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1.1
( )
(AlL,O,) (ZrO,) Bioglass®
(Cay(POL)s(OH),; HA) (Cay(PO,),; a-TCP  B-TCP)
HA
HA
Bioglass®
Y Bioglass®
Bioglass®
MBG MgO B,O; Bioglass®
2
HA
HA HA
B9 HA
(simulated body fluid; SBF)
57) Bioglass®
SBF 8,9

1.2



MBG
MBG MBG

MBG (S53P4)
MBG

1.3



10)

Bioglass® A-W

Tablel,2



Table 1. Biomedical applications of bioceramics.

Devices

Function

Elnmaurhul

Artificial tofal hip, knee
shoulder, albow, wrist

Bone plates, screws, wires

Intrameduliary nails

Hamngion rods

Parmanenily implanied

Reconstruct arthnbc or fractured jomts
Reapair fractures

Algn fraclures

Comract chronc spenal curvature

Replaca missing extremities

High-density alumima, metal boglass
coatings

Binglass-metal fiber composite,
Polysultone-carbon fiber composite
Binglass-metal fiber composite,
Polysulfone-carbon fibor composite
Bioglass-metal fiber composites,
Polysulfone-cartson fiber composite
Bioglass-metal fiber compaosita,

artificial imbs Palysulfone-carbon fiber composite
Wertebrae Spacers and .
axlonsons Comact congenital delormity AL
Spinal fusion Icr:;‘nmd lize vartebraa to protect spenal Bioglass
Folytatra fluro ethylens (FTFE) - carbon

Alveoltar bone replacerments,  Rastore the alveolar ndge lo imprave
mandibular reconstruchion denture: fit m;‘hgmm ALO,, Bioglass
End ossenus tooth Replace diseased, damaged or ALD,, Bioglass, dense hydroxyapatite,
replacement implants lnosaenad testh vilreous carbon

Prosde posts for stress application Bioglass-coated ALO, Bioglass coated
Orthodoniic anchors reguired to change deformities witalhum

Table 2. Characteristic features of ceramic biomaterials.

Young's Compressive Bond :
Materisl Modulus Suenglh Sinengi ardness iz Kic
(GPa) (MPa) {GPa) i {(MPam'?)
Tner 20003000 5060
o 380 4000 300400 ) »39
260, (FS) 150-200 2000 200.500 ‘“W" 6.0 40120
Graphita 20.25 138 NA NA 1519 NA
(L)
Pyrolitic 17-28 500 270.500 NA 1722 NA
Carbon
Vilreous 150-200
Carbon 24.31 172 70.207 B 1418 NA
i 13117 600 120 350 31 <1
Bioglass 75 1000 50 NA 25 07
AW Glass
ekl 18 1080 215 660 28 x
Bone 130 130.180 60-160 NA NA NA

The vanation in Young's Modulis noted for some of the malerials heted is due [o vanalion in density of lest specunens
PS5 - Partially Stabdized, HA - Hydroxyapatite; NA - Not Avadable, AW - Apanle-Wallastone, HV - Vickers Hardness:
OPH - Dramond Pyramid Hardness



1.4

1.4.1
70% CaO P,04
Ca0-P,05-SiO,
Na,O0-Ca0-SiO,-P,0; Bioglass® Bioglass®
Bioglass® 1971 Hench
1984 1987
Bioglass® 1973 Na,0-K,0-MgO-Ca0O-SiO,-P,04
Ceravital® 1982
MgO-Ca0-SiO,-P,04 [Ca,(POL)s(O,F)] B- CaO
SiO, A-W Bioglass®
1 10
Table 6
Ca0-Al,0;-Si0,-P,05 B-CaO P,0Os CaO
P,Oq Table 4
Bioglass® Ceravital®
Co-Cr-Mo Bioglass®
A-W SiC ZrOy(Y,0;)
A-W ZrO,(Y,0,) 30wt

A-W
Si



Si

1mm
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Table 4.
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1.4.2

Table 8

Table 8 (10.3MPa)
100 300MPa Imm
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2. MBG
2.1 X (XRD)
MBG
(30-15-6um; )
MBG
Na,O: 20.00 wt%
K,O: 3.75
CaO: 17.50
MgO:  1.50
B,O;: 3.00
P,Os:  3.00
SiO,:  51.25



MBG XRD (PHILIPS PW1700)
MBG  XRD Fig 1 31°

Intensity / a.u.

20 22 24 26 28 30 32 34
20/ degree CuKa

Fig. 1 XRD pattern of MBG surface.

Measurement condition of XRD analysis

Target Cu

Generator settings 40kV, 10mA

Scan mode step 20 20<-40<

Step size, sample time 0.010 deg, 2.00s, 0.005 deg/s
Peak angle range 20.000-40.000 deg

-10 -
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3.1

3.2

) (Rb)
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1+w°R°C
(3) (4 ©)
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(Zr —Ej +Zi —[Ej (5)
R/2, (R/72,0)
Fig 4 0 R
R
3.3
( ) Z° R (6)
O
L
7= RxS ©)
c: [S cm™] R: [Q]
L: [cm] S: [cm?]
(7)
—Ea
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A: [S cm™] Ea: [kJ mol™]
R: [ K* mol™] T: K]
(8)
Inoc=InA+ (_—Eaj (8)
R-T
(8) 1000 T*K™ x  Ino[S cm™]
R
Ea
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bulk gram boundary  electiode interlaceo

resislance rasislance rasistance

Fig. 2 Schematic figure of ionic conduction in polycrystalline.

[ | ]
| | | | | |

Fig. 3 Equivalent circuit for ionic conduction in polycrystalline sample.

[x10"] 3 T T , . 1
(2 L Rbi Rgh. i
=~ 22—l o .
N i F !
2 [- "’Pf L :: |
E = \!
n T > G
Real.(Z) /Q {XIIJ"]

Fig. 4 Example of cole-cole plot for ionic conduction in polycrystalline sample.
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3.4

MBG (10x5x1 mm)

(HEWLETT PACKARD: 16048A)
(INPEDANCE/GAIN-PHASE ANALYZER: HEWLETT PACKARD: 4194A)

5°C/min 500°C

50°C 10 10°Hz 10'Hz

Bioglass®

MBG

3.5

200°C 500°C

Fig 5
1.1eV
Table 9
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Fig. Complex impedance plots

of MBG at various temperatures.
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of MBG at various temperatures.
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Fig. Complex impedance plots

of MBG at various temperatures.
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2.5

1 15
0 ‘
_1 -
_2 -
=
oh
© -5
2-6
7 -
8 -
-9 1000 /T (1/K)

Fig. 5 Arrhenius plot of ion conductivity of MBG.

Table 9. Ion conductivity of MBG.

Temperature (°C) | Resistance (2) | Ion conductivity o (S/ cm)
200 1.27 x 107 1.52x 1038
250 1.53 x 10°¢ 1.27 x 107
300 244 x 103 7.98 x 107
350 534x 104 3.65x 10
400 1.38x 104 1.41x 107
450 4.12x 103 4.65x 103
500 1.51x 103 1.29 x 10+

-20-




3.2

3

( )

14)
( )

3.2.1

Fig 6 MBG (10x5x1 mm)

5°C/min 350°C
(HEWLETT PACKARD E3602A DUAL OUTPUT DC POWER
SUPPLY) 1
MBG Negatively charged surface N
Positively charged surface P 0
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P-surface

Positively charged surface

100V/cm

—
350 °C
1h

0-surface N-surface
Negatively charged surface

Fig. 6 Schematic illustration of electrical polarization process.
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3.3

TSDC) 19

3.3.1

T

()=, .exp(

SDC

o(T)

i}
RT

(thermally stimulated depolarization current;

MBG TSDC
1)
[nC cm?  B(=dT/dt) [K sec] J [NA cm™]
)
2)
[kJ mol™] R [ *mol’] T K] 7o
(©)
3)
(4)
(4)
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1) J(T)=-p-dQ(T)/dT

1 1
T(T)—E-EJ.J(T)dT (5)

@ 6

HY 1 1
To.exp(ﬁjzz-ﬁ j J(T)dT (6)

()

H
Inz, +- —In ljJ(T)dT ~1nJ(T) @)
*RT B
=lnrﬁj
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3.3.3
MBG

(PA METER: HEWLETT
PACKARD : 4140B) 5°C/min 450°C
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3.3.4

Temperature (°C)

300°C 400°C
MBG
MBG Q 217uC/cm?
H 1.3eV Ty 4.9 x 10° year
Q 217uC/cm?
4.00ppm
P
P (C cm) = (mol) x (mol™) x
e(C) x (cm)
1/2
14
12 r
o 1+
5
f% 08 |
2
=
Q
o4t
=
()
02t
@)
0
0 100 200 300 400
-0.2

Fig.7 TSDC spectrum of polarized MBG in a dc field at 350 °C for 1h.
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4. MBG

4.1 (SBF) 16-20)
(in vitro)
( )
( ;SBF)
A-W 5 10
SBF
SBF
SBF in vitro
SBF

SBF(conventional SBF:
c-SBF) Table 10 c¢-SBF SBF
r-SBF(revised SBF) i-SBF(ionized SBF) m-SBF(modified SBF)
(Table 10) #+#
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Table 10. Ion concentration of SBFs, in comparison with

human blood plasma concentrations.
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4.2

4.2.1 SBF

SBF

36.5°C

1.0M-HCI
1000 mL

4.2.2 SBF

0ONP 30 mL SBF

(37°C) 3

(XRD: PHILIPS PW1700)
(EDS: EMAX-7000 Horiba)
SBF
Labs, Inc)

IN-HCI

c-SBF

700 mL

pH 7.40

SBF

Table 11

(12h 1d 3d 5d 7d 10d)

MBG

(SEM: S-4500 HITACHI)
(FT-IR-500 JASCO)

MBG
Tris
X
(ICP: Leeman

Table 11. Reagents, amounts and purity for preparing 1000mL of c¢-SBF.

Reagents Amounts/ g Purity
1  NaCl 8.035 99.9%
2 NaHCO, 0.355 99.5%
3  KCl 0.225 99.5%
4 K,PO, 3H,O 0.231 99.0%
5 MgCl, 6H,0 0.311 98.0%
6 1.0M-HCI 39mL
7 CaCl, 0.292 95.0%
8 Na,SO, 0.072 99.0%
9 TRIS 6.118 99.0%
10 1.0M-HCI 1.5mL

TRIS: Tris-hydroxymethylaminomethane ((HOCH,)3CNH,)

-29 -



4.3

4.3.1X (XRD)
Fig 8-12 135 7 10d MBG XRD 1d 3d
ONP 5d
ONP 26° 00 2) 32° 211)
HA 5d MBG HA
7d 10d 5d 26° 002) 32° @21
1) HA
4.3.2 (SEM)
Fig 13-18 12h 1 3 5 7d MBG SEM 12h
ONP SBF MBG
1d 0P MBG
N 3d 0P
N 1d
5d
7d 5d
5d
SBF (1d 3d) MBG
4.3.3 X (EDS)
Fig 19-21 12h 1 3d MBG EDS MBG
12h N Ca P 0P
1d SEM 1d
N 3d ONP
MBG Ca/Si 0.36 1d 0ONP Cafsi
0.011 3.6 0.049 3d 0.14 133 0.88 MBG
SBF SBF
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MBG N
Ca/Si 0OP
N EDS
Measurement condition of EDS analysis
:100sec : 15.00kV
:P3 :90.0
:3% X 30.0
:0.200nA
BG  :1.39 4.25 4.79 5.25 10.12keV
4.3.4 (FT-IR)
Fig 22-24 5 7 10d MBG FT-IR
ONP KBr 0ONP HA
PO 600cm™ HA
FT-IR XRD HA
4.3.5 (ICP)
Fig 25-27 13 7d SBF MBG MBG
(10x10x1mm) O N P 20mL SBF 1d 3d 7d
SBF ICP Si Ca P
1d ONP Si* 34.8 58.3 69.6 ppm 3d
ONP 106 113 111 ppm SBF
Si* MBG MBG SBF MBG
1d ONP Ca*
9.9 26.7 29.0 ppm 3d 28.7 65.4 39.5ppm 7d
14.0 4.3 22.1 ppm 1d 3d ONP SBF Ca*
MBG Ca* 3d N
3d 7d MBG
HA N
N HA Si* Ca*
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MBG MBG
ps* 7.0 10.1 9.6 ppm
-28.5 -27.6 -24.6 ppm

MBG

ICP

3d
P>t Ca*
(3d)
0O N
MBG
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1d ONP
-4.9 1.6 7.4 ppm 7d
MBG HA

0O NP
MBG(0 N P)
P 1.1 1.1 1.7 ppm



Intensity / a.u.

Prior to immersion

20 22 24 26 28 30 32 34 36 38 40

20/ degree CuKa
Fig.8 XRD patterns of polarized and non-polarized MBG

surfaces prior to immersion and after 1 d immersion in SBF.

Intensity / a.u.

Prior to immersion

WWMWMWMWWMMWMWWWWM

20 22 24 26 28 30 32 34 36 38 40
20/ degree CuKa

Fig.9 XRD patterns of polarized and non-polarized MBG surfaces
prior to immersion and after 3 d immersion in SBF.
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Intensity / a.u.

; 0002
= =

O HA

0211

N

0

Prior to

immersion

20

22 24 26 28 30 32 34 36 38

20/ degree CuKa

Fig.10 XRD patterns of polarized and non-polarized MBG
surfaces prior to SBF immersion and after 5 d immersion in SBF.

40

Intensity / a.u

0002
0211

O HA

20

22 24 26 28 30 32 34 36 38
20/ degree CuKa

Fig.11 XRD patterns of polarized and non-polarized MBG
surfaces after 7 d immersion in SBF.
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Intensity / a.u

211

O HA

0002

20

2 24 26 28 30 32 A 36 38 40
20/ degree CuKa

Fig.12 XRD patterns of polarized and non-polarized MBG surfaces
after 10 d immersion in SBF.
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4

318573 15.0k WV}

31"WS75 15.0kV X30.0k " '6b0nm

== 100nm

Fig.13 SEM images of MBG surfaces before immersion in SBF.
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“318598,715. akV 8.0 = - 318599 15.8kV X18:.08K I.80sm

T

w1 O0pum

Fig.14 SEM images of non-polarized (0-surface) and polarized
(N, P-surface) MBG surfaces after 12h immersion in SBF.
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314986 15.0kV " x5868 '88.84m 315008 15, 0kM

'('7314957 I's.akVv x58p 6B8.8Frm

= 10um

Fig.15 SEM images of non-polarized (0-surface) and polarized
(N,P-surface) MBG surfaces after 1d immersion in SBF.
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Fig.16 SEM images of non-polarized (0-surface)
and polarized (N, P-surface) MBG surfaces

after 3d immersion in SBF.

-39



1'S.8kV x1806

+¥313748:15.8kV. ix1886

== 10pm

Fig.17 SEM images of non-polarized (0-surface) and polarized (N,

P-surface) MBG surfaces after 5d immersion in SBF.
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Fig.18 SEM images of non-polarized (0-surface) and polarized (N,

P-surface) MBG surfaces after 7d immersion in SBF.
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Concentrations of atoms(%)
= = N ) w w N
(6] o ()] o (6)] o ol o

o

Concentrations of atoms(%)
= = N N w w B N
(6)] o ul o (6)] o ol o (65]

o

s
mr

Ca

12h 12h

Prior to
immersion

|

12h
0 N P

Fig.19 Comparison of atomic concentrations obtained from EDS
spectra of polarized and non-polarized MBG surfaces prior to
immersion and after 12 h immersion in SBF.

i
W

Ca

T

Prior to
immersion

d_ 1d 1d

0 N P

Fig.20 Comparison of atomic concentrations obtained from EDS
spectra of polarized and non-polarized MBG surfaces prior to
immersion and after 1d immersion in SBF.
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Concentrations of atoms(%)
= = N N w w N A
(@] o ol o (@3] o ol o (2]

o

Prior to 3d 3d 3d

i

Ca

immersion 0 N P

Fig.21 Comparison of atomic concentrations obtained from EDS
spectra of polarized and non-polarized MBG surfaces prior to
immersion and after 3d immersion in SBF.
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Transmittance(%)

Prior to immersion

\/‘3P4

4000

3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)
Fig.22 FT-IR spectra of polarized and non-polarized MBG
surfaces prior to immersion and after 5d immersion in SBF.

Transmittance(%)

Prior to immersion

H,POy4
| V3PO4 |

4000

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig.23 FT-IR spectra of polarized and non-polarized MBG
surfaces prior to immersion and after 7d immersion in SBF.
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HA

§ OH 1P 04

54 OH

[

8

= P

£

5 0 VvAPO,
F

Prior to immersion

H,POq4

L v3PO, |

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)
Fig.24 FT-IR spectra of polarized and non-polarized MBG

surfaces prior to immersion and after 10d immersion in SBF.
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120

(ppm)
|_\
(e»]
(@]

<4+

Concentrations of Si

B (o2} (e}
o o o

N
o

5+
(ppm)
[ N N w w
o o o1 o (]

Concentrations of P
=
ol

o Ol

= 0
B N
L ]P

1d 3d 7d
Fig.25 Comparison of concentrations of Si ions of polarized
and non-polarized MBG in SBF.

1d 3d 7d
Fig.26 Comparison of concentrations of P ions of polarized and
non-polarized MBG in SBF.
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2+

80

Concentrations of Ca
A O
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N
o O

1d

non-polarized MBG in SBF.

3d
Fig.27 Comparison of concentrations of Ca ions of polarized and
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4.4 MBG S53P4

S53P4 Bioglass®

MBG S53P4
SBF 1d MBG N 3d S53P4
(Fig 28) MBG N
S53P4
MBG N
MBG N S53P4

_48 -

SEM
MBG

SBF



S53P4 0-surface after 3d
f . F ) t;il

313\-\621{,15?85«\)- _XSpE’ Es] gl10962 15.

. il Y AP
1BE28 158k V R0, 8Kk -"1 .88, :

3186489 15.8kV

Fig.28 SEM images of polarized MBG surface (N-surface) after 1d
immersion in SBF and non-polarized S53P4 surface (0-surface)
after 3d immersion in SBF.
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Table 12. Reaction stages of a bioactive glass implant.

STAGE
1 Rapid exchange of Na* or K* with H* or H,0* from solution:
Sl-0-Na* +H* + OH -+ SHOH* « Na* [solulfon) « OH
This siage ks usually controlled by diffusion and exhibits a ! 12 dependence,

2 Loss of soluble aillea In the form el SijOH), 1o the solution, resulting from breaking

ol 5k0-5] bonds and larmation af SHOH [allanols) at the glass solution Intertace:
Si-0-581+H0 -+ 8l-0H + OH-5I

This stage ls usually controlled by Interfacial reaction and exhibits a 10 dependence.

3 Condensatlon and repolymerization af o Si0,rich layer on the suriace depleted In
alkalis and alkaline-earth callens:

o 0 o o
0-8i-OH+HO-81-0 +0-5i-0-5/-04HO

1 L] Ll

o o o o

4 Migration of Ca®* and Pﬂi"qrnupl to the surface through the SI0y-rich layer forming a
Ca0-P,0,-rich llim on top of the Si04-rich lnyer, followed by growth of the amorphous
Ca0-P,0,-rich film by incorporation of soluble calcium and phosphates from solution,

5 Crystallization of the amorphous Ca0-P,0, film by incorporation of OH" colarF
anions from solution to form a mixed hydroxyl, carbonate, Huorapatite layer.
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Fig.29 Schematic illustrations of amorphous calcium phosphate
formation on 0, N and P-surfaces of MBG in SBF.
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Fig.30 Schematic illustrations of hydroxyapatite formation on 0,
N and P-surfaces of MBG in SBF.
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