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pH and GSH dual-responsive silybin nano-micelles for inhibition of
breast cancer activity and metastasis in vitro
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Abstract: The clinical tumor therapy was greatly challenged due to the complex characteristics of tumor
microenvironment, however, which also provide arena for novel therapeutic strategies. In this study, poly(2-ethyl-2-
oxazoline)-poly(lactic acid)-SS-poly(f-amino ester (PEOz-PLA-SS-PBAE) triblock copolymers with pH and GSH
double response were synthesized, polymer micelles were prepared by thin film hydration method for loading of
silybin to improve its antitumor activity. The critical micelle concentration was determined by pyrene fluorescence
method as 1.8 ug'mL™". The particle size was 155.30 = 1.80 nm as determined by dynamic light scattering, with
polydispersity index of 0.168 £ 0.004. The drug loading and entrapment efficiency of the micelles were determined
by HPLC as (5.48 = 0.04)% and (68.52 £ 0.48)%, respectively. The in vitro drug release profiles showed that the
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micelles have low pH sensitivity and high GSH responsiveness, and exhibited sustained release profiles. The good

biocompatibility of the material was proved by measuring the hemolysis rate and cytotoxicity of the blank micelle.
The cytotoxicity and apoptosis rate of tumor cells showed that the drug loaded PEOz-PLA-SS-PBAE micelles had
significant inhibitory effect and apoptosis-inducing effect on MDA-MB-231 cells. The results of wounding healing

assay and Transwell invasion test showed that the drug loaded PEOz-PLA-SS-PBAE micelles could significantly
inhibit the metastasis of MDA-MB-231 cells. The PEOz-PLA-SS-PBAE drug-loaded micelles prepared in this

study have good inhibitory effect on tumor growth and anti-tumor metastasis in vitro, which lays the foundation for

the further application of silybin.
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Figure 1 The schematic illustration of the synthesis route of poly(2-ethyl-2-oxazoline)-poly(lactic acid)-SS-poly(S-amino ester), PEOz-
PLA-SS-PBAE (PEOz-PLA-SS-PBAE). @ Boc-OTs, @ Boc-PEOz, 3 Boc-PEOz-PLA, @ Boc-PEOz-PLA-A, ® Dithiodiethanol diacrylate,
©® PEOz-PLA-SS-PBAE



- 2788 - 242224 Acta Pharmaceutica Sinica 2023, 58(9): 2785-2793

5 N 300~360 nm, ¥R SR 4% N S nm, Kk EE N
10 nm, K15 & VWA 6% . LA 336 #1334 nm Ak
¢ F6 B IR FUARL, 0T SR A iRk BEAE I, ddad h 2 i R AR
R E SR CMC{HE

TAMBRARRBIE R A £R
RO, A= TR A 45, 2 BIFREC PEOz-PLA 1 PEOz-
PLA-SS-PBAE 4 F #4 k% 20 mg. %k 24 i o 11 i1l 4%,
73 3R B PEOz-PLA #1 PEOz-PLA-SS-PBAE I i #1 %}
% 20 mg, Silybin 1.7 mg. 47 I 10 mL F B ¥ fife
50 °C 2 R4 F g 25 30 min, 1A 10 mL % & 1K,
RS T, KL S min, i FL42 0.45 pm JE 5, 15 3 =
A AK IR, T4 H .

BRRAR REMRESERIE KRB
ASC T F A PRTRL A 20 A, B B SRR B %% 10 mg Jn
5 mL £ B TR AR, 4% % 2 mg-mL" I SR, BUE
B2 HRSCRAR AR dtb b, B B IR N 25 °C, FEANFE
a P AT 3 IRECE M . 4 & IR R CE T 4 °CUKAR
Je 37 °CCZAET, TAS R 1] ASEURE, W 52 ki A2 KN

FREU SR A W e oA 2% 88 F /KB i 2 mg-mL Y57,
] DX TR TR AR, TR AR R T L, e E
L, R &S BT BB W R RIS .

AMME#EE  i# i PEOz-PLA fl PEOz-PLA-SS-
PBAE P MR 2 11 1 R -5 21 20 I 5 8 Sk s I Vs If.
PEF . MR IGIR M 1000 ug-mL" F- 46, 1 — 1%
PRI M R B 5 40 ) 5 46 B 1 40 40 LR i AE
37 °C5% CO, 55 7= 17 E 1 h, Hrh PBS VA9
PEXT R (A BAME), 1% HhH738 100 37575 R FE 14 %5 R (A BH
PE)o FHRG RS L, 8 FHBEAR OGN E i WAE 540 nm
R e . RHEE 3R, BCEFSE. @E LA
AP IR = (ALK - AR/ (AFHM -AK
) x 100%.

KB REPKRREAEMNOEHRANE  Fh
WE N 6.25.12.5.25.50.100.200 pg-mL™" 1) 7K & & 5
TV, AR 55 [ 24 B ok 0 7K B S L A AT, SR
FA 0 80 A 83 (HPLC) Wl 5 /K & i 52 (1 3% &, JF 42
HARE B 28 . FREN 2 mg /K K& =4 K Ao T 5 0
L IO R A AR, JE R b IR S B A v it 2R v
WARMAE R, WA = R K CH =R /M
B 25 Bk < 100%; L3 5 = g B A 7K T8 8] 52
/7K AT R 2 X 100%.

KRB EPKRRRIAINEA MR R R EN
Oy 0l 75 S8 N Bl 802 I R AE pH 7.4 B pH 6.0, &
10 mmol-L" GSH 5/ & GSH 214 F IR 2 PE g, ¥
P b 4 24 Jie o B ) Bk 7 mgemL R S AT W, W R
3mL TiZEH LS (MWCO =3 500) F1, B T & 12 mL A

[ B JEOA o ) B8 0 B R, T 37 CCHEIRL R T B R A R,
100 r-min™ #%3%, 43 7 7E 00 (1 B (8] B HS 750 pl (9 1
T8 VR AR R A AR R A LR T o B e, B R o A
HPLC Wl & & &, 1F 548 AN i 18] S8 RAARR R
B =APATRE, V55 BCF41E

YR E M REEMRBUE S AY S AR K
BRI AR TR G &, AF ] L-15 55 3% 58 45 0l i ) 2
F I R 2 200400 600 800 1 000 pg-mL™ ] %
oo 3 L-15 #5775 BE T i) /K 6O =R E 125,25,
37.5.50.100 150 pg-mL" {137 55 254 5 B Fh oK K8 52
KR . K MDA-MB-231 40 it LA 1x10* 4>/4L 4% Fh
T 96 fLAR 1, 37 °CiiF B ik & s, InN LR BC i i &R )
TR SR i S 2 DL R S B I AR . o
% H 24.48.72 hJ&, BFLIN 10 pL MTT ¥ 4k 2: 1% 77
4hZJa, BB L-15 877 2%, BEL NN 150 pL DMSO &
FRIR FAK IR % 10 min, {45 & 78 70 18 Al 76 1§ bR X
570 nm A&l & BE LI BEAE (A S5 . DAASIZG R 5L
PE X B (A XTHR), [FIE 3% B =L (A2 A, W&
I EEA ISR, AW F: fFiHE =(A%
I -ATH) /(AN -ATH) x 100%.

AREAT-SEIE SR A Annexin V-FITC 40 i 9 1=
G 71 A I 28K 24 J RO MIDA-MIB-23 1 4 Ji 7 T 1)
M. K MDA-MB-231 41 g LA 2% 10° AN /FLEEFT T 6 FL
BN, 40 B BE J , N5 7K KB 52 50 pg-m L R
I S 250 B S A IR . A IR E3INE
fL, B H 24 h ), WALLEHE, B0 AL2 000 r'min™ 4 °C&
05 min. 3+ 1iE, B A1 PBS Prid4i e ms vk, I
300 pL binding buffer # & 41 1. I\ Annexin V-FITC
5 uL VRS 5 S IREHE YL 15 min, IO PIS uL B2 5
IR BEE YL 5 min, I 200 uL binding buffer, i i
i 2 AR 0 4 A 9 T O

HEERIRSEIE  HON %4 K B MDA-MB-231
g H, LA Ix 1084/ FL4% R0 2 6 FLAR, 7 40 B U B )5,
200 pL Mk AEAH AL B RIR, FH PBS ¥6 3 I, ID A A
I35 B L-15 35 77 F B0 i 1 2 7K 6T 5 50 pg-mL R
(U B 254 I & AR IR RS W, % B 24 h JE T ARG 9
T, BB O B W .

Transwel R 285208 B #4E K MDA-MB-
231 4L, WAL B0 5, NN TG I i 85 77 5 3 2 IR
B, & =TT 5x10° I gl B i . S o s B
H1FL1E N 8 um [ Transwell ZNZ, [7] /N % N 48 5 I
100 pL JG I35 $5 77 35 1] 4% 10 41 i 2 Y R0 100 pl FH G If
TE B IR I A UK TR 5 50 ng-mL R B IR U S 24
W) K BB ARSI /N AN 24 FLB I 600 pL
T 10% FBS 35 75 B0 1) (1) % 7K R 52 50 pg-mL' ik



BUFY A PR SR S 00 ) S K Y A R SR A A L R A R e R W T © 2789 -

JE i 5 25 4 T 5 B B R W, B 37 °CH% E 24 ho
24 hJE, BN, AR 25 )2 1k i IR AN A 2
o T T I T ) A B, FH 4% 22 3R T R )2 40
PBS Jeifk =1k, I 0.1% 45 it 45 % iR 44 4 10 min, PBS
=R EBRZ R & URT G, BIE B ME U
52, R 6 A [RIRL BT I X A AT P ) A i

it #54r {# H GraphPad Prism 8.0 # {4 #E 4T
ST, Bl x + s R . BUBRPAH R ¢ test #4741t
L8, % 41 % F one-way ANOVA 73 #7 #E4T G it 24 46
5, P<0.05 U\ NHREMEES.

R
B &Y% PEOz-PLA-SS-PBAE K1

T 8 R T R Ak 5K G W M kL PEOZ-PLA-SS-
PBAE, i#id '"H NMR 5 E [ =¥ 254, 25 Sl 2 fy
R, BEYIMEIAIN)E N: PEOz EE ¥csityt o 1.11
(-C-CH,-CH,), §2.40 (-C-CH,-CH,), § 3.44 (-N-CH,-CH,-O-),
iE B PEOz BL il Ih & i ; PLA SR H e 45 M 6 1.54
(-O-CH(CH,)-0-), § 5.17 (-O-CH(CH,)-0-), it B PLA
B hitr & B 77 Y h PBAE B E H T 450 6 4.33
(-O-CH,-CH,-), 6 2.82 (-S-CH,-CH,-), § 2.92 (-N-CH,-),
4 1.30 (-N-CH,-CH,-CH,-CH,-CH,-), ¢ 3.61 (-CH,-OH),
il B PEOz-PLA-SS-PBAE # K} & il il 2 /K P 5K
YR B PEOz 73 1l ok i R 72 38 i I e H A
5y 18 N 2591 Da, tHE G H RGN 26, &)
PEOz-PLA-SS-PBAE {75 1~ & T2 SR A% 1 1 3 b A
I 25 [ i SR 90 1 B B AT U 5, 15 PLA MRS RY)
R4 BE N 11 (4 T8 792 Da), PBAE it B 3L R WA
4 (4r T 379 Da).
2 IGRRFIKRERNE

KB CIRE 2 5 TSGR I T AR

WL, B A S A M ORE VA BE IR 19 I, T 1 96 ' iR FE 1
K, BRBE KM 334 nm 205 3 336 nm, LR S
WP (R BB B A AR, LA I, /L, WA BRAE B, SR 15
PEOz-PLA 1 PEOz-PLA-SS-PBAE ] lfs 5 i o ik 3

Chemical shift / ppm

Figure2 'H NMR spectra of synthetic products: PEOz (A), PEOz-
PLA (B), PEOz-PLA-A (C), PEOz-PLA-SS-PBAE (D)

BIA12811.8 ugrmL ',
3 BRMA REMRESERIE

RIS CBUNEN E T R AR R K oA, 45 53
Wil 3 7R, PEOz-PLA B FIRLAE 4 69.25 + 1.09 nm,
PDI 4 0.260 + 0.003; PEOz-PLA-SS-PBAE JK o ff ki 4%
155.30 = 1.80 nm, PDI 4 0.168 £ 0.004, $i 1% 43 #i ¢
Y=o SR AE 4 °)CHI37 °Co&MH4F T IER
SE P, T8 TR IR 100 8 R 58 1) 73 b, 5% e RO A% o I
) AR Ak B B 2R 1 1C. AE 4 °CI, RIS 3R (kLA A8
AE 72 h NI RE E, 37 °CI), PIFP i R TE 48 h ),
BB KN, RIERFEFT 4 CIRE T, BH
FIFARFEH AR E M. BH A TSR MR RIER,
B RIERTE BERER TR, KNS —, - B R 4T
4 FMMHERE

Xof i) £ 00 P o AR 19 2 R RV I M AT T
5&, PEOz-PLA .PEOz-PLA-SS-PBAE # B ) 4 1 IR
122 S I LT (7.8~1 000 pg-mL™") A, ¥ IfL 2R 1)
KRBT 5%, iF B & R A VM BB A B I I A
APk

A 10, mPEGTTA B 14 = PEOz-PLA-SS-PBAE C 300, — PEOZ-PLA-37°C
84 124 260 — PEOz-PLA-4°C
R . < 101 2201 —— PEOz-PLA-SS-PBAE-37°C
s 6 & = %gg; —— PEOz-PLA-SS-PBAE-4°C
B . é‘ 8 128_
Z Z ]
5 41 5 6 130
k| B 100
i < 4] s}
2 - 60
2] 40
20
0 : : - 0 : : ‘ 0 e
1 10 100 1000 10000 1 10 1000 10000 0 12 24 36 48 60 72
Size / nm Size / nm Time / h

Figure 3 The particle size and size distribution, as well as the transmission electron microscopy (TEM) images of PEOz-PLA micelles
(A), and PEOz-PLA-SS-PBAE micelles (B), as well as the stability of the respective micelles at 4 °C and 37 °C (C).n=3,x+ s
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Figure 4 Cumulative release of silybin loaded PEOz-PLA and PEOz-PLA-SS-PBAE micelles in vitro. A: The release of silybin from two

micelles under different pH; B: The release of silybin from the two micelles with GSH; C: The release of silybin from the two micelles at

pH 7.4, with or without GSH; D: The release of silybin from the two micelles at pH 6.0, with or without GSH. n = 3, x £ s. P <0.01,
""P<0.001 vs PEOz-PLA-SS-PBAE micelles; ““P < 0.01 vs PEOz-PLA micelles
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Figure 5 [n vitro cytotoxicity assay of different blank micelles and silybin micelles on MDA-MB-231 cells. The cytotoxicity of MDA-MB-
231 cells treated with different blank micelles for 24 h (A), 48 h (B) and 72 h (C). The cytotoxicity of MDA-MB-231 cells treated with free

drugs and the two drug-loaded micelles for 24 h (D), 48 h (E) and 72 h (F). n=6,x+s. “P < 0.01,

0.001 vs PEOz-PLA group. N.S.: Not significant
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Figure 6 The apoptosis rate of MDA-MB-231 cells incubated with different silybin preparations. A: Flow cytometry analysis via Annexin

V/PI staining; B: The quantitative analysis of tumor cells apoptosis after incubation with different silybin preparations for 24 h. n =3, x + s.

"P<0.001 vs silybin group; ““*P<0.001 vs PEOz-PLA group
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Figure 8 The inhibition effect of different silybin formulations on the invasion of MDA-MB-231 cells. A: The images of invasion of differ-

ent formulations; B: The quantitative analysis of the inhibitory effects on cell invasion. n = 3, X+ 5. "'P < 0.01 vs silybin group; “P < 0.05 vs

PEOz-PLA group
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