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Abstract 

Four resorbable phosphate invert glasses for use as bone replacement were synthesized in the system P2O5-CaO-

MgO-Na2O. TiO2 and SiO2 were added at concentrations of 1 and 5.5 mol% to control solubility and 

crystallization. Both bulk glasses and samples with an open porosity of 65 % and pore sizes of 150 to 400 µm 

were produced using a salt sintering process. Addition of TiO2 decreased the solubility in water and SBF while 

the glass with addition of SiO2 showed a higher dissolution rate than the original glass.  

The hypothesis that dissolution rates of the glasses will affect cell proliferation of osteoblast-like cells was tested 

using a MC3T3-E1.4 murine pre-osteoblast cell line. Cells were cultured on non-porous polished and porous 

glasses with tissue culture polystyrene (TCPS) as control. Cell proliferation was studied over 24 and 72 h in 

culture.  

Cells proliferated on all polished glasses but proliferation on porous glasses showed variations with glass 

composition. Cell proliferation increased with decreased solubility of the glass. It is suggested that resorbable 

implant materials require the adjustment of dissolution rate in order to facilitate cell adhesion and proliferation 

and thus a gradual transition from artificial implant to new bone structure.  

Key words 

degradable phosphate glasses; porous scaffolds; in vitro biocompatibility; hard tissue replacement; bioresorbable 

implant materials 
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Introduction 

The ideal implant material for bone replacement would be biocompatible, chemically related to the surrounding 

tissue, and would be degraded at the same rate at which new tissue was formed. Ceramics, glasses and glass-

ceramics as implant materials have opened new possibilities in medicine as their chemical composition can be 

adjusted to obtain the desired properties. Since the late 1960s the biocompatibility of a range of silica-based 

glasses in the form of Bioglass® has been demonstrated.1-4 This material promotes osteoblast cell attachment and 

growth but is stable to hydrolysis because of its high silica concentration.  

Phosphate-based glasses can provide an alternative to silica-based glasses. They are water-soluble and the 

degradation rate can be adjusted by altering their composition. Over the last few years an increasing amount of 

work on resorbable phosphate glasses for biomedical applications was published. Work focused on degradation 

rates and cell responses of phosphate glasses with P2O5 contents between 40 and 55 mol%.5-11 Polyphosphate 

glasses are formed by PO4 tetrahedra chains or rings.12 These glasses show a relatively low crystallization 

tendency and therefore can easily be drawn into fibers but their solubility can be high resulting in fast 

degradation of the implant material. Franks et al.13 tested solubility behavior and cell proliferation for glasses of 

the system P2O5-CaO-MgO-Na2O; P2O5 concentration was 45 mol%. MgO was used as a CaO substitute which 

resulted in a decrease in solubility. Glasses showed good cell compatibility. Navarro et al.14;15 tested the 

degradation behavior and cytocompatibility of polyphosphate glasses in the system P2O5-CaO-Na2O-TiO2. Their 

results showed that the solubility of the glasses could be greatly reduced by incorporation of TiO2. Glasses 

showed a good cytocompatibility. Furthermore, according to their results, cell responses could be modulated by 

changing the solubility of the glasses.  

Phosphate invert glasses mainly consist of ortho- and pyrophosphate groups. Vogel et al. developed phosphate 

invert glasses for medical applications which have been tested successfully in vitro and in vivo.12;16-18 These 

glasses do not show phase separation and therefore represent single phase systems with uniform solubility. In 

addition, their solubility is considerably smaller than that of phosphate glasses in the polyphosphate region.19  

Phosphate based materials are of interest for use as implant materials as their composition is similar to that of 

human bone. Biphasic calcium phosphate (BCP) ceramics consist of a mixture of hydroxyapatite (HA) and beta-

tricalcium phosphate (β-TCP) of varying HA/β-TCP ratios. BCP ceramics gradually dissolve in the body 

depending on the ratio of the more stable phase of HA and more soluble TCP.20 However, phosphate glasses 

offer some alternatives in comparison with BCP ceramics, e.g. the solubility of the glasses can be adjusted by 

only minor changes of composition and they can be used for the production of fibers.10  
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Porous implants simulating the structure of cancellous bone have found considerable interest in hard tissue 

reconstruction.21;22 These materials are suited to act as a scaffold for tissue regeneration. They can support tissue 

regeneration by bridging large defects where the porosity acts as a guide rail for bone in-growth and 

vascularization. Ideally, the resorption of the implant occurs in a timely accordance with new bone formation. A 

macroporous structure with interconnected pores can easily be obtained from phosphate glasses by a sintering 

process using sodium chloride of defined grain size as a porogen.17  

A base glass of the system P2O5-CaO-MgO-Na2O with 37 mol% P2O5 was synthesized and two components 

(TiO2 and SiO2) were added to control crystallization and solubility. This report outlines initial production and 

degradation studies of a series of phosphate invert glasses for use as resorbable implant material. Short-term 

biocompatibility studies were performed using a MC3T3-E1.4 murine pre-osteoblast cell line as an in vitro bone 

model.4;23  

Materials and methods 

Glass synthesis and degradation 

The investigated glasses were prepared by melting mixtures of carbonates and metaphosphates of calcium, 

sodium and magnesium as well as silica and titanium oxide in silica crucibles at 1300 °C using an electrically 

heated furnace. Synthetic compositions of the glasses are given in Table 1. After quenching the glasses were 

remelted in platinum crucibles for 30 min. Melting times were kept short to minimize losses through 

evaporation. After casting into bars of about 5 x 5 x 0.5 cm3, the glasses were quenched by pressing between 

copper plates to prevent surface crystallization and annealed at temperatures above Tg. For chemical analysis of 

the glass composition, the glasses were dissolved in 37 % hydrochloric acid (HCl) and analyzed using 

inductively coupled plasma - optical emission spectroscopy (ICP-OES).  

 

Table 1: Synthetic (S) and analytic (A) glass composition (mol%)  

P2O5 CaO MgO Na2O SiO2 TiO2 Glass 
S A S A S A S A S A S A 

A 37.0 
 

37.7 
± 1.6 

29.0 
 

29.1 
± 0.3 

10.0
 

9.7
± 0.5

24.0
 

23.5
± 0.4     

B 37.0 
 

36.9 
± 0.8 

28.6 
 

29.4  
± 0.2 

9.8
 

9.9
± 0.1 

23.6
 

22.7
± 0.3   1.0 

 
1.1

± 0.1 

C 35.0 
 

35.7 
± 1.5 

27.5 
 

28.3 
± 0.3 

9.5
 

9.4
± 0.6 

22.5
 

20.9
± 0.5   5.5 

 
5.7

± 0.1 

D 37.0 
 

36.8 
± 0.7 

28.6 
 

29.1 
± 0.2 

9.8
 

9.9
± 0.1 

23.6 
 

23.1
± 0.3 

1.0
 

1.2 
± 0.1   
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For the fabrication of porous specimens the glass was crushed after cooling and the glass frit was milled to a 

glass powder with a grain size smaller than 20 µm using an agate planetary mill (Pulverisette, Fritsch GmbH, 

Germany). The porous structure was obtained by mixing glass powder and NaCl (grain size 250 to 315 µm) in a 

glass/salt volume ratio of 1.0. This mixture was put into cubic ceramic molds and sintered for 30 min at 

temperatures above Tg (470 to 520 °C) in an electrically heated furnace (Programat P80, Ivoclar AG, 

Liechtenstein). After the sintering process, the salt phase was dissolved in water. Pore sizes were determined 

using mercury porosimetry.  

Solubility measurements were carried out in analogy to DIN ISO 719.19;24 2 g of glass of the grain fraction 63 to 

315 µm were soaked for 60 min in 50 mL deionized water at 98 °C. The resulting solutions were analyzed using 

ICP-OES.  

For two of the glasses degradation of porous specimens in simulated body fluid (SBF)25 at 37 °C was tested for 

up to 72 weeks. The porous glass cubes (1.5 x 1.5 x 1 cm3) were kept in 15 mL SBF per sample. The SBF 

medium was exchanged every two weeks and every four weeks two samples were removed, dried, weighed and 

the weight loss was determined.  

For cell experiments the non-porous and porous glasses were cut into rectangular samples with a low speed 

diamond saw (Isomet, Buehler, Ltd., Lake Bluff, IL, USA). The non-porous samples were polished to eliminate 

influence of sample topography on the results. Sample sterilization was done by Gamma-irradiation.  

Cell culture and proliferation 

Biocompatibility of the glasses was tested using a MC3T3-E1.4 murine pre-osteoblast cell line. This is a well 

characterized subclone of the MC3T3-E1 cell line.23 Cells were grown in an incubator at 37 °C and 5 % CO2 

atmosphere in α-modified minimum essential medium (α-MEM) supplemented with 10 % fetal bovine serum 

(FBS) and 1 % antibiotic/antimycotic (penicillin, streptomycin and fungizone) and passaged every 4 to 5 days. 

Cells were used between passages 10 and 20.  

Cell tests were performed on non-porous polished and porous glass samples with tissue culture polystyrene 

(TCPS) as control. Cells were seeded at an initial density of 50,000 cells/cm2 in 500 µL aliquots on the center of 

each sample and control material. Then another 500 µL of cell culture medium were carefully added. In all 

experiments 1 mL medium/well was consistently used to reduce variability of glass dissolution.  

Cell proliferation was assayed according to the following protocol: Day 1, cells were seeded as described above. 

Day 2, cells were synchronized by serum starvation for 48 h, replacing the medium with a fresh one containing 

1 % FBS. Day 4, cells were allowed to re-enter the cell cycle by replacing the medium with a fresh one 

containing 10 % FBS. After 24 h and 72 h respectively, the cell concentration was determined using a 
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commercial MTT assay (CellTiter 96 ®, Promega Corp., Madison, WI, USA). MTT (3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide) is converted by a mitochondrial enzyme, which is active in living cells, to 

yield a dark blue formazan product. The intensity of the color produced is directly related to the number of 

viable cells and thus to their proliferation in vitro.26  

To assess the cell number, the rectangular samples were removed from the original culture plate and placed into 

the wells of a new one. This way only the cells actually growing on the samples were assessed. Cell culture 

medium was added keeping the ratio of solution volume to sample surface area constant at 5 µL/mm2. This was 

done to compensate for the difference in surface available to the cells as the rectangular samples (surface area 

100 mm2) did not cover the circular bottom of the wells (200 mm2) completely.4 After adding the MTT solution 

(0.15 µL dye solution/µL medium) the wells were incubated for 4 h at 37 °C. To dissolve the formed formazan 

product a solubilization/stop solution was added (5 µL solution/mm2 sample surface area). The overnight 

protocol was chosen to ensure complete solubilization. Absorbance was measured at 570 nm in a 

spectrophotometer (Genesys 5, Spectronics Instruments, Rochester, NY, USA). A calibration curve was 

determined to convert absorbance into cell concentration.  

Statistical analysis 

Cell experiments were performed in triplicate with n = 3 for each sample in each experiment. Multiple groups of 

data were compared by ANOVA using StatView; p < 0.05 was considered significant. Results of cell 

experiments are presented as mean ± standard deviation. Solubility experiments are presented as mean ± 95% 

confidence interval.  

Results 

Glass preparation and degradation 

Four phosphate invert glasses were produced. Three of the glasses contained TiO2 or SiO2 in small 

concentrations (1 to 5.5 mol%) in order to control crystallization and solubility. Synthetic and analytic 

compositions of the glasses were comparable as shown in Table 1.  

The solubility of all glasses was tested in vitro in deionized water and analyzed using ICP-OES. Figure 1 shows 

the amount of total oxides dissolved for all glasses. Glass D (1 mol% SiO2) had the highest solubility followed 

by A (original glass, no additives) and B (1 mol% TiO2). Glass C (5.5 mol% TiO2) was the chemically most 

stable. Solubility of all glasses was significantly different (ANOVA, p < 0.05).  
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Porous glasses were produced by a salt sintering process. The resulting porous glass cubes had an open porosity 

of about 65 % with about 15 % microporosity. The pore diameters varied between 150 and 400 µm (Figure 2). 

X-ray diffraction (XRD) analysis of the porous specimens showed no detectable crystallization of the glasses. 

Degradation of the porous specimens A and C was tested in SBF over up to 72 weeks. As Figure 3 shows, both 

glasses exhibited a linear degradation over time. Glass A (no additives) degraded significantly faster than glass C 

(5.5 mol% TiO2). After 56 weeks, glass A was degraded to over 25 wt% while glass C after 72 weeks only 

showed a weight loss of about 2 wt%.  

Cell proliferation 

As shown in Figure 4, cells proliferated on all polished non-porous glasses. There were no significant differences 

between the different glass compositions (ANOVA, p > 0.05). However, cell concentration was significantly 

lower on all glasses than on TCPS (ANOVA, p < 0.05). As shown in Figure 5, cell concentrations on porous 

specimens were significantly different for each glass composition and significantly smaller than on TCPS control 

(ANOVA, p < 0.05). Cells proliferated on sintered porous glass C, while the number of cells on all other glasses 

was similar to the seeding concentrations and also showed a relatively high variation. Cell densities at 24 h on all 

porous glasses were significantly smaller than on polished glasses (ANOVA, p < 0.05).  

For three glasses (A, B, C) proliferation on porous and polished non-porous samples was tested over 72 h to 

verify that no cytotoxic effects occurred after a longer period of time. As Figure 6 shows, there was no 

significant further proliferation on the polished samples at 72 h. But for all three porous glasses tested (Figure 7), 

cell density at 72 h was significantly higher than at 24 h (ANOVA, p < 0.05).  

Discussion 

The ultimate goal is to produce phosphate glasses for use as bone replacement material which are biocompatible, 

promote osteoblast proliferation and degrade at the same rate as new bone is formed. The degradation rate of a 

bioresorbable implant needs to be adjusted to the healing rate of the surrounding tissues. The rate of resorption 

should not exceed the rate of bone formation, and the rate at which the implant weakens should closely match 

the increase in tissue strength to ensure a gradual stress transfer. 

Phosphate glasses offer great possibilities for applications as temporary bioresorbable implant materials as they 

dissolve in aqueous media and their degradation rate can easily be adjusted by altering their composition.9;13;14 

Vogel et al.19 investigated the solubility of phosphate glasses in both the polyphosphate and the pyrophosphate 

region. Their results suggested that the invert glass structure is more resistant to hydrolysis than the chain 

structure of polyphosphate glasses. In addition, the incorporation of TiO2 in the invert glass structure has a more 
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distinct influence on the solubility than for phosphate glasses with chain structure. Phosphate invert glasses, 

which are formed by ortho- and diphosphate groups exclusively instead of phosphate chains, have P2O5 

concentrations below 40 mol%. In this case, the glassy state is neither caused by a relatively stiff network nor by 

entangled chains but by the interaction of cations and phosphate groups.12  

For resorbable implants, materials which show a uniform dissolution behavior are favored. Therefore amorphous 

glasses which show neither phase separation nor crystallization offer some advantages. Phosphate invert glasses 

show a relatively high crystallization tendency in comparison with glasses of higher P2O5 content. This can be 

attributed to a larger mobility of the phosphate structural groups in the melt due to depolymerization of the 

phosphate chains. However, the incorporation of TiO2 does not only decrease the solubility of the phosphate 

glasses but also decreases the crystallization tendency by forming cross-links between TiO4 or TiO6 structural 

groups and phosphate tetrahedra.19;27 

In this work, four different phosphate invert glasses were produced by adding 1 mol% SiO2, 1 mol% TiO2 or 

5.5 mol% TiO2 to a phosphate invert glass in the system P2O5-CaO-MgO-Na2O. Results showed that the addition 

of SiO2 increased the solubility in water while the incorporation of TiO2 reduced the solubility of the glasses 

both in deionized water and SBF. The solubility of glass C (5.5 mol% TiO2) in deionized water was around 30 % 

smaller than the solubility of glass A (no additive). Both glasses showed a linear degradation in SBF. However, 

while sintered porous glass A degraded continuously in SBF to a weight loss of about 25 wt% in 56 weeks, glass 

C showed a significantly lower degradation to only about 2 wt% after 72 weeks in SBF. While both glasses 

showed a similar solubility in deionized water, their solubility in SBF was substantially different. The presence 

of a protective surface layer as observed in silica-based bioactive glasses28 may account for this phenomenon and 

will be a subject of future studies.  

Biocompatibility of the glasses was assessed by testing proliferation of MC3T3-E1.4 osteoblast-like cells on the 

glasses. Navarro et al.15 showed that the changes in solubility of polyphosphate glasses caused by incorporation 

of titanium oxide influenced cell responses. However, cell proliferation over 24 h or 72 h on polished non-porous 

glasses showed no apparent influence of the glass composition; cell proliferation rates were comparable on all 

glasses investigated. At 24 h, cell density on polished samples was significantly increased in comparison with 

the cell concentration seeded. Proliferation over 72 h did not result in considerably higher cell concentrations. 

This was due to the fact that the cell layer on polished glasses at 24 h was already nearly confluent and therefore 

the sample surface area limited further cell growth.  

By contrast, cell proliferation on sintered porous glasses showed variation with glass composition. At 24 h, cells 

had only proliferated on glass C which had the smallest solubility. Results for the other glasses were not as clear 
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since cell numbers showed great variation within replicates. For all porous glasses, cell numbers at 24 h were 

much smaller than on polished non-porous glasses. However, cell proliferation over 72 h resulted in considerably 

increased cell concentrations. So after an initial stagnation, cells proliferated on the porous glass samples.  

Apparently sample topography and roughness of the porous samples inhibited initial cell adhesion and 

subsequently cell proliferation on the glasses. It is known that the topography of a surface can profoundly affect 

cell attachment and spreading.29 This resulted in considerably smaller cell concentrations on porous samples than 

on polished glasses after short proliferation times. However, results indicated that this initial difference was 

overcome with time, as cell concentrations on porous samples at 72 h were already significantly increased.  

While cell proliferation on polished glasses of different compositions was comparable, cell proliferation on 

porous specimens showed great variation with glass composition. It is assumed that glass solubility affected cell 

adhesion and subsequently cell proliferation on the glass surface. Due to the increased surface area on porous 

samples, solubility was larger in comparison with the polished samples. This resulted in considerable differences 

between the four glass compositions. On the glasses with larger solubility, cells adhered less and cell 

concentrations were smaller. Optimized adhesion on the glasses should result in improved proliferation. Hence, 

to facilitate adhesion, the dissolution rate of the scaffolds needs to be adjusted. 

This is the first time that the influence of the degradation rate of phosphate invert glasses on in vitro 

biocompatibility was tested. Cell experiments showed that all investigated polished glasses were suitable 

scaffolds for osteoblast proliferation. Cell adhesion on porous glasses was initially affected by sample 

topography and roughness. However, cells proliferated on the porous glasses as shown in 3-day proliferation 

experiments. The comparison between glass A and C shows that relatively small dissolution rates are required 

for effective osteoblast proliferation in vitro. However, application of these glasses in vivo may require a 

different solubility, since a variety of factors, including pH changes and protein adhesion, will affect interaction 

between substrate and cells.  

Results of solubility experiments showed that the glass system investigated enabled adjustment of solubility with 

only minor chemical changes. This ability to control the solubility is very promising for clinical application 

where the coordination of implant degradation and bone in-growth are a key issue. Furthermore, glasses of the 

system investigated can easily be used for the production of implants with different structures, e.g. sintered 

glasses with interconnective porosity or glass fibers. Implant materials with improved mechanical properties can 

be obtained by fabrication of composites using degradable organic polymers. Therefore it should be possible to 

create a bioresorbable temporary implant material which allows gradual transition from artificial implant to new 

bone.  
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Figure captions 

Figure 1:  Total oxides dissolved in deionized water for 60 min at 98 °C (mean values and 95% confidence 

interval)  

Figure 2:  SEM micrographs of sintered porous glass A 

Figure 3:  Degradation of glasses A (♣) and C (ω) in SBF at 37 °C 

Figure 4:  Cell proliferation on polished non-porous glasses (mean values and standard deviation) 

Figure 5:  Cell proliferation on porous glasses (mean values and standard deviation) 

Figure 6:  Cell proliferation on polished non-porous glasses A, B and C over 24 h and 72 h 

Figure 7:  Cell proliferation on sintered porous glasses A, B and C over 24 h and 72 h 
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Figure 1:  Total oxides dissolved in deionized water for 60 min at 98 °C (mean values and 95% confidence 
interval)  
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Figure 2: SEM micrographs of sintered porous glass A 
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Figure 3: Degradation of glasses A (♣) and C (ω) in SBF at 37 °C (lines: regression lines)  
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Figure 4:  Cell concentration on polished non-porous glasses (mean values and standard deviation) 
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Figure 5:  Cell concentration on porous glasses (mean values and standard deviation) 

 



Effect of degradation rates of resorbable phosphate invert glasses on in vitro osteoblast proliferation 

 20/21

A B C
0

20000

40000

60000

80000

100000

120000

140000
ce

ll 
de

ns
ity

 in
 c

m
-2

glasses

 polished (24h)
 polished (72h)

 

Figure 6: Cell concentration on polished non-porous glasses A, B and C over 24 h and 72 h 
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Figure 7: Cell concentration on sintered porous glasses A, B and C over 24 h and 72 h 

 




