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Table 1-1 List of physical properties and imaging techniques.
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21 X XRD
211
X , RINT 2200 XRD
Table 2-1 2.1.3 XRD
Table 2-1 Measurement conditions of XRD profiles.
Normal Precise
Target Cu
Measurement region (26/deg) 10 - 60 Selected peak
Scan step (deg) 0.05 0.01
Scan speed (deg min™) 0.25
Receiving slit width (mm) 0.3
Current (mA) 30
Voltage (kV) 40
2.1.2 Scherrer
Scherrer Eq.2-1 [2-1,2]
kA
D ="—""— (Eqg.2-1)
Brys COSO
Dn (hkl) A X Yij
6 Blagg k Eq.2-1
ﬂcryst B
b Eq.2-2
p=B-b (Eq.2-2)
b (=Bo)

2.1.3 Stokes-Wilson
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Scherrer

Wilson ﬂlattice
Eqg.2-3 [2-3]
Paiee =4€1AN0O (Eq.2-3)
e ﬂcryst ﬂlattice
Cauchy(Lorentz)
ﬂtotal
ﬂtotal = ﬂcryst +ﬂ|attice (Eq2'4)
20 S S=2sin6/L
dﬂtotal = dﬂcryst + dﬂlattice (Eq2-5)
Eq.2-3  Scherrer Eq.2-1
dﬂlattice = 2es (Eq2-6)
k k
Dy = = (Eq.2-7)
2cost wdo BBoys
A
Eq.2-6 s S Eqg.2-5
k
dﬁtotal =——+26s (Eq.2-8)
D
Eqg.2-8 dg s
22 X XRF
XRF , ZSXmini 1l
[2-4] 3 Y203 AlOs CeO:2
Y:Ce:Al=3(1-x):3x:5 (0<x<0.04) Ce Ce-La
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Fig.2.1
2.3 FT-IR
231
Bio-Rad, FTS-60A , FT/IR-6100 FT-IR
Table 2-2

Table 2-2 Measurement conditions of FT-IR spectra.

FTS-60A FT/IR-6100
Matrix KBr CaF:
Measurement region (cm'l) 400 - 4000 800 - 2200
Resolution (cm™) 2 2
Acquisition time 32 100
232
OH , FT/IR-6100
FT-IR Table 2-3
Table 2-3 Measurement conditions of FT-IR spectra.
Matrix CaF:
Measurement region (cm'l) 400 - 4000
Resolution (cm™) 4
Acquisition time 128
24 TG-DTA
, TG8120
TG-DTA o-Al203
Table 2-4
Table 2-4 Measurement conditions of TG-DTA
Sample weight (mg) 10
Heating rate (K min™) 10
Maximum temperature (°C) 1300
Air flow (mL min™) 200
25
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251 FE-TEM

FE-TEM FEI, Tecnai F120

252 FE-SEM
FE-SEM , S-4700
2.6 DLS
DLS Malvern, HPPS
3 mL
1 Table 2-5
Table 2-5 Measurement conditions of DLS.
Refractive index of water (-) 1.33
Refractive index of YAG (-) 1.82
Measurement temperature (°C) 25
2.7
271 PL PLE
, FP-6600 PL
PLE Table 2-6
Table 2-6 Measurement conditions of PL spectra.
PL PLE
Excitation or emission wavelength (nm) 450 530
Measurement region (nm) 475 - 800 300 - 500
Spectral slit width on excitation (nm) 3
Spectral slit width on emission (nm) 3
Response (s) 1
Sensitivity Medium
Scan speed (nm min™) 200
Scan step (nm) 0.5
2.1.2 NIR-PL
PL , FP-6600
Table 2-7 940 nm B&K
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TEK Inc, BWF2-940-1.5-100.0.22-SMA

Table 2-7 Measurement conditions of NIR-PL spectra.

Measurement region (nm)

960 — 1200
Spectral slit width on excitation (nm) 3
Spectral slit width on emission (nm) 2
Response (s) 1
PMT voltage (V) 550
Scan speed (nm min™) 200
Scan step 0.5
2.7.3 UV-vis-NIR
, V570
UV-vis-NIR
Table 2-8
Table 2-8 Measurement conditions of UV-vis-NIR spectra.
UV-vis
Measurement region (nm) 200 - 850 850 - 1300
Spectral slit width (nm) 2
Sensitivity Medium
Scan speed (nm min™) 40
Scan step (nm) 1
274
YAG:Ce3* Eqg.2-9 1QEsample
Fsample A
|QEgmpie = QB X £ - (Eq.2-9)
1QEVer (Y2.1,Gdo.9)As012:Ce3* Kasei Optonix, P46-Y3
=72 %  Fsample 450 nm
Frer 470 nm (Gd, Y)AG:Ce®*
Asample 450 nm

Aref 470 nm

(Gd, Y)AG:Ce®*

2174
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, Power scan HT Table 2-9

Table 2-9 Measurement conditions of fluorescent plate reader.

Excitation source Xe flash lamp
Excitation filter (nm) 440 - 480
Emission filter (nm) 518 - 538
Sensitivity 100
2.8
28.1 MRI
Ri, Rz T Varian, INOVA
MRI 1%
Table 2-10
Table 2-10 Measurement conditions of MRI.
T1-weighted T2-weighted
Repetition time (ms) 300 3000
Echo time (ms) 30 100
Field of view (mm) 51.2x25.6
Matrix (-) 512 x 256 256 x 128
Filp angle (°) 20
Slice thickness (mm) 1
2.8.2 VSM
, BHV-5
5.6mm 2.5mmt
Table 2-11
Table 2-11 Measurement conditions of VSM.
Sample temperature (°C) 25
Max applied magnetic field (kOe) 15
Sweep speed (min/loop) 5
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MRI
MRI
1H
1) *H
*H Fig.2.1(a)
Fig.2.1(b)
a p 2 Eq.2-10
@, = 1By (Eq.2-10)
o 4 Bo o B
Eq.2-11
AE =B, (Eq.2-11)
A= hi(27) h 2
Eq.2-12
N AE 7B, B,
a _ exp— = ex ~ 1+ )
N, CPRT P T KT (Eq.2-12)
k T 27°C 1T
N,/Njy = 1.000007 o
AE
N p o B
2)
MRI 1H 1H
M
0
Bo @ Fig.2.2(a)
Bo Z X Y 0
Z 0 M
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z @ X, Y, 2) X

B Fig.2.2(b) M Y
o =vBt X.Y, 2)
/27 M Z
Y’ /2 90°
T 180° Z
XY Y’ MRI Z
90°
3)
Bo M
Y’ M. Eq.2-13 Mo
[5]
dM, M,-M
ot T, (Eq.2-13)
Ti 90° Eq.2-14
M,=M_(1-e"") (Eq.2-14)
180° Eq.2-15
M,=M,1-2e"") (Eq.2-15)
1H
B AE o
[6]
XY
Fig.2.3
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T2
4T, T,
90°
T: T:
Fig.2.5
S TR
TR
TR
5)
Gd3*  Fe3t
H
Gd DOTA

Eqg.2-16

M, M,
dt T,

90°

My =M, =M,e""

TR
T
T
Fig.2.4(b) T2
T2
MRI
TE Eq.2-18

S M {1— exp( __ITR)} exp( __I-_I-E)

1 2

MRI

Gd

1H Gd3+

27

Eqg2-17
Fig.2.4(a)
T
T2
T2

(Eq.2-16)

(Eq.2-17)

TE
T2

[6]

(Eq.2-18)



Tlp, T2p

H

R1, Rz Eqgs.2-19, 20
11
T
R =—2" z = (Eq.2-19)
11
T2 TZO
R, =—" Eq.2-20
2 C (Eq )
T1o, T2o
Egs.19, 20
1 1
T - RC+— (Eq.2-21)
1p 10
1 1
T R,C+— (Eq.2-22)
2p 20
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Cel/(Y+Ce) (mol%)

Fig.2.1 Calibration curve of Ce/(Y+Ce).
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I —
e r—\ S \—l —< AE=yhB,

v
(b)

(@)

Fig.2.1 Hlustration of the magnetic moments (a) without and (b) with magnetic
field Bo.

(a) (b)

Fig.2.2 (a) Hlustration of the integrated magnetic moments M in magnetic field
Bo. (b) Rotation of integrated magnetic moment M by irradiation of Bu.
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A

>
t
Fig.2.3 Hlustration of dephasing of magnetic moments.
(a) (b)
M, Myv1
MO MO e-t/Ta
Ta<Tb
\ 1_e-t/Ta
1-e™  Ta<Tb
| e-t/Tb
/
pae—— t I | t

TR TE

Fig.2.4 (a) Longitudinal relaxation vs. TR. (b) Transverse relaxation vs. TE.
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signal

TE2 | TE/”2

A

TE

A 4

Fig.2.5 Pulse sequence of spin echo method.
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3 YAG:.Ce*

31
311 YAG

1970 °C

YAG
[3-7~9]
[3-14]
YAIOs
700-1500 °C

YAP

[3-15]
[3-18~20]

312 YAG.Ce*
YAG:Ce3* YAG
1967

LED[3-22~24] v

Fig.3.1  YAG

2Fsp

4f-Af

5d
[3-6,28]

313
3131

[3-31]

[3-2~5]

Czochralski
[3-10]

Y4Al200

Y3Als012 (YAG)
[3-1]

Nd3*

[3-1]
[3-11] [3-12]
YAM

YAG

280 °C YAG

Y3+ Cest
Bril [3-21]
[3-25,26]

Ces+ [3-27] 4f

2R 2

YAG:Ce3* 5d-4f

YAG:Ce*
1,4-

Zr0O2-TiO2[3-29]
ZnGa204[3-32]

34

Li

5d

Fes04[3-30]

YAG:Nd3*

[3-6]

[3-13]

[3-16~17]

LED
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3 YAG:Ces+

[3-33] [3-34] [3-35]
Inoue 1,4-
YAG
[3-19] YAG 350-600 °C 75-150 MPa
1,4-
280-300 °C  4-5 MPa
Fig.3-2
AIOOH [3-36~39]
[3-38] XRD
HO(CH2)nOH 2<3<6<4 Inoue
Al-O-C C-O0
[3-42] C-O
n=4 1.4- OH
[3-40] n=2
C-O
1,4- 300 °C
REO(OCOCHs3) RE(OH)2(OCOCHs) RE(OH)(OCOCH:3):2
[3-41]
YO(OCOCH:)
1,4- 300 °C (250 °C)
YAG YO(OCOCH:) XRD
YO(OCOCH:) YAG
YAG
[3-19]
YAG
[3-19]
Gd3+
[3-19]
[3-42]
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Al Ga

[3-43, 44]
REsFes012
3132 YAG.Ce*
[3-46]
YAG:Ce3*
Kasuya
300°C 1h
10nm  YAG:Ce3* [3-47~49]
1h 1
[3-48]
YAG
4 1,4
[3-49] 1,4-
1) 2) Ce3*—Ce*

Ces* 4) Ced*

314
Kasuya YAG:Ce3*

10nm 50nm 2

DLS
1
3
1

1

[3-50] [3-51]
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3 YAG:Ces+

YAG:Ce3*
3.2
321
3 Table 3-1
Table 3-1 List of reagents.
Reagent Purity FW Maker
1,4-butanediol >97.0% 90.12 Kanto Kagaku
Aluminium isopropoxide >99.9% 204.24 Kanto Kagaku
Cerium(lll) acetate monohydrate >99.99% 335.26 Kanto Kagaku
Citric acid >98.0% 192.18 Wako
Yttrium acetate tetrahydrate >99.99% 338.10 Kanto Kagaku
322
3221 YAG:Ce*
, TVS-120-N2 4
(rni Table 3-2
1,4- 63.6 mL (300 rpm)
15h 300 °C 2h
Fig.3.3
Table 3-2 Quantity of reagents.
Yttrium acetate Cerium acetate Aluminium Theoretical yield
sample tetrahydrate (g) monohydrate (Q) isopropoxide (g) of YAG (mmol)
YAG(0.5) 0.502 0.0050 0.511 0.5
YAG(1.25) 1.26 0.0126 1.28 1.25
YAG(2.5) 2.51 0.0251 2.55 2.5
3222 YAG.Ce*
4 7.425 mmol (2.51 g) (rni
0.0075 mmol (0.0251 g) 12.50 mmol (2.55 g)
0.25-12.5 mmol (0.048 - 0.240 g) 1,4-
63.6 mL (300 rpm) 15h 300 °C
2h
95%
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(20000 rpm, 30 min)
3 (50 °C, 1 day)
Fig.3.4

YAG
0mol%, 10mol%, 25mol%, 50mol%

323
2 FE-TEM

DLS FE-TEM, XRD, XRF, UV-vis, PL,
FT-IR IQE
33
331
3311

Fig.3.5 15h

0.85, 2.2, 4.3 MPa
YAG(2.5) YAG(1.25) 0.9 MPa
3.3.12 GC-MS
GC-MS
4.2 :95.8

1,4-
3313 TEM 1 DLS

Fig.3.6 FE-TEM TEM

1 Table 3-3 YAG(0.5) 1
2
DLS Fig.3.7
Table 3-3
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3 YAG:Ces+

Table 3-3 Particle size measured by TEM and hydrodynamic diameter

measured by DLS in water of YAG:Ce3* nanoparticles.

YAG(0.5) YAG(1.25) YAG(2.5)
Particle size (nm) 7.7+21 10.8+2.1 10.8+2.4
Hydrodynamic diameter (nm) 40.4+10.0 45.4+9.2 43.4+9.4
3314
1,4- [3-44]
YAG:Ce3*
Fig.3.8 @) 1,4-
(2) 1,4-
M-OH (3) M-OH M’
M-O-M’
[3-47]
Inoue YAG
[3-46]
DTA Fig.3.9
458 490 °C
[3-52]
Inoue YAG [3-18]
YAG:Ces*
YAG:Ce3*
YAG:Ce3* Fig.3.8
Fig.3.7 YAG(2.5) YAG(1.25) 0.9MPa
YAG(0.5) Fig.3.10(a)
YAG(2.5)
YAG(1.25) Fig.3.10(b)
FE-TEM 1
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1
DLS FE-TEM 1
1 2
2
1
332
3321 FE-TEM 1
Fig.3.11 FE-TEM
1 Table 3-4
1 Fig.3.10(e)
Fig.3.10(f)
Table 3-4 Properties of YAG:Ce3+ nanoparticles prepared with and without citric acid.
Sample Citric acid da” Ce 2 Absorbance® PL IQE®
(mol%) (nm) Y+Ce (a.u.) intensity® (%)
0 10.2+2.3 3.75 0.144 7690 22.0
10 9.3+3.1 3.50 0.121 8921 30.2
Nanosize
25 59+0.8 3.64 0.085 6113 29.5
50 4.0+0.8 3.71 0.078 7596 40.1
Reference - - - 0.097 16933 72.0
1) the number average particle diameter.
2) the Ce/(Ce+Y) atomic ratio measured by XRF.
3) the absorbance at 450nm.
4) Fsample @and Frer values in Eq.2-9, i.e., the integrated PL intensity at 530nm.
5) IQEsample Value calculated by Eq.2-9.
3322 XRD
Fig.3.12 XRD YAG
Fig.3.13 (400)
Table 3-5
YAG:Ce?* (Kasei Optnix, P46-Y1)
YAG:Ce3*
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3 YAG:Ces+

YAG:Ce3* (400) (400)
YAG:Ce3*
(400)
1
FE-TEM

Table 3-5 Peak position of (400) plane and lattice constant calculated

from interplanar spacing of (400).

micron-sized YAG:Ce®* Omol% 50mol%

Peak position 26 (°) 29.77 29.55 29.47

Lattice constant (A) 12.004 12.091 12.148
3323 FT-IR Al-O

Fig.3.14 FT-IR 1430 cm? 1540 cm

(6{0]0) [3-53]
1060 cm C-O
1,4-
C-O (6{0]0)

Fig.3.15 FT-IR Peakl, 2 4 Al-O

Peak3 6 Al-O [3-54]
4 Al 6 Al

3.324 UV-vis PL PLE

Fig.3.17 UV-vis 450 nm

Ce3*  4f(%F,;) - 5d(*A1g) [3-8, 55]
450 nm
Fig.3.14 PL PLE 450 nm 345 nm
YAG Ce3*  41(°Fs) - 5d(?A1g) 41(°F3) - 5d(?Bu1g)
[3-8, 55] 530 nm 570 nm
Ce3*  5d(?Big) - 4f(°Fs2)

5d(?Bug) — 4f(?F712)

Table 3-4 450 nm
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Eq.2-9 (IQE)

IQE
3325
Fig.3.18
YAG:Ce3* 1 YAG:Ce?* 2
Table 3-6 YAG:Ce3*
t=57.3ns YAG:Ce?*
(t1 =16-26 ns) (t2=72-112 ns)
2
Table 3-6 PL decay parameters obtained by curve fitting.
Citric acid Time constant (ns) Relative amplitude
Sample
(mol%) T T2 Ar Az
0 16.1 74.2 35.5 64.5
Nanosize! 10 26.3 107.7 30.8 69.2
25 24.5 115.0 28.5 71.5
50 25.5 113.3 27.7 72.3
Microsize? 57.3 - 100

1) I = lo + Ar(exp(-t/t1) + Azexp(-t/t2)
2) | =l + As(exp(-t/t1)

3326
1
3.3.1.4 Fig.3.8
YAG:Ce3*
1,4- C-O0
Inoue >Al-O-
[3-42]
Fig.3.19
50mol% 0 mVv
3327
Ced* 4f-5d Table 3-4
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XRF
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Fig.3.2 Proposed structure of the ethylene glycol derivative of boehmite[3-39].
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Fig.3.3 Schematic representation of the synthesis of YAG:Ce3* nanoparticles.
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Fig.3.4 Schematic representation of the synthesis of YAG:Ce3* nanoparticles
with citric acid.
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Fig.3.5 Change in pressure during glycothermal reaction: (a) YAG(0.5),
(b) YAG(1.25), (c) YAG(2.5), (d) programmed temperature.
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20 nm

Fig.3.6 FE-TEM images of YAG:Ce3* nanoparticles: (a) YAG(0.5), (b)
YAG(1.25), (c) YAG(2.5).
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Fig.3.7 Particle size distribution measured by DLS for YAG:Ce3*
nanoparticles diluted in ultrapure water: (a) YAG(0.5), (b) YAG(1.25), (c)
YAG(2.5).
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Fig.3.8 Formation of AlI-O-M’ (M = Al, Y or Ce) bond during glycothermal
reaction.
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3 YAG:Ces+

Fig.3.11 FE-TEM images of the samples prepared with and without citric
acid. Nominal percentage of citric acid for the theoretical yield of YAG: (a), (e)
0mol%, (b) 20mol%, (c) 25mol% and (d), (f) 50mol%.
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Fig.3.12 XRD profiles of the samples prepared with and without citric acid:
(a) Omol%, (b) 10mol%, (c) 25mol%, (d) 50mol%, (e) Y3Als01> JCPDS 33-40.
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Fig.3.13 Precisely measured XRD peak of (400) plane: (a) micronsized
commercial YAG:Ce3* bulk, (b) nanosized YAG:Ce3* prepared without citric
acid, (c) nanosized YAG:Ce3* prepared with citric acid (50mol%).
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Fig.3.14 FT-IR spectra of the samples prepared with and without citric acid:
(&) Omol%, (b) 10mol%, (c) 25mol%, (d) 50mol%. The Kubelka-Munk (KM)
intensity relative to the peak at 1060cm-1 corresponding to v(C-0O) is shown in
this figure.
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Fig.3.15 FT-IR spectra of the samples prepared with and without citric acid:
(a) Omol%, (b) 10mol%, (c) 25mol%, (d) 50mol%.
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Fig.3.16 UV-vis absorption spectra of the samples prepared with and without
citric acid: (a) 0mol%, (b) 10mol%, (c) 25mol%, (d) 50mol%.
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Fig.3.17 PL and PLE spectra of the samples prepared with and without citric
acid: (a) 0Omol%, (b) 20mol%, (c) 25mol%, (d) 50mol%.
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Fig.3.18 PL decay curves of YAG:Ce3* nanoparticles prepared by without and
with citric acid: (a) 0mol%, (b) 10mol%, (c) 25mol%, (d) 50mol% and (e)
micronsized commercial bulk. Lines are obtained by curve fitting.
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Fig.3-19 C-potential distribution of the samples prepared with and without
citric acid: (a) 0mol%, (b) 10mol%, (c) 25mol%, (d) 50mol%.
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Kuningas La202S:Yb3 Ers*
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Nichkova
Gd203:Eus*
[4-11,12]
LaF[4-13~15] NaYF4[4-16]
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FRET[4-17] DNA [4-18] Chatterjee
NaYF4
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412
4 3 YAG:Ce3*
YAG:Ce3*
Ces* d-f f-f
YAG:Ce3*
3-
YAG:Ce3*
4.2
421
4 Table 4-1
Table 4-1 List of reagents.
Reagent Purity FW Maker
1,4-butanediol >97.0% 90.12 Kanto Kagaku
3-aminopropyltrimethoxysilane (APTMS) - 131.25 Chisso Chemical Division
Aluminium isopropoxide (AIP) >99.9% 204.24 Kanto Kagaku

Avidin immobilized agarose gel beads - -
Avidin immobilized

polystyrene-copolymer beads

Sigma

Micromod Partikeltechnologie

Cerium(lll) acetate monohydrate >99.99% 335.26 Kanto Kagaku
Sulfosuccinimidyl-6(biotinamido)
- 556.59 Pierce
hexanoate biotinyl agent
Yttrium acetate tetrahydrate >99.99% 338.10 Kanto Kagaku
422
4221 YAGCe*
( , TVS-120-N2) 4 7.425 mmol
(2.51 9g) (rn1 0.0075 mmol (0.0251 g)
12.50 mmol (2.55 g) 1,4- 63.6 mL
(300 rpm) 15h 300 °C
2h 1
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4222 APTMS

4221 YAG:Ce3* 5mL 10 mL
APTMS 150 pL 2h
(20000 rpm, 20 min)
APTMS 15 mL
3 Fig.4.2 STEP1,2
50 °C
1 day
4223 YAG.Ce*
4.2.2.2 10 mL 5
mg/mL sulfo-NHS-LC-biotin-PBS 1mL 2h
(20000 rpm, 20 min)
sulfo-NHS-LC-biotin 15mL
3 Fig.4.2 STEP3
4224 YAG.Ce*
100 pL
50 pL 10 mL
4.2.2.3 100 pL 2h
(pore size: 5.0 pm) YAG:Ce3*
Fig.4.1
Fig.4.2 YAG:Ce?*
42.2.1 YAG:Ce3*
423
2 FE-TEM, FE-SEM, XRD, DLS, PL, PLE, FT-IR
(Nicon, Eclipse, E600) Table 4-2
Table 4-2 Condition of filter block set.
Excitation wavelength Dichroic wavelength Emission wavelength
430 - 440 nm 505 nm 515 -555 nm
4.3
431 YAG:Ce*
FE-TEM Fig.4.3 FE-TEM YAG:Ce3*
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4 YAG:Ce3*
1 9.5 nm 1.2 nm Fig.4.4 XRD
YAG
DLS Fig.4.5
YAG:Ce3* 46.8 nm 7.5 nm
DLS TE-TEM
1 2
Fig.4.6 PL PLE PLE 450 nm 345 nm
2 Ce3*  4f(%F,;) - 5d(?A1g) 41(°F,;) - 5d(?Bug)
PL 530 nm 570 nm
5d1(?A1g) - 4f(2Fs12) 5d1(?Axg) -
4f(2F712) [4-23, 24]
Fig.4.7  488nm FITC
90min 36% YAG:Ce3*
5% YAG:Ce3* FITC
Ce3+ Ce4+
Ce3+
FT-IR Fig.4.8 Table 4-2 3500 cm?
2950 cmt? OH
CH 1558 cm-? 1436 cm™?
COO COO
YAG:Ce3*
700 cm'? Al-O YAG
YAG:Ces* 12 mg/mL
YAG:Ce3* 30gx 5, 10gx 6
YAG:Ce3*
432 APTMS YAG.Ce*
APTMS YAG:Ce3* DLS
Fig.4.5 41.3 nm 9.1 nm
YAG:Ce3*
APTMS YAG:Ce3*
APTMS YAG:Ce?* FT-IR Fig.4.8 Table
4-2 APTMS 3091 cm'? 1643 cm™?
N-H H-N-H
NH:2 1176 cm™? 1067 cm!
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Fig.4.2

Si-0O-X (X =AlY, Ce, and C) Si
APTMS 3700 cmt?

OH OH APTMS

NH2

Table 4-2 Assignment of FT-IR spectra.

APS modified
Peak number YAG:Ce** Assignment Ref.
YAG:Ce**

1 ~3700 ~3700 v(OH) [4-25]
2 ~3400 ~3400 v(OH) [4-25]
3 3091 v(NH) [4-26]
4 2950 v(CH) [4-27]
5 ~2370 ~2370 v¥(COy) [4-27]
6 2118 combination tone or
7 1975 } overtone of 3(NH>)
8 1643 S(NH2) [4-26]
9 1551 1558 v¥(C0O0) [4-27, 28]
10 1458 5°(CH>) [4-27]
11 1436 v$(COO0) [4-27, 28]
12 1358 1352 o(CHy) [4-27]
13 1176 v¥(Si-0-X)

[4-29]
14 1067 (X=Al, Y, Ce, C)
15 1061 v(C-0) [4-27]
16 1023 v(C-0) [4-27]
17 ~700 ~700 v¥(Al-0) [4-30]

v, stretching; 8, bending; o, wagging; as, asymmetric; s, symmetric

433

Fig.4.9(a), (b)

YAG:Ce3*

Fig.4.10

YAG.Ce*
Fig.4.9
YAG:Ce3*
YAG:Ce3*
YAG:Ce3*
YAG:Ce3*

Fig.4.10(a), (b)
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4 YAG:Ces+

YAG:Ce?* FE-SEM
Fig.4.10(c) YAG:Ce?*
Fig.4.10(d), (e) YAG:Ce3*
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Y(CH,COO0),4H,0 ) H,O
Ce(CH,;CO0);H,0 - APTMS
AIP ] stirring for 2 h
1,4-butanediol A 4
Washed with ultrapure water 3
Centrifuged (10000 rpm, 20 min)
Autoclave p y
300 °C for 2 h, 300 rpm APTMS-YAG:Ce3+ colloidal
solution )
cooling to RT
sedimentation ) sulfo-NHS
" ~ | -LC-biotin
[ YAG:Ce?* colloidal solution ]
4 stirring for 2 h
Washed with ultrapure water 3
Centrifuged (10000 rpm, 20 min)

A\ 4

Biotinylated YAG:Ce3* colloidal
solution

J

Fig.4.1 Schematic representation of the preparation of biotinylated YAG:Ce3*
nanoparticles.

Sulfo-NHS
-LC-Biotin
APTMS
NH,

MeO /S|i\OMe
OMe

STEP1

STEP2

Fig.4.2 lllustration of the preparation of the biotinylated YAG:Ce3*
nanoparticles.
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4 YAG:Ce3+*

Fig.4.3 TEM micrograph of YAG:Ce3* nanoparticles.
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Fig.4.4 XRD profile of YAG:Ce3* nanoparticles.
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1 10 100 1000
Diameter (nm)

Fig.4.5 Particle-size distribution measured by DLS for YAG:Ces3*
nanoparticles diluted in ultrapure water (solid line) and APTMS-YAG:Ce3*
nanoparticles diluted in ultra purewater (broken line).
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Fig.4.6 PL and PLE spectra of the YAG:Ce3* nanoparticles dispersed in
1,4-butanediol.
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Fig.4.7 The change in the PL intensity with time under irradiation of 488 nm
light. (a) YAG:Ce3* nanoparticles dispersed in ultra purewater, (b) FITC
dispersed in ultra purewater.

Normalized PL intensity
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Transmittance (-)

3500 2500 1500 500
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Fig.4.8 FT-IR spectra: (a) YAG:Ce3* nanoparticles, (b) APTMS-YAG:Ce3*
nanoparticles.
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4 YAG:Ces+

100pum

Fig.4.9 Microscopic images of avidin immobilized agarose gel beads. (a), (b):
treated with biotinylated YAG:Ce3* nanoparticles; (c), (d): treated with
YAG:Ce3* nanoparticles without biotin. (a), (c): bright field image; (b), (d):
fluorescent image.
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Fig. 4.10 Microscopic images of avidin immobilized polystyrene-copolymer
beads. (a), (b), (d), (e): after treating with biotinylated YAG:Ce3*
nanoparticles; (c): before treating with biotinylated YAG:Ce3* nanoparticles;
(a): bright field image; (b): fluorescent image; (c)-(e): FE-SEM images.
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5 YAG:Ce*
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4 YAG:Ce?*
PBS
511
TOP
TOPO [5-1~3]
1 [5-4~19]
TOP TOPO
[5-5, 10]
[5-11] [5-8]
Chan
[5-4] Mattoussi 1 2
2
[5-12~15] [5-16]
PEG [5-17] [5-18]
Kim
[5-19]
1 [5-20~26]
TOP TOPO
[5-20]
PEG [5-21, 22]
PAA [5-23, 24] Dubertret PEG
[5-21]
3 [5-27~31] [5-32~36]
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5 YAG:Ces+

52
521
5 Table 5-1

Table 5-1 List of reagents.

Reagent Purity FW Maker
1,4-butanediol >97.0% 90.12 Kanto Kagaku
1-ethyl-3-(3-dimethylaminopropyl)
191.70 Pierce
hydrochloride (EDC)
Albumin bovine serum (BSA) >99% - Sigma
Aluminium isopropoxide >99.9% 204.24 Kanto Kagaku
Cerium(lll) acetate monohydrate >99.99% 335.26 Kanto Kagaku
Goat anti-rabbit IgG conjugated with
Sigma
biotin
Poly(acrylic acid) (PAA) - 2000 Aldrich
Rabbit anti-bovine serum albumin
Sigma
(anti-BSA)
Atreptavidin-FITC - - Vector
Sulfo-N-hydroxysuccinimide (Sulfo-NHS) - 217.13 Pierce
Yttrium acetate tetrahydrate >99.99 338.10 Kanto Kagaku
522
5221 YAGcCe*
, TVS-120-N2 4 7.425 mmol
(2.51 9g) (rn1 0.0075 mmol (0.0251 g)
12.50 mmol (2.55 g) 1,4- 63.6 mL
(300 rpm) 15h 300 °C
2h 1
5222 PAA YAG.Ce*
5.2.2.2-3 Fig.5.1 1wthe PAA NaOH pH=7.0
PAA 45 mL 5221 YAG:Ce3*
15 mL 2h 10000 rpm, 35 min
PAA
PBS 3 60 mL
PBS PAA YAG:Ce3*
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5223 YAG.Ce*
5.2.2.2 PAA YAG:Ces* 15 mL 10 mg/mL
Sulfo-NHS-PBS 1.5mL 20 mg/mL EDC-PBS 2.4 mL 2h
10000 rpm, 35 min
PBS 3
10 mL PBS
1 mg/mL -PBS 850 uL 3h
10000 rpm, 35 min
PBS 3
10 mL PBS YAG:Ce3*
5224 BSA
5.2.2.3 YAG:Ce3* BSA
Fig.5.2 BSA-PBS 150 pL 96
1 day 1%
-PBS 150 pL 2h
rabbit 1gG anti-BSA,
anti-rabbit 1gG, YAG:Ce?* 2h
0.05 % Tween 20-PBS 2
BSA
523
2 DLS FT-IR PL PLE UV-vis
IQE
53
531 PAA YAG.Ce*
Fig.5.3 YAG:Ces3* PBS PAA
YAG:Ce3* PBS PAA YAG:Ce3*
Fig.5.3(a) PBS Fig.5.3(b)
PAA YAG:Ce3*
Fig.5.3(c) PBS
Fig.5.4  YAG:Ce3* PAA YAG:Ce3*
DLS YAG:Ce3* 42.5 nm
10.5nm PAA YAG:Ce3* 45.4 nm
14.0 nm PAA PAA
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5 YAG:Ce3*
2,000 PAA 7.1 nm
[5-38] DLS 14 nm
Pettersson PAA o-
PAA
[5-39]
PAA  YAG:Ce?*
Fig.5.5 PAA YAG:Ce3*
+43.7 mV -40.1 mV PAA
COO YAG:Ce3*
40 mV
[5-39]
Fig.5.6  YAG:Ce3* PAA FT-IR
Table 5-2 PAA YAG:Ce3*
No.10 12 COO
PAA 1756 cm?
No.9 Cc=0 PAA
Fig.5.7 PAA YAG:Ce3* PL PLE PLE
450 nm 345 nm 2 Ces*
41(°F,) - 5d(?A1g) 41(°F3) - 5d(?Bu1g) PL 530 nm
570 nm
5d(2A1g) — 4f(3Fs/2) 5d(2A1g) - 4f(2F712) [5-45]
(Gd, Y)AG:Ce?* PAA YAG:Ce?*
23.3% PAA YAG:Ce3* 22.0%
532 YAG.Ce*
Fig.5.4(c) DLS YAG:Ce3*
YAG:Ce3*
525 nm 13.9 nm
10 nm 5 nm [5-46] PAA YAG:Ce3*
Fig.5.5(c) YAG:Ce?*
-40.1 mV

87



Table 5-2 Assignment of FT-IR peaks.

Peak No. YAG:Ce** PAA-YAG:Ce**  SA-PAA-YAG:Ce* Assignment Ref.
1 3631 3629 3628 v(OH) 40
2 3374 3320 3356 v(OH) 40
3 3102 v(NH) 41
4 2946 2957 2947 }
v(CH) 42
5 2880 2884 2875
6 2370 2365 2366 v¥(COy) 42
7 2109 } combination tone or
8 1977 overtone of &(NHy)
9 1756 v(C=0) 42
10 1575 1575 1575 v¥(CO0) 42,43
1 1458 1463 1463 5°(CHy) 42
12 1418 1422 1423 v¥(COO0) 42,43
13 1346 1346 1346 v¥(COC) 42
14 1180 1180 5°(CHy) 42
15 1059 1055 1070 v(C-0) 42
16 793 793 793
17 720 720 728 v(Al-O) 46
18 474 470 478
Fig.5.6(c) YAG:Ce3* FT-IR
Table 5-2 PAA YAG:Ce3*
C=0 No.9 3102 cm-! N-H
No.3 2109cmt  1977cmt  NH:
PAA YAG:Ce3*
533 BSA
YAG:Ce3* BSA
Fig.5.8(a) 6.4 ng/mL 128 ng/mL
BSA
YAG:Ce3* BSA
YAG:Ce3* Strepavidin -FITC
Fig.5.8(b)
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YAG:Ce3* S/N BSA
S/N
PAA

YAG:Ce3* Fig.5.9
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[ 1 wt% PAA solution ]

pH=7.0

YAG:Ce3*
colloidal solution

l stirring for 2 h

Washed with PBS
Centrifuged (10000 rpm, 35 min)

A\ 4

[ PAA-YAG:Ce?** colloidal solution ]

X3

EDC-PBS
Sulfo-NHS-PBS

| stirring for 2 h

A

Washed with ultrapure water
Centrifuged (10000 rpm, 20 min)

X3

4—[ Streptavidin

-PBS |

4 stirring for 3 h

Washed with PBS
Centrifuged (10000 rpm, 35 min)

A\ 4

Streptavidin-YAG:Ce3* colloidal )

solution

X3

Fig.5.1 Schematic representation of the preparation of streptavidin-
immobilized YAG:Ce3* nanoparticles.

- BSA @ skim milk

X anti-rabbit IgG with biotin + streptavidin

. YAG:Ce?* nanoparticle — PAA

Fig.5.2 Illustration of plate assay for detecting BSA.
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5 YAG:Ces+

Number (%)

Fig.5.3 Photographs of YAG:Ce3* nanoparticles dispersed in water (a) and
PBS (b), and PAA-modified YAG:Ce3* nanoparticles dispersed in PBS (c).

25 | ©) i

15 (b) -
(@)

0 1
0 50 100 150
Diameter (nm)

Fig.5.4 Particle size distribution in water measured by DLS. (a) YAG:Ce3*
nanoparticles, (b) PAA-modified YAG:Ce3* nanoparticles, (c) streptavidin-
immobilized YAG:Ce3* nanoparticles.
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Fig.5.5 C-potential distribution of (a) YAG:Ce3* nanoparticles, (b) PAA-

modified YAG:Ce3* nanoparticles and (c) streptavidin-immobilized YAG:Ce3*
nanoparticles.
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Fig.5.6 FT-IR spectra of (a) YAG:Ce3* nanoparticles, (b) PAA-modified
YAG:Ce3* nanoparticles and (c) streptavidin-immobilized YAG:Ce3*
nanoparticles.
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Fig.5.7 PL and PLE spectra of PAA-modified YAG:Ce3* nanoparticles.
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Fig.5.8 Change in the integrated fluorescence intensity for the plate assay
with the BSA concentration using (e) streptavidin-YAG:Ce3* nanoparticles
and (o) streptavidin-FITC. Inset: Enlarged plot of the result using
streptavidin-YAG:Ce3* nanoparticles.
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Fig.5.9 Illustration of binding inhibition of streptavidin-YAG:Ce3*
nanoparticles with their steric hindrance in plate assay.
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6.2
6.2.1
6 Table 6-1

Table 6-1 List of reagents.

Reagent Purity FW

Maker

1,4-butanediol >97.0% 90.12
1-ethyl-3-(3-dimethylaminopropyl)

Kanto Kagaku

- 191.70 Pierce
hydrochloride (EDC)
3-aminopropyltrimethoxysilane - 131.25 Chisso Chemical Division
Albumin bovine serum (BSA) >99% - Sigma
Alexa Fluor 647 goat anti-rabbit IgG - - Molecular probe
Aluminium isopropoxide >99.9% 204.24 Kanto Kagaku
Avidin immobilized agarose gel beads - - Sigma
Avidin immobilized
- - Micromod Partikeltechnologie
polystyrene-copolymer beads
Cerium(lll) acetate monohydrate >99.99% 335.26 Kanto Kagaku
Sulfosuccinimidyl-6(biotinamido)
- 556.59 Pierce
hexanoate biotinyl agent
Poly(acrylic acid) (PAA) 2000 Alrich
Poly(allylamine hydrochloride) (PAH) - ~15,000 Aldrich
Poly(sodium 4-styrenesulfonate) (PSS) - ~70,000 Aldrich
Rabbit anti-bovine serum albumin
- - Sigma
(anti-BSA)
Yttrium acetate tetrahydrate >99.99% 338.10 Kanto Kagaku
6.2.2
6.22.1 YAG.Ce*
, TVS-120-N2 4 7.425 mmol
(2.51 9g) (rn1 0.0075 mmol (0.0251 g)
12.50 mmol (2.55 g) 1,4- 63.6 mL
(300 rpm) 15h 300 °C
2h YAG:Ce3*
6222 YAG.Ce* PMMA
6.2.2.2-4 Fig.6.1 Fig.6.2
PMMA , XX-01ET, -02ET or -03ET; bead 1 6.2.2.1
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YAG:Ce?* 1h 2000 rpm,

2-3 min PMMA YAG:Ce3*
3
50 mL YAG:Ce3* bead 2
bead 2 1 mg/mL PSS-0.5 M NaCl 25 mL
20 min 2000 rpm, 2-3 min
PSS
3 25 mL bead 3
PMMA/YAG:Ce3* (PMMA(YAG:Ce3*/PSS)n)
n
6.22.3 YAG.Ce* BSA
6.2.2.3-4 Fig.6.3 bead 3 PSS
1 mg/mL PAH-0.5 M NacCl PAH bead 4 1 mg/mL
PAA-0.5 M NacCl PAA bead5 PBS
0.5 mL 1.3mg/mL EDC-PBS 50uL  5mg/mL BSA-PBS
0.1 mL 15h 6.2.2.2 PBS 3
0.5mL PBS
bead 6
6.2.24 BSA YAG.Ce*
BSA bead 6 0.5mL PBS 100 rabbit
anti-BSA 0.1 mL 15h 6.2.2.2 PBS
3 0.5mL PBS
bead 7 PBS 100 Alexa 647 goat
anti-rabbit IgG 1 mL 1.5h bead 7 rabbit 19G
6.2.2.2 PBS 3
1mL PBS bead 8
6.2.3
2 FE-SEM TG-DTA
(Nicon, Eclipse,
E600) Table 6-2
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Table 6-2 Condition of filter block set.

Excitation wavelength Dichroic wavelength

Emission wavelength

Filter block set 1 430 - 440 nm 505 nm 515 -555 nm
Filter block set 2 605 -655nm 650 nm 667.5—722.5 nm
6.3
6.3.1
Fig.6.4 Fig.6.4(a)
YAG:Ce3*
40 min +50 mV
PSS 20 min -50 mVv
YAG:Ce3* PSS 20 min
Fig.6.5 YAG:Ce3*
PSS
30 mV
6.3.2 FE-SEM
Fig.6.6 FE-SEM Fig.6.6(a),
(b) YAG:Ce?* PSS
Fig.6.6(c), (d) YAG:Ce?*
YAG:Ce3* PSS 2 Fig.6.6(e), (f)
1 YAG:Ce3*
Fig.6.7
YAG:Ce3*
YAG:Ces* 2 Fig.6.7(c) 1
Fig.6.7(b) YAG:Ce?*
FE-SEM
6.3.3 TG-DTA
Fig.6.8 TG 50°C
250 - 400 °C
600 °C
YAG:Ce3* YAG:Ce3* PSS 1
2
0.54, 2.2 wt% 4 YAG:Ce3*
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10,500+1,600

TG

6.34
10 15 um

region2 15um

YAG:Ce3*

region 1

region 1

PSS PAH

Fig.6.10(a)

PSS/PAH

YAG:Ce3*

6.3.54 2

BSA

1x10%8 /mL

1

53,000+4,500

Fig.6.9(a)

Fig.6.9(a)

YAG:Ce3*

YAG:Ce3*

2

region 1

Fig.6.9(b)
1

region 2
Fig.6.9(c)

YAG:Ce3*

15min

YAG:Ce3*

YAG:Ce3*

108

YAG:Ce3*

10 um
region 1

region

Fig.6.10(b)



6 YAG:Ces3+ PMMA

Fig.6.11 Fig.6.11(a)-(c)
BSA
YAG:Ce3* 1)
BSA 2) BSA

Fig.6.11(d)-(f) Fig.6.1 bead 5
anti-Rabbit 1gG-Alexa Fluor 647
Fig.6.11(c)
Fig.6.11(a)-(c)

YAG:Ce?* 1 15 um
5
Fig.6.12(a) 6
Fig.6.12(b)
peak 1 peak2 2
6 peak 2 Fig.6.12(a)
YAG:Ce3* 1 15

um
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PMMA beads - YAG:Ce?®* nanoparticle ~v PSS ~s PAH
PAA @ BSA anti-BSA _JC anti-Rabbit IgG-Alexa Fluor 647

Fig.6.1 Illustration of preparation of the PMMA/YAG:Ce3* composite beads
and tagging with organic dye.

PMMA beads
Ethanol

YAG:Ce3* colloidal solution ]

' stirring 1 h or 20 min
Centrifuged (2000 rpm, 2-3 min) 3
Re-dispersed into H,0 X

4—[ PSS-NaClag solution ]

| stirring 20 min

Centrifuged (2000 rpm, 2-3 min)

\ 1
’ |
l .
' I
l .

1
’ :
I 1
I 1
i :
! [ PMMA(YAG:Ce3) beads | XN
’ |
\ 1
\ 1
: .
' I
\ 1
I 1
: Re-dispersed in H,0 :
I 1
1

| PMMA(YAG:Ce¥/PSS), beads |

Fig.6.2 Schematic representation of the preparation of PMMA/YAG:Ce3*
composite beads.
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| PMMA(YAG:Ce*/PSS) beads | ‘_[EDC-sz somuon]
1—[ PAH-NaClag solution ] BSAPBS solution

| stirring 1.5 h

stirring 20 min .
A 4 Centrifuged (2000 rpm, 2-3 min) 3
Centrifuged (2000 rpm, 2-3 min) 3 Re-dispersed in H,O X
Re-dispersed in H,0O X 1
: ( BSA-tagged PMMA/YAG beads |

([ PMMA(YAG:Ce3/PSS/PAH) beads |

4—[ PAA-NaClaq solution ] rabbit anti-BSA

"stirring 15h

stirring 20 min ) -
v Centrifuged (2000 rpm, 2-3 min)

Centrifuged (2000 rpm, 2-3 min) 3 Re-dispersed in H,0
Re-dispersed in H,O X 1

l [ rabbit IgG-tagged beads ]
( PMMA(YAG:Ce®*/PSSIPAH/PAA) beads |

x3

<—[ anti-rabbit IgG with Alexa 647]
3 stirring 1.5 h

Centrifuged (2000 rpm, 2-3 min)
Re-dispersed in H,0

l

[ Alexa-tagged PMMA/YAG beads]

x3

Fig.6.3 Schematic representation of the conjugation with BSA and tagging
with organic dye.
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Fig.6.4 Change in zeta-potential of composite beads with mixing time.

(a) PMMA(YAG:Ce3+), (b) PMMA(YAG:Ce3+/PSS), (c) PMMA-
(YAG:Ce3*/PSS)YAG:Ce?®, (d) PMMA(YAG:Ce3*/PSS),

1 1 1 1 1 1
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Fig.6.5 Change in saturated zeta-potentials by sequential adsorption.
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Fig.6.6 FE-SEM images of beads. (a, b) bare PMMA, (c, d)
PMMA(YAG:Ce3*/PSS), (e, f) PMMA(YAG:Ce3*/PSS),. (b, d, f) expanded
images of marked areas in (a, c, e).

Fig.6.7 Fluorescence images and bright field images (inset) of beads. (a)
bare PMMA, (b) PMMA(YAG:Ce3*/PSS), (c) PMMA(YAG:Ce3*/PSS),.
Fluorescence images were obtained under the condition of the filter block
set 1.
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Fig.6.8 TG profile of (a) PMMA(YAG:Ce3*/PSS) and (b) PMMA(YAG:Ce3*/
PSS), of 15 um in size.
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Fig.6.9 Histograms of fluorescence intensity (a, b) and dot plot (c) for the
mixture of the bare PMMA beads and the composite beads,
PMMA(YAG:Ce3*/PSS) and PMMA(YAG:Ce3*/PSS),, of 10 and 15 um in size,
measured by FCM. (a) 10 um beads, (b) 15 um beads, (¢) 10 and 15 um beads.
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Fig.6.10 Dot plot for the mixture of the bare PMMA beads and the composite
beads of 5, 10 and 15 mm in size measured by FCM. (a) bare beads and
PMMA(YAG:Ce3*), (b) bare beads and PMMA(YAG:Ce3*/(PSS/PAH)>).
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Fig.6.11 Microscopic bright field images (a, d) and fluorescence images (b, c, e,
f) of beads. (a, b, ¢) bead 8 of 15 um in size in Fig.6.1, (d, e, f) bead 3 treated
with anti-Rabbit 1gG-Alexa Fluor 647 of 15 um in size in Fig.6.1. Images (b, e)
were obtained under the condition of the filter block set 1. Images (c, f) were
obtained under the condition of the filter block set 2.
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Fig.6.12 Dot plot (a) and histogram of red fluorescence intensity (b) for the
mixture of the bare and composite beads of 10 and 15 um in size, measured by
FCM. The beads corresponding to the peak 2 shown in the (b) were detected
as red dots shown in (a) by gating.
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Table 7-1 List of reagents.

Reagent Purity FW Maker
1,4-butanediol >97.0% 90.12 Kanto Kagaku
Aluminium isopropoxide (AIP) >99.9% 204.24 Kanto Kagaku
Ytterbium (Ill) acetate tetrahydrate >99.9% 422.23 Wako
Yttrium acetate tetrahydrate >99.99% 338.10 Kanto Kagaku
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, TVS-120-N2 4 7.125 mmol
(2.41 g) (rn4 0.375 mmol (0.16 g)
12.50 mmol (2.55 g) 1,4- 63.6 mL
(300 rpm) 15h 300 °C
2 h 1
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Fig.7.1 Schematic representation of the synthesis of YAG:Yb3+ nanoparticles.
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Fig.7.2 (a)-(c) TEM images of samples: (a) as-prepared, (b) calcined at 600°C,
(c) calcined at 900 °C; (d) SEM micrograph of sample calcined at 1300 °C.
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Fig.7.3 XRD profiles of samples.: as-prepared, (b) calcined at 600 °C, (c)
calcined at 900 °C, (d) calcined at 1300 °C.
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Fig.7.4 XRD peak of (420) plane: (a) as-prepared, (b) calcined at 600 'C, (c)
calcined at 900 °C, (d) calcined at 1300 °C.
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Fig.7.5 FT-IR spectra of YAG:Yb3* nanoparticles: (a) as-prepared, (b) calcined
at 600 °C, (c) calcined at 900 °C, (d) calcined at 1300 °C.
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Fig.7.6 TG-DTA profile of as-prepared YAG:Yb3* nanoparticles.
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Fig.7.7 UV-vis-NIR spectra of YAG:Yb3+ nanoparticles: (b) calcined at 600 °C,
(c) calcined at 900 °C, (d) calcined at 1300 °C.
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Fig.7.8 Absorption peaks assigned to f-f transition of Yb3*: (a) as-prepared, (b)
calcined at 600 °C, (c) calcined at 900 °C, (d) calcined at 1300 °C.
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Fig.7.9 PL spectra of samples under irradiation of NIR laser (Aex = 940 nm):
(a) as-prepared, (b) calcined at 600 °C, (c) calcined at 900 °C, (d) calcined at
1300 °C.
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Fig.7.10 Particle size distribution measured by DLS for YAG:Ybs3*
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Fig.7.10 The change in the PL intensity with time. (a) YAG:Yb3+ nanoparticles under
irradiation of NIR laser (A = 940 nm); (b)Alexa680 under irradiation of 680 nm light..
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Table 8-1 List of reagents.

Reagent Purity FW Maker
1,4-butanediol >97.0% 90.12 Kanto Kagaku
Aluminium isopropoxide >99.9% 204.24 Kanto Kagaku
Gadolinium acetate tetrahydrate >99.9% 406.44 Wako
Ytterbium (Ill) acetate tetrahydrate >99.9% 422.23 Wako
Yttrium acetate tetrahydrate >99.99% 338.10 Kanto Kagaku
8.2.2
8.22.1 GAG-YAG
( , TVS-120-N2) 4
(rna Table 8-2
1,4- 63.6 mL (300 rpm)
15h 300 °C 2h
1
(20000 rpm, 30 min)
3 (50 °C)
Fig.8.1
Table 8-2 Quantity of reagents.
Yttrium acetate Gadolinium acetate Aluminium
Sample
tetrahydrate [g (mmol)] tetrahydrate [g (mmol)] isopropoxide [g (mmol)]
GdOomol% 7.5 (2.54) 12.50 (2.55)
Gd25mol% 1.902 (5.63) 0.762 (1.87) 12.50 (2.55)
Gd50mol% 1.268 (3.75) 1.524 (3.75) 12.50 (2.55)
Gd75mol% 0.634 (1.87) 2.286 (5.63) 12.50 (2.55)
Gd100mol% 3.048 (7.5) 12.50 (2.55)
8222 Gd-YAG Gd-YAG:Yb*
YAG YAG:Yb3* Gds3*
Gd 2
4
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(rn4 Table 8-3
1,4- 63.6 mL (300 rpm)
15h 300°C 2h

Table 8-3 Quantity of reagents.

Yttrium acetate Ytterbium acetate Aluminium
sample tetrahydrate [g (mmol)] tetrahydrate [g (mmol)] isopropoxide [g (mmol)]
YAG 7.5 (2.54) - 12.50 (2.55)
YAG:Yb*" 7.125 (2.41) 0.375 (0.16) 12.50 (2.55)
25mL  14- 38.6 mL
4 0.25 mmol (100 mg)
(300 rpm) 15h 300 °C 2h
1

(20000 rpm, 30 min)

3 (50 °C)
Fig.8.2
YAG 2 (Gd-YAG )
10 K/min 2h
(300 mL/min)
8.2.3
2 FE-TEM, FE-SEM, XRD, XRF, DLS, MRI, NIR-PL
8.3
83.1 GAG-YAG
83.1.1 FE-SEM DLS
Fig.8.3 FE-SEM GAG-YAG Gd
Table 8-4
Gd
DLS Fig.8.4
Table 8-4 SEM Gd
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Table 8-4 Properties of GAG-YAG nanoparticle.

Sample d [nm] ¥ d [nm] ? Gd/(Gd+Y) [%]
Gdomol% 56.0 45.0 0
Gd25mol% 64.6 49.2 235
Gd50mol% 74.8 67.8 50.2
Gd75mol% 97.3 81.3 73.1
Gd100mol% 125.1 126.9 100

1) calculated from SEM images, 2) measured by DLS

Fig.8.5 Gd t=2h
Gd
1)
2)
1)
8.3.1.2 XRF
2) Inoue
[8-48]
Y3+(115.9 pm) Gd3+(119.3 pm)
83.1.2 XRF Gd
XRF Gd/(Y+Gd) Table 8-4 Gd Y
83.1.3 XRD
Fig.8.6 XRD
Fig.8.7 (420)
Gd
Gd3+ Y3+
GAG YAG
83.1.4 MRI
Fig.8.8 MR
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T1 Gd Gd25mol%
Gd Gd
T “
T2
Gd
Gd
Gd T2
T, T2 Gd
Fig.8.9 Ri1, Rz Table 8-5
Gd XRF
Table 8-5 Values of Ri1and Rz of GAG-YAG nanoparticles.
R1[s™mM7] Rz [stmM7] R2/R1
Gd25mol% -0.04 14.3 -398
Gd50mol% 0.48 36.1 75.3
Gd75mol% 0.43 51.8 119.6
Gd100mol% - 62.1
R1 Gd25mol% 0
T1 Gd50mol% Gd75mol%
0.48, 0.43 T
Gd100mol% T2 T
R2 Gd R2
Gd
Gd25mol%  Gd100mol% VSM
Fig.8.10 Gd100mol% Gd25mol%
R2/R1 R2/R1
T
Gd
Gd3+ T
T2 Gd
Gd3+ Gd3+
Gd3+
Gd T
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Gd

T T
MnO [8-49]
832 Gd-YAG
8321 FE-SEM 1
Fig.8.11 FE-SEM Gd
55.5 nm 7.2nm Gd 56.0 nm 10.0 nm
Gd
8322 XRD
Fig.8.12 XRD Gd
(420)
Fig.8.13 Gd
Gd
Gd YAG Y
83.23 MRI
Fig.8.14 MR T1
Gd-YAG
Gd-YAG T1 T2
Gd-YAG T2
T1, T2 Gd
Fig.8.15 R1, Rz 5.2, 44.2
simM1 Gd Gd-DOTA R1, Rz 4.1,
4.9 s'1.mM-1[8-20]
R1 Gd-YAG 8.3.1 Gd25mol% XRF
Gd25mol% Gd/(Gd+Y) Table 8-4 23.5mol%
Gd-YAG Gd/(Gd+Y) 7.0mol% Gd25mol%
30% Gd MRI Gd25mol%
Gd-YAG Gd-YAG
Gd Gd Gd25mol%
Gd-YAG Gd
T1 Gd-YAG

Gad3*



8.3.3 Gd-YAG:Yb*

(Gd, Y)AG:Yb3+

8.3.2 Gd-YAG T1
YAG
Ybs+* YAG:Yb3*
8331 FE-TEM FE-SEM
Fig.8.16 Gd-YAG:Yb3* FE-TEM 1
Fig.8.17 FE-SEM
61.6 nm 12.9 nm
8332 DLS
Fig.8.18 Gd-YAG:Yb3* DLS
64.7 nm 17.4 nm
8333 MRI
Fig.8.19 Gd-YAG:Yb3*
Gd-YAG
T2 T2
T1, T2 Gd
Fig.8.20 Ri1, Rz
8.3.2.3 Gd-YAG
YAG Gd YAG:Yb3*
8334 NIR-PL
Fig.8.21 A =940 nm
969, 1030 nm  Yb3* 2Fs5p-2F72
7 YAG:Yb3*
Gd-YAG:Yb3*
Gd
uv PL
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Y(CH,COO0),4H,0
Gd(CH,C00),4H,0 |
AI[OCH(CH .
1 El-butesnegi)éil Washed with ethanol 3
' J Centrifuged (10000 rpm, 30 min)
A\ 4 A\ 4
Autoclave [ As-prepared sample ]
300 oC for 2h, 300rpm
cooling to RT

sedimentation

\ 4

[ GAG-YAG colloidal solution ]

Fig.8.1 Schematic representation of the preparation of GAG-YAG
nanoparticles.

Y(CH,CO0)54H,0 Gd(CH,CO0);4H,0
(Yb(CH,COO0);4H,0) ‘ 1,4-butanediol
AI[OCH(CH,),] -
1,4-butanediol {

Autoclave

Y 300 °C for 2h, 300rpm
Autoclave

300 °C for 2h, 300rpm

cooling to RT
sedimentation

\ 4

cooling to RT . .
sedimentation [ Gd-YAG:Yb?* colloidal solution ]

A 4

. . A 4
[ YAG:Yb?* colloidal solution ] Washed with ethanol

Centrifuged (10000 rpm, 30 min)

X3

A\ 4

[ As-prepared sample ]

Fig.8.2 Schematic representation of the preparation of Gd-YAG (:Yb3+)
nanoparticles.
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Fig.8.3 FE-SEM images of GAG-YAG nanoparticles: (a) Gd25mol%, (b)
Gd50mol%, (c¢) Gd75mol%, (d) Gd100mol%.

151



35 ———rrrr

= N N
a1 o o
T T T

(b) ]

Number (%)
[EY
o

0

ol
T

O N L e o A M
10 ~ 100 1000
Diameter (nm)
Fig.8.4 Size distribution of GAG-YAG nanoparticles dispersed in ultrapure

water: (a) Gd25mol%, (b) Gd50mol%, (c) Gd75mol%, (d) Gd100mol%.
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Fig.8.5 Plots of temperature and pressure vs time: (a) GdOmol%, (b)
Gd25mol%, (c) Gd50mol%, (d) Gd75mol%, (e) Gd100mol%.
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Fig.8.6 XRD profiles of GAG-YAG nanoparticles: (a) GdOmol%,
Gd25mol%, (c) Gd50mol%, (d) Gd75mol%, (e) Gd100mol%.
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Fig.8.7 XRD peaks of (420) plane: (a) GdOmol%, (b) Gd25mol%, (c)
Gd50mol%, (d) Gd75mol%, (e) Gd100 mol%.
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Fig.8.8 MR images: (a) Gd25mol%, (b) Gd50mol%, (c) Gd75mol%, (d)
Gd100mol%.
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Fig.8.9 Plots of 1/T: and 1/T> vs Gd concentration: (a) Gd25mol%, (b)
Gd50mol%, (c¢) Gd75mol%, (d) Gd100mol%.
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Fig.8.10 VSM measurement of (a) Gd25mol% and (b) Gd100mol%.
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Fig.8.11 FE-SEM images of (a) YAG nanoparticles and (b) Gd-YAG
nanoparticles.
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Fig.8.12 XRD profiles of (a) YAG nanoparticles and (b) Gd-YAG
nanoparticles.
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Fig.8.13 XRD peaks of (420) plane: (a) YAG nanoparticles and (b) Gd-YAG
nanoparticles.
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Fig.8.14 MR images of Gd-YAG nanoparitcle dispersed in agalose gel.
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Fig.8.15 Plots of 1/T1 and 1/T2 vs Gd concentration of Gd-YAG nanoparticles.
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Fig.8.16 FE-TEM image of Gd-YA:Yb3* nanoparticle.

Fig.8.17 FE-SEM image of Gd-YA:Yb3* nanoparticles.
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Fig.8.18 Particle size distribution measured by DLS for Gd-YAG:Ybs3*
nanoparticles diluted in ultrapure water
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Fig.8.19 MR images of Gd-YAG:Yb3* nanoparitcle dispersed in agalose gel.
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Fig.8.21 PL spectra of Gd-YAG:Yb3* nanoparticles.
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