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A B S T R A C T   

The impact of dissolution products on the reaction behaviour of bioactive glasses was explored. Bioactive glass 
S53P4 particles were immersed in solutions with initial pH of 5–9. After 24 and 72 h, the solution extracts were 
used for testing unreacted particles. The pH, ion concentrations, and glass surfaces were analysed as functions of 
immersion time. More Ca, Na, and P dissolved at lower pH (5) than at higher pH (7.4 or 9). The dissolution 
changed from an incongruent to an apparent congruent with increasing pH. Dissolution products in extracts 
changed the reaction layer structure on glass particles and led to lower ion release at pH 7.4 and 9. Dissolution 
increased almost linearly with time in acidic solutions. Silica-rich layer and calcium phosphate were identified on 
the particles after immersion in all solutions except at pH 9. Local ion concentration variations affected disso-
lution, leading to nonuniform ion release rates.   

1. Introduction 

Bioactive glasses are commonly characterised by their ability to form 
a chemical bond with living tissues, mainly bone, through the hy-
droxyapatite layer that develops at the glass surface in vivo [1]. 
Controlled degradation and release of ions are unique properties of 
bioactive glasses [2]. Since their discovery in the late 1960s [3], 
bioactive glasses have evolved from bone grafting materials to implants 
and scaffolds for various tissue engineering applications [4–6]. Professor 
Hench, the inventor of bioactive glasses, observed the strong bond be-
tween bone and silicate-based glasses of a narrow composition range. 
The first bioactive glass reported by Hench is known as Bioglass® 45S5 
[7]. The oxide composition of this glass is (in wt%) 45 SiO2, 24.5 CaO, 
24.5 Na2O, and 6 P2O5 [8]. 

Today, a wide range of glass compositions has been studied for their 
potential bioactivity. For example, bioactive glass S53P4 with higher 
silica and lower contents of the other oxides compared to 45S5 showed 
desired properties for bone tissue applications in several in vitro, in vivo 
and clinical studies [9]. Today, 45S5 and S53P4 are widely used in 
commercial implant products in the human body [9–13]. Besides stim-
ulating bone growth, S53P4 showed antibacterial effects in vitro against 
29 aerobic and 17 anaerobic bacteria [14,15]. Clinical studies verified 
its suitability for treating osteomyelitis in long bones [16,17]. The 
antibacterial properties are suggested due to the dissolution behaviour 

of bioactive glasses [18], i.e., the increased pH and the increased ion 
concentrations in the surrounding solution. Additionally, the release of 
ions from the glass was verified to stimulate cellular processes in bone 
regeneration and, accordingly, to produce new bones in an injured site 
[19]. 

Similar reactions between the bioactive glass and surrounding so-
lution occur in vivo and in vitro. The reactions are rapid and are proposed 
to take place in the following five steps [20]: [i] ion exchange of the 
alkali and alkaline ions in the bioactive glass surface with the hydrogen 
ions in the solution, [ii] increase of the solution pH, followed by the 
release of soluble silicon groups (Si(OH)4) from the glass, [iii] conden-
sation and repolymerisation of silicon on the glass surface to a silica-rich 
layer, [iv] migration of Ca2+ and PO4

3− groups from the glass and pre-
cipitation from the solution to amorphous calcium phosphate (Ca/P) 
layer, [v] crystallisation of the Ca/P-layer to a hydroxyapatite layer as a 
result of carbonates and hydroxyls incorporating from the surrounding 
solution. In vivo mechanisms then conclude the bonding to the bone. 

The dissolution rate of bioactive glasses depends, among other 
things, on the solution pH, glass surface area to solution volume ratio, 
and solution composition [21]. An early study showed that the extrac-
tion of alkali ions from a binary alkali silicate glass (K2O-SiO2) decreased 
rapidly above pH 9 [22]. Also, calcium dissolved more rapidly from 
bioactive glass 45S5 in an acidic solution (pH 5) compared to neutral 
(pH 7.4) and alkaline (pH 9) solutions [23]. On the other hand, at 
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increased pH levels, Si is expected to dissolve more rapidly than alkalis. 
The critical pH level of increased Si dissolution from the glass structure 
is pH 9 [24]. As smaller particles have a larger surface area, they dissolve 
faster than larger particles [25]. In addition, particles in a cascade 
reactor, i.e., in separate reactors connected in series, were reported to 
react differently in a continuous solution flow due to increasing con-
centration of dissolution products [26]. This implies that particles inside 
an implanted bioactive glass particle bed will be in contact with a so-
lution already containing dissolution products from the outer bed par-
ticles. Consequently, these interior particles likely experience a higher 
pH than the outer particles. However, the dynamic body system strives 
to maintain the pH of the extracellular fluid constant, i.e., around 7.4 
[27]. At the same time, the pH can be within 5.5–6.7 at bone infection 
sites [28]. Even lower local pH levels can occur if the bioactive glass is 
used as a component in a composite with a biodegradable polymer, e.g., 
polylactic acid, giving an acidic environment due to degradation re-
actions [29]. Also, the oral cavity can experience an environment with 
decreased pH due to the intake of drinks or food with a lower pH [30]. 
On the other hand, locally increased pH at the implant site can appear at 
the glass/solution interface and affect the dissolution behaviour of the 
glass [31]. 

Immersing bioactive glass in a static solution is a standard procedure 
when investigating in vitro behaviour [32]. Experiments conducted with 
solutions containing dissolution products from bioactive glasses are 
limited and mainly focused on the biological response. For example, the 
human osteoblast growth cycle was shortened when ions dissolved from 
bioactive glass 45S5 were present [33]. Furthermore, ions dissolving 
from bioactive glasses induced osteogenesis in vitro [34]. Dissolved ions 
from an experimental bioactive glass promoted strong mineralization of 
human adipose stem cells in hydrogels [35]. Similarly, ions common in 
bioactive glasses have been identified to induce HA precipitation 
(aqueous Si) [36], increase osteoblast proliferation and differentiation, 
increase mineralization of the extracellular matrix (Ca ions) [37], and 
stimulate the main protein (matrix Gla protein) for bone formation 
(phosphate) [38]. In a dynamic environment, the increase of ion con-
centrations and, consequently, the decrease of available hydrogen ions 
for ion exchange have been proposed to delay the reactions of bioactive 
glasses [26,39]. However, the impact of dissolution products in the so-
lution on the reaction behaviour of bioactive glasses at different pH 
levels is not fully understood. 

This study aimed to investigate bioactive glass S53P4 particles in 
different environments that could occur in the human body, including 
changes in the surrounding solution pH due to infection or material/ 
solution reactions. Also, the solution composition might change as it 
flows in voids of particle beds or porous bodies, thus affecting the re-
actions in various parts of the implanted material. In this work, the re-
actions of bioactive glass S53P4 particles were studied in solutions at 
three pH levels (5–9) in static conditions for up to 120 h. In addition, the 
extracts after 24 and 72 h of dissolution were reused to study the impact 

of increased ion concentrations on the dissolution of unreacted particles. 
The results give indications of the dissolution mechanisms of bioactive 
glasses in various in vitro and in vivo conditions. 

2. Materials and methods 

2.1. Bioactive glass samples 

Bioactive glass S53P4 (in wt%) 53 SiO2, 20 CaO, 23 Na2O, and 4 
P2O5 was produced by mixing quartz sand with analytical grade re-
agents Na2CO3, CaHPO4⋅2H2O, and CaO3. The batch was added into a 
platinum crucible and melted in an electric furnace at 1360 ◦C for 3 h. 
The melt was cast in a graphite mould to give a glass bar, annealed at 
520 ◦C for 1 h and cooled down to room temperature in the oven. The 
bar was crushed and remelted to obtain a homogeneous glass. Finally, 
bioactive glass particles were produced with a ring and puck mill. Par-
ticles that passed through a 500 μm sieve but stayed on a 300 μm sieve 
were used for the immersion studies. Before immersion, the particles 
were cleaned in acetone in an ultrasound bath to remove fine powder 
adhered to the particle surfaces. Fine, rapidly dissolving powder might 
affect the accuracy of dissolution studies [40]. Fig. 1 shows a) the par-
ticle size distribution (Malvern Panalytical Mastersized 3000) and b) an 
SEM image of the S53P4 particle cross-sections. The median diameter of 
the analysed particles was 445 μm, and 69% were in the size range of 
310–516 μm. 28% of the particles were > 516 μm, and 3% were < 310 
μm. The irregular-sized particles increased the possibility of elongated 
particles passing through the sieve, contributing to the increased parti-
cle size distribution. 

2.2. Immersion solutions 

Tris(hydroxymethyl)aminomethane (Tris), with the pH indicated in 
parenthesis after the solution symbol, was prepared using the reagents 
given in Table 1. The pH of Tris (5) was adjusted using acetic acid 
instead of the usual hydrochloric acid (HCl) to minimize the risk of Cl 
ions interfering with the apatite formation on the glass particle surfaces 

Fig. 1. Particle size distribution (a) and cross-sectional SEM image (b) of unreacted S53P4 particles.  

Table 1 
Reagents for 0.5 l buffer solutions, solution pH, and calculated base and acid 
molarities of the solutions at 37 ◦C.   

Tris 
(g) 

HAc 
(ml) 

HCl 
(ml) 

NaOH 
(ml) 

pH base 
(mM) 

acid 
(mM) 

Tris (9) 3.03 – 1.5 – 9 50 3 
Tris 

(7.4) 3.03 – 17.9 – 7.4 50 36 
Tris (5) 3.03 24.7 – – 5 50 50 
HAc 

(5) – 3 – 34.1 5 68 100  
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[41]. The buffer capacity of Tris is between 7 and 9 [42]. Therefore, an 
additional HAc-NaOH (HAc) buffer solution was used for immersion 
studies within the buffering range of 3.6–5.6. The reagents (in bold, 
Table 1) were added to purified water and wholly dissolved before the 
temperature of the solutions was increased in a water bath to 37 ◦C. 
Finally, the pH of the solutions was adjusted by slowly adding 1 M HCl, 
1 M HAc, or 1 M NaOH under continuous stirring. The theoretical mass/ 
volume and molarity of the acids and bases are also presented in Table 1. 
The acid and base concentrations for the desired buffer pH values were 
calculated using the Henderson-Hasselbalch equation [43], with the pKa 
(37 ◦C) of Tris as 7.8 and of HAc as 4.67. 

2.3. Immersion tests 

A shaking incubator (Stuart Orbital Incubator SI500) with a rotation 
speed of 100 rpm at 37 ◦C was used for the immersions. 210 ± 5 mg of 
bioactive glass particles were added in 30 ± 0.1 ml solution in a covered 
polypropylene centrifuge tube (50 ml). Assuming spherical particles 
with an average diameter of 400 μm gave an approximate surface area to 
volume ratio of 0.4 cm− 1. The immersion tests were carried out for 24, 
72, and 120 h. The 120 h experiments had three parallel runs. The pH of 
the solutions was measured every other hour for up to 8 h, and from 1 
day forward, every 24 h. At hours 8, 24, and 72, an aliquot of 1 ml was 
extracted for ion analysis. Further, the ion concentrations were 
measured at 120 h. The reacted particles were washed with ethanol and 
dried at 40 ◦C before being stored in a desiccator until further analyses. 

Additional glass samples were immersed for 24 and 72 h to achieve 
extracts for investigating the effect of the released ions on the dissolu-
tion of new, unreacted S53P4 particles. For a surface area to volume 
ratio similar to the initial immersion tests (0.4 cm− 1), 202 ± 3 mg of 
bioactive glass particles were immersed in 28.5 ml of the extracted so-
lutions. The solutions and glass particles were collected for further an-
alyses at the same measurement points as experiments with as-prepared 
solutions. 

2.4. Change of solution pH 

The pH is temperature dependent and was therefore measured by 
placing the vials with the immersed particles in a 37 ◦C water bath to 
keep the temperature constant during the pH measurement. The mea-
surements were conducted close to the particle bed without the pH 
electrode touching the particles. The pH has been shown to increase the 
closer the pH electrode is to the particle bed in a container [44]. How-
ever, the agitation during the immersion likely contributed to equalising 
pH throughout the solution. Also, the pH of the reference solutions, kept 
in the same incubator as the bioactive glass immersion solutions, was 
measured at 0 and 120 h. The pH-meter (VWR pHenomenal pH 1100 L) 
was calibrated with the pH standards 4.01 and 7.00 (25 ◦C). 

2.5. Ion analysis 

The collected solutions were analysed with inductively coupled 
plasma-optical emission spectrometry (ICP-OES, Optima 5300 DV; 
Perkin Elmer, Waltham, MA). The extracted 1 ml solution was diluted 
with 9 ml of purified water. The ICP was calibrated with 1, 5, and 20 
ppm commercial (Spectrascan) multi-element standards of Si, Ca, Na, 
and P. Before and after the measurements, the background level was 
recorded by analysing the 1 ppm standard of each element. The reported 
ion concentrations were background corrected accordingly. The ele-
ments were analysed with the limit of quantification (LOQ) Si = 0.04 
mg/l, Ca = 0.003 mg/l, Na = 0.2 mg/l, and P = 0.03 mg/l. Ion analysis 
was conducted for three parallel samples, and each sample was analysed 
3–5 times. Aliquots were extracted at 8, 24, and 72 h, so the surface area 
to volume ratio changed accordingly. Therefore, the measured values 
were calculated according to Eq. (1) [45]. 

C*
i,j = Ci,j +

Va

Vs

∑N

j
Ci,j− 1 (1)  

where C*
i,j is the normalised concentration of element i at time j, Ci,j the 

measured concentration of element i at time j, Va the volume of the 
extracted aliquot, Vs the volume of the immersion solution before 
extraction of the aliquot, and Ci,j− 1 the measured concentration of 
element i at time point j-1. The normalised mass loss of each element was 
then calculated according to Eq. (2) [46]. 

NLi =
C*

i − C0
(

SA
V

)
fi

(2)  

where NLi is the normalised loss of each element (g/m2), C*
i is the nor-

malised ion concentrations of element i calculated with Eq. (1) (mg/l), 
C0 is the ion concentration of element i measured with ICP-OES in the 
reference solution (mg/l), SA is the total surface area of the unreacted 
immersed glass particles (m2), V is the volume of immersion solution (l), 
and fi is the mass fraction of element i in the unreacted glass sample. 

2.6. Glass surface analysis 

After 120 h, the glass particles from the dissolution experiments in 
the four as-prepared immersion solutions and their 24 and 72 h extracts 
were embedded in epoxy resin. The embedded particles were ground 
and polished with abrasive sandpaper to reveal the cross-sections. A 
scanning electron microscope (SEM, Leo Gemini; Carl Zeiss, Oberko-
chen, Germany) was used to take images of the cross-sections and the 
surfaces of particles immersed for 120 h. For particles with visible layer 
formations, energy dispersive X-ray line analysis (EDX, Leo Gemini; Carl 
Zeiss, Oberkochen, Germany, coupled with SEM) of the cross-sections 
was also taken. 

Table 2 
pH as functions of the immersion time for the solutions used to dissolve S53P4 particles: as-prepared (0), extracted after 24 h (24) and 72 h (72). Bold values indicate 
the pH measured above the glass particles at 24 and 72 h, while the underlined values give the extracted and mixed solution pH before adding new particles.   

Tris 9 Tris 7.4 Tris 5 HAc 5 

h (0) (24) (72) (0) (24) (72) (0) (24) (72) (0) (24) (72) 

0 8.97 9.12 9.10 7.35 7.46 7.58 4.96 5.09 5.15 4.93 5.05 5.08 
2 9.10 9.15 9.11 7.44 7.57 7.59 5.06 5.11 5.19 5.01 5.05 5.11 
4 9.11 9.15 9.12 7.46 7.53 7.61 5.07 5.12 5.22 5.05 5.07 5.14 
6 9.12 9.15 9.14 7.47 7.52 7.62 5.08 5.13 5.24 5.03 5.09 5.16 
8 9.13 9.17 9.15 7.49 7.53 7.59 5.10 5.15 5.26 5.04 5.08 5.17 
24 9.15 9.20 9.17 7.52 7.57 7.69 5.15 5.23 5.32 5.11 5.14 5.17 
48 9.23 9.25 9.28 7.59 7.60 7.69 5.26 5.26 5.48 5.16 5.15 5.24 
72 9.31 9.29 9.33 7.62 7.64 7.71 5.26 5.36 5.55 5.16 5.20 5.29 
96 9.31 9.34 9.37 7.62 7.65 7.73 5.27 5.35 5.60 5.23 5.25 5.35 
120 9.38 9.37 9.41 7.66 7.68 7.75 5.38 5.42 5.68 5.27 5.30 5.40  
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3. Results 

3.1. pH of immersion solutions 

Table 2 shows the average pH of the four immersion solutions as 
functions of the immersion time, where 0 indicates the as-prepared so-
lutions, and 24 and 72 are for the extracts. Due to the minor pH dif-
ferences between the parallel samples, the table does not include the 
variations. The three measured parallel samples for the immersion using 
the as-prepared solutions gave a variation of ±0.04 (Tris 9), ± 0.02 (Tris 
7.4), ± 0.02 (Tris 5), and ± 0.02 (HAc 5) pH units. Similarly, the vari-
ations in immersions using the extracts were also minor, i.e., ± 0.01 – ±
0.08 pH units. The pH values of the supernatants measured above the 
glass particles at 24 and 72 h are marked in bold, and the pH of the 
extracted and mixed solutions before adding new particles are under-
lined in Table 2. The difference between the two pH values for the su-
pernatant and extract varied between 0.03 and 0.21 pH units depending 
on the solution. These differences were likely due to the time lag for pH 
equalisation throughout the solution. However, as the pH of all samples 
containing glass particles was measured similarly, the pH trends for each 
solution were assumed to correlate with the progress of the glass re-
actions. In addition, the total volume of the solutions decreased by up to 

3 ml due to the sampling of the aliquots for elemental analysis. Thus, the 
pH from 24 to 96 h cannot directly be compared with pH values 
measured at earlier points or 120 h. The pH of all solutions increased 
with increasing immersion times and was highest for the immersions 
done using the 72 h extracted solutions. 

3.2. Ion analysis 

Fig. 2 shows the normalised Si, Ca, and Na concentrations (mg/l) in 
the static solutions as functions of time. As the pH of HAc (5) was 
adjusted with NaOH, the high Na levels in the solutions (1570 mg/l in 
the as-prepared solution) questioned the accuracy of Na in HAc solu-
tions. However, the Na concentration trends in HAc (5) and its extracts 
were assumed to correlate with the Na release. In general, the ions 
released from S53P4 particles into the solutions increased with immer-
sion time but in lower concentrations when using the extracts. 

Similar Si concentration levels were measured in the as-prepared Tris 
(9) and Tris (7.4) throughout the immersions. In contrast, the Si con-
centration was lower in the as-prepared Tris (5) and HAc (5). Interest-
ingly, the Si concentrations increased roughly linearly with time in the 
as-prepared solutions and extracts of Tris (5) and HAc (5), indepen-
dent of the concentration before the immersion. However, the changes 

Fig. 2. Normalised ion concentrations of Si, Ca, and Na in the solutions during 120 h dissolution of S53P4 particles.  
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in Si concentration during 120 h dissolution in the as-prepared Tris (9) 
at its 72 h extract were 41 mg/l and 26 mg/l. Corresponding values for 
the as-prepared Tris (7.4) and its 72 h extract were 41 mg/l and 18 mg/l, 
respectively. 

The lowest Ca and Na concentrations were measured in Tris (9). Ca 
and Na releases were the least in the 72 h extract of Tris (9). Corre-
spondingly, the highest Ca and Na concentrations were measured in Tris 
(5) and HAc (5). For most solutions, the concentration of P species was 
close to or below the limit of quantification (LOQ), as shown in Table 3. 

3.3. Glass particle surface changes 

Fig. 3 shows SEM images with two magnifications of S53P4 particle 
cross-sections immersed for 120 h in the four as-prepared solutions and 
their two extracts. It should be noted that not all particles in the sample 
had formed similar surface reaction layers, as shown in the figure. The 
magnified images present typical single particles with distinct changes 

in the surface composition. Notably, no distinct layers were seen after 
the dissolution in Tris (9). After the dissolution in all other solutions and 
extracts, typical silica-rich and calcium phosphate layers were identified 
on the particle surfaces. The thickness of the silica-rich layer seen with 
the dark-grey colour increased with the decrease of the solution pH. 

Fig. 4 shows SEM images of particle surfaces before and after 120 h in 
the four as-prepared solutions in two magnifications. Even though the 
cross-sectional images of Tris (9) immersed particles (Fig. 3) did not 
show any reaction layers typical for bioactive glasses in vitro, the surface 
images suggest glass corrosion. After the immersion in Tris (7.4), large 
cracks typical for SEM images of the silica-rich layer are seen in the 
particle surfaces. The accumulations after the immersions consisted of 
calcium phosphate (Fig. 5). Similarly, the cracks in particles immersed 
in Tris (5) and HAc (5) suggest a silica-rich layer. Some calcium phos-
phate precipitates had also formed in these solutions. 

The element composition of the surface layers on the particles after 
120 h in all solutions except the Tris (9) is given by the EDX line analyses 

Table 3 
Concentration of P (mg/l) after the dissolution of S53P4 particles in the as-prepared solutions (0) and extracts (24 and 72). n/a = values below the LOQ.  

Time (h) Tris (9) Tris (7.4) Tris (5) HAc (5) 

(0) (24) (72) (0) (24) (72) (0) (24) (72) (0) (24) (72) 

0 n/a n/a n/a n/a n/a 0.2 n/a n/a n/a n/a 0.3 0.8 
8 n/a n/a n/a 0.3 n/a 0.7 n/a 0.5 0.5 n/a 0.9 1.4 
24 n/a n/a n/a 0.5 n/a 0.7 0.1 0.5 0.8 0.7 0.9 1.5 
72 n/a n/a n/a 0.4 n/a 0.6 0.5 0.7 1.5 ± 1 1.8 ± 1 1.3 1.8 
120 n/a n/a n/a 0.8 ± 1 n/a 0.5 1.9 ± 1 0.7 1.3 1 ± 1 1.9 2.8  

Fig. 3. SEM images of S53P4 particles immersed in the four as-prepared solutions and their 24 and 72 h extracts for 120 h.  
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in Fig. 5. After the immersion in Tris (7.4), the line analyses indicate a 
silica-rich layer next to the bulk glass (start of the arrow). The silica-rich 
layer appears thicker and almost free of Ca, Na, and P for the as-prepared 
solution. Then, the outermost layer suggests peaks of Ca and P in molar 
ratios typical for hydroxyapatite. After the immersion in the 24 and 72 h 
extracts, Ca and P are also present in the silica-rich layer. However, after 
immersion in Tris (5), the silica-rich layer appears thicker and is almost 
free of Ca and P. 

4. Discussion 

Immersion of bioactive glasses in Tris buffer enables a significantly 
easier comparison of dissolution reactions than studies in the complex 
simulated body fluid (SBF) [47,48]. In this work, Tris buffer solutions 
and their extracts after 24 and 72 h immersion of bioactive glass S53P4 
were used to gain an increased understanding of the impact of dissolu-
tion products in the solution on surface reactions leading to tissue 
bonding of bioactive glasses. Earlier studies in vitro have been conducted 
with, for example, 75 mg of small particles (<50 μm in diameter, some 
even 2 μm) immersed in 50 ml of buffered solutions [23,41,49,50]. Such 
small particles have a large surface area, leading to much faster glass 
dissolution and, consequently, a notable increase in the pH of the sur-
rounding solution. For example, inside a bed of S53P4 particles of a 

diameter of <45 μm, the pH of SBF had increased to 11 after 24 h, while 
for particles in the size range of 315–500 μm, the pH had increased to 8.6 
[51]. Therefore, using larger particles, 300–500 μm, was assumed to 
retard the rapid initial reactions. 

Fig. 6 shows the normalised mass loss rate from the original samples 
of S53P4 particles in the as-prepared solutions and their extracts for 120 
h and the dissolution of elements (mol%) at 120 h. The ion concentra-
tions dissolved in the extracts at 120 h were calculated as the difference 
between the values at the beginning of the experiment (0 h) and after 
120 h (Fig. 2). 

In Tris (9) and its extracts, the release of Si, Ca, and Na was around 1 
to 3 mol%, suggesting congruent dissolution within the experimental 
error. The normalised mass loss rate also shows similar dissolution 
throughout the immersion time. However, the dissolution of alkalis was 
much less in Tris (9) than in the other solutions, thus explaining that no 
reaction layers could be verified at the surface (Figs. 3 and 4). This 
decrease in the dissolution rate aligns with the observations from the 
dissolution studies of borosilicate glasses, for which the dissolution rate 
markedly decreased around pH 9 [52]. The phosphorous levels below 
LOQ (Table 3) also implied a minor dissolution. After 120 h, the pH was 
slightly higher for the extracts than as-prepared Tris (9). Further, it was 
assumed that the local solution pH next to the dissolving particles was 
higher than the measured supernatant pH above the particles [44]. 
Consequently, network dissolution of the glass above pH 9 led to a slow 
congruent dissolution of Si, Ca, and Na. On the other hand, the dissolved 
amount of the glass decreased with increasing content of dissolved ions 
in the extracts, thus suggesting that the impact of dissolution products 
retarded the reactions. In a study immersing the International Simple 
Glass in a Si-saturated solution with a starting pH of 9 at 90 ◦C, an 
amorphous alteration layer formed on the glass surface hindered the Si 
network dissolution [52]. Similarly, Si in the immersion solution hin-
dered the dissolution. In the present work, the maximum initial Si in Tris 
(9) was 22 mg/l compared to 260 mg/l in the saturated Si study [52]. 
Interestingly, this small increase in the Si concentration in the solution 
also slowed the dissolution. However, it should be emphasised that the 
four-oxide bioactive glass S53P4 contains only one network former 
compared to two or three in the more complicated aluminoborosilicate 
glasses studied for an enhanced understanding of the dissolution 
mechanisms in alkaline solutions [52]. The lack of an alteration layer on 
the bioactive glass S53P4 implies that the experimental time was too 
short for a detectable surface layer to form. The low network connec-
tivity might have also supported congruent dissolution at pH 9. 

The higher dissolved amounts of Na and Ca than Si in Tris (7.4) 
suggest incongruent dissolution typical for bioactive glasses (Fig. 6). The 
higher the concentrations of dissolved ions in the extracts, the less the 
concentrations increased during the 120 h immersions in Tris (7.4). 
Interestingly, the accumulation of calcium and phosphate on the glass 
surface and in the silica-rich layer during the immersion in the extracts 
suggests that calcium and phosphate ions in the solution affected the 
diffusion of the released ions through the silica-rich layer (Figs. 4 and 5). 
The pH of the as-prepared Tris (7.4) and its extracts slightly increased 
but was well within the buffering range throughout the immersions 
(Table 2). Na, Ca and P concentration profile changes were sharp at the 
interface of the unreacted glass and silica-rich layer after the dissolution 
in the as-prepared Tris (7.4) (Fig. 5). However, the Ca and P profiles 
were less steep for the particles immersed in the extracts. Thus, the 
diffusion of the ions through the alteration layer on the glass particles 
was retarded by the increased ion concentrations in the solution or by 
early precipitated calcium phosphates on the surface. A further impli-
cation is that increasing concentrations of released ions might locally 
retard the reactions of implants based on bioactive glass S53P4. 

Finally, the dissolution of S53P4 particles was highly incongruent in 
the acidic solutions, Tris (5) and HAc (5) (Fig. 6). The thick silica-rich 
layers also verify the rapid release of Ca and Na ions (Figs. 3 and 5). 
Interestingly, the silicon release was almost constant in the as-prepared 
solutions and their extracts. This implies that the dissolution of the silica 

Fig. 4. SEM images of S53P4 particles before (Reference, 0 h) and after im-
mersion (120h) in the as-prepared solutions in two magnifications. 
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network was not affected by the dissolution products in the solution but 
depended on the immersion time. The pH of the solution increased to 
5.2–5.7, thus favouring the precipitation of calcium phosphate species 
[29]. However, the release trends of Ca and Na ions imply a slight 
decrease caused by the dissolution products in the solution. No apparent 
differences were observed in the dissolution of the glass particles in Tris 
(5) and HAc (5), most likely due to the relatively small differences in the 
pH of the solutions at different time points. Thus, the reaction mecha-
nisms were similar, and the high content of hydrogen ions in the solu-
tions favoured rapid ion exchange with Ca and Na ions, i.e., incongruent 
dissolution. The Si release increased with time and likely correlated with 
the low network connectivity and silica content in S53P4. 

Interestingly, the dissolved Si concentrations were almost similar in 
Tris (9) and Tris (7.4). Tris (7.4) solution was well within the buffering 
range, while the pH of Tris (9) did not markedly increase beyond the 
range. This implies that classical hydration and ion exchange reactions 
can be used to describe the in vitro behaviour of silicate-based bioactive 
glasses. These reactions led to the formation of thick silica-rich layers on 
the particles in Tris (7.4). Whether this took place through the classical 
multistep mechanism, including the ion exchange of mobile cations to 
protons in solution, followed by protonation, condensation and repo-
lymerisation to form a silica-rich layer or through an interfacial- 
dissolution-re-precipitation mechanism is unclear [53]. In contrast, 
the dissolution was congruent but markedly slower already at pH 9, with 
no detectable silica-rich layer. The higher dissolution of Ca and Na ions 
in Tris (7.4) and its extracts can be explained by the higher concentra-
tion of hydrogen ions available for ion exchange between the glass 
particles and solution. This results in slower ion release at a higher pH 
[23]. 

Partly reacted bioactive glasses have been reported to continue dis-
solving in replenished solutions [54]. This work investigated the 
reversed situation when extracts with dissolved ions were added to 
unreacted S53P4 bioactive glass particles. The dissolution reactions 
were not hindered but retarded by dissolution products in the extracted 
solutions. The observations imply that the dissolution of, e.g., the outer 
section of a porous implant exposed to an extracellular solution with the 
nominal composition will affect the dissolution of the inner sections of a 
porous implant or particle beds. Ca ions in the solution have been sug-
gested to promote apatite precipitation on bioactive glasses [55]. Dy-
namic in vitro studies of bioactive glasses 45S5 and S53P4 using 

solutions buffered at pH 7.4 indicated that the formation of reaction 
layers was delayed when the concentration of dissolution products in the 
solution increased [26,39]. The static tests in this work showed that the 
dissolved ions from the bioactive glass affected the dissolution of 
unreacted particles most in the pH range typical for the extracellular 
fluid, i.e., around 7.4. In contrast, the dissolution products had a minor 
impact on the glass dissolution in alkaline and acidic environments. 

5. Conclusions 

This work explored the impact of dissolution products in the im-
mersion solution on the ion release from bioactive glass S53P4 in static 
alkaline (pH 9), physiological (pH 7.4) and acidic (pH 5) solutions. The 
as-prepared solutions initially contained no dissolved ions from the 
glass, while the solutions extracted after 24 and 72 h of immersion 
served as solutions with released ions in typical ratios dissolving from 
the glass. Glass particles immersed in the alkaline solution dissolved 
slowly and almost congruently, without forming typical reaction layers 
on the particle surfaces. The extracts slightly decreased ion release, but 
the reaction mechanisms were unchanged. Incongruent dissolution fol-
lowed by the formation of typical silica-rich and calcium phosphate 
layers at the particle surfaces took place in the solution buffered at pH 
7.4. The presence of dissolution products retarded the dissolution. Also, 
increasing calcium and phosphorus concentrations were identified in the 
silica-rich layer formed during immersion in the extracts. Finally, the 
dissolution was highly incongruent in the acidic solutions and increased 
almost linearly with immersion time. The dissolution products in the 
solution had a minor effect on the reactions. Despite the ion release, the 
pH of the buffered solutions increased only to a limited degree. Thus, 
changes in glass dissolution were mainly attributed to the dissolved ions 
in the solution. The results imply that implanted bioactive glass particles 
experiencing different local solution compositions react nonuniformly at 
a physiological pH and more uniformly in lower and higher pH 
environments. 
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al., Bioactive glass ions as strong enhancers of osteogenic differentiation in human 

adipose stem cells, Acta Biomater. 21 (2015) 190–203, https://doi.org/10.1016/j. 
actbio.2015.04.017. 

[35] K. Vuornos, M. Ojansivu, J.T. Koivisto, H. Häkkänen, B. Belay, T. Montonen, et al., 
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