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a b s t r a c t   

Bone-targeted drug delivery to reduce systemic complications and maintain sufficient doses in bone tissues 
is the main challenge for osteoporosis treatment. Here, we develop a novel, and simply synthesized bone- 
targeting nanomedicine (DNA-MSN, DNAM) containing a PEGylated dendritic mesoporous silica nano
particle (MSN) core (~ 65 nm) and an anti-sclerostin aptamer (Aptscl56) layer, to treat osteoporosis. The 
nanoparticle core protects the immobilized Aptscl56 from rapid nuclease degradation and renal filtration, 
prolonging in vivo half-lives. The DNAM-immobilized Aptscl56 layer exhibits dual functions to direct bone- 
attachment of ovariectomized mice, due to the interaction between phosphate groups in DNA aptamer 
Aptscl56 and bone calcium in hydroxyapatites, and to in situ capture sclerostin with picomolar affinities. 
Moreover, we show DNAM significantly reverses the serum level of sclerostin and osteoporotic bone loss to 
a normal level, improving bone histomorphology parameters and mechanical properties in the femur, and 
recovering serum levels of bone turnover markers, without systemic toxicity. Notably, the therapeutic effect 
of DNAM is superior to the "gold standard" drug alendronate, and the systemic dose of DNAM-immobilized 
Aptscl56 is only 25% of free Aptscl56. The present study provides insights into the regulation of unwanted 
circulating biohazards and represents a promising approach to deliver nanomedicines to treat osteoporosis. 

© 2022 Elsevier Ltd. All rights reserved.    

Introduction 

Osteoporosis is one of the most common musculoskeletal dis
eases, destroying bone microstructures, reducing bone strength and 
bone mass, and increasing the risks of fractures, severe complica
tions and even death [1,2]. Bones, compared to other organs like 
livers, spleens or kidneys [3], are less vascularized for drug pene
tration. The off-target drug absorption and the systemic adminis
tration of conventional drugs in a large dose/long term result in 
increased systemic toxicity and reduced therapeutic effects [4]. For 
example, estrogen supplement leads to some non-skeletal side ef
fects, such as breast carcinoma and vascular events [5]. Long-term 

administration of bisphosphonates (BPs), such as alendronate (ALN)  
[6], the most commonly used drug for osteoporosis, can cause severe 
osteonecrosis of the jaw [7,8]. Even more, prolonged use of para
thyroid hormones, such as teriparatide, increases the risk of bone 
cancers [9]. Therefore, it is a major challenge to improve bone-tar
geted delivery of drugs and to treat osteoporosis safely and effec
tively. 

Sclerostin, mainly secreted by osteocytes, has become an at
tractive therapeutic target for osteoporosis treatment [10,11]. Anti- 
sclerostin monoclonal antibodies show some effectiveness in redu
cing sclerostin and reactivating osteoblasts, increasing bone mass 
and strength [12,13]. However, antibodies have potential im
munogenicity, high production cost, and poor reproducibility. The 
recently developed DNA aptamers, which are short single-stranded 
DNAs (ssDNAs) with excellent binding ability to target molecules 
and can avoid the inherent flaws of antibodies, bring a new oppor
tunity for bone-targeted osteoporosis therapy. Here, we report on a 
novel, and simply synthesized bone-targeting nanomedicine (DNA- 
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MSN, DNAM) containing an FDA-approved anti-sclerostin DNA ap
tamer layer, Aptscl56 [14], and a PEGylated dendritic mesoporous 
silica nanoparticle (MSN) core (Fig. 1a). We show DNAM effectively 
reverses osteoporotic bone loss of ovariectomized (OVX) mice to a 
normal level, superior to the "gold standard" drug ALN. Mechan
istically, the bone-targeting ability is universal and attributed to the 
chelation reaction and electrostatic interaction between phosphate 
groups in the attached Aptscl56 and bone calcium in hydro
xyapatites (HA, Fig. 1b). The DNAM-immobilized Aptscl56 also en
ables a dual function to effectively in situ capture sclerostin with 
picomolar affinities. In addition, the nanoparticle core protects the 
attached Aptscl56 from rapid nuclease degradation and renal fil
tration, prolonging in vivo half-lives. Therefore, DNAM sustainably 
achieves bone enrichment and reduction of sclerostin, improving 
bone histomorphology parameters and mechanical properties in the 
femur, and recovering serum levels of bone turnover markers. No
tably, the effective dose of DNAM-immobilized Aptscl56 is only 25% 
of free Aptscl56. 

Results 

DNAM synthesis and characterization 

The innovatively developed DNAM contained a PEGylated MSN 
core and an Aptscl56 layer (Fig. 1a). MSNs have excellent bio
compatibility [15,16], nano-scaled sizes, mesoporous structures 
(2–50 nm), and the ease of functionalization, and they were applied 
as a nanoplatform to immobilize Aptscl56 in this study. The MSN 
core was fabricated using a modified approach of the one-pot bi
phase stratification [17]. Scanning electron microscopy (SEM) images 
(Fig. S1) showed that the MSN samples after 3-, 12- and 24-hour 
reactions possessed uniform sizes of around 65, 90 and 150 nm, 
respectively. In order to enable nanomedicine extravasation from the 
pores (80-100 nm) in fenestrated capillaries in bone tissues [18], the 
3-hour MSN sample was selected for the following experiments. 
Transmission electron microscopy (TEM) (Fig. S2) demonstrated that 
the MSN had a homogeneous morphology and a dendritic structure 

Fig. 1. Synthesis of DNAM and application of DNA aptamers as bone-targeting ligands. a) Schematic showing MSN fabrication and synthesis steps of DNAM by surface-modified 
dendritic MSN with anti-sclerostin DNA aptamers (Aptscl56) following amination (MSN-NH2) and PEGylation (PEGM). DI water: deionized water; MES: 2-(N-morpholino) 
ethanesulfonic acid; EDC: N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS: N-hydroxysuccinimide; RITC: rhodamine B isothiocyanate; DMF: 
Dimethylformamide. b) Illustration of (i) the concept of bone-targeted nanomedicines (DNAM) for therapeutic actions. Schematic illustrating (ii) the mechanism of the bone- 
targeting ability of nucleic acids (i.e., DNA aptamers), where phosphate groups bind with bone calcium in hydroxyapatites by chelation and electrostatic interactions. 
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with a mean size of 65  ±  2.35 nm (Table S1). DNAM synthesis was 
simple and straightforward. Due to the silanol groups on the surface, 
the MSN (ζ-potential: – 35 mV) can be easily aminated (MSN-NH2, ζ- 
potential: 29 mV, Fig. S2) for covalent conjugation with poly (ethy
lene glycol) (PEG)-derivatives. Nitrogen sorption (Fig. S2) confirmed 
a slight shrink of the mesopores in MSN-NH2 (~ 2.5 nm) after the 
amine-silica coating on the MSN (~ 3.5 nm). Since both sclerostin 

proteins (~ 22 kD) and the Aptscl56 (12896.4 g/mol) have dimen
sions of several nanometers, the mesopores were not large enough 
and not designed to conjugate Aptscl56 and contain captured 
sclerostin proteins in this study. PEG-derivatives as passivating and 
functional macromolecules were grafted onto MSN-NH2 to fabricate 
the nanovector of PEG-MSN (PEGM, ζ-potential: 14 mV), followed by 
the incorporation of rhodamine B isothiocyanate for tracking and 

Fig. 2. Physiochemical properties of DNAM. a, b) SEM (a) and TEM (b) images showing the nanomorphology of DNAM. c) Size distribution curves of (i) PEGM and (ii) DNAM in DI 
water, saline and cell culture medium, respectively, and that of (iii) protein nanoparticulates in cell culture medium. Inset: DNAM is well-dispersed in saline. d) Elemental 
mapping of (i) PEGM and (ii) DNAM using a bright-field TEM-based energy-dispersive X-ray spectroscopy (EDX), indicating Silicon (Si) and Phosphorous (P) distributions. e) TGA 
curves demonstrating the quantitative analysis of nanoparticles. f) Quantitative degradation curves of nanoparticles in PBS at different incubation intervals by (i) number of 
nanospheres and (ii) silica mass. g) The attachment of FAM-Aptscl56 on HA tablets tested by (i) confocal microscopy and (ii) their quantification. MFI: mean fluorescence intensity. 
h) DNAM attachment on HA tablets tested by (i) digital imaging, confocal microscopy and SEM, and (ii) the quantification of fluorescence, compared with PEGM. Statistical 
significance was assessed by one-way ANOVA, n = 3 independent experiments in all panels. Data are represented as the mean ±  SD. * P  <  0.05, ** P  <  0.01, *** P  <  0.001, and 
**** P < 0.0001. 
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imaging. Finally, DNAM (ζ-potential: - 21 mV) was acquired by 
covalently immobilizing Aptscl56 (ζ-potential: − 34 mV) onto 
PEGM [19]. 

DNAM was characterized by various techniques. SEM (Fig. 2) and 
TEM (Fig. 2b) images showed that DNAM maintained the homo
geneous morphology and the dendritic structure without a sig
nificant size change (~ 65 nm). Dynamic light scattering (DLS) results 
demonstrated DNAM and all other nanoparticles had excellent 
mono-dispersibility (Fig. 2c, Fig. S3, Table S1) in deionized (DI) water 
and saline (inset). However, because of the colloidally stabilizing 
ability of PEGylated surfaces, only PEGM and DNAM were well-dis
persed in cell culture medium, where peak-1 represented protein 
nanoparticulates in fetal bovine serum (FBS), and peak-2 demon
strated narrow size distributions of PEGM or DNAM. TEM mapping 
(Fig. 2d) qualitatively confirmed the existence of phosphorus (P) 
signals derived from the phosphate backbone of Aptscl56. PEGM 
showed only background signals, while DNAM indicated highly 
concentrated P signals. Sequential quantifications, for example, 
ninhydrin assay, thermogravimetric analysis (TGA, Fig. 2e) and ma
lachite green phosphate assay were conducted to trace DNAM 
synthesis. Importantly, every 50 nmol of Aptscl56 was immobilized 
to 1 mg of PEGM, equivalent to ~ 3 Aptscl56 molecules on each 
DNAM nanosphere. (See details in Supporting Information). 

Appropriate biodegradability is important for DNAM to prolong 
treatment and reduce systemic toxicity, beneficial for in vivo studies 
and clinical application in the future [20]. Due to the silica nature, 
conventional MSNs and solid silica nanoparticles lack biodegrad
ability. Dendritic MSNs have shown excellent biodegradability be
cause of thin pore walls and amorphous structures [17,21]. The 
degradation performance of PEGM (Fig. 2f), acting as the nanovector 
of Aptscl56, in phosphate buffer saline (PBS) was monitored for 28 
days, compared with MSN and MSN-NH2. TEM images (Fig. S4) 
showed all nanospheres degraded in a trend from outside to inside. 
The number of nanospheres with a tendency to degrade was re
corded, and the mass of degraded silica in PBS was also quantified. 
The PEGylated surface alleviated the disintegration rate of PEGM, 
reaching ~ 80% degradation by number and ~ 69% by mass, compared 
to the relatively slow degradation of MSN (~ 71% & ~ 31%) and the 
fast collapse of MSN-NH2 (~ 89% & ~ 87%). 

Effective bone-targeted delivery of Aptscl56 is one of the pivots 
in this study. An alendronic acid molecule has been widely used as 
an in vivo bone-targeting ligand, because diphosphonate groups can 
chelate with bone calcium in HA [22,23]. In addition, nucleic acids 
with phosphate backbones, such as DNA aptamers, have been re
ported to absorb on HA surfaces due to electrostatic forces [24]. 
Therefore, we assumed the application of DNA aptamer Aptscl56 as a 
safe and universal bone-targeting ligand, which has not been re
ported (Fig. 1b). Since each Aptscl56 molecule possesses multiple 
phosphate groups, the bone-binding ability is expected to be strong. 
To confirm this in vitro, we incubated FAM (a fluorescent dye)-la
beled free Aptscl56 (FAM-Aptscl56) of different concentrations (2.5, 
5 and 10 nmol/ml) with HA tablets, and the attachment of FAM- 
Aptscl56 to the HA surface increased by up to 50% in a dose-de
pendent manner (Fig. 2g). Moreover, we immersed HA tablets in the 
suspension of DNAM to verify bone-targeting performance. SEM 
showed evident DNAM accumulation, and fluorescence on HA ta
blets derived from DNAM was about seven times as much as PEGM, 

indicating DNAM-immobilized Aptscl56 was an excellent bone-tar
geting ligand (Fig. 2h). 

The potential of DNAM-immobilized Aptscl56 in promoting osteogenesis 

Sclerostin can antagonize the Wnt signaling in osteoblasts and 
inhibit bone formation [25], while the reduction of sclerostin can 
reactivate the Wnt signaling in osteoblasts and promote osteogen
esis [26,27]. We first confirmed sclerostin proteins could antagonize 
the Wnt signaling (Fig. 3a,b) in both mouse pre-osteoblasts (MC3T3- 
E1 cells) and human bone marrow mesenchymal stem cells 
(hBMSCs), whose osteogenicity was demonstrated by Alizarin Red S 
staining (Fig. S5). They inhibited osteogenesis by phosphorylating a 
key downstream effector of β-catenin, which would be subsequently 
degraded [11]. In addition, protein expression of runt-related tran
scription factor 2 (RUNX2), a key osteogenic transcription factor, and 
osteoprotegerin (OPG), a cytokine inhibiting bone resorption, were 
also decreased. In contrast, Wnt ligands, such as mouse/human 
Wnt3a (mWnt3a/hWnt3a), upregulated non-phospho (active) β-ca
tenin and enhanced protein expression of RUNX2 and OPG. Osteo
genesis-related gene expression (Fig. 3a,b) in mouse and human cells 
exhibited consistent trends with proteins, including mouse/human 
alkaline phosphatase (Alp/ALP), a key enzyme for skeletal miner
alization, Runx2/RUNX2 and Opg/OPG, respectively. 

To verify the capture ability of free Aptscl56 and DNAM to 
sclerostin, bio-layer interferometry (BLI) assays were conducted. 
Biotin-labeled free Aptscl56 (Biotin-Aptscl56) was treated in either 
PBS (pH 7.4) to simulate a physiological environment (Fig. 3c) or in 
MES buffer (pH 6) to reproduce the Aptscl56-grafting condition 
(Fig. 3d). Mouse (mScl), human (hScl) and rat sclerostin protein 
(rScl), respectively, bound to Biotin-Aptscl56 in PBS with nanomolar 
affinities (KD-mScl = 9.74 nM, KD-rScl = 3.84 nM and KD-hScl = 4.64 nM). 
Binding kinetics was not apparently influenced after incubating in 
MES buffer (KD-mScl = 12.37 nM, KD-rScl = 5.91 nM and KD-hScl = 
5.35 nM). However, affinities were significantly weakened (KD-mScl = 
14.96 nM, KD-rScl = 8.98 nM and KD-hScl = 9.12 nM) in pH 2 hydro
chloric acid (Fig. S6), suggesting the need for better protection of oral 
formulations in future research. Moreover, the presence of free 
Aptscl56 effectively recovered active β-catenin in the cytoplasm of 
hBMSCs (Fig. 3e,f). DNAM-immobilized Aptscl56 not only enabled 
bone-targeting, but it also exhibited a dual function to capture 
sclerostin (Fig. 3g). BLI results (Fig. 3h, Fig. S7) showed the affinity of 
DNAM to hScl was as high as 11.2 pM, independent of PEGM. Im
portantly, we quantified every 100 μg of DNAM captured 
2.18  ±  0.09 μg of hScl. 

Cytotoxicity of DNAM, as well as control therapeutics, was then 
evaluated. When DNAM is intravenously injected, it will first interact 
with erythrocytes. We incubated ICR mice erythrocytes with the 
nanovector, PEGM, compared with MSN-NH2. Both nanoparticles 
(Fig. 3i) induced low hemolysis (< 4%), and PEGM showed a further 
reduction (< 3%) at high concentrations, because PEGylated surfaces 
can enhance hydrophilicity and reduce damages to erythrocytes  
[28]. We then co-cultured nanoparticles (i.e., MSN-NH2, PEGM and 
DNAM), therapeutic agents (i.e., Aptscl56 and ALN), and dissociated 
silicate with MC3T3-E1 cells or hBMSCs for three days. On the whole, 
cell viability showed a decreasing trend with increasing doses and 
time. Free Aptscl56 (Fig. 3j, > 85%), DNAM (Fig. 3k, > 75%), as well as 

Fig. 3. The potential of DNAM-immobilized Aptscl56 in promoting osteogenesis. a, b) Effects of (a) human and (b) mouse Wnt3a and sclerostin proteins, respectively, on 
osteogenesis-related (i) protein expression by Western blotting and (ii-iv) mRNA expression by RT-PCR. Ctrl: control; Scl: sclerostin; PM: proliferation medium; OM: osteogenic 
medium. c, d) BLI evaluating the binding kinetics of sclerostin proteins in three different species with free Aptscl56, which was treated in (c) PBS or (d) MES buffers. e, f) 
Intracellular accumulation of β-catenin in the cytoplasm of hBMSCs tested by (e) Western blotting and (f) confocal microscopy. g) Schematic illustrating the dual functions of 
DNAM to target bones and capture sclerostin. h) BLI evaluating the binding kinetics of hScl with (i) DNAM and (ii) PEGM, respectively. i) Hemolysis of nanoparticles on ery
throcytes in ICR mice. j, k) Cytotoxicity of (j) free Aptscl56 and (k) DNAM to (i) hBMSCs and (ii) MC3T3-E1 cells, respectively. Statistical significance was assessed by one-way 
ANOVA, n = 3 independent experiments in all panels. Data are represented as the mean ±  SD. * P  <  0.05, ** P  <  0.01, *** P  <  0.001, and **** P < 0.0001. 
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silicate (Fig. S8, > 75%) showed very good safety at all concentrations 
in both cells. In contrast, survival rate of MC3T3-E1 cells with MSN- 
NH2 and PEGM (Fig. S9) was reduced to less than 60%. Although low 
concentration ALN was mild (80–90%) to both cells, the viability of 
MC3T3-E1 cells and hBMSCs was significantly reduced to 50% and 5% 
at high concentrations, respectively (Fig. S8). 

Collectively, DNAM possessed a well-identified mesoporous 
structure, mono-dispersibility, proper biodegradability and excellent 
biocompatibility. Importantly, DNAM-immobilized Aptscl56 had 
dual functions for bone-targeted penetration and the capture of 
sclerostin of multiple animal species with superior affinities, im
plying the potential to efficiently reduce sclerostin in vivo and treat 
osteoporosis with no obvious side effects. 

Osteoporosis treatment by DNAM in OVX mice 

The therapeutic effects of DNAM in reversing the ovariectomy- 
induced bone loss of ICR mice were studied. Serological results 
(Table S4) suggested less than 1 mg mouse−1 (< 33 mg/kg) of the 
nanovector (PEGM) was a safe and accessible dose without weight 
loss (Fig. S10). For animal studies, DNAM containing 5 nmol of 
Aptscl56 in saline was intravenously injected into OVX mice once a 
week for 4 weeks (Fig. 4a). The OVX mice injected with saline 
(Saline) and PEGM were set as negative control groups. The "gold 
standard" of commercial drug ALN with a safe dose (1 μg) and the 
injection of saline after sham operation (Sham) were used as positive 
controls. Hematoxylin and eosin (H&E) staining showed no obvious 
pathological changes in organs after 4-week treatments (Fig. S11). 

Bone histomorphology of femurs was evaluated by micro-com
puterized tomography (μCT, Fig. 4b), Von Kossa and H&E histological 
staining (Fig. 4c), and sequential fluorescent labeling (Fig. 4d). Re
constructed 3D and histological images of the Saline group showed a 
cavity in the distal femoral metaphyseal, with 108 mg HA/cm3 of 
trabecular bone mineral density (Tb.BMD), 4% of trabecular bone 
volume (BV)/total volume (TV), 0.27 mm of trabecular separation 
(Tb.Sp), 0.88 mm-1 of trabecular number (Tb.N), and 8.33 µm of mi
neral apposition (MA), indicating the success of osteoporotic mice 
model and dramatic bone loss (Fig. 4e, Table S5). As expected, DNAM 
rescued osteoporotic bone loss, significantly improving the data of 
Tb.BMD (254 mg HA/cm3), BV/TV (19%), Tb.Sp (0.11 mm), Tb.N 
(3.73 mm-1) and MA (18.85 µm), superior to PEGM and ALN 
(Tb.BMD: 179 mg HA/cm3, BV/TV: 12%, Tb.Sp: 0.14 mm, Tb.N: 
1.88 mm-1 and MA: 14.93 µm). Importantly, the DNAM group ex
hibited no statistical differences in all parameters with the Sham 
group (Tb.BMD: 251 mg HA/cm3, BV/TV: 18%, Tb.Sp: 0.11 mm, Tb.N: 
3.17 mm-1 and MA: 20.16 µm). In addition, in the bone resorption 
surface, Tartrate Resistant Acid Phosphatase (TRAP) staining (Fig. 
S12) showed a significantly increased number of multinucleated 
TRAP+ osteoclast-like cells in the Saline group (~ 285 per mm2), 
compared to the Sham group (~ 53 per mm2) and the DNAM group 
(~ 44 per mm2). 

Next, bone strength recovery was evaluated. The mechanical 
properties of the femurs (Fig. 4f, Table S5) in the Saline group were 
dramatically reduced, including Young's modulus of 1490 MPa, max 

loading of 20 N and fracture energy of 3.39 mJ, compared with the 
Sham group (Young's modulus: 2699 MPa, max loading: 35 N and 
fracture energy: 9.41 mJ). After DNAM treatment, these parameters 
were effectively restored (Young's modulus: 2489 MPa; max loading: 
33 N and fracture energy: 9.01 mJ), superior to PEGM treatment and 
ALN treatment (Young's modulus: 1955 MPa, max loading: 27 N and 
fracture energy: 7.01 mJ). 

Comparing the therapeutic role of free Aptscl56 with DNAM in 
osteoporosis treatment 

To understand why DNAM can efficiently rescue osteoporotic 
bone loss, we verified the therapeutic effect of free Aptscl56 of dif
ferent doses, including 5 (DNA5), 10 (DNA10) and 20 nmol (DNA20). 
Although Aptscl56 has been used to bind sclerostin and improve the 
phenotype of osteogenesis imperfecta without obvious side effects, 
approved as the Orphan Medicinal Products by the FDA [14], it has 
not been applied for osteoporosis treatment. Free Aptscl56 promoted 
trabecular bone formation in a dose-dependent manner (Fig. 5a,b,  
Table S6). Although the DNAM group (Fig. 4) contained only 5 nmol 
of Aptscl56, it was superior to DNA5 (Tb.BMD: 150 mg HA/cm3, BV/ 
TV: 8%, Tb.Sp: 0.17 mm, Tb.N: 1.85 mm-1 and MA: 8.22 µm; Young's 
modulus: 1364 MPa, max loading: 20 N and fracture energy: 
4.03 mJ), and even better than DNA20 (Tb.BMD: 242 mg HA/cm3, BV/ 
TV: 17%, Tb.Sp: 0.11 mm and Tb.N: 3.58 mm-1 and MA: 12.53 µm; 
Young's modulus: 1806 MPa, max loading: 27 N and fracture energy: 
7.09 mJ) in bone histomorphology and mechanical properties 
(Fig. 5c-e). These results indicated the therapeutic role of Aptscl56 in 
treating osteoporosis, however, the effective dose of DNAM-im
mobilized Aptscl56 was only 25% of free Aptscl56. 

Effective reduction of sclerostin is an important aim in this study. 
We investigated the changes of serum sclerostin of osteoporotic 
mice in response to 4-week treatments (Fig. 5f). The serum level of 
sclerostin in the Sham group was 14 pg/ml, and it dramatically in
creased to 99 pg/ml in the Saline group, implying intensive inhibi
tion of the Wnt signaling. Inoculability quantity of free Aptscl56 
dominated therapeutic effects. The DNA5 group exhibited a limited 
reduction of sclerostin (92 pg/ml), while the level of sclerostin was 
markedly reduced to 46 pg/ml in the DNA10 group and 20 pg/ml in 
the DNA20 group, respectively. As expected, DNAM effectively re
covered the serum sclerostin level (18 pg/ml), independent of PEGM 
(91 pg/ml). In addition, compared to the Saline group, DNAM sig
nificantly improved serum levels of bone turnover markers (Fig. 5g), 
increasing procollagen type 1 N-terminal propeptide (P1NP) from 
927 ng/ml to 1253 ng/ml (the Sham group: 1203 ng/ml) for bone 
formation, and suppressing C-terminal telopeptide of type I collagen 
(CTX-1) from 872 ng/ml to 719 ng/ml (the Sham group: 784 ng/ml) 
for bone resorption. 

Mechanism of DNAM for enhanced osteoporosis treatment 

We further investigated the mechanism of DNAM to improve 
osteoporosis treatment. Free aptamers have short in vivo half-lives 
since they are susceptible to nucleases (Fig. 6a), and they may 

Fig. 4. DNAM reverses bone loss of osteoporotic mice. a) Schematic showing the design of animal studies. b, c) Representative (b) μCT-reconstructed 3D images and (c) histological 
investigations of undecalcified bone tissue sections from distal femoral metaphyseal after 4-week treatment. The space with 500 µm of thickness between the two dash lines 
indicates the bone tissues in the 3D images of the horizontal plane, which was 500 µm below the growth plate. d) Sequential fluorescent labeling showing mineral apposition by 
(i) confocal microscopy and (ii) quantification. Green: calcein; yellow: tetracycline. e) Parameters of trabecular bone morphology of distal femoral metaphyseal, measured by μCT 
after 4-week treatments. f) Mechanical investigation of the femur by three-point bending tests showing (i) the load-deflection curves, and (ii-iv) the mechanical parameters 
including Young’s modulus, fracture energy and max loading. Statistical significance was assessed by one-way ANOVA. n = 3 mice per group in all panels. Data are represented as 
the mean ±  SD. P  <  0.05, *versus Saline, #versus Sham, and $versus DNAM. 
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encounter renal filtration due to their small molecular (6–30 kD) and 
physical sizes (< 5 nm in diameter) [29]. We first evaluated the re
sistance of free Aptscl56 and DNAM to DNase I, respectively. Results 
from the agarose gel electrophoresis (Fig. 6b) exhibited that ~ 72% of 
free Aptscl56 was degraded at 15 min, and the degradation rate 
continuously increased to ~ 76% at 30 min, ~ 81% at 1 h, ~ 83% at 2 h, 
and finally ~ 92% at 24 h. In contrast, only a small portion (< 47%) of 
DNAM-immobilized Aptscl56 was degraded with no statistical dif
ferences among all time points. The protectivity of DNAM results 
from its negative ζ-potential (Fig. 6a, Table S1), which shields the 
proximity of DNase I (isoelectric point of 5.0) having negative 
charges. Although free Aptscl56 also have negative charges, derived 
from the phosphate backbone, its electric potential is not strong 
enough to resist DNase I. (See details in Supporting Information). 

We then investigated the biodistribution of free Aptscl56, PEGM 
and DNAM by ex vivo imaging (Fig. 6c), respectively. Their accumu
lation in organs (Fig. S13), such as livers and spleens, the primary 
organs of reticuloendothelial systems (RES) [30], and blood retention 
of nanoparticles (Fig. S14) were discussed in Supporting text in  
Supporting Information. Notably, the strongest fluorescence of Cy3 
(a fluorescent dye)-labeled free Aptscl56 (Cy3-Aptscl56) was ob
served in the kidney at 1 h (Fig. 6c). This demonstrated rapid renal 
filtration of Cy3-Aptscl56, which was also monitored by the change 
in urine color (Fig. S15) from turbid orange at 1 h to clear yellow at 7 
d. Cy3-Aptscl56 was intensively enriched in bones at 1 h (Fig. 6c), 
confirming our hypothesis of bone-targeted attachment. However, 
the fluorescence quickly reduced to 17% at 12 h and 11% at 7 d, due to 
nuclease degradation (Fig. 6d). These results explained the limited 
effects of free Aptscl56 to reduce sclerostin either in the circulation 
or inside bones in this study. 

Nanoparticles revealed complex patterns of bone enrichment 
(Fig. 6c). PEGM was enriched in bones at 1 h and it was quickly ex
creted to 44% at 12 h and 19% at 7 d. Surprisingly, DNAM enhanced 
and prolonged bone enrichment (64% at 12 h and 39% at 7 d), be
cause of the anchoring ability of DNAM-immobilized Aptscl56 to 
bones. The nanoparticle core not only prevented the attached 
Aptscl56 from nuclease degradation in bones (Fig. 6d), prolonging 
drug action, but also formulated as a bulky moiety to increase the 
mass above the cut-off threshold for renal glomerulus, avoiding 
renal filtration. The bone-penetrated DNAM was clearly observed in 
the distal femoral metaphyseal of OVX mice after 4-week treatment, 
in situ promoting bone formation (Fig. 6e). Released silicate from 
DNAM was also beneficial for osteogenesis by increasing protein 
expression of OPG and RUNX2 (Fig. S16). 

In brief, DNAM orchestrated different effects, including the pre
vention of immobilized Aptscl56 from nuclease degradation and 
renal filtration, the bone-targeted penetration for in situ capture/ 
reduction of sclerostin with picomolar affinities, promoting bone 
formation sustainably. Although a portion of DNAM was confined in 
the liver and spleen, the MSN core was expected to protect the at
tached Aptscl56 from quick degradation. In that case, the DNAM in 
the liver and spleen can still capture sclerostin in the blood circu
lation. The decreased DNAM fluorescence in the liver and spleen 
demonstrated that DNAM-sclerostin complexes were gradually 

excreted through the intestines and feces [31], decreasing the dose- 
dependent systemic toxicity. DNAM has performed as a multi
functional nanosystem to effectively and safely improve osteo
porosis treatment. 

Discussion 

Bone-targeted treatments of osteoporosis remain a major chal
lenge. Existing nanomedicine [32] strategies to treat osteoporosis 
encounter various obstacles. Using viral [33] or non-viral nano
carriers [34,35], conventional drugs are delivered into either osteo
blasts or osteoclasts, which can cause unpredictable side effects due 
to the inability to precisely control cellular internalization of nano
particles and drug doses. Here, the innovatively developed DNAM 
can avoid these drawbacks by regulating unwanted circulating bio
hazards of sclerostin via nanotechnology. Recent studies have used 
alendronic acid molecules [23], tetracyclines [36] or oligopeptides 
(i.e., Asp14 [33]) as bone-targeting ligands. However, ALN can induce 
hypocalcemia, nephrotoxicity and osteonecrosis of the jaw [37], and 
tetracycline can incorporate into and stain active mineralization 
sites, such as dental and bone tissues [38]. Although oligopeptides of 
multi-aspartic acids are relatively safe, their strong negative charges 
hinder the synthesis. Depending on the DNA nature having phos
phate backbones, we applied a DNA aptamer as a novel and universal 
bone-targeting ligand to effectively direct bone enrichment of na
nomedicines. In addition, the monodispersibility of nanoparticles in 
the blood is an important prerequisite for systemic administration, 
since protein corona on nanoparticles will induce aggregation, re
sulting in blockage of blood vessels or rapid excretion from the body  
[39]. DNAM equipped with the PEGylated surface and the Aptscl56 
layer exhibited strong negative charges and hydrophilicity to propel 
serum proteins. Therefore, DNAM was well-dispersed in physiolo
gical environments, avoiding the sonication processes for de-ag
glomerating nanomaterials while destroying the attached 
Aptscl56 [40]. 

The nanoparticle core and the Aptscl56 layer in the present study 
demonstrate a great collaboration for enhanced osteoporosis treat
ment. The nanoparticle core with excellent biocompatibility and 
appropriate biodegradability functioned as a nanoplatform to im
mobilize and protect the Aptscl56. Bone-targeting drug delivery 
technologies minimized systemic toxicity, and at the same time, 
improved the pharmacokinetic profile and therapeutic efficiency of 
drugs [41]. The DNAM-attached Aptscl56 not only acted as a pow
erful bone-targeting ligand, but also exhibited a dual function to 
capture sclerostin, avoiding extra modification processes. The pico
molar affinity of DNAM with sclerostin was attributed to multivalent 
immobilization of Aptscl56. In addition, the therapeutic dose of 
DNAM was very low without systemic toxicity concerns. Aptscl56 
possesses a small molecule weight (~ 13 kD), and the usage is 
65–258 μg corresponding to 5–20 nmol dosing. Therefore, only 
165 μg (containing 100 μg of PEGM) of DNAM per mouse was in
travenously injected every time in this study. 

Further development of the immobilized-Aptscl56 approach may 
maximize osteoporosis treatment efficiency. For example, the 

Fig. 5. Comparing the therapeutic role of free Aptscl56 with DNAM in osteoporosis treatment. a, b) Representative (a) μCT-reconstructed 3D images and (b) histological in
vestigations of undecalcified bone tissue sections from distal femoral metaphyseal after 4-week treatment. The space with 500 µm of thickness between the two dash lines 
indicates the bone tissues in the 3D images of the horizontal plane, which was 500 µm below the growth plate. c) Sequential fluorescent labeling showing mineral apposition by 
(i) confocal microscopy and (ii) quantification. Green: calcein; yellow: tetracycline. d) Parameters of trabecular bone morphology of distal femoral metaphyseal, measured by μCT 
after 4-week treatments. e) Mechanical investigation of the femur by three-point bending tests showing (i) the load-deflection curves, and (ii-iv) the mechanical parameters 
including Young’s modulus, fracture energy and max loading. f) Serum level of sclerostin in mice. g) Serum levels of bone turnover markers of (i) P1NP and (ii) CTX-1 in mice. 
Statistical significance was assessed by one-way ANOVA. n = 3 mice per group in all panels. Data are represented as the mean ±  SD. P  <  0.05, *versus Saline, #versus Sham, and  
$versus DNAM. 
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Fig. 6. DNAM rescues osteoporosis by protecting the attached Aptscl56 from nuclease degradation and rapid renal filtration. a) Schematic illustrating that (i) free Aptscl56 suffers 
from nuclease degradation and renal filtration and (ii) DNAM repels the proximity of DNase I. b) Representative agarose gel electrophoresis imaging of degradation processes of (i) 
free Aptscl56 in comparison with (ii) DNAM by DNase I and (iii) their semi-quantifications. c) After the injection of Cy3-Aptscl56, PEGM and DNAM in mice, the representative (i) 
ex vivo imaging of organs and bones and (ii) their quantified accumulation in bones at varying intervals, respectively. d) Schematic showing (i) nuclease degradation of Aptscl56 in 
bones and (ii) DNAM avoids being degraded in bones. e) Confocal microscopy showing intrabony distribution of PEGM and DNAM (red dots) in undecalcified bone tissue sections 
from distal femoral metaphyseal after 4-week treatments, respectively. White: bone matrix; red: rhodamine B on nanoparticles. Statistical significance was assessed by one-way 
ANOVA, n = 3 independent experiments in all panels. Data are represented as the mean ±  SD. * P  <  0.05, ** P  <  0.01, *** P  <  0.001, and **** P < 0.0001; ns: not significant. 
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optimization of Aptscl56 to nanosphere ratios may lead to an en
hanced bone-targeted reduction of sclerostin. The regulation of MSN 
frameworks, for example, using periodic mesoporous organosilica 
nanoparticles (PMO) [42], can improve bio-availability and stimuli- 
responsive biodegradability. Moreover, oral formulations [43] can be 
achieved by the participation of additional components to protect 
Aptscl56 from damages in the digestive tract [44] and to direct in
testinal uptake [45]. Aptscl56 has high specificity to sclerostin in 
multiple animal species, including humans, and the DNAM approach 
can be translated into clinical application in the future. 

Conclusion 

In this study, we develop a novel, and simply fabricated nano
medicine of Aptscl56-immobilized PEGylated dendritic MSN, and 
present a functional bone regeneration strategy in a mouse model of 
postmenopausal osteoporosis by bone-targeted reduction of scler
ostin. Our results emphasize complementary effects between the 
Aptscl56 layer and the nanoparticle core in maximizing their ther
apeutic functions. Our data suggest a simple and translatable ther
apeutic strategy that improves the therapeutic effects of Aptscl56, 
reactivates the regenerative potential and avoids the complexity of 
the delivery system. 

Methods 

Nanomedicine synthesis and characterizations 

Synthesis of MSN 
The dendritic MSN were formed using one-pot biphase stratifi

cation approach with modification, using tetraethyl orthosilicate 
(TEOS, Macklin) as a silica source, cetyltrimethylammonium chloride 
(CTAC, Aladdin) as a template, cyclohexane (Macklin) as an emulsion 
agent and triethanolamine (TEA, Aladdin) as a catalyst. Typically, 
48 ml of (25 wt%) CTAC solution, 0.36 g of TEA, and 72 ml of DI water 
were mixed in a 500 ml round bottom flask and stirred at ~ 150 rpm 
with a 2-cm Teflon-coated stirring bar at 60 °C for at least 1 h to form 
micelles. Then, the oil phase of 20 ml of (20 v/v%) TEOS solution in 
cyclohexane was added gently to the surface of the aqueous phase 
with constant stirring at 60 °C for 3 h to form the MSN. After the 
reaction, the milky solution in the aqueous phase was separated 
using a pear-shaped separating funnel, and the MSN was collected 
by centrifugation at 36,000 g for 90 min. The collected MSN was 
extracted with acid methanol (37% HCl: methonal = 1: 10) at 60 °C 
for 6 h three times to remove the remaining template. Finally, the 
MSN products were stabilized in ethanol at room temperature. 

Synthesis of MSN-NH2 

Amine silane was grafted onto the MSN to provide a reactive 
surface for covalent conjugation with PEG-derivatives. Typically, 
250 mg of the MSN was dispersed in 50 ml of ethanol with 1 ml of 
ammonium hydroxide (28–30%, Sigma) as a catalyst. Then, 4 ml of 3- 
aminopropyl triethoxysilane (APTES, Sigma) was dropwise added, 
stirring at 25 °C for 24 h. After the reaction, MSN-NH2 was obtained 
by centrifugation, washing with ethanol to remove residual APTES 
and catalyst. The product was kept in ethanol for further experiment. 

Synthesis of PEGM 
In order to prolong the circulation time and minimize the toxi

city, two PEG-derivatives with molecular weights around 2000 Da 
(Xi’an ruixi Biological Technology Co., Ltd) were attached on MSN- 
NH2, consecutively. First, 100 mg of MSN-NH2 were dispersed in 
10 ml of dimethylformamide (DMF). In the meanwhile, 108 mg of N- 
hydroxylsuccinimide-PEG2k-carboxyl (NHS-PEG2k-COOH) was dis
solved in 15 ml of DMF. Then, the NHS-PEG2k-COOH solution was 
dropwise added into the MSN-NH2 dispersion, reacting at 25 °C for 

24 h to enable click-crosslinking between an amino-group and an 
NHS-group, and the product was designated as PEGM1. After that, 
NHS-functionalized PEG2k (NHS-mPEG2k) was used to block un
reacted amine groups, and 106 mg of NHS-mPEG2k was reacted with 
the as-synthesized PEGM1 in 25 ml of fresh DMF at 25 °C for 24 h to 
fabricate PEGM2. In order to trace nanomedicine distribution, 2.5 mg 
of a fluorescent dye of Rhodamine B isothiocyanate (Macklin) was 
attached on remaining amine groups of the as-synthesized PEGM2 
in 25 ml of ethanol at 25 °C for 24 h to form PEGM. This reaction was 
also dependent on the click-chemistry between an amine group and 
an isothiocyanate group. PEGM was washed and kept in ethanol for 
further experiment. 

Synthesis of DNAM 
Aptscl56 with an amine group terminal was conjugated onto 

PEGM to fabricate DNAM. Typically, 200 nmol of Aptscl56 was mixed 
with 10 mg of PEGM in 10 ml of 0.1 M 2-(N-morpholino) ethane
sulfonic acid (MES, Sigma) buffer, pH6, with the addition of 0.959 mg 
of N-(3-Dimethyl aminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC, Sigma) and 0.288 mg of N-Hydroxysuccinimide (NHS, Sigma), 
and they reacted at 37 °C for 24 h. The carboxylic group in PEGM was 
used to react with the amine group in Aptscl56. After washing 
DNAM with DI water, the excess liquid was drained and the final 
product of DNAM was kept in wet condition at 4 °C. 

Amine group quantification 
The amount of amine group represents the active sites for PEG- 

modification. Briefly, 100 μg of MSN, MSN-NH2, PEGM1, PEGM2 and 
PEGM were first dispersed in 100 μl of DI water, respectively. Then, 
100 μl of (2 w/v%) ninhydrin solution in dimethyl sulfoxide (DMSO, 
Aladdin) was mixed for chromogenic reaction at 90 °C for 20 min. 
After the mixtures were cooled down to room temperature, 800 μl of 
ethanol was added to stop the reaction, and the absorbance at 
570 nm using a microplate reader (ELX808, BioTek) was recorded. 
Glycine solutions from 2.5 to 25 mM were used to draw a standard 
curve. 

Characterization of the samples 
The samples were subjected to SEM without coating. SEM images 

were taken using Hitachi Regulus 8230 microscope operating at 
5 kV. For TEM measurements, the specimens were dispersed in 
ethanol and transferred to a copper grid. TEM images were taken 
using JEOL 1400 microscope operated at 100 kV. TEM-based EDX 
mapping for Si and P was also acquired. The TGA was conducted 
using a Q600 TGA-DSC-DTA Thermogravimetric Analyzer (Mettler- 
Toledo Inc) at a heating rate of 5 K/min in air. ζ-potential and DLS 
measurements were performed at 25 °C using a Zetasizer Pro 
(Malvern Instruments). For ζ-potential values, all samples were 
tested in DI water. For DLS tests, each sample was dispersed in DI 
water, saline, and Minimum Essential Medium Alpha Basic (α-MEM, 
Gibco) supplemented with 10 v/v% FBS, respectively, by proper ul
trasonication. Nitrogen adsorption-desorption measurements were 
carried out at − 196 °C to obtain information on the porosity using a 
Micromeritics ASAP® 2020 analyzer. The samples were degassed at 
120 °C overnight on a vacuum line. The Brunauer-Emmett-Teller 
(BET) method was used to calculate specific surface area (ABET). The 
pore size distribution curve was derived from the adsorption branch 
of the isotherms using the Barrett−Joyner−Halanda (BJH) method. 
The total pore volume was calculated from the amount adsorbed at 
maximum relative pressure (P/P0) of 0.99. 

Quantification of Aptscl56 attachment 
Since each aptscl56 molecule possesses 40 phosphate groups in 

the backbone, the amount of attached Aptscl56 was quantified using 
a Malachite Green Phosphate Assay Kit (Sigma). Briefly, 100 μl of 
1 mg/ml DNAM dispersion in DI water was first mixed with 200 μl of 
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5 M H2SO4 to digest DNA molecules at 100 °C for 5 h. Then, 700 μl of 
DI water was added to decompose the pyrophosphoric acid at 100 °C 
for 10 min, acquiring free orthophosphates. After centrifugation, the 
supernatant was collected and neutralized with 1 M NaOH, followed 
by mixing it with a working reagent for chromogenic reaction at 
room temperature. The concentration of free orthophosphate was 
determined based on the absorbance at 630 nm using a microplate 
reader, interpolating a standard curve. 

Degradation of MSN, MSN-NH2 and PEGM 
To evaluate the degradability, the specimens of MSN, MSN-NH2 

and PEGM were dispersed in 10 ml of PBS at a concentration of 1 mg/ 
ml, under constant stirring at 37 °C for 28 days. On day 1, 3, 7, 14 and 
28, nanoparticle samples were collected for TEM observations. 
Moreover, 1000 μl of the specimens were picked up and centrifuged, 
and the supernatant was subjected to inductively coupled plasma 
optical emission spectrometry (ICP-OES) to determine the con
centration of silica in PBS, which accumulates with the process of 
material degradation. The sediments were put back after redisper
sion in 1000 μl of fresh PBS, continuing the degradation process. 

Binding specificity of Aptscl56 and DNAM to sclerostin 
Biolayer Interferometry (BLI) assays to evaluate the affinity be

tween Aptscl56 and sclerostin proteins were first carried out by an 
Octet RED96e instrument (FortéBio). Briefly, the Biotin-Aptscl56 
were loaded on the streptavidin (SSA) biosensors (FortéBio), and 
biosensors were blocked by 0.1 wt% BSA with 0.02 v/v% Tween 20 in 
PBS. Then, the biosensors were respectively soaked in mScl (R&D 
Systems), rScl (SinoBiological) and hScl (AcroBiosystems) solutions 
with a series of concentrations from 1.5625 nM to 50 nM, and hold 
for 600 s. After the binding process, the biosensors were dissociated 
for 600 s. The binding responses were reported using the time- 
binding graph in real time. The association rate constant (kon), dis
sociation rate constant (kdis) and the equilibrium dissociation con
stant (KD=kdis/kon) were calculated by the Octet data analysis 
software version 11.0. 

For evaluating the binding specificity of DNAM to hScl, an AR2G 
biosensor was dipped in 25 μg/ml sclerostin proteins solution and 
was used to chemically conjugate sclerostin proteins onto its surface. 
After reaching the baseline, the sensors were subjected to an asso
ciation buffer with 65–520 ng/L DNAM, corresponding to 2.4–19.27 
pM DNAM-attached Aptscl56 for 240 s and then dissociated for 
600 s. PEGM (520 ng/L) was used as a control. The equilibrium dis
sociation constants were calculated accordingly. 

In addition, quantitative binding of DNAM with hScl was tested 
by enzyme-linked immune sorbent assays (ELISA). Briefly, 165 μg of 
DNAM were mixed with 4 μg of sclerostin proteins and incubated at 
37 °C for 1 h. Then, the supernatant was centrifugated and subjected 
to ELISA tests (R&D Systems) to determine the remaining sclerostin 
proteins. 

Agarose gel electrophoresis 
Agarose gel electrophoresis imaging was used to evaluate the 

protective ability of DNAM to the attached Aptscl56 from DNase I, 
compared with free Aptscl56. Briefly, 500 nmol of free Aptscl56 and 
DNAM corresponding to 500 nmol of attached Aptscl56 were in
cubated in 50 μg/ml DNase I of 10 mM Tris-HCl buffer, pH 7.4, con
taining 10 mM CaCl2 and 10 mM MgCl2, and kept at 37 °C for 0.25, 
0.5, 1, 2 and 24 h (lane 1–5), respectively. Free Aptscl56 (Ctrl) and/or 
DNAM (lane 0) without the addition of DNase I were used as control 
groups. Then, the samples were mixed with TBE-Urea loading buffer 
and heated at 70 ℃ for 10 min to denature DNase I and free ssDNA 
molecules. After that, samples were loaded into the wells of a 2 wt% 
agarose gel (LABLEAD BIOTECH), supplemented with 2 v/v% for
maldehyde and 0.01 v/v% SYBR® Safe DNA gel Stain (Invitrogen). 
They were run in MOPS buffer (Sangon Biotech) at 3 V/cm for 1 h. 

DNA molecule bands were visualized using a UV illuminator, and the 
intensity of each band was semi-quantified using the built-in soft
ware, and the degradation rate was normalized to the control 
groups. 

Cell experiments 

Western blotting 
Protein expression was determined for cell culture groups sup

plemented with 1 μg/ml sclerostin, 100 ng/ml Wnt3a, 10 nmol/ml 
Aptscl56, sclerostin+Aptscl56 and 100 μg/ml silicate, respectively. 
The protein bands were detected with anti-total β-catenin, anti-non- 
phospho (active) β-catenin, anti-RUNX2, anti-ALP, anti-OPG and 
anti-GAPDH antibodies (Cell Signaling Technology) and imaged, re
spectively. Detailed information of primary and secondary anti
bodies was listed in Table S2, and original western blotting images 
were shown in Fig. S17. 

Quantitative real-time reverse transcription PCR 
MC3T3-E1 cells and hBMSCs were cultivated in 6-well plates 

using either PM or OM. Stimulants were added to different groups 
every other day. For the OM+Wnt3a groups, hWnt3a or mWnt3a 
protein (MedChemExpress) was added to OM at 100 ng/ml con
centration. For the OM+Scl groups, the recombinant hScl or mScl 
were added at the concentration of 1 μg/ml. Using the glycer
aldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene, 
the mRNA expression of RUNX2, OPG, and ALP was determined. 
Detailed information on primers was listed in Table S3. 

Cell immunofluorescent staining 
To visualize the accumulation of active β-catenin in cells, high- 

quality fluorescent images were acquired by confocal laser scanning 
microscopy (CLSM). After seeding 1 × 105 hBMSCs onto 12-mm glass 
coverslips in 24 well-plates, either 1 μg/ml hScl alone or the mixture 
of hScl and 100 ng/ml Aptscl56 was supplemented. In three days, the 
attached cells were first fixed with 4% paraformaldehyde in PBS for 
30 min, blocked in PBS with 5 v/v% rabbit serum and 0.3 v/v% Triton 
X-100 for 1 h at room temperature, and incubated with anti-active β- 
catenin antibody in antibody buffer (1 wt% BSA and 0.3 v/v% Triton 
X-100 in PBS) overnight at 4 ℃. Then, the cells were incubated with 
secondary anti-Rabbit IgG (H+L) F(ab')2 Fragment (Cell Signaling 
Technology) in antibody buffer at room temperature for 1 h. After 
that, the cells were further incubated with FITC-phalloidin (Sigma 
Aldrich) in antibody buffer at room temperature for another 1 h. 
Finally, the coverslips were mounted onto glass slides by 
Fluoroshield™ with DAPI (Sigma). The slides were viewed using a 
confocal laser scanning microscope (LSM710, Zeiss). 

Animal studies 

Animals 
The 6-to-8-week-old female ICR mice were purchased from the 

Charles River Company, Beijing, China. All animal experiments were 
performed following ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) guidelines. The animal studies protocols were ap
proved by the ethics committee of Peking University Health Science 
Center (Approval number: LA2019019). All mice were maintained 
under specific pathogen-free rooms with a 12-hour light/12-hour 
dark cycle. The animals were allowed access to free food pellets and 
tap water ad libitum. 

Ovariectomy and sham operations 
The ovariectomy or sham procedure was performed under gen

eral anesthesia using pentobarbital sodium (50 mg/kg). For the OVX 
group, the bilateral ovaries were removed. Sham surgery was 
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performed for the control group with ovaries left untouched. All 
mice were carefully sutured and given antibiotics and analgesics. 

Treatments 
The OVX mice were randomly divided into different groups, in

cluding the negative control group (Saline), positive control group 
(1 μg of alendronate sodium), nanovector group (100 μg of PEGM), 
DNA groups (5, 10 and 20 nmol of free Aptscl56, respectively), and 
DNAM group (165 μg of DNAM). The therapeutics were injected via a 
tail vein once a week for a total of 4 weeks. At the endpoint, all 
animals were euthanized. The whole blood, internal organs (heart, 
liver, lung, spleen, kidneys), and femora were collected. 

μCT scanning and analysis 
The mice femora were fixed with 70 v/v% ethanol for 48 h. Then 

the femora were scanned with a Skyscan 1174 micro-CT system 
(Bruker, Belgium) at a resolution of 5.9 µm. The acquired axial 
images were imported into NRecon and CTvox software for visuali
zation and analysis. We defined the region of interest as the areas 0.5 
distal to the proximal epiphysis, including the secondary trabecular 
spongiosa. Tb.BMD, BV/TV, Tb.Sp and Tb.N of the "region of interest" 
(ROI) for each specimen were calculated using CTAn software. 

Bone histology and dynamic histomorphology 
After finishing μCT analysis, hard tissue sections were acquired 

through the processes of dehydration, embedding in resin, and 
sectioning into 5-8 µm slices using a tungsten steel blade, followed 
by deplasticization. The mineralization of bone tissue was observed 
after Von Kossa and H&E staining. To determine bone formation rate 
(BFR), sequential fluorescent labeling of calcein (10 mg/kg, Macklin) 
and tetracycline (60 mg/kg, Aladdin), respectively, was in
traperitoneally injected into all mice on weeks 3 and 4 during 
treatments. The spacing between the two fluorescent dyes was re
corded. 

For TRAP staining, the femur samples were fixed using 4% par
aformaldehyde for 24 h and decalcified in a 10% ethylene diamine 
tetraacetic acid (EDTA) solution. After dehydration, the tissues were 
embedded in paraffin and then sectioned into 5 µm slices, followed 
by staining using commercial TRAP kits (Sigma-Aldrich). 

Mechanical tests of femora 
To evaluate the mechanical strength of mice femora, three-point 

bent tests were carried out using a universal mechanical testing 
machine (Zwick/Poell Z020). The femora were centered on the 
supporting platform at 25 mm apart, with the anterior surface facing 
up. The load was applied at the center of the femur at a 5 mm/min 
rate until bone fracture. Maximum loading, fracture loading, and 
Young’s module were calculated using the built-in software. 

Quantification of nanoparticles in excised organs 
The excised organs were carefully weighed, stored in PBS, and 

minced using a high throughput tissue grinding machine (Qiagen) 
with steel beads. Further, the organs were completely disrupted by 
an ultrasonic processor. Then, NaOH solution was added to reach a 
final concentration of 1 M to fully dissolve the silica in PEGM and 
DNAM at room temperature for 24 h. After centrifugation, the su
pernatant of each sample was filtered and subjected to Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-OES) tests to 
determine the concentration of silica. 

Biodistribution study of therapeutics 
To better understand the pharmacokinetics of different ther

apeutics, their biodistribution was monitored. Briefly, 20 nmol of 
Cy3-Aptscl56, 400 μg of PEGM, and 660 μg of DNAM in 200 μl saline, 
respectively, were injected into healthy female ICR mice through the 
tail vein, and 200 μl of saline was injected as a control group. At each 

time point (1 h, 12 h, 1 d, 7 d after injection), three mice in each 
group were euthanized, and their internal organs (heart, liver, 
spleen, lung, and kidneys), femora, and tibiae were collected. The 
samples were subjected to ex vivo imaging and quantitative analysis 
by an IVIS Spectrum In Vivo Imaging System (PerkinElmer). 
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