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Abstract: The inhibitive effects of serum proteins on ap-
atite growth was compared between melt-derived 45S5
Bioglass® and sol-gel derived bioactive glass of the
70S30C (70 mol% SiO,, 30 mol% CaO). By using tech-
niques of XRD, TEM and Raman spectroscopy, the trans-
formation of amorphous calcium phosphate to crystalline
apatite, and the resulting size and aspect ratio of the crys-
tals, in simulated body fluid (SBF), was seen to decrease
in the presence of serum. XRD showed more rapid HA for-
mation on Bioglass particles, compared to that forming on
70S30C particles, however TEM showed similar size and
frequency of the needle-like crystals. Phosphate reduction
in SBF was similar for Bioglass and 70S30C. Calcium car-
bonate formation was more likely on the phosphate-free
sol-gel glass than on Bioglass.

1 Introduction

Bioactive glasses have the ability of being able to bond
to bone [1] without triggering formation of fibrous tissue
through hydroxycarbonate apatite (HCA) formation on the
glass surface, on contact with body fluid, which bonds to
host bone via collagen interactions [2]. Bioactive glass dis-
solution products also stimulate bone regeneration at ge-
netic level [2, 3]. Bioactive glass products have been devel-
oped into several medical device products and have been
used in more than 1.5 million patients for orthopaedic in-
dications [4]. Bioactive glasses are now being applied to
soft tissue applications [5] and being developed into flexi-
ble hybrid materials [6].
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Kokubo et al. [7] proposed simulated body fluid (SBF)
to simulate ionic concentration of blood plasma [8] and
it often used to compare HCA formation rates between
bioactive glasses and other bioactive ceramics [9]. How-
ever, serum proteins have an important role to play in
the dissolution rate of glasses and HCA formation rates.
Apatite growth on 45S5 Bioglass® has been reported to
be significantly inhibited with 10% serum incorporated in
SBF [10]. Bioactive glasses can also be made via the sol-
gel route [11-13], which also allows production of bioac-
tive glass foam scaffolds [14, 15]. This study compares the
inhibitive effects of proteins against apatite growth for two
common bioactive glasses, made by the different routes of
the melt-quench route and sol-gel process, and explores
the mechanism of the HCA formation.

2 Experimental

Sol-gel glass of the 70S30C (70 mol% SiO,, 30 mol% Ca0)
composition, also termed TheraGlass® (TG), and melt-
quenched Bioglass® (BG, melt-derived 46.1 mol% SiO,,
26.9 mol% CaO, 24.4 mol% Na,0 and 2.5 mol% P,05),
were provided by NovaThera Ltd. (Babraham, UK). Thera-
glass was produced by NovaThera using conventional pro-
cesses of hydrolysis of tetraethylorthosilicate (TEOS) in
water (molar ratio of water to TEOS, R ratio, of 12) [16]
with nitric acid as the catalyst and calcium nitrate tertrahy-
drate as the calcium precursor and the glass was thermally
stabilised at 700°C. All the glass samples were ground by
a ball mill and passed through 38 pm sieves. Two media
were used to study dissolution rate and apatite formation:
pure SBF (pSBF) and SBF complemented with 10% foetal
bovine serum FBS (sSBF). SBF was prepared following the
previous method initially proposed by Kokubo [17]. FBS
was purchased from Invitrogen™ (UK).

According to the recommended protocol by Magon et
al. [9], 75 mg of glass powders (BG and TG) were immersed
in 50 ml of pSBF or sSBF at 37°C in an orbital incubator
under agitation of 120 rpm. The samples were filtered after
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Figure 1: XRD patterns of (a,b) BG and TG (c,d) glass particles before and after immersion in pSBF (a,c) and sSBF (b,d), at different time
points. * peaks at 26 and 32° 26 corresponding to HA; + peaks correspond to calcite 29° 26.

a series times (2 h, 4 h, 8 h, 1d, 3 d, and 7 d). Both the
glass powders and filtered liquid were reserved for further
analysis.

Transmission Electron Microscope (TEM, JEOL JEM-
2010) was used to observe the surface layer formation on
the glass particles. The samples for TEM were prepared by
manually grinding into fine powders and mixing with ace-
tone to prepare a powder suspension, into which a TEM
sample support film was dipped and the film was dried
in air. Energy Dispersive X-ray spectroscopy (EDX, within
JEOL JEM-2000) chemical analysis, which was conducted
within TEM was employed. X-Ray Diffraction (XRD, Philips
PW1700, automated powder diffractometer) was used to
analyse the crystal structure of the apatite formed on the
surface of the glass particles. Cu K alpha radiation at 40
kV/40mA with a secondary graphite crystal monochro-
mater was used. Regarding the parameters of the XRD
scanning, the angular range, step size and counting time
were from 5° to 70°, 0.04°, and 1 s, respectively. Raman
microscope (inVia, Renishaw) was used to analyse and
compare the substances formed on the glass surface. High
power near infrared diode spot laser (100 mW at 785 nm air

cooled, spot size approximately 1-3 pm) was used to con-
duct Raman scanning. Inductively Coupled Plasma (ICP,
Thermo Scientific, iCAP 6300) was used to quantify the ion
exchange between the glass particles and the medium of
the bioactivity tests. All the ICP samples were diluted with
2 M HNOj3 and filtered with 0.2 pm filter.

2.1 Results and discussion

XRD was conducted to characterise any crystal structures
that formed on the glass particles post immersion in pSBF
and sSBF (Figure 1).

The mechanism of HCA growth on BG in SBF has been
extensively studied [18]. Na* and Ca?* from BG undergo
cation exchange with H* from the media, leaving a silica
rich gel-like layer at the glass surface and over-saturation
of Ca in the media. The medium pH increased due to the
cation exchange. Amorphous Ca/P compounds precipitate
on the silica gel layer and crystallise into the needle-like
HCA.

Here, peaks at approximately 26° and 32° 26 were
found in the XRD patterns of the filtered BG particles in
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Figure 2: TEM images of BG (a, b, ¢) and TG (d, e, f) following immersion in pSBF for (a,d) 2 h; (b, e) 1 day; and (c, f) 7 days. Scale bars are 50

nm.

PSBF after 1 day of immersion and these peaks match the
XRD pattern of hydroxylapatite (HA) [19]. Comparing the
XRD patterns of BG (Figure 1a) and TG (Figure 1b) follow-
ing immersion in pSBF, HA peaks did not appear for the TG
glass until 7 day, compared to 1 day for BG, and the inten-
sity and sharpness were less than for BG.

Slower HCA formation on TG could be due to the larger
concentration of silica (network formers) in TG than BG,
which resulted in a higher network connectivity (mean
number of bridging Si-O-Si bonds per silicon atom) of TG
(2.62 [16]) than BG (1.90 [20, 21]). The lower network con-
nectivity of BG could enhance cation exchange increased
the medium pH, which in turn improved Ca/P compound
deposition. However, TG had a specific a surface area of
140 m? g~! [22], compared to 0.24 m? g! [23] for BG, due
to TG having a nanoporosity, with a modal pore diameter
of 17.6 nm [22]. TEM showed that the HCA crystals were sim-
ilar on TG compared with BG (Figure 2) and were of similar
frequency, indicating that HCA formation rate was actually
similar between the two types of glass. The higher surface
area of TG is due to its nanoporosity and previous work
showed protein such as fibrinogen can quickly penetrate
the nanopores [22], so rapid adsorption of the serum pro-
teins may have partially blocked the pores, reducing the

benefit of the enhanced surface area, in terms of HCA for-
mation.

Comparing XRD patterns of BG immersed in pSBF (Fig-
ure 1a) to BG in sSBF (Figure 1c), the inhibitive effects of
serum against the apatite growth was confirmed since the
HA peaks in the XRD patterns of BG immersed in sSBF had
smaller intensities than those of BG immersed in pSBF. The
HA peaks did not appear until 7 days of immersion in sSSBF
(Figure 1c) and the broader peak indicates the less and
smaller dimension of the apatite crystals grown in sSBF
compared to those formed in pSBF. The effects of serum
on HA precipitation, which can be divided into effects on
nucleation and crystal growth, are controversial. The ef-
fect on the nucleation, proteins were thought to cover the
sites on the glass for apatite nucleation (Si-OH groups),
inhibiting HCA nucleation [10]. However, it has also been
proposed that proteins are polyelectrolytes, which provide
more nucleation sites for apatite via calcium chelation. For
the effects on the crystal growth, protein adsorption was
considered a barrier for calcium and phosphate diffusion,
which inhibited apatite crystal growth [10].

Here, serum exerted significant inhibitive effects on
apatite growth on BG (Figure 1b). On TG, crystalline cal-
cium carbonate was found in all the TG immersed in sSBF
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Figure 4: EDX analysis within TEM on TG after immersion in pSBF for
1 day. Peaks at 8-9 keV for Cu (TEM grid) not indexed.

(Figure 1d). This is previously observed when the sol-gel
58S (60 mol% Si0,, 36 mol% CaO and 4 mol% P,0s) com-
position was immersed in culture media [24] and in SBF
when the glass was in high concentration [25] and was
thought to be due to the phosphate in the SBF being used
up during calcium phosphate nucleation, leaving excess
calcium that then reacts with carbonate in the media. This
could explain large resorption pits formed by osteoclast
cells on the surface of 70S30C foam scaffolds in vitro (os-
teoclasts would be expected to resorb calcium carbonate
more rapidly than glass) [26]. Calcium carbonate forma-
tion was thought to not occur on BG due to the release of
phosphate from the glasses (TG is phosphate-free). How-
ever the amount of phosphate present in the glass is very

o
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small compared to that available in SBF. It could be that
the more rapid release of calcium from TG compared to BG,
due to the higher surface area, caused local saturation of
calcium in the SBF. Serum seems to promote calcium car-
bonate formation, which could be due to the proteins that
are adsorbed onto TG surface chelate the calcium and hold
it near the glass surface, enhancing calcium carbonate de-
position.

TEM was used to confirm the existence of apatite crys-
tals and observe the crystal morphology. TEM images of
the BG particles following immersion show needle-like ap-
atite crystals, approximately 5 nm in diameter and 30-100
nm in length, had grown on the surface of BG after 2 h im-
mersion in pSBF. The morphology is similar with what pre-
vious researchers found [27].

The TG particles were covered in crystals of similar
structure and dimension (Figure 2d-e), even after 2 h, even
though HA peaks were not present in XRD patterns until
7 d. TEM images of TG particles (Figure 3) also show the
nanoparticles (approximately 5 nm in diameter), of which
the sol-gel derived TG consists. Following immersion in
PSBEF, the nanoparticle size of TG (termed tertiary particles
in our previous study [16]) reduced from 10-30 nm to ap-
proximately 5 nm (Figure 1b).

This was confirmed by conducting EDX chemical anal-
ysis, within the TEM, on the nanostructure of TG after the
particles immersed were in pSBF for 1 day (Figure 4).

The EDX result shows that the nanoparticles within
the TG after immersion in pSBF for 1 day were composed
of silica (the peaks at 8-9 keV represent copper, of which
the TEM sample holder is composed). This verified that cal-
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Figure 5: TEM images of BG (a, b, ¢) and TG (d, e, f) following immersion in sSBF for (a, d) 2 h; (b, e) 1 day (scale bar is 50 nm); and (c, f) 7

day. Scale bars are 50 nm.

cium in TG was depleted after immersion in pSBF, leav-
ing a network of silica. This supports in vivo results on
porous scaffolds of the same sol-gel derived bioactive glass
(70 mol% SiO, and 30 mol% Ca0), that calcium release is
too rapid from that composition [28]. The in vivo results
showed that, while the scaffolds were not toxic, the cal-
cium dissolution inside the pore structure caused a pH
rise that promoted bone growth around the scaffold, rather
than through it. The nanoporosity enhances the calcium
release rate compared to BG [14].

TEM images of BG particles following immersion in
sSBF (Figure 5) showed that the needle-like apatite growth
was inhibited. According to XRD, HA was not found un-
til BG was immersed in the sSBF for 7 day, compared to 1
day in pSBF. TEM images showed that the apatite crystals
were much smaller (approximately 5 nm in diameter and
10-20 nm in length) and less needle-like. Nanotexture was
found on the surface of BG, which is due to the deposited
bio-mineral layers.

The TEM images of the TG particles immersed in sSBF
showed no HCA crystals within the 7 days of immersion.
Interestingly, the tertiary nanoparticles that comprised TG
were maintained in TG throughout the 7 days of immersion
in sSBF, whereas they reduced in size during the same pe-
riod in pSBF, indicating slower dissolution in sSBF. Calcite

crystals were expected, but not observed in the regions im-
aged.

ICP was used to quantify the concentration of calcium,
phosphate, and silicon in the media (Figure 6). In terms of
the comparison between BG and TG, the calcium release
rate of TG was much higher than BG, especially within the
first 2 h of immersion, due to the nanoporosity, high sur-
face area and slightly higher calcium content of TG. The
silicon release rates of BG and TG were similar because
the saturation of silicon was reached for both BG and TG
8 h after immersion. Serum proteins did not have a notice-
able effect on the release of calcium and silicon. For phos-
phate, both BG and TG consumed phosphorous in pSBF
within 2 h. This indicated that calcium phosphate precipi-
tation rate was similar for both glasses (likely to be amor-
phous calcium phosphate formation initially). However,
the calcium release was much higher for TG, triggering the
co-precipitation of calcium carbonate (calcite). When the
glasses were immersed in SBF, the phosphate of the sSBF
was not consumed for either glass, even after 7 days. The
low reduction rate of phosphate in sSBF from 8 h to 7 days
indicates the slow deposition of apatite during this period
with the inhibitive effects of serum.

Figure 7 shows the Raman spectra of BG and TG im-
mersed in pSBF and sSBF. Raman spectroscopy is a power-

Brought to you by | Imperial College London
Authenticated
Download Date | 4/4/19 12:57 PM



18 — S.Linand].R.Jones

60 = — -
\‘-\.
50 -
E 40 4
o
e
& 30
~-pSBF TG
20 -=-pSBF BG
SSBF TG
->-sSBF BG
10
0 .
0 20 40 60 80 100 120 140 160 180
300
250 —\//)
F 200 - |
o |
= —— %
8 150
——pSBF TG
100 -=-pSBF BG
~~sSBF TG
-e-sSBF BG
50
0 .
45 ° 20 40 60 80 100 120 140 160 180
40
35
30
£ 25
o
=3
T 20 ~-pSBF TG
-=-pSBF BG
15, sSBF TG

-e-sSBF BG

0 20 40 60 80 100 120 140 160 180
Time (h)

Figure 6: The concentration of silicon, calcium and phosphourous in
the media as a function of immersion time of TG and BG.

ful tool to distinguish crystalline apatite from amorphous
calcium phosphate (ACP). It is also very useful to charac-
terise proteins. Orthophosphate peaks (indicative of HA)
growth in the samples can be characterised from the P-O
peaks at 1075, 960, 590, and 435 cm~! whereas ACP is rep-
resented by the relatively broader P-O peaks at 1080, 950,
and 630 cm™! [29]. The existence of adsorbed proteins can
be confirmed by the peaks at approximately 1660 (Amide
I) and 1001 (C-C aromatic ring) cm™* [30].

As the Raman spectra in Figure 7a shown, BG before
immersion contains amorphous phosphate, which is indi-
cated by the peaks at 950 and 630 cm L. The apatite growth
occurred on BG after 2 h immersion in pSBF, which is indi-
cated by the right-shift of peak at 630 to 590 cm ™! and the

DE GRUYTER OPEN

left-shift of the peak at 950 to 960 cm™!. The shifts indi-
cate that the apatite was likely to be directly derived from
the apatite nucleation and crystal growth. This also indi-
cates a better sensitivity of Raman spectroscopy than that
of XRD in terms of nano-scale apatite crystals (XRD did not
detect apatite crystal growth on BG in pSBF until 1 day of
immersion).

By comparing Figure 7a and 7b, the apatite crystal
growth in TG was slower than that in BG, since the P-
O peaks did not appear until 1 day immersion in pSBF.
Peaks related to ACP did not appear for TG throughout the
process, so it is likely that any ACP deposited on TG in
pSBF must have rapidly crystallised to HCA. The peak at
493 cm™! only existed in the spectra of TG immersed in
pSBF and this peak was reported related to the HO-Si-(O-
)5 tetrahedral vibration mode [31]. HO-Si-(0-); is Q> sili-
con species (silicon atom connecting 1 non-bridging oxy-
gen and 3 bridging oxygen), which contributes 23% of the
whole silicon species according to NMR results in a previ-
ous study [16]. Calcium dissolved after immersed in pSBF,
which transferred Ca-0-Si-(0-); into HO-Si-(0-); and con-
tributed to the peak at 493 cm™!. On the other hand, the
network connectivity of BG is 1.90 (approximately Q?) so
Q3 contributes a much smaller percent in BG compared to
TG. This explains why the peak at 493 cm ™! is unique in TG
spectra.

By comparing Figure 7a and 7c, the transformation
from ACP into apatite was significantly decelerated by
serum proteins since orthophosphate P-O peaks did not
appear until 7 days of immersion in sSBF. The appearance
and increasing intensity of the peak at 435 cm ™! (Figure 7c)
reveals that ACP started to deposit on BG after 2 h immer-
sion in sSBF. This indicates that the crystalline apatite 7
days after immersion in sSBF was derived from ACP. The
peaks at 1660 and 1001 cm™! indicate the co-existence of
adsorbed proteins with ACP, both of which built up the
bio-mineral layer on BG immersed in sSBF (shown in Fig-
ure 5a, 5b and 5c). Therefore, the effects of proteins on
apatite growth were revealed by combining the results.
Serum proteins quickly adsorbed onto the glass surface
after immersion in sSBF. Chelation sites on the proteins
could have enhanced ACP formation, which together with
the adsorbed proteins formed the bio-mineral layers. The
interference effects of protein within the bio-mineral lay-
ers is likely to have decelerated the transformation of ACP
to apatite by inhibiting ion diffusion. This can also explain
the smaller dimension of the formed apatite crystals in
sSBF (Figure 5c¢) compared to those formed in pSBF (Fig-
ure 2c).

By comparing Figure 7b and 7d, HCA growth was in-
hibited on TG compared to BG in sSBF, as shown by less in-
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Figure 7: Raman spectra of the glasses as a function of immersion time in media: (a) BG in pSBF; (b) BG in sSBF; (c) TG in pSBF; (d) TG in

sSBF.

tensity of the P-O peaks. There are two possible reasons for
less phosphate. Firstly, it can be explained by the forma-
tion of calcium carbonate, which formed at the expense of
phosphate. The higher intensity of peaks at 1660 and 1001
cm™! indicate that TG adsorbed more proteins than BG fol-
lowing immersion in sSBF. The larger amount of adsorbed
proteins could cause more inhibitive effects on phosphate
formation and is likely to be due to the higher surface area
and concave nanoporosity of the TG particles.

To summarise, in the absence of serum protein, HCA
growth occurs by calcium phosphate nucleation and HCA
crystal growth. This is known to occur through the crys-
tallisation of amorphous calcium phosphate [32]. When
serum proteins were present, the amorphous calcium
phosphate remained longer, implying that protein adsorp-
tion inhibited crystal nucleation and growth. This could
be due to a barrier effect, but also due to the adsorbed
proteins providing more nucleation sites, which enhance
amorphous calcium phosphate growth but also allowing
calcium carbonate growth.

3 Conclusions

By comparing the apatite growth on BG and TG in the
SBF with and without serum proteins, serum proteins
were found to significantly inhibit apatite growth. Apatite
growth was enhanced on BG compared to TG due to the
lower network connectivity of BG, even though TG has
a higher calcium content and high specific surface area.
Rapid release of calcium ions does not necessarily lead to
more HCA formation. The amorphous calcium phosphate
stage in HCA formation is prolonged when serum proteins
are present. Calcium carbonate also formed on the sol-gel
glass in SBF containing serum, but did not form on the
glass in conventional SBF. Calcium carbonate did not form
on the 45S5 Bioglass in either condition.
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