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Abstract

This paper reports on the experimental evaluation of a novel melt-quenched glass belonging to the CaO-MgO-SiO,—P,05-Na,O—
CaF, system as potential material for biomedical applications in bone regeneration. The glass composition has been designed in the
primary crystallisation field of pseudo-wollastonite in CaO-MgO-SiO, ternary phase diagram. The rise of pH upon immersion in SBF
solution was slower for the novel glass in comparison to 4585 Bioglass®. Nevertheless, both glasses exhibited similar behaviour in early
formation of crystalline apatite demonstrating their osteoinductive features. The in vivo investigations in rabbits demonstrated good
compatibility between the glass and surrounding tissue along the whole implantation period with negligible adverse reactions. The
clinical evaluation of glass has been conducted in accordance with the ethical guidelines and regulations.

© 2012 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Defects in bone structure arise in a variety of circum-
stances, such as casualties, surgery, diseases, etc. creating a
need for skeletal reconstruction [1]. An ideal biomaterial is
expected to be bioactive and exhibit optimum degradation
rate so as to support the replacement of normal tissue
without inflammation. A variety of bone substitutes is
available and numerous efforts have been made to recon-
struct the normal function of the skeletal system. However,
the outcome of such efforts still has many limitations and
problems [2-4]. Various bioactive and biocompatible
glasses have been developed as bone replacement materials
owing to their ability to resorb via a combination of
cellular mechanism and chemical dissolution leading to
bone regeneration and to control gene transcription
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through glass dissolution products [5-7]. However, still
the 45S5 Bioglass®™ discovered by Hench et al. [5,8,9] is still
taken as a standard for most of the designed bioactive
glass compositions. It is nowadays used successfully as
middle ear and dental implants but, as reported elsewhere
[10-12], it has the potential to be used in many more
bioactive applications than hydroxyapatite.

In the last few years, our research group has been
dealing with the design and development of bioactive
glasses in the CaO-MgO-SiO, system for their potential
applications in human biomedicine [13-17]. The glass
compositions were selected in the primary crystallisation
field of pseudo-wollasotine phase in the ternary
Ca0O-MgO-Si0, diagram doped with P,Os, Na,O, CaF,
and B,O; in order to obtain glasses with their silicate glass
network being dominated by @ (Si) species [18-20]. For
phospho-silicate glasses it has been reported that the highest
level of bioactivity can be expected when Q" (Si) units
(n: number of bridging oxygens) are dominated by chains
of Q% metasilicates, which are occasionally cross-linked
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through O* units, whereas Q' units terminate the chains [21].
The investigated glass compositions exhibited high rates of
bioactivity in vitro, i.e., upon immersion in simulated body
fluid and of osteoblast proliferation in cell culture medium,
and no evidence of any toxicity or other detrimental effects in
the functionality of cells, which qualifies them for their
further experimentation in vivo [15].

The present study aims at deeply investigating in vitro
bioactivity of novel bioactive glass, its biodegradation
behaviour as well as to discuss the results of the animal
tests and data received from some preliminary clinical
trials.

2. Materials and methods
2.1. Glass composition design and glass synthesis

In the light of the above mentioned perspective, a glass
has been designed in the primary field crystallisation field
of pseudo-wollastonite in the CaO-MgO-SiO, with
nominal composition: (wt%) 4.53 Na,O, 28.66 CaO, 8.83
M¢gO, 46.06 SiO,, 6.22 P,Os, and 5.70 CaF,. The designed
glass composition is close to the composition of the liquid
in the invariant equilibrium of the transition type (wt%)
51.4 SiO,, 36.8 CaO, and 11.8 MgO, Eq. (1) [22]:

Liquid + pseudowollastonite & akermanite + wollastonite (1)

and the eutectic type (Wt%) 51.6 SiO,, 35.6 CaO, and
12.8 MgO [22], Eq. (2):

Liquid s wollastonite + diopside 4+ akermanite 2)

The novel bioactive glass was produced in frit form by
the melt-quenching technique as has been described in our
previous study [15]. In parallel, the 45S5 Bioglass®™ was
also prepared to act as the benchmark for comparing their
degradation rates and in vitro bio-mineralisation perfor-
mances. The glass frits were dried and then milled in a
high-speed mill to obtain fine powders with mean particle
sizes of about 10-15um (as determined by the light
scattering technique; Coulter LS 230, UK, Fraunhofer
optical model) and specific surface areas ranging between
0.3 and 0.7 m* g~ ' (BET technique; Micromeritics, Gemini
1T 2370, USA).

2.2. In vitro biodegradation tests

The in vitro bioactivity of the glasses, reflected in their
capability of inducing hydroxyapatite (here after referred
as HA) formation onto their surfaces, was investigated by
immersing the glass powders in SBF (0.1 g glass powder in
50 ml SBF solution) at 37 °C. SBF had an ionic concen-
tration (Na™ 142.0, K+ 5.0, Ca®>* 2.5, Mg>* 1.5, CI~
125.0, HPO; 1.0, HCO3~ 27.0, and SO3~ 0.5 mmol 17}
nearly equivalent to human plasma, as discussed by Tas
[23]. The powder—SBF mixtures were immediately sealed
into sterilised plastic flasks and stored in an oven at

374+ 0.5°C. After each experiment, the powders were
separated from the liquids by filtering. Sampling took
place at different times between 1h and 21 days. The
obtained results were independent, which means that each
sample was individually treated without interfering with
others. The experiments were made in triplicate in order to
assure the reproducibility of the results obtained.

The degradation tests were performed according to the
standard ISO 10993-14 ““Biological evaluation of medical
devices — Part 14: identification and quantification of
degradation products from ceramics”. The test aims at
studying the degradation behaviour of glasses/ceramics in
the most frequently encountered in vivo pH (7.4 £+ 0.1) and,
therefore, investigates the degradation of glasses/ceramics
in freshly prepared Tris—HCI buffered solution. The tests
were carried out without solution replacement at 37 °C and
with a mixing speed of 120 rpm. The sampling was done
after duration of 120 h where the solid and liquid phases
were separated by filtering (0.22 pm, Millex GP, Millipore
Corporation, USA). The solid samples were then washed
in deionised water and dried in an oven to constant weight.
A relative weight loss percentage (W) of glass samples
after 120 h of immersion in solutions was calculated from
the following equation:

WO_W{
W; = 100
L ( Wo ) X 5

where W, refers to the weight of glasses before immersion
and W, refers to the weight of glasses after immersion.
The analysis of the liquids comprised of pH measure-
ments (CONSORT P800, Belgium). The glass powders
separated from the liquids were subjected to X-ray diffrac-
tion (XRD; 20=20°-50° with a 20-step of 0.02 degs '
Rigaku Geigerflex D/Mac, C Series, Cu K, radiation,
Japan) and infrared spectroscopy analysis (FTIR, model
Mattson Galaxy S-7000, USA). In order to obtain infrared
spectra, glass powders were mixed with KBr in the
proportion of 1/150 (by weight) and pressed into a pellet
using a hand press. 64 scans for background and 64 scans
per sample were made with signal gain 1. The resolution

was 4 cm ™.

2.3. In vivo tests

In vivo biocompatibility tests were conducted with bulk
glasses and glass particulates of the investigated glass
composition. The implantation and histological analyses
of the bones with the implants were performed at the
Division of Surgical Stomatology, Tashkent Medical
Academy, Uzbekistan.

Healthy and completely matured (l-year old) rabbits
from the breed “‘shinshilla” weighing 2.8-3.0 kg were used.
Animals were kept in individual cages, properly identified
according to the period and group. After applying systemic
anaesthesia, non-polished rectangular prisms (ca. 2 x 2 x
10 mm?), previously sterilised in alcohol and boiled in
distilled water, were implanted in the femoral diaphysis
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region in a drilled hole of 2 mm diameter and about 10 mm
length. Similar holes were also filled with 0.1 g of the
respective glass particles, sterilised in dry heat at 180 °C for
2 h prior to implantation. The incised hole was subse-
quently sewed up. Incision without any implantation was
also performed as control. The reactions of the animals
were monitored during the implantation periods: 1 week;
2 weeks; 1 month; 2 months; 3 months; 4 months and
6 months. After implantation, the rabbits were sacrificed
by immediate decapitation. The surgeries and animal care
were undertaken in accordance with ethical guidelines and
rules of local Governmental bodies. All femurs were
subsequently fixed in 10% phosphate buffered formalin
for 72 h for histology or histomorphometry analysis. These
femurs were decalcified in 10% formic acid formalin
solution for 14 days. The femurs were sectioned parallel
to the long axis of the femur through the anteromedial
aspect of the defect. The tissue blocks were sectioned and
stained with hematoxilin and eosin (H&E) and histopatho-
logically observed by optical microscopy. During the
implantation period the rabbits exhibited ordinary beha-
viour and no evidence of adverse reactions could be
observed.

2.4. Design of the clinical trials

The permission for performing limited clinical tests
was granted by the Pharmacological Committee of the
Ministry of Health of Uzbekistan under reference no. 23,
dated 26.11.2007, and the National Ethical Committee of
Uzbekistan under reference no. 2, dated 5.02.2008. The
protocol (programme) of clinical tests was then approved
by the Chief of the Department of New Medical Techni-
ques on 13.02.2008, thus allowing performance of limited
clinical trials in the following two clinics: (a) Tashkent
Medical Academy in the Clinic Hospital of the Urgent
Medical Aid and (b) Tashkent Doctor’s Qualification
Upgrading Institute in the Town Clinic number 7.

Over a period of 8 months clinical tests were performed
to the treat jaw bone defects left mainly after cystectomy
operation on 45 patients including 21 males and 24 females
with ages in the range of 19-60 years old. The clinical trials
were conducted with prior consent of all patients who
agreed to participate in this study on a voluntary basis.
According to the protocol design, all the patients were
clinically examined before (day 0), and after surgery (days
15th, 60th and 180th). Retro alveolar X-ray radiographs
were always taken after each time period

Before cystectomy operation, a general clinical examina-
tion of patient including X-ray radiography was per-
formed. It allowed estimation of the wound volume and
the amount of bone graft to be applied. After cystectomy,
the defect area and the dissected frontal wall of the jaw
were carefully rinsed several times with 3% of hydrogen
peroxide and 0.05% chlorhexadine solutions to wash out
the cystic tissue completely. The required amount of
sterilised glass particulates was mixed with the fresh blood

from the defective region and then used to completely fill
the bone defect. Finally, the surgical sites were closed by
returning to the original position and fixed. The patients
were recommended to use appropriate postoperative anti-
biotic whether it was prescribed, and to follow home care
regime.

3. Results
3.1. In vitro bioactivity and leaching tests

Fig. 1 shows the pH variations as a function of the
immersion time as a result of the solubility/ionic exchange
reactions occurring at the solid/liquid interface. It can
be seen that more noticeable changes have occurred in the
earliest immersion period, especially in the case of 45S5
Bioglass™. This is not surprising considering that the
sodium content of 45S5 Bioglass™ is about 5 times more
than that of the new bioglass. During the first 7 days
(168 h) of immersion in SBF, the pH of the 45S5 Bioglass®™
increased from 7.10 (the initial pH of SBF solution) to
7.72, followed by gradual smaller increments with increase
in immersion time. The pH rise was more sluggish in the
novel glass and the overall deviations from the initial pH
of SBF solution were therefore smaller. According to
the mechanism proposed by Hench [24], the exchange of
Na*/H™ ions is responsible for the increase in pH.

Fig. 2a shows the XRD spectra of the novel bioglass
before and after immersing in SBF for different time
periods, while Fig. 2b depicts the same kind of plots for
the 45S5 Bioglass® tested under the same experimental
conditions. The spectra of both glasses before immersion
are characteristic of amorphous materials showing a broad
hump in the region 28-35°. After 3 days of immersion the
main peak of hydroxyapatite (HA) at 20~32° can be
clearly observed in the XRD spectra of both bioglasses,
being more evident in the case of the novel composition.
With further prolonging the soaking period to 21 days, this
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Fig. 1. Evolution of pH in SBF over 2 weeks of immersion in the glass
powders: B — glass 1d; ¢ — 45S5 Bioglass®™.
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Fig. 2. XRD patterns of glass before and after immersion in SBF for
several time periods: (a) glass 1d; and (b) 45S5 Bioglass™.

main HA peak became a bit sharper for the novel bioglass
(Fig. 2a), while a decreased intensity was clearly noticed in
the case of 4555 Bioglass™ (Fig. 2b). Moreover, in this last
case, the observed decreasing intensity of HA peaks was
accompanied by the formation of relatively high intensity
calcium-carbonate (calcite) peaks, thus suggesting that the
early deposited HA layer was gradually hidden by the
freshly precipitated calcite. This precipitation sequence
suggests an early depletion of P species in SBF solution
due to the formation of HA and their slow leaching rate
from the 45S5 Bioglass™. This depletion of P species can
be understood considering that (i) the Ca/P ratio in the
starting SBF solution (Ca/P=2.5) is higher than in the
stoichiometric HA (Ca/P=1.67) and (ii) the homogeneous
dissolution of 4585 Bioglass® (Ca/P ~4) would further
enrich the liquid media in Ca species. When the solubility
product of calcite (K, values ranging from 3.7 x 10 to
8.7 x 1077 at 25 °C, depending upon the data source) [25]

is exceeded, this phase starts precipitating. Accordingly,
Fig. 2b shows that calcite was the major phase formed at
the surface of 45S5 Bioglass® particles upon immersion in
SBF solution for 21 days. Considering that the starting
concentration of P species is the same for both systems, the
precipitation of calcite in the case of 45S5 Bioglass™,
together with the higher pH changes observed (Fig. 1) are
strong evidences of its higher solubility/ionic exchange
capability. These bio-mineralisation results are in good
agreement with the different chemical degradation rates of
the glasses in Tris—-HCI, which revealed a considerably
higher weight loss in case of 45S5 Bioglass® (3.7 wt%) in
comparison to that of the novel bioglass (2.0 wt%). Also,
the pH of Tris—HCI solution increased from the initial
value of 7.2-9.7 after 21 days in the case of 45S5
Bioglass™, while the maximum pH value achieved for the
novel bioglass was only 8.1.

Although under the present experimental conditions
crystalline HA could not be detected for short immersion
times, the first steps of the bio-mineralisation mechanism
proposed by Hench [24] have likely occurred. Fig. 3 shows
the FTIR spectra of the novel bioglass and of the 45S5
Bioglass®™, before and after immersing in SBF for 1 day.
As a matter of fact, considerable differences in the
structure of glasses could be observed after 24h of
immersion in SBF in comparison to their parent glasses
as depicted in Fig. 3. A strong low frequency band centred
at470 cm ', ascribed to a deformation mode of silica layer
that develops upon dissolving glass particles [11] could be
seen in both the glasses after immersion in SBF solution
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Fig. 3. FTIR spectra of the glasses 1d and 45S5 Bioglass® before and
after immersing in SBF for 1 day.
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for 1 day. The main IR band now occurs at 1090 cm~ ! and

a nearby shoulder, centred at ~1240 cm ™! and attributed
to Si—O-Si vibration can be observed in both glasses due to
the interfacial formation of high-area silica gel layer as
postulated in Hench’s inorganic reaction set [24].

3.2. In vivo animal tests

During the whole implantation period the rabbits
exhibited ordinary behaviour without any evidence of
adverse reactions. The items microscopically analysed
included (i) the presence of inflammatory infiltrate (ii) the
bone formation in the margins of the cavity (iii) the bone
formation in the centre of the cavity and (iv) the presence
of giant cells. Histopathological section of bone after
1 week of implantation showed low inflammatory infiltrate
whereas an increase in the thickness of blood vessels
was revealed (Fig. 4a). Abundant woven bone ingrowth
and ongrowth and normal fibroblast proliferation were
revealed after 2 weeks (Fig. 4b). In particular, new bone
formation had originated from the margins of host bone
towards the centre of cavities; the presence of single giant
cells (macrophages) was also detected. Histology after
1 month demonstrated fragmentation of cavities by trabe-
culae, woven bone growth and initial stage of blood vessels
formation. Moreover, mesenchymal stem cells (MSCs) at a
weak differentiation stage could be observed at the
periphery of cavities along with extensively developed
collagen type structures of a connective tissue (Fig. 4c).
The depth of bone ingrowths increased after 2 months and
was accompanied with resorption of bone graft and
formation of lamellar bone (Fig. 4d). By 3-4 months only
residues of material completely embedded into bone
trabeculae could be observed in newly formed bone tissue,
i.e., new bone formation comprising osteoid type structures
and remodelling occurred as evidenced by Fig. 4e and f.
Finally, the cavities were completely filled with bone
structures, and matured homogencous bone tissue was
formed after 6 months post-implantation period as can be
seen in Fig. 4g.

3.3. The clinical trials

The glass particulates formed a cohesive mass with
patient’s blood demonstrating homoeostatic effect. The
graft material was easy to place and shape in situ.
The nearest results (from the first day to 90th day)
demonstrated the absence of high degree of pain or signs
of inflammation. No patient reported the occurrence of
adverse clinical reactions or infectious complications in
the postoperative phase. Usually patients are admitted on
the day of surgery and discharged the next day. Complete
clinical healing was considered when gums recuperated their
natural colour, jaw could open and close easily and the tecth
came together and separate easily. The patients’ satisfaction
was confirmed by their availability to undergo the

procedures again if necessary. Furthermore, they would
recommend the procedures to other patients.

It is worth mentioning that X-ray radiography was
performed before the surgical operation. Examples of
radiography images of a patient having radicular cyst in
maxilla region are shown Fig. 5, before (Fig. 5a), and
2 months postoperative (Fig. 5b). It was revealed that
2 months postoperation the lesions were filled up with
trabeculae of new bone. According to radiography data a
radio-opaque line between bone graft and host bone was
observed in the X-ray images after 2 months of implanta-
tion (Fig. 5b).

4. Discussion

Bioactive glasses have been used in medical applications
for bone regenerative purposes as both monolithic struc-
tures and glass particulates [5,26]. Glass particulates with
average particle sizes significantly smaller than 100 um
revealed to be very promising for a variety of applications
in the field of regenerative medicine due to their anti-
microbial and anti-inflammatory properties, as documen-
ted in some recent reports [27-28]. In the present study,
mean particle size of the experimental glass powders was
about 10-15 pm and both glasses exhibited formation of
crystalline HA as early as after 3 days of soaking in SBF
solution. It is known that reactivity, degradation and
apatite formation in bioactive glasses are highly dependent
on glass structure and network connectivity [21]. The
numbers of non-bridging oxygens per each tetrahedral
cation (NBO/T) was calculated for the novel glass and the
45S5 Bioglass™ as 1.88 and 1.99, respectively, suggesting a
more polymerised glass network structure for the investi-
gated glass composition that contains predominantly O,
but features higher fraction of Q° units than 45S5 Bio-
glass®™ [19]. From the perspective of chemical composition,
the novel glass contains similar amounts of SiO, and P,Os5
as 45S5 Bioglass® and a bit higher amount of CaO. The
significant differences in chemical compositions of two
glasses can be summarised as follows and (i) the Na,O
content in the novel bioglass is about 5.4 times less; (ii) the
novel bioglass also contains MgO and CaF,, which are
absent in the 45S5 Bioglass™. Magnesium is an element of
high physiological interest in the biomedical field, being
present in natural bony tissues and playing an essential
role in human metabolism [29]. It is classified as an
essential minor element and may have stimulatory effects
on the growth of new bony tissues [30-31]. The introduc-
tion of Mg between 0.4 and 1.2 wt% in the bioactive
glasses is known to improve the glass dissolution by
disrupting the silica glass network [32] while it inhibits
the crystallisation of apatite on the glass surface. On the
other hand, partial substitution of CaF, for Na,O in high
alkali/alkaline-earth content phosphosilicate-based glasses
is known to cause lower increment of pH [25], a feature
that can be considered positive towards the proliferation of
endothelial cells [33]. Generally, Na,O-CaO-SiO,—P,05
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Fig. 4. Histopathological sections of the bone in cortical area of bone (HE X 400) after different periods of implantation: (a) 1 week; (b) 2 weeks;

(c¢) 1 month; (d) 2 months; () 3 months; (f) 4 months; and (g) 6 months.

bioactive glasses are well known to cause a pH rise upon
immersion in aqueous solutions which favours apatite
deposition in SBF but can negatively affect the surround-
ing tissue in vivo [34]. The effect of fluoride content of the
glass on the aqueous solution pH was explained by ion
exchange processes occurring at the glass surface. Similar
to Na™ or Ca®>", fluoride ions near the glass surface can

go into solution, but in contrast to Na™ or Ca®" that are
exchanged for H™, fluoride can exchange for OH ™ ions
from the solution (from dissociation of water into H™ and
OH ™), which results in a pH decrease [34]. These favour-
able features explain the slower rise of pH upon immersion
in SBF solution observed for the novel glass 1d compared
to 45S5 Bioglass™. Nevertheless, both glasses exhibited
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Fig. 5. Radiographs of the patient with radicular cyst lesion in maxilla region: (a) before operation and (b) 2 months postoperative.

similar behaviour in early formation of crystalline apatite
(Figs. 2 and 3) demonstrating their osteoinductive features.
The early formation of apatite can be understood con-
sidering that HA is the least soluble and most stable
compound of calcium phosphate phases in aqueous solu-
tions at pH values higher than 4.2 [23]. Calcite precipita-
tion after prolonged soaking of 45S5 Bioglass®™ in SBF can
be explained by its higher dissolution rate due to a less
polymerised glass network. Thus, the higher pH rise for
45S5 Bioglass®™ caused greater quantities of cations such as
Na™ and in particular Ca®>" to be leached out that lead to
calcite formation after the solution being depleted of P
species [11].

The in vivo results obtained for the novel bioactive glass
revealed that the material was fully compatible with the
surrounding tissue along the whole implantation period
without showing adverse reactions. The clinical tests in the
treatment of cystic lesions demonstrated the safety and
efficiency of the bioactive glass particulates in restoring the
bone defects. Generally, cystic bone lesions are often self-
healing or can even be cured by decompression [35]. Filling
lesions with certain biomaterials leads to advanced bone
generation because of the osteoconductive properties
enhancing the migration of progenitor cells [36]. In this
regard, experimental bioactive glass particulates can be
used in the treatment of bone defects to remediate the
progressive loss of the bone around teeth. Nevertheless, the
results of long term clinical trials have to be obtained and a
larger number of patients have to be treated before further
considering the new glass particulates for medical practice.

5. Conclusions

A novel bioactive glass composition has been designed in
the primary field crystallisation field of pseudo-wollastonite
in the CaO-MgO-SiO,. This glass demonstrated slower rise

of pH upon immersion in SBF solution and slower
chemical degradation rate in Tris—=HCI compared to 45S5
Bioglass®™. Although an apatitic layer was formed at the
surface of both glasses in the early stage of immersion in
SBF, the biomineralization behaviour differs under long
in vitro experiments with calcite being preferentially depos-
ited at the surface of 45S5 Bioglass®™.

In the in vivo animal studies the novel material revealed
low inflammatory infiltrate and was fully compatible with
the surrounding tissue without showing any significant
adverse reactions. In preliminary clinical trials the glass
particulates demonstrated that this material would be
particularly interesting in conventional treatment of bone
defects. However, this assumption has to be confirmed by
further experimentation over a longer period of time with a
larger number of patients.
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