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2-2.

2-2-1. SAM 1-ctDNA

1

a. ITO SAM

ITO 10 mM AET Sigma-Aldrich Chemical Co., 

Inc. 35 12

AET/ITO

b. ctDNA ITO

a ITO 0.3 mM ctDNA Sigma-Aldrich Chemical Co., Inc.

pH 7.0 15

ctDNA/AET/ITO

c. 1 ITO

b ITO 1.0 mM 1 pH

7.0 15

1-ctDNA /AET/ITO

2-2-2. PAMAM 1-ctDNA

a. ITO SAM

ITO 10 mM 

35 12

b. PAMAM ITO

a ITO 1.0 mM PAMAM Sigma-Aldrich Chemical Co., Inc.

pH 7.0 15

PAMAM/ITO

c. ctDNA ITO

b ITO 0.3 mM ctDNA pH 7.0

15 ctDNA/PAMAM/ITO

d. 1 ITO

c ITO 1.0 mM 1 pH 7.0

15 1-ctDNA/PAMAM/ITO
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2-2-3. DNA

ctDNA

UV-2550

ITO 400 nm 260 nm

ctDNA

1 1

1

1

2-2-4. Quartz Crystal Microbalance QCM

ctDNA QCM

QCM QCM

QCM QCM

USI systems

9 MHz AT-cut 0.16 0.01 cm
2

1.1 Hz 1.0 ng

2.1

SC-7205 IWATSU

mm
pA

F
F

qq

1.1
2 2

0 2.1

F  / Hz F0  / Hz pq  / g cm
-3

q

 / dyn cm
-2

A

2-2. QCM .
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2-2-5. AFM

1 DNA

ctDNA AFM SPI-3800N System

SAM

ctDNA AFM

DFM
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2-3.

2-3-1. PAMAM

PAMAM PAMAM

QCM

2-3 2-1 PAMAM QCM

mol cm
-2

PAMAM d / nm

2-1 PAMAM

2-5
4)

PAMAM

2-1

QCM PAMAM mol cm
-2

PAMAM c / mol cm
-2

2-3 2-1 G1 G4

2-4

100

2-5 QCM

2-1 PAMAM  / mol cm
-2

G4

3.00 10
-12

 mol cm
-2

G1 7.23 10
-12

 mol cm
-2

0.4

c G4(3.78 10
-10

 mol cm
-2

) G1 1.01 10
-10

 mol cm
-2

3.7

2-1

PAMAM

 / mol cm
-2

c / mol cm
-2
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2-1. PAMAM .

d / nm 
5)

 / 10
-12

 mol cm
-2

c / 10
-10

 mol cm
-2

G1

G2

G3

G4

1.9

2.6

3.6

4.5

8

16

32

64

7.23 1.32

6.04 0.72

4.15 1.01

3.00 0.64

0.58 0.11 

0.97 0.12

1.33 0.32

1.92 0.41

d = PAMAM = PAMAM

c = PAMAM = PAMAM

PAMAM

PAMAM

PAMAM

MM2 Chem3D
®

2-6

8.6

3.8 G1

8.6 4 + 3.8  38 = 3.8 nm

1.9 1.9 11.3 nm
2

PAMAM QCM

G1 7.23 10
-12

 mol cm
-2

= 4.35 10
12

 molecules cm
-2

1 cm

121035.4 = 2.09 10
6
 molecules 
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1 10
-2

 / 2.09 10
6

 4.0 nm 

G4 2-2

2-2. G1 G4

.

 / nm
2

 / nm 

G1 11.3 4.0 

G4 63.3 10
2
 7.0 

G4 G1

PAMAM

G4 G1
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2-3. QCM PAMAM

.

2-4. QCM PAMAM

a PAMAM b PAMAM .

QCM

(a)  = 

 = 

(b) =

=



28

2-5. PAMAM
4)

.

2-6. PAMAM G1

.

8.6
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N

N

NH
O

HN

O

H2N

NH2

NH

O

HN
OH2N

NH2

NH

O

HN
OH2N

NH2

HN

O

NH
O NH2

H2N

3.8 nm 



29

2-3-2. PAMAM ctDNA

2 ctDNA

ITO 400 nm ctDNA 260 nm

PAMAM

ctDNA QCM

QCM PAMAM

ctDNA

ctDNA / mol cm
-2

ctDNA

2-7 PAMAM

ctDNA

2-3 PAMAM

ctDNA r 1.6 2.1 PAMAM

ctDNA

r

DNA

PAMAM

2-3. PAMAM ctDNA .

PAMAM  ctDNA

PAMAM

/ 10
-12

 mol cm
-2

c

/ 10
-10

 mol cm
-2

ctDNA

/ 10
-10

 mol cm
-2

r

G1

G2

G3

G4

7.23 1.32

6.04 0.72

4.15 1.01

3.00 0.64

0.58 0.11 

0.97 0.12

1.33 0.32

1.92 0.41

1.03 0.10

1.99 0.07

2.75 0.19

3.09 0.14

1.8

2.1

2.1

1.6

[ PAMAM = PAMAM c = PAMAM

= PAMAM ctDNA = ctDNA

= r = ctDNA / c]

PAMAM

2-3-1 DNA G1 G4

G4 G1

DNA

DNA
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2-7. QCM ctDNA .
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2-3-3. PAMAM 1-ctDNA

1 PAMAM 1-ctDNA

ITO

PAMAM 1 4 G1 G4

1-ctDNA 1 436nm

1

422 nm 1-ctDNA 436nm

14 nm DNA 1

2-8(a)
6) - 7) 1 ctDNA

2-9

CD 1 CD

8)
AT

2 GC AT

2-4
9)

ctDNA

( )

Lang
10)

438 nm 1 CD

CD 1 2-8(b), (c)

ctDNA 1

1 436 nm Lang

ctDNA 1

PAMAM ctDNA 1

DNA PAMAM

PAMAM ctDNA

PAMAM

DNA PAMAM G6 DNA

Hoechest33258 DNA

11)
PAMAM

ctDNA
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2-8. a 1-ctDNA
6)

b DNA-PAH

- , c DNA-PAH

8)
.

2-9. DNA
8)

.

410 430 450 

 / nm

[ctDNA]/[1]

0.0 

7.6 

a

200 400 600 800
0.0

0.1

0.2

0.3

0.4

/ nm

200 300 400 500
/ nm

0

-

+

b

c
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2-4. 1 ctDNA
10)

.

GC  / % 

/ M 
-

CD

AT

 / % 
 / % 

0.0040

0.012

0.052

0.2

0.5

1.0

2.0

82

78

71

60

46

23

12

86

79

68

43

32

22

14

13

16

24

31

26

38

39

5

6

5

10

28

38

50

1-ctDNA ctDNA

1

PAMAM

1

1 2-10

1 436 nm

1 436 nm = 7.34 10
8
 M

-1
 cm

-1

12)
2-10 PAMAM

2-3-2 ctDNA 1 2-5

ctDNA 1 R = 1/ ctDNA G1 G4

0.1 ctDNA 5 1

1

2-5. 1 .

436 nm

 / 10
-2

1

/ 10
-11

 mol cm
-2

ctDNA

/ 10
-10

 mol cm
-2

R

G1

G2

G3

G4

1.03

1.36

1.66

1.91

1.40

1.85

2.26

2.60

1.03 0.10

1.99 0.07

2.75 0.19

3.09 0.14

0.14

0.09

0.08

0.08

[ 1 = 1 ctDNA = ctDNA = R = 1 /

ctDNA]
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 2-10. PAMAM ITO 1-ctDNA
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.
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1E-11
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PAMAM

1
 /
 ×

1
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o
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c
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2-3-4. SAM 1-ctDNA

SAM

AET

SAM 1-ctDNA 1-ctDNA/AET/ITO

1

1 2-11

PAMAM G4 1-ctDNA/G4/ITO

1 1-ctDNA/AET/ITO 1.70 10
-11

 mol cm
-2

1-ctDNA/G4/ITO 2.60 10
-11

 mol cm
-2

0.65

SAM AET

ITO nm

ctDNA DNA

SAM ctDNA

PAMAM ITO

2-12 SAM PAMAM

1-ctDNA
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2-11. G4 AET 1-ctDNA

.

2-12. ITO AET-ctDNA G4-ctDNA .

1-ctDNA/AET/ITO

1-ctDNA/G4/ITO

ctDNA

G4

AET

ITO
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2-3-5. 1

DNA 1 ctDNA

PVS PVS

13)

2-13 1 424 nm

425 nm = 2.26 10
5
 M

-1
 cm

-1 14)

1.22 10
-10

 mol cm
-2 1-ctDNA/G4/ITO 2.60 10

-11
 mol cm

-2

4.7 1-ctDNA/G4

1-PVS/G4/ITO

PVS 1 ctDNA

2-14 1 ctDNA 1 ctDNA

ctDNA
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0.000
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0.010

0.015

0.020

400 450 500 550 600

 / nm

0.01

0.02

0.03

0.04

0.05

0.06

 2-13. PAMAM G4 ITO 1-ctDNA

1-PVS .

2-14. (a) 1-PVS 1 (b) 1-ctDNA 1 .

(a) (b) 

PVS

1

ctDNA

1-PVS/G4

1-ctDNA/G4
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2-3-6. PAMAM ctDNA

PAMAM ctDNA

AFM

ctDNA

G1-G4 PAMAM

ctDNA AFM 2-15 G1

ctDNA G4 ctDNA

G1 G4 ctDNA

PAMAM

ctDNA

2-3-1 QCM PAMAM
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2-15. PAMAM ctDNA AFM

DFM a ctDNA-G1 b ctDNA-G4.

(b) 

0.00

3.54
[nm]

100 nm 

0 161[nm]

0.99

1.95

[nm]

(a) 

0.00

5.54
[nm]

100 nm 

0 172[nm]

0.97

3.05

[nm]
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2-4.

SAM PAMAM ITO 1-ctDNA

G1 G4 PAMAM PAMAM

1-ctDNA ITO QCM

PAMAM

c / mol cm
-2

ctDNA

1

1 ctDNA 1

PAMAM

1-ctDNA PAMAM

AET SAM 1-ctDNA G4

1-ctDNA

SAM

SAM ctDNA

1-ctDNA 1- PVS G4 1

3

AFM PAMAM 1-ctDNA

1-ctDNA

PAMAM DNA

15)

PAMAM

1-ctDNA/PAMAM/ITO 3
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3 PAMAM TMPyP DNA

3-1.

SP SP

3-1 100

1)

3-1. SP (Rhodobacter 

sphaeroides)
 1), 2)

.

ATP 

H
+

H
+

H
+

H
+

ADP+PATP 

e
-

e
-

e
-
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3-4

3-4. .

1-ctDNA/PAMAM/ITO

PAMAM

1-ctDNA/PAH/ITO

PAMAM

1 ctDNA

1-PVS/G4/ITO

E

HOMO

LUMO
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3-2.

3-2-1. 

3-5 a

 UXL-500D-O

ALS660A

3-5 b

3-1

TEOA

TEOA

TEOA

3-6 TEOA

1.0 mW cm
-2

3-1. .

0.10 M 

0.05 M TEOA

Ag/AgCl (3 M NaCl) 

440 nm 

0.0 – 0.5 V 0.1 V
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3-2-2. 

3-2

3-2. .

0.10 M 

0.05 M TEOA 

Ag/AgCl (3 M NaCl) 

0.4 V 

400 - 600 nm 400 - 500 nm 10 nm

500 - 600 nm 20 nm
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(a)

(b)

3-5. a  (b) .

3-6. TEOA .

TEOAe
-

e
- h

E
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3-3.

3-3-1. PAMAM G4 PAH

PAH

PAH

1-ctDNA/PAH/ITO PAMAM G4

1-ctDNA/G4/ITO

2 1-ctDNA/PAH/ITO 1-ctDNA/G4/ITO

1

3-7

PAH PAMAM

1-ctDNA

2 3-8

1-ctDNA/G4/ITO 1-ctDNA/PAH/ITO

0.4 V

1-ctDNA/G4/ITO 73.7 nA cm
-2 1-ctDNA/PAH/ITO 17.5 nA cm

-2

4

1-ctDNA/G4/ITO 1-ctDNA/PAH/ITO PAH G4

1-ctDNA

3-9 PAMAM G4 4.5 nm

1nm

PAMAM

PAMAM

G1 G4

PAMAM
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3-7. 1-ctDNA/G4/ITO 1-ctDNA/PAH/ITO .

3-8. 1-ctDNA/G4/ITO 1-ctDNA/PAH/ITO

Ag/AgCl (3 M NaCl) 440 nm (1.0 mW cm
-2

)

.

0.000

0.005

0.010

0.015

0.020

0.025

400 450 500 550 600

 / nm

1-ctDNA/G4/ITO 

1-ctDNA/PAH/ITO 

1-ctDNA/G4/ITO 

1-ctDNA/PAH/ITO
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3-9. 1-ctDNA/PAH/ITO 1-ctDNA/G4/ITO .

e-

ITO

PAH
G4

1-ctDNA

1-ctDNA/PAH/ITO 1-ctDNA/G4/ITO 

e-

e-
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3-3-2. PAMAM PAMAM

MPA SAM

1 1-MPA/ITO

MPA SAM 1

1

1-MPA/ITO

0.4 V 440 nm

0.06 % 1
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3-10. 1-MPA/ITO .

3-11. 1-MPA/ITO 0.4 V vs. Ag/AgCl (3 M NaCl)

= 1.0 mW cm
-2

.

OO

S

OO

S

OO

S

MPA 

1

ITO
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PAMAM 1-ctDNA/PAMAM

(G1-G4)/ITO

3-13

1-ctDNA/G4/ITO

3-14

PAMAM

0.4 V TMPyP 1

3-13

0.4 V

3-13 1-ctDNA/G4/ITO

1 1

G1 G4

PAMAM

440 nm 3-16 440 nm

PAMAM 3-16

1-ctDNA/G1/ITO 440 nm

8.5 nA cm
-2 1-ctDNA/G4/ITO 77.5 nA cm

-2

9.1 3-3 440 nm

1 1-ctDNA/G1/ITO 1.4 10
-11

 mol cm
-2

1-ctDNA/G4/ITO 2.6 10
-11

 mol cm
-2

1.9 3-3
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3-3. 440 nm 1 .

PAMAM
440 nm

 / nA cm
-2

1

/ 10
-11

 mol cm
-2

G1

G2

G3

G4

8.5

14.9

26.9

77.5

1.4

1.9

2.3

2.6

3-15

Lambert-Beer

log (I0 / I) = A I = I0 10
-A

I0 - I = I0 (1-10
-A

)

Nphoton

Nphoton = Q (1-10
-A

) / ( h c / )

Q:  / W cm
-2

, h:  / 6.626 10
-34

 J s, c:  / 

2.998 10
8
 m s

-1
, :  / m

Nelectron

Nelectron = I / (A e)

I:  / A, A:  / cm
2
, e:  / 1.60 10

-19
 C

= Nelectron / Nphoton 100

G4

1.07 % G1 0.21 % 5

9 3-4 3-17
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3-4. 440 nm .

a  = Gn / G1 b  = Gn / G1

SAM

0.012% 3.4%

4)
G4 1.1% SAM

100

3-5.
4)

.

 / %
a

 / nA cm
-2 b

G1

G2

G3

G4

0.21 1.0

0.28 1.3

0.42 2.0

1.07 5.1

17.3 1.0

30.4 1.8

54.8 3.2

158.1 9.1

 / % 

0.012

3.4

N

NH N

HN

HN

O
S

N

NH N

HN

HN

O
SiO

O

O
ITO 
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1

PAMAM

1-ITO

1

G5 0.6 nm

G1 G4

1 PAMAM

PAMAM

3-18

2 PAMAM PAMAM

ctDNA 1-ctDNA

1

PAMAM

1-ctDNA

1-ctDNA 1 ITO

3-19

1 TEOA

1-ctDNA/G4/ITO

1 TEOA TEOA

PAMAM 3

1 PAMAM-COOH

G2.5 G4.5 1

3-12
5

TEOA TEOA

3-18

PAMAM

0.1 M
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2 2 1-ctDNA/PAMAM/ITO  QCM

AFM QCM PAMAM

PAMAM PAMAM

G4(3.78 10
-10

 mol cm
-2

) G1 1.01 10
-10

 mol cm
-2

3.7

2-3-2

PAMAM DNA

2-3-3 AFM

ctDNA AFM

G1 ctDNA G4

2-3-6 AFM G4

G1 PAMAM

ctDNA

3-3-1 1-ctDNA/PAH/ITO 1-ctDNA/G4/ITO

1

1-ctDNA

AET SAM

1-ctDNA 3-21 G4

1

G4

3-22 440 nm G4 1.1 %

1/19 0.07 % AET

DNA

G4 AET

AET SAM DNA

2 PAMAM

1-ctDNA

1 ITO
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3-13. 1-ctDNA/G4/ITO .

3-14. Ag/AgCl (3 M NaCl)

440 nm (1.0 mW cm
-2

) .

40 nA 

G1

G2

G3

G4
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 3-15. 1-ctDNA/G4/ITO

0.4 V vs. Ag/AgCl (3 M NaCl)  = 1.0 mW cm
-2

.

 3-16. PAMAM 0.4 V vs. 

Ag/AgCl (3 M NaCl)  = 1.0 mW cm
-2

.

G1

G2

G3

G4
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3-17. 440 nm 1

.
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3-18. 1 a PAMAM b

PAMAM .

3-19. 2 a PAMAM b

PAMAM .

e-

e-

e- e-

e-

e- e-

e-

ITO

ctDNA

1

(a) (b) 

e-

e-

e- e- e-

(a) (b) 
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20

40

60

80

400 450 500 550 600
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 /
 n

A
 c

m
-2

 3-20. TEOA 1-ctDNA/G4/ITO

0.4 V vs. Ag/AgCl (3 M NaCl)  = 1.0 mW cm
-2

.

TEOA

TEOA
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3-21. 1-ctDNA/G4/ITO 1-ctDNA/AET/ITO - .

3-22. 1-ctDNA/G4/ITO 1-ctDNA/AET/ITO 0.4

V vs. Ag/AgCl (3 M NaCl)  = 1.0 mW cm
-2

.

G4

AET

G4

AET

NH3

S

NH3

S

NH3

S

NH3

S

NH3

S

NH3

S

1 ctDNA

AET

ITO
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0.1 M 0.05 M TEOA

G4 PAH 1-ctDNA

10

G4

PAH

PAMAM

3-23. 0.1 M 0.05 M TEOA

1-ctDNA/G4/ITO 1-ctDNA/PAH/ITO 0.4 V vs. Ag/AgCl (3 M NaCl)

= 440 nm  = 1.93 mW cm
-2

.

2.0 nA 

5.0 nA 

0

10

0

10

G4

PAH
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3-3-3. ctDNA

PVS 1

1 PVS

PVS ctDNA

1 1 ctDNA ctDNA 1

ctDNA

1

1 ctDNA 3-6

7)

pH7.0 PVS 1

1 ctDNA

1 ctDNA

1

ctDNA

3-6
8)

ctDNA

1

ctDNA

1

3-6. 1-ctDNA .

pH / M  / M
-1

6.8

6.8

7.4

6.8

7.4

0.2

0.5

0.2

0.5

0.15

BPES

NaCl, EDTA

Tris-HCl NaCl

Tris-HCl NaCl

1.1 10
7

1.2 10
4

1.0 ( 0.2) 10
7

2.22 ( 0.08) 10
4

1.3 10
6

9)

7)

10)

11) 

12)

3-7. 1 1-ctDNA
8)

.

T / % / s

1

1-ctDNA

85

77

2.0

4.5, 18.0 
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ctDNA PVS
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3-24. 1-ctDNA/G4/ITO 1-PVS/G4/ITO 1-G3.5/ITO .

3-25 1-ctDNA/G4/ITO 1-PVS/G4/ITO

1-G3.5/ITO

1-ctDNA/G4/ITO 1-PVS/G4/ITO 1-G3.5/ITO

3-26 2

1-PVS/G4/ITO 1 1-ctDNA/G4/ITO 3

1-ctDNA/G4/ITO 73.7 nA cm
-2

 at 0.4 V 1/3 21.5 nA cm
-2

 at 0.4 V

1-G3.5/ITO 1

1.34 10-2 1-ctDNA/G4/ITO 1.85 10-2

1-PVS/G4/ITO 1-G3.5/ITO

0.1 % at 0.4 V 1-ctDNA/G4/ITO 1.1 % at 0.4 V

3-8 3-26

PVS 0.7 nm
13)

ctDNA B DNA 2.0 nm

ctDNA ctDNA

2.0 nm PVS ctDNA

PVS ctDNA 1

1-PVS/G4/ITO

1

ctDNA

PVS

G4

G3.5 

1 ctDNA/G4/ITO 1 PVS/G4/ITO 1 G3.5/ITO
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1-PVS/G4/ITO

1 1-PVS/G4/ITO

1-G3.5/ITO G3.5 1

1

1-ctDNA/G4/ITO 1 ctDNA (

) 2

QCM

1-ctDNA/G4/ITO 1 ctDNA 1/10 ctDNA5

1

1-ctDNA/G4/ITO 1-G3.5/ITO 1-PVS/G4/ITO

1-ctDNA/G4/ITO

3-8. 0.4 V 1-ctDNA/G4/ITO 1-PVS/G4/ITO 1-G3.5/ITO

.

440 nm  / 10
-2

 0.4 V  / nA cm
-2

 / %

PVS

G3.5

DNA

4.46

1.34

1.85

21.5

12.4

73.7

0.1

0.1

1.1
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3-25. 1-PVS/G4/ITO 1-ctDNA/G4/ITO .

3-26. 1-PVS/G4/ITO 1-ctDNA/G4/ITO .

DNA

PVS

G3.5

DNA

PVS

G3.5
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3-4.

2

1 3-9

PAMAM

PAH

PAMAM

DNA PVS DNA PVS 10

DNA PVS 1

G4

3-9.  = 0.4 V vs. Ag/AgCl (3 M NaCl), 

= 440 nm .

 G1 G2 G3 G4 PAH SAM 

DNA 0.2 % 0.3 % 0.4 % 1.1 % 0.2 % 0.06 % 

PVS - - - 0.1 % - - 

PAMAM

PAMAM

1

PAMAM

1

1 PAMAM

PAMAM

2 PAMAM PAMAM

ctDNA 1-ctDNA

1

PAMAM

1-ctDNA

1-ctDNA 1 ITO
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2 QCM AFM

PAMAM

ctDNA ctDNA

1-ctDNA/G4/ITO 1-PVS/G4/ITO 1-G3.5 /ITO

1-ctDNA/G4/ITO

ctDNA 1 1

ctDNA
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4

PAMAM

PAMAM 1-ctDNA ITO

PAMAM

2 PAMAM G1 G4 1-ctDNA ITO

G4 1-PVS ITO

PAMAM mol 

cm
-2

QCM

PAMAM

PAMAM

ctDNA PAMAM

QCM AFM G1

ctDNA

G4 ctDNA

PAMAM PAMAM

DNA DNA

AFM PAMAM

ctDNA

ITO 1-ctDNA/PAMAM/ITO

438 nm 422 nm 16 nm

1 ctDNA

1 PAMAM

PAMAM

1

1-PVS/G4/ITO

ctDNA 1 PVS

1-ctDNA 1

3 2 1-ctDNA/PAMAM/ITO 1-PVS/G4/ITO



76

PAMAM

1-ctDNA/PAH/ITO

1-PVS/G4/ITO 1-ctDNA/G4/ITO

1-ctDNA 1 1

1

1-ctDNA/PAMAM/ITO

1-ctDNA/PAMAM/ITO 0.0 - 0.5 V

1-ctDNA/PAMAM/ITO

1 0.4 V 0.4

V 1

438 nm 440 

nm 1

PAMAM

1 440 nm

PAMAM

1

1 PAMAM

PAMAM

2 PAMAM PAMAM

ctDNA 1-ctDNA

1

PAMAM

1-ctDNA

1-ctDNA 1 ITO

TEOA 1-ctDNA/G4/ITO

1 TEOA

PAMAM

2 2 QCM AFM QCM

PAMAM PAMAM
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PAMAM

AFM PAMAM

ctDNA PAMAM

ctDNA/PAMAM PAMAM

PAMAM

1-ctDNA/PAH/ITO

1-ctDNA/PAH/ITO 1 G4

G1

PAMAM

1-ctDNA ITO

2

PAMAM

PAMAM

DNA

DNA

PAMAM
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