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WE: UXEEAM (legumain) & —MRAIRANVIEE, £ m R a2 2 MR b R0k, ek
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o WERRB R Y, GNPs-A&C 1E 5 3 8 AN sk I AR iR (C6) W BAA RIFRIsE PRI B FR AR 71, RN 4%
HEZ A (DOX) e &akhi#2h 2% (GNPs-DOX-A&C) JE/R T 23 MH IR ZUR 3 AL T DOX 1
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L egumain-responsive functional gold nanoparticlesfor drug targeting
delivery and treatment of subcutaneous xenogr aft tumor
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Abstract: Legumain, a kind of asparaginyl endopeptidase, is overexpressed in highly metastatic and highly
aggressive tumor, which can undergo an enzymatic hydrolysis of substrates. We proposed a legumain-responsive
functional gold nanoparticle (GNP) drug delivery system (GNPs-A& C), which was consist of Ala-Ala-Asn-Cys-
Lys (AK) modified GNPs (GNPs-AK) and 2-cyano-6-aminobenzothiazole (CABT) modified GNPs (GNPs-
CABT). Inthecirculation system, the GNPs-A& C could passively target to the tumor site through the enhanced
permeability and retention (EPR) effect. Then the overexpressed legumain specifically cleave the peptide to
exposure the 1,2-thiolamino group, which could take place click reaction with the cyano group of CABT, leading
to the aggregation of two GNPs, these aggregates of GNPs with increased size were more likely to retain within
tumor site. In vivo fluorescent imaging demonstrated GNPs-A& C could acquire an enhanced accumulation
in legumain-overexpressed C6 tumor. Importantly, after tethering DOX, the GNPs-DOX-A&C showed an
excellent anti-tumor effect with reduced cardiotoxicity.

Key words: legumain; metal nanoparticle; click chemistry; aggregation; retention

Wk H #: 2017-08-29; &8l H #: 2017-09-07.
HEWH: BxARBEIEEEIIHH (31571016, 81402866).
*JE@ WL /E & Tel: 86-28-85502575, Fax: 86-28-85502532, E-mail: gaohuile@scu.edu.cn

DOI: 10.16438/j.0513-4870.2017-0847



B/ 4t B3R I 1 (0 T e A6 SN KR T B2 T B MR AL 1R 2 i s AT T

+ 1757

iR 2 BRI S S N S Ak JE AN A A 1 5 KRR,
BA R AERMER . 1T 20 4K, W&
MR R R, RAGURBOAR 1% i i 2
W3 Tz R R M R bR R ) 24 R SR
— JE T FE 4 v TR 249 1 e R A3 A, AH e 1 v
G0 K A A L AT LA vy A 1) fie R 4 HL B A FRAR 1Y
Jed AR B2 AR 38) 50 4 A A LTI 249 40 S T 3 3 A3 P
— AN EE R, g ERA R AT N2 L RN &
SO, A5 PR A G A B B R O, RS g
KB B P BAME UG O, WokiAR . JBAR. A 2L
RHEBWH. Heh, ki BB EERIERS, K
WA B 9 K AR ) T B8 L B R SR A E AR T 5
375 0 ON IR PSS, T /N AR 1 G0 K A A RE 8 o 0B
N JRE PAY 08 (i A 22 o [ R AR 355 i 7
(R AR RE AT 1T 9 K B, DL TR] B 42 i 40 0K 3 dk
(1) b IR V25 325 PR R B 1 PR AT 9 B # e, pH
TR SR I Ji A A il A e 1

L I — P FE R ST IR AR Y VI,
FLA = B A% B DI K A B A e e, R Pl
B B AR R AR E O, 3R i 3 I RS
5 2R BURZS A G, A1 SRE « B0 K o8 RE A0 A i g
8 WF AR I T 38 B ARG LE 2 P U P S AR b 1 3R
BESE BR, B R 1R 2 T R R T
ARSI YR, &3 [ BT O T 40 Py A
BiRgh, mEREENE. NEhEAKEZ, FE
TEAE T4 o s 1 ol s 1 20k B AR S
B AE K AR, 3% 8 B AE D G 0 40 AR T i
YIS YN K I8 2 R e B 3 B — @ i ).

BT DL B, AU AT I T — SRR
9 30 nm A I S AR R S T R AL 4R oK B A
(GNPs-A&C), Hi A2 R —TH IR — K 4 e — - Bt =
MR- R (AK ZHK) BRI SRR 2-5 J-6-
IR EEM: (CABT) Bl &g KR k. T
HE/NOKIR, GNPs-A&C RE 15 Il i 1 53 11538 A {7
B A0S A 20 B 1) 2 MR AL, i3 I R N iR P
T T A PR A A B v R R A I S B AR R B
Fe PR B 1,2- 55, B CABT LRI
R i MM GG KR IR A, AT HR e
e R Ve . AU ZH AT A FUUESE GNPs-A&C 1E
A RE2 1E 3 B ABGAE F TR A 35.6 nm 38 i 2]
309.6 nm, HAEHEAH AR C6 4 i ) H LI ook b 4
HES R A S R 20 % % GNPs-A&C 1£
C6 f& Mg M EFRE ), L2 FLE (DOX)

AR 255 S L PR R

mRERE*®

KA EMR femR (H2%E ML 7E0a
BRATE); AK 2K (O8N IR R0 22 48 2= 25 BB A 7)),
CABT (hiB#E I F R EARAR), HE-KL
TE-RIE (M5 F R & 5000, 3 Laysan Bio /A
Al); RIETEPTE EE AR —PU (H-300, £E Santa
Cruz Biotechnology A ); K RIEM:PT/N R CD34 —
1 (3£ eBioscience A Al); SFIREIR KOG HRAR LA
BP0 S — PURH S Bl R 2 ' AR IC I AP PR R T
(32 Proteintech Group /A #]); 20l ks 77 MLAN RS 72 4R
(L AR A RA ).

MR RIEFE  RUE PRI R A (C6) A
VSRR 4 (MDA-MB-231) #£ 37 'C. 5%1H IR
BrIRFRE IR, WIS 4500 mg-L ! D-A A B L 10%
a4 MG 1% 0t (FH=+5E% %) ) DMEM X:
FREE, BT 4 A S 56 35 7 4 i AR K e SO AT

1Y) BALB/c HEVE/NR [REE WL S YA
RA®, YAES SCXK (J11) 2015-030] 477 7F bk
WA, BTA 3040 S50 13478 DU 1| K 40 B 2% 5
2 5E A B2 R

GNPs-AK #1 GNPs-CABT W#l& RHAMER
BNIE SR 4% gk bl (GNPs). BARS B F: it
] 50 mL & & RETCT 100 mL BRI, L&
WREN 0.1 mg-mL™Y, InIE WG 5, 6w 215 RE %
PEFIRE I 1%FFE RS 2 mL, PREFIAEWH
i U AS AL, 13 B SR RIA . BE gk
KW 10 mL BT EP &, A 1 mg-mL ' 5fi%E—
R L EE-AK IhEEH B (SH-PEG-AK) ¥ 50 pL,
T 150r-mint, 37 C&M N E 8h13%] GNPs-AK .
[FRE, BLEaKbA® 10 mL BT EP &, A
1 mg-mL #7352, ~iF—-CABT ZhAE A Bt (SH-PEG-
CABT) ¥ 50 pL, T 150 rmin*. 37 ‘CZ%M T
H 8h 153] GNPs-CABT. PEG 1L {14 91K ki (GNPs-
PEG) il & 774 I, $ik- 2 —fE (SH-PEG) 1
FekHE N 10 pg-mL s

Z DOX INRE L & MAK KB R ISP KRS
W30 mL BT BB, I 1 mg-mL ™t ER R 1Y
DOX HIE#¥ W 150 ub, T 150 rrmin*. 37 C&MF T
% H 8 h 14 2|2, DOX ThREtb &40 Kk (GNPs-DOX).
¥ GNPs-DOX ¥4 10 mL, 75l & T EP &
FIf A 1 mg-mL™ SH-PEG-AK 50 uL. 1 mg-mL™*
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SH-PEG-CABT 50 pL. 1 mg-mL™* SH-PEG 100 L,
153%] GNPs-DOX-AK. GNPs-DOX-CABT #1 GNPs-
DOX-PEG.

BILELR (Cy55) NEEL EMKRNMHIZ 7
A |, Cy5.5 kBN 2 ug-mL

SEREIE MY BALB/C /MR E S5 4% K &
i BRI, K A2 5 K BE LRSI B R B, # C6
MDA-MB-231 = B {EW L Eh 22 il (PBS, pH 7.4)
LR R R AW (viv=1/1) o, 4> 5IE 0.1 mL C6
Al MDA-MB-231 R & 35 AN A KR B3 T
(R E 2 5909 3x20° AN A A 1x208 A )1, 43
Bl 10 KJ5, fif C6 7 T8I 1 BALBI/c /)N B i ik vE 5
GNPs-Cy5.5-A&C 1 GNPs-Cy5.5-PEG, fif MDA-MB-
231 7 NI BALB/c /M R R ## ki 4T GNPs-Cy5.5-
A&C (Cy5.5 KIVES#IE A 1.2 mg-kg )™ N4 5
e Al AR RS (IVIS Spectrum, 3£
Caliper A7) 3K,

RERA NN G R 0 R A 3 AR
5 4% % B EEE 2 24 h, SRJE W IRAE 15% B
TR 30% FEE K 4 Y A58 B2 I 7K o 10 pm J5 B2 1) Jieh 88
DA ERSMEEEAMN —PE 4 CEHTFREL
W (FRBELL A 10 100), TBSE¥E 3 kU5, 5 FITC
PRCH =R E 2 h, &EH 4,6- T kk-2- 2K 0
5% (DAPI) ¥ (5 pg'mL ™) %44 5 min. 10 um
JE B (0 1E % 4L 23900 T DAPI I8 %44% 5 min. T
PR FEHOE LR A BB (Olympus FV1000, HA)
TUE G

HUBNER RV 17 C6 2 R/ BALB/c /MR
AV BRATR, Be Rl 7 RIS, FTA /N R RE AL
SrECN A (B 10 R), 43 nl 8B ERKAH (N.S).
WELZ L HEY (free DOX). GNPs-DOX-PEG Al
GNPs-DOX-A&C #. &R R H /N 75 5l B i ik vk 55
GNPs-DOX-A&C. GNPs-DOX-PEG. free DOX (DOX
g5 257 E508 3 mg-kg ™) AIAEFRERK, A251HFE N
2K 1K, BtiBoN 5 kM, s 1 kA )E, Xt
FT A /N R B ik T 10% /K & GBS IR AL FE, B3
A ZRT O R R AR T AT AT AR

Table 1 Physiochemical characterization of different formulations.

RAR LG8 (H&E), J34b, M08 it 4 i U v ik
1T AR IR R Imbrid (TUNEL) Hefh,

Gt ERE LR RUBELIRMEE (X+9),
SE 56 20 5 56 HE 2L ) b A A L OBURE FE L X 11 Student’s t
test 74T, P<0.05 HF A A B35 2 5 .

FER5118
1 HIFIFRAE

HEIAJCHUENE 2 R T ULEH (K1), &9
KRR K 20 nm, R EEM SH-PEG M R R M H
B JE R K %8 35~40 nm, ¥ %£ W] SH-PEG. SH-
PEG-AK #l1 SH-PEG-CABT kX i&1#i %] GNPs _E .
2 SEARRE

ARSI, HAEE T GNPs-Cy5.5-A&C 1t
Nfaf C6 R ¥R /IN B 1) 57 S 1 e S o AR K
B LT, fEEFIKIES 0.5 h )5, GNPs-Cy5.5-A&C
5 GNPs-Cy5.5-PEG ff C6 & NI E R ES
AT (B 1A), 3B [FIRLAR i 9 KR AE HE N ARG R
Ja AT LLE I EPR 280 2 IA i g 5 A HL B A AH I IR Ak
B, BEHEI RN, GNPs-Cy5.5-A&C 1f C6 7
TR SOk R, 24 h I’ OGS SRS T
GNPs-Cy5.5-PEG 4, iX/2&H T GNPs-Cy5.5-A&C &
SEEAMMMAE FRERE, RANEKES T
GNPs-Cy5.5-A& C Mg 1] 5 w1 i g o [ 9787, A
ME5%E T GNPs-Cy5.5-A&C 1£ C6 7 MR ISR, X
b4k B2 B GNPs-Cy5.5-A& C 14K P B A & 3% 25 1 il
M. dhAh, AT HE—PIE GNPs-Cy5.5-A&C &
JHRE AL I B AR B S T (IR A B R ARG, [H]
i % %2 7 GNPs-Cy5.5-A&C £ 1if MDA-MB-231 J
JNR A B R, 1 Western blot (WB) £l MDA-
MB-231 Jig v 3 8 g 1 R A U (B 1B). £E
0.5 h i}, GNPs-Cy5.5-A&C 7 MDA-MB-231 i N
AL RS 5 5TE C6 B2 NI B AHIT » SR, FEE
B[] (34 0, MDA-MB-231 7 IR A H 9% 615 5 9F
BAHREMPE S, %45 KK H GNPs-Cy5.5-A&C £ 5.
2R G = 1Y) MDA-MB-231 2 IR B % K4
ARCRE, HILHT GNPs (13 B 2R T B3 e,

n=3, X+s. GNPs: Gold nanoparticles; GNPs-PEG: PEGylated

gold nanoparticles; GNPs-AK: AK modified gold nanoparticles; GNPs-CABT: CABT modified gold nanoparticles

Formulation Particle size/nm PDI Zeta potential/mV
GNPs 20.73+ 1.3 0.246 + 0.023 -20.26 +3.1
GNPs-PEG 37.36+ 3.2 0.331+0.034 -8.71+26
GNPs-AK 40.61+ 29 0.317 + 0.029 -6.55+1.8
GNPs-CABT 38.82+3.3 0.340 + 0.037 -7.68+17
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Figure1l Invivo distribution of Cy5.5-loaded functional gold nanoparticles (GNPs-Cy5.5-A&C). A: Invivo living imaging of subcu-
taneous C6 tumor-bearing treated with GNPs-Cy5.5-A& C and Cy5.5-loaded PEGylated gold nanoparticles (GNPs-Cy5.5-PEG), as wdll
as MDA-MB-231 tumor-bearing BALB/c mice treated with GNPs-Cy5.5-A&C, the dashed frames indicate the tumor site; B: Western
blot analysis of legumain expressed in C6 and MDA-MB-231 tumor, glyceradehyde-3-phosphate dehydrogenase (GAPDH) serves as
loading control; C: Ex vivo imaging of tumors collected from mice after 24 h intravenous injection, 1 represents C6 tumor treated with
GNPs-Cy5.5-A&C, 2 represents C6 tumor treated with GNPs-Cy5.5-PEG, 3 represents MDA-MB-231 tumor treated with GNPs-Cy5.5-
A&C; D: Ex vivo imaging of normal tissues collected from mice after 24 h intravenous injection; E: Region of interest (ROI) analysis of

fluorescent signal distributed in tumor; F: ROI analysis of fluorescent signal distributed in normal tissues.

n=8, x+s. 'P<0.05vs

GNPs-Cy5.5-PEG in C6 tumor and GNPs-Cy5.5-A& C in MDA-MB-231 tumor

AR — D UYL 7% T REPE 9N KORLAE PR AL Y
BRE U REAMMNREEZ VMK,

BIAA A% 45 B iR, GNPs-Cy5.5-A&C #£ C6 fit
I8 T () 5 615 5 W B T GNPs-Cy5.5-PEG #£ C6 fif
J%i ) GNPs-Cy5.5-A&C 7t MDA-MB-231 Jig3 ) 5¢
BT, HiEEmREG MR8 (B 1C). L&
B0 i 2 7] W, GNPs-Cy5.5-A&C 1 C6 I8 115 5
502 (K 1D). HAR K, GNPs-Cy5.5-
A&C fE C6 &b 226 (5 5 1H 737l /&2 GNPs-Cy5.5-
PEG 7t C6 JifJ8 } GNPs-Cy5.5-A&C 7 MDA-MB-
231 iR i 2.50 13 2 2.57 1% . iX se 45 SRR ] GNPs-
Cy5.5-A& C 1] DAFE . 3% £ 1 i & 5 1) e v B A sy
MERE. 7o, BRI e &R & A E
BREHMIOUE S ZREE RS X (K 1E F).
AIDLE H, &2 85 b B IR 2 o A deoik, RIE
AT e 2 SRR A E, JEETE T GNPs-Cy5.5-A&C
H1 GNPs-Cy5.5-PEG Fi 2 H X #/N
3 RERK

LR A AT LA C6 MR U] A i SR A
il (1) 9 645 5 I T MDA-MB-231 ) A, %
HH &7 3 2 B AE C6 fit 8 Hh =y 3R A T £ MDA-MB-231
R R AR IE (B 2), 455 WB Rl g5} —3. 1t
4b, 45T GNPs-Cy5.5-A&C (1] C6 iR 1] i 7 Cy5.5
9¢ 615 5 B S 58 T GNPs-Cy5.5-PEG 7F C6 R V) J

J GNPs-Cy5.5-A&C 7£ MDA-MB-231 Ji8 7] F H (1)
55, # W GNPs-Cy5.5-A&C 7 C6 J TR i &
MEZ AAREENREMERENZR ST HTYI
HAMB B2 R R 2 e, HE— B 0 R U
B A L AT S O et LR T UG
t C6 R U A1 MDA-MB-231 8 1) A 38 A 1
EWEAFES (F 3), THEZER, UHRARAHILER
gkRin] DU EPR ZUMRTFAHIL NS E . Bk
BN LR HLIGAIE T GNPs-Cy5.5-A& C 1f C6 J% &
A v 8 AR T DR H T G e g v 3 B T i
RN RARE, MR 1) 5 EE AR BE W7 2L 17 1 7
[0, AT i B A
4 IRIEYR

AT Sk DOX @i —Fh pH GuUSaEE: 2
GNPs I, i% pH BUSPER) DOX ZéaiREr BA #i K
Meat®, Rk 2s 5 Wa, BT EBE KR
C6 F MRt R, HAKMB WAL (vivo)
7255 19 KiA 2.03 (K 4A); i DOX 411 GNPs-
DOX-PEG 4 [ Jieg A= Kt Al T, He vivg 43714 1.58
A1 1.63; GNPs-DOX-A&C /N 1T vivg Xy 0.82. 1E
55 19 RIS K &2/ BRI IR R B8 T oK, 7T LUE H GNPs-
DOX-A&C ZH Mg B /N T HoAth 2 (] 4B). #%
PR R, AR KA B R E Y (120.05 +
25.97) mg (& 4C), & DOX 4141 GNPs-DOX-PEG
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DAPI Legumain

GNPs-Cy5.5-A&C
(C6 tumor)
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(M mB—IB 1)

Cy5.5 Overlay

Figure2 Fluorescent distribution of GNPs-Cy5.5-A& C and GNPs-Cy5.5-PEG in C6 tumor as well as GNPs-Cy5.5-A&C in MDA-MB-
231 tumor labeled with anti-legumain antibody after 24 h treatment, bar represents 50 pm
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Figure 3 Fluorescent distribution of GNPs-Cy5.5-A& C and GNPs-Cy5.5-PEG in C6 tumor as well as GNPs-Cy5.5-A&C in MDA-MB-
231 tumor labeled with anti-CD34 antibody after 24 h treatment, bar represents 50 pm

ZH ) fiRg R By ) (83.08 + 18.11) mg i (87.28 +
19.87) mg, K FAFE/KA. M2, GNPsDOX-
A&C H IR 248y (48.86 +21.43) mg, W BALT
HAthsH (P {4 %)~ 0.00002. 0.00314. 0.00186).

ix sk R GNPs-DOX-A&C B &1 C6 [ F
JEIETT R, 1X 5 GNPs-DOX-A&C 7 C6 % FIRHihL
BB R EAA K A, 15 DOX RGN B
fabr, WO T 4IRS BRIIAE, fEIESS T

JiE 2 DOX Ja, /N RE B B N % (K] 4D). 4%
F GNPs-DOX-A&C Fl GNPs-DOX-PEG /)N i /A &
WA TR, 54 EKAE/NRAAREMHIIT, &I GNPs-
DOX-A&C £ —E FEFE L 2k DOX 1 R G5
5 HREHEKL

NT %% GNPs-DOX-A&C 13 37t i g
RCR ML, F X & 48 V) Fr 3047 e 92 20 4k
. HRE G+t T LLE H, 4T GNPs-DOX-A&C Hfif
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V) H S0 SRR R B S v T I A A, O HLA i i
(& FER B R T HAb 4 (B 5A). HIbFEE, bxt
iR V) v EAT TUNEL 4 2R 25 52 g 248 i (1 7 T2 1
B, 25T GNPs-DOX-A&C [ i A7 75 5 2 [ T
/A (B BB) . X gt I g AR K il 28 B IE AR O,
F U G IR ARG R ) GNPs-DOX-A&C AJ LA 2%
P25 2 LG R B PR R

AR, BN/ R IE R 2 (O B
A 259 —a— NS.
—e— Free DOX
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Figure 4

D 28

H&E 4t . W LLEH, 45 TUiF 5 DOX
Jifrgga U1 A B Sk 1D o LA A — s A 2 i SR 4
(E6), ixF %2 HT DOX E‘JAL.\HEamH’E)ﬂlaBZE‘J (9,
L2 T, GNPs-DOX-A&C. GNPs-DOX-PEG A’
HEEL K ZH A% A B W R0 LR, B GNPs-DOX-
A&C fil GNPs-DOX-PEG HJ LA it F# K DOX f.0
IEEG 1 o [FIRELE A 2H b 78 AR R I R ) i, R
] GNPs-DOX-A&C HA 8 = I EW 2 4k o

filis ) #EAT

Sl e evpgan
meooxflf W@ @ 0 % F 0 e
pxmcll M W L f € 0w

boxnedlt @ ® ® O % w »
I
7

—a— NS,

—e— Free DOX

—a— GNPs-DOX-PEG
26 —v— GNPs-DOX-A&C

24

204

Body weight / g

T T T
6 8 10 12 14 16 18 20
Days post-implantation

In vivo anti-tumor efficacy and toxicity assessment of GNPs-DOX-A&C. A: Relative volume ratio of progressive tumor to

initial tumor of C6 subcutaneous tumor-bearing mice treated with different formulations, black arrow indicates the time point for admini-
stration; B: Graph of tumors collected from mice after administration with different formulations; C: Average weight of tumors collected
from mice after administration with different formulations; D: Body weight of tumor-bearing mice during the administration, black arrow

indicates the time point for administration. n=8, X=+s.

“p<0.01, "

P<0.001

Figure 5

Immunohistochemical assay. A: H&E staining of tumor tissues after administration with different formulations, bar repre-

sents 100 pm; B: TUNEL staining of tumor tissue after administration with different formulations, bar represents 100 pm



+ 1762 -+

2427243} Acta Pharmaceutica Sinica 2017, 52 (11): 1756 —1762

N.S. Free DOX GNPs-DOX-PEG  GNPs-DOX-A&C

Spleen

Kidney

Figure 6 H&E staining of normal tissues after administration
with different formulations, black arrow indicates the location of
neutronphils and bar represents 100 um

VRS K 38 1 — o P88 A 558 e 7 7 ) e 1k 9 oK
Bk, G ZEE AN U)W 2 Ik BUE T GNPs
1 CABT &1fiff1 GNPs ZHJk. #¢tifg 4 R& W,
GNPs-A&C fEGEEHAME LM C6 K TR TIE
FER R, HEARONMER e SO EER
#&, GNPs-DOX-A&C & HifE = 1 DOX 7F C6 % T
AR B R R, Ron T AT RUR I B
DOX M RI/EH .
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