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A B S T R A C T   

This study expands the knowledge of bioactive glass S53P4 dissolution by implementing a cascade reactor to a 
continuous dissolution setup. Three reactors were coupled in a series to study the effects of released ions on 
S53P4 reactions in each reactor. The pH and ion concentrations were measured in Tris-buffer and simulated body 
fluid flowing through the cascade reactor for five days. The reaction layer formed on the particles in each reactor 
were also analysed. In Tris, the dissolved Si decreased from 100% to 40% and 26% in the consecutive reactors 
after five days. In SBF, Si decreased from 64% to 11% and 8%. Thus, the ions released and decrease of available 
hydrogen ions for ion exchange influenced the dissolution behaviour of S53P4. The results partly explain the 
differences in the reaction degree between individual bioactive glass particles used as a bone graft in the same 
defect site.   

1. Introduction 

Biocompatible materials for repairing or replacing tissue include 
inert materials, such as metals, and active, such as bioactive, and 
regenerative materials [1]. A particular category of bioactive implant 
materials is bioactive glass, used to repair injured or diseased bones 
since 1985 [2]. Professor Hench and colleagues discovered and devel-
oped the first bioactive glass 45S5 in 1969 [2]. Since then, several glass 
compositions have been proven to gradually dissolve while forming a 
characteristic hydroxyapatite surface layer in aqueous solutions. This 
surface layer binds the material with hard and soft tissues [3]. The 
dissolution of bioactive glasses has been investigated in vitro and in vivo 
to verify the bioactivity of different compositions [4–7]. 45S5, also 
known as Bioglass®, consists of (in wt-%) 45 SiO2, 24.5 CaO, 24.5 Na2O, 
and 6 P2O5 [8]. Another clinically used bioactive glass, S53P4, was 
developed in the 1990s [9]. S53P4 has been reported to show antibac-
terial properties and have a similar dissolution behaviour as 45S5 [7, 
10]. The oxide composition of S53P4 is (in wt-%) 53 SiO2, 20 CaO, 23 
Na2O, and 4 P2O5. 

In vitro comparison of bioactive glass 45S5 and S53P4 plates showed 
that S53P4 immersed in static buffered solutions increased the solution 
pH to a smaller extent than 45S5 [11]. On the other hand, the released Si 
concentration from the plates after one week was of a similar level for 
both glasses. S53P4 powder has antibacterial properties against 17 

anaerobic and 29 aerobic bacteria [12,13]. The antibacterial properties 
of S53P4 have been clinically verified, e.g., in treating chronic osteo-
myelitis of long bones [14]. Further, using S53P4 provided antibacterial 
properties without the need for additional antibiotic therapies [15]. 
S53P4 has also been reported as well-tolerated in patients and supports 
faster healing of chronic osteomyelitis than conventional bone grafts 
when removing benign bone tumours [16,17]. Both the antibacterial 
effects and the bone regeneration depend on the ion dissolution rate 
from the glass. Long-term clinical results also reported residual glass 
within the well-regenerated bone [17]. The composition of these S53P4 
remnants, however, is not known. 

The reactions occurring at the bioactive glass surface upon exposure 
to physiological solutions in the human body or simulated body fluid 
(SBF) in vitro are usually described with the five following steps [18]: (i) 
exchange of alkali and alkaline ions from the glass with hydrogen ions 
from the solution and creating silanol bonds on the glass surface, (ii) 
local increase of solution pH leading to breaking of the glass structure 
(Si–O–Si bonds) and leaching of soluble silicon species to the solution, 
(iii) formation of a Si-rich layer on the surface as Si–OH groups 
condensate, (iv) migration of Ca2+ and PO4

3− groups from bulk glass and 
solution to form an amorphous film of CaO–P2O5 on the surface, and (v) 
incorporation of hydroxyls and carbonates from the solution into the 
film followed by crystallization of the CaO–P2O5-film to a hydroxyapa-
tite layer similar to bone apatite. After the hydroxyapatite layer has 
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formed, a series of biological mechanisms result in the bonding to the 
bone. 

In vitro experiments are often performed by immersing either small 
blocks or particles of the bioactive glass in a static, buffered solution [4, 
19,20]. As such static tests are conducted in a well-controlled environ-
ment, they allow changing parameters to investigate the effect of glass 
composition, solution, or time on the dissolution behaviour. However, it 
has been suggested that static studies do not reflect the dynamic envi-
ronment of the body [21,22] and, as a result, dynamic in vitro experi-
ments have been introduced [23]. Since bioactive glasses are highly 
soluble materials, tests with a circulating solution have been evaluated 
to avoid solution supersaturation [24]. Some studies replaced the im-
mersion solution SBF with fresh SBF after 6, 24, and 48 h [25] or every 
day for 28 days [26]. Also circulating the SBF with a flow of 1 ml/min 
through the sample has been studied [27]. These studies concluded that 
experiments in replenished or circulating solutions mimic the dynamic 
body environment better than experiments in static solutions. Further-
more, thinner but more uniform layers formed on particles in tests where 
the solution was circulated above the particle bed [28,29]. Continuous 
flow-through reactor with the possibility to adjust the fluid flow rate was 
developed to study the initial ion release from bioactive glasses into a 
fresh solution fed through the glass particles [10,30]. In these studies, 
the glass surface area, particle bed dimensions, flow rate, temperature, 
and composition of the solution affected the initial ion release from the 
bioactive glass 1–98 (in wt-% 53 SiO2, 22 CaO, 6 Na2O, 2 P2O5, 11 K2O, 
5 MgO, and 1 B2O3). 

The role of surface area on bioactive glass dissolution has been 
studied using different particle size fractions [31,32]. Smaller particles, 
i.e., a larger specific surface area, release ions quicker than larger par-
ticles, i.e., smaller specific surface area. As the released ions change the 
local ion concentrations of the surrounding solution, the ions are likely 
to affect the overall dissolution behaviour of the glass. So far, research 
focusing on the effect of local ion concentrations on glass dissolution is 
scarce. Although the solution pH inside a particle bed undergoing 
dissolution can be measured [28,29], analysing the reaction layers after 
the experiment is challenging as the particles’ location in the bed during 
the experiment is difficult to trace. 

In our recent study, a cascade reactor was used to separate 45S5 
particles section-wise into three batches, and the solution was fed 
through the reactors connected in series [33]. Faster reactions and 
increased dissolution of particles were identified for particles in the first 
reactor compared to the second and third reactors. Also, the dissolution 
of silicon decreased from 92% in the first reactor to 26% and 24% in the 
second and third reactors after seven days of continuous Tris flow. For 
dissolution in SBF, the Si release was 35%, 20%, and 19% of the Si in the 
samples in the three consecutive reactors. Although the experiments 
with 45S5 in the cascade reactor system with a continuous fluid flow 
introduced a novel experimental procedure to consider for researching 
new implantable materials, the understanding of the impact of the local 
ion concentration on the overall dissolution is still poorly understood. 

The present study investigates the impact of dissolved reaction 
products from the bulk glass, i.e., how the ion concentrations and pH 
changes in the surrounding solution influence the dissolution behaviour 
of S53P4 in vitro. The experiments were conducted in the cascade reactor 
system with a continuous flow of Tris and SBF. The ultimate goal was to 
shed light on the long-term dissolution behaviour of bioactive glasses 
used as bone grafts. 

2. Materials and methods 

2.1. Glass particles 

S53P4 particles were provided by Bonalive Biomaterials Ltd (Turku, 
Finland). The wide size range of particles was sieved to a 300–500 μm 
size fraction. The particles were cleaned with acetone in an ultrasound 
bath until the acetone stayed transparent after the cleaning, to remove 

powder adhered to the particle surfaces. Fig. 1 presents (a) the particle 
size distribution (Malvern Panalytical Mastersized 3000) and (b) an SEM 
image of the unreacted glass particles. The average diameter was 500 
μm, and 57% of the particles had a diameter between 272 and 515 μm. 
Due to the irregular shapes of the crushed glass particles, some elon-
gated particles could pass through the 500 μm sieve, influencing the size 
distribution. It should be noted that the SEM image in Fig. 1 represents 
particle cross-sections taken in a random location of a particle bed. 

2.2. Buffer solution preparation 

The in vitro studies were conducted in simulated body fluid (SBF) 
[34] and tris(hydroxymethyl)aminomethane (Tris) and were prepared 
in-house. SBF is considered to mimic the reactions occurring in vivo more 
effectively than sole Tris, due to its similar content of inorganic ions as 
human blood plasma. However, as SBF already contains high concen-
trations of some inorganic ions, supersaturation during the ion release 
from the glass may be an issue [35]. The Tris-buffered SBF was prepared 
according to ISO 23317:2014 [36] by adding each chemical (Table 1) 
into 850 ml of purified water in a beaker with a magnet continuously 
stirring throughout the dissolution. The Tris-buffer for SBF was sepa-
rately dissolved in a small amount of purified water before slowly being 
added to the solution with the inorganic ions. Before adjusting the pH, 
the solutions were kept at 37 ◦C in a water bath for 4 h (SBF) and 2 h 
(Tris). The pH was adjusted by adding 1 M HCl into the buffered solu-
tions until the pH was 7.4 at 37 ◦C. The solutions were transferred to a 
volumetric flask into which purified water was added to obtain the 
correct volume. The solution volumes were temperature-adjusted at 
room temperature. 

2.3. Experimental setup 

The experiments were conducted in a cascade setup consisting of 
three reactors connected in series with a continuous flow of the buffered 
solutions through the reactors. A detailed description of the setup can be 
found elsewhere [30,33,37]. The three reactors were assumed to 
represent different locations of dissolving particles in a bed. The glass 
particles in the first reactor were assumed to represent those with the 
first contact with the solution. Correspondingly, the particles in the 
second reactor would correlate to the bulk phase particles. Finally, the 
third reactor particles were assumed to have experienced a similar 
environment as the innermost particles in a single bed. 205 ± 5 mg 
S53P4 glass particles were added to each reactor. 

A peristaltic pump fed the buffer solution through the cascade 
reactor system with a 0.2 ml/min flow rate. Thin thermoplastic Tygon® 
tubes connected the solution to the inflows and outflows from the re-
actors. The solution and reactors were kept in a 37 ◦C water bath to 
mimic the temperature inside the human body. After one, two, and all 
three reactors, the outflow solution was collected into test vials at 
various time points for 20 min to provide a total solution of 4 ml for 
further analyses. The solutions were collected every 20 min for the first 
hour and then at 2, 4, 6, 8, 16, and 24 h. After 24 h, the solution was 
collected every 24 h for 5 days. Additionally, 1 ml of the bulk solution 
outflow between each measurement point was collected for further ion 
analysis. Three parallel runs were conducted for experiments up to 5 
days. Several samples of the buffer solution were used to obtain its 
average pH and initial inorganic ion concentrations. The cross-sections 
of partially reacted glass particles were analysed at 4, 24, and 72 h. 

2.4. Temperature and pH 

The temperature and pH (Mettler Toledo SevenEasy S20) were 
measured directly after collecting the solution from the outflow. As the 
solution temperature rapidly decreased to room temperature, the values 
were calculated to give the pH at 37 ◦C using equation (1) [38]. The 
equation was verified by measuring the pH of the reference solution at 
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different temperatures in a water bath. Calibration of the pH meter was 
done with standardized buffer solutions with pH 4.01, 7.00, and 9.21.  

pH37 = pHmeasured - 0.02664 * (37 - Tmeasured)                                    Eq 1  

2.5. Ion analysis 

The concentrations of Si, Ca, Na, and P species in the collected so-
lutions were analysed with inductively coupled plasma optical emission 
spectroscopy (ICP-OES, Optima 5300 DV; PerkinElmer, Waltham, MA). 
Three parallel samples were performed at each time point. The limits of 
quantification of the analysed ions were 0.004 mg/l for Si, 0.03 mg/l for 
Ca, 0.2 mg/l for Na, and 0.03 mg/l for P. The wavelengths for the 
conducted analyses were 251.622 nm for Si, 317.933 for Ca, 589.592 nm 

for Na, and 213.617 for P. The collected solutions were diluted in the 
volume ratio of 1:10 before the ICP-OES analysis. The ICP-OES was 
calibrated with ultrapure water and a commercial multi-element stan-
dard (Spectrascan) with 1, 5 and 20 ppm Si, Ca, Na, and P. The cali-
bration was verified by measuring the ion concentrations of the multi- 
element standard after every 60 samples. The background level was 
recorded before each sample run. All reported ion concentrations are 
background corrected. 

2.6. Reaction layers on particle surfaces 

The reaction layers on the particle surfaces were analysed with a 
scanning electron microscope with energy dispersive x-ray analysis 
(SEM-EDX, Leo Gemini; Carl Zeiss, Oberkochen, Germany). For this, the 
partly dissolved particles were removed from the reactors, washed with 

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

Table 1 
Concentrations (g/l) of chemicals in SBF and Tris buffer solutions.   

NaCl NaHCO3 KCl K2HPO4⋅3H2O MgCl2⋅6H2O 1 M HCl (aq) CaCl2⋅2H2O Na2SO4 Tris 

SBF 7.996 0.35 0.224 0.228 0.305 35 ml 0.368 0.071 6.057 
Tris – – – – – – – – 6.057 
Manufacturer VWR Chemicals J.T. Baker Sigma Aldrich Sigma Aldrich Sigma Aldrich Sigma Aldrich VWR Chemicals Sigma Aldrich Sigma Aldrich  

Fig. 2. The pH changes as functions of time for experiments conducted in Tris (left) and SBF (right) for the consecutive reactors with S53P4 and 45S5 [33].  
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ethanol to stop the reactions, dried at 40 ◦C in an oven overnight, and 
then embedded into epoxy resin. The cross-sectional areas of the parti-
cles were obtained by grinding and polishing the epoxy-embedded 
particles. 

3. Results 

3.1. Influence of glass dissolution on pH 

Fig. 2 shows the pH changes during the first 48 h of dissolution of 
S53P4 particles in Tris (left) and SBF (right) after each reactor in the 
cascade reactor system, with an increasing number of reactors arranged 
vertically. The figure also displays the corresponding data for 45S5 [33]. 
For all reactors, pH first increased to 7.6–8, followed by a decrease in 
both solutions. In SBF, the pH first decreased more rapidly than in Tris. 
Between 2 and 8 h, the pH decreased similarly in Tris and SBF. Inter-
estingly, a second increase and decrease of pH in SBF can be observed 
after multiple reactors at around 24 h for S53P4. After 24 h, the pH of 
Tris stabilized in all reactors and the first reactor in SBF. The stabiliza-
tion of the pH took longer for the second and third reactors. 

In Tris and SBF, the initial pH increases were consistently highest 
after all three reactors and lowest after the first reactor. Also, the pH 
increased with the number of reactors at all times. However, the total pH 
increases between the solution inflows and outflows were lowest for the 
second and third reactors, and highest for the first reactor. In Tris, the 

highest pH increase compared to the inflow pH was at 20 min (0.33 h) 
with the total increases as follows: 0.38 pH units (1st reactor); 0.12 (2nd 
reactor); 0.10 (3rd reactor). The corresponding pH differences in SBF 
were: 0.34; 0.12; 0.09. 

3.2. Ion release 

Fig. 3 shows the ion concentrations in the solutions after each reactor 
as functions of time. The highest Ca, Na, and P concentrations in Tris 
were measured at 20 min (the first measuring point). On the other hand, 
the highest Si concentration was measured at shorter dissolution times 
for increasing number of reactors according to 2 h, 40 min, and 20 min. 
In SBF, the highest Si concentration was measured at 1 h after one and 
two reactors and at 20 min after all three reactors. The highest Ca 
concentration in SBF was measured at 20 min for all reactors. The high 
initial Na concentration in SBF prevented accurate simultaneous ana-
lyses with the other ions. Thus, the reported Na concentrations released 
from the glass into SBF are only indicative. The highest Na concentra-
tions were measured at 120 h in the first and second reactors. For three 
reactors, the highest Na concentration was measured already at 20 min. 
Correspondingly, the highest P concentrations in SBF were measured at 
20–60 min after the two first reactors and at 2 h after all three reactors. 
Noticeably, the highest P concentrations in SBF were measured after one 
reactor, followed by all three reactors. The relatively low initial P con-
tent of the unreacted S53P4 was assumed to provide only minor changes 

Fig. 3. Average concentrations of Si, Ca, Na and P species released into Tris and SBF in the three consecutive reactors as functions of dissolution time. The standard 
deviations are shown for the analyses from 24 h onward. The dashed lines give the initial concentrations in SBF. 
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in the ion concentration of the solution, thus influencing the accuracy of 
the measurements. 

The changes in Si concentration in Tris and SBF after each reactor are 
presented in Fig. 4. The figure also includes results of 45S5 under similar 
conditions [33]. The values for S53P4 were calculated from the Si 
concentrations (mg/l) given in Fig. 3. In general, the Si trends were 
similar for both Tris and SBF. The highest Si concentrations were 
observed in the first reactor in both solutions and for both glasses. For 
S53P4, it should be noted that the Si concentration decreased more 
rapidly in SBF than in Tris. On the other hand, the decrease of Si con-
centration was more rapid in Tris than SBF for 45S5. However, the Si 
concentration in Tris for 45S5 was stable at around 25 mg/l after the 
decrease. A similar stabilization level for S53P4 was also seen in Tris, but 
the decrease was less rapid than for 45S5. For the second and third re-
actors, the first 48 h show apparent differences between S53P4 and 
45S5. In both Tris and SBF, the biggest change of Si concentration can be 
seen for the first measuring point for S53P4, while for 45S5, the high and 
broad peak of the change of Si concentration can be seen between 8 and 
48 h in SBF. 

3.3. Reaction layers 

SEM images of S53P4 after dissolutions in Tris and SBF for 4, 24, and 
72 h are shown in Figs. 5 and 6. Already at 4 h in Tris, thin silica-rich (Si- 
rich) layers (light grey) are visible for particles from the first and second 
reactors. At 4 h, no surface layer can be seen on the particles in the third 
reactor in Tris or any of the reactors in SBF. At 24 h, distinct Si-rich 
layers and indications of calcium phosphate (Ca/P) layers are seen on 
some particles in all reactors in Tris and SBF. However, the SEM images 
and line imply that surface layers formed in Tris were indistinct. 

The line analyses (EDX) close to the external surface of separate 
particles is shown in Fig. 5 for S53P4 particles after dissolution in Tris 
for 4, 24, and 72 h. Particles from the first and second reactors have a 
silica-rich layer at 4 h, while no layers can be seen on glass particles 
taken from the third reactor. The line analysis along the particle surface 
cross-section shows the silica-rich layer as increased Si and decreased 

Ca, Na, and P contents. The Na content is almost constant in the 
unreacted particle parts below the surface layer. With increasing 
dissolution times, the thickness of the Si-rich layer increased. Also, the 
Ca and P concentrations at the outermost surface increased. At 72 h, Ca 
and P increased within the Si-rich layer. This mixed Si-rich + Ca/P layer 
was more pronounced in the second and third reactors than in the first. 
These analyses suggest that no pure Ca/P outer surface layer had formed 
on the particles in Tris in any of the investigated cases. 

The EDX-line analyses of S53P4 particles after dissolution in SBF for 
4, 24, and 72 h is shown in Fig. 6. No layers can be seen in particles from 
any reactor at 4 h, implying that the reaction layers formed later. The 
line analyses also show an almost constant concentration of the elements 
throughout the particle cross-section in all reactors. However, after 24 h 
in SBF, distinct Si-rich layers can be seen on particles from all reactors. 
Additionally, a mixed layer consisting of Ca/P and Si, followed by a Ca/P 
outer surface layer can be noticed in the first and second reactor parti-
cles. The line analyses also confirm the Ca/P layer in this case; the Si 
content decreases towards zero, while only Ca and P are present on the 
outer surface. On the other hand, only a mixed layer of Ca/P and Si was 
analysed on the third reactor particles. 

Between 24 and 72 h, the reaction layer thickness increased in SBF. 
The first reactor particles display a distinct Si-rich layer, indications of a 
mixed layer, and an extensive outer, almost pure Ca/P-layer. The ana-
lysed particle in the second reactor showed similar but notably thinner 
layers. Finally, the analysed particle in the third reactor showed an 
uneven Si-rich layer, a mixed layer, and a thin pure Ca/P-layer. 

The EDX line analyses along the particle surfaces in Figs. 5 and 6, 
show increases in the Ca and P contents after 24 and 72 h in Tris and 
SBF. In Tris, Ca and P increases are accompanied by Si. In contrast, the 
outer layer consisted of almost pure Ca/P, with Si and Na close to zero 
after SBF dissolution. At 24 h and onward, only the third reactor parti-
cles showed a mixed layer of Si, Ca, and P in SBF. These results suggest 
that the phosphate content released in Tris was not high enough to form 
a pure Ca/P layer on the S53P4 particles. Instead, a mixed layer formed 
in Tris. In contrast, the particles had visibly fused by the outermost Ca/P 
layer after 120 h in SBF. 

4. Discussion 

Highly reactive materials, such as bioactive glasses, release ions 
when in contact with physiological solutions. However, the role of the 
released ions on the dissolution of bioactive glasses has been poorly 
studied. Only a few studies discuss the impact of the dissolution prod-
ucts. The main emphasis has been on the cellular responses to the 
dissolution products from the dissolved bioactive glass [39–41]. For 
example, dissolution products from bioactive glass 45S5 have been 
shown to shorten the human osteoblast growth cycle [40]. 

In an earlier study, we showed that a cascade reactor could be uti-
lized in the continuous dissolution flow-through to investigate the 
release of ions between each section of a larger implanted particle bed 
[33]. The ability of bioactive glasses to exchange ions with the sur-
rounding solution is one of the most distinctive properties of the mate-
rial and is correlated to the pH increase. In this study, an increasing 
number of reactors increased the pH of the solution flowing through the 
bioactive glass particles (Fig. 2), indicating that fewer hydrogen ions 
were available for ion exchange with the particles. Consequently, this 
led to delayed reactions between material and solution in subsequent 
reactors. The impact of the reaction products on the dissolution of 
bioactive glasses was especially noticeable in SBF. Interestingly, with 
added reactors in SBF, a second increase in the pH was seen for S53P4 
and 45S5. This indicates that the reaction products delayed the 
solution-material reactions as the increase of pH is one of the earliest 
steps of the reaction behaviour. However, the second increase was 
measured later for S53P4 than 45S5 (at 24 h compared to 8 h). For 
S53P4, there is a dramatic decrease of P in SBF between 8 and 24 h 
(Fig. 3). The lowest levels of P concentrations were measured in SBF at 

Fig. 4. Si concentration change in Tris (above) and SBF (below) after each 
reactor for S53P4 and 45S5 [33]. 
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24 h as 27 mg/l after one reactor, 18 mg/l after two reactors, and 13 
mg/l after all three reactors. Only after the first reactor did the P con-
centration at 120 h increase to the measured P levels in the reference 
SBF. Whereas for 45S5, a similar P decrease was seen earlier, between 6 
and 8 h of continuous dissolution. A decrease in the P species concen-
tration of SBF is usually seen in static experiments when the phosphate 
in the solution precipitates on the material surfaces [42]. However, 
precipitation of Ca/P starts at established nucleation sites (Si-rich layer). 
The decrease of P in the inflow to the second and third reactors indicate 
that P in the SBF precipitates in the first reactor as soon as a suitable 
nucleation site is present. As particles in the later reactors lack the 
Si-rich layer during the first hours, Ca/P cannot precipitate from the 
solution rich in P. Reaction layers, especially the outer Ca/P layer, are 
crucial for bonding to the bone in vivo [43]. In SBF (Fig. 6), a pure outer 
Ca/P layer can be seen from the line analyses in the two first reactors at 
72 h, whereas the outer Ca/P layer in the third reactor suggests 
decreasing Si concentrations along the line. In Tris (Fig. 5), similar 
mixed Si and Ca/P layer could be seen at 72 h in all reactors. Similar 
reaction patterns were identified for 45S5 in the cascade reactor [33]. 

Fig. 7 shows the cumulative dissolution of Si from S53P4 and earlier 
studied 45S5 [33]. The cumulative dissolution is calculated from data in 
Fig. 3, the volume of the solution fed through the system, and the 
amount of Si in the unreacted bioactive glass sample placed in the 

reactors. Overall Si-release from S53P4 and 45S5 into the two solutions 
correlated with the total SiO2 content in the glasses. A high Si release 
from the first reactor particles decreased the concentration gradients 
around the particles in the consecutive reactors, thus leading to lower 
cumulative Si dissolution. Although S53P4 has a higher concentration of 
Si-species available for dissolution, the glass also has higher chemical 
durability. Accordingly, Si-rich and Ca/P layers formed slower on S53P4 
than on 45S5 particles. Thicker Si-rich and Ca/P layers more effectively 
decreased the Si-release from the 45S5 particles to both solutions [33]. 
The large differences in the cumulative Si-release from S53P4 between 
the first and the two consecutive reactors were assumed to depend on a 
combined effect of chemical durability, higher concentration gradients 
around the second and third reactor particles, and also, to some degree, 
the Ca/P layers retarding the Si-species diffusion from the bulk glass. 
Thus, larger differences were measured between the S53P4 particles in 
the three reactors than reported for 45S5. However, the trends measured 
for S53P4 were similar to 45S5, verifying the impact of local ion con-
centrations on bioactive glass dissolution. The release of all ions from 
S53P4 increased with an increased number of reactors (Fig. 3). How-
ever, when comparing Si concentrations after each reactor, the decrease 
in the release was not proportional to the sample amount in the reactor 
(Fig. 4). The Si concentrations in the outflows from the second and third 
reactors were almost identical when correlated to the Si concentration in 

Fig. 5. SEM images and EDX-analyses of S53P4 particle cross-sections after different dissolution times in a continuous flow of Tris.  

M. Siekkinen et al.                                                                                                                                                                                                                              



Open Ceramics 13 (2023) 100327

7

the inflow. At 72 h, 39.8 mg of the total 50.8 mg Si in the first reactor 
was dissolved. Corresponding amounts were 11 mg from the second 
reactor and 7.4 mg from the third reactor. In SBF, the release of Si 
decreased from 29.1 to 5.2 and 1.9 mg from the three consecutive re-
actors. The dissolved Si from the first reactor is thus suggested to slow 
down the further dissolution of Si in the second and third reactors. This 
effect is likely due to soluble Si species in the solutions being close to 
saturation levels in the second and third reactors. 

S53P4 contains 8 wt-% more SiO2 than 45S5, indicating that more Si 
can be released from S53P4 (in this study 50.8 mg Si in S53P4 and 44.9 
mg in 45S5 in each reactor). S53P4 has been shown to initially dissolve 
slower than 45S5 in static conditions [11,44]. However, S53P4 has been 
reported to show a more consistent dissolution over a two-week im-
mersion test than 45S5. Further, S53P4 dissolved more in Tris than in 
SBF [11]. In the present work, the Si release was higher from S53P4 than 
45S5 in prolonged continuous flow experiments in Tris. Similar trends 
were measured in SBF for only one reactor. However, more Si was 
released from 45S5 than S53P4 in multiple reactors (Fig. 7). 

The role of pH on bioactive glass dissolution has also been studied. 
Precipitation of Ca and P species has been demonstrated to occur more 
rapidly on 45S5 upon immersion at increasing pH in static conditions 
[45]. The precipitated Ca and P on the glass surface simultaneously 
decreased the ion release from the bulk glass. Hence, the release of Ca 

and P is expected to increase at decreased pH, as reported in acidic so-
lutions [46]. Si release also increases with pH due to the ion exchange 
between the solution and the glass [18,47]. In this work, the solution pH 
after each reactor was still within the buffering range of the solutions, 
thus partly explaining that the Si release rate slowed down with disso-
lution time. However, all Si was dissolved from the S53P4 in the first 
reactor into Tris at 120 h (Fig. 7). This can be explained by the thin Ca/P 
layer and the Si species concentration being below the saturation level. 

Even though it has been proposed that released ions hinder the 
dissolution of bioactive glasses, the dissolution products only initially 
slowed down the dissolution in this work. However, as soon as the 
bioactive glass particles in the first reactor had developed a Ca/P reac-
tion layer, the dissolution of Si increased in the next reactors. After the 
Ca/P layer had formed on the first reactor particles, it retarded their 
further dissolution. Thus, Si concentration gradients around the parti-
cles in the following reactors increased, leading to increased Si 
dissolution. 

The results suggest that the released ions strongly affect the disso-
lution rate of bioactive glasses. Small changes in local ion concentrations 
had a dramatic effect on the dissolution of S53P4 and 45S5 in SBF. This 
implies that a larger implanted particle bed may be expected to react 
non-uniformly in vivo under similar flow conditions as reported in this 
work. However, Fig. 6 shows that an outer pure Ca/P layer had formed 

Fig. 6. SEM images and EDX-analyses of S53P4 particle cross-sections after different dissolution times in a continuous flow of SBF.  
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even in the third reactor particles at 72 h. Thus, these areas representing 
the conditions inside the particle bed, or the interior part of a porous 
implant, are gradually covered by Ca/P. This layer can then develop into 
hydroxyapatite and further convert into bone tissue. 

5. Conclusion 

This study investigated the effect of released ionic species on the 
dissolution and reaction layer formation on bioactive glass S53P4 par-
ticles in a three-reactor cascade in continuous flow conditions. The 
released ions from the glass particles in the first reactor influenced the 
dissolution of the particles in the consecutive reactors. The ion release 
occurred more rapidly in the first reactor representing the exterior 
surfaces of an implanted particle bed. In contrast, the increased ion 
concentrations in solution inflows to the second and third reactors, 
representing the interior surfaces of the particle bed, led to markedly 
slower dissolution. Si-rich and Ca/P surface layers developed more 
rapidly in the first reactor particles than particles in the following two 
reactors. After a Ca/P layer had formed, the dissolution slowed down. 
The results imply that the increased local ion concentrations delay re-
actions in the interior parts of implanted particle beds. Finally, the 
cascade reactor system provided additional confidence to the estab-
lished static and dynamic dissolution tests. 

Summary of novel conclusions Turku, 17.8.2022 

This work enhances the understanding of the in vitro reactions of 
bioactive glass S53P4 particles in different locations of a particle bed in 
continuous fluid flow. This approach simulates the actual conditions, e. 
g., grafting bone cavities with bioactive glass particles. When a fresh 
fluid, such as the co-called simulated body fluid, is fed through the 
particles, the ions released from the particles with the first contact affect 
the reactions of the other particles. As the particles were separated into 
three different reactors in series, the reactions could be studied 

individually for each reactor. The results showed that the dissolution of 
bioactive glass in later reactors were affected by the ions released from 
the first reactor. The results provide new knowledge on the gradual 
degradation patterns of implanted bioactive glass particles or porous 
bodies. 
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[9] Ö.H. Andersson, G. Liu, K.H. Karlsson, L. Niemi, J. Miettinen, J. Juhanoja, In vivo 
behaviour of glasses in the SiO2-Na2O-CaO-P2O5-Al2O3-B2O3 system, J. Mater. 
Sci. Mater. Med. 1 (1990) 219–227, https://doi.org/10.1007/BF00701080. 

[10] S. Fagerlund, L. Hupa, M. Hupa, Dissolution patterns of biocompatible glasses in 2- 
amino-2-hydroxymethyl-propane-1,3-diol (Tris) buffer, Acta Biomater. 9 (2013) 
5400–5410, https://doi.org/10.1016/j.actbio.2012.08.051. 

[11] L. Varila, S. Fagerlund, T. Lehtonen, J. Tuominen, L. Hupa, Surface reactions of 
bioactive glasses in buffered solutions, J. Eur. Ceram. Soc. 32 (2012) 2757–2763, 
https://doi.org/10.1016/j.jeurceramsoc.2012.01.025. 
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