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Abstract 

Repair of defective hard-tissues in osteoporotic patients faces significantly challenges with limited therapeutic 

options. Although biomedical cements are considered promising materials for healthy bone repair, their uses 

for healing osteoporotic fracture are clinically limited. Herein, strontium-releasing-nanoscale cement was 

introduced to provide dual therapeutic-actions (pro-osteogenesis and anti-osteoclastogenesis), eventually for 

the regeneration of osteoporotic bone defect. The Sr-nanocement hardened from the Sr-doped nanoscale-glass 

particles was shown to release multiple ions including silicate, calcium and strontium at doses therapeutically 

relevant over time. When the Sr-nanocement was treated to pre-osteoblastic cells, the osteogenic mRNA level 

(Runx2, Opn, Bsp, Ocn), alkaline phosphatase activity, calcium deposition, and target luciferase reporter were 

stimulated with respect to the case with Sr-free-nanocement. When treated to pre-osteoclastic cells, the Sr-

nanocement substantially reduced the osteoclastogenesis, such as osteoclastic mRNA level (Casr, Nfatc1, c-

fos, Acp, Ctsk, Mmp-9), tartrate-resistant acid trap activity, and bone resorption capacity. In particular, the 

osteoclastic inhibition resulted in part from the interactive effect of osteoblasts which were activated by the 

Sr-nanocement, i.e., blockage of RANKL (receptor activator of nuclear factor-κB ligand) binding by enhanced 

osteoprotegerin and the deactivated Nfatc1. The Sr-nanocement, administered to an ovariectomized tibia defect 

(osteoporotic model) in rats, exhibited profound bone regenerative potential in cortical and surrounding 

trabecular area, including increased bone volume and density, enhanced production of osteopromotive proteins, 

and more populated osteoblasts, together with reduced signs of osteoclastic bone resorption. These results 

demonstrate that Sr-nanocement, with its dual effects of osteoclastic inhibition and osteogenic-stimulation, can 

be considered an effective nanotherapeutic implantable biomaterial platform for the treatment of osteoporotic 

bone defects.  

Keywords: Strontium doped nanoglass particles; Osteoporosis treatment; Osteoclastic inhibition; Osteogenic 

stimulation; Osteoblast-osteoclast interaction 

 

 

  



 

1. Introduction 

Bone is continuously remodeled, which allows to maintain bone strength as well as calcium homeostasis [1, 

2]. If the interplay between bone-forming osteoblasts and bone-resorbing osteoclasts is dysregulated, there is 

an increase or, mostly, decrease in bone mass, called osteoporosis which commonly occurs among 

postmenopausal woman or elderly man [3-5]. The reduced bone mineral density from osteoporotic patients 

causes premature fracture which is complicated by increased morbidity, mortality, and social costs [6, 7]. 

Fractures can occur at various locations of skeleton such as hip and tibia, and the bone forming activity related 

with accelerated osteoclast behaviors can delay the regeneration of defective bone [8, 9].  

Osteoporosis patients are generally treated preventively with bisphosphonates to reduce fracture risk, which 

are well-known anti-resorptive drugs to inhibit osteoclast functionality [10-18]. However, long-term 

administration of bisphosphonate drugs to osteoporotic fractures has been questioned on the fracture healing 

[19]. As alternatives, anabolic drugs such as parathyroid hormone and their derivatives (teriparatide) have also 

been used to stimulate cellular bone-forming behaviors and have displayed accelerated fracture healing, but 

the efficacy was suboptimal with high cost in clinical settings [20]. On the other hand, strontium (Sr) ranelate, 

a Sr(II) salt of ranelic acid, has been introduced to prevent osteoporosis and regenerate osteoporotic bone 

defect as a ‘dual action bone agent’, i.e., increasing new bone formation by osteoblasts and, simultaneously, 

diminishing bone resorption by osteoclasts through Sr ions released [8, 16, 21-29]. Even though the therapeutic 

roles of Sr ranelate were proven in various osteoporotic patients in terms of strengthening intrinsic bone quality 

and healing, its use has been discontinued since 2016-2017 due to accumulated side effects such as venous 

thromboembolism and life-threatening allergic reactions by oral systemic administration [30, 31]. To tackle 

this issue raised on Sr ranelate associated with systemic delivery, Sr-ranelate- or Sr-loaded biomaterials (in 

scaffold, micro-particle, or cement forms) have been proposed to release Sr ions sustainably that might help 

regenerating osteoporotic bone while relieving overdose burdens [32-44].  

Recently, nanoscale osteogenic cement, called nanocement, was newly produced from nanoglass particles for 

bone regeneration due to its unique nanoscale morphology and physico-chemical and biological properties 

such as hardening ability, high surface area, protein loading capacity, in vitro bioactivity, and in vivo 

osteoinductive properties [45, 46]. Of note, the nanoscale cement can incorporate therapeutic ions (e.g., cobalt, 

copper, zinc, silver), which further released to exert anti-bacterial, angiogenic or wound healing effects [37, 

46-51]. In light of this, we consider Sr ions can also be incorporated into the nanoscale cement which is 

ultimately effective in the treatment of osteoporosis while preserving the bioactive nanocement properties, 

such as self-hardening, defect filling, and the cell/tissue compatibility and activity [17, 52, 53].  

In particular, the prepared Sr-doped nanoscale cement was considered to exert ‘dual therapeutic actions’ of Sr 

ions, i.e., promoting osteoblasts while deactivating osteoclasts [22, 47]. To test this, we first examined the 

osteogenic stimulation of the Sr-nanocement in terms of the expression of osteogenic genes and proteins, and 



 

cellular mineralization. Next, we analyzed the osteoclastogenic inhibition by the expression of osteoclastic 

genes, actin ring formation of multinucleated cells, and osteoclastic enzymatic activity. Further, we 

investigated the interplay of osteoblasts/osteoclasts mediated by Sr-nanocement by means of osteoprotegerin 

(OPG)/receptor activator of nuclear factor (NF)-κB ligand (RANKL) interactions and the related intracellular 

signaling pathways. Lastly, we addressed if the Sr-nanocement administered to an osteoporotic bone defect 

model in rats would be effective in enhancing the bone repair process. This study is considered to provide a 

potential nanoscale self-hardening implantable biomaterial platform that exhibits dual therapeutic actions in 

treating osteoporotic bone healing.  

 

2. Results and Discussion 

2.1. Hardening process and characteristics of Sr-nanocement 

The nanoscale glass powders containing Sr (termed ‘Sr-BGn’) or not (termed ‘BGn’) were first synthesized 

by a sol-gel method for the preparation of nanocements [45]. The morphology of the nanopowders, as observed 

by FE-SEM and TEM, revealed a mesoporous structure with an average size of 247.2 (±29.5) nm (Fig. 1A-

i,ii). The FT-IR and XRD analyses of the nanopowders confirmed chemical bands and phase typical of silicate-

based glass (Fig. S1A,D). The TEM-EDS analysis (Fig. S1C) confirmed the Si:Ca:Sr ratio of 85.2:10.1:4.7, a 

value similar to the stoichiometry of 85Si-10Ca-5Sr glass. The BET analysis displayed highly mesoporous 

characteristics; surface area (693 m2/g), average pore size (6.64 nm) and total pore volume (0.61 cm3/g) (Fig. 

1A-iii), and the surface ξ-potential was measured to be slightly negative (-15.6 mV). The morphological and 

chemical characteristics of the Sr-doped nanopowders were thus found to be similar to those of Sr-free 

nanopowders (BGn) (as shown in Fig. S1).  

Next, the prepared Sr-BGn were mixed with a liquid phase which was allowed to set for preparing nanocement 

(termed ‘Sr-BGnC’) (setting procedure depicted in Fig. 1B-i). As a liquid phase, distilled water (DW) or 2.5wt% 

NaH2PO4 was used to find proper nanopowder-to-liquid ratio (P/L ratio) and setting time (tset). Setting was 

possible with P/L ratio in the range of 0.3~0.5, with which the tset was recorded to be 40-240 min (Fig. 1B-ii). 

The tset became shortened when NaH2PO4 (vs. DW) was used and P/L ratio increased. The setting condition 

for further experiments was chosen at P/L ratio of 0.4 using NaH2PO4 with which the setting time was ~60 

min. The FE-SEM microstructure of the hardened nanocement sample showed the initial morphology of 

nanoparticles (Fig. 1B-iii). A closer examination by TEM revealed the formation of nanoscale aggregates 

(arrows) on the surface of initial nanoparticles (Fig. 1B-iv), a phenomenon similar to the case in Sr-free 

nanocement (Fig. S2). As illustrated in Fig. 1B-v, the setting mechanism of the Sr-nanocement can be 

explained as the dissolution-reprecipitation process [45]. In detail, the ions (Ca, Sr, silicate) leach out from the 

nanoparticles in an aqueous medium (NaH2PO4 or DW), and the released ions, together with the ions in the 



 

medium (e.g., phosphate), precipitate on the surface of nanoparticles. The precipitates (nanoscale aggregates 

noted in Fig. 1B-iv) are composed of Ca-Sr-Si-(P) oxide and in an amorphous phase (as revealed in the XRD 

data in Fig. S3) which enable the nanoparticles to make networks and harden.  

The nanocements were shown to be highly reactive in contact with an ionic fluid, particularly with a simulated 

body fluid (SBF). When immersed in SBF, apatite-like nanocrystallites were quickly and profoundly formed 

(shown in Fig. 1C-i); this acellular mineralization (apatite formation) generally implies a high bioactivity of 

materials developed for bone. Of note, the mineralized nanocement showed highly mesoporous characteristics 

based on the BET analysis; the surface area increased with increasing SBF immersion time while preserving 

the mesopores size (Fig. 1C-ii, and Fig. S4A). The apatite formation increased with immersion time (Fig. 

S4B,C). For the ion releasing test of nanocements, Tris-buffer was used due to its neutral pH and high buffering 

capacity without any intervention of ion components [54-56]. The Sr-nanocement could release multiple ions 

over 14 days including silicate, Ca, and Sr, as measured by ICP-AES (Fig. 1C-iii). Specifically, the three 

different ions were released slowly from the Sr-BGnC over 14 days; the silicate and Ca release was similar to 

that observed in BGnC while the Sr release was a unique phenomenon in Sr-BGnC. Collectively, the Sr-

nanocement hardened from Sr-doped nanoglass powders showed highly mesoporous structure, acellular 

mineralization capacity, and the release of multiple ions including silicate, Ca, and particularly Sr that were 

considered to exert therapeutic effects on osteoblastic and osteoclastic cells.  

To examine the effects of nanocements on the in vitro cell behaviors, ionic-extracted media were used to 

investigate ionic effects of nanocements (BGnC, Sr-BGnC) irrespective of surface properties (e.g., topography, 

chemistry). For this, the nanocement samples were extracted in a culture medium for 24 h while shaking gently. 

The resultant ionic-extract concentrations were recorded: 22.73 (Sr-BGnC) and 21.50 ppm (BGnC) for silicate, 

74.66 (Sr-BGnC) and 86.24 ppm (BGnC) for Ca, and 12.18 ppm (Sr-BGnC) for Sr (as summarized in Table 

S1). Also, free Sr ions were prepared from SrCl2 for the comparison study with the extracts from Sr-BGnC. 

The nanocement extracts were then serially diluted (down to 1/128) for the cell cultures; the ionic doses used 

for the cultures were considered to show some therapeutic effects such as osteogenesis, angiogenesis, and/or 

anti-osteoclastogenesis [47, 57-59]. First, the extracts were treated to various kinds of cells including 

osteoblastic cells (MC3T3-E1) and osteoclastic cells (RANKL-induced RAW264.7) for up to 2 days to confirm 

the effects on cellular viability. All the extracts were found to exert little toxicity to the series of cells tested 

(Fig. S5). Thus, the original extract was used for further in vitro culture studies. 

  



 

 

 

 

Figure 1. Characteristics of the strontium-doped nanocement. (A) Characteristics of nanoglass powder, Sr-BGn; (i,ii) 
nanostructure observed by FE-SEM and TEM (scale bar = 100 nm) and (iii) BET nitrogen adsorption/desorption curves 
displaying highly mesoporous characteristics (surface area, pore size, and pore volume are included in inset). (B) Setting 
of Sr-BGn; (i) hardening procedure, (ii) setting time (tset) recorded with different P/L ratio and liquid type, (iii) FE-SEM 
and (iv) TEM image, revealing nano-precipitates on the surface of the Sr-BGn (arrows), and (v) schematic illustration of 
the setting mechanism of Sr-BGnC. (C) Properties of Sr-nanocement, Sr-BGnC; (i) TEM image of Sr-BGnC after 
immersion in SBF for 14 days (scale bar = 500 nm), showing apatite-like nanocrystallites formation, (ii) BET analysis 
indicating highly mesoporous characteristics of the mineralized nanocement, and (iii) release profiles of ions from Sr-
BGnC measured by ICP-AES for up to 14 days (in Tris-HCl buffer at pH 7.4). 

 

 



 

2.2. Sr-nanocement stimulates osteogenesis 

After the cell viability with the nanocements was confirmed, the effects on osteogenic responses were 

examined with MC3T3-E1 cells. The nanocement extracts were treated to the cells under conditions 

supplemented with osteoblast differentiation factors (OBDF). Growth medium (GM) was also used as a 

negative control. First, the osteogenic transcriptional activity of Runx2 and Ocn was investigated using Runx2-

responsive (6XOSE-luciferase) and Ocn promoter-responsive (OG2-luciferase) artificial luciferase reporter 

plasmids [60-62] (Fig. 2A). Both luciferase activities were enhanced in Sr-BGnC than in BGnC and Sr ion 

control. Next, the expression of osteoblast-related genes (Runx2, Bsp, Opn, and Ocn) at days 3, 7 and 14 was 

shown to increase in nanocement groups (both BGnC and Sr-BGnC) with respect to nanocement-free group 

(OBDF), and the stimulating effect was more significant in the cells treated with Sr-BGnC, implying a possible 

osteogenic synergism between Sr and silicate (or Ca) ions (Fig. 2B). Interestingly, Sr-BGnC showed highly 

up-regulated gene expressions, with more than 6 times of the Sr ion counterpart made from SrCl2; in fact, the 

SrCl2 was previously shown to be osteogenic and anti-osteoclastogenic elsewhere [11, 63-65]. Lastly, the ALP 

(violet color) and ARS staining (red color), assessed at days 7, 14, 21, and 28, demonstrated more enhanced 

ALP activity and cellular mineralization in Sr-BGnC than in BGnC and Sr ion counterpart, indicating the 

possible osteogenic stimulation of ions released from Sr-BGnC at intermediate and terminal differentiation 

stage (Fig. 2C,D). Furthermore, the rat bone marrow derived mesenchymal stem cells (rMSCs) tested with the 

nanocements were shown to be stimulated (ALP and ARS stains) in a similar manner to the MC3T3-E1 cells 

(supplementary data, Fig. S6), supporting the osteogenic differentiation potential of Sr-BGnC. Taken together, 

Sr-BGnC induced higher osteogenesis than BGnC, possibly due to the osteogenic stimulating effects of 

multiple ions (both Sr and silicate/Ca) released from the Sr-BGnC [36, 63-68]. 

 



 

 

Figure 2. Osteogenesis capacity of Sr-BGnC in pre-osteoblastic MC3T3-E1 cells. Cells were cultured in growth 
medium (GM), GM supplemented with osteoblast differentiation factors (OBDF), or GM with OBDF containing extracts 
of BGnC, Sr-BGnC or SrCl2. (A) Osteogenic transcriptional activity of Runx2 and Ocn examined by luciferase reporter 
assay. Cells were transfected with luciferase reporter plasmids encoding either Runx2-responsive 6XOSE or Ocn 
promotor-responsive OG2. In addition, cells were co-transfected with Renilla, a luciferase control reporter vector, for 
normalization. (B) Expression levels of osteogenesis-related genes including Runx2, Bsp, Opn and Ocn in MC3T3-E1 
cells cultured for 3, 7, or 14 days. (C) ALP staining (violet) at days 7 and 14 and ARS staining (red) at days 21 and 28, 
and (D) the quantification of the calcium deposits at days 21 and 28. * indicates p<0.05 versus OBDF group and # indicates 
p<0.05 between groups (n = 3). 

 

2.3. Sr-nanocement inhibits osteoclastogenesis  

For the osteoclastic differentiation study, RAW264.7 cells were cultured under conditions supplemented with 



 

osteoclast differentiation factors (OCDF) that involves RANKL (and also M-CSF and TGF-b). After 3 days of 

culture with or without nanocement extracts, the expression of osteoclast-related genes, including calcium 

sensing receptor (Casr), osteoclast transcription factors (Nfatc1, c-fos), and bone-resorption enzymes (Acp5, 

Ctsk, and Mmp9) [11, 47, 64, 69, 70], was then analyzed (Fig. 3A). The Sr-BGnC suppressed the expression 

of all osteoclast-related genes tested more significantly than the BGnC and Sr ion control. 

Next, the formation of actin ring, a typical actin structure essential for bone resorption by active osteoclasts, 

was visualized by confocal microscopy. Actin ring formation was less noticeable in Sr-BGnC than in the other 

groups (Fig. 3B). The osteoclastic enzymatic activity, as analyzed by TRAP staining, was substantially reduced 

in Sr-BGnC, with significantly decreased area of TRAP (+) multinucleated osteoclasts (Fig. 3C). Also, the 

bone resorption test, assessed on a mineral coating plate, revealed significantly reduced total resorption area 

(pit area) in Sr-BGnC (Fig. 3D).  

 

 



 

 

Figure 3. Anti-osteoclastic differentiation effect of Sr-BGnC in pre-osteoclastic RAW264.7 cells. Cells were cultured 
for 6 days in the presence of osteoclast differentiation factors (OCDF) containing RANKL, M-CSF and TGF-β. (A) 
Expression levels of osteoclast-related genes including Casr, Nfatc1, c-fos, Acp5, Ctsk, and Mmp9 at day 3. (B) Formation 
of actin rings stained by Phalloidin at day 6 (scale bar = 175 μm). (C) Osteoclastic enzymatic activity evaluated by TRAP 
staining (pinkish) and pit (asterisk) formation assay associated with bone resorption capacity at day 6 (scale bar = 175 
μm). (D) TRAP positive area and pit area measured by Image J based on the optical images. * indicates p<0.05 versus 
OCDF group and # indicates p<0.05 between groups (n = 3). 

 

2.4. Sr-nanocement inhibits osteoclastogenesis through regulation of osteoblasts signaling 

The inhibitory effect of Sr-BGnC on osteoclastogenesis was further interpreted by the interactions with 

osteoblasts. For this, the MC3T3-E1 cells were cultured with nanocement extract in OBDF or GM for 6 days 

and then the conditioned medium was transferred every other day to the RAW264.7 cultures (in OCDF) which 

lasted for up to 6 days (thus 8, 10, and 12 days from the start of osteogenic differentiation), as illustrated in 

Fig. 4A. First, the Nfatc1 osteoclastic transcriptional activity was examined by Nfatc1-luciferase reporter assay 

(Fig. 4B). Results showed that the activity was significantly down-regulated in the groups treated with the 

osteoblastic medium co-cultured with nanocements, particularly with Sr-BGnC. The treatment with Sr ion 

counterpart was also effective albeit less than the nanocement groups. Next, the expression of osteoclast-

related genes was analyzed by qPCR (Fig. 4C). The expression of Casr, Nfatc1, c-fos, Acp5, Ctsk, and Mmp9 

was significantly down-regulated by the treatment of conditioned medium with nanocements or Sr ion 

counterpart. The analysis of TRAP activity also showed similar effects by the nanocements (Fig. 4D). The 

TRAP (+) cells stained to be multinucleated osteoclasts (Fig. 4E) and the substrate pit formation associated 

with bone resorption capacity (Fig. 4F) were significantly reduced by the treatment of conditioned medium 

with nanocements or Sr ion counterpart in the order of the effect: Sr-BGnC >> BGnC > Sr ion.  

Taken together, the inhibitory effects on osteoclastic differentiation and functional activity through the 

osteoblasts-conditioned medium imply that there exists possible molecular signaling of osteoblasts linked to 



 

the process of osteoclastogenesis [71]. Of note, the conditioned medium of osteoblasts treated with 

nanocements successfully hindered the osteoclasts formation and their mineral resorption activity, 

demonstrating the potential anti-osteoclastic role played indirectly by the nanocements through activation of 

osteoblasts. It is further worth noting that firstly, the osteoclastic inhibition by the conditioned medium with 

nanocements was more effective than by the direct treatment of nanocements, and secondly, the effects of 

BGnC (Sr-free) was more pronounced in the osteoblasts-conditioned medium experiments. Collectively, the 

Sr-BGnC were proven to be highly effective in inhibiting osteoclastogenesis indirectly through the regulation 

of osteoblasts as well as directly to osteoclasts, presumably resulting from the multiple ions released, and the 

findings suggest that the roles of Sr-BGnC played in osteoblastic activation and osteoclastic suppression should 

be interpreted in the context of osteoblasts-osteoclasts interactions.   

 

 



 

 

Figure 4. Inhibitory effect of Sr-BGnC in combination with osteoblastic signaling molecules on osteoclastogenesis 
of RAW264.7. Culture supernatant of MC3T3-E1 cells undergoing the osteoblast differentiation was collected as a 
conditioned medium. RAW264.7 cells were differentiated in the presence of osteoclast differentiation factors for 6 days. 
The conditioned medium was treated to the RAW264.7 cells during the 6 days of the differentiation. (A) Schematic 
timeline of the conditioned medium treatment. (B-F) Evaluations of the osteoclast differentiation by examining 
osteoclastic transcriptional activity in RAW264.7 cells transfected with Nfatc1-luciferase plasmids at day 3 (B), the 
expression levels of osteoclast-related genes at day 3 (C), TRAP activity (D), TRAP staining (E) and pit formation assay 
(F) at day 6 with quantitative analysis results. * indicates p<0.05 versus CM condition and # indicates p<0.05 between 
groups (n = 3). CM; conditioned medium, OBDF; osteoblast differentiation factor, and OCDF; osteoclast differentiation 
factor. 

 

At this point, the candidate molecules engaged in the interplay between osteoblasts and osteoclasts were then 

analyzed. It is known that osteoprotegerin (OPG) and soluble RANKL are two key molecules involved in the 

osteoclasts-osteoblasts communication; while soluble RANKL can activate osteoclasts formation, OPG can 

bind to RANKL receptor (RANK) and inhibit osteoclasts differentiation as a competitive inhibitor [72-75]. 

The osteoclasts-osteoblasts communication through molecular interactions with OPG and RANKL is 

schematically shown in Fig. 5A. Of the two molecules, here we focused on OPG as the RANKL was already 

supplemented at high concentrations in osteoclastic differentiaion conditions. As illustrated in Fig. 5B-i, the 

OPG produced by oseoblasts can be either degraded or consumed by osteoclasts during the step-wise cultures. 

Considering this, the OPG amount during the cultures under different treatment conditions was measured. First, 

the OPG amount present in various conditioned media was compared (Fig. 5B-ii). Compared to the growth 

condition (GM), the osteoblast differentiation condition (OBDF) greatly increased the OPG secretion. When 

cultured additionally with nanocements or SrCl2, the OPG production became significantly increased in the 

order: Sr-BGnC > SrCl2 > BGnC, indicating the ions from nanocements or SrCl2 might have a stimulatory 

effect on OPG production by osteoblasts. Approximately 5-7 ng of OPG was more produced in those groups 

versus OBDF group at day 12. The osteoblasts-conditioned medium was then used for the osteoclasts cultures 

and the OPG remained in the medium was further analyzed to identify how much OPG was involved in the 

inhibition of osteoclastic differentiation during culture for up to 6 days (Fig. 5B-iii). Results showed that the 

OPG remained the highest in the Sr-BGnC-mediated conditioned medium group by differences of ~5-8 ng 

from the other groups at day 6, which however, somewhat deviated from our expectation. We thus further 



 

calculated the OPG% (consumed or degraded) based on the produced and remained OPG contents (Fig. 5B-

iv). The results showed that the difference among groups was more apparent with time, and the OPG% became 

lowered in the groups treated with conditioned medium in the order: OCDF control >> SrCl2 > BGnC >> Sr-

BGnC. A recent report demonstrated that the OPG progressively degraded particularly in the matured 

osteoclasts due to the significantly increased enzymatic activity, attenuating the inhibitory role of OPG in 

osteoclasts signaling [72] ; therefore, the OPG content particularly at later time point is considered to mirror 

this degradation issue.  

Given that the OPG% would be either consumed or degraded, data thus need a careful interpretation; the 

consumed OPG is involved in the osteoclastic inhibition by blocking RANKL recognition by osteoclasts 

(mainly in the groups with predominant anti-osteoclastic actions like Sr-BGnC) whereas the degraded OPG is 

due to increased enzymatic action of the activated osteoclastogenesis (mainly in the groups with predominant 

osteoclastic actions like OCDF); recalling from illustration in Fig. 5B-i. Therefore, it is considered that the 

significantly lowered OPG% in Sr-BGnC might be due mainly to the consumed OPG whereas the decreased 

OPG% (vs. GM control) might result from the degradation by activated osteoclasts.  

As witnessed, the roles of Sr-BGnC played in the inhibition of osteoclasts are bilateral; directly on osteoclasts 

and indirectly though osteoblasts signaling, and the events are dynamic along the osteoclastogenesis progress. 

Next, the intracellular signaling pathways underlying the osteoclastogenesis inhibitory events were identified, 

by western blot analysis of possible key signaling molecules including NFATc1, NF-kB, MAPK, ERK1/2, and 

their phosphorylated forms. The NF-kB/MAPK/ERK1/2-mediated NFATc1 activation is a well-known 

osteoclast differentiation signaling pathway [76-78]. All the intracellular signaling molecules considered were 

shown to be responsive similarly, i.e., significantly down-regulated by the osteoblasts-conditioned medium, 

and particularly in the group pretreated with Sr-BGnC (Fig. 5C), suggesting that Sr-BGnC inhibited osteoclast 

differentiation through the deactivation of NF-kB/MAPK/ERK1/2-mediated NFATc1 transcriptional process.  

  



 

 

Figure 5. Osteoclastic inhibitory signaling by interplay of osteoblasts (secreted OPG) and osteoclasts through Sr-
BGnC. (A) Schematic illustration showing the effects of Sr-BGnC (Sr ions) on the interplay of osteoblasts (secreted 
molecules) and osteoclasts (receptor), and the intracellular signaling pathways. Osteoblasts-conditioned media collected 
from the MC3T3-E1 cell culture with the nanocements were treated to RAW264.7 cells during the osteoclast 
differentiation. (B) Measurement of OPG; schematic diagram of the sampling for quantification, illustrating that the 
conditioned media were collected at day 8, 10 and 12 while the culture supernatant of RAW264.7 cells were collected at 
day 2, 4, and 6 of osteoclast differentiation, in which OPG was either consumed properly or degraded by osteoclasts when 
highly activated (i). ELISA results of OPG produced in the conditioned medium (ii) or consumed / degraded in the 
supernatant (iii), and the percentage of OPG consumed or degraded (iv) was calculated. (C) Intracellular signaling 
molecules involved in the osteoclastic inhibition, as analyzed by western blot. Band intensities were quantified and the 
phosphorylated ratios were presented. * indicates p<0.05 versus OBDF only group (n = 3), and # indicates p<0.05 versus 
BGnC-OBDF group (n = 3).  
 
 

2.5. Bone tissue regeneration in an ovariectomized rat model 

The above results show that the Sr-BGnC possesses dual-capacity for promoting osteogenesis and inhibiting 

osteoclastogenesis, which is favorable for osteoporotic bone regeneration. To confirm the efficacy in vivo we 

modeled ovariectomized osteoporosis in rats. After 3 months of osteoporosis induction by ovariectomy, a burr 

hole defect was created in rat tibia, which was treated with the nanocement sample, as illustrated in Fig. 6A. 

After 8 weeks of implantation, tissue samples were evaluated by µCT and histological analyses. The µCT 

images of the sectioned tibia revealed the defect and surrounding bone tissue (Fig. 6B). The 3D constructed 

bone formation in the defect region was also enlarged. Based on the images, morphometric analyses of region 

of interest (ROI) were carried out to quantify the bone volume and mineral density. Results showed the 

nanocement groups significantly enhanced the bone volume but not the mineral density, and the enhancement 

was higher in Sr-BGnC than in BGnC group (Fig. 6C). The little difference in mineral density value among 

groups might be due to that the analyzed bone is cortical. However, the effect of Sr-BGnC on increasing bone 

volume in an osteoporotic tibia defect was explicit.  



 

Next the bone area distanced (6 mm) from the defect (implanted area) in cortical bone was analyzed which 

might help understanding the possible effects of ions released from the nanocements. In particular, the 

trabecular bone near the tibia condyle was considered as ROI in which not only the bone quantity (volume) 

but the quality (bone density) can also be analyzed properly. The µCT images of the cross-sectional bone area 

revealed higher bone intensity in the nanocement groups (Fig. 6D). From a quantification, the bone volume 

and trabecular bone indices (trabecular number and thickness) were found to be significantly higher in the 

nanocement groups, particularly in Sr-BGnC while the trabecular spacing was decreased (Fig. 6E). This effect 

is possibly due to the therapeutic ions released from the nanocement as can be deduced from the results in the 

in vitro conditions (provided in Fig. 1Ciii & Table S1). However, the in vivo system is dynamic (time-

dependent and interactive with many types of cells) and open, which is different from the in vitro acellular 

closed system, making it difficult to directly correlate the two systems. While the in vivo measurement of the 

local ionic concentrations remain challenging, the increased bone density by the nanocement around the area 

even away from the implanted site (6 mm distanced) is noteworthy, suggesting the role of in vivo local ions 

possibly released from the nanocement in promoting osteoporotic bone regeneration.  

 

Figure 6. In vivo osteoporotic bone regeneration by Sr-BGnC in an ovariectomized rat model. (A) Schematic 
timeline for the in vivo study; a burr hole defect was created in rat tibia at 3-month post-induction of osteoporosis by 
ovariectomy, and the nanocement sample was implanted into the defect. After 8 weeks of implantation, the in vivo bone 
regeneration was evaluated by µCT and histology. (B,C) µCT analysis of cortical bone region; (B) µCT images showing 
neo-bone formation pseudo-colored in yellow according to the morphometric analysis (left, scale bar = 2 mm), and 3D 
reconstructed images of the neo-bone tissue (right), and (C) the quantitative analysis, showing the neo-bone volume 
(BV/TV) and bone mineral density (BMD). (D,E) µCT analysis of trabecular bone near the tibia condyle; (D) µCT images 
and (E) the quantitative analysis of the trabecular bone indices (bone volume, trabecular number, thickness and separation). 
* indicates p<0.05 between groups (n =5).  



 

 

Next, the defect areas were analyzed by H&E, MT, and IHC staining to investigate the regenerative process at 

cell and molecular levels. As shown in Fig. 7A, new bone formation was pronounced in the nanocement groups, 

particularly in Sr-BGnC which contrasted with the defect control where new bone formation was minimal. 

Interestingly, an osteoinduction-like bone formation was noticed around the nanocement surface which also 

experienced substantial degradation. Tissue samples were further immunohistochemically stained for detection 

of bone-formation (BSP, OCN) and -resorption (RANKL) related proteins (Fig. 7B). The defect control group 

showed a strong RANKL (red color) expression, which however, was significantly weakened in nanocement 

groups (down to ~10-30% w.r.t. control), especially in Sr-BGnC. On the other hand, the expression of BSP and 

OCN (green color) was significantly higher in nanocement groups (~300-400% w.r.t. control), particularly in 

Sr-BGnC. A number of osteoblasts were found in the new bone surrounding area (red arrowheads, Figure.7C). 

Of note, the number of osteoblasts counted from the H&E stained images was significantly different; Sr-BGnC 

>> BGnC >> control (Fig. 7C). Taken together, the Sr-BGnC was highly effective in the osteoporotic bone 

regeneration through multiple (dual) actions, i.e., increasing bone forming event while decreasing bone 

resorbing activity which ultimately resulted in overcoming the unbalanced bone remodeling process that 

otherwise would represent problematic osteoporotic symptoms.   



 

 
Figure 7. Histological evaluation of the in vivo osteoporotic bone defect regeneration by Sr-BGnC treatment. (A) 
H&E and (B) MT staining of the nanocements harvested with surrounding tissues at 8 weeks of post-implantation (scale 
bar = 1 mm and 200 μm for low and high magnification, respectively). The circle indicates the nanocement implant. (B) 
Immunohistochemical staining for bone resorption marker, RANKL (red) and bone formation markers, BSP and OCN 
(green) (scale bar = 200 μm). Tissues were counterstained with DAPI. Fluorescence intensity of each marker was 
quantitatively analyzed by Image J. (C) Analysis of the number of osteoblasts in the regenerated tissues. Red arrowheads 
indicate osteoblasts. The dotted line indicates boundary of the defect site (scale bar = 200 μm). * indicates p<0.05 between 
groups (n = 5). 

 



 

While here we focused on the osteoblastic and osteoclastic activity of the nanocements in bone regeneration, 

other biological properties such as angiogenesis might also be of special importance [79, 80]. From an in vitro 

experiment of angiogenesis (supplementary data, Fig. S7), we observed that the Sr-BGnC induced tubule 

formation of endothelial cells (HUVECs) in a similar level to the Sr-free nanocement (BGnC), which is known 

to be pro-angiogenic due to the release of silicate ions; furthermore, the nanocement samples tested in a rat 

subcutaneous tissue up to 4 weeks (supplementary data, Fig. S8) demonstrated that the Sr-BGnC had a 

substantial pro-angiogenic activity that was comparable to the Sr-free nanocement (BGnC), suggesting that 

the Sr-BGnC could preserve the pro-angiogenic capacity of the Sr-free nanocement, which might also 

positively function in bone regeneration in the osteoporotic conditions which yet needs further in-depth 

evaluations.  

 

3. Concluding remarks 

The findings in this study are schematically summarized in Fig. 8 that illustrates the multiple actions of the 

Sr-nanocement particularly mediated by the released ionic cues in terms of pro-osteogenesis and anti-

osteoclastogenesis (primarily), and pro-angiogenesis (additionally), under the osteoporotic conditions. The Sr-

BGnC releases triple ions (Sr, silicate, and Ca), among which those considered to be osteo-promotive (Sr, Ca) 

and pro-angiogenic (silicate) accelerate the bone forming process while those involved in osteoclastogenesis 

inhibition (Sr, silicate; either directly on osteoclasts or indirectly through osteoblasts) slow down the bone 

resorption events, which, collectively, coordinating balanced bone remodeling and regeneration, resolving the 

osteoporotic pathological conditions. In particular, the routes of osteoclastic inhibition actions of Sr-BGnC 

were not just directly on osteoclasts, but also through the stimulation of osteoblasts and their interplay with 

osteoclasts. The effectiveness of the Sr-BGnC in the osteoblasts/osteoclasts regulation was evidenced in an 

ovariectomized (osteoporotic) tibial defect model in rats over 8 weeks. While here we focused on the 

osteoclast/osteoblast interactions, there is growing evidence of the important roles of macrophages related with 

implanted biomaterials played in bone forming process [81-84] . Therefore, the interactions of macrophages 

with osteoblasts or osteogenic cells might be an important agenda that warrants further study. The examination 

of a secondary bone remodeling process following the healing step would also need to address the long-term 

effects of Sr-BGnC in osteoporotic bone. Lastly, the performance of the Sr-BGnC in large animal models is 

needed to find future clinical availability for the treatment of osteoporosis as therapeutic biomaterials. Along 

with the ionic actions, given the additional ability of the bioactive nanoglass to loading small molecules and 

proteins, the potential of the Sr-BGnC for bone therapeutics can be reinforced, which yet to be investigated in 

future studies.  



 

 

Figure. 8. Schematic summarizing the multiple-actions of Sr-BGnC in the regeneration of osteoporotic bone defect. 
The multiple actions of the Sr-nanocement particularly mediated by the released multiple ionic cues in terms of pro-
osteogenesis and anti-osteoclastogenesis (primarily), and pro-angiogenesis (additionally), under the osteoporotic 
conditions. The Sr-BGnC releases triple ions (Sr, silicate, and Ca), among which those considered to be osteo-promotive 
(Sr, Ca) and pro-angiogenic (silicate) accelerate the bone forming process while those involved in osteoclastogenesis 
inhibition (Sr, silicate) slow down the bone resorption events, which, collectively, coordinating balanced bone remodeling 
and regeneration, resolving the osteoporotic pathological conditions. In particular, the routes of osteoclastic inhibition 
actions of Sr-BGnC were not just directly on osteoclasts, but also through the stimulation of osteoblasts and their interplay 
with osteoclasts. The effectiveness of the Sr-BGnC in the osteoblasts/osteoclasts regulation was evidenced in an 
ovariectomized (osteoporotic) tibial defect model in rats over 8 weeks.   

 

 

4. MATERIALS AND METHODS 

4.1. Materials 

4.1.1. Preparation of nanoparticles (Sr-BGn) and nanocements (Sr-BGnC) 

Large pore-sized BG nanoparticles incorporated with Sr ions (0 and 5% w/w) were produced by a sol-gel 

method using hexadecyltrimethylammonium bromide (CTAB, H5882, Sigma Aldrich, Darmstadt, German) as 

a structural template. In a typical synthesis, CTAB (1g), calcium nitrate tetrahydrate (C1396, Sigma Aldrich) 

(0.141g) and strontium nitrate (204498, Sigma Aldrich) (0.084g) were dissolved in a mixture of water, ethanol 

anhydrous (459836, Sigma Aldrich) and ethyl ether (60-29-7, Sigma Aldrich) (7: 1: 2 (v/v/v), 200ml). 

Tetraethyl orthosilicate (TEOS, 333859, Sigma Aldrich) (1.4g) solution was added dropwise into the mixture 

under stirring. After 4 h of reaction, white precipitate particles were collected and washed with deionized water 

and ethanol. Samples were dried at 60°C overnight and subsequently calcined at 550°C for 10 h to remove the 



 

remaining CTAB and the organic template.  

To form nanocement, Sr-BGn powder was mixed with 2.5wt% NaH2PO4 liquid at various powder/liquid ratios 

(P/L ratios) in the range of 0.3 to 0.5. The cement paste was placed in a cylindrical mold (6 mm diameter x 4 

mm height), and then dried at 37°C with 100% humidity condition. BGn nanocement (BGnC) was also 

prepared by the same procedure as the Sr-BGnC preparation for comparison.  

4.1.2. Characterizations of samples  

The morphology and structure of the prepared nanocements were examined by using transmission electron 

microscopy (TEM, JEM-3010, JEOL Ltd, Tokyo, Japan). The atomic composition of samples was detected by 

energy dispersive spectroscopy (EDS, Oxford) attached to TEM. The phase of samples was confirmed by X-

ray diffraction (XRD, Rigaku, Ultima IV, Japan) with Cu Ka radiation at 40 mA and 40 kV, at a step size of 

0.02° and a scanning speed of 2.0°/min. The attenuated total reflectance–Fourier transform infrared 

spectroscopy (ATR–FTIR, Varian 640-IR) with a GladiATR diamond crystal accessory (026-2100, PIKE 

Technologies, Madision, USA) was used to examine the chemical bond structure. The zeta (ξ)-potential of the 

sample dispersed in DW was measured using a Laser Doppler electrophoresis (LDE) instrument (Zetasizer 

Nano ZS, Malvern, UK). The mesoporosity of the samples was characterized by N2 adsorption/desorption 

isothermal process. The surface area and pore volume were calculated based on the Brunauer–Emmett–Teller 

(BET) method and the average pore size was calculated according to the Barrett–Joyner–Halenda (BJH) 

method. 

4.1.3. Ionic release test 

Ions release of Sr-BGnC was monitored at 37°C for 14 days. Each sample was prepared as a disc shape (6 mm 

in diameter x 4 mm in thickness). One disc-shaped sample was soaked in Tris–HCl buffer (10ml, pH 7.4) at 

37 °C. The supernatant was collected at different time points and replaced with fresh buffer. Also, the ions 

released from both nanocements (BGnC, Sr-BGnC) in a-MEM were collected after 24 h of incubation at 37°C. 

The SrCl2 1 mM in a-MEM was used for a comparison group (free-Sr ions). The amount of ions released was 

measured by the inductively coupled plasma atomic emission spectrometry (ICP-AES, OPTIMA 4300 DV, 

Perkin-Elmer, USA). Three replicate samples were tested for each condition. 

 

4.2. In vitro cell studies 

The experimental details for the in vitro cell culture studies are summarized in Table 2.  

4.2.1. Nanocement samples for in vitro cell studies 



 

Sterilized nanocements (BGnC and Sr-BGnC) were incubated in 10 ml of a-MEM (SH30265.01, Hyclone, 

Utah, USA) containing 1% (v/v) penicillin-streptomycin (PS, 15140-122, Gibco, USA) at 37°C with a shaking 

speed of 120 rpm. After 24 h of extraction, the supernatant was collected by centrifugation at 3000 rpm for 5 

min and then filtered through a 0.22 µm pore syringe filter. Prior to the cell culture, fetal bovine serum (FBS, 

35-015-CV, Corning, Woodland, Ca) was added into the extracts at a concentration of 10% (v/v). In addition, 

a-MEM containing 1 mM SrCl2 was prepared as a control. 

4.2.2. Cells 

In vitro studies of osteogenesis and osteoclastogenesis were evaluated with pre-osteoblast cell line MC3T3-

E1 (ATCC, CRL-2593™) and pre-osteoclast cell line RAW 264.7 (ATCC, TIB-71™), respectively. Bone cell 

lines were obtained from the American type culture collection (ATCC, VA, USA). MC3T3-E1 cells were 

maintained in a-MEM without ascorbic acid (MEM- α, A1049001, Gibco, USA) including 10% (v/v) of FBS 

and 1% (v/v) PS under 5% CO2 and humidified atmosphere of 37°C. MC3T3-E1 cells were plated at a density 

of 1 x 105 in each well of 6-well plates. For the osteogenic stimulation, at 24 h after plating, the culture medium 

was replaced by the nanocement extracts supplemented with osteogenic differentiation factors including 50 

mg/ml L-ascorbic acid (11540, USB corporation, OH, USA), 10 mM b-glycerophosphate (G9422, Sigma 

Aldrich, USA) and 100 nM dexamethasone (Sigma Aldrich). The medium was changed every two days. After 

6 days of osteogenic differentiation, the culture supernatants were collected every two days (from day 8 to day 

12) for three times as conditioned media and subsequently treated to RAW264.7 cells. Prior to the treatment, 

the supernatants were centrifuged at 3000 rpm for 3 min to remove cell debris. RAW264.7 cells were cultured 

in Dulbeco’s modified Eagle medium (DMEM, LM 001-05 Welgene, South Korea) including 10% (v/v) of 

FBS and 1% (v/v) PS under 5% CO2 and humidified atmosphere of 37°C. Cells were seeded at a density of 1 

x 105 in each well of 6-well plates. After 24 h, the culture medium was replaced by the culture supernatant 

from MC3T3-E1 cells. For the osteoclast differentiation, the culture supernatant was supplemented with 50 

ng/ml of RANKL (310-01, Peprotech, NJ, USA), 10 ng/ml of M-CSF (315-02, Peprotech) and 1 ng/ml of 

TGF-b2 (7666-MB-005, R&D systems, MN, USA). The medium was changed every two days.  

Rat bone marrow derived mesenchymal stem cells (rMSCs) were isolated for the osteogenic differentiation 

study. All protocols involving animals were approved by the Animal Care and Use Committee of Dankook 

University. In brief, 5 weeks of adult male Sprague-Dawley rats were sacrificed and the proximal and distal 

femora and tibia were cut off and then flushed out with PBS. The collected tissues were washed with complete 

cell culture medium for 5 times and placed in a culture dish under a humidified atmosphere of 5% CO2 at 37°C. 

The cells at passage 3 were used for the study.  

4.2.3. ALP and ARS staining 

Alkaline phosphatase (ALP) and alizarin red S (ARS) staining was performed to detect the differentiation and 



 

mineralization of MC3T3-E1 and rMSC, respectively. For the ALP staining, cells were washed with phosphate 

buffered saline (PBS) and fixed with 4% (v/v) paraformaldehyde for 30 min. After washing with PBS three 

times, cells were stained with an ALP stain solution (Sigma, FAST BCIP/NBT tablet) prepared according to 

the manufacturer’s instructions. Briefly, one Sigma FAST BCIP/NBT tablet was dissolved in 10 ml DW and 

treated to the fixed cells for 1 h at 37°C incubator. The images were taken by a scanner (V300, EPSON BATAM, 

Indonesia) after washing with DW. For the ARS staining, cells were stained with an ARS solution (pH 4.2) at 

room temperature for 5 min. Cells were washed with DW five times and the images were taken by a scanner 

(V300, EPSON BATAM, Indonesia). The calcium deposits of the cells were dissolved in 10% (w/v) 

cetylpyridinium chloride (CPC, C0732, Sigma Aldrich, MO, USA) solution for 1 h at room temperature with 

shaking. The eluate was transferred to a 96-well plate and measured at 565 nm using a microplate reader 

(SpectraMax M2, Molecular device, USA). 

4.2.4. Gene expressions by quantitative real time PCR 

To evaluate the osteogenesis- and osteoclastogenesis-related gene expression, quantitative real-time 

polymerase chain reaction (qRT-PCR) was performed on cells. MC3T3-E1 cells were collected at day 3, 7, 

and 14 of culture in the osteogenic differentiation medium. The expression levels of osteogenesis-related genes 

including runt-related transcription factor 2 (Runx2), bone sialoprotein (Bsp), osteopontin (Opn) and 

osteocalcin (Ocn) were evaluated. The osteoclastogenesis-related gene expression was also investigated in 

RAW264.7 cells after 3 days of culture in the BGnC and Sr-BGnC extracts supplemented with osteoclast 

differentiation factors. The expression levels of osteoclastogenesis-related genes including calcium-sensing 

receptor (Casr), nuclear factor of activated T-cells-cytoplasmic 1 (Nfatc-1), Fos Proto-oncogene (c-fos), 

tartrate-resistant acid phosphatase type 5 (Acp5), cathepsin K (Ctsk), and matrix metalloproteinase-9 (Mmp9) 

were assessed. The qRT-PCR primers and their sequences are listed in Table 3.  

After cells were collected, mRNA was isolated using Ribospin kit (GeneAll, 304-150, Seoul, Korea) according 

to the manufacturer’s instructions. cDNA was subsequently synthesized using AccuPower PCR premix 

(Bioneer, K-2011, Deajeon, Korea) and the reverse transcription was performed using a thermal cycler (HID 

Veriti® 96-Well Thermal Cycler, 447907, Applied Biosystems, Singapore). For qRT-PCR, SensiMix™ SYBR 

Hi-ROX kit (Bioline, QT605-05) with additional MgCl2 (BIO-37026, Bioline) was used and qRT-PCR 

performed by StepOneTM Plus (Applied Biosystems). The fold change of the gene expression was calculated 

by comparative Ct method (2−ΔΔCt) and normalized to an endogenous housekeeping gene, GAPDH. 

4.2.5. TRAP staining and activity assay 

The RAW 264.7 cells were cultured in complete a-MEM or in osteoblast-conditioned medium in the presence 

of osteoclast differentiation factors for 6 days and were harvested for the further studies. After 6 days of culture, 

cells were fixed with 10% (v/v) of formalin neutral buffer solution (Tech & Innovation) for 30 min at room 



 

temperature and stained with TRAP solution (MK300, TAKARA biomedical, Japan) for 30 min at 37°C. To 

stop the extra staining, cells were washed with DW and analyzed under a light microscope (IX71, Olympus, 

Tokyo, Japan). The TRAP activity was measured using TRAP assay kit (MK301, TAKARA biomedical, Japan) 

according to the manufacturer's instructions. 

4.2.6. Pit formation assay 

The bone resorption activity of differentiated RAW264.7 cells were evaluated by a pit formation assay. 

RAW264.7 cells were seeded at a density of 2x104 cells per well of Osteo Assay Plate (CLS3987, Corning, 

ME, USA). The osteoclast maturation of RAW264.7 cells was induced by the culture supernatant of MC3T3-

E1 cells supplemented with osteoclast differentiation factors. After 6 days of the induction, cells were removed 

by treating 5% (v/v) bleach and imaged by an optical microscope. The pit area was quantified by ImageJ 

software (National Institutes of Health, Bethesda, MD, USA). 

4.2.7. Western blot  

For total protein extraction, RAW264.7 cells were lysed in RIPA lysis buffer (EBA-1149, ELPIS biotech, 

Korea) containing protease inhibitor (Halt™ Protease and Phosphatase Inhibitor Cocktail (100X), 78440, 

Thermo Scientific, USA). The total protein concentration was quantified using a Pierce BCA protein assay kit 

(23225, Thermo scientific). An equal amount of total proteins per lane was electrophoresed in polyacrylamide 

gels and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 

5% (w/v) skim milk (BD Biosciences, Sparks, MD, USA) in TBST solution for 1 h, and then incubated with 

primary antibodies in 1% (w/v) skim milk in TBST solution at 4°C overnight against NFkB (nuclear factor 

kappa-light-chain-enhancer of activated B cells), MAPK (mitogen-activated protein kinase), ERK 1/2 

(Extracellular signal-regulated kinases), NFATc1, or β-actin. After washing with TBS-T (Tris-Buffered Saline-

0.1% Tween), the membranes were further incubated with secondary antibodies at room temperature for 1 h. 

The signals were detected using Western Blot Imaging system (ibright FL1500, Invitrogen, Singapore) and the 

band intensity was normalized with β-actin and quantified by ImageJ. 

4.2.8. Evaluation of transcriptional activity by luciferase reporter assay  

Transcriptional activity of 6XOSE and OG2 was measured using luciferase reporter assay. MC3T3-E1 cells 

(1x106 per well of 6-well plates) were cultured for 5 days and transfected with luciferase reporter gene plasmids 

using CalFectin mammalian Cell Transfection Reagent (SL100478, Signagen, USA). The nanocement extracts 

were treated to cells after 24 h of transfection and the luciferase activity was detected after 3 days of additional 

culture.  

RAW264.7 (1x106) cells were transfected with NFATc1 luciferase reporter gene plasmids using 

Lipofectamine™ 3000 Transfection Reagent (L3000008, Life technologies, California, USA). Renilla, a 



 

luciferase control reporter vector (E2231, pRLTK, Promega) plasmids, was used as a normalization control to 

confirm the transfection efficiency. After 24 h of transfection, cells were harvested and seeded at a density of 

1x105 cells per well of 6-well plates. On the next day, cells were treated with BGnC or Sr-BGnC extracts 

supplemented with osteoclast differentiation factors for 48 h. The luciferase activity was evaluated by Dual 

glow luciferase assay (E2920, Promega, MA, USA) and the luminescence was measured using a microplate 

reader (Varioskan LUX, Thermofisher Scientific, Singapore). 

4.2.9. ELISA for OPG and RANKL 

The culture supernatants collected from MC3T3-E1 and RAW246.7 cells undergoing the differentiation were 

collected respectively and the amount of OPG (ab100733) and RANKL (ab100749, Abcam, MA, USA) in the 

supernatants of pre-osteoblast cells and pre-osteoclast cells were quantified by sandwich ELISA as 

manufacturer’s protocol. All the supernatants were centrifuged at 1500 rpm for 10 min to remove cell debris 

before the assay. Absorbance was measured at 450 nm using microplate reader (iMark, Biorad, USA) and the 

OD value was converted based on a standard curve. Data was obtained from two independent biological 

replicates (n = 3 each time). 

 

4.3. In vivo animal studies 

4.3.1. Tissue compatibility in subcutaneous tissue 

Tissue compatibility of the nanocements was evaluated in the subcutaneous tissue of 10-week-old male 

Sprague-Dawley rats. The animal protocol was approved by the Institutional Animal Care and Use Committee 

(IACUC) in Dankook University. Briefly, the nanocements were sterilized with ethylene oxide gas treatment 

prior to implantation. The surgery was performed under general anesthesia with an intramuscular injection of 

ketamine (80 mg/kg) and xylazine (10 mg/kg). The operatory region of dorsal skin was shaved and achieved 

asepsis condition by applying povidone and ethanol. A subcutaneous pocket was made followed by a long 

linear incision and one cement was inserted into the pocket. Four of the nanocements (6 mm in diameter x 4 

mm in height) were implanted in each rat and the group was randomly allocated. The incision was sutured 

after the implantation with 4-0 non-absorbable mono-filament suture material (Prolene, Braun, Germany). The 

animals were sacrificed after 2 and 4 weeks of surgery and the implanted samples were collected with the 

surrounding tissues for histology. The collected samples were fixed in 10 % (v/v) neutral buffered formalin 

(NBF) and dehydrated in a series of graded ethanol. The samples were bisected and embedded in paraffin. The 

paraffin blocks were sectioned with a microtome (Leica RM2255, USA) in 5-µm thickness, and then 4 sections 

were randomly selected for the staining with hematoxylin and eosin (H&E) or Masson’s trichrome (MT). The 

images of the stained samples were taken by a light microscope and the new blood vessel formation of the 

tissue was analyzed by Image J. 



 

4.3.2. Ovariectomized osteoporotic bone defect model 

The nanocements were implanted in tibia defects of an ovariectomy-induced osteoporotic defect model in rats. 

A total of nine ovariectomized rats and both legs were used for the implantation. The implants were randomly 

assigned as intact (n=3), Sham control (n=5), BGnC (n=5), or Sr-BGnC (n=5) group. After 12 weeks of 

ovariectomy, the animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) through 

intraperitoneal injection for following burr-hole defect operation. Each hindlimb was shaved and sterilized 

with 70% ethanol. A 2 cm of longitudinal incision was made on the anteromedial side of the tibia, and the 

tibialis anterior muscle was bluntly dissected. The cylindrical defect (2 mm in diameter x 2 mm in depth) was 

made on the middle of the anteromedial side (10 mm away from the growth plate, equal to 6 mm from the 

trabecular bone) using a low-speed round diamond burr under continuous saline irrigation. Each nanocement 

(2 mm diameter x 2 mm height) was placed in the defect and the muscle incision was sutured by the simple 

interrupted suture with 4-0 Dafilon®.  

4.3.3. In vivo tissue sample analyses 

The animals were sacrificed at 8 weeks post-operation, and µCT analysis was performed to visualize the hard 

tissue formation [85]. The defect was visualized using a µCT scanner (SkyScan, Belgium) with a camera pixel 

size of 12.56 mm/1 mm aluminum. The collected tissue samples were fixed in 4% (v/v) neutral buffered 

formalin and subsequently decalcified in fast decalcified solution, followed by embedding in paraffin. 

For histological analysis, tissue slices (5 μm thickness) were stained with H&E and MT. For 

immunohistochemical (IHC) staining, the tissue slides were incubated with primary antibodies against 

RANKL (1:200), BSP (1:200), OCN (1:200) at 4°C overnight, followed by treatment of Alexa Flour® 594 or 

488-conjugated secondary antibodies at room temperature for 1 h. Nuclei were counterstained with DAPI 

(P36935, Invitrogen). Images were taken with a microscope (IX71, Olympus, Japan) and the fluorescence 

intensity was quantified by ImageJ. 

 
4.4. Statistics  

Data are presented as the mean ± one standard deviation. Comparisons among groups were carried out using 

one-way analysis of variance (ANOVA) with Bonferroni post hoc test. Statistical significance was considered 

at *p < 0.05 and **p <0.01. 
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Supplementary Data  

 

 

 

Figure S1. Characteristics of nanoglasses (BGn and Sr-BGn). (A) FT-IR spectra, (B) TEM image of BGn 
(scale bar = 100 nm), (C) EDS spectra, (D) XRD patterns. XRD patterns indicate the amorphous phase of 
nanoglass samples, (E) BET nitrogen adsorption/desorption curves, (F) summary of properties including 
surface area, average pore size, total pore volume and zeta-potential.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. TEM image of BGn during setting reaction (scale bar = 100 nm). Arrows indicate nano-precipitates 
formed on the surface of the nanoparticles.  



 

 

Figure S3. XRD patterns of the nanocements after cementation.  
  



 

 

 

 

Figure S4. Analyses of Sr-BGnC after mineralization in SBF for different periods: (A) BET, (B) XRD, and 
(C) FT-IR.  

 
  



 

 

Table S1. Ionic extracts from the nanocement samples used for cell cultures.  

 

 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. In vitro cell viability on the nanocements prepared at various extract dilutions. Cell viability tested 
with MC3T3-E1 (A), RAW264.7 (B), HUVEC (C) and rat MSC (D) treated with the nanocement extracts for 
1 day or 2 days. Serial dilutes (from 1/2 to 1/128) were treated to cells. 

 
  



 

 

Figure S6. Effects of nanocements on osteogenic differentiation of rat MSCs: (A) ALP at day 7, and (B) ARS 
at day 21.  

 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. In vitro pro-angiogenic capacity of Sr-BGnC. The nanocement extracts were treated to HUVECs 
seeded on a Matrigel-coated plate for 3 h. (A) Optical images of the tubule formation. (B) Image analysis 
results of the number of node and node master junction, total segments length and total mesh area. *p<0.05 
versus control (Ctrl).  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. In vivo tissue compatibility and pro-angiogenic capacity of Sr-BGnC assessed in rat subcutaneous 
tissue. The implanted nanocements were harvested at 2- and 4-week post-implantation; (A) Gross images at 2 
weeks, and (B) histological analyses by Masson’s trichrome (MT) and H&E staining (scale bar = 500 μm and 
200 μm in low and high magnification images, respectively). ‘c’ is implanted area, and blue arrows indicate 
neo-blood vessels. The number (C) and area (D) of blood vessels were analyzed by Image J. 
 

  



 

Table S2. Summary of experimental details of the in vitro cell studies. 

 

 

 


