (M1
marker, Invitrogen) and CD206 antibody (M1 marker, Invitrogen) were
added to each well. Each well was incubated with 0.25 pg of the cor-
responding CD11c antibody (M1 marker; Invitrogen) or CD206 antibody
(M2 marker; Invitrogen) for 30 min on ice in the dark. After incubation,
the cells were centrifuged at 500xg for 2 min, and the supernatant was
aspirated, resuspended in PBS, and then detected via a flow cytometer
(BD FACSCelesta, BD, USA).

ALP activity was used to determine the osteogenic differentiation
capacity of the cells after 3 and 7 days of in vitro culture. Alizarin red S
was used to assess matrix mineralisation after 7 days.

Moreover, the cytotoxicity and cytocompatibility of the four groups
were investigated via animal experiments. For the cytotoxicity experi-
ments, the test samples, negative controls (high-density polyethylene),
and positive controls (phenol) were immersed in DMEM containing 10
% foetal bovine serum at 37 °C for 24 h. During the maceration process,
the concentrations of the test samples, negative controls and positive
controls in the medium were 0.2 g/mL, 0.3 g/mL and 3 g/L, respectively.
After the monolayer of OBs was raised, the original culture mixture was
aspirated; the sample immersion solution, negative control, positive
control, and blank control were added; and the samples were incubated
at 37 °C for 24 h in a 5 % CO; incubator with a CCK-8 kit for detection.
The formula of the relative growth rate (RGR) is as follows: RGR (%) =
(OD value of the experimental group/OD value of the negative control
group) x 100. The cytotoxicity of the samples was evaluated according
to the standards of the American Pharmacopoeia [30]. Briefly, (i)
RGR>75 %, cytotoxicity grade O or 1, qualified; (ii) 74 %<RGR<50 %,
cytotoxicity grade 2; (iii) RGR<49 %, cytotoxicity grade 3-5, unquali-
fied. For the cytocompatibility experiments, sterilised samples were
placed into 24-well plates, and 5 x 10* MSCs were seeded on the sam-
ples. The proliferation of MSCs was measured at 1, 3, and 7 days via a
CCKS8 assay.

2.8. Animal experiments

2.8.1. In vivo implantation

All of the animal experiments were performed under a protocol
approved by the Institutional Animal Care and Use Committee of
Guangdong Quality Supervision and Testing Station for Medical and
Health Care Appliances. Twenty-four eight-week-old male SD rats
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(Guangdong Quality Supervision and Testing Station for Medical and
Health Care Appliances, Guangzhou, China) were used in this study and
randomly divided into four groups: (1) empty defect control (blank), (2)
SilMA hydrogel (Sil), (3) Exo-con/SilMA hydrogel (Sil-C), and (4) Exo-
BG/SilMA hydrogel (Sil-B). A rat calvarial bone defect model was
established by drilling a 5 mm diameter hole with Zoletil®50 (10 mg/
kg) on both sides of the cranium. Briefly, routine skin preparation,
disinfection, and towel placement were performed at the site of the
defect. A lateral longitudinal incision approximately 1.5 cm in length
was made in the skull. The skin and periosteum were cut layer by layer,
and a cylindrical defect (diameter = 5 mm) was drilled on both sides of
the cranium herringbone line via a medium-speed grinding drill. The
defect was formed by rotation via haemostatic forceps, and the deep
residual bone mass was removed with a small curette. The hydrogels (50
pl) were injected into the defects, and the blank group was left un-
treated. Blue light was applied for 30 s, and 0.5 mol/] calcium chloride
solution was added for 2 min. The wounds were sutured, and a pro-
phylactic antibiotic was administered to avoid infection.

2.8.2. Micro-CT analysis

At the end of the study period (4 and 8 weeks postsurgery), the rats
were euthanised, and the calvarial bone was harvested from each rat.
After fixation with 4 % paraformaldehyde for 48 h, a micro-CT instru-
ment (ZKKS-MCT-Sharp, Guangzhou Zhongke Kaisheng Medical Tech-
nology Co. Ltd.) was used to scan the cranium samples to quantitatively
analyse the newly formed bone within the defects. The sample scanning
conditions were set as follows: a scanning voltage of 70 kV, a power of 7
W, 4-frame superposition, an angle gain of 0.72°, an exposure time of
100 ms, and one rotation to complete the scan.

2.8.3. Histological analysis

After being fixed with 4 % paraformaldehyde for 48 h, the cranium
samples were decalcified in 10 % EDTA demineralising solution for one
month. Then, 5-pm-thick sections were cut from the paraffin-embedded
tissue for histological evaluation. To identify new bone formation,
haematoxylin and eosin (H&E) staining and Masson’s trichrome staining
were performed on the sections from each sample. For immunofluo-
rescence staining, the sections were immersed in 3 % (w/v) Hy0, and
blocked in 3 % (v/v) BSA solution. Following enzymatic antigen
retrieval, the sections were incubated with primary antibodies against
BMP-2 (rat, 1:100 dilution; Abcam, USA), COLI (rat, 1:2000 dilution;
Abcam, USA), VEGF (rat, 1:200 dilution; Abcam, USA), CD31 (rat,
1:2000 dilution; Abcam, USA), CD163 (rat, 1:100 dilution; Abcam,
USA), and inducible nitric oxide synthase (rat, 1:2000 dilution; iNOS,
Abcam, USA). After being rinsed twice with PBS, the samples were
incubated with the corresponding horseradish peroxidase-labelled sec-
ondary antibodies, followed by incubation with 4’,6-diamidino-2-phe-
nylindole (DAPI) for visualisation. Nuclei were counterstained with
haematoxylin. The percentage areas of iNOS, CD163, COLI, and OCN in
each immunohistochemically stained sample were analysed via ImageJ.
Major organs, such as the heart, liver, spleen, lungs, and kidneys, were
similarly sectioned and stained with H&E via the above methods.

2.9. Statistical analysis

The experiments were repeated six times, and the results are
expressed as the means + standard deviations. All of the statistical an-
alyses were performed with SPSS software. One-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparisons test was used to
evaluate the significance of differences between experimental groups.
The confidence interval was set at 95 %. p values < 0.05, 0.01 and 0.001
were considered to indicate statistical significance.
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3. Results
3.1. Preparation and characterisation of mBG and its extracts

We prepared mBG with the sol-gel method combined with the
template method, and its ionic products were obtained by immersing the
mBG powder in DMEM. The physicochemical properties of the mBG, the
ionic concentration of the mBG ionic products and the effects of these
products on the proliferation and osteogenic differentiation of MSCs
were characterised via SEM, TEM, ICP-OES, CCK-8, and ALP activity.

Fig. 1A and G shows TEM and SEM images of the prepared mBG. The
results revealed that the mBG was composed of regular spherical par-
ticles with a relatively uniform size, and the dispersion between the
microspheres was suitable, with no obvious agglomeration or adhesion.
According to the TEM images (Fig. 1A), the brightness of the micro-
spheres decreases towards the inside of the spheres, which is mainly due
to the change in the penetration strength of the electron beam in the
vertical direction when the TEM beam illuminates the surface of the
microspheres. The greater natural colour excess and gradual deepening
of the photographs indicate that the internal structure of the micro-
spheres had no obvious specificity and mainly consisted of the accu-
mulation of small nanoparticles that formed slit-shaped voids. Fig. 1B
shows that the small-angle XRD pattern of the sample has a peak at
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2-3 °C, which is the characteristic diffraction peak of mesoporous
structure materials. Fig. 1C shows the Ny adsorption-desorption
isothermal curves and pore size distributions of the mBGs. The samples
had type IV isothermal curves corresponding to mesoporous materials,
which are H3-type hysteresis loops, suggesting that the samples were slit
pores, which is in agreement with the results of the TEM analysis. The
pore size distribution graph shows that the pores in the sample were
mainly concentrated between 2 and 4 nm in size. The specific surface
area of the sample was 132.9 m?/g, the average pore size was 3.23 nm,
and the pore volume was 0.0045 cm®/g. The XPS spectra showed
obvious characteristic peaks corresponding to Si, O, Ca, and P
(Fig. 1D1). On the basis of the molar and mass ratios of the elements
obtained from the analysis, calculations were performed to obtain the
corresponding molar ratios of each element in the mBG. The corre-
sponding molar ratio of each element in the mBG was roughly SiO:CaO:
P,05 = 89:9:2 (Fig. 1D2). To further investigate the particle size dis-
tribution and average particle size, the samples were characterised via
dynamic light scattering (DLS), and Fig. 1E shows the particle size dis-
tribution of the samples. The figure shows that the particle size distri-
bution of mBG is relatively narrow (i.e., the sample is well dispersed,
with an average particle size of 649 + 33 nm), which is consistent with
the SEM and TEM observations. The average zeta potential of the sample
was —12.8 &+ 1.2 mV, as shown in Fig. 1F.
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Figure 1. Characterisation of the mBG. A The mBG was shown to be composed of regular, well-dispersed nanospheres by TEM (A). B Small-angle XRD demonstrated
that the BG had a mesoporous structure. C The adsorption—desorption isotherm and pore size distribution of the mBG, measured by nitrogen adsorption-desorption.
D XPS spectra (D1) and corresponding elemental composition and content (D2) of mBG. E-F Particle size distribution (E) and zeta potential (F) were tested by
nanoparticle size and zeta potential analysis (DLS). G-J The surface morphology determined via SEM (G), FTIR spectra (H), XRD spectra (I) and ionic concentrations
of Si, Ca and P in SBF (J) before and after 12 h of immersion in SBF show that mBG can be mineralised in SBF; *p < 0.05, **p < 0.01, and ***p < 0.001.
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To test the in vitro apatite formation ability of mBG microspheres,
the crystalline phase composition and the intensity of the diffraction
peaks of the samples after reacting in SBF for a certain period were
tested via the XRD technique. As shown in Fig. 11, the wide-angle XRD
pattern of the sample had a bun peak at 15-30 °C, which is the char-
acteristic diffraction peak of amorphous silicate material. The XRD
patterns of the samples after 12 h of reaction produced new diffraction
peaks at 20 = 26° and 32°, which are the characteristic main diffraction
peaks of HA (JCPDS-09-0432) (002) crystal plane and (211) crystal
plane. The sample had obvious infrared absorptions at 1090 and 800
em™!, which correspond to typical Si-O-Si nonstretching vibrational
peaks and Si-O symmetric stretching vibrational peaks, respectively
(Fig. 1H). The P-O stretching vibration peaks of the phosphate group
PO3~ were produced in the BG-mineralised samples after 12 h of reac-
tion, which is the position referred to by the wavenumber of approxi-
mately 962 cm ™! in the infrared spectrum, and these infrared absorption
peaks proved that apatite crystals were generated on the surface of the
BG microspheres in SBF [31][Badry, 2000 #11]. Compared with the
surface morphology of the BG microspheres before the reaction, the
surface of the samples changed significantly after 12 h of reaction in
SBF, a new deposit was generated, and the analysis of the XRD and FTIR
results proved that this layer of newly formed needle-like deposits was
apatite.

The change in Ca ion concentration in SBF is related to the dissolu-
tion of Ca ions from the bioglass and the formation of apatite on the
surface [32]. The chemical interaction of bioactive glasses with tissues
first manifests as ion solubilisation in the humoral environment, so it is
necessary to study the ion solubilisation properties of bioactive glasses.
Fig. 1J shows the ionic concentration changes of Si, Ca, and P after 12 h
of immersion of mBG microspheres in SBF. The Si ion concentration in
the solution increased rapidly after 12 h of reaction. This was due to the
rapid release of free Si ions on the surface at the beginning of the im-
mersion of the BG microspheres; the Ca ion concentration in the solution
increased in the period of 0-12 h. At the beginning of the reaction of BG
in SBF, the Ca ions were rapidly released, and the concentration in the
solution increased. The P ion concentration of the material tended to
decrease because the P ions were continuously consumed in the process
of apatite deposition. The above results demonstrated that BGs with
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mesoporous structures were successfully prepared.

The concentrations of Ca, P, and Si in the basal medium and in the
mBG ionic products were examined via the ICP-OES technique
(Table 2), and the Ca concentrations in the Ctrl and mBG groups were
75.66 ppm and 70.31 ppm, respectively. The P concentration in the Ctrl
group (28.75 ppm) was greater than that in the mBG group (22.88 ppm).
The Ctrl group contained almost no Si (0.16 ppm), whereas the mBG
group had 17.59 ppm Si.

Fig. 2A shows the proliferative capacity of MSCs cultured in mBG
extract for different durations, as determined via AMPI staining and the
CCK-8 method. The absorbance values of the MSCs in the Ctrl group
were greater than those in the mBG group on Days 1 and 3, but the
absorbance values of the cells in the mBG group were greater than those
of the cells in the Ctrl group by Day 7. The results of live-dead cell
staining on the third day were consistent with the results of the CCK-8
assay. These results indicate that the mBG ionic products began to
significantly promote the proliferation of MSCs after 7 days of culture
compared with that of control MSCs. The ability of mBG to promote the
osteogenic differentiation of MSCs is an important indicator of the
osteoinductive ability of mBG. Fig. 2B shows the results of ALP staining
and activity quantification relative to the total protein concentration for
the osteogenic differentiation of MSCs in mBG extract after 7 days. ALP
activity is a key measure of the osteogenic differentiation of cells. After 7
days of culture, cells cultured with the mBG without any differentiation
growth factors were found to have significantly higher ALP activity than
were observed in those cultured in control conditions. The results of ALP
staining were consistent with the results of activity quantification. We
measured the expression of osteogenesis-related genes (ALP, Runx2,
BMP2, COL1, and OPN) via qRT-PCR on Days 7 and 14, and the results
are displayed in Fig. 2D. The expression of all the analysed genes was
significantly upregulated in the mBG group at the two time points, with
values significantly greater than those in the control group. These
findings are consistent with the ALP quantification analysis and staining
results obtained on Days 3 and 7, which were confirmed by Alizarin red
calcium nodule staining on Day 14 (Fig. 2C); this staining is a key in-
dicator of the late stage of osteogenic differentiation. The above results
indicate that in the absence of osteogenic differentiation factors, the
ionic products of mBG could effectively promote the proliferation and
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Figure 2. Cytocompatibility and osteogenic differentiation properties of the ion products of mBG. Compared with the control, the ion products of mBG promoted
MSC proliferation (A, AMPI staining and CCK-8 assay) and osteogenic differentiation (B, ALP staining and activity quantification assay; C, Alizarin red staining and
quantitative results of calcium nodules; D, expression of ALP, RUNX2, BMP2, COL1, and OPN osteogenesis-related genes via PCR); *p < 0.05, **p < 0.01, and ***p

< 0.001.
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osteogenic differentiation of MSCs.

3.2. Extraction and characterisation of MSC-derived exosomes

We used ultracentrifugation to isolate and extract exosomes secreted
by MSCs and characterised their surface morphology, particle size dis-
tribution, purity, and concentration via TEM and nanoflow cytometry.

As shown in the TEM and HSFCM images, both mBG ion product-
stimulated MSC-derived exosomes (mBG group) and conventionally
cultured MSC-derived exosomes (Ctrl group) exhibited typical round or
cup-like small membrane vesicles (Fig. 3A and B) with a size distribution
of 50-140 nm and a mean size of 85.1 &= 1.5 nm and 84.8 + 2.1 nm,
respectively (Fig. 3C). In addition, the purity assessment results indi-
cated that the percentage of vesicles among the collected MSC-derived
exosomes reached 91-94 % in the two groups, demonstrating the high
purity of the collected exosomes (Fig. 3D). Taken together, these find-
ings revealed the collected vesicles as typical exosomes, and there was
no significant difference between the mBG and Ctrl groups in terms of
morphology, size distribution, or vesicle purity. The exosome particle
concentrations in the culture supernatant were also determined with
HSFCM. The exosome concentration in the mBG group was markedly
greater than that in the Ctrl group (Fig. 3E). These findings indicate that
the morphology, particle size and purity of the exosomes obtained after
treatment of MSCs with the ionic products of mBG were similar to those
of the untreated group, but the yield of the exosomes was significantly
greater in the treated group.

3.3. Exo-mBG accelerates the proliferation and osteogenic differentiation
of OBs

To evaluate the effects of exosomes produced by MSCs on OBs in the
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presence of mBG ionic products, we cocultured OBs with MSC-derived
exosomes or Exo-mBGs and characterised their proliferation and oste-
ogenic differentiation behaviours via a CCK-8 assay, ALP staining and
quantification, calcineurin staining and quantification, BMP-2 immu-
nofluorescence staining and PCR.

As shown in Fig. 4A, the absorbance values of the cells cultured with
Exo-mBG were significantly greater than those of the blank culture plate
group and Exo-Ctrl group at 1, 3 and 7 days. The absorbance values of
the cells in the Exo-Ctrl group were also significantly greater than those
in the blank culture plate group at 3 and 7 days. These results indicated
that, compared with the blank control, both Exo-mBG and Exo-Ctrl
significantly promoted the proliferation of OBs, and the pro-
proliferative effect of Exo-mBG was the greatest.

To evaluate the osteogenic differentiation of the Exo-treated OBs in
each group, we measured the expression of osteogenesis-related genes
(ALP, Runx2, BMP2, COL1, and OPN) via qRT-PCR on Days 3 and 7, and
the results are displayed in Fig. 4 E. The expression of most of the
analysed genes was significantly upregulated in the Exo-mBG group at
the two time points, with values significantly greater than those of the
control group and the Exo-Ctrl groups. At several time points, such as on
Day 3, the expression of the COL1 and OPN genes in the Exo-Ctrl group
was significantly greater than that in the blank group, and the expres-
sion of various osteogenic genes in the Exo-mBG group was 1.05-2.67
times greater than that in the Exo-Ctrl and blank groups. By Day 7, the
expression of each osteogenic gene in the Exo-mBG group was still
significantly greater than that in the other two groups, and the differ-
ence in expression between the groups further increased. For example,
the expression of the OPN gene in the Exo-Ctrl group was 3.97 and 2.83
times greater than that in the blank and Exo-mBG groups, respectively.
OPN gene expression in the Exo-Ctrl group was also greater than that in
the blank group. Alkaline phosphatase (ALP) regulates the formation of
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Figure 3. Characterisation of the properties of exosomes secreted by mBG-stimulated MSCs. A-B Exosomes secreted by both the control (A) and mBG groups (B) were
vesicles with a diameter of approximately 85 nm according to TEM. C. Nanoflow cytometry was used to characterise the particle size distribution of the control (C1)
and mBG (C2) groups as well as the average particle size (C3). D-E. Nanoflow cytometry was used to characterise the purity (D) and concentration (E) of the

exosomes; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. Effects of exosomes secreted by mBG-treated MSCs on the proliferation and osteogenic differentiation of OBs. Compared with those in the blank and
control exosome groups, exosomes in the mBG group significantly promoted the proliferation of OBs. B-D Compared with those in the blank and control exosome
groups, exosomes in the mBG group significantly promoted the expression of ALP (B1: ALP staining; B2: quantification of ALP activity), calcium nodule deposition
(C1: calcium nodule staining; C2: calcium nodule quantification), BMP-2 expression (D: immunofluorescence staining), and the expression of ALP, RUNX2, BMP2,
COL1, and OPN osteogenesis-related genes (E: PCR); *p < 0.05, **p < 0.01, and ***p < 0.001.

calcium phosphate in the extracellular matrix and is an important
biomarker for early bone formation. Fig. 4 B1 and B2 show the results of
ALP staining and activity quantification for Exo-mBG and Exo-Ctrl after
3 and 7 days of coculture with OBs, respectively. After 3 days of exosome
and cell coculture, all of the experimental groups exhibited ALP
expression; ALP expression was significantly higher in the Exo-mBG
group than in the blank and Exo-Ctrl groups. After 7 days of coculture,
the number of positive cells in all groups was significantly greater than
that after 3 days. ALP expression in the Exo-mBG group was significantly
greater than that in the blank group and Exo-Ctrl group, and ALP
expression in the Exo-Ctrl group was also significantly greater than that
in the blank group. The results of ALP staining were consistent with the
results of activity quantification. These findings are consistent with the
ALP quantification analysis and staining results obtained on Days 3 and
7, which were confirmed by Alizarin red calcium nodule staining on Day
7 (Fig. 4C1 and C2). Similarly, the change in the fluorescence of BMP-2
in all the groups was consistent with the changes observed via PCR, ALP
staining, and calcium nodule analysis, so as the WB (Fig. 1S). In sum-
mary, compared with the blank and Exo-Ctrl groups, the Exo-mBG group
exhibited greater OB proliferation and osteogenic differentiation in
vitro.
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3.4. Exo-mBG increased M2 polarisation and inhibited M1 polarisation of
MPs

In this study, we cocultured exosomes produced from MSCs with p-
RAW264.7 cells, and the expression levels of M1 macrophage-
immunomarker genes (TNFa and IL-1p) and M2-immunomarker genes
(CD206 and ARG) were detected via PCR. The expression levels of M1
and M2 type MP marker proteins (CD11c and CD206) were detected via
flow cytometry. The concentrations of IL-10 and IL-12 in the culture
medium were detected via ELISA Kkits, and the expression levels of the
TNFa, IL-1p, CD206 and ARG proteins were detected via WB.

In terms of in vitro immunoregulation of the scaffolds, overall, the
expression of proinflammatory genes (TNF-a and IL-1f) in the Exo-Con
and Exo-mBG groups was markedly downregulated compared with that
in the blank group; the greatest downregulation was observed in the
Exo-mBG group (Fig. 5A). Compared with those in the blank group, the
expression of CD206 and ARG was significantly upregulated in the Exo-
Con and Exo-mBG groups, and the Exo-mBG group still presented the
greatest change in expression (Fig. 5A). IL-10 and IL-12 protein
expression in exosome-treated RAW264.7 cells was quantified via
ELISA, and the results are shown in Fig. 5B. The expression of IL-10 was



Q. Waet al

Journal of Orthopaedic Translation 49 (2024) 264-282

Hm Blank 3 Exo-Con

3 Exo-mBG

1 ] !
1 hy !
: oo IL-10 :
' CD206 Arg .. o |
1 |
| ** *okok 8 * ¥ g‘ adt |
A S . D .
) *k @ *% i : 2 3k i
: O g4 1 o . 1 |
! g);;d * koK c 6 . it g 100 i
: © 8 © : : = *** :
| S 2 S 41 ! B :
| I S
[ -] b o] 1y ‘E 50' |
i © 14 i © 2 @ |
Einlll mpl Fanll <l ] =
! O ¢ 0- i : 8 0_ Day 1 Day 3 i
! Day1 Day3 Day1 Day3 i) i
1 1 1
i TNF-o IL-1B - IL-12 |
\ \ %%k Xk
L8 8- 1 E40q i
. *kk -} s i
@ ] - ¥ *%k I
B g’e— - el 1N
! E *ok ok E L g ,
| g p—— G 4 :I = 20 :
! s ** 2 * %k - ! © '
— —_ 1y 1
Elgz-jl_| ﬂl S 21 1S 104 :
1 'x) 1
E 0- I—-T T m 0- rL m |-T-| [‘l :i g 0- T L :
: Day1 Day3 Day1 Day3 ) Day 1 Day 3 |

Figure 5. Effects of exosomes secreted by mBG-treated MSCs on the phenotypic polarisation of MPs, as determined by PCR (A) and ELISA (B). Compared with the
blank and Exo-Con groups, the Exo-mBG group presented significantly increased M2 polarisation (CD206, Arg gene, and IL-10 protein) and inhibited M1 polarisation

(TNF-a, IL-1f, and IL-12 protein); *p < 0.05, **p < 0.01, and ***p < 0.001.

significantly elevated in RAW264.7 cells treated with exosomes on both
Days 1 and 3 (approximately 1.5- and 1.9-fold higher on Day 1 and 1.3-
and 1.7-fold higher on Day 3, respectively), and the expression of both of
these genes in the Exo-mBG group was significantly greater than that in
the Exo-Con group. Compared with that in the control group, the
expression of IL-12 after exosome treatment was significantly lower, and
the expression of all of these genes in the Exo-mBG group was signifi-
cantly lower than that in the Exo-Con group (81-83 % of those in the
Exo-mBG group). Flow cytometry was also used to analyse RAW264.7
cells for one day, and the results revealed that the expression level of
M2-type RAW264.7 cells in the Exo-mBG group was greater (Fig. 6A)
and that there were fewer M1-type RAW264.7 cells in the Exo-mBG
group than in the other groups (Fig. 6B). As shown in Fig. S2, the
trend of WB results is also consistent with PCR, ELISA, and flow-through.

3.5. Exo-mBG accelerates in vivo bone reconstruction and regeneration

To study the effect of Exo-mBG on bone repair, we established a skull
defect model in Sprague-Dawley (SD) rats. We chose SilMA, which can
be injected in situ and light-cured, as the carrier material for exosomes.
A sham operation group (blank), a material control group (SilMA,
named the Sil group), and two experimental groups (Exo-con/SilMA and
Exo-mBG/SilMA, named the Sil-C and Sil-B groups, respectively) were
established. Micro-CT imaging and H&E, Masson’s trichrome and
immunofluorescence staining (for BMP2, COL1, VEGF, CD31, CD163,
and iNOS) were used to systematically evaluate bone tissue repair,
angiogenesis and the immune response of macrophages.

Moreover, the cytotoxicity and cytocompatibility of exosome-
containing SilMA using OBs and MSCs were investigated. The cytotox-
icity was grade O for the negative control, Sil, Sil-C and Sil-B and grade 5
for the positive control (Table S1). As shown in Fig. S3, the OD values of
MSC proliferation in each group increased with increasing incubation
time. On day 1 of coculture, the OD values of the blank group were
significantly lower than those of the other three groups, whereas the
differences among the remaining groups were not significant. On day 3,
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the OD values of the exosome-containing Sil group were significantly
greater than those of the blank and Sil groups. On day 7, the OD values of
the groups decreased in the order of Sil-B, Sil-C, Sil, and Blank, and there
was a significant difference among all the groups. The results showed
that exosome-containing SilMA was not cytotoxic or biocompatible. In
parallel, we evaluated the exosomal release behaviour of SilMA in vitro.
The SilMA-loaded exosomes in both groups were released rapidly in the
first week, followed by slow-release rates of 81.12 % and 83.09 % on
Day 28 in the Sil-C and Sil-B groups, respectively (Fig. S4).

As shown in Fig. 7A, at 1 and 2 months after surgery, representative
micro-CT images of the defect site were similar and consistent with the
in vitro osteogenic differentiation results. At 1 month, within the defect
site, new bone formation was significantly greater in the Sil-B group
than in the other groups. Calcification and bone tissue formation further
increased in the experimental group at 2 months, but the blank group
still had large bone defects with no signs of bone healing. The control
and experimental hydrogel groups presented increased growth of bone
tissue from the periphery to the centre of the defect site over time.
Quantitative analysis of the relevant micro-CT parameters confirmed
this trend (Fig. 7B-F). At 1 and 2 months, the bone volume fraction (BV/
TV) and bone mineral density (BMD) data revealed that the amount of
new bone was significantly greater in the Sil-B group than in the other
three groups, whereas the amount in the Sil-C group was greater than
that in the blank group. Among the main indices of bone trabecular
space morphology, trabecular thickness (TB.th) and trabecular number
(TB.N.) increased in all groups, whereas trabecular separateness (TB.Sp)
decreased in all groups, which was consistent with our expectations.

To further evaluate the presence of new bone at the interface of the
hydrogel and the bone defect, we performed histological staining after 1
and 2 months (Figs. 8 and 9). The H&E staining results revealed that
after 1 month, compared with the other two groups, the Sil-B group
presented a thicker layer of lamellar collagenous fibrous tissue, with a
central canal and a rich distribution of striated blood vessels. In contrast,
the Sil, Sil-C and blank groups had a thinner layer of connective tissue,
predominantly comprising collagen fibres. However, the Sil-C group had
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Figure 6. Flow cytometry analyses and statistics of CD11c (A) and CD206 (B) expression in RAW264.7 cells after 1 day. Compared with those in the blank and Exo-
Con groups, the Exo-mBG group presented significantly more protein markers of the M2 type (CD206) and fewer protein markers of the M1 type (CD11c); *p < 0.05,

*p < 0.01, and ***p < 0.001.

a thicker and more mineralised lamina, and the blank group had an
uneven distribution of thick and thin neoplastic tissue, with fewer
vascular shadows. The results of Masson staining were consistent with
the results of H&E staining, as shown in Fig. 8. Dark blue indicates
mature bone tissue, light blue indicates fibrous connective tissue, and
red indicates myofibrillar tissue. After 1 month, the bone defects were
mainly filled with fibrous connective tissue, but the connective tissue in
the Sil-B group was thick and dense, with many red-stained blood vessel
walls within it, and the remaining two groups had relatively sparse
connective tissue. Immunofluorescence staining for BMP-2, Coll,
CD163, iNOS, VEGF and CD31 was performed after 1 month to evaluate
osteogenesis, angiogenesis and the immune response at the defect site.
The results are also shown in Fig. 8. Compared with those in the other
groups, the Sil-B group exhibited significant deposition of the Coll and
BMP-2 proteins at the defect site, indicating that the Sil-B group had
better osteogenic effects, which was consistent with the micro-CT, H&E
staining, and Masson staining results (Figs. 7-9). Moreover, macrophage
polarisation plays an important role in the quality and efficiency of bone
repair in organisms. The M1 phenotype appears during the early stage of
inflammation and recruits many inflammatory cells to induce inflam-
mation, which affects the healing outcome, whereas the M2 phenotype
promotes both angiogenesis and tissue repair, allowing the tissue to
return to its original state. Notably, the expression of the stimulated
macrophage M2 marker CD163 was significantly greater in the Sil-B
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group than in the other three groups, while the expression of the
macrophage M1 marker iNOS was significantly lower, which suggests
that Sil-B can most strongly modulate the conversion of macrophages
from the M1 phenotype to the M2 phenotype in vivo. Unexpectedly, the
Sil-B combination had the greatest effect on the expression of proan-
giogenic factors, with the highest VEGF and CD31 expression levels,
followed by the Sil-B, Sil and blank groups.

This trend was also observed at 2 months via H&E staining (Fig. 9),
with further ossification of the neoplastic tissue in all four groups, and
the neoplastic bone tissue in the Sil-B group tended to be tightly bound
to the host native bone. The results of Masson staining were also
consistent with the results of H&E staining. After 2 months, the fibrous
connective tissue had formed mature bone tissue, the new bone at the
defect site after the implantation of Sil-C was tightly connected to the
native bone under the guidance of the material, and the Sil-B treatment
had the greatest osteogenic effect. These results suggest that Exo-mBG-
functionalised SilMA hydrogels can effectively induce in situ bone tis-
sue regeneration without the addition of exogenous seed cells or growth
factors. Immunofluorescence staining for OCN, Coll, CD163, iNOS,
VEGF, and CD31 was performed again after 2 months (Fig. 9). Compared
with the other groups, the Sil-B group exhibited significant deposition of
the Coll and BMP2 proteins at the defect site, indicating that the Sil-B
group had better osteogenic effects, which was consistent with the
micro-CT, H&E staining, and Masson staining results (Figs. 7 and 9). The
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Figure 7. Effects of exosomes secreted from mBG-treated MSCs on the regenerative repair of cranial bone defects in rats, as determined via micro-CT technology.
Compared with the blank, Sil and Sil-C groups, the Sil-B group significantly promoted bone regeneration at the cranial defects at both the 1st and 2 nd months after
surgery (A: micro-CT 3D reconstruction image; B: new bone volume fraction; C: bone mineral density; D: trabecular thickness; E: trabecular number; F: trabecular

separation); *p < 0.05, **p < 0.01, and ***p < 0.001.

Sil-B group also exhibited significant upregulation of the expression of
the stimulated macrophage M2 marker CD163, while the expression of
the macrophage M1 marker iNOS was significantly downregulated.
Additionally, VEGF and CD31 were the most highly upregulated genes in
the Sil-B group. This trend is consistent with the results of the first
month. The results of the above animal experiments revealed that,
compared with the other three groups, the Sil-B group effectively pro-
motes bone formation and vascular regeneration, exerts strong immu-
noregulatory effects, induces macrophage polarisation in the M2
direction, and inhibits M1 polarisation. The area percentage results of
BMP-2, COLI, VEGF, CD31, CD163, and iNOS in immunohistochemical
staining sections at 1 and 2 months were consistent with those of the
immunofluorescence staining images (Fig. S5).

Finally, there was no significant difference in H&E-stained sections
of major organs (heart, liver, spleen, lungs, and kidneys) between the
experimental rats in each group and the control rats (Fig. 10). This
finding suggested that, in vivo, hydrogels containing exosomes possess
suitable biocompatibility.

In summary, the results of this study indicate that the exosomes
secreted by mBG ionic product-treated MSCs can promote the osteogenic
differentiation of OBs in vitro and the regeneration of bone and blood
vessels at bone defects in vivo, promote M2 macrophage polarisation of
the MPs and inhibit M1 macrophage polarisation, which is more
conducive to the regenerative repair of bone tissue.

4. Discussion
Exosomes produced by MSCs are proangiogenic and are considered a

new promising and effective alternative to cell therapy for the treatment
of bone defects. However, their practical application is severely limited

275

by the difficulty of large-scale exosome production. Moreover, under-
standing how to improve the ability of exosomes to ameliorate tissue
defects is a current research hotspot in different fields. For example,
improving the function and efficiency of exosomes has been a popular
research topic in the field of orthopaedics. In this study, we prepared
mBG microspheres and their ionic products to treat MSCs and obtained
exosomes via differential ultracentrifugation. Compared with the other
groups, the Exo-mBG group significantly promoted the proliferation and
osteogenic differentiation of OBs, increased bone and vascular regen-
eration at cranial defects in vivo, promoted M2 macrophage polar-
isation, and inhibited M1 polarisation. Moreover, Exo-mBG alleviated
local immune inflammation, promoted vascularisation, and promoted in
situ bone regeneration.

Biomaterials can act directly on cells or alter the microenvironment
in which they are located to affect their growth and exosome secretion
[19,22,33]. mBG is a suitable tissue regeneration biomaterial with both
osteoconductive and osteoinductive properties. Compared with 4555 BG
and SBG, mBG has a nanoporous structure and a high specific surface
area, can dissolve ions faster and form apatite in vitro, and has a
promising future for clinical application [34,35]. There are almost no
reports on the ability of mBG ionic products to improve the osteoin-
ductive regeneration of MSC-derived exosomes in vitro or in vivo. In this
study, mBG was synthesised via DDA as a catalyst for the hydrolysis of
TEOS and as a templating agent for vitreous sol. During synthesis, DDA
was dissolved in an aqueous alcohol solution, which rendered the so-
lution alkaline and catalysed the hydrolysis and condensation of TEOS,
resulting in the conversion of the vitreous sol into a vitreous gel. In
addition, DDA consists of hydrophilic end amine groups as well as hy-
drophobic end long-chain alkane groups. The hydrophilic end is adsor-
bed on the surface of the glass precursor particles that have been
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Figure 8. Effects of exosomes secreted from MSCs treated with mBG on the regenerative repair of cranial bone defects in rats 1 month after surgery, as determined
via tissue section staining. Compared with the blank, Sil, and Sil-C groups, the Sil-B group presented significantly promoted bone regeneration at the cranial defects at
1 month after surgery (H&E staining and Masson staining). Moreover, the Sil-B group presented increased expression of the osteogenic-associated proteins BMP-2
(green) and COL1 (red), the vasculogenic-associated proteins VEGF (green) and CD31 (red), and the M2-type macrophage protein CD206. In contrast, the Sil-B group
presented downregulated expression of the M1-type macrophage protein iNOS (red).

converted into gels, and the hydrophobic end is directed to the solution.
In addition, owing to the action of the hydrophobic end groups on the
surface of the glass gels, these glass gels self-assemble to form negatively
charged, well-dispersed, globular particles with a particle size of 649 +
33 nm (Fig. 1E-F) [36]. SEM and TEM images and N, adsorption—
desorption isothermal curves revealed that the pore morphology of the
mBG consisted of slit-shaped voids formed by the accumulation of fine
particles (with an average pore size of 3.23 nm), which had suitable
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granularity (Fig. 1A-C, G). The crystal characteristics, mesopore struc-
ture, elemental content and chemical composition of the mBG were
further confirmed by XRD, XPS and FTIR (Fig. 1B-D, H-I). All of these
results demonstrated that BG with a mesoporous structure was suc-
cessfully prepared. The chemical composition of mBG was very different
from the designed chemical composition because during the synthesis of
mBG, the hydrolysis and condensation of TEOS were first catalysed by
DDA, which resulted in the formation of a denser reticulated Si-O
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Figure 9. Effects of exosomes secreted from mBG-treated MSCs on the regenerative repair of cranial bone defects in rats at 2 months after surgery, as determined via
tissue section staining. Compared with the blank, Sil, and Sil-C groups, the Sil-B group presented significantly greater bone regeneration at the cranial defects at 2
months after surgery (H&E staining and Masson’s trichrome staining). Moreover, the expression of the osteogenesis-related proteins BMP-2 (green) and COL1 (red),
the expression of the angiogenesis-related proteins VEGF (green) and CD31 (red), and the expression of the M2-type MP protein CD206 were increased in the Sil-B
group. In contrast, the expression of the M1-type MP protein iNOS (red) was downregulated in the Sil-B group.

network under alkaline conditions, whereas TEP, the precursor of P;0s,
which has poor water solubility, was hydrolysed more slowly under
alkaline conditions, and it was difficult for the unhydrolysed TEP to
remain in the Si-O network [37]. Ca in calcium nitrate appears in the
reaction system in the form of Ca®*, which is mainly adsorbed on the
surface of the particles by electrostatic action and gradually diffuses into
the network during subsequent heat treatment [38]. As a result, most of
the P and Ca precursors remained in solution after the reaction, and

277

these P and Ca raw materials were removed during centrifugation,
resulting in a large difference between the actual composition and the
designed composition. The ions released by BG can enhance the cellular
response to glass microspheres. Moreover, these ions can activate mul-
tiple osteogenesis-related signalling pathways and recruit bone pro-
genitor cells, which can in turn promote the entry of related
transcription factors into the cell nucleus, which can bind to the pro-
moters or enhancers of downstream genes, thus upregulating
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Figure 10. Histocompatibility evaluation of exosomes secreted by mBG-stimulated MSCs after 2 months of implantation on the basis of H&E staining. There were no
significant differences in H&E staining of the heart, liver, spleen, lungs or kidneys between the experimental groups and the control group, demonstrating that the

hydrogels had suitable biocompatibility.

osteogenesis-related genes, facilitating OB proliferation, and promoting
bone mineralisation [39].

The change in ion concentration in SBF may be related to the loss of
ions by material-induced apatite deposition, which is caused by the
exchange of ions dissolved from the solution with the mBG (Fig. 1G-J).
When the mBG is immersed in SBF, the calcium on the mBG surface, as a
modifier of the glass network, is rapidly dissolved, and the dissolved Ca
ions are exchanged with the H ions from the SBF. On the one hand, the
nonbridging oxygen in the mBG that interacts with the calcium ions
binds to the exchanged hydrogen ions, resulting in the formation of a Si—
OH silica-rich gel layer on the surface of the mBG; on the other hand,
owing to the exchange of the Ca ions released from the bioglass with the
H ions from the solution, a Si—OH-rich gel layer is formed on the surface
of the mBG. As the hydroxide concentration in the solution increases, the
concentrations of Ca%* and OH™ in the SBF reach supersaturation near
the surface of the material and then interact with POy~ in the SBF and
PO3~ dissolved in the mBG; subsequently, the hydroxyapatite mineral-
ised layer is formed with the surface of the mBG as the nucleation site. At
the beginning of the mineralisation reaction, the Ca ion release rate of
the material is faster than that of apatite deposition, so the Ca ion
concentration in the solution during the first 12 h of the reaction in-
creases, whereas P is used as a byproduct of glass network formation,
and the release rate of P ions is slower than that of apatite deposition
from the beginning of the mineralisation reaction. Thus, the P ion con-
centration in the SBF shows a decreasing trend. In contrast, the Si ion
concentration in the solution shows an increasing trend because $i03~
dissolved from mBG does not participate in the apatite deposition pro-
cess [40].

Increasing the yield of exosomes produced by MSCs is a current
research focus. EVs are a class of micro- and nanovesicles with a double-
layer membrane structure that are secreted and released by cells during
normal physiological processes and participate in cell-cell signalling
[41,42]. When cells are in a metabolically active state, the EVs for
intercellular transmission are predominantly exosomes. Cellular
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exosomes are a type of EV that are 40-200 nm long and carry many
characteristic proteins of their donor cell origin. The main function of
exosomes is to encapsulate and protect the signalling material secreted
by the cell so that it can pass through the complex and variable extra-
cellular environment and reach the target cell successfully [43]. In this
study, exosomes produced by MSCs in a microenvironment containing
mBG ion products were successfully isolated and extracted via ultra-
centrifugation, and the resulting exosomes were highly pure (Fig. 3 D).
Moreover, exosomes secreted by MSCs under conventional culture
conditions were also separately extracted via the same method to
facilitate comparison. Routine evaluation of exosomes is necessary
before quantitative comparisons and functional studies of exosomes can
be performed. The mBG group contained slightly more large vesicles
than the Ctrl group did, probably because the exosomes secreted by
MSCs via mBG ionic products carried more abundant membrane pro-
teins, which resulted in a slightly larger size in the mBG group (Fig. 3C)
[44]. Treatment of MSCs with mBG ion products increased exosome
production by approximately 1.4-fold compared with that of MSCs
cultured in conventional serum-free culture conditions without altering
the conventional vesicle characteristics of the exosomes, including
morphology, purity, or size distribution (Fig. 3). In addition, cells have a
greater ability to secrete and release exosomes in the absence of serum
starvation or in a state of inflammatory stimulation [45,46]. Therefore,
in the present study, MSCs were cultured in serum-free medium for 24 h
before exosome collection.

After the recipient cell captures the exosome, many of its behaviours
are modified according to the internal contents of the exosome [47,48].
When exosomes contain different types or levels of endosomes, the ad-
justments they make to the behaviour of receptor cells can markedly
differ. The main functional cell type evaluated in this study was OBs.
OBs are the main functional cells involved in bone formation in vivo and
are also responsible for the synthesis, secretion, and mineralisation of
the bone matrix to form bone tissue. In a comparative study, Kim et al.
reported that OBs were biologically active in vitro and that they were
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capable of repairing cranial bone defects in nude mice when implanted
in vivo in combination with scaffolding materials [49]. Zhu et al. re-
ported that the osteogenic capacity of these cells was much greater than
that of alveolar osteoblasts and bone marrow stromal stem cells [50].
OBs are responsible for bone repair and remodelling and have long been
used as classical seed cells in bone tissue engineering research. OBs and
osteoclast precursor cells form mineralised nodules in vitro, which is
consistent with their function in vivo. The nodule contains a collagenous
matrix calcified by OBs and osteoclasts, allowing the in vitro cell culture
environment to better mimic the reaction between biomaterials and
bone tissue in vivo [51]. Our results revealed that when the exosome
concentration was the same, MSC-derived Exo-mBG significantly pro-
moted OBs to secrete more ALP, BMP2, and calcium nodules and to
express and synthesise higher levels of functional genes and proteins
closely related to osteogenesis, such as ALP, RUNX2, BMP2, COL1, and
OPN, in vitro (Fig. 4 and Fig. S1). ALP is the most widely recognised
early phenotypic marker of osteogenesis. Runx2 is an important osteo-
genic transcription factor that binds to the osteoblast-specific cis-acting
element (OSE2) in the promoter region of the osteogenic gene. BMP-2
can induce the directed differentiation and proliferation of undifferen-
tiated MSCs into chondrocytes and OBs, promote OB differentiation and
maturation, and participate in bone and cartilage growth and develop-
ment as well as their reconstruction process, thus accelerating bone
defect repair [52]. Col-1 is an extracellular matrix protein that stimulates
osteoblast adhesion and differentiation [53]. OPN is one of the more
abundant noncollagenous proteins in the bone matrix produced by OBs
and osteoclasts and can effectively stimulate the osteoclastogenic and
resorptive activity of mature osteoclasts involved in bone remodelling
[54]. Calcium nodule deposition is one of the hallmarks of bone matu-
ration [55]. These findings suggest that MSC-derived exosomes have a
greater ability to promote the osteogenic differentiation of OBs in the
presence of mBG ion products. To further verify the in vivo osteogenic
properties of the exosomes, we created a rat skull bone defect model for
in vivo experiments. In the animal experiments of this study, we used
injectable and in situ light-cured SilMA hydrogels as exosome-loaded
materials that could release exosomes for more than 1 month. The
loading strategies employed for exosome-loaded scaffolds usually
include solution adsorption and hydrogel encapsulation [56-60]. Solu-
tion adsorption methods usually result in burst release of exosomes [57,
58], which can be ameliorated by chemical modification of the scaffold
surface [56]. Among them, SilMA hydrogel encapsulation can provide
stable sustained release while the material degrades and can be used for
the regeneration of bone defects for repair [59]. Micro-CT results
revealed that, as a filler material for bone defects, SiIMA containing
Exo-mBG was able to guide bone mineralisation from the periphery to
the centre. In both the 1st and 2 nd months, the amount of new bone and
the density and thickness of the bone trabeculae were significantly
greater in the Sil-B group than in the blank, Sil, and Sil-C groups (Fig. 7).
According to the H&E staining and Masson staining results, the Sil-B
group had thicker lamellar fibrous connective tissue and was rich in
internal striated blood vessels (Figs. 8 and 9). This finding indicated that
the hydrogel containing Exo-mBG had significantly stronger osteogenic
and angiogenic effects than the other treatments did. During bone
regeneration, the immunomodulatory capacity of grafts can facilitate
the induction of osteogenic and angiogenic microenvironments [61].
Moreover, iNOS and CD163, which are M1 and M2 macrophage
markers, respectively, can be used to assess the polarisation of macro-
phages during bone repair, whereas the expression of
angiogenesis-related genes, such as VEGF and CD31, can be used to
assess vascularisation and osteogenesis [62,63]. As shown by the PCR,
WB results and immunofluorescence images (Figs. 4, 8-9, S1, S5), the
Sil-B group exhibited substantial accumulation of osteogenesis-related
proteins (BMP2 and Col1) at the defect site. In terms of immunomodu-
latory ability, the expression of the macrophage M2 marker CD163 was
significantly upregulated, whereas that of the macrophage M1 marker
iNOS was significantly suppressed, further suggesting that Sil-B
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(Exo-mBG) has a greater ability to promote the polarisation of macro-
phages from the M1 phenotype to the M2 phenotype than the other two
treatments do, forming an immune microenvironment enriched with
M2-type macrophages, which play a positive role in the early stage of
bone repair. These behaviours can alleviate inflammation during the
early stage of bone repair and promote the transition of bone healing
from the inflammatory phase to the healing phase [64,65]. Gaoran Ge
et al. reported that the adsorption of EVs on the surface of
dopamine-coated titanium implants inhibited M1 macrophages around
the prosthesis, resulting in satisfactory long-term osseointegration.
Reducing the formation of significantly proinflammatory M1 macro-
phages and promoting the formation of inflammation-suppressive M2
macrophages promotes surface osteogenesis and ultimately results in
good osseointegration [66]. We observed similar results in both in vivo
and in vitro experiments, i.e., the addition of MSC-derived exosomes to
either the culture medium or to SilMA significantly promoted M2
macrophage formation while inhibiting M1 macrophage formation
(Figs. 5-6, 8-9, S2, S5). Moreover, in vivo, MSC-derived Exo-mBG pro-
moted vascular tissue neovascularisation to a significantly greater extent
than MSC-derived Exo-Ctrl did. Vascularisation is an important process
in bone defect repair and is a key factor affecting bone repair and
remodelling [67]. Wang et al.’s team demonstrated that exosomes
secreted by human induced pluripotent stem cell-derived MSCs can be
used to enhance vascularisation in many tissue injuries, such as limb
ischaemia, cutaneous wound healing, critical-sized bone defects and
femoral head necrosis, by promoting angiogenesis [68-70]. Studies have
also shown that an immune microenvironment enriched with M2-type
macrophages favours angiogenesis during bone regeneration, which
was supported by the significant VEGF and CD31 staining in immuno-
fluorescence assays at months 1 and 2 in the Sil-B group [71]. In sum-
mary, the Exo-mBG constructed in this study robustly promoted
osteogenesis and provides new ideas for developing bone grafting ma-
terials. Finally, H&E-stained sections of the heart, liver, spleen, lung,
and kidney of the experimental rats one month after hydrogel implan-
tation were not significantly different from those of the normal rats,
verifying that the scaffolds were also biocompatible in vivo (Fig. 10).
These results indicate that the exosomes secreted by MSCs treated with
mBG ionic products can promote the osteogenic differentiation of OBs in
vitro and promote bone healing and vascular regeneration in bone de-
fects in vivo; additionally, these cells have immunomodulatory func-
tions that also promote the regeneration and repair of bone tissues,
which can regulate the secretion of exosomes and improve their prac-
tical application in the field of bone repair. In the present study, mBG
was tested for its ability to regulate exosome secretion and improve its
practical application in bone repair. The largest difference between the
concentrations of Ca, P and Si ions was the Si concentration between the
mBG group and the Ctrl group, with the mBG group exhibiting a greater
concentration. The Ca and P concentrations in the mBG group were
lower than those in the Ctrl group (Table 2). This significant decrease in
the concentrations of Ca and P is due to the in vitro mineralisation that
occurs during the immersion of mBG in DMEM [72]. In vitro experi-
ments have demonstrated that when BG is cocultured with OBs, calcium
and silicon ions dissolved in BG can promote the production of extra-
cellular collagen and thus the formation of calcified nodules [73]. When
mBG ionic products were used for coculture with MSCs, cell prolifera-
tion was inhibited in the mBG group at the initial stage, during which
time cell proliferation improved (Fig. 2A). The main reason for this
difference may be that the ion concentration in the solution was high at
the initial stage, which was not favourable for rapid cell proliferation.
When the treatment time was further prolonged, the cells adapted to the
microenvironment and exhibited excellent promotion of cell prolifera-
tion with suitable cytocompatibility, which was consistent with the
findings of previous reports [74]. Therefore, in the present study, MSCs
were treated with normal medium or mBG ionic products for 7 days
before being replaced with serum-free medium to collect the exosomes.
In addition, the osteogenic differentiation of MSCs was significantly
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enhanced after culture with mBG ionic products (Fig. 2B-D), indicating
that the mBG ionic products promoted the osteogenic differentiation of
MSCs, which was consistent with the findings of previous reports [75,
76]. Moreover, the bioactivity of the mBG ion products may be derived
mainly from Si ions. Si ions have been reported to significantly increase
bone marrow stromal cell proliferation, mineralised nodule formation,
bone-related gene expression and bone matrix protein expression [77,
78]. It has also been reported that Ca and Si ions synergistically promote
cell differentiation and collagen production via the TGF pathway [79].
Ding et al. reported that silicate ions released during the degradation of
calcium silicate bone cement can promote cell proliferation and stimu-
late the expression of bone-forming genes [80]. Carlisle et al. demon-
strated that Si promotes bone growth, increases the amount of articular
cartilage, and increases the bone mineral content as well as the ami-
nocaproic acid and collagen contents [81]. Jugdaohsingh et al.
demonstrated that Si deficiency leads to malformations in bone devel-
opment and low collagen production [82]. Carlisle et al. reported that Si
ions play a key role in the mineralisation of new bone [83]. Hang Liang
et al. reported that gold nanoparticle-loaded mesoporous silica and
mesoporous silica have immunomodulatory capabilities and can
generate a favourable immune microenvironment by stimulating
anti-inflammatory responses and promoting the secretion of osteoclas-
togenic factors by macrophages [84]. In addition, Day et al. reported
that Si ions released from the bioactive glass 45S5 can promote the
secretion of the vascular growth factors VEGF and bFGF [85]. Similarly,
Li et al. reported that Si ions can increase VEGF secretion in fibroblasts
and endothelial cells, which in turn upregulates the expression of nitric
oxide synthase and effectively stimulates bone angiogenesis [86]. In
addition, higher concentrations of calcium and phosphorus are generally
favourable for promoting the osteogenic differentiation of BMSCs [87].
However, different calcium-phosphorus ratios also affect cell prolifer-
ation and osteogenic differentiation. For example, Pan Jin et al. reported
that a higher calcium-to-phosphorus ratio precipitated by bioceramics
promoted the proliferation and osteogenic differentiation of BMSCs
[87]. Margaret K. Boushell et al. reported that a higher
calcium-to-phosphorus ratio promotes chondrocyte mineralisation [88].
Similarly, Rustko Masuyama et al. reported that when fed diets with
higher calcium-to-phosphorus ratios, the bone mineral content (BMC)
and BMD of the femurs of mice are significantly greater, the osteoid
maturation time is significantly reduced, and the bone formation rate is
increased [89]. Under the combined effect of various ions, the prolif-
eration and osteogenic differentiation abilities of MSCs were signifi-
cantly enhanced after treatment with mBG ion products. Furthermore,
the production of secreted exosomes was significantly enhanced, and
their ability to promote the proliferation and osteogenic differentiation
of OBs, as well as bone and vascular regeneration in vivo, increased.
Additionally, the immunomodulatory abilities of the exosomes were also
significantly enhanced, which is consistent with what has been reported
in the literature [19,22,33,84].

Osteoimmunomodulatory therapies based on extracellular vesicles
and biomimetic surface strategies from Jiaxiang Bai and Gaoran Ge et al.
have shown considerable efficacy in promoting osseointegration studies
in bone implants [66,90]. These findings provide ideas for further
clinical applications of exosomes with improved bone regeneration,
immunomodulation and angiogenic properties. However, future studies
are still needed to validate the safety of these exosomes for humans, and
additional studies are needed in other large-animal models, such as
rabbits, beagle dogs, and pigs, to strengthen preclinical studies.

5. Conclusion

Increasing the production of exosomes by cells and enhancing the
pro-bone healing functions of exosomes are the keys to accelerate the
application of exosomes in the repair of clinical bone defects. In this
study, we prepared mBG and its ionic products and used them to treat
MSCs, after which the exosomes produced by the MSCs were collected.
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The results showed that compared to other groups, Exo-mBG signifi-
cantly promoted the proliferation, osteogenic differentiation and min-
eralisation of OBs in vitro. Meanwhile, the Exo-mBGs group significantly
promoted the expression of the macrophage M2-type genes, and
downregulated the expression of the M1-type genes, compared with the
other two groups. In vivo, the Exo-mBG group significantly promoted
the healing and angiogenesis of bone tissue at the cranial defects in rats,
as well as promoted the M2 polarisation and inhibited the M1 polar-
isation of macrophages. These effects may be due to the combined
higher silicon concentration and higher calcium-to-phosphorus ratio in
the mBG ionic products. The present work provides a new scientific basis
and technical approach for the repair of bone defects by MSCs-derived
exosomes, which supports the application of exosomes in replacement
cell therapy.
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