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Abstract

In the field of tumor therapy, the research and development of nano-drug delivery systems are of
great significance to improve the accuracy and effectiveness of tumor therapy, but the biocompa-
tibility of the material itself, the heterogeneity and complexity of tumors, and visible light prob-
lems such as insufficient penetration depth of the band light source have always limited the im-
provement of tumor treatment effects. In this study, indocyanine green was introduced in the process
of polydopamine polymerization, and ICG was loaded through mi-it stacking and hydrophobic interac-
tion to prepare a nano-drug loading system that can be used for photothermal/photodynamic com-
bined therapy. The results showed that the prepared ICG/PDA nanoparticles had good photo-
thermal conversion ability and photothermal stability with a temperature rise to 50°C in 1 min
under the irradiation of 1 W/cm? NIR, meanwhile, a faster active oxygen generation rate and more
active oxygen production were exhibited than those by free ICG. Finally, the experimental results
of human ovarian cancer cells (SKOV3) showed that the prepared ICG/PDA material possessed the
excellent biocompatibility under condition without NIR irradiation, and exhibited the obvious
tumor cell inhibition under 808 nm NIR irradiation. In summary, the prepared tumor inhibitory
ICG/PDA nanoparticles have the potential to be used in photothermal/photodynamic combined
therapy.
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1. &g

YR FE A POE R R NI 297 7K T HHLE[L] 9K S50 T AN RE BT EPR 508 $E ) fif
AL, SRR N, R RURR 2 B TS R R (KA B ) IEAER, SRRk 3
IR RPAR AT TSI, ERILE T OUBRAIRIT (2] [3] [4]. AT RER AV R A S RIE
i, BRI Z T REtE, RIS AR STERR, AAIEA T 2 F0a] CLra e X 34T R i% 42 R
(R 2N K B AR 5] [6]. HLHI 9K E A R R BT MR S AR E B AR AR B L AR e e VR A6 ) =R
FG A RH  H 251k R BT 70 A R 7] [8] [9] [10].

VENIBTT FERE I PR 5 8 ILIOGIT 738, e RIFIEROG Sl Ji T e sh B K B 2 R RIS T R
ISR, VP2 a#bRI[11] [12] (Flanss & @ phRl, IS mu Ay, M RR a5 g ki kb Fosh
B3] [14] (B UnBRFE =, AR HAD Gkl 7 1) E T #4971 (Photothermal therapy, PTT)F163) 1197
% (Photodynamic therapy, PDT). JoALAKA Rl S I T8 706 268 JTBC G 1697 AR, nikgK A,
HAFmHRELL., HREE, SVUWERRE. &SRNGS, v FREER AN, SR ZYih
%, SR, TCHLAUKRM RIS BE 2, 25 5 51 e )R B BRI T FIG R BT [15]. IR RInR kAT A= 925
B B R R A i b T R 6B IR TT 230 [16]. SR, SRR T A HEAE FH T I (VIS) HE
DL 7 375 H ZA BIR IR M A 23, R H T8 97 B keI JZ 244 . 700~1100 nm ()3 21 41 5t 16 4 o
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(Near-infrared light radiation, NIR) Kk 2 #UE W04y 1 W & 1, v LAZEEIR IZA 21, 7EMY8 PTT A1 PDT
o ELA ) RS TR [17] [18].

AR, BT IR A WAL LM SO R T B A JE R 2R 5 21 A RSORI e e B e 3
R HTCADFFIE R Bbp B AL T 3 i B BR[19] [20]. BbAh, HREFR KRGS ER L4, PDT
R IR LA T 38 KA AL o AEVR YT & P L4 T e RO ORI E SRR R A AT 68 oA
ST RO, B, BT R T LA MR RSO G BOR 2% PDT 290697 IR &0 A 2L .

A TS GO ZG R RATLE DR DA 251 0 i 5 DL K s 19697 o B IR E AN I I, SR R
A I LLAMR i Y R A R DL R TE A ) EE 14 1 5 22 EL i (Polydopamine, PDA) G # RIS 25
HAT I TR 1o i T G R IR M5 W 75 43 (Indocyanine green, ICG) GBI R 25254, 38 3t 7K $g: il
#& TR BN JBAEIRTT 1) ICGIPDA E & 91K EZ1K R . %7755 T PDA REMEE o i1, H75
F 4> 1CG @ n-n HEFANG KA AR FHSCBL ICG (G B3, B /MR R A 25 1 (0 [FT B, )
AR —ANE M . PSR R W E G IR AN R R R 5.

2. BRI A
2.1 MR

PARSIR 75 2% ICG FERER 2 ik DA N FE kL, R — Pkl & kL ICG/IPDA, @it A bP 5540 i
A, ST RRYT HEREIH T IR 5RAE . LI FRHAN I 1 s, A8 & £ 2 s, 40
W 3 s

Table 1. Experimental reagents and raw materials
F 1. AT SER

el G Eyadlid
5| I 24 (ICG) 99.9% JETUH R R IR AT
#hiR % LHZ(DA-HCI) AR. #R7E Sigma-Aldrich 54 5 R A F]
Tris 99.9% 1[5 Biofroxx IR B H R AR
4’ 6- IRk FE-2- IR FL 5] (DAPI) Gy 2£[H Sigma A A
B 5 (DMEM) s [ Gibico 2
&4 i (FBS) LER 22 [E Amresco A &
JHRER AR (Try) I %[ Hyclone A
DCFH-DA (C24 H;6Cl,07) MR e B ERFEARAF
Alamar Blue 41358 5 55 MA 70 & Ay B EYIR A
R FE A FE IR IER/E (Triton X-100) AR. [ Invitrogen A ]
5 S 2 A TR i 2 P SE S ) £ LI AIEENMBARG IR AT

Table 2. Experimental instruments and equipment
2. IWMANFEERE

[RE =2 i X # A )3
FLIR E RAILAMABRAL E8-XT FE FLIR A7
e B AR AT ARSI AR FTIR6700 FH B SR A ]
HL - TR T U-3010 H A JASCO A+
WOGKLEE (X 3000 HSA YL [E T JR A A B A &
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XIfE &
Continued
EEE NI TG S-4800 HZ HITACHI A7
808 nm ITZLAMHO R R A FC-808-4W-MM TR T R IR A #
P2 B A UT325 PR EER B 3 R 7]
I 4 0 B 7R 4R DGG-9070B AR LA A B A F]
PG B R IX-71 H 7k Olympus 2 &
WOLIL R s Stellaris 8 T E PR (Leica) A H]
Table 3. Cells used in the experiment
Fz 3. LI AR
411 42 PR Tl Vs
NS P AL P B 200 L HUVECs VU)K 2R A AR S A G (1 A 30) B S0 =8
N B 595 240 it SKOV3 AR TR T 0 (0 )11 %7)

22. MRFIZFSEM

DAERTR 2 B e s e o JEURE, KGRI 4% ICGIPDA 9K E &K R . 1) A4k B R A% PDA 44
KHi: FREL 100 mg #hFR 2 U, T 100 mL Tris 221 (10 mM), =i N REYESHE M 24 h. 11,000 r/min
THIE B0 5 min, YWY, KB FKBEG =5 % H . 2) KHIEHI % ICG/PDA gKhi: iR % (100
mg)¥ T 100 mL Tris ZZ& (10 mM), =i FHid: 4 hJ5, FREC10 mg ICG AT 2 mL £EF7K, &
TIINB E3R S NyE b . SR N 4k4: N 20 h, ICG 7E PDA () 823 & i FE it n-m RN BT KA
IR T PDA GKMERA . [N EEHE, 250»(11,000 r/min, 5 min)iit4E7=4) ICG/PDA NPs, 325
TKBEG—XE&H, WE 1R,

Dopamine Indocyanine ICG/PDA
Hydrochloride Green
HO NH, € .}HS‘
D/V C
HO
!

Room
Temp. Temp.
pH=8.5 Darkness

Figure 1. Schematic diagram of the preparation of ICG/PDA nanoparticles
[ 1. ICG/PDA KA % [REEE

2.3. MRAR S EHISRIE

I I A A T U (SEM) EAT GRK BURL IR TR 35 43 A7« il i B A5 6434 (DLS) 70 HT3RAE T PDA.
ICG/PDA NPs HJiif&z) /1% B A% (DH) M zeta HIAL(Q). FAHILMH AR BTN FT-IR)GHE AN DA 1 PDA i
ITEER S5 . B KA Y EE TS ICG. PDA FI ICG/PDA Z5AT R AN - Af W6, 44l
154 BV R AR R AT o7 B 75 IR 20, e MR 75 I 77388 1CG.
2.4. PHRERAIEGETIE

SR B SIEFR A E MR EThR TN 1 Wiem? L LLANEOEIE S R, %F ICG. PDA 1 ICG/PDA
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MEHCico = 10 pg/mL)FEAT TOGREEHAEREAN 5 YOGTHEI AR E I, I T 20 S RAR N LA 3 AR
MR B OO AT IR AR A i el 5k

S ENNR: 200 pg ICG/PDA VAT 2 mL 1:1000 £ 7 5L & ¥ DCFH-DA 1A il £ B 4 100
ng/mL fI#4 BHDCFH-DA 238Ul K 10 pg (1 1ICG FE/MAMRT 2 mL (1 F RG24 18 1:1000 e & 47 (1)
DCFH-DA & |4 2N 5 ng/mL Y ICG/DCFH-DA 73 Bl - 1EThER %5 B 1 Wiem? 3 21 4 MO
N 2Rt SR A B AT I K 60 min B RREE S, % E] B 10 min HX 100 uL 3 HOR A #5725 R 2 2 mL,
IR AR PG R S IR AE 520 nm Ao AT RIS, LB R RNE M A, @R A
IR 5T I ZB7E 520 nm b b FHIEJEE LUIAS R RIS PR A= AR &

2.5. ARIRIEFSR

K HUVECs Il SKOV3 TR AN AT AT . AR AE YA 2 M@ A0 B 35 iR B R AE, R
F CCK-8 MI5E T AS[RIVR BEATRME F R g pis 4 . @ %) 5 ICG/PDA A ELIEE 2 h 4N REAT T I
S 10 min [RIIE 2L AMNEOCAR IR (1 Wiem?), ZEBOGIEER A RS T AR5 1 o

FR P S5 S R S B S DR R R DCFH-DA 65 SAI LI & 2 h A1 .30 min J&, fETH R 1 Wiem?
I LT AN AT 10 min RRR, 28 af8 B A N WS R L ISR T VRN

IR SMR AR 25077 BARIE I AL AT 7T H % AR ICGIPDA FIRTT BUR, BRI, BENLY AL
B WAL, ARNIRAH. B NI, BHOI R G ITIETRE:, MA TSR FRIEMBENZAYIRE 2 h (X
& control, FEAMFE R /D =T SEES) R EUH, AEE IR S5 R AH 2 T [F — &4 1, 6 R 41 7E 808 nm
BOCHRS T EHE 10 min/fL, BEESEEN 2.2 Wiem?, [fijG BT A fLH PBS BRI PE 2 Wk, WGy hiseT:
i, Calcein-AM/PI XUGRF G 251 E H S A AT G S8 4t 10~30 min, BREGRE, FOGEM
B F T, il

2.6. BEAES ST

P R R @ A — b T . B R SPSS 24.0 Giit AR AT A M BRI B R bR 22, 2 1)
FLRER BRI R T 25001, PAE <0.05 A Giit22= X, HAREH Origin Pro 9.1 3444

3. &BR5WiL
3.1 MRERSSEH

GURE AP BRI RAR R HL A2 RO 3024 R 402 5 Ae s DURRE MR A il 20 SR A2 31 i Rg 21
GUX Ik, SRR A IZ AP B R I OCHE . Rk, FIA] DLS F1 SEM WLEE T Frifil s M BHATES . Rift oy
Ai UL B AR LS . BT 4% PDA, ICG/PDA NPs [RI4L R 5 45 ) R AE LS B4 2 B

SEM 455K W], PDA 5 ICG/PDA 4K BHITE A 5 835, )2 B HCRESTHER (5 2(a), 14 2(b),
2(d), K 2(e)), XBAFTHELIHS . PDA NPs F1 ICG/PDA NPs [F# & 1 P18 /K &R %5 BN 222
nm, 226 nm (& 2(f)), 5 SEM %55 —%. ICG/PDA NPs [ ¢ Hif 4 PDA NPs 538 47 [ 34 0, 0l i i3 B
ICG SEHL 1 BRI (14 2(c))-

] 2(g)/& DA-HCI 5 PDA ) UV-vis B OGIE T ELE, 7F DA B AT PDA G MUAERREUE -k
AT HERSAE, AWTEEIERR DA B T IRERER] PDA W, HTE UV-vis SR BsEsl 7 MR
FE W AT AT RIRAR €1 58 22 B R 70 SR A BT 21 40 i K3 Bl A 5 A0 1) SR R R A . 18] 2(h)
FioR, B e il 26 FiE (2t 2 50 BIARER T VR T AL JS (1 PDA NPs F1 DA-HCI M RIZLAM GG E. 5
DA-HCI # Lk, PDA 7£ 1300~400 cm ™ $88UIX (MR RE AT MRS 22 . ARFTEL ST, 4R E0IX %t 4T 45 i (K725 4k,
BB, BHUE T HED Y DA-HCI 70 T A5 E R G PDA AR i R AR T S5 MPEI AR AL, BE 6 i Zebr &
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f] 1520, 1615 1 3420 cm &b FIRISCHT 43 B I 1 S 3% 85K T K N-HL F5 38 ¥ C-H R LA By 3 A1 )
-OH HIBIYIRSN, X SLRFAEMR ST B 5 AR A B AR £5 4 A8 40 _HERH T PDA AR

UV-vis £k o, E A5 ICG/PDA #MEHR ICG IS IER SIG - B4 8, X 2EH T2 1CG 4T
W B3 IE7E SR A 1F) PDA 9KBURIR T f5, AH ELBElY) 1ICG 431 il ik Sgsk vl (1A% S U A R e e 2
21, UiBH PDA FIKEE 1 BT 55 &2 F ICG Z A4 T nn JLHE, SKBLT ICG MIEIhEER(E 2(3)),
I UV-vis TS FIROERE SRR EE IR RiSE R, XF ICGIPDA E&9UKMELETRA BT, RAHK
ICG/PDA #1ELY) ICG 24 FAEE] T 4%, BIHIEL) 69%.
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Figure 2. Composition and structure characterization results. (a, b) SEM images of PDA; (d, €) SME images of ICG/PDA,;
(c) Zeta potential; (f) Hydrated particle size; (g) PDA and DA UV-vis absorption curve comparison chart; (h) Fourier infra-
red (FT-IR) curve of PDA and DA, (i) UV-vis absorption curve comparison chart of ICG/PDA system

2. R SEHIRIEERE. (a, b) PDA B SEM [El; (d, e) ICG/PDA R SME [&; (c) zeta BB ; () 7K&HIfR; (g) PDA
5 DA 9 UV-vis IRUSERZEELEE]; (h) PDA 5 DA BB EMLISMFT-IR)#IZE; (i) ICG/PDA R ZRAY UV-vis IRUTEhZ:
ELiE

PDA B HIER T A RE T PDA XOGHIMRIAE — e B VE I N 2B ESEE,  S5H At T
T PDA {EIRZLAMEIRAR ST T AT SEBDER I S e i de s, IR H#iA 09 PDA 207 I 4 L 5 IR 404k
JerReRE KR TARREHRERE, 1 PDA MR G TR 2 T H S50 TREAR S n-n &R
€ PDA 73T BB A B LA TR OB T RE B A 26 AR SR A SR SE B PDA HRDGIEHe, X b AESE
Sk 7 ke TS A RS IO, T K SR R R 1075 R B RS, XA REE
et sCRENE R DO BT S e RO B R R T I A TR IR O IL RC BB R e 7% . R RO HIAL 2 A 1), [
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I, BRI b PDA JURFE5 I v g FLREREAE 5 G IGT 1CG FE IR 4% & BUIG R 6 3 J1 b [F VAT 1A F R g S
Pl d g BN ILAC 5588, JFHEK ICG 76, fRIE ICG fEMR R A IR ENE, ML 1 ICG 1)
ASETRMAR. SHER, 1CG RBMBIGURPRRIT )G, 5/ BIFI/KIE T Z AR,
HAEM®SES, AATRMOGEAER, I B HER n, BEiE T ICG 7T msE— B RE, kT 1CG
FBRAEAE I I B A TRVR B2 SR ME DL K 1ICG S AE I TE 25 5 BB IR VBRI [, 3t DB I8 AiF B
T SR RS SR 25 R

3.2. XAEREFEE =%

AWFEHI ) ICGIPDA A &2 M T L Ik aia T AR Bk &, B, BATRAEZ LS
REARPLAT UT325 Ffit A7 IR A 1 AN ARG A RE 7 AR R R E N, AR PP ]
# 1 ICG/PDA #EHE & R A BVRIT I AE /1. BEAh, FATIEIE DCFH-DA R4 Az i 1 S 1 3 8 M i
AT, CAVRAL il 46 ICG/IPDA MPRLE R B & ezl 71 r e /1. BATHZ I 3(b) o Jr ikt
FORREEAT TR LLAMC AR S I K, 45 2R A 3 fos.

a . b DA |CGICG/PDA C 1 M 1
— —a—UP a
O 801 . e a
; 554 —a—PDA 8
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Figure 3. Results of material performance characterization. (a) ICG/PDA system photothermal conversion absorption curve
comparison diagram; (b) illumination test schematic diagram; (c) photothermal conversion principle diagram; (d) ICG; (e)
ICG/PDA and (g) PDA light Thermal cycle curve; (h) ICG/PDA system photothermal cycle stability comparison diagram;
(f) ICG/PDA active oxygen test result diagram; (i) ICG active oxygen test result diagram

3. MRMERERIELERE. (a) ICG/PDA RN RNUTRIZE LR E; (b)) XRRWEAEE; () KHAFIRFEEE;
(d) ICG; (e) ICG/PDA 5(g) PDA B LATEIAHALE; (h) ICG/PDA 1R ZRBULAMBIMEE M ELEIE; () ICG/PDA RYGEM
SMRERE; (i) ICG HEMEEMXERE

DOI: 10.12677/ms.2021.118106 924 PR R


https://doi.org/10.12677/ms.2021.118106

XnE 4

M 3(a), Bl 3(c) P BRI, FEARIR] PDA IREERDEIRGAE T, A EAEHE EERE N (7] B+, H B
FH#FE 24 ICG/PDA > PDA > ICG > UP /K, 744t H 1 Bl ¥) ICG/PDA #EL%: ICG #1 PDA H A
FEUF e AL 3RO, AR SO R BE RS 7E G R 10 min JE7H=E%0 31.5°C, t4h, ICG/PDA #EHE
MR L FHE L ICG # PDA k.

P 3(d), 1 3(e), 1K 3(0)7 342 ICG. ICG/PDA. PDA HIYEHVEIR IR AL Hi 28, ] 3(h)/& ICG/PDA
B IEINR B AR LU AT ], 45 22671, ICG/PDA Hi1 PDA BA B e B a1, 1 ICG 18
WAL AMEIRER S N IR B TR RSN, XS PDA ALK ICGIPDA E &9 KME 25, LIl
THIRERRRRE, BT ICG YEIRIE A R R E .

K 3(F), &1 3(i) 2 1 ) DCFH-DA V37 B ICG/PDA 1 ICG 7£ 1 W/em? (I 2L /i A 4R 5 T 1
% 10. 20. 30. 40. 50. 60 min 5K G HhZk . AHIERE S, ULRHF A iGtEEsE, MR R
K, GEENEMEE SRR . SRR, AR ET, MR A B RWE, H ICG/PDA
(35 TR S AR TR P 1CG B R, TR 2RI 45 R ME A &= B ICG £ .

3.3. HfaE M SHIEHN

MEHOI AV A DE TR BRI N T ANk, B, V2SRV ENE R AR S
BHEIG PR 0 75 BT R RE, R VPN BT A IR 9K s 218 BRI E B . FEART, W&
M A KRR AR EEVE . 40D P9 Ak DRSS HREE MR S5 AT P . ICGIPDA AR NI ik P B 44
il HUVECs 4o agit, 458l 4(a), & 4(b) AR,

[ cG [MPDA [ ICG/PDA

0
ICGIPDAO 20 40 60 80 100 200
ICGO 1 25 5 10 15 20
Concentration (ug/mL)

Figure 4. Cytotoxicity and internalization results of ICG/PDA materials. (a) Cell morphology of HUVECs after 24 hours of
co-cultivation with ICG/PDA materials; (b) HUVECSs cytotoxicity quantitative chart; (¢) SKOV3 cell internalization result

4. ICG/PDA MEHIMPESMMALERE. (2) 5 ICG/PDA M¥}H3t1E% 24 h J§ HUVECs F2745[E; (b) HUVECS
S EERE; () SKOV3 AL R E
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Kl 4(a) 4R R B, MBS HUVECS 20 i i) 40 f dl -5 40 M 28 KORAS S A BUR 2 g, AR Sk
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Y& AR ICG IREE(10 pg/mL) AN FRIAENA W 73 0 5 AN R4 L5 57 a5 AT YRR AR AT, Jd I /(5 B 58
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DAPI Brightfield ROS Merge

PDA ICG Control

ICG/PDA

Figure 5. Test results of the production of reactive oxygen species in the cells
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50 ek R i 5 A S MR AR VR B B AT

Transition

Figure 6. Test results of the phototoxicity inhibition effect of materials on cells
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