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Bioactive glass-ceramic for bone tissue 
engineering: an in vitro and in vivo 
study focusing on osteoclasts

Abstract: Despite the crucial role of osteoclasts in the physiological 
process of bone repair, most bone tissue engineering strategies have 
focused on osteoblast-biomaterial interactions. Although Biosilicate® 
with two crystalline phases (BioS-2P) exhibits osteogenic properties 
and significant bone formation, its effects on osteoclasts are unknown. 
This study aimed to investigate the in vitro and in vivo effects of BioS-2P 
on osteoclast differentiation and activity. RAW 264.7 cells were cultured 
in osteoclastogenic medium (OCM) or OCM conditioned with BioS-2P 
(OCM-BioS-2P), and the cell morphology, viability, and osteoclast 
differentiation were evaluated. BioS-2P scaffolds were implanted 
into rat calvarial defects, and the bone tissue was evaluated using 
tartrate-resistant acid phosphatase (TRAP) staining and RT-polymerase 
chain reaction (PCR) after 2 and 4 weeks to determine the gene 
expressions of osteoclast markers and compare them with those of 
the bone grown in empty defects (Control). OCM-BioS-2P favored 
osteoclast viability and activity, as evidenced by an increase in the 
TRAP-positive cells and matrix resorption. The bone tissue grown on 
BioS-2P scaffolds exhibited higher expression of the osteoclast marker 
genes (Ctsk, Mmp 9, Rank) after 2 and 4 weeks and the RankL/Opg 
ratio after 2 weeks. Trap gene expression was lower at 2 weeks, and 
a higher number of TRAP-stained areas were observed in the newly 
formed bone on BioS-2P scaffolds at both 2 and 4 weeks compared to 
the Controls. These results enhanced our understanding of the role of 
bioactive glass-ceramics in bone repair, and highlighted their role in 
the modulation of osteoclastic activities and promotion of interactions 
between bone tissues and biomaterials.

Keywords: Biocompatible Materials; Osteoclasts; Bone and Bones; 
Tissue Engineering.

Introduction

The increasing clinical demand for bone regeneration has encouraged 
the development of porous scaffold biomaterials for tissue engineering-
based therapies. The ideal biomaterial should be three-dimensional, 
resorbable, biocompatible, porous, and exhibit sufficient mechanical 
strength.1,2 Bioactive glasses have emerged as a promising alternative due 
to their superior biocompatibility and osteoinductive characteristics,3,4,5 
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although their poor mechanical properties often 
have limited their applications.

Biosilicate®, a new bioactive glass ceramic with 
two crystalline phases (BioS-2P), was developed to 
enhance the mechanical features of glass-ceramics 
without affecting their biocompatibility.6,7 BioS-2P 
exhibits osteoinductive and osteogenic properties which 
promote differentiation of the mesenchymal stem cells 
into osteoblasts and increase osteoblast activity in vitro.8 
Additionally, in vivo data have shown that BioS-2P is a 
biocompatible material with osteoconductive properties, 
resulting in meaningful bone formation.8,9,10

Studies on biomaterials in bone tissue engineering 
strategies have focused on osteoblast and bone 
formation; however, physiological bone regeneration 
is the result of a variety of events and is characterized 
by a balance between the anabolic activities of 
osteoblasts and catabolic activities of osteoclasts. 
The latter originate from hematopoietic progenitors 
of the macrophage cell lineage that differentiate into 
multinucleated cells by cell fusion. They represent a 
single cell type capable of degrading the mineralized 
matrix and play a crucial role in bone remodeling.12,13 
In the presence of biomaterials, osteoclasts migrate 
to scaffolds and begin the resorption process, 
contributing to chemical dissolution (physicochemical 
degradation);14 therefore, an ideal bone substitute 
should affect both osteoblasts and osteoclasts to 
achieve effective bone remodeling.

Although variations in the physicochemical 
compositions of biomaterials affect the activity 
of osteoclasts, there is limited evidence on their 
interactions.14,15,16 Although several studies have 
demonstrated the role of biomaterials in favoring 
osteogenesis in the presence of osteoclast inhibition, 
the actual effects of the biomaterials on osteoclasts and 
bone resorption are often under-explored. Thus, this 
study aims to evaluate the in vitro and in vivo effects 
of BioS-2P on osteoclast differentiation and activity 
to explore their role in the bone-remodeling process.

Methodology

Sample preparation and characterization 
Solid discs of BioS-2P were prepared as previously 

described.8 Briefly, chemical reagents composed 

of high-purity silica, calcium carbonate, sodium 
carbonate, and monosodium phosphate (JT Baker, 
Allentown, USA) were blended and melted at 1,350°C 
for 4 hours (h) to produce Biosilicate® (24.5Na2O-
24.5CaO-45SiO2-6P2O5 - wt.%), followed by an 
additional heat treatment to obtain BioS-2P cylinder 
samples, which were cut into discs measuring 12 
mm in diameter and 3 mm in height. The discs 
were ground with silicon carbide paper (grit#400), 
cleaned using anhydrous isopropyl alcohol in an 
ultrasonic cleaner for 10 minutes (min), and sterilized 
in dry heat at 180°C for 2 h. BioS-2P scaffolds were 
prepared as previously described.17 Powered BioS-2P 
was mixed with carbon black (80 vol.%), dried, 
isostatically pressed at 200 MPa, and sintered at 
975°C for 5 h. Porous scaffolds measuring 5 mm in 
diameter and 2 mm in height were sterilized using 
dry heat at 180°C for 2 h.

The disc and scaffold samples were analyzed 
using X-ray diffraction (XRD) (Ultima IV, Rigaku, 
Tokyo, Japan) from 15º to 90º in step scan mode 
(0.01°) with a counting time of 2 seconds (s) to 
confirm the presence of the crystalline phases. 
The powered sintered scaffolds (n = 3) and ground 
disc (n = 1) were analyzed, and the crystalline 
phases were identified using the Crystallographica  
Search-Match software (version 2.1.1.1) (Oxford 
Cryosystems, Murray Hill, USA).

Effect of osteoclastogenic medium 
conditioned with BioS-2P on RANKL-
induced osteoclastogenesis

Preparation of osteoclastogenic medium 
conditioned with BioS-2P 

The BioS-2P discs were first incubated with 
D-MEM (0.2 g/mL; Gibco, Grand Island, USA) for 24 
h. The BioS-2P conditioned medium was collected 
and 10% fetal bovine serum (FBS, Gibco), 100 µg/
mL streptomycin, 100 IU/mL penicillin (Gibco), and 
50 ng/mL of RANKL (PeproTech, Rocky Hill, USA) 
were added to generate an osteoclastogenic medium 
(OCM) conditioned with BioS-2P (OCM-BioS-2P). OCM 
unexposed to BioS-2P was used as control (OCM-
Control). The OCM-BioS-2P was freshly produced 
every 48 h to change the medium of the cell cultures.
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Cell culture
The RAW 264.7 mouse macrophage cell line 

(ATCC, Manassas, USA) was cultured with OCM-
BioS-2P or OCM-Control. The cells were seeded at the 
following densities, according to the experiment: cell 
morphology analysis: 1x104 on Thermanox® coverslips 
(Nunc, Rochester, USA) in 24-well plates (Corning Inc, 
Corning, USA); osteoclast viability and activity assays: 
5x103 in 96-well plates (Corning); resorption assay: 
5x103 in Osteo Assay 96-well Strip Plate (Corning). 
The cells were kept in a 5% CO2 incubator at 37°C, 
the medium was changed every 48 h and the culture 
progression was evaluated using an inverted phase 
microscope (Zeiss, Jena, Germany).

Cell morphology 
Cell morphology was assessed by direct 

fluorescence. After 24 and 72 h, the cells exposed 
to OCM-BioS-2P and OCM-Control were fixed 
in 4% paraformaldehyde (Merck, Darmstadt, 
Germany) for 10 min and permeabilized with 
Triton X-100 0.5% (Acros Organics, Geel, Belgium). 
Alexa Fluor 488 conjugated with phalloidin 
(Molecular Probes, Eugene, USA) 1:200, and 
4’,6-diamidino-2-phenylindole, dihydrochloride 
300 (DAPI) (Molecular Probes) were used to stain 
the actin cytoskeleton and nuclei, respectively. Cell 
morphology was examined under epifluorescence 
using an Axio Imager microscope (Zeiss) attached 
to an AxionCam MRm (Zeiss) digital camera. The 
images were merged using the AxionVision 4.8 
software (Zeiss) (n = 3).

Cell viability
C e l l  v i a b i l i t y  w a s  a s s e s s e d  u s i n g  a 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide] (MTT) (Sigma-Aldrich, St Louis, USA) 
assay. After 3, 5, and 7 days, cells were incubated 
with 5 mg/mL of MTT in phosphate buffered 
saline (PBS, Gibco) at 37°C for 4 h. The solution was 
replaced by acidified isopropanol [0.04 N HCl in 
isopropanol (Merck)] and agitated for 5 min. The 
absorbance was measured as optical density at 570 
nm (n = 5) using a μQuant plate reader (Biotek, 
Winooski, USA). Wells without cells were used as 
baseline zero.

Osteoclast activity
a. TRAP staining assay: After 5 days, tartrate-

resistant acid phosphatase (TRAP) stain 
analysis was performed using the leukocyte 
acid phosphatase kit (procedure 387, Sigma-
Aldrich) according to the manufacturer’s 
protocol. Briefly, the medium was removed, 
cells were washed at 37°C with deionized water, 
and fixed for 30 s, at room temperature (RT). 
Thereafter, the cells were stained with TRAP 
staining solution and incubated at 37°C in 
humidified atmosphere. After 1 h, the cells were 
washed with 37°C deionized water and dried at 
RT. The images of five wells in each group were 
acquired using a stereomicroscope coupled to 
a Leica DC 300F high-resolution digital camera 
(Leica Biosystem, Wetzlar, Germany), and 
the TRAP-stained areas were quantified by 
pixel count using a LASV 4.0 Image Analysis 
Software (Leica). Data were expressed as a 
percentage of the total area (n = 5).

b. Resorption assay: The cells were cultured in 
an Osteo Assay Stripwell Plate (Corning) 
using expansion medium for 24 h to allow 
cell adhesion. Subsequently, the medium was 
changed to OCM-BioS-2P or OCM-Control (n = 
5). As negative controls, wells were incubated 
with OCM-BioS-2P (n = 2) or OCM-Control 
(n = 2) in the absence of cells. After 7 days, 
2.5% sodium hypochlorite bleaching solution 
(Rioquímica, São José do Rio Preto, Brazil) was 
added to remove adhered cells, and the wells 
were washed and dried at RT. The images were 
acquired using a stereomicroscope coupled to 
a Leica DC 300F high-resolution digital camera 
(Leica), and resorption areas were quantified 
using the LASV 4.0 Image Analysis Software 
(Leica). Data were expressed as a percentage of 
the total area (n=5).

Effect of BioS-2P on in vivo osteoclast activity
A l l  pro cedu res  were  conducted u nder 

the guidelines of the Committee of Ethics in 
Animal Research of the University of São Paulo 
(#2016.1.840.58.8). The sample size was calculated 
based on our previously published studies that 
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used the same experimental model and analyses,8,18 
assuming 95% confidence interval or 5% level of 
significance and according to the ethical and “3R’s” 
principles of animal experimentation.

Surgical implantation of BioS-2P scaffold
Forty male Wistar rats weighing 150–200 g were 

anesthetized using an intraperitoneal injection 
containing 7 mg/100 g of Ketamine (Agener União, 
São Paulo, Brazil) and 0.6 mg/100 g of Xylazine 
(Calier, Osasco, Brazil). A surgical incision was made 
to expose the parietal bone. A trephine bur was used 
to create an unilateral 5-mm diameter bone defects 
that were immediately implanted with BioS-2P 
scaffolds, followed by a skin suture. The animals were 
treated with single doses of intramuscular antibiotics 
(50.000 UI/kg, Pentabiotic; Fort Dodge, Campinas, 
Brazil) and anti-inflammatory analgesics [Flunixin 
meglumine (0.25 mg/100 g); Schering-Plough, Union, 
USA]. Empty defects were used as controls. The 
animals were euthanized after 2 and 4 weeks and 
the calvariae were harvested for evaluation of gene 
expression (n = 5 animals per period and group, total 
n = 20 animals) and histological and histochemical 
analysis (n = 5 animals per period and group, total 
n = 20 animals).

Gene expression of osteoclast markers 
Quantitative real-time polymerase chain reaction 

(PCR) was carried out at 2 and 4 weeks to evaluate 
the gene expression of tartrate-resistant acid 
phosphatase (Trap), cathepsin K (Ctsk), matrix 
metallopeptidase 9 (Mmp9), receptor activator of 
nuclear factor kappa B (Rank), rank ligand (RankL), 
and osteoprotegerin (Opg). The total RNA was 
extracted using Trizol (Invitrogen, Carlsbad, USA) 
and isolated using an SV Total RNA Isolation 
Kit (Promega, Madison, USA) according to the 
manufacturer’s instructions. RNA concentration 
and purity were evaluated using a GeneQuant® 
spectrophotometer (GE Healthcare, Chicago, 
USA), and integrity was examined using the 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, USA). 
A complementary DNA (cDNA) was synthesized 
with a High Capacity Kit (Invitrogen) using 1 
mg of total RNA through a reverse transcription 

reaction. Real-time PCR was conducted in a Step 
One Plus Real-Time PCR System (Thermo Fisher, 
Waltham, USA) using the Taqman PCR Master 
Mix (Thermo Fisher) and selected probes for the 
target genes (Thermo Fisher) (n = 4; Table 1). To 
generate precise and reliable data, four candidate 
housekeeping genes (Actb, Gapdh, Rplp-2, Hprt1) 
were evaluated using RT-PCR, and the Rplp-2 
was selected based on its expression stability in 
all groups. The gene expression was normalized 
by Rplp-2, and the changes were relative to gene 
expression of the control group at 2 weeks using 
the 2−ΔΔCt method.19

TRAP staining 
TRAP staining was performed at 2 and 4 weeks 

to evaluate the osteoclastic activity of newly formed 
bone in contact with the BioS-2P scaffolds and to 
compare it with that of the control defects. The 
harvested calvariae were fixed in formalin (Merck), 
decalcified in buffered Ethylenediaminetetraacetic 
acid (Merck), dehydrated in an ethanol series 
(Merck), and embedded in paraffin (Merck). Five-
micrometer thick sections were obtained from the 
central regions of the samples and five histological 
sections from each animal were selected, resulting 
in 25 sections for each group and experimental 
time. All histological sections were stained using 
the TRAP kit (Sigma-Aldrich) and counterstained 

Table 1. Predesigned TaqMan Probes.

Target gene Acession nº Amplicon lenght

Trap Rn00569608_m1 95

Ctsk Rn00580723_m1 69

Mmp9 Rn00579162_m1 72

Rank Rn04340164_m1 63

RankL Rn00589289_m1 69

Opg Rn00563499_m1 75

Rplp2 Rn01479927_m1 130

Trap: tartrate-resistant acid phosphatase, Ctsk: cathepsin K, Mmp9: 
matrix metallopeptidase 9, Rank: receptor activator of nuclear 
factor kappa B, RankL: Rank ligand, Opg: osteoprotegerin and 
Rplp2: ribosomal protein lateral stalk subunit P2.
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with 1% light green (Merck) according to the 
manufacturer’s protocol. To ensure that all stained 
areas across the section is counted, images were 
obtained at 10x magnification from the two edges 
and the center of the defects. These images were 
acquired using a light microscope (Leica) coupled 
to a digital camera (Leica). Positive TRAP areas 
were quantified by pixel counting and expressed 
as a percentage of the total tissue area using the 
LASV 4.0 Image Analysis Software (Leica). For 
qualitative evaluation, images at 40x magnification 
were also acquired following the same protocol.

Hematoxylin and Eosin (H&E) and Masson’s 
Trichrome (MT) staining 

For qualitative evaluation of the microstructure 
of the bone and connective tissues surrounding the 
BioS-2P after 4 weeks, the samples were processed as 
described above and the histological sections were 
stained with H&E (Merck) and Masson’s Trichrome 
(Merck) according to the manufacturer’s protocol. 
Images were obtained using a light microscope (Leica) 
attached to a digital camera (Leica).

Bone formation and BioS-2P resorption
The amount of new bone and the rate of BioS-2P 

degradation were evaluated using histometric 
analysis. For this, 10x magnification images of three 
sections per group/per animal were selected (H&E), 
and the measurements were performed using the 
GRID plugin of the Image-J software (National 
Institutes of Health, Bethesda, USA) containing 
108 equidistant intersection points (with a per 
point area of 2,600 μm2). The grid was positioned 
over the image, and the points that overlapped the 
newly formed bone and BioS-2P were counted. Data 
were expressed as percentages of the total number 
of points.

Statistical analysis 
The quantitative data were compared using 

parametric t-test or analysis of variance (ANOVA) 
followed by the Student-Newman-Keuls test when 
indicated (Sigma Plot 11.0 Systat Software Inc.,  
San Jose, USA). The significance level was set at  
5% (p ≤ 0.05).

Results

BioS-2P presents two crystalline phases composed 
of sodium calcium silicate (Na2CaSi2O6) and sodium 
calcium phosphate (NaCaPO4; a secondary crystalline 
phase) crystals (approximately 5 vol. %) that grow at 
the grain boundaries of the main phase (Na2CaSi2O6). 
These crystalline phases were identified on both 
scaffolds and solid discs, and no signs of residual 
amorphous phase were detected. The XRD spectra 
confirmed that the main crystalline phase in BioS-2P 
was Na2CaSi2O6, followed by NaCaPO4 that presented 
three main diffraction peaks at 23.3°C, 32.7°C, and 
47.5°C (Figure 1). The lower peak intensity of the 
second crystalline phase indicated lower crystallized 
volume fraction (Figure 1).

Effect of OCM-BioS-2P on RANKL-induced 
osteoclastogenesis

No noticeable differences in cell morphology were 
observed after 24 and 72 h of incubation in OCM-
Control and OCM-BioS-2P cultures (Figure 2). At 24 h, 
RAW 264.7 cells were predominantly round-shaped, 
surrounded by a ring of actin filaments with few 
extensions at the cell edges (Figures 2A and C). After 
72 h, the cells exhibited a morphological modification 

Figure 1. X-ray diffraction (XRD) patterns of solid discs of 
Biosilicate® with two crystalline phases (BioS-2P) and BioS-2P 
powdered scaffolds, showing the presence of both sodium 
calcium silicate (Na2CaSi2O6) and sodium calcium phosphate 
(NaCaPO4) crystalline phases.
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evidenced by multiple cytoplasmic projections and 
cell fusion, indicating that osteoclast differentiation 
was induced by RANKL irrespective of the presence 
of OCM-BioS-2P (Figures 2B and D).

Cell viability significantly differed between 
experimental periods after treatment (Figure 3A; two-
way ANOVA, p = 0.013). While no differences were 
noticed between the groups on day 3, the cultures 
of OCM-BioS-2P favored viability on days 5 and 7. 
Conversely, no significant changes in cell viability 
were detected in OCM-Control cultures from days 
3 to 5, although a decline was evident on day 7. 
Furthermore, cells incubated with OCM-BioS-2P 
presented a peak viability on day 5 that remained 
unaltered until day 7 (Figure 3A).

Cultures incubated with OCM-BioS-2P presented 
significantly higher TRAP staining areas compared 
to those incubated with OCM-Controls (t-test, p = 
0.004, Figure 3B). Furthermore, the resorption pits 

and quantified resorbed areas were significantly 
more evident in cultures grown on OCM-BioS-2P 
compared to those in OCM-Controls (t-test,  
p = 0.007, Figure 3C). Overall, these data indicated 
that OCM-BioS-2P favored osteoclast differentiation 
and activity.

Effect of BioS-2P on in vivo osteoclast activity
None of the animals presented any surgical 

complications, and the postoperative period was 
uneventful. The RNA isolation and extraction 
method ensured RNA samples with RNA integrity 
number (RIN) over 7.1, which was suitable for gene 
expression analysis (Table 2). All evaluated genes 
exhibited decreased expression in both groups 
from 2 to 4 weeks (Figure 4). The gene expression 
of Trap was significantly higher in the control group 
than in the experimental group at 2 weeks, while 
no difference was noticed between the groups at 

Figure 2. Effect of osteoclastogenic medium (OCM) conditioned with Biosilicate® with two crystalline phases (OCM-BioS-2P) on 
RAW 264.7 cell morphology, compared to OCM-Control (OCM-Control). RAW 264.7 incubated with OCM-Control (OCM-Control) 
for (A) 24 hours and (B) 72 hours. RAW 264.7 incubated with OCM-BioS-2P for (C) 24 hours and (D) 72 hours. Magnification: 
40X. Scale bar: 50 mm.

OCM-Control – 24 hours OCM-Control – 72 hours

OCM-BioS-2P – 24 hours OCM-BioS-2P – 72 hours

A B

C D
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4 weeks (Figure 4, one-way ANOVA: p < 0.001). 
Significantly higher expressions of Ctsk, Mmp9, 
and Rank (Figure 4, one-way ANOVA: p <0.001 for 
all genes) were detected in the experimental group 
compared to the control group at both 2 and 4 weeks. 
The RankL / Opg ratio was significantly higher in 
the experimental group than in the control group at 
2 weeks, while no difference was noticed at 4 weeks 
(Figure 4, one-way ANOVA: p < 0.001).

Histological analyses of the edges of the bone 
defects in the control group revealed lamellar bone 
tissue adjacent to TRAP-stained areas at 2 and 4 weeks 
(Figures 5A and B). Conversely, the experimental group 
exhibited a higher amount of TRAP-stained areas at 
the edges of the defects, particularly after 4 weeks 
(Figures 5C and D). Quantification of the TRAP areas 
confirmed the histological evidence, with the TRAP 
areas at the edges of the control defects being similar 
from 2 to 4 weeks in the control group and increasing 
over time (4 > 2 weeks) in the experimental group. 
Although, no differences were observed between 
the groups at 2 weeks, the TRAP areas were higher 
in the BioS-2P group compared to the control group 
(Figure 5E, one-way ANOVA: p = 0.039) at 4 weeks.

A fibrous tissue of varying density was noticed at 
the center of the defects and the presence of TRAP-
stained areas was few and scattered, especially at 2 
weeks (Figures 6A and B). TRAP-stained areas were 
present at the center of the defect and in contact with 
the BioS-2P at both 2 and 4 weeks in the experimental 
group (Figures 6C and D), and quantification of 
these areas confirmed the histological evidence. The 
TRAP area was higher at the center of the defect 
in the experimental group compared to the control 
group at both 2 and 4 weeks (Figure 6E, one-way 
ANOVA: p = 0.023).

Figure 3. Effect of osteoclastogenic medium (OCM) 
conditioned with Biosilicate® with two crystalline phases (OCM-
BioS-2P) on cell viability and osteoclast activity, compared to 
OCM-Control (OCM-Control). (A) Cell viability was higher 
in cultures incubated with OCM-BioS-2P for 5 and 7 days. 
(B) Representative images and percentage of areas stained by 
tartrate-resistant acid phosphatase (TRAP) in cells incubated 
with OCM-BioS-2P compared to OCM-Control at 5 days. 
(C) Representative images of resorption pits and percentage 
of resorbed areas of cells incubated with OCM-BioS-2P 
compared to OCM-Control at 7 days. Data are presented 
as mean ± standard deviation (n = 5). Different letters 
and asterisks (*) indicate statistically significant differences 
(p ≤ 0.05). Magnification: 10X. Scale bar: 200 mm.
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Table 2. RNA integrity number of newly formed bone in 
calvariae defects implanted with BioS-2P and without treatment 
(Control) after 2 and 4 weeks.

 Control BioS-2P

Time (weeks) 2 4 2 4

RIN 7.1 8.4 7.4 7.6

n 5 5 5 5
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To confirm bone formation and biomaterial 
resorption as well as the presence of osteoclasts 
surrounding the BioS-2P surface, histological analyses 
including H&E and MT staining were performed. The 
osteoclastic activity was followed by bone formation. 
The amount of new bone increased in both groups 
from 2 to 4 weeks, being higher in the BioS-2P group 
compared to the control group (Figure 7A, two-way 
ANOVA: p < 0.001 for period and p = 0.01 for groups); 
moreover, the bone formation in the BioS-2P group 
was accompanied by a decrease in the amount of 
biomaterial (Figure 7B, t-test: p = 0.006). A highly cellular 
osteoid matrix with numerous blood vessels in both 
groups indicated active bone formation (Figures 8A–E, 

G–K). In the experimental group, the presence of non-
resorbed biomaterial (Figures 8E and K) surrounded 
by osteoclasts (Figures 8F and L) was evident.

Discussion

Recent studies have demonstrated that BioS-2P is a 
suitable biomaterial to be used as a bone substitute that 
creates promising micro-environmental conditions 
to promote bone formation.8 This study investigated 
the effects of BioS-2P on bone resorption using in 
vitro and in vivo models, and the findings revealed 
that it favored osteoclast differentiation and activity 
while supporting bone formation.

Figure 4. Relative gene expression of the osteoclast markers, tartrate-resistant acid phosphatase (Trap), cathepsin K (Ctpk), 
metalloprotease 9 (Mmp9), receptor activator of nuclear factor kappa-Β (Rank), RANK ligand (Rankl), and osteoprotegerin (Opg) 
of the newly formed bone in rat calvarial defects without treatment (Control) or implanted with Biosilicate® with two crystalline 
phases (BioS-2P) after 2 and 4 weeks. Data are presented as mean ± standard deviation (n = 4). Bars with different letters are 
significantly different (p ≤ 0.05).
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RAW 264.7 is a mouse macrophage cell line 
commonly used in osteoclastic signaling pathways and 
biomaterial studies, and different culture conditions 
may affect cell viability, differentiation, and activity.20 
After culturing for 72 h with OCM-BioS-2P and OCM-
Control, multinucleated cells and an actin ring were 
observed without differences in cell morphology, 
irrespective of the culture medium used. This was 
similar to the results observed when RAW 264.7 
cells were exposed to a mesoporous bioactive glass.21

Although the cell morphology was similar, higher 
cell viability combined with the amount of TRAP 

staining indicated that OCM-BioS-2P favored culture 
growth and resulted in increased resorptive activity: 
the final event of osteoclast differentiation. The existing 
literature on the relationship between bioactive glasses 
and osteoclast activity is contradictory.20,21,22,23,24 While 
some studies found bone erosion to be superficial, 
indicated by the formation of poorly outlined rims 
created by the cells,20,21,22 others reported evidence of 
increased osteoclast differentiation and activity.23,24 
This contradiction may be due to differences in the 
experimental models, fabrication routes, and chemical 
compositions of the biomaterials used.

Figure 5. Representative images of histological sections of samples stained with tartrate-resistant acid phosphatase (TRAP) from the 
edges of the rat calvarial defects without treatment (Control, A-B) or implanted with Biosilicate® with two crystalline phases (BioS-2P, 
C-D) after 2 and 4 weeks. Magnification: 40X. Scale bar: 50 mm. Quantitative data expressed as relative TRAP-stained area at 
the edges of the rat calvarial bone defects without treatment (Control) or implanted with BioS-2P after 2 and 4 weeks (E). Data are 
presented as mean ± standard deviation (n = 5). Bars with different letters are significantly different (p ≤ 0.05).
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Figure 6. Representative images of histological sections of samples stained with tartrate-resistant acid phosphatase (TRAP) at the 
center of the rat calvarial bone defects without treatment (Control, A-B) or implanted with Biosilicate® with two crystalline phases 
(BioS-2P, C-D) after 2 and 4 weeks. Magnification: 40X. Scale bar: 50 mm. Quantitative data expressed as relative TRAP-stained 
area at the center of the rat calvarial bone defects without treatment (Control) or implanted with BioS-2P after 2 and 4 weeks (E). 
Data are presented as mean ± standard deviation (n = 5). Bars with different letters are significantly different (p ≤ 0.05).
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Figure 7. Percentages of points (line intersection) in newly formed bone on rat calvarial bone defects without treatment (Control) or 
implanted with Biosilicate® with two crystalline phases (BioS-2P) after 2 and 4 weeks (A). Percentages of points (line intersection) in 
the newly formed bone or residual biomaterial on BioS-2P group after 2 and 4 weeks (B). Data are presented as mean ± standard 
deviation (n=5). Bars with different letters are significantly different (p ≤ 0.05). (*) Asterisk indicates differences between periods 
in the same group.
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Bioactive glass and glass ceramic-based materials, 
including BioS-2P, stimulate the gene expression 
of osteogenic markers, angiogenic factors, and 
antibacterial activity, which can be due to the 
presence of ionic dissolution products.15,25,26,27,28,29 

Metal ions have been added to the composition of 
biomaterials to improve bone formation as inorganic 
ions decrease osteoclast activity.22,30,31,32 Biosilicate® is 
mainly composed of calcium, phosphorous, sodium, 
and silicon oxides, and the lack of metal ions could 

Figure 8. Representative images of histological sections of samples stained with hematoxylin-eosin (H&E) (A–F) and Masson’s 
trichrome (MT) (G–L) in rat calvarial bone defects without treatment (Control, A–C, G–I) or implanted with Biosilicate® with two-
crystalline phases scaffolds (BioS-2P, D–F, J–L) after 4 weeks. BT: bone tissue; CT: connective tissue; (*) asterisk: non-resorbed 
scaffold; arrows: osteoclasts. Magnifications and scale bars: A, D, G, and J (20X, 100 mm); B, E, H, and K (40X, 50 mm); C, F, 
I, and L (100X, 20 mm).
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explain its stimulatory effect on osteoclast activity.7 
Our findings are in agreement with the previously 
published results, where bioactive glasses with a 
similar ionic composition increased the osteoclastic 
differentiation of RAW 264.7 cells.20

The physicochemical properties of the scaffolds 
used as bone substitutes may also affect in vivo 
osteoclastogenesis.14,33 A previous study reported 
a significant amount of osteoclasts in contact with 
the bioglass material surface, corroborating our 
findings.34 Additionally, the presence of increased 
TRAP-stained areas in the bone contacting BioS-2P 
may indicate a similar effect of dissolution products 
on osteoclast precursors.

We also evaluated the cellular differentiation and 
gene expression of key markers of osteoclasts in the 
new bone. The isolation of high-quality RNA from 
in vivo samples can be challenging due to material 
degradation and may result in unreliable gene 
expression data. Also, the isolation method may 
contribute to RNA degradation; however, RIN values 
higher than 7.0 are usually considered acceptable.35,36 
The Ctsk, Trap, Rank, and Mmp9 genes are related to 
osteoclastogenesis, while the RankL/Opg ratio refers 
to the kinetics of remodeling. The findings revealed 
overexpression of most of these genes, indicating 
that the bone tissue grown in contact with BioS-2P 
exhibited remodeling activity.

The correlation between the expression levels of 
protein and mRNA has been discussed elsewhere,37 
and the absence of a positive relation between 
the Trap gene and TRAP protein expressions 
could be due to the experimental model, period 
of evaluation, post-transcriptional events, and 
the presence of biomaterials that could alter 
some genetic pathways.28,38 Even though Trap 
gene expression was decreased, TRAP staining, a 
specific histochemical marker that directly reflects 
the osteoclastic activity and function,14,39,40 was 
enhanced in the BioS-2P group, suggesting that a 

higher number of osteoclasts were in contact with 
the biomaterial.

Bone regeneration involves synergistic and 
controlled actions between the formation and 
resorption processes. A key focus of tissue engineering 
strategies is the development of a bone substitute 
that is completely biodegradable within an adequate 
period and with a balance between the biomaterial 
resorption and bone formation rates. The results of 
this study confirmed the osteoconductive properties 
of BioS-2P, evidenced by the presence of an increased 
amount of bone at both the center and edges of 
the defect in the experimental group from 2 to  
4 weeks when compared to the Control group.8 Also, 
a decrease in the amount of biomaterial was observed 
over time, although not at the same rate compared 
to bone formation, which could explain the presence 
of traces of the material 12 weeks post-implantation 
in rat calvarial defects.8

Conclusion

The development of functional scaffolds to control 
bone remodeling is essential for achieving bone 
regeneration. In addition to its role in bone formation, 
the findings of this study revealed that BioS-2P 
affected osteoclast differentiation and activity, thus 
confirming its suitability as a biomaterial for bone 
tissue engineering strategies. Further studies can 
contribute to the investigation on the molecular 
mechanisms involved in the osteoblast-osteoclast-
BioS-2P circuit that could eventually affect bone 
response in the presence of Biosilicate®.
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