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ABSTRACT. Series of Bioglass® samples dopped with different amounts of  Fe2O3 were prepared by sol-gel method with citric 

acid used as catalyst. The samples were characterized with SEM, XRD, IR and Raman spectroscopies and kept in a Simulated 

Body Fluid (SBF) for various periods. As was expected, the samples after immersion were covered with hydroxyapatite (HA) or 

carbonated hydroxyapatite (CHA). The Raman imaging technique was used to check the distribution of the HA on the sample's 

surface and verify a below-surface penetration of HA/CHA. A depth up to 30 µm under the surface was scanned. It was found that 

the depth distribution profile strongly depends on the amount of a dopant. It also changed in time – after a longer immersion, HA 

concentration on the surface may be lowered, and at the same time, a concentration of HA 30 µm below the surface may grow up.   
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Introduction 
Bioglasses are among the most intensively studied materials, even though some of them have reached the status of medical 

materials and are widely applied in surgical practice. Researchers are still looking for new materials for more effective 

modifications of the known ones and explanations of the processes at the bioactive glass surface when it is in contact with 

physiological fluids. The first indicator of potential bioactivity of a material, accessible in vitro experiments, is hydroxyapatite 

precipitated on the surface of the sample during immersion in SBF. This type of calcium phosphate is an excellent supporter of 

osteoblast colonization and growth. The other property of bioactive glass is expected to occur is degradation in natural body 

fluids, especially when bathing in SBF. The bioactivity of the glass significantly depends on a composition of a material and its 

dispersion. Biologically advantageous properties may be reinforced or widened when the primary material is doped with metal 

ions. Angiogenesis and increase of antibacterial influence are the most prevalent observations of the metal ions dopants effect. 

The other factor which can diverse material properties is the method of preparation. It is well established, for instance, that the 

samples obtained in the sol-gel process have a more open, porous surface compared with the material with the same composition 

but received with the melt quenching method. 

Here we present a brief survey of the results of our study on 45S5 glass samples prepared in the sol-gel process, doped with 

different amounts of Fe ions. Besides a structural characterization of the material and in vitro analysis of its behaviour in SBF, we 

focus on HA presence exposure using Raman spectroscopy. The uniformity of the HA layer and its dependence on Fe ions content 

was studied with Raman mapping. The Raman spectra were also used to construct a depth profile of the HA content up to 30 µm 

below the surface. Such a study, up to our knowledge, was not reported in the literature. It reveals that the HA growing is not only 

the surface process but can also be seen in the bulk of the material.  

Material and Methods 

Preparation of the samples 
The glass samples were obtained in the modified sol-gel method as given by Fure and his collaborators [1]. Chemicals of 

analytical grade were successively dissolved in a 0.05M water solution of citric acid. Finally, nanohydrate of Iron (III) nitride was 

added. After four days of gelation, a condensate was dried at 60°C in the dryer for 12 hours. The next step was calcination in the 

muffle furnace: 5 hours at 200°C and then 2 hours at 500°C. The material, after calcination, was ground in a ball mill for 

homogenous powder. 

Methods of characterization 
The samples were characterized with Scanning Electron Microscopy-SEM (Tescan Vega3), Energy Dispersive Spectroscopy – 

EDS (Oxford Instruments), Infrared Spectroscopy – IR (Perkin Elmer UATR Two), Raman Spectroscopy – Raman (Renishaw in 
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Via Qontor Raman Microscope), ICP-MS Analysis (Agilent 7800 ICP-MS). To test the bioactivity of the samples bathing in SBF 

was used. SBF was prepared according to the receipt of Kokubo [2]. The samples were kept in SBF in test tubes in a water bath 

which stabilized a temperature at 37°C. The samples and the SBF solution were checked after 6 h, 24 h, 1 week and 2 weeks in 

the solution. The actual pH, mass change and the concentration of the selected element in SBF were verified.  

    

Results and Discussion 

The samples 
The composition of the samples is given in table 1, together with the abbreviations which will be used in the further text. In 

figure 1, the picture of the sample powders is seen. The higher the Fe ions content, the darker the glass powder. The glassy 

character of the samples was verified with XRD spectra. 

  

Table 1. Composition of the samples 

Glass composition (wt.%) Indication 

✓ 45% SiO2 – 24,5% CaO – 24,5% Na2O – 6% P2O5 

✓ 45% SiO2 – 24,4% CaO – 24,4% Na2O – 6% P2O5 – 0,2% Fe2O3 

✓ 45% SiO2 – 24,2% CaO – 24,2% Na2O – 6% P2O5 – 0,6% Fe2O3 

✓ 45% SiO2 – 24,0% CaO – 24,0% Na2O – 6% P2O5 – 1,0% Fe2O3 

✓ 45% SiO2 – 23,7% CaO – 23,7% Na2O – 6% P2O5 – 1,2% Fe2O3 

✓ 45% SiO2 – 23,5% CaO – 23,5% Na2O – 6% P2O5 – 2,0% Fe2O3 

SB 

S1 

S2 

S3 

S4 

S5 

 

   

Figure 1. General view of the glass 

powders. From the left: SB, S1, S2, S3, 

S4, S5. 

Figure 2. SEM picture of the S5 sample. 

Magnification 10K. 

Figure 3. EDS record for Fe in the S5 

sample.  

In figure 2, there is an SEM picture of the S5 sample surface – it is an example as due to a lack of space, it is impossible to discuss 

the morphology of all the samples. As is seen, there are regular spherically shaped grains on the surface. Figure 3 is an illustration 

of a uniform distribution of Fe ions within the sample. The same was found for other elements and for different types of samples. 

   

Figure 4. SEM picture of the S5 sample 

after 6 hours in SBF. 

Figure 5. SEM picture of the SB 

sample after 6 hours in SBF.  

Figure 6. Variation of the sample mass 

during immersion in SBF. 
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In figure 4, there is an example of the surface after bathing in SBF. It is, once more, sample S5; the pronounced change on the 

surface is easily seen. The surface is covered with an almost smooth, looking dense layer of HA. That layer was built as quickly 

as six hours only. S5 is the material with 2% of dopant. For comparison, in figure 5, the surface of the raw material, SB, is shown 

after the same immersion time. The surface looks not so smooth; some small grains are seen on the kinks. The growing of HA 

layer is one process; the other is a degradation of the sample material. As a result of the degradation process, part of the elements 

from the sample goes into the solution. That should be reflected in mass decrease. Simultaneously, the increasing mass of the HA 

covers the effect of degradation. The result is presented on the plot in figure 6. The final change, after two weeks, is between 35% 

and 47% of the initial mass, depending on Fe ions content. It seems not to be dependent in any regular manner on dopant quantity. 

The shape of the mass decrease plots may be read as a sign of the very rapid growth of HA in first hours of immersion. After 

6 hours decrease in not so big as degradation goes with stable rate but increase of apatite mas is greater at the beginning of the 

process.  

  
 

Figure 7. Raman spectra of all doped 

samples after 6 hours in SBF. 

Figure 8. Depth profile of HA 

concentration in the S5 sample after 6 h 

in SBF. 

Figure 9. Depth profile of HA 

concentration in the S5 sample after 

14 days in SBF. 

From the SEM picture is obvious that the sample surface was covered by the layer of the unknown, at this stage of the 

investigation, compound. To identify the surface cover, spectroscopic techniques were used, IR and Raman. In figure 7 the Raman 

spectra of all the doped samples, after 6 hours in SBF, are collected. As can be seen, at all the spectra peak around 960 cm-1 is 

present. Peak, which is not observed in spectra recorded for the samples before immersion. That peak is characteristic of HA 

[3,4]. It is direct proof that the sample's surface is covered with apatite. The next problem that should be considered is the location 

of HA within a sample. In figure 8 and figure 9 there are depth profiles of the HA concentration after 6 hours and 14 days, 

respectively. They are built on the base of Raman intensity for the shift equal 960 cm-1, recorded for the signal from different 

depths under the surface. From the above-mentioned figures, it is clearly seen that the highest concentration of the HA is not at 

the surface; in both cases, after 6 h and 14 days, under the surface, there are places with a higher concentration of that moiety than 

on the surface. The next thing revealed from that figures is the much quicker growth of HA inside the sample than on the surface. 

Between 6 hours and 14 days, the HA concentration at 30µm under the surface increased ten times, from 30 to 310 a.u.; At the 

same time intensity of the signal from the surface HA increased only two times.  

The next considered problem was the uniformity of the HA distribution on the surface. To check this, the Raman mapping of the 

area of a size 4 µm x 6 µm was done. The example results for the sample S5 after 6 hours are given in figure 10. The colours on 

the map are correlated with the signal intensity. The map is not unicolour – that means there are differences in the quantity of HA 

at particular points. These differences are related to surface topography; at holes, the accumulation of HA looks to be more 

significant.  

The growth of HA layer is connected with the change of the solution composition. The commonly accepted model of the reactions 

on bioglass surfaces [5] includes the migration of Na ions from the glass to the solution and their substitution with Ca ions . In 

figure 11, Na concentrations, measured with the ICP-MS instrument are presented. Na concentration in a pure SBF was found to 

be 3.02 g/l (the theoretical value is 3.27 g/l). As is seen from the picture, the Na concentration slightly increased at the beginning 

of immersion, then, what is surprising, decreased, even below starting Na in SBF concentration in the case of SB and S1 samples. 

During longer samples bathing in SBF the Na concentration in the solution increases, and the final concentration, after 14 days, is 

about 25% higher than at the beginning. In Figure 12 we have an illustration of the changes in P concentrations in SBF solutions. 

In the beginning, in pure SBF, the measured P concentration is 42.7 mg/l; after 6 hours, it almost stays unchanged, but during the 
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following time, within 7 days, it dropped practically to zero. The only exception is SB material, for which, during the second 

week rapid increase of P concentration was observed. It may be read as an indication of rapid material degradation. 

   

Figure 10. Surface Raman mapping, sample S5 

after 6 hours immersion in SBF. 

Figure 11. Changes in Na ions 

concentration in the solution during 

immersion. 

Figure 12. Changes in P ions 

concentration in the solution, during 

immersion. 

Conclusions 
• There is a possibility to obtain good quality glassy material doped with Fe with citric acid as a gelling catalyst in the 

sol-gel procedure. 

• An increase in Fe ions content leads to smaller glass grains with a more spherical shape. 

• Samples of all the tested compositions occurred to be potentially bioactive according to in vitro test in SBF. 

• HA was found not only on the surface of the sample but also under the surface. 

• HA content under the sample surface is higher than on the surface. 

• The most promising materials are compositions as in samples S2 and S5. 
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