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Self-crystallisation of 45S5 Bioglass® powder and scaffolds was
observed one year after their fabrication. Plate- and acicular-shape
crystals, identified as calcium and sodium carbonates, grew at room
temperature and atmospheric pressure, without any further
treatment.

Bioactive glasses are well known for their osteointegration
properties. When immersed in physiological solutions, they
degrade and release ions which facilitate the precipitation of
hydroxyapatite on their surface. This hydroxyapatite is similar
to the inorganic component of natural bone, accelerating the
bone growth on its surface. Thus, when implanted in bone
tissue, bioactive glasses will degrade in favour of newly formed
bone tissue.

The first and most studied bioactive glass was developed by
Hench in the 1970s.? It has a composition of 45% SiO,, 24.5%
Na,O0, 24.5% CaO and 6% P,05 (Wt%) and has been commer-
cialised under the name 45S5 Bioglass®. Since then, different
compositions of bioactive glasses have been developed for
applications in bone tissue engineering, such as bone defect
fillers, 3D porous scaffolds, medical device coatings and bone
cement composites.” Many studies have been focused on scaf-
fold preparation which requires a heat treatment during which
bioactive glasses crystallise, forming glass-ceramics with
enhanced mechanical properties. However, these glass-
ceramics are less reactive than the parent glasses, as ions
contained in the glass network (such as Na*, Ca*" and Si*")
are entrapped in the crystalline phases, decreasing the dissolu-
tion rate. During sintering, 4555 Bioglass®™ has a high tendency
to undergo crystallisation. The main crystalline phases were
identified as Na,Ca,Si;Oo and Na,CaSi,O¢. Secondary crystal-
line phases such as Na,Ca,(PO,),Si0O, have also been
reported.*®
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Herein, we report self-crystallisation of 45S5 Bioglass®™
powders and glass-ceramic scaffolds at room temperature and
atmospheric pressure without any further heat treatment. To
our knowledge, this is the first report of self-crystallisation of
4555 Bioglass®™ powders and scaffolds, observed after one year
in storage. As with many discoveries, chance played an impor-
tant role in identifying this phenomenon. In 2020, due to the
Covid pandemic, our laboratories were closed. One year later
we revisited our samples and we observed some of the stored
samples on a scanning electron microscope (SEM). To our
surprise, plate-shape and acicular crystals (less than 15 pm in
size), had grown on the surface of 4555 Bioglass® samples.
Hence, an investigation into the type of these crystals, their
structure and possible mechanism of crystallisation has been
conducted. It is worth noting that this phenomenon has been
observed only on 4555 Bioglass® samples. We analysed another
silicate bioactive glass, apatite-wollastonite (see details in
ESIT), but we did not observe any crystals grown on the surface
of apatite-wollastonite glass powder or glass-ceramic scaffolds.

The 45S5 Bioglass® powders and glass-ceramic scaffolds
were kept in sealed plastic bags in the laboratory, at room
temperature, and were analysed one year after their fabrication.
The SEM images and X-ray diffraction (XRD) spectra were
compared with the ones taken pre-storage (a few days after
their fabrication).

Fig. 1 shows SEM images of 45S5 Bioglass® powders one
year after their fabrication. Plate- and blade-shape crystals grew
from the glass surface, having their long axis as a preferential
growth direction. Plates are 5-8 um in length, 2-5 pm wide and
less than 0.5 pm thick (Fig. 1A). Over time, plates split, forming
blade-shape crystals, less than 2 pm wide (Fig. 1B). Crystal
splitting likely occurs due to crystal growth.

Thin layers of flat crystals with lamellar structure can be
noticed in Fig. 1C and Fig. S1 (ESIt). These lamellar plates have
a preferred orientation, with nearby crystals being roughly
parallel. It seems that these lamellar plates undergo crystal-
lisation from the surface of the glass. The plates grow and split
into slabs or columns (Fig. 1D) and bladed crystals (Fig. 1B).
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Fig. 1 SEM images of 45S5 Bioglass® powder after one year in storage
(all images were taken in 2021).

Single columns can contain parallel blade-shape crystals that
split over time (Fig. 1E). Columnar crystals taper to an edge or
have a blunt termination (Fig. 1E). Some blade-shape crystals
form fan-shape clusters, as seen in Fig. 1F (radiating cluster of
crystals).

The diffraction patterns of the 4555 Bioglass™ powder taken
a few days after preparation (2020) and one year later (2021) are
presented in Fig. 2A. After glass preparation, XRD data show an
amorphous structure. A characteristic amorphous halo can be
observed in the range 20 = 15-40°. One year later, crystallisation
peaks identified as sodium calcium carbonate hydrate,
Na,Ca(CO3),-2H,0, were observed on the glass surface.
Na,Ca(CO0s3),-2H,0 has an orthorhombic structure (plate- and
column-shape crystals), in agreement with SEM data. The
average crystallite size was 58 £ 9 nm.

Formation of carbonates is not unusual. In geology, natural
silicate rocks and minerals react with atmospheric CO, forming
insoluble carbonates (over a geological time scale) and SiO,.
Industrial processes such as mineral carbonation or mineral
sequestration use natural olivine, serpentine, wollastonite, etc.
(calcium, magnesium and iron silicates) to capture CO, for
storage.®”

As mentioned above, the 4555 Bioglass® powders were kept
at room temperature in a sealed bag in the lab. Typically, the
temperature and relative humidity in the lab vary between
14-20 °C and 50-80%, respectively, depending on the weather.
These conditions bear no resemblance to industrial processes
or geological time frames. It may be postulated that the 45S5
Bioglass® powder reacted with the CO, and water vapours
present in the bag, forming hydrated sodium and calcium
carbonates. The crystals grew to a maximum dimension of
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Fig. 2 XRD patterns of 45S5 Bioglass® powders (A) and scaffolds (B) a few
days after their preparation (2020) and after storage for one year (2021);
scaffold 2021 (2006) was fabricated in 2006 and analysed in 2021, after
15 years in storage (B = Na,Ca(COs3),-2H,0, @ = Na,Ca,SizOg, @ = NayCOs).

10 pm, probably due to limited availability of CO, and water
vapours in the sealed bag.

Several studies reported that bioactive glasses with high
alkaline their composition are typically
hygroscopic. The presence of hydroxyl ions on the surface
of the bioglass powders promotes their crystallisation,® in
agreement with our results.

Fig. 3A and Fig. S2 (ESIt) show SEM images of the 45S5
Bioglass® scaffolds one year after their fabrication. Bunches of
needle-like crystals can be observed on the surface of the
scaffolds. These acicular crystals are about 10-15 pm in length
and they seem to grow intergranularly, along their long crystal-
lographic axis (Fig. 3B). The V-shape of the bundles suggests a
simple splitting mechanism where a single crystal nucleates
from a single nucleus, grows to a certain ‘critical’ length and
then splits into smaller size crystals that are not separated from
each other at the base (nucleation point).

It is worth noting that similar clusters of acicular crystals
were reported by Mondal et al.'? for a sol-gel derived bioactive
glass with a composition of 70Si0,, 26Ca0O and 4P,05 (mol%),
after a hydrothermal process (36 h at 170 °C) (Fig. S3, ESIT).
Those acicular crystals had a size of 2-10 um and were
identified as hydroxyapatite.

Fig. 3C and D show SEM images of 4555 Bioglass® scaffolds
one year apart, a few days after synthesis (2020) and one year
later (2021), respectively. No needle-like crystals are observed
on the surface of the scaffold (Fig. 3C) a few days after its
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Fig. 3 SEM images of 4555 Bioglass® glass-ceramic scaffolds (images A,
B and D were taken in 2021, after one year in storage; images C and E were
taken in 2020 and 2006, respectively, a few days after scaffolds prepara-
tion; image F was taken in 2021, after 15 years in storage).

fabrication. However, one year after scaffolds fabrication, clus-
ters of acicular crystals, maximum 15 pm in length, are
detected (Fig. 3D). Similar results were obtained with older
4585 Bioglass® scaffolds made in 2006 (Fig. 3E and F). Recent
(2021) SEM images of a 45S5 Bioglass®™ scaffold synthesised in
2006 indicate clusters of acicular crystals (Fig. 3F). Surprisingly,
the length of these crystals is maximum 15 um, similar to the
one-year-old scaffolds, despite being 15 years old.

The energy dispersive spectroscopy (EDS) map analysis of an
acicular crystal (Fig. 4) indicates that these needles are mainly
composed of Na, O and C. The atomic ratio of O/C and O/Na
likely correspond to a sodium carbonate structure. Several
authors reported calcium or sodium carbonate formation on
the surface of bioglasses™*™® when both CO, and water vapours
are present.

XRD spectra of the 45S5 Bioglass® scaffolds taken a few days
after synthesis (2020) and after one year in storage (2021) are
presented in Fig. 2B. The XRD pattern of a 45S5 Bioglass®
glass-ceramic scaffold made in 2006 and re-examined in 2021 is
also included (Fig. 2B). The main crystalline phase was identi-
fied as Na,Ca,Si;Oo. The average crystallite size was 50 &+ 8 nm.
Acicular crystals were identified as Na,COj3, which are soluble
in water. This was demonstrated by immersing the scaffolds in
distilled water for 15 min. SEM analysis showed that the
acicular crystals were completely dissolved (see Fig. S4, ESIf).

The growth of these acicular crystals might involve diffusion
of carbon in a solid state, which has very slow kinetics. Carbon
diffusion probably starts at grain boundaries, rich in Na" ions.
Smaller size Na* ions have higher mobility than Ca®" ions and
accumulate at the surface. Nucleation probably starts at the
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Fig. 4 EDS map analysis of the marked region (yellow rectangle) on the
surface of 4555 Bioglass® glass-ceramic scaffold after one year in storage
(image taken in 2021).

grain boundaries, where there is more space for the nuclei to
form, consuming Na' ions. The regions around the growing
crystals have lower Na* concentration so another crystal cannot
grow nearby in a Na-depleted region. This explains the non-
homogeneous distribution of the acicular crystals on the sur-
face of the scaffold which favours the growth of vertically
oriented crystals.

In conclusion, 4555 Bioglass® powder and scaffolds can
undergo self-crystallisation at room temperature and atmo-
spheric pressure without any further processing. SEM analysis
indicates initial formation of plate-shape crystals on the surface
of 4585 Bioglass™ powder, which subsequently split into blade-
and column-shape crystals. The plate crystals were identified as
hydrated sodium and calcium carbonates. Considering the
glass-ceramic scaffolds, acicular crystals of sodium carbonate
were observed on their surface.

This short communication provides some valuable informa-
tion on the unique self-crystallization mechanisms of 45S5
Bioglass®, but there are still more questions to be answered.
Why does the glass powder aid the formation of plate-like
crystals while the glass-ceramic promotes acicular structure?

This journal is © The Royal Society of Chemistry 2021
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This might be related to glass and glass-ceramic reactivity, specific
surface area and local variations of chemical composition. Are there
other bioglasses that may undergo self-crystallisation? Are other
types of crystals likely to grow with different bioglass formulations
or storage conditions? Further investigation needs to be carried out
to understand this phenomenon. Studying early stages of the self-
crystallisation of 4555 Bioglass® powder and glass-ceramic will
provide more insights on the crystallisation mechanisms and
factors that can accelerate or inhibit nucleation and crystallisation.
Formation of these plate- and acicular-shape crystals leads to a
temporary increase in specific surface area which could be bene-
ficial for several applications such as accelerated osteointegration or
enhanced drug delivery.
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