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Preparation of ther moresponsive micelles loaded with indocyanine
green and doxorubicin for combined therapy in MCF-7 cells
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Abstract: In this study, the thermoresponsive micelles were synthesized with random copolymerization
method and the photosensitizer indocyanine green (ICG) was loaded on micelles through the physical adsorption.
The light energy was converted into heat energy to increase the temperature after irradiation with near-infrared
light. When the phase transition temperature was reached, the micelle was disassembled and the targeted therapy
was achieved. The nanoparticles were characterized with atransmission electron microscopy, Fourier transform
infrared spectrometer, nuclear magnetic resonance spectrometer and other characterization were used to investigate.
The critical micelle concentration (CMC), upper critical solution temperature, the photothermal properties of
the carrier and the release of drug triggered by light were investigated after the doxorubicin (DOX) loaded. The
carrier was evaluated for toxicity, cellular uptake, the effect of photothermal, the combination of photothermal
and chemotherapy; the p(AAm-co-AN)-g-PEG (PAAP) was spherical in shape with a particle size of about 45 nm
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and a phase transition temperature was about 43 ‘C.  The critical micelle concentration was 24 ug'mL™". The
particle size increased to 88 nm after loaded with ICG and DOX which the photothermal effect was obvious.
The cumulative release of the drug under the irradiation of near-infrared light (808 nm, 2 W-cm, 2 min-h™)
was increased to 59.4% (pH 5.0) after 5 h. The results of the cell experiment indicated that ICG-PAAP was
amost non-toxic and uptaken by the lysosomal pathway. The cell killing effect was stronger with combination
of chemotherapy (DOX as 20 pg-mL™") with more than 70% of the cells killed. The results showed that the
prepared micelle with low toxicity was thermoresponsive and could be used in combined therapy of tumor under

theirradiation of near-infrared light.

K ey words: thermoresponsive micelles; local therapy; photothermal therapy; combined therapy

JI IR )V 9 5 A AE AN R RONR VR TT RCR A
SRR, R R e e T A B TR R, RS
7R PR BRI A K AR 25 R G P )t A AR
A R, DT 445 1) 227 400 ) R O B2 AR AL, 38 21 =y
WEIT IR . LB S R A pHE R
ORGP O b TR AR A 5 TR,
e Bk B R — HAAW RN ES. RECE
IR R — B B AT B K A AL R S K PR A 52 1) A
KK, W LMENVF 2 Bk U 299 84k, I 7 DALE
i S0 P BT A A AR, 38 3 T 300 4 A i B 46 A
MR 251 IREUROR FEBFEP RIS — PPt
TR LA IR B (low critical solution temperature,

LCST), AR B RS h T 5K & 1EH,

HIE RSB A BOIRES, RAEWEERE, ik (N-
TR PR BERE) (PNIPAM)® (H 78 /K o (40 A8 I R
EwHeE, Feilt 32°C; Jy— PR T I L A
(upper critical solution temperature, UCST)™, fin#k %
AHAZ I BE I 7K B A FH A8 58 1 i B AN I IR S
RIS ORA, RAEME, BRii ks, AR
U (R RIE 50 T 55 o AH LG ARG I 59 I 2 1) B 6 W IR oo
i, e I S g R P R R R 1 B v, BT
WIS, AR T-3G 00 B As A B 25K EE, T$e =ia
TR, BIRAG R,

JHIAYT (photothermal therapy, PTT) J& it 4F 3k
R —Fhii G PR B, mT BASEEILE s, R
R AR T RGN S HaA 7 1 BRI L 404k
JGWUR G BOR, 5t e A0 R F R Rk ) R B i R
R H . SR TT I — AN HE DN 5 2 L BT,
H O IEHGN S gk R T BRI AR 4
B2 QAR b R PSR ) Wk 5 4% (indocyanine green,
ICG)™%% . 1CG /& H i ME— 4 55 B FDA HEHE 4T
SRRl AR R, et R E . REER
il % T —Fh 13 DOX 1) ICG-PAAP i 1 A il
BURR, fEIRLAMDEIIRE TR, ICG AR E, IR

HE DOX IR, AT S #7547 & N
G T 2 WA A S R OB TSOR B A A

MR5R®E

R TR (dimethyl sulfoxide, DMSO).
BER R T (£ AHARAR), B
AR T (RO HEE) B8 H I L Ak R
fis [methoxypoly(ethylene glycol) succinimidyl este,
mPEG-SC]. W#illE. WHkEIZ. ICG. EX 4 (Fi
BT RAARAFA), MR L LA (doxorubicin
hydrochloride, DOX-HCI, bt 2 B RN A R 2
w]); VU IR E A M (methyl thiazolyl tetrazolium,
MTT, Sigma-Aldrich A w]); DMEM ZHffa ;723 (3%
BR R IR A A R A |, AR AR (b
MU ZEF AW RHAT A F]); HAb 73 R 5 Hrak,
Jr A S5 7K 35 9 26 B 1 B 4liK .

R AFLARE MCF-7 4 (h Rl B i
A AL Al B A LT

88  EANTIL A OREE T (UV-2450) . K5
JHE T (RF-5301PC) (H A B A A]); Gtk
WAEAC (AC-80, #EEHAE A H]); ALt 24
{X (FTIR-370, Nicolet Avatar, 3% & Nicolet Instrument
Corporation ~a]); FE T e (Tecnal 12, fif=%
Philips A F); w7 HERLE 73414 (90 Plus PALS, 3%
Brookhaven A #]); g 0L (Allegra X-15,
% [E Beckmancoulter 2 #l); ZLAM R EE AL [Testo
875-1i, KM ERR 5 (Lilg) ARAF] wriE
808 nm 4T HE & 4% (LDD 808-2000G3, 74 %
TR BOCRHCA R A ), WERTIENL (LOC-1m,
##[H Christ /A 7]); BEbR{X (Spectramax 190, 3% MD
UNCIDE

FEMR AR p(AAm-co-AN)-g-PEG HI#
% KHALHSL LRI SRR EGMIRE . Fidk
KNG . DMSO Z& 1M L& o kG 2 PR U 445 i



o FRAED SUENGIVRE SN 2 S HE R IR MU RAE MCF-7 R 40 I I6 77 vh TR & 82

<1171 -

2.65 g A% 10.65 g, =H DMSO 167 mL, if
N, 1 h, AEUA DMSO 33 mL. R - F T/
487.79 mg T 60 C/KiEAH M 5.5 h, vKiHAH,
N 10 fEEFFEEYOE . Pl 3 K, WJETE TOCTF
BT, 535 p(AAm-co-AN). Bl EiR ™) 059 5
mPEG-SC 0.375 g 37 T 10 mLDMSO %k, 50 'C
Bk 8 h JGE TENL (MWCO: 14 kDa) HiEHr
48 h, ¥R ERA T (-80 'C, 0.08~0.1 MPa)
24 h, &% 45 3K KB K p(AAm-co-AN)-g-PEG
(PAAP), %M.

718k 1CG IR RMGIZE KHBAHRENT;
H & E AR . BRI 2 mg ICG iR T X5 T
KHR, FERE S 26 FIZT NN PAAP ¥ (ICG:
PAAP=1:2) H, fE=iRB &G PSR, A
WA R R AR A . B I E A R B AL
(10000 r-min) B.0» 40 min JEUCETTIEY, K
ek E R BIEHLE, UBREREGEM 1CG, AT
i (-80°C, 0.08~0.1 MPa) 24 h, R&EEHE &
B AAK AR 1CG-PAAP,

PAAP BUSRTE FEihiEd 2004 RR Y e )5, F
&S S (TEM) W% PAAP KITESR; Kl &1
PAAP 7 HILZE /K, SR FH i 43 FRL BE 43 AT A3 7 i
PRI A, BU/D B PAAP BE S0 R 5 & B AL e
(KBr) B8 Ik Jy J 7 A8 BL i 20 4 e A bk A7 0 e ;
& & PAAP T8 KT DMSO-d6 H, K%
G 2 RAPE) THNMR et

ICG-PAAP MIRIER G FRFRERME K
)38 BT P () | CGLICG-PAAP VA 7 200~ 1000 nm
WK P REAT SR AN RT WA £ AR O B i R . A
REVEPER) Je B A VB NbRic ), WARIEREF, WKE
N 1x10°° mol-L™' SRJE 40 BITE 2 mL N[ 5 Bk
(0.5~500 pg-mL ™) K ICG-PAAP JK¥EW A 0.1
mL JeZ AR R B, 75 IREE &4 T TREIK
HEGHER, DIEREI. 556560 it
D52 AN TR IR FE A I JE B 209 o B, ORIk
485 nm, K9 580 nm.

SiEFEFHRENNE ¥ ICG-PAAP J fE %
BT K, SRR AR T N 25 CFF R A 50 C,
I FH v 4 600 BE 43 T AXCHE S [ i B N 5 5 r
o MR AR R UCST . A4
TERE ST 5 3 WK, R ECT A8 . {3 FH R T 45 i
#, L 1Comint FARER N 25 CHEE 50 C,
FE VB R B U 5 AR T W O EETE T 617 nm
Wb 7 #, MBSy UCST, AR

HAEFIME 3 K, Zd 2B

RN BERITNY K ICG-PAAP Bt B &
WE A 15. 30. 60, 125. 250 A1 500 pg-mL VW, 2
AL 500 uL BT EP & . F 808 nm i £L 4O
FRUFT 8 min (B%y 2 W-em ), £3F% 1 min FH 4040
FAG A 7 i B e s AR

DOX HITAFFMEHAEMME W DOX 1 mg
5 ICG-PAAP % T8 K 10 mg & T £ 8 7K, £
I NG HEE 24 h g i R E AR 0L (10000
rmint) B0 40 min Y EVTIEY, KSR ESE E
EWLE, LIRENTE DOX, kvl s A
F8Ah=77 WA 66 BETHIN & DOX 7E 488 nm A 11
JGEE, MRAEFRUE A 2 T H A B AR R BEA TR
F-4% (—80 °C, 0.08~0.1 MPa) 24 h, 733#24 DOX-
ICG-PAAP ¥} K .

FREL DOX-ICG-PAAP ¥ T8 K 43 B AE 25 3 77K
(50 pg-mL™) i, ST ATEE, WEERRE, =
LR FH 1R 23 HERLEE 23 AT SO T R ot (R 11 JS RLARS 43 A
FREGE &) DOX. DOX-ICG-PAAP ¥ -8 KV i/t
KH, {E 200~1000 nm 3 K Y EAT 8 A0 AT LT 41 4k
WG B 933, SR ¥ DOX-ICG-PAAP &
AR BDHLES L (10000 r-mint, 40 min) YidE
IEW, FRUGEAT R AT WL 2D A MR S R

KIZAMRERAR  H DOX-ICG-PAAP #; K 5
#T pH 5.0 1 7.4 B R Eh 22t (PBS) v, T-37°C
IR A IR (100 rrminh). A TEHEAL T
2 min 204N (808 nm, 2 W-cm %) RS 5, B0
(10000 r-min"*, 40 min) W EX_E3EW, T 488 nm il &
WO BE IFTHE BRI .

MREIBERER Y U T BUE KW MCF-7 41
ff, ERDBE 3 IA 6 FLIR A, FEFLZ 5x10* N4
M. B59% 24 h Rrdti PRIV BE 5 R L BE IR, N & A i
2 DOX B DOX-ICG-PAAP (L DOX it 10 pg-mL 1)
PR TR L mL . RO B SLIR A, HIEL AN
SRS 2 min (808 nm, 2 W-cm?), & HI1E 43°C
L. 4k8:8%9% 0.5 8% 1 h J5, %% A Hoechst 33342
(10 pg-mL™h) FIvA i fA 2 (3 R 5 (1 pmol-L 7Y
et 15 min, PBS Yl Jm, HBOCILIRE BB IS,

ROMNRBRE MR O EAE KN MCF-7 41
i, $IEAEFL Sx10° AN i %5 96 FLANAEIR H, £F
e 2 20 PR UG B S, N IR B A (R T R
(20. 50. 100. 200. 500. 1000 pg-mL ') ICG-PAAP
BT B 15 R, AH R) 5 3 0 N AN [0 R B2 P U 25 DOX
DOX-ICG-PAAP 572 (i &K FELL DOX it, 734l



+ 1172 -

2424 244)  Acta Pharmaceutica Sinica 2018, 53 (7): 11691176

40.1. 02, 1. 2. 10. 20 ug-mL Y. BOL4: RH
VT LLAMEOE (808 nm, 2 W-em?) M 3 min, J5/E
FEHIE 43°CLLF, EEMRS 3 W, SRS TR
o AMMEAkLREEFE 24 h 5, KA MTT 052 4H A7
A

DOX-ICG-PAAP WM R~ TT B &R TT IR
3R M ER T E AR 35 mm BRI, #5 24 h
S EE J5, 5% TR i DOX -HCI B DOX-ICG-
PAAP {135 95 (K LL DOX it, 20 pg-mL ™). ot
A1 808 nm T LI AN (2 W-em?) fEEER TR
5 2 min, #EHIEEATT 43 °C, ARG 3%, &
7% 3 h 5 H PBSR® ¥, A 0.4% & W3 i 445 10
min, F PBS¥ei%k G H s w5t .

FER51T8
1 PAAPBIE R FRIE

WL TEM X PAAP AT TR M %R, FIH i 5 #%
FORLAR A AT O 8 R AR R/ . B 1a sy PAAP | TEM
B, wEFT R R 2 IEERTE, A Eus s, Fikis
N 45 nm. & 1b SRR R /A B, e ]
MRLAE R IES A, KN —, BB m sk,
FIAR 294 57 nm, WE 25 RECTEM K, X EZRHT
YRR R KA TS

LA RE R E PAAP (IR . & 1c Fiw,

(=]

Transmittance / %

v
3422

1667

50 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

B
Wavenumber / cm

1667 cm ™ 4b 2y C=0 KIHFfE{H 4R 5006 2881 A1 2908
om b [ AT I 43 ) %6f % =CH A1 -CH, 3 [4], 3422 cm*
(R AREAE TR SO 97 -NH BE ], 3 3 AN PR A ok
BT A, 2459 om BT M Og A R T R
{51t C=N 430 -

MR IRARE 'H NMR 2041 PAAP H4%5
), W ad fros, G T 6 3~4 Kyl B A YR o
MPEG-SC I4HIE R F LRI, 1AL T 6 7~7.5 Mg
& I IR R -NH, IORFAE iR T 3L R 0%, UERH PAAP
CRR I B
2 ICG-PAAP HIZRTE R IIE B AR RIK E BN E

ICG-PAAP [¥)& il it 58 40 mT WL 4y 6 0 BE v idk AT
M, K 2a vl A1, 75 1ICG HIRFER IR IEE 780
nm 7245, [FIFE ICG-PAAP AV A AE 780 nm th 47
TEMR IS, B8 1ICG LR 7133 PAAP L.

Il 7 B2 SR (CMC) & T R o 1 B AR IR 2
H CMC BRAR, TR AR AR T . i B & 4 brid
YR 3 OE LRI E CMC, 45 R ILE 2b. 24 1CG-
PAAP it & BEAK T 20 pg-mL i, ZObBRE — B
55, Ut RCE R IE BUH TiE T 25 pg-mL T e, WK
JEHREE AT, VLW R R, %45 R
IREEYIR ) CMC ££ 24 ug-mL ™ 45 .
3 BIERAMEE

UCST 2 V4 il S e xoh T P MUk () Sk . I8

1004
804 <D==57.7 nm
=
2
w
=~
2 4
i
20
0=
10 100 1000
Diameter / nm
~ 2500
= 2000
= 1500
= 1000
p(AAm-co-AN) mPEG-8 1 L s00
1oy o M
NN
T T T T T T T T T F-500
9 8 T 6 5 4 3 2 1 0

f1

Figure 1 Transmission electron microscopy and size distributions of p(AAm-co-AN)-g-PEG (PAAP) micelles (a, b); infrared spectrum

and *H NMR spectrum of PAAP micelles (c, d)
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Figure 2 UV-vis-NIR absorption spectra of indocyanine green
(ICG) and ICG-PAAP (a); critical micelle concentration curve of
ICG-PAAP probed by Nile red (b)
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Figure3 Variation of the diameters of ICG-PAAP as a function
of temperature (a); transmittance of ICG-PAAP as a function of
temperature(b). n=3, X=*s

FEWTR] B 4R R ER Y o, i o T bR B I 2k
AT, SRR B 3b iR, B R EME
BT, B AR, M7E 43 CLEAR, REFEAR
A, AR, ISR BUR R UCST 415 43 C.
4 RINEIRERITEMN

R Z0ANEOE (808 nm, 2 W-em?) HiF % 1CG-
PAAP JKIERAR SRR, FIFHIELLAM AR A2 5%
T Ak . B da 1A 1 il Y 28 9% B L R S R
I [ AN RO B R IEAH O, FRGY 8 min J&, REIKEE
N 500 pg-mL Tt FIRE IR E TR A 71 °C, ikt R 4Lt
BRHE, BEMNTFEE 30 °C; B IR A a) i) 22
K, WG T . BRI N 125 pg-mL )
FESAAE RS 2 min BFIREE N 42 C, T HES 8 min )5,
BT 42 58 C o BRIk, il E (3R 1 55 Y PRV B
HRGFI R G TEMRIZRAF T, SRR sy, IR
Il R, HR R R . B 4b AT AT AN HR G T
FIEENR, SRS FHRM S R —8, WA SR
JEE (38 00 R S ] (0 e K, 3R PR R T vy, T T R
KR EA A E ., DL g RAE, ICG-PAAP
A BT e RE .
5 DOX MfaHEzE

RYE DOX WKE-EAMR I AE Mdr it 28 y =
0.0222x+0.028 (R*=0.993), 5 ! #2455 &R 1)
SERRaE 2 RN 6.8%, L3 82.6%. 4T 5 DOX-
ICG-PAAP (kL4273 4 W1l Ba, EHVIRAS RIF, Kife

a
80 —a—Water
—e— |5 pg'mL"!
- 704 4— 30 pg-mL’
“" 60 pgrml?
5 125 pgrmlL!
@ £
g +— 250 pg-mL"
= 500 pg-mL!
g
5
=
0 2 4 6 8
Irradiation time / min
b :
Water 30 pyg'mL!' 125 pg-mL! 500 pg-mL!
. -
. .
i .

Figure 4 Photothermal heating curves of pure water and
ICG-PAAP at various concentrations as a function of time (a);
thermographic images of ICG-PAAP in vitro (b)
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Figure 5 Size distributions of DOX-ICG-PAAP before or after
lyophilisation (a); UV-vis-NIR absorption spectra of DOX,
DOX-ICG-PAAP and the supernatant of DOX-ICG-PAAP after
centrifugation (b). DOX: Doxorubicin
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Figure 6 Cumulative release curves of DOX in phosphate
buffer saline (PBS) of pH 7.4 and pH 5.0 with or without laser
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Figure 7 Cellular uptake of DOX-ICG-PAAP and free DOX in
MCF-7 cells with or without laser. Red: DOX fluorescence;
Blue: Hoechst 33342 staining of nuclel; Green: LysoGreen staining
of lysosome (scale bar, 15 pum)




o FRAED SUENGIVE R SN 2 S b R MR ARTE MCF-7 BB ARG /T PP R £ 1N

+ 1175 -

Jo AR AH AR, IR E YO MR A A A, B
JiEES DOX Bethiddt NAMut%; 45 TiiF & DOX Hok
WG, 5ARBOGAM L IC I S22, BT8O0 X i
2 DOX i fem. LU g5 KB, ICG-PAAP 11
Jy DOX ZiWiEkfk, W i, WOk 5 RE
PR, KIERIT R
8 YHEEEM

FKH MTT iE0F5E ICG-PAAP Xt MCF-7 it 48
JRL B 2 A SO AT B T BT AR . B 8a
SER RN, BAKC R, B R R IR
A 1000 pg-mL M HE, 4UIRAEE RS E T 90%,
] ICG-PAAP B PERUIS, & & 1E N R
F T 1CG-PAAP A Al AT ORI TT AR
WAL ARG, K I /E 43 C LUR A,
Y AETE R BINA AT R, HIEABE. & 8b iR,
WA AM GRS T DOX 697 2508 I 0 B &2 &2,
Vi 20 AR AR 216 DOX 40 fild 55 4% . f1 %% DOX
J&, DOX-ICG-PAAP £ I H — & FI 40 I B3 1, 1X 3= %L
e TTEVE AR EIA SR T, DOX AT DURE IR . 2430
f8 5} 5, DOX-ICG-PAAP X} MCF-7 41 ffg ity 3 2%
TiE 5 DOX, it BHAE OGRS 26 11~ DOX 1f AR s
e UL B 45 R W], ICG-PAAP # 4K JC B B3 1k, i
LLAMGETHTE 3 DOX-ICG-PAAP HLid B i 2454, Mifi
K BT BRA PUMR 8UR

[ Only Laser
B (CG-PAAP
B ICG-PAAP+Laser

B0

40,

Cell viability / %

204

106 20 50 100 200 500 1000
Concentration / pg-mL"

b
1001 —=— Free DOX
—=— Free DOX+Laser
S g0l —a— DOX-ICG-PAAP
= —— DOX-ICG-PAAP+Laser
a2 60
5
ot
U 40

20

o1 0os 1 2 5 10 20
DOX / pg-mL"!
Figure 8 Photothermal toxicity of ICG-PAAP in MCF-7 cells
incubated with different concentrations for 24 h (a); the
anti-tumor curves of DOX and DOX-ICG-PAAP photothermal or
chemo-photothermal therapy (b). n=3, X+s
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Figure 9 Microscopic images of MCF-7 cells after treated with
control (a), laser (b), DOX (c), DOX-ICG-PAAP +laser (d) (scale
bar, 35 um)
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