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Abstract: Mesoporous bioactive glasses (MBGs) have been reported as promising 

biomaterials to be able to stimulate and promote the bones’ growth. When exposed to 

simulated body fluid (SBF), MBGs develop an apatite phase called carbonate-

hydroxyapatite (HCA) on their surfaces that closely mimic the mineral phase of the 

bones. In order to gain deeper insights on the key stages of surface reactions of two 

different types of MBGs (58S and 70S30C) soaked in SBF, we have used high energy 

total X-ray scattering coupled to pair distribution function analysis, along with Raman 

spectroscopy and scanning electron microscopy. This type of coupled analytical 

approach can ultimately help to unravel the details of the reaction kinetics in the 

complex calcium phosphate environment around the BGs surfaces. The data obtained 

in our in-vitro study point to the formation of other intermediate phases like amorphous 

calcium phosphate and calcite, that transform after a specific time into a HCA 

depending on the composition of the MBGs, their surface properties and their 

interaction times with SBF.  

Keywords: Bioactive Glasse, Total X-ray scattering, Raman spectroscopy, Carbonate-

Hydroxyapatite, Amorphous Calcium Phosphate. 

1. Introduction 
Since their discovery in 1969 by Hench [1], the bioactive glasses (BGs) have gone a 

long way in investigations. Nowadays, they are used in some applications relying on 

bone regeneration and tissue engineering such as filling cavities and dental, 

maxillofacial, and orthopedic surgery [2-6]. However, they still suffer from some 

drawbacks such as comparatively lower mechanical stability or other unwanted effects 

such as crystallization during sintering [7], that could be overcome by a detailed 

understanding of how the glass composition affects the crystallization [8] or by 

exploiting the tremendous possibilities offered by the sol-gel synthesis of BGs [9,10]. 

While the sol-gel process offers a high flexibility for functionalizing the porous BGs for 

various purposes, including drug delivery [11], the complexity of these materials 

requires multi-technique approaches to investigate the key steps in the bone-building 
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process. In the last decades a plethora of methods has been used to assess the 

bioactivity, i.e. the ability of the bioglass to bond to bone tissue and have helped to 

understand the key steps of the BG reaction mechanism after being exposed to 

simulated body fluid (SBF) in in-vitro experiments [12]. This mechanism, first proposed 

by Hench [13], can be summarized as follows (Fig. 1.) [14-16]:  

 

The first two steps (Stage A & B) consist in a rapid cation exchange of Na+ and/or Ca2+ 

with H+ from solution, creating silanol bonds (Si–OH) on the glass surface. The pH of 

the solution increases and a silica-rich (cation-depleted) region forms near to the glass 

surface. Phosphates can also be lost from the glass if they are present in the 

composition. Furthermore, the high local pH contributes in breaking Si–O–Si bonds, 

by attacking the silica glass network by OH. Soluble silica is lost in the form of Si(OH)4 

toward the solution, leaving more Si–OH (silanols) at the glass–solution interface. In 

the third step (Stage C), the Si–OH groups near the glass surface condense, resulting 

in a repolymerization of the silica-rich layer. The fourth step (Stage D) involves the 

migration of Ca2+ and PO4
3- groups from the BG itself and the bodily fluid, leading to 

the formation of an amorphous film rich in CaO–P2O5 on the silica-rich layer. Finally, 

by referring to Stage E, the incorporation of hydroxyls and carbonate ions from solution 

contribute to the crystallization of the CaO–P2O5 film, resulting in carbonate 

hydroxyapatite (H(C)A) formation (Ca10(PO4)6-x(CO3)x(OH)2).  

As outlined, e.g., in Cerruti’s review [17], these different steps have been investigated 

by several analytical techniques in order to further explore and study the compositions 

and developments of silica gel and the different phosphate phases. For instance, Solid-

State multinuclear magnetic resonance (NMR) [18-26], various spectroscopies like 

Raman and Fourier transform infrared [15, 27-36], X-ray photo-electron [36], particle-

induced X-ray emission [37,38], X-ray diffraction (XRD) [15,18-20,33,34,39,40] as well 

as scanning electron microscopy coupled with Electron dispersive X-ray Spectroscopy 

Fig. 1. presents the first five steps of the bioactivity process of the bioactive glass as outlined by 
Hench. 
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[20,27-33,35,41-46] have been used for these investigations in order to support and 

validate the theory of Hench. 

However, there are still some unresolved issues and in particular the different length 

and time scales involved in the formation of the H(C)A phase pose a constant 

challenge on the overall characterization of the bioactivity of BGs. To overcome this 

challenge, an advanced in-situ total X-ray scattering technique coupled to PDFs 

analysis has been developed by FitzGerald and his colleagues [47] to understand the 

atomic structure of the complex amorphous bioactive materials and study their 

interactions with a physiological medium. This type of method could push the 

boundaries of a detailed structural characterization and understanding of the reaction 

mechanism even further in complement to the hitherto predominantly used analytical 

methods.  Thus, in order to obtain quantitative information on the different species that 

appear during the H(C)A formation, we propose to use a differential PDF approach 

along with a singular value decomposition (SVD) analysis. Moreover, Raman 

spectroscopy and scanning electron microscopy coupled to EDS are employed as 

complementary techniques to corroborate the findings of the total scattering study. We 

focused on two different prototypic bioactive glasses: 58S and 70S30C in order to gain 

a comprehensive understanding on the different stages of the formation of carbonate 

hydroxyapatite and shed light on their structural changes that occur on the atomic level. 

Both BGs have predominantly amorphous structure, which makes it easier to track the 

formation and development of any phases on their surfaces once they are immersed 

in SBF. By performing a quantitative analysis of the evolution of the different phases 

after immersion in SBF based on a combination of differential PDF analysis and Raman 

spectroscopy, our work might serve as an important methodological reference for 

future studies, allowing for structural characterization of the BGs on several length 

scales and in particular enables us to follow the evolution of amorphous phases, that 

are critical in the H(C)A formation.  

2. Materials and Methods:  

2.1 Sol-Gel Synthesis  

Two types of bioactive glasses, namely 70S30C (70% SiO2, 30% CaO (mol. %)) and 

58S (60% SiO2, 36% CaO, 4% P2O5 (mol. %)), were synthesized through the standard 

sol-gel method. The main precursors used were tetraethyl orthosilicate (TEOS) 

(≥98.0%, Acros Organics), and calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) (CaN) 

(≥97.0%, Thermo Scientific). Triethyl phosphate (TEP) (≥99.8%, Sigma-Aldrich) was 

also used in the case of the ternary glass 58S. Initially, distilled water was stirred 

magnetically at either 60°C or room temperature to prepare binary and ternary 

bioglasses, respectively. Then, 9.33 g of TEOS and/or 0.7144g of TEP were added 

dropwise to the mixture and stirred until a clear solution was obtained. The molar ratio 

between the distilled water and TEOS precursor was fixed at 8 and a few drops of an 

acidic solution were added to ensure complete hydrolysis of the silicate precursor. The 

Ca(NO3)2.4H2O powder was slowly added to the solution and stirred until a gel was 

formed. Subsequently, for 58S, the gel was aged at 60°C for 55 h, dried at 180°C for 

72 h, and then calcinated at 700°C for 3 h. While for 70S30C, the aging, the drying, 
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and calcination processes were followed according to the protocol reported in the 

article [48].  

2.2 Characterization of BGs 

The nitrogen adsorption desorption measurements were conducted by using a 

Microtrac-BELSROP-Max instrument at 77K in order to determine the structural 

textures of all the desired materials (refer to Table 1). The specific surface area for 

BGs were determined by the Brunauer-Emmett-Teller (BET) method while the Barret-

Joyner-Halanda (BJH) method was used to determine the sizes and volumes of the 

BGs pores from the desorption curves. Prior to the analysis the samples were kept 

under vacuum for an hour to re-degas. The surface morphology of the bioglasses was 

also investigated using scanning electron microscopy (SEM) (JEOL JSM-IT 500 HR) 

with a field emission gun (FEG) and a voltage of 5 kV, as a function of soaking time in 

c-SBF. Secondary electron detector (SED) was used for imaging. The elemental 

composition was determined by Electron dispersive X-ray Spectroscopy using an Ultim 

Max 170 Oxford EDS detector coupled to SEM. The accelerating voltage was set to 5 

kV and the working distance to 10 mm.  

 

Sample Dpore 

(nm) 

Vpore (cm3/g) SBET (m2/g) Pore distribution 

58S 14 0.42 123 Disordered 

70S30C 14 0.44 109 Disordered 

 

Table 1 Physical parameters of two types of bioactive glasses, 58S and 70S30C. Dpore: average pore 

diameter, Vpore: pore volume and SBET: specific surface area. 

 

2.3 In-Vitro bioactive tests in c-SBF 

A conventional simulated body fluid (c-SBF) was used in this work for in-vitro tests in 

order to assess the bioactivity of synthesized bioglasses without using any protein and 

cells. The solution used for the tests, had a pH of 7.4 and was buffered with 

Tris(hydroxymethyl)aminomethane base (TRIS), as described elsewhere [49]. All the 

in-vitro bioactivity tests were conducted by soaking a specimen in SBF for different 

interaction times. (1h, 3h, 6h, 12h, 18h, 3d, and 7d) at 36.7°C with agitation speed at 

70 rpm. The appropriate volume of SBF was calculated by using the following protocol 

described by Lukito et al. [50] with a powder-to-liquid-ratio = 2mg/mL. The specimens 

were put in a vertical position to ensure proper contact with the c-SBF liquid. After each 

specific interval, the specimens were extracted and washed with water and acetone to 

eliminate any remaining residue of SBF and stop any reactions on their surfaces.  
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2.4 Total X-ray Scattering  

Total X-ray scattering measurements were conducted on two distinct beamlines: the 

Cristal beamline at Soleil synchrotron facility (E=24.0558 keV (λ=0.51495 Å)) and at 

the Material Science (MS) beamline at Swiss Light Source (SLS) (E=25.20 KeV 

(λ=0.491676 Å)). Data were collected before and after immersing two bioglasses, 58S 

and 70S30C, in a physiological fluid for various soaking times. The scattered intensity 

of the wetted samples provides information and insights on the interaction between 

SiO2-SiO2, SiO2-Confined Species (CS) and CS-CS, as reported by Hsieh and his 

colleagues in 2013 [51] and applied successfully by Khoder et al. to the study of the 

structure of confined water inside the bioglasses [52]. The scattered intensity of the dry 

samples only shows information about the SiO2-SiO2 pairs. Thus, the difference 

intensities between the wetted and dry sample is calculated in order to isolate the 

contribution of different species obtained during the interactive process with the bodily 

fluid:  

 

𝑰 = 𝑰𝒘𝒆𝒕 𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑰𝒅𝒓𝒚 𝒔𝒂𝒎𝒑𝒍𝒆       = 𝑰𝑪𝑺−𝑪𝑺 + 𝑰𝑪𝑺−𝑺𝒊𝑶𝟐                                                                                                                          (1) 

 

All the data processing was performed using the software PDFgetX3 [53]. The 

measured scattering intensity was normalized by dividing it by the average scattering 

factors over all the atoms and the total number of the scattering centers to obtain the 

scattering structure function S(Q) of each sample. Subsequently, by performing a 

direct sine Fourrier transform of the resulting S(Q), the experimental PDF, G(r), can be 

calculated in real space using the following equation:  

 

𝑮(𝒓) =
𝟐

п
∫ 𝑸[𝑺(𝑸) − 𝟏] 𝒔𝒊𝒏(𝑸𝒓) 𝒅𝑸

∞

𝟎
                                                                                                                                                 (2) 

 

To perform this calculation, data were processed by integrating and truncating them at 

a finite maximum of Qmax = 14.5 A-1. Any data beyond this value was inaccurate, as 

the signal-to-noise ratio becomes unfavorable. Moreover, a deconvolution has been 

performed for all the PDFs in order to follow in detail the development of different 

species on the surface of the BGs. It is based on the Singular Value Decomposition 

(SVD) method [54], allowing for a quantitive assessment of different species that 

contribute to the PDFs.  

 

2.5 Raman Spectroscopy 

The Raman spectra were performed using a Reinshaw inVia Qontor spectrometer 

equipped with a confocal microscope and an Olympus X50 lens that has a numerical 

aperture (N.A.) of 0.55. A laser power range from 50 to 100 mW was used to excite all 

the silicate samples with a wavelength of 532 nm. All the measurements were collected 

in a range between 100 to 4000 cm-1, with a spectral resolution of 4 cm-1 and a 

bleaching duration of 120 seconds. Ten acquisitions were performed, each one 

consisting of measuring the spectrum for a period of 5 seconds. Furthermore, all the 

probed spot areas had a size of only few micrometers squared. Multiple spots were 
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measured for each sample. The Raman spectra were also collected on a commercial 

crystalline carbonate hydroxyapatite (HCA) (Bio-Rad) and calcium carbonate powder 

(≥99.0%, Prolabo), in order to compare and understand the patterns observed on the 

BGs. The Raman spectra were decomposed using Origin software by curve fitting with 

Gaussian functions [55].  

 

3. Results:  

3.1 Structural Characterization 

The structure and texture of the synthetic biomaterials were analyzed using nitrogen 

adsorption desorption techniques (Fig. 2.). The binary and ternary glasses isotherms 

correspond to type IV, as classified by IUPAC [56] suggesting a mesoporous structure. 

Further details regarding the structural parameters of both BGs, can be found in table 

1. SEM was also used to examine the morphology for all silicate samples, displaying 

the presence of smooth surface for both dry BGs (Fig. 3.).  

 

Fig. 2. Nitrogen Adsorption Desorption Isotherm of bioglasses (58S and 
70S30C).  

Fig. 3. SEM images of bioactive glasses, 58S (left) and 70S30C (right) 
before immersion in SBF.  
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3.2 Apatite Formation after in-Vitro Tests 

Fig. 4. shows the differential PDFs (d-PDFs) of 70S30C (a) and 58S (b) bioglasses. 

These analyses were carried out for different immersion times in c-SBF solution. The 

PDFs of calcite (CC), crystalline HCA, and Calf-bones are presented as references to  

evaluate the bioactivity of the desired materials in the in-vitro experiments. Based on 

the PDF analysis carried on the bone and crystalline HCA, we can associate the peak 

at 1.5 Å with “P-O” (first neighbors), the peak at 3.6 Å to “Ca-P”or “P-O” (third 

neighbors) pairs, the peak at 4.1 Å to “C-P” pairs and the peak at 6.3 Å to “P-P” pairs. 

In the following, we will use the three peaks (3.6, 4.1 and 6.3 Å) as indicators of the 

presence and growth of the phosphate phases. At the earlier immersion stages of both 

BGs (58S and 70S30C) in the c-SBF, we can observe a main peak at 3.6 Å that could 

be attributed to the presence of an amorphous layer rich in calcium phosphate (ACP) 

or H(C)A phase. Similar features have been reported in the study of Skippers et al. 

[57].  

From the PDF diagram of calcite, the first peak located at 1.27 Å can be associated 

with C-O pairs, while the second peak and third peaks at 2.34 and 3.34 Å correspond 

to mainly Ca-O and Ca-C bonds, respectively. The PDF peaks observed at 4.19 Å, 5 

Å and 6.4 Å correspond to Ca-O pairs (second neighbors), Ca-Ca, and Ca-C pairs, 

respectively [58]. These three peaks (indicated by black dashed lines) will be used as 

markers for the discussion concerning the evolution of the calcite phase during the 

interactive process with the SBF. The formation of a calcite crystalline phase is clearly 

displayed in both bioglasses from the first hour, as shown in Fig. 4. Following the 

interaction for three days, these peaks have moved towards the positions of peaks 

corresponding to phosphate phases (indicated by grey lines). This clearly shows that 

both MBGs exhibit changes in their local structure, evolving towards the reference 

structures of bone and the crystalline HCA phase, albeit a slightly shifted peak position 

1h 

CC 

3h 

6h 

12h 

18h 

3D 

7D 

Bones 

HCA 

CC 

1h 

3h 

6h 

12h 

3D 

18h 

7D 

Bones 

HCA 

(b) (a) 

Fig. 4. Differential pair distribution functions, d-PDFs, of two types of bioglasses (70S30C (a) and 58S (b)) 
with different immersion times [1h (1hour), 3h, 6h, 12h, 18h, 3 days (3D), and 7 days (7D)] in c-SBF and 
compared to the commercial calcite (CC) and H(C)A, and the calf bones. 
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(less than 0.1 Å) compared to bulk HCA. This tiny shift could suggest a slight relaxation 

of the structure of the confined phases within nanopores compared to bulk crystalline 

HCA. In fact, such relaxation has also been observed in the previous studies of 

confined molecules in a mesoporous silica matrix [51].   

To summarize, the PDF analysis in this work indicates the presence of amorphous 

calcium phosphate ACP and/or H(C)A phase on both bioglasses from the initial stages 

of interaction with c-SBF solution. Thus, in order to confirm this hypothesis, a 

complementary analysis by Raman spectroscopy has been conducted.  

 Fig. 5 (a)(b) display the Raman spectra of 58S and 70S30C, respectively, after being 

soaked in conventional SBF. The spectral range considered is between 400 and 1300 

cm-1, which includes the main vibrational bands of silica and phosphate phases [59]. 

According to literature [59], the presence of crystalline carbonate hydroxyapatite (HCA) 

is indicated by P-O bands at 435, 590, 960, and 1075 cm-1 while the amorphous phase 

ACP is presented by broader P-O bands at 630, 950, and 1080 cm-1. Thus, by 

examining the position and the shape of these peaks, the various phosphate phases 

can be distinguished. Moreover, the presence of the calcite phase can be identified 

through the presence of a band at 1087 cm-1, which corresponds to the symmetric 

stretching mode of carbonate ions. In this study, for the dry binary BG (70S30C), the 

broad bands that are observed between 520-750, 820-1000, and between 1000-1200 

cm-1 can be assigned to different molecular vibrations modes. For instance, the first 

band corresponds to the deformation mode of Si-O-Si group, the second band 

indicates the symmetric stretching modes of the Si-O-Si bond with different non-

bridging oxygens, and the third to the asymmetric stretching of Si-O-Si fragments [60].  

For the spectrum of the dry ternary BG (58S), a broad band is observed, characterized 

by a sharp maximum at 971 cm-1 and a shoulder at 957 cm-1, indicative of the 

symmetric stretching modes of the Si-O-Si bond and PO4
3- group. Additionally, a peak 

at 1074 cm-1 is associated with the antisymmetric stretching mode of PO4
3-. These 

bands indicate thus the presence of a phosphate phase in the dry silicate BG (58S). 

Dry_70S30C 

1h 

3D 

7D 

HCA 

Calcite 

6h 

18h 

1h 

6h 

3D 

7D 

HCA 

Calcite 

Dry_58S 

18h 

(a) 
(b) 

Fig. 5. Raman Spectra of BGs 58S (a) and 70S30C (b) before and after the contact with the c-SBF for 
different immersion durations and compared to the commercial calcite and HCA. 
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Upon one-hour contact of 58S BG with c-SBF (refer to Fig. 5(a)), the shoulder at 957 

cm-1 transforms into a clearly visible peak at 955 cm-1, that can be associated to a 

phosphate phase, more specifically the ACP phase. With increasing immersion time, 

this peak starts to move towards 960 cm-1, indicating the formation of an apatite phase 

(H(C)A) on the surface of the ternary 58S BG. This observation is consistent with the 

PDF results (see Fig. 4.), where we were able to detect the presence of the phosphate 

phase from the early stages, and detect its transformation into a crystalline H(C)A 

phase. This crystalline phosphate phase reaches its maximum over a period of 7 days. 

Furthermore, the formation of calcium carbonate (calcite) starts after 1 h of contact with 

c-SBF and then almost disappears within one week.  

In contrast, in the case of binary BG (70S30C) (Fig. 5(b)), the intensities of the bands 

associated to the vibrational modes of Si-O-Si decrease with increasing soaking times. 

The presence of the calcite phase was also observed in the initial stages of immersion, 

increasing until 18h followed by a subsequent reduction within one week. After a period 

of 3 days, the hydroxyapatite phase became visibly noticeable without any clear prior 

indication. 

In order to corroborate further our findings, SEM analysis was performed on both BGs 

with different interaction times. Initially, the dry MBGs have a smooth texture on their 

surfaces (Fig. 3.). Upon being submerged in SBF, the surfaces begin to gradually 

roughen and become covered with a layer of phosphate phase and/or calcite (Fig. 6.). 

These phases have been successfully identified from the d-PDF analysis (Fig. 6.) after 

just one hour of immersion, specifically in the case of the binary glass (70S30C).  

Furthermore, we performed EDS analysis on the reported areas of the Fig. 6(b)(d), 

confirming the presence of a ratio of calcium and phosphore similar to that found in 

ACP and H(C)A phases. Further information on EDS analysis are given in 

supplementary information. 

Calcite 

phase 

1h 

6h 

3D 

18h 

5
8

S 
7

0
S3

0
C

 

Phosphate 

phase 

Phosphate 

phases 

Calcite 

phase 

Phosphate 

phase 

Calcite 

phase Phosphate 

phase 

(d) 

(b) (a) 

(c) 

Fig. 6. SEM images of BGs 70S30C (a)(b) and 58S (c)(d) after being soaked in c-SBF with different 
immersion times. EDS analysis was done on the whole rectangle area of both images (b) and (d). 
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4. Discussion: 

In the d-PDF analysis (Fig. 4), we were able to track the formation of the phosphate 

phases from the first hour of immersion of the binary glass 70S30C (Fig. 4(b)), 

whereas the sole Raman results are not unambiguous due to the contribution of 

multiple phases (silica, ACP…) in the region 925-975 cm-1. For further detailed analysis 

on the presence of the ACP phase, we performed a spectral decomposition in the 

region 800-1100 cm-1 (more details are given in Supplementary data). Fig. 7. presents 

the evolution of three phases: ACP, CC, and H(C)A from the decomposition of Raman 

and PDF data over different immersion times for both prototypical BGs (58S and 

70S30C). The evolution of the silicate phase is given in the supplementary material. 

As can be seen from this figure, there is a good agreement between the deconvolution 

of PDF and Raman analysis when studying the formation and development of different 

phases on the surface of bioglasses over various soaking times. Both analyses show 

the same tendency in the evolution of different species in the binary (70S30C) and 

ternary (58S) glasses but their quantities slightly differ. This difference can be attributed 

to the different types of information analyzed by each technique: local information from 

Raman spectroscopy and global information from PDF analysis. The presence of two 

phases, namely amorphous calcium phosphate (ACP) and calcite (CC) phases appear 

immediately after the direct contact of both BGs with synthetic physiological fluid. Over 

a period of 18h, the ACP phase reaches the highest amount, while the H(C)A phases 

cannot be unambiguously detected. Subsequently, there is a notable drop in the 

amounts of ACP, particularly in the case of 70S30C BG, followed by a significant raise 

in the H(C)A phases (Fig. 7(a)). These findings provide a clear evidence that the ACP 

phase undergoes a transformation into the H(C)A phase, suggesting that ACP serves 

as main precursor for the nucleation of the apatite mineral phase. On the other hand, 

the ACP concentration in the ternary BG (58S) exhibits only a slight drop with the still 

significant raise in H(C)A concentration (Fig. 7(c)(d)). This tiny reduction of the ACP 

phase can be explained by the continuous formation of this amorphous phase even 

after a period of 3 days, due to the presence of two sources of phosphorous: the SBF 

solution and the BG itself (58S). However, in the binary BG (70S30C), there is only 

one source of phosphate (from the solution), resulting in a more significant reduction 

of the ACP amounts within 3 days of immersion. These insights can be considered as 

evidence to support the Hench’s theory. According to this mechanism, the ACP phase 

starts to form prenucleation clusters on the surface of BGs directly after interaction with 

SBFs. Then, these clusters aggregate to form ACP particles, which eventually grow 

and transform into H(C)A phase. This has also been demonstrated in previous works 

[40,61], where the initial formation of ACP layer on the BGs and its subsequent 

crystallization after a specific duration were detected by using Small angle X-ray 

scattering (SAXS) and Fourier transform infrared reflection spectroscopy. Moreover, in 

the case of 70S30C, the calcium carbonate (CC) phase increased continuously until it 

reached saturation within 3 days in contact with c-SBF solution, unlike in the case of 



11 
 

ternary 58S BG, where there is a significant reduction of the CC phase after 18h. This 

difference can be explained by the presence of phosphorous in low amounts in the 

binary case, favorizing the formation of calcite in the available nucleation sites where 

they persist even after 7 days. This is a clear evidence of the presence of a competition 

between ACP and calcium carbonate in occupying the free nucleation sites on the BGs’ 

surfaces. Thus, the presence of a high phosphorous amount is essential in promoting 

the formation of the crystalline H(C)A phase, which in the course of the reaction 

contribute in reducing the development of crystalline calcite phases. 

The drop of the calcite phase in the ternary glass (58S) after 18h followed by an 

increase of H(C)A with slight decrease of ACP, suggests a transformation of the calcite 

phase, possibly towards ACP, due to the incorporation of the remained phosphorous 

ions from the solution. This phenomenon has also been shown in the studies of Sun 

Yanyan et al. [62], where the calcite (CC) transformed into H(C)A phase through the 

prolonged soaking times in a phosphate solution like K2HPO4.  

Furthermore, note that by combining these findings with the EDS analysis, we can 

attribute the presence of phosphate phases in the earlier stages (1h to 18h) as shown 

in Fig. 6(a)(c)(d) to the presence of amorphous ACP species and the phosphate 

phases in Fig. 6(b) to crystalline apatite (H(C)A). The presence of silicon (Si) in these 

areas can be attributed to the silica gel layer that precipitate under the phosphate 

(a) 

(d) (c) 

(b) 

Fig. 7. The decomposition results for the PDFs of 70S30C and 58S indicated by (a) and (c) 
respectively. (b) and (d) represent the Raman spectra decomposition of 70S30C and 58S. 
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phases. To conclude, by referring to our previous discussion, we can confirm that the 

presence of smaller amounts of phosphate phases (Fig. 6.) on both BGs in the earlier 

immersion stages can be attributed to the presence of an amorphous calcium 

phosphate (ACP) instead of crystalline phases. So, by considering all the results, we 

can study the evolution of all the phases step by step from the first hour in order to 

evaluate the behavior of bioglasses in-vitro and confirming the Hench transformation 

path of the crystalline phosphate phases.  

 

5. Conclusion:  
In summary, by using the d-PDF analysis coupled with Raman data, we were able to 

monitor the evolution of the various structural phases forming on the BGs’ surfaces 

over different immersion times. In particular, the amorphous calcium phosphate (ACP) 

and crystalline calcium carbonate (CC) phases were tracked in the two investigated 

BGs (58S and 70S30C), revealing a competition between them in the occupation of 

the nucleation sites followed by a gradual transformation into a mineral-like phase 

named H(C)A. It is also essential to highlight in this context the possibility of the 

transformation of CC into ACP before ultimately becoming H(C)A. Overall, our study 

shows that consistent quantitative information on the phases involved in H(C)A 

formation can be obtained from deconvoluted differential PDF and Raman spectra.  
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Abstract: Mesoporous bioactive glasses (MBGs) have been reported as promising 

biomaterials to stimulate and promote the growth of bones. When exposed to 

Simulated Body Fluid (SBF), MBGs develop an apatite phase called carbonate 

hydroxyapatite H(C)A) on their surfaces that closely mimics the mineral phase of 

bones. In order to gain deeper insights into the key stages of the surface reactions of 

two different types of MBGs (58S and 70S30C) soaked in SBF, we have used high 

energy total X-ray scattering coupled to Pair Distribution Function (PDF) analysis, 

along with Raman spectroscopy and scanning electron microscopy. This type of 

coupled analytical approach can ultimately help to unravel the details of the reaction 

kinetics in the complex calcium phosphate environment around the BGs surfaces. The 

data obtained in our in-vitro study point to the formation of other intermediate phases 

like amorphous calcium phosphate (ACP) and calcite (CC), that transform after a 

specific time into H(C)A depending on the composition of the MBGs, their surface 

properties and their interaction times with SBF.  

Keywords: Bioactive Glasses, Total X-ray scattering, Raman spectroscopy, 

Carbonate-Hydroxyapatite, Amorphous Calcium Phosphate. 

1. Introduction 
Since their discovery in 1969 by Hench [1], the bioactive glasses (BGs) have gone a 

long way in investigations. Nowadays, they are used in some applications relying on 

bone regeneration and tissue engineering such as filling cavities and dental, 

maxillofacial, and orthopedic surgery [2-7]. However, they still suffer from some 

drawbacks such as comparatively lower mechanical stability or other unwanted effects 

such as crystallization during sintering [8], that could be overcome by a detailed 

understanding of how the glass composition affects the crystallization [9] or by 

exploiting the tremendous possibilities offered by the sol-gel synthesis of BGs [10,11]. 

While the sol-gel process offers a high flexibility for functionalizing the porous BGs for 

various purposes, including drug delivery [12-13], the complexity of these materials 

requires multi-technique approaches to investigate the key steps in the bone-building 
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process. In the last decades a plethora of methods has been used to assess the 

bioactivity, i.e. the ability of the bioglass to bond to bone tissue and have helped to 

understand the key steps of the BG reaction mechanism after being exposed to 

simulated body fluid (SBF) in in-vitro experiments [14]. This mechanism, first proposed 

by Hench [15], can be summarized as follows (Fig. 1.) [16-18]:  

 

The first two steps (Stage A & B) consist in a rapid cation exchange of Na+ and/or Ca2+ 

with H+ from solution, creating silanol bonds (Si–OH) on the glass surface. The pH of 

the solution increases and a silica-rich (cation-depleted) region forms near to the glass 

surface. Phosphates can also be lost from the glass if they are present in the 

composition. Furthermore, the high local pH contributes in breaking Si–O–Si bonds, 

by attacking the silica glass network by OH. Soluble silica is lost in the form of Si(OH)4 

toward the solution, leaving more Si–OH (silanols) at the glass–solution interface. In 

the third step (Stage C), the Si–OH groups near the glass surface condense, resulting 

in a repolymerization of the silica-rich layer. The fourth step (Stage D) involves the 

migration of Ca2+ and PO4
3- groups from the BG itself and the bodily fluid, leading to 

the formation of an amorphous film rich in CaO–P2O5 on the silica-rich layer. Finally, 

by referring to Stage E, the incorporation of hydroxyls and carbonate ions from solution 

contribute to the crystallization of the CaO–P2O5 film, resulting in carbonate 

hydroxyapatite H(C)A formation (Ca10(PO4)6-x(CO3)x(OH)2).  

As outlined, e.g., in Cerruti’s review [19], these different steps have been investigated 

by several analytical techniques in order to further explore and study the compositions 

and developments of silica gel and the different phosphate phases. For instance, Solid-

State multinuclear magnetic resonance (NMR) [20-28], various spectroscopies like 

Raman and Fourier transform infrared [17, 29-38], X-ray photo-electron [39], particle-

induced X-ray emission [40,41], X-ray diffraction (XRD) [17,20-22,35,36,42,43] as well 

as scanning electron microscopy coupled with Electron dispersive X-ray Spectroscopy 

Fig. 1. Schematic representation of the first five steps of the bioactivity process of the bioactive 
glass as outlined by Hench [15]. 
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[22,29-35,37,44-50] have been used for these investigations in order to support and 

validate the theory of Hench. 

However, as also recently outlined in a critical review by Eden [51] concerning the 

structure and formation of amorphous calcium phosphate, there are still some 

unresolved issues and in particular the different length and time scales involved in the 

formation of the H(C)A phase pose a constant challenge on the overall characterization 

of the bioactivity of BGs. To overcome this challenge, an advanced in-situ total X-ray 

scattering technique coupled to PDF analysis has been developed by FitzGerald and 

co-workers [52] to understand the atomic structure of the complex amorphous 

bioactive materials and study their interactions with a physiological medium. This type 

of method could push the boundaries of a detailed structural characterization and 

understanding of the reaction mechanism even further in complement to the hitherto 

predominantly used analytical methods.  Thus, in order to obtain quantitative 

information on the different species that appear during the H(C)A formation, we 

propose to use a differential PDF (d-PDF) approach along with a singular value 

decomposition (SVD) analysis. Moreover, Raman spectroscopy and scanning electron 

microscopy coupled to EDS are employed as complementary techniques to 

corroborate the findings of the total scattering study. We focused on two different 

prototypic bioactive glasses: 58S and 70S30C in order to gain a comprehensive 

understanding on the different stages of the formation of carbonate hydroxyapatite and 

shed light on their structural changes that occur on the atomic level. Both BGs have 

predominantly amorphous structure, which makes it easier to track the formation and 

development of any phases on their surfaces once they are immersed in SBF. By 

performing a quantitative analysis of the evolution of the different phases after 

immersion in SBF based on a combination of differential PDF analysis and Raman 

spectroscopy, our work might serve as a methodological reference for future studies, 

allowing for structural characterization of the BGs on several length scales and in 

particular enabling the monitoring of the evolution of amorphous phases, that are 

critical in the H(C)A formation. In addition, the formation of calcium carbonate in in-

vitro bioactivity tests is also a matter of debate, as recently reviewed by Mozafari et al 

[53], and need thus to be critically assessed. 

2. Materials and Methods:  

2.1 Sol-Gel Synthesis  

Two types of bioactive glasses, namely 70S30C (70% SiO2, 30% CaO (mol. %)) and 

58S (60% SiO2, 36% CaO, 4% P2O5 (mol. %)), were synthesized through the standard 

sol-gel method. The main precursors used were tetraethyl orthosilicate (TEOS) 

(≥98.0%, Acros Organics), and calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) (CaN) 

(≥97.0%, Thermo Scientific). Triethyl phosphate (TEP) (≥99.8%, Sigma-Aldrich) was 

also used in the case of the ternary glass 58S. Initially, distilled water was stirred 

magnetically at either 60°C or room temperature to prepare binary and ternary 

bioglasses, respectively. Then, 9.33 g of TEOS and/or 0.7144g of TEP were added 

dropwise to the mixture and stirred until a clear solution was obtained. The molar ratio 

between the distilled water and the TEOS precursor was fixed at 8 and a few drops of 

an acidic solution were added to ensure complete hydrolysis of the silicate precursor. 
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The Ca(NO3)2.4H2O powder was slowly added to the solution and stirred until a gel 

was formed. Subsequently, for 58S, the gel was aged at 60°C for 55 h, dried at 180°C 

for 72 h, and then calcinated at 700°C for 3 h. While for 70S30C, the aging, the drying, 

and calcination processes were followed according to the protocol reported in [54].  

2.2 Characterization of BGs 

Nitrogen adsorption desorption measurements were conducted on a Microtrac-

BELSROP-Max instrument at 77K in order to determine the structural textures of all 

samples (refer to Table 1). The specific surface area for the BGs were determined by 

the Brunauer-Emmett-Teller (BET) method while the Barret-Joyner-Halanda (BJH) 

method was used to determine the pore sizes and volumes of the BGs from the 

desorption curves. Prior to the analysis the samples were kept under vacuum for an 

hour to re-degas. The surface morphology of the bioglasses was also investigated 

using scanning electron microscopy (SEM) (JEOL JSM-IT 500 HR) with a field 

emission gun (FEG) and a voltage of 5 kV, as a function of soaking time in c-SBF. A 

secondary electron detector (SED) was used for imaging. The elemental composition 

was determined by Electron dispersive X-ray Spectroscopy using an Ultim Max 170 

Oxford EDS detector coupled to SEM. The accelerating voltage was set to 5 kV and 

the working distance to 10 mm.  

 

Sample Dpore 

(nm) 

Vpore (cm3/g) SBET (m2/g) Pore distribution 

58S 14 0.42 123 Disordered 

70S30C 14 0.44 109 Disordered 

 

Table 1 Physical parameters of two types of bioactive glasses, 58S and 70S30C. Dpore: average pore 

diameter, Vpore: pore volume and SBET: specific surface area. 

 

2.3 In-Vitro bioactive tests in c-SBF 

A conventional simulated body fluid (c-SBF) was used in this work for in-vitro tests in 

order to assess the bioactivity of the synthesized bioglasses without using any protein 

and cells. The solution used for the tests had a pH of 7.4 and was buffered with 

Tris(hydroxymethyl)aminomethane base (TRIS), as described elsewhere [55]. All the 

in-vitro bioactivity tests were conducted by soaking a specimen in SBF for different 

interaction times (1h, 3h, 6h, 12h, 18h, 3d, and 7d) at 36.7°C with with magnetic stirring 

at 70 rpm. The appropriate volume of SBF was calculated by using the protocol 

described by Lukito et al. [56] with a powder-to-liquid-ratio = 2mg/mL. The specimens 

were put in a vertical position to ensure proper contact with the c-SBF liquid. After 

having reached the desired interaction time, the specimens were extracted and 

washed with water and acetone to eliminate any remaining residue of SBF and stop 

any reactions on their surfaces.  
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2.4 Total X-ray Scattering  

Total X-ray scattering measurements were conducted on two distinct beamlines: the 

Cristal beamline at the SOLEIL synchrotron facility (E=24.0558 keV (λ=0.51495 Å)) 

and at the Material Science (MS) beamline at the Swiss Light Source (SLS) (E=25.20 

KeV (λ=0.491676 Å)). Data were collected before and after immersing two bioglasses, 

58S and 70S30C, in a physiological fluid for various soaking times. The scattered 

intensity of the wetted samples provides information and insights on the interaction 

between SiO2-SiO2, SiO2-Confined Species (CS) and CS-CS, as reported by Hsieh et 

al. in 2013 [57] and applied successfully by Khoder et al. to the study of the structure 

of confined water inside the bioglasses [58]. The scattered intensity of the dry samples 

only shows information about the SiO2-SiO2 pairs. Thus, the difference of the scattering 

intensities between the wetted and dry sample is calculated in order to isolate the 

contribution of different species obtained during the interactive process with the bodily 

fluid:  

 

𝑰 = 𝑰𝒘𝒆𝒕 𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑰𝒅𝒓𝒚 𝒔𝒂𝒎𝒑𝒍𝒆       = 𝑰𝑪𝑺−𝑪𝑺 + 𝑰𝑪𝑺−𝑺𝒊𝑶𝟐                                                                                                                          (1) 

 

All the data processing was performed using the software PDFgetX3 [59]. The 

measured scattering intensity was normalized by dividing it by the average scattering 

factors over all the atoms and the total number of the scattering centers to obtain the 

scattering structure function S(Q) of each sample. Subsequently, by performing a 

direct sine Fourrier transform of the resulting S(Q), the experimental PDF, G(r), can be 

calculated in real space using the following equation:  

 

𝑮(𝒓) =
𝟐

п
∫ 𝑸[𝑺(𝑸) − 𝟏] 𝒔𝒊𝒏(𝑸𝒓) 𝒅𝑸

∞

𝟎
                                                                                                                                                 (2) 

 

To perform this calculation, data were processed by integrating and truncating them at 

a finite maximum of Qmax = 14.5 A-1. Any data beyond this value was inaccurate, as 

the signal-to-noise ratio becomes unfavorable. Moreover, a deconvolution has been 

performed for all the PDFs in order to follow in detail the development of different 

species on the surface of the BGs. It is based on the Singular Value Decomposition 

(SVD) method [60], allowing for a quantitative assessment of different species that 

contribute to the PDFs.  

 

2.5 Raman Spectroscopy 

The Raman spectra were collected using a Reinshaw inVia Qontor spectrometer 

equipped with a confocal microscope and an Olympus X50 lens that has a numerical 

aperture (N.A.) of 0.55. A laser power range from 50 to 100 mW was used to excite all 

the silicate samples with a wavelength of 532 nm. All the measurements were collected 

in a range between 100 to 4000 cm-1, with a spectral resolution of 4 cm-1 and a 

bleaching duration of 120 seconds. Ten acquisitions were performed, each one 
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consisting of measuring the spectrum for a period of 5 seconds. Furthermore, all the 

probed spot areas had a size of only few micrometers squared. Multiple spots were 

measured for each sample. The Raman spectra were also collected on a commercial 

crystalline carbonate hydroxyapatite (HCA) (Bio-Rad) and calcium carbonate powder 

(≥99.0%, Prolabo), in order to compare and understand the patterns observed on the 

BGs. The Raman spectra were decomposed using Origin software by curve fitting with 

Gaussian functions [61].  

 

3. Results:  

3.1 Structural Characterization 

The structure and texture of the synthetic biomaterials were analyzed using nitrogen 

adsorption desorption techniques (Fig. 2.). The binary and ternary glasses isotherms 

correspond to type IV, as classified by IUPAC [62] suggesting a mesoporous structure. 

Further details regarding the structural parameters of both BGs, can be found in table 

1. SEM was used to examine the morphology for all silicate samples, demonstrating 

the presence of a smooth surface for both dry BGs (Fig. 3.).  

Fig. 2. Nitrogen Adsorption Desorption Isotherm of bioglasses (58S and 
70S30C).  

Fig. 3. SEM images of bioactive glasses, 58S (left) and 70S30C (right) 
before immersion in SBF.  
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3.2 Apatite Formation after in-Vitro Tests 

Fig. 4. shows the differential PDFs (d-PDFs) of 70S30C (a) and 58S (b) bioglasses. 

These analyses were carried out for different immersion times in c-SBF solution. The 

PDFs of calcite (CC), crystalline HCA, and Calf-bones are presented as references to 

evaluate the bioactivity of the prepared materials in the in-vitro experiments. Based on 

the PDF analysis carried on the bone and crystalline HCA, we can associate the peak 

at 1.5 Å with “P-O” (first neighbors) pairs, the peak at 3.6 Å with “Ca-P” or “P-O” (third 

neighbors) pairs, the peak at 4.1 Å with “C-P” pairs and the peak at 6.3 Å with “P-P” 

pairs. In the following, we will use the three peaks at 3.6, 4.1 and 6.3 Å as indicators 

of the presence and growth of the phosphate phases. At the earlier immersion stages 

of both BGs (58S and 70S30C) in the c-SBF, we can observe a main peak at 3.6 Å 

that could be attributed to the presence of an amorphous layer rich in calcium 

phosphate (ACP) or H(C)A phase. Similar features have been reported in the study of 

Skippers et al. [63].  

From the PDF diagram of calcite, the first peak located at 1.27 Å can be associated 

with C-O pairs, while the second peak and third peaks at 2.34 and 3.34 Å correspond 

to mainly Ca-O and Ca-C bonds, respectively. The PDF peaks observed at 4.19 Å, 5 

Å and 6.4 Å correspond to Ca-O pairs (second neighbors), Ca-Ca, and Ca-C pairs, 

respectively [64]. These three peaks (indicated by black dashed lines) will be used as 

markers for the discussion concerning the evolution of the calcite phase during the 

interactive process with the SBF. The formation of a calcite crystalline phase is clearly 

displayed in both bioglasses from the first hour, as shown in Fig. 4. Following the 

interaction for three days, these peaks have moved towards the positions of peaks 

corresponding to phosphate phases (indicated by grey lines). This clearly shows that 

both MBGs exhibit changes in their local structure, evolving towards the reference 

1h 

CC 

3h 

6h 

12h 

18h 

3D 

7D 

Bones 

HCA 

CC 

1h 

3h 

6h 

12h 

3D 

18h 

7D 

Bones 

HCA 

(b) (a) 

Fig. 4. Differential pair distribution functions, d-PDFs, of two types of bioglasses (70S30C (a) and 58S (b)) 
with different immersion times [1h (1hour), 3h, 6h, 12h, 18h, 3 days (3D), and 7 days (7D)] in c-SBF and 
compared to the commercial calcite (CC) and H(C)A, and the calf bones. 
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structures of bone and the crystalline HCA phase, albeit a slightly shifted peak position 

(less than 0.1 Å) compared to bulk HCA. This tiny shift could suggest a slight relaxation 

of the structure of the confined phases within nanopores compared to bulk crystalline 

HCA. In fact, such relaxation has also been observed in the previous studies of 

confined molecules in a mesoporous silica matrix [57].   

To summarize, the PDF analysis in this work indicates the presence of amorphous 

calcium phosphate ACP and/or H(C)A phase on both bioglasses from the initial stages 

of interaction with c-SBF solution. Thus, in order to confirm this hypothesis, a 

complementary analysis by Raman spectroscopy has been conducted.  

Fig. 5 (a)(b) display the Raman spectra of 58S and 70S30C, respectively, after being 

soaked in conventional SBF. The spectral range considered is between 400 and 1300 

cm-1, which includes the main vibrational bands of silica and phosphate phases [65]. 

According to literature [65], the presence of crystalline carbonate hydroxyapatite (HCA) 

is indicated by P-O bands at 435, 590, 960, and 1075 cm-1 while the amorphous phase 

ACP is identifiable by broader P-O bands at 630, 950, and 1080 cm-1. Thus, by 

examining the position and the shape of these peaks, the various phosphate phases 

can be distinguished. Moreover, the presence of the calcite phase can be identified 

through the presence of a band at 1087 cm-1, which corresponds to the symmetric 

stretching mode of carbonate ions. In this study, for the dry binary BG (70S30C), the 

broad bands that are observed between 520-750, 820-1000, and between 1000-1200 

cm-1 can be assigned to different molecular vibrations modes. For instance, the first 

band corresponds to the deformation mode of the Si-O-Si group, the second band 

indicates the symmetric stretching modes of the Si-O-Si bond with different non-

bridging oxygens, and the third to the asymmetric stretching of Si-O-Si fragments [66].  

For the spectrum of the dry ternary BG (58S), a broad band is observed, characterized 

by a sharp maximum at 971 cm-1 and a shoulder at 957 cm-1, indicative of the 

symmetric stretching modes of the Si-O-Si bond and PO4
3- group. Additionally, a peak 

at 1074 cm-1 is associated with the antisymmetric stretching mode of PO4
3-. These 

Dry_70S30C 

1h 

3D 

7D 

HCA 

Calcite 

6h 

18h 

1h 

6h 

3D 

7D 

HCA 

Calcite 

Dry_58S 

18h 

(a) 
(b) 

Fig. 5. Raman Spectra of BGs 58S (a) and 70S30C (b) before and after the contact with the c-SBF for 
different immersion durations and compared to the commercial calcite and HCA. 
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bands indicate thus the presence of a phosphate phase in the dry silicate BG (58S). 

Upon one-hour contact of 58S BG with c-SBF (see Fig.5(a)), the shoulder at 957 cm-1 

transforms into a clearly visible peak at 955 cm-1, that can be associated to a phosphate 

phase, more specifically the ACP phase. With increasing immersion time, this peak 

starts to move towards 960 cm-1, indicating the formation of an apatite phase (H(C)A) 

on the surface of the ternary 58S BG. This observation is consistent with the PDF 

results (see Fig. 4.), where we were able to detect the presence of the phosphate 

phase from the early stages, and detect its transformation into a crystalline H(C)A 

phase. This crystalline phosphate phase reaches its maximum over a period of 7 days. 

Furthermore, the formation of calcium carbonate (calcite) starts after 1 h of contact with 

c-SBF and then almost disappears within one week.  

In contrast, in the case of binary BG (70S30C) (Fig. 5(b)), the intensities of the bands 

associated to the vibrational modes of Si-O-Si decrease with increasing soaking times. 

The presence of the calcite phase was also observed in the initial stages of immersion, 

increasing until 18h followed by a subsequent reduction within one week. After a period 

of 3 days, the hydroxyapatite phase became visibly noticeable without any clear prior 

indication. 

In order to corroborate further our findings, SEM analysis was performed on both BGs 

with different interaction times. Initially, the dry MBGs have a smooth texture on their 

surfaces (Fig. 3.). Upon being submerged in SBF, the surfaces begin to gradually 

roughen and become covered with a layer of phosphate phase and/or calcite (Fig. 6.). 

These phases have been successfully identified from the d-PDF analysis (Fig. 4.) after 

just one hour of immersion, specifically in the case of the binary glass (70S30C).  

Furthermore, we performed EDS analysis on the areas indicated by rectangles in Fig. 

6(b)(d), confirming the presence of a ratio of calcium and phosphore similar to that 

found in ACP and H(C)A phases. Further information on EDS analysis is given in the 

supplementary information. 

Calcite 

phase 
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6h 

3D 

18h 

5
8

S 
7

0
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Phosphate 
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Calcite 

phase Phosphate 

phase 

(d) 

(b) (a) 

(c) 

Fig. 6. SEM images of BGs 70S30C (a)(b) and 58S (c)(d) after being soaked in c-SBF with different 
immersion times. EDS analysis was done on the whole rectangle area of both images (b) and (d). 
(The elementary analysis error may reach to 5%). 
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4. Discussion: 

In the d-PDF analysis (Fig. 4), we were able to track the formation of the phosphate 

phases from the first hour of immersion of the binary glass 70S30C (Fig. 4(b)), 

whereas the sole Raman results are not unambiguous due to the contribution of 

multiple phases (silica, ACP…) in the region 925-975 cm-1. For further detailed analysis 

on the presence of the ACP phase, we performed a spectral decomposition in the 

region 800-1100 cm-1 (more details are given in the supplementary material). Fig. 7. 

presents the evolution of three phases: ACP, CC, and H(C)A from the decomposition 

of Raman and PDF data over different immersion times for both prototypical BGs (58S 

and 70S30C). The evolution of the silicate phase is given in the supplementary 

material. As can be seen from this figure, there is a good agreement between the 

deconvolution of PDF and Raman analysis when studying the formation and 

development of different phases on the surface of bioglasses over various soaking 

times. Both analyses show the same tendency in the evolution of different species in 

the binary (70S30C) and ternary (58S) glasses but their quantities slightly differ. This 

difference can be attributed to the different types of information analyzed by each 

technique: local information from Raman spectroscopy and global information from 

PDF analysis. The presence of two phases, namely amorphous calcium phosphate 

(ACP) and calcite (CC) phases appear immediately after the direct contact of both BGs 

with synthetic physiological fluid. Over a period of 18h, the ACP phase reaches the 

highest amount, while the H(C)A phases cannot be unambiguously detected. 

Subsequently, there is a notable drop in the amounts of ACP, particularly in the case 

of 70S30C, followed by a significant raise in the H(C)A phases (Fig. 7(a)). These 

findings provide a clear evidence that the ACP phase undergoes a direct 

transformation into the H(C)A phase, suggesting that ACP serves as main precursor 

for the nucleation of the apatite mineral phase. Note that the ACP concentration in the 

ternary BG (58S) exhibits only a slight drop with the still significant raise in H(C)A 

concentration (Fig. 7(c)(d)). This tiny reduction of the ACP phase can be explained by 

the continuous formation of this amorphous phase even after a period of 3 days, due 

to the presence of two sources of phosphorous: the SBF solution and the BG itself 

(58S). Contrary to that, in the binary BG (70S30C), there is only one source of 

phosphate (from the solution), resulting in a more significant reduction of the ACP 

amounts within 3 days of immersion. These insights can be considered as evidence to 

support Hench’s theory. According to this mechanism, the ACP phase starts to form 

prenucleation clusters on the surface of BGs directly after interaction with SBFs. Then, 

these clusters aggregate to form ACP particles, which eventually grow and transform 

into H(C)A phase. This has also been demonstrated in previous works [43,67], where 

the initial formation of ACP layer on the BGs and its subsequent crystallization after 1-

3 days were detected by using Small angle X-ray scattering (SAXS) and Fourier 
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transform infrared reflection spectroscopy. Moreover, in the case of 70S30C, the 

calcium carbonate (CC) phase increased continuously until it reached saturation within 

3 days in contact with c-SBF solution, unlike in the case of ternary 58S BG, where 

there is a significant reduction of the CC phase after 18h. This difference can be 

explained by the presence of phosphorous in low amounts in the binary case, 

favorizing the formation of calcite in the available nucleation sites where they persist 

even after 7 days. This is a clear evidence of the presence of a competition between 

ACP and calcium carbonate in occupying the free nucleation sites on the BGs’ 

surfaces. Thus, the presence of a high phosphorous amount is essential in promoting 

the formation of the crystalline H(C)A phase, which in the course of the reaction 

contribute in reducing the development of crystalline calcite phases.                                                        

The drop of the calcite phase in the ternary glass (58S) after 18h followed by an 

increase of H(C)A with slight decrease of ACP, suggests a transformation of the calcite 

phase, possibly towards ACP, due to the incorporation of the remaining phosphorous 

ions from the solution. This phenomenon has also been described in the studies of 

Sun Yanyan et al. [68], where the calcite (CC) transformed into the H(C)A phase 

through the prolonged soaking times in a phosphate solution like K2HPO4.  

Furthermore, note that by combining these findings with the EDS analysis, we can 

attribute the presence of phosphate phases in the earlier stages (1h to 18h) as shown 

(a) 

(d) (c) 

(b) 

Fig. 7. Single-value decomposition results for the three phases ACP, HCA, and CC, as obtained from 
PDF analysis for 70S30C (a) and 58S (c) and Raman spectroscopy for 70S30C (b) and 58S (d). 
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in Fig. 6(a)(c)(d) to the presence of amorphous ACP species and the phosphate 

phases in Fig. 6(b) to crystalline apatite (H(C)A). The presence of silicon (Si) in these 

areas can be attributed to the silica gel layer that precipitate under the phosphate 

phases. To conclude, by referring to our previous discussion, we can confirm that the 

presence of smaller amounts of phosphate phases (Fig. 6.) on both BGs in the earlier 

immersion stages can be attributed to the presence of an amorphous calcium 

phosphate (ACP) instead of crystalline phases. So, by considering all the results, we 

can study the evolution of all the phases step by step from the first hour in order to 

evaluate the behavior of bioglasses in-vitro and confirming the Hench transformation 

path of the crystalline phosphate phases.  

 

5. Conclusion:  
In summary, by using the d-PDF analysis coupled with Raman data, we were able to 

monitor the evolution of the various structural phases forming on the BGs’ surfaces 

over different immersion times. In particular, the amorphous calcium phosphate (ACP) 

and crystalline calcium carbonate (CC) phases were tracked in the two investigated 

BGs (58S and 70S30C), revealing a competition between them in the occupation of 

the nucleation sites followed by a gradual transformation into a mineral-like phase 

named H(C)A. It is also essential to highlight in this context the possibility of the 

transformation of CC into ACP before ultimately becoming H(C)A. This coupled 

analytical approach presents thus a clear scenario on the conversion process of ACP 

to H(C)A on the surface of the biomaterial. After 18h of immersion in c-SBF, the ACP 

clusters remain in contact with both BGs (58S and 70S30C) surfaces and subsequently 

undergo a structural transformation into H(C)A. This indicates that ACP involves a 

rearrangement of the structure without the need to dissolve into the solution prior to 

the apatite formation. Moreover, this analysis shows that CC does not limit the apatite 

formation process, but slows down its kinetics. So, in order to promote apatite growth, 

one should limit the formation of CC in the initial stage of BGs’ immersion. Overall, our 

study shows that consistent quantitative information on the phases involved in H(C)A 

formation can be obtained from deconvoluted differential PDF and Raman spectra. 

The approach employed in this work could therefore be used for effective assessment 

of the bioactive response of various biomaterials, particularly during the early stages 

of their interaction with the physiological environment. 
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