Journal of Extracellular Vesicles

| RESEARCH ARTICLE CETTED

Metabolically Engineered Extracellular Vesicles Released
From a Composite Hydrogel Delivery System Regulate the
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ABSTRACT

Despite remarkable progress in total joint arthroplasty, aseptic loosening of titanium (Ti) alloy persists as a critical clinical
challenge due to the poor wear resistance and biological inertness of such implants. Targeting of inflammatory osteolysis and
remodelling of the osseointegration environment represent promising therapeutic approaches to address this issue. In this study,
we developed a novel engineered extracellular vesicles (EVs) with a tag of dextran sulfate (DS-EVs) via metabolic glycan labelling
(MGL)-mediated click chemistry. This targeted delivery of EVs, derived from metabolically engineered stem cells, establishes
a new cell-free therapeutic system for periprosthetic osteolysis. DS-EVs demonstrated specific macrophage tropism, effectively
reprogramming macrophage polarisation from pro-inflammatory M1 to regenerative M2 phenotypes. This phenotypic shift
attenuated osteoclastogenesis while enhancing osseointegration through GPC6/Wnt pathway activation in vitro. Furthermore,
we designed a multifunctional 3D titanium alloy scaffold with MXene-PVA composite hydrogel coatings (Ti-PPM scaffold).
The multifunctional Ti-PPM composite scaffold, incorporating DS-EVs, provides a robust delivery system for periprosthetic
osteolysis. This integrated system exhibits dual advantages of enhanced wear resistance and optimised interfacial adhesion,
while enabling controlled EV release to maximize DS-EVSs’ osseointegration potential in vivo. Collectively, our findings establish
DS-EVs as a transformative therapeutic modality for periprosthetic osteolysis through dual modulation of the osseointegration
microenvironment and macrophage phenotypic heterogeneity.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Total joint arthroplasty (TJA) is an effective orthopaedic proce-
dure to reduce pain and restore patient function (Adams et al.
2021; Chen et al. 2023). Aseptic loosening caused by inflammatory
osteolysis in periprosthetic tissue is the primary reason for
prosthesis failure and the need for revision surgery (Abd-Elaziem
et al. 2024). The poor wear resistance and biological inertness of
titanium alloy surfaces are key factors contributing to peripros-
thetic osteolysis (Drees et al. 2007; Wang et al. 2019). However,
no effective therapy is currently available for periprosthetic oste-
olysis. The wear debris generated by the micro-wear of titanium
alloy in the vicinity of bone activates inflammatory cytokines
and stimulates osteoclast formation, including tumour necrosis
factor-alpha (TNF-c), prostaglandin E2 and interleukin-1 (IL-1),
which induce inflammatory osteolysis and aseptic loosening of
the implant. Therefore, inhibiting inflammatory osteolysis and
remodelling the osseointegration environment is a therapeutic
strategy to prevent aseptic loosening.

Investigations suggest that macrophages and osteoclast precursor
cells (OCPs) exposed to wear debris at the interface between the
implant and the surrounding bone may contribute to peripros-
thetic inflammatory osteolysis (Jiang et al. 2013; Goodman et al.
1998). Macrophages are incredibly malleable cells that exhibit
two distinct phenotypes in disease responses: classically acti-
vated (M1) and alternatively activated (M2) (An et al. 2024).
M1 macrophages are associated with inflammatory responses
and increased levels of reactive oxygen species (Hansen et al.
2024). Exposure to IL-4, IL-13 or IL-10 enhances the polarisation
of macrophages towards the M2 phenotype, which has anti-
inflammatory properties and significant potential to regulate
the immune response, induce angiogenesis and promote tissue
regeneration (Yang et al. 2024; Feng et al. 2023). Notably, the
fundamental mechanism of bone resorption is thought to involve
the interaction between macrophages and osteoclasts (Liao et al.
2024). M1 macrophages perform various biological functions in
certain pathological conditions, resulting in osteoclast formation
and inflammatory bone resorption (Hascoét et al. 2023). Fur-
thermore, restoring the inflammatory microenvironment upon
osteolysis by directly shifting macrophage polarisation from M1 to
M2 phenotype has recently gained considerable attention. Recent
studies have shown that inducing macrophage polarisation to
the M2 phenotype can inhibit the maturation and activity of
osteoclasts (Liao et al. 2024; Hascoét et al. 2023). Therefore, tar-
geting and repolarising macrophages to M2 phenotype may offer
a promising therapeutic strategy for inflammatory osteolysis.

Recent advancements in extracellular vesicles (EVs) as a promis-
ing component for cell-free therapy, known for their low
immunogenicity and high stability, have shown potential in
regulating inflammation and facilitating bone regeneration (Hu
et al. 2020, 2022, 2023). Notably, cell-specific delivery of EVs
cargo is crucial to achieving EVs efficacy (Bhatta et al. 2023;
Liang et al. 2020). However, there are still no effective procedures
to surface-edit EVs to target macrophage cells and enhance
polarisation efficiency (Wang and Mooney 2020). Theoretically,
EVs may incorporate amine-bearing proteins inherited from the
originating cell for surface-editing via metabolic glycan labelling
(MGL) (Wang and Mooney 2020; Wang et al. 2017). Compared
to typical engineering modification techniques that depend on

natural surface protein receptors, MGL combined with bio-
orthogonal click chemistry shows numerous strong points, such
as higher targeting efficiency, less immunogenicity (Wang et al.
2017). The type A scavenger receptor (SR-A) is a macrophage-
specific protein that is activated during immune responses. SR-A
is a phagocytic and innate immune recognition receptor that
play a vital role in innate immunity and inflammatory signaling
regulation (Alquraini and El Khoury 2020). As a specific ligand
of SR-A, dextran sulfate (DS) can selectively bind to the positively
charged residues of SR-A residues (Liu et al. 2021). In this study,
we prepared a novel engineering DS-EVs using click chemi-
cal technolgy to target macrophages and inhibit inflammatory
osteolysis.

Osseointegration is the process through which implants are
physically and functionally integrated into the bone tissue net-
work, forming a stable connection (Overmann et al. 2020; Zhou
et al. 2023). Hydrogels provide excellent anti-wear properties for
titanium alloys in contact with bone by dissipating interface
force (Chen et al. 2024; Gao et al. 2023). Notably, hydrogels are
considered promising drug delivery material that can be directly
integrated into the osseointegration environment (Marquardt
et al. 2020; Han et al. 2022). PVA hydrogels are stabilised by
interchain hydrogen bonds and hydrophobic interactions, form-
ing lamellar-like network junction knots, whereas an increase in
temperature gives rise to the dissociation of hydrogen bonds with
ensuing dissolution of the hydrogel (Pedersen et al. 2020). MXene
materials have high absorption and photothermal conversion
efficiencies for near-infrared (NIR) light (Wu et al. 2011). Herein,
we designed a multifunctional 3D titanium alloy scaffold with
MZXene-PVA composite hydrogel coatings (referred to Ti-PPM
scaffold). The hydrogel coated DS-EVs were gradually dissolved
by regulating NIR light irradiation, leading to the sustained and
stable release of DS-EVs.

In this work, we developed a novel therapeutic strategy for
periprosthetic osteolysis based on the novel engineered DS-EVs
from metabolic glycan labelling hUCMSCs via MGL-mediated
click chemistry (Scheme 1a), Moreover, we constructed a robust
delivery system with a multifunctional Ti-PPM composite scaf-
fold, which exhibited desirable wear resistance, excellent inter-
facial adhesion, and enabled the frequency-controlled release
of EVs through NIR light regulation (Scheme 1b), maximising
the osseointegration effects of DS-EVs in vivo. DS-EVs targeted
macrophages and shifted macrophage polarisation from the M1 to
the M2 phenotype, inhibiting osteoclastogenesis and promoting
osteogenic differentiation in vitro. Furthermore, transcriptome
profiling of BMSCs and RAW cells stimulated by optimised DS-
EVs was performed to reveal potential molecular mechanisms
(Scheme Ic).

2 | Results

2.1 | Metabolic Glycan Labelling (MGL) of
hUCMSCs Generates Chemically Tagged DS-EVs

SR-A is a macrophages-specific protein that is activated
in response to inflammation. SR-A receptors contribute to
immune regulation and inflammation suppression by facilitating
pathogen clearance, limiting pro-inflammatory cytokine
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SCHEME 1 | Schematic illustration of MXene-PVA composite hydrogel delivery system with controllable release of metabolic glycan labelling

extracellular vesicles enhanced titanium alloy osseointegration.

production, promoting immune tolerance through apoptotic
cell clearance, and driving macrophage polarisation towards
anti-inflammatory phenotypes. As specific ligands of SR-A, DS
can selectively bind to the positive charges on SR-A residues
(Liu et al. 2021). We aim to fabricate engineering EVs that
specifically target activated macrophages. Firstly, hUCMSCs
acquired the azide group through the co-incubation with
tetraacetyl N-azidoacetylmannosamine (Ac,ManAz) for 48 h.
Then, the azide group on the surface of hUCMSCs binds to
Cy5.5-labelled DBCO-DS via MGL-mediated click chemistry
technology (Figure 1a). As shown in Figure 1b,c, the fluorescence
intensity of Cy5.5-1abelled DBCO-DS on the surface of hUCMSCs

was dose-dependent on Ac,ManNAz. Furthermore, EFAIl, an
early endosome marker, was evaluated by immunofluorescence
to observe the time-dependent localisation of Cy5.5-labelled DS
(Figure 1d,e). As expected, EFA1 fluorescence signal was observed
and co-localised with Cy5.5-labelled DS in the time-dependent
manner, indicating the newly generated EVs harboured DS tag.
CD63 is a specific marker of EVs and involve in EV biogenesis
(Kalluri and LeBleu 2020). CD63 immunofluorescence was
performed to observe EV biogenesis after the surface MGL
engineering of hUCMSCs using click chemistry. Our results
revealed that CD63 (green fluorescence) was co-localised with
DS (red fluorescence) 6 h after the surface engineering of
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FIGURE 1 | Metabolic glycan labelling (MGL) of hUCMSCs generates chemically tagged DS-EVs. (a) Schematic of exosomal surface engineering.
(b) Representative confocal images of DS-modified hUCMSCs at different concentrations of Acy;ManNAz by efficient click chemistry. hUCMSCs
were incubated with AcyManAz for 48 h to obtain the azide group. Then, hUCMSCs labelled with azide group were treated with Cy5.5-labelled
dibenzocyclooctyne-conjugated dextran sulfate (DBCO-DS) (10 pM) for 2 h. Scale bar: 100 um. (c) Quantification of the positive fluorescence area of
AcyManAz (n = 3, **p < 0.01, ***p < 0.001). (d) Representative confocal images of the early EVs marker EFA1 and Cy5.5-marked DS in the metabolic
glycan labelling hUCMSCs at different time points. Scale bar: 20 um. (e) Positive fluorescence area of EFA1 and Cy5.5-marked DS (n = 3, *p < 0.05,
**p < 0.01, ¥**p < 0.001). (f) Confocal microscopy images reveal the intracellular colocalisation of CD63 and Cy5.5-marked DS in the hUCMSCs. Scale
bar: 20 pm. (g) Positive fluorescence area of CD63 and Cy5.5-marked DS (n = 3, *p < 0.05, **p < 0.01, **p < 0.001). (h) Western blot was used to
characterise the surface markers of EVs and DS-EVs. (i) Particle size of DS-EVs measured via nanoparticle tracking analysis (NTA). (j) TEM images
show the morphology of EVs and DS-EVs. Scale bar: 500 nm.
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hUCMSCs. Moreover, the co-localised fluorescent signal was
enhanced after 12 h (Figure 1f,g).

The exosomal surface markers CD81, CD63 and CD9 were
expressed in both DS-EVs and EVs (Figure 1h). The average
diameter of the DS-EVs was approximately 127.6 nm, and the
concentration was 2 x 10" particles/mL (Figure 1i). Taken
together, the above results demonstrate that MGL modification of
hUCMSCs was successfully achieved via click chemistry, and DS-
EVs were successfully extracted from the conditioned medium
without exosomal dysfunction. In addition, TEM was performed
to observe the morphological differences between DS-modified
EVs and unmodified EVs. Our results showed that both DS-EVs
and EVs exhibited a similar double-layered membrane structure,
but DS-EVs had a larger diameter of approximately 95 nm
compared to EVs (Figure 1j).

2.2 | Construction of Anti-Wear Coating on the 3D
Porous Ti6Al4V Scaffolds to Reduce Wear Debris

Surface coating technology has been regarded as an efficacious
and straightforward approach to enhance the wear resistance of
this titanium alloy. MXene has received widespread attention for
improving the tribological properties from the biomedical field
(Wang et al. 2024). Moreover, MXene is a promising material for
establishing the stimulus responsive drug delivery system due
to its high absorption and photothermal conversion efficiency
for near-infrared light. We aim to fabricate an anti-wear coating
on the 3D porous Ti6Al4V scaffolds to reduce wear debris.
Firstly, two-dimensional MXene was synthesised by HF etching,
as shown in Figure 2a. The detailed preparation process is
provided in the Supporting Information (SI 1.1). The MXene
with Layer structure were respectively observed through AFM
images (Figure 2b,c) and SEM with EDX (Figure S1). Notably, the
prepared MXene was monolayer and multilayer structures with a
diameter of approximately 200 nm and thickness of about 5 nm.
The corresponding EDX mapping indicated the distribution of
Ti element and the removal of Al element, which confirmed the
MZXene had been successfully prepared. Moreover, through the
analysis of Raman and XRD spectrum, the successful synthesis
of MXene was also proved in Figure S2.

Hydrogels provide excellent wear resistance to titanium alloys in
contact with bone by dissipating interfacial forces (Chen et al.
2024; Gao et al. 2023). PVA/AAC hydrogel had recently attracted
increasing attention in tissue engineering due to its injectable and
temperature-sensitive properties. We aimed to prepare MXene-
PVA/AAC hydrogels to enhance wear resistance of titanium
alloys. As shown in Figure 2d, the Raman spectra presented
that compared with PVA/AAC hydrogel (PP), the characteristic
peaks at 233, 399 and 521 cm appeared on the MXene-PVA/AAC
hydrogels (PPM), indicating the presence of MXene in PPM
hydrogel. The FTIR spectra of MXene, PP hydrogel and PPM
hydrogel are shown in Figure 2e. The curve of MXene exhibited
that the absorption peaks of -OH appeared at 3453 and 1655 cm. In
the FTIR spectra of PP and PPM hydrogel, the stretching vibration
peak of C = O in ester bond at 1700 and 1711 cm were found,
implying the reaction between the hydroxyl group of MXene and
PVA with the carboxyl group in acrylic acid.

The strain amplitude sweep of the PP and PPM hydrogels
were evaluated (Figure 2f). It is significant that the G’ (storage
modulus) curve and G” (loss modulus) curve intersected at a
point of 1000%, indicating that when the strain was larger than
1000%, the hydrogel structure was completely broken. Moreover,
the G’ and G” of PPM hydrogels was higher than that of PP,
implying the increased cross-linking density of the PPM hydrogel
due to the introduction of MXene. Figure S3 showed the variation
of storage modulus and loss modulus of PP and PPM hydrogels
with frequency. It can be seen from the figure that the storage
modulus and the loss modulus of hydrogels increased with the
increasing of frequency, and the storage modulus of PP and
PPM hydrogels were far greater than that of the loss modulus,
demonstrating the excellent energy storage network structure.
Compared with PP and PPM hydrogels, the similar trend of G’
and G” was observed, suggesting the improved network structure
stability of PPM hydrogel through doping the MXene sheets
(Jafarigol et al. 2021).

The micrographs of titanium scaffolds were shown in Figure
S4. And the coating thickness and adhesion strength of Ti-PPM
scaffold were evaluated in Figures S5 and S6. As described in
the Supporting Information 1.4, the anti-wear properties of Ti,
Ti-PP and Ti-PPM samples in SBF lubrication was evaluated.
The wear rates results were shown in Figure 2g, with the
following sequence: Ti > Ti-PP > Ti-PPM. The corresponding 3D
topography of wear scar surfaces of three samples were exhibited
in Figure 2h. The remarkable results showed that the PP and PPM
hydrogel coating effectively improved the anti-wear properties of
titanium alloy scaffold, with the significant reduction (84.9%) of
wear rate from PPM coating.

2.3 | DS-EVs Influence Macrophage Polarisation
and Suppress Osteoclastogenesis In Vitro

The wear debris generated by micro-wear of titanium alloy
in the vicinity of bone is the main cause of inflammatory
osteolysis. Macrophages are the main immune cells that activate
inflammatory cytokines, including tumour necrosis factor-alpha
(TNF-a), and prostaglandin E2, and interleukin-1 (IL-1), thereby
regulating the process of inflammatory osteolysis (Yin et al. 2022).
To mimic the inflammatory osteolysis microenvironment in vitro,
we prepared Ti-PPM wear debris in vitro. RAW 264.7 cells were
cultured with DS-EVs following LPS and Ti-PPM wear debris
stimulation (Figure 3a). Inducible nitric oxide synthase (iNOS)
is a pro-inflammatory cytokine and play an important role in
maintaining M1 macrophage phenotype. Immunofluorescence
results revealed that EVs and DS-EVs treatment significantly
downregulated the expression of iNOS in RAW cells induced by
LPS and Ti-PPM wear debris. Notably, DS-EVs are more effec-
tive at inhibiting inflammatory microenvironment (Figure 3b,c).
CD206 is a marker for an alternative type of activated macrophage
known as M2 macrophage (Groenbaek et al. 2015; Nielsen et al.
2020) DS-EVs significantly upregulated the expression of CD206
in RAW cells compared to the EVs (Figure 3d.,f), indicating DS-
EVs are more effective in skewing macrophage polarisation from
M1 to M2 phenotype. Osteoclast formation and activation play a
crucial role in inflammatory osteolysis (Kitaura et al. 2020). Trap
staining was carried out to further elucidate the function of DS-
EVs in modulating osteoclast formation and bone metabolism
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FIGURE 2 | Construction of anti-wear coating on the 3D porous Ti6Al4V scaffolds to reduce wear debris. (a) Fabrication of Ti2C3 MXene. (b and c)
AFM images of the Ti2C3 MXene. (d) Raman spectrum of PP and PPM hydrogel. (e) FTIR spectrum of MXene, PP and PPM hydrogel. (f) Strain amplitude
sweep test (y = 0.1%—1500%) at a fixed angular frequency (1 Hz) at 25°C. (g) Wear rates of Ti, Ti-PP and Ti-PPM samples. (h and i) 3D topography of wear

scar surfaces of Ti and Ti-PPM samples.

(Figure 3e,g). The receptor activator of nuclear factor xB ligand
(RANKL) is an essential factor for osteoclast formation (Kitaura
et al. 2020). EVs and DS-EVs inhibited the osteoclastogenesis in
RAW cells, whereas DS-EVs showed a more pronounced effect on
suppressing osteolysis by inhibiting inflammatory microenviron-
ment (Figure 3h-j), repolarising macrophages from M1 to M2 type
and suppressing osteoclast formation.

2.4 | DS-EVs Are Conducive to Promote
Osteogenic Differentiation of BMSCs In Vitro

Encouraging the formation of osseointegration around bone
implants and reducing the occurrence of periprosthetic osteolysis
are crucial for enhancing bone implants fixation (Li et al. 2016). To
further investigate the osteogenic role of DS-EVs on BMSCs in the
osteolysis microenvironment in vitro, BMSCs were co-incubated
with DS-EVs in the presence of Ti-PPM wear debris (Figure 4a).
The fluorescence micrograph (Figure 4b) showed that PKH-
26-labelled EVs and DS-EVs (red fluorescence) were gradually

internalised by BMSCs, with nuclei were stained in blue by DAPI.
As illustrated in Figure 4c, both EVs and DS-EVs significantly
promoted the proliferation of BMSCs on the 3 and 7 days, whereas
DS-EVs exhibited more pronounced effect in enhancing BMSCs
viability. Furthermore, the osteogenic effect of DS-EVs on BMSCs
was investigated by ALP activity and calcium deposition assays.
Compared to EVs treatment, DS-EVs treatment significantly
enhanced ALP activity and showed higher ALP positive area,
as well as higher detection of calcium deposits assessed by ARS
staining (Figure 4d). Additionally, immunofluorescent images
from confocal laser microscopy revealed that osteocalcin (OCN)
production was significantly enhanced in the BMSCs treated
with DS-EVs plus Ti-PPM (Figure 4e,f). Osteopontin (OPN)
is one of the more abundant non-collagenous proteins in the
bone matrix produced by osteoblasts and osteoclasts, which can
effectively stimulate osteoclastogenic and resorptive activity in
mature osteoblasts (Simonet et al. 1997; Udagawa et al. 2021).
DS-EVs upregulated the expression of OPN and Runt-related
transcription factor 2 protein under Ti-PPM wear debris stimu-
lation (Figure 4g). Consistently, DS-EVs were more favourable
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FIGURE 3 | DS-EVsinfluence macrophage polarisation and suppress osteoclastogenesis in vitro. (a) Mode pattern of macrophage polarisation from
M1 to M2 phenotype induced by DS-EVs stimulation. (b) Immunofluorescence staining of iNOS in RAW 264.7 cells. Ti-PPM-EVs and Ti-PPM-DS-EVs
groups respectively represent RAW 264.7 cells were treated with EVs or DS-EVs in the presence of Ti-PPM wear debris (2 mg/mL) and lipopolysaccharide
(LPS, 500 ng/mL). Scale bar: 100 pm. (c) Quantitative analysis of iNOS-positive cells. Immunofluorescence positive cells were analysed using Image J
software (n = 3, **p < 0.01, ***P < 0.001). (d) Immunofluorescence staining of CD206 in RAW 264.7 cells. Ti-PPM-EVs and Ti-PPM-DS-EVs groups
respectively represent RAW 264.7 cells were treated with EVs or DS-EVs in the presence of Ti-PPM wear debris and LPS. Scale bar: 100 pm. (e)
Representative photograph of tartrate-resistant acid phosphatase (TRAP) staining. Ti-PPM-EVs and Ti-PPM-DS-EVs groups respectively represent RAW
264.7 cells were treated with EVs or DS-EVs in the presence of Ti-PPM wear debris, LPS and RANKL. (f) Quantitative analysis of CD206-positive cells.
Immunofluorescence positive cells were analysed by Image J software (n = 3, **p < 0.001). (g) Quantitative analysis of TRAP-positive areas (n = 3,
**p < 0.01, ***p < 0.001). (h-j) qPCR analysis of Argl, CD206 and MMP-9 gene expression respectively (n = 3, ***p < 0.001). Data was presented as mean
+ SD of three number of replicates. t-test was applied to each group in order to compare mean beta values.

to enhance the mRNA expression levels of osteogenesis-related
genes such as ALP, bone morphogenetic protein-2(BMP-2), osteo-
calcin (OCN) than EVs treatment (Figure 4h-j). At last, the above
results indicated that DS-EVs were conducive to inhibit osteolysis
and promote osseointegration in vitro.

2.5 | Transcriptome Profiling of BMSCs and RAW
Cells Stimulated by Optimised DS-EVs

Transcriptome profiling of DS-EVs treated BMSCs (Figure 5a-f)
and RAW 264.7 cells (Figure 5g-j) was performed to investigate

the potential mechanism of DS-EVs mediated osseointegration in
vitro. Volcano plots showed differentially expressed genes (DEGs)
between Ti-PPM and Ti-PPM-DS-EVs groups (Figures 5a and S7).
In BMSCs, 1468 genes were upregulated and 1005 were downreg-
ulated; in RAW 264.7 cells, 1069 genes were upregulated and 1490
were downregulated (p < 0.05, log2 fold change >1). A detailed
analysis of KEGG pathway enrichment (p < 0.05, log, fold change
>1) revealed that differentially expressed genes (DEGs) were
predominantly associated with Hippo and Wnt signalling path-
ways (Figure 5b,g). In particular, Wnt signalling pathway executes
an indispensable performance in skeletal homeostasis and bone
remodelling (Canalis 2013; Vlashi et al. 2023). KEGG relation
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FIGURE 4 | DS-EVs are conducive to promote osteogenic differentiation of BMSCs in vitro. (a) Scheme of the osteogenic differentiation of BMSCs
stimulated by DS-EVs. (b) Representative fluorescence micrograph of PKH-26 (red)-labelled DS-EVs internalised by BMSCs. Scale bar: 20 pm. (c) CCK-8
assay of BMSCs cultured with DS-EVs. **p < 0.01. Ti-PPM-EVs and Ti-PPM-DS-EVs group respectively represent BMSCs were treated with EVs or DS-EVs
in the presence of Ti-PPM wear debris. (d) Alkaline phosphatase (ALP) activity and Alizarin Red S (ARS) staining of BMSCs. (e) Immunofluorescent of
OCN in BMSCs. Scale bar: 100 pm. (f) Quantitative analysis of OCN positive cells. Immunofluorescence positive cells were analysed by Image J software
(n=3,*p <0.05, *p < 0.01). (g) The protein levels of OPN and Runx-2 in BMSCs were analysed by western blotting. (h-j) The osteogenic-related gene
of BMSCs was measured via the qPCR, including OCN, ALP and BMP-2. *p < 0.05, **p < 0.01. Data was presented as mean * SD of three number of

replicates. t-test was applied to each group in order to compare mean beta values.

networks and heatmap distribution revealed that Glypican 6
(GPC6) was one of the DEGs and was closely associated with Wnt
signalling pathway, indicating GPC6 may be the key gene of the
Wnt signalling pathway (Figure 5c,e,h). GPC6 is a member of the
GPC family and is implicated in the control of cell growth and
cell division (Capurro et al. 2017). Gene ontology (GO) cellular

components and molecular function analysis based on DEGs
revealed that extracellular matrix (ECM) and collagen-contained
ECM was different between the Ti-PPM and Ti-PPM-DS-EVs
groups, indicating that DS-EVs may mediate osseointegration
by promoting ECM regeneration (Figure 5d,i). Moreover, Wnt
signalling pathway was altered in gene set enrichment analysis
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FIGURE 5 | Transcriptome profiling of optimised DS-EVs regulates function and mechanism of BMSCs and RAW cells. (a) The volcano diagram
of Ti-PPM-DS-EVs and Ti-PPM group based on transcriptome profiling of BMSCs. (b) KEGG pathway enrichment analysis based on DS-EVs regulated
significant target genes. (¢) The heatmap distribution of DS-EVs regulating significant target genes. Ti-PPM-DS-EVs group respectively represent BMSCs
were treated with DS-EVs in the presence of Ti-PPM wear debris. (d) Graphene oxide-interactive (GO) cellular contents analysis for the cellular
component of differential target genes. (e) KEGG relation networks based on DS-EVs regulated significant target genes. (f) The related proteins of
GPC6/Wnt signalling pathway in BMSCs measured by western blot. (g) KEGG pathway enrichment analysis based on DS-EVs regulated significant
target genes. (h) The heatmap distribution of DS-EVs regulating significant target genes. Ti-PPM-DS-EVs group respectively represent RAW264.7 cells
were treated with DS-EVs in the presence of Ti-PPM wear debris and LPS. (i) GO molecular function analysis of differential target genes. (j) DS-EVs
inhibit osteolysis and promote bone osseointegration in vitro by activating GPC6/Wnt signalling pathway. (k) A schematic representation illustrates the
roles of DS-EVs in inhibit osteolysis and promote bone osseointegration.
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FIGURE 6 | Characterisation of extended release of DS-EVs in Ti-PPM composite scaffolds. (a) Scheme of extended release of DS-EVs in Ti-PPM
composite scaffolds. (b) Swelling properties of PP and PPM hydrogels with the different temperature ranging from 30°C to 50°C. (c, d) SEM images of
PPM hydrogel (10,000 magnification and 20,000 magnification). (e) Profile of DS-EVs released from the Ti-PPM composite scaffold. (f-h) NIR thermal
images of Ti, Ti-PPM and Ti-PPM-DS-EVs, these implants exposed to an 808 nm (E = 1000 mW/cm?) laser after 600 s.

(Figure S8). Subsequently, the related protein of Wnt signalling
pathway such as wnt3a, S-catenin, phosphorylated §-catenin and
GPC6 were detected by Western blot. The results revealed that
DS-EVs upregulated the expression of wnt3a, phosphorylated
B-catenin and GPC6 in the presence of Ti-PPM wear debris.
(Figure 5f,j). Collectively, the above results indicated that DS-EVs
may inhibit osteolysis and promote osseointegration in vitro by
activating the GPC6/Wnt signalling pathway (Figure 5k).

2.6 | Characterisation of Extended Release of
DS-EVs in Ti-PPM Composite Scaffolds

PVA hydrogels are considered as the promising exosomes deliv-
ery material due to those temperature sensitive features. PPM
hydrogels are stabilised via interchain hydrogen bonds and
hydrophobic interactions, whereas an increase in temperature
through NIR light regulation gives rise to the dissociation
of hydrogen bonds with ensuing dissolution of the hydrogel,

enabling the release of EVs (Figure 6a). The swelling ratios of
PP and PPM hydrogels were determined in phosphate-buffered
Saline (PBS) at pH = 7.4 with the temperature ranging from
30°C to 50°C. As shown in Figure 6b, the swelling ratios of PP
and PPM hydrogels increased with the increasing temperature,
might be due to the temperature sensitivity of PP hydrogel,
which is consistent with previous reports (Byun et al. 1996).
Furthermore, in contrast to PP hydrogels, the swelling rate of
the PPM hydrogels was reduced, ascribed to the well-dispersed
MZXene sheet acting as cross-linking points, providing additional
physical crosslinking within the covalently cross-linked hydrogel
network. After lyophilisation of the hydrogel, the spatial network
structure of the PPM hydrogel is shown in Figure 6c,d. The release
behaviour of EVs loaded in Ti-PPM was showed in Figure 6e,
EVs were controlled released when encapsulated into the Ti-PPM
scaffold under the NIR light. Collectively, Ti-PPM scaffold was
selected to deliver DS-EVs for the further in vivo experiments.
Moreover, the surface temperature of these scaffolds was changed
under near-infrared light (Figures 6f-h and S9-S13), and an
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increase in temperature gives rise to the dissociation of hydrogen
bonds with ensuing dissolution of the hydrogel.

2.7 | DS-EVs Effectively Promote Bone
Regeneration and Osseointegration In Vivo

To further evaluate the efficacy of DS-EVs in treating bone
defects in vivo, we surgically established distal femoral bone
defects in rats (Figure 7a). The temperature of the Ti-PPM-
DS-EVs in vivo increased from 33.3°C to 42°C exposed to an
808 nm (E = 1000 mW/cm?) laser for 600 s (Figure 7b), providing
comfortable conditions for the controlled release of DS-EVs.
In order to assess the in vivo bone regeneration efficacy and
biocompatibility of DS-EVs, the animals were euthanised at 12
weeks post-surgery, and distal femoral tissues were collected
for micro-CT, histological analyses. The reconstructed micro-CT
images of the cross-sections of the rat femur with the composite
scaffold are shown in Figure 7c. Newly regenerated bone, shown
in red in the defect area, was observed in all groups. However,
the newly formed bone tissue, which was well-integrated with
the surrounding bone tissue, was notably enhanced at the bone-
scaffold contact surface in the Ti-PPM-DS-EVs group under NIR
light. Moreover, microarchitectural parameters, such as bone
volume/tissue volume (BV/TV), trabecular thickness (Tb. Th)
and trabecular number (Tb. N) were measured to evaluate the
newly regenerated bone tissue (Figure 7d-f). Consistently, the
values of BV/TV, Tb. Th and Tb. N in the Ti-PPM-DS-EVs group
was significantly higher compared to those in the Ti-PPM-EVs
group. The regenerated neotissue partially filled with the drilled
defects and appeared irregular around surrounding the bone
tissue in the Ti-PPM group and Ti-PPM-EVs group, whereas
the neotissue in the Ti-PPM-DS-EVs group revealed intense and
continuous red colour, completely integrating with the scaffold
(Figure 7g,h). Moreover, the area of newly formed bone tissue
stained in the Ti-PPM-DS-EVs (with NIR light) was significantly
enhanced compared to Ti-PPM-DS-EVs (without NIR light)
group. Collectively, compared to normal EVs, DS-EVs exhibited
more favourable stimulatory effect on bone regeneration and
osseointegration in vivo.

3 | Discussion

Titanium alloy is a promising scaffold biomaterial for bone tissue
engineering. However, the wear debris in the vicinity of bone may
give rise to inflammatory osteolysis, resulting in sterile loosening
of such implants due to the poor wear resistance of titanium
alloy surfaces. In this study, we fabricated chemically tagged DS-
EVs to target activated macrophages via MGL-mediated click
chemistry. In vitro assays supported the robust role of DS-EVs
for the inhibition of osteoclastogenesis via skewing macrophage
polarisation, which further promoted the osteogenic differen-
tiation of BMSCs by regulating Wnt/GPC6 signalling pathway.
Moreover, we designed the PPM coatings to strengthen the
interfacial adhesion and realize the frequency conversion release
of EVs through temperature change. In vivo results revealed
the favourable function of high-quality intelligent titanium alloy
scaffold contained DS-EVs in promoting osseointegration.

The fundamental mechanism of inflammatory osteolysis is
believed to be the interaction between macrophages and
osteoclasts. The inflammatory cytokines derived from M1
macrophages regulate osteoclast formation and function,
performing a potential role in the development of focal
osteolysis. Therefore, targeting and repolarising macrophages
to the M2 phenotype to block the secretion of inflammatory
factors and reduce the activity of the bone-resorptive cells is
a promising therapeutic strategy for inflammatory osteolysis.
As the critical mediators of intercellular communication, EVs
are incrementally accredited as potential cell-free therapeutic
nanomedicines. Previous studies have confirmed the favourable
properties of MSC-EVs in macrophage polarisation and anti-
inflammation (Soufihasanabad et al. 2024; Tang et al. 2024).
However, there is still a lack the efficacious procedures for
surface-editing EVs to target macrophage cells and enhance
polarisation efficiency. MGL is an approach to regulate cellular
metabolism and glycosylation, which is universally applicable to
drug delivery and immune-targeted therapies (Agatemor et al.
2019). Moreover, MGL approach combined with bioorthogonal
click chemistry technology enables efficient cellular surface
modification (Yoon et al. 2017). In this study, we aimed to
construct an innovative functional EVs-based strategy via MGL-
mediated click chemistry. Nevertheless, the therapeutic effect
and the underlying mechanism of action of DS-EVs in bone
remodelling remain to be investigated.

DS is a specific ligand of SR-A that is an activated macrophage-
specific protein. To construct the novel MGL EVs, hUCMSCs
were labelled the surface azido groups, which enabled the
conjugation of DBCO-DS via efficient click chemistry. Cy5.5-
labelled DS was colocalised with CD63 fluorescent signal after
the surface engineering of hUCMSCs, suggesting that the surface
engineering was successful via MGL-mediated click chemistry.
Subsequently, we evaluated the intrinsic biogenesis of the DS-
EVs. The fluorescence signal of EFAL, an early endosome marker,
was generated and co-localised with Cy5.5-labelled DS in a time-
dependent manner, indicating that the newly generated EVs
with the DS tag via MGL-mediated click chemistry. Furthermore,
DS-EVs revealed little difference compared to normal EVs in
terms of their size, shape and morphology, suggesting that MGL-
mediated click chemistry did not disrupt the morphology and
function of DS-EVs. In addition, DS-EVs exhibited a superior
effect in terms of suppressing inflammatory microenvironment,
skewing macrophage polarisation from M1 to M2 phenotype,
and inhibiting osteoclastogenesis, which helped the prevention
of osteolysis. Moreover, DS-EVs promoted the osteogenic differ-
entiation of BMSCs, improving the status of osseointegration.
Additionally, DS-EVs reversed the pathological process of osteol-
ysis by upregulating the expression of OPG, an important RANKL
decoy receptor that impedes osteoclast maturation and osteo-
clast bone resorption. Transcriptome profiling was performed
to further investigate the underlying mechanism of DS-EVs in
osseointegration and osteolysis. We demonstrated that DS-EVs
upregulated the expression of Wnt3a, phosphorylated -catenin
and GPCS6, activating Wnt/GPC6 signalling pathway to promote
osseointegration and suppress osteolysis.

To strengthen the interfacial adhesion and reduce wear between
the implants and the bone tissue, we developed an MXene-
PVA/AAc composite hydrogel coating for titanium scaffolds,
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FIGURE 7 | DS-EVs effectively promote osseointegration in vivo. (a) Schematic of femur defect rat model and composited scaffold contained DS-
EVs administration. (b) NIR thermal images of the implants exposed to an 808 nm (E = 1000 mW/cm?) laser after 600 s. (c) Micro-CT images of the
rat femurs at 12 weeks postsurgery. (d) Quantitative results of the new bone including bone volume/tissue volume (BV/TV). (e) Quantitative results
of trabecular number (Tb.N) and (f) trabecular thickness (Tb.Th). Three independent replicates have been statistical analysis. *p < 0.05, **p < 0.01,
**¥p < 0.001. (g) Van Gieson’s staining of regenerated bone repaired by composited scaffold. Scale bar: 500 um. (h) Quantitative results of Van Gieson’s
staining area. ***p < 0.001.
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which is referred to as the Ti-PPM composite scaffold. The
PVA/AAc hydrogel exhibited excellent anti-wear properties of
titanium alloys rubbing against bone due to its dissipation for the
interface residual stress (Ji et al. 2024; Wang et al. 2016). MXene,
known for its outstanding mechanical properties, photothermal
effects, wear resistance and biocompatibility (He et al. 2021; Qu
et al. 2023; Zhou et al. 2022), also offers high absorption and
photothermal conversion efficiency for near-infrared (NIR) light.
Hu et al. reported that the piezoresistive MXene/Silk fibroin
nanocomposite hydrogel was able to accelerate bone regeneration
(Hu et al. 2023). In this study, we constructed a Ti-PPM composite
scaffold to load DS-EVs, achieving the frequency-conversion
release of EVs and optimising the therapeutic effect of DS-EVs in
vivo. The engineered EVs were steadily released from the coated
hydrogel by regulating the pore structure size of thermosensitive
PVA-PAA-hydrogel through NIR light irradiation. In vivo results
revealed that DS-EVs possess a more promising therapeutic effect
for bone defects compared to normal EVs.

In summary, we prepared a novel engineering DS-EVs, which
can target macrophages and skew macrophage polarisation from
M1 to M2 phenotype, inhibiting osteoclastogenesis and promot-
ing osseointegration through activating GPC6/Wnt signalling
pathway in vitro. Additionally, we constructed a multifunctional
Ti-PPM composite scaffold, which exhibited desirable wear resis-
tance, excellent interfacial adhesion and achieved the frequency
conversion release of EVs, promoting the effects of DS-EVs in
osseointegration in vivo. Taken together, DS-EVs possess great
potential for regulating osseointegration.

4 | Conclusion

In summary, to enhance the targeting ability to inflammatory
osteolysis, we developed a novel engineered DS-EVs using MGL-
mediated click chemistry. The targeted delivery of EVs, obtained
from metabolically engineered stem cells, offers a novel cell-free
therapeutic system for periprosthetic osteolysis. DS-EVs possess
the capacity to target macrophages, shifting their polarisation
from the pro-inflammatory M1 to the pro-healing M2 phenotype.
Inhibiting osteoclastogenesis and promoting osseointegration via
activating GPC6/Wnt signalling pathway in vitro. Furthermore,
a multifunctional Ti-PPM composite scaffold, incorporating DS-
EVs, provides a robust delivery system for treating periprosthetic
osteolysis. This system not only offers superior wear resistance
and interfacial adhesion but also facilitates the controlled release
of EVs, maximising the osseointegration effects of DS-EVs in vivo.
Collectively, our findings suggest that DS-EVs have significant
potential to revolutionise osseointegration therapy by regulating
osseointegration and improving bone implant therapies.

4.1 | Experimental Section
4.1.1 | Synthesis of DBCO-DS

According to the published protocol (You et al. 2021), DS
(Sigma, Germany) and DBCO-amine (Click Chemistry Tools,
A103-25, USA) were mixed and dissolved in acetate buffer (Sigma,
Germany). Subsequently, NaBH;CN (Tokyo Chemical Industry,
Japan) was added into the above mixture and then reacted

thoroughly at 50°C. Distilled water/methanol and Distilled water
were sequentially used to dialyse the above mixture for 48 h.
Finally, the dialysed samples were lyophilised.

4.2 | Metabolic Tagging of hUCMSCs

hUCMSCs at the density of 2 x 10* cells were co-cultured with
20 pmol Ac,ManNAz in the cell slide on the 24 well plate for 2
days. Then, after washing with Dulbecco’s Phosphate-Buffered
Saline (DPBS), the treated cells were stimulated with Cy5.5-
labelled DBCO-DS in the foetal bovine serum-free medium for
3 h. Subsequently, the supernatant was removed, and the cell
were washed with DPBS. After incubated for 24 h, the cells
were fixed with 4% paraformaldehyde (PFA). hUCMSCs were
treated with 0.25% Triton X-100 and then blocked with 5% donkey
serum. Anti-EEA1 and CD63 antibodies were co-incubated with
cells overnight at 4°C. In addition, the cells were washed with
PBS and then conjugated with a fluorescent secondary antibody
(Invitrogen, USA). The nuclei were stained with DAPI at room
temperature. The stained cells were visualised under the confocal
microscope.

4.3 | Isolation and Identification of DS-EVs

hUCMSCs were incubated with 20 pm Ac,ManNAz in the
basal medium (DAKAWE, 6114021, China) supplemented serum
analogue EliteGro-Adv (Elitecell Biomedical, EPA-050, Canada)
and 1% Penicillin-Streptomycin Solution (NEST Biotechnology,
211092, China) for 2 days. Subsequently, the treated cells were
washed with DPBS and then cultured with Cy5.5-labeled DBCO-
DS in the foetal bovine serum-free medium for 3 h. Then, the
medium was removed, and basal medium was added. After the
24 h incubation, the conditional medium containing DS-EVs was
collected. DS-EVs were isolated via gradient centrifugation. In
brief, the conditional medium was centrifuged at 300 g for 10 min,
2000 g for 10 min to remove dead cells. The centrifuge tubes
were obtained from PakGent Bioscience. Then, the supernatants
were added in a novel ultracentrifuge tube and then centrifuged
at 10,000 g for 30 min at 4°C to clear away cell debris. DS-EVs
were obtained after centrifugation at a speed of 100,000 g. The
size distribution and concentration of DS-EVs were measured by
nanoparticle tracking analysis (NTA). The morphology of DS-EVs
was observed via transmission electron microscope (TEM).

4.4 | Construction of an Anti-Wear Coating With
DS-EVs on the Porous Ti6Al4V Scaffold

The design and fabrication of medical grade porous Ti6Al4V
scaffold through 3D printing method were shown in Supporting
Information 1.2. Then, the Ti6Al4V scaffolds were pretreated
for grafting the transition layer, as exhibited in Supporting
Information 1.3. After that, an anti-wear coating with DS-EVs
were constructed on the preprocessed scaffolds, as follows. 5
wt% PVA (0.5 g) was dissolved in 10 mL H,O at 95°C oil baths,
the PVA solution was cooled after heating for 30 min. Then,
the obtained PVA solution was mixed with 20 wt% acrylic acid
(2g),0.2wt% N,N’-methylenebisacrylamide (0.02 g) and 0.5 mol%
ammonium persulfate (0.0316 g) dissolved in 10 mL H,O. After
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mixture uniformly, the MXene (100 ppm) and DS-EVs (20 pg/mL)
were added in the above reagents and stirred thoroughly using a
magnetic stirrer.

Finally, the 3D titanium alloy with APTES and DA transition
layers was fixed on the spined platform and the rotational speed
is set to 800 rpm. Subsequently, 0.5 mL of mixed solutions were
uniformly dropped onto the titanium alloy, controlling the drip
in 15-20 s. Afterwards, the obtained samples were solidified in a
50°C oven, frozen in a refrigerator for 12 h, and then refrigerated
and thawed for 12 h, with 2-3 cycles of freezing and thawing. The
sample was referred to Ti-PPM-DS-EVs.

4.5 | Osteoclast Differentiation

Trap staining (Sigma, 387A-1KT, USA) was carried out to identify
the osteoclast differentiation derived from RAW264.7 mouse
cell lines. RAW264.7 mouse cell lines were cultured in RPMI
1640 (Gibco, 11875093, USA) medium supplemented with 10%
foetal bovine serum (JYK-FBS-301, Jin Yuan Kang Biotechnology)
and 1% penicillin/streptomycin (NEST Biotechnology, 211092,
China). As previously described (Zhao et al. 2024), the cells
were incubated in the completed medium supplemented with the
receptor activator of NF-xB ligand (RANKL, 30 ng/mL), 50 ng/mL
of human M-CSF (Peprotech, AF-300-25, USA), EVs or DS-EVs
(20 ug/mL) in the 24 well plates. The medium was refreshed every
3 days.

4.6 | ALP Activity Assay

According to the published protocol (Hu et al. 2022), BMSCs
were extracted from the bone marrow of 4-6 weeks old female
C57BL/6 mice and cultured in a-MEM medium supplied10%
foetal bovine serum (Gibco, 10099141, USA) and 1% penicillin
and streptomycin. Subsequently, the isolated BMSCs were cul-
tured with Ti-PPM wear debris (2 mg/mL), EVs or DS-EVs
(20 pg/mL) in the osteogenic differentiation medium (the basic
medium supplied ascorbic acid, 1 pM dexamethasone, glycerol-2-
phosphate) for 7 days. At the point time, BMSCs were fixed with
4% paraformaldehyde (PFA) and then incubated with 0.1% Triton
X-100 for 10 min. At last, BMSCs were stained with an ALP kit
(Sigma, Germany) at 37°C for 30 min.

4.7 | Calcium Deposition Assay

BMSCs were cultured with Ti-PPM wear debris (2 mg/mL), EVs
or DS-EVs (20 pg/mL) in the osteogenic differentiation medium
(the basic medium supplied ascorbic acid, 1 pM dexamethasone,
glycerol-2-phosphate) for 14 days. At the point time, BMSCs
were fixed with 4% paraformaldehyde (Procell, China) and then
were washed with ddH,O for three times. To evaluate calcium
deposition of the differentiated cells, BMSCs were stained with
alizarin red stain (ARS, Sigma, Germany) for 10 min.

4.8 | Cell Proliferation Assay

The proliferation of BMSCs stimulated by EVs or DS-EVs
was measured by cell counting kit-8 (Sparkjade Biotechnology,
China). As described previously (Hu et al. 2020), BMSCs were
cultured with EVs or DS-EVs in the presence of Ti-PPM wear
debris (2 mg/mL) for 1, 3 and 7 days. At the point time, BMSCs
were co-incubated with 10 uL CCK8 for 3 h. The cell viability was
investigated using an enzyme linked immunosorbent assay plate
reader in by 450 nm absorbance values. Data was presented as
mean * SD of three number of replicates.

4.9 | InVitro Macrophage Polarisation

RAW264.7 cells were cultured in the RPMI 1640 medium sup-
plemented with 10% FBS, 1% penicillin/streptomycin, 500 ng/mL
of LPS in confocal dishes for 24 h. Subsequently, the cells were
treated with EVs or DS-EVs (20 pg/mL) for 48 h. Immunofluo-
rescence staining was performed to observe macrophage polar-
isation in vitro. Briefly, the cells were fixed with 4% PFA and
then washed with PBS. After incubating with 0.25% Triton X-
10, the cells were blocked with 5% donkey serum. CD206 and
iNOS antibodies were co-incubated with cells overnight at 4°C.
In addition, the cells were washed with PBS and then conjugated
with a fluorescent secondary antibody (Invitrogen, USA). The
nuclei were stained with DAPI at room temperature. The stained
cells were visualised under the confocal microscope.

4.10 | Western Blot Assay

The cell was lysed by radio-immunoprecipitation assay. The cells
were quantified for protein content by BCA protein assay Kkit.
Subsequently, 200,000 pg protein was separated by SDS-PAGE gel
(Sparkjade, China) and then transferred to polyvinylidene difluo-
ride (PVDF) membranes. After being blocked by 5% bovine serum
albumin (BSA) under gentle shaking for 1 h, the membranes
were incubated with the primary antibodies for 12 h. Next, the
membranes were washed with tris buffered saline with tween-
20(TBST) and then incubated with the second antibodies for
1 h at room temperature. The membranes were scanned using
a Tanon 4500. Primary antibodies included anti-3-catenin (CST,
9582, USA), anti-P-B-catenin (CST, 4176, USA), WNT-3a (CST,
2721, USA), anti-osteopontin (Forevertech Biotechnology, P22207,
China), Runx-2(CST, 12556, USA), Glypican-6(RD, AF1053, USA),
CD9 (Abcam, ab236630, USA), CD81 (Abcam, ab109201, USA),
CD63 (Abcam, ab271286, USA), 3-actin (Forevertech Biotechnolo-
gies, China).

4.11 | Quantitative RT-PCR Analysis

Total RNA isolation was carried out using TRIZOL reagent (YALI
Biotech Co., Ltd, YR23014, Jiangsu, China). Cellular RNA Extrac-
tion Kit (Accurate Biotechnology (HUNAN) Co., Ltd, Changsha,
China) were used to extract RNA. Then, 1000 ng RNA was
converted into cDNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo, USA). Subsequently, 10 ng cDNA was
added in each well for qPCR reaction. Quantitative Real-Time
PCR was carried out with TB Green Premix EX Taq II (Takara,
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RR820A, Japan) and the primers of the osteogenic markers (10 L
TB Green, 0.8 PL primers, 2 pL cDNA, 7.2 pL H,0) on the
ABI Prism 7300 Thermal Cycler (Applied Biosystems, Australia).
The primers, including osteocalcin (OCN), alkaline phosphatase
(ALP) and bone morphogenetic protein-2 (BMP-2) are shown in
Table S1.

4.12 | TiAlloy Osteolysis Animal Model

Animal management procedures were approved by the Animal
Ethics Committee of the First Affiliated Hospital of Naval Medical
University (CHECAE2022018) under the guidelines. All surgical
procedures were carried out under sterile environment. Sprague-
Dawley rats (8 weeks old) were anaesthetised by injecting 4%
chloral hydrate (1 mL/100 g), shaved, and disinfected respectively.
The skins and the muscles were successively slitted, and the
distal femur was partially exposed. Subsequently, bone defect
(2 mm in diameter and 1.5 mm in depth) was created in the
central area of the femoral shaft by electrical drill. Ti-PPM, Ti-
PPM-EVs, Ti-PPM-DS-EVs composite scaffolds were respectively
implanted into area of bone defect. Moreover, 6 mg fabricated
wear was implanted around the scaffolds to induce osteolysis.
The surgical area is irradiated with 808 nm near-infrared light
(E = 1000 mW/cm?) for 600 s every 3 days. At 12 weeks post-
operation, all animals were sacrificed by injecting overdose of
chloral hydrate.

4.13 | Micro-CT Assay

Micro-computed tomography assessment (micro-CT) of femurs
was carried out by Skyscan 1272 to evaluate the new bone
formation around the implants after 12 weeks post-surgery.
Three-dimensional (3D) images were reconstructed and analysed
by Data viewer software. The areas of titanium alloy screws,
cortical bone and newly bone were distinguished and marked
with three different colours on the micro-CT images. Bone
volume fraction (bone volume/tissue volume, BV/TV), trabecular
number (Tb.N) and trabecular thickness (Tb.Th) were analysed
by CT analysis software.

4.14 | Histomorphometry Observation

The femurs contained the Ti alloy scaffolds were dehydrated
using a graded alcohol series, starting at 75% concentration
and progressing to 100%, and then immersed in polymethyl
methacrylate (PMMA). The embedded samples were sectioned
into 150 pm-thick slices using a saw microtome (Leica SP1600,
Hamburg, Germany). These sections were then ground and
polished to a final thickness of approximately 40 pm. Finally, the
mineralised bone tissues were observed under the microscope
after staining with van Gieson’s solution

4.15 | Statistical Analysis

All data are analysed by GraphPad prism 8 statistical software and
presented as mean * standard deviation. The unpaired student’s
test was used to compare the differences between two groups.

One-way analysis of variance (ANOVA) was used for multiple
groups to assess the differences. Differences were considered
significant at p < 0.05 (¥), p < 0.01 (**) and p < 0.001 (***).
Data were presented as the mean * standard deviation of three
replicates. The t-test was used to evaluate the mean beta values of
each group.
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