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Purpose: Osteoporosis, characterized by reduced bone mass and structural deterioration, poses a significant healthcare challenge.
Traditional treatments, while effective in reducing fracture risks, are often limited by side effects. This study introduces a novel
nanocomplex, europium (Eu) ions-doped superparamagnetic iron oxide (SPIO) nanocrystals encapsulated in poly(lactic-co-glycolic
acid) (PLGA) nanospheres, abbreviated as SPIO:Eu@PLGA nanospheres, as a potential therapeutic agent for osteoporosis by
modulating macrophage polarization, enhancing osteoblast differentiation and inhibiting osteoclastogenesis.

Methods: SPIO and SPIO:Eu nanocrystals were synthesized through pyrolysis and encapsulated in PLGA using an emulsification
method. To evaluate the impact of SPIO:Eu@PLGA nanospheres on macrophage reprogramming and reactive oxygen species (ROS)
production, flow cytometry analysis was conducted. Furthermore, an ovariectomized (OVX) rat model was employed to assess the
therapeutic efficacy of SPIO:Eu@PLGA nanospheres in preventing the deterioration of osteoporosis.

Results: In vitro, SPIO:Eu@PLGA nanospheres significantly attenuated M1 macrophage activation induced by lipopolysaccharides,
promoting a shift towards the M2 phenotype. This action is linked to the modulation of ROS and the NF-«kB pathway. Unlike free Eu ions,
which do not achieve similar results when not incorporated into the SPIO nanocrystals. SPIO:Eu@PLGA nanospheres enhanced osteoblast
differentiation and matrix mineralization while inhibiting RANKL-induced osteoclastogenesis. In vivo studies demonstrated that SPIO:
Eu@PLGA nanospheres effectively targeted trabecular bone surfaces in OVX rats under magnetic guidance, preserving their structure and
repairing trabecular bone loss by modulating macrophage polarization, thus restoring bone remodeling homeostasis. The study underscores the
critical role of Eu doping in boosting the anti-osteoporotic effects of SPIO:Eu@PLGA nanospheres, evident at both cellular and tissue levels
in vitro and in vivo.

Conclusion: The inclusion of Eu into SPIO matrix suggests a novel approach for developing more effective osteoporosis treatments,
particularly for conditions induced by OVX. This research provides essential insights into SPIO:Eu@PLGA nanospheres as an
innovative osteoporosis treatment, addressing the limitations of conventional therapies through targeted delivery and macrophage
polarization modulation.
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Introduction

Osteoporosis is a skeletal disease characterized by reduced bone mass, leading to increased risk of fractures.' It is divided
into primary, often due to estrogen decline in post-menopausal women or aging in those over 75, and secondary,
associated with various medical conditions and medications.”” Predominantly affecting the elderly, osteoporosis poses
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a significant challenge as it remains asymptomatic until severe fractures occur. This leads to difficult treatments and
potential lifelong confinement, increasing healthcare costs and reducing quality of life. Addressing osteoporosis treatment
is thus crucial.

Osteoporosis is a condition characterized by an imbalance in bone remodeling, the continuous process of bone
formation and resorption, leading to increased bone fragility and fracture risk.*> Treatment strategies focus on inhibiting
bone resorption (antiresorptive) or promoting bone formation (anabolic),’” each with specific administration methods
and potential side effects, such as osteonecrosis of the jaw and an elevated risk of cancer.®'® The complexity of
managing osteoporosis highlights the need for innovative approaches to treatment, underpinned by a deeper under-
standing of bone metabolism. Recent research underscores the critical role of macrophages in bone remodeling,
particularly their influence on the pathogenesis of osteoporosis.''"'> Macrophages exist in various activation states,
notably M1 and M2 phenotypes, which respond to different environmental cues and exhibit distinct functions. M1
macrophages, or classically activated macrophages, are known for their pro-inflammatory role and their contribution to
increased bone resorption, partly by serving as precursors to osteoclasts.'*'# In contrast, M2 macrophages, which arise in
settings dominated by anti-inflammatory signals, are involved in tissue repair and remodeling.'> The balance between
these phenotypes is crucial for maintaining bone health, with shifts in the M1/M2 ratio being implicated in osteoporotic
conditions.'® Therefore, designing a strategy that targets osteoblasts, osteoclasts, and macrophages for treating osteo-
porosis is of great importance.

Our aim was to develop a biocompatible complex specifically designed for targeted delivery to bone tissue, capable
of modulating macrophages, osteoblasts, and osteoclasts to regulate bone remodeling and address osteoporosis. In this
study, we focused on developing superparamagnetic iron oxide (SPIO) nanocrystals, doped with europium (Eu) ions,
encapsulated within poly(lactic-co-glycolic acid) (PLGA) to create SPIO:Eu@PLGA nanospheres. These nanospheres
are ingeniously designed to influence bone remodeling actively. The SPIO nanocrystals perform several critical
functions: they target specific bone sites through magnetically assisted delivery,'” effectively scavenging reactive
oxygen species (ROS)."®!'? The reduction of ROS may regulate the activation of macrophages, which, as previously
mentioned, are pivotal in managing postmenopausal osteoporosis.'**° Additionally, the presence of Eu ions in bone is
recognized for enhancing bone formation and promoting blood vessel growth,?'** making SPIO:Eu nanocrystals
a potentially powerful agent for modulating macrophages and osteogenesis. This novel approach of using SPIO:Eu
nanocrystals for osteoporosis treatment has not been previously reported. Moreover, research by Nicolete et al has
shown that micro-scaled PLGA spheres can provoke strong inflammatory responses by binding to cell membranes,
leading to the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and cytokine
production.?® In contrast, our pilot study demonstrated that nano-scaled PLGA spheres did not exhibit such effects,
indicating a size-dependent inflammatory response. In addition, materials similar to PLGA have been widely utilized
for their osteoconductivity and efficacy in bone repair, further supporting their role in facilitating bone regeneration
processes.”**> Leveraging these findings, we used PLGA nanospheres to encapsulate the lipophilic SPIO:Eu nano-
crystals, creating an injectable suspension formulation. Consequently, an intravenous (IV) injection formulation
containing SPIO:Eu-embedded PLGA nanospheres (SPIO:Eu@PLGA) was developed to explore its effects on bone
remodeling, which has yet to be examined thoroughly.

In this study, we prepared and characterized the SPIO:Eu@PLGA nanospheres, assessing their effectiveness in
treating osteoporosis in ovariectomized (OVX) rats, and examining the underlying mechanisms, especially the
immunomodulation of macrophage polarization on osteogenesis and osteoclastogenesis. This formulation aims to
harness the therapeutic potential of nanotechnology for osteoporosis treatment, presenting a significant advancement in
the field.

Materials and Methods

Material Preparation and Characterization Analysis
Iron (IIT) chloride hexahydrate (99%) was purchased by SHOWA. Sodium oleate (97%) was obtained by TCI. Europium
(IIT) acetate hydrate (99.9%) was purchased by Alfa Aesar. Tri-n-octylamine was obtained by Thermo scientific. Oleic
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acid, poly(D,L-lactide-co-glycolide) (Mw 7,000—17,000) and poly(vinyl alcohol) (87-90%) was purchased by Sigma-
Aldrich.

Synthesis of SPIO and SPIO:Eu Nanocrystals

The iron oleate complex, a precursor for preparing SPIO and SPIO:Eu nanocrystals, was synthesized by reacting iron
chlorides with sodium oleate. Iron (III) chloride hexahydrate (10 mmol), sodium oleate (3.33 mmol), 5 mL of distilled
water, 6.6 mL of ethanol, and 11.67 mL of hexane were combined in a three-neck round-bottom flask. The mixture was
heated to 70 °C and held at this temperature while stirring at 130 rpm for 4 h. Following the completion of the reaction,
the upper layer, which contained the iron-oleate complex, underwent three washes with distilled water using a separatory
funnel. Subsequent to the evaporation of hexane, a reddish-brown iron-oleate complex in the form of waxy solid was
obtained.

Monodispersed hydrophobic SPIO:Eu nanocrystals were synthesized through thermal decomposition. A mixture
containing iron oleate complex (3 mmol), synthesized as previously described, europium (III) acetate (0.1 mmol), and
oleic acid (18 mmol; boiling point = 360 °C) was dissolved in tri-n-octylamine (16.6 g; boiling point = 365-367 °C)
within a three-neck flask. The reaction mixture was heated at a constant rate of 3.8°C/min until it approached the set
temperature of 370 °C under a nitrogen flow. During this process, a condenser was employed to ensure proper reflux and
to prevent excessive vapor pressure buildup within the system. Upon nearing 370 °C, the mixture was maintained close
to this temperature for 30 min. The yellow solution then underwent a vigorous reaction, turning black, indicating the
formation of nanocrystals. After cooling to room temperature, 10 mL of ethanol was added to precipitate the nanocrys-
tals. The precipitated SPIO:Eu nanocrystals were washed three times with ethanol, collected by centrifugation, and
finally dispersed in hexane for subsequent use. The synthesis process for SPIO nanocrystals is similar to that of SPIO:Eu
nanocrystals, except that europium (III) acetate was not added.

Preparation of SPIO@PLGA and SPIO:Eu@PLGA Nanospheres

Initially, SPIO:Eu nanocrystals (40 mg) was dispersed in dichloromethane (DCM) and combined with PLGA (40 mg) in
a sample bottle, followed by the addition of 10 mL of 2% polyvinyl alcohol (PVA). The mixture was then subjected to
ultrasonic homogenization for 5 min. Subsequently, it was placed on a hot plate and heated to 80°C to evaporate the
DCM. After the evaporation process, which took about 1 h, the mixture was washed twice with distilled water. The SPIO:
Eu@PLGA nanospheres were collected by centrifuging at 13,200 rpm for 20 min. The final product was resuspended in
1% sucrose solution and stored at —20°C for future use. Following this protocol, the preparation of SPIO@PLGA
nanospheres was conducted in an identical manner to that of the SPIO:Eu@PLGA nanospheres. Initially, SPIO
nanocrystals (40 mg) were dispersed in dichloromethane (DCM) and mixed with PLGA (40 mg) in a sample bottle.
This mixture was then treated in the same way as the SPIO:Eu@PLGA nanospheres.

Characterization of SPIO, SPIO:Eu, SPIO@PLGA, and SPIO:Eu@PLGA

The morphologies of SPIO nanoparticles, SPIO:Eu nanoparticles, SPIO@PLGA nanospheres, and SPIO:Eu@PLGA
nanospheres were examined via transmission electron microscopy (TEM; JEOL JEM-1400 Plus). Particle size was
performed employing dynamic light scattering (DLS; Malvern ZS90). Phase dentification was accomplished using X-ray
diffraction (XRD; Bruker, D2 Phaser). Composition analysis was conducted through X-ray photoelectron spectroscopy
(XPS; Thermo Scientific, Theta Probe).

Cell Viability Test

Mouse osteoblast precursor MC3T3-E1 cell lines and mouse macrophage RAW 264.7 cell lines were purchased from
American Type Culture Collection (ATCC). Mouse osteoblast precursor MC3T3-El cells (ATCC® CRL-2593T,
Manassas, VA, USA) were grown in Alpha modified Eagle’s minimum essential medium (a-MEM) containing with
fetal bovine serum (FBS; 10%) and penicillin and streptomycin (PS; 1%) in an incubator (5% CO,, 37 °C). The same
culture atmosphere was used for the mouse macrophage RAW 264.7 cell lines (ATCC® TIB-71™, Manassas, VA, USA).
Dulbecco’s modified eagle medium (DMEM/High Glucose) was used as the culture medium and supplemented with fetal
bovine serum (FBS; 10%) and penicillin-streptomycin (PS; 1%).
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MC3T3-El and RAW 264.7 cells, seeded at densities of 5x10% and 2x10° cells per well, respectively, were cultured in
24-well plates under the aforementioned conditions for 24 h. Following three washes with phosphate-buffered saline
(PBS), SPIO@PLGA and SPIO:Eu@PLGA nanospheres, at concentrations of 0, 62.5, 125, 500, and 1000 pg/mL, were
added to the plates in FBS-containing medium and further incubated for 24 h. Subsequently, after PBS washes, 5%
PrestoBlue™ Cell Viability Reagent was introduced and allowed to react with the cells for 30 min. Viable cells were
assessed by transferring 100 pL of supernatant to 96-well plates and measuring using an ELISA Reader (TECAN,
infinite® 200 PRO, Zurich, Switzerland) with excitation/emission (Ex/Em) wavelengths set at 560/590 nm.

Macrophage Polarization and Nanospheres Treatment

RAW 264.7 macrophages from mice were seeded onto 6-well plates at a concentration of 2.5x10° cells per well and
cultured for 24 h. Macrophage polarization was achieved by supplementation with lipopolysaccharides (LPS,
MedChemExpress) 100 ng/mL and incubated for 24 h. After polarization into M1 macrophages, cells were incubated
with SPIO@PLGA nanospheres (1 mg/mL), SPIO:Eu@PLGA nanospheres (1 mg/mL), and Eu(CH;COO); (0.2 mg/mL)
for 24 h. Eu(CH5COO); was used as a comparison group to validate the specificity of the effects attributed to Eu ions
when incorporated into the SPIO crystal matrix.

Flow Cytometry Analysis

Following polarization with LPS and the various treatments outlined above, the cells in the 6-well plates were rinsed with
PBS. Trypsin was then employed to detach the cells. Subsequently, the cell lysate (1 x 10° cells) was transferred to
a 1 mL Eppendorf tube and centrifuged at 1000 rpm for 5 min.

Measurement of M| and M2 Macrophage Cell Surface Markers

Upon removal of the supernatant, cells were conjugated with fluorescein isothiocyanate (FITC)-labeled anti-mouse
CDl1lc antibody (BioLegend) and Allophycocyanin (APC)-labeled anti-mouse CD163 antibody (BioLegend). Fc recep-
tors were blocked using TruStain FcXTM (anti-mouse CD16/32) antibody obtained from BioLegend. A Beckman
Coulter CytoFLEX Flow Cytometer (Beckman Coulter Inc., Brea, CA, USA) was employed to analysis M1 and M2
macrophages.

Intracellular ROS Detection

After centrifugation and removal of the supernatant, the cells were exposed to a mixture of 1 pL of CellROX™ Deep
Red Reagent and 99 pL of PBS in a dark environment for 30 min. Subsequently, after PBS rinses, the cells were
suspended in 1 pL of medium and analyzed using flow cytometry (Beckman Coulter CytoFLEX, Beckman Coulter Inc.,
Brea, CA, USA) to measure the fluorescence intensity of ROS at excitation/emission wavelengths of 495/529 nm.

Western Blot

After a 24-hour treatment period, cells underwent three washes with PBS before being lysed in buffer for 5 minutes. The
protein concentration in each cell lysate was determined and adjusted accordingly. Subsequently, proteins were isolated
through the use of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by a transferred
process onto a polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were then put in a blocking solution
containing 5% bovine serum albumin (BSA). It was then followed by incubation (4 °C) with the respective primary
antibodies (phosphorylated NF-kB, p-NF-kB, Cell Signaling 3033S). After overnight incubation and washing, the PVDF
membranes were incubated with the secondary antibodies (B-actin, GTX109639) at 4°C for 2 h and subsequently washed
by PBS. Finally, the membranes were visualized using a luminescence/fluorescence imaging system (Amersham Imager-
600/680), and the bands were recorded.
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Osteoclastogenesis and Osteoblastogenesis

TRAP Staining

In the osteoclastogenesis experiments, RAW 264.7 cells were cultured to stimulate the development of multinucleated
osteoclasts by employing macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-
B ligand (RANKL). Multinucleated osteoclasts were identified through tartrate-resistant acid phosphatase (TRAP)
staining and visualization of filamentous actin (F-actin). An osteoclastogenic supplement was prepared by adding 50
ng of RANKL and 30 ng of M-CSF to 1 mL of DMEM supplemented with 10% FBS and 1% PS. A total of 1x10* RAW
264.7 cells were seeded in a 12-well plate. The following day, after cell adherence, treatments with SPIO@PLGA (1 mg/
mL), SPIO:Eu@PLGA (1 mg/mL), and Eu(CH5COO); (0.2 mg/mL) were initiated, with the osteogenic culture medium
being refreshed every 2-3 days. Control groups included a negative control (NC, cells not treated with RANKL and
M-CSF) and a positive control (PC, cells treated solely with RANKL and M-CSF). Eu(CH3COO); served as
a comparison group to validate the specificity of the effects attributed to Eu ions when incorporated into the SPIO
crystal matrix.

Following seven days of osteoclastogenesis induction and treatment with nanospheres as previously described, 12-
well culture plates were washed three times with PBS and fixed with 1 mL of 4% formaldehyde for 20 min. After fixing,
the plates were washed another three times with PBS. Each well then received 0.5 mL of TRAP reagent (TRAP Staining
Kit, COSMO BIO) and was stained for up to 1 h. After staining, wells were thoroughly rinsed with water and observed
under a microscope.

F-Actin Staining

Immerse the 18 mm circular slide in 99% alcohol, and carefully dry the surface of the slide using an alcohol lamp. Then,
place the treated slide into a 12-well plate. Subsequently, seed 1x10* MC3T3-E1 cells onto the circular slide. Finally,
allow the cells to attach by waiting for 24 h. Following the induction of osteoclastogenesis and treatment with
nanospheres as described above for 7 days, the slides were collected and rinsed three times with PBS. Subsequently,
they were fixed with 1 mL of 4% formaldehyde for 20 min, followed by three additional washes with PBS. Adding 1mL
0.1% Triton X-100 and incubate for 10 min. After washing with PBS, F-actin was stained with Alexa Fluor™ 568
Phalloidin (Invitrogen) for 1 h. The circular slides were mounted with 4’,6-diamidino-2-phenylindole (Fluoroshield™
with DAPI, GeneTex) on glass slides and observed by an upright fluorescence microscope. (Leica, DM6000B; Ex/Em
405/594 nm, Magnification/Numerical Aperture 63x/1.4, red-orange fluorescence for F-actin).

Alkaline Phosphatase (ALP) Activity Assay

For osteoblastic differentiation experiments, culture medium with osteogenic supplement was prepared first by adding
2 mg L-ascorbic acid (Sigma-Aldrich; Merck KGaA) and 68.8 mg B-glycerophosphate disodium salt hydrate (Sigma-
Aldrich; Merck KGaA) into 40 mL a-MEM with 10% FBS and 1% PS. In total, 5x10* MC3T3-E1 cells were seeded in
a 12-well plate. The next day, when cells were attached to the plates, SPIO@PLGA (1 mg/mL), SPIO;Eu@PLGA (1 mg/
mL), and Eu(CH3COO); (0.2 mg/mL) were added, and we replaced the osteogenic culture medium every 2-3 days.
Eu(CH3;COO); was used as a comparison group to validate the specificity of the effects attributed to Eu ions when
incorporated into the SPIO crystal matrix.

ALP activity was evaluated on days 7 and 14 post-treatment employing a commercially available ALP Assay kit
(Abcam). In brief, following rinsing with ice-cold PBS, 1 x 10° cells were lysed in 100 uL of ALP assay buffer on ice
and subsequently centrifuged at 13,200 rpm for 15 min at 4 °C. The supernatant (80 puL) from each sample was then
transferred into a 96-well plate and combined with 50 pL of 5 mm pNPP solution. This mixture was incubated at 25 °C
in the absence of light for 60 min. The alkaline phosphatase activity was determined by assessing the absorbance at 405
nm utilizing an ELISA Reader (TECAN, infinite® 200 PRO, Zurich, Switzerland).

Alizarin Red S Staining for Mineral Deposition

Mineral deposition was evaluated on day 21 post-treatment utilizing Alizarin Red S Staining (Merck KGaA). Initially,
cells were thrice rinsed with phosphate buffered saline solution and followed by fixation with formaldehyde (4%) for
20 min. Subsequent to fixation, the cells underwent three washes with distilled water (ddH,O) and were subsequently
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subjected to staining with 40 mm Alizarin Red S for 30 min. Upon ddH,O washing and air-drying, a light microscope
(Leica, DM6000B, Germany) was used to obtain the images of the cells with mineral deposition.

In vivo Efficacy

OVX-Induced Osteoporosis Animal Model and Treatment with Nanospheres

Six- to eight-week-old female Sprague-Dawley (SD) rats were procured from the Laboratory Animal Center of National
Yang Ming Chiao Tung University (NYCU). All experimental procedures involving animals were conducted in
accordance with protocols approved by the Institutional Animal Care and Use Committee of National Yang Ming
Chiao Tung University (NYCU-IACUC 1100514), ensuring proper treatment and housing conditions.

A 2 cm incision along the midline was made to separate the skin from the underlying fascia. Moving 1 cm laterally from
the midline, another incision was created through the fascia. With careful dissection, the tissue was spread laterally, keeping
it as superficial as possible until reaching the abdominal cavity. Tweezers were then used to gently extract the adipose tissue
surrounding the ovary, allowing for its identification. The uterine horns and vessels were tied off 0.5—1 cm above the ovary,
which was then removed along with the ligated adipose tissue before returning the remaining tissue into the abdominal
cavity. This process was repeated on the opposite side. Wounds were closed preferably with a monofilament suture, and the
animals were allowed to recover from anesthesia. Osteoporosis was induced in OVX rats one month post-operation.
Treatment with SPIO@PLGA or SPIO:Eu@PLGA nanospheres (25 mg/kg) was administered intravenously twice a week
for two months. All OVX and sham-operated rats were euthanized at 15 weeks of age.

Histological Examination by Hematoxylin-Eosin, and Goldner’s Trichrome Staining

The femurs were initially fixed in 4% formaldehyde for a duration of seven days, followed by decalcification in 10%
ethylenediaminetetraacetic acid (pH 7.4) for an additional seven days. Subsequently, the samples underwent dehydration
and were embedded in paraffin. Slices were then obtained from the paraffin-embedded sections and subjected to staining
with hematoxylin—eosin (HE), as well as Goldner’s trichrome for collagen and iron deposit visualization.

Analysis of Inducible Nitric Oxide Synthase (iNOS) Expression in Bone Tissue

The evaluation of iNOS expression in bone tissue was conducted through Western blot analysis. Proteins were extracted
from the bone tissue and subjected to the Western blot process. The samples underwent sequential incubation with
primary antibodies (iNOS, GTX130246) and secondary antibodies (B-actin, GTX109639). Subsequently, the samples
were observed using the luminescence/fluorescence imaging system (Amersham Imager-600/680).

Statistical Analysis

Prism software (Version 8, GraphPad Software, Inc., CA) was employed for data analysis. Each experiment was repeated
independently a minimum of three times. Graphical representation of data shows the mean values with error bars
indicating the standard deviation (SD). Statistical significance among groups was determined using analysis of variance
(ANOVA), followed by multiple comparisons. A p-value less than 0.05 was considered statistically significant.

Results

Material Characterization of SPIO, SPIO:Eu, SPIO@PLGA, and SPIO:Eu@PLGA

Pristine SPIO and Eu-doped SPIO (SPIO:Eu) nanocrystals were synthesized via a pyrolysis method.***” Their morphol-
ogies and particle sizes were characterized using TEM and DLS, respectively. Both SPIO and SPIO:Eu nanocrystals
displayed an average particle size of 15+2 nm. Notably, pristine SPIO particles were spherical in shape, whereas doping
them with Eu led to a cubic morphology (Figure 1a and b). XPS analysis was performed to further confirm the successful
doping of Eu into SPIO nanocrystals (Figure S1). Additionally, phase identification for SPIO and SPIO:Eu nanocrystals
was conducted using XRD, as shown in Figure le. According to JCPDs Card No. 26-1136, diffraction peaks
corresponding to the (311), (222), (400), and (440) planes of the cubic spinel structure, indicative of magnetite, were
observed in both SPIO and SPIO:Eu samples. Together, these results demonstrate the successful synthesis of SPIO and
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Figure | Transmission electron microscopy (TEM) images of (a) superparamagnetic iron oxide (SPIO) nanocrystals; (b) europium-doped SPIO (SPIO:Eu) nanocrystals; (c)
SPIO nanocrystals embedded in poly(lactic-co-glycolic acid) nanospheres (SPIO@PLGA); and (d) SPIO:Eu nanocrystals embedded in PLGA nanospheres (SPIO:Eu@PLGA).
X-ray diffraction (XRD) patterns of (e) SPIO and SPIO:Eu nanocrystals; and (f) SPIO@PLGA and SPIO:Eu@PLGA nanospheres. SPIO nanocrystal was successfully
synthesized, retaining its crystal structure (phase) even after doping with Eu, despite the change in morphology. Following incorporation with PLGA, the crystal structures of
both SPIO and SPIO:Eu nanocrystals remained consistent. The particle sizes for both SPIO@PLGA and SPIO:Eu@PLGA nanospheres were measured to be 90+10 nm.

SPIO:Eu nanocrystals, the doping of Eu into the SPIO nanocrystals, and the preservation of their crystal structure post-Eu
doping.

To improve hydrophilicity for IV injectable formulation, PLGA was employed to encapsulate the hydrophobic SPIO
and SPIO:Eu nanocrystals using an emulsification method. The resulting particle sizes for SPIO@PLGA and SPIO:
Eu@PLGA nanospheres were both 90+10 nm. TEM images (Figure 1c and d) and XRD patterns (Figure 1f) confirmed
the successful encapsulation of SPIO and SPIO:Eu nanocrystals within PLGA nanospheres.

In vitro Safety of SPIO:Eu@PLGA Nanospheres on Osteoblasts and Macrophages
Given that SPIO nanocrystals are FDA-approved as a magnetic resonance imaging (MRI) contrast agent, their safety for
eukaryotic cells has been well established. In our study, we evaluated the cytotoxicity of SPIO@PLGA and SPIO:
Eu@PLGA nanospheres using MC3T3-E1 cell lines, which are murine calvarial pre-osteoblasts commonly used in bone
research. Additionally, we assessed their toxicity towards RAW264.7 (osteoclast precursors) cell lines, extensively
employed in studies of osteoclastic differentiation, biological molecular mechanisms, and macrophage polarization.
Remarkably, even at a high concentration of 1000 pg/mL, SPIO@PLGA and SPIO:Eu@PLGA nanospheres showed no
significant toxicity towards either MC3T3-E1 or RAW264.7 cells, as depicted in Figure 2. Moreover, to further confirm
the safety of SPIO@PLGA and SPIO:Eu@PLGA nanospheres in an intravenous dosage form, we conducted hemocom-
patibility tests (Figure S2), which demonstrated that neither formulation induced hemolysis, even at concentrations as
high as 1000 pg/mL. Consequently, we chose a treatment dose of 1000 pg/mL for subsequent experiments.
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Figure 2 Effects of (a) SPIO@PLGA, and (b) SPIO:Eu@PLGA on the viability of MC3T3-El and RAW264.7 cells. Notably, even at a high concentration of 1000 ug/mL, the
SPIO:Eu@PLGA nanospheres exhibited no significant toxicity towards both MC3T3-El and RAW264.7 cells after 24 h of incubation.

Effect of SPIO:Eu@PLGA Nanospheres on LPS-Induced M| Macrophage
Reprogramming

This study aimed to observe the effects of SPIO:Eu@PLGA nanospheres on LPS-induced M1 macrophage reprogram-
ming through flow cytometry analysis. In addition, Eu(CH;COQO); was used as a comparison group to validate the
specificity of the effects attributed to Eu ions when incorporated into the SPIO nanocrystals. After the addition of LPS
(100 ng/mL) to macrophages for one day, transforming them from the MO phenotype to the M1 phenotype,
SPIO@PLGA, SPIO:Eu@PLGA nanospheres and Eu(CH;COO); were co-cultured separately with these M1 phenotype
macrophages. CD11c" is a protein expressed on M1 macrophages, while CD163" is expressed on M2 macrophages. As
shown in Figure 3, following the induction of macrophages with LPS, the CD11¢"/CD163" ratio was markedly elevated
(ie, polarization towards the M1). However, upon the addition of the prepared materials, there was a significant decrease
in this expression ratio. Notably, SPIO:Eu@PLGA nanospheres exhibited the lowest CD11¢"/CD163" ratio, suggesting
that SPIO:Eu@PLGA nanospheres can significantly suppress M1 expression, facilitating reprogramming and polarization
towards the M2 phenotype.

Effects of SPIO:Eu@PLGA Nanospheres on ROS Production and the p-NF-xB
Signaling Pathway in LPS-Induced M| Macrophages

Upon classical activation by lipopolysaccharide (LPS), mouse RAW264.7 macrophages are polarized towards the
M1 phenotype, characterized by the expression of iNOS. The upregulation of iNOS is known to be mediated by NF-
kB,?® with its activated state, p-NF-kB, believed to be linked to the intracellular levels of ROS.** By employing
flow cytometry, we measured the intracellular ROS levels and observed that LPS-induced polarization towards M1
macrophages was associated with an increase in intracellular ROS (Figure 4a and b). Our results show that both
SPIO@PLGA and SPIO:Eu@PLGA nanospheres inhibited intracellular ROS production, with SPIO:Eu@PLGA
nanospheres demonstrating a more pronounced ROS scavenging ability compared to SPIO@PLGA nanospheres.
Furthermore, as illustrated in Figure 4c, investigation into the transcription levels revealed that the expression of
p-NF-xB was significantly reduced following treatment with both SPIO@PLGA and SPIO:Eu@PLGA nanospheres.
Notably, the expression level of p-NF-xB induced by SPIO:Eu@PLGA nanospheres was lower than that induced by
SPIO@PLGA nanospheres.
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Figure 3 Effect of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on macrophage polarization towards (a) M| and (b) M2 in vitro, characterized by flow cytometry. (c and
d) Quantitative and statistical analysis for (a) and (b), respectively. (€) The ratio of CDI1c*/CD163" (M1/M2). Notably, SPIO:Eu@PLGA nanospheres exhibited the lowest
CDI1c*/CD163" ratio, suggesting that SPIO:Eu@PLGA nanospheres can significantly suppress M| expression, facilitating reprogramming and polarization towards the M2
phenotype. Eu(CH3COO); was used as a comparison group to validate the specificity of the effects attributed to Eu ions when incorporated into the SPIO nanocrystals.
Data represent the mean + standard deviation from triplicate experiments. Statistical analysis was performed using one-way ANOVA (*p<0.05, **p<0.01 and ***p< 0.001).

Effect of SPIO:Eu@PLGA Nanospheres on Inhibiting RANKL-Induced

Osteoclastogenesis

Osteoclasts exhibit several unique features for identification. First, they are multinucleated, a characteristic that can be
identified using TRAP staining. Second, they possess distinctive cytoskeletons, ruffled membranes, and F-actin rings,
enabling them to polarize on bone and degrade mineralized matrix. The F-actin ring, encircling the ruffled membrane,
acts as a barrier to isolate the acidified resorptive microenvironment. This structure can be visualized using fluorescent
and biotinylated phalloidin. In our study, osteoclastogenesis was induced in RAW264.7 cells with RANKL and M-CSF,
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Figure 4 (a) Effects of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on reactive oxygen species (ROS) production in LPS-induced M| macrophages, characterized by flow
cytometry. (b) Quantitative and statistical analysis of the data shown in panel (a). (c) Effects of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on the phosphorylation of
nuclear factor kappa-light-chain-enhancer of activated B cells (p-NF-kB) signaling pathway, characterized by Western blot. The treatment with SPIO:Eu@PLGA nanospheres
resulted in a significant inhibition of both ROS and p-NF-«B production in LPS-induced M| macrophages. Data represent the mean * standard deviation from triplicate
experiments. Statistical analysis of (b) was performed using a two-sided t-test, with statistical significance indicated as **p<0.001. Statistical analysis of (c) was performed
using one-way ANOVA (*p<0.05 and **p<0.01).

and observed after seven days. Notably, TRAP staining was significantly reduced in cells treated with SPIO@PLGA
nanospheres, and more markedly with SPIO:Eu@PLGA nanospheres, as depicted in Figure 5a and b. Similarly, the
formation of F-actin rings, indicated by white arrows in the F-actin staining images of the PC and Eu(CH;COO); groups,
was impeded in cells treated with SPIO@PLGA nanospheres, particularly in those treated with SPIO:Eu@PLGA
nanospheres, as evidenced in Figure Sc.

Effect of SPIO:Eu@PLGA Nanospheres on Osteoblasts Differentiation and Matrix

Mineralization

In our study, MC3T3-E1 mouse pre-osteoblasts were utilized to evaluate osteoblast differentiation and matrix miner-
alization in vitro. We used ALP, a widely recognized biochemical marker of osteoblast activity, as an indicator. As
indicated in Figure 6a, we noted that SPIO:Eu@PLGA nanospheres might hinder early osteoblast differentiation on day
7, yet both SPIO@PLGA and SPIO:Eu@PLGA nanospheres showed slight positive effects on osteoblast differentiation
by day 14. Notably, ALP activity was significantly elevated on day 14 following treatment with SPIO:Eu@PLGA
nanospheres. Bone mineralization, a critical process for new bone formation, is mediated by osteoblasts and involves
embedding calcium phosphate nanocrystals into the organic bone matrix. In addition to assessing osteoblast differentia-
tion, we evaluated matrix mineralization using Alizarin Red S staining on MC3T3-E1 cultures treated with our
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Figure 5 Effects of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on inhibiting receptor activator of nuclear factor-kB ligand (RANKL)-induced osteoclastogenesis. (a)
Characterization using tartrate-resistant acid phosphatase (TRAP) staining. (b) Quantitative and statistical analysis of the data presented in panel (a). (c) Evaluation based on
the formation of filamentous actin (F-actin) rings, identified using fluorescent dye-labeled phalloidin. Scale bar: 20 um. NC: negative control; PC: positive control. Notably,
cells treated with SPIO:Eu@PLGA nanospheres showed a significant reduction in TRAP staining. Additionally, there was an impediment in the formation of F-actin rings, as
indicated by white arrows in the images of F-actin staining in the PC and Eu(CH3COOQ); groups. Quantitative measurements of the images in this figure were conducted
using Image] software. Data represent the mean * standard deviation from triplicate experiments. Statistical analysis was performed using one-way ANOVA (*¥p<0.01 and
*¥¥p<0.0001).

nanospheres. Figure 6b shows that treatment with SPIO:Eu@PLGA nanospheres resulted in a marked increase in bone
mineralization, as evidenced by the enhanced red staining observed after 21 days.

Effect of SPIO:Eu@PLGA Nanospheres on Preventing Deterioration of Osteoporosis

in OVX-Rat

The in vivo therapeutic efficacy of SPIO:Eu@PLGA nanospheres was evaluated through an OVX-rat model. Eu(CHj;
COO); did not demonstrated the effect on M1 macrophage reprogramming and osteoblast differentiation; thus, it was
excluded from the in vivo experiment. In addition, the localization of iron-containing SPIO nanocrystals was confirmed
using Perls’ Prussian Blue staining, which highlighted the accumulation of these nanoparticles in the bone marrow near
the trabecular bone surface, as indicated by arrows in Figure S3.

Histological examination of femurs from OVX rats revealed contracted and perforated bone trabeculae, leading to
disrupted continuity. This structural change was associated with a decrease in bone trabecular mass and an increase in
bone marrow fat fraction. Figure 7a and b, analyzed using ImagelJ software under light microscopy, show the trabecular
area (ie, pink color in Figure 7a) measurements. These figures indicate that SPIO:Eu@PLGA nanospheres were most
effective in preserving trabecular bone in the femurs of OVX rats. SPIO@PLGA also demonstrated a mild effect in

preserving trabecular bone. In addition, Goldner’s trichrome staining was employed to investigate trabecular content,
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Figure 6 (a) Effects of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on MC3T3-E| osteoblast differentiation, characterized by alkaline phosphatase (ALP) assay. (b)
Effects of SPIO@PLGA and SPIO:Eu@PLGA nanospheres on calcium deposition (ie, mineralization) at late osteogenesis of MC3T3-El cells, characterized by Alizarin Red
S staining. Positive Alizarin Red S staining for calcium deposition was observed on day 21. Following treatment with SPIO:Eu@PLGA nanospheres, there was a notable
elevation in ALP activity on day 14, along with a significant increase in the intensity of red staining, indicative of bone mineralization, observed on day 21. Data represent the
mean * standard deviation from triplicate experiments. Statistical analysis was conducted using one-way ANOVA (**p<0.01). The ns indicates no statistically significant
differences (p > 0.05).

revealing that in osteoporotic femurs, trabeculae not only lost quantity but also their collagen content (ie, blue color in
Figure 7¢) in the bone matrix, which was replaced by non-mineralized content on the surface, with empty spaces in the
central areas. As depicted in Figure 7c and d, the decrease in both the quantity and quality of trabeculae in OVX femurs
could be mitigated by treatment with SPIO@PLGA nanospheres, and to an even greater extent with SPIO:Eu@PLGA
nanospheres.

Histological analyses provide insights at the microscopic level, while micro-CT imaging further supports these
findings on a larger scale. The representative cross-sectional images of micro-CT scans further supports these histological
findings, demonstrating significant improvements in trabecular density, connectivity, and thickness in the SPIO:
Eu@PLGA-treated group compared to the OVX and SPIO@PLGA groups (Figure S4; red arrows). The micro-CT
images show that treatment with SPIO:Eu@PLGA nanospheres led to better preservation of trabecular structure,
approaching that of the Sham group, while the OVX group exhibited considerable trabecular loss and disconnection.

Effect of SPIO:Eu@PLGA Nanospheres Treatment on OVX-Induced iNOS

Overexpression in Bone Tissue

The impact of SPIO@PLGA and SPIO:Eu@PLGA nanospheres treatments on OVX-induced iNOS overexpression in
bone tissue was evaluated through Western blot analysis, as illustrated in Figure 8a. Figure 8b demonstrates an elevated
expression of iNOS, a key protein marker of M1 macrophages, in OVX femurs. Post-treatment with SPIO:Eu@PLGA
nanospheres, a significant reduction in iNOS expression was observed, effectively reverting it to levels comparable to
those in the sham group.
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Figure 7 Effect of SPIO:Eu@PLGA nanospheres on preventing osteoporosis deterioration in ovariectomized (OVX) rats. (a) Histological examination using hematoxylin
and eosin (HE) staining. (b) Quantitative analysis of trabecular area, identified in pink color, utilizing image data from panel (a), with subsequent statistical evaluation. (c)
Determination of mineralized trabecular content through Goldner’s trichrome staining, which distinguishes collagen in the mineralized bone matrix by blue color. (d)
Quantitative assessment of the blue area using image data from panel (c), followed by statistical analysis. SPIO:Eu@PLGA nanospheres demonstrated remarkable efficacy in
maintaining the integrity of trabecular bone in the femurs of OVX rats. Image] software was utilized for the quantitative measurements of the images presented in this figure.
Scale bar: 100 um. Data represent the mean * standard deviation from triplicate biologically independent samples. Statistical analysis was performed using one-way ANOVA
(*p<0.05, ¥p<0.01 and ***p<0.0001).

Discussion

Osteoporosis, characterized by brittle bones and a heightened risk of fractures, presents major public health challenges
due to its high treatment costs and associated issues like disability and productivity loss.>* Concerns about adverse and
rebound effects from long-term use of antiresorptive or osteoanabolic drugs underscore the urgent need for novel
osteoporosis treatments and a deeper understanding of bone metabolism.>’ In our research, we introduce
a nanocomplex designed to target osteoporosis sites precisely, incorporating components that regulate ROS and promote
bone formation. This approach leverages SPIO nanocrystals as a delivery mechanism, doped with osteogenic elements
(Eu ions) to harness both magnetism-assisted targeting, ROS modulation and osteogenesis for direct action at sites of
bone degeneration. To optimize IV administration, we embedded Eu-doped SPIO nanocrystals in PLGA, thereby forming
SPIO:Eu@PLGA nanospheres. As illustrated in Figure 1, despite the introduction of Eu leading to a change in the
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Figure 8 Effect of SPIO@PLGA and SPIO:Eu@PLGA nanospheres treatments on OVX-induced inducible nitric oxide synthase (iNOS) overexpression in bone tissue. (a)
Characterization of iNOS through Western blot analysis. (b) Quantitative and statistical analysis of the results depicted in panel (a). Remarkably, iNOS, a key protein marker
of M| macrophages, exhibited an elevated expression in OVX femurs. Post-treatment with SPIO:Eu@PLGA nanospheres, a substantial reduction in iINOS expression was
observed, effectively restoring it to levels comparable to those in the sham group. Data represent the mean * standard deviation from triplicate biologically independent
samples. Statistical analysis was conducted using one-way ANOVA, with significance levels denoted as *p < 0.05 and ***p < 0.001.

morphology of SPIO nanocrystals—potentially due to Eu ions altering the preferred growth direction of the SPIO crystal
—the crystal structure (phase) remained unchanged after Eu doping and subsequent encapsulation in PLGA. This
suggests that while Eu doping influences the shape of SPIO nanocrystals by modifying their crystal growth patterns, it
does not affect the integrity of their crystal structure, as confirmed by the XRD analysis presented in Figure le.
Additionally, XPS analysis further verified the successful incorporation of Eu into the SPIO nanocrystals (Figure S1).
Both SPIO@PLGA and SPIO:Eu@PLGA nanospheres consistently measured at 90+10 nm in size. While SPIO is an
FDA-approved MRI contrast agent and PLGA is an FDA-approved implant material, the cytotoxicity of SPIO:
Eu@PLGA nanospheres had yet to be determined. To assess this, we evaluated the cytotoxicity of SPIO@PLGA and
SPIO:Eu@PLGA nanospheres on MC3T3-E1 cell lines, which are murine calvarial pre-osteoblasts, and RAW264.7 cell
lines, extensively used in studies of osteoclastic differentiation, molecular mechanisms, and macrophage polarization.
Remarkably, even at a high concentration of 1000 pg/mL, our nanospheres exhibited no significant toxicity towards both
MC3T3-El and RAW264.7 cells, as shown in Figure 2. Similar results were observed in hemocompatibility tests,
confirming that neither SPIO@PLGA nor SPIO:Eu@PLGA nanospheres induced hemolysis, even at the same high
concentration (Figure S2).

Macrophages are important in bone remodeling.*> Recent study revealed that osteal macrophages increased and
frequently located near osteoclasts on both trabecular and endocortical bone of OVX mice and in vitro study demon-
strated a role for macrophages in facilitating osteoclastic bone resorption by engaging in phagocytosis and sequestering
resorption byproducts.'' Macrophage activation is dynamic. Hence, the concept of macrophage polarization is commonly
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employed to highlight the activation status of macrophages at a specific location and time.*? Various macrophage
activation phenotypes exist, such as M1 macrophages, which emerge in inflammatory environments driven by Toll-
like receptor (TLR) and interferon signaling. M2 macrophages are found in settings dominated by TH2 responses.

The classical macrophages activation is induced by lipopolysaccharide (LPS), a TLR agonist, and IFN-y. Classically
activated macrophages are often called M1. M1 macrophages are known not only for contributing to increased bone
resorption through the secretion of pro-inflammatory cytokines but also for serving as precursors to osteoclasts.** A study
found that estrogen deficiency-induced osteoclastogenesis in M2 macrophages results in an increased M1/M2 ratio in
OVX mice."> Lowering the M1/M2 ratio represents a potential therapeutic approach for managing postmenopausal
osteoporosis. In our research, which focused on the influence of nanospheres on macrophage polarization using the
classical in vitro activation of mouse RAW?264.7 macrophages with LPS, we observed a significant reduction in the
activation of M1 (CD11c") macrophages following LPS stimulation with SPIO:Eu@PLGA nanospheres, as shown in
Figure 3a and c. Additionally, this treatment promoted a shift towards the activation of M2 (CD163") macrophages,
illustrated in Figure 3b and d. Most notably, we observed a significant decrease in the M1/M2 ratio, indicative of
a diminished osteoclast effect, in samples treated with SPIO:Eu@PLGA nanospheres (Figure 3e).

It is known that LPS induces ROS production by directly interaction with NADPH oxidase. High level of ROS not
only increases M1 macrophages’ phagocytic activities, but also acts as a second messenger to activate mitogen-activated
protein kinase (MAPK) and NF-kB and increase iNOS and TNF-a which increase inflammatory response.*® Therefore,
the reduction in the activation of M1 (CD11c¢") macrophages following LPS stimulation by SPIO:Eu@PLGA nano-
spheres is elucidated by ROS production, as characterized by the flow cytometry analysis results presented in Figure 4.
This analysis distinctly shows the significant impact of both SPIO@PLGA and SPIO:Eu@PLGA nanospheres on the
levels of ROS in LPS-induced M1 macrophages. These results are in alignment with Liu’s research, which highlights the
role of SPIO nanocrystals in modulating pro-inflammatory signals via their ROS scavenging capabilities.'®>° The
process of inflammation, often characterized by an increase in ROS production that leads to macrophage activation,
appears to be effectively regulated by the ROS scavenging abilities of these nanoparticles. This is clearly evidenced by
the observed decrease in M1 macrophage polarization following treatment with SPIO@PLGA and SPIO:Eu@PLGA
nanospheres, as illustrated in Figure 3. Further, the augmented ROS scavenging capability of SPIO:Eu@PLGA nano-
spheres, compared to that of SPIO@PLGA nanospheres, is ascribed to the inclusion of Eu ions. The integration of
lanthanide cations such as Eu into ceria structures is known to increase oxygen vacancies, thereby enhancing their
capacity to neutralize ROS.*”*® This mechanism is likely responsible for the more effective reduction in intracellular
ROS levels and the significant downregulation of p-NF-kB transcription levels observed with SPIO:Eu@PLGA nano-
spheres treatment. The markedly greater reduction in p-NF-«B levels by SPIO:Eu@PLGA nanospheres, correlating with
its enhanced ROS scavenging efficiency, underscores the critical importance of nanoparticle composition in effectively
diminishing M1 macrophages’ activities.

Emerging evidence indicates that oxidative stress, often intensified with age and/or menopause, is further aggravated
by a lack of estrogen. This escalation in ROS adversely affects bone homeostasis, primarily through the promotion of
osteoclastogenesis and the suppression of osteoblastic activity, culminating in osteoporosis.>*** Research has demon-
strated that ROS enhance RANKL-induced osteoclastogenesis by activating signaling pathways, including mitogen-
activated protein kinases (MAPKs) and NF-kB, in osteoclastic lineage cells.*'*** In this context, our study was directed
towards assessing the impact of our nanospheres on RANKL-induced osteoclastogenesis using RAW?264.7 cells. We
observed that osteoclasts, typically characterized in vitro as TRAP staining positive multinucleated cells, exhibited
a significant decrease in their numbers following treatment with SPIO-containing nanospheres, especially SPIO:
Eu@PLGA nanospheres, as shown in Figure 5a and b. Furthermore, the F-actin rings, essential for osteoclast polarization
on bone and for the degradation of the mineralized matrix, were conspicuously missing in cells treated with
SPIO@PLGA and SPIO:Eu@PLGA nanospheres (Figure 5c). It is suggested that these effects are substantially due to
the reduction in intracellular ROS and p-NF-kB as a consequence of treatment with SPIO:Eu@PLGA nanospheres
(Figure 4). In parallel, we utilized MC3T3-E1 mouse pre-osteoblasts to investigate osteoblast differentiation and matrix
mineralization in vitro. ALP activity, a pivotal biomarker of osteoblast function essential for bone matrix

43,44

mineralization, was notably increased on day 14 following treatment with SPIO:Eu@PLGA nanospheres, as
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shown in Figure 6a. Bone mineralization, a critical process in new bone formation and mediated by osteoblasts, involves
the incorporation of calcium phosphate nanocrystals into the organic bone matrix. This aspect was further assessed
through Alizarin Red S staining of MC3T3-E1 cultures treated with our nanospheres. As depicted in Figure 6b, the
treatment with SPIO:Eu@PLGA nanospheres resulted in a marked enhancement in bone mineralization, evidenced by
intensified red staining after 21 days. Although Eu might initially impede osteoblast differentiation (day 7), similar to the
effects observed with high calcium concentrations.* It is important to note that the Eu concentration in our SPIO:
Eu@PLGA nanospheres formulation was well-tolerated by osteoblasts without inducing any adverse effects, as clearly
demonstrated in Figure 6a. In summary, the SPIO:Eu@PLGA nanospheres treatment not only modestly promoted bone
formation but also significantly impeded bone resorption.

In Figures 3—6, Eu(CH3COO); was used at an equivalent Eu ion concentration to that in SPIO:Eu@PLGA, acting as
a comparison group. This setup was designed to validate the specific effects attributed to the incorporation of Eu ions into
the SPIO nanocrystals. The comparison highlights that the beneficial effects observed are directly linked to the
incorporation of Eu ions within the SPIO crystal matrix. It points out that free Eu ions released from Eu(CH3COO);3,
when not integrated into the SPIO matrix, do not achieve the same level of effectiveness. This emphasizes the critical
role of incorporating Eu ions into the matrix for achieving the desired therapeutic outcomes. The enhanced effectiveness
of the SPIO:Eu@PLGA nanospheres treatment in reducing intracellular ROS levels can be attributed to the Eu ions-
induced oxygen vacancy in the SPIO crystal, supporting the importance of Eu ions’ integration for the observed
benefits.?’84¢

In our comprehensive final assessment, we assessed the therapeutic efficacy of our nanospheres containing Eu-doped
SPIO nanocrystals on osteoporosis using OVX rats. The localization of iron-containing SPIO nanocrystals was identified
through Perls’ Prussian Blue staining, which showed an accumulation of these particles in the bone marrow near
trabecular bone surfaces (highlighted by arrows, Figure S3). Histological examination of femurs from these rats revealed
contracted and perforated bone trabeculae with a loss of continuity, alongside a decrease in bone trabecular mass and an
increase in bone marrow fat fraction, consistent with previous studies.*’ Utilizing ImageJ software for analysis under
light microscopy, we found that SPIO:Eu@PLGA nanospheres substantially preserved trabecular bone in OVX rat
femurs more effectively than SPIO@PLGA nanospheres (Figure 7a and b). Through Goldner’s trichrome staining, we
observed that the trabeculae in osteoporotic femurs not only suffered a reduction in quantity but also experienced a loss
of their collagen content in the bone matrix, which was replaced by non-mineralized content on the surface and appeared
empty in central areas. Interestingly, both SPIO:Eu@PLGA and SPIO@PLGA nanospheres treatments not only repaired
trabecular bone mass but also restored its mineralized content (Figure 7¢ and d). Similar results were observed in the
micro-CT images (Figure S4), which further demonstrated significant improvements in trabecular density, connectivity,
and thickness in the SPIO:Eu@PLGA-treated group compared to the OVX and SPIO@PLGA groups. These findings
confirm the superior efficacy of Eu-doped nanospheres in mitigating the loss of both trabecular quantity and quality in
osteoporotic bone.

To delve deeper into the tissue-level mechanisms, we analyzed the expression of macrophage-related proteins.
Notably, the iNOS protein, a marker of M1 macrophages, was elevated in OVX femurs. Post-treatment with SPIO:
Eu@PLGA nanospheres, a significant decrease in iNOS expression was noted, returning to levels observed in the sham
group (Figure 8a and b). This reduction suggests that SPIO:Eu@PLGA nanospheres mitigates OVX-induced trabecular
bone loss by modulating macrophage polarization in vivo. This is supported by the in vitro findings presented in Figure 3,
where SPIO:Eu@PLGA nanospheres effectively reduced the M1/M2 ratio, highlighting its potential as a therapeutic
target in treating OV X-induced osteoporosis.

In conclusion, our study presents initial evidence that SPIO:Eu@PLGA nanospheres may open a new path for treating
osteoporosis. This strategy, aiming to address the limitations and side effects of traditional therapies, involves targeted
delivery to bone tissue, modulation of macrophage polarization, and enhancement of bone remodeling. The use of SPIO
nanocrystals doped with Eu, which combine magnetic guidance with ROS scavenging properties, has demonstrated
promising results in both in vitro and in vivo models. It is important to note that due to the well-established efficacy of
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SPIO in magnetic navigation, and in adherence to the focus of our research and animal welfare considerations,

a non-magnetic field group was not included in our animal experiments. This study highlights the crucial role of Eu
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doping in enhancing the anti-osteoporotic effects of SPIO:Eu@PLGA nanospheres, showing its efficacy at both cellular
and tissue levels in vitro and in vivo. However, caution is advised, as the SPIO:Eu@PLGA nanospheres, despite their
demonstrated biocompatibility and positive impact on bone structure in osteoporosis models, are still in the early stages
of development within a complex medical field. Extensive further studies are required to fully determine the long-term
efficacy and safety profile of materials containing Eu. In addition, future applications in other modulating immune and
inflammatory indications, such as osteoarthritis, are also worth exploring.

Conclusion

In summary, the results from this study provide strong evidence supporting the effectiveness of SPIO@PLGA and SPIO:
Eu@PLGA nanospheres in modulating macrophage activation, primarily attributed to their ROS scavenging abilities.
A crucial aspect of this research is the unique role of Eu ions when integrated into the SPIO matrix, which significantly
contributes to the observed beneficial effects. This distinction underlines that free Eu ions, when not incorporated into the
SPIO matrix, fail to achieve comparable results. This research highlights the significant impact of Eu doping in
enhancing the anti-osteoporotic properties of SPIO:Eu@PLGA nanospheres, with demonstrated effectiveness at both
cellular and tissue levels, applicable to in vitro and in vivo settings. The inclusion of Eu in these nanospheres presents
a promising direction for developing advanced treatments for osteoporosis resulting from OVX.
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