Open Access Article. Published on 27 November 2024. Downloaded on 4/18/2026 6:52:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,

6, 214

Received 25th July 2024,
Accepted 24th November 2024

DOI: 10.1039/d4ma00752b

Monitoring of the dissolution/precipitation
behavior of bioglass with simulated body fluid
buffered by HEPES

*3 Eliska Sedlackova, (22 Petr Bezdicka, (2°
© Karolina Panova =@ and Ale$ Helebrant (2@

Diana Horkavcova,
Miloslav Lhotka,

This research work investigates a 7-day interaction of bioactive glass in the form of grit with simulated
body fluid with addition of HEPES buffer (SBF+H). The standard fluid buffered by TRIS (SBF+T) and
unbuffered (SBF-@) were used for comparison. To understand the process more precisely, the material
and the leachates were analyzed at hourly (1H, 2H, 4H) and daily (1D, 2D, 3D, 4D, 7D) intervals. During
the static in vitro test the weight and specific surface area of the materials were measured and the
surface and volume changes of the material character/composition were monitored by SEM/EDS and
XRD. Samples of solution leachates were collected at regular intervals to determine concentrations of
calcium, silicon and (PO4)*~ and to measure pH. After exposure in SBF+T and SBF+H a new crystalline
layer of hydroxyapatite formed on the material surface. The material exposed to SBF+H dissolved less
than the one exposed to SBF+T but the hydroxyapatite layer on its surface grew faster. The material
exposed only to SBF-@ without any buffer dissolved much less, while the ions released into the solution
very rapidly re-precipitated on the surface. As a result, three amorphous layers containing Si, Ca and P
with different thicknesses were gradually formed on the surface. Results of material and solution
analyses have clearly shown that both HEPES and TRIS buffers have a significant effect on the formation
of hydroxyapatite on the surface of bioactive glass. The behavior of the HEPES buffer with highly
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Introduction

New generations of biomaterials focus on improving their
interaction with the environment and the ability to respond
adaptively to dynamic stimuli. Research on bioactive glasses
began in 1969 when Professor Larry Hench introduced a
concept of formation of strong bonds between bone and
synthetic material caused by reactions on the glass surface.
The composition of bioactive glass is very similar to the human
body - silicon, sodium, potassium, calcium, etc."”® Regenera-
tion and binding to hard and soft tissues depends on various
compositions of Na,0, CaO and SiO,. There are several variants
of bioactive glasses that differ mainly in their composition and
substitutions (silica, phosphorus, boron, magnesium, etc.).”””
Among the most commonly used is silica glass, known as 45S5
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bioactive bioglass is very similar to that of the TRIS buffer.

Bioglass (45 wt% SiO,, the letter S represents the crosslinking
element and 5 represents the ratio of CaO and P,05).'*** When
bioglass is implanted close to bone, a critical concentration of
Si, Ca, P and Na ions are released on its surface to trigger intra
and extracellular reactions that lead to rapid bone formation.
A silica-rich gel is then formed on the surface. The gel reacts
with ions in body fluids to form hydroxyapatite on the bioglass
surface.’®'""'® The ability of a material to bioactively react can
be determined based on the time it takes for more than 50% of
the surface to be bound to the host tissue."*'*> The so-called
bioactivity index Iy is used for this purpose.'® Bioactivity can
be defined as the action of an active substance on a living
organism or tissue. However, a much more precise definition is
that a bioactive material is a material designed to have a
therapeutic or diagnostic effect by interacting with the living
environment."” The first step in the development and testing of
biomaterials is the discovery and characterization of a new
material. This is followed by in vitro testing, which consists of
exposure of the material to a simulated body environment.
If the material is found to be non-toxic then in vivo testing can
follow."® For in vitro testing, a non-cellular simulated body fluid
(SBF) test solution has been developed by Kokubo et al. which
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mimics the inorganic composition of blood plasma. Since 2000,
SBF has become the main medium for bioactivity testing with
a clearly defined composition according to ISO standard
150:23317."%%° One of the biggest challenges of in vitro bio-
activity testing of biomaterials (especially glass-ceramics and
glass) is maintaining a stable pH of the test medium and the
choice of an appropriate buffering agent.>** In 1966, 12
buffers were prepared with hydrogen ions in the range of
pK, = 6.15-8.35. This range made it possible to use other buffers
for testing in biological environments than those that had been
used in the past”®>?® Since the TRIS (tris(hydroxymethyl)-
aminomethane) buffer was demonstrated to significantly affect
experimental results of bioactivity tests for glass-ceramic scaffolds
in vitro the research focused on finding a suitable alternative by
using HEPES (4-(hydroxyethyl)-1-piperazineethanesulfonic acid)
buffers, BES (N,N-bis(2-hydroxyethyl)-2-aminoethansulfonic
acid), TES (N-[tris(hydroxymethyl)methyl]-2-aminoethansulfonic
acid), MOPS (3-morpholinoropanesulfonic acid).>”

The objective of this experimental work was to perform
in vitro tests to observe in detail interactions between glass
material in the form of grit with modified simulated body fluid
buffered by HEPES (SBF+H). In order to have a better under-
standing of the behavior of this buffer, an in vitro test with a
standard solution with buffer TRIS (SBF+T) and a solution
without buffer (SBF-@) was performed for comparison. Changes
on the surface and in the structure of the material were
analyzed at hourly (1H, 2H, 4H) and daily (1D, 2D, 3D, 4D,
7D) intervals with optical and electron microscopy, XRD and
BET, as well as changes in the weight. Concentrations of Si, Ca
and (PO4)*~ were measured with AAS, UV-vis and pH values in
all types of solutions were measured using a pH meter. This
monitoring complements the interesting results of our previous
work on HEPES buffer with a highly porous glass-ceramic
scaffold.”®

Experimental part

Individual raw materials to produce bioglass 48.592 g SiO,
(Sigma-Aldrich), 40.141 g Na,CO; (Penta s.r.0.), 47.007 g CaCOj3
(Lach-Ner s.r.o.) and 14.261 g NaH,PO,-2H,0 (Penta s.r.0.) were
mixed into a 150 g homogeneous batch. The mixture was
melted in an electric laboratory furnace in an oxidizing atmo-
sphere. A part of the batch was placed in a crucible made
of PtRh alloy. The crucible was then placed in an oven heated
to 1300 °C. Another part of the mixture was added after
15 minutes and then the rest of the batch was added after
the same period of melting. The glass was melted in the furnace
for 4 hours, during which it was stirred 2 times to homogenize
it. After the melting it was poured into a preheated steel mold
and placed into a cooling oven heated to 560 °C. After an hour
at this temperature the glass was let to cool down in the closed
oven until the next day.

Preparation of the unbuffered (SBF-@) and buffered by TRIS
(SBF+T) and HEPES (SBF+H) solutions followed the procedure
described in ref. 19, 20, 27, 28 Concentrations of the main ions
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were the same in all the solutions and they mimicked the
inorganic part of blood plasma. The procedures for the pre-
paration of unbuffered and buffered solutions (with the same
concentration of buffers) were chosen in order to be compar-
able with experimental conditions used for testing of another
biomaterial, specifically the glass-ceramic scaffold.>”**°

The tested bioglass (45S5) samples were prepared by crush-
ing pieces of glass. The fraction of 0.3-0.5 mm was separated
with a sieve and subsequently cleaned (immersion in ethanol
and placed in an ultrasonic bath for 20 min). For each sampling
time two parallel samples were prepared, each of them weigh-
ing 0.1750 g. The glass grit was immersed into 100 ml of the
prepared SBF-@, SBF+T and SBF+H solutions. The samples were
placed in a thermostat at 36.5 °C. The test lasted 7 days and
samples were collected at hourly (1H, 2H, 4H) and daily (1D,
2D, 3D, 4D, 7D) intervals. The measurements at the indicated
intervals included pH and analyses of calcium, silicon and
(PO4)*". The sampling process consisted of removal of all SBF
from the bottle, the grit was washed repeatedly with ethanol
and left to dry in the air.

For SEM/EDS analysis the grit samples were Au-Pd plated
for 60 s. A Hitachi S-4700 microscope with a Thomson Scientific
Ultradry Silicon Drift Detector energy dispersive analyzer (EDS)
at 15 kV was used for the measurements. XRD measurements
were performed using a PANanalytical X’Pert PRO diffracto-
meter using a Cu anode at 25 °C. The time of one scanning step
was 115.26 s. A change in the specific surface area was deter-
mined using the BET method. The specific surface area
was determined using an adsorption isotherm on an Micro-
meritics 3Flex.

The concentration of calcium was determined by atomic
absorption spectroscopy using Agilent 280FS OhlAA with flame
atomization technique. The atomization was carried out in an
acetylene-nitrous oxide flame. The measurements were carried
out at the wavelength of 1 = 422.7 nm. The data were processed
using a calibration curve. The concentration of silicon was
determined by AAS using Agilent 280FS with a flame atomiza-
tion technique, at the wavelength of / = 256.1 nm in N,O-C,H,
flame. The concentration of phosphate ions was determined
spectrophotometrically using a UV-visible Spectrophotometer
UV 1601 at the wavelength of / = 830 nm, according to CSN
EN ISO 6878. Values of pH of the leachates were measured
using an inoLab pH meter with a combined glass electrode at
35.5 £ 0.5 °C.

Results

During the 7-day experiment the change in weight was moni-
tored of the original glass sample before the interaction with
liquid and the glass sample after the respective exposure time
to SBF-@, SBF+T and SBF+H solutions (Fig. 1).

The values clearly show that the most significant changes
occurred during the first two hours, when there was a signifi-
cant decrease in the weight. During the interaction, the dis-
solution of the test material and the precipitation of a new layer
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Fig.1 Weight change (%) of the glass materials during the exposure to
SBF-@, SBF+T and SBF+H solutions.

on the surface of the material took place simultaneously and
therefore the measured weights make it only possible to estimate
which of the processes dominates in a given period of time. For
the glass grit in SBF+T solution the weight decreased by 5.3%
within two hours. This trend suggests a significant dissolution of
the material. A dramatic weight loss also occurred from the first
to the third day of the experiment. Thus it is possible to conclude
that dissolution of the material prevailed. From the third day
onwards, the change in the weight was slower, possibly due to
precipitation of a new layer on the surface which slows down the
dissolution of the material. For the material exposed to the
SBF+H solution the weight continually decreased throughout
the entire experiment. During the first day the decrease was
faster, while from the second day onwards the decrease was less
dramatic and finally reached 9.4%. This trend is likely due to the
formation of a layer that prevented a higher dissolution rate of
the original material. The weight loss of the material exposed to
SBF-@ was also significant (6.3%) during the first two hours. This
means that dissolution is the predominant process during that
time period. From the first day onwards the weight hardly
changes and it is very likely that the material has been coated
with a layer that has slowed down the dissolution considerably.

Fig. 2 shows values of the specific surface area before
the interaction and after the individual exposure times in the
SBF-@, SBF+T and SBF+H solutions.

70 4 ----SBF-0 —8—SBF+T —&—SBF+H

60
50 1
40 4

30 4

S.[m’g"]

20 A

7
Time [day]

Fig. 2 Specific surface area S, [m? g~ of the glass materials during
exposure to SBF-@, SBF+T and SBF+H solutions (with detail).

216 | Mater. Adv., 2025, 6, 214-223

View Article Online

Paper

The increase of the surface area values of the material in the
SBF+T solution was very dramatic. This result confirms that a
layer has formed on the original bioglass in interaction with
SBF+T which, according to other analyses, is hydroxyapatite
(HAp). The cause of the increased surface are is the highly
dissected morphology of hydroxyapatite in the form of globules
of plate-like crystals, which has been confirmed by scanning
electron microscopy (SEM) images. The material also dramati-
cally increased its specific surface area when interacting with
the HEPES-buffered solution (SBF+H). Although the increase
was less dramatic compared to the material exposed to the
TRIS-buffered solution, the trend is very similar. Therefore it is
possible to assume that a hydroxyapatite (HAp) phase was
formed on the surface of the original bioglass as well. No
significant changes of the surface area were observed for the
glass exposed to unbuffered SBF-Q.

The surface of the material before testing is shown in Fig. 3.
Surfaces of the grit tested in SBF-@, SBF+T and SBF+H solutions
are shown in Fig. 4-7.

The images of the material before the exposure (Fig. 3) show
a smooth surface. This is a pure and dense glass material.

After one hour of exposure in non-buffered SBF-@ solution
(Fig. 4a) 100 nm-sized nuclei developed with a tendency to
aggregate and form centers on the surface of the material. After
two hours (Fig. 4b), more continuous layers are already visible
that grow into width and space. The images show both isolated
nuclei and their clusters. After the second day (Fig. 4e), the
entire surface is already covered with two layers consisting of
Si-Ca-P. After the third day (Fig. 4f), another, very thin layer is
visible on the surface of the original material, which was falling
off during the sample handling. Until the end of the experi-
ment the same trend continued of formation of new layers of
different thickness.

Nuclei of a new Si-Ca-P phase, about 100 nm in size, are
visible after 1 hour (Fig. 5a) on the material exposed to the
SBF+T solution. After two hours (Fig. 5b), a continuous layer is
already formed on the surface. The layer starts to fall off after 4
hours (Fig. 5c) but, at the same time, it continuously grows.
During the first day (Fig. 5d) new globules are formed on its
surface which give rise to a new surface layer. After two days
(Fig. 5e) the surface is almost completely covered with globules
typical for hydroxyapatite (HAp). As the material was dried for
the purposes of the SEM measurements the outer layers are

Fig. 3 Material surface before interaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) SBF-0 1H
.

100um

Fig. 4 Material surface after the exposure to the SBF-@ solution: (a) 1H,
(b) 2H, (c) 4H, (d) 1D, (e) 2D, (f) 3D, (qg) 4D, (h) 7D.

strongly dried and fall off. After seven days (Fig. 5h) the surface
of the material is covered with several layers that continue
to form globules on the top of each other and tend to grow
further.

On the surface of the SBF+H solution material, a relatively
thick interlayer (about 2 pm) can be seen after the first hour
(Fig. 6a), which cracks when the material is handled in air. Fine
globules can be seen on the surface but they do not yet have
the structure typical for hydroxyapatite. The elemental compo-
sition corresponds to the presence of Si-Ca-P. After two hours
(Fig. 6b), a second layer of a similar nature with the thickness of
about 4 um are formed on the first layer. From the fourth day
onwards (Fig. 6g), a hydroxyapatite layer consisting of globules
is spread over the entire surface. This means that the layers
were formed between the second and fourth hour of the
experiment. From this moment on, the HAp layer only grows
and due to manipulation the material gradually falls off,
revealing the underlying layers. Fig. 6f clearly shows the differ-
ence between the structure of the upper crystalline layer
(thickness around 7-8 um) and the lower semi-amorphous
layer. After 7 days (Fig. 6h) a total of four layers have formed
on the material. The last layer grows into the space and binds
the granules of the material into aggregates.

The EDS analyses of the particles were performed before and
after the test but for capacity reasons only selected results are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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100um

100um

Fig. 5 Material surface after the exposure to the SBF+T solution: (a) 1H,
(b) 2H, (c) 4H, (d) 1D, (e) 2D, (f) 3D, (g) 4D, (h) 7D.

presented — after 4 hours and 4 days in the buffered solutions.
Since the layers were cracking it was possible to perform
analyses of both the individual layers and the material tested.
Since we are mainly interested in changes in the Si, Ca and P
contents these elements are shown preferentially in the figures
in wt%. The trend of Si loss (in the material) and Ca and P
increase (in the layer) is well visible from the EDS analyses
of the material in contact with SBF+T. The Si content in the
material decreased from 40 wt% after 4 hours (Fig. 7a) to
29.0 wt% after 4 days (Fig. 7c). The increase of Ca and P
contents in the layers precipitated on the surface is also well
visible. For element Ca the value increased from 22.4 wt% after
4 hours to 28.8 after 4 days of exposure to SBF+T. For element P
the value increased from 12.3 wt% after 4 hours to 14.2 wt% 8
after 4 days of exposure to SBF+T. Between the days 4 and 7 the
results of the EDS analyses of the materials exposed to both the
buffered solutions remained essentially the same.

The XRD analysis were performed for samples before and
after 1, 2, 3, 4 and 7 days of exposure in SBF+T (Fig. 8a), SBF+H
(Fig. 8b) and SBF-0 (Fig. 8c) solutions.

Fig. 8a-c show that the original bioglass is completely
amorphous (curve 0D). With the time of interaction of the test
material with the TRIS (SBF+T) buffer solution (Fig. 8a) some
peaks gradually appear, indicating the increasing presence of

Mater. Adv,, 2025, 6, 214-223 | 217
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Fig. 6 Material surface after the exposure to the SBF+H solution: (a) 1H,
(b) 2H, (c) 4H, (d) 1D, (e) 2D, (f) 3D, (g) 4D, (h) 7D.

(a) SBF+T 4H (b) SBF+H 4H

SBF+T 4D

Fig. 7 EDS (wt%) of material's surface after the exposure to the SBF+T and
SBF+H solution: (a) and (b) 4H, (c) and (d) 4D.

the crystalline phase. According to the database, the phase was
identified as hydroxyapatite (HAp). Although the other analyses
show that HAp starts forming during the first hour, the XRD

218 | Mater. Adv., 2025, 6, 214-223
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analysis recorded its presence only from the second day (2D).
The XRD analysis was also performed to find crystalline phase
on the material that interacted with the HEPES (SBF+H) buffer
solution (Fig. 8b). In this case again, a hydroxyapatite crystal-
line phase was identified from the second day of exposure (2D).
As in the previous case, we know that HAp was formed after a
few hours but its quantity was very small and it could not be
detected by the XRD analysis. The XRD analysis confirmed the
results of SEM/EDS observation (Fig. 4) that no crystalline
phase was formed on the surface of the samples after exposure
in SBF-Q (Fig. 8c).

The Fig. 9-12 show values of the concentrations of calcium,
phosphate and silicon and pH values during the 7 days of
interaction of the test material with SBF-@, SBF+T and SBF+H
solutions. The measured data always correspond to the average
of two parallel measurements.

The Fig. 9 shows that there was a dramatic increase in
calcium concentration in the SBF+T solution during the first
24 hours. This result again confirms that dissolution of the
material occurred within the first few hours. From the first
to the third day the increase is only moderate and after the
second day the concentration drops sharply. From the third day
onwards the concentration becomes stable which is consistent
with the conclusion that from about the middle of the experi-
ment the material is covered with a new layer. Throughout the
experiment the concentration of calcium is higher than in the
original solution. This implies that dissolution of the material
is the predominant process but it changes its rate during the
test. Even in the case of the SBF+H solution, the concentration
of calcium ions is higher than the original value in the course of
the whole experiment, indicating a large effect of the dissolu-
tion throughout the test. The biggest quantity of calcium are
released during the first hours when the strongest dissolution
of the material occurs. Between the fourth hour (4H) and the
third day (3D) the dissolution still occurs but is already slowed
down by the precipitated layer that isolates the material from
the solution. From the third day onwards (up to 7D), when the
material is already completely covered with the HAp layer,
the calcium ion concentration shows little change. In the
SBF-Q solution there is only a slight increase in calcium ions
concentration in during the first few hours. These results
again correspond to the more significant weight loss at the
beginning of the experiment. From the first day onwards, the
concentration no longer shows significant changes, which is
probably due to the precipitation of a new layer on the surface
that makes dissolution of the material more difficult. If we
compare the change in concentration in the solution with the
original value we can see that the curve is below the original
concentration for practically during the entire duration of
the experiment. It is possible to assume that the new layer
is formed relatively quickly and it gradually grew over the
seven days.

In the SBF+T solution there was a dramatic decrease in
phosphate ions concentration from the first hour (1H) to the
third day (3D) of interaction (Fig. 10). This trend suggests that
from the beginning of the experiment (PO,)*” ions were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Diffractograms of glass materials before (OD) and during interaction (1-7D) in the solutions: (a) SBF+T, (b) SBF+H, (c) SBF-@.

depleted from the solution and they deposited as a new layer on
the surface of the material. After the third day (3D) the
concentration stabilized, which is consistent with the calcium
ion results. The concentration of phosphate ions in SBF+H is
also below the original value almost all the time which corre-
sponds with the rapid precipitation of ions from the solution
back onto the material surface. During the first four hours the
decrease was slow because a certain amount of ions must first
be released into the solution before the precipitation can occur.
After the fourth hour (4H) the decrease of ions concentration
is rapid which is consistent with the previous results of the
material analysis. The decrease in the concentration of (PO4)*~
ions in unbuffered SBF-Q@ is more pronounced from the begin-
ning of the experiment to the first day. After the first day (1D)

© 2025 The Author(s). Published by the Royal Society of Chemistry

no more significant change was observed and the ion concen-
tration was relatively stable.

Values of the silicon (Fig. 11) carries important information
as it only describes the behavior of the tested material. When
the material interacts with SBF+T it shows a dramatic increase
of silicon in the solution. During the first three days the
measured concentration was almost 42 mg dm>. From the
third day (3D) onwards the increase was slower. This trend is
consistent with the previous results showing that the material
dissolves significantly at the beginning of the experiment.
In the second half of the experiment (after day 3) the dissolu-
tion slows down and therefore the increase in the concen-
tration of silicon in the solution is less dramatic. In the
SBF+H solution the concentration of silicon during the entire

Mater. Adv, 2025, 6, 214-223 | 219
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Fig. 9 Values of calcium concentrations in the SBF-@, SBF+T and SBF+H
solutions (with detail).
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Fig. 10 Values of phosphate ion concentration in the SBF-@, SBF+T and
SBF+H solutions (with detail).
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Fig. 11 Values of silicon in SBF-@, SBF+T and SBF+H solutions (with
detail).

test also increases. This means that the tested material con-
tinues to dissolve and it slows down with the time as the
precipitated layer grows. Again, it is confirmed here that the
dissolution occurs predominantly up to the fourth hour (4H)
and then a new layer is formed, blocking the dissolution of the
material. In the SBF-@ solution no significant release of silicon
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Fig. 12 Values of pH values in the SBF-@, SBF+T and SBF+H solutions
(with detail).

into the solution was observed. The maximum concentration
measured was 1.1 mg dm>. It is possible to conclude that in
the SBF-@ solution the material dissolves only very little and the
prevailing process is the layer formation on the surface. This is
supported by a very low weight loss of the material. The fact
that SBF-@ solution dissolves the glass significantly less than
the buffered ones could be explained in following way, con-
sidering the solution chemistry. As reported by,*"*> the organic
compounds can retard or accelerate the dissolution of silica. In
buffered solutions, the dissolved silicon could be masked in
complexes with buffers. Its activity in solution is then low and
the driving force of dissolution remains high. On the contrary,
in unbuffered environment, the solution layers adjacent to the
glass grains are saturated very quickly and the dissolution
driving force is negligible.

The Fig. 12 shows that pH values increased in all the
solutions, confirming the ion exchange between the test mate-
rial and the solutions. The sodium and calcium ions contrib-
uted the most to the increase in the pH values. Even though
TRIS or HEPES buffers were used, the pH could not be kept the
same throughout the experiment. As expected, the pH of the
SBF-Q solution is very inconsistent as it does not contain a
buffer to keep the pH stable at the same value.

Discussion

The results of the weight change of the glass materials (Fig. 1)
show that the greatest dissolution occurred for the grit that
interacted with the SBF+T solution and to lesser extent for
SBF+H (similar as®®). In contrast, the material in the unbuf-
fered SBF-@ dissolved the least. In this case the TRIS buffer
seems to have the most aggressive effect on the material. One
of the key reasons for this difference is the stability of the pH
in buffered solutions. Buffered solutions, such as TRIS and
HEPES, maintain a relatively constant pH throughout the
experiment, which controls the rate of glass dissolution by
preventing rapid fluctuations in pH levels that would otherwise
accelerate ion exchange processes.*® Another important factor
is the ion composition in the buffered solutions. Buffers like
TRIS are designed not only to stabilize pH but also to prevent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interference from unwanted cations, such as Na* or Ca**, which
could otherwise alter the dissolution kinetics by slowing down
ion exchange or causing unwanted precipitation.*® The results
of the values in the specific surface area (Fig. 2) indicate that
the phases formed on the materials exposed to the buffered
solutions (SBF+T, SBF+H) are very similar. The layer with a
different morphology was formed on the original bioglass after
exposed to unbuffered SBF-@ but it did not have a significant
effect on the surface area of the tested material. The electron
microscope images at two different magnifications (Fig. 4-6)
suggest that hydroxyapatite formed only on the material after
interaction with SBF+T and SBF+H. According to the EDS
analysis, an amorphous layer of Si-Ca-P composition formed
on the material that was immersed in unbuffered SBF-Q@
solution. The results of the EDS analyses (Fig. 7a-d) are only
indicative because they are influenced by the complicated
shape, orientation and distance of the measured surface of
the crushed glass particles. In terms of the dissolution mecha-
nism itself, the interaction between the glass surface and
aqueous solutions involves both ion exchange and the for-
mation of surface layers, which are key to controlling corrosion
rates in different environments. As highlighted in previous
reviews, the kinetics of glass dissolution are controlled by both
surface reactions and diffusion processes, particularly in static
conditions.”® However, for initial information about changes in
the composition of the individual layers, this type of analysis is
quite sufficient. It has been demonstrated that the Si content
(Wt%) in the tested material is decreasing and the contents Ca
and P (wt%) in the emerging layers are increasing. It has been
shown that the composition of the glass and the medium also
plays a crucial role. The presence of calcium in the soaking
solution enhances reactivity, leading to faster nucleation and
growth of apatite crystals.*®

These results have been confirmed by results of the XRD
analysis (Fig. 8) which confirmed a hydroxyapatite crystalline
phase only on the material exposed to the buffered solutions
SBF+T and SBF+H from the second day up to seven day of the
in vitro test (similar as ref. 28).

The diagram of calcium concentrations in three types of
simulated body fluid (Fig. 9) shows that the TRIS-buffered and
HEPES-buffered solutions exhibit similar characteristics when
interacting with the tested bioglass. The material interacting
with SBF+H initially demonstrates a faster dissolution than the
one exposed to SBF+T, however, it actually dissolves less. The
layer on the original material after the interaction with SBF+H
is probably formed faster. There were no significant changes in
both buffered solutions after the fourth day (4D) of interaction.

The behavior of the buffered solutions (SBF+T, SBF+H) is
very similar (Fig. 10), in both cases there is a relatively rapid
release of phosphate ions from the material into the solution
and their subsequent precipitation as HAp on the surface of the
original material. In contrast, the unbuffered SBF-@ solution
has a relatively high concentration of (PO,)*~ ions throughout
the experiment. This may indicate that in this case, instead of
HAp, an amorphous Si-Ca-P phase is formed that may contain
less phosphorus than hydroxyapatite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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When comparing changes in concentration of silicon (Fig. 11)
with tests in the SBF+T and SBF+H solutions the values are
initially very similar and the divergence occurs around the first
day (1D). It can be assumed that the reason for the different
dissolution in the buffers may be the different thicknesses
or overall character of the hydroxyapatite layers formed
on the tested materials. The unbuffered SBF-@ shows minimal
changes.

Conclusions

The subject matter of this work was a 7-day in vitro test of 4555
bioglass in the form of grit in simulated body fluid buffered
with HEPES (SBF+H) and compare with the standard (ISO
23317:2014). The most pronounced decrease in weight was
observed for the material exposed to the SBF+T solution.
Specific surface area measurements confirmed a dramatic
increase in the surface area of the material after interaction
with the SBF+T and SBF+H solutions. This clearly indicates that
a highly dissected hydroxyapatite formed on the surface of the
material in the buffered solutions. The change in the concen-
tration of calcium in the SBF+T and SBF+H solutions indicates
that the material was dissolving in them during the entire time
of the test. (PO,)*” ions in the buffered solutions were initially
rapidly released from the material into the solution and then
re-precipitated as HAp once the solution close to the surface
was saturated. The silicon provide information on how the
material behaves in the solutions. For the buffered solutions
the change of pH is slightly smaller. The ISO standard specifies
a procedure for static bioactivity testing of compact samples
and a test interval of several weeks. It is clear that this standard
is not sufficient for detailed monitoring/testing of crushed
bioactive glass. The ISO standard does not consider solution
analysis which is important for comprehensiveness of the
results. Further work should focus on a more detailed under-
standing of behavior of bioactive glass grit in simulated body
fluid at shorter time intervals. Moreover, it might be advisable
to adapt the standard to a non-compact highly reactive mate-
rial, both in the terms of the test method and test duration.
Because during the in vitro test the HEPES buffer behaves very
similarly to the TRIS buffer in contact with bioglass, last but not
least, it would be necessary to test a buffer that would not affect
the interaction of the material with the solution and at the
same time be able to maintain a physiological pH throughout
the experiment.
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