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ABSTRACT: Periprosthetic osteolysis (PPOL) is a serious complication following total
joint replacement surgery, and exploring treatments for this complication is of significant
societal importance. Exosomes derived from bone marrow mesenchymal stem cells (BMSC-
Exos, Exos) have diverse cellular functions, such as inhibiting osteoclast formation,
suppressing inflammation progression, and promoting M2 macrophage polarization.
However, standalone Exosomes are easily recognized and phagocytosed by the immune
system, have a short half-life, and lack specificity. This study is based on the homing effect
possessed by M2 macrophages under the regulation of various factors. By combining this
with cell membrane encapsulation technology and embedding BMSC-Exos within the
membrane of M2 macrophages (M2M-Exos), the aim is to inhibit inflammation and treat
PPOL. It was found that M2M-Exos can target the PPOL area, enhancing the therapeutic
effects of the BMSC-Exos and reducing wear particle-induced cranial osteolysis.
Additionally, M2M-Exos provide immune camouflage through the cell membrane, allowing
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the BMSC-Exos to evade clearance by the mononuclear macrophage system in the body. Therefore, the study demonstrates the
targeting ability of M2M-Exos and their unique role in preventing PPOL. These biomimetic nanoparticles establish a targeted

nanodrug delivery system for PPOL treatment.

KEYWORDS: exosomes derived from bone marrow mesenchymal stem cells, M2 macrophages, targeted therapy, anti-inflammation,

periprosthetic osteolysis

1. INTRODUCTION

The increasing aging population and traumatic accidents have
led to a global rise in total joint replacement surgeries, yet
periprosthetic osteolysis (PPOL)," a common complication
causing aseptic loosening and prosthesis failure, remains a
major concern. Studies have indicated that the incidence of
aseptic loosening following total joint replacement surgery can
be as high as 20.3%. it accounts for 12.8% of total knee
arthroplasty complications in the U.S., second only to
infection.” In a single-center clinical follow-up study,” 79 out
of 250 patients (31.6%) undergoing primary total ankle
replacement surgery experienced PPOL.* The average cost of
revision surgery for joint prostheses is approximately $35,000.”
After joint replacement surgery, prostheses restore joint
function and reduce joint pain, but wear particles from
materials (metals, ceramics, etc.) or surrounding tissues form
at the bone-prosthesis interface. Even ceramics generate
nanoscale fragments during movement, confirming widespread
particle generation risks.” These particles disrupt micro-
environment balance, triggering chronic inflammation and
PPOL.”™” Once wear particles infiltrate surrounding tissues,
they can be recognized and engulfed by immune cells such as
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macrophages. Activated macrophages that engulf wear particles
release inflammatory cytokines, chemokines, reactive oxygen
species (ROS), tumor necrosis factor-a (TNF-a), interleukin-
Ibeta (IL-1p), interleukin-6 (IL-6), interleukin-17 (IL-17),
and interferon-y (IFN-y), all of which are critical factors
inducing PPOL.'”"" Tt has been reported that poly(methyl
methacrylate) wear particles around prostheses can enhance
the expression of M1 macrophages, reduce the expression of
M2 anti-inflammatory macrophages, and increase local
inflammation."? Similarly, in bone cement prostheses, macro-
phages attempting to engulf bone cement particles stimulate
high levels of TNF-a release, thereby enhancing a pro-
inflammatory environment.'”'* The release of inflammatory
mediators and cytokines can activate and enhance the function
of bone-resorbing cells (such as macrophages and osteoclasts),
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Figure 1. Construction and characterization of M2M-Exos. (A) TEM images of M2M, BMSC-Exos, and M2M-Exos. (Scale bar, 150 nm). (B)
NTA measurements of particle diameters for BMSC-Exos, M2M, and M2M-Exos. (C) Western blot analysis to determine typical surface markers
expressed on M2M, BMSC-Exos, and M2M-Exos. (D) Coomassie brilliant blue staining for protein profiling. (E) Typical confocal images of
RAW?264.7 incubated with M2M-Exos (green for DiO-labeled M2M, red for Dil-labeled BMSC-Exos). (Scale bar,10 ym). (F, G) Co-localization
analysis of DiO and Dil in confocal images of A mixture of M2M and BMSC-Exos (F), and M2M-Exos (H). Flow cytometry analysis of CD206
expression. (I) Nanoflow cytometry evaluation of exosome encapsulation efficiency at different material mixing ratios. (J) Quantitative analysis of
encapsulation efficiency at different material ratios. (*p < 0.0S, **p < 0.01, ***p < 0.001).

leading to increased bone resorption in surrounding bone
tissues. In conclusion, there are still many unresolved questions
regarding the disease mechanisms of inflammatory micro-
environments in PPOL.

Membrane-encapsulated nanoparticle drug delivery systems
represent an advanced technology aimed at enhancing dru
solubility, stability, bioavailability, and therapeutic targeting.'
The core principle involves encapsulating drug carriers within
nanosized polymers, lipids, or other biocompatible materials to
form nanoparticles, which subsequently transport the drug to
target tissues or cells. The preparation of cell membrane-
encapsulated nanoparticles comprises several steps, including
cell membrane extraction, core nanoparticle preparation, and
membrane-nanoparticle fusion.'® Common fusion methods
include coextrusion, ultrasound, microfluidic electroporation,
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and electrostatic attraction.” In this study, coextrusion—a
prevalent technique for preparing cell membrane-camouflaged
nanoparticles—was employed using a porous polycarbonate
membrane liposome extruder.'®

Exosomes (30—200 nm extracellular vesicles) carry mRNAs,
miRNAs, and proteins, serving as key mediators of intercellular
communication. Cell membrane-encapsulated exosomes have
been widely explored for disease theranostics. For instance:
Zhang et al."” designed tumor membrane-coated polyurethane
nanoparticles delivering PLK1 siRNA to suppress cancer; Gao
et al”® engineered red blood cell (RBC) membrane-
camouflaged nanogels targeting miR15S with prolonged
circulation; Mu et al?! developed stem cell membrane-
wrapped polydopamine nanoparticles codelivering DOX and
PDL1 siRNA for metastatic prostate cancer, achieving
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Figure 2. M2M-Exos promote osteogenic differentiation of BMSCs. (M2M: 100 yg/mL, BMSC-Exos: 100 pg/mL, M2M-Exos: 100 pg/mL) (A)
ARS staining of BMSCs after 7 days of osteogenic induction. (Scale bar, 100 ym) (B) ALP activity assay of BMSCs after 3 days of osteogenic
induction. (Scale bar, 100 ym) (C) Sirius Red staining of BMSCs after 7 days of osteogenic induction. (Scale bar, 100 ym) (D—F) qPCR analysis
of osteogenic-related genes (sp7, RUNX2, BMP-2). (G) Quantitative analysis of ALP levels in bone marrow mesenchymal stem cell culture under
different treatments. (H) Western blot analysis of osteogenic-related protein expression. (I-K) Quantitative analysis of osteogenic-related protein
levels in bone marrow mesenchymal stem cell culture under different treatments. Data are presented as mean + SD (n = 3/group) (*p < 0.0S, **p

< 0.01, **¥*p < 0.001).

synergistic chemoimmunotherapy; Jiang et al.”” utilized
platelet membrane-coated systems to target atherosclerotic
plaques, reducing lipid deposition and necrosis. Mesenchymal
stem cells are a type of multipotent stem cell with significant
roles in adipogenesis, osteogenesis, and chondrogenesis. The
biological and therapeutic effects of BMSCs are primarily
mediated through paracrine molecules,””** including growth
factors, chemokines, cytokines, and exosomes. BMSCs are
considered the most effective producers of extracellular
vesicles.”

BMSC-Exos mediate cell signaling, anti-inflammation, and
tissue regeneration,26 which offer several advantages over
BMSCs: no tumorigenicity, microenvironment stability, and
reduced side effects.”’ >’ Numerous studies have extensively
explored the biological functions of BMSC-Exos, demonstrat-
ing their positive therapeutic effects in conditions such as heart
disease, kidney injury, and ulcers.”*~** BMSC-Exos can inhibit

22281

macrophage-induced inflammation, suppress osteoclast gen-
eration, and promote osteogenesis by delivering miR-182—5p
inhibitors.”> However, they are easily recognized and cleared
by the immune system upon entry into the body, resulting in a
short half-life and limited targeting capabilities. Macrophages, a
type of mononuclear cell, play a vital role in inflammation and
tissue repair processes.36 During infection or tissue damage,
cytokines such as IL-1f, TNF-a, and IL-8 recruit macrophages
to the site of inflaimmation to perform their respective
functions. Macrophages are typically classified into two
types: M1 macrophages and M2 macrophages.”” Macrophages
are classified as M1 (pro-inflammatory/phagocytic) or M2
(anti-inflammatory/immune-regulatory), the M2 macrophages
cell membrane (M2M) may contain proteins or cellular
adhesion molecules with anti-inflammatory properties and
targeting abilities in inflammatory regions. Therefore, this
study aims to construct M2M-coated BMSC-Exos (M2M-
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Figure 3. M2M-Exos exhibit inhibitory effects on osteoclast differentiation in RAW264.7 cells. (M2M: 300 ug/mL, BMSC-Exos: 300 yg/mL,
M2M-Exos: 300 #g/mL) (A) TRAP staining to assess osteoclast differentiation in RAW264.7 cells. (Scale bar, S0 ym) (B, D) Determination and
quantification of intracellular reactive oxygen species. (Scale bar, SO ym) (C) Percentage of TRAP-positive cells and quantification of TRAP-
positive multinucleated (>3 nuclei) osteoclasts. N = 3 samples per group. (E—G) qPCR analysis of osteoclast-related genes (CTSK, NFATc],
MMP-9). (H) Western blot analysis of osteoclast-related protein expression. (I-L) Quantitative analysis of osteoclast-related proteins (RANKL,
CTSK, NFATcl, TRAP) in bone marrow mesenchymal stem cell culture under different treatments. Data are presented as mean + SD (n = 3/

group) (*p < 0.0, **p < 0.01, ***p < 0.001).

Exos) using a coextrusion method. By leveraging the targeting
ability of M2 macrophage membranes in inflammatory regions,
these nanoparticles can exert anti-inflammatory effects and
sustain the release of BMSC-Exos at the target site. This
approach aims to better inhibit the development of
inflammation in osteolysis areas, suppress osteoclast formation,
and promote osteogenesis.

2. RESULTS

2.1. Construction and Characterization of M2M-Exos.
A schematic diagram illustrating the construction of M2M-
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Exos is presented in Graphical abstract A. BMSCs were
previously extracted to isolate exosomes from their culture
medium, as detailed earlier in this study. Following the
induction of RAW264.7 cell differentiation into M2 macro-
phages, the expression of CD206, a macrophage mannose
receptor, was evaluated using flow cytometry (Figure 1H).
M2M were then extracted using methods outlined in the
literature. Transmission electron microscopy (TEM) showed
that M2M-Exos possess a distinct bilayer membrane structure
(Figure 1A). Nanoparticle tracking analysis (NTA) displayed
the diameters of the particles: approximately 124 nm for

https://doi.org/10.1021/acsami.4c22304
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Figure 4. M2M-Exos inhibited inflammation in vitro (A—C) qPCR determination of inflammation-related genes (IL-1f, IL-6, TNF-a). (D)
Western blot analysis of the protein expression levels of inflammatory markers (IL-18, IL-6, TNF-a). (E—G) Quantitative analysis of inflammation-
related protein expression in 264.7 cells induced by different cell culture media using Western blot. (H—]J) statistical results of Inmunofluorescence
staining (K—M) Immunofluorescence staining of IL-1/3, IL-6, TNF-a in RAW264.7 of different groups. (Scale bar, SO um) (*p < 0.0S, **p < 0.01,

w35y < 0,001).

BMSC-Exos, 167 nm for M2M, and 138 nm for M2M-Exos
(Figure 1B). Western Blot analysis was employed to investigate
the preservation of M2 macrophage membrane proteins during
the coextrusion process, a critical aspect for the biological
functionality of M2M-Exos. Coomassie brilliant blue staining
demonstrated that the protein profile of M2M-Exos was similar
to that of both M2M and BMSC-Exos (Figure 1D), indicating
inheritance of their protein expressions. Notably, M2M-Exos
contained macrophage-specific protein integrin f1 and
exosome-specific proteins TSG101 and CD63 (Figure 1C).
To optimize the mixing ratio of M2M and exosomes, various
protein ratios were analyzed using nanoflow cytometry. Results
indicated that a 1:1 ratio of M2M to exosomes yielded an
encapsulation efficiency of approximately 72.14% (Figure 11]).
Successful preparation and uptake of M2M-Exos by RAW264.7
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and BMSC cells were confirmed through labeling M2M with
DiO and exosomes with Dil. Laser confocal microscopy
revealed colocalization of M2M (green signal) and BMSC-
Exos(red signal), resulting in a yellow signal indicating effective
merging (Figure 1E). Co-localization analysis of the
fluorescence signals demonstrated that the M2M-Exos group
exhibited stronger fluorescence colocalization compared to the
simple mixing group (Figure 1F,G).

2.2. M2M-Exos Promote Osteogenesis In Vitro. Our
study initially explored the potential role of M2M-Exos in
osteogenic differentiation of BMSCs. We first observed the
phagocytic uptake of M2M-Exos by BMSCs using laser
confocal microscopy (Figure S1G,H). The BMSCs were
cultured in an osteogenic induction medium containing
M2M, BMSC-Exos, and M2M-Exos. The impact of M2M-

https://doi.org/10.1021/acsami.4c22304
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Figure S. Targeting of M2M-Exos to Ti particle-induced cranial osteolysis sites after intravenous injection (A, C) representative fluorescent images
after intravenous injection of DiR-labeled BMSC-Exos (200 pg, 100 uL) and M2M-Exos (200 ug M2M and 200 ug BMSC-Exos, 100 uL), and
quantitative analysis of fluorescence intensity (B, D). Representative IVIS images showing the distribution and fluorescence intensity of BMSC-
Exos and M2M-Exos in the mouse skull region. (E, F) Typical IVIS images displaying the distribution of BMSC-Exos and M2M-Exos in major
organs and the skull after Ti particle-induced cranial osteolysis. (*p < 0.05, **p < 0.01, ***p < 0.001).

Exos on osteogenic induction was assessed using several
staining methods including Alizarin Red S (ARS), alkaline
phosphatase (ALP), and Sirius Red (Figure 2A—C). Notably,
BMSCs exposed to complete osteogenic medium demon-
strated a substantial increase in the mRNA expression of bone
morphogenetic protein 2 (BMP-2), sp7 (osterix), and RUNX2,
particularly under stimulation by BMSC-Exos and M2M-Exos,
with M2M-Exos exhibiting a more pronounced induction
effect (Figure 2D—F). Additionally, the concentration of ALP
in the supernatant was quantified, revealing significant
differences among the groups (Figure 2G). Western blot
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analyses further confirmed that both Exos and M2M-Exos
notably enhanced the expression of osteocalcin (OST), sp7,
and RUNX2 in BMSC cells, with data presented in Figure
2H—K. These results indicate that while M2M alone did not
significantly affect osteogenesis in BMSCs, M2M-Exos had a
more substantial impact on ALP activity, calcium nodule
formation, and collagen synthesis compared to Exos alone. To
evaluate the cytotoxicity of M2M-Exos, cell viability was tested
using live/dead cell dual staining and Cell Counting Kit-8
(CCK-8) assays (Figure S1C,F). The assays confirmed that
M2M-Exos, at various concentrations ranging from 0, to 400
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Figure 6. M2M-Exos alleviate Ti particle-induced cranial osteolysis. M2M (200 pug), BMSC-Exos (200 ug), M2M-Exos (200 ug M2M and 200 ug
BMSC-Exos) (A) cranial osteolysis induced by Ti particles as described above. DiR, M2M, BMSC-Exos, and M2M-Exos were intravenously
injected on day 1, day 8, day 15, and day 22, respectively. (B) Micro-CT three-dimensional reconstruction. (C—E) Measurement of the bone
resorption area, quantitative analysis of BS/BV, BV/TV, total porosity (n = 5) (*p < 0.0S, **p < 0.01, ***p < 0.001).

pug/mL, were nontoxic to BMSCs, thereby supporting their
potential for safe application in osteogenic processes (Figure
S1D).

2.3. M2M-Exos Inhibit Osteoclastogenesis In Vitro. In
our exploration of M2M-Exos” impact on osteoclastogenesis,
RAW264.7 cells were induced to differentiate into osteoclasts
using RANKL treatment and were treated with M2M, BMSC-
Exos, and M2M-Exos over a 7-day period. The efficacy of these
treatments was evaluated using tartrate-resistant acid phospha-
tase (TRAP) staining and osteoclast counting, with results
presented in Figure 3A,C. These findings highlight varying
degrees of inhibition on osteoclast differentiation among the
groups, with the M2M-Exos group demonstrating the most
pronounced inhibitory effect. During the induction of
osteoclast differentiation, moderate levels of ROS serve as a
second messenger in cellular signal transduction, promoting
the process of osteoclastogenesis. To assess the impact on
ROS, RAW264.7 cells were loaded with the ROS-sensitive dye

22285

DCFH-DA under each intervention. The results, depicted in
Figure 3B,D, show that M2M, Exos, and M2M-Exos all had
significant scavenging effects on ROS generation, with M2M-
Exos exhibiting superior ROS scavenging capabilities com-
pared to M2M or BMSC-Exos alone. Additionally, significant
upregulation of mRNA expression for osteoclast markers such
as cathepsin K (CTSK), matrix metallopeptidase 9 (MMP-9),
and nuclear factor of activated T-cells, cytoplasmic 1
(NFATcl) was observed in RANKL-treated RAW264.7 cells
(Figure 3E—G). However, intervention with M2M, BMSC-
Exos, and M2M-Exos resulted in varying degrees of down-
regulation of these markers, with the most substantial effects
noted in the M2M-Exos group. Further verification through
Western blot analyses confirmed the upregulation of proteins
like RANKL, CTSK, NFATcl, and TRAP, aligning with the
gPCR results (Figure 3H—L). These findings clearly indicate
that while both M2M and BMSC-Exos significantly inhibit
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Figure 7. Histological staining and morphometric analysis of skull sections. (A, F) H&E staining with corresponding enlarged regions and
quantitative analysis of periosteal thickness. (Scale bars,100 ym (top), S0 ym (bottom)) (B, G) TRAP staining with corresponding enlarged
regions and quantitative analysis of TRAP-positive cells. (Scale bars,100 ym (top), 20 um (bottom)) (C, H) Representative images of OCN
staining, with quantitative analysis of OCN-positive area. (Scale bar,100 ym (top), 20 um (bottom)). (D, I) Representative images of TNF-a
staining, with quantitative analysis of TNF-a-positive area. (Scale bars,100 um (top), SO um (bottom)) (E, J) Representative images of IL-6
staining, with quantitative analysis of IL-6-positive area. (Scale bars,100 ym (top), 20 um (bottom)) (*p < 0.0S, **p < 0.01, ***p < 0.001).

osteoclast differentiation, the inhibitory impact of M2M-Exos 2.4. M2M-Exos Inhibit Inflammation In Vitro. In
is more pronounced than either alone. exploring the role of M2M-Exos in modulating inflammation,
22286 https://doi.org/10.1021/acsami.4c22304
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we induced RAW264.7 cells with lipopolysaccharide (LPS) to
trigger an inflammatory response. The qPCR results indicated
a significant increase in the expression of inflammatory
cytokines IL-1f, IL-6, and TNF-a in LPS-induced
RAW264.7 cells. However, treatment with M2M, BMSC-
Exos, and M2M-Exos resulted in varying degrees of down-
regulation of these inflammatory mediators (Figure 4A—C).
Notably, M2M-Exos demonstrated a significant decrease in the
upregulation of IL-1f, IL-6, and TNF-a mRNA expressions
compared to treatments with either M2M or BMSC-Exos
alone. Subsequent Western blot analyses corroborated these
findings, showing that LPS upregulated the expression of IL-
153, IL-6, and TNF-a in RAW264.7 cells (Figure 4D—G). The
M2M-Exos group displayed a more effective inhibition of these
inflammatory factors compared to the M2M and BMSC-Exos
groups. This suggests that M2M-Exos may have a potent anti-
inflammatory effect by modulating the expression of key
inflammatory cytokines. Additionally, to confirm that the
observed effects were not due to cytotoxicity, dual staining for
live/dead cells and CCK-8 assays were performed (Figure
SIAE). These tests demonstrated that M2M-Exos, at various
concentrations ranging from 0, to 400 pg/mL, were nontoxic
to RAW264.7 cells, reinforcing their suitability for therapeutic
applications without adverse cell viability effects. (Figure S1B).

2.5. Intravenous Injection of M2M-Exos Targeting
Resorption Particle-Induced Cranial Osteolysis Sites. To
evaluate the targeting ability of M2M-Exos, we constructed a
model of cranial osteolysis induced by Ti particles in mice as
shown in the schematic diagram (Figure 6A). In this
experiment, an in vivo imaging system (IVIS) was used to
evaluate the distribution of M2M-Exos in mice after resorption
particle-induced cranial osteolysis. DiR-labeled BMSC-Exos
and M2M-Exos were intravenously injected 1 day after
modeling. The targeting ability of M2M-Exos in Ti-induced
cranial osteolysis is shown in Figure SA. As depicted in Figure
SA, a weak fluorescent signal was observed in the control group
(DiR). In contrast, the M2M-Exos group exhibited a stronger
fluorescence in the resorbed bone area compared to the
BMSC-Exos group. Additionally, the fluorescence intensity in
the M2M-Exos group significantly increased. The fluorescence
intensity in the bone resorption area of the M2M-Exos group
was 1.45 times higher than that of the BMSC-Exos group (p <
0.05). As shown in Figure S B, ex vivo skull imaging of mice
revealed that the M2M-Exos group had significantly stronger
skull fluorescence compared to the DiR group and the BMSC-
Exos group, indicating that M2M encapsulation can enhance
the targeting ability of BMSC-Exos and increase the
accumulation of BMSC-Exos in the bone resorption area.
However, as shown in Figure SE,F, due to the mononuclear
phagocyte system, BMSC-Exos and M2M-Exos were mainly
enriched in the liver and spleen in addition to the bone
resorption area. These findings underscore the potential of
M2M-Exos for targeted therapeutic applications in conditions
involving bone resorption, such as osteolysis, while also
pointing to challenges related to off-target accumulation and
clearance.

2.6. Treatment of Ti Granule-Induced Cranial
Osteolysis by Intravenous Injection of M2M-Exosomes.
To evaluate the therapeutic efficacy of M2M-Exos in treating
periprosthetic osteolysis, cranial osteolysis was induced using
titanium (Ti) granules (Figure 6A). Weekly intravenous
injections of DiR, M2M, BMSC-Exos, or M2M-Exos (200
ug) were administered via the tail vein of mice. The extent of

cranial osteolysis was assessed through microcomputed
tomography (micro-CT) scanning and three-dimensional
reconstruction. Compared to the sham operation group, the
Ti granule-induced group exhibited more pronounced
osteolysis. The three intervention groups demonstrated varying
degrees of osteolysis inhibition, with the M2M-Exos group
showing a superior inhibitory effect compared to the M2M and
BMSC-Exos groups (Figure 6B). Parameters such as bone
volume/total volume (BV/TV), bone surface area/bone
volume (BS/BV), and porosity related to osteolysis were
measured. M2M-Exos treatment significantly increased BV/TV
compared to the BMSC-Exos and M2M groups (Figure 6D).
Following Ti treatment, cranial erosion was markedly
enhanced; however, M2M-Exos significantly improved skull
BS/BV and porosity compared to the M2M and BMSC-Exos
groups (Figure 6C,E).

Hematoxylin and eosin (H&E) staining of cranial sections
from experimental mice revealed fewer inflammatory responses
and bone lysis changes in the sham operation group. In
contrast, Ti powder coating led to evident inflammatory
reactions and bone lysis, with periosteal thickening observed.
The M2M, BMSC-Exos, and M2M-Exos groups displayed
reduced inflammation, osteolytic changes, and periosteal
thickness compared to the Ti group (Figure 7A).

TRAP staining indicated a higher number of TRAP-positive
cells on the skull surface in the Ti group compared to the sham
operation group. The number of TRAP-positive cells was
significantly reduced in the three intervention groups relative
to the Ti group, with the M2M-Exos group showing the lowest
number of TRAP-positive cells among the groups (Figure 7B).
Osteogenic marker osteocalcin (OCN) was highly expressed in
the M2M-Exos treatment group (Figure 7C). Additionally, the
expressions of IL-6 and TNF-a were elevated in the Ti group,
predominantly around the osteolysis region. In contrast, the
M2M-Exos group exhibited lower levels of IL-6 and TNF-a
compared to the M2M and BMSC-Exos groups (Figure 7D,E).
In addition, ELISA results showed that M2M-Exos significantly
reduced the release of serum inflammatory factors in the model
mice (Figure S1I). These findings suggest that M2M-Exos is
more effective in mitigating sterile inflammation induced by Tj,
promoting osteogenesis, and reducing osteoclast formation
compared to M2M and BMSC-Exos alone.

3. DISCUSSION

In this study, we induced inflammatory bone resorption within
the skull matrix using Ti powder metal particles. Titanium
metal, known for its exceptional biocompatibility, does not
cause rejection or allergic reactions and possesses robust
corrosion resistance. Its high strength and low density allow
artificial implants made from titanium to provide substantial
mechanical support. Previous studies have shown that
prolonged friction may generate small particles from these
implants. These wear debris trigger peri-implant bone
resorption, leading to aseptic loosening. This process involves
particles at the bone-implant interface activating macrophages,
fibroblasts, and multinucleated giant cells in the connective
tissue,*® which release cytokines such as ROS TNF-q, IL-1p,
IL-6, IL-17, IEN-y, and M-CSE.”” This inflammatory condition
perpetuates the acquired immune response, with macrophages
recruited producing ROS and nitric oxide (NO), fostering
osteoclast differentiation, and triggering apoptosis in CD4+ T
lymphocytes. These lymphocytes are drawn to areas with wear

debris or chronic inflammation, and osteoclast activation is
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further enhanced by RANKL, while OPG, an inhibitor of the
RANK—-RANKL signaling pathway, is suppressed, leading to
further bone loss. The internalization of wear debris also
impairs osteoblast functions, exacerbating bone resorption.*”"’
Our experimental findings reveal that M2M-Exos effectively
harness specific surface markers on M2M. In vivo imaging
experiments in mice showed that M2M-Exos, compared to
pure DiR-labeled exosomes, demonstrated marked targeting
specificity to the inflamed areas of skull bone resorption,
suggesting an inheritance of the intrinsic biological functions of
the external cell membrane. Consequently, we propose that
M2M-Exos can precisely identify and target specific cell types,
simulating natural cell—cell communication mechanisms. This
enables a more accurate delivery of their encapsulated BMSC-
Exos. Moreover, compared to conventional drug delivery
systems, M2M-Exos display lower immunogenicity and
improved biocompatibility, providing a biological basis for
extending the half-life of engineered exosomes in biological
systems.

Cell membrane-encapsulated nanoparticles have demonstra-
ted significant potential in numerous studies.*’”** The
modification and functionalization of exosomes focus on two
main strategies: chemical and genetic modification.”> Chemical
modification typically involves altering specific ligands or
antibodies on the exosome surface to enhance recognition,
binding, and therapeutic delivery to target cells or tissues. In
contrast, genetic modification uses genetic engineering
techniques to create cells that secrete exosomes equipped
with tailored targeting and functional molecules. However, due
to the complexity of synthesis and the inconsistent quality of
chemically modified exosomes, there has been a shift toward
biomimetic nanocarriers. These are often cloaked with a single
macrophage membrane or combinations of macrophage
membranes, such as those incorporating elements from
bacterial and synthetic lipid membranes.**™** Upon accumu-
lating in inflamed tissues, these nanoparticles loaded with
exosomes react to locally elevated levels of ROS and release
their contents to provide effective biological treatments.
Furthermore, the presence of specific membrane antigens
like TNFR2, CD36, and CCR2 enables these nanoparticles,49
particularly those cloaked with M2 macrophage membranes, to
bind effectively and blend in with various pro-inflammatory
cytokines and chemokines. Research has shown that M2
macrophage membrane-encapsulated exosomes can engage
with receptors on target cells through their surface proteins,
facilitating precise recognition and targeted delivery to specific
cell types. This unique targeting capability is likely attributed
to the specific proteins and RNA present on their
surfaces.””””*" The chemokine receptor CCR2, highly ex-
pressed on M2M, enables recognition of inflammation-derived
chemokines (e.g., CCL2)>>%3 directing M2M-coated nano-
particles toward inflammatory microenvironments.”' Addition-
ally, integrins (aDf2, aMf2) and scavenger receptors
(CD163, CD206) enriched on M2M enhance cellular motility
while enabling specific recognition of pathological markers
(e.g., tumor-associated antigens or inflammation-specific
proteins), thereby augmenting targeting precision.”” This
multireceptor-mediated targeting mechanism confers superior
specificity and efficiency to M2M-coated nanoparticles in both
inflammatory and oncological contexts.

This study has substantiated through both cellular and
animal experiments that M2M-Exos can effectively curb the
upregulation of inflammatory cytokines such as IL-15, IL-6,

and TNF-a in areas of inflammatory bone resorption
surrounding implants. This observation warrants further
investigation. Upon reaching the targeted areas, M2M-Exos
gradually release BMSC-Exos, which serve to mitigate
inflammation in the bone resorption zones. BMSC-Exos are
known to harbor a variety of anti-inflammatory and growth
factors, including transforming growth factor-f (TGEF-f),
interleukin-10 (IL-10), and tumor necrosis factor-stimulated
gene (TSG-6).” They also contain miRNAs that participate in
immune-related pathways, such as miR-301la, miR-22, and
miR-let-7.°° The multifunctional transcription factor NF-kB,
which is pivotal in inflammation and osteoclastogenesis,57 is
also downregulated by BMSC-Exos in inflammatory models.>
Additionally, the transforming growth factor (TGF) and
insulin-like growth factor (IGF)>® present on the surface of
M2 macrophage membranes contribute anti-inflammatory
effects by suppressing the activation of immune cells and the
release of inflammatory mediators, thereby diminishing the
inflammatory response.

While M2M-Exos hold considerable promise, there are
critical areas in their design and production that require
enhancements. The process of exosome production, for
example, needs optimization to boost both yield and stability.
Additionally, issues such as the source of exosomes, their
purification methods, and stringent quality control measures
necessitate further development. Techniques like flow
cytometry could be employed in the selection and purification
of BMSCs primary cells to ensure cellular homogeneity and
minimize potential interference. Moreover, the choice of cell
membrane for encapsulation, currently derived from M2
macrophages induced in RAW264.7 cells using IL-4 and IL-
13, presents another challenge. Macrophages can differentiate
into various subtypes based on the stimulating factors,>
altering the types and ratios of receptors and ligands on the cell
membrane surface. Exploring alternative cell membrane
sources that target inflammation more effectively could
enhance the therapeutic potential of exosomes. Our inves-
tigations have sparked new design concepts for the clinical
application of exosomes, suggesting innovative approaches for
managing peri-implant bone resorption and advancing treat-
ment modalities.

4. CONCLUSIONS

In our study, we successfully extracted BMSC-Exos and M2M,
and constructed M2M-Exos using a lipid coextrusion device.
We evaluated the inhibitory effects on bone resorption, anti-
inflammatory properties, and bone regeneration promotion of
M2M-Exos in vitro. The targeting and therapeutic effects were
assessed in a mouse calvarial osteolysis model. We hypothe-
sized that M2M-Exos could target the area of bone resorption,
releasing exosomes and cell membranes together to exert anti-
inflammatory effects. Our delivery system provides an effective
biological strategy for preventing.

5. EXPERIMENTAL SECTION

5.1. Extracellular Vesicle Isolation. We isolated cultured
BMSCs using the method described previously.”” The BMSC culture
medium consists of 89% DMEM (Gibco, New York), 10% fetal
bovine serum (FBS,Umibio(Shanghai)Co.,Ltd.), and 1% penicillin-
streptomycin solution (Procell, Wuhan, China). When BMSCs reach
70% confluence, they are washed 3 times with phosphate-buffered
saline (PBS) (ABclonal Technology, WuHan, China). The cell culture
supernatant is then collected after culturing in exosome-free medium
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for 2 days. The collected supernatant is centrifuged at 4 °C, and the
resulting cell-free supernatant undergoes further centrifugation at
300g for 10 min, 2000g for 30 min, and 4000g for 30 min. The
postcentrifugation supernatant is filtered through a 0.2 um filter,
added to an Amicon Ultra-1S centrifugal filter unit (10 kDa), and
centrifuged at 4000g for 15 min. Exoquick TC (System Biosciences,
Bay Area, California) is added to the ultrafiltration solution, mixed
thoroughly, and left to stand for 12 h. The mixture is then centrifuged
at 1500g for 30 min to obtain exosomes. The protein content of the
exosomes is determined using the Bicinchoninic Acid Assay (BCA)
protein analysis kit (New Cell & Molecular Biotech Co. Ltd., Suzhou,
China).

5.2. M2 Macrophage Membrane Extraction. RAW264.7 cells
were obtained from Procell (Wuhan, China), and the culture medium
consists of 89% high-glucose DMEM (CYTOCH, Shanghai, China),
10% FBS (YALI (Jiangsu) Biotech Co. Ltd.), and 1% penicillin-
streptomycin solution (Gibco, New York). After expanding
RAW264.7 cells, they were induced to differentiate into M2
macrophages using complete medium containing 20 ng/mL IL-4
and 10 ng/mL IL-13 cytokines. M2 macrophages were scraped, and
the cell pellet was obtained by centrifugation. The cells were washed 3
times with PBS, and cell membranes were extracted by adding 10 mL
of double-distilled water, disrupting the cell membrane by repeated
sonication at 100 W for S min (S s on, S s off). The M2 macrophage
membrane was extruded at least 20 times through a 200 nm filter
using a lipid extruder (Avestin, Germany). After centrifugation at
14,000g for 30 min, the cell membrane was collected and purified by
washing twice with cold Tris-magnesium buffer (TM buffer, pH 7.4,
0.01 M Tris, 0.001 M MgCl2) in the presence of 0.25 M sucrose. The
protein content of the M2M was determined using BCA, and M2M
was stored at —80 °C.

5.3. M2M-Exos Preparation. The protein content of M2M and
Exos was determined using the BCA protein analysis method. M2M
and Exos were mixed in various protein content ratios (1:2, 2:3, 1:1,
3:2,2:1) in PBS containing 5% poly(ethylene glycol). The M2M-Exos
were extruded at least 20 times through a 200 nm filter using a lipid
extruder (Avestin, Germany). Particle size was analyzed using a
nanoparticle tracking analyzer (NanoSight NS300), and the ultra-
structure was observed via transmission electron microscopy. M2M
and Exos were labeled with Dil (Beyotime, Shanghai, China) and
DiO (Beyotime, Shanghai, China), respectively. The encapsulation
efficiency of different M2M-Exos ratios was analyzed using the VSSC
mode of a Cytoflex flow cytometer. Cellular uptake of M2M-Exos was
observed using laser confocal microscopy (with DiO-labeled M2M
and Dil-labeled Exos).

5.4. Coomassie Brilliant Blue Staining. After electrophoresis, a
portion of the gel containing the marker protein and a small amount
of the sample was stained by placing the gel in Coomassie Brilliant
Blue staining solution (Share-bio, ShangHai). The gel was gently
shaken on a horizontal shaker at room temperature for 1 h. After
removing the staining solution, an appropriate amount of Coomassie
Brilliant Blue destaining solution was added to fully cover the gel. The
gel was gently shaken on a horizontal shaker at room temperature for
12 h. The destaining solution was changed 2—4 times during this
period until the blue background was mostly removed.

5.5. qPCR Analysis. Total RNA was extracted from experimental
samples using SteadyPure Universal RNA extraction Kit (ACCU-
RATE BIOTECHNOLOGY (HUNAN) CO. LTD, Changsha,
China) and quantified by spectrophotometry. Complementary DNA
(cDNA) synthesis was performed with 1 ug RNA through reverse
transcription. qQPCR reactions (20 uL) containing SYBR Green
Master Mix (10 uL) (APExBIO, Houston), gene-specific primers (0.4
UM each), cDNA template (2 L), and nuclease-free water were
prepared in triplicate, including no-template controls and reference
gene reactions. Thermal cycling parameters comprised initial
denaturation (95 °C, 3 min), 40 cycles of amplification (95 °C/1S
s; primer-specific annealing temperature/30 s with fluorescence
acquisition), followed by melt curve analysis (95 — 60 — 95 °C,
0.3 °C/s increment) to confirm amplicon specificity. Relative
quantification was determined using the 2A(—AACt) method with

P-actin as endogenous control. All procedures were conducted under
RNase-free conditions

5.6. Western Blot Analysis. Cells were washed with PBS, and
proteins were lysed using RIPA buffer (Shanghai Life-iLab Biotech
Co. Ltd) containing protease and phosphatase inhibitors. Protein
concentration was quantified using the BCA, and the proteins were
boiled in Laemmli buffer for S min. Thirty micrograms of protein
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) and transferred to a poly(vinylidene
difluoride) (PVDF) membrane (Millipore, MA). The membrane was
blocked with 5% BSA (Sigma) at room temperature for 1 h. Primary
antibodies, diluted according to the manufacturer’s instructions, were
incubated with the membrane overnight at 4 °C. The primary
antibodies used were: anti-Integrin 1 (Abcam, U.K.), anti-CD63
(Abcam, UXK.), and anti-TSG101 (Abcam, U.K.). Subsequently,
species-specific horseradish peroxidase (HRP)-conjugated secondary
antibodies (VivaCell, Shanghai, China) were applied. The immune-
reactive proteins were detected using a chemiluminescence kit
(FD8030, Fudebio, China), and the signal was captured using a
ChemiDoc XRS (Bio-Rad).

5.7. CCK-8 Cytotoxicity Assay. RAW264.7 and BMSC cell
suspensions were seeded in a 96-well plate (100 uL per well) (NEST
Biotechnology), with 5000 cells per well. After 24 h ours, intervention
stimuli were applied, and the cells were cultured. After another 24 h,
10 uL of CCK-8 solution was added to each well, including a blank
control well. The plate was then placed in a cell culture incubator for
an additional 2 h. Finally, absorbance was measured using an ELISA
reader at 450 nm.

5.8. Flow Cytometry. RAW264.7 cells were seeded in a 6-well
plate (1 X 10° cells per well) and cultured in M2-inducing medium,
composed of 89% high-glucose DMEM, 10% FBS (JYK-FBS-301,
INNER MONGOLIA JIN YUAN KANG BIOTECHNOLOGY CO,,
LTD.), and 1% penicillin-streptomycin solution (Gibco, New York),
supplemented with 20 ng/mL IL-4 and 10 ng/mL IL-13 (PeproTech
Inc,, Westlake Village). The cells were incubated overnight. After
intervention, the RAW264.7 cell suspension was collected, centri-
fuged, and the culture medium was removed to obtain the cell pellet.
The pellet was washed with PBS to remove residual medium and
contaminants. The cells were sequentially labeled with CD206 and
F4/80. After resuspension in PBS, the suspension was analyzed using
a Cytoflex flow cytometer to detect fluorescently labeled antibodies
and other parameters in SSC mode.

5.9. Osteogenic Differentiation. 1 x 10° BMSC cells were
seeded in a 48-well plate and cultured in osteogenic induction
medium (OriCell, from Cyagen Biosciences (Guangzhou)Inc.). After
osteogenic stimulation, assays for ALP activity, ALP staining, ARS
staining, and Von Kossa staining (Solarbio, Beijing, China) were
performed.

5.10. Osteoclast Differentiation. Forty-8 h after seeding 10,000
RAW264.7 cells in a 48-well plate, cells were cultured in complete
osteoclast medium containing 1 mg/mL Ti, 100 ng/mL RANKL
(R&D Systems, Minnesota), and 300 pg/mL of M2M, BMSC-Exos,
or M2M-Exos. After 7 days, the osteoclasts were stained using a
TRAP assay kit (Sigma-Aldrich). TRAP-positive osteoclasts (>3
nuclei) in each well were counted under an inverted microscope.

5.11. ROS Assay. RAW264.7 cell suspensions were seeded in a
48-well plate (500 uL per well), with 2 X 10 A 4 cells per well.
DCFH-DA was diluted in serum-free culture medium at a ratio of
1:1000 to achieve a final concentration of 10 ymol/L. After 24 h, the
cell culture media were removed, and 500 uL of the diluted DCFH-
DA solution was added to each well. The plate was incubated for 20
min in a cell culture incubator. Cells were washed 3 times with serum-
free medium to remove unincorporated DCFH-DA. Using an
excitation wavelength of 488 nm and an emission wavelength of
525 nm, the plate was observed and photographed under an inverted
fluorescence microscope.

5.12. Mouse Calvarial Osteolysis Model Construction.
Animal experiments were approved by the Zhejiang University
Animal Experiment Management Committee and conducted in
accordance with the principles outlined in the Guidelines for the
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Care and Use of Laboratory Animals. A skull bone resorption model
was established in 8-week-old male C57BL/6] mice using Ti particles.
Mice were randomly divided into five groups: sham surgery group, Ti
group, Ti + M2M group, Ti + BMSC-Exos group, and Ti + M2M-
Exos group. Surgical instruments were sterilized, and mice were
anesthetized prior to a sagittal incision extending from the midpoint
between the eyes to the midpoint between the ears. The skull surface
was exposed, the periosteum was scraped off, and 30 mg of Ti
particles were evenly distributed over the skull. The sham surgery
group underwent only periosteum removal. On days 1, 8, 15, and 22
postmodeling, DiR, Exos, and M2M-Exos were administered via tail
vein injections. Mice were euthanized on day 28, skull slices were
collected, and major organs were fixed.

Micro-CT imaging (Skyscanner 1176; Skyscanner, Aartselaar,
Belgium) was employed for histological analysis of the mouse skulls.
Scanning parameters were set to 400 uA per pixel, 50 kV, and 8.88 um
resolution. Following reconstruction, parameters including bone
surface area to bone volume ratio (BS/BV), bone volume to total
volume ratio (BV/TV), and porosity were assessed in the region of
interest (ROI). Skull slices were decalcified in 10% EDTA for 1 week,
stained with hematoxylin and eosin (HE) and tartrate-resistant acid
phosphatase (TRAP), and subsequently scanned using a 3DHIS-
TECH P250 FLASH scanner.

5.13. In Vivo Imaging. An induced skull bone resorption model
using Ti particles (Nanjing Emperor Nano Materials, China) was
established in 8-week-old male CS7bL/6j mice. One day post-
modeling, DiR and DiR-labeled BMSC-Exos and M2M-Exos (100 uL,
200 pg) were injected into the tail vein. Fluorescent images were
captured at 24, 48, and 72 h using an IVIS (Caliper). Mice were
euthanized at 72 h, skulls and organs were isolated, and the
distribution of DiR, Exos, and M2M-Exos in the skulls and organs was
analyzed. IVIS was used to analyze the fluorescence intensity of the
backgrounds of skulls and organs in each group.

5.14. Immunohistochemistry. Skull slices were rehydrated,
microwaved, and examined for histological changes in OCN, IL-6, and
TNF-a. Slices were then incubated overnight at 4 °C with primary
antibodies against OCN (Abcam, U.K.), RANKL (Abcam, UK.), IL-6
(Abcam, UK.), and TNF-a (Abcam, U.K.), followed by secondary
antibodies (1:2000; Abcam, U.K.) for 1 h at room temperature.
Images were captured using an optical microscope (Nikon, Japan).
Positive areas and cell counts were evaluated in nonbone tissue
adjacent to the midline suture in five randomly selected fields (250
pm X S00 pm) using Image] software for ROI analysis.

5.15. H&E Staining. To prepare for staining, slides were heated in
a 65 °C oven for 10 min to melt the paraffin. Sections were
deparaffinized in xylene for 3—S min, repeated twice. The sections
underwent a graded dehydration process in ethanol at concentrations
of 100, 95, 70, and 50%, each for S min. Hematoxylin staining was
performed for 3 min, followed by rinsing in tap water and brief
dipping in acid alcohol (e.g,, hydrochloric acid alcohol) for S s. After
another rinse, the sections were stained with eosin for 1 min. They
were then dehydrated in ethanol, cleared in xylene, and finally
coverslipped.

5.16. Confocal Cell Uptake. Cells were plated at a density of 1 X
10° cells per well in confocal cell culture dishes and incubated
overnight to adhere. Subsequently, DiO- labeled M2M or Dil-labeled
BMSC-Exos, or M2M-Exos were added to the wells based on the
experimental groups. The cells were incubated for 3 h to allow for
uptake, which was then assessed using a Zeiss inverted laser confocal
microscope. Appropriate laser excitation wavelengths and fluores-
cence filters were employed to visualize the uptake phenomena.

5.17. Immunofluorescence Staining. RAW264.7 cells grown
on poly-L-lysine-coated glass coverslips in 24-well plates were fixed
with 4% paraformaldehyde for 1S min at room temperature (RT),
followed by three 5 min PBS washes. For intracellular antigen
detection, cells were permeabilized with 0.1% Triton X-100/PBS for
10 min and rinsed thrice with PBS. Nonspecific binding was blocked
with $% Goat Serum for Blocking (Biodragon, AbBox, China) for 1 h
at RT. Primary antibodies diluted in blocking buffer (Biodragon,
AbBox, China) were applied overnight at 4 °C. After three S min PBS

washes, species-matched fluorescent secondary antibodies (1:1000)
were incubated for 1 h at 37 °C protected from light. Cell nuclei were
counterstained with DAPI (1 pg/mL) for 5 min, followed by two 3
min PBS rinses. Coverslips were mounted using antifade mounting
medium and sealed with nail polish. Images were acquired using a
fluorescence microscope with sequential channel capture to prevent
crosstalk.

5.18. Data Analysis. Data are presented as mean + standard
deviation (SD). The study was conducted 3 times to ensure reliability.
For multiple comparisons, one-way analysis of variance (ANOVA)
was applied. Data analysis was performed using GraphPad Prism 9
and Image] software. Statistical significance was established at a p-
value <0.05; “N.S.” denotes not significant. Significance levels were
denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
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