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Interface reactions between machinable bioactive

glass-ceramics and bone

W. Holand, W. Vogel, and K. Naumann

Friedrich-Schiller-University Jena, Otto-Schott-Institute, Department of Chemistry, Jena, DDR

J. Gummel

Humboldt University, Orthopedic Clinic, Department of Medicine (Charité) Berlin, DDR

A new biomaterial for bone substitution,
a "machinable bioactive glass-ceramic”
has been developed. The material contains
two main crystal phases, mica and apatite,
and is therefore machinable and bioactive.
It has the advantage to be workable by
the surgeon, if necessary, during opera-
tion. The preparation method of this
glass-ceramic is described. Different types
of the material can be produced in depen-
dence of the composition, nucleation, and
crystallization of the basic glass. In vivo

and in vitro investigations showed a char-
acteristic solubility of the material. A Ca-
phosphate-rich interface layer with apatite
crystals (from the basic glass-ceramic) and
a thickness of about 5-10 um grows as
solid-state reaction between glass-ceramic
and bone. This interface reaction is inter-
preted as a chemical process which includes
a slight solubility of the glass-ceramic and
a solid state reaction between the stable
apatite crystals in the glass-ceramic and
the bone.

Journal of Biomedical Materials Research, Vol. 19, 303-312 (1985)
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Figure 5. Transverse section of a machinable bioactive glass-ceramic implant
(2 X 2 x 2 mm) in a tibia of the guinea pig.
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What is Special about Bioactive Glass?




Soda-Lime Silicate Glass




Soda-Lime Silicate Glass




Solid-State 2°Si MAS NMR

50 mol% SiO,

60 mol% SiO,

70 mol% SiO,
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Structure
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Network Connectivity (NC)

Definition:
Average number of bridging oxygen atoms per network forming

element (Si).

Calculation from composition in mol%:

4* Si0, - 2* (CaO+Na,0+SrO+K,0+...)

NC =
Sio,

NC gives a single parameter describing the average degree of silicate

network polymerisation.
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Network Connectivity




MD Simulations

O Si Ca Na

66.9mol% SiO, 56.5mol% SiO, 46.1mol% SiO,
NC=3.33 NC=2.83 NC=2.11
Bioglass 45S5

Tilocca et al., Chem. Mater. 19 (2007) 95-103
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MD Simulations

70 mol% SiO,
NC =3.14

GLASS LYON 2026 - Delia Brauer

60 mol% SiO,
NC=2.67

50 mol% SiO,
NC=2.00



MD Simulations

small silicate fragments
+ rings in bioactive glasses

Xiang & Du, Chem Mater 23 (2011) 2703
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MD Simulations
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Viscosity

Adam Gibbs fitting
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Vogel Fulcher Tammann fitting




Viscosity
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Fragility
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More Details...
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Reactions with Water
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solution
glass (e.g. Tris
(powder or bulk) buffer, SBF)

Solution analysis
[l pH
=  elemental analysis

Powder analysis

= IR spectroscopy
= X-ray diffraction
= MASNMR
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pH Changes in Solution

Immersion in simulated body fluid (pH 7.4, 37°C)
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pH Changes in Solution

Immersion in simulated body fluid (pH 7.4, 37°C)
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Reactions in Body Fluids

CO5%*

PO4*
HCOy
apatite
"silica gel"
bioglass

PO4*

Cross
3D .
: section
view
top
view

Visualisation of surface layers formed on a bioactive glass by X-ray 3D microscopy
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In Vitro Apatite Formation

> 28 days

First time point of apatite detection during immersion
in simulated body fluid

after: Fujibayashi et al., Biomaterials 24 (2003) 1349-1356
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Dissolution under Dilute Conditions

Dissolution in Tris-HCIl buffer solution (0.06M, pH 7.4, 37°C);
ASTM C1926: Measurement of glass dissolution rate using stirred dilute reactor
conditions on monolithic samples
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Soda-Lime Silicate Glass




In Vivo Bone Formation

70mol% SiO, 60mol% SiO, 50mol% SiO,
NC=3.14 NC = 2.67 NC =2.00

Granules of Si0,-Ca0-Na,O glasses implanted into defect in the femur
(thigh bone) of rabbits.

Fluorescent calcein staining; imaging by confocal laser scanning
microscopy. Time: 6 weeks

Fujibayashi et al., Biomaterials 24 (2003) 1349-1356

GLASS LYON 2026 - Delia Brauer




In Vivo Bone Formation

Newly formed bone after implantation of granules of SiO,-Ca0O-Na,0
glasses into defect in the femur (thigh bone) of rabbits. Time: 6 weeks

after: Fujibayashi et al., Biomaterials 24 (2003) 1349-1356
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Soda-Lime Silicate Glasses

...become bioactive
if we reduce the silica content

thereby reducing the silicate network polymerisation
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Bioactive Glasses




Bioactive Glasses

Three very well-known compositions (in mol%)

45S5 #
S53P4 ° 53.9 1.7 21.8 22.6 - - 2.54
13-93 54.6 1.7 22.1 6.0 7.7 7.9 2.59

# 45S5: Bioglass
» S53P4: BonAlive
Network connectivity calculation:

4* Si0, - 2* (Ca0+Na,0+SrO+K,0+...) + 6* P,0c
Si0,

NC =
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MD Simulations

Bioglass 45S5
46.14 SiO,, 24.36 Na,0, 26.93 Ca0, 2.57 P,Oc (in mol%)

O Si Ca Na O Si

Tilocca et al., Chem. Mater. 19 (2007) 95-103 Tilocca & Cormack, J Phys Chem B 111 (2007) 14256-14264

GLASS LYON 2026 - Delia Brauer




Structure

Structural analysis:
solid-state
23Si MAS NMR NC =2 11

NC=2.54

NC = 2.59
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Structure

Structural analysis:
solid-state
3P MAS NMR




Viscosity
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Reactions with Water




Bioactive Glasses

Dissolution rate as a
45S5 function of network
\ connectivity

Dissolution in Tris-HCI buffer solution (0.06M, pH 7.4, 37°C);
ASTM C1926: Measurement of glass dissolution rate using stirred dilute reactor conditions on
monolithic samples
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In situ Raman spectroscopy

Si-O-Si bending Si-O- stretching
(~630 cm™) (850-1200 cm'™)

M. Fritzsche, PhD thesis, 2022, Universitat Bonn
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In situ Raman spectroscopy

Bioglass 45S5
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In situ Raman spectroscopy

Bioglass 45S5 SEM @ about 3 weeks

in DI H,0
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In situ Raman spectroscopy

in simulated body fluid
at 7 days,
preliminary study

glass
glass
5,(Si — 0), SAL
A SBF solution

scan: 60 um x 10 ym

V(HCO; )| v(CO5*7) v(H;0) SBF solution
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In situ Raman spectroscopy

in simulated body fluid
at 21 days,
preliminary study

glass HZO SAL glaSS

"SAL"

apatite

apa‘ite

Raman spectra at various positions Intensity of selected signal over distance
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Conclusions

- Bioactive glasses are "special"” in their application

- Structure & property-wise, they are soda-lime silicate glasses with
low silicate content

- Inclusion of phosphate helps to adjust certain properties but does
not change them fundamentally
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Carl Zeiss

GLASS LYON 2026 - Delia Brauer

50



Carl & Delia

GLASS LYON 2026 - Delia Brauer

51



A big THANK YOU to:

...you for your attention




GLASS LYON 2026 - Delia Brauer

53



