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Osteoporosis is a disease of bone metabolism homeostasis imbalance with obvious bone loss, damage
to bone microstructure, and increased risk of fracture. The occurrence and development of osteoporosis
is related to the augmentation of active osteoclasts. Receptor activator of nuclear factor kappa B (RANK)
small interfering RNA (siRNA) knockdowns the expression of RANK mRNA to inhibit the osteoclast precur-
sors differentiate into osteoclasts as a treatment in osteoporosis. Salmon calcitonin (sCT) is a commonly
used anti-osteoporotic agent that inhibits osteoclast activity and induces osteoclast apoptosis, and it also
could promote the osteogenesis by osteoblasts. A cocktail therapy improves the therapeutic effect of os-
teoporosis between RANK siRNA and sCT. A size-switchable microsphere from micro to nano scale was
developed to address the delivery barriers of biomacromolecules with poor stability and frequent ad-
ministration. RANK siRNA and sCT were incorporated into the microspheres with a nanoparticle/micelle-
microsphere double-layer structure to achieve sustained release when the particle size shrunk and dual
protection of RANK siRNA and sCT. The size-switchable microspheres MS@(AL-NPs/ARM) had an optimal
therapeutic effect and reduced the frequency of administration in glucocorticoid induced osteoporosis
(GIOP) mouse model. RANK siRNA and sCT co-delivery system based on size-switchable microsphere is a

promising strategy to treat osteoporosis through the controlled release of biomacromolecules.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Osteoporosis is a bone condition characterized by bone mass
loss, bone microstructure defects, and significantly increased bone
fragility fracture risk [1,2]. As a serious global public health prob-
lem, osteoporosis brings heavy physical, psychological and eco-
nomic burden to patients. Under physiological conditions, the
maintenance of bone metabolism homeostasis depends on the
dynamic balance of bone reconstruction process between the
osteoblast-mediated bone formation and osteoclast-mediated bone
absorption [3,4]. The increase in differentiation and activity of os-
teoclasts is critical in terms of excessive bone resorption and dis-
rupted bone remodeling, resulting in osteoporosis [5].

In the past 20 years, various drugs have been developed to in-
hibit osteoclast-mediated bone resorption, including bisphospho-
nates such as alendronate (AL) and risedronate [6]; estrogen, such
as estradiol and estriol [7]; selective estrogen receptor modulator
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[8], such as raloxifene; calcitonin [3], such as salmon calcitonin and
eel calcitonin, etc. However, these treatment methods showed ob-
vious limitations, including poor therapeutic effects and safety is-
sues with long-term treatment. For example, AL can only inhibit
the further deterioration of osteoporosis, but cannot supplement
lost bones [9]; estrogen has side effects such as breast cancer with
long-term use [10]. In addition, some drugs have a single function
and can only target a certain stage of osteoclast development. AL,
for instance, is more effective in the early stages of osteoclast de-
velopment [11]; salmon calcitonin (sCT) can more effectively in-
hibit the activity of mature osteoclasts and kill them at the later
stage of osteoclast development [12]. Therefore, finding a suitable
treatment method for osteoporosis remains an urgent need in clin-
ical practice.

In fact, osteoclast precursors and mature cells all coexist dur-
ing the maturation of osteoclasts. Therefore, the co-delivery of two
drugs that inhibit different stages of osteoclast development is
considered valuable. The receptor activator of nuclear factor kappa
B (RANK)/RANK ligand (RANKL) signaling pathway has been con-
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firmed as a more effective therapeutic target in osteoporosis, which
is involved in the transcriptional regulation of osteoclast precur-
sors to differentiate into mature osteoclasts [13-15]. Small inter-
fering RNA of RANK (RANK siRNA), which blocks a membrane pro-
tein of RANK expression in osteoclast precursors, inhibits osteo-
clast phenotypic function and osteoclast-mediated bone resorption
in vitro [16]. Another stage of osteoporosis is associated with ma-
ture osteoclasts degrading the bone extracellular matrix, which is
promptly inhibited by sCT, a 32-amino acid peptide that binds to
calcitonin receptor (CTR), following the loss of the ruffled border
and halting bone resorption [12,17]. RANK siRNA suppressed the
transformation of osteoclast precursors into osteoclasts, while sCT
inhibited osteoclast proliferation and activity. The combination of
RANK siRNA and sCT may achieve an advanced therapeutic effect,
as they act on different processes of bone transformation. In ad-
dition, sCT can promote bone formation by activating osteoblasts,
which may also enhance the therapeutic effect of osteoporosis.

However, as the clinical application of biomacromolecule-based
agents, RANK siRNA and sCT are limited by their short half-life and
frequent administration [18,19]. Based on this issue, numerous re-
searchers have developed various drug delivery systems to achieve
the sustained release of biomacromolecule-based agents. Among
them, biodegradable polymer microspheres are widely studied as
drug carrier, capable of achieving sustained drug release in the
blood circulation and reducing dosing frequency. Wang et al. devel-
oped an injectable drug carrier, that is, polylactic acid microsphere
coated with tannic acid/polyethylene glycol-modified sCT (TA/PEG-
sCT) layer-by-layer films and demonstrated that a single injection
of the carrier could maintain plasma levels of PEG-sCT for an ex-
tended period in vivo [20]. Similarly, Li et al. prepared poly(lactic-
co-glycolic acid) (PLGA) microspheres as sustained-release carriers
for delivering sclerostin single-chain antibody fragments for osteo-
porosis treatment [21]. However, the released biomacromolecules
from microspheres were naked, unstable, not target specific and
had low cellular uptake [22,23]. Nanotechnology is an effective ap-
proach to deliver agents to target sites and prevent their degrada-
tion in the physiological environment of the systemic circulation
[24-27]. Sun et al. prepared a polymer nanoparticle composed of
the pH-sensitive polymer PK3, folate-PEG-PLGA and 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP)/siRNA core for delivering
siRNA targeting inflammatory joints. The polymeric nanoparticles
demonstrated inflammation-targeting activity and potent thera-
peutic effects in a rat model of adjuvant-induced arthritis [28].
Omidi et al. encapsulated vascular endothelial growth factor (VEGF)
in soybean L-a-phosphatidyl ethanolamine and L-c-phosphatidyl
choline anhydrous reverse micelle (ARM) nanoparticles, and then
encapsulated them into PLGA microspheres by microfluidic method
to preserve the activity of VEGF and achieve sustained release
[29].

Considering  that  delivery  therapeutic  entities  of
biomacromolecule-based agents with high stability, longer half-
life, tissues-targeted manner and low administration frequency
is a major challenge for the scientific community. Therefore, for
anti-osteoporotic therapy, it is crucial to design a carrier that
continuously co-delivers RANK siRNA and sCT to the lesion site.
In this study, we utilized the advantages of the continuous re-
lease of microspheres and targeted delivery of nanocarriers to
reasonably design a microsphere drug delivery system with a
nanoparticle/micelle-microsphere double-layer structure, RANK
siRNA and sCT were encapsulated by nanoparticles (AL-NPs)
and ARM, respectively (Scheme S1 in Supporting information).
Thereinto, nanoparticle was composed of AL coupled PLGA
(AL-PLGA) and PEG-PLGA. AL has a high affinity for the main
component of bone matrix of hydroxyapatite, which endows the
nanoparticles with targeted delivery capability. ARM was com-
posed of biocompatible material, egg phosphatidylcholine (Egg
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PC). Both of the two nanocarriers were encapsulated in Food
and Drug Administration-approved PLGA/biocompatible material
poly(cyclohexane-1,4-diylacetone dimethylene ketal) (PCADK)
microspheres MS@(AL-NPs/ARM) as a drug delivery system, the
double-layer structure protects biomacromolecules from rapid
degradation, the outer microspheres can continuously release
nanocarriers, and the released nanocarriers enter the blood cir-
culation through the muscle vasculature to achieve bone targeted
delivery [30]. Physicochemical properties of internal nanocar-
riers were characterized separately along with their effects on
osteoblasts and osteoclasts. More importantly, the therapeutic
advantages of size-switchable microspheres MS@(AL-NPs/ARM)
were evaluated by comparison with conventional microspheres
MS@(siRNA/sCT) through surface and internal morphology, in vitro
release behavior, therapeutic effects within the glucocorticoid
induced osteoporosis (GIOP) mouse model and on the regulation
of relevant genes in vivo in mice.

We prepared a nanoscale drug delivery system for the targeted
delivery of RANK siRNA for the treatment of osteoporosis (Fig. 1A).
The particle size of AL-NPs was characterized using dynamic light
scattering (DLS) and field emission scanning electron microscope
(FESEM). AL-NPs exhibited an average diameter of 164.7 nm with
a narrow size distribution (polydispersity index (PDI)=0.102) as
shown in Fig. 1C and Table S2 (Supporting information). The FE-
SEM image of AL-NPs revealed the spherical shape with a sur-
face morphology and size similar to that observed with DLS. RANK
siRNA was efficiently encapsulated into AL-NPs with a high en-
capsulation efficiency (EE) of 87.3% (Table S2), and the effective
loading of siRNA was visualized using agarose gel electrophore-
sis (Fig. S1 in Supporting information). The siRNA encapsulated in
the nanoparticles remained in the loading well without migrating,
whereas free siRNA moved downward due to the action of elec-
tric charge. Blank AL-NPs did not emit fluorescence either at the
pore or at the position of free siRNA, whereas AL-NPs exhibited in-
tense fluorescence only at the sample loading position, indicating
successful encapsulation of siRNA into AL-NPs. The protective ef-
fect of AL-NPs on siRNA in the presence of nuclease was analyzed
by agarose gel electrophoresis. As shown in Fig. 1E and Fig. S2
(Supporting information), AL-NPs could completely protect siRNA
from nuclease degradation for at least 48 h, in contrast to naked
siRNA. We simulated the release behavior of AL-NPs in PBS config-
ured with DEPC-treated water, and the cumulative release of siRNA
reached 63.1% within 72 h (Fig. S3 in Supporting information). An-
other nanocarrier was required to deliver sCT (Fig. 1B). Firstly, the
half-life of sCT is as short as 0.5-1.0h owing to the rapid clear-
ance by macrophage, leading to low bioavailability [31]. Secondly,
the physical and chemical instability of peptide drugs affects the
drug loading capacity and limits microsphere fabrication [12]. We
coated sCT with a unilamellar lipid vesicle by forming ARM to
maintain its bioactivity and extend the mean residence time of
sCT in vivo. The average particle size of ARM was approximately
268.0nm with a narrow diameter distribution (PDI=0.237) and
the EE of ARM was about 59.7%. FESEM revealed a typical spheri-
cal structure of ARM with uniform particle size (Fig. 1D). The sCT
release behavior of ARM was shown in Fig. 1F and the cumulative
release was approximately 59.2% within 24 h. sCT was effectively
released from the nanocarrier and bound to the receptor to achieve
physiological effects.

PLGA-based biodegradable microspheres are promising drug
carriers, that enable sustained release of medication over an ex-
tended period and protect fragile biomolecules from biodegrada-
tion, maintaining therapeutic levels of drugs for weeks to months
with less frequent dosing. We designed a drug delivery system to
encapsulate AL-NPs and ARM within PLGA/PCADK microspheres,
aiming to achieve sustained release and dual protection of siRNA
and sCT (Fig. 2A). The addition of PCADK could buffer acidic envi-
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Fig. 1. The characterizations of AL-NPs and ARM. Schematic diagram of (A) AL-NP
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MS@(AL-NPs/ARM) and (C) MS@(siRNA/sCT). Scale bar: 10pm and 200nm. (D) The FESEM of MS@(AL-NPs/ARM) by cryosections. Scale bar: 5pm. (E) The FESEM of AL-
NPs and ARM within MS@(AL-NPs/ARM). Scale bar: 500 nm. Release profiles of (F) siRNA and (G) sCT from MS@(AL-NPs/ARM) and MS@(siRNA/sCT) in vitro (Mean 4 SEM, n

= 3). (H) Morphological changes of MS@(AL-NPs/ARM) during in vitro release at 3,
released from MS@(AL-NPs/ARM) detected by FESEM at 3, 5, 7 and 10 d. Scale bar:

ronment produced by PLGA degradation to maintain the stability
of medication. The 20% PCADK was a rational ratio without caus-
ing rough surfaces and voids on the surface of the microspheres,
as shown in Figs. 2B and C [32].

The dual-size microspheres of MS@(AL-NPs/ARM) improved the
EE of siRNA and sCT from 19.8% + 1.7% and 13.3% + 3.0% to
53.6% + 2.1% and 371% + 1.1%, respectively, compared to that of
MS@(siRNA/sCT) (Table S3 in Supporting information). The rea-
son for this result may be that during the preparation of mi-
crospheres by w/o/w emulsion solvent evaporation method, for
MS@(siRNA/sCT), siRNA and sCT in the internal aqueous phase

7 and 10 d by FESEM. Scale bar: 5um. (I) The integrity verification of AL-NPs and ARM
100 nm.

were water-soluble. Due to the effect of osmotic pressure, drugs
tended to penetrate into the external aqueous phase, leading to
drugs leakage, while MS@(AL-NPs/ARM) could avoid this prob-
lem. The particle size and distribution of MS@(AL-NPs/ARM) and
MS@(siRNA/sCT) were presented in Table S3 and Fig. S4 (Sup-
porting information), respectively. The particle sizes of MS@(AL-
NPs/ARM) and MS@(siRNA/sCT) were 14.6+ 2.4pm and 139+
1.9um, respectively, and there was little difference in the par-
ticle size distribution between the two kinds of microspheres.
MS@(AL-NPs/ARM) were generally spherical with many small pro-
trusions on the surface due to nanocarriers loading [33], while
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MS@(siRNA/sCT) were typically depicted as a sphere encircled by
a smooth surface (Figs. 2B and C). The dual-size microstructure of
the microspheres was the basis of functional realization. There-
fore, we sectioned MS@(AL-NPs/ARM) with cryosections to ob-
serve its interior. Many uniform nanoscale spheres dispersed inside
the MS@(AL-NPs/ARM) (Figs. 2D and E). We speculated that the
nanoscale spheres inside of MS@(AL-NPs/ARM) were AL-NPs and
ARM due to similar particle size, shape and surface morphology to
uncoated AL-NPs and ARM, respectively.

Cy5-siRNA and fluorescein isothiocyanate (FITC)-sCT were used
to further investigate the co-location of fluorescence of nanocarri-
ers in microspheres, to evaluate whether the two types of nanocar-
riers were co-loaded in the microspheres. The red and green flu-
orescence of Cy5-siRNA and FITC-sCT co-localized in the same
microspheres, both MS@(AL-NPs/ARM) and MS@(siRNA/sCT) (Fig.
S5 in Supporting information). The fluorescence intensity within
MS@(AL-NPs/ARM) was uniformly distributed throughout the mi-
crospheres and higher than that of MS@(siRNA/sCT) considering EE.
In contrast, the observed fluorescence intensity was mainly con-
centrated in the periphery of MS@(siRNA/sCT) because the siRNA
and sCT solution in the internal water phase diffused outward dur-
ing the preparation process [34], while AL-NPs and ARM as the less
fluid inner water phase reduced the outward diffusion, resulting
in difference in fluorescence distribution between MS@(siRNA/sCT)
and MS@(AL-NPs/ARM). It could be inferred that the AL-NPs and
ARM were uniformly encapsulated within the MS@(AL-NPs/ARM).
The stability of microspheres was also an important index to eval-
uate the properties of microspheres, as shown in Table S4 (Sup-
porting information), the microspheres could remain stable when
stored at 4 °C for at least 14 days.

In drug delivery systems, in vitro release is considered as an im-
portant evaluation indicator of microspheres, with the requirement
of low burst release and sustained, stable drug release [12]. We ob-
served the release behavior of siRNA from MS@(AL-NPs/ARM) and
MS@(siRNA/sCT) during 16 d as shown in Fig. 2F. MS@(siRNA/sCT)
exhibited an obvious initial burst release, with 29.0% of siRNA be-
ing released from the microspheres within 4 h. This is a com-
mon phenomenon in polymer microspheres prepared by tradi-
tional emulsion solvent evaporation method, especially for highly
hydrophilic drugs. The released siRNA from MS@(siRNA/sCT) al-
ready reached 35.0% within 1 d whereas a fast release plateau had
been reached. The siRNA was gradually released, reaching 49.0%
at the tenth day. In contrast, MS@(AL-NPs/ARM) effectively re-
duced the initial burst release of siRNA. The siRNA released from
MS@(AL-NPs/ARM) in 4h was 19.0% and the drug released on the
first day was approximately 28.5%, lasting for 16 d. The cumulative
siRNA release was approximately 78.0% from MS@(AL-NPs/ARM) at
trial termination of 16 d.

Similarly, the release behavior of sCT from MS@(AL-NPs/ARM)
and MS@(siRNA/sCT) was exhibited in Fig. 2G. Obvious burst re-
lease (20.5%) of sCT from MS@(siRNA/sCT) was observed within
1h and the cumulative sCT release was approximately 62.6%
during 16 d. For MS@(AL-NPs/ARM), the cumulative sCT release
within 1h was only 8.4%, representing a nearly three-fold de-
crease compared to MS@(siRNA/sCT), and the cumulative sCT
release was 81.4% during 16 d, about 20% higher than that
of MS@(siRNA/sCT). The difference in release between MS@(AL-
NPs/ARM) and MS@(siRNA/sCT) maybe induced by the inconsis-
tent distribution of free drugs and nanocarriers in microspheres
(Fig. S5), the free siRNA and sCT in MS@(siRNA/sCT) were dis-
persed on the surface of the microspheres, resulting in fast release.
siRNA and sCT in MS@(AL-NPs/ARM) were wrapped in AL-NPs and
ARM, evenly distributed throughout MS@(AL-NPs/ARM) with a sus-
tained release. Dual-size microspheres could control release the
hydrophilic drugs by reducing initial burst release, extending re-
lease time and reduce the potential risk of drug overdose and sub-
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sequent insufficient drug release, comparing to conventional mi-
crospheres.

The morphology of dual-size microspheres during the release
process was observed by FESEM (Fig. 2H). On the third day, the
dissolution of MS@(AL-NPs/ARM) was observed with nanocarriers
emergence, although the shape of microspheres remained rela-
tively spherical. After centrifuging the microspheres, all the super-
natants were removed, and fresh release medium was added. The
corrosion and mutual fusion of MS@(AL-NPs/ARM) were observed
on the seventh day, and the AL-NPs and ARM were found in the
formed pores. MS@(AL-NPs/ARM) appeared swollen and deformed,
tending to collapse on the tenth day. Furthermore, the integrity
of nanocarriers is essential for achieving the intended physiolog-
ical function. AL-NPs and ARM released from MS@(AL-NPs/ARM)
will carry drugs into the blood circulation to reach the target site
only when they maintain acceptable integrity. The integrity of the
AL-NPs and ARM released from MS@(AL-NPs/ARM) was verified
through direct observation by FESEM, and the structural changes
in the nanocarriers in the supernatant were observed using FESEM
over 10 days (Fig. 2I). We could more intuitively observe the spher-
ical nanocarriers all through maintain integrity. The results indi-
cated that AL-NPs/ARM released from MS@(AL-NPs/ARM) main-
tained the complete nano-structure, which facilitates the specific
cellular uptake of AL-NPs and controlled release of sCT.

The effectiveness of RANK siRNA and sCT to inhibit osteoclast
differentiation and activity was examined (Fig. S6 in Supporting
information). Results showed that among all groups, the number
of osteoclasts in the AL-NPs/ARM group was the lowest, which
was not only because AL-NPs were easily taken up by cells to
inhibit the differentiation of precursor cells into osteoclasts, but
also because sCT in ARM could bind directly to CTR on osteo-
clasts to inhibit the activity of osteoclasts and induce their apop-
tosis. The mechanism of drug action was further explored by ef-
fects of RANK siRNA and sCT on the mRNA expression of osteo-
clasts and osteoblasts (Fig. S7 in Supporting information). The re-
sults showed that compared with siRNA, the expression of osteo-
clast related genes in the AL-NPs group was reduced to a greater
extent. In addition, sCT upregulated the expression of osteoblast-
related genes, while inhibiting the expression of RANKL to further
inhibit the activity of osteoclasts (cell-related experimental results
were discussed in detail in the Supporting information). These re-
sults provide a basis for the combination of AL-NPs and ARM for
the treatment of osteoporosis.

Free siRNA, free sCT, NPs, AL-NPs and ARM with Cy5 fluores-
cent labeling were injected into GIOP mice via the caudal vein
to evaluate the bone target and biodistribution of drugs. All ani-
mal experiments were approved by the Institutional Animal Ethics
Committee of Jilin University (No. SY202111005). The fluorescence
signals in various organs (heart, liver, spleen, lung, kidney) and
legs of mice were observed at 4h and 48h (Figs. 3A-C). Firstly,
under the same setting parameters, no fluorescence was observed
in the organs and legs of GIOP mice without drug administration
(Fig. S8 in Supporting information), indicating that the lesions of
GIOP mice did not produce fluorescence to interfere with the ac-
curacy of the experimental results. At 4h, the total fluorescence
of free siRNA was the lowest due to the barrier of uptake and
circulation, which no obvious signal was shown in major organs
except liver; The total fluorescence was the strongest in the AL-
NPs group and fluorescence was highly accumulated in bone. At
both 4h and 48h, the cumulative amount of sCT released from
ARM was greater than that of free sCT in the bone, especially at
48 h the fluorescence intensity of ARM group was about 1.5 times
that of the free sCT group. However, all the fluorescence accumu-
lated in the legs at 48h was very low. Therefore, microspheres
controlled the continuous and stable release of nanocarriers con-
tributes to the long-term treatment process. MS@(AL-NPs@Cy5-
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siRNA/ARM) and MS@(AL-NPs/ARM@Cy5-sCT) were injected into
GIOP mice via muscle to assess the biodistribution and cumulative
time of drugs in MS@(AL-NPs/ARM) at 4h, 48h, 4 d and 7 d. As
shown in Figs. 3D-F, the fluorescence signal of either Cy5-siRNA or
Cy5-sCT was still observed in the mice until the seventh day, indi-
cating that MS@(AL-NPs/ARM) could effectively release drugs and
prolong the circulation time of drugs in vivo. Importantly, fluores-
cent signal was observed for MS@(AL-NPs@Cy5-siRNA/ARM) in the
contralateral part of the intramuscular injection site of femur and
vertebrae within seven days, suggesting that AL-NPs released from
the microspheres still retained the targeting ability to enrich the
bone tissue site.

GIOP mice model was built to evaluate the therapeutic effect
[35]. The principle of GIOP mice model was based on the long-
term administration of glucocorticoids, such as dexamethasone,
which promoted the expression of RANKL in cells, and in turn
promoted the expression of reactive oxygen species (ROS). ROS
could inhibit the activity of osteoblasts and activate the activity
of osteoclasts, resulting in osteoporosis [36-40]. Free siRNA, free
sCT, AL-NPs and ARM were administered by the caudal vein ev-
ery three days for a total of five times, while MS@(AL-NPs/ARM)
and MS@(siRNA/sCT) were administered as a single-dose treatment
by the intramuscular injection (Fig. 4A) to maintain consistent to-
tal dosage. GIOP mice group exhibited thinner cortical bone and
sparser trabecular bone in the femur and tibia (Figs. S9 and S10 in
Supporting information) compared to healthy mice, indicating the
successful establishment of GIOP models. The anti-osteoporotic ef-
fects of all drugs were demonstrated through Micro-CT reconstruc-
tion of the femur from a three-dimensional (3D) perspective and
cross section (Fig. 4B). Compared to healthy mice, the mice in the
GIOP group exhibited sparse cortical bone and cavities inside the
cortical bone from a 3D perspective. Moreover, from the transverse
section of the femur, the white cortical bone in the outer ring was
very thin, and the yellow trabecular bone in the inner was also
less and thinner. The GIOP condition in mice improved after un-

dergoing various treatment strategies involving siRNA and/or sCT.
Free drugs did not significantly improve osteoporosis, the num-
ber of femoral trabecular increased after free drugs were coated
by AL-NPs or ARM. Compared to the monotherapy groups, the Al-
NPs/ARM group showed an increase in cortical bone thickness and
trabecular number. Importantly, the MS@(AL-NPs/ARM) group ex-
hibited the best therapeutic effect in reconstructing the trabecu-
lar. Compared to MS@(siRNA/sCT), the 3D perspective of MS@(AL-
NPs/ARM) showed fewer cavities in cortical bone and the recon-
struction of cross section exhibited the significant increase in tra-
becular and the thickening of cortical bone, which was attributed
to the fact that drugs released from MS@(siRNA/sCT) were naked
and easily degraded, and the nanocarrier released from MS@(AL-
NPs/ARM) provided good protection for the drugs. These results
showed that dual-size microspheres can reduce the frequency of
drugs administration while providing a better treatment effect on
osteoporosis.

In addition, the microarchitectural parameters of the femur,
such as cortical bone thickness (Ct.Th), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), bone mineral density (BMD)
and bone volume/tissue volume (BV/TV) were measured to fur-
ther estimate the bone strength (Figs. 4C-G). Ct.Th reflects the
thickness and separation of cortical bone; Tb.Th and Tb.Sp reflect
the thickness and separation of trabecular; BMD refers to the
amount of mineral density in bone tissue and can be used to
assess the risk of fracture; BV/TV reflects the changes in bone
mass and can be used to evaluate the strength of trabecular bone
[41-43]. Ct.Th, Tb.Th, BV/TV and BMD decreased in GIOP mice,
while Tb.Sp increased. In contrast, Ct.Th, Tb.Th, BV/TV and BMD of
MS@(AL-NPs/ARM) mice were higher than those of AL-NPs/ARM
(11.9%, 6.0%, 24.4% and 2.0%) and MS@(siRNA/sCT) (12.4%, 7.8%,
19.6% and 2.9%), respectively. Meanwhile, Tb.Sp was decreased
than AL-NPs/ARM (8.7%) and MS@(siRNA/sCT) (14.9%). The mi-
croarchitectural parameters of the femur were consistent with
the 3D perspective and cross-section Micro-CT reconstruction of
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Fig. 4. Femoral scans and analysis of GIOP mice by Micro-CT. (A) Schematic diagram of GIOP mice model building and treatment. (B) 3D perspective and cross section of
femur measured by Micro-CT at the endpoint of therapy (The white scale bar: 2mm and the blue scale bar: 500um). The quantitative characterization of femur index by
Micro-CT, including (C) Ct.Th, (D) Tb.Th, (E) BV/TV, (F) Tb.Sp and (G) BMD, respectively. Mean + SEM (n = 3). ##P < 0.01, ###P < 0.001 vs. control mice; *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001 vs. MS@(AL-NPs/ARM) mice. ns, no significance.

the femur, demonstrating that the dual-size microspheres had the
most effective therapeutic outcome.

Through histological staining of the femurs of mice, it was visu-
ally demonstrated that MS@(AL-NPs/ARM) had the best therapeu-
tic effect, and there was no abnormality in the visceral sections of
mice, indicating the safety of using MS@(AL-NPs/ARM) (Figs. S11-
S14 in Supporting information). In addition, in order to compre-
hend the mechanism of drug action in GIOP mice, the expression
levels of osteoclast and osteoblast-related genes in leg bones were
detected (Fig. S15 in Supporting information). The results showed
that MS@(AL-NPs/ARM) exerted the best therapeutic effect by in-
hibiting osteoclasts and promoting osteoblasts. The detailed discus-
sion of these three parts was in Supporting information.

In summary, this study successfully constructed size-switchable
microsphere drugs delivery system co-loaded RANK siRNA and sCT
to treat osteoporosis. The combination of RANK siRNA and sCT
in MS@(AL-NPs/ARM) improved the therapeutic effect. In addition,
the size-switchable microsphere system can achieve the sustained
release of AL-NPs and ARM, which can protect drugs and deliver
them to bone tissue to play a role, so as to reduce the frequency of
administration and achieve long-term treatment. RANK siRNA and
SCT co-delivery system based on the size-switchable microsphere
is a potential carrier for delivering drugs to improve osteoporosis.
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