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Abstract
Bioglass 45S5 is the most widely used bioactive glass composition in orthopedics
to regenerate bone tissue. Although its reactions in vitro and in vivo are well
established, the impact of the local environment on the dissolution behavior in
the dynamic environment is not fully understood. Here, we show that the ion
concentrations released from 45S5 into Tris-buffer solution and simulated body
fluid (SBF) in a cascade system of three reactors in a series significantly differed
depending on the ion concentrations in the inflow solutions to each reactor. The
ion concentrations and pH of the solutions were measured after each reactor
for up to 7 days. Also, the reaction layers at the glass particles were analyzed.
The release of Si species into Tris decreased in the consecutive reactors from
92% to 26% and 24% at 168 h. Correspondingly, the release of Si species into SBF
decreased from 35% to 20% and 19%. The share of elements in the remaining glass
particles markedly varied between the reactors throughout the dissolution. The
results imply that gradients of local ion concentrations have an essential effect
on the dissolution of 45S5. The results provide guidelines for utilizing Bioglass
45S5 in different bone and soft tissue applications.

KEYWORDS
bioactive glass, durability, in vitro, leaching

1 INTRODUCTION

When implanted into the human body, a bioactive glass
develops a hydroxyapatite (HA) surface layer, which binds
the material chemically with living tissues.1 The bone-
like HA layer formation occurs in the body and in vitro
in SBF through three simplified reaction steps: leach-
ing, nucleation, and precipitation.2 The initial reaction
rates depend on the glass composition, surface to vol-
ume ratio, sample dosage, solution composition, and flow

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. International Journal of Applied Glass Science published by American Ceramics Society and Wiley Periodicals LLC.

rate.3 After implantation, the bioactive glass also stim-
ulates tissue growth4 while dissolving over time.5 Thus,
the concentrations of the ions released into the extracel-
lular solution control the biocompatibility and osteocon-
ductivity of bioactive glasses.6 The local increases in the
ion concentrations and pH have been shown to induce
antibacterial effects around the dissolving glass.7,8 For
example, bioactive glass particulates and nanoparticles
of 45S5, the most widely utilized bioactive glass com-
position used in orthopedics to regenerate bone tissue,
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showed antibacterial properties against several microor-
ganisms associated with caries and periodontal disease.9
In two extensive studies, the antibacterial effects of sev-
eral bioactive glasses were tested in broth cultures of
29 aerobic and 17 anaerobic microorganisms.10–12 Of the
tested bioactive glass compositions, S53P4 showed the best
ability to inhibit the growth of pathogens usually con-
nected with enamel caries, root caries, and periodontitis in
vitro.13
As the bioactive glass reacts, the composition of the sur-

rounding solution changes.14 Various in vitro techniques
have been applied, as a result, to investigate the ion release
behavior of bioactive glasses. In conventional static stud-
ies, the bioactive glass is immersed into a buffered solu-
tion for various time periods.15–17 Such static environments
provide well-controlled conditions and the possibility to
adjust a range of parameters. Maçon et al.18 recommended
a procedure for analyzing time dependent in vitro dissolu-
tion and reactions of bioactive glasses. In that procedure,
bioactive glass particles or powders are immersed in SBF in
a shaking incubator at 37◦C. Sepulveda et al.19 suggested
utilizing various particle sizes, glass types (porous sol-gel
derived particles and solid particles), and volume fractions
for achieving well-controlled dissolution rates and bioac-
tivity of 45S5. In general, experiments in static solutions
provide valuable information regarding the overall reac-
tion behavior of bioactive glasses. However, the immersion
in static conditions results in gradual pH changes and ion
concentration changes of the solution.20 The saturation
of SBF in static solutions, especially for Si species,18 will
eventually inhibit the dissolution. Such critical solution
composition changes occur in a lower degree in dynamic
body conditions and also in systems with a controlled and
adjustable feed of fresh solution, mimicking the dissolu-
tion of bioactive glass in vivo.21,22
In static conditions, the reactions start with the release

of alkali ions from the bioactive glass through ion exchange
with the H+ ions in the solution leading eventually to a
pH increase. Breaking of Si-O-Si bonds in the glass leads
to partial dissolution of silicon species and formation of
silanols.23
The formed silanols then condensate on the glass sur-

face to a porous silica-rich gel.23,24 In the following steps,
Ca2+ andPO4

3− groupsmigrate from the glass and solution
to form an amorphous CaO-P2O5-rich surface film.23 The
CaO-P2O5-rich film incorporates carbonates and hydroxyls
from the solution. Finally, the film crystallizes into HA.25
Zhang et al.26 studied the pH of the solution in a bioac-

tive glass particle bed to better understand the local envi-
ronment’s importance on the dissolution. The particles
were placed in a bottom cavity of a small container, thus
separated from the static bulk fluid. The pH varied signif-

icantly in the bed of particles. Also, the thickness of the
reaction layers at the particle surfaces varied. On the other
hand, when the solution was circulated above the glass
particle bed, more even reaction layers were formed at the
particles.27 Local solution saturationwas a plausible expla-
nation for the observed differences in pHand reaction layer
thicknesses. There has also been reports of differences in
the in vitro and in vivo reactivity of bioactive glass particles.
Radin et al.28 reported cases where only the outermost cal-
cium phosphate (Ca/P) shell was present after long-term
in vitro studies of bioactive glasses. In a clinical follow-
up study using bioactive glass to fill bone defects, Lind-
fors et al.29 reported glass residues embedded in bone still
after 14 years. The reason for the residual amorphous phase
left in the clinical study is unclear. One plausible explana-
tion could be that the glass dissolution had ceased due to
local saturation of, for example, Si-species and extensive
HA precipitation.
To better understand the variable dissolution behavior

of bioactive glass, Fagerlund et al.3 developed a dynamic
in vitro method to mimic the body’s fluid flow conditions.
In these experiments, a fresh solutionwas continuously fed
through a reactor filled with bioactive glass particles. The
pH and ion concentrations were measured on-line for the
first 20 min of the dissolution. These results suggest that
such a dynamic environment bettermimics an in vivo fluid
environment than a static test.20
Sidhu et al.30 compared standard and step-feed cas-

cade reactors to analyze the steady-state growth kinetics of
microorganisms. In the standard cascade reactor, the reac-
tors were coupled in series. The solution was fed into the
first reactor, and the flow from this reactor was entered
into the second reactor, and so on. In the step-feed cascade
reactor, an equal proportion of the feed stream entered
into each reactor. From the first reactor, the solution was
then fed into the second one, and so on. Interestingly, they
found no differences in the final effluent concentrations of
the two reactor arrangements.
This work aimed to explore the impact of local ion con-

centrations on the dissolution of bioactive glass 45S5 in
continuous fluid flow conditions. Three identical reactors
filled with the glass particles were coupled to a standard
cascade reactor system for mimicking the conditions in
glass particle beds implanted in the dynamic body environ-
ment. With this reactor arrangement, the ion concentra-
tions of the outflow in tris(hydroxymethyl)aminomethane
(Tris) and simulated body fluid (SBF) solutions were
assumed to increase after each consecutive reactor. Conse-
quently, this should lead to variations in the reactor layer
development on the glass particles. Accordingly, the dif-
ferences in the reaction layers on the glass particles in
the consecutive reactors can be used to achieve a novel
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SIEKKINEN et al. 697

F IGURE 1 Particle size distribution

understanding of the impact of local ion concentrations on
bioactive glass 45S5 dissolution reactions.

2 MATERIALS ANDMETHODS

2.1 Glass sample preparation

Bioactive glass 45S5 particles with the nominal compo-
sition (in wt%) 45 SiO2, 24.5 CaO, 24.5 Na2O, and 6
P2O5 were prepared in-house.31 The batch consisting of
quartz sand for SiO2 and analytical grade reagentsNa2CO3,
CaHPO4⋅2H2O, and CaCO3 for the other oxides were
melted together in a platinum crucible in an electric fur-
nace at 1360◦C for 3 h. A graphite mold was used for cast-
ingmolten glass. The glass blockwas annealed at 520◦C for
1 h and then cooled to room temperature. The glass bar was
then crushed and re-melted to obtain a homogenous glass
bar. The glass barwas groundwith a ring and puckmill and
sieved into different fractions. For the dissolution experi-
ments, particles that passed a 500 μm sieve and collected
on a 300 μm sieve were used. The glass particles were
cleaned in acetone with ultrasound to remove any fine
powder attached to the particles. The cleaned glass par-
ticles were stored in a desiccator until further usage. The
particle size fraction 300–500 μm for the dissolution stud-
ies was selected for two reasons. Firstly, smaller particles
with a larger surface react more rapidly and might lead to
supersaturation of the solution in the cascade reactor, thus
causing blockage of the tubes. Secondly, the size fraction
is close to commercial products used in bone cavity fill-
ing. The particle size distribution of the 300–500-μm frac-
tionwasmeasuredwith a laser diffraction system (Malvern
Panalytical Mastersized 3000). As shown in Figure 1, the
median size of the particles was 520 μmand included parti-
cles from 200 to around 1200 μm. The 300–500-μm fraction
outliers are likely due to the irregular, often elongated par-
ticle shapes, as seen in the scanning electron microscope
(SEM) micrographs (Figure 4).

2.2 Buffer solution preparation

Tris(hydroxymethyl)aminomethane (Tris) and SBF solu-
tions were prepared using standardizedmethods for buffer
solution making.32 Chemicals for each solution were
added into purified water while stirring continuously.
Before adjusting the pH of the solution to 7.4 (37◦C) by
adding 1 M HCl, the solutions were kept in a 37◦C water
bath for 4 h (SBF) and 2 h (Tris). SBF is a Tris-buffered
solution that contains inorganic ions in similar conditions
as human blood plasma. Accordingly, SBF is considered to
better mimic in vivo reactions than the sole Tris. The ion
concentrations in SBF are given in Table 1. The high ini-
tial concentrations of especially Na ions in SBF influence
accurate measurements of Na release from glass 45S5. In
contrast, Tris enables more accurate measurements of the
fundamental glass dissolution steps.

2.3 Cascade reactor system

The experimental set-up for a single reactor is illustrated
in Figure 2A. The ion release from bioactive glass 45S5 was
studied after each reactor in a cascade reactor system of
three identical reactors coupled in a series (Figure 2B). In
Figure 2C, the three reactors are fused to a larger reac-
tor, corresponding to the assumed ion change along a sin-
gle reactor. Hypothesized increases in ion concentrations
of the solution along the system are shown as a gradu-
ally darker color throughout the reactors. Glass particles
in the first reactor (Figure 2B) and the first section of
the fused reactor (Figure 2C) can be assumed to repre-
sent implanted particles at the outer surface of a particle-
filled cavity. These particles have the first contact with
the solution with ion concentrations close to the nomi-
nal fluid composition, that is, extracellular fluid. The sec-
ond reactor (Figure 2B) and the middle part of the reactor
(Figure 2C) were assumed to represent the bulk phase of
the implanted articles. Finally, the third reactor (Figure 2B)
and the section just before the outflow from the large reac-
tor (Figure 2C) were assumed to describe the environment
of the innermost parts of a particle bed.

2.4 Continuous flow-through reactor
set-up

Before each experiment, the three reactors were cleaned
(.1MHClwith ultrasound) and then filledwith 210± 10mg
45S5 glass particles. This amount of particles was assumed
to be suitable for revealing the reactions typical for par-
ticles in different locations of a bioactive glass-filled cav-
ity. The reactors were connected from the buffer solution
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698 SIEKKINEN et al.

TABLE 1 Measured ion concentrations in mg/l for experiments conducted with Tris and simulated body fluid (SBF) up to 168 h

c (mg/l)
1 reactor 2 reactors 3 reactors

t (h) Si Ca Na P Si Ca Na P Si Ca Na P
Tris .33 63 108 144 21 78 138 215 11 97 168 259 39

1.33 75 100 145 16 80 120 175 12 87 139 209 10
8 38 34 49 2 49 54 80 2 65 70 111 2
24 24 18 26 2 36 32 51 3 44 43 65 7
168 7 3 2 1 16 7 9 1 23 13 17 2

SBF .33 40 191 3540 53 47 219 3559 55 50 240 3443 47
1.33 43 154 3498 45 45 154 3398 42 43 159 3293 39
8 35 110 3277 28 49 128 3354 21 62 167 3277 14
24 19 98 3364 28 22 105 3407 16 53 124 3225 11
168 3 82 3494 17 1 80 3439 23 9 65 3601 11

SBF ref .0 97 3195 31
Accuracy Tris 1 1 3 4

SBF 1 6 97 2

F IGURE 2 (A) Conventional continuous dissolution set-up with a single reactor. (B) The cascade reactor system with three identical
reactors coupled in series; (C) the cascade reactor system applied onto a singular reactor. The solution flows first through the first section,
continuing to the second section with dissolution products from the first section and finishes through the third section with ions released in
both the first and second sections of glass particles

flasks via a peristaltic pump to each other to a container
for the outflow. Fagerlund et al.3 give a detailed description
of the reactor system for continuous-flow dissolution in a
single reactor. The flow rate was set to .2 ml/min, and the
temperature in the reactor was set to 37◦C. Before starting
an experiment, a reference solution from the buffer solu-
tion was taken in a test vial. At different time points, 4
ml of the outflow was collected for temperature and pH-
measurements, and ion analysis. The experiments were
stopped at several selected times, and the glass particles
were collected for analysis. The reactions were expected
to occur more rapidly during the first hours. Accordingly,
the ion release measurements were conducted more fre-

quently during the beginning of the experiments. During
the first 2 h, solutions were collected every 20 min. After
that, solutions were collected at hours 4, 6, 8, 16, and 24.
From 24 h and onward, solutions were collected every 24 h
up to 7 days.

2.5 Temperature and pH

The temperature and pH were measured for all the col-
lected outflow solutions. The solution temperature in the
thin tubes decreased during solution tapping into vials
after the reactors. The pH meter was calibrated using
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SIEKKINEN et al. 699

F IGURE 3 The pH of the solution as a function of time (h) for 45S5 dissolution in Tris (A) and simulated body fluid (SBF) (B), in one,
two, or three reactors coupled in a series

standardized buffer solutions with pH 4.01, 7.00, and 9.21.
The pH measurements were conducted at room temper-
ature, but the results were converted to pH at 37◦C by
using Equation (1).33 The equationwas verified bymeasur-
ing the pH of three sets of the buffer solutions at five dif-
ferent temperatures in the interval of 20–45◦C in a water
bath.

pH37 = pHmeasured − (0.02664 (37 − Tmeasured)) (1)

2.6 Ion analysis

Inductively coupled plasma optical emission spectroscopy
(ICP-OES, Optima 5300 DV; Perkin Elmer, Waltham, MA)
was used to determine concentrations of elements in the
solutions collected in the vials. The solutions for the ICP
analysis were prepared by diluting 1 ml of the collected
solution with 9ml of ultrapure water and acidifying it with
concentrated HNO3. The elements analyzed in Tris and
SBF with ICP-OES were silicon (λ = 251.611 nm, limit of
quantification (LOQ) ≈ .004 mg l−1), calcium (λ = 317.933
nm, LOQ ≈ .03 mg l−1), sodium (λ = 589.592 nm, LOQ ≈

.2 mg l−1), and phosphorous (λ = 213.617 nm, LOQ ≈

.03 mg l−1).

2.7 Reaction layer formation

An SEM (Leo Gemini; Carl Zeiss, Oberkochen, Germany)
with energy-dispersive X-ray analysis (EDX, Leo Gemini;
Carl Zeiss, Oberkochen, Germany) was used to study the
changes in the cross-sectional area of the partly dissolved
particles. The EDX analysis focused on separate particles
of each sample with distinct layers. Before the SEM-EDX
analysis, the particles were cast in epoxy resin, ground, and
polished to show the cross-sectional area.

3 RESULTS

3.1 Influence of glass dissolution rates
on pH

Figure 3 shows the pH change for Tris and SBF as func-
tions of time after each reactor, including an inset plot for
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700 SIEKKINEN et al.

F IGURE 4 Scanning electron microscope (SEM) images of the cross-sectional surfaces of 45S5 glass after 4, 24, 72, and 168 h in Tris (A)
and simulated body fluid (SBF) (B)

the pH change for the initial 10 h. All presented pH val-
ues are averages of 2–5 parallel pHmeasurements. The pH
was consistently higher after the third reactor than the first
reactor. Also, the pH of the second reactor was higher than
after the first reactor for 144 h in Tris and 120 h in SBF.
The pH differences were minor at prolonged dissolution.
The pH of Tris showed a narrow and high initial peak at 2
h (Figure 3A). After around 18 h, the pH was almost con-
stant, but slightly higher than the reference solution’s pH.
The initial pH change in SBF showed a similar rapid

increase as in Tris (Figure 3B). However, the peak pH value
was at 20 min (.33 h) as compared to 2 h for Tris. After the
initial pH peak, the pH increased again, followed by a grad-
ual decrease in the second and third reactors. During the
3 last days, that is, after 72 h, the pH of SBF remained at
a low but stable level for all three reactor configurations.
Also, the pH of the solutions was higher than the reference
solution’s pH at each time point.

3.2 Effects of cascade reactor system
on ion concentrations

Table 1 shows ion concentrations in Tris and SBF after the
three different reactor set-ups at selected time points. Each
value is an average of 2–3 separate ICP-OESmeasurements

of the collected solutions. All values are given as mg/l. The
analyzed ion concentrations in the initial SBF and ion anal-
ysis accuracy in both Tris and SBF are also given in Table 1.
A low initial P content of the unreacted bioactive glass and
thus relatively low P concentration changes in the solu-
tions explain the low accuracy of P.
The highest element concentrations (shown in bold in

Table 1) in Tris were measured at the two first time points,
20 min (.33 h) or 80 min (1.33 h), after which concentra-
tions gradually decreased. The highest ion concentrations
in SBF were measured in the second and third reactors at
around 8 h. The highest Na release in SBF, corresponding
to an increase of about 400 mg/l, was measured after the
third reactor at 168h. At each time point, the Si release was
lower in SBF than in Tris.

3.3 Formation of surface reaction layers

SEM images of the overall layer developments on the cross-
sectional areas of 45S5 particles in both solutions after 4, 24,
72, and 168 h are presented in Figure 4. Some particles in
the SEM images can perceive finer than the average diame-
ter of 300–500 μm. This is due to the cross-section for some
particles being closer to the particle surfaces than the mid-
dle parts. In both solutions, Si-rich layers were observed
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SIEKKINEN et al. 701

TABLE 2 Elemental analysis in wt-% of the Si-rich layer at selected 45S5 glass particles in the three reactors after 4 h of continuous
dissolution in Tris and simulated body fluid (SBF)

%
SiO2 CaO Na2O P2O5

Tris SBF Tris SBF Tris SBF Tris SBF
Si-rich 1st 93.8 82.4 3.0 9.2 1.7 3.7 1.3 3.3

2nd 92.8 84.3 4.0 7.3 1.0 2.4 1.3 4.8
3rd 91.9 - 2.7 - 1.3 - .9 -

F IGURE 5 Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analyses of the cross-sections of 45S5
particles in each reactor after the continuous flow of Tris after 4, 24, 72, and 168 h

(thin gray surface layers in the SEM images). SEM images
of the particles in the first reactor showed signs of a silica-
rich layer after the exposure to both solutions already after
2 h. However, the layer development could not be verified
on the particles in the third reactor.
After 4 h in SBF, the glass particles did not show any

apparent progress in the layer development as compared to
the 2-h dissolutions. The elemental analyses of the oxides

in the Si-rich surfaces at 4 h are seen in Table 2. In general,
the results suggest that the Si-rich layer had proceeded to
a larger extent in Tris than SBF.
Figure 5 (Tris) and Figure 6 (SBF) show SEM images

and EDX analyses over the cross-section of the partially
reacted 45S5 particles after continuous dissolution for 4, 24,
72, and 168 h. With increasing time, there are apparent dif-
ferences between particles after the dissolution in the two

 20411294, 2022, 4, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijag.16579 by A
bo A

kadem
i, W

iley O
nline Library on [22/12/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



702 SIEKKINEN et al.

F IGURE 6 Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analyses of the cross-sections of 45S5
particles in each reactor after the continuous flow of simulated body fluid (SBF) after 4, 24, 72, and 168 h

solutions. The EDX line analyses show the content (wt-%)
of elements from the particle bulk to the surface.
After prolonged dissolution in Tris, Ca/P embedded in

the outer part of the silica-rich surface layer was identi-
fied. At the longest time points, also thin Ca/P layers with
molar ratios close to HA were analyzed. In contrast, parti-
cles in experiments conducted with SBF (Figure 6) do not
show significant differences in the mixed silica-rich and
Ca/P layers between 72 and 168 h. The EDX analyses show
that the weight percentages of Ca and P are related to each
other after the initial decrease of the elements in the Si-rich
layer. As of the observedmixed layers, the trends of Ca and
P follow each other.
At 168 h, most of the bulk glass had dissolved in the first

reactor in Tris, and the residual particles consisted mainly
of mixed silica-Ca/P shells. The reactions had progressed
to a lesser degree in the two following reactors. On the
other hand, the substantial Ca/P formation had fused the

particles in SBF. The sample shattered into pieces when
removed from the reactor. In SBF, the individual parti-
cles showed distinct silica-rich and Ca/P rich layers with
a mixed layer in between. In the second and third reactors,
the reaction layers showed similar trends to the layers at
particles in the first reactors for both solutions. However,
the reactions had progressed to a lower degree in the suc-
cessive reactors.

3.4 Dissolution of silicon

The cumulative dissolution of Si from the bioactive glass
during the Tris and SBF experiments is given in Figure 7.
The dissolutionwas calculated from the ion concentrations
(Table 1), the volume of solution flown through the sys-
tem, and the mass of Si in the unreacted glass, assuming
linear dissolution between two consecutive time points.
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SIEKKINEN et al. 703

F IGURE 7 Cumulative dissolution of Si (mass-%) from 45S5 in Tris (above) and simulated body fluid (SBF) (below) as functions of time
(h) in each reactor

The Si released from particles in the first reactor shows
apparent differences between the dissolution in Tris and
SBF. The cumulative dissolution profiles suggest an almost
complete dissolution of Si in the first reactor during the 168
h experiment. On the other hand, only 40% of the Si dis-
solved in the experiment with SBF. The dissolution of Si
steadily increased in Tris, whereas the dissolution in SBF
leveled out within 3 days.

3.5 Mass share of elements in particles

Figure 8 shows the average Si, Ca, Na, and P shares in the
45S5 particles in the three reactors as functions of dissolu-
tion time in Tris. The complexity and high initial ion con-

centrations did not provide a reliable basis for similar cal-
culations in SBF. The mass shares of elements were calcu-
lated from their initial theoretical mass in the sample sub-
tracted with the measured cumulative dissolution. Then,
this value was compared to the overall calculated mass of
the elements in the remaining particles.
The share of Si in the particles in the first reactor

increased initially but then steadily decreased. Si left in
particles in the second and third reactors continued to
increase with time, as also indicated by the Si-rich layers in
Figure 5. The Ca share neither increased nor decreased in
the second and third reactors. In contrast, the share of Ca
in particles increased in the first reactor during the experi-
ment. At 168 h, there was almost no Na left in the first reac-
tor particle. The Na share in the second reactor particles
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F IGURE 8 Shares of silicon, calcium, sodium, and
phosphorous (wt-%) in the remaining particles in (A) the first, (B)
second, and (C) third reactors as functions of dissolution time in Tris

decreased slowly, while its share in the third reactor par-
ticles decreased slightly throughout the dissolution. The
only noticeable change in the P shares throughout the dis-
solution can be seen as an increase in the first reactor and
a minor increase in the second reactor. Overall, the share
of elements in the third reactor particles did not signifi-
cantly change during the dissolution. In contrast, notable
changes in the share of elements were noticed in the first
reactor particles.

4 DISCUSSION

To the authors’ knowledge, no similar dissolution studies
of bioactive glasses in a continuous fluid flow using multi-
ple reactors connected in a series have been reported. The

three reactors can be assumed to represent a single parti-
cle bed, where each reactor represents different sections of
the bed (Figure 2). Thus, the first reactor would describe
the outermost particles, the second reactor the particles
in the next layer, while the third reactor shows reactions of
the innermost particles in the single bed. The results imply
the differences when such a bioactive glass implant reacts
in a cavity: the outermost particles react more rapidly than
the innermost particles.
The lower release of Si in the second and third reactors

(Figure 7) is interesting. The ion dissolution from the par-
ticles in the first reactor with fresh solution feed affects
the ion release from the particles in the next two reactors
with changed ion concentrations in the inflow (Table 1).
The decrease in Si concentration with prolonged dissolu-
tion also correlates to the decreasing Si content of the unre-
acted bioactive glass left in the reactors.
The solubility of silica glasses is affected by the glass

composition, the solution pH, and the alkali ions in the
solution.34 The rapid ion exchange between the glass and
solution increases the pH of the solution and subsequently
decreases the H+ ion concentration. Decreased H+ in the
solution reduces the ion exchange between the glass and
solution, ultimately leading to an inhibited dissolution
of alkali ions from the bulk glass. On the other hand,
increased pH and thus increased OH− concentration favor
the solubility of Si from the bulk glass35 by attacking the
silica network in the bulk glass. Extreme dissolution of
silica is usually noticed when the pH of the solution is
above 9.36 However, the solubility of silica has also been
reported at pH 7–8.36 On the other hand, the pHof buffered
solutions is controlled. In this work, the highest measured
bulk solution pH was 8.06, that is, close to pH = 8.0, at
which the buffering capacity of Tris is highest. After the
maximum bulk values, the pH started to decrease gradu-
ally. This decrease is most likely due to the less unreacted
material left in the reactors. However, the relative Si dis-
solution differences in the three reactors were assumed
to depend on the local conditions around the dissolv-
ing particles. The fresh solution fed into the first reac-
tor supported rapid ion exchange and increased the pH of
the outflow. The dissolution decreased in the second and
third reactors due to the lower hydrogen ion concentration
available.34 Although the pH was likely to increase inside
the particle bed locally,27 the solution’s buffering capacity
was assumed to prevent any further pH increase beyond
the maximum capacity, thus suppressing the relative Si-
dissolution from the samples. The formation of the Ca/P
rich layer on the particles in the two first reactors also
likely affected the dissolution as high concentrations of Ca
and P species promote Ca/P precipitation.37 In SBF, the
solubility of silica is strongly hindered by the less soluble
Ca/P layer.38
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The stabilization of the release of Si species in SBF at
around 72 h (Figure 7) implies that an inhibiting layer had
formed on the glass particle surface (Figure 6), thus retard-
ing the dissolution. Aqueous Si species have been reported
to induce HA precipitation on the surface of bioactive
glasses.39,40 Several studies in static environments have
shown that HA can be noticed after 2 days of immersion of
bioactive glasses.41,42 After 72 h in Tris and SBF, the Ca/P
molar ratio in the outermost layer particles in all reactors
is close to the molar ratio of 1.6743 of HA. After 168 h in
SBF, Ca/P had glued the glass particles in the first reac-
tor, and the sample shattered in pieceswhen removed from
the reactor. In the subsequent reactors, the Ca/P forma-
tion was less pronounced (Figure 6). This suggests that the
silica-rich layer providing the nucleation site for Ca/P had
formed later in the second and third reactors. After the first
reactor, the Ca and P ion concentrations in the solution
after the first reactor were lower than in the original SBF,
suggesting that these concentrationswere not high enough
to provide thick Ca/P layers on the particles in the second
and third reactors (Table 1, Figure 6).
In Tris, the low P species concentration seems to con-

tribute mainly to the precipitation of a mixed Si-rich and
Ca/P layer at the particles in all three reactors (Figure 5).
Bingel et al.22 reported that the ion exchange between the
glass and the solution, and the apatite formation on the
surface, are slower at a higher pH. As the pH increased
after each subsequent reactor, less ion exchange occurred
between the glass and the solutions in the second and
third reactors. Similarly, Wetzel and Brauer44 showed that
SBF had a slower apatite formation ability than Tris on
immersed bioactive glass, as seen when comparing the
SEM images at 4 h for both solutions (Table 2, Figure 4).
The first reactions between the solution and the bioac-

tive glass particles increased the pH of the solution, fol-
lowed by the initial release of soluble Si species and
precipitation and condensation of the silica-rich surface
layer.45 The results of this study agreewith previous studies
according to which common ions in the solution retard the
ion release into the solution.19,22,46 In the present study, the
solutionwas freshwhen fed into the first reactor. However,
the higher ion concentrations slowed down the ion release
in the second and third reactors.
Some studies4,47 have investigated the dissolution of

bioactive glass 45S5 in cell culture media. Solutions con-
taining ionic products from bioactive glass stimulated the
gene transcription in osteoblasts and, consequently, short-
ened the human osteoblast growth cycle. Biologically, this
is considered as a beneficial property of the material. The
present study has shown differences in the dissolution
of bioactive glass 45S5 particles in conditions where the
solution’s ion concentrations gradually change. The dif-
ferences in pH, ion concentrations and reaction layer for-

mation imply that small variations in the solution’s local
ion concentrations influence the ion release rates and sub-
sequent layer formation. The concentration differences
between the in- and outflow solutions were much smaller
after the second and third reactors, thus verifying that
the glass particles react slower when the ion concentra-
tions in the solution increase. The slower reactions were
especially noticeable for experiments with SBF. The ini-
tial pH increase and the significant increase in all ion con-
centrations resulted in rapid reactions between the sur-
face area and SBF. However, the higher pH of the inflow
to the second and third reactors did not provide a higher
ion release.
The cross-sectional images (Figure 5) after 168h of con-

tinuous dissolution in Tris showed that the particles dis-
solved faster in the first reactor than the second and third
reactors. The low P concentrations in the outflow solutions
suggest that some of the released P forms Ca/P in each
reactor (Table 1). However, as the P content was low in
the original glass, only thin Ca/P layers formed. The SEM
images of the 45S5 particles in the first reactor suggest a
rapid dissolution in Tris (Figure 5), where the lack of phos-
phate in the solution restricts the formation of Ca/P. In
contrast, the continuous phosphate feed with SBF led to
an extensive formation of an almost pure Ca/P at the par-
ticle surfaces (Figure 6). However, for the layer formation
to occur, the glass dissolutionmust first proceed to such an
extent that the silica-rich layer supports Ca/P-nucleation.
In SBF, thickmixed silica-rich and Ca/P layers had formed
at the particle surfaces in all reactors after 168 h. The Ca/P
precipitation was most extensive in the first reactor. The
SEM-EDX analyses of the samples in all three reactors sug-
gest that thick Ca/P slows down the dissolution of the
glass, as expected.38
In general, the differences in the reaction layers at the

particles in the three reactors imply that the formation
of the silica-rich layer providing suitable nucleation sites
controls the Ca/P precipitation. When the common ion
concentrations in the solution increase, the dissolution of
the glass and layer forming ability decreases. Thus, the
local environment strongly affects the in vitro reactivity
of the bioactive glass. These results also indicate that in
packed beds of implanted bioactive glass particles, the out-
ermost particles react more rapidly while the particles well
inside the sample react slower, provided that there are
similar ion concentration differences as described above.
Although the pH trends (Figure 3) show the overall values,
the pH differences between the successive reactors sug-
gest local variations and thus partly explain the differences
in ion release and layer formation (Table 1 and Figures 5
and 6). Differences in the local ion concentrations would
explain the remnants of implanted bioactive glass particles
reported in some clinical trials.29,48
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5 CONCLUSIONS

The ion release from bioactive glass 45S5 into Tris-buffer
and SBF was studied in a continuous cascade reactor sys-
tem consisting of three reactors coupled in series. This
approach provided amore detailed insight into local effects
at glass-to-solution interfaces. The release of ions from the
reactors differed significantly, strongly implying that gra-
dients of local ion concentrations have an essential effect
on the dissolution and reaction layer formation. The share
of elements in the remaining glass particles varied between
the three reactors throughout the experiments.
The ion dissolution and surface layer development typ-

ical for bioactive glasses occurred more rapidly in the first
than the second and third reactor. The pH increase after
each consecutive reactor did not increase the overall disso-
lution, most likely due to fewer hydrogen ions available for
alkali ion exchange reactions after the first reactor. Thus,
the slower reactions in the second and third reactors imply
that changes in the local ion concentrations lead to lower
overall dissolution rates. The results imply that individual
bioactive glass particles in an implanted particle bedmight
react nonuniformly in conditionswhere the ion concentra-
tions locally increase due to fluid flow path differences.
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