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ABSTRACT: Extracellular vesicles (EVs) possess the character- P Engincered v [ T ¢

istics of their parent cells, based on which various studies have LTG:,ﬁ;g“di'g:gf;:“’J {ﬁ“@;‘,;i‘:j;‘j,},m‘g;‘ggﬂ,’:

actively investigated treatments for diseases using mesenchymal $ } é - 6 -®
stem cell-derived EVs due to their regenerative activity. gﬁ;}é}s F ey e
Furthermore, in recent years, there have been significant efforts 6\ e |\

to engineer EVs to improve their native activities and integrate
additional functions. Although both endogenous and exogenous
methods are used for engineering EVs, endogenous methods may
pose the problem of administering substances to cells undergoing
metabolic changes, which can cause potential side effects. In

addition, exogenous methods may have the limitation of losing VL ;’::Z"'““‘ sftect
beneficial factors inside EVs due to membrane disruption during ey SopAla,
engineering processes. Surface modification of EVs may also impair

efficiency due to the presence of proteins on the EV surface.

Therefore, in this study, a stable and efficient engineering method was achieved through the ethanol-mediated hybridization of
EVs and functionalized lipid nanoparticles (LNPs) with a fusogenic lipid component. During hybridization, the internal
bioactive factors and targeting moiety were maintained to possess the characteristics of both LNPs and EVs. The Ab-Hybrid,
which was successfully synthesized through hybridization with nicotinamide-encapsulated and Col2Al antibody-modified
liposome and Transforming growth factor-f1 (TGF-fi1)-overexpressed EVs, was administered to osteoarthritis (OA)-induced
rats undergoing the destabilization of the medial meniscus surgery. Ultimately, the Ab-Hybrid demonstrated excellent
chondroprotective and anti-inflammatory effects with targeting and long-lasting properties in OA lesions. We anticipate that
this approach for manufacturing hybrid particles will serve as a valuable EV engineering method and a versatile platform
technology applicable to various diseases.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease that affects
numerous individuals worldwide, causing reduced quality of ]
life due to symptoms such as pain, restricted movement, and Rec.elved: June 15, 2024 f;'i‘i}‘:;’?!
joint deformities." It is a multifaceted chronic condition that Revised:  November 19, 2024 E X P
affects the entire joint, marked by inflammation, subchondral Accepted: November 26, 2024 o =
bone sclerosis, and cartilage degradation.” Treatments for OA Published: December 9, 2024 Zégl'
have focused on pain relief rather than complete recovery of
the lesion.” Various nonpharmacological treatments, such as
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Scheme 1. Schematic Diagram®
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“(A) Fabrication of hybrid nanoparticles and their application in osteoarthritis therapy. (B) Increased exposure of Col2 during the progression of
osteoarthritis, along with the enhanced targeting efficiency and retention time of hybrid nanoparticles.

patient education, assistive technologies, splints, therapeutic
exercises, and physical therapy, are also used to alleviate pain
and improve the functional capacity of patients with OA.” The
nonsurgical method that is frequently used in patients with OA
to relieve pain is the direct injection of corticosteroids at the
site of the lesion.” Steroids are not effective in treating the
fundamental causes of the disease and are unsuitable for long-
term treatment.” Moreover, steroids can reduce cartilage
volume and exhibit toxicity to chondrocytes.”” Hence, cell-
based therapies with the implantation of stem cells or
autologous chondrocytes have been proposed to overcome
these issues with corticosteroids.'”"" Although these cell-based
therapies have been successful in a few cases, they require the
transplantation of a large number of cells, necessitating long
periods of cell culture time. Additionally, for autologous
chondrocytes, significant discomforts are involved during the
cell acquisition process from the patient.

Extracellular vesicles (EVs) are nanosized particles secreted
by cells with various factors from cells and reflect the
characteristics of their parent cells.'”"® In particular, EVs
secreted by mesenchymal stem cells (MSCs) possess
regenerative capabilities, making them effective against various
degeneration-related diseases.'*”"” Despite the obvious
properties of EVs isolated directly from MSCs, there are
limitations to their successful clinical applications."® Numerous
engineering methods have been proposed based on endoge-
nous and exogenous approaches to improve the original
regenerative properties of EVs and provide additional
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functions. Endogenous engineering involves treating cells
intended to produce EVs with specific substances to obtain
EVs with altered characteristics by controlling preconditioning
and the properties of cells.'”*’ Nevertheless, even if one aims
to maintain the characteristics of the substances treated in this
method, the metabolic processes of the cells can alter these
characteristics, potentially compromising their efficacy and
exerting adverse effects. With attempts to utilize the original
bioactive substances of EVs derived from various cells, there is
a growing field of research exploring the use of EVs as carriers
for drug delivery systems.”’ These attempts are primarily
conducted through exogenous engineering methods, which
include techniques such as extrusion, sonication, electro-
poration, and freeze and thaw, among others.”> However, these
exogenous engineering methods result in the loss of factors
contained within EVs, which makes it difficult to achieve the
intact therapeutic potential of EVs. To address these
challenges, a hybrid system based on the hybridization
between EVs and drug-encapsulated liposomes has been
proposed.”® The core strategy of the hybrid system is to load
the desired substances and modify the surface properties of the
liposome, which are relatively easier to engineer than EVs, and
then combine the EVs and liposomes into a single particle
using various methods. Hybridization processes were initially
supported by physical stimulations such as extrusion,
sonication, electroporation, and freeze—thaw, but these
methods did not completely overcome the limitations of
exogenous engineering methods for EVs, including the loss of
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Figure 1. Confirmation of TGF-f1 overexpression in TMSC (TGF-f1 TMSC) and TGF-f1 TMSC-derived EVs. (A) Schematic
representation of CRISPR/Cas9-mediated knock-in of TGF-f1 into a safe-harbor site (AAVS1) on the TMSC chromosome. Evaluation of
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Figure 1. continued

transgenic expression of TGF-f1 with (B) immunocytochemistry and (C) Western blot analysis. (D) Size distribution of EV derived from
TMSC and TGF-fi1 TMSC. (E) Western blot analysis of EV derived from TMSC and TGF-f#1 TMSC with EV positive markers, CD63 and
TSG101, and a negative marker ApoAl. (F) Morphologies of EV imaged with TEM. Scale bars equal to 100 nm. (G) Level of TGF-f1 in cell
culture media and EVs detected by ELISA. (H) Representative images of wound healing assays to evaluate wound healing effects of EVs and
calculated wound healing rates of EVs (values are presented as mean + SD (n = 3), and statistical significance was obtained with one-way
analysis of ANOVA with Tukey’s multiple comparison post-test (*p < 0.05; **p < 0.01; **¥p < 0.001; **¥¥p < 0.0001)).
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Figure 2. Nicotinamide (NAM) effect on primary rat chondrocytes. (A) Cell viability in various concentration of NAM. (B) Gene expression
levels of Col2A1, MMP13, NF-kB, and IL-6. C. Hlustration of the fabrication process of NAM-loaded liposome nanoparticles (N-LNP;
LNP). (D) Size distribution of LNP. (E) Loaded amount of NAM in LNP quantified with HPLC. (F) Morphologies of LNP imaged with
TEM. Scale bars equal to 100 nm (values are presented as mean + SD (n = 3), and statistical significance was obtained with one-way analysis
of ANOVA with Tukey’s multiple comparison post-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)).

internal bioactive materials. To minimize the loss of the
original bioactive materials of EVs during hybridization, a
strategy to control membrane fluidity with the addition of
polyethylene glycol (PEG) has been introduced.”* The PEG-
mediated hybridization provided a relatively nondestructive
alternative to other exogenous methods and minimized the loss
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of internal factors.”” However, it was difficult to completely
remove PEG, which must be resolved because of a critical
problem wherein residual PEG can induce anaphylactic shock
with allergic reactions.”® Moreover, the rapid circulation of
synovial fluid within the joint cavity, an environmental factor
within the articular space, poses a challenge for therapeutic
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agents to remain in the lesion site for an extended period.
Therefore, biomaterial-based therapeutics have been developed
to overcome the limitations of current OA treatments.”’

In this study, we used ethanol-mediated hybridization
methods to overcome these challenges and construct a
multifunctional system that incorporates various bioactive
factors for OA treatments.”® Briefly, hybrid nanoparticles were
fabricated by blending EVs derived from Transforming growth
factor-f1 (TGF-f1)-overexpressed tonsil-derived mesenchy-
mal stem cells (TMSCs), known for maintaining the
homeostasis of cartilage tissue, and lipid nanoparticles
(LNPs) encapsulating nicotinamide (NAM) and modifying
collagen type II alpha 1 (Col2Al)-targeting antibody to
facilitate anti-inflammatory properties and precise and long-
term activities on the lesion area of OA, respectively (Scheme
1A,B). We hypothesized that the multifunctional properties of
every single particle were achieved through complete hybrid-
ization between EVs and LNPs. The TGF-f1-overexpressed
EVs contributed to maintaining homeostasis in the cartilage
microenvironment and protecting the cartilage. Furthermore,
NAM- and Col2Al antibody-modified LNPs demonstrated
anti-inflammatory effects by overcoming the rapid flow of
synovial fluid on the OA lesion. Altogether, the hybrid
nanoparticles proposed in this study may contribute to
cartilage regeneration through the combined action of various
bioactive factors.

RESULTS AND DISCUSSION
EVs Derived from TGF-f1-Overexpressed TMSCs. EVs,

obtained from MSCs, have been used to promote tissue
regeneration, exhibiting properties such as anti-inflammatory,
antiapoptotic, and antifibrotic effects of parent cells.”” ™' To
strengthen the specific function of these characteristics, TGF-
PBl, a key component of cartilage homeostasis, was overex-
pressed in TMSCs using the clustered regularly interspaced
palindromic repeats/Cas9 (CRISPR/Cas9) system (Figure
1A). The CRISPR/Cas9 system is known for its high efficiency
and precision,”” and the overexpression of TGF-41 in TMSCs
was confirmed by immunocytochemistry (ICC) and Western
blotting (Figure 1B,C). The TGF-fS1-His-overexpressed
TMSCs exhibited a higher amount of His protein expression
than the negligible amount of His protein expression in control
TMSCs. Two types of EVs, control EVs and TGF-1 EVs,
were serially isolated using the tangential flow filtration (TFF)
system from control TMSCs and TGF-f1-overexpressed
TMSCs, respectively. Both EVs had similar particle mean
sizes and size distributions in the nanoparticle tracking analysis
(NTA) (Figure 1D). The presence of the representative
transmembrane protein (CD63), the intracellular protein
(Tumor susceptibility gene 101; TSG101), and the major
negative marker apolipoprotein Al (Apo-Al) was evaluated by
Western blotting according to the MISEV 2023 guidelines to
confirm EVs (Figure 1E). EV-positive markers, namely, CD63
and TSG101, were detected, whereas the EV-negative marker
Apo-Al was not detected in both types of EV. There was also
no obvious difference in their appearance, with typical cup-
shaped and spherical morphologies observed in transmission
electron microscope (TEM) images (Figure 1F). To confirm
the amount of TGF-A1 in engineered TMSCs and their
carrying capacity with EVs isolated from these cells, the
expression levels of TGF-f1 in both TMSCs and EVs were
evaluated by an enzyme-linked immunosorbent assay (ELISA).
Results demonstrated that the amount of TGF-J1 increased by

approximately two times in both TGF-f1 TMSCs and TGF-f1
EVs compared with that in native TMSCs and EVs (Figure
1G). These data indicate the successful overexpression of
TGF-f1 in TMSCs through the CRISPR/Cas9 system and
that the EVs reflect the characteristics of their parent cells.
Based on these results, a wound healing assay was conducted
to demonstrate the regenerative promoting activity of TGF-f1
using primary rat chondrocytes (PRCs) (Figure 1H). Both
types of EVs (ctrl EVs and TGF-f1 EVs) were administered at
the same concentration, 1 X 10° particles/mL, and the
concentration of free TGF-#1 alone was matched to the
amount of TGF-f1 in 1 X 10® particles/mL of TGF-f1 EVs,
calculating 290 pg. For the ctrl EV + TGF-f1 group to
compare the regenerative activity with separate incubation of
EVs and TGF-f1, whole amounts of TGF-f1 were matched
equally to 290 pg mixed with 140 pg of TGF-f1 from ctrl EVs
and an additional 150 pg of free TGF-f1. The wound healing
assay revealed that the TGF-f1 EV group exhibited the
strongest activities, suggesting that the wound healing capacity
was upregulated with MSC-derived EVs and facilitated with
additional TGF-f1. The efficiency of TGF-f1 was also
maximized through encapsulation in EVs by protecting TGF-
Pl for an efficient intracellular delivery compared with free
TGF-p1. These results are consistent with the anticipated
characteristics of EVs as drug-delivery vehicles.” Therefore, we
used TGF-f1 EVs and named them EVs in all subsequent
experiments.

NAM-Encapsulated LNPs for Anti-Inflammatory Ef-
fect. NAM is a member of the vitamin B3 family and regulates
inflammation in OA and other diseases.””*> To confirm these
properties of NAM in chondrocytes, an optimum concen-
tration of NAM in PRCs (Figure 2A). Cell viability increased
up to 10 mM and decreased at >20 mM, with an LD50
between 50 and 60 mM. On the basis of these results, 10 mM
NAM (NAM 10) was administered to tumor necrosis factor-a
(TNF-qa; 20 ng/mL)-pretreated PRCs to demonstrate the anti-
inflammatory effects of NAM in an OA model mimicked in
vitro.”® The cartilage protection effects of NAM were analyzed
by detecting the expression levels of COL2A1 for the
composition of cartilage and matrix metallopeptidase 13
(MMP13) for the cartilage-degrading enzyme. Moreover, the
expression levels of inflammatory factors, nuclear factor xB
(NF-kB), and interleukin-6 (IL-6) were evaluated to confirm
the anti-inflammatory effects of NAM (Figure 2B). The higher
expression levels of COL2A1 in the NAM 10 group than those
in the TNF-a-treated group indicated that NAM exerts a
protective effect on cartilage. In addition, MMP13, a major
factor in the vicious cycle of cartilage inflammation, was
downregulated, and similarly, NF-kB and IL-6 levels were also
reduced.”” Additionally, the inhibitory effect of NAM on
inflammation-induced apoptosis was confirmed through
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) analysis, showing a significant difference (Figure
S1). Hence, these results suggest that NAM can regulate
inflammation while simultaneously exerting a protective effect
on the cartilage. To improve the therapeutic effects of drugs
and facilitate the formation of hybrid with EVs through the
fusion process, we selected fusogenic liposomes (LNPs) as a
drug delivery vehicle (Figure 2C).>%* The LNPs were
manufactured using the thin film hydration method followed
by the extrusion method, and the size of the manufactured
LNPs was measured using a MONO ZetaView (Figure 2D).
The amount of NAM loaded into the LNPs was quantified at
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Figure 3. Ethanol-mediated hybridization between EVs and LNPs. (A) Illustration of the FRET-based lipid mixing assay. (B) FRET intensity
in various EV and LNP particle ratios (PRs). (C) Changes in fluorescence intensity at each wavelength during EV-LNP hybridization. (D)
Zeta potential of EV, LNP, and N-Hybrid. (E) Loaded amount of NAM and TGF-f1 in N-Hybrid quantified with HPLC and ELISA,
respectively. (F) Size distribution of N-Hybrid. (G) Morphologies of N-Hybrid imaged with TEM. Scale bars equal to 100 nm. (H) Western
blot analysis of N-Hybrid with EV positive markers, CD63 and TSG101, and a negative marker, ApoAl (values are presented as mean + SD
(n = 3), and statistical significance was obtained with one-way analysis of ANOVA with Tukey’s multiple comparison post-test (*p < 0.05;

*kp < 0.01; ¥¥¥p < 0.001; *¥¥¥p < 0.0001)).

7.9 mg/1 X 10° particles by high-performance liquid
chromatography (HPLC) (Figure 2E and Figure S2). More-
over, the resulting TEM images confirmed the typical spherical
morphology of the liposomes with a size of approximately 100
nm (Figure 2F). Based on these data, the successful production
of NAM-encapsulated LNPs was confirmed.

Fabrication of the EV—LNP Hybrid Nanoparticle.
Although various engineering approaches have been proposed
in recent years to provide additional functions for EVs,*' many
of these methods involve the loss of significant internal factors
within the EVs. Therefore, to minimize such loss of internal
factors while achieving engineering, an engineering strategy
involving the induction of hybridization between EVs and
LNPs has been proposed. In particular, the strategy of inducing
hybridization by controlling the fluidity of lipid membranes is
attracting attention as a method that does not utilize external
mechanical stimulations. Initially, PEG was used to increase
the membrane fluidity and the close contact of the lipid
membrane to trigger the reorganization of lipid molecules.
However, removing the free PEG, which may cause allergic
reactions, was challenging.“’43 Therefore, we used the ethanol-
mediated hybridization strategy to eliminate the possibility of
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side effects caused by additives.** Ethanol was used to increase
the fluidity of the lipid membrane of both EVs and LNPs.* To
confirm hybridization, a forster resonance energy transfer
(FRET)-based lipid mixing assay was introduced (Figure 3A).
This method depends on changes in the intensity of light with
energy transfer between donor (NBD) and acceptor (rhod-
amine) fluorophores on the LNPs as changing the distance
between these fluorophores during hybridization with EVs.*
Based on this hybrid validation method, the FRET intensity
was identified at various ratios of EVs to LNPs (Figure 3B).
The FRET intensity was approximately 50% at a 1:1 ratio,
exhibiting statistical significance compared to other particle
ratio (PR) groups. Using these results, we optimized the ratio
of LNPs to EVs to 1:1 for complete and efficient fusion
between them. When we compared the light intensity of 1:1
PR and LNPs measured at 1 nm intervals across the spectra of
wavelengths, we detected significant changes at 540 nm, the
emission peak of NBD (donor), and at 590 nm, the emission
peak of rhodamine (acceptor). Through hybridization, the
altered spectral results showed increased intensity in the
emission peak for NBD, 540 nm, and, conversely, decreased
intensity in the emission peak for rhodamine, 590 nm, with
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Figure 4. Functionality of hybrid nanoparticle. (A) Representative images of wound healing assays to evaluate wound healing effects of EV,
LNP, and N-Hybrid, and quantification data for wound healing rates of EV, LNP, and N-Hybrid. (B) Gene expression levels of Col2Al,
MMP13, NF-kB, and IL-6. (C) Fluorescence-based immunocytochemistry for MMP13 expression. (D) Fluorescence-based
immunocytochemistry for NF-kB expression (values are presented as mean + SD (n = 3), and statistical significance was obtained with
one-way analysis of ANOVA with Tukey’s multiple comparison post-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)).

decoupling FRET (Figure 3C). Furthermore, the positively
charged LNPs changed to slightly negatively charged with
hybrid formation (N hybrid) using negatively charged EVs
(Figure 3D). To confirm whether the internal bioactive
components of EVs and LNPs remained intact after hybrid
formation, we evaluated the loading amount of TGF-f1 and
NAM of the hybrid by HPLC and ELISA (Figure 3E). We
detected 137 pg/1 X 10® particles of TGF-$1 and 6.7 mg/1 X
108 particles of NAM in the N-Hybrid, which confirmed that
the substances inside LNPs and EVs were retained with
minimal loss in the N-Hybrid compared with the initial
amount of TGF-f1 and NAM in EVs and LNPs as shown in
Figures 1G and 2E. These findings confirmed that the ethanol-
mediated fusion is an emerging strategy that minimizes the loss
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of the internal components of EVs and LNPs while
maintaining the respective functionalities."” Regarding the
size examined using MONO ZetaView, we observed that the
average size increased to 203 nm for the N-Hybrid (Figure
3F); an increase in size indicates the indirect confirmation of
fusion between the two nanovesicles. A distinct morphology
different from that of both EVs and LNPs was displayed with a
size of approximately 200 nm for the N-Hybrid in the TEM
analysis (Figure 3G)."® The ethanol-mediated hybridization
approach regulates membrane fluidity to induce fusion
between the respective vesicles. As a result, unlike conventional
EV engineering methods that utilize external forces to
disassemble and reassemble the membrane sequentially,
which do not significantly alter particle size, ethanol-mediated
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hybridization can lead to an increase in the average size of
hybrid nanoparticles as the membranes of individual vesicles
39 Finally, we detected the
representative EV markers by Western blotting to confirm

fuse and become into one vesicle.*

whether the characteristics of EVs were maintained even after
N-hybrid formation (Figure 3H). Results revealed the
expression of the positive markers of EV, CD63, and
TSG101, whereas the negative marker of EV, ApoAl, was
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not detected. Through validation of TSG101 expression, an
internal marker of EVs, we could indirectly reveal again that
the internal factors of EVs are maintained through the ethanol-
mediated hybridization process (Figure S4).

Functionality of the Hybrid Nanoparticle (N-Hybrid).
A wound healing assay was conducted on PRCs to confirm the
excellence of the N-Hybrid for regeneration. All groups were
treated with the same number of total particles with LNPs,
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EVs, a simple mix of LNPs and EVs, and N-Hybrid at a
concentration of 1 X 10° particles/mL. For parallel
comparisons for LNP + EV, 5 X 108 particles/mL of each
particle were treated. After 24 h of particle treatment, a
quantification of the open area revealed that the N-Hybrid
group had the smallest open area, showing a slight difference
compared with that in the EV group. These findings may be
attributed to various factors inside the EVs that play a major
role in wound healing and the NAM of LNPs that plays a
supporting role (Figure 4A). In the PRCs pretreated with
TNEF-a for mimicking OA in an in vitro system, the expression
level of Col2Al in the N-Hybrid group was comparable to that
in the ctrl group, demonstrating significant cartilage protection
due to the combined action of NAM and TGF-f1 (Figure 4B).
Moreover, the expression of the cartilage-degrading enzyme,
MMP13, was reduced, and similar patterns of downregulation
were observed for the expression of the proinflammatory
markers NF-kB and IL-6. In addition to the results of gene
expression, we conducted an ICC analysis of MMP13 and NF-
kB levels to confirm the anti-inflammatory effects of N-Hybrid
at the protein level. When the cartilage is damaged,
inflammation is triggered, causing an increase in the level of
MMP13 production. This results in the breakdown of cartilage
collagen, which in turn exacerbates inflammation, generating a
vicious cycle that is widely recognized as the progression of
OA.>" As anticipated, both MMP13 and NF-kB expressions
were significantly inhibited in the groups treated with N-
Hybrid nanoparticles (Figure 4C,D, respectively). The
consistent results at both gene and protein levels suggest
that the N-Hybrid exerted both cartilage protection and anti-
inflammatory effects with superior drug delivery capabilities
compared with those of EVs or LNPs alone and the simple mix
of EVs and LNPs.

Surface Engineering of Hybrid Nanoparticles. In
general, treatment strategies for OA involve methods for
overcoming the rapid wash-out of synovial fluid within the
joint cavity for prolonged residence.”” Therefore, we aimed to
modify Col2A1 antibodies on the surface of N-Hybrid particles
to allow them to remain in the lesion area for a longer time
(Figure SA). Although Col2Al is known to be expressed in
various tissues, cartilage is a major tissue that contains
relatively large amounts of it.>>** Col2Al specifically targets
collagen type II (Col2), which is exposed on the cartilage
surface with the progression of OA.>” To generate the Col2A1
antibody-functionalized hybrid (Ab-Hybrid), we used mal-
eimide-incorporated DSPE (mal-DSPE) to create LNPs. For
maximizing the targeting efficiency of the antibody, the F(ab’),
fragment of Col2A1 antibody was produced using pepsin resin
and thiol groups were exposed using DTT to enable
conjugation with maleimide on the surface of LNPs. The
F(ab’), fragment has a better targeting efficiency than intact
antibodies.™ Through this process, Col2Al F(ab’), was
synthesized to react with maleimide-incorporated LNPs,
resulting in the production of antibody-decorated LNPs (Ab-
LNP). Serially, the Col2Al antibody-functionalized hybrid
(Ab-Hybrid) was synthesized by ethanol-mediated hybrid-
ization as previously described, and the FRET assay revealed
the successful formation of the hybrid even with the
introduction of Col2A1 F(ab’), (Figure SB). The sizes of
Ab-LNP and Ab-Hybrid particles were measured using
MONO ZetaView. With Col2A1 F(ab’), functionalization,
the average size slightly increased in both Ab-LNP and Ab-
Hybrid, but the morphologies showed no significant differ-

ences compared with those of N-LNP and N-Hybrid (Figure
5C,D). Furthermore, to confirm whether Ab-Hybrid retains
the characteristics of the original EVs, we evaluated the EV
markers CD63, TSG101, and ApoAl by Western blotting.
Results demonstrated that the surface functionalization of
LNPs did not cause the loss of EV characteristics during
hybridization with EVs, and the expression of an EV marker,
TSG101, also indirectly confirmed that the internal factors of
EVs were maintained during the formation of Ab-Hybrid
(Figure SE and Figure S4). The positively charged Ab-LNPs
changed to negatively charged due to hybridization similar to
that during N-hybrid formation (Figure SF). The targeting
property of Col2A1 F(ab’), functionalization was confirmed
by the internalization of dye-labeled hybrid particles in PRCs.
With Col2A1 F(ab’), modification, the hybrid particles were
internalized into PRCs through Col2A1 receptors. Moreover,
in cells where the Col2A1 receptors were blocked by free
Col2Al, the N-Hybrid exhibited no difference in internal-
ization efficiency compared with that in nonblocked PRCs;
however, a negligible intensity was shown for Ab-Hybrid in
free antibody-blocked PRCs, although intense signals were
exposed in nonblocked PRCs (Figure SG,H). These findings
show that the Ab-Hybrid might target specifically the lesion
site and exhibit prolonged retention at the lesion site of OA
compared with the N-Hybrid.

Affinity of Hybrid Nanoparticles to OA Lesions. Based
on the specificity of the Ab-Hybrid to PRCs at the cellular
level, we performed ex vivo tests to compare the affinity of
hybrid nanoparticles in actual tissues. To mimic the OA
condition in an ex vivo model, femoral condyles isolated from 8
week old Sprague—Dawley (SD) rats were subjected to 1 h
injury using 0.25% trypsin-EDTA (TE) buffer. Exposing
cartilage regions to trypsin is known to mimic the pathological
lesions of OA.”” The fluorescent-labeled hybrid particles were
exposed to the ex vivo model for 1 h and imaged using a
fluorescence-labeled organism-bioimaging instrument (FOBI)
(Figure 6A and Figure SS). The imaging results revealed a
significant difference in intensity between the Ab-Hybrid and
N-Hybrid, visible to the naked eye and clearer with rainbow
intensity images. For a precise comparison of intensity, we
quantified the intensity using the Image] program and
normalized it to the size of each tissue for graphical
representation (Figure 6B). Results revealed a higher
fluorescence signal in the Ab-Hybrid group, similar to findings
at the cellular level, indicating the prolonged retention
properties of the Ab-Hybrid compared with those of the N-
Hybrid at the pathological sites for improved therapeutic
potentials. Based on the previous results, in vivo particle
tracking was performed to confirm whether Ab-Hybrid shows
improved targeting efficiency and retention time compared to
those of N-Hybrid. After labeling particles with DiD, the
labeled particles were injected into the joint cavity in the
DMM model. The distribution and fluorescence intensity of
the particles were observed for 30 days (Figure 6C,D). While
the N-Hybrid showed fluorescence intensity outside the joint
cavity, the Ab-Hybrid remained localized within the joint
cavity in the initial time. This indicated an improved targeting
efficiency for Ab-Hybrid compared to N-Hybrid. The
fluorescence signal initially started to diminish in the joint
cavity for N-Hybrid, and completely disappeared at 30 days,
whereas a strong fluorescence signal was maintained for 30
days in the joint cavity for Ab-Hybrid, suggesting that N-
Hybrid was cleared from the joint cavity faster than Ab-Hybrid

https://doi.org/10.1021/acsnano.4c07992
ACS Nano 2024, 18, 33937-33952


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07992/suppl_file/nn4c07992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07992/suppl_file/nn4c07992_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
A o 2 ‘ the DMM group. In detail, the red-stained area that reflects the
5 E?H proteoglycan content of cartilage was visualized in both N-
z gé" J o Hybrid and Ab-Hybrid groups, although a less 1ntense signal
£3.. was observed compared with that in the ctrl group.”” Based on
E; £ this finding, it can be concluded that the N-Hybrid and Ab-
g - & Hybrid treatments exerted a relative cartilage-protective effect
* £ compared to the DMM surgery (Figure 7B). Moreover, the
o b normal arrangement of cartilage can be characterlzed by layers
4 Y 0 2 4 6 8 wks stained with red and green by S/O stalmng ! Unlike that in
r r | 2wks | 2wks | 2wks | 2wks |
I 1 1 1 1 the Ab-Hybrid group, the N-Hybrid group demonstrated a
DMM Particles mixed pattern with a disrupted layer, 1nd1cat1ng a disruption or
Surgery injection

hEEEELLLL

Figure 6. Ex vivo and in vivo particle tracking study with N-Hybrid
and Ab-Hybrid. (A) Image of particle affinity with damaged
femoral condyle imaged with fluorescence-labeled organism-
bioimaging instrument (FOBI). (B) Quantitative graph of
fluorescence intensity. (C) Illustrated image of DMM surgery
and the time schedules of in vivo particle tracking analysis. (D)
Time-dependent knee images of rats injected with DiD-labeled N-
Hybrid and Ab-Hybrid 6 weeks after DMM modeling (values are
presented as mean + SD (n = 3), and statistical significance was
obtained with one-way analysis of ANOVA with Tukey’s multiple
comparison post-test (*p < 0.05; *¥p < 0.01; ¥¥¥p < 0.001; *¥¥%p
< 0.0001)).
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despite the same amounts of particles being injected. In the
Ab-Hybrid group, the fluorescence signal completely dis-
appeared at 60 days after injection. These proved the specific
targeting activity and long retention time of Ab-Hybrid to offer
enhanced therapeutic efficacy compared to N-Hybrid.

In vivo therapeutic effects of Ab-Hybrid nano-
particles on the DMM-induced OA rat model. To
confirm the therapeutic effects of the hybrid nanoparticles in
an animal model with cartilage damage, we induced the
surgical destabilization of the medial meniscus (DMM) in 8-
week-old SD rats. The animal model was created with minimal
incision according to a well-established protocol (Figure 56).%°
At every 2 weeks after the DMM surgery, the two types of
hybrid nanoparticles, N-Hybrid and Ab-Hybrid, were admin-
istered through intra-articular (IA) injection, and the animal
models were sacrificed at 8 weeks after surgery (Figure 7A).
During the 8 weeks of DMM surgery and hybrid nanoparticle
treatments, there were no significant weight changes among
the groups (Figure S7A,B). The legs of euthanized SD rats,
including the regions of the DMM surgery and particle
injection, were harvested and embedded in paraffin followed
by sectioning at a thickness of 10 gm. The sectioned samples
were serially stained with hematoxylin and eosin (H&E) and
Safranin O-fast green (S/O) for histological evaluation.
Histological analysis with H&E staining revealed a relatively
thicker cartilage and a larger number of chondrocytes in the
groups treated with N-Hybrid and Ab-Hybrid than in the
DMM group.”” Moreover, the S/O staining revealed the
presence of red-stained cartilage areas in all groups except in

alteration of the normal cartilage structure.’” In contrast, the
Ab-Hybrid group maintained a distinct layered structure in S/
O staining, implying relatively normal and healthy tissues.
These histological findings indicate that the intensity of S/O
staining appeared similar between the N- and Ab-Hybrid
groups. However, in terms of the Osteoarthritis Research
Society International (OARSI) score based on the pattern of
layers, which indicates the structural state of the cartilage, the
Ab-Hybrid group showed a lower score than the N-Hybrid
group (Figure 7C).%® Therefore, Ab-Hybrid exerted relatively
superior cartilage protection and regeneration effects than N-
Hybrid.

In Vivo Gene and Protein Expression for Ab-Hybrid
Nanoparticles in the DMM-Induced OA Rat Model. We
examined the expression of cartilage-regeneration-related
factors at the gene level (Figure 7D). The expression of
Col2A1, a major component of cartilage, can be used as an
indicator of cartilage damage,** increasing significantly in the
DMM model treated with Ab-Hybrid. In contrast, treatment
with the Ab hybrid exerted relatively high inhibitory effects on
the expression of MMP13, NF-kB, and IL-6. The large
difference in gene expression levels between the N-Hybrid and
Ab-Hybrid groups is due to the specificity of the Col2Al
antibody to the lesion site and the ability to withstand the
rapid wash-out of synovial fluid in the joint cavity. Due to
similar reasons, the Ab-Hybrid exerted relatively high
inhibitory effects on the expression of MMP13, NF-kB, and
IL-6. Based on these gene-level results, we conducted
confirmatory assessments at the protein level for Col2A1 and
MMP13, a major component in cartilage and a major
contributor to cartllage degradation and OA induction,
respectively (Figure 7E).°> For the parallel comparison, we
normalized the expression levels of both factors using the
expression of f-actin as a house keeping gene (Figure 7F).
Results demonstrated that the intensity of Col2Al was
upregulated in the N-Hybrid group and maximized in the
Ab-Hybrid group. Conversely, the MMP13 expression was
reduced in the N-Hybrid group and minimized in the Ab-
Hybrid group, suggesting relatively superior cartilage protec-
tion, regeneration, and anti-inflammatory effects of Ab-Hybrid
than those of N-Hybrid. Therefore, we believe that Ab-Hybrid
can be used as a promising therapeutic agent for OA, exhibiting
significant efficacy.

CONCLUSIONS

This study describes a fabrication technology for hybrid
nanoparticles that possess the characteristics of both EVs and
LNPs simultaneously, providing an excellent therapeutic
property for OA. The hybrid approach was effective in
overcoming the limitations of both endogenous and exogenous
methods for engineering EVs, and the difficulties in surface
engineering caused by the presence of proteins on the EV
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Figure 7. Histological image and gene/protein expression levels of the in vivo analysis. (A) Time schedules of in vivo analysis. (B)
Representative images of the hematoxylin and eosin (H&E) and safranin O-fast green (S/O) staining of the samples collected at 8 weeks of
postsurgery. (C) Quantitative graph of S/O staining intensity and OARSI score based with histological image. (D) Gene expression levels of
the in vivo samples of 8 weeks postsurgery. (E) Western blot analysis for the in vivo samples 8 weeks after surgery. (F) Quantitative intensity
graph of the Col2A1 and MMP13 normalized with f-actin intensity (values are presented as mean + SD (n = 3), and statistical significance
was obtained with one-way analysis of ANOVA with Tukey’s multiple comparison post-test (*p < 0.05; **p < 0.01; ***p < 0.001; **¥¥p <
0.0001)).

surface were resolved. The disadvantages of mechanical be overcome through ethanol-mediated hybridization using the
fusogenic lipid component.

The hybrid nanoparticles in this study, Ab-Hybrid, exerted
internal factors and severe allergic reactions due to PEG, could an inhibitory effect on the expression of MMP13, a key inducer

stimulation and PEG-mediated hybridization, viz., the loss of
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of OA, resulting in the downregulation of inflammatory
mediators such as NF-kB and IL-6. Moreover, the combinatory
effects of NAM and TGF-f1 encapsulated in the hybrid
nanoparticles upregulated the expression of Col2Al, providing
evidence of chondroprotective effects. The inhibitory effect of
these hybrid nanoparticles on OA was demonstrated not only
in in vitro but also in in vivo rat models induced with OA
through DMM surgery. Furthermore, the highly specific
Col2A1 antibody-functionalized Ab-Hybrid overcame rapid
synovial fluid turnover in the joint cavity and exhibited
superior therapeutic efficacy than the N-Hybrid. These results
suggest that the ethanol-mediated fabrication technology for
manufacturing hybrid nanoparticles can be used as a versatile
platform technology for EV engineering and applied to diverse
diseases.

MATERIALS AND METHODS

Cell Culture. Human tonsil-derived mesenchymal stem cells
(TMSCs) and TGF-fi1 overexpressed human tonsil-derived mesen-
chymal stem cells (TGF-1 TMSCs) were presented from the Dong-
Youn Hwang’s Laboratory in CHA University and cultured using
CellCor CD MSC media (CDM; Xcell Therapeutics, Seoul, Korea)
with 1% antibiotic-antimycotic solution. All types of MSCs were
seeded 5 X 10° cells/plate on a 150 pi plate. The primary rat
chondrocyte (PRC; presented by Dr. Byoung Ju Kim) were cultured
using DMEM-F12 (Gibco, MD, USA) media with 1% antibiotic-
antimycotic solution and 10% fetal bovine serum (FBS). All types of
cells were incubated at 37 °C in a humidified environment with 5%
CO,.

Cell Viability Test. Cell viability was assessed using a cell
counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan). The CCK-8
assay was performed according to the manufacturer’s guidelines to
evaluate relative cell viability. Absorbance was measured at 450 nm by
using a microplate reader (Molecular Devices, CA, USA).

Isolation of Extracellular Vesicles (EVs). Conditioned media
were collected every 24 h for a total duration of 120 h to isolate the
EVs. To remove nonexosomal large particles, including cells, cell
debris, microvesicles, and apoptotic bodies, the collected conditioned
media were centrifuged at 1,300 rpm for 3 min followed by filtering
with a 0.22 ym vacuum filter/storage bottle system. EVs were isolated
using tangential flow filtration (TFF; Repligen, Waltham, MA, USA)
with a 500 kDa molecular weight cutoff filter and a diafiltration rate of
7. The isolated EVs were then concentrated for further applications
using an Amicon Ultra-15 centrifugal Filter Unit (Merck, Darmstadt,
Germany).

Preparation of NAM-Loaded Liposome (LNP). Liposomes
were synthesized using the thin film hydration followed by an
extrusion method. The lipid components (DOPC: DOTAP: DSPE-
mal: NBD-PE: rhodamine-PE = 74:20:4:1:1), containing the
fusogenic lipid, were dissolved in chloroform and then dried for 15
min at 60 °C using a rotary evaporator under a constant vacuum. The
resulting thin film was resuspended in a PBS solution containing
nicotinamide (NAM) until the lipid membrane was fully hydrated.
The NAM encapsulated liposome (LNP) was formed by passing the
mixture 11 times through a polycarbonate membrane with 100 nm
pore sizes with a mini extruder (Avanti Polar Lipids, AL, USA). To
remove free drugs, the extruded solution was purified three times by
using the Amicon ultra-15 centrifugal filter unit (Merck, Darmstadt,
Germany).

Characterization of EVs, LNPs, and Hybrid Nanoparticles.
The MONO ZetaView (PMX-120, Particle Metrix, Meerbusch,
Germany) was employed by using a 488 nm scatter mode to assess
the quantity and size of particles. Samples were diluted in filtered
phosphate-buffered saline (PBS) solution (HyClone laboratories, UT,
USA) to a concentration of 10’—10° particles/mL. Standardized
parameters, including sensitivity (75), shutter (100), minimum trace
length (15), and cell temperature (25 °C), were adjusted for the
accurate analysis of all samples. The zeta potential of the particles was

determined using a Zetasizer Nano ZS (Malvern, Worcestershire,
UK). Transmission electron microscopy (TEM; Hitachi, H~76% 80
kV, Japan) was utilized to visualize particle morphologies. The particle
solution was dried on a Formvar/copper grid coated with carbon (150
mesh, FCF150-CU, Electron Microscopy Sciences, PA, USA). EVs
were stained with either 7% uranyl acetate or a gadolinium acetate
solution and subsequently dried for negative staining on a copper grid.
After drying, the Formvar/copper grid was mounted on the grid box
for TEM examination.

TUNEL Analysis. The PRCs were seeded in a 24-well culture plate
(S x 10* cells). PRCs were fixed, permeabilized, and detected
according to the protocol provided by the manufacturer. PRCs
subjected to the TUNEL assay (25879, Cell Signaling Technologies,
MA, USA) were imaged using a fluorescence microscope (CKXS3,
OLYMPUS, Tokyo, Japan).

Western Blot Analysis. In the Western blot analysis, an equal
number of EVs or proteins were used to compare protein expression
levels in parallel. After separation using 10% SDS-PAGE, the proteins
were transferred onto nitrocellulose (NC) membranes. The NC
membrane was blocked with a TBST solution diluted with 5% skim
milk. The protein-transferred NC membranes were incubated with
primary antibodies against the His tag (ABM, Richmond, BC,
Canada), CD63 (Abcam, MA, USA), TSG101, Apo-Al (Santa Cruz
Biotechnology, CA, USA), Col2Al (sc-52658, Santa Cruz Bio-
technology, CA, USA), MMP13 (PAS—27242, Thermo Fisher
Scientific, OH, USA), and f-actin (sc-47778, Santa Cruz Biotechnol-
ogy, CA, USA), respectively. These were followed by incubation with
HRP-linked secondary antibodies (Cell Signaling Technology, MA,
USA). The blot was then treated with enhanced chemiluminescence
solution (GE Healthcare, WI, USA) and visualized using the
ChemiDoc XRS+ system and ImageLab software (Bio-Rad, CA,
USA).

Particle Hybridization & FRET Analysis. To achieve ethanol-
mediated hybridization, the same number of EVs and LNPs,
quantified using MONO ZetaView, were mixed and incubated for 1
h in 30% ethanol. After a 1 h incubation, a PBS solution was added to
stop the ethanol-induced reaction. To remove the ethanol and
concentrate the particles, the mixture was processed using the Amicon
ultra-15 centrifugal filter unit (Merck, Darmstadt, Germany). To
confirm hybridization with FRET-based analysis, two separate
fluorophore-labeled lipids, NBD-PE and rhodamine-PE were utilized
to form LNPs. The fluorescence profiles were detected with a
microplate reader (Molecular Devices, CA, USA) at the three respect
wavelengths (excitation at 460 nm, emission at 540 and 590 nm,
cutoff at 530 nm). The emission point was determined by measuring
the lambda maxima of NBD-PE and Rhodamine-PE. FRET intensity
was calculated using the following equation, (Fseo/(Fs4o + Fsop)) X
100, where Fs,y = emission fluorescence at 540 nm and where Fsoy =
emission fluorescence at 590 nm.

Wound Healing Assay in the Primary Rat Chondrocyte
(PRC). The primary rat chondrocytes (PRCs) were cultured in 6-well
plates at a density of 5 X 10° cells per well until they formed a
confluent monolayer. A sterile 1 mL pipet tip was used to scratch the
center of the wells. After rinsing with PBS solution, the cells were
treated with four different nanoparticles, EVs, LNPs, EVs+LNPs, and
N-Hybrid, at a concentration of 1 X 10°® particles/mL. Wound healing
activity was monitored 24 h later using a microscopy. The percentage
of open area was calculated using the wound healing tool plugin in
Image] (Wayne Rasband, NIH, USA).

Immunocytochemistry (ICC). The PRCs were fixed in 4%
paraformaldehyde at room temperature for 20 min. To increase cell
permeability, cells were treated with 0.2% Triton-X diluted in a PBS
solution for 10 min at the same temperature. Subsequently, the cells
were blocked with 1% BSA in PBS solution and incubated overnight
at 4 °C with the primary antibody followed by incubating for an
additional 1 h with the secondary antibody at room temperature in
the dark condition. The antibodies, including NF-xB primary
antibody (SC-8008, 2 ug/mL, Santa Cruz Biotechnology, CA,
USA) and MMP13 (PA5-27242, Thermo Fisher Scientific, OH,
USA), were employed for immunofluorescence labeling. Secondary

https://doi.org/10.1021/acsnano.4c07992
ACS Nano 2024, 18, 33937-33952


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

antibodies were goat antimouse IgG (H+L) cross-adsorbed secondary
antibody, Alexa fluor 555 (A-21422, 200:1, Invitrogen, CA, USA),
donkey antirabbit IgG (H+L), and Alexa Fluor 488 (A-21206, 200:1,
Invitrogen, CA, USA). Hoechst stain (62249, 1 ug/mL, Thermo
Fisher Scientific, OH, USA) was used for nuclear staining.
Fluorescence microscopy (CKXS3, OLYMPUS, Tokyo, Japan) was
employed for image acquisition.

Enzyme-Linked Immunosorbent Assay (ELISA). The presence
of TGF-f1 in EVs and N-Hybrid was verified using the human TGF-
beta 1 DuoSet ELISA kit (DY240, R&D Systems, MN, USA). Equal
numbers of particles (1 X 107 particles) were added to ELISA wells,
and the assay was performed following the manufacturer’s protocol.
Absorbance was detected at 450 nm using a microplate reader
(Molecular Devices, CA, USA) with background subtraction
measured at wavelengths of 540 and 570 nm.

Antibody Engineering. Generating and purifying F(ab’),
fragments of Col2Al antibody was carried out using the Pierce
F(ab’), Preparation Kit (44988, Thermo Fisher Scientific, MA, USA).
The Col2Al antibody was processed using immobilized pepsin to
separate F(ab’), fragments and Fc fragments. The resulting F(ab’),
fragments were processed, purified, and separated according to the
manufacturer’s instructions. Subsequently, dithiothreitol (DTT, 0.5
mM) was applied for 30 min at room temperature to generate
sulfhydryl groups on the antibody fragments for conjugation with the
maleimide groups on Mal-LNP. Free DTT was completely removed
from the reaction buffers using Zeba spin desalting columns (89882,
Thermo Fisher Scientific, MA, USA). Finally, the conjugation was
conducted with a concentration of 25 ug Col2A1 F(ab’), per 1 mg
LNPs for 2 h at room temperature.66

Evaluation of Particle Affinity to Femoral Condyle. The
femoral condyle was harvested from Sprague—Dawley (SD) rats,
washed with PBS solution, and treated with 0.25% trypsin-EDTA
(TE) for 1 h. After incubation with TE, the damaged femoral condyle
was rinsed with a PBS solution. To visualize N-Hybrid and Ab-
Hybrid, they were incubated with a Vybrant DiD cell-labeling solution
(Thermo Fisher Scientificc MA, USA) for 30 min. An ex vivo
osteoarthritis mimicking model was prepared, and both N-Hybrid and
Ab-Hybrid (1 X 10" particles) were treated to damaged chondrocytes
for 1 h to compare their affinity. The affinity of particles to the
femoral condyle was evaluated by measuring the DiD intensity using a
fluorescence-labeled organism bioimaging instrument (FOBI; Neo-
science, Seoul, Korea). The DiD intensity was then normalized based
on the area of the femoral condyle for parallel comparisons.

RT-qPCR for Regulation of Osteoarthritis-Related Factors.
PRCs were seeded at a density of 5 X 10° cells/well in 6-well plates
for the in vitro experiment. An equal number of nanoparticles were
treated for 24 h after TNF-a (20 ng/mL) pretreatment to induce
damages for PRCs. RNA for qPCR (quantitative real-time PCR) was
extracted to determine the levels of inflammation and regeneration.
Additionally, the knee cartilage isolated from SD rats was frozen using
liquid nitrogen and subsequently powdered for in vivo test. RNA
extraction was then performed using the TRIzol Reagent. The SYBR
green PCR reagent mix (Applied Biosystems, CA, USA) was applied
to real-time PCR. QuantStudio 3 (Applied Biosystems, CA, USA) was
employed to perform reactions with the following primers. MMP13:
forward, 5’'-ctgcggttcactttgaggac-3’ and reverse, 5'-acagcatc-
tactttgtcgee-3’; Col2: forward, S'-caccgctaacgtccagatgac-3’ and
reverse, S’-ggaaggcgtgaggtcttctgt-3’; NF-kB: forward, S'-
ccgggatggcttctatgag-3’, and reverse, 5'-ccgtctttctgtcacggtct-3’; IL-6:
forward, §'- cctggagtttgtgaagaacaact—3/ and reverse, 5/—ggaagttgggg—
taggaagga-3’; 18 s rRNA: forward, 5'- gtggttttcggaactgaggce-3’ and
reverse, S'-gtcggcatcgtttatggtcg-3'. The data were quantified using
2724 method with 18 s rRNA as a reference.

Animal Test and Histological Analysis. All animal procedures
complied with the laboratory animal management and use guidelines
of CHA University and were approved by the Institutional Animal
Care and Use Committee (IACUC230176). Eight-week-old male
Sprague—Dawley (SD) rats (Raon Bio, Yongin, Korea) were used for
the study. The SD rats were anesthetized using isoflurane (Terrell
Isoflurane, Piramal Critical Care Inc., Bethlehem, PA, USA). The SD
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rats were subjected to surgery for destabilization of the medial
meniscus (DMM) using a previously described protocol.”® For
particle tracking, DiD-labeled N-Hybrid and Ab-Hybrid (1 X 10'°
particles) were injected into the joint cavity at SD rat 6 weeks after
DMM modeling, and in vivo imaging was performed with Davinci-
Invivo imaging system (Davinch-k, Seoul, Korea) until 60 days when
all particles disappeared in both groups (excitation: 640 nm emission:
680 nm). After the animals were euthanized, tissue samples were
embedded in paraffin and sectioned into 10 um slices, and these
sections were stained with hematoxylin and eosin (H&E; Abcam, MA,
USA) and Safranin O-fast green (S/O; IHC WORLD, Woodstock,
MD, USA) according to the manufacturer’s instructions.

Statistical Analysis. Statistical analyses were conducted using
GraphPad Prism 7 software (GraphPad Prism 7.00 Software, La Jolla,
CA, USA). Differences among groups were evaluated using unpaired
t-tests or one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison post-test for comparisons involving more than
three groups. Statistical significance was defined as p values less than
0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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