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ARTICLE INFO ABSTRACT

Keywords: Osteoporosis is the most common degenerative orthopedic disease in the elderly. Recently, the therapeutic
OSte°P°r°Si§ methods for osteoporosis have shifted towards the regulation of local immunity in bone tissues, which could
Bone targeting provide a suitable environment for the positive regulation of bone metabolism, promoting osteogenic differen-
ngo(:iiem tiation and inhibiting osteoclast differentiation. Our previous work demonstrated that iron oxide nanoparticles
Nanomedicine (IONPs) could positively regulate bone metabolism in vitro. In this study, we further demonstrated that daily

administration of IONPs relieved estrogen deficiency-induced osteoporosis via scavenging reactive oxygen spe-
cies in vivo. Meanwhile, IONPs promoted the osteogenic differentiation of bone marrow mesenchymal stem cells
and inhibited the osteoclast differentiation of monocytes from IONPs treated mice. Besides, alendronate, a
clinically used anti-osteoporosis bisphosphate, was employed to precisely deliver the IONPs to the bone tissues
and played a synergically therapeutic role. Eventually, we verified the bone targeting ability, therapeutic effi-
ciency, and biocompatibility of the novel bone target iron oxides in ovariectomy-induced osteoporotic mice. By
applying BTNPs, the OVX-induced osteoporosis was significantly revised in mice models via the positive regu-
lation of bone metabolism.

1. Introduction postmenopausal osteoporosis (POP) is characterized by increased bone

remodeling units, decreased bone formation, and increased bone ab-

Osteoporosis (OP) is a prevalent degenerative orthopedic disease
affecting approximately 6.46% of men and 29.13% of women over 50
years old in China [1,2]. The secondary osteoporotic fracture is also a
leading cause of disability and death in the elderly [3].

As a common kind of OP occurred in postmenopausal women,

sorption in each unit [4,5]. Increased bone remodeling units with
enhanced bone resorption and damaged bone formation in POP patients
may lead to rapid bone loss [4]. Reactive oxygen species (ROS) in the
inflammatory extracellular microenvironment are regarded as a critical
regulatory factor and a potential target of regulating bone metabolism
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[9,10]. ROS in the inflammatory extracellular microenvironment has a
crucial role in inducing uncoupled bone metabolism, enhancing osteo-
clast differentiation, and inhibiting osteogenic differentiation [11,12].
While conventional treatment for POP is based on the direct regulation
of bone metabolism (e.g., bisphosphate, menopause hormone therapy),
newly developed therapeutic strategies have focused more on initiative
modulation of the local immune environment (to establish a suitable
extracellular microenvironment) to keep the bone turnover at an
appropriate level [10-12]. The application of antioxidants to scavenge
ROS is a novel method independent of the typical therapeutic of
bisphosphonates [7,8]. Although bisphosphonates have multiple modes
of action in treating POP, it has not been reported as a ROS scavenger yet
[13,14]. Antioxidants can block the action of ROS, activate the osteo-
genic differentiation, mineralization process, and inhibit osteoclasts’
formation and activity [13,14,15]. Moreover, a combination of antiox-
idants and bisphosphonates might be an efficient method for the treat-
ment of POP.

Previous studies suggested that iron oxide nanoparticles (IONPs)
could protect mice from ovariectomy (OVX)-induced osteoporosis
[17-19]. Furthermore, in our previous work, we discovered that IONPs
regulated bone metabolism by scavenging ROS via the Nrf 2-keapl
pathway [20]. Herein, we further demonstrated that IONPs could
revise postmenopausal bone loss via scavenging ROS in vivo. Following,
we used the primary bone marrow mesenchymal stem cells (BMSCs) and
monocytes (BMMs) from the IONPs-treated animals and found that the
positive regulatory effect of IONPs is dependent on ROS scavenging
instead of direct stimulation. Thus, it is feasible to treat POP better by
combined application of IONPs with bisphosphonates in vivo by the
synergistic therapeutic effect.

In present, delivery of nanomaterials to bone tissue remains chal-
lenging (low specificity and low clearance), limiting its application in
clinical practice [21]. Previous studies demonstrated that phosphate
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radicals had the ability to be enriched in the bone surface [22-24]. In
this study, we designed and synthesized a new bone targeting IONPs
(BTNPs) loaded with a Food and Drug Administration (FDA) approved
bisphosphonate, alendronate. We found that BTNPs could target to the
bone surface and revise postmenopausal bone loss better than the
application of IONPs and bisphosphonates. By applying BTNPs, the
OVX-induced mice osteoporosis was significantly improved via the
positive regulation of bone metabolism (Schematic illustration).

2. Materials and methods
2.1. Materials

All materials were purchased from Sigma Aldrich, and the detailed
information was shown in the following section.

2.2. Preparation of BTNPs

IONPs were synthesized using a classic chemical co-precipitation
method as previously described [20]. Briefly, 200 mg
polyglucose-sorbitol-carboxymethyl ether (PSC) was dissolved in 10 ml
ultrapure water of the three-necked flask, and the solution was purified
by nitrogen for 5 min to remove oxygen. Then, 30 mg FeCl, and 60 mg
FeCl3 were dissolved in 15 ml ultrapure water. The iron precursor so-
lution was added to the PSC solution. Afterward, 1 g ammonium hy-
droxide with 28% weight in volume was added into the mixed solution
using vigorous mechanical stirring of 800 rpm under 80 °C for 30 min.
Next, the solution was collected and dialyzed in membrane tubing
(MWCO = 3000) to remove uncoated PSC.

Then, BTNPs were prepared as previously described [25]. 5 mg of
IONPs were dispersed in 2.5 ml EDC/NHS solution under vigorous
stirring for 12 h at 4 °C to activate the carboxylic acid groups.
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Scheme 1. The BTNPs were prepared by IONPs and alendronate. After the BTNPs were injected intravenously in osteoporotic mice, they were precisely delivered to
the bone tissues. By regulating the local level of ROS, the osteoclast and osteogenic differentiation was regulated, and the OVX-induced osteoporosis were treated.
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Subsequently, various amount of alendronate was dissolved in 500 pl
DMSO. The alendronate solution was added dropwise to the IONPs so-
lution with vigorous mechanical stirring of 1000 rpm for 6 h at 4 °C.
Subsequently, the solution was dialyzed in membrane tubing (MWCO =
3000) against 1 x PBS to remove dissociative alendronate. The BTNPs
were subsequently stored in the dark at 4 °C. It should be mentioned that
both IONPs and BTNPs were sterilized through the use of 0.22-pm
membrane filters before further biological assessment.

2.3. Characterization of IONPs and BTNPs

The morphology of IONPs and BTNPs was characterized by trans-
mission electron microscopy (TEM, JEOL 1200EX, Japan). The nano-
particles were dropped on the carbon-coated 400-mesh copper TEM grid
and dried completely before TEM observation. The hydrodynamic size
and zeta potential of IONPs and BTNPs were obtained by dynamic light
scattering (DLS) using a nanoparticle size analyzer (Malvern Zetasizer
Nano ZS90, UK). The crystallinity of IONPs and BTNPs was determined
by X-ray diffraction (XRD, X’tra, ARL, USA) analysis performed with Cu
Ka radiation in the 20 range of 5°-95° at a scanning rate of 4°/min.
Fourier transform infrared spectroscopy (FTIR) was used to identify the
presence of amido bond using an infrared spectrometer (VERTEX 80 V,
Germany), where the mode was set to the attenuated total reflectance
(ATR) and the spectral range was 4000-400 cm L.

2.4. Animal management

144 female ICR mice (10-weeks-old) were obtained from the Animal
Core Facility of Nanjing Medical University. All the animals were housed
in a specific pathogen-free environment with a temperature of 22 + 1 °C,
relative humidity of 50 + 1%, and a light/dark cycle of 12/12 h. All
animal studies were performed in compliance with the regulations and
guidelines of Drum Tower Hospital institutional animal care and con-
ducted according to the AAALAC and the IACUC guidelines
(2019AE01038).

We first evaluated the bone metabolism regulatory effect of IONPs.
48 mice were divided into 4 groups (n = 12 per group), including: Sham
group (adipose tissue near ovaries were removed + saline), OVX group
(bi-ovaries were removed + saline), IONPs group (Sham + IONPs daily
management), and IONPs + OVX group (OVX + IONPs daily manage-
ment). After the POP models were established for 12 weeks, 100 mg/kg
IONPs were intraperitoneally injected twice a week for 8 weeks in IONPs
and IONPs + OVX groups. The dosage was determined by our previous
work [20]. 24 mice were used for the analysis of therapeutic effect at
histological level (n = 6 per group), while the other 24 mice were used
for the isolation of primary BMSCs and BMMs (n = 3 per group). Briefly,
the femoral and tibia were carefully removed in a sterile environment,
and the bone marrow was washed in the determined medium. After
being washed by the medium 3 times, the cells were collected by
centrifugation at 1500 rpm for 5 min and cultured in a different medium.
The detailed information on cell culture was listed in the following
section. Cells from each mouse were seeded in three plates for inde-
pendently repeated experiments.

In the evaluation of the therapeutic effect of BTNPs, 96 mice were
used. The mice were divided into 6 groups (n 16 each group),
including: Sham group (adipose tissue near ovaries were removed), OVX
group (bi-ovaries were removed), alendronate group (OVX + alendro-
nate), IONP group (OVX + IONPs), LDNP group (OVX + low dosage of
BTNPs), and NDNP (OVX + normal dosage of BTNPs). According to
previous reports [26,27], monthly intravenous injection (30 mg/60 kg)
of alendronate was used for treating osteoporosis. Briefly, 4.55
mg/kg/month alendronate was intravenously injected in the alendro-
nate group according to the equivalent dose calculated by body surface
area. The amount of alendronate in the NDNP group was kept the same
as the alendronate group. The amount of IONPs in the IONPs group was
the same as the NDNP group. In the LDNP group, we injected 1/5 dosage
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of BTNPs as administrated in the NDNP group. 12 weeks after the
ovaries were removed, the drugs were intravenously injected monthly
for 8 weeks.

All mice were finally sacrificed, and the femurs, tibias, blood, heart,
liver, kidney, spleen, and lung were collected and analyzed ex vivo.

2.5. Micro-CT reconstruction and quantitative analysis

For micro-CT analysis, right femurs from mice without soft tissue
were dissected and fixed in 4% paraformaldehyde (VivaCT 80, SCANCO
Medical AG, Switzerland). The scanner was set at a voltage of 45 kVp, a
current of 177 pA, and a voxel size of 15.6 pm. Sagittal images of the
distal femur were used for performing the 3D reconstruction and
quantitative analysis. The region of interest (ROI) was defined as 624 ym
(40 consecutive images) in the proximal position of osteo-epiphysis of
the distal femur. Only cancellous bone was used for histological and
morphological analysis, and the indexes included BMC (BMD of total
volume), BMD (BMD of bone volume), BV/TV (bone volume/total vol-
ume) were calculated.

2.6. Paraffin section and histomorphologic measurement

After being fixed with 4% paraformaldehyde for 24 h, femurs were
decalcified using a 10% ethylene diamine tetraacetic acid (EDTA) so-
lution. After dehydration and transparency, tissues were embedded in
paraffin for the preparation of 5 pm sections. Tartrated Resistant Acid
Phosphatase (TRAP) and Masson staining were performed using com-
mercial kits. The same as the ROI chosen in microCT, we selected the
cancellous bone in the proximal position of osteo-epiphysis of the distal
femur as the ROI for histo-morphologic measurement. The pathological
parameters reflecting bone formation (% O. Pm) and bone resorption (%
Er. Pm) were separately marked and calculated in Masson, and TRAP
staining results as previously reported [28]. Three high magnification
fields of view were randomly selected, and the mean values were used
for statistical analysis. Immunofluorescence staining of Runx2, Nox1,
Nox4, and SOD1 was performed following a common protocol, and the
antibodies were purchased from abcam (the USA).

2.7. Plasma biochemical test and enzyme-linked immunosorbent assay
(ELISA) test

Blood was collected from the orbit and stored in an anticoagulant
tube with EDTA at 4 °C. Before being used, blood was centrifugated at
3000 rpm for 10 min. The plasma was kept at —80 °C until the ELISA and
biochemical detection were performed. Osteoblast-linked indicators,
including amino-terminal propeptide of type I procollagen (PINP) and
osteocalcin/bone glutamate protein (OT/BGP) and osteoclast-related
factor (OSCAR), were detected by ELISA kit (Cusabio, Wuhan, China).
The concentration of samples was calculated according to the standard
curve calculated. Also, hepatic and renal functions were evaluated by
glutamic-pyruvic transaminase (ALT), glutamic oxalacetic transaminase
(AST), alkaline phosphatase (ALP), albumin (ALB), and blood urea ni-
trogen (BUN) in plasma, which was detected by an automatic
biochemical analyzer (Rayto, Chemray 240, China) following the man-
ufacturer’s instruction manual.

2.8. Preparation of rhodamine B-labeled nanoparticles and in vivo
fluorescence imaging (IVIS) evaluation

Rhodamine B-labeled BTNPs were synthesized using a reported
method [29]. Briefly, BTNPs powder (200 mg) was dissolved in ultra-
pure water (1 ml) under the ultrasonic dissolution, followed by the
addition of 4 ml dimethyl sulfoxide (DMSO) under vigorous stirring at
50 °C for 30 min. After a drop HCI solution (1 mol/1) was added to the
mixed solution to guarantee the carboxylic group activation, carbonyl
diimidazole (5 mg), and hydroxybenzotriazole (1 mg) was added under
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vigorous stirring at 50 °C for 2 h. After that, ethanediamine (100 pL) was
dropwise added to the mixed solution at 50 °C for another 1 h to obtain
amino-modified BTNPs. Rhodamine B (5 mg) was dissolved in DMSO (1
ml), followed by the addition of 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 1 mg), ethanediamine (1, drop) and
N-Hydroxysuccinimide (NHS, 1 mg) under vigorous stirring for at least
12 h to obtain rhodamine B-NHS. Finally, the above amino-modified
BTNPs solution and rhodamine B-NHS solution were mixed for reac-
tion at 50 °C for another 3 h, followed by the addition of ultrapure water
(5 ml) and dialysis in membrane tubing (MWCO = 100 k) against ul-
trapure water for 2 h to remove dissociative micro-molecules.

Afterward, we used IVIS to evaluate the distribution of the nano-
particles in vivo. The mice were intravenously injected with the rhoda-
mine B-labeled nanoparticles, including IONPs and BTNPs. The dosage
was kept the same as the experiment performed in the last part. One
hour after the nanoparticles were injected, the different organs,
including the heart, liver, spleen, lung, and kidney, were taken for IVIS
(PerkinElmer). The excitation wavelength was set at 555 nm, while the
emission wavelength was set at 580 nm. Those mice treated only with
PBS were set as the negative control to adjust the fluorescence images.
Six mice in each group were used for the statistical analysis of the
fluorescence intensity.

2.9. Evaluation of biocompatibility and drug metabolism

To determine the biocompatibility of BTNPs, we dissected different
organs, including the heart, liver, spleen, lung, and kidney, from mice.
Tissues were then stained using H&E. An experienced pathologist was
invited to evaluate the inflammatory response and structural changes.
24 mice (n = 6 per group) were sacrificed at 24 h post-injection of BTNPs
for the bio-distribution study. The major metabolic tissues (heart, liver,
spleen, lung, and kidney) were harvested, dried off, and weighed. After
been homogenized by concentrated nitric acid, the amount of Fe was
measured using ICP-MS (Agilent, 7900). The results were calculated as
percentages of injected dose per gram tissue. The final results were
expressed as mean + S.D. (standard deviation).

2.10. Biomechanical analyses

We used a three-point bending test to evaluate the biomechanical
characteristic of the right femur. A preload between 1 and 2 N was
applied to the midpoint of the diaphysis, and the bone was loaded in
bending until failure at a rate of 1 mm/min using an Instron 4465
(Instron, Norwood, MA) with a 1000 N load cell. The modulus of the
femurs could be determined from the slope of the obtained stress-strain
curve as previous report [30].

2.11. Cell culture

Primary BMSCs and BMMs were separately cultured in stem cell
medium (MUBMX-90011, Cyagen) and o-MEM medium supplemented
with 30 ng/ml M-CSF. After reaching a cell confluence of 90-100%, cells
were cultured in osteogenic (MUBMX-90021, Cyagen) and osteoclast
medium («-MEM medium supplemented with 30 ng/ml M-CSF and 50
ng/ml RANKL) to induce the differentiation. According to the treatment
of mice, supplementary agents were added in the medium to enhance
the biological effect.

BMSCs were divided into 4 groups and were named the same as the
donated mice. BMMs were all taken from the normal mice. The BMMs
were divided into 2 groups according to the treatment, including the
control and IONPs groups for the osteoclasts’ treatment. The supple-
mentary concentration of IONPs was determined as 100 pg/ml accord-
ing to our previous work.

Raw 264.7 cell line was used for evaluating the ROS level. Briefly,
Hy02 (100 pM) was used to simulate the inflammatory situation as
previously reported [31], and the gradient concentration of IONPs was
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supplemented. Afterward, the ROS level was evaluated by flow cytom-
etry and fluorescence imaging following a commercial kit (BD Accuri
C6, USA).

2.12. Statistical analysis

Data were presented as the style of means + standard deviation (SD).
To calculate the relative expression, a control group was used for stan-
dardization. Statistically, a significant difference was determined by t-
test (2 groups) and one-way ANOVA (Tukey’s post hoc analysis) when
the data met the homogeneity of variance and Gaussian distribution.
Otherwise, the non-parametric test was used for the supplement. A
significant difference was defined as p < 0.05 (*, p < 0.05; **, p < 0.01;
*¥** p < 0.001; **** p < 0.0001). The graphs were prepared by
GraphPad 9.0 software.

3. Results
3.1. IONPs positively regulated bone metabolism in vivo

Firstly, we demonstrated that IONPs could protect mice from OVX-
induced osteoporosis. As shown in Fig. 1a, 12 weeks after the ovaries
were removed, IONPs were intraperitoneally injected twice a week for 8
weeks. Afterward, the distal femurs were analyzed using a micro-CT
(Fig. 1b). The cancellous bone showed a significant decrease post-
operatively, while treatment with IONPs protected bone mass from loss.
In the quantitative results, the BMC of the sham group was 186.3 +
37.73 mg HA/ccm, while the value of the IONPs group was not signif-
icantly changed (199.7 + 42.96 mg HA/ccm). In the OVX group, the
lower BMC value was 70.18 + 12.21 mg HA/ccm, indicating the suc-
cessful establishment of the OP model. With the treatment of IONPs, the
BMC significantly increased to 107.5 + 20.85 mg HA/ccm (P < 0.01,
Fig. 1c). When it turned to the evaluation of the trabecular parameters,
the BV/TV instead of BMD significantly increased, suggesting that the
difference of BMC was mainly dependent on affecting bone volume
instead of mineralization (Fig. 1c—e).

To further confirm how IONPs affected bone metabolism, we used
Masson and TRAP staining to evaluate the situation of bone formation
and resorption. As shown in Fig. 1f, the newly formatted osteoid adhered
to the bone surface was distinguished and measured to evaluate bone
formation. The percentage of the osteoid perimeter (% O. Pm) signifi-
cantly decreased in the OVX group and increased in the IONP group,
indicating the reduced bone formation ability in the late-stage POP was
enhanced (Fig. 1g). Meanwhile, in the TRAP staining photographs
shown in Fig. 1h, the bone resorption surface stained by red increased
significantly in OVX group, which could be inhibited by the treatment of
IONP. We then calculated the percentage of bone erosion perimeter (%
Er. Pm) and observed that the increased bone resorption in POP was
inhibited by IONPs (Fig. 1i). Next, we used the level of plasma proteins
to further evaluate the bone formation (PINP and OT/BPG) and
resorption (OSCAR) in Fig. 1j. These indexes showed a similar trend as
observed in bone tissues’ staining results, demonstrating that IONPs
positively regulated bone metabolism in the late-stage OVX mice model.

3.2. IONPs regulated bone metabolism by scavenging ROS

To further explore the potential mechanism of IONPs, we evaluated
the level of oxidative stress in vivo. The oxidative stress-related proteins,
including Nox1, Nox4, and SOD1 were observed increased in POP mice,
while the supplementation of IONPs reserved the increase in the
immune-fluorescence results (Fig. 2a-d). Afterward, bone marrow
mesenchymal stem cells (BMSCs) and monocytes (BMMs) were isolated
from mice treated with/without IONPs as described in 3.1. In the process
of osteogenic differentiation, BMSCs from OVX mice showed a worse
osteogenic ability compared to those from the Sham group (P < 0.0001).
The treatment of IONPs in the Sham group could not improve the
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Fig. 1. Daily management of IONP positively regulated bone metabolism in vivo.
(a)The schematic diagram of the timeline of the in vivo test. (b) Micro-CT reconstruction images of the distal femurs of the experimental mice and the quantitative
results of BMC (c), BV/TV (d), and BMD (e). (f) Masson staining of bone sections of experimental mice and the quantitative results of % O. Pm (g). (h) TRAP staining
of bone sections of experimental mice and the quantitative results of % Er. Pm (i). (j) The relative plasma proteins expression evaluated by Elisa test, including PINP,
OT/BPG, and OSCAR. (k) The legend of all bar charts above. Notes: Scare bars: (b) 1 mm; (f, h) 50 ym. All data are the mean =+ s.d. Statistical differences between
groups were determined by One-Way ANOVA (Tukey’s post hoc analysis). **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05. n = 6. Red arrow in (f, h)

represents the representative osteoid and bone erosion surface.
<
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osteogenic ability. In contrast, the BMSCs from the OVX group differ-
entiated more into bone tissues with the treatment of IONPs (Fig. 2e and
f). Following, we evaluated the transcription factor, Runx2, which re-
flects the translation from BMSCs to osteoblasts (Fig. 2g). In the early
stage of osteogenic differentiation (7 days after the osteogenic medium
was changed), the translocation of Runx2 into cellular nuclear decreased
in those from OVX mice. However, after treatment of IONPs, more
Runx2 were seen in the cellular nuclear, suggesting clear BMSCs dif-
ferentiation into osteoblasts. The ratios of positive and total cells were
calculated (Fig. 2h), and the trend is the same as observed in images.

In another aspect, we used BMMs to evaluate the effect of IONPs in
osteoclast differentiation. In the OVX mice, the monocytes performed
more likely to differentiate into osteoclasts compared to the Sham
group, and the process was inhibited by the treatment of IONPs (Fig. 2i).
The measurement results of the osteoclasts’ area shown in Fig. 2j
demonstrated the same trend.

Next, we used a standard monocytes cell line, Raw 264.7, to conduct
the antioxidant ability of IONPs. As shown in Fig. 2k, the ROS level
significantly increased after being treated with 100 uM H30,, which
could be dosage-dependent scavenged by IONPs. In the flow cytometry
test results, the ROS level showed the same alter as the fluorescence
results (Fig. 21). In cells treated with HyOs, the level of ROS increased to
290.3 + 28.33% compared with the control group. With the supple-
mentation of 50 and 100 pM IONPs, the level of ROS showed a signifi-
cant dosage-dependent decrease (176.4 + 14.64%, and 108.8 + 7.296%,
P < 0.0001 compared to O pM group).

3.3. Preparation and characterization of BTNPs

To precisely deliver the IONPs to bone tissues, the BTNPs were
prepared through amidation between the amino group of alendronates
and the carboxyl group of IONPs (Fig. 3a). The amount of alendronate
attached on the surface of IONPs was determined by measuring the
quantity of alendronate in transudates through centrifugal filtering
using ICP-MS for detection of phosphorus amount. About 27 pg
alendronate could be coupled with 1 mg IONPs. The FTIR spectra were
shown in Fig. 3b. The N-H stretch was observed in 3413 cm™!, con-
firming the successful conjugation of alendronate [32]. According to the
TEM images (Fig. 3c), both IONPs and BTNPs demonstrated dimensional
homogeneity and good dispersity, suggesting that the conjugation of
alendronate did not affect the morphology of IONPs. The hydrodynamic
diameter (Fig. 3d) showed a positive shift from 28.4 nm to 34.9 nm after
alendronate conjugation, which is consistent with the previous report
[25]. Surprisingly, the polydispersity decreased from 0.15 to 0.067,
indicating better mono-dispersity for BTNPs. The Zeta potential was
then assessed to reflect the surface potential and stability of nano-
particles. As shown in Fig. 3e, the zeta potential of IONPs and BTNPs was
—47.98 mV and —47.75 mV, respectively, indicating that the nano-
particles were negatively charged and stably dispersed in the system.
Furthermore, data from XRD patterns (Fig. 3f) showed that all diffrac-
tion peaks and relative intensity for [IONPs and BTNPs matched well with
those of Fep0s, indicating that the alendronate conjugation did not
affect the crystallinity of IONPs.

3.4. Evaluation of the bone targeting ability of BTNPs

Afterward, we tested the bone targeting ability of BTNPs in vivo. One
hour after the agents were intravenously injected into the mice’s tail
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vessel, all tissues, including heart, liver, spleen, lung, and kidney, were
taken for the IVIS test. In Fig. 3g, it could be observed that BTNPs were
more likely to gather in bone tissues instead of other organs. Also, the
femur and lumber were taken for the IVIS evaluation. The fluorescence
intensity of BTNPs was significantly higher than in groups injected with
PBS and IONPs, suggesting a good bone targeting ability of BTNPs
(Fig. 3h-k). Biodistribution data obtained from tissues were determined
at 24 h post-injection by ICP-MS measurement. As shown in Fig. 3l,
around 0.630 £ 0.020 and 0.294 + 0.039 pg/mg were left in the liver
and spleen for the mice injected with BTNPs, lower than 0.814 + 0.019
and 0.353 + 0.022 pg/mg for the one injected with IONPs. A similar
tendency was observed for the biodistribution in other major organs.
These results indicated that the alendronates could effectively deliver
IONPs to the bone tissue, resulting in a decreased tissue uptake dose.

3.5. BTNPs revised OVX-induce bone loss in mice models

After BTNPs were prepared and the bone targeting ability was
demonstrated, we evaluated the therapeutic effect in vivo. The design of
the experiment was shown in Fig. 4a. We firstly used micro-CT to
analyze the situation of cancellous bone. As shown in Fig. 4b, the bone
mass increased in mice treated with alendronate, low or normal dosage
of BTNPs (noted as LDNPs and NDNPs groups). Compared with those in
the alendronate group, mice receiving 1/5 dosage of alendronate
showed a similar improvement in BMC. In the NDNPs group, the BMC
was significantly higher compared with the alendronate group (Fig. 4c).
When it turned to BMD and BV/TV, the monthly management of BTNPs
enhanced the BMD and BV/TV compared to the OVX group indicating
the therapeutic effect of BTNPs (Fig. 4d and e). Moreover, we used a
three-point bending experiment to evaluate the mechanical strength of
femurs, the modulus of which could be determined from the slope of the
obtained stress-strain curve [30]. The application of BTNPs increased
the mechanical properties of the bone, suggesting that the therapeutic
effect of BTNPs was superior to alendronate (Fig. 4f). Next, we assessed
the bone formation and resorption by staining the sections. As shown in
Fig. 4g, alendronate and BTNPs improved bone formation activities
(Fig. 4h). As for the bone resorption, the erosive bone surface dis-
appeared in the LDNP and NDNP groups (Fig. 4i and j). Also, we eval-
uated the plasma indexes, including PINP, OT/BGP, and OSCAR, to
reflect the alterations in bone metabolism. We discovered that BTNPs
positively regulated bone metabolism, enhanced the bone formation,
and inhibited the bone resorption (Fig. 4 k-m). Also, the H&E staining
sections of the heart, liver, spleen, lung, and kidney (Fig. S1), combined
with the plasma indexes shown in Table S1 (ALT, AST, ALP, ALB, and
BUN) showed no significant difference, indicating that BTNPs were
biosafe for in vivo application.

4. Discussion

With the awareness of the pathology of POP has shifted towards the
attention of the imbalanced osteoimmune microenvironment, the design
philosophy of novel anti-POP drugs has changed to establishing an
appropriate environment for positive bone metabolism [6,26]. It has
been widely reported that extracellular ROS contributed to the disorder
of bone turnover via affecting the extracellular microenvironment,
resulting in the occurrence of POP [33]. In our and others’ previous
works, IONPs were demonstrated linked with the inhibition of inflam-
mation via several pathways and, in turn, regulation of bone metabolism
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Fig. 2. IONPs positively regulated bone metabolism by scavenging ROS.

Immunofluorescence staining images of Nox1 (a), Nox4 (b), and SOD1 (c) in different mice (Blue, DAPI; Green, targeted protein) and the quantitative results (d). (e)
ARS staining results of BMSCs from different mice after osteogenic stimulation with/without IONPs for 28 days and the quantitative results (f). (g) Immuno-
fluorescence staining of Runx2 of BMSCs from different mice after osteogenic stimulation with/without IONPs for 7 days (Blue, DAPI; Green, Runx2) and the
quantitative results (h). (i) TRAP staining of monocytes from different mice after osteoclastic stimulation with/without IONPs for 7 days and the quantitative results
of osteoclasts’ area (j). Fluorescence staining images (k) and flow cytometry (1) results of ROS in Raw 264.7 cells. Notes: Scare bars: (a-c, g, k) 100 pm, (i) 200 pm.
Sample sizes: (a—d) n = 6. (e-1) n = 9. Statistical differences between groups were determined by One-Way ANOVA (Tukey’s post hoc analysis). ****P < 0.0001, ns P

> 0.05.
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Fig. 3. Preparation and characterization of BTNP.
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(a) The schematic illustration of the preparation of BTNP. TEM (b), DLS (c), XRD (d), (e), and Zeta potential (f) results of IONP and BTNP. In vivo fluorescence
imaging results of different tissues (g), femur (h), and lumber (i) and quantitative results (j, k). (1) ICP-MS results of tissue uptake of Fe element in different organs
including heart, liver, spleen, lung, and kidney. Notes: Scale bar: (c) 20 nm. Sample sizes: (j, k, 1) n = 6. Statistical differences between groups were determined by

One-Way ANOVA (Tukey’s post hoc analysis). ****P < 0.0001.

in vitro [20,34,35]. Also, other studies demonstrated that IONPs could
positively regulate bone metabolism by adjusting the inflammatory
microenvironments in vitro [36]. However, there is in lack of in vivo
experiments to demonstrate the therapeutic effect.

This study is the first to report the feasibility of applying IONPs to
treat POP in mice. Our results indicated that long-term management of
IONPs is beneficial for bone health by positively regulating bone
metabolism via ROS scavenging [37,38]. Our cellular experiments were
also performed with primary cells, and the drug administration was
performed in vivo, which is more closely to the intrinsic situation.
Different from the direct action of bisphosphonates on osteogenic and
osteoclast differentiation, IONPs regulated bone metabolism by estab-
lishing an appropriate environment for drug delivery [16].

In the treatment of POP, systemic application of antioxidants has
been accompanied by some unknown side effects [39]. To minimize the
side effects and maximize the therapeutic effects, we designed
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bone-targeting nanoparticles to treat POP in this study. Bisphosphonates
and osteoclast targeting peptides are common methods to deliver drugs
to bone surfaces [36,40-43]. Considering that bisphosphonates can
directly regulate bone metabolism, especially inhibit osteoclast differ-
entiation, independent of the ROS scavenging ability of IONPs [27,44].
We considered that IONPs might have a synergetic effect with
bisphosphonates in the aspect of POP treatment. Thus, we chose a
common anti-OP drug, alendronate, as the bone targeting moiety [23].
Although the application of bisphosphonates could provide a satisfying
therapeutic effect, the side effects caused by treatment, including
atypical fracture, nephrotoxicity, and mandibular osteonecrosis, still
represent a significant problem [45-47]. Herein, we demonstrated that
BTNPs could enhance the therapeutic effect of POP and achieve the same
therapeutic effect with just 1/5 dosage of alendronate. As previously
reported, a combination of anti-OP drugs and antioxidants, such as
Vitamin C/magnesium, magnesium/bisphosphonates, improves the
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Fig. 4. BTNP protected mice from OVX-induce bone loss in vivo.

(a)The schematic diagram of the timeline of the in vivo test. (b) Micro-CT reconstruction images of the distal femurs of the experimental mice and the quantitative
results of BMC (c), BV/TV (d), and BMD (e). (f) The three point bending test of femurs of the experimental mice. (g) Masson staining of bone sections of experimental
mice and the quantitative results of % O. Pm (h). (i) TRAP staining of bone sections of experimental mice and the quantitative results of % Er. Pm (j). The relative
serum proteins expression evaluated by Elisa test, including PINP (k), OT/BPG (1), and OSCAR (m). (n) The legend of all bar charts above. Notes: Scare bars: (b) 1
mm; (g, i) 50 pm. Sample sizes: (a—e) n = 16, (f, k-m) n = 6, (g—j) n = 9. All data are the mean =+ s.d. Statistical differences between groups were determined by One-
Way ANOVA (Tukey’s post hoc analysis). **P < 0.01, ***P < 0.001, ****P < 0.0001. Red arrow in (g, i) represents the representative osteoid and bone

erosion surface.
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drug’s therapeutic effect [48-50]. In our work, we chemically coupled
IONPs with alendronate and prepared novel nanoparticles, which is
convenient for drug management compared to separately injection.
Also, we proposed a question that whether the side effect of
bisphosphonates could be relieved by the combined application of
antioxidants.

In the clinic, severe OP is an intractable clinical problem in need to
be urgently solved with the new drugs, which often have some limita-
tions, such as the expensive cost and side effects [51-53]. The BTNPs
might be a promising agent to be translated in clinical application.
Herein, we demonstrated that BTNPs could enhance the therapeutic
effect and achieve the same therapeutic effect with just 1/5 dosage of
alendronate. Previously, Ming-Song Lee et al. prepared a similar agent
for the treatment of POP [25]. They proved that it is feasible to deliver
IONPs to bone tissue by the conjunction of alendronate in IONPs.
However, they could only prove that the agent could inhibit the for-
mation of osteoclasts in vitro. By delivering the IONPs to the bone
resorption area, we confirmed the regulatory effect of IONPs in bone
metabolism in vivo. Comparison of NDNP group with the alendronate
group revealed the increased %0O. Pm and decreased %Er. Pm, which
indicated that the IONPs exerted their regulatory effects independent of
alendronate. Thus, we believe that the application of antioxidants
combined with bisphosphonates is a promising method that could
enhance the positive effect on bone metabolism.

As multimodal nanoparticles, BTNPs performed multi-effect in vivo.
The released IONPs could establish an appropriate environment, while
the alendronate acts as the bone targeting moiety and osteoclasts’ in-
hibitor. Also, the bone enrichment property and imaging capability of
BTNPs make it possible for future application in specific bone imaging
by MRI [54,55,58]. As previously reported, the IONPs could also be used
as vehicles for delivering drugs or cells, making the BTNPs a promising
nano-sized bone targeting system for future use [56,57]. Collectively,
the BTNPs revealed excellent application prospect in clinical use.

5. Conclusions

Our data suggested that IONPs regulated bone metabolism as an
antioxidant in vivo. In addition, we designed and prepared a novel
alendronate-based bone targeting IONPs agent. IONPs and alendronate
synergistically exerted therapeutic effects, thus significantly improving
the bone mineral density and microarchitecture compared with the
same dosage of alendronate. To conclude, we successfully prepared a
novel anti-POP agent, which revealed a promising potential to be
translated into the clinic.
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