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Fig. 1.2 Mechanical properties of several bioceramics 18).



Table 1.1 Mechanical properties of biomaterials, bone, and tooth 28).

Bending Compressive Young's Fracture
strength strength modulus toughness
IMPa IMPa /IGPa IMPa m1/2
Alumina
Polycrystal 210~380 1000 371 3.1~5.5
Single crystal 210~1300 3000 385 -2.3
Hydroxyapatite 113~196 510~920 35~120 0.7~1.2
Tricalcium phosphate 140~160 470~700 34~84 1.1~1.3
Pyrolytic carbon 520 — 28 —
Carbon fiber 2550 — 240 —
Magnesium oxide 98~140 780 215 —
Titanium oxide 56 650 — —
Quartz glass 69~108 2000 68 —
Bioglass 85 — 79 0.54
Crystallized glass 180~210 900 120 2.0~2.6
Zirconia 900~1400 210 140~200 3.0~10.0
Bone compact bone 160~180 90~165 16 2.2~4.6
sponging bone 0.4 1.9~7.0 0.18~0.33 —
Tooth dentine — 300 19 —
enamel — 390 84 —




Table 1.2 Classification of bioceramics 3%).

Biologic process

Material

Bioninert

Oxide

Alumina (Al203)

Zirconia (ZrOz)
Partially-stabilized zirconia

Calcium alminate (CaO-Al20s3)

Aluminosilicate (Na20-Al203-Si0Oz2)

Nonoxide

Carbon (vitrous pyrolytic graphite)
Silicon nitride (SisN4)

Silicon carbide (SiC)

Bioactive

Bioglass

Bioglass (SiO2-Na20-CaO-P20s)
Cerabtale (SiO2-Ca0O-Na20-P20s5-K20-MgO)

CPSA glass fiber (CaO-P205-SiO2-Al205)

Crystallized glass

Mica crystallized glass
(Si102-B203-Al203-MgO-K20-F)

A-W crystallized glass
(Si02-Ca0-MgO-P20s)

B-Cas(P0Oa4)2 crystallized glass (CaO-P20s)

Calcium phosphate

Hydroxyapatite [Caio(POa4)s(OH)2]

Biodegradable

Tricalcium phosphate

Tricalcium phosphate [Ca3z(POa4)2]

Tetracalcium phosphate [CasO(PQOa):]

Calcium alminate

Soluble calcium alminate (CaO-Al20s)




Fig. 1.3 Space group R3c44.
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Fig. 1.4 Crystal structure of B-tricalcium phosphate
viewed from [001] (a) and along ¢ -axis (b) 44.



Table 1.3 Positional parameters, CN, BVS, and ratio of site of p-tricalcium

phosphate 44.

i Ratio of
Site Ocucupancy X y z CN BVS
site / %
Ca(l) 18b 1.0 -0.2741(6) -0.1382(7) 0.1663(2) 7 2.0 27.27
Ca(2) 18b 1.0 -0.3812(6) -0.1745(6) -0.0332(2) 8 21 27.27
Ca(3) 18b 1.0 -0.2734(4) -0.1486(5) 0.0611(2) 8 1.8 27.27
Ca(4) 6a 0.43(4) 0.0 0.0 -0.0851(6) 3 0.65 9.09
Ca(5) 6a 1.0 0.0 0.0 -0.2664(3) 6 2.7 9.09
P(1) 6a 1.0 0.0 0.0 0.0 4 4.9 14.20
P(2) 18b 1.0 -0.3128(4) -0.1394(5) -0.1315(2) 4 5.0 42.90
P(3) 18b 1.0 -0.3470(5) -0.1536(5) -0.2332(2) 4 5.0 42.90




Table 1.4 Previous reports of pB-tricalcium phosphate doped with several metal

ions 45).
Maximum
Metal ions lon radius / pm substitution Reference
/ mol%
14.3 R. A. Terpstra (1983) 89
Mg?2+ 72
14.3 S. L. Rowles (1968) °0)
Fe2+ 61 J. Ando (1958) 69).70)
Cuz+ 73 S. S. Romdhane (1983) 91
E. R. Kreidler (1967) 92
Znz* 74
20 A. Bigi (1997) 59
Mn2+ 67 20 I. Mayer (2006) 67)
Al3+ 54 9.09 K. Yoshida (2006) 49
Baz+ 135 3.33 J. Ando (1958) 69).70)
Srz+ 118 80 A. Bigi (1997) 59
Cdz* 95 18.3 S. S. Romdhane (1982) 9
Li* 76 9.09 K. Yoshida (2006) 49
K. Yoshida (2006) 49
9.09
Na* 102 L. Obadia (2006) 93
3.33 J. Ando (1958) 69).70)
K+ 138 9.09 K. Yoshida (2006) 49
Zn2+ + SjO4* X. Wei (2007) ©®)
B3+ 11 H. Bauer (1964) %4
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Table 2.1 Chemical compositions of pure B-TCP, and B-TCP doped with several

monovalent metal ions or Mg2* ions.

Composition / mol

Amount of
metal ions / Li2COs3
CaHPO4
mol% CaCOs3 Na2COs3 MgO
2H->0
K2COs
B-TCP 3 — 1.000 0.500 — —
0.05 1.000 0.499 0.001 —
Li-TCP b
0.20 1.000 0.498 0.003 —
0.05 1.000 0.499 0.001 —
Na-TCP©
0.20 1.000 0.498 0.003 —
0.05 1.000 0.499 0.001 —
K-TCP 9
0.20 1.000 0.498 0.003 —
0.05 1.000 0.499 — 0.001
Mg-TCP®)
0.20 1.000 0.497 — 0.003

aB-TCP: B-tricalcium phosphate powders

b Li-TCP: B-tricalcium phosphate powders containing Li* ions

¢ Na-TCP: B-tricalcium phosphate powders containing Na* ions
d K-TCP: B-tricalcium phosphate powders containing K* ions

e Mg-TCP: B-tricalcium phosphate powders containing Mg2* ions
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Fig. 2.1 Vertical tubular furnace for thermal
stability evaluation.
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Table 2.2 Rate constant (k) of phase transformation from B-TCP to a-TCP for
pure B-TCP.

Rate constant (k) / min-1

1130°C 1150°C 1170°C 1200°C

B-TCP 0.348 0.515 1.033 1.548
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Fig. 2.5 XRD patterns of B-TCP powders containing various
amounts of monovalent metal ions used for thermal stability
evaluation (sintering condition: 1000 °C, 24 h, in air). (a) 0.05
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Table 2.3 Lattice constants of B-TCP doped with monovalent metal ions used for
thermal stability test and in previous study (sintering condition: 1000°C, 24h, in

air).
Lattice constants / nm
Amounts of
metal ions / This study Previous study30
mol%
a c a c
0.05 1.0438(7) 3.7387(3) 1.0438(9) 3.7387(1)
Li-TCPa
0.20 1.0438(4) 3.7384(4) 1.0438(6) 3.7384(2)
0.05 1.0441(1) 3.7386(8) 1.0441(0) 3.7386(5)
Na-TCPb
0.20 1.0440(9) 3.7384(0) 1.0441(0) 3.7384(2)
0.05 1.0440(9) 3.7383(7) 1.0440(8) 3.7383(4)
K-TCP¢
0.20 1.0441(5) 3.7381(0) 1.0441(8) 3.7381(4)

a Li-TCP: B-tricalcium phosphate powders containing Li* ions

b Na-TCP: B-tricalcium phosphate powders containing Na* ions

¢ K-TCP: B-tricalcium phosphate powders containing K* ions
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Table 2.4 Rate constant (k) of transformation from B-TCP to a-TCP
for B-TCP doped with various amounts of monovalent metal ions or Mg2* ions.

Rate constant (k) / min-1

0.05 mol% 0.20 mol%

1200°C  1250°C  1300°C 1200°C  1250°C  1300°C

Li-TCP 0.068 0.626 2.080 0.033 0.224 0.891
Na-TCP 0.083 0.679 2.282 0.046 0.242 0.988
K-TCP 0.107 0.754 2.860 0.049 0.267 1.234

Mg-TCP 0.028 0.167 0.655 0.017 0.064 0.320




Table 2.5 Theoretical values of Avrami exponent, n 39).

Interface-controlled

Diffusion-controlled

growth growth
Constant nucleation
n=4 n=25
rate
Instantaneous
3D ] n=3 n=15
nucleation
Decreasing
. n=3~4 n=15~25
nucleation rate
Constant nucleation
n=3 n=2
rate
Instantaneous
2D ) n=2 n=1
nucleation
Decreasing
. n=2~3 n=1-2
nucleation rate
Constant nucleation
n=2 n=15
rate
Instantaneous
1D ) n=1 n=0.5
nucleation
Decreasing
n=1-2 n=0.5~-15

nucleation rate




Table 2.6 Avrami exponent (n) of B-TCP, and B-TCP doped with monovalent
metal ions obtained from Figs. 2.3 and 2.8.

Avrami exponent, n

1150°C  1150°C  1170°C 1200°C

B-TCP 0.66 0.73 0.95 0.99

Avrami exponent, n

0.05 mol% 0.20 mol%

1200°C  1250°C  1300°C 1200°C  1250°C  1300°C

Li-TCP 0.18 0.59 0.52 0.03 0.75 0.75

Na-TCP 0.16 0.59 0.50 0.07 0.50 0.56

K-TCP 0.32 0.62 0.77 0.07 0.56 0.71
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Table 3.1 Chemical composition of B-TCP ceramics containing several amounts

of monovalent metal ions.

Composition / mol

Amount of
metal ions/ Li2COs3
CaHPO4
mol% CaCOs3 Na2COs
2H->0
K2COs
B-TCP @ — 1.000 0.500 —
2.00 1.000 0.485 0.030
4.00 1.000 0.470 0.060
Li-TCP D) 6.00 1.000 0.455 0.090
Na-TCP ©
K-TCP 9.09 1.000 0.432 0.136
12.0 1.000 0.410 0.180
14.0 1.000 0.395 0.210

aB-TCP: B-tricalcium phosphate ceramics

b Li-TCP: B-tricalcium phosphate ceramics containing Li* ions
¢ Na-TCP: B-tricalcium phosphate ceramics containing Na* ions
d K-TCP: B-tricalcium phosphate ceramics containing K+ ions
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Fig. 3.1 Microstructure of the sintered body observed from
directly above (a) and cross-section (b).




Fig. 3.2 Calculation method of the average grain size from
the microstructure of the sintered body.
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Fig. 3.3 XRD patterns of B-TCP ceramics containing various amounts of Li* ions. Sintering condition: 1100°C,
11500C, 1200°C for 24h, in air. (a) Omol%, (b) 2.0mol%, (c) 4.0mol%, (d) 9.09mol%, (e) 12mol%, (f) 14mol%.



1100°C 1150°C 1200°C
@ B-TCP (09-0169) @ B-TCP (09-0169) @ B-TCP (09-0169)
o VCaNaPOs (29-1193) ® ¥ CaNaPO; (29-1193) e Y CaNaPO, (29-1193)
) (f) o O - TCP (09-0395) @ O a-TCP (09-0395)
° o o |
4% ® o ot® @O e o0 e N/ e
) v ® o
Y v M ® ﬁ.. .00“‘-“ - }
e
(e) A
ILAWUU\_M.MMJ (d) J
(d) !
WA A (©) 1
(©)
LJL.__,JL«.J WA A At (b)
(b)
Wy NN T v (aZ) o @) o
(@) 070 o o O
W w m~®m % 5 Q <O ﬁdjco.ﬂ\. 20 On O
20 30 40 5020 30 40 50 20 30 40 50
20/° CuKa 20/° CuKa 20/° CuKa

Fig. 3.4 XRD patterns of B-TCP ceramics containing various amounts of Na* ions. Sintering condition:
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Fig. 3.5 XRD patterns of B-TCP ceramics containing various amounts of K* ions. Sintering condition: 1100°C,
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Fig. 3.6 Change in the lattice constant of B-TCP ceramics
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Fig. 3.9 Bending strength of B-TCP ceramics containing various amounts of Li* ions, Na* ions, and K* ions
sintered at several temperatures for 24h in air. m : 1100°C, :1150°C, a:1200°C.
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Fig. 3.10 Open porosity of B-TCP ceramics containing various amounts of Li* ions, Na* ions, and K* ions
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Fig. 3.11 Microstructure of B-TCP ceramics containing
various amounts of Li* ions sintered at several temperatures.
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Fig. 3.12 Microstructure of B-TCP ceramics containing
various amounts of Na* 1ions sintered at several
temperatures.
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Fig. 3.14 Microstructure of B-TCP ceramics containing
various amounts of K+ ions sintered at several temperatures.
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Table 4.1 Crystal phase of the powder obtained after immersion in saline for

predetermined times.

Amount ] )
Immersion time / d
of metal
ions /
mol% 0 1 3 7 14
B-TCPa B-TCP B-TCP B-TCP B-TCP B-TCP
4.00 B-TCP B-TCP B-TCP B-TCP B-TCP
Li-TCP
B-TCP+ B-TCP +
9.09 B-TCP B-TCP B-TCP
HAp® HAp
4.00 B-TCP B-TCP B-TCP B-TCP B-TCP
Na-TCP
9.09 B-TCP B-TCP B-TCP B-TCP B-TCP
4.00 B-TCP B-TCP B-TCP B-TCP B-TCP
K-TCP
9.09 B-TCP B-TCP B-TCP B-TCP B-TCP

a B-TCP: B-tricalcium phosphate
b HAp: Hydroxyapatite
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Fig. 4.9 Atomic coordination stability at three-folded
coordinates. (a) and (c) unstable coordination, (b) stable
coordination 42),
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Table 5.1 Chemical composition of B-TCP doped with vanadium (I11) ions.

Amount of Composition / mol
metal ions / (Ca+V)/POg4
mol% CaHPO4 2H:20 CaCOs V203
0 (B-TCP) 1.000 0.500 1.500
0.5 1.000 0.489 0.008 1.500
1.0 1.000 0.478 0.015 1.500
1.5 1.000 0.466 0.023 1.500
2.0 1.000 0.455 0.030 1.500
4.0 1.000 0.410 0.060 1.500
6.0 1.000 0.365 0.090 1.500
8.0 1.000 0.320 0.120 1.500
9.09 1.000 0.296 0.137 1.500
12 1.000 0.230 0.180 1.500




Table 5.2 Chemical composition of B-TCP doped with vanadate (VO43) ions
(Composition A).

Amount of Composition / mol
metal ions / Ca/(PO4+V0O.)
mol% CaHPO4 2H:20 CaCOs NH4VO3
0 (B-TCP) 1.000 0.500 1.500
0.5 0.995 0.500 0.005 1.495
1.0 0.990 0.500 0.010 1.490
1.5 0.985 0.500 0.015 1.485
2.0 0.980 0.500 0.020 1.480
2.5 0.975 0.500 0.025 1.475
3.0 0.970 0.500 0.030 1.470
4.0 0.960 0.500 0.040 1.460

5.0 0.950 0.500 0.050 1.450




Table 5.3 Chemical composition of B-TCP doped with vanadate (VO43) ions
(Composition B).

Amount of Composition / mol
metal ions/ Ca/(PO4+V0Oa.)
mol% CaHPO4 2H:20 CaCOs NH4VO3
0 (B-TCP) 1.000 0.500 1.500
0.5 0.995 0.505 0.005 1.500
1.0 0.990 0.510 0.010 1.500
15 0.985 0.515 0.015 1.500
2.0 0.980 0.520 0.020 1.500
2.5 0.975 0.525 0.025 1.5005
3.0 0.970 0.530 0.030 1.500
4.0 0.960 0.540 0.040 1.500

5.0 0.950 0.550 0.050 1.500
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Fig. 5.1 a*b*chromaticity diagram 13).



Fig. 5.2 L*a*b*chromaticity diagram 13.
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Fig. 5.3 XRD patterns of B-TCP ceramics containing various
amounts of V3* ions (sintering condition: 1100°C, 24h, in air).
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containing various amounts of V3* ions (sintering condition:
1100°C, 24h, in air).
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Fig. 5.7 Bending strength of B-TCP ceramics containing
various amounts of V3* ions (sintering condition: 1100°C, 24h,
in air).



Fig. 5.8 Microstructure of B-TCP ceramics containing various
amounts of V3* ions (sintering condition: 1100°C, 24h, in air).
(a) Omol%, (b) 2.0mol%, (c) 4.0mol%, (d) 6.0mol%, (e) 8.0mol%,
(f) 9.09mol%.
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Fig. 5.9 XRD patterns of B-TCP ceramics containing VO3 ions prepared using the powder calcinated at 800°C,
900°C, and 1000°C in composition of (Ca+V)/(PO4++V04)=1.50 (sintering condition: 1100°C, 24h, in air). (a)
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Fig. 5.15 Spectral reflectivity curves of B-TCP ceramics
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calcinated at 900°C in the composition of (Ca+V)/(POa4
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Table 5.4 Hue (L *a*b*) values of B-TCP ceramics containing various amounts of
VVO43 ions using the powder calcinated at 900°C in the composition of (Ca+V)/(POa4
+V04)=1.50 (sintering condition: 1100°C, 24h, in air).

Amount of metal ions / mol%

L* 89.45 94.64 94.73 94.58 94.17 93.45 93.04

a* 0.20 -0.20 -1.31 -1.58 -2.83 -5.39 -6.19

b* 0.23 1.35 3.33 4.12 6.50 11.80 14.05




Fig. 5.16 Chromaticity diagram of B-TCP ceramics
containing various amounts of VO43 ions using the powder
calcinated at 900°C in the composition of (Ca+V0Oa)/ (POa4
+V04)=1.50 (sintering condition: 1100°C, 24h, in air).
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Fig. 5.17 Bending strength of B-TCP ceramics containing
various amounts of VO43 ions using the powder calcinated
at several temperatures in the composition of (CatV) /
(PO4++V04)=1.50 (sintering condition: 1100°C, 24h, in air).
m : 800°C, :900°C, A:1000°C.
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Fig. 5.18 Shrinkage ratio of B-TCP ceramics containing
various amounts of VOs3 ions using the powder calcinated
at several temperatures (sintering condition: 1100°C, 24h,
in air). m : 800°C, :900°C, a:1000°C.
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Fig. 5.19 Bulk density (open) and open porosity (close) of
B-TCP ceramics containing various amounts of VOas3
ions using the powder calcinated at several
temperatures (sintering condition: 1100°C, 24h, in air).
O m : 800°C, : 900°C,  aA:1000°C.
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Fig. 5.20 Microstructure of B-TCP ceramics containing various
amounts of VO43 ions using the powder calcinated at several
temperatures (sintering condition: 1100°C, 24h, in air).
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Fig. 5.21 Shrinkage process of the compacts consisted of (a)
B-TCP powder (normal sintering) and (b) starting materials
(reaction sintering)1®.
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Fig. 5.22 Bending strength of B-TCP ceramics containing
various amounts of VO43 ions using the powder calcinated at
900°C in the composition of [(Ca+V)/(POs++V04)=1.50] ( ) and
[Ca/(POs+ VO4)=1.50] ( ) (sintering condition: 1100°C, 24h, in
air).



~l
I

ol
T

Average particle size / nm

w
T

0 1 2 3 4 )
Amount of VO,* ions / mol%

Fig. 5.23 Average particle sizes of B-TCP ceramics containing
various amounts of VO43 ions using the powder calcinated
at several temperatures and in the composition of
[(Ca+V)/(PO4+V04)=1.50] ( ) and [Ca/(PO4++V04)=1.50] ( ).
O m : 800°C, : 900°C, A: 1000°C (sintering condition:
1100°C, 24h, in air).
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Fig. 5.24 Bending strength of B-TCP ceramics containing
various species and amounts of metal ions using the powder
calcinated at 1000°C. : B-TCP doped with VO43 and V3* ions
in the composition of [(Ca+V)/(PO4+V04)=1.50], O : B-TCP
doped with Mg?+ ions 18,  : B-TCP doped with Na* ions 29, o :
B-TCP doped with Na* and Mg?2* ions 2D (sintering condition:
1100°C, 24h, in air).
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Table 6.1 Chemical composition of B-TCP doped with antibacterial metal ions.

Amount of Composition / mol
metal ions /
CaHPO4 CuO or
mol% CaCOs AgNO3
2H>0 ZnO
B-TCP 3 — 0.050 0.025 — —
2.0 0.050 0.024 0.002 —
4.0 0.050 0.024 0.003 —
Ag-TCP b
6.0 0.050 0.023 0.005 —
9.09 0.050 0.022 0.007 —
2.0 0.022 0.010 — 0.001
CU-TCP 9 4.0 0.022 0.010 — 0.001
Zn-TCP 9
n-Tc 6.0 0.022 0.009 — 0.002
9.09 0.022 0.008 — 0.003

aB-TCP: B-tricalcium phosphate

b Ag-TCP: B-tricalcium phosphate containing Ag* ions
¢ Cu-TCP: B-tricalcium phosphate containing Cu2* ions
d Zn-TCP: B-tricalcium phosphate containing Zn2* ions



Table 6.2 Chemical composition of B-TCP co-doped with monovalent and

divalent antibacterial metal ions.

Amount of Composition / mol
metal ions /
CaHPO4 CuO or
mol% CaCOs AgNO3
2H>0 ZnO
2.0 0.050 0.022 0.007 —
4.0 0.050 0.020 0.007 0.002
6.0 0.050 0.019 0.007 0.003
AgCu-TCP 9.09 0.050 0.017 0.007 0.005
AgZn-TCP D
10 0.050 0.016 0.007 0.006
12 0.050 0.015 0.007 0.007
15 0.050 0.014 0.007 0.008
20 0.050 0.013 0.007 0.009

a AgCu-TCP: B-tricalcium phosphate containing Ag* ions and Cu?2* ions
b AgZn-TCP: B-tricalcium phosphate containing Ag* ions and Zn2+ ions
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Fig. 6.1 XRD patterns of the prepared samples containing
9.09mol% of Ag*ions and various amounts of Cu?* ions after
they were heated at 1000°C for 12hx2. (a) 0 mol% (Ag-TCP),
(b) 2.0mol%, (c) 4.0mol%, (d) 6.0mol%, (e) 9.09mol%, (f)
12mol%, (g) 15mol%.



@ B-TCP (09-0169)

° O uUnknown
@ @ i
o .o\‘ l % ..:Q
) \

ol
© | |
(d) |

(©)

20 30 40 50
20 /° CuKa

Fig. 6.2 XRD patterns of the prepared samples containing
9.09mol% of Ag*ions and various amounts of Zn2* ions after
they were heated at 1000°C for 12hx2. (a) Omol% (Ag-TCP),
(b) 2.0mol%, (c) 4.0mol%, (d) 6.0mol%, (e) 9.09mol%, (f)
12mol%, (g) 15mol%.
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Fig. 6.3 Change in the Ilattice constant of B-TCP
containing 9.09 mol% of Ag* ions and various amounts of
Cu?z* or Zn2* ions. : Ag* and Cu?* ions, O m : Ag* and
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Table 6.3 Hue (L *a*b* values of B-TCP co-doped with monovalent and

divalent antibacterial metal ions.

Amount of divalent metal ions / mol%

0 4.0 6.0 9.09 12 15
L* 88.78 8250 7446 76.10 64.34 65.47
AgCu-TCP? a* 0.19 0.28 -0.56 -1.44 -7.88 -9.17
b* 1.02 0.22 -0.64 1.15 6.21 2.12
L* 88.78 88.27 9209 88,95 90.36 78.78
AgZn-TCPY a* 0.19 0.25 0.18 0.15 1.05 1.58
b* 1.02 0.19 0.74 1.13 6.39 5.42

a: AgZn-TCP: B-TCP doped with Ag* ions (9.09mol%) and Cu?* ions
b: AQCu-TCP: B-TCP doped with Ag* ions (9.09mol%) and Zn?* ions



(N

S T a5hai%

-a*" N b
0 YY0 9.09mol% 4
..... NEEE! s ﬁlszJ A) | '

*

Fig. 6.5 Chromaticity diagram (1) and appearance (Il) of
B-TCP co-doped with 9.09mol% of Ag* ions and various
amounts of Cu?* ions. (a) Omol%, (b) 4.0mol%, (c) 9.09mol%,

(d) 10mol%, (e) 12mol%, (f) 1

5mol%.
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Fig. 6.6 Chromaticity diagram (1) and appearance (ll) of
B-TCP co-doped with 9.09mol% of Ag* ions and various
amounts of Zn2+ ions. (a) 0mol%, (b) 4.0mol%, (c) 9.09mol%, (d)

10mol%, (e) 12mol%, (f) 15 mol%.
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Table 6.4 Results of the minimum bactericidal

concentration (MBC)

measurement performed on B-TCP, Ag-TCP, AgZn-TCP, and AgCu-TCP using E.

coliand S. aureus.

MBC / ppm

Strain Sample Amount of metal ions / mol%
0 4.0 8.0 9.09
Ag-TCPb N.Da 6.25 3.13 1.56
E. coli AgCu-TCP¢ 1.56 0.10 0.05 0.03
AgZn-TCP d 1.56 0.39 0.20 0.10
Ag-TCPb N.Da 1.56 0.10 0.05
S. aureus AgCu-TCP¢ 0.05 0.02 0.02 <0.01
AgZn-TCPd 0.05 0.03 0.02 0.01

Initial cell concentration: 2.0 x 108 CFU cm3, Culture time: 60 min

a: N.D.: No detection of antibacterial activity
b: Ag-TCP: Ag* ions doped B-TCP

c: AgCu-TCP: B-TCP doped with Ag* ions (9.09mol%) and Cu?* ions
d: AgZn-TCP: B-TCP doped with Ag* ions (9.09mol%) and Zn?* ions
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Fig. 6.7 Leaching concentrations of Ag* ions obtained from
B-TCP containing various amounts of Ag* ions and
antimicrobial divalent metal ions in saline. : Ag-TCP, O :
AgCu-TCP, :AgZn-TCP.
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Fig. 6.8 Leaching concentrations of Zn2+ or Cu?2* ions obtained
from B-TCP containing both 9.09 mol% Ag* ions and various
amounts of divalent metal ions in saline. O : AgCu-TCP,
AgZn-TCP.
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Fig. 6.9 ESR spectra of B-TCP co-doped with 9.09 mol% of Ag*
ions and various amounts of Cu2* ions obtained by carrying out
the spin trap method after irradiation with UV light (380 nm)
for 5min. (a) 2.0mol%, (b) 4.0mol%, (c) 6.0mol%, (d) 9.09mol%.
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Fig. 6.10 ESR spectra of 3-TCP co-doped with 9.09mol% of Ag*
ions and various amounts of Zn2+* ions obtained by carrying out
the spin trap method after irradiation with UV light (380 nm)
for 5min. (a) 2.0mol%, (b) 4.0mol%, (c) 6.0mol%, (d) 9.09mol%.
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Fig. 6.11 ESR spectra of B-TCP and B-TCP doped with 9.09mol%
of Ag* ions (Ag-TCP), Cu2* ions (Cu-TCP), or Zn2* ions (Zn-TCP)
obtained by carrying out the spin trap method after irradiation
with UV light (380 nm) for 5min. (a) B-TCP, (b) Ag-TCP, (c)
Cu-TCP, (d) Zn-TCP.



20

=
-
= 15
-
©
©
®
I
Q
e
s 10
a
IS
c
i)
]
4]
=
S 5
(&)
c
o
O
X ~ X &
0 K3 <> S ‘
0] 2 4 6 8 10

Amount of metal ions/ mol%

Fig. 6.12 Concentrations of hydroxyl radical that are
calculated from a signal peak of DMPO-OH using
4-hydroxy-TEMPO as a function of amount of metal ions.

: Ag-TCP, O : AgCu-TCP, m : Cu-TCP, : AgZn-TCP, A:
Zn-TCP.



6.3.3

C ) Ag’
9.09mol% Zn2+ 9.09mol% B-TCP(Ago.0¢ZN9.00-TCP)
6.5 V79 Ago.00ZNg.0o-TCP
0.94
V79
A B I1Cso
0.71% 40% ZDBC
1Cs0 2.6ug-cm3 5.2.2.4
Ago.00ZNg.00-TCP 20%
50% 100%
1Cso 68% B
ICso Ag9.09ZN9.09-TCP Ag*
Zn% ( 1 Zn%*
Ag* )29) AgZn-TCP AgZn-TCP
Ag* Zn? Cuz
( 1 Zn?* Cu? Agt )
29) AgCu-TCP  AgZn-TCP
AgZn-TCP AgCu-TCP Ag* Cu?* Zn2

( )



Table 6.5 Relative ratio of colonies formation on the wells for different
concentrations of the extracts and the index of cytotoxicity (1Cso) for AgZn-TCP,
control, negative control, and positive control.

] Colony Relative ratio Index of
Concentration ) ) o
Sample number / of colonies citotoxicity
of extracts / % ]
wells formation / % (1Cso)
Control
] 0 94.3+5.8 100.0
(MO5 medium)
2.0 953+7.2 101.1
5.0 92.3+3.2 97.9
10 94.7 £4.2 100.4
AgZn-TCP a 68
20 88.0 +6.6 93.3
50 84.7+75 89.8
100 0.0£0.0 0.0
25 87.3+11.7 92.6
High-density
i 50 93.7+12.2 99.4
polyethylene film b
. 75 100.7 £ 2.5 106.8
(Negative control)
100 93.0+4.4 98.6
0.25 95.7+29 101.5
Polyurethane
] o 0.50 93.0+75 98.6
film containing
1.0 1.3+2.3 1.4
0.1 % ZDECc¢ 0.71
" 2.0 0.0£0.0 0.0
(Positive control
3.0 0.0+0.0 0.0
A)
4.0 0.0+0.0 0.0
20 86.0+1.7 91.2
Polyurethane 40 47.7 £11.9 50.6
film containing
50 9.7+4.9 10.3
0.2 % ZDEC¢ 40
.. 60 0.0£0.0 0.0
(Positive control
80 0.0£0.0 0.0
B)
100 0.0£0.0 0.0

a: AgZn-TCP: B-TCP containing 9.09mol% Ag* ions and 9.09mol% Zn2?* ions

b: No inhibition of colony formation

c: Zinc diethyldithiocarbamate
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Fig. 7.1 Chemical formula of 2-phosphono-butane-1.2.4-
tricarboxylic acid (PBTA).



Table 1 Chemical composition of the precursors with/without metal ions.

Amounts of Ca(NOs3)»: Metal source / mmol
PBTA/
metal ions / 4H,0 /
mmol Mg(NOs3)2
mol% mmol NaNO3
6H-0
B-TCP @ — 60.0 40.0 — —
4.00 58.8 40.0 2.40 —
Na-TCP )
9.09 57.3 40.0 5.45 —
4.00 57.6 40.0 — 2.40
Mg-TCP© 9.09 54.6 40.0 — 5.45
13.64 51.8 40.0 — 8.18

aB-TCP: B-tricalcium phosphate precursors
b Na-TCP: B-tricalcium phosphate precursors containing Na* ions
¢ Mg-TCP: B-tricalcium phosphate precursors containing Mg2+* ions
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Fig. 7.2 XRD patterns of B-TCP precursors prepared at
various temperatures for 3h. (a) 60°C, (b) 80°C, (c) 100°C, (d)
130°C.
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Fig. 7.3 FT-IR spectra of B-TCP precursors prepared at
various temperatures for 3h. (a) PBTA, (b) 60°C, (c) 80°C,
(d) 100°C, (e) 130°C.
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Fig. 7.4 Chelation mechanisms between carboxyl groups
in PBTA and Ca?* ions during the formation process of the
B-TCP precursors.
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Fig. 7.6 31P-NMR spectra of B-TCP precursors prepared at
various temperatures for 3h. (a) 60°C, (b) 80°C, (c) 100°C, (d)
130°C.
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Fig. 7.9 XRD patterns of B-TCP precursors containing various
amounts of metal ions prepared at 130°C for 3h. (a) Omol%, (b)
Na* ions 4.00mol%, (c) Na* ions 9.09mol%, (d) Mg2+ ions
4.00mol%, (e) Mg2* ions 9.09mol%, (f) Mg2* ions 13.64mol%.
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Fig. 7.10 FT-IR spectra of B-TCP precursors containing
various amounts of metal ions prepared at 130°C for 3h. (a)
0mol%, (b) Na* ions 4.00mol%, (c) Na* ions 9.09mol%, (d) Mg?*
ions 4.00mol%, (e) Mg2* ions 9.09mol%, (f) Mg?Z* ions
13.64mol%.
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Fig.7.11 31P-NMR spectra of PBTA, and B-TCP precursors
with/without the various amounts of Na* ions prepared by
Ca(NOs)2, PBTA, and NaNO3 or Mg(NO3)2 in H20 at 130°C for
3h. (a) PBTA, (b) 0 mol% (without metal ions), (c) 4.55 mol% Na*
ions, (d) 9.09 mol% Na* ions.
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Fig.7.12 31P-NMR spectra of B-TCP precursors with/without the
various amounts of Na* ions prepared by Ca(NOs3)., PBTA, and
Mg(NO3)2 in H20O at 130°C for 3h. (a) 4.55 mol% Mg?* ions, (b)
9.09 mol% Mg2* ions, (c) 13.64 mol% Mg?2* ions.
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Fig.7.13 XRD patterns of the powder after heating B-TCP
precursors at various temperatures for 5h. (a) precursor, (b)
200°C, (c) 400°C, (d) 550°C, (e) 600°C, and (f) 800°C, (g)
1000°C.



POs PQq4

- i

()

(). l R,

(d)

(c)
b)

4000 2800 1600 400
Wavenumber / cm™

Fig.7.14 FT-IR spectra of the powder after heating B-TCP
precursors at various temperatures for 5 h. (a) precursor, (b)
200°C, (c) 400°C, (d) 550°C, (e) 600°C, and (f) 800°C, (g)
1000°C.
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Fig.7.16 XRD patterns of the powder after heating precursors with Na* ions, and Mg?* ions at various heating
temperatures for 5 h. (a) precursor, (b) 400°C, (c) 500°C, (d) 550°C, (e) 600°C, (f) 800°C, (g) 1000°C.



Table 7.2 Crystal phase of the powder after heating precursors with/without

metal ions at various temperatures for 5 h.

Amount of Heating temperature / °C
metal ions/
mol% 500 550 600 800 1000
B-TCPa —d — a-TCP B-TCP B-TCP
a-TCP +
4.00 — — B-TCP B-TCP
B-TCP
Na-TCPb
9.09 a-TCP ¢ a-TCP B-TCP B-TCP B-TCP
4.00 — — B-TCP B-TCP B-TCP
Mg-TCPe 9.09 — — B-TCP B-TCP B-TCP
13.64 — B-TCP B-TCP B-TCP B-TCP

aB-TCP: B-tricalcium phosphate precursors

b Na-TCP: B-tricalcium phosphate precursors containing Na* ions

¢ Mg-TCP: B-tricalcium phosphate precursors containing Mg2+* ions

d Noncrystalline materials
e a-TCP: a-tricalcium phosphate
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Fig.7.17 FT-IR spectra of the powder after heating precursors with with Na* ions, and Mg?* ions at various
heating temperatures for 5 h. (a) precursor, (b) 400°C, (c) 500°C, (d) 550°C, (e) 600°C, (f) 800°C, (g) 1000°C.
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Fig.7.18 TG-DTA curves during the heating of precursors
with 9.09mol% Na* ions (heating rate: 3.0°C-min-1).
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Fig.7.19 TG-DTA curves during the heating of precursors
with 13.64 mol% Mg?* ions (heating rate: 3.0°C-min-1).
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Fig.7.20 Changes in lattice constants of the powder containing
various amounts of Nat* ions prepared by heating precursors at
1000°C using Ca(NOs3)2, PBTA, and NaNOsz in H.O ( O ) or through
a solid-state method (A m ).
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Fig.7.21 Changes in lattice constants of the powder containing
various amounts of Mg2* ions prepared by heating precursors at
1000°C using Ca(NO3)2, PBTA, and Mg(NO3)-6H20 in HO ( O) or
through a solid-state method (A m ).



Table 7.3 Compositions
with/without metal ions at 1000°C for 5 h.

in the powder

after

heating precursors

Metal Composition / mM
ions / (Ca+M)/P
mol% Ca P Na Mg
5-TCPs 0.980 0.653 — — 1.50
(0.967) d (0.645) — — (1.50)
400 0.933 0.648 0.040 — 1.50
NaTCPb ' (0.935) (0.649) (0.039) — (1.50)
a_
0.09 0.893 0.651 0.087 — 1.50
' (0.893) (0.655) (0.089) — (1.50)
400 0.931 0.646 — 0.039 1.50
' (0.934) (0.649) — (0.039) (1.50)
Mo TCp: 0.09 0.893 0.657 — 0.089 1.49
g- .
(0.892) (0.654) — (0.089) (1.50)
0.857 0.659 — 0.136 1.51
13.64
(0.853) (0.658) — (0.135) (1.50)

aB-TCP: p-tricalcium phosphate

b Na-TCP: B-tricalcium phosphate doped with Na* ions

¢ Mg-TCP: B-tricalcium phosphate doped with Mg?* ions

d Theoretical composition calculated from composition of B-TCP doped with metal ions
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Fig.7.22 SEM images of the powder with/without Na* or Mg2* ions
prepared by heating the precursors using Ca(NOs)., PBTA, and
NaNOs3 or Mg(NO3)2 at various heat temperatures for 5h.



1000°C

Fig.7.23 SEM images of the powder with/without Na* or Mg2* ions
prepared by heating the precursors using Ca(NOsz)2, PBTA,
ethylene glycol, citric acid, NaNOs or Mg(NO3)> at various heat
temperatures for 5h.
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Fig.7.24 Average particle size of the powder with/without Na* or
Mg?* ions prepared by heating the precursors using Ca(NO3)2,
PBTA, and NaNOs or Mg(NO3)2 in H20 for 5h. : B-TCP,
B-TCP doped with 4.0mol% of Na* ions, : B-TCP doped with
9.09mol% of Na* ions, O : B-TCP doped with 4.0mol% of Mg2*
ions, m : 3-TCP doped with 9.09mol% of Mg2* ions.
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