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Abstract

Although the initial in vitro dissolution of bioactive glasses (BAG) is well characterized, the long-term behaviour of crys-
tallized BAG scaffolds in a continuous fluid flow is incompletely understood. A detailed understanding of the long-term
dissolution of scaffolds is vital for predicting their behaviour in clinical applications. Here, we explored the dissolution and
reaction mechanisms of partly crystalline and glass—ceramic scaffolds based on the bioactive glasses S53P4 and 45S5 using
a continuous flow-through method in Tris-buffer (Tris) and simulated body fluid (SBF) for up to 21 days. Granules of the
parent glasses were used as references. The main crystalline phase in both scaffolds was sodium-calcium-silicate. The scaf-
folds’ dissolution suggested that the sodium-calcium-silicate crystals dissolved incongruently to yield hydrous silica. The
silica phase then provided abundant nucleation sites for hydroxyapatite precipitation, resulting in fine-grained crystalline
structures. When exposed to Tris, the scaffolds almost completely dissolved within the test period, leaving only highly porous
remnant phases. For the 45S5 scaffolds, the calcium phosphate reaction layers that formed on their surfaces effectively slowed

the dissolution in SBF. In contrast, this effect was less apparent for the S53P4 specimens.
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Introduction

The dissolution of bioactive glasses (BAGs) determines
their ability to produce therapeutic effects, stimulate tissue
growth, and interact with cellular processes in bone tissue
regeneration [1-3]. Improved understanding of the disso-
lution process is necessary to develop tissue-engineering
scaffolds based on BAGs. Despite extensive research on the
in vitro dissolution of BAGs in static [4-7], half-dynamic
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[8], and closed circulation systems [9], knowledge on the
reaction kinetics using continuous flow-through test meth-
ods is limited. Furthermore, previous studies have mainly
focussed on glass powders or particles [10-15].

Ideally, a BAG dissolves at a rate comparable to tissue
regeneration, thus providing space for neogenesis [16]. The
biological reactions at the BAG lead to a dual-surface layer
that chemically binds the BAG to tissue, especially to bone
[3, 17]. The release of soluble silicate species and calcium
ions from the BAG during dissolution induces osteostimu-
lation [18-20]. Moreover, the gradual formation of a dual
surface, consisting of an inner silica-rich and an outer crys-
talline hydroxyapatite (HA) layer, likely changes the dissolu-
tion kinetics of the glass, which also affects the biological
response of the BAG [21].

When designing BAG-based implants for new medical
applications, one major challenge is understanding the short-
and long-term behaviour of the implant in vivo. Release of
ions from the BAG to the surrounding solution should be
sufficiently high to stimulate the cellular processes needed
to support tissue regeneration or bacteriostasis [1, 22]. If
HA deposition retards overall dissolution, ions released from
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the BAG may decrease below the critical biological levels
needed to support cellular processes. Conversely, a BAG that
does not develop a suitably thick HA layer may dissolve too
rapidly, making it an ineffective scaffold [21, 23].

BAGs are currently used primarily as granules in various
bone-filling clinical applications [3]. Increased research is
devoted to developing porous BAG-based scaffolds [24—-35].
The strong crystallization tendency of two well-known com-
mercial BAGs (4555 and S53P4) limits their hot-working
into amorphous scaffolds. Consequently, amorphous porous
scaffolds from other glass compositions with relatively high
silica content have been developed, allowing hot-working
without crystallization [36, 37]. Interestingly, amorphous
S53P4 scaffolds have recently been successfully sintered
under carefully controlled conditions [38, 39].

Several variables affect the in vivo degradation behav-
iour of BAGs [40]. The dissolution of 45S5 and S53P4
depends on the location of the implant [41]. Unreacted 45S5
has been found several months after implantation in rab-
bit femurs [42]. Similar findings were reported for clinical
studies of S53P4. In addition to anatomical location, bone
remodelling also depends on the amount and particle size
of the implanted BAG [41, 43]. Crystallization reduces the
dissolution rate compared with the parent BAG [44, 45].
Understanding the detailed dissolution kinetics of partially
crystallized S53P4 and glass—ceramic 45S5 scaffolds may
aid in developing mechanically strong implants for load-
bearing applications.

This work reports on the dissolution behaviour of crystal-
line and partially crystalline scaffolds of 45S5 and S53P4
BAGs using a continuous flow-through test method in simu-
lated body fluid (SBF) and Tris for up to 21 days. The objec-
tive of this study was to assess the impact of crystallization
on scaffold dissolution. The results provide insight into the
reaction kinetics of these crystalline phases, which may lead
to improved tissue-engineering scaffold designs with con-
trolled degradation.

Materials and Methods
Scaffold Preparation

BAGS S53P4 and 45S5 were prepared by mixing appropri-
ate amounts of Na,CO,, CaHPO,-2(H,0) CaCOs;, and glass-
quality Belgian quartz sand (Sigma-Aldrich, Steinheim,
Germany). The batches were melted at 1360 °C in separate
platinum crucibles for 3 h before casting the glass into a
block-form graphite mould. For homogeneity, the glasses
were melted twice and crushed between melts. After casting,
the glass blocks were annealed at 520 °C for 1 h before the
annealer was allowed to cool. The nominal oxide composi-
tions of 4555 and S53P4 are shown in Table 1. The annealed
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Table 1 Nominal oxide compositions of BAGs 45S5 and S53P4 in
wt% (mol%)

Glass Si0, Na,O CaO P,04
4585 45.0 (46.1) 24.5 (24.3) 24.5 (26.9) 6.0 (2.6)
S53P4 53.0(53.9) 23.0(22.7) 20.0 (21.8) 4.0 (1.7)

blocks were crushed and sieved to yield granules between
300 and 500 um. These granules were filled into separate
cylindrical graphite moulds (5 x 10 mm) and sintered at
720 °C (S53P4) and 1030 °C (45S5) in nitrogen for 90 min
to form porous scaffolds. Based on prior studies [46, 47], the
sintering temperature of the S53P4 BAG was chosen to yield
a partially crystallized scaffold that was strong enough for
handling. The sintering temperature for the 4555 BAG was
higher because it does not form an adequate glass—ceramic
scaffold below 1000 °C [47, 48].

In Vitro Dissolution Setup

The in vitro dissolution of the glass granules, crushed scaf-
folds, and sintered scaffolds was studied in continuous flow-
through reactors. Simulated body fluid (SBF) and Tris-buffer
(Tris) were continuously fed through the samples at an aver-
age flow rate of 0.2 mL/min. Fagerlund et al. described the
reactor cell configuration in detail [12]. The flow rate was
assumed to mimic the typical laminar flow of extracellular
fluid in the human body [13]. SBF was prepared according to
the protocol developed by Kokubo et al. [49]. Tris (50 mM,
Trizma base, Sigma-Aldrich) was adjusted with 1 M HCI
(J.T. Baker) to a pH of 7.40 at 37 °C.

The mass of the S53P4 granules and scaffolds varied from
270 to 300 mg. Dissolution tests with the more rapidly dis-
solving 45S5 granules and scaffolds were performed using
smaller samples, ranging from 195 to 230 mg. The smaller
4585 specimens ensured ion release in concentrations suf-
ficiently low to prevent blockage. HA deposition within the
reactor tubes was noted in preliminary tests when larger
45S5 masses were used.

The dissolution characteristics of granules and crushed
scaffolds were analysed for 14 days. Sintered scaffolds were
evaluated for 21 days. Solution temperatures were main-
tained at 37 °C.

The solution volume fed through the samples was meas-
ured at each time point. For each experiment, three discrete
samples were sequentially collected at 15-min intervals
every 1 to 3 days for up to 21 days. These samples were sub-
sequently analysed for the amount of released inorganic ions.
Then, once the total solution volume and the measured ions
at each timepoint were known, an estimation of the amount
of dissolved elements at each timepoint ¢ was determined as
a mean of the three consecutive measurements,
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where c; is the measured concentration (mg/L) of element
i, and V(t) is the volume of the sample. The pH was also
measured at each time point. When estimating the cumula-
tive overall dissolution of each element, ion release between
two consecutively measured time point was assumed as a
mean of the two values. The dissolved fraction of element
i cumulated until each time point ¢ can then be written as
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where D,(t-1) is the dissolved fraction of element i deter-
mined at the previous measurement point, V(Az) is the meas-
ured volume of solution between the current time point and
the previous measurement, x; is the weight fraction of the
element i in the glass, and m,, is the total original mass of
the sample k.

Released ion concentrations were analysed using an
inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Optima 5300 DV; Perkin Elmer, Waltham,
MA). Before analysis, the solutions were diluted 1:10 using
ultrapure water. The analysed elements included silicon
(1=251.611 nm), calcium (A=317.933 nm), and sodium
(4=1589.592 nm). Phosphorus concentrations were too low
to provide reliable data after the first few test days. Thus,
phosphorus was omitted from the analyses. Calibration of
the spectrometer was conducted using ultrapure water and
multielement standards (Perkin Elmer Multi-Element Stand-
ard 25; silicon standard from Ultra Scientific) with 1 ppm
Si, Ca, and Na. The calibration was reverified after every 20
samples. All values were background corrected. Due to the
breakage of several 45S5 scaffolds when they were initially

inserted into the reactor cells (@5x 11 mm), larger diam-
eter reactor cells (35.7 ~5.8 mm) were used for subsequent
specimens.

Scaffold and Granule Analyses After Immersion

After the in vitro experiments, the remaining scaffold
pieces and granules were rinsed with ethanol to terminate
the reactions, dried, weighed, and cast into epoxy resin.
The resin-embedded samples were polished to reveal cross-
sections of the reaction layers. The thickness and composi-
tion of the reaction layers were examined with a scanning
electron microscope (SEM, Leo Gemini 1530, Carl Zeiss,
Oberkochen, Germany) equipped with an energy dispersive
X-ray analyser (EDX, UltraDry X-ray detector, Thermo
Fisher Scientific, MA, USA).

The crystallized surface layer to the amorphous core ratio
was identified from seven cross-sectional scaffold SEM pan-
orama images for each S53P4 sample using image-analysis
software (Photoshop CS6, Adobe Systems, Inc, San Jose,
CA, USA). The percentage of the crystallized layer was
then calculated from manipulated images by comparing the
number of pixels in crystalline and amorphous areas. The
amount of the crystalline and glassy phases in the thin crys-
tallized layer was also calculated from 10 cross-sectional
SEM images (5 k magnification), as described above.

Results
lon Release
The concentrations of silicon released in both solutions and

sodium and calcium released in Tris from S53P4-based
samples are shown in Fig. 1. The phosphorus concentration
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Fig. 1 Concentrations of ions released from S53P4 granules, scaffolds, and crushed scaffolds into the continuous flow of Tris and SBF: a Si in
Tris and in SBF, b Na in Tris, and ¢ Ca in Tris. Dashed lines provide visual guidance only
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was close to the limit of quantification (LOQ). The cor-
responding ion concentrations released from 45S5-based
samples are shown in Fig. 2. Although the initial ion con-
centrations released from the scaffolds were generally lower
than those released from the glass granules, the differences
diminished over time. After 21 days in continuous Tris flow,
only a 1-3 mg remained of the amorphous S53P4 and 45S5
granules.

Sodium, calcium, and silicon species were released from
the S53P4 scaffolds into Tris at measurable concentrations
for 17 days. After longer periods, only the values for silicon
were greater than the LOQ. The concentrations were lower
for the scaffolds than granules for all elements, especially
during the first days. There were no notable differences
between the crushed scaffolds and the granules.

Despite its lower mass, the initial ion release was higher
from the 45S5 samples than S53P4 samples. However, the

80

ion concentrations dissolving from 45S5 granules rapidly
decreased after the initial peak. The released silicon concen-
tration was higher from 45S5 scaffolds than from granules
only for 1 day and 3 days for Na and Ca. The ion concentra-
tions released from crushed 45S5 scaffolds were similar to
the concentrations measured for granules. After 6 days in
SBEF, the ion concentrations dissolving from all 45S5 sample
types also decreased below LOQ. In Tris, the concentra-
tions for the crushed 45S5 scaffolds were below LOQ after
9 days. In contrast, the ion dissolution from 45S5 scaffolds
was within the measurable range for 17 days.

The calculated cumulative dissolved fractions (calculated
from Eqgs. 1 and 2) of silicon for S53P4 and 45S5 samples
are shown in Fig. 3. The last concentrations above the LOQ
were measured at after 17 days after which the concentra-
tions were below the LOQ for all measured elements. The
values over 100% are considered due to having only a few
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measurement points during the initial diffusion-dominated
phase of dissolution. The approximation here assumes the
concentration between two consecutively measured time
points as a mean of the two values.

The evolution of pH was examined throughout the dis-
solution (data not shown). The highest pH values, 7.81 for
4585 granules and 7.72 for S53P4 granules, were measured
at 60 min (the first measurement point). After 24 h, the pH
decreased to 7.44 for S53P4 scaffolds and 7.58 for 45S5
scaffolds.

Scaffold Morphology Before Dissolution

According to SEM images and EDX analyses of S53P4 scaf-
folds, the crystallized surface layer appeared to contain a
high share of amorphous phase, with more Si and less Na
and Ca than the crystals. The calculated percentage of the
phases in the manipulated (black and white colours) SEM
image in Fig. 4b suggested 67 +3% (95% confidence level)
crystals in the layer, with the remaining 33% being an amor-
phous phase. The thickness of the crystallized layer varied
from 40 to 80 pm, depending on the measuring point in the
scaffold. The smaller particles in the SEM image (Fig. 5)
that suggest total crystallization were assumed to show the
top or bottom cross-sections of the sintered granules in the
scaffold and were thus disregarded in the thickness calcula-
tion. Figures 4b and 5 show that the crystallized surface
layer covered 65 +9% (95% confidence level). Combining
the thickness of the layer and its share of crystals yields an
average of 44 +6% (95% confidence level) of crystals in the

. 100um | 100um

®

e |

Fig.5 a SEM image of S53P4 cross-section showing crystallized sur-
face layer and amorphous cores b Manipulated SEM image showing
the crystalline layer (grey) and amorphous cores (black)

cross-sectional area of sintered S53P4 scaffolds. Assuming
spherical particles and their isotropic distribution, 58 vol-%
of glass had crystallized. In contrast, the glass—ceramic 45S5
consisted of fine-grained crystals and a minor residual amor-
phous phase throughout the structure. Thus, similar estima-
tions of the shares of the phases in 45S5 scaffolds could not
be performed.

Reaction Layer Formation at Sample Surfaces

Figure 6 shows SEM analyses of S53P4 granule cross-sec-
tions after 14 days in continuous flow of Tris and 6 days
in SBF. A silica-rich layer had formed on the granules in
both solutions, but a calcium phosphate (CaP) layer could
be identified only on granules exposed to SBF. The granules
had dissolved to different extents in the two solutions. Some

Fig.4 a SEM image and EDX
line analysis along the arrow
showing minor compositional
differences between amorphous
S53P4, crystals, and residual
amorphous phase around the
crystals. b SEM image of ’
S53P4 scaffold showing crystals ke
embedded in the amorphous ’
phase (lower image) and a 5
manipulated SEM image show- i

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

‘‘‘‘‘‘‘‘‘‘‘‘‘‘

ing the residual amorphous

(black) and crystalline (white)
phases (upper image). The
calculated amount of crystals in
the SEM image is 62.5%

Il = amorphous phase

" I=crystalline phase
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microns
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Fig.6 SEM images of cross-
sections of amorphous S53P4
granules after a 14 days in con-
tinuous flow (0.2 mL/min) of
Tris and b 7 days in continuous
flow (0.2 mL/min) of SBF

Unreacted

core

Si layer

CaP layer

granules had dissolved almost entirely in Tris, whilst others ~ reaction layers either left after the granules had dissolved or
still seemed intact after 14 days in Tris (Fig. 6a, b). All three ~ detached from the granule surfaces.

S53P4-based specimens showed similar differences in degra- There was no observable CaP layer on S53P4 scaffolds
dation after the dissolution tests. After SBF dissolution, the = after 21 days of continuous Tris flow (Fig. 7). The scaf-
shred-like CaP formations (Fig. 6b) were assumed to be CaP ~ folds had lost their structure due to degradation of the

Fig.7 SEM images of S53P4 scaffold remnant cross-sections after Granule-level detail of partly dissolved amorphous core. EDX analy-
21 days of dynamic Tris flow. a Granule-level detail of partly dis- ses of the points 1A-B, 2A-C, 3A-B, and 4A-C are shown in Table 2
solved crystallized layer and almost completely dissolved core. b
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Table 2 EDX analyses of points Si0, Na.O CaO P.O
shown in Fig. 7 2 2 zs

1A 934 1.0 1.8 0
1B 736 135 129 0
2A 911 03 6.8 1.0

2B 924 0 58 0.7
2C 990 0 1.0 0
3A° 942 0 48 0

3B 452 281 267 0

4A 561 204 192 42
4B 879 26 78 1.0
4C 872 25 81 1.7

All values in wt%

necks between the granules. The most degraded scaffold
granules also comprised of shells of the partly leached

crystallized surface layers (Fig. 7a). According to EDX
analyses, these shells mainly consisted of silicon and oxy-
gen, with minimal amounts of sodium and calcium in loca-
tions next to the granule core (Table 2).

After the dissolution of S53P4 scaffolds in SBF, a CaP-
rich layer was identified on the outer surfaces and within
the partly leached crystallized surface layer (Fig. 8a, b).
The molar ratio Ca/P in the layer was close to 1.67 (i.e. the
hydroxyapatite ratio). The amorphous cores of the scaf-
fold granules started to dissolve during the experiments, as
indicated by the gap between the core and outer CaP-rich
surface layer (Fig. 8b).

There were thin CaP-rich surface films on the 4555
scaffolds after 21 days in Tris (Figs. 9a, b). In contrast,
the CaP layer formation was so extensive in SBF on glass
4585 samples that the CaP layer connected granules after
7 days (Fig. 10b).

100
um

microns

T 0 . , : ~ ; ; 7 "
00 84 168 252 336 420 504 588 67.2 756 00 84 168 252 336 420 504 588 672 756

microns

Fig.8 SEM-EDXA of S53P4 scaffold after 14 days of continuous flow in SBF: a Reaction layer formation at the granule surface, b crystallized
layer has formed CaP and the amorphous core has started to react, ¢ granules with CaP surface layers left

Fig.9 SEM images of 45S5 scaffolds after 21 days in continuous
flow of Tris: a Fine-grained structure showing various degrees of dis-

solution and reaction. b Higher magnification of the structure. EDX

analysis of the brighter coloured points 1, 2, 4, and 5 suggested Ca, P,
and O, whereas the darker points 3, 6, and 7 consisted of Si, Na, Ca,
O, and P

@ Springer
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Fig. 10 Glass 45S5 granules
after a 3 days in continuous
flow (0.2 mL/min) of Tris and
b 7 days in continuous flow
(0.2 mL/min) of SBF. In the
latter, the CaP formation (seen
in white) has joined granules
together. In the former, there is
no considerable CaP layer but
only a silica-rich layer (seen in
dark grey)

Discussion

The degradation of porous S53P4 scaffolds with a crystal-
lized surface layer and porous 45S5 glass—ceramic scaffolds
was studied in continuous flow-through of Tris-buffer and
SBF solutions for up to 21 days. The two BAGs exhibit dif-
ferent crystallization behaviours during sintering [46—48,
50]. Glass 45S5 exhibits bulk crystallization, with the pri-
mary crystalline phase Na,CaSi, O precipitating at approxi-
mately 610 °C and the secondary phase Na,Ca,(PO,)2SiO,
precipitating above 800 °C [48, 50]. 45S5 scaffolds sintered
at 1030 °C consist of a fine-grained crystallized structure
with a small residual glass share [51]. Glass S53P4 has a
somewhat lower crystallization tendency than 45S5 and
exhibits surface crystallization [46]. S53P4 can be sintered
into amorphous or partially crystalline scaffolds under con-
trolled conditions [38, 39, 47].

The in vitro degradation of the bioactive glass-based sam-
ples was studied in continuous fluid flow conditions to better
mimic in vivo conditions than static in vitro tests. Further,
feeding a fresh solution through the sample does not lead to
saturation of the solutions [9, 12, 52, 53]. In static condi-
tions, the solution saturation and high pH lead to extensive
hydroxyapatite precipitation on the BAG, thus retarding the
glass dissolution [54]. The overall validity of in vitro studies
in SBF has been questioned during the past decade [53, 55],
as highly reactive materials can exhaust the SBF solution in
hours under static conditions. However, in a flow-through
reactor setup the pH stays within the buffering range of the
solution.

Silicate-based glasses have been studied under dynamic
conditions for 30 min to four days [10-15]. The results are

@ Springer

consistent with those in this study: after an initial rapid burst,
the dissolution changes into a more steady ion release. The
initial ion release observed for all BAG-based samples is
well established [7, 12, 13, 15, 56]. The initial rapid increase
in pH might have contributed to the release of silicon spe-
cies (Figs. 1 and 2). However, the highest solution pH val-
ues (7.7-7.8) did not exceed the buffering capacity of the
solutions. Thus, the low network connectivity (NC), rather
than hydrolysis of the Si—O-Si bonds in the glass struc-
ture contributed to the gradual degradation of the samples
[57]. The calculated NC is higher for S53P4 than for 45S5
(NCygs3pg =2.54; NC,545=2.12), explaining the higher dis-
solution of Si from 45S5.

Overall, the amorphous granules dissolved more rapidly
than crystallized scaffolds, which was observed in both solu-
tions. Interestingly, ion dissolution from the amorphous
granules and crushed scaffold particles of S53P4 and 45S5
exhibited no notable differences in Tris solution (Figs. 1 and
2). This indicates that the slower dissolution of scaffolds in
Tris was mainly due to lower surface area and the different
fluid flow paths through granules beds and porous structures.

In Tris, the crystallized structure of the scaffold par-
ticles did not prevent the dissolution, as almost all mate-
rial dissolved. After 21 days of Tris solution immersion,
only a small (1-3 mg) amount of material was left after
the experiments. All material from amorphous granules
was exhausted. Interestingly, very fragile, shell-like Si—O
structures were left from the crystallized scaffolds of both
glasses. This implies that the crystalline phases in 45S5 and
S53P4 dissolved incongruently, releasing Na and Ca ions
after the residual amorphous phase had leached out. This
was observed by EDX analyses, showing only Si and O in
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the most degraded sites of the structures. No XRD analyses
could be performed to identify the phase compositions of the
remnants, due to the small amount of material.

In SBF, the crystalline structures did not slow the forma-
tion of the HA layer. The SEM images showed CaP precipi-
tation inside the crystallized surface layer for both glasses
(Fig. 8), as also reported by Fagerlund et al. for glass S53P4
[46]. The HA layer was more extensive on the crystallized
scaffold particles than on amorphous granules. This sug-
gested that the leached crystallized layer provided a large
number of nucleation sites for CaP precipitation. This led
to a dense mixed layer that slowed (for glass S53P4) and
stopped (for glass 45S5) the dissolution of the amorphous
core. The differences between the two glasses were assumed
to be due to their different phase compositions and crystal
microstructures.

For S53P4, it is unclear, whether the ion-exchange reac-
tion occurred primarily between Na™ in the scaffold and
H* in the solution or also with Ca>*. The larger size of the
calcium ions compared to sodium ions may retard their dif-
fusion from the fine-grained 45S5 glass—ceramic structure.
The observations of the 45S5 scaffold in SBF agree with the
reported transformation of sodium-calcium-silicate crystals
to amorphous calcium phosphate in vitro through a series
of interactions between the crystals and solution [24, 31].

Our results show that despite the crystalline glass—ceramic
structure, the dissolution continues until almost all mate-
rial has been exhausted even though some remnant, highly
porous phases were left. This implies that the remnant
phases do not prevent the dissolution but provide nuclea-
tion sites for HA precipitation. These findings are important
for future modelling of the crystallized BAG dissolution.

Conclusion

The long-term dissolution behaviours of sintered scaffolds
of BAGs 45S5 and S53P4 were studied in continuous flow of
Tris and SBF for up to 21 days. Amorphous granules of both
glasses were used as references. S53P4 scaffolds consisted
of granules with amorphous core and crystallized surface
layers, whereas 4555 scaffolds were throughout crystallized.

The crystallized layers dissolved incongruently. In Tris,
the dissolution continued of crystallized S53P4 and 45S5
scaffolds until almost all material had been exhausted even
though some remnant, highly porous phases were left. In
SBF, the HA formation was more extensive on the leached
crystalline surfaces than on the amorphous granules. The
HA layer precipitated extensively inside the crystalline
structure, whereas for the amorphous granule surfaces,
the HA layer only precipitated on the granule surface. The
remnant phases did not prevent the dissolution but provided
more nucleation sites for HA precipitation.

The results suggested that the glass—ceramic specimens
would fully dissolve with prolonged immersion time also in
SBF, even though the solution pH values after the reactor did
not markedly increase from the inflow values.
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