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A novel biocompatible, simvastatin-loaded, bone-
targeting lipid nanocarrier for treating osteoporosis
more effectivelyt
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An insufficient drug concentration at the target site and drug efflux resulting in poor efficacy are recognized
as important obstacles in osteoporosis treatment. Simvastatin (SIM), which can treat osteoporosis by
promoting osteoblast differentiation and mineralization through the bone morphogenetic proteins
(BMP)-Smad signaling pathway, has lower bioavailability, and less bone tissue distribution. Herein, novel
lipid nanoparticles (LNPs) delivering SIM (SIM/LNPs) for osteoporosis therapy were developed with
aspartic oligopeptide (ASP,, here ASP¢)-based bone-targeting moieties grafted to the nanoparticles (SIM/
ASPg-LNPs) in an attempt to increase the concentration of SIM in bones with a relatively low dose to
minimize adverse effects. In vivo experiments indicated that the ASPg-LNPs exhibited ideal bone-
targeting characteristics, and in vitro cell evaluation experiments showed LNPs have good
biocompatibility with MC3T3-E1 cells. The cell mineralization experiment revealed that the SIM-loaded
LNPs induced osteoblast differentiation and the formation of mineralized nodules in MC3T3-E1 cells,
achieving the same efficacy as that of SIM. Pharmacodynamic experiments revealed that SIM/ASPg-LNPs
improved the efficacy of SIM on the recovery of bone mineral density when compared to SIM/LNPs or to

SIM alone. Therefore, SIM/ASPs-LNPs may represent a potential bone-targeting drug delivery system

rsc.li/rsc-advances

1. Introduction

Bone is continuously rebuilt by osteoclasts removing old or
damaged bone and by osteoblasts promoting the formation of
new bone. The formation and resorption of bone is regulated by
many factors. A slight imbalance among these factors can lead
to skeletal system disease such as rheumatoid arthritis and
osteoporosis.

Currently, osteoporosis is mainly treated with bisphospho-
nates, estrogen and related compounds, vitamin D analogs and
calcitonin. Heo D. N. et al. reported that gold nanoparticles
functionalized with cyclodextrin curcumin complexes could
inhibit the differentiation of osteoclasts, which may be useful to
prevent and treat osteoporosis.” In this regard, it was found that
these therapies can only moderate the symptoms of osteopo-
rosis, but cannot repair the damaged bone tissue.
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(DDS) that contributes to the development of a novel osteoporosis treatment.

Recent studies have revealed that SIM can increase the
expression of BMP-2 in osteoblasts and promote the formation of
new bone through the BMP-Smad signaling pathway. Mundy G.
et al. reported that subcutaneous injection of SIM can promote
bone formation, in addition to increasing the volume of rat
cancellous bone when administered orally. Thus, statins may be
applied for the treatment of osteoporosis.> Yamashita M. et al.
reported that SIM can stimulate BMP-2 expression in osteoblasts,
implicating the potential of SIM in promoting anabolic effects on
bone.?

However, SIM degrades rapidly at a physiological pH, and its
water solubility is poor, which leads to a low concentration at
the bone site, which is not suitable for clinical application.* This
low bioavailability may be the reason why a conventional dose
of SIM is used clinically, the effects on bones are inconsistent.>®
To improve the water solubility, stability and bioavailability of
SIM, a few SIM-based drug delivery systems (DDSs) have been
proposed. Wang H. et al. reported a SIM-loaded tetracycline-
grafted poly(lactic-co-glycolic acid) (PLGA) nanocarrier, which
can transport SIM to bone sites to treat osteoporosis by
promoting osteoblast differentiation and mineralization.”
However, the size of the nanoparticles constructed by Wang H.
et al. was relatively large, and the drug-loading efficacy was not
high. In addition, tetracycline has certain side effects. Besides,
most of SIM-based drug delivery systems (DDSs) are about the
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treatment of bone defects through put the scaffold at the bone
defects site, which is not suitable to the treatment of osteopo-
rosis. Zhang Z. et al. reported a 3D printed poly(e-caprolactone)
scaffolds function with SIM-loaded poly(lactic-co-glycolic acid)
microspheres to repair load-bearing segmental bone defects.®
Yu W. et al. demonstrated that the water-insoluble SIM could be
incorporated into the mesoporous hydroxyapatite microspheres
(MHMs) and maintained its biological activities, more impor-
tantly, the SIM-loaded MHMs (S-MHMs)/collagen scaffolds
fabricated in this study are of immense potential in bone defect
repair by enhancing osteogenesis and angiogenesis simulta-
neously.® In any case, these studies point to a new generation of
osteoporosis treatments with SIM, breaking traditional
methods of inhibiting osteoclast activity.

LNPs, which are based on lipid materials with good biocom-
patibility, have been extensively studied.'®"* They are biocompat-
ible and can effectively encapsulate drugs, with a high drug
loading capacity. In addition, they can be made via large-scale
production.”"®* Hence, LNPs could be a promising vehicle to
deliver SIM. Yue X. et al. reported a SIM-loaded nanostructured
lipid carrier, which could be a potential encapsulation carrier
system for SIM in bone regeneration applications.* However, due
to the special microenvironment of the bone site and the poor
permeability of the bone tissue, effective accumulation of SIM at
the bone site remains difficult. Therefore, we urgently need
a bone-targeted modification to target LNPs to bones, thereby
increasing the efficacy of SIM.

It has previously been reported that bone disease may produce
local inflammation and/or lead to blood exposure of hydroxyap-
atite (HAP)," which opens up a path for bone targeting. Most of
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the current studies have used tetracycline and diphosphate as the
bone-targeting groups. These compounds are able to adsorb to
HAP in bone and show special affinity for bones.”>” Ye W. et al.
synthesized a doxorubicin-poly(ethyleneglycol)-alendronate (DOX-
hyd-PEG-ALN) micelle, which can accumulate more DOX in bone
metastases, thereby greatly improving the anti-tumor ability of
micelles and reducing systemic toxicity."” Wang H. et al. reported
a SIM-loaded tetracycline-grafted poly(lactic-co-glycolic acid)
(PLGA) nanocarrier, which is expected to treat osteoporosis with
SIM.” However, bisphosphonates can induce hypocalcemia,
nephrotoxicity, ocular dysfunction and osteonecrosis of the jaw.
Tetracycline can dye teeth yellow and inhibit the growth of skel-
etal tissue in children. McClung M. et al. described the unex-
pected side effects of millions of patients after using
bisphosphonates in clinical practice, including atypical femur
fractures, osteonecrosis of the jaw, esophageal cancer and atrial
fibrillation.” In addition, Vennila V. et al. reported that tetracy-
cline can incorporate into active mineralization sites such as
dental tissues and skeletal tissue and stain these tissues.”
Therefore, the need to identify a new bone-targeting modality is
urgently needed. It has been reported that many types of acidic
oligopeptides (AOs), such as glutamic acids (Glu)n, aspartic acids
(Asp)n and aspartic acids-serine-serine (Asp-Ser-Ser)n, can
accumulate at bone sites after injection through the vein.***
Carboxylic acids, such as Glu and Asp, have good biocompati-
bility, and they are rapidly degraded and removed from plasma.
Therefore, they could be a promising bone-targeting modality. In
addition, Murphy M. B. et al. reported that AOs can bind to HAP
faster than bisphosphonate (BP) can.?” This result may be caused
by AOs, which have a larger binding area.” Sekido et al. analyzed
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Fig.1 A scheme of the preparation of SIM/ASP¢-LNPs and a mechanism which indicated that SIM/ASPg-LNPs could improve the efficacy of SIM
on the recovery of osteoporosis under the action of bone-targeting moieties ASPg.
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the binding rates of different chain lengths of (Asp), ;o to HAP.*
The results showed that when the length of the ASP chain was less
than 6, as the chain length increased, the binding rate increased,
and ASPs had the highest binding rate; however, further
increasing the chain length produced no effect on binding rates.
The results suggested that ASPs is an excellent candidate for
selective drug delivery to bone.

In view of the importance of the above studies, as displayed in
Fig. 1, SIM-loaded lipid nanoparticles with ASP, grafted (SIM/
ASP4-LNPs) were prepared as a bone-targeting DDS for osteopo-
rosis therapy. We studied the effect of SIM/ASP¢-LNPs in vivo and
in vitro. The results revealed that the nanocarriers can promote
targeted delivery of the anti-osteoporosis drug SIM, breaking
traditional methods of inhibiting osteoclast activity and indi-
cating to a new generation of treatments for osteoporosis.

2. Results and discussion

2.1 Synthesis and characterization of amino-terminated
polyethylene glycol monostearate (NH,-PEG,9o-SA)

A chemical binding method was used to conjugate ASPg to the
nanocarriers. NH,-PEG,0-SA was synthesized first as an ingre-
dient of the LNPs. Then, the ASPs-LNPs were prepared by the
conjugation between the amino groups of ASP¢ and the amino
group of NH,-PEG,p00-SA mediated by N,N'-disuccinimidyl
carbonate (DSC). NH,-PEG,(00-SA was synthesized via reaction
between the carboxyl groups of stearic acid (SA) and the amine
groups of amino-terminated polyethylene glycol (NHy-PEG,g0-
NH,) under catalytic conditions of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide  hydrochloride (EDC) and N-hydrox-
ysuccinimide (NHS). Afterwards, "H NMR spectra and IR spectra
(Fig. 2) demonstrated the successful synthesis of NH,-PEGy0o-SA.
The "H NMR spectra indicated that peaks at 0.96 ppm and 1 ppm
corresponding to the -CH; and —-CH,, of SA, respectively, and the
peak at 3.63 ppm represented the -CH,CH,O- of NH,-PEG;00-
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NH,. We observed all of the abovementioned peaks in addition to
a peak at 12.09 ppm, which represents the carboxyl of SA, indi-
cating that the carboxyl of SA had combined with the amino of
NH,-PEG,0NH,. These results revealed that NH,-PEG,,,-SA
was successfully synthesized. Meanwhile, in the IR spectra, NH,-
PEG,000-SA exhibited absorption bands at 1637 cm™* (amide bond
1), 1553 cm~ ! (amide bond II) and 3311 cm ™' (amidogen), while
absorption bands at 1703 c¢cm™' (carbonyl) and 2917 cm™*
(carboxyl) of SA were not observed. These results all indicate the
successful formation of NH,-PEG,yo-SA.

Besides, 'C NMR spectra (Fig. S2t) and mass spectrum
(Fig. S31) were also performed to further demonstrated the
successful synthesis of NH,PEG,00-SA. From the 'C NMR
spectra, we could see that the chemical shift of the carboxyl
carbon of SA decreases from 175.343 ppm to 173.165 ppm, indi-
cating that the carboxyl group of SA has undergone an amide
reaction. In NH,-PEG,(0-SA, we also observed the —-CH,-O- of
NH,-PEG00-NH, (70.824 ppm and 70.828 ppm), indicating the
successful synthesis of NH,-PEG,000-SA. Last but not least, from
the mass spectrum, we can see that the molecular weight of SA is
283.2644, which is in line with the expected result (284); however,
NH,-PEG;000NH, is a polymer, so we could observe different
molecular weights of NH,-PEG-NH,, which included NH,-
PEG,000-NH, with a molecular weight of 1999.1755. When NH,-
PEG;000-NH, has a reaction with SA, NH,-PEG,000-SA (molecular
weights is 2266) and SA-PEG,0o-SA (molecular weights is 2532)
could be generated, while in the NH,-PEG,0-SA spectrum, we
only observed 2265.4158 and not observed 2532, indicating that
we synthesized NH,-PEG,00-SA successfully.

2.2 Preparation and characterization of LNPs and ASP¢-LNPs

The blank LNPs and ASPs-LNPs were prepared with a solvent
diffusion method. The freeze-dried LNPs and Asps-LNPs were
analyzed by an elemental analyzer. The N content of LNPs is
mainly derived from PEG. However, after grafting ASP, the N of
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Fig. 2 Characterization of NH,-PEG,g00-SA. (A) *H NMR spectra. (B) IR spectra. These results all indicate the successful formation of NH,-

PEG2000-SA.
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Table 1 Elemental analysis of LNPs and ASPg-LNPs®

Carriers Weight (mg) N area C area H area N (%) C (%) H (%)
LNPs 1.9780 55 29 201 14 918 0.09 69.68 10.68
ASP¢-LNPs 1.9770 126 28 724 15 654 0.20 68.57 11.22
% The N (%), C (%) and H (%) represent the element content of LNPs and ASP¢-LNPs, respectively.

Table 2 Physicochemical characterization of the LNPs®

Carriers Size (nm) PI Zeta potential (mV) DL (%) EE (%)
LNPs 95.25 £ 0.40 0.14 £ 0.01 —25.70 £ 0.53 — —
ASP¢-LNPs 121.63 + 3.83 0.16 + 0.01 —26.37 £ 0.12 — —
SIM/LNPs 129.27 + 5.95 0.19 £ 0.02 —20.37 £ 1.07 3.90 £ 0.10 97.50 £ 0.25
SIM/ASPs-LNPs 154.30 £ 2.45 0.21 + 0.01 —22.63 £ 0.50 3.89 + 0.15 97.30 £ 0.57

“ The PI, EE and DL represent the polydispersity index, drug encapsulation efficiency and drug loading content, respectively. The data represent the

means + SDs (n = 3).
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Fig. 3 Characterization of LNPs. (A) Morphology (left, TEM) and size distribution (right, DLS) of LNPs, ASPg-LNPs, SIM/LNPs and SIM/ASPg-LNPs,
demonstrating the size of SIM-loaded LNPs are a little larger than blank LNPs due to the SIM contained in them. Scale bar: 100 nm. (B) In vitro
release profiles of free SIM, SIM/LNPs and SIM/ASPg-LNPs. A slower drug release is observed in SIM-loaded LNPs. The data represent the means

+ SDs (n = 3).
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ASPg will increase the N content of ASPs-LNPs. As we can see,
after ASP¢ grafting, the N content increased, from 0.09% to
0.2%, which meant that ASP, was grafted successfully (Table 1).

2.3 Characterization of blank LNPs and SIM-loaded LNPs
(SIM/LNPs)

2.3.1 Size, zeta potential and morphology measurements.
The size distribution and morphology of LNPs and SIM/LNPs
were observed through dynamic light scattering (DLS) and
transmission electron microscopy (TEM) images. Table 2 shows
that the sizes of blank LNPs and SIM/LNPs were approximately
100 nm and the sizes of SIM-loaded LNPs are a little larger than
blank LNPs due to the SIM contained in them. The poly-
dispersity index (PI) of LNPs was approximately 0.2, and the zeta
potential was approximately —25 mV. Fig. 3A shows the
morphology of LNPs through transmission electron microscopy
(TEM), from which we could see that the LNPs were spherical or
spherical-like particles and were well dispersed. The DL% and
EE% are shown in Table 2. The drug encapsulating efficiencies
of SIM/LNPs and SIM/ASP¢-LNPs were 97.50 + 0.25% and 97.30
+ 0.57%, respectively, and the drug loading efficiencies were
3.90 + 0.10% and 3.89 £ 0.15%, respectively, when the
concentration of SIM administered was 4%. These results
indicate that LNPs can effectively encapsulate SIM, and the
encapsulation of SIM is not affected before or after ASPs
grafting.

2.3.2 In vitro SIM release from SIM/LNPs and SIM/ASP-
LNPs. The in vitro drug release behaviors are shown in Fig. 3B. As

we can see, more than 80% free SIM was released from the dialysis
bag within 10 h, indicating that the dialysis bag did not hinder the
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release of the drug. The SIM/LNPs and SIM/ASP¢-LNPs exhibited
a cumulative drug release of 70% over 48 h. Compared to free SIM,
the slower drug release from SIM/LNPs and SIM/ASP¢-LNPs
indicated that the nanocarrier could decrease the SIM leakage in
the bloodstream, thereby increasing SIM accumulation in bones.
In addition, the release results of the LNPs and ASPs-LNPs were
not significantly different, indicating that the ASP, graft did not
affect the release results.

2.4 Cell culture and evaluation

2.4.1 Cytotoxicity. Fig. 4A shows the cytotoxicity of the
LNPs and ASP¢-LNPs on MC3T3-E1 cells. The results showed
that the 50% cellular growth inhibition (ICs,) values of LNPs
and ASP¢-LNPs were 392 pg mL™" and 475 ug mL™', respec-
tively, which suggested that the nanocarriers had low cytotoxic
effects on MC3T3-E1 cells. To determine the optimal concen-
tration of SIM/LNPs for osteoblast differentiation and miner-
alization, we treated MQC3T3-E1 cells with different
concentrations of SIM/LNPs. Fig. 4B shows that SIM/LNPs
reduced the toxic effect on MC3T3-E1 cells (a clonal pre-
osteoblastic cell line derived from newborn mouse calvaria)
and improved the biocompatibility of SIM compared to free
SIM, especially when the concentration of SIM was higher than
1 x 10~° mol L™'. Meanwhile, there was no significant differ-
ence when comparing SIM/LNPs with SIM/ASP4-LNPs in the
cytotoxic effects on MC3T3-E1 cells, indicating that the grafting
of ASP¢ had a negligible effect. In addition, when the concen-
tration of SIM was higher than 5 x 10~7 mol L™, the cytotox-
icity of the SIM and SIM/LNPs groups was significantly
increased and the cell viability was decreased compared with
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Fig.4 The cytotoxicity and cellular uptake of LNPs in MC3T3-E1 cells. The cell viability influence of blank LNPs (A) and SIM/LNPs (B) on MC3T3-
E1 cells after incubation for 48 h. (C) Cellular uptake in MC3T3-E1 cells incubated with ODA-FITC-labeled LNPs and ASP¢-LNPs for 2, 4, 6 and 8 h,
respectively. Green: ODA-FITC labeled LNPs; blue: DAPI stained cell nucleus. Scale bar = 30 um. (D) Semiquantitative analysis of cellular uptake
by flow cytometry, demonstrating a time-dependent cell uptake behavior of LNPs.
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Fig. 5 Effects of SIM-loaded LNPs on mineralized nodule formation and ALP activity in MC3T3-E1 cells. Mineralized nodule of the extracellular
matrix by optical microscopy and macroscopic observation. Inset red frame indicated increased mineralized nodule compared with the control
(A), quantitative mineralization results (B), and stimulation of ALP activity by SIM (10~7 M and 108 M) (C). The results represent the means + SDs (n
= 3), *p < 0.05, **p < 0.01, ***p < 0.001, significant differences compared with the control. Scale bar = 30 um.

the untreated control cells. Therefore, when we performed cell
differentiation and mineralization experiments, the drug
concentration was kept below 5 x 107" mol L™".

2.4.2 Cellular uptake study. Octadecylamine-fluorescein
isothiocyanate (ODA-FITC) was used to label LNPs. 4'.6-
Diamidino-2-phenylindole (DAPI) was used to stained cell
nucleus blue. The green fluorescence signal represents ODA-
FITC labeled LNPs, which was observed after 2 h of incuba-
tion (Fig. 4C). As the incubation time was prolonged, a gradual
increase in the fluorescence signal was observed. The results
showed that LNPs had good cell uptake behavior in a time-
dependent manner. Therefore, LNPs can effectively deliver
drugs to cells to achieve the desired function.”® Meanwhile,
semiquantitative analysis of cellular uptake revealed similar
results (Fig. 4D).

2.4.3 Effects of SIM/LNPs on mineralized nodule forma-
tion. The interference of SIM/LNPs on osteoblast mineralization
was assessed by quantitative mineralization experiments. First,
MC3T3-E1 cells were cultured in osteogenic differentiation and
mineralization medium for 14 days with SIM/LNPs and SIM/
ASP¢-LNPs (equal SIM concentration: 10~ M). The medium
used in osteogenic differentiation and mineralization experi-
ments contained 10 mM B-glycerophosphate and 50 pug mL ™"
ascorbic acid, which is widely employed as the standard
medium in osteogenic differentiation and mineralization
experiments**”” and has been reported to possess osteogenic
activities.”® In view of the osteogenic effects of the osteogenic
differentiation medium, differentiation medium without LNPs
was used as the control treatment. As shown in Fig. 5A, the

20450 | RSC Adv, 2020, 10, 20445-20459

increased mineralized nodules (red frame) can be observed in
the group cultured with free SIM when compared to the control
group, and the difference was significant. This result is due to
the potential of SIM to increase BMP-2 expression in osteoblasts
and promote the differentiation and mineralization of osteo-
blasts through the BMP-Smad signaling pathway. Meanwhile, it
is known from the release results that LNPs and ASP4-LNPs can
effectively release SIM. Therefore, we observed the same
mineralized nodules in the SIM/LNP and SIM/ASP¢-LNP groups.
However, there were no significant differences among the SIM,
SIM/LNPs and SIM/ASP4-LNPs groups in the formation of
mineralized nodules when the concentrations were the same. In
addition, quantitative analysis of alizarin red S staining is
shown in Fig. 5B. The results showed that SIM/LNPs and SIM/
ASP4-LNPs can significantly promote the formation of MC3T3-
E1 cell mineralization nodules and achieve similar effects to
those of free SIM, indicating LNPs could be a promising vehicle
to deliver SIM.

2.4.4 Effects of SIM-loaded LNPs on alkaline phosphatase
(ALP) activity. SIM has the potential to increase BMP-2 expression
and promote the formation of new bone in vitro. A marker of new
bone formation is an increase in the activity of ALP, an enzyme
serving as a marker during osteoblast differentiation. Therefore,
we examined the expression of ALP in MC3T3-E1 cells treated with
SIM/LNPs and SIM/ASPs-LNPs (equal SIM concentration). The
medium without SIM or LNPs was used as the control treatment.
The result suggested that free SIM increases ALP activity and SIM-
loaded LNPs (equal SIM concentrations: 10”7 M and 10~ % M) exert
almost the same effect (Fig. 5C). Significant differences among all

This journal is © The Royal Society of Chemistry 2020
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lung, kidney) and the femur and tibia bones after tail-intravenously injected with DiR-loaded LNPs and ASP¢-LNPs in ICR mice for 48 h. (B)
Quantitative results of the major tissues. (C) Quantitative results of the femur, and tibia bones. (D) Intrabone distribution of ODA-FITC-labeled
LNPs and ASPs-LNPs in undecalcified frontal tissue sections from the distal femur and proximal tibia. Green: ODA-FITC labeled LNPs; red: xylenol
orange stained the osteoid surface. The results represent the means + SDs (n = 3), scale bar: 100 pm *p < 0.05, **p < 0.01, ***p < 0.001.

drug-administered groups and the control group were observed,
indicating that the constructed nanocarrier has the potential to
promote new bone formation.

2.5 Invivo test

2.5.1 Invivo distribution of LNPs and ASP¢-LNPs. As shown
in Fig. 6A, the fluorescence signals are mainly concentrated on
the liver and spleen, while there are fewer on other organs. This
result is due to the important role that macrophages of the liver
and spleen play in uptake and phagocytosis.” In addition, the
fluorescence signals in the liver of the ASPs-LNP-treated group
were significantly reduced when compared to those of the LNP
control group; meanwhile, the fluorescence intensities in the
bone of the ASPs-LNP group were obviously higher than those in
the LNPs control group. This result was observed because
compared with LNPs, ASP¢-LNPs have a bone-targeting group,
ASPg, which is hydrophilic. The modification of adding ASPs to
LNPs increases the hydrophilicity of LNPs, allowing LNPs to
escape the phagocytosis of mononuclear macrophages and
prolong in vivo circulation time. During systemic circulation,
ASP¢ can combine with the hydroxyapatite of the bone so that
more ASPq-LNPs can be distributed to the bone.

This journal is © The Royal Society of Chemistry 2020

The fluorescence intensities were then quantified. As shown
in Fig. 6B and C, 32.5% and 15.7% fewer (1,1’-dioctadecyl-
3,3,3,3'-tetramethylindotricarbocyanine iodide) DiR-loaded
ASP4-LNPs were detected in the liver and spleen than were
DiR-loaded LNPs, respectively. However, there were 29.1% more
DiR-loaded ASP4-LNPs detected in the femur and tibia. The
results showed that ASPs-LNPs can reduce the capture of LNPs
by the liver and spleen, thereby reducing the toxic side effects of
LNPs on other organs. This may be an important piece of
evidence that ASP,-LNPs can target bone tissue and accumulate
at bone sites. Therefore, the biodistribution results revealed the
potential of ASP¢-LNPs for bone-targeted delivery.

2.5.2 Intrabone distribution of ODA-FITC-labeled LNPs
and ASP¢-LNPs. The intrabone distribution of ODA-FITC-labeled
LNPs and ASPs-LNPs in the distal femur and proximal tibia is
shown in Fig. 6D. As reported, xylenol orange can selectively
accumulate on the osteoid surface.** Therefore, the osteoid
surface of undecalcified tissue sections was stained red by xylenol
orange. In addition, ODA-FITC-labeled LNPs were scarcely detec-
ted in the tissue sections. However, due to the bone targeting
group ASPs, ODA-FITC-labeled ASP,-LNPs are distributed more in
the bone, so they were clearly observed. These findings indicated

RSC Adv, 2020, 10, 20445-20459 | 20451
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Fig. 7 Histological analysis of organs from all experimental groups. H&E staining of heart, liver, spleen, lung, kidney, indicating the carrier has

good biocompatibility. Scale bar = 50 um.

that ASPs-LNPs can be used as a promising nanocarrier for the
targeted treatment of bone diseases.

2.5.3 Animal pharmacodynamics study

2.5.3.1 Histological analysis of excised organ samples.
Hematoxylin and eosin (H&E) staining of organs revealed that
there were no significant pathological changes in organs, indi-
cating that the carrier has good biocompatibility and the results
are shown in Fig. 7.

2.5.3.2 Microcomputed tomography (micro-CT) and image
analysis. Micro-CT scanning was used to analyze the trabecular
bone mineral density (BMD), trabecular bone volume
percentage (BV/TV), trabecular separation (Tb. Sp), trabecular
thickness (Tb. Th) and trabecular number (Tb. N) at 12 weeks
posttreatment (Fig. 8A). In Fig. 84, the femur BMD is distinctly
different between the Sham (the control sham-operated rats)
group and the OVX (the ovariectomized rats) group, with a value
of 0.186 4 0.008 g cm 2 in the Sham group and 0.118 & 0.002 g
cm?in the OVX group. The BMD of the OVX group was reduced
by 36.56% compared to that in the Sham group, indicating that
the osteoporotic model rats were established successfully.

BMD and BV/TV are extensively used as predictors for eval-
uating osteoporosis. It was clearly observed that the BMD and
BV/TV values of all treatment groups were significantly
increased compared to those of the OVX group after 12 weeks

20452 | RSC Adv, 2020, 10, 20445-20459

(Fig. 8A). Meanwhile, all treatment groups showed a significant
increase in Tb. Sp, Tb. Th and Tb. N when compared to the OVX
group. However, we observed that the most trabecular bone
tissue was observed in the SIM/ASP¢-LNPs group. This finding is
because the modification of ASP¢ can increase the distribution
of SIM/ASPs-LNPs in bone, as shown by the in vivo distribution
of LNPs and ASP4-LNPs, thereby increasing the concentration of
SIM at the bone site and increasing the efficacy of bone tar-
geting. As we can see, the BMD and BV/TV of the SIM/ASP4-LNPs
group were 0.176 + 0.013 and 42.204 + 3.575, which were
almost the same as the BMD and BV/TV of the SHAM group
(0.186 + 0.008 and 46.403 =+ 3.494, respectively). These results
indicated that LNPs could be a promising vehicle to deliver SIM,
especially ASPs-LNPs, which could best promote osteoblast
differentiation and mineralization, thereby repairing damaged
bone tissue. Almost all of the results consistently revealed that
SIM/ASP4-LNPs can increase bone density more than the other
experimental treatments could. In addition, there was a statis-
tically significant difference in all evaluation indicators between
the SIM/ASP¢-LNPs groups and the other groups treated with
supplements. 2D images and 3D images of trabecular bone
(Fig. 8B) measured by micro-CT also revealed a significant
difference between the treatment groups and the OVX group,

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Micro-CT analysis of bone tissue in rats. (A) The trabecular bone density (BMD), trabecular bone volume percentage (BV/TV), trabecular
separation (Tb. Sp), trabecular thickness (Tb. Th) and trabecular number (Th. N) of the femur in all experimental groups. Average values of Sham,
SIM, SIM/LNPs and SIM/ASPg-LNPs were higher than that of OVX group during 12 weeks, and the difference was statistically significant. (B) 2D and
3D images of trabecular bone measured by micro-CT, indicating a gradually increase in microstructure and bone volume. Sham group was used
as the positive control. The results represent the means + SDs (n = 3), scale bar: 1 mm. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 9 Alkaline phosphatase (ALP) activity (arrows) and tartrate-resistant acid phosphatase (TRAP) assay results (arrowheads) of bone tissue
sections. Scale bar = 50 pm. The ALP activity is much more high in SIM/LNPs and SIM/ASP¢-LNPs groups, while the TRAP activity is the opposite.

indicating a significant improvement in microstructure and
bone volume.

2.5.3.3 Alkaline phosphatase (ALP) activity and tartrate-
resistant acid phosphatase (TRAP) assay. During the process of
SIM augmentation of BMP-2-induced osteoblast differentiation,
Runx2 expression and ALP activity increases through the BMP-
Smad signaling pathway. As shown in Fig. 9, in the experimental
groups, the activity of ALP was higher than that of the OVX
group. As we can see, in the figure, several cells are brought
together, and the surrounding gray area is the newly formed
bone matrix, indicating that new bone is forming. In these

This journal is © The Royal Society of Chemistry 2020

areas, the activity of ALP is high. In the OVX groups, ALP activity
was relatively low. In contrast, TRAP activity is relatively high,
indicating that osteoblast activity is stronger than osteoclast
activity. In addition, the modification of ASP¢ can increase the
distribution of SIM/ASP4-LNPs in the bone and increase the
concentration of SIM at the bone site. Therefore, the ALP
activity of the SIM/ASPs-LNPs groups was the highest and
almost the same as that of the SHAM group. Meanwhile, the
TRAP activity of SIM/ASP¢-LNPs is as low as that of the SHAM

group.

RSC Adv, 2020, 10, 20445-20459 | 20453
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Fig. 10 Histological assessment of bone formation in all experimental groups. (A) H&E staining of femur bone. Scale bar = 50 pm. Histology of
bone in the all experimental groups shows all ovariectomized groups had a higher amount of adipose tissue than Sham group. The trabecular
bone is much more prominent in SIM/LNPs and SIM/ASPg-LNPs groups. (B) Immunohistochemical staining for BMP-2 in typical newly-formed
bone tissue (red arrows) and immunohistochemical staining for the osteogenic markers osteopontin (OPN, arrows) and osteocalcin (OCN,
arrowheads). Scale bar = 50 um. The BMP-2, OPN, OCN are much more prominent in SIM/LNPs and SIM/ASPg-LNPs groups.

2.5.3.4 Histological analysis and immunohistochemistry
(IHC). All sections of femurs were evaluated histologically
(Fig. 10A). Because SIM has the potential to promote new bone
formation, normal compactness of the femur and competent
trabeculae were observed in the Sham group, while the OVX
group showed sparse loss of interconnectivity and thinning of
the trabeculae, thereby showing widened intertrabecular
spaces. The OVX group showed more adipose tissue than the
other groups did. There was a statistically significant increase in
trabecular interconnectivity in the SIM-, SIM/LNPs- and SIM/
ASP¢-LNPs-treated groups in comparison to the OVX group. The
trabecular bone is much more prominent in the SIM/ASP¢-LNPs
group due to the bone-targeting ability of ASPg, thus increasing
the accumulation of SIM in bones and increasing the drug
efficacy. It is gratifying that the SIM/ASPs-LNPs-treated group
showed more resemblance to the Sham group. Overall, the bone
histological analysis indicated a marked recovery effect of SIM
and showed a restored architecture with this treatment regime
in the ovariectomy-induced osteoporosis model in rats.

The results of IHC staining are shown in Fig. 10B. SIM can
promote the differentiation and mineralization of osteoblasts
through the BMP-Smad signaling pathway; therefore, we can
study the efficacy of SIM by studying the expression of BMP-2
protein and the mineralization markers OPN and OCN. We
found that BMP-2 and the osteogenic markers OPN and OCN

20454 | RSC Adv, 2020, 10, 20445-20459

were highly expressed in both the SIM/LNPs and SIM/ASPs-LNPs
groups. Moreover, the SIM/ASPs-LNPs group showed higher
expression of BMP-2, osteopontin (OPN) and osteocalcin (OCN)
than that in the SIM/LNPs group due to the bone-targeting
ability of ASPs, indicating that SIM can induce osteoblastic
differentiation through the BMP-Smad signaling pathway and
that the nanocarrier SIM/ASPs-LNPs we built can transport
more SIM to the bone to better treat osteoporosis.

3. Conclusion

In this study, we designed and prepared a novel therapeutic
agent to prevent and treat osteoporosis, which is composed of
lipid material serving as a core and a drug pocket, SIM serving
as an anti-osteoporosis drug and ASPs; as a bone-targeting
moiety. The results indicated that SIM/ASPe-LNPs showed
good entrapment of SIM and exhibited a sustained release of
70% within 48 hours. In vivo experiments described that the
ASP¢-LNPs had an ideal bone-targeting ability in ICR mice, and
in vitro cell experiments revealed that the LNPs had a great
capacity for cell uptake and excellent biocompatibility with
MC3T3-E1 cells, thus reducing the cytotoxicity of SIM. In addi-
tion, the cell mineralization assay suggested that the SIM/LNPs
induced osteoblast differentiation and mineralization as well as
the formation of mineralized nodules, achieving the same

This journal is © The Royal Society of Chemistry 2020
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efficacy as SIM though augmenting the BMP-Smad signaling
pathway. Animal pharmacodynamics were performed in rats
that underwent bilateral ovariectomies, and the results indi-
cated that the SIM/ASP¢-LNPs can significantly improve the
efficacy of SIM on the recovery of bone mineral density when
compared with either SIM/LNPs or SIM alone. Therefore, ASP,-
LNPs may represent a potential bone-targeting drug delivery
system (DDS), contributing to a novel osteoporosis therapy by
SIM. This study is the first to employ LNPs to deliver SIM with
ASP¢ grafted as a biocompatible bone-targeting moiety for
osteoporosis therapy in an in vivo model, which opens up a new
avenue for the treatment of osteoporosis.

4. Materials and methods
4.1 Materials

Monostearin and hydroxyapatite powder (HAP) was obtained
from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China).
Polyethylene glycol monostearate (PEGyg00-SA, MW = 2000) was
purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan).
Amino-terminated polyethylene glycol (NH,-PEG00-NH,, MW =
2000) was purchased from Yare Biotech, Inc. (Shanghai, China).
SIM was from Zhejiang Hisun Pharmaceutical Co., Ltd. (Zhejiang,
China). Aspartic oligopeptides (ASPg) were purchased from Syn-
peptide Co., Ltd. (Shanghai, China). Octadecylamine (ODA), 4',6-
diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate
(FITC), stearic acid (SA), N,N'-disuccinimidyl carbonate (DSC), 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC), N-hydrox-
ysuccinimide (NHS), r-ascorbic acid, alizarin red S, B-glycer-
ophosphate  and  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were obtained from Sigma Chem-
ical Co. (St. Louis, MO, USA). Poloxamer 188 was obtained from
Shenyang Jiqi Pharmaceutical Co., Ltd. (China). The bicincho-
ninic acid (BCA) protein assay kit and ALP test kit were obtained
from the Beyotime Institute of Biotechnology (Haimen, Jiangsu,
People's Republic of China). Iodide (DiR) lipophilic fluorescent
dye was purchased from Molecular Probes (Eugene, OR, USA).
Alpha-minimum essential medium («MEM) was from Thermo
Fisher Scientific (Waltham, MA, USA). Other reagents were
analytical or chromatographic grade.

4.2 Methods

4.2.1 Synthesis and characterization of amino-terminated
polyethylene glycol monostearate (NH,-PEG;00-SA). Under the
catalytic conditions of EDC and NHS, we obtained NH,-PEG;0-
SA by grafting the amine group of NH,-PEG,0-NH, with the
carboxyl group of SA. Briefly, 34.2 mg of SA, 69 mg of EDC and
41.4 mg of NHS (SA : EDC : NHS = 1 : 3 : 3) were codissolved in
4 mL of anhydrous dimethyl sulfoxide (DMSO), and the carboxyl
group was activated under mechanical stirring at 400 rpm and
60 °C for 30 min. The reaction solution was then added drop-
wise to 6 mL of anhydrous DMSO containing 240 mg of NH,-
PEG000"NH, (SA : NH,-PEG,009-NH, = 1 : 1, mol mol ™). After
24 h of reaction under stirring at room temperature, NH,-
PEG,000-SA was obtained, which was then dialyzed against
distilled water for 48 h using a dialysis membrane bag

This journal is © The Royal Society of Chemistry 2020
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(molecular cutoff = 7 kDa). The product was finally lyophilized
and stored for further use at —20 °C. The structure of NH,-
PEG,000-SA was subsequently evaluated by 'H NMR, IR spec-
troscopy, 'C NMR spectra and mass spectrum.

4.2.2 Preparation of fluorescent label ODA-FITC. We
synthesized the fluorescent label ODA-FITC by chemical graft-
ing between the amino group of ODA and the isothiocyanate
group of FITC. Briefly, we dissolved 28 mg of FITC and 20 mg of
ODA in 6 mL of ethanol and stirred the mixture at 50 °C for 24 h
in the dark. After the reaction was complete, 50 mL of distilled
water was added to the mixed solution to precipitate ODA-FITC.
Subsequently, we isolated the product with a filter and washed
the product three times using distilled water. Finally, we dried
ODA-FITC at room temperature and stored it in the dark for
further use.

4.2.3 Preparation of blank LNPs and SIM-loaded LNPs
(SIM/LNPs). We prepared blank LNPs using the solvent diffu-
sion method. Briefly, 8 mg of monostearin, 1 mg of polyethylene
glycol monostearate (PEGy400-SA), 1 mg of NH,-PEG,0-SA and
2 mg of oleic acid (OA) were codissolved in 1 mL of ethanol and
heated to 70 °C. Then, under mechanical stirring at 400 rpm,
the organic phase was quickly injected into 9 mL of 70 °C
deionized water (ethanol : water = 1 : 9, v/v). After stirring for
5 min, the solution was cooled at room temperature to obtain
blank LNPs (1 mg mL ™). When preparing SIM/LNPs, 8 mg of
monostearin, 1 mg of PEGy(00-SA, 1 mg of NH,-PEG;000-SA, 2 mg
of oleic acid (OA) and 0.5 mg of SIM were codissolved in 1 mL of
ethanol and heated to 70 °C. Then, under mechanical stirring at
400 rpm, the organic phase was quickly injected into 9 mL of
70 °C deionized water (ethanol : water = 1 : 9, v/v). After stirring
for 5 min, the solution was cooled at room temperature to
obtain SIM/LNPs.

4.2.4 Preparation and composition analysis of ASPs-
conjugated LNPs (ASPs-LNPs). ASPg-conjugated LNPs (ASPg-
LNPs) were prepared according to previous reports.*=> First,
10 mL of blank LNPs were obtained with the aforementioned
method. Then, 226 pL of a 0.5 mg mL ™' DSC aqueous solution
(NH,-PEGy000-SA : DSC = 1: 1, mol mol™ ') was added to the
LNPs, stirred at room temperature for 3 h, and then 78 pL of
a4 mg mL~ " aqueous solution of Asps was added thereto (NH,-
PEGy000-SA : ASPg = 1:1, mol mol ') and stirred at room
temperature for 3 hours. ASPs-conjugated LNPs were prepared.
An elemental analyzer method (vario MICRO cube, Elementar
Analysensysteme GmbH) confirmed whether ASP; was conju-
gated successfully by analyzing the nitrogen content of LNPs
and ASP¢-LNPs. The preparation of ASP¢-conjugated SIM/LNPs
(SIM/ASP4-LNPs) was similar to that of ASPs-LNPs, adding
0.5 mg of SIM to the lipid ingredients.

4.2.5 Physical characterization of LNPs and evaluation of
SIM/LNPs

4.2.5.1 Size, zeta potential and morphology measurements.
First, the carrier concentrations of LNPs and SIM/LNPs were
diluted to 100 ug mL ™" using distilled water. Then, the hydro-
dynamic diameter, polydispersity index (PI) and zeta potential
of LNPs and SIM/LNPs were measured by DLS using a Zetasizer
(3000HS, Malvern Instruments Ltd., UK), followed by TEM
(JEM1230, JEOL, Japan) for morphological examination. Briefly,

RSC Adv, 2020, 10, 20445-20459 | 20455
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the samples were placed on a copper mesh and air dried
naturally, and then negatively stained with 1% (w/v) uranyl
acetate for TEM.

4.2.5.2 Drug encapsulation efficiency and drug loading
content. The concentration of SIM in LNPs and ASP4-LNPs was
analyzed by a high-performance liquid chromatography
(HPLC), system using an Agilent ZORBAX SB-C18 column
(4.6 mm x 150 mm, 5 um). The mobile phase is 25 mM aqueous
solution of sodium dihydrogen phosphate-acetonitrile (35 : 65,
v :v).The constant flow rate was 1 mL min~"', and the wave-
length of ultraviolet detection was 239 nm. In addition, the
column temperature was 35 °C. The retention time is 9.8 min
and injection volume was 100 pL. The standard curve was used
to determine the content of SIM through external standard
method. The standard curve was prepared as follows: 10 mg of
SIM was weighed accurately and placed in a 10 mL volumetric
flask, after which ethanol was added to the volumetric flask up
to the mark to obtain 1.0 mg mL ™" SIM ethanol solution, then
pipette the appropriate amount of the above simvastatin
ethanol solution accurately with a pipette and dilute with
mobile phase to 1 pg mL ™", 2 ug mL™*, 5 ug mL ™", 10 pg mL ™"
and 20 pg mL~'. The peak area of the chromatogram was
detected by HPLC, and the standard area was plotted with the
peak area S plotted against the concentration of simvastatin C
(ng mL ™). The results show that the standard curve of SIM is y
= 287.47 x 53.604, the correlation coefficient R* = 1, the linear
range is 1-20 pg mL~", and the linear relationship meets the
content determination requirements.

First, the formulated SIM/LNPs and SIM/ASP-LNPs disper-
sions were flocculated by adding 1 M hydrochloric acid (HCI)
until the pH value of the dispersions was 1.2. Then, SIM/LNPs
and SIM/ASPs-LNPs were separated by centrifugation at
20 000 rpm for 15 min (3K30, Sigma Labrorzentrifugen GmbH,
Germany). The concentration of free SIM in the supernatant was
measured, and the separated precipitate was redispersed with
15 mL of PBS (pH 7.4). The redispersed dispersions were vor-
texed for 3 min to dissolve the drug adsorbed on the surface of
the LNPs and ASP¢-LNPs. The dispersions were then centrifuged
at 20 000 rpm for 15 min (3K30, Sigma, Germany). The super-
natant was obtained, and the content of SIM therein was
measured through HPLC. Finally, we calculated the EE% and
DL% of SIM in LNPs using the following formulas:

EE% = (Wy — W, — W)Wy x 100%
DL% = (Wy — Wy — Wl(Woy — Wy — Wy, + W) x 100%

W, is the total weight of drugs added to the system, W, repre-
sents the weight of free drug in the supernatant after the first
centrifugation, W, is the weight of drug in the supernatant after
the second centrifugation and W represents total weight of lipid
material added to the system.

4.2.5.3 In vitro SIM release from SIM/LNPs and SIM/ASPs
LNPs. In vitro release experiments were performed using a dial-
ysis methods. Briefly, 15 mL of pH 7.4 phosphate buffered
saline (PBS) was used as the release medium at 37 °C to mimic
the physiological environment in vivo. One milliliter of SIM/
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LNPs and SIM/ASP4-LNPs with a carrier concentration of 1 mg
mL~" were transferred to a dialysis bag with a molecular
entrapment of 7 kDa, and the control group was a similar
concentration of SIM in ethanol, subsequently the bags were
immersed in PBS for release experiments using an incubator
shaker. At the scheduled time point, we took 1 mL of medium
and then added 1 mL of PBS. SIM released from SIM/LNPs and
SIM/ASP4-LNPs was quantified by HPLC. The standard curve
was used to determine the content of SIM through external
standard method.

4.2.6 Cell culture and evaluation
4.2.6.1 MC3T3-E1 cell culture.
calvaria MC3T3-E1 cells were used as model cells to explore the
behavior of LNPs in normal cells, which were cultured in alpha-
minimum essential medium (¢MEM) containing 10% (v/v) fetal
bovine serum (FBS). When osteoblast differentiation and
mineralization experiments were performed, 10 mmol L' f-
glycerophosphate and 50 ug L™ r-ascorbic acid were added to
the basic medium. In addition, the cell culture medium was

changed every other day.*

4.2.6.2 Cytotoxicity study. We evaluated the toxicity of the
constructed nanocarriers to cells using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. MC3T3-E1
cells were seeded at 1 x 10* cells per well in 96-well plates and
incubated for 24 h until they were attached to the wells, and then
exposed to a series of concentrations of blank LNPs, SIM, SIM/
LNPs and SIM/ASP4-LNPs for 48 h, after which 20 pL of 5 mg
mL ™! MTT was added to each well for another 4 h followed by
adding 200 pL of DMSO into each well to dissolve the forming
formazan crystals. Subsequently, these plates were shaken at
37 °C for 30 min, and the absorbance of each well at 570 nm was
measured by an automatic microplate reader.

4.2.6.3 Cellular uptake of LNPs and ASPsLNPs. MC3T3-E1
cells were seeded at 1 x 10> cells per well in 12-well plates
and incubated for 24 h until they were attached to the wells.
Subsequently, cells were treated with fresh medium containing
ODA-FITC-labeled LNPs and ASPs-LNPs. To prepare the ODA-
FITC-labeled LNPs and ASP4LNPs, ODA-FITC was added to
equivalent lipid materials of the blank LNPs (ODA-FITC : lipid
materials = 1:10, w/w). Then ODA-FITC-labeled LNPs and
ASP¢-LNPs were prepared as mentioned above. At pre-
determined intervals (2, 4, 6, 10 h), the cells were collected and
observed under a confocal microscope (Olympus, Japan). In
addition, semiquantitative analysis of cellular uptake was
assessed using flow cytometry.

4.2.6.4 Alizarin red S assay. MC3T3-E1 cells were seeded at 1
x 10° cells per well in 12-well plates and cultured in osteogenic
differentiation and mineralization medium, which included
SIM, SIM/LNPs and SIM/ASP4-LNPs (the concentration of SIM
was 1077 mol L") for 14 days. After 14 days of culture, the cells
were fixed using 70% ethanol for 1 h, and subsequently stained
with alizarin red S at a concentration of 1.5% at pH 4.0-4.2 for
10-15 min. Unreacted dye was removed and the formed
mineralized nodules were observed under a light microscope.
Finally, 10% cetylpyridinium chloride was added to each well to
dissolve the alizarin red S in the cell matrix, and the

Clonal newborn mouse
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concentration of alizarin red S was calculated by measuring the
UV absorbance of the sample at 562 nm.

4.2.6.5 Measurement of ALP activity. MC3T3-E1 cells were
seeded at 1 x 10° cells per well in a 12-well plate and cultured in
osteogenic differentiation and mineralization medium which
includes SIM, SIM/LNPs and SIM/ASP4-LNPs (the concentration
of SIM was 10”7 mol L") for 7 days. After 7 days of culture, the
MC3T3-E1 cells were lysed with PBS with 0.1% Triton X-100
under ultrasound. Afterwards, ALP activity was measured
using an ALP test kit.

4.2.7 Invivo testing

4.2.7.1 Invivo evaluation of the bone-targeting LNPs in mice.
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Zhejiang
University and experiments were approved by the Animal Ethics
Committee of Zhejiang University (China). The bone-targeting
ability of LNPs and ASP4-LNPs was evaluated in ICR mice. The
lipophilic fluorescent dye DiR was used to detect LNPs and
ASP¢-LNPs. Six ICR mice were randomly divided into two groups
of three mice per group. A total of 0.2 mL of DiR-labeled LNPs
and DiR-labeled ASP,-LNPs (2 mg mL ") was tail-intravenously
injected into mice. After 48 h, the mice were sacrificed, and their
main organs (heart, liver, spleen, lungs, and kidneys) and the
femur and tibia bones were obtained. The fluorescence signals
in the main organs were subsequently detected with a Maestro
EX in vivo imaging system. The fluorescence intensities were
subsequently calculated as a percentage using the following
equation:

Distribution of fluorescence intensities (%) = ———-— x 100%

T Asy, x 20
Atissue 18 the fluorescence intensity of the major organs, and Ase,
is the fluorescence intensity of DiR-loaded LNPs at an injected
dose of 5%.

4.2.7.2 Intrabone distribution of ODA-FITC-labeled LNPs and
ASPg-LNPs. First, ODA-FITC-labeled LNPs and ASP,-LNPs were
prepared. Xylenol orange was tail-intravenously injected into
ICR mice to label the osteoid surfaces three days prior to
injecting ODA-FITC-labeled LNPs and ASPs-LNPs at a dose of
30 mg kg '.**** ODA-FITC-labeled LNPs and ASP¢-LNPs were
tail-intravenously injected into mice at a dose of 20 pmol FITC
kg~ ". After 24 h, the mice were sacrificed and bones of the lower
extremities were obtained. Undecalcified tissue sections of the
distal femur and proximal tibia were generated using a previ-
ously reported method.* Afterwards, the sections were observed
with a confocal microscope (Olympus, Japan).

4.2.7.3 Animal pharmacodynamics study. All animal studies
were approved by the Committees of Animal Experiments at
Zhejiang University in China. Female Sprague Dawley rats,
which had a mean body weight of 180-200 g were housed in
a climate-controlled environment with a 12/12 h light/dark cycle
with access to standard food and water.

Twenty five female Sprague Dawley rats were randomly
divided into five groups with five mice in each group: the Sham
group, the OVX group, the SIM group with a dose of 1 mg per kg
per 2 days, the SIM/LNPs group with a SIM dose of 1 mg per kg
per 2 days and SIM/ASP¢-LNPs group with a SIM dose of 1 mg
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per kg per 2 days. All groups except the Sham group were all
bilaterally ovariectomized, whereas the Sham group was sub-
jected to a sham operation of intraperitoneal invasion. SIM,
SIM/LNPs and SIM/ASP¢-LNPs were injected into rats starting 1
month after bilateral ovariectomy, and continuing for 2
months. The Sham and OVX groups were administered saline.
After 2 months of administration, all animals were sacrificed.
The main organs (heart, liver, spleen, lungs and kidneys) and
the femurs of rats were obtained.

4.2.7.3.1 Histological analysis of excised organ samples. The
excised organ samples (heart, liver, spleen, lungs and kidneys)
of every animal were stained with H&E, after which they were
observed under a light microscope (Nikon, ECLIPSE Ni).

4.2.7.3.2 Microcomputed tomography (micro-CT) and image
analysis. Micro-CT was employed to analyze changes in the
trabecular bone of the femur. A SkyScan-1176 (Bruker micro CT,
Belgium) system (18 pm voxel size, 90 kV, 278 pA, 230 ms
exposure time, Al 0.5 mm filter, 180° rotation step) was used for
the examinations. The 1.6 version of NRecon software (Bruker
micro CT, Belgium) was used for 3D reconstruction and viewing
of images. After 3D reconstruction, the 1.13 version of CT
software (Bruker micro CT, Belgium) was used for bone anal-
ysis. The index included bone mineral density (BMD), bone
volume fraction (BV/TV), thickness (Tb. Th), number (Tb. N)
and separation (Tb. Sp) were all calculated to evaluate the bone
formed in the defect area.

4.2.7.3.3 Alkaline phosphatase (ALP) activity and tartrate-
resistant acid phosphatase (TRAP) assay. As mentioned earlier,
SIM has the potential to increase the activity of BMP-2 and
promote the formation of new bone in vitro and in animals
through the BMP-Smad signaling pathway. During this process,
ALP activity increases and TRAP activity decreases. To evaluate
the pharmacodynamic effect of SIM, all femurs were decalcified
in ethylenediaminetetraacetic acid (EDTA), after which the
femur were dehydrated and then embedded in paraffin. Then,
sections (4 um thickness) were stained with ALP and TRAP.

4.2.7.3.4 Histological analysis and immunohistochemistry. All
femurs were decalcified in EDTA, dehydrated, and then
embedded in paraffin to obtain sections of 4 pm thickness,
which were then stained with hematoxylin and eosin (H&E). In
addition, the osteogenic effects of SIM were assessed by
immunohistochemistry (IHC) analysis of osteopontin (OPN)
and osteocalcin (OCN). To further explore the mechanism of
bone formation, IHC staining of BMP-2 was also performed.

4.3 Statistical analysis

The results are expressed as the means + standard deviations
(SDs) unless noted otherwise. The statistical analyses of the data
were performed using Student's ¢-test. Differences characterized
by P < 0.05 were considered statistically significant.
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