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Targeted breast cancer photothermal therapy based on

multifunctional single-walled carbon nanotubes

Hansu Seo

Interdisciplinary Program of Biomedical, Electrical & Mechanical Engineering,

Pukyong National University

Abstract

Recently, photothermal therapy (PTT) technique is greatly considered in cancer therapy
owing to its unique advantages of specificity. Among a range of materials have been
applied in photothermal therapy, single-walled carbon nanotubes (SWNTs) are
considered to be an efficient material owing to their unique properties such as strong
optical light absorption of near-infrared (NIR) light and efficient conversion of light to
heat. Further, the combined photo-thermal therapy with chemotherapy is an effective
approach in cancer treatment. In this way, we propose the modification of SWNTs with
anticancer drug Doxorubicin (DOX) loading and anti-HER-2 antibody Herceptin
conjugation to target breast cancer. The modified-SWNTs with DOX and Herceptin were
utilized for PTT therapy under 808 nm NIR laser irradiation onto the HER-2-positive
SK-BR-3 breast cancer cells. The anticancer drug, DOX and Herceptin conjugated
SWNTs exhibited an excellent anticancer therapeutic efficiency via HER-2-receptor
mediated enhanced-endocytosis and NIR-promoted chemo/photothermal damage

following NIR light irradiation. These results suggest that the combination of the targeted



chemo/photothermal therapy might result in the effective photothermal ablation of tumor

cells.

Keywords: photothermal therapy, single-walled carbon nanotubes, Herceptin, NIR laser

irradiation, endocytosis
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Fig. 1. The scheme of Herceptin working for HER-2 protein positive breast cancer.
(*; Target therapy for breast cancer Mammology-Breast Surgery-

Eurodoctor.1t = 2008) ......ccccviireeeiieeeeeiiieeeeiite e e st e et e e e ae e e et a e e enarae e e nnnes 5

Fig. 2. Structured of functionalized single-walled carbon nanotubes (SP-DOX-

Fig. 3. An atomic force microscope (AFM) image of SP-DOX-HER conjugates.22

Fig. 4. Raman spectroscopy using the droplets of SP, SP-HER, and SP-DOX-HER

SOIUtioN ONtO Zlass SHAC. . .ccvueiiieiiie ettt e e 23

Fig. 5. UV-vis spectroscopy of SP, SP-HER, free Herceptin and DOX. The
concentration of SP and loaded DOX content onto SP were dtermined by

absorption peak at 808 nm and 498 nm, respectively.......ccoccceerviiiniieiiieenienene 26

Fig. 6. In vitro drug release profiles of SP-DOX-HER at different condition (pH
7.4 of PBS buffer solution and pH 5.5 of sodium acetate buffer solution with or

without 808 nm laser irradiation). ..........c..eeeveiiirerriiiireeriieeeeriieeeeeree e e e reee e 27

Fig. 7. Determination of the photothermal response of SP-DOX-HER (a) Thermal

elevation of SP-DOX-HER aqueous solution at different concentration (0, 5, 15,
vii



20, and 20 pg/mL) under 808 nm laser at power density of 1 W/ecm® (b)
Temperature elevation of 2.5 pg/mL of SP-DOX-HER as a function of laser

power densities (0.5, 1, 1.5 and 2 W/crnz). ......................................................... 29

Fig. 8. Thermal IR image of aqueous solution of SP-DOX-HER at different
concentrations (0, 5, 15, 20, and 20 pg/mL) under 808 nm laser at power density

OF 1 W/CIZ FOT 10 TN vttt ettt ettt ee e ee e 30

Fig. 9. In vitro cell cytotoxic effect of Herceptin antibody conjugated SWNT (SP-
HER) against HER-2 negative MDA-MB-231 breast cancer cells for 24 h, 48 h

and 72 h. ... 08l o B W BTN 33

Fig. 10. In vitro cell cytotoxic effect of Herceptin antibody conjugated SWNT

(SP-HER) against HER-2 positive SK-BR-3 breast cancer cells for 24 h, 48 h and

Fig. 11. In vitro cell cytotoxicity of free DOX, DOX- and DOX/HER- conjugated

SWNTs-treated SK-BR-3 cells with different sample concentration. .................. 35

Fig. 12. In vitro photothermal cytotoxic effect of DOX-, SP-DOX-HER and SP-
DOX-HER with laser irradiation at laser power density of 1 W/cm? for 5 min onto
the SK-BR-3 breast cancer cells. Quantitative analysis of live cells and were

analyzed by flow cytometry (FACS). The cells were treated with 12.5 pg/mL of

viii



SP-DOX-HER and corresponding conjugated-DOX concentration with or without

NIR laser irradiation. After 2 h, the cells were stained by 7-AAD. .........ccvveeee. 36

Fig. 13. Comparison of DOX cellular uptake with 15 pg/mL of free DOX

concentration for 1 h and 2 h onto the SK-BR-3 breast cancer cells.................... 38

Fig. 14. Comparison of DOX cellular uptake with 5 pg/mL of SP-DOX-FITC for
1 h and 2 h with or without 808 nm NIR laser irradiation at laser power density of

1 W/em? for 10 min onto the SK-BR-3 breast cancer cellS. .........cveeveeveereerennnnn. 39

Fig. 15. Comparison of DOX cellular uptake with 5 pg/mL of SP-DOX-HER-
FITC for 1 h and 2 h with or without 808 nm NIR laser irradiation at laser power

density of 1 W/cm? for 10 min onto the SK-BR-3 breast cancer cells. ................ 40

Fig. 16. Comparison of DOX cellular uptake and sub-cellular accumulation onto
the SK-BR-3 breast cancer cells. (a) DOX fluorescence (FL) intensity of at the
various condition after 2 h with or without 808 nm NIR laser irradiation at laser
power density of 1 W/cm? for 10 min. (b) Quantitative analysis of intracellular

DOX FL intensity measured by flow cytometry. .........ccoocvvveevruiereiriiiieeeeriieeeenns 41

Fig. 17. In vivo photoacoustic image of (a) before and (b) after intratumor

injection of SP-DOX-HER (250 pg/mL) in tumor-bearing mouse. ..................... 45

Fig. 18. In vivo photothermal heating responses. Tumor-bearing mice were

intratumor injected with 200 pL of 5 pg/mL of SP-DOX-HER when the tumor

iX



volume reached ~150 mm®. (a) Temperature changes of PBS and SP-DOX-HER
injected tumor and (b) IR thermographic images of PBS and SP-DOX-HER
injected tumor-bearing mouse with 808 nm NIR laser irradiation at 1 W/cm? for 5

100 V0o R 1oL BN L0 50011 o TP URPPPPRR 48

Fig. 19. The digital photographs of chemo/photothermal treated tumor-bearing
mice after 14 days. Tumor-bearing mice were intratumor injected with 200 uL of
5 ug/mL of SP-DOX-HER when the tumor volume reached ~ 150 mm’.
Subsequently, tumor-bearing mice were treated with 808 nm NIR laser irradiation

At T W/CI? £O 10 TN ©oveeeeee oottt e et e et be et et e e e eeeeens 49

Fig. 20. In vivo photothermal ablation of cancer cells. Tumor-bearing mice were
intratumor injected with 200 pL of 5 pg/mL of SP-DOX-HER when the tumor
volume reached ~ 150 mm3. Subsequently, tumor-bearing mice were treated with
808 nm NIR laser irradiation at 1 W/cm® for 10 min. Tumor volume growth
curves of mice at different treatments indicated in 14 days. Data is expressed as

mean + SD of the three eXperiments. ...........ccccvvvevriiiieeeriiiiee e eieee e 50
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Fig. 1. The scheme of Herceptin working for HER-2 protein positive breast cancer.
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21. AE 9 AN E A
7} Alek

2 AFoll AF&-% Hipco single-walled carbon nanotubesi= Unidym (Snnyvale,
CA, USA)olA Fistsl o, A ZAFS] protocole] el A A AT 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-(amino (polyethylene-glycol)-2000)
(PL-PEG)T Avanti Polar Lipids Incoll 4] %] 3} %1 3L, Doxorubicin hydrochloride
(DOX), Sulfo-SMCC, Traut’s reagent ¥ EDTA+ Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA)4|A] 1|3} t}. Sodium bicarbonate, Chloroform,
cthanol®} Dimethyl sulfoxide (DMSO)i= Junsei chemical Co. (Tokyo,
Japan)ZF-E] G-913}31TF Phosphate —Buffered Saline (PBS)2} Dulbecco’s
Phosphate- Buffered Saline (DPBS)i= Hyclone (UT, USA)°llA %135l o™,
herceptine> FAM S wH Ao AFEOE Ay WGom, B Aok

A glol A E ARgskith



. d4de] A¥E ¥3 AFY A dLUEFE Ax
7H PL-PEG 7} Z8E 84 SWNT (SPAX

AR HAaFae] AYddE A BAUxEREE 7]E9
AT A Bag WHS AFRSto] 3 ©@AE A|ZEFA T (Liu, Tabakman et
al. 2009). A, 1 mg ¢] Raw Hipco SWNT & 5 mg ¢] PL-PEG & 5 mL 9]

ol 7kt F Z53 BA7]ellA 1 AZEE]E RESAIZITH

hs

ZUELAEE 7S o] &38F9] 24,000 rpm °|A 6 AlZF FF AR &
Azas Bastott 3ol PL-PEG 2 A A3 25te] 100 kDa 9

centrifugal filter device & ©]€3}%1 4,000 rpm ol 4] 10 &7+ YAl F2] kL, o]

=
R

ol
o

LR ES

i

HE 4~5 3] HEE A]SSESITE 808 nm ©f A

o,

gt

P(EEHFA4 =0.0465 cm'em™) 9] TS5 =

2]

W 3g"e] 23d B3 AFY SWNT AZ (SP-HER)
U500 %, Her2 o AE 5ol 7= s|Ai€2 SWNT EH
% ¥ PL-PEG B2 NHy- group o] Whg= &3l A H 3t Qokshd,
0.5 mL 2] SP(50 ug/mL)E 0.5 mg 2] sulfo-SMCC % 60 pL ¢] PBS (10X)%}
2 AZF REGAIA 4338t AJZTE Sulfo-SMCC-SWNT & 1.7 pL/ml Traut’

reagent (5 mM)Z} 1 puL EDTA (0.5 M)Z &/d3F ¥ 6 puL o & A€ (140 uM)

10



3} 4oC o)A 2 AIZF WS A AT T1E] A, WES- gle)l 50 uL PBS (1X)F 0.5
M EDTA & 7}st & 4°C o|A] 24 A|ZF HE-G-A]Z]1 - 10 KDa centrifugal filter

device 2 AFg-3lo] WA ES A A8k}

4%

thEAFH)Alo] A%E SP-HER (SP-DOX-HER)

FAA

=

SAFHAS SWNT o 1o AdA7]7] $18+e1, ImL SP(50
ug/mL)Z 60 uL DOX (10 mM), 40 uL PBS (10X)%} 2 uL NaHCO; (0.5 M)=
4°C | A 24 A7+ RESAIZL £ 10 KDa centrifugal filter device & AF-&-3}¢]

uyk-SH DOX & AAS L AAHES A ST

22. 54 £4

Az 7154 SP-DOX-HER °| it Zo|i= mica substrate ¢4
contact mode &= Atomic microscope (AFM; Bruker, Icon-PT-PLUS, Germany)=
o] &3t St om, E3e4 57> Raman spectroscopy (Nanofinder 30,
Tokyo Instrument, Japan )Oﬂ o 4%t T3 SP 9 SP-DOX 9]
54 Y9 5%+ UV-vis spectroscopy (Beckman Coulter, Fullerton, CA,

USA)E o] g3kl =4 3gt
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2.3. FE A3

e

%

DOX ¢F=9 W& 758 =437 $s8to], 1 mL SP-DOX-HER A Zo]
@71 dialysis tube (MWCO = 10,000 Da, spectra/Por)= 10 mL pH 7.4 (PBS

buffer)2} pH 5.5 (acetate buffer)®] &Mool T ¥ 37°Col|lA 100 rppmC. = W

HEkt}, 808 nm # O] A(1W/em) & 53 ZAFSke] oA FAF d.92] <F
5 W& 7%S 8wt} (Liu, Ko et al. 2014). 47 A7 7HA 02 tube 9
Z g5 UV-vis spectroscopyll Al 490 nm®] FHEE 54 3Fo] SWNT %
HowHE WEd DOXE &F& sty 2 WEES Aol wEk &
Al gkt

12



25 38 a9 573
A z¥ SP-DOX-HER 9] FHdadE SHst7] flste], oei7HA 550
25,5, 10, 20 pg/mL)ek #HelA el Al710, 0.5, 1, 2 Wem)2] 808 nm <]

A 915 FAFsto] thermocouple & ©]&38Fo] 1 & AlXF ©9|Z g

r

— 1l
TRE FAHsGth o] W, gEToRE FHTFE ARESUT B9,
294 34} JhHl2HFLIR i5, FLIR instrument, MA, USA)® £ &%
W3l 4 RIS AHEh

2.6. AIE AH

7t AZ W
H Ao AFEE MDA-MB-231 ¥} SK-BR-3 human breast cancer cells<

St MEZF &3 (KCLB; Seoul, Korea)C. ZH-H F138+ 2™, 10% fatal

-

bovine serum (FBS; Hyclone)¥} 1% penicillin/streptomycin (Hyclone)= 33} 3t

Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) WX & ©]&3&}o] &%
37°C, 5% CO0,Z719] incubatorollA ®lUYSFRA O™ AE HjA] = 2~-3Y

Ao R weks FoAh
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. AlE YZF (cell viability) =3

Azl A AE 34 oA @ ApEE dolus] 919

o =

o%
o2
2
©

A2 AAEH S MTT assays ©]85t0] S48 SK-BR-3 Al L& 96 well
plate®] 2 x 10%ells/well®] WEZ 24 Al wGAZ] & AIRE FEHE=E
xglste] 24 A|ZF Fof WX & A ASFIL 0.5 mg/mL MTT solutions 3 7}t

59t incubatorol A WH-S-A]7]31 PBSE 2 3] A% % 100 pLo

-

N

F 42
DMSO= 7}sto] &3t Mlaze) o3 &A% formazan crystalss Q1 5,
GENios microplate reader (GENios, TECAN, Minnedorf, Switzerland)Z
olg3tol 540 nm TPM FREF HISL ARE 1A @2
I ZF(Control)®] &3 Ee} Blwste] Alx AEHS HAE H|E=E

e

oFE dg@ade] s FAAJ DOX MEUS HAFL  confocal
microscope®] 23l =7 = St SK-BR-3 M35 35 mm confocal dish®] 2
x 10 °9] Az WE=E w]YgE Tt DOX, SP-DOX % SP-DOX-HER &2}
2417F A 2]E % 808 nm ol A(IW/em')E 5EF FAbSL F7HA O R
2A1ZE ] ikl wiekret MEES A7RE PBSE AIFH F 4%9

g Fddsto] = ENA THAIZ F MAEHES Hoechst 33342F

i)



207 GAE T MEZE PBSE AlZ % confocal microscope(ZEISS, LSM
700, Jena, Germany)S ©]€-3}o] A XU DOXS HS I EIEE
S

w3, AEUY DOX oFE AT AVIE FFaats] glstel, W
SK-BR-3 A|32E DOX, SP-DOX-HER®?} SP-DOX-HER+#| 0] #] 2] Z710fA
ARt ¥, A7k PBSE AH F EfAlo® FE3te  PBSO|
resuspensiond} 1l flow cytometry (BD FACSVerse, BD Biosciences, CA,

USA)OlA &2 d32 A7lE S4sth

2}, M ZAFE (Apoptosis) B3 4
AEZe] Arstd AEg o] 93 apoptosis®] 412 Annexin V-FITC/PI
double staining kit (BD Bioscience, CA, USA)E ©]&3}%] flow cytometer ] 4|

=43G Tt M XEE 60 mm cell culture dishol]l 5 x 10°cells®] LEZ 24 AJ7H

T,
-
o

A7 B ABE Hadn 2447 o kAt 2E g EE
trypsin®. 2  wojuo] AxE g3 ¢ AdAFEs A7 PBSE
washing@tt}. 100 pLe] 1X binding bufferE 7}3Fal cell S resuspensiond}il
annexin V-FITC/PI stock solutions ZtZ} 5 uLe} 10 uLs 7Fsbal S xpetst

T Ao 1587 WX 3k 400 uLe 1X binding buffers 713 3

15



FACSE ©]£3}4] apoptotic cell S 7 &3l th.

A AR AE T mpeA Ede 1821 gf 7799
BALB/C %% F+% vl$2~E Orient Bio Inc. (Gyeonggi-Do, Koprea)©l A

sabol 22 +3°C, Al FX 50 £20%, = 12417, =% 150~300 Lux 2]

r

Zgp Ao wleFE 4 x 10° 719 SK-BR-3 AEE uleA g

AsAgel FUE T FRY AN <0 mm7b HE ARE

Srol dde vhao FoF Folol 100 pLo AEE FIs] Fdel
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ol BAywrFre 542 339 G-band (1,580 cm™), D-band (~ 1,300

cm™), RBM modes (100 ~ 300 cm™)E 22Q15}31 2™, RBM mode®| narrow

el &ttt (Michel,

ul
o

widthE 3] 1~1.2 nm?8 ®AUx=FHO X

Paillet et al. 2011).

20



----- ==
: Targeting and anti-cancer drug for Her-2 positive cancer cells
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=] PL-PEG amine (coating material)
°=(z:: ------ 2 : Hydrophilic and biocompatible coating material and
S " extension of circulation times in the blood stream
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i Co\/\/\/\/\/\/v
o, < 2 . SWNTs (PTT agent)
"""" ¥ | : NIR (Near-infrared) PTT and contrast agent
for PAT

Doxorubicin (anti-cancer drug)

: Chemotherapy agents

SP-DOX-HER

Fig. 2. Structured of functionalized single-walled carbon nanotubes (SP-DOX-HER)
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Fig. 3. An atomic force microscope (AFM) image of SP-DOX-HER conjugates.
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Fig. 4. Raman spectroscopy using the droplets of SP, SP-HER, and SP-DOX-HER

solution onto glass slide.
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Fig. 5. UV-vis spectroscopy of SP, SP-HER, free Herceptin and DOX. The
concentration of SP and loaded DOX content onto SP were dtermined by absorption

peak at 808 nm and 498 nm, respectively.
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Fig. 6. In vitro drug release profiles of SP-DOX-HER at different condition (pH 7.4
of PBS buffer solution and pH 5.5 of sodium acetate buffer solution with or without

808 nm laser irradiation).
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Fig. 7. Determination of the photothermal response of SP-DOX-HER (a) Thermal
elevation of SP-DOX-HER aqueous solution at different concentration (0, 5, 15, 20,
and 20 ug/mL) under 808 nm laser at power density of 1 W/cm?® (b) Temperature

elevation of 2.5 pg/mL of SP-DOX-HER as a function of laser power densities (0.5,

1, 1.5 and 2 W/ecm?).
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Fig. 8. Thermal IR image of aqueous solution of SP-DOX-HER at different
concentrations (0, 5, 15, 20, and 20 pg/mL) under 808 nm laser at power density of

1 W/cm? for 10 min.
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3.5. In vitro study
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Fig. 9. In vitro cell cytotoxic effect of Herceptin antibody conjugated SWNT (SP-

HER) against HER-2 negative MDA-MB-231 breast cancer cells for 24 h, 48 h and

72 h.
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Fig. 10. /n vitro cell cytotoxic effect of Herceptin antibody conjugated SWNT (SP-

HER) against HER-2 positive SK-BR-3 breast cancer cells for 24 h, 48 h and 72 h.
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Fig. 11. In vitro cell cytotoxicity of free DOX, DOX- and DOX/HER- conjugated

SWNTs-treated SK-BR-3 cells with different sample concentration.
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Fig. 12. In vitro photothermal cytotoxic effect of DOX-, SP-DOX-HER and SP-
DOX-HER with laser irradiation at laser power density of 1 W/cm?® for 5 min onto
the SK-BR-3 breast cancer cells. Quantitative analysis of live cells and were
analyzed by flow cytometry (FACS). The cells were treated with 12.5 ng/mL of SP-
DOX-HER and corresponding conjugated-DOX concentration with or without NIR

laser irradiation. After 2 h, the cells were stained by 7-AAD.
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Fig. 13. Comparison of DOX cellular uptake with 15 pg/mL of free DOX

concentration for 1 h and 2 h onto the SK-BR-3 breast cancer cells.
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SP-DOX-i

H 33342

Fig. 14. Comparison of DOX cellular uptake with 5 pg/mL of SP-DOX-FITC for 1 h
and 2 h with or without 808 nm NIR laser irradiation at laser power density of 1

W/cm? for 10 min onto the SK-BR-3 breast cancer cells.
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5P-DOX-HER-

H 33342

Fig. 15. Comparison of DOX cellular uptake with 5 pg/mL of SP-DOX-HER-FITC
for 1 h and 2 h with or without 808 nm NIR laser irradiation at laser power density

of 1 W/em? for 10 min onto the SK-BR-3 breast cancer cells.
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Fig. 16. Comparison of DOX cellular uptake and sub-cellular accumulation onto the
SK-BR-3 breast cancer cells. (a) DOX fluorescence (FL) intensity of at the various
condition after 2 h with or without 808 nm NIR laser irradiation at laser power
density of 1 W/cm? for 10 min. (b) Quantitative analysis of intracellular DOX FL

intensity measured by flow cytometry.
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Fig. 17. In vivo photoacoustic image of (a) before and (b) after intratumor injection

of SP-DOX-HER (250 pg/mL) in tumor-bearing mouse.
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Fig. 18. In vivo photothermal heating responses. Tumor-bearing mice were
intratumor injected with 200 pL of 5 pg/mL of SP-DOX-HER when the tumor
volume reached ~150 mm®. (a) Temperature changes of PBS and SP-DOX-HER
injected tumor and (b) IR thermographic images of PBS and SP-DOX-HER injected
tumor-bearing mouse with 808 nm NIR laser irradiation at 1 W/cm? for 5 min and

10 min.
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Fig. 19. The digital photographs of chemo/photothermal treated tumor-bearing mice
after 14 days. Tumor-bearing mice were intratumor injected with 200 pL of 5
ug/mL of SP-DOX-HER when the tumor volume reached ~ 150 mm®. Subsequently,
tumor-bearing mice were treated with 808 nm NIR laser irradiation at 1 W/cm? for

10 min.
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Fig. 20. In vivo photothermal ablation of cancer cells. Tumor-bearing mice were
intratumor injected with 200 uL of 5 pg/mL of SP-DOX-HER when the tumor
volume reached ~ 150 mm3. Subsequently, tumor-bearing mice were treated with
808 nm NIR laser irradiation at 1 W/cm? for 10 min. Tumor volume growth curves
of mice at different treatments indicated in 14 days. Data is expressed as mean + SD

of the three experiments.
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