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 [95] 

 [6 69 100] 

 [41 105] 

 [69 100]  

B

ProSense B

 [58 91] 



2 
 

ProSense

 [19 22 28 62 88] 

indocyanine green; ICG ICG

 [87] 

 [8 10 26 32 36 42 49 50 52 54

57 72 75 99 110] 

 [15 46 109] 

 [3] 

 [51] 

 

1 ProSense

ProSense

ProSense

ProSense

2

ICG

1 ICG

ICG 3 ICG

2

ICG

 



3 
 

1  

 

 

 

 

 



4 
 

 

 

 [6 69 79 100] 

 [41 105] 

 [6 69 100] 

 [56 81] 

 

B, C, H, F, K, L, O, S, L2/V, W, X/Z

 

[82] B



5 
 

 [58 91] 

B

 [24 64] B

 

B

 [106 107]  [107] 

Weissleder  [106] B

B

B

ProSense

B S L

ProSense  [28] 

 [22]  [19]  [62]  [88] 

ProSense

ProSense

B

ProSense

 

ProSense

ProSense
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ProSense

ProSense

azoxymethane; AOM

ProSense  



7 
 

 

 

 

ProSense 680/750/750 EX ProSense; 

Perkin Elmer, Waltham, MA ProSense  

ProSense

AngioSense 680/680 EX AngioSense; PerkinElmer  [7] 

DyLight 594 tomato lectin conjugated with fluorescein/DyLight 594; 

Vector Laboratories, Burlingame, CA

N- -N-

 [60]    

[44]  

 

 

OV100

 [109] 

IV100  [3] OV100 IV100

VS120-FL

BX53 VS120-FL

IV100   

 

 



8 
 

HT-29 HCT 116

RAW 264.7 DS HT-29

HCT 116 McCoy’s 5A Thermo Fisher Scientific, Carlsbad, CA, USA

10% 100 U/ml 0.1 mg/ml

RAW 264.7 Dulbecco's 

modified Eagle medium; DMEM; Thermo Fisher Scientific 10% 100 

U/ml 0.1 mg/ml

10  

 

 

12 4 BALB/c

SLC 23 3°C, 55 15%, 12

/12 CA-1

5 6 HCT 116

HT-29 5 x 106 cells/100 L  

11 4 F344 SLC

23 3°C, 55 15%, 12 /12

CE-2

6

AOM Sigma-Aldrich, St Louis, MO; 15 mg/kg body weight 1 1 3

 [40]  

 

in vivo ex vivo  

in vivo 1 3

in vivo 2 3



9 
 

CA-1  [34] in vivo 1

2 nmol ProSense 750 2 nmol AngioSense 680 165 

μl

10 24 30 OV100 IV100 in vivo

200 μg/100 μl

5 ex vivo

IV100

10%

pH 7.4

 

ex vivo AOM 28

37 ex vivo 23 27 10 

nmol ProSense 750/750EX 5 nmol AngioSense 680/680EX 450 μl

DyLight 594 250 μg/250 μl

20

 

 

 

 

 

 

ProSense ProSense

IV100 4% 
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Table 1-1

VECTASTAIN Elite ABC Kit Vector Laboratories

DAB/H2O2

 

Table 1-1

Alexa Fluor 1:200; Thermo Fisher 

Scientific 4’,6-diamidino-2-phenylindole, dilactate DAPI; Thermo Fisher 

Scientific

 [114]  

 

 

ProSense HT-29 RAW 264.7

4 x 104 cells 81 mm2/

 2 5 nM ProSense 680/

Hank's balanced salt solution; HBSS 37°C 3

Hoechst 33342 Thermo Fisher Scientific VS120-FL

B

HT-29 RAW 264.7 HT-29 4 x 104 cells

1 RAW 264.7 0, 4, 10, 20 x 104 cells) 

10% /DMEM 1

ProSense B CD45

ProSense

E64d Sigma-Aldrich B CA074Me EMD Millipore, 

Billerica, MA RAW 264.7 4 x 104 cells



11 
 

2 E64d 0, 5, 25, 50 nM CA074Me 0, 5, 25, 50 nM

HBSS 37°C 1 5 nM ProSense

37°C 3 ProSense

2  

 

in situ  

ProSense in situ

in situ

in situ  [21] 

in situ 50 mg/ml DQ gelatin Thermo Fisher Scientific

13 nmol/ml ProSense 680 1% (wt/vol) 

propidium iodide BD Biosciences, San Jose, CA DAPI

pH 7.4 IV100 BX53  

 

 

HCT 116 HT-29 in vivo ProSense

t

2010
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ProSense  

HT-29 HCT 116

Fig. 1-1

ProSense Fig. 1-2a ProSense

Fig. 1-2b HT-29

ProSense

ProSense Fig. 1-2c HT-29

ProSense Fig. 1-2d

ProSense

ProSense Fig. 1-3; 1-4  

 

ProSense  

AngioSense 1 Fig. 1-5a

1 AngioSense Fig. 1-5b

ProSense AngioSense 1

Fig. 1-5a, b, c HT-29 AngioSense

ProSense Fig. 

1-5c 1 AngioSense

ProSense Fig. 1-5b HT-29

AngioSense

Fig. 1-5d ProSense

Fig. 1-5d  
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HT-29  

HT-29 B, L, S Fig. 1-6a, b, c

B

Fig. 1-6a B

L

Fig. 1-6b S

Fig. 1-6c ProSense

B Fig. 1-5d, e; Fig. 1-6a, b, c

ProSense B

Fig. 1-6d  

HT-29 B CD68

Fig. 1-7a B CD45, CD11b, 

Gr-1, F4/80 Fig. 1-8 ProSense

B CD68 Fig. 1-7d Į-smooth muscle 

actin SMA CD31

B “two-tailed” split

Fig. 1-7b, c  

HT-29 RAW 264.7 B RAW 

264.7 ProSense ProSense B

Fig. 1-9a, b RAW 264.7 HT-29 CD45

B RAW 264.7 ProSense Fig. 1-9c, d

RAW 264.7 ProSense E64d B
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Fig. 1-9e, f  

 

HT-29  

HT-29

Fig. 1-10a IV

Fig. 1-10b

C

Fig. 1-10b ProSense in situ

Fig. 1-10c  

 

ProSense  

AOM ProSense

Fig. 1-11a ProSense

Fig. 1-11b ProSense

B Fig. 1-11c

Į-SMA CD31 B

B

B  
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AngioSense

enhanced permeability and retention EPR

 [53] AngioSense EPR

ProSense AngioSense

ProSense AngioSense

ProSense AngioSense EPR

ProSense

ProSense EPR

ProSense

EPR

 

HT-29 ProSense B

ProSense  [27] 

ProSense

 [9] 

RAW 264.7 ProSense B



16 
 

ProSense

 [19] HT-29

B ProSense AOM

B

ProSense

ProSense

 [9 27] B

 

ProSense B

C

IV C

 [68] ProSense in situ

 [11 108] ProSense EPR

B

 

ProSense

ProSense in situ

ProSense B

ProSense



17 
 

RAW 264.7

ProSense ProSense

B  

ProSense AOM

ProSense

ProSense

B

ProSense

 [62 63] 

B  [16

31] ProSense

 [18 20 48] 

ProSense  

ProSense

ProSense  [101] 

 [39]  [30] 

ProSense  [113] 

ProSense

ProSense
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ProSense  

ProSense

 [15 46] 

 [46] 

 [3] 

ProSense

 [51] 

 

ProSense

ProSense

EPR

B
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20 
 

 

 

1 ProSense

HT-29 HCT 116

ProSense ProSense

in vivo ProSense

ProSense

ProSense B

ProSense B

ProSense

C ProSense

 ProSense

ProSense B

ProSense B
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2  
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indocyanine green; ICG

ICG

 [4] ICG

ICG

5- 5-aminilevulic acid; 5-ALA

ICG ICG

 [87] ICG

ICG

 

ICG  [32 42

52 54 57]  [26 36]  [72]  [110]  [75] 

 [99]  [8 10 49 50] 

ICG

organic anion 

transporting polypeptide 1B3 OATP1B3 sodium-taurocholate co-transporting polypeptide

NTCP ICG

 [12] ICG

 [37 89] 

ICG

 [32 42 52 54]  [2] 

 [57] ICG
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ICG 1

ICG

ICG

ICG ICG
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ICG

DyLight 488 tomato lectin 

conjugated with DyLight 488; TL488; Vector Laboratories, Burlingame, CA, USA  

ICG

Alexa Fluor 680

bovine serum albumin conjugated with Alexa Fluor 680; BSA680; 

Thermo Fisher Scientific, Carlsbad, CA, USA  

AngioSense 680EX AS680; Perkin Elmer, Waltham, MA, USA

2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) 

amino]-D-glucose; 2-NBDG;  

ICG AS680 5-ALA

AS680 1 HT-29 5-ALA

HT-29 IX protoporphyrin 

IX; PpIX HT-29  [66]  

 

 

OV100

 [109] 

IV100  [3] 

VS120-FL
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FV-1200  

 

 

HT-29 HCT 116

LoVo COLO 320DM DLD-1 T84 Table 2-1 DLD-1

T84

 [38 67 86] T84 DLD-1

 

[86]  

 

 

4 BALB/c

23 3°C 55 15%

12 /12 CA-1

1 HT-29 1~5 x 106 

cells/mouse  

 

in vivo ex vivo  

1~4 6~14 mm 75~384 

mm3 ICG 150 

g/mouse 7.5 mg/kg  [52] BSA680

100 ȝg/mouse AS680 2 nmol/mouse 2-NBDG 171 ȝg/mouse 5-ALA 5 

mg/mouse

ICG



26 
 

ICG Fig. 2-1 10 100 

ȝg/mouse TL488

ex vivo

3  

 

 

 

 

 

81 mm2/

2~4 x 104 cells 2 ICG

Hank's balanced salt solution; 

HBSS 2 ICG 25 nM ICG/HBSS 37°C

HBSS 2 ICG

Table 2-2 ICG

ICG

ICG 4°C

Pitstop 2 20 M; Abcam, Cambridge, UK  [103] 15

ICG

OATP NTCP sulfobromophthalein; 

BSP; 250 M; Sigma-Aldrich, St. Louis, MO, USA  [2] OATP1B3

cholecystokinin octapeptide CCK-8; 20 M; Sigma-Aldrich  [94] 5

ICG ICG
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Dulbecco's modified Eagle medium; DMEM; Thermo Fisher 

Scientific 60 ICG

2  

 

 

4% 

Table 2-3

Alexa Fluor 1:200; Thermo Fisher Scientific

4’,6-diamidino-2-phenylindole, dilactate DAPI; Thermo Fisher Scientific

 

 

 

Image J National Institutes of Health, Bethesda, MD, USA

Fig. 2-2

± 3

Bartlett Tukey

2 F

Student t Aspin-Welch t

Wilcoxon

2010
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HT-29 ICG  

ICG 8 HT-29 ICG

Fig. 2-3a ICG

Fig. 2-3b ICG

Fig. 2-3b, 

c ICG carcinoembryonic antigen CEA

Fig. 2-3d ICG

 

 

ICG  

HT-29 ICG ICG

ICG Fig. 2-4a, b, c, d

ICG 5 ICG

24 ICG Fig. 2-4e

ICG

Fig. 2-5

ICG 30 ICG Fig. 

2-4f ICG 30

ICG ICG

Fig. 2-4; Fig. 2-6 ICG 24 ICG

ICG

Fig. 2-4; Fig. 2-6 ICG 30 ICG
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ICG 6~10 25~28

Fig. 2-4; Fig. 2-6 HT-29

Fig. 2-5  

 

ICG  

HT-29 ICG ICG

ICG 1 Fig. 2-7a, b HT-29 ICG

ICG 1 Fig. 2-7a ICG 30

24 Fig. 2-7c

ICG

ICG Fig. 2-8 HT-29 ICG

37°C 4°C Fig. 2-9a, b ICG

4°C 37°C

Fig. 2-9c HT-29 ICG Pitstop 2

Fig. 2-9d HT-29 ICG BSP

CCK-8 Fig. 2-9e, f, g HT-29

OATP1B3 NTCP

Fig. 2-9h; Fig. 2-10a HT-29

CD68 OATP1B2 OATP1B3

NTCP Fig. 2-10b

ICG multidrug resistance 

p-glycoproteins MDRs CD68 HT-29

Fig. 2-10c  
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ICG  

HT-29 zonula occludens-1 ZO-1

Fig. 2-9 6

ICG Fig. 2-12, 2-13

ICG HT-29

DLD-1 DLD-1

T84 Fig. 2-11b, c; Fig. 

2-12 ICG

Fig. 2-11b, c, d; Fig. 2-12; Fig. 2-14a, b

T84 DLD-1  ICG

Fig. 2-11e, f; Fig. 2-14c, d

 

 

ICG  

HT-29 ICG 1 mm

Fig. 2-15a

Fig. 2-15b HT-29 ICG AS680

ICG AS680

Fig. 2-15c, d ICG 5-ALA

5-ALA PpIX ICG

Fig. 2-15e  

 



31 
 

 

 

ICG  [8 10 26

32 36 42 49 50 52 54 57 72 75 99 110] HT-29

ICG ICG

ICG

enhanced permeability and retention EPR

ICG

 [32 42 52 54] ICG

2-NBDG EPR

HT-29 ICG 30

24

1

HT-29 ICG EPR

ICG

ICG  

HT-29 ICG

ICG

OATP1B3 NTCP  [12] ICG

 [37 89] 

ICG OATPs/NTCP BSP

OATP1B3 CCK-8



32 
 

HT-29 OATP1B3 NTCP

OATP1B3

 [94] ICG

ICG  [14] 

 [43 111] 

 [83 90] ICG

HT-29 ICG

 ICG

Pitstop 2 ICG

 

ICG

ICG

 [84] 

ICG

ICG

DLD-1 T84 DLD-1 T-84

ICG

ICG

ICG

ICG
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HT-29 ICG

24 ICG

HT-29

ICG ICG

ICG

ICG

 [43] ICG

HT-29

ICG MDRs [33 80] 

HT-29 ICG

 

ICG 1 mm

ICG

ICG

ICG AS680

ICG AS680

ICG 5-ALA/PpIX

ICG 5-ALA/PpIX

 

 [65]  [47]  [104] 
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ICG

ICG

 [75] ICG

 [25 96] ICG

 [52 54 57]  [61 102]  [32] 

 [99] 

ICG ICG

 

HT-29 ICG

ICG

ICG ICG

ICG
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2 ICG ICG

ICG

ICG

ICG

1 mm ICG

ICG

ICG

ICG

ICG

ICG

ICG ICG

ICG

ICG

ICG

ICG
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3  
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2 1

 [97] 

 [70 112] 

25%  [93] 

 

indocyanine green; ICG

ICG  [32

42 52 54 57]  [8 10 26 36 49 50 72 75 99 110] 

organic anion 

transporting polypeptide 1B3 OATP1B3 sodium-taurocholate co-transporting polypeptide

NTCP ICG  [12] 

ICG

 [37 89]  

2 ICG

ICG
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 [65 85] 

 [23 85 104] 

 [5] 

ICG

 

2 ICG ICG

ICG

ICG

azoxymethane; AOM ICG

ex vivo

ICG ICG

in vivo ICG
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ICG

DyLight 488 tomato lectin conjugated with 

DyLight 488; TL488; Vector Laboratories, Burlingame, CA, USA

Alexa Fluor 555 wheat 

germ agglutinin; WGA; Thermo Fisher Scientific, Carlsbad, CA, USA

WGA

 [45]  

 

 

OV100

 [109] 

IV100  [3] 

VS120-FL

 

 [42] ICG

600 ± 200 nm

ICG 842.5 ± 17.5 nm

MC285SPDL0B0; Texas Instruments, Dallas, TX, USA

2.8 mm 1

BF-XP60;  

 



40 
 

 

RCN-9 JCRB

RCN-9 1,2- 1,2-dimethylhydrazine; DMH F344

 [35] RCN-9

RPMI-1640 Thermo Fisher Scientific 10% 100 U/ml

0.1 mg/ml 37°C 5% CO2

 

 

 

2 RCN-9 4 x 104 cells

81 mm2/ 2 ICG

Hank's balanced salt solution; 

HBSS 2 ICG 25 nM ICG/HBSS 37°C 30

HBSS 2 Hoechst 33342 Thermo Fisher Scientific 37°C

10 ICG Table 3-1

ICG ICG

ICG

4°C

OATP NTCP

sulfobromophthalein; BSP; 250 M; Sigma-Aldrich, St. Louis, MO, USA [2] 

5 BSP ICG

VS120-FL  §2~4 

mm2 ICG mean fluorescence intensity; MFI

2  
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12 4 F344 SLC 23 3°C  

55 15% 12 /12

CE-2 6

AOM 15 mg/kg body weight; Sigma-Aldrich 1 1 3

 [40] AOM 32~52 ICG

4 4

4  

 

in vivo ex vivo  

ICG

phosphate-buffered saline; PBS

10 mL ICG 30 g/mL ICG

30 ICG ICG

Fig. 3-1

 [17] ICG 20 TL488 250 ȝg/250 ȝL/rat

ICG 30 ICG PBS

PBS ex vivo

ICG in vivo

ICG

2 mL WGA 10 ȝg/mL 15 PBS
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10% pH 7.4

aberrant crypt foci; ACF  

Table 3-2

Alexa Fluor 1:200; Thermo Fisher Scientific  

4’,6-diamidino-2-phenylindole, dilactate DAPI; Thermo Fisher Scientific
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ICG  

RCN-9

ICG RCN-9

ICG Fig. 3-2a ICG

RCN-9 ICG Fig. 3-2a ICG

Fig. 3-2b, c BSP RCN-9 ICG

Fig. 3-3a, b 4°C ICG

RCN-9 ICG Fig. 3-3a, b

4°C ICG RCN-9 ICG

37°C 30 RCN-9 ICG

Fig. 3-3c  

 

ICG  

ICG n = 4 n = 1

ICG Fig. 3-4a ICG

n = 4 ICG 30 ICG

Fig. 3-4a ICG

Fig. 3-4b WGA

Fig. 3-4c  
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n = 2 n = 2

1

occludin Fig. 3-5b

occludin

Fig. 3-5a occludin

Fig. 3-5b zonula 

occludens-1 ZO-1

Fig. 3-5a, b NTCP

OATP1B2 OATP1B3

Fig. 3-5c  

 

ICG  

in vivo

Fig. 3-6a ICG

ICG

Fig. 3-6a ICG 30 ICG

Fig. 3-6a Fig. 

3-6b  

 

ICG  

ACF

Fig. 3-7a

ICG 30 ICG Fig. 3-7a

ICG WGA
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Fig. 3-7b ACF occludin

Fig. 3-7c ICG 30 1 mm

ACF Fig. 3-7d  
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ICG

ICG 2

ICG

ICG

 [8 50]  [49] ICG

ICG

ICG

 [1]  [78] 

ICG

 

AOM

ICG

 [13 77] ACF

2

ICG

RCN-9 DMH

 [35] DMH AOM

DNA

 [13 77] 
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DMH RCN-9 AOM

 

RCN-9

RCN-9 ICG

ICG

RCN-9 ICG

RCN-9 ICG 2

ICG OATP1B3

NTCP  [12] 

OATPs NTCP BSP RCN-9 ICG

RCN-9 ICG

 

ICG ICG

OATP1B2

OATP1B3  [29] NTCP

ICG

2

ICG

occludin
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ZO-1

occludin ZO-1

DLD-1  [86] 2 ICG

DLD-1 ICG ZO-1 occludin

T84 ZO-1

occludin

 [71] ICG

ICG

 

ICG in vivo

 

[55] 

ICG ICG

WGA

ICG

 [74 98] 

ICG

 

ICG ICG ACF

ACF
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occludin

 [92] ICG

 

ICG ICG

ICG

ICG

ICG
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3 ICG

2 ICG

ICG

ICG

AOM ICG

ICG ICG

ICG

occludin

ICG

ACF ICG

ICG

ICG

ICG
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ProSense

ICG

 

1 ProSense

HT-29

ProSense  [27 9] B

ProSense

B ProSense

B

 [11 108] 

ProSense EPR B

 

2 3 1

ICG 2

HT-29 ICG  ICG

HT-29 ICG

ICG

ICG
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ICG

 [43 111] 

 [65] ICG

ICG

 

3 2 ICG

ICG

ICG

occludin

ICG

ICG

 [74 98] 

 

 [81] 

1 ProSense

 [59 73] 

 [20] 
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2 3 ICG

ICG

HT-29

ICG 5-ALA

 [41 105] ICG

ProSense

 

ProSense [30

39 101] ICG [61 102] 

ICG  [32]  [99] 

ProSense

 [113] 2

HT-29 ICG
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5-ALA

hexaminolevulinate  [76] 

ProSense ICG

 

 [15 46] 

 [3] 

ProSense ICG

 [51] 

 

ProSense ICG



55 
 

ICG
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ProSense ICG

 

ProSense

ProSense B

C

 

ICG

ICG ICG

ICG

ICG ICG

ICG

 



57 
 

ProSense ICG

ICG

ProSense ICG ProSense

ICG
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Abstract 

 

 Early detection and intervention of cancer lesions increases the chances for cancer 

prevention as well as favorable prognoses. Fluorescence imaging using exogenous 

tumor-targeting near-infrared fluorescent probes that provides molecular information with 

sufficient sensitivity and specificity would allow detecting cancer lesions that are difficult or 

impossible to detect by visual observation or palpation. In the current study, we investigated the 

tumor imaging mechanism of two fluorescent probes in tumor experimental models using 

microscopic imaging analysis.  

 In chapter 1, we investigated the tumor imaging capability and imaging mechanism of 

a commercially available and systemically administered protease-activatable near-infrared 

fluorescent probe, ProSense. To this end, we analyzed the delivery and uptake of ProSense as 

well as the target protease and its cellular source in a mouse xenograft tumor model. In vivo and 

ex vivo multiwavelength microscopy revealed that ProSense signals accumulated within tumor 

tissues, with preferential stromal cellular uptake of ProSense. ProSense signals and cathepsin B 

immunoreactivity, which is targeted by ProSense, were co-localized in macrophages. ProSense 

signals showing reduction by addition of cathepsin B inhibitor was confirmed in cultured 

macrophage-derived RAW264.7 cells. The ProSense+, cathepsin B+ macrophages were 

accumulated within tumor tissues, with preferential distribution in the vascular leakage area that 

correlates with vasculature development at the tumor periphery. The co-distribution of tenascin 

C immunoreactivity and gelatinase activity provided evidence of tissue-remodeling at the tumor 

periphery. We further confirmed ProSense signals at the tumor margin showing cathepsin B+ 

macrophage infiltration in a rat colon carcinogenesis model. These results suggest that cathepsin 

B+ macrophages are the major source of ProSense signals in our experimental tumor models. 
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Together, these data demonstrate that systemically administered protease-activatable probes can 

effectively detect cancer invasive fronts, where tissue-remodeling activity involving infiltration 

of macrophages is high to facilitate neoplastic cell invasion. In vivo and ex vivo microscopy in 

conjunction with fluorescence virtual microscopy can be applied to investigate tumor imaging 

mechanism of fluorescent probes from cellular level to animal level. 

In chapter 2, we focused on indocyanine green (ICG) as a near-infrared fluorescent 

agent. ICG is widely used as a hepatic function test in humans and has an excellent safety 

profile. We examined the mechanism of tumor imaging using intravenously administered ICG 

by microscopic imaging analysis used in chapter 1. ICG fluorescence imaging detected 

xenograft tumors, even those < 1 mm in size, based on their preferential cellular uptake and 

retention of the dye following its rapid tissue-non-specific delivery, in contrast to its rapid 

clearance by normal tissue. Live-cell imaging revealed that cellular ICG uptake is 

temperature-dependent and occurs after ICG binding to the cellular membrane, a pattern 

suggesting endocytic uptake as the mechanism. Intracellular ICG was entrapped in the 

membrane traffic system, resulting in its slow turnover and prolonged retention by tumor cells. 

Cellular ICG uptake correlated inversely with the formation of tight junctions. Our results 

suggest that tumor-specific imaging by ICG involves non-specific delivery of the dye to tissues 

followed by preferential tumor cellular uptake and retention. The tumor cell-preference of ICG 

is driven by passive tumor cell-targeting, the inherent ability of ICG to bind to cell membranes, 

and the high endocytic activity of tumor cells in association with the disruption of their tight 

junctions. These findings recommend the use of ICG as a tumor-imaging agent for clinical 

cancers with up-regulated endocytic activity in association with the disruption of their tight 

junctions. 

In chapter 3, we applied ICG tumor imaging to a rat colon carcinogenesis model based 

on the imaging mechanism revealed in chapter 2. To do this, we explored ICG availability in 
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fluorescence imaging of the colon to identify proliferative lesions during colonoscopy. The 

cellular uptake of ICG in cultured rat colon tumor cells was examined using live-cell imaging. 

Colon lesions in rats administered an ICG-containing enema were further assessed in rats with 

azoxymethane-induced colon carcinogenesis, using in vivo endoscopy, ex vivo microscopy, and 

immunofluorescence microscopy. The uptake of ICG by the cultured cells was 

temperature-dependent. The intracellular retention of the dye in the membrane trafficking 

system suggested endocytosis as the uptake mechanism. ICG administered via enema 

accumulated in colon proliferative lesions ranging from tiny aberrant crypt foci to adenomas 

and localized in proliferating cells. Fluorescence endoscopy detected these ICG-positive colonic 

proliferative lesions in vivo. The immunoreactivity of the tight-junction molecule occludin was 

altered in the proliferative lesions, suggesting the disruption of the integrity of tight junctions. 

These results suggest that fluorescence contrast-enhanced imaging following the administration 

of an ICG-containing enema can enhance the detection of mucosal proliferative lesions of the 

colon during colonoscopy. The tissue preference of ICG in the rat model evaluated in this study 

can be attributed to the disruption of tight junctions, which in turn promotes endocytosis by 

proliferative cells and the cellular uptake of ICG.  

In conclusion, ProSense and ICG visualized tumor tissues by targeting macrophages 

and tumor cells in the tumor tissues, respectively. Their tumor imaging mechanism was based 

on the hallmarks of cancer. Therefore, both fluorescent probes can be used for tumor detection 

in the clinical settings. Because ICG has already been used in clinical setting, ICG tumor 

imaging technique based on the mechanism revealed in the present study is expected to be 

applied to the clinical cancer imaging. The present study also demonstrate that in vivo and ex 

vivo microscopy in conjunction with fluorescence virtual microscopy are useful to investigate 

tumor imaging mechanism of fluorescent probes from cellular level to animal level. It is  
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expected to be applied to the evaluation of new fluorescent probes for clinical translation.  
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Table 1-1 
Primary antibodies and experimental conditions used in immunohistochemistry and 

immunofluorescence 
Antigen Host 

species 
Clonality Application Dilution Antigen 

retrieval a 
Manufacturer (City, State, 
Country) 

Cathepsin B Goat Polyclonal IHC/IF(p)/I
F(f) 

1:1000/1:200
/1:50 

Autoclaving Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA) 

Cathepsin L Rat Polyclonal IHC 1:100 Autoclaving R&D Systems (Minneapolis, 
MN, USA) 

Cathepsin S Goat Polyclonal IHC 1:25 Autoclaving Abcam (Cambridge, U.K.) 

CD31 Rat Monoclonal IF(f) 1:10 — BD Biosciences (San Jose, 
CA, USA) 

CD31 Rabbit Polyclonal IF(p) 1:50 Autoclaving Abcam 
CD68 Rat Monoclonal IF(f) 1:50 — AbD Serotec (Oxford, UK) 

CD68 Mouse Monoclonal IF(p) 1:100 Autoclaving BMA Biomedicals (August, 
Switzerland) 

CD45 Rat Monoclonal IF(f) 1:10 — BD Biosciences (San Jose, 
CA, USA) 

CD11b Rat Monoclonal IF(f) 1:10 — BD Biosciences (San Jose, 
CA, USA) 

Gr-1 Rat Monoclonal IF(f) 1:200 — AbD Serotec (Oxford, UK) 
F4/80 Rat Monoclonal IF(f) 1:500 — BMA Biomedicals (August, 

Switzerland) 
-smooth muscle 

actin 
Rabbit Polyclonal IF(p)/IF(f) 1:100/1:100 Autoclaving Abcam 

Proliferating cell 
nuclear antigen 

Rabbit Polyclonal IHC 1:1000 Autoclaving  Abcam 

Collagen IV Rabbit Polyclonal IF(f) 1:100 — Abcam 
Tenascin C Rat Monoclonal IF(f) 1:100 — Abcam 
Abbreviations: IHC, immunohistochemistry; IF(p), immunofluorescence (paraffin sections); IF(f), 
immunofluorescence (frozen sections); TRS, target retrieval solution. 
a Antigen retrieval was applied to paraffin-embedded tissue sections. Retrieval conditions were 
autoclaving at 121°C for 10 min, and the solution used was TRS at pH 6.0 (Dako, Glostrup, Denmark). 
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Fig. 1-1. 
Histology for HT-29 and HCT 116 xenograft tumors. (A) Histology of HT-29 tumor. Left: 
Whole-tumor view. Right: Highmagnification (×20) view. A well-demarcated tumor is formed 
in the subcutis with a scanty fibrous capsule. Tumor cell proliferation with moderately produced 
connective tissue accompanied with formation of some tubular/glandular structures. (B) 
Histology of HCT 116 tumor. Left: Whole-tumor view. Right: High-magnification (×20) view. 
A well-demarcated tumor is formed in the subcutis with a scanty fibrous capsule. Sheet-like 
proliferation shows solid growth of tumor cells accompanied with scanty stromal connective 
tissue. Scale bar for whole-tumor view, 1 mm; for high-magnification view, 20 μm. (A and B) 
Tumors from 12 animals examined showed similar morphology. All images are from the same 
tumor. 
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Fig. 1-2 
In vivo imaging of ProSense in a mouse xenograft tumor model using HCT 116 and HT-29 
human colon tumor cell lines. (A) Whole-body imaging of ProSense. Left: Bright field. 
Middle: Autofluorescence before injection of ProSense. Right: ProSense at 1 day post-injection. 
Asterisks indicate the kidneys. Scale bar, 10 mm. (B) Tumor-to-skin ratio of average ProSense 
fluorescent intensity in each tumor. Error bars represent means ± SD (n = 6). **P < .01 
(matched-pair t-test). (C) Ex vivo cut surface image of the HT-29 tumor. Left: ProSense. Right: 
H&E-stained view of the tumor corresponding to the fluorescent image. Scale bars, 1 mm. (D) 
High-magnification (×20) view of ProSense image at the tumor periphery. Left: ProSense (red) 
with tissue autofluorescence represents connective tissue (green). Right: H&E-stained view of 
the tumor corresponding to the fluorescent image. Scale bars, 100 μm. 
TP, tumor parenchyma; S, stroma. (A, C, and D) Six animals examined showed similar results. 
All images are from the same animal.   
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Fig. 1-3 
Ex vivo imaging of ProSense and immunoreactivity for cathepsin B of organs/tissues in a 
mouse xenograft tumor model using HCT 116 and HT-29 human colon tumor cell lines. 
(A) Macroscopic ex vivo ProSense imaging of organs/tissues. Left: Bright field. Right: ProSense. 
Scale bar, 10 mm. (B) Tumor-to-organ/tissue ratio of average ProSense fluorescent intensity. 
Error bars represent means ± SD (n = 3). (C–H) High-magnification (×20) view of ex vivo 
imaging of ProSense signals and IHC of cathepsin B in the lung (C), liver (D), kidney (E), 
spleen (F), colon (G), and muscle (H). Left: ProSense signals (red) with tomato lectin (green). 
Imaging parameters were optimized according to their fluorescent intensities. The kidney image 
was acquired from the cut surface. Scale bar, 100 μm. Right: Cathepsin B immunoreactivity. 
Scale bar, 20 μm. (A–H) Three animals examined showed similar results. All images are from 
the same animal. 
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Fig. 1-4 
ProSense signals in the liver tissue. 
(A) High-magnification (×40) view stained with H&E for comparison of view. Left: ProSense 
signals (red) with tomato lectin (green) in the liver. Scale bar, 50 μm. Right: H&E-stained view 
of the identical section. Arrows indicate colocalization of ProSense signals with Kupffer cells. 
Scale bar, 20 μm. (B) Another high-magnification (×40) view stained with cathepsin B for 
comparison of view. Left: ProSense signals (red) with tomato lectin (green) in the liver. Right: 
Cathepsin B immunoreactivity (red) with tomato lectin (green) of the identical section. Arrows 
indicate colocalization of ProSense signals with cathepsin B+ cells. Scale bar, 50 μm. 
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Fig. 1-5 
In vivo imaging of ProSense with vascular imaging probes, tomato lectin, and AngioSense 
in a mouse xenograft tumor model using HCT 116 and HT-29 human colon tumor cell 
lines. 
(A) Whole-body time-lapse imaging of AngioSense (upper panels) and ProSense (lower panels). 
Left: Autofluorescence before probe injection. Middle: AngioSense or ProSense within 10 
minutes after injection. Right: AngioSense or ProSense at 1 day post-injection. Asterisks 
indicate ProSense signals in the kidney. The arrows indicate large blood vessels around the 
tumor. The arrowheads indicate autofluorescence derived from animals’ intestinal contents. 
Scale bar, 10 mm. (B) Noninvasive time-lapse imaging of AngioSense (blue) and ProSense (red) 
in the HT-29 tumor (upper panels) and ear (lower panels). Left: Merged images of AngioSense 
and ProSense within 10 minutes after injection. Note the lack of ProSense signals and the 
autofluorescent signals of the hair follicles (green). Right: Merged images of AngioSense, 
ProSense, and tomato lectin 1 day after injection of AngioSense and ProSense and 5 minutes 
after injection of tomato lectin (green). Arrowheads indicate identical portions of vasculature. 
Scale bar, 500 μm. (C) Ex vivo imaging of the HT-29 tumor surface with tomato lectin (green), 
AngioSense (blue), and ProSense (red). Upper panel: Low-magnification (×4) view. Lower 
panel: High-magnification (×20) view of boxed area as shown in the upper panel. Scale bar for 
the low-magnification view, 500 μm; for the high-magnification view, 100 μm. (D) The 
whole-tumor view of the cut surface imaging of the HT-29 tumor. Left: Tomato lectin image. 
Middle left: AngioSense. Middle right: ProSense. Right: Merged image. Scale bar, 1 mm. (E) 
High-magnification (×20) view of the cut surface imaging of the HT-29 tumor at the tumor 
periphery (upper panels) and tumor center (lower panels) as shown in the boxed areas of D. 
Scale bar, 100 μm. (F) Histogram of the fluorescent intensity with tomato lectin (green), 
AngioSense (blue), and ProSense (red). The fluorescent intensity profile was measured on the 
merged image (arrow) and plotted. (A–F) Five animals examined showed similar results. All 
images are from the same animal. 
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Fig. 1-6 
Immunoreactivity for cathepsins targeted by ProSense in the HT-29 tumor. 
(A–C) Cathepsins B, L, and S, respectively, in the tumor shown in Fig. 1-5. Left: Whole-tumor 
view. Right: High-magnification (×20) view at the tumor periphery. Scale bar for the 
whole-tumor view, 1 mm; for the high-magnification view, 20 μm. (D) Cathepsin B 
immunoreactivity and ProSense signals at the tumor periphery in the tumor shown in Fig. 1-2. 
Left: H&E. Middle: ProSense (red) at the area of the H&E-stained view with tissue 
autofluorescence representing connective tissue (green). Right: Cathepsin B (green) with 
nuclear DAPI staining (blue). The dotted lines indicate identical portions of the tumor stroma. 
Scale bar, 100 μm. (A–D) Tumors from at least five animals examined showed similar results. 
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Fig. 1-7 
Colocalization analysis of immunofluorescence images for cathepsin B and markers for 
macrophages, myofibroblasts, and endothelial cells in the HT-29 tumor. 
(A–C) Immunoreactivities for cathepsin B (green) with CD68, α-SMA, or CD31 (red) in the 
tumor shown in Fig. 1-6. Left: Whole-tumor view with nuclear DAPI staining (blue). Middle 
left: High-magnification (×20) view of the immunofluorescent signals. The dotted lines indicate 
identical portions of the tumor stroma. Middle right: Scattergram data from the whole-tumor 
images. Right: Histogram of the fluorescent intensity from the whole-tumor images (arrow). 
Scale bar for the whole-tumor view, 1 mm; for the high-magnification view, 50 μm. (D) 
ProSense signals and immunoreactivities of cathepsin B and CD68 in an identical section. Left: 
ProSense signals. Middle left: Cathepsin B immunoreactivity. Middle right: CD68 
immunoreactivity. Right: Merged image. Scale bar, 50 μm. T, tumor; M, muscle; BV, blood 
vessel. (A–D) Tumors from at least three animals examined showed similar results. 
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Fig. 1-8 
ProSense signals and immunoreactivities of cathepsin B with leukocyte markers in the 
serial sections at the tumor periphery of the HT-29 tumor. 
(A) Frozen tissue section image of ProSense signals (red) with tissue autofluorescence (green). 
Scale bar, 100 μm. (B–F) Immunofluorescence of cathepsin B with leukocyte markers CD45 
(B), CD11b (C), Gr-1 (D), CD68 (E), and F4/80 (F). High-magnification (×20) view of boxed 
area in A. Left: Cathepsin B immunoreactivity (green) with nuclear DAPI staining (blue). 
Middle: Leukocyte marker immunoreactivity (red) with nuclear DAPI staining (blue). Right: 
Merged image. CD45 was used as a pan-leukocyte marker. CD11b and Gr-1 were used as a 
marker of myeloid-derived cells including granulocytes and macrophages. CD68 and F4/80 
were used as a marker of mature macrophages. Scale bar, 20 μm. 
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Fig. 1-9 
ProSense signals in cultured HT-29 human colon tumor cells or RAW 264.7 murine 
macrophage-derived cells. 
(A) ProSense signals (red; upper panels) and cathepsin B immunoreactivity (green; lower 
panels) with nuclear Hoechst staining (blue) in the single-cell culture. Left: RAW 264.7 cell 
image. Middle: HT-29 cell image with the same imaging parameters as RAW 264.7 cell image. 
Right: HT-29 cell image with enhanced fluorescent intensities. Scale bar, 10 μm. (B) 
Localization of ProSense signals and immunoreactivities of cathepsin B and CD45 in the 
coculture of HT-29 and RAW 264.7 cells. Left: ProSense signals (red) with nuclear Hoechst 
staining (blue). Right: Immunoreactivities of cathepsin B (green) and CD45 (red) with nuclear 
Hoechst staining (blue). To avoid detecting cocultured RAW 264.7 cells as tumor cells, cells 
were stained with anti-CD45 antibody by immunofluorescence. Scale bar, 10 μm. (C) ProSense 
signals (red) in the coculture of HT-29 and RAW 264.7 cells with different cell number ratio for 
cocultivation. Nucleus was counterstained with Hoechst (blue). Left: Single-cell culture of 
HT29 cells. Middle left: Coculture with 1:1 of HT-29 cell–to–RAW 264.7 cell ratio. Middle 
right: Coculture with 1:2.5 of HT-29 cell–to–RAW 264.7 cell ratio. Right: Coculture with 1:5 of 
HT-29 cell–to–RAW 264.7 cell ratio. Scale bar, 200 μm. (D) ProSense signals of RAW 264.7 
cells in the presence of pan-cathepsin inhibitor E64d. Left: Vehicle. Middle left: 5 nM. Middle 
right: 25 nM. Right: 50 nM. Scale bar, 10 μm. (E) ProSense signals of RAW264.7 cells in the 
presence of cathepsin B inhibitor CA074Me. Left: Vehicle. Middle left: 5 nM. Middle right: 25 
nM. Right: 50 nM. Scale bar, 10 μm. 
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Fig. 1-10 
Proliferation and tissue-remodeling activity in the HT29 tumor. 
(A–C) Immunoreactivity of PCNA and extracellular matrix proteins and in situ zymography in 
the tumor shown in Fig. 1-6. (A) PCNA. Left: Whole-tumor view. Middle: High-magnification 
(×20) view at the tumor periphery. Right: High-magnification (×20) view at the tumor center. 
Scale bar for the whole-tumor view, 1mm; for the high-magnification view, 50 μm. (B) 
Immunoreactivity for collagen IV and tenascin C and in situ zymography of DQ gelatin at the 
tumor periphery with nuclear DAPI staining (blue). Left: Cathepsin B (green) and collagen IV 
(red). Middle: Tenascin C (red). Middle right: DQ gelatin-cleaving activity (green). Scale bar, 
50 μm. (C) In situ zymography of ProSense. Left: ProSense-cleaving activity (red) with nuclear 
propidium iodide staining (blue). Middle: High-magnification (×20) view of ProSense-cleaving 
activity. Right: High magnification (×20) of the H&E-stained view of the tumor corresponding 
to the fluorescent image. Scale bar, 50 μm. The dotted lines indicate identical portions of the 
tumor stroma. The arrowheads indicate the tumor margin at the tumor periphery. T, tumor; M, 
muscle. (A–D) Tumors from at least three animals examined showed similar results. 



96 
 

 

Fig. 1-11 
ProSense imaging in AOM-induced rat colon carcinogenesis model. 
(A) Ex vivo imaging of ProSense in a colon tumor. Left: Bright field. Middle: AngioSense. 
Right: ProSense. Scale bar, 2 mm. (B) Cut surface imaging of the colon tumor. Left: Tomato 
lectin. Middle: AngioSense. Right: ProSense. Scale bar, 1 mm. (C) Immunoreactivities for 
cathepsin B (green) with CD68, α-SMA, or CD31 (red) and nuclear DAPI staining (blue) at the 
whole-tumor view (upper panels) or the high-magnification (×20) view (lower panels). Left: 
H&Estained view of the tumor corresponding to the fluorescent image as shown in B. Middle 
left: Cathepsin B and CD68. Middle right: Cathepsin B and α-SMA. Right: Cathepsin B and 
CD31. Scale bar for the whole-tumor view, 500 μm; for the high-magnification view, 50 μm. 
The asterisk indicates a necrotic area. (A–C) Tumors from at least seven animals examined 
showed similar results. All images are from the same tumor. 
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Table 2-1 
List of cell lines used in this study  

Cell line Origin Culture medium* 

HT-29 DS Pharma Biomedical (Osaka, Japan) McCoy’s 5A medium (Life 

Technologies) 

HCT 116 DS Pharma Biomedical McCoy’s 5A medium (Life 

Technologies) 

LoVo 

 

Japanese Collection of Research 

Bioresources (JCRB; Osaka, Japan) 

Dulbecco’s modified Eagle’s medium 

(DMEM; Life Technologies) 

COLO 320DM JCRB DMEM (Life Technologies) 

DLD-1 JCRB RPMI-1640 medium (Life 

Technologies) 

T84 DS Pharma Biomedical DMEM/F12 medium (Life 

Technologies) 

*All media were supplemented with 10% fetal bovine serum, 100 U penicillin/ml, and 0.1 mg 

streptomycin/ml, at 37°C in a 5% CO2 humidified atmosphere. 
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Fig. 2-1 
ICG fluorescence stability. (a) Time-course change of ICG fluorescence intensity in 10% 
FBS/PBS. (b) Time-course change of ICG fluorescence intensity in cultured HT-29 cell pellets. 
(c) Time-course change of ICG fluorescence intensity in cultured HT-29 cells. 
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Table 2-2 

List of fluorescent organelle markers used in this study 

Organelle Probes for organelle* Manufacturer 

Golgi complex BODIPY® FL C5-ceramide complexed to BSA Life Technologies 

Endoplasmic reticulum ER-TrackerTM Green (BODIPY® FL Glibenclamide) Life Technologies 

Mitochondria MitoTracker® Orange CMTMRos Life Technologies 

Lysosome LysoTracker® Red DND-99 Life Technologies 

Nucleus Hoechst 33342 Life Technologies 

*Live-staining procedures were carried out after ICG incubation and according to the manufacturer’s 

instructions.  
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Table 2-3 

Primary antibodies and experimental conditions used in immunohistochemistry and 

immunofluorescence  

Antigen Abbreviated 

name 

Manufacturer (City, 

State, Country) 

Product # Host 

species 

Analysis 

applied 

Dilution 

Cathepsin S CTSS Abcam ab18822 Goat IF 1:25 

Carcinoembryonic 

antigen 

CEA DAKO (Glostrup, 

Denmark) 

A0115 Rabbit IF 1:1000 

E-cadherin — Abcam ab11512 Rat IF 1:100 

E-cadherin — BD Pharmingen (San 

Diego, CA) 

610405 Mouse ICF 1:10 

CD31 — BD Pharmingen 550274 Rat IF 1:10 

CD68 — AbD Serotec (Oxford, 

UK) 

MCA1957 Rat IF 1:50 

Multidrug resistance 

p-glycoproteins 

MDRs Santa Cruz 

Biotechnology (Santa 

Cruz, CA) 

sc-8313 Rabbit IF 1:50 

Sodium-taurocholate 

co-transporting 

polypeptide 

NTCP Santa Cruz 

Biotechnology 

sc-98484 Rabbit IF/ICF 1:50 

Organic anion 

transporting polypeptide 

1B2 

OATP1B2 

(OATP4) 

Santa Cruz 

Biotechnology 

sc-134461 Rabbit IF 1:50 

Organic anion 

transporting polypeptide 

1B3 

OATP1B3 

(OATP8) 

Novus Biologicals 

(Littleton, CO) 

NBP1-80980 Rabbit IF/ICF 1:100 

Occludin — Life Technologies 40-4700 Rabbit ICF 1:100 

Zonula occludens-1 ZO-1 Life Technologies 40-2200 Rabbit IF/ICF 1:100 

Abbreviations: IF, immunofluorescence for the snap-frozen tissue sections; ICF, 

immunocytefluorescencefor the cultured cells. 
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Fig. 2-2 
Region of interest for measurement of the ICG fluorescence intensity. (a) In vivo ICG 
fluorescence image of HT-29 tumor-bearing mice. (b) Ex vivo ICG fluorescence image of 
organs/tissues of HT-29 tumor-bearing mice. (c) Ex vivo ICG fluorescence image of tiny HT-29 
tumors (< 1 mm in diameter). Margin of the each region of interest was traced with a solid line. 
(d) Live-cell images at different time points after incubation of the cells with ICG. (e) Live-cell 
images in ICG uptake inhibition study. (f) Live-cell images of different cell lines for assessment 
of ICG uptake capability. Nuclear-stained image with Hoechst 33342 was used for 
normalization of the ICG fluorescence intensity among different cells. (g) Live-cell images in 
Ca2+ depletion study. Margin of the each region of interest was traced with a yellow solid line. 
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Fig. 2-3 
In vivo tumor detection based on tumor-cell uptake of intravenously administered ICG. 
HT-29 tumor-bearing mice after the administration of ICG (heat map/green). (a) Whole-body 
images before (autofluorescence) and 8 h after ICG administration. Arrow: tumor. Asterisk: 
intestine. (b) Ex vivo tumor images; blood vessels were stained with TL488 (red). Left: cut 
surface of the tumor. Right: high-magnification of the tumor surface. (c) H&E-staining of the 
tumor and the corresponding ICG image 30 min after administration. (d) Immunostaining with 
the tumor-cell marker CEA (red) and the corresponding ICG image 30 min after administration 
with nuclear staining (blue). 
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Fig. 2-4 
Rapid in vivo uptake and the prolonged retention of ICG by tumor cells, in contrast to 
rapid clearance of the dye from normal tissues. HT-29 tumor-bearing mice were 
intravenously administered ICG (heat map/green). (a) Whole-body time-lapse images. Arrow: 
tumor. White arrowheads: blood vessels. Yellow arrowhead: liver. Asterisk: intestine. (b) Mean 
fluorescence intensity (MFI) of the tumors and the tumor to skin fluorescence ratios over time 
(n=3 mice for each time point). (c) Ex vivo images of tumors and organs/tissues. 1, heart; 2, 
lung; 3, spleen; 4, pancreas; 5, skeletal muscle; 6, tumor; 7, kidney; 8, small intestine; 9, large 
intestine; 10, feces (dashed lines); 11, liver. (d) Tumor to organ/tissue ratio of the ICG 
fluorescence intensity (n=3–4 for each time point). (e) High-magnification time-lapse imaging 
of the tissue surface of the ear and tumor. (f) Ex vivo high-magnification images of the surface 
of the normal colon, liver tissues, and the cut surface of tumor tissues. Blood vessels were 
stained with TL488 (red). Right panel shows high-power-view of the boxed area of images 
obtained 30 min after administration. ICG fluorescence in the peripheral stroma of the tumor 
(arrow) diminished within 28 h after its administration. Asterisk indicates the avascular area; the 
architecture of the blood vessels is lacking. Note that strong ICG fluorescence is observed in 
hepatocytes in the liver 30 min after its administration. Detection sensitivity for ICG 
fluorescence in the liver 30 min after its administration was adjusted to prevent signal 
saturation. 
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Fig. 2-5 
In vivo kinetics of the intravenously administered imaging agents in HT-29 tumor-bearing 
mice. Serial whole-body imaging and high-magnification time-lapse imaging of the tumor 
surface at the indicated time points after the administration of 2-NBDG (a), BSA680 (b), and 
AS680 (c). Fluorescence signals are shown in the heat map or in green. 2-NBDG was rapidly 
extravasated into normal (ear) and tumor tissues. Tumor accumulation by the nano-sized agents 
BSA680 and AS680 was slow but selective. (d) Short-term (< 30 min; upper graph) and 
long-term (< 24 h; lower graph) relative fluorescence intensity of ICG, 2-NBDG, BSA680, and 
AS680 in tumor tissues (n = 3 for each time point). The mean fluorescence intensity at each 
time point was normalized to the peak long-term (< 24 h) fluorescence intensity. (e) Tumor cut 
surface imaging at the periphery of the HT-29 tumor tissues 34–36 h after administration of 
BSA680 or AS680 (red) and 9–10 h after administration of ICG (green). T, tumor; S, stroma at 
the periphery. 
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Fig. 2-6 
Ex vivo high-magnification images of ICG fluorescence in organs/tissues. HT-29 
tumor-bearing mice were intravenously administered ICG (green) followed by TL488 (red). (a) 
Ex vivo organ/tissue images. Note that the skeletal muscle, pancreas and spleen tissues show 
weak ICG fluorescence signals 30 min after its administration, while the lung tissues and renal 
tubular cells showed moderate and strong ICG fluorescence signal, respectively, at this time 
point. Detection sensitivity for ICG fluorescence in the kidney 30 min after its administration 
was adjusted to prevent signal saturation. (b) HT-29 tumor tissues 30 min after administration of 
ICG. Note that ICG fluorescence signals localized at endothelial cells as indicated by TL488 
fluorescence (arrowhead). 
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Fig. 2-7 
Rapid uptake and slow turnover of ICG in tumor cells following its entrapment in the 
membrane traffic system. Cultured HT-29 cells incubated with ICG (green). (a) Live-cell 
images at different time points after incubation of the cells with ICG for up to 30 min followed 
by incubation without ICG. (b) Change in the mean fluorescence intensity per tumor cell cluster 
after the short-term (<30 min) and long-term (<24 h) retention of ICG. (c) Images of live 
cells stained for organelles (red) and nuclei (blue) immediately or 24 h after a 30-min incubation 
with ICG. Golgi: Golgi apparatus; ER: endoplasmic reticulum; Mito; mitochondria; Lyso; 
lysosome. 
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Fig. 2-8 
Cellular kinetics of clinically available fluorescent agents in cultured HT-29 cells. The cells 
were incubated with each fluorescent agent for up to 30 min followed by incubation without the 
agent. Top: ICG (green) and nuclear staining (blue). Middle: Fluorescein (Flu; green) and 
nuclear staining (blue). A small amount of fluorescein was taken up by HT-29 tumor cells at 30 
min, but fluorescence was diminished within 5 h after the incubation. Bottom: Methylene blue 
(MB; green) and nuclear staining (blue). MB was taken up by HT-29 cells and localized in 
vesicles within 30 min, but the fluorescence signal diminished within 5 h after the incubation. 
 
  



112 
 

 

Fig. 2-9 
The cellular uptake of ICG is mediated by endocytosis, after binding of the dye to the cell 
membrane. Live-cell imaging of cultured HT-29 cells incubated with ICG (green). (a) 
Incubation of the cells with ICG at 37°C or 4°C for 15 min. (b) Fluorescence intensity of 
intracellular ICG at 37°C or 4°C. Values are the means±SD. **p<0.01 (Aspin-Welch’s t-test). 
(c) Incubation with ICG at 48C for 15 min and then without ICG at 4°C or 37°C for 30 min. (d) 
Incubation of the cells with ICG in the presence of Pitstop 2. (e) Incubation of the cells with 
ICG in the presence of BSP. (f) Fluorescence intensity of cells incubated with ICG without/with 
BSP. **p<0.01 (Aspin-Welch’s t-test). (g) Incubation of the cells with ICG in the presence of 
CCK-8. (h) Immunocytofluorescence images of OATP1B3 or NTCP (red) with nuclear staining 
(blue).  
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Fig. 2-10 
Immunoreactivity of membrane transporters in HT-29 tumor tissues. (a) 
Double-immunostaining for OATP1B3 or NTCP (red) and the tumor-cell marker cathepsin S 
(CTSS; green), together with nuclear staining (blue). (b) Double-immunostaining for OATP1B2 
or NTCP (red) and the macrophage marker CD68 (green), together with nuclear staining (blue), 
in the tumor periphery. (c) Immunoreactivity of MDRs. Left: Triple-immunostaining for MDRs 
(red), CTSS (green), and CD68 (magenta), together with nuclear staining (blue), of HT-29 
tumors. Right: Double-immunostaining of liver tissues for MDRs (red) and the endothelial cell 
marker CD31 (green), together with nuclear staining (blue). The anti-MDRs antibody used in 
this study recognizes Mdr-1 and Mdr-3 of mouse and human origin, and Mdr-2 of mouse origin. 
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Fig. 2-11 
Inverse correlation of tumor-cell uptake of ICG and tight junction (TJ) formation. (a) 
Normal colonic epithelium or HT-29 tumor tissues double-immunostained with E-cadherin 
(adherence junction marker; green) and ZO-1 (TJ marker; red) with nuclear staining (blue). (b) 
Live-cell images of human colon cancer cells incubated with ICG (green). HT-29, DLD-1 and 
T84 cells were seeded with 2 x 105, 2 x 104 and 4 x 104 cells, respectively. Asterisk indicates the 
interior of the T84 cell cluster. (c) Fluorescence intensity of ICG normalized to cells counted per 
field of view in HT-29, DLD-1 and T84 cells. **p<0.01 (Tukey’s test). (d) 
Double-immunocytofluorescence images of ZO-1 (red) and E-cadherin (magenta) with nuclear 
staining (blue) of cultured cells incubated with ICG (green). Note that in T84 cells, those in the 
interior of the cell cluster form intact TJs and take up less ICG than peripheral cells (arrow) with 
incomplete TJs. (e) Images of live cells incubated with ICG (green) with/without calcium ions 
at 37°C or 4°C. (f) Mean ICG fluorescence intensity of T84 cells per field of view ( 10,000 

m2). **p<0.01 (Aspin-Welch’s t-test).  
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Fig. 2-12 
ICG uptake and cellular kinetics in human colon cancer cell lines. Six human colon cancer 
cell lines (HT-29, HCT 116, LoVo, COLO 320DM, DLD-1, and T84) were incubated with ICG 
(green) for up to 30 min followed by incubation without ICG. The cells were incubated with 
Hoechst 33342 (blue) for 15 min without ICG for autofluorescence imaging. In all cell lines, 
ICG localized at the cellular membrane (1 min), in the perinuclear area (30 min), and then in 
vesicles (24 h). Note that the intracellular accumulation of ICG was relatively weak in the 
interior of the DLD-1 and T84 cell clusters.  
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Fig. 2-13 
Temperature-dependent tumor-cell uptake of ICG after binding to the cell membrane in 
human colon cancer cell lines. Six human colon cancer cell lines (HT-29, HCT 116, LoVo, 
COLO 320DM, DLD-1 and T84) were incubated with ICG (green). (a) ICG incubation for 15 
min at 4°C. In all cell lines, the cellular uptake of ICG was inhibited at 4°C such that 
fluorescence concentrated at the cell membrane. (b) ICG incubation at 4°C for 15 min followed 
by incubation without ICG at 4°C or 37°C for 30 min. Cellular incorporation of 
membrane-bound ICG at 4°C was observed in all cell lines subsequent to their incubation 
without the dye at 37°C. 
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Fig. 2-14 
Association of ICG uptake with tight junction (TJ) formation in human colon cancer cell 
lines. (a) Immunocytofluorescence of the marker for TJs (ZO-1 and occludin) or adherence 
junctions (E-cadherin) in six human colon cancer cell lines (HT-29, HCT 116, LoVo, COLO 
320DM, DLD-1, and T84). Top: ZO-1 (red) with nuclear staining (blue). Middle: occludin (red) 
with nuclear staining (blue). Bottom: E-cadherin (magenta) with nuclear staining (blue). Note 
that TJs form only in DLD-1 cells and T84 cells. (b) Double-immunocytofluorescence of 
DLD-1 cells stained with ZO-1 (red) and E-cadherin (magenta), together with nuclear staining 
(blue), after incubation with ICG (green). Immunocytofluorescence images were captured at the 
same area as the live-cell ICG fluorescence images. Note that DLD-1 cells in the interior of the 
cell cluster had intact TJs and took up less ICG than cells at the periphery (arrow), in which the 
TJs were incomplete. (c) Live-cell imaging of DLD-1 cells incubated with ICG (green) 
with/without calcium ions at 37°C or 4°C. (d) Mean ICG fluorescence intensity of DLD-1 cells 
per field of view (≈10,000 mm2). Values are the means ± SD. **P < 0.01 (Student’s t-test). 
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Fig. 2-15 
ICG fluorescence imaging in the detection of submillimeter-sized tumors and 
dual-wavelength tumor imaging using different targeted agents. (a) 
Macroscopic/microscopic ex vivo images of histologically confirmed HT-29 tumors. 
Macroscopic fluorescence image is displayed in heat map pseudo-colors. (b) Ex vivo tumor to 
skin signal ratios 6–10 h after ICG administration as seen in grayscale-converted bright-field 
and fluorescence macroscopic views. Tumors<1 mm in size were measured (n=8 tumors, 3 
mice). *p<0.05 (Wilcoxon matched-pairs test). (c) Dual-wavelength ex vivo HT-29 tumor 
images 10 h and 36 h after the administration of ICG and AS680, respectively. 
High-magnification image (right) showing TL488-stained blood vessels (blue). (d) Line profile 
of the fluorescence intensities of ICG and AS680. Fluorescence intensity was normalized to the 
minimum fluorescence intensity in the skin. (e) Dual-wavelength ex vivo HT-29 tumor images 7 
h and 27 h after the administration of 5-ALA and ICG, respectively, with TL488-stained blood 
vessels. 
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Table 3-1 

List of fluorescent organelle markers used in this study 

Organelle Probes for organelle* Manufacturer 

Golgi complex BODIPY® FL C5-ceramide complexed to BSA Life Technologies 

Endoplasmic reticulum ER-TrackerTM Green (BODIPY® FL Glibenclamide) Life Technologies 

Mitochondria MitoTracker® Orange CMTMRos Life Technologies 

Lysosome LysoTracker® Red DND-99 Life Technologies 

Nucleus Hoechst 33342 Life Technologies 

*Live-staining procedures were carried out after ICG incubation and according to the manufacturer’s 

instructions.  
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Table 3-2 

Primary antibodies and experimental conditions used in immunohistochemistry and 

immunofluorescence 

Antigen Abbreviated 

name 

Manufacturer Product no. Host species Dilution 

E-cadherin — BD Biosciences (San Jose, 

CA, USA) 

610405 Mouse 1:10 

Sodium-taurocholate 

co-transporting 

polypeptide 

NTCP Santa Cruz Biotechnology 

(Dallas, TX, USA) 

sc-98484 Rabbit 1:50 

Organic anion 

transporting polypeptide 

1B2 

OATP1B2 

(OATP4) 

Santa Cruz Biotechnology sc-134461 Rabbit 1:50 

Occludin — Thermo Fisher Scientific 40-4700 Rabbit 1:100 

Zonula occludens-1 ZO-1 Thermo Fisher Scientific 40-2200 Rabbit 1:100 
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Fig. 3-1 
Fluorescence intensity of an indocyanine green (ICG) dilution series. (A) Fluorescence 
imaging of ICG droplets at concentrations of 3, 30, 300, or 3000 μg/mL on a slide glass. ICG 
was dissolved in distilled water. Note that fluorescence quenching was observed at ICG 
concentrations of 300 and 3000 μg/mL. Scale bar, 2 mm. (B) Mean fluorescence intensity (MFI) 
of the ICG droplets. (C) Whole-scan view of live RCN-9 cells incubated with ICG (green) at 
concentrations of 0, 0.3, 3, or 30 μg/mL at 37°C for 30 min, followed by incubation with 
Hoechst 33342 (blue). Scale bar, 200 μm. (D) MFI of the ICG-labeled RCN-9 cells per 
whole-scan view.  
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Fig. 3-2 
Live-cell imaging of RCN-9 cells incubated with indocyanine green (ICG). (A) High-power 
view of RCN-9 cells incubated in the presence or absence of ICG (green) at 37°C for 30 min, 
followed by Hoechst 33342 (blue) for nuclear staining. AF: autofluorescence. Scale bar, 10 μm. 
(B) Whole-scan view of RCN-9 cells incubated with 0, 1, 5, or 25 μM ICG (green) at 37°C for 
30 min, followed by Hoechst 33342 (blue). Scale bar, 200 μm. (C) Mean fluorescence intensity 
(MFI) of ICG-labeled RCN-9 cells per whole-scan view. Error bars represent means ± SD. 
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Fig. 3-3 
Mechanism of ICG uptake by RCN-9 cells. (A) Live-cell imaging of RCN-9 cells incubated 
for 30 min with ICG (green) in the presence of the membrane transporter inhibitor 
sulfobromophthalein (BSP) or at 4°C, followed by incubation with Hoechst 33342 (blue). Upper 
panels: whole-scan view. Scale bar, 100 μm. Lower panels: high-power view. Live cell images 
as shown in the boxed areas indicate the field-of-view of the magnified and enhanced images. 
The arrowhead indicates the ICG fluorescence signal at the plasma membrane. Scale bar, 10 μm. 
(B) Mean fluorescence intensity (MFI) of ICG-labeled RCN-9 cells per whole-scan view. Error 
bars represent means ± SD. (C) Live-cell imaging of RCN-9 cells stained for organelles (red) 
and nuclei (blue) after a 30-min incubation with ICG (green). Golgi: Golgi apparatus; ER: 
endoplasmic reticulum; Mito; mitochondria; Lyso; lysosome. 
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Fig. 3-4 
Ex vivo ICG-fluorescence imaging of colon tumors in azoxymethane (AOM)-induced colon 
carcinogenesis in rats after a 30-min ICG enema. (A) Wide-field images of colon adenoma 
tissues incubated in the presence or absence of ICG. Left panels: bright-field images. Middle 
panels: fluorescence images with pseudo-colored green. Right panels: fluorescence images with 
pseudo-colored heat map. Representative ICG+ colon adenomas are shown in case 1 and case 2. 
Colon adenoma in case 2 was developed at the position next to the cecum. Arrow: colon 
adenoma. Scale bar, 2 mm. (B) High-power view of the ICG+ (green) colon adenoma shown in 
the case 1 of the panel (A). Fluorescence images of the tumor surface as shown in the boxed 
areas and by the dashed line indicate the field-of-view of the magnified image and the tumor cut 
plane, respectively. Blood vessels were stained with Lycopersicon esculentum (tomato) lectin 
conjugated with DyLight 488 (TL488; red). Image of a hematoxylin & eosin (HE)-stained 
section of the colon tumor corresponding to the ex vivo image. Scale bar for the whole-tumor 
view, 200 μm; for the magnified view, 100 μm. (C) Fluorescent wheat germ agglutinin (WGA; 
blue) stained images of ICG+ (green) colon adenoma tissues shown in the case 1 of the panel 
(A). Blood vessels were stained with TL488 (red). Asterisk indicates the area where mucus was 
removed during staining procedure. Scale bar for the whole-tumor view, 2 mm; for the 
magnified view, 100 μm.   
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Fig. 3-5 
Immunoreactivities of membrane transporters and tight junction (TJ) molecules in 
AOM-induced colon carcinogenesis in rats. (A) Whole-tissue view of colon adenoma tissues 
with adjacent normal colonic epithelia immunostained for the TJ molecule zona occludens-1 
(ZO-1) or occludin (green) and E-cadherin (adherence junction marker as a reference; magenta). 
Arrows: strong signals of occludin. Scale bar, 1 mm. (B) High-power view of normal colonic 
epithelium or colon adenoma tissues double-immunostained with E-cadherin (magenta) and 
ZO-1 or occludin (green), with nuclear staining (blue). Yellow arrowheads: signals at the apical 
cell border. Red arrowheads: strong signals distributed in the lateral cell walls and apical cell 
border. Scale bar, 10 μm. (C) High-power view of normal colonic epithelium or colon adenoma 
tissues double-immunostained with E-cadherin (magenta) and for the membrane transporters 
organic anion transporting polypeptide 1B2 (OATP1B2) or sodium-taurocholate co-transporting 
polypeptide (NTCP) (green), with nuclear staining (blue). Scale bar, 10 μm. All two adenomas 
and two adenocarcinomas showed similar results.  
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Fig. 3-6 
In vivo endoscopic imaging of colon tumors in AOM-induced colon carcinogenesis in rats 
after a 30-min ICG enema. (A) In vivo endoscopy image of ICG+ colon adenoma tissues. Left 
panel: white-light (WL) image. Left middle panel: autofluorescence (AF) image before the ICG 
enema. The fluorescence signal is enhanced to show tissue morphology. Right middle panel: 
autofluorescence image before the ICG enema. The fluorescence signal is shown using the same 
conditions as the fluorescence image after the ICG enema. Right panel: fluorescence image after 
the ICG enema. Arrow: colon tumor. (B) Ex vivo ICG-fluorescence image and HE-stained 
section image of the colon adenoma. The images correspond to the endoscopic images as shown 
in (A). Scale bar, 2 mm. 
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Fig. 3-7 
ICG fluorescence imaging of macroscopically small proliferative lesions in AOM-induced 
colon carcinogenesis in rats after a 30-min ICG enema. (A) Ex vivo images. Left panels: 
bright-field images. Middle panels: ICG fluorescence (green) images. Small proliferative lesions 
are indicated by arrows in both case 1 and case 2. Scale bar, 2 mm. Right panels: representative 
highpower views of small proliferative lesions with blood vessel staining (TL488; red). In case 
1, both #1 and #2 were histologically diagnosed as aberrant crypt foci (ACF); in case 2, #1 was 
diagnosed as adenoma and #2 as focal mucosal hyperplasia. Scale bar, 100 μm. (B) Fluorescent 
WGA (blue) stained images of ICG+ (green) proliferative lesions in the case 2 of the panel (A). 
Blood vessels were stained with TL488 (red). Asterisk indicates the area where mucus was 
removed during staining procedure. Scale bar for the whole-tumor view, 2 mm; for the 
magnified view, 100 μm. (C) ACF double-immunostained with occludin (green) and E-cadherin 
(magenta), with nuclear staining (blue). Red arrowheads: strong signals distributed in the lateral 
cell walls and apical cell border. Scale bar, 20 μm. (D) In vivo imaging of ACF by fluorescence 
endoscopy. Ex vivo bright-field and ICG-fluorescence image and HE-stained section image 
corresponding to the endoscopic images. Arrow: ACF. Scale bar, 2 mm. 
 


