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Construction of targeted nanoprobe based on hyaluronic acid and its anti-

tumor activity in vitro
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Nandi'™
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Abstract Hyaluronic acid (HA) was used as drug delivery carrier, and the doxorubicin (DOX), IR808 and
catalase (CAT) were modified on hyaluronic acid (HA) to form the nano-probe CAT@HA-DOX-IR808 NPs
with anti-tumor and fluorescence imaging by self-assembly. It was characterized by UV-Vis spectropho-
tometer, f{luorescence spectrophotometer and transmission electron microscope, and its fluorescence imaging
and antitumor activity were studied at solution and cell level. The experimental results showed that CAT@HA-
DOX-IR808 NPs displayed a uniform near-spherical morphology with a size of 75 nm approximately. Under the
condition of pH 5.0 + hyaluronidase (HAase), the release rate of DOX reached more than 80% in the first 10
hours. In the CD44 positive cells, laser confocal imaging results showed that the group of CAT@HA-DOX-IR808

NPs had more significant fluorescence signals than the group of free drugs and negative cell. In the cytotoxicity
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test, only about 40% of the MDA-MB-231 cells survived at the highest concentration of CAT@HA-DOX-IR808
NPs of the group of CAT@HA-DOX-IR808 NPs + NIR. Therefore, CAT@HA-DOX-IR808 NPs possess signifi-

cantly enhanced anti-tumor effect with broad application prospect in the imaging and treatment of breast cancer

n vitro.

Key words  hyaluronic acid; doxorubicin; IR808; nanoprobe; breast cancer; near infrared imaging; chemothera-

py-photodynamic synergistic therapy
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DNA 453 £ F0 41 B A B 4530 B DOX 19T iz
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Figure 1 Schematic illustration of (A) the preparation of CAT@HA-DOX-IR808 NPs and (B) therapeutic process of CAT@HA-DOX-IR808 NPs in

2 Chemotherapy
(3 Fluorescence imaging

@ Photodynamic therapy
tumor cells
ADH: Adipic dihydrazide; HA: Hyaluronic acid; DOX: Doxorubicin; CAT: Catalase; NP: Nanoparticle; NIR: Near infrared

AtEdms BV ERAIRA R FER(DOX) (1-4 2 K &

FE-(3- T BRIk — I e Eh g £k (EDC-
HCI) (N-J2 2T 8 W7 e (NHS) Fil 1- 52 R T =
M (HOBT) (L= 1 Ba] 35 35 R A7 PR3 /) 5 3 484k
AW (CAT) . C 2 MWt WF (ADH) \BCA 57 & .
9, 10- 0 B2 X (7. H %5 ) — N 2 (ABDA) 7K H il
K AR %L 3-(4,5- — H JE-2-Wemp It ) -2, 5- — IR I~
2H-IRACIUWE (MTT)F12,7- A A0 E R
fif (DCFH-DA) (P44 34 B 78 B 47 57 ) A PR A A ) 5
DMEM 35 77 5 (P8R SR BHE A ) 547, 6- 21k
FL-2-JR I NG| W — Eh R R (DAPT) 122 58 HH i (1 g
BRREVBEARGBRAF]) 3 HoAh 550 1 i 8 43
Mrali.
1.2 B 2

ZEN3690 kL BE AL (Y& 8 B /K SCA ) 5 i3
SR O (TEM) 588053 D606 BE T i Ee 43
FEREE T (H A H S 4R A 5 OB IR 256 6l
B (PR R WM ARE R oA RA D) i (5%
E BDAH]) .
1.3 % #

LR 9E 40 S MDA-MB-231 1 A IR ¥ HEK-
293 ZH L34 f VTR K2R AR ) TR 2= B Ak 7 5 4=
PIHRZE T S St

2.1 CAT@HA-DOX-IR808 NPs % #8 % #+ # #9
* &
2.1.1 HA-DOX B4&-#th4 s HA-DOXEEY
B A B E AN 18 2 fIr s o B JEXT HA i#E 47 ADH &
M , ¥ HA 400 mg F1 ADH 864 mg I T ## 4li /K 40
mL G R BERE SN 20 min, 453 [FHZ R
JAGE Y 0. 1 mol/L h iR i % A~ 15 W pH ik 5]
4.75,8RJ5 I AEDC-HC1 570 mg, T2 IR 4 £ 52 i
5h,JF HYERs pH R 4. 750 10 52 PO 2 A
0. 1 mol/L E AL ANIH pH 2 7. 0 AL RSy . 155
() HA-ADH G5 WU 25% £ T3 OB 4l K
75 A CHECBA AE o3 i o 3.5 kD) Zlifk 2 d 5 L i
I TS 2 HA-ADH R 54

¥ %5 T 5 #9 HA-ADH 2 &) 85 mg ¥ T pH
6. 5 A R 2% vh £ 7 W (PBS) 30 mL 1, =5 3L 4 4
T 1 mg/mL DOX ¥ 10 mL LA in 9 7 28 m A
IR TN SE BUG AEE IR T RGN 24 he
V25 5 HA-DOX 58 W) W 25% & 15 W
FIER 407K 3% M (8% B8 A 6T 43 7 ok 3.5 kD) 4l
2 d, S JF s 7R TR B HA-DOX R 5 .
2.1.2 HA-DOX-IR808 K &4 g4 HA-DOX-
IR808 KA WA B ANl 3 7R . AE % i 5 A
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Figure 2 Synthetic route of HA-DOX polymer
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Figure 3  Synthetic route of HA-DOX-IR808 polymer
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2.1.3 CAT@HA-DOX-IR808 NPs # #] & ¥
HA-DOX-IR808 % & ¥ 40 mg % T #8 4fi /K 30 mL
W PR TN EDC-HCL 7. 9 mg, & I T #E%
FRE0. 5 h, ARG IIA HOBT 2. 4 mg 4K4E /% 0. 5 h,
EE M CAT 12 mg, T % I T #8651 18 he
KSR G B CAT@HA-DOX-IR808 NPs 14 i 24
AR UE B0 (RUBE AR 437 i S 100 kD), LA
5 000 r/min .0 10 min, 77258 38 AR, B HL
mETBAiKT, EE LR EOS 3K, R
2% 1) CAT@HA-DOX-TR808 NPs.,,
2.1.4 HibmmxAmAMAAGHE HHT
CAT@HA NPs. HA-DOX NPs FI HA-DOX-IR808
NPs {0 2 J5 B 5256 % BB 4] . CAT@HA NPs iF 75
#4855 CAT@HA-DOX-TR808 NPs %k A A
A, H & HA 10 HA-DOX-TR808 &4 ) il it ,
HAy [ B 45 F— %0, HA-DOX NPs £l HA-DOX-
IR808 NPs % FH #2588 75 L 4615 . HA-DOX Fl
HA-DOX-IR808 &1 5 mg 73 i FHE4l/K 5 mL
o, S 15 min J5 R AR U8 B0 A (R RE A
X4 F i &k 10 kD) , A5 000 r/min .0 10 min,
SRR IR AR R S TRk, B
IR B TR 3R, AR B 4 HA-DOX NPs Fll
HA-DOX-IR808 NPs.
2.2 CAT@HA-DOX-IR808 NPs % #8 % #f # #4
FAE
2.2.1 DOX/IR808 #5 M & # CAT@HA-DOX-
IR808 NPs N AH A 1 H 8 2l K B S, i 3k 58 4k
53060 BE TR 2 S 43 O O BE 1IN R X N Y A
NFIE
2.2.2 CAT #5 m 2 # CAT@HA-DOX-IR808
NPs KA A R 4K A B o, 547 T e Sh 0
% 5 - 2R DRI T e 5 e FELTK (SDS-PAGE ) 5255
223 FHERBABR S B AT WK
CAT@HA-DOX-IR808 NPs S #5641 KL FH 8 4l K #i
B, I BOERE FE SR TEM #5470 22 43 #7 o
2.3 MEEFHRMEREE

Ze bR , DOX 7E 486 nm Ab A7 4% 1) 45 Hh 4
HEWE (A) o HRAR I 52 DOX VA IR AE A [) 2 e J3
(0,0.001,0.4,0.8,2,4,8,10 A1 20 wg/mL) i} 1Y
Ao 227 H DOX BTt MR FE 5 A MOBRIE T 26 0 K
I CAT@HA-DOX-TR808 NPs V4 W ) A g6 » 17 AFRUE
i<k |, B 7] 45 3] CAT@HA-DOX-IR808 NPs ¥4 i P

DOX 1) & f o AR E A 20 (1) 1158 225 % (loading
content, LC) , 247 (2) 715841 # % (entrapment effi-
ciency,EE) :

LC(%)=(m/m,) % 100 (1)

EE(%)=(m,/m,_) x 100 (2)
Horp m, mg.m, 53 B % CAT@HA-DOX-IR808
NPs W H T & DOX B9 i i %1~ CAT@HA-DOX-
IR808 NPs (1Y ittt . 2 5 2 v (1 DOX i £ .

TR RIER T DOX & # 5 , K CAT@HA-
DOX-IR808 NPs ¥ i i 17 i B¢ 5l vk 4 2 5 Wi vh
DOX JFi f ¥ BE 7 100 wg/mL, BUH 4 mL, F 22 T3
A A BT 4E I B AR 355 10 kD) , 7 iy
FH 2 [ 7 o R AR A 25 1 o e 535
¢ A # A PBS(pH 5.0) . PBS (pH 5.0) + HAase
(120 unit/mL) . PBS (pH 7.4) . PBS (pH 7.4) +
HAase (120 unit/mL) 19 mL i) 4 FE5.0& d . B0
BAE 37 “CLA 120 v/min ¥ESER 37 11 [ 22 AR a] 25
(1,2,3,4,5,6,7,8,9,10,12,24,30,36 F148 h) i
£E PBS AN | mL, JF A L3R AH 7] 2 50 PBS 1
J R e R AR B AT TR Ao HREE
AT (3) 3B DOX Y B R (release ratio, RR) , B
AL 3R T,

RR(%)=(c, X V, + icn_, X V,)/m %100 (3)

L), e MR n WHUE B DOX 1Y 5T
R (mg/mL) 5 VAR AR R s W SRR
(mL) ; V,AERB U A AT (mL) s m AAF TN
ANZARZ )R DOX Bt (mg) o
2.4 FRAAAEG S EAE LGN E
2.4.1 HHRAAHGEZTMNT KA BCA KK
& %E CAT@HA-DOX-TR808 NPs HH CAT 1) & &
FT AT A R 4 B8 BCA 0] & Ui I 5384 . Sk
Fl e AW 8 mLFI B 0. 16 mLIES 4], I xR
HESR A W ER 1 (BSA) i B 0, 100, 200, 400,
600, 800 1 1 000 wg/ml, i %5 W E 45 5E WU
R BSA BRUE T 25 WL A3 A 96 FLAR b, -
HAEFLAREE A A A1 B BIR A 200 pl, #7530
s, B3 R AE IS AE 37 CHE 3R 30 min, B A EZEIR )G,
FH T A ASCASE T b 3R V5 Y Ao AN TR U B Y
BCA 5 HAHX I 1 A, il i v 10 2, A6 A o )
Ase, W8 A b IR B o B 28, 11 8 CAT@HA-DOX-
IR808 NPs H' CAT Iy i .
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2.4.2 FEMEAEERMNZ ¥ CAT.CAT@HA
NPs Fll CAT@HA-DOX-TR808 NPs( CAT Jii & ¥ &
600 wg/mL) % K 0. 2 mL 433 5 25 A i K (60 pe/
mL) T 37 CWEH , 76 Fil & I [4] £4(0,0.5,1,2,3,4
S h) BUH 0.2 mL i A 50 mmol/L i 4 1k &
(H,0,) ¥ 1 mL, 7£ 37 ‘CARZE0E 1 min Ji7, A
32. 4 mmol/L A FREZ W 1 mLA# e W 28 1k, FH B b
A2 _E R A s o
2.5 ARIRAT G EIFN

¥ CAT@HA-DOX-IR808 NPs ¥ T # 4l /K .
0.01 mol/L PBS(pH 7.4) .DMEM 3 Fis i h , T
37 CHRAM N LR CHEM T 5 d, BRI K
BB I RN DAVT i AR A 40 A 38R 5 b (9 £
EE
2.6 EhEI

PRI XA o e a || R E W % N 1 D= ]
CAT@HA-DOX-IR808 NPs(1,5,10,20 150 pg) i
F0. 01 mol/L PBS(pH 7. 4)500 wL ., I/ A 3 24
LB B Ak A FHPEXT G, 0. 01 mol/L PBS(pH
7.4) R BT B B AT AR A R B Ll S 21 4 i
500 pL, F37 CHEFEATWE2 h. WE LG,
¥ ERIES LA 1 000 t/min 5.0 10 min, 451 )5,
B2 W BT R S0 = 96 FLAR P, FH A AR AR
D3R 5 W Ao AR R 2 20 (4) 115504 1R
(hemolytic rate, HR) :

HR(%)=(A, - A,)/(A, - A;) x 100 (4)

(4, A A FIA G ARERAE i BH XS BR
ZH A1 BA P 2H A 540 nm A (1 W WKL .
2.7 #LEREN E

T SEIAIE T B IR808 7 A= MLk A A I g
B A ] He JEE 9 TR808 (0, 100, 200, 300, 400, 500,
750 A1 1 000 pg/mL) 400 pL 5 1.33 g/mL ABDA
100 L IB 4 5K O min IS AW 058 68 BE F, (34
KU 380 nm) , 48 J5 H1 808 nm % NIR J: (0. 5
W/em?®) 5252 B8 5 2 min Ji5 5537 K6 I 1 V96 ' i )
Fyo B 1R WA 5 G B0 A B AT 2 1Y B K 225 M
(F, - F,) , /R IRSOS FEiZ M T 7= A B AR A
SR o AR RIS A5 R K CAT@HA-DOX-
IR808 NPs ¥ ¥k it il 5 | iA AH [F] 1) IR8O8 ¥k JiF
JH 808 nm IO R G f= , A6 AN [W] 1) 7] 65 (0, 0. 2,
0.5,1,2,4,8, 10 F1 12 min) B IA IS G

2.8 e E A A A S s

# MDA-MB-231 F1 HEK-293 4 Jitd %1 F ¢ i 21
Jifo e JE Ry B 22 TE 3.0 x 10540, 378 BN 0%
R AR IR M P A R4 F2 1 mL, T
37 °C 5% CO, 2:F W E 15 he WAL NG, Wi
BRI, G BRI B A BE AL 53R 4 21 (n = 6) i
7525 . (1)IR808., (2)IR808 + NIR . (3) CAT@HA-
DOX-IR808 NPs, (4) CAT@HA-DOX-IR808 NPs +
NIR. 7& & 4~ 5 3% I A &% 45 1IR808 &f
CAT@HA-DOX-IR808 NPs ( 1# Fh %5 ¥ 1 IR808 Jifi i
e BE 14 0. 21 pg/mL, CAT@HA-DOX-IR808 NPs
JRER B N 4. 277 we/mL) B8 fif DMEM S5 4 he
S5 W H DMEM, JH PBS VR34 3 W, FRAE B4 1%
FEM AN A &7 20 wmol/L DCFH-DA ff) £ 35 3
1 mL, %7 20 min J&5 {# FH 808 nm [A#OE (1 W/em?)
HEUF 2 min, [A] B B2 8 N A 70 BRI 2 0 04 7 %00
ZJE AR EEEE 30 min, W AR AL 2P Y BE 3R
J, H PBS PRV 3R, A 4% 22 5 BB [E 2,
A 0.5 mL DAPL#EAT 4R A% e 8 . 3l o PO LR
OO BB I SR A N T AE L 27,7 - R
JEZ (DCF) B2 5 B (& I R 502 nm, & 5
WK M 520 ~ 540 nm) , US40 9 15 PR SRR AR
AR
2.9 mAeE I e e ORI 5 B

# MDA-MB-231 il HEK-293 41l jifg 7 4 58 £ 38
SRR ML O T O R £ 5O WA iR ) 312
FUAR OHF 3 =X i B UG DOX 26 ) v LA 1
I L5 AL 1Y % B2 B2 T 3.0 x 10° 4~ 40 B T
37 °C 5% CO, M TR F% 15 ho BUHEEFR, H PBS
Ve 3 . ¥ & A DOX, IR808 . CAT@HA-DOX-
IR808 NPs + HA 1 CAT@HA-DOX-IR808 NPs 18
BT R E A O R R R LS 12 LR P IR
4 h, H b CAT@HA-DOX-IR808 NPs + HA 41 % 4%
HA S540H03L0EE 1 h, #£4 - DOX . IR808 Fl1 HA [
JR R 43 R 0. 42,0. 21 150 pg/mL. Ok
RAERT SRR 12 FLHAE LA _E (3 A5 3R b R —
W BE EHOCER AR TR A B R
2591 DMEM W% H J5 , PBS VR4 3 YK, FH 4% £ 3¢
P[] 5 , 15 min J5 W 22 B, PBS ¥ U6 3 I 5
JIA DAPIO. 5 mL X 40 i iz s A7 e ta . o 3t
KD EE (63 F5 TR ) FO45 20 B A6 A [m] 38 1
RS L. FE 12 FLAR A A AL B D KA
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259 DMEM W% J , PBS WE I 3 Yk, 1 FH 26 1
it F A J5 AT B R WS T, o A L R
T 0. 01 mol/L PBS(pH 7. 4) v, 7E i 2 41 it X
HE DOX B9 G
2.10 ARINFIY B E AR

F MDA-MB-231 F1 HEK-293 il fitd 1% 3% Wk 200
pL(REZETE 1 x 10* 4 ) #2800 T 96 fLAR thiE &
15 ho WSS W 5558, H PBS PR 31K
B 6 /L —4, 43 DOX . IR808 (+ NIR, 0. 5
W/em?) . CAT@HA-DOX-IR808 NPs Fl CAT@HA-
DOX-TR808 NPs(+ NIR,0.5 W/em?)4 4. AL
Al A i DMEM 20 R FHPEXTREZH . B fLImA &4
DOX . IR808, CAT@HA-DOX-IR808 NPs ft) DMEM
200 pL, ¥ it T 8 ARl ) CAT@HA-DOX-IR808
NPs ¥ FEB6 B, £1.45 0. 102, 1. 018,5. 092, 10. 183,
20. 367, 40. 733, 81. 466 £ 101. 833 pg/mL, H
B 41 6T N DOX M FE R 1.8x10°, 1. 8% 10%, 9. 2%
10*,1.8x10%,3. 6x10°,7. 3x107, 1. 5x 10> FI 1. 8x
102 pmol/L, TR808 ¥ &£ 4 6. 5x10°,6. 5x107, 3. 3%
10%,6.5x10%,1.3x10%,2. 6x107,5. 0x 107 F1 6. 5%
10° pmol/L. AR5 FiRFE S BEE 4 hs , BFLn
A5 mg/mL [ MTTIEH 10 pL, K Z205 H 4 b R)5
W 8 IR AL AL DMSO 200 pL, k£ 7,
10 min Ji HBGFR A 2 B3 ALY Agyeo 20 HELHTD 1) 256
(inhibition rate, IR) W= (5) f 7

IR(%)=(1-A,/A,)x 100 (5)

K (5) A R A, 53 AR AE it 10 BE P % BE 2

(4l DMEM 2H ) 7E 570 nm Ab (R W2 I )%

3 ZR5WE

3.1 AAXAHe A

3.1.1 CAT@HA-DOX-IR808 NPs # % 4 M
TEM &4 rha] W 5¢ 5] CAT@HA-DOX-IR808 NPs &
KSR ZERIE RS2 75 nm (1 4-A) . T HA
LA AR SR 0 35K, BT LAAE AT K AR A2 B A6 )
HF, FLA B4 R IR 7K T S 50 388 B A ol 75 H 0
He B KA BRI KT TEM R PRI , 28 358 46 I -
PR A RAR L) H 247 nm (K1 4-B) . BTk, %
AT LG RN 28 ST B IE DOX 5 TR808 A U1
BCE| HA . W& 4-C 7R, DOX 1 TR808 43 i) 7E
486 H1 776 nm 4b A7 45 HP F¢ AE WY 0% . HA-DOX
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Figure 4 Characterization of the CAT@HA-DOX-IR808 NPs and other control NPs
A: TEM image of CAT@HA-DOX-IR808 NPs; B: Average hydrated particle size of CAT@HA-DOX-IR808 NPs; C: Ultraviolet-visible spectra; D: Fluo-
rescence spectra; E: Fluorescence spectra; F: SDS-PAGE image(Lane 1: Marker; Lane 2: CAT; Lane 3: CAT@HA-DOX-IR808 NPs)
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Figure 5 TEM images of (A) HA-DOX NPs, (B) HA-DOX-IR808 NPs, and (C) CAT@HA NPs and average hydrated particle sizes of (D) HA-DOX
NPs, (E) HA-DOX-IR808 NPs, and (F) CAT@HA NPs
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Figure 6 In vitro properties of CAT@HA-DOX-IR808 NPs (n = 3)
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Figure 7  Ability of producing singlet oxygen of IR808/CAT@HA-DOX-IR808 NPs
A: Changes of fluorescence intensity of ABDA + IR808 after irradiation for 2 min at different concentration of IR808 (n = 3); B: Fluorescence intensity
of different irradiation times of ABDA + CAT@HA-DOX-IR808 NPs; C: Fluorescence intensity of different irradiation times of ABDA + CAT@HA-

DOX-IR808 NPs + H,0,(NIR irradiation: 808 nm, 0. 5 W/cm?)
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Figure 8 Confocal images of DCF for detection of reactive oxygen species generation in MDA-MB-231 cells (A) and HEK-293 cells (B)
NIR irradiation (808 nm, 0. 5 W/cm?) for 2 min. Green: DCF (E_ was 502 nm and E was 520540 nm); Scale bars: 50 um
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Figure 10 Intracellular anti-tumor activity of CAT@HA-DOX-IR808 NPs in MDA-MB-231 cells (A) and HEK-293 cells (B) (x + x,n = 3)
The concentration of CAT@HA-DOX-IR808 NPs of every group were (A) 0. 102 pg/mL, (B) 1. 018 pg/mL, (C) 5. 092 pg/mL, (D) 10. 183 pg/mL, (E)
20. 367 pg/mlL, (F) 40. 733 pg/mL, (G) 81. 466 pg/mL and (H) 101. 833 pg/mL. NIR irradiation (808 nm, 0. 5 W/em?) for 2 min
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