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Introduction

Development of bioactive and
ultrasound-responsive microdroplets for preventing
ovariectomy (OVX)-induced osteoporosis

Yi Zhang,+°° Yi Dang,+° Maodi Huang,® Yaping Ma,® Dingmei Zhang® and
Xin Wang () *P9

As a common bone disease in the elderly population, osteoporosis-related bone loss and bone structure
deterioration represent a major public health problem. Therapeutic strategies targeting excessive osteoclast
formation are frequently used for osteoporosis treatment; however, potential side effects have been
recorded. Here, we have developed a novel therapeutic strategy using microdroplets (MDs) encapsulated with
NFATc1-siRNA and investigated the role of bioactive MDs-NFATcl biocompatibility in RAW 264.7
macrophages and human mesenchymal stem cells (nBMSCs), respectively. Its role in regulating osteoclast
differentiation and formation was also investigated in vitro. We first fabricated MDs with spherical morphology
along with a well-defined core-shell structure. The ultrasound-responsive study demonstrated time-
dependent responsive structural changes following ultrasound stimulation. The internalization study into
unstimulated macrophages, infllammatory macrophages, and hBMSCs indicated good delivery efficiency.
Furthermore, the results from the MTT assay, the live/dead assay, and the cellular morphological analysis
further indicated good biocompatibility of our bioactive MDs-NFATc1. Following MDs-NFATc1 treatment, the
number of osteoclasts was greatly reduced, indicating their inhibitory effect on osteoclastogenesis and
osteoclast formation. Subsequently, osteoporotic rats that underwent ovariectomy (OVX) were used for the
in vivo studies. The rats treated with MDs-NFATcl exhibited significant resistance to bone loss induced by
OVX. In conclusion, our results demonstrate that MDs-NFATcl could become an important regulator in
osteoclast differentiation and functions, thus having potential applications in osteoclast-related bone diseases.

in the US.? Osteoporotic fractures are extremely common in the
US, with about 1.5 million people suffering from brittle frac-

Osteoporosis is a bone disease characterized by deterioration
of bone tissue microstructure and loss of bone mass, which
increases bone fragility and susceptibility to fracture. It is a
major public health problem with the aging of the world
population.”” About 10 million Americans over the age of
50 have osteoporosis, and 34 million are at risk of osteoporosis
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tures each year. A similar burden of disease has been observed
in the UK, where epidemiological studies assume that one in
two women and one in five men over the age of 50 may suffer an
osteoporotic fracture in their lifetime.” The economic burden
of fractures associated with osteoporosis is substantial, with
an annual cost of approximately $17.9 billion in the USA and
£4 billion in the UK each year.? Additionally, it is projected that
osteoporosis-related fractures will impose an annual cost of
approximately $50 billion in the US healthcare system by 2040.
Worldwide, the economic burden of osteoporosis and osteo-
porotic fracture is similar to that in the United States.®

Bone undergoes a constant process of resorption by osteo-
clasts and renewal orchestrated by osteoblasts. Maintaining a
delicate equilibrium between osteoclast-driven bone resorption
and osteoblast-mediated bone formation, and regulating these
processes, is vital for the maintenance of bone density and
homeostasis.” Osteoporosis occurs due to an imbalance in the
remodeling process.® Various factors, including post meno-
pause, aging, medications, endocrine disorders, et al, can
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contribute to the imbalance in the remodeling process, which
in turn, lead to osteoporosis.®

Bisphosphonates are the most frequently prescribed medica-
tions for osteoporosis treatment. However, long-term usage can
result in unsatisfactory clinical outcomes and complications,
including atypical fractures and decreased bone strength, accord-
ing to a review study by the American Society for Bone and Mineral
Research (ASBMR).” Additionally, a high dose of bisphosphonates
can lead to more severe gastrointestinal issues. Parathyroid
hormone (PTH) therapy is currently employed as an anabolic
approach to stimulate bone formation. However, the use of PTH
therapy has been associated with several side effects.'® Hence,
there is an urgent need for innovative therapies aimed at addres-
sing the imbalances in bone remodeling.

Microdroplets (MDs) are small carriers, which are currently
used as effective drug/gene delivery systems because they can
deliver drugs/genes selectively to target sites."' MDs are an
enticing prospect for the distribution of therapeutics and have
demonstrated improved cancer aggregation and retention.'**?
Furthermore, the exceptional stability of MDs increases their use
in various biomedical applications.""'> Moreover, they are often
used either to mediate or cause therapeutic effects.'® Recently, they
have also been employed for the transmission of medications,
chromosomes, and gas.'”*® Ultrasound is one of the most com-
monly used methods in the diagnosis and therapy of diseases due
to its safety, deep penetration into tissues, and non-invasive
nature.'® Ultrasound demonstrates numerous advantages in drug/
gene co-delivery systems, specifically in achieving site-specific
delivery and spatial release control of drugs/genes, thereby garner-
ing growing attention."®*° Ultrasound-based gene/drug release
systems have found applications in treating various conditions
such as ischemiareperfusion liver injury,®® thrombolysis,**
Parkinson’s disease,”® and so on. Therefore, it is the most promis-
ing targeted therapy method at present and is expected to be
widely used in the therapy of multiple diseases.

Binding of receptor activator of nuclear factor kappa-B
(RANK) and its ligand RANKL is essential for osteoclast devel-
opment and activation.>® As a type I transmembrane protein,
RANK transduces intracellular signals by recruiting different
adaptor proteins, including TNFR-associated factor 6 (TRAF6),
etc.”® Additionally, the expression and translocation of nuclear
factor of activated T cells cytoplasmic 1 (NFATc1) serve as a
master regulator for osteoclast differentiation®® and the expres-
sion of osteoclastic genes.?” Therefore, in this study, we intend
to generate a novel osteoclastogenesis-targeted therapeutic
strategy to regulate osteoclast differentiation and formation.
In the end, this study may provide a novel therapeutic option in
the prevention and treatment of bone remodeling imbalance or
other similar mechanism-mediated bone diseases.

Materials and methods
Cell culture

Human bone marrow-derived mesenchymal stromal cells (hBMSCs,
ATCC®™ PCS-500-012™) were used for this study. Cells were cultured
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in Dulbecco’s Modified Eagle’s Medium (DMEM; Life Techno-
logies Pty Ltd, China) supplemented with 10% fetal bovine
serum (FBS; Biological Industries, LTD, Beit Haemek, Israel),
and 1% (v/v) penicillin/streptomycin (Solarbio, Beijing, China) in
an atmosphere of 5% CO, at 37 °C. The murine-derived macro-
phage cell line, RAW264.7 cells (ATCC® TIB-71™), was main-
tained in DMEM supplemented with 10% heat-inactivated FBS
and 1% (v/v) penicillin/streptomycin in a humidified incubator
containing 5% CO, at 37 °C.

Fabrication and characterization of MDs

MDs, scramble siRNA-loaded MDs (MDs-scramble), and NFATc1
siRNA-loaded MDs (MDs-NFATc1) were fabricated accordingly.
Briefly, a mixture of 50 nM NFATc1 siRNA (sc-29412, Santa Cruz
Biotechnology), 300 pL of perfluorocarbon, 4 mL of PBS, and
40 mg of bovine serum albumin (BSA, Sigma Aldrich, China)
were sonicated for MD fabrication. The resulting emulsion was
ultracentrifuged (Beckman Coulter, Optima XPN-100, USA) at
14000 rpm for 30 min. Fluorescence-labeled MDs-NFATc1 was
fabricated using fluorescein isothiocyanate (FITC)-labelled BSA
(Sigma, China) with the same formulation mentioned above.
Fluorescence-labeled MDs-NFATc1 was used for MD characteriza-
tion using a confocal laser scanning microscope (Leica DM IRB;
Leica, Wetzlar, Germany). Briefly, 5 mg of MDs-NFATcl1 were
diluted in 1 mL PBS, stimulated with an ultrasound probe with
an acoustic frequency of 1 MHz using a portable home use
ultrasound pain therapy device for 15 min (MYCHWAY, China).
The activated MDs-NFATc1 was then observed using a confocal
laser scanning microscope with a x40 objective (Leica DM IRB;
Leica, Wetzlar, Germany). MDs-NFATc1 growth and rupture were
observed using an inverted light microscope (Leica, Wetzlar,
Germany). Briefly, the samples were exposed to an ultrasound
probe with an acoustic frequency of 1 MHz using a portable home
use ultrasound pain therapy device for 15 min (MYCHWAY,
China). Images were captured using an inverted light microscope
(Leica, Wetzlar, Germany) at indicated time points.

Internalization of MDs into cells

MD internalization into cells was evaluated by confocal laser
scanning microscopy. Briefly, cells were treated with FITC-
labeled MDs for indicated time periods. After rinsing with
PBS, cells were fixed with 4% paraformaldehyde and stained
with Alexa Fluor 594-labeled phalloidin (Thermo Fisher Scien-
tific, China). Images of the stained samples were examined
using a confocal laser scanning microscope with a x40 objec-
tive (Leica DM IRB; Leica, Wetzlar, Germany). To induce
inflammatory macrophage polarization, macrophages were
stimulated with 1000 ng mL™"' of lipopolysaccharide (LPS,
Escherichia coli 0111: B4, Sigma, China), as established in our
previous study.>®

MTT assay

MTT cell proliferation assay was used to evaluate cell viability
according to the manufacturer’s instructions. Briefly, 20 puL of
5 mg mL™" 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide (MTT, M2128, Sigma, China) was added to the cells and
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incubated for an additional 4 h at 37 °C. After carefully removing
the supernatant, purple MTT formazan crystals were dissolved
in 100 pL dimethyl sulfoxide (DMSO). The absorbance values of
each sample were measured at 570 nm using an enzyme-linked
immunosorbent assay reader.

Cell morphological analysis

Cell morphology was examined by confocal laser scanning
microscopy via phalloidin/DAPI staining. Briefly, the cells were
rinsed with PBS, fixed with 4% paraformaldehyde, permeabi-
lized, and stained with Alexa Fluor 594-labeled phalloidin
(Thermo Fisher Scientific, China) for 1 h. Samples were then
mounted with ProLong™ Gold Antifade Mountant with DAPI
(P36935, Thermo Fisher Scientific, China) and the images of
the stained samples were examined using a confocal laser
scanning microscope with a x10 objective (Leica DM IRB;
Leica, Wetzlar, Germany).

Live and dead assay

Live/dead staining was performed according to the manufac-
turer’s instructions (C2015M, Beyotime, China). Briefly, cells
were stained with Calcein AM/PI staining solution and incu-
bated at 37 °C for 30 min. After washing with PBS, samples were
viewed using an inverted fluorescence microscope with a x 10
objective (Leica, Wetzlar, Germany).

Tartrate-resistant acid phosphatase (TRAP) staining

TRAP staining was used to assess the effects of different
formulations of MDs on the differentiation of osteoclast pre-
cursors. Briefly, human osteoclast precursors were cultured
with different formulations of MDs in an osteoclast precursor
growth medium supplemented with 1% (v/v) penicillin/strepto-
mycin, 10% FBS, 2 mM r-glutamine, M-CSF and RANKL. TRAP
staining was performed as previously described.*® Briefly, cells
were washed with PBS and fixed with 4% paraformaldehyde
for 10 min. After staining, purple-to-red multinucleated TRAP-
positive cells containing three or more nuclei were considered
as osteoclast cells.

Actin ring staining

Cells were rinsed with PBS, fixed with 4% paraformaldehyde,
permeabilized, and stained with Alexa Fluor 594-labeled phal-
loidin (Thermo Fisher Scientific, China) for 1 h. Samples were
then mounted with ProLong™ Gold Antifade Mountant with
DAPI (P36935, Thermo Fisher Scientific, China). The fluores-
cence images were examined using a confocal laser scanning
microscope with a x20 objective (Leica DM IRB; Leica, Wetzlar,
Germany).

Bone resorption pit

Human osteoclast precursors were seeded onto bone discs and
cultured in the presence of various formulations of MDs in the
osteoclast precursor growth medium, as described earlier. The
bone discs were then fixed using 4% paraformaldehyde and
subsequently stained with DAPI. To investigate the formation
of resorption pits, a confocal laser scanning microscope was
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employed to visualize the bone surface using a x10 objective
(Leica DM IRB; Leica, Wetzlar, Germany).

Animal study

Female Sprague-Dawley (SD, 8 weeks old) rats that underwent
ovariectomy (OVX) or sham-operated (sham) were used for this
study. All animal experiments were in accord with institutional
animal use and care regulations approved by the Zunyi Medical
University Committee (ZMU21-2203-009). The rats were divided
into four groups (1. Sham; 2. OVX; 3. OVX + MDs-scramble
(20 mg kg~ in saline); and 4. OVX + MDs-NFATc1 (20 mg kg™"
in saline)), with each group consisting of five animals. Intra-
peritoneal (I.P.) injections were administered twice a week, on
day 1 and day 4. The rats were euthanized at 10 weeks, and their
femurs were harvested for subsequent histological analysis.

Histological assessment

To perform haematoxylin and eosin (H&E) staining, the bones
were first carefully extracted and cleaned to remove any sur-
rounding soft tissue. Subsequently, they were fixed in 10%
neutral buffered formalin. Decalcification was then carried
out using a 10% ethylenediaminetetraacetic acid (EDTA, pH
7.4) solution. After decalcification, the samples were embedded
in paraffin wax and were cut into sections with a thickness of
5 um using a microtome. Subsequently, the sections underwent
sequential staining using a Hematoxylin-Eosin (H&E) Staining
Kit (Beyotime, Shanghai, China). To analyze the presence and
activity of osteoclasts within the samples, TRAP staining was
performed using the methods describe above. Following the
washing step with distilled water, the cell nuclei were counter-
stained with hematoxylin solution for 5 min. Images of the
stained sections were obtained using an inverted microscope
with a x10 objective (Leica, Wetzlar, Germany).

Enzyme-linked immunosorbent assay (ELISA) analysis

Serum levels of C-terminal telopeptides of type I collagen (CTX-
1) were measured using ELISA kits (Bio-Techne, China) accord-
ing to the manufacturer’s instructions. The concentrations of
CTX-1 were quantified based on the standard curve.

Statistical analysis

All data were expressed as mean + standard deviations (SD).
Statistical analysis was performed using GraphPad Prism 7
(Version 7.02) for Windows (GraphPad Software Inc., USA).
Statistical differences between groups were determined with
one-way analysis of variance (ANOVA). A value of p < 0.05 was
considered statistically significant.

Results and discussion

Synthesis and characterization of bioactive MDs

The structure of MDs-NFATc1 in Fig. 1(A).
Fluorescence-labeled MDs were first fabricated using FITC-
conjugated BSA. As shown in Fig. 1(A), confocal laser scanning
microscopy images demonstrated spherical MDs with a FITC-

is shown

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Fabrication of bioactive-MDs-NFATc1. (A) Representative confocal
laser scanning microscopy images showing MDs after encapsulation with
NFATcl siRNA. Scale bar = 50 pm (left), scale bar = 10 um (right).
(B) Representative micrographs showing MDs-NFATc1 growth after ultra-
sound stimulation. Scale bar = 500 pm (left), scale bar = 150 um (right).

labeled (green color) shell structure. The time-dependent respon-
siveness of fluorescent-labeled MDs was next investigated using
confocal laser scanning microscopy. As shown in Fig. 1(B), the
morphology of MDs in response to ultrasound stimulation was
observed in vitro and showed gradual size expansion at 20 min,
40 min, 80 min, and 160 min.

Confocal microscopy imaging of internalization of MDs into
macrophages

Although siRNA therapy holds significant therapeutic potential,
several barriers limit their clinical application.?® Naked and
unmodified siRNA is unable to cross the anionic cell plasma
membrane and reach its target, which is one of the many
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limitations of siRNA-based therapy.*'*> Additionally, the stabi-
lity of unmodified or unprotected siRNA is not satisfactory,
as they are extremely sensitive to endogenous RNases- and phos-
phatases-mediated degradation.®® Therefore, after successful fab-
rication of MDs-NFATc1, we sought to validate the efficiency of
cellular uptake of MDs-NFATc1 into mammalian cells. Macro-
phages are crucial cells for both the innate and adaptive immune
systems and play an important role in tissue homeostasis, inflam-
mation, and wound healing.** As precursors of osteoclast, mono-
cyte/macrophage precursor cells adhere to the bone surface and
develop into osteoclasts in the bone remodeling process.>

Next, the cellular internalization and localization of MDs
were first observed using confocal laser scanning microscopy
in unstimulated macrophages. As shown in Fig. 2(A), when the
cells were treated with ultrasound-stimulated bioactive MDs,
the MDs were able to access the cytoplasm and clustered
around the peri-nuclei areas, indicating successful internaliza-
tion of MDs into RAW264.7 macrophages. In addition, intense
intracellular accumulation of green fluorescence was noted
at 6 h post-stimulation when compared to their non-treated
counterparts (Fig. 2(B)), indicating that satisfactory delivery
efficiency of siRNA has been achieved.

Confocal microscopy imaging of internalization of MDs into
inflammatory macrophages

In general, depending on their activation and polarization
states, macrophages can be categorized as classically activated
macrophages (M1 state) and alternatively activated macro-
phages (M2 state).*® In recent years, it has become increasingly
evident that the bone and immune system are functionally
interconnected, as chronic inflammatory conditions and
age-related disorders have a significant impact on bone home-
ostasis and turnover.’” Under chronic and systemic inflamma-
tion, macrophages possess the capability to fuse and develop
into multinucleated cells, potentially playing a direct role
in osteoporosis development.*® In addition, the secretion of
various pro-inflammatory cytokines by these inflammatory
macrophages may either directly or indirectly stimulate osteo-
clast differentiation and subsequent bone resorption.*®*°
Therefore, in order to further validate the successful internali-
zation of MDs into inflammatory macrophages, we chose to
induce macrophages into inflammatory phenotypes and exam-
ined the cellular uptake of MDs in these inflammatory macro-
phages using confocal laser scanning microscopy. Compared to
the results obtained from the non-stimulated macrophages,
our results indicated increased cellular uptake by inflammatory
macrophages with peri-nuclear subcellular localization (Fig. 3(A)).
Green fluorescence was noted within 1 h inside inflammatory
macrophages, and the accumulation and intensity significantly
increased following the incubation time. M1 macrophages are
characterized with a higher level of phagocytic activity when
compared with MO macrophages,” along with high production
of pro-inflammatory cytokine and nitric oxide (NO).*> Therefore,
the observed higher FITC-MDs uptake ability may contribute to
M1 macrophage’s phagocytic ability. As shown in Fig. 3(B),
inflammatory macrophages without FITC-MDs-NFATc1 treatment
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Fig. 2 Internalization of MDs into RAW264.7 macrophages. (A) Represen-

tative confocal laser scanning microscopy images showing the delivery of
FITC-MDs-NFATcl into RAW264.7 cells at indicated time points (1 h and
6 h). RAW264.7 macrophages were treated with FITC-MDs-NFATcl as
described in the Material and methods section. Cell cytoskeletons are
shown in red color, while the blue channel indicates the nuclear staining.
Scale bar = 100 pm (low magnification), scale bar = 20 pm (high magni-
fication). The FITC-MDs-NFATcl is denoted by the white arrow. (B) Cells
without FITC-MDs-NFATc1 treatment at 1 h and 6 h post-treatment. Scale
bar = 100 um (low magnification), scale bar = 20 um (high magnification).

showed no intracellular accumulation of green fluorescence.
While not the primary focus of this study, it is worth noting that
we also observed the uptake of FITC-MDs in hBMSCs, as shown in
Fig. S1 in the ESL¥

Biocompatibility of different formulations of MDs in
macrophages

Transfection reagent-based siRNA delivery is the most widely used
method for siRNA delivery into mammalian cells. However, many
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Fig. 3 Internalization of MDs into inflammatory macrophages. (A) Repre-
sentative confocal laser scanning microscopy images indicating FITC-
MDs-NFATc1 internalization into inflammatory macrophages. Inflamma-
tory macrophages were treated with FITC-MDs-NFATcl for 1 h and 6 h,
respectively. Cell cytoskeletons and nuclei are shown in red and blue
color, respectively. Scale bar = 100 pm (low magnification), scale bar =
20 um (high magnification). The FITC-MDs-NFATcl is denoted by the
white arrow. (B) Cells without FITC-MDs-NFATcl treatment were used
as control. Scale bar = 100 pm (low magnification), scale bar = 20 um
(high magnification).

transfection reagents on the market exhibit considerable cyto-
toxicity,*> especially when cellular functional studies need to be
investigated subsequently.** Therefore, in this study, we evaluated
macrophage viability following incubation with MDs-NFATc1 by
conducting MTT assays at 1 day and 3 days time points.*® The
MTT assay is one of the most frequently used methods to analyze
cell proliferation, viability, and cytotoxicity.*” As shown in Fig. 4(A)
and (B), the OD values of metabolically active macrophages
cultured with different formulations of MDs showed similar OD

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Biocompatibility and morphology of macrophages following MD treatment. (A) Viability of RAW264.7 cells under MD exposure as evaluated by
MTT assay on day 1. (B) Cell viability in RAW264.7 cells treated with or without MDs determined by MTT assay on day 3. (C) Representative confocal laser
microscopy images of RAW264.7 cells after DAPI/phalloidin staining at day 1. Actin filaments were stained with phalloidin (red), while nuclei were stained
with DAPI (blue). Scale bar = 500 pm. (D) Confocal analysis of RAW264.7 cells treated with or without MDs following DAPI/phalloidin staining on day 3.
Scale bar = 500 pum. (E) Representative confocal laser microscopy images of RAW264.7 macrophages treated with or without MDs on day 1. Viable cells
are indicated as green color (calcein-AM), while dead cells are labeled as red fluorescence (Pl). Scale bar = 500 um. (F) Representative confocal laser
microscopy images of RAW264.7 macrophages treated with or without MDs after live/dead staining on day 3. Scale bar = 500 pm. Group a = control,

group b = MDs, group ¢ = MDs-scramble siRNA, and group d = MDs-NFATc1.

values compared to the non-treated control on day 1. Additionally,
the OD values increased dramatically at day 3 compared to day 1
in MDs-NFATc1-treated cells, suggesting that the bioactive MDs-
NFATc1 showed no signs of cytotoxicity on macrophages. Next, we
investigated the biocompatibility of different formulations of MDs
in macrophages using phalloidin/DAPI staining at indicated time-
points. Fig. 4(C) and (D) show the fluorescence images of cyto-
skeleton and nuclei staining of macrophages after culturing
with different formulations of materials at 1 day. The cells retain
extensive cytoskeleton staining after 1 day treatment. At day 3, the
macrophage numbers achieved a cell density comparable with
non-treated macrophages, indicating good compatibility of bio-
active MDs-NFATc1 in macrophages.

Previous study reported that the liposome-nanobubble con-
jugate with paclitaxel showed pro-apoptotic and cytotoxic

This journal is © The Royal Society of Chemistry 2023

effects on different cancer cells.*® To further observe the cyto-
toxicity of macrophages treated with different formulations of
MDs, the cells were stained with Calcein AM and propidium
iodide (PI), which specifically stained live and dead cells,
respectively.”” As shown in Fig. 4(E) and (F), the macrophages
treated with different formulations of MDs displayed intense
green fluorescence, indicating that most of the cells were alive
on day 1. On day 3, the population of live macrophages was
greatly increased, as indicated by intense green fluorescence
staining in all groups. These results suggested that bioactive
MDs-NFATc1 showed good biocompatibility in macrophages.

Biocompatibility of bioactive MDs-NFATc1 in hBMSCs

Due to their high differentiation capacity, MSCs can differenti-
ate into multiple lineages, including bone cells, chondrocytes,
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adipose cells, etc.*® Therefore, MSCs are one of the most fre- are the main donor sources of MSCs.”" Additionally, previous
quently used stem cells for cell therapies and tissue engineering®®  studies have indicated that MSCs can secrete various chemokines,
due to their excellent self-renewal and differentiation capacity.®® cytokines, and growth factors, including vascular endothelial
Bone marrow, adipose tissue, umbilical cord blood, placenta, etc. growth factor, transforming growth factor-beta, stromal-derived
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Fig. 5 Biocompatibility, viability, and morphology of hBMSCs. (A) MTT viability assay of hBMSCs at day 1 cultured with MDs. (B) Cell proliferation was
evaluated by MTT viability assay at day 3. (C) Representative confocal laser scanning microscopy images showing hBMSC morphology using DAPI/
phalloidin staining at day 1. The blue channel indicates nuclear staining, while the red channel demonstrates actin filament staining. (D) Representative
images showing F-actin cytoskeletal morphology in hBMSCs on day 3. The blue channel indicates nuclei staining by DAPI, while the red channel
represents phalloidin staining. Group a = control, group b = MDs, group ¢ = MDs-scramble, and group d = MDs-NFATc1. All scale bar = 500 um.
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factor-1, monocyte chemotactic protein-1, platelet-derived growth
factor polypeptide, etc.”* Therefore, we next analyzed the biocom-
patibility of different formulations of MDs on hBMSCs at different
timepoints using MTT assay, which showed no significant differ-
ences (Fig. 5(A) and (B)). We next evaluated the effects of different
MDs on the morphological changes of hBMSCs. Fig. 5(C) and (D)
show the confocal laser scanning microscopy imaging of fluores-
cently stained hBMSCs after treatment with or without different
formulations of MDs at day 1 and day 3. Phalloidin and DAPI
staining demonstrated similar growth patterns among different
groups. MSCs showed intense cytoskeleton staining with no
significant morphological changes among different groups.

MDs-NFATc1 inhibits RANKL-induced osteoclast formation

in vitro

To investigate the effect of bioactive MDs-NFATc1 on osteoclast
formation, human osteoclast precursors were incubated with
different formations of MDs in the presence of RANKL and
M-CSF for 7 days, respectively. Bone homeostasis is a dynamic
balance maintained by the regulatory actions of the bone
resorbing osteoclast and the bone forming osteoblast.”® Osteo-
clasts are multinuclear giant cells of hemopoietic origin that
resorb bone, containing between 3 and 10 nuclei,* and are
important in maintaining healthy bone turnovers.”> However,
elevated expression of osteoclasts and bone resorption are
frequently reported in different inflammatory bone diseases,
such as osteoarthritis, osteoporosis, rheumatoid arthritis,
osteomyelitis, etc.>® The interaction between RANKL and RANK
receptor on the surface of osteoclast precursors plays a key role
in osteoclast differentiation and maturation.”” Alterations in
RANK/RANKL signaling were specifically targeted to control
osteoclast formation and bone resorption.>® For instance,
Kim et al.>® conducted research on the delivery of siRNA using
mesoporous bioactive glass nanospheres and examined how it
influenced osteoclastogenesis in vitro. Their results indicated
significant inhibition of osteoclast formation via TRAP staining
and the expression of osteoclastogenesis-related genes. Wang et al.
also demonstrated that transfecting RAW264.7 and primary bone
marrow cell cultures with RANK-specific siRNA resulted in sig-
nificant inhibition of osteoclast formation and bone resorption.*
In this study, we performed TRAP staining to evaluate osteoclast
differentiation. TRAP is abundantly expressed by the osteoclast
during bone resorption, which is considered as a marker for
osteoclast formation.®' As shown in Fig. 6(A), osteoclast precur-
sors differentiated into multinucleated giant osteoclasts with
TRAP' staining within 7 d in the presence of M-CSF and RANKL.
However, treatment with bioactive MDs-NFATc1 resulted in
a significant reduction in TRAP' osteoclasts (ESLf Fig. S2).
Additionally, the TRAP" osteoclasts in the MDs-scramble group
showed no difference compared with the control. The critical
role of NFATc1 in osteoclast differentiation and the expression
of osteoclast-specific genes has been suggested previously.*®*>
For instance, Aliprantis et al. generated conditional NFATc1
knockout mice and found that the deletion of NFATcl in
young mice resulted in suppression of osteoclastogenesis and

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Osteoclast differentiation and formation. (A) Representative TRAP
staining images. The osteoclast precursor cells were cultured with an
osteoclast precursor growth medium supplemented with different for-
mulations of MDs for 7 days. Scale bar = 400 um (low magnification). Scale
bar = 250 um (high magnification). The osteoclasts are denoted by the
white arrow. (B) Representative confocal laser microscopy images of actin
ring formation. Osteoclast precursor cells were seeded on 24-well cover-
slips and cultured with different formulations of MDs in the presence of
RANKL and M-CSF for 7 days. Cells were fixed and examined by immuno-
fluorescence after phalloidin and DAPI dual staining. Scale bar = 250 um
(low magnification). Scale bar = 50 pm (high magnification).
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osteoclast-deficient osteopetrosis®® in vivo and impaired osteo-
clast differentiation in vitro, which is consistent with our results.

To determine the effect of different formulations of MDs on
actin ring formation in mature osteoclasts, immunofluores-
cence staining assay was performed. Osteoclast actin ring is an
indispensable actin structure that is essential for osteoclast
bone resorption.®® As depicted in Fig. 6(B), the impact of
MDs-NFATc1 on osteoclast formation was confirmed through
immunofluorescence staining. The control and MDs-scramble
groups exhibited large F-actin rings, whereas MDs-NFATc1
treatment notably reduced the sizes of the F-actin rings. Simi-
larly, no significant difference was noted between control and
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MDs-scramble groups. We next evaluated the impact of MDs-
NFATcl on in vitro bone resorption. The results revealed
notable inhibitory effects on osteoclast-mediated bone resorp-
tion following treatment with MDs-NFATc1 (ESL+ Fig. S3).

Bioactive MDs-NFATc1 prevents osteoporosis in OVX rats

After observing the inhibitory effects of MDs-NFATc1 on osteo-
clast differentiation and function in vitro, we next evaluated the
potential restorative effects of MDs-NFATc1 in an in vivo model
of bone loss induced by ovariectomy (OVX). The OVX model is
commonly used to mimic postmenopausal osteoporosis, character-
ized by increased bone resorption and reduced bone formation.**

B
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Fig. 7 The effects of MDs-NFATcl on osteoporotic bone loss in OVX rats. (A) Representative H&E staining of femoral sections at 10 weeks post-
treatment. The sections were stained using hematoxylin and eosin and were examined using an inverted microscope with a x10 objective. In the OVX
and OVX + MDs-scramble groups, a significant increase of adipocytes replacing the trabeculae and bone marrow was observed. However, following
MDs-NFATc1 treatment, the presence of trabeculae along with a reduced number of adipocytes in the bone marrow was observed. (B) Representative
TRAP-stained histologic sections from the sham, OVX, OVX + MDs-scramble, and OVX + MDs-NFATc1 groups are presented. TRAP staining was used to
stain the osteoclasts, indicating osteoclast activity. (C) Quantification of TRAP-positive cells revealed a significant difference between OVX and OVX +
MDs-NFATc1 groups (****p < 0.0001). (D) The serum levels of the bone resorption marker CTX-1 were analyzed using an ELISA. Treatment with MDs-
NFATc1 resulted in a significant reduction in the level of CTX-1, indicating a decrease in bone resorption. ****p < 0.0001.
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Numerous siRNA-guided delivery systems have emerged as
potential therapies for osteoporosis. For instance, Cui and collea-
gues introduced an engineered exosome-based Shn3 siRNA delivery
system designed for osteoporosis treatment. Their findings demon-
strated an anti-osteoporotic effect in an OVX-induced bone loss
model.”” Natural miRNA cargos delivered by bioinspired nano-
vesicles have also shown efficacy for treating osteoporosis.®® To
explore the potential effects of MDs-NFATc1 on pathological bone
loss induced by OVX, histological analysis of HE-stained sections
was performed. As shown in Fig. 7(A), rats in the OVX group
exhibited noticeable bone loss characterized by a higher accumula-
tion of adipocytes in the bone marrow compared to the sham
group. Accumulation of bone marrow adipose tissue is a common
phenomenon observed in various conditions, including post-
menopausal osteoporosis.®” These fat reservoirs play significant
regulatory roles within the skeletal system through the secretion of
adipokines, inflammatory factors, and various other molecules.*®*
However, rats treated with MDs-NFATc1 demonstrated significant
resistance to OVX-induced bone loss. This was evident by the
presence of a bony structure resembling that of the sham group
and a reduction in adipocyte infiltration in the bone marrow. These
findings indicate that MDs-NFATc1 treatment offers protective
effects against the pathological changes induced by OVX in bone
tissue.

To evaluate the effect of MDs-NFATc1 on osteoclastogenesis,
TRAP staining was performed. As shown in Fig. 7(B) and (C),
TRAP staining results revealed a significant increase in the
number of TRAP-positive multinucleated giant cells in the OVX
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group. Following OVX, there is an upregulation of osteoclasto-
genesis, leading to an increased number and activity of
osteoclasts.”® This enhanced osteoclast differentiation and
function contribute to the accelerated bone resorption
observed in OVX-induced bone loss. In our study, the OVX +
MDs-NFATc1 group exhibited a significant reduction in the
number of osteoclasts. The absence of NFATc1 prevents proper
osteoclast formation, resulting in impaired bone resorption
and an accumulation of dense bone tissue as conditional
knockout of NFATc1 resulted in inhibition of osteoclastogen-
esis both in vitro and in vivo.®” These results indicate that
MDs-NFATc1 treatment effectively suppresses osteoclast forma-
tion in the OVX animal model, indicating its potential role
in regulating osteoclastogenesis and maintaining bone
homeostasis.

To assess the effect of MDs-NFATc1 on serum levels of CTX-
1, a marker of bone resorption, CTX-1, was quantified using
CTX-1 ELISA assay. CTX-1 is a fragment released during the
degradation of type I collagen, which is the major component
of bone matrix.”* CTX-1 is released into the bloodstream during
the process of bone resorption by osteoclasts. As shown in
Fig. 7(D), OVX animals showed an elevated serum CTX-1 level in
comparison to the sham group. However, treatment with MDs-
NFATc1 significantly reduced the serum CTX-1 level when
compared to both the OVX and MDs-Scramble treated groups.
These findings suggest that MDs-NFATc1 treatment effectively
decreases bone resorption, as evidenced by the reduction in
serum CTX-1 levels.

Fig. 8 Schematic diagram showing the bioactive MDs-NFATcl targeting osteoclastogenesis. Osteoporosis is a skeletal disorder characterized by
reduced bone strength and excessive osteoclast activities. Originating from the hemopoietic cells of the monocyte/macrophage lineage, activation of
osteoclast-specific genes is essential for osteoclast formation. The RANKL/RANK interaction is crucial for the differentiation of osteoclast precursors to
osteoclasts. The expression and translocation of NFATc1 is an essential regulator for osteoclast functions. Here, we report the fabrication of bioactive
MDs targeting bone-resorbing osteoclast formation, which showed good biocompatibility and could be used as a novel anti-bone resorption therapy for
osteoclast activation.
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Conclusions

In conclusion, we fabricated bioactive MDs encapsulated with
NFATc1-siRNA that specifically target osteoclast formation
in order to reverse imbalanced osteoclast activation (Fig. 8).
Imbalance between osteoclastogenesis and osteoblast-mediated
bone formation has been considered as the main cause of many
bone diseases. Our results indicated that these bioactive MDs
showed no cytotoxicity in RAW 264.7 macrophages and hBMSCs.
Our results further indicated that these bioactive MDs can signifi-
cantly inhibit osteoclastogenesis and osteoclast differentiation.
By utilizing the OVX-induced osteoporotic animal model, we
evaluated the therapeutic potential of MDs-NFATc1 for postme-
nopausal osteoporosis. Treatment with MDs-NFATc1 in the rats
demonstrated a significant protective effect against bone loss
induced by OVX. The administration of MDs-NFATc1 effectively
prevented or attenuated the deterioration of bone density and
structure in the OVX model. These findings suggest that MDs-
NFATc1 treatment holds promise for mitigating the detrimental
effects of OVX-induced bone loss, preserving bone integrity and
inhibiting excessive osteoclast activity. However, this study has
several limitations. First, we exclusively assessed the efficacy of a
single MDs-NFATc1 dose in preventing OVX development. In the
future, it would be interesting to explore multiple doses, including
low, medium, and high dosages, to comprehensively evaluate its
effectiveness. Second, our study focused solely on a single and
relatively late-stage time point for OVX assessment, which
restricted our capability to fully evaluate the dynamics of bone
loss. Therefore, an early/intermediate time point might be neces-
sary for future investigations. Third, it is necessary to incorporate
UCT data for a comprehensive assessment of the bone protective
efficacy of MDs-NFATc1 in the future. Additionally, it is important
to employ alternative methods, such as western blot or immuno-
histochemistry, to assess the expression of markers associated
with osteoclasts in vitro and in vivo. Lastly, for a more compre-
hensive study, it would be necessary to include estrogen as a
positive control since OVX is an established model for bone loss
attributed to estrogen deficiency.
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