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The onset of periprosthetic osteolysis is mediated by wear particles following artificial arthroplasty. This man-
ifests as a disturbed bone metabolism microenvironment, characterized by insufficient osteogenesis and angio-
genesis, and enhanced osteoclastic activity. To target and remodel the homeostatic environment of bone
metabolism in the sterile region around the prosthesis, we successfully pioneered the proposal and construction
of a fused exosome (f-exo) system with M2 macrophage-derived exosomes (M2-ex0) and urine-derived stem cell
exosomes (USC-exo). The results demonstrate that f-exo effectively combines the osteolysis region-targeting
capabilities of M2-exo with the bone metabolic homeostasis modulation effects of two exosomes (M2-exo and
USC-exo), thereby achieving a significantly enhanced bone metabolic homeostasis targeting effect in the peri-
prosthetic osteolysis region. The proteomic analysis of M2-exo, USC-exo, and f-exo revealed the potential
mechanism of f-exo in targeting-regulation of bone metabolic homeostasis. Our study employs an innovative
approach utilizing the fused exosome system for exosome targeted delivery, which offers a novel intervention
strategy for the clinical management of periprosthetic osteolysis. Furthermore, it provides a novel conceptual

framework for the development of exosome-based drug-targeting delivery systems.

1. Introduction

Artificial joint replacement is the surgical procedure by which a
diseased joint is replaced with an artificial joint. It is a treatment option
for patients who have lost the normal joint structure and function due to
joint degeneration, inflammatory arthropathy, or trauma, among other
causes. Artificial joint replacement is the preferred method and ultimate
treatment for end-stage joint diseases. The objective of artificial joint
replacement surgery is to treat joint diseases, relieve joint pain, and
reconstruct joint function. It is the preferred method and ultimate
treatment for end-stage joint diseases. A review reveals that the rate of
revision following initial joint replacement surgery is approximately
4-6 % after 10 years [1], and the rate of revision within 15 years is
approximately 10 % per million total hip replacements [2]. The most
common cause of revision surgery after total joint replacement is
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non-infectious loosening of the joint prosthesis at the interface with the
bone, i.e., aseptic loosening of the prosthesis, with an incidence of about
10 % at 10 years after surgery, accounting for more than 30 % of all
revision surgeries [1,3]. The current non-surgical treatments for aseptic
loosening of prostheses are ineffective, and revision surgery is costly [4].
Therefore, there is an urgent need to further define the pathogenesis of
aseptic loosening of prostheses and to explore clinical prevention and
treatment strategies. The precise mechanism underlying the aseptic
loosening of the prosthesis remains elusive. However, extant studies
indicate that periprosthetic osteolysis driven by wear particles repre-
sents a pivotal factor in the pathogenesis of aseptic loosening of the
prosthesis [5]. The release of wear particles from prosthetic components
or articular surfaces induced by exercise over time creates a localized
aseptic inflammatory environment. This environment promotes the
recruitment of immune cells, the development of chronic granulomatous
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inflammation, and the generation of pathologic periprosthetic mem-
branes [6]. In essence, an environment characterized by chronic
inflammation, which is mediated by periprosthetic wear particles, re-
sults in an imbalance in bone metabolic homeostasis. This, in turn, gives
rise to progressive periprosthetic osteolysis and aseptic loosening.

The homeostatic regulation of bone metabolism is a highly coordi-
nated and dynamic process whereby bone production replaces aged or
damaged bone, which is essential for maintaining bone health [7,8]. The
maintenance of the structural and functional integrity of a healthy
skeleton is contingent upon the processes of bone remodeling within the
context of homeostatic bone metabolism. The coupled effects of osteo-
genesis, bone resorption, and angiogenesis collectively contribute to the
maintenance of the body’s bone metabolic homeostasis [9]. An adequate
blood supply to the site of bone remodeling is conducive to the input of
raw materials and nutrients for bone metabolism and the output of
metabolites, which facilitates the coupling of bone production and bone
resorption in a physiological state [10]. A sophisticated and
well-organized communication system exists between endothelial cells,
osteoblasts, and osteoclasts, which collaborate to maintain bone ho-
meostasis through various modes of crosstalk. Endothelial cells migrate
and proliferate to form new blood vessels, which serve as a scaffold for
osteoblasts and osteoclasts [11], and osteoclasts secrete platelet-derived
growth factor-BB to induce endothelial cell angiogenesis during bone
remodeling and to support bone marrow-derived mesenchymal stem cell
differentiation into osteoblasts. The primary mode of communication
between osteoblasts and osteoclasts is through intercellular contacts and
diffusible paracrine factors [12]. On the one hand, osteoblasts and os-
teoclasts form gap junctions, which facilitate the exchange of material
and information [13]; on the other hand, osteoblasts release the regu-
lators of osteoclast survival and differentiation, M-CSF, RANKL, and
OPG, which regulate survival, differentiation, cell migration, and acti-
vation of osteoclasts and macrophages. Additionally, OPG inhibits
osteoclast recruitment and activation by binding to RANKL [14,15]. An
imbalance of bone metabolic homeostasis around the periprosthetic area
following arthroplasty can result in the development and progression of
periprosthetic osteolysis. The primary mechanisms underlying this
phenomenon are decreased angiogenesis and osteogenesis, coupled with
increased bone resorption. The promotion of angiogenesis and osteo-
genesis, coupled with the inhibition of bone resorption, represent a
promising strategy for combating periprosthetic osteolysis. Neverthe-
less, there is a paucity of comprehensive research elucidating the precise
regulatory mechanisms governing the wear particle-induced imbalance
of periprosthetic bone metabolism in periprosthetic osteolysis.

Urine-derived stem cells (USC) are derived from fresh human urine
and possess several advantageous characteristics, including ease of
collection, non-invasive access, sustainable production, and minimal
ethical concerns [16]. It has been demonstrated that urine-derived stem
cell exosomes (USC-exo) exert a pivotal influence on the regulation of
bone metabolic homeostasis through the enrichment of microRNAs and
proteins. USC-exo has been demonstrated to facilitate the repair of
osteonecrosis [17], hindlimb ischemia, and diabetic wounds by stimu-
lating angiogenesis [18,19]. Additionally, it has been shown to play a
role in the treatment of osteoporosis by promoting osteogenesis and
inhibiting bone resorption [20]. The aforementioned evidence demon-
strates that USC-exo exhibits considerable promise for clinical utiliza-
tion in the domain of bone tissue regeneration. Moreover, the
prospective application of USC-exo for the prevention and management
of periprosthetic osteolysis is encouraging. Nevertheless, the in vivo
release of USC-exo is not stable and lacks the capacity to be delivered in
a targeted manner to the periprosthetic area. Consequently, there is a
necessity to synthesize a stable USC-exo delivery system with
osteolysis-targeting properties [21]. Exosomes represent an optimal
vehicle for drug delivery. Their phospholipid bilayer structure provides
a foundation for drug-delivery liposomes [22]. Furthermore, exosome
drug carriers exhibit tissue-specificity, stability, and an internalization
pathway analogous to that of liposomes, which enables the targeted
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delivery of drugs. It is of significant importance to note that exosomes
inherit the surface components and regulatory molecules of the parental
cells, thereby acquiring the biological properties of the parental cells
[23]. M2 macrophage-derived exosomes (M2-exo) exhibit the same
properties as their parental macrophages, including the ability to home
to sites of inflammation, migrate in response to inflammatory chemo-
taxis, and evade immune responses. These functions are closely associ-
ated with the membrane surface molecules selectin, glycoprotein
ligands, and RGD integrins [24]. Furthermore, evidence indicates that
M2-exo has the biological function of promoting angiogenesis and
osteogenesis while inhibiting bone resorption [25-27]. In conclusion,
we propose the investigation of the feasibility of developing an
M2-ex0-USC-exo delivery system to achieve the synergistic effect of
regional targeting of osteolysis and homeostatic regulation of bone
metabolism.

The construction of membrane fusion-based drug-targeted delivery
systems represents an effective means to achieve specific functions.
Existing studies have focused on the fusion of cell membranes, cell
membrane-encapsulated exosomes, and exosomal liposome fusion. The
fusion of tumor cell membranes with mitochondrial membranes endows
nanoparticles with the capacity to traverse the blood-brain barrier and
target mitochondria of glioma cells, thereby enhancing the biocompat-
ibility and blood circulation time of biomimetic nanomedicine systems
[28]. The utilization of platelet membrane-coated mesenchymal stem
cell exosomes has been demonstrated to enhance the efficiency of exo-
some delivery at atherosclerotic plaques, thereby augmenting the effi-
cacy of the treatment regimen [29]. ROS-responsive exosome-liposome
hybrid nanovesicles have been developed to deliver anti-Alzheimer’s
disease siRNAs synergistically. This is achieved by utilizing the homing
ability of exosomes and the nucleic acid-loading ability of liposomes,
which effectively enhances the accumulation of drugs at the lesion site
[30]. The structural basis for the aforementioned drug delivery systems
is phospholipid bilayers, which collectively facilitate biological func-
tions such as targeted delivery, immune evasion, prolonged circulation,
and are deemed safe for in vivo application. In light of the aforemen-
tioned theoretical and technical foundations and the distinctive carrier
attributes of M2-exo, we put forth a proposal to achieve the targeted
delivery of exosome through the natural targeting of M2-exos to areas of
osteolysis region. This will be accomplished through exosome fusion,
with the two exosomes in the region of osteolysis functioning syner-
gistically to regulate bone metabolism. The fused exosome is anticipated
to serve as a precise and reliable targeted molecular drug for the pre-
vention and treatment of periprosthetic osteolysis.

2. Materials and methods
2.1. Materials

DMEM medium(CYTOCH, Shanghai, China), RPMI 1640medium
(BioChannel Biological Technology Co., Ltd.); Fetal Bovine serum
(Gibco, USA); Exosome-depleted Fetal Bovine serum (Umibio
(Shanghai) Co., Ltd.); Penicillin-Streptomycin Liquid (BDBIO HangZhou
China); Cell Freezing Medium (A401; Witcel, Shanghai, China); Trypsin
(HAKATA); PBS, TBST (ABclonal Technology, WuHan, China); Cell
Plasma Membrane Staining Kit with Dil, DiO, Reactive Oxygen Species
assay kit, 4 %PFA, Alkaline Phophatase Stain Kit (Beyotime, China);
Complete Medium For BMSC Culture Osteogenic Differentiation (Ori-
Cell®, from Cyagen Biosciences(Guangzhou)Inc.); Goat Serum Albumin
(Biodragon, AbBox, China); TRAP Activity Assay, KitModified Sirius Red
Stain Kit (Beijing Solarbio Science & Technology Co., Ltd.); FITC Phal-
loidin, DiR Iodide (Yeasen Biotechnology (Shanghai) Co., Ltd.); BCA
Protein Quantification Kit (Smar-lifesciences, SLR01201); SDS-PAGE
Loading Buffer (Swiss Affinibody LifeScience AG); Titanium nano-
powder (Aladdin, Shanghai); Anti-GAPDH antibody (Abcam, UK), Anti-
CD63 antibody (Abcam, UK), Anti-TSG101 antibody (Abcam, UK), Anti-
Calnexin antibody (Abcam, UK), Anti-colla antibody (Abcam, UK),
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Anti-sp7 antibody (Abcam, UK), Anti-runx2 antibody (Abcam, UK),
Anti-CTSK antibody (Abcam, UK), Anti-NFATc-1 antibody (Abcam, UK),
Anti-TRAP antibody (Abcam, UK), Anti-EMCN antibody (Proteintech,
China), Anti-HIF1a antibody (Abcam, UK), Anti-CD31 antibody (Abcam,
UK), Anti-VEGF antibody (Abcam, UK). Western Quick Block Kit (Gen-
Script Corporation, China); NCM Universal Antibody Diluent (New Cell
& Molecular Biotech); Total RNA Extraction Kit (ACCURATE
BIOTECHNOLOGY(HUNAN) CO., LTD, Changsha, China); HotStart 2X
SYBR Green qPCR Master Mix (APEXbio, USA); Transwell system (NEST
Biotechnology, China); Corning® Matrigel® (Corning, USA), confocal
culture dish (SAINING Biotechnology).

2.2. Study approval

The collection of urine samples and their use for scientific research
was approved by Clinical Reserch Ethics Committee of the First Affili-
ated Hospital of Zhejiang University School of Medicine (No.
11T20230385B-R1). Animal experimentation procedures adhered
strictly to protocols approved by the Experimental Animal Ethics Com-
mittee of the First Affiliated Hospital of Zhejiang University School of
Medicine (2023 No. 1394), and all experimental animals were kept
under SPF conditions during the experiments.

2.3. Cell lines and conditions

Human USC: isolation of human USC, culture, and extraction of USC-
exo are described in detail in our previous study [31].

Human bone marrow-derived macrophages (BMDM) and M2 polar-
ization induction: We used previously reported methods to isolate bone
marrow mononuclear cells [32], and RPMI 1640 medium (BioChannel
Biological Technology Co., Ltd.) containing M-CSF (20 ng/mL) was used
to induce BMDM maturation, then IL-4 (20 ng/mL) & IL-13 (10 ng/mL)
was applied to induce M2 polarization. Flow cytometry was used to
characterize the altered CD206 expression after BMDM induction.

RAW264.7 cells: The RAW264.7 cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in DMEM medium with 10 % FBS (UmediumHeFei China).

Mouse Bone marrow-derived mesenchymal stem cells (BMSC): BMSC
were isolated using previously reported methods, and BMSC were
cultured in the DMEM complete medium [33].

HUVEC: HUVEC cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in complete
DMEM with 10 % FBS (Inner Mongolia Opcel Biotechnology Co., Ltd).

2.4. Flow cytometry identification of M2 macrophage and USC

Cells were harvested and stained with antibodies specific to the M2
macrophage marker (CD68 CD206) and USC markers (CD34, CDA45,
CD73, CD90), cells were incubated with the respective primary anti-
bodies for 30 min at 4 °C, followed by incubation with appropriate
fluorochrome-conjugated secondary antibodies. The cells were analyzed
using a flow cytometry (Challenbio, China), and data were processed
with FlowJo software.

2.5. Exosome isolation

We used differential centrifugation to collect exosomes, and all steps
of exosome isolation were performed at 4 °C. Exosome-free complete
medium was used to culture M2 macrophages and USC. After reaching a
confluence of 80 %, the conditioned medium was collected and filtered
through a 0.22 pm filter (Guangzhou Jet Bio-Filtration Co., Ltd.) to
remove cells and debris. Exosomes were isolated using differential ul-
tracentrifugation. Briefly, the conditioned medium was first centrifuged
at 500xg for 10 min to remove dead cells, followed by a 2000 x g spin for
20 min to eliminate larger debris. The supernatant was then subjected to
ultracentrifugation at 100,000xg for 90 min at 4 °C. The resulting
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exosome pellet was resuspended in PBS and stored at —80 °C for sub-
sequent use.

2.6. Preparation of f-exo

The BCA Protein Quantification Kit is used to determine the protein
concentration in exosomes. M2-exo was mixed with USC-exo and sub-
jected to ultrasonic membrane fusion using a SCIENTZ-IID Ultrasonic
Homogenizer (Ningbo Scientz Biotechnology Co., Ltd, China.) for 3 min.
This was followed by repeated co-extrusion with the polycarbonate
membrane of the liposome extruder (100 nm, 50 nm), forming the f-exo.

2.7. Transmission electron microscopy (TEM)

f-exo morphology was analyzed by TEM. 10 pL f-exo was placed onto
a carbon-coated copper grid and allowed to adsorb for 15 min. The grid
was then stained with 2 % phosphotungstic acid for 5 min to enhance
contrast. After drying, the grid was examined under a TEM at 80 kV.
Images were captured to observe the typical cup-shaped morphology of
exosomes.

2.8. Nanoparticle tracking analysis (NTA)

The size distribution and concentration of exosomes were deter-
mined by NTA. A diluted f-exo sample was introduced into the NTA
system, and video recordings were taken to track the Brownian motion
of individual particles. The data were analyzed using NTA software to
determine the mean particle size and concentration of f-exo.

2.9. Nano flow cytometry

Flow cytometry (VSSC mode) was used to analyze the efficiency of
fusion preparation of f-exo by fusion of M2-exo and USC-exo with
different protein ratios. Cell membrane fluorescent dyes Dil and DiO
working solutions were prepared to label M2-exo and USC-exo,
respectively, and 100 kDa ultrafiltration tubes were used to remove
excess fluorescent dyes. A liposome extruder was used to prepare f-exo
with different protein ratios (M2-exo: USC-exo = 3:1, 2:1, 1:1, 1:2, 1:3),
and the acquisition parameters PE-Dil and FITC-DiO were set to calcu-
late the ratio of PE and FITC double positivity (f-exo ratio).

2.10. FRET

The fusion of M2-exo with USC-exo was verified by FRET assay.
Briefly, M2-exo was labeled with DiO (FRET donor) and Dil (FRET
acceptor), and then M2-exo was simply mixed with USC-exo or f-exo was
prepared, and the fluorescence spectra of mixed exosome versus f-exo
were analyzed by multifunctional zymography. The fluorescence re-
covery at 534 nm was observed with the FRET signal attenuation at 583
nm to indicate the intercalation of the two exosomes, and the average
decrease in FRET efficiency of mixed exo was compared with that of f-
exo.

2.11. Western blotting analysis

Exosomes or cell samples were lysed by RIPA, and the concentration
of each sample was calculated according to the BCA protein quantifi-
cation results. The volume of the sample in each well was calculated
according to the amount of 20 pg of protein per well. Electrophoresis
was accomplished by using a 10 % sodium dodecyl sulfate poly-
acrylamide gel electrophoresis preparation kit (Shandong Sparkjade
Biotechnology Co., Ltd.) and Tris-Gly running buffer. The PVDF mem-
brane was wetted and activated in methanol and then equilibrated in the
transfer solution for at least 5 min. The transfer current was set to a
constant current, 400 mA, for 20 min. The membrane was blocked by
Western Quick Block Kit (GenScript) on a room temperature shaker for
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10-20 min, washed with TBST, and then incubated with diluted primary
antibody overnight at 4 °C. The membrane was then washed with TBST,
then incubated with diluted corresponding secondary antibody for 1 h at
room temperature. After washing with TBST, the expression of the target
proteins was detected using the ECL Prime Western Blotting System
(Absin). The quantification of the proteins was performed using Image
Lab software.

2.12. Colocalization analysis

The RAW264.7 cells were cultured until they reached 70 % density,
and 2 x 10* RAW264.7 cells were seeded into confocal dishes and
placed in the incubator overnight. The working solution of lipophilic dye
DiO and Dil was prepared according to the instructions. The lipophilic
dye Dil was used to label the M2-exo, and the lipophilic dye DiO was
used to label the USC-exo. The incubation was performed at room
temperature and protected from light for 30 min. Then the exosomes
were transferred to 0.5 mL ultrafiltration tubes (100 kDa), subjected to
centrifugation at 4 °C and 10,000 rpm for 10 min, and the ultrafiltrate
was washed with PBS and then subjected to another round of centrifu-
gation. M2-exo was briefly mixed with USC-exo, or f-exo was prepared.
100 pg of the mixed exo or f-exo was introduced to RAW264.7 cells
respectively, and incubated for 4 h in a cell culture incubator, protected
from light. The medium was then discarded, the cells were washed with
PBS, and they were fixed with 4 % PFA for 10 min. The cells were
subsequently washed with PBS and incubated with DAPI solution for 10
min. Subsequently, the cells were washed with PBS, and the antifading
mounting medium was added. The localization between the green DiO
signals (USC-exo) the red Dil signals (M2-exo) and the blue DAPI signals
(cell nucleus) was observed under a laser scanning confocal microscope.
The localization between the signal (nucleus)

2.13. Osteoblast differentiation

The P1 BMSCs were inoculated into the corresponding well plates
and cultured overnight. The cells were then induced to differentiate into
osteoblasts using the osteogenic differentiation medium. The experi-
mental group was treated with M2-exo, USC-exo (100 pg/mL), or a
combination of both. Furthermore, f-exo interventions were conducted
on the original basis. ALP staining, ARS staining, and Sirius red staining
were employed to analyze the osteogenic differentiation of the BMSCs.
Additionally, immunofluorescence and Western blotting were utilized to
analyze the expression levels of proteins related to osteoblast differen-
tiation. The osteogenic differentiation of BMSCs was analyzed through
ALP staining, ARS staining, and Sirius red staining. Moreover, the
expression level of osteoblast differentiation-related proteins was
analyzed through immunofluorescence and Western blotting.

2.14. Osteoclast differentiation

BMDM were inoculated into the corresponding well plates and
cultured overnight. Osteoclasts were induced to differentiate with the
complete medium containing 100 ng/mL RANKL (CatC28A; Novopro-
tein, Shanghai, China). The experimental group was treated with M2-
exo, USC-exo (100 pg/mL), mixed exo, and f-exo. To gain further
insight, TRAP staining was employed to assess the number and area of
osteoclasts, while f-exo staining was utilized to evaluate the arrange-
ment of the podosome in these cells. Additionally, qPCR and Western
blotting were conducted to analyze the expression levels of genes and
proteins associated with osteoclast differentiation. The number and area
of osteoclasts were analyzed through TRAP staining, while f-actin
staining was employed to assess the arrangement of the podosome of
osteoclasts. Additionally, qPCR and Western blotting were utilized to
analyze the expression levels of genes and proteins related to osteoclast
differentiation.

174

Bioactive Materials 50 (2025) 171-188
2.15. Real-time gPCR

Total RNA was extracted from treated samples using the Total RNA
Extraction Kit, and ¢cDNA was synthesized using the Reverse Tran-
scriptase Kit(GeneCopoeia). Real-time qPCR was conducted on a CFX
Connect Real-Time System with HotStart 2X SYBR Green qPCR Master
Mix, by the manufacturer’s instructions. Primers were designed to target
specific genes, and glyceraldehyde-3-phosphate dehydrogenase (Actin)
was employed as an internal reference gene for data normalization. The
2-AACt method was employed to calculate the relative expression levels
of the target genes, thereby assessing the impact of fused exosomes (f-
exo) on the expression of the pertinent genes.

2.16. Wound healing assay

HUEVGs in the logarithmic growth phase were taken and inoculated
in 6-well plates at a density of 1 x 10° cells/well, and three biological
replicates were set up for each group. The cells were incubated at 37 °C
under 5 % CO- until the cell fusion reached about 90 %. Subsequently, a
sterile 10 pL pipette tip was employed to create a "cross-shaped" scratch
in the center of each well along a pre-marked straight line. The wells
were then washed with PBS to remove any cellular debris that may have
accumulated around the edges of the scratches. The cells were subse-
quently treated with the culture medium containing 1 % fetal bovine
serum (Inner Mongolia Wanrui Biotechnology Co., Ltd.) and varying
types of exosomes. Images of the scratches were captured using an
inverted microscope, with 0 h marking the commencement of the
experiment. The cells were returned to the incubator to resume incu-
bation, with subsequent scratch images obtained after 12 and 24 h,
respectively. The impact of exosomes on the migratory capacity of the
cells was evaluated by quantifying the change in the scratch area of each
group of cells using ImageJ software.

2.17. Transwell assay

The HUEVCs were subjected to a 12-h starvation period. The cells
were then resuspended using serum-free DMEM medium, and the cell
density was adjusted to 6 x 10° cells/mL. A total of 200 L of cell sus-
pension, containing approximately 1.2 x 10° cells, was added to the
Transwell insert. The lower chamber was supplemented with 600 pL of
complete medium containing the corresponding treatments, which were
allocated to the following groupings: control group, M2-exo group, USC-
exo group, mixed exo group, and f-exo group. The samples were incu-
bated for 24 h at 37 °C with 5 % CO,. Following the incubation period,
the Transwell was washed twice with PBS. Subsequently, 4 % PFA was
added to the device for 15-20 min to facilitate cell fixation. The cells
were then washed a second time with PBS to remove any residual PFA.
Subsequently, 400 pL of 1 % crystal violet solution was added to stain
the migrating cells for 30 min. Once the staining process was complete,
the Transwell chambers were washed three times with water to remove
any residual dye. The upper surface of the chambers was then gently
wiped with a moistened cotton swab to remove any non-migrated cells.
The chambers were subsequently transferred to an area with adequate
ventilation to facilitate the natural drying process. Subsequently, the
number of migrated cells was quantified through microscopic observa-
tion, with five randomly selected fields of view counted and subjected to
statistical analysis.

2.18. Tube formation assay

Before the commencement of the experiment, all the requisite items
were pre-cooled in a refrigerator set at —20 °C, and the entire experi-
ment was conducted on ice. The Matrigel should be thawed on ice
overnight. Thereafter, 100 pL of Matrigel gel should be added to the
wells of a 48-well plate, ensuring that it is evenly distributed at the
bottom of the wells to prevent the formation of air bubbles. The plate
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was stored in a refrigerator set at 4 °C for 2 h, to achieve the flattest
possible surface for the gel. Subsequently, the plates were transferred to
an incubator maintained at 37 °C to facilitate the solidification of the
gel. Following digestion, centrifugation, and resuspension, HUEVCs
were inoculated into the wells lined with Matrigel glue at a density of 4
x 10* cells per well. The complete medium containing each group of
exosomes was then added for intervention. The wells were incubated in
an incubator at 37 °C, and the aggregation of HUEVCs on Matrigel glue
was observed at 4 h, 6 h, and 8 h after cell inoculation. Images were
collected at the appropriate time points using a light microscope. A
Calcein-AM fluorescent staining solution was prepared for the staining
of live cells, and images were acquired. The images were then analyzed
using ImageJ software, with the lumen formation parameters quantified
in three randomly selected regions.

2.19. Calvarial osteolysis models

8-10 week-old male C57BL/6J mice were selected as experimental
subjects and were rendered unconscious through the administration of
sodium pentobarbital (50 mg/kg) via intraperitoneal injection. During
the surgical procedure, the mice were maintained at a constant body
temperature and an appropriate depth of anesthesia. The scalp was
incised along the midline to expose the skull bilaterally. The periosteum
on the surface of the skull was meticulously removed to prevent injury to
the subcutaneous tissue. Thirty milligrams of titanium abrasion particles
(Thermo Fisher Scientific Inc., USA) were strategically positioned on the
cranial surface, ensuring uniform distribution to simulate the process of
osteolysis. Subsequently, the wound was meticulously closed using 4-
0 Prolene sutures to guarantee optimal wound closure. Appropriate
antibiotics were administered postoperatively to prevent infection, and
the mice were closely monitored to ensure successful recovery.

2.20. In vivo imaging system

C57BL/6J male mice of 8-10 weeks of age were selected as experi-
mental subjects, and a titanium-induced mouse cranial osteolysis model
was established. Following the establishment of the model, a single dose
of DiR-labeled USC-exo, mixed exo, M2-exo, and f-exo (200 pg) was
administered via the tail vein. Subsequently, fluorescence images were
acquired using IVIS at 12 h, 24 h, 36 h, 48 h, and 60 h, and the fluo-
rescence intensity in the cranial region was analyzed. Subsequently, the
mice were euthanized at the 60-h mark, and the cranium and major
organs were excised. The distribution of f-exo in the cranium and other
major organs was then subjected to further analysis to assess its tar-
geting and distribution properties in vivo.

2.21. Micro-CT analysis

The mouse skulls were removed and fixed, and the processed skulls
were scanned in three dimensions using micro-CT with the scanning
parameters set at 50 kV, 500 pA, and a resolution of 6.5 pm. The
microstructure of the skulls was discernible upon reconstruction of
three-dimensional images derived from the acquired data. Subse-
quently, the reconstructed images were subjected to quantitative anal-
ysis using specialized software, including the measurement of the ratio
of bone surface (BS) to bone volume (BV), the ratio of BV to total volume
(TV), and the total porosity.

2.22. HK&E staining and histomorphometric analysis

The cranial samples of the mice were fixed in 4 % paraformaldehyde
for 24 h, after which decalcification was initiated by immersing the
samples in 0.5 M EDTA (pH 7.2) for one week. Following the completion
of decalcification, the samples were subjected to a series of concentra-
tion gradients of ethanol for dehydration. They were then immersed in
xylene for clearing and finally embedded in paraffin, resulting in the

175

Bioactive Materials 50 (2025) 171-188

production of 5 pm thick sections. The sections were then subjected to a
staining procedure involving the use of hematoxylin, followed by a
differentiation step utilizing hydrochloric alcohol to enhance the
contrast of the nuclei. This was subsequently followed by a countering
process with ammonia, which served to restore the natural tone of the
cytoplasm. Finally, the sections were restained with eosin, which served
to emphasize the cytoplasmic structures. The sections were then blocked
using neutral gum. The morphological alterations in the tissues were
evaluated through digital scanning of the sections.

2.23. Immunofluorescent staining

Paraffin-embedded sections were first deparaffinized with xylene
and rehydrated by gradient alcohol solution. The appropriate antigen
repair solution was selected according to the instructions of the primary
antibody and heat-induced antigen repair was performed using an
autoclave. The nonspecific binding sites were closed with 5 % bovine
serum albumin for 1 h at room temperature. Sections were subsequently
co-incubated with primary antibodies overnight at 4 °C. After returning
to room temperature the following day, the sections were incubated
with the corresponding fluorescently labeled secondary antibodies for 1
h at room temperature, and finally, the nuclei were restained with DAPI.
After sealing the sections, they were observed using a fluorescence mi-
croscope and recorded images were taken. Positive signal area and in-
tensity analysis was then done by ImageJ software.

2.24. Exosome protomeric analysis instrument and conditions

Each component underwent separation using the nanoElute liquid
chromatography system by Bruker. Mobile phase A consisted of a 0.1 %
formic acid solution in water, while mobile phase B contained 0.1 %
formic acid in acetonitrile. The gradient elution conditions were as
follows: 0-45 min, 2-22 % B; 45-50 min, 22-37 % B; 50-55 min, 37-80
% B; 55-60 min, 80 %. Subsequent to chromatographic separation by
the ultra-high-performance liquid chromatography system, the peptides
were injected into the timsTOF Pro mass spectrometer manufactured by
Bruker for analysis. The mass spectrometry parameters were set as fol-
lows: the capillary voltage was maintained at 1500V, with primary and
secondary scan ranges spanning from 100 to 1700 m/z, and ion mobility
windows (1/K0) ranging from 0.7 to 1.3 Vs/cm2. For processing the
original DIA data, the Spectronaut Pulsar software was employed with
fixed Carbamidomethyl © modification, variable Oxidation (M), and
Acetyl (N-term) modifications, allowing for a maximum of 2 missed
cleavage sites. Differential protein analysis entailed the assessment of
Biological Processes (BP), Cellular Components (CC), and Molecular
Functions (MF) utilizing the Gene Ontology (GO) database. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was employed to
investigate the primary pathways related to differentially expressed
proteins. Furthermore, the protein-protein interaction (PPI) analysis was
based on the STRING database, leading to the development of a differ-
ential protein interaction network.

2.25. Statistical analysis

To ensure the reliability of the results, all in vitro experimental data
in this study were independently repeated three times, and in vivo
experimental data were independently repeated five times. The experi-
mental data were presented as mean =+ standard deviation and subjected
to statistical analysis using GraphPad Prism 9, ImageJ, and Image Lab
software. A one-way analysis of variance (ANOVA) was employed to
make multiple group comparisons. A statistical significance level of P <
0.05 was employed, with the symbols "ns" (non-significant) and "*P <
0.05" (P < 0.05) and "**P < 0.01" (P < 0.01) used to denote the degree of
significance. The symbols "***P < 0.001" were employed to distinguish
between the various levels of statistical significance.
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3. Result
3.1. Preparation and characterization of f-exo

Exosomes are a highly promising class of drug delivery vehicles and
therapeutic tools, exhibiting unique biological properties that make
them well-suited for a range of applications. In this study, we developed
an innovative exosome-targeted delivery method, namely the con-
struction of M2-exo and USC-exo fused exosomes (f-exo), for targeted
delivery of therapeutic exosomes to the periprosthetic osteolysis region.
To prepare f-exo, we cultured and identified M2 macrophages and USC
(Figs. S1A and B) to collect culture supernatants of M2 macrophages and
USC, then isolated exosomes using ultracentrifugation. The fusion effi-
ciency of f-exo prepared with different initial ratios of M2-exo/USC-exo
was first explored. By labeling M2-exo with Dil and USC-exo with DiO, it
was determined that the percentage of double-positive particles was
significantly higher in the fusion sample f-exo than in the mixed sample
mixed exo, as evidenced by nano flow cytometry (Fig. 1A). It is note-
worthy that the highest percentage of double positives was observed at
an initial ratio of 1:1 M2-exo/USC-exo (Fig. 1B). Furthermore, the fusion
of M2-exo/USC-exo was verified by FRET assay (Fig. 1C). Transmission
electron microscopy (TEM) observations revealed that the exosomes

Bioactive Materials 50 (2025) 171-188

exhibited a typical tea-saucer-like vesicle morphology, whereas the f-
exo displayed a well-structured and intact disk-like vesicle (Fig. 1D).
Western blotting analysis demonstrated the presence of the exosome
signature proteins CD63 and TSG101 in M2-exo, USC-exo, and f-exo,
while the endoplasmic reticulum protein Calnexin was not expressed
(Fig. 1E). The Coomassie Brilliant Blue staining demonstrated that f-exo
exhibited protein expression profiles analogous to those of both M2-exo
and USC-exo (Fig. S1). This finding suggests that the protein composi-
tion of the two exosomes was preserved during the preparation of f-exo.
Meanwhile, protein extracted from M2-exo, USC-exo, and f-exo to map
the proteomic landscape. Gene Ontology (GO) classifications of three
groups associated with cellular components were characterized to
clarify these sources of protein, which indicated all three groups of
proteins were derived from exosomes (Fig. 1F-S5B). At the same time,
all the detected proteins were analyzed using a venn diagram, and it was
found that almost all the proteins in the f-exo group were derived from
both M2-exo, and USC-exo, which demonstrated that f-exo was able to
retain proteins from both M2-exo and USC-exo sources (Fig. 1G). To test
the physiological stability of f-exo, we examined the zeta potential of f-
exo stored at —80 for different times, and the results showed that f-exo
was still able to maintain stability after 90 days of storage (Fig. 1H). The
average particle size of M2-exo and USC-exo was found to be within the
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range of 100-130 nm, as determined by nanoparticle tracking analysis.
In contrast, f-exo prepared by liposome extrusion exhibited a more ho-
mogeneous particle size of approximately 54 nm (Fig. 1I). This finding
suggests that the fusion-prepared f-exo retained the typical exosome
properties (Fig. 1I). The cellular localization of f-exo was observed using
laser scanning confocal microscopy. f-exo was prepared by fusion of Dil-
M2-exo and DiO-USC-exo or simply mixed and then co-incubated with
RAW264.7 cells. The confocal images demonstrated that the green and
red signals were separated in the mixed exo group, whereas the fluo-
rescent signals exhibited co-localization in the f-exo group (Fig. 1J and
K).

This finding suggests that the f-exo was capable of entering the cells
with high efficiency and exhibited good co-localization within the cells.
In conclusion, the fused exosome f-exo of M2-exo and USC-exo was
successfully prepared by ultrasound in conjunction with a liposome
extruder, and the protein composition of both exosomes was preserved.

3.2. Regulation of bone metabolic homeostasis by f-exo in vitro

To investigate the effect of f-exo on osteogenic differentiation of
BMSCs, this study assessed ALP expression, calcium nodule formation,
and collagen production during osteogenic differentiation using alkaline
phosphatase (ALP) staining, alizarin red S (ARS) staining, and Sirius red
staining (Fig. 2A). The results showed that both M2-exo and USC-exo
enhanced ALP expression, calcium nodule formation, and collagen
production during osteogenic induction. The mixed exo and f-exo
treatment groups exhibited a more pronounced promotion. A quantita-
tive analysis corroborated the intergroup differences in the absorbance
of the eluate after ARS staining and Sirius red staining, which were
consistent with the aforementioned staining results (Fig. 2E and F).
Furthermore, the intracellular collagen production following exosome
treatment was corroborated by immunofluorescence staining of collagen
la (Colla) and quantitative analysis of fluorescence intensity
(Fig. 2B-D). Both M2-exo and USC-exo facilitated the production of type
I collagen to a certain extent during osteogenic induction of BMSCs,
whereas mixed exo and f-exo promoted more significant collagen pro-
duction. Western blotting was employed to ascertain the expression
levels of the pivotal transcription factors RUNX2 and sp7 proteins
throughout the osteogenic differentiation process. The quantitative
analysis revealed that the mixed exo and f-exo groups exhibited elevated
expression levels of RUNX2 and sp7 in comparison to the M2-exo or
USC-exo groups (Fig. 2C-G, H). In conclusion, f-exo markedly enhanced
the differentiation of BMSCs into osteoblasts.

To further evaluate the effect of f-exo on exogenous RANKL-induced
osteoclastic differentiation of macrophages, a series of assays were
conducted, including tartrate-resistant acid phosphatase (TRAP) stain-
ing and activity assay, fluorescent staining, and flow cytometry for
reactive oxygen species (ROS), and f-actin/DAPI staining. These assays
were employed to assess the formation of osteoclasts, the generation of
ROS, and the arrangement of the osteoclast podosome. The TRAP
staining and activity assay with subsequent quantitative analysis
demonstrated that the combination of exo and f-exo markedly dimin-
ished the number of TRAP-positive osteoclasts (Fig. 3A-C). Osteoclasts
induced by RANKL exhibited F-actin arranged in dense podosome belts,
whereas mixed exo and f-exo-treated osteoclasts displayed a more
dispersed podosome structure (Fig. 3D). The ROS fluorescence intensity
detected by fluorescent microscopy and flow cytometry was markedly
diminished in the mixed exo and f-exo groups relative to the M2-exo or
USC-exo groups, indicating that mixed exo and f-exo were capable of
substantially impeding the signaling processes associated with osteo-
clast differentiation. (Fig. 3E-G). The expression levels of key genes and
proteins during osteoclast differentiation were further analyzed. The
Western blotting results indicated that mixed exo and f-exo significantly
inhibited the expression levels of NFATC-1, TRAP, and CTSK protein
(Fig. 3H-I). Additionally, the qPCR assay demonstrated that mixed exo
and f-exo significantly down-regulated the expression levels of MMP9,
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OSCAR, and NFATC-1 mRNA (Fig. 3J). Notably, the effects were more
pronounced than those observed in the exosome alone group. The
aforementioned results demonstrated that f-exo exerted an inhibitory
effect on osteoclast differentiation, maturation, and function of both M2-
exo and USC-exo. Further investigation is required to elucidate the
impact of f-exo on angiogenesis. To initially assess the impact of f-exo on
the migratory capacity of HUEVCs, we employed a cell scratch assay and
Transwell migration assay. As illustrated in Fig. 4A, following 12 h of
scratching, the scratch healing was more pronounced in the M2-exo and
USC-exo groups relative to the control group. Conversely, the scratch
healing was more substantial in the mixed exo and f-exo groups. At 24 h,
the scratches in the mixed exo and f-exo groups exhibited complete
healing, whereas the scratches in the M2-exo and USC-exo groups
demonstrated partial healing, with the wounds narrowing but not fully
closing (Fig. 4B and C). The results of the Transwell migration assay and
quantitative analysis (Fig. 4D and E) demonstrated that mixed exo and f-
exo were capable of significantly enhancing the migration ability of
HUEVCs, with a more pronounced effect than that observed in the M2-
exo and USC-exo groups. In light of the aforementioned results, we
sought to further investigate the impact of f-exo on the tubule formation
capacity of HUEVCs. Following an 8-h incubation period, the mixed exo
and f-exo groups exhibited enhanced tubule formation, while the M2-
exo and USC-exo groups demonstrated cell aggregation and protrud-
ing pseudopods, albeit with less pronounced tube formation (Fig. 4F).
The quantitative analysis of the number of branches (Fig. 4G) and loops
(Fig. 4H) formed by the tubules of HUEVCs using Image J software
provided further confirmation of the trend observed under the micro-
scope (P < 0.05). The results of the Western blotting experiments and
quantitative analysis (Fig. 4 and J) demonstrated that the mixed exo
and f-exo groups significantly enhanced the expression of angiogenesis-
related proteins CD31, EMCN, VEGF, and HIFla. Therefore, it can be
concluded that f-exo demonstrated a greater capacity to stimulate
angiogenesis in HUEVCs.

3.3. Targeting of f-exo to areas of periprosthetic osteolysis

To evaluate the capacity of f-exo to target the periprosthetic osteo-
lytic region in vivo, a Ti particle-induced cranial osteolysis model in
mice was employed in this study. The distribution of exosomes in vivo
was monitored by labeling f-exo with DiR, a cell membrane fluorescent
dye, and by conducting in vivo fluorescence imaging with the aid of
IVIS. As illustrated in Fig. 5A and E, fluorescence images were obtained
at various time points (12 h, 24 h, 36 h, 48 h, and 60 h) following the tail
vein injection, and the fluorescence intensity of the cranial region was
quantified. The DiR group was employed as a negative control to exclude
the fluorescence effect of the dye itself. The USC-exo group exhibited a
diminished fluorescence signal in the osteolysis region. At 36 h, the
fluorescence intensity of the f-exo and M2-exo groups exhibited a
marked increase, reaching threefold (P < 0.05) that of the USC-exo
group and 2.5 times (P < 0.05) that of the mixed exo group, respec-
tively. This suggests that f-exo significantly enhanced the aggregation of
USC-exo in the region of osteolysis, compared with simple mixing.
Following a 60-h observation period, the mice were euthanized, and the
skull slices were removed for direct observation of the fluorescence in-
tensity in the osteolysis region and quantitative analysis (Fig. 5B-F). The
results of the in vivo fluorescence imaging was consistent with those of
the exosome analysis, indicating that the fluorescence intensity of the f-
exo and M2-exo groups in the region of osteolysis was approximately
five times higher than that of the USC-exo group and 2.5 times higher
than that of the mixed exo group, respectively (P < 0.05). Further
analysis of the distribution of f-exo in major organs revealed the pres-
ence of higher f-exo and M2-exo fluorescence signals in the liver and
spleen, indicating that f-exo and M2-exo decreased the clearance rate of
exosomes alone and prolonged their circulation time in vivo (Fig. 5C-G).
These findings demonstrate that f-exo exhibits the same regional tar-
geting and prolonged circulation as M2-exo, effectively prolonging the
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exogenously applied exosomes’ circulation time in vivo. Meanwhile, we
investigated the in vivo distribution of f-exo in calvarial osteolysis model
mice by intravenous injection of DiR-labeled f-exo, and performed ivis
organ and calvaria imaging at 5, 12, 24, 36, 48, 60, 120, and 168 h,
respectively. As illustrated in Figure D, H, and I, the results demon-
strated that the fluorescence signal of f-exo in the skull attained its
maximum level at the 36th hour and subsequently decreased over time,
reaching a nadir of 1/4 of the initial value after 168 h. In contrast, the
fluorescence signals in the blood sinusoid-rich organs, such as the liver
and the spleen, remained at a higher level throughout the 168-h period.
This provides a foundation for the treatment of periprosthetic osteolytic
diseases.

3.4. Effect of f-exo against periprosthetic osteolysis in vivo

Finally, we investigated the impact of f-exo on periprosthetic
osteolysis in vivo. Histological examination of major organs using the
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H&E staining method and mouse blood biochemical assay confirmed the
safety of f-exo in vivo (Figs. S2A and B). Micro-CT results (Fig. 6A)
revealed a significant effect of f-exo in the treatment of osteolysis. In
comparison to the sham group, the Ti particles group exhibited notable
osteolysis alterations in Micro-CT 3D reconstruction images, as indi-
cated by a considerable reduction in BV/TV and a notable increase in
BS/BV and total porosity. Despite the USC-exo group demonstrating
superior bone metabolism modulation effects in vitro, it was unable to
impede the osteolysis process in vivo due to the absence of specific
targeting effects. In contrast, the M2-exo group demonstrated a certain
degree of alleviation of the osteolysis phenomenon. This outcome may
be attributed to the effective targeting of the osteolysis region by M2-
exo. It is noteworthy that the simple mixing of M2-exo and USC-exo
did not yield comparable results. In contrast, the f-exo group demon-
strated precise targeting and a significant inhibitory effect on osteolysis,
exhibiting a significantly higher BV/TV than the M2-exo and USC-exo
groups. Conversely, the BS/BV and total porosity were significantly



T. Ma et al.

A

CD31

EMCN

VEGF

HIF1a

GAPDH

Control

——

-

mixed exo

w
=
=3
=]

1

12 h Relative
<
=]
1

Migration Rate (%)
3
1
[+ | *
*
-
2

Bioactive Materials 50 (2025) 171-188

T T
o o o o
0&( ‘VW+ (;'0+ 6°+ ﬁ'i-
< Vg
C *x NS
100 ns
ol *
S
2 c
& 5 80
£5
3§
=
60-
>
& & éw*o P
& ¥
N
E 200- * kK ——
°
K]
£ 150 ns
@
Q
2 *kok
8 100+
T
2
€ 50
2
=
o
> o o ) o
&£ &°
& g5 e et (4
& &g
H ns
8+ P p—
*okk
130 kDa — s
‘5 T 4 53 6 Aok k
58 22
g% ns Ex
E § 34 2 8 4 .
3
= *ok E §
110 kDa 25 2T &3
® < T — 2]
o S o
¥ a 1
95 kDa
o_
S 4° © o
> © © © © & g g ¢ &
& o & °b°+ & S EFE S
R R T
&
43 kDa J ns * (Control = M2-exo
*okok s+ USCexo * fexo
s 6 v mixed exo
S KKK g, %
[} ns - ns ns
o 4 —_— kK bl —
a * —_— * %k * %k
110 kDa X e — —
s 27 — nEn e H = e (=)
S 4 ** ns ns
° —_ ns
S 1.2+ — ns
s —
37 kDa 2 1.0
K]
[ -
o 0.8
T T T T
CcD31 EMCN VEGF HIF1-a
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lower than those of the M2-exo and USC-exo groups (Fig. 6B, C, D).
As illustrated in Fig. 7A, the H&E staining revealed a notable infil-
tration of inflammatory cells in the cranial region where Ti particles had
induced an inflammatory response. This infiltration resulted in struc-
tural alterations to the normal bone tissue, accompanied by an increase
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in the thickness of the inflammatory periosteum. However, following the
f-exo intervention, there was a restoration of bone tissue morphology
and a significant reduction in the level of inflammation. Fig. 7F illus-
trates the quantitative analysis of periosteal thickness, which corrobo-
rates the observations made through H&E staining. The role of f-exo in
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Fig. 5. Targeting of f-exo to areas of periprosthetic osteolysis (A, E) The IVIS images and quantification of fluorescent intensity of the DiR labeled exo in 12h,
24h, 36h, 48h, and 60h. (B) The exosome distribution of the calvaria region and (C) major organ of the mouse, and (F, G) their quantification of fluorescent intensity.
(D) The f-exo distribution of the calvaria region and major organ of the mouse in 5h 12h, 24h, 36h, 48h, 60h, 120h, and 168h (H, I) their quantification of fluorescent
intensity. (The data in the figures represent the averages + SD, n = 3 samples per group, *P < 0.05, **P < 0.01, ***P < 0.001).

inhibiting osteoclast formation in the region of Ti particle-induced
osteolysis, thereby reducing bone resorption activity, was further
confirmed by TRAP staining (Fig. 7B). Fig. 7E illustrates the quantitative
analysis results of the TRAP-positive regions, thereby corroborating the
pronounced ameliorative impact of the f-exo group, particularly in the
context of osteoclast activity inhibition. To evaluate the impact of f-exo
on the osteogenic and angiogenic potential of the osteolysis region, we
conducted an immunofluorescence analysis. The findings revealed that
f-exo markedly enhanced the expression of CD31 and EMCN, H-vessel-
related proteins (Fig. 7C). H-vessels are specialized vascular structures
that play a pivotal role in bone tissue repair and regeneration.
Furthermore, OCN immunofluorescence staining (Fig. 7D) demon-
strated that f-exo elevated the expression of OCN, an osteogenic
differentiation-related protein. This suggests that f-exo was capable of
promoting osteogenesis. Fig. 7G presents the quantitative analysis of the
intensity of the three fluorescent stainings, thereby confirming the
positive effect of f-exo in promoting osteogenic and angiogenic activ-
ities. In conclusion, the results demonstrate that f-exo possesses a
distinctive capacity to address periprosthetic osteolysis in vivo by
regulating bone metabolic homeostasis.
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3.5. Potential mechanism of f-exo in targeting-regulation of bone
metabolic homeostasis through proteomic analysis

To explore the potential mechanism of f-exo in the targeting-
regulation of bone metabolic homeostasis, we performed proteomic
analysis of M2-exo, USC-exo, and f-exo. The quality control results show
that 4284 peptides were found in all samples, and most of the peptides
contained 7-20 amino acids (Fig. S3A). The PCA diagram indicated good
repeatability (Fig. S3B). There were 1096, 966, and 1083 proteins in the
M2-exo, USC-exo and f-exo, respectively (Fig. S3C).

Gene Ontology (GO) analysis of three groups of detected proteins in
the biological process (BP), and molecular function (MF) category
revealed possible biological functions of these exosomes. These analyses
suggest that f-exo carries a large number of proteins related to cell
adhesion and integrins, which may be related to its mechanism of tar-
geting osteolytic region; meanwhile, f-exo carries a large number of
proteins related to the promotion of angiogenesis, cell migration, and
the promotion of osteogenesis (Fig. 8A and B). The function of detected
proteins was analyzed with the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway. The f-exo plays a role in the regulation of bone



T. Ma et al.

Bioactive Materials 50 (2025) 171-188

USC-exo _

Sy

mixed exo

B C D s
kR — —
100 250 —— ****** 100  ¥k* * % %
Kok ok l} e
80- ?_ % %k %k . 20- = 4k ok %k ;\? 80 h % % %k
= FRk pe € >
< 607 —_ E 15- G 60-
E *% g o]
@ 407 = - @ 10+ & 40-
2 | 5
5
20 hl 5 ﬁ 2 20
’ o e o . . 0 - 0 e
A R N N ¥ > O o0 0 .0 ) o O O o
§F S & & & 2 & S F &S
R 32 2 ,g(.u \gb & 2 6.,(,- & e
N é\* NS &
L | 1 1 L ]
Ti Ti Ti
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metabolic homeostasis by modulating various metabolic functions and
acting on different signaling pathways such as ECM receptor, HIF-1, and
PI3K-Akt (Fig. 8C and D). Both GO and KEGG analysis reveal these
proteins are all inherited from M2-exo, and USC-exo (F igure S4 A-C),
which also validates the successful preparation of f-exo and f-exo retains
the advantages of both two exosomes.

To explore the specific proteins involved in the targeted regulation of
bone metabolic homeostasis, we analyzed the differential proteins of
M2-exo and USC-exo. The volcano map shows a total of 467 differen-
tially expressed proteins between the M2-exo and USC-exo two groups,
of which 325 were highly expressed in M2-exo and 147 were enriched in
USC-exo (Fig. 8E). Subsequently, the differential proteins were hierar-
chically clustered. These proteins are presented in an expression heat-
map (Fig. 8F). Integrin, alpha M (ITGAM), and Integrin beta-2 (ITGB2)
were high expressed in M2-exo versus USC-exo (Fig. 8E). ITGAM binds
to ITGB2 to form integrin aMp2 (Mac-1), a member of the classical p2
integrin family, which plays an important role for M2-exo and f-exo in
targeting the inflammatory endothelium and promoting mediated tar-
geted adhesion mediated by transendothelial migration [34].

In the subsequent analysis, we applied Gene Set Enrichment Analysis
(GSEA) to compare the protein expression between the M2-exo and USC-
exo, which showed that M2-exo and USC-exo specific proteins were
enriched in HIF-1 signal pathway (NES of —1.37) (Fig. 8 G). Several
proteins highly expressed in M2-exo, such as alpha-enolase (ENO1),
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epidermal growth factor receptor (EGFR), L-lactate dehydrogenase A
chain (LDHA), L-lactate dehydrogenase B chain (LDHB), and several
other proteins highly expressed in USC-exo, such as tissue factor (TF),
plasminogen activator inhibitor 1 (SERPINE 1), fructose-bisphosphate
aldolase B (ALDOB), promote angiogenesis by regulating the HIF-1
signaling pathway (Fig. 8 H). Meanwhile, ATPase H' transporting
accessory protein 2 (SERPINE 1ATP6AP2), integrin-linked protein ki-
nase (ILK), inactive tyrosine-protein kinase 7 (PTK7) and other proteins
highly expressed in M2-exo and USC-exo inhibit osteoclast formation
and promote osteogenesis by regulating the canonical Wnt signaling
pathway (Fig. 8 I).

Enrichment analysis showed that f-exo regulates osteogenic differ-
entiation, osteoclast function, angiogenesis, and bone metabolic ho-
meostasis through multiple pathways, providing a theoretical basis for
the fulfillment of its biological functions.

4. Discussion

Total joint arthroplasty (TJA) is the ultimate treatment for end-stage
osteoarthritis. However, prosthetic-associated periprosthetic osteolysis
mediated by wear particles and subsequent aseptic loosening of the
prosthesis are the most severe complications associated with TJA [2].
Literature research indicates that bone metabolic disturbances around
the prosthesis after TJA are the primary cause of eventual aseptic
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loosening, manifested by the activation of the RANK/RANKL/OPG
signaling pathway, reduced osteogenesis and angiogenesis, and
increased bone resorption [9,35,36]. Wear particles inhibit the functions
of osteoblasts and endothelial cells through both phagocytic and
non-phagocytic pathways [37,38]. The inflammatory environment
induced by these particles promotes macrophage recruitment and
osteoclast differentiation, ultimately leading to failure in the integration
between the prosthesis and bone, as well as ischemic necrosis of the
surrounding tissues [39-42]. To address these issues, the present study
innovatively employs f-exo derived from M2-exo and USC-exo to target
and regulate periprosthetic bone metabolic homeostasis after TJA.
However, the successful fusion of f-exo faces challenges. Through a se-
ries of compelling experimental results, we demonstrated the efficient
fusion of f-exo while preserving the composition and functionality of the
constituent exosomes. The clinical application of f-exo offers significant
advantages, enhancing targeting specificity, therapeutic efficacy, and
biocompatibility through synergistic effects. While USC-exo possesses
superior abilities in promoting angiogenesis, osteogenesis, and inhibit-
ing bone resorption, it suffers from instability in systemic release and a
lack of local targeting capacity around the prosthesis [22,43]. Studies
have shown that M2-exo inherits surface components from macrophage
membranes, endowing it with enhanced inflammation-targeting and
immune evasion capabilities [44]. Additionally, M2-exo plays a role in
bone metabolic homeostasis by promoting osteogenesis, angiogenesis,
and inhibiting bone resorption [25,27,45]. Based on these findings, we
successfully constructed f-exo using exosome fusion technology,
enabling it to specifically target the inflammatory region around the
prosthesis while simultaneously exerting the synergistic therapeutic
effects of both exosome types.

The f-exo constructed via exosome fusion technology retains the
therapeutic components of both M2-exo and USC-exo, thus possessing
the ability to target and regulate periprosthetic bone metabolic ho-
meostasis. MicroRNAs (miRNAs) are small endogenous RNAs that can
regulate the expression of target genes through various mechanisms
[46]. Previous studies have shown that USC-exo can enrich miR-26a-5p,
which inhibits HDAC4, thereby activating the HIF-1a/VEGFA pathway
to enhance osteoblast activity [47]. Moreover, USC-exo promotes
osteogenesis and inhibits bone resorption by transferring collagen
triple-helix repeat containing 1 (CTHRC1) and osteoprotegerin (OPG)
[20]. The highly expressed miR-21-5p, miR-30, and miR-148a-3p in
USC-exo collectively promote angiogenesis [47,48].M2-exo also plays a
role in regulating bone metabolic homeostasis. M2-exo promotes
angiogenesis following myocardial infarction by downregulating the
expression of THBS1 mRNA via miR-132-3p [49]. Furthermore, M2-exo
delivers miR-486-5p and miR-26a-5p to induce osteogenic differentia-
tion of BMSCs [50,51]. Additionally, M2-exo transfers IL-10 mRNA to
macrophages, activating the IL-10/IL-10R pathway to inhibit osteoclast
differentiation [27]. In our study, the proteomic analysis revealed
multiple proteins such as SERPINE 1, and ATP6AP2 that are specifically
expressed in M2-exo and USC-exo to achieve enhanced osteogenesis,
angiogenesis, and inhibition of osteoclastogenesis through HIF-1, Wnt,
and other signaling pathways to regulate bone metabolic homeostasis
[52-55]. These findings highlight the potential mechanisms by which
f-exo regulates periprosthetic bone metabolic homeostasis.

The dual effects of f-exo, derived [55]from both M2-exo and
USC-exo, in vivo are closely related to its targeting ability at the pros-
thetic site. Natural cell membranes possess various functions associated
with their source cells, including "self" recognition, biological targeting,
and interaction with the immune system [56]. Nanoparticles encapsu-
lated in cell membranes exhibit specific biological functions, such as
prolonged circulation time, target recognition, enhanced accumulation
at disease sites, and deeper penetration into tumors [57]. Co-extrusion is
the most commonly used method for preparing fusion vesicles, where
mechanical forces from a mini-extruder generate uniform hybrid vesi-
cles from membrane components of different cellular origins [58].
Co-extrusion of platelet membrane vesicles (PMV) and mesenchymal
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stem cell exosomes (MSC-Exos) not only preserves the natural ability of
platelets to target cardiac injury, but also inherits the function of
mesenchymal stem cells in repairing vascular damage and promoting
angiogenesis [59]. The role of inflammation in periprosthetic osteolysis
cannot be overlooked. Previous studies have shown that M2-exo can
effectively target inflammatory sites as a drug delivery vehicle [44,60],
and the inflammatory microenvironment induced by wear particles after
joint arthroplasty may facilitate the local targeting and accumulation of
M2-exo around the prosthesis [61]. On the other hand, the specific
surface markers of M2-exo accumulate selectively in the inflammatory
region via receptor-mediated mechanisms. These markers include cell
membrane-associated proteins such as P-selectin glycoprotein ligand 1
(PSGL-1), L-selectin, lymphocyte function-associated antigen 1 (LFA-1),
integrins, and very late antigen 4 (VLA-4) [57]. In our study, the tar-
geting of f-exo to the periprosthetic osteolytic region is attributed to the
macrophage membrane components from M2-exo. During the fusion
process, the surface proteins from M2-exo are embedded into the
USC-exo membrane structure through self-assembly, and the strong af-
finity between the surface proteins and the exosomal membrane ensures
their retention on the surface of the fused complex. ITGAM and ITGB2
were highly expressed in M2-exo in the proteomic analysis. ITGAM
binds to ITGB2 to form the integrin aMp2 (Mac-1), a member of the
classical $2 integrin family. The integrin aMp2 mediates the specific
binding of exosomes to the inflamed endothelium by recognizing
ICAM-1 (intercellular adhesion molecule-1) or VCAM-1 (vascular cell
adhesion molecule-1) on the endothelial cell surface. By decreasing
VE-cadherin and ZO-1 expression in inflammatory endothelial cells, and
increasing ICAM-1 expression, the ITGAM and ITGB2 high expressed
exosomes enhance the ability of exosomes to penetrate the vascular
barrier to target the inflammatory region [34]. Therefore, the targeting
effect of M2-exo is not only dependent on the inflammatory response
around the prosthesis but may also be related to the targeting properties
of its surface markers.

Based on the structural foundation of the phospholipid bilayer of
exosomal membranes, we successfully constructed f-exo by using exo-
some fusion technology, combining M2-exo with USC-exo for the first
time. This fused exosome system achieved targeted regulation of peri-
prosthetic bone metabolic homeostasis and therapeutic effects on peri-
prosthetic osteolysis after joint arthroplasty [62]. The f-exo system
provides an innovative therapeutic strategy, with high targeting speci-
ficity, low toxicity, and long-lasting effects, offering distinct advantages
over traditional therapies: (1) By fusing M2-exo and USC-exo, f-exo can
precisely target the osteolytic regions surrounding the prosthesis and
implement local therapy via receptor-mediated mechanisms, signifi-
cantly reducing systemic side effects. (2) The dual therapeutic effects of
M2-exo and USC-exo in f-exo can effectively inhibit osteoclast activity
while promoting angiogenesis and bone repair, providing a more
comprehensive therapeutic outcome. (3) f-exo demonstrates good
biocompatibility and stability, enabling prolonged activity in vivo, thus
providing sustained therapeutic effects. Although our study has yielded
a series of original findings, it still has certain limitations: (1) Long-term
exosome-based therapy may provoke immune responses, and prolonged
retention in the body may lead to potential accumulation effects or
chronic inflammatory reactions [63]. (2) The production and purifica-
tion processes of exosomes are relatively complex, and costly, and may
face batch-to-batch variations during large-scale production, which
could lead to off-target effects and compromise therapeutic outcomes
[46]. (3) Our study utilized cells from different species, which may
result in differences in immune responses, cellular signaling pathways,
metabolic mechanisms, and exosome uptake processes. (4) We used
standard in vitro cell models to preliminarily validate the potential ef-
fects of exosome-based therapy on periprosthetic osteolysis, but did not
fully replicate the aseptic inflammatory microenvironment induced by
wear particles. (5) The shear stress generated during the co-extrusion
process may compromise the integrity of the natural exosomal mem-
brane [64]. The combination of multiple vesicle fusion techniques, such
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as freeze-thawing [65] and polyethylene glycol (PEG) induction [66],
for preparing and assessing f-exo fusion efficiency remains to be further
explored. (6) We applied proteomic analysis of exosome to explore the
biological function, but the role of miRNA in exocytosis has not been the
focus of attention. In response to these limitations, we propose targeted
solutions and future research directions: (1) Standardizing exosome
isolation methods, establishing rigorous production standards, and
developing long-term efficacy evaluation systems. (2) Isolating and
fusing exosomes derived from autologous cells, and surface-modifying
exosomes to enhance delivery efficiency while reducing immunoge-
nicity. (3) Employing genetic engineering and introducing specific tar-
geting ligands to further improve the targeting specificity and
biocompatibility of exosomes [67]. (4) Combined multi-omics analysis
of exosomes’ components was used to investigate their specific biolog-
ical mechanisms [55]. These research directions will provide a solid
foundation for the clinical translation of exosome-based therapies.

Effectively preventing and treating periprosthetic osteolysis remains
a long-term management challenge after joint arthroplasty. The f-exo
derived from autologous cells offers a novel approach to targeting the
periprosthetic region and effectively regulating bone metabolic ho-
meostasis, providing a new strategy for preventing periprosthetic
osteolysis [68]. In terms of clinical feasibility, the preparation of f-exo
has been successfully achieved in laboratory settings, and exosome
preparation technology has already been applied in clinical research.
Therefore, we believe it is feasible to translate this technology into
clinical applications. Although there are still challenges in large-scale
production and standardization, we are confident that with advance-
ments in technology and optimization of the processes, f-exo will be
capable of large-scale production to meet clinical needs in the future.
However, there are still several challenges to the clinical application of
f-exo. First, the exosome preparation process needs further optimization
to ensure consistency and quality in large-scale production [46]. Sec-
ondly, optimization of targeting and in vivo distribution remains an
important research direction. Future studies will need to further eval-
uate its efficacy in various disease models and assess its safety and
effectiveness through preclinical animal studies and clinical trials. To
successfully apply f-exo in clinical settings, further validation in animal
models, standardized production, quality control, clinical trial planning
and implementation, long-term follow-up, and optimization through
multidisciplinary cooperation and regulatory review are necessary. The
effective integration of f-exo with other orthopedic treatments or tech-
nologies could offer more comprehensive therapeutic solutions, such as
synergistic effects with drug therapies, integration with physical ther-
apy, combination with gene therapy, and collaboration with bio-
materials and bioprinting technologies. In the future of regenerative
medicine, especially in orthopedic applications, f-exo-based therapies
undoubtedly have immense potential. f-exo can effectively carry various
bioactive molecules, such as RNA, proteins, and lipids, and precisely
target damaged tissues, offering more personalized treatment options. In
our study, f-exo primarily focuses on periprosthetic osteolysis, but we
believe this finding can also make significant contributions to other
areas of drug-targeted delivery systems. Fused exosomes derived from
different exosome sources could provide new clinical therapeutic stra-
tegies for a range of diseases, including cancer treatment, immune
modulation, neurodegenerative diseases, cardiovascular diseases, and
diabetes.
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