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Abstract

Fluoride is known to stimulate bone formation. Recently, novel sodium-free fluoride-containing bioactive
glasses (FBGs) were found to be highly bioactive, dissolved in Tris and SBF buffer solutions releasing ions
and promoting fluorapatite formation and offered great potential for medical and dental applications.
However, there is very limited knowledge on the biological effects of these glasses, which are extremely
important for clinical applications. This study investigated the bioactivity of FBGs and their osteogenic and
angiogenic effects on MC3T3-E1 osteoblasts in a-MEM for the very first time. Results showed that these
highly bioactive novel FBGs were non-cytotoxic. The addition of fluoride promoted mineralization,
collagen formation, osteogenic and angiogenic genes expression in osteoblasts. Compared to sodium--
containing BGs, a higher amount of fluoride can be incorporated into sodium-free BGs to improve glass

biological effects.
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1.  Introduction

Bioactive glasses (BGs) are degradable materials, which can release ions and form an intimate bond with
living tissues via the formation of an apatite-like layer [1]. Numerous in vitro [2] and in vivo [3] studies
showed that BGs promoted bone regeneration. Some BGs induced high expression of genes related to

osteogenesis and angiogenesis in osteoblasts and endothelial cells [4-6].

Customized glass properties tailored by changing glass compositions and structure are critical to fulfill
different applications. Based on the well-accepted glass degradation mechanism proposed by Hench [7], the

ion exchange between Na™ from glass and H* from solution controls glass degradation and therefore glass
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bioactivity. However, a high sodium content makes BGs hydroscopic and less stable [8]. Recently, Chen and
team [9] found no significant difference in degradation and apatite formation rates between BGs with and
without the presence of sodium, suggesting that sodium might not be the key factor controlling bioactivity.
Moreover, the absence of sodium avoided the uncontrolled pH increase resulting from ion exchange, which

is normally unfavorable to cells.

Fluoride demonstrated great biological effects in stimulating bone formation [10] and fluoride-containing
BGs exhibited anti-caries effect and osteointegration [11]. Adding appropriate amount of fluoride into
sodium-free BGs reduced the increase of pH for the immersion solutions and promoted rapid glass
degradation and the formation of more acid-resistant fluorapatite in vitro [12, 13] making those FBGs
attractive for medical and dental applications. However, there was no study on the biological effects of
FBGs. This paper aimed to discover the osteogenic and angiogenic effects of FBGs to provide essential

information for a better understanding and exploitation of these glasses for clinical applications.

2. Material and Methods

2.1.Glass synthesis and BG-conditioned media preparation

A FBG series (Si0,-P,05-Ca0O-CaF,) (Tablel) were synthesized by a melt-quench route as described
previously [14]. The glass bioactivity in a-MEM was evaluated according to the method described by Chen
et al. [9]. After different immersion times (1,3,6 and 9h), BG-containing a-MEM was filtered into solution
and solid. The concentration of calcium, phosphorus and fluoride in the solution was measured using ICP-
OES and fluoride ISE. The solid collected after 9h immersion was analysed using FTIR. The filtered 3h BG-
containing a-MEM solution was chosen for the biological effects in this study. 100 U/ml penicillin and 100

mg/ml streptomycin (pen-strep) were added to produce BG-conditioned media [11].

Table 1. Glass compositions in mol% [14]
Glass code SiO, CaO P,Os CaFs

GPF0.0 381 555 63 0.0
GPF3.0 370 539 6.1 3.0

GPF4.5 364 530 60 45



GPF6.0 359 522 59 6.0

GPF9.3 346 504 57 93

2.2.Cytotoxicity and Alkaline phosphatase (ALP) activity
MC3T3-E1, the mouse osteoblast-like cell line (Chinese Academy of Sciences) was cultured in a-MEM
supplemented with 10% FBS and 1% pen-strep. The cytotoxicity of BG-conditioned media was evaluated

by MTT assay. ALP activity was assessed by enzyme histochemical assay [11].

2.3.Mineralization, collagen formation and Gene Expression

The mineralization and collagen formation abilities of FBGs were quantified by Alizarin Red S staining and
Sirius Red Staining. Cells were cultured for 14-21d in an osteogenic medium (BG-conditioned medium with
50 ug/ml L-ascorbic acid and 5 mM B-glycerophosphate). The plates were stained with 2% Alizarin Red S

or Sirius red solution accordingly [11]. The OD values were measured at 560nm.

The osteogenic and angiogenic gene expression of cells treated for 7 and 14d was investigated by gRT-PCR

as described previously [11]. All primer sequences were listed in Table S1.

One-way ANOVA was used to perform statistical analysis. Results were shown as mean + standard
deviation.

3. Results and Discussion

3.1 lon release and apatite formation

The measured concentrations of calcium, phosphorus and fluoride are result of ions presented in control
culture media, ion released from glass and that consumed for apatite formation. All studied BG conditioned-
culture media showed similar trend in the measured calcium content which clearly increased in the first 3h
followed by minor changes (Fig.1a). The phosphorus concentration exhibited a general reduction for all
glasses (Fig.1b), which was a consequence of the consumption of phosphorus for apatite formation [14].
Compared to other glasses, GPF9.3-conditioned medium showed a lower phosphorus concentration, which
is probably attributed to the partially crystalline nature of GPF9.3. The crystallized apatite suppressed glass

degradation while promoted further apatite formation via a seeding effect [13]. A clear increase of fluoride



concentration was found in the first 3h while a decrease was evident between 3 and 6h for all compositions
(Fig.1c). The ion release profiles presented (Fig.1a-c) indicated that all the studied glasses are highly

bioactive and apatite formation became the predominant process after 3h immersion.

FTIR spectra (Fig.1d) of glasses after 9h immersion in o-MEM also proved rapid glass degradation and
apatite formation. Compared to the spectra of the non-immersed glass powders shown in a previous study
[13], the intensity of non-bridging oxygen Si-O” band at 920 cm™ decreased significantly after immersion,
while the crystalline orthophosphate band around 1035 cm™ clearly sharpened. The typical apatite split

bands at 600 cm™ and 560 cm™ were visible for FBGs with higher fluoride content.
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Fig. 1. Measured ion concentration in FBGs conditioned a-MEM a) calcium, b)
phosphorous and c) fluoride at 1h, 3h, 6h and 9h; d) FTIR spectra of glasses
after 9h immersion in a-MEM.

3.2  Cell viability and ALP activity

After 4 and 10d in culture, cells treated with culture media containing ions released from the BGs after 3h
immersion showed a greater cell viability than that treated with control culture medium. Additionally, the

viability was significantly higher in MC3T3-E1 treated with GPF3.0 and GPF4.5 extracted culture media.



Similar effect has been previously shown in sodium- and fluoride-containing BGs (NaFBGS) studied by Liu
et al. [11]. After 7d in culture, apart from cells treated with extracted GPF6.0 and GPF9.3 media that
exhibited clearly lower viability, the viability in cells treated with FBGs showed no significant difference

from control, indicating that the extracted products of FBGs were mostly non-cytotoxic.

After 4d in culture, the ALP activities of MC3T3-E1 cultured with BGs media showed no significant
difference to control (Fig.2). However, after 7 and 10d in culture, the extracted BGs-culture media were
found to reduce the ALP activity. The more the fluoride presented in glass, the lower the ALP activity. This
IS in agreement with the NaFBGs studied in [11], which showed that the ALP activity was suppressed with

fluoride content increased from 1 to 5 mol%.
3.3 Mineralization and collagen formation

The results of the mineralization ability of FBGs quantified by Alizarin Red S staining (Fig.2c) showed that
the MC3T3-EL1 cells cultured with extracted BGs media exhibited significant increase (p<0.05) in the
staining compared with that in control medium after both 14 and 21d. Glasses GPF0.0, GPF4.5 and GPF6.0
demonstrated the highest mineralization ability by 21d, suggesting that fluoride may interact with
mineralized tissues in a dose dependent manner. Similar effects were also shown in NaFBGs [11]. The
quantitative and qualitative results of Sirius Red staining showed that BG-conditioned media dramatically
stimulated collagen formation after both 14 and 21d in culture compared to the control groups (Fig.2d). This
effect was more obvious (p<0.05) in the FBGs (CaF,<9.3mol%), while GPF3.0 and GPF4.5 showed the
most significant effect, indicating that a moderate amount of fluoride (<9.3mol%) in the sodium-free BGs
modulated the collagen formation ability of MC3T3-E1 osteoblasts. Similar regulating effect was found in
sodium-containing BGs [11] with a small amount of fluoride (<3 mol%), while a suppression effect of
collagen formation was seen in the glass with 5mol% fluoride . Therefore, a conclusion can be made that
the favorable amount of fluoride to promote mineralization and collagen formation is different in NaFBGs
and FBGs. Less fluoride was favored in NaFBGs compared to FBGs.. However, the incorporation of higher
fluoride content improved glass properties, such as reducing glass melting temperature, glass transition

temperature and the increase in pH after glass degradation [15]. Therefore, in the context of having high



bioactivity, the glass without the presence of sodium may be more beneficial to maximize the benefits of

adding fluoride.
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Fig. 2. a)Cell viability, b)ALP activity of BG-conditioned media on MC3T3-E1;
Quantitative and Qualitative results of MC3T3-E1 c) mineralization in BG-
conditioned media and d) collagen formation in BG-conditioned media. Results

showed as a fold change compared to the control group. *P<0.05, compare with
control group; #P<0.05, compare with GPF0.0.

3.4  Gene expression

After 7d culture, the expression of the osteogenic genes BMP-2 and OPN investigated by qRT-PCR showed
either higher or no significant difference for BGs treated groups compared to the control group (Fig.3a, b),
while a lower expression was seen for Collal. However, after 14d culture, a significant up-regulated effect
on all BMP-2, OPN and Collal gene expression was found in GPF4.5 and GPF6.0 relative to the control
suggesting that a moderate amount of fluoride contributed to bone formation at 14d (Fig.3c). This is in

accordance with the finding based on ALP and staining results (Fig.2).

VEGF stimulates the formation of blood vessels and it is essential for bone formation [16]. Compared to



control, the expression of VEGF was higher in BGs groups, especially for FBGs at 7d (Fig.3d). Silicon was
found to stimulate VEGF secretion and promote angiogenesis [17]. In this study, similar amount of silicon
ions was detected in a-MEM after glass immersion (Fig.S1), which regulated the expression and secretion of
VEGF secretion therefore facilitating angiogenesis [17]. It was shown that glasses GPF4.5 and GPF6.0 have
remarkable effects, while GPF9.3 was less effective, indicating that fluoride upregulated VEGF gene
expression synergetically with silicon in a dose-dependent matter. Moreover, the phosphorus content in
media might also modulate osteogenic and angiogenic genes expression, since GPF9.3 was partially
crystallized and less phosphorus was present in GPF9.3 conditioned-culture media. . There is no obvious
difference in VEGF expression between 7 and 14d for glasses, except GPF4.5and GPF6.0. However, in the
NaFBGs [11] VEGF gene expression enhanced from 7d to 21d in culture for all the compositions. This
difference might be due to the fact that FBGs degraded very rapidly [14], angiogenesis may occur earlier
than that in NaFBGs. Additionally, sodium might also be involved in VEGF regulation, which needs further

investigation.
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Fig. 3. The expression of (a)BMP-2 gene, (b)VEGF gene, (c)OPN gene,
(d)Col1a1 gene detected by qRT-PCR and presented as a fold change compared
with the control. *P<0.05, compare with control group; #P<0.05, compare with
GPFO0.0.



4. Conclusions

The studied FBGs are highly bioactive in a-MEM culture media and non-cytotoxic. Compared to NaFBGs,
a higher amount of fluoride can be incorporated into FBGs for improving biological effects. The
incorporation of a moderate amount of fluoride (about 4.5 and 6.0 mol% CaF,) into sodium-free BGs
enhanced the mineralization and collagen formation abilities of MC3T3-E1 osteoblasts, meantime activated

their osteogenic and angiogenic genes expression. Thus, these FBGs are attractive for bone substitutes.
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Highlights:

The studied Na-free F-containing glasses are highly bioactive and non-cytotoxic.
The biological effects of Na-free F-containing glasses were studied first time.
F promoted mineralization, collagen formation and genes expression in osteoblasts.

More F can be added into Na-free bioactive glasses to enhance biological effects.



