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FEZE] a4 fil&FfEE ARy A BERR (LA) (B4 i LLEE A HIL ] A 20 ) A T 2
-2 2 LR IR BE 6 (CL) Mgk E 44 (LA-CL) , JE%EHAE AR 4 22 HEK293 40 AFE R0 |
1 0 A5 BRI e HARANBEO . F ek IR (2.5%. 5%. 10%. 20% ) EBEEBRIE AR, S 4
NIFEAZHRER) LA-CLss, 439lf4 9 LA-CLss1~LA-CLss4, Jf @RS RE ('HNMR ) FIEER (5% E . B
MR AR (AT TR F R (pEGFP ) il LA-CLss AR A®ELL (N/P, 2.5, 5. 10, 20, 40, 80) HZAEIE 4K
BAEY, AR EE N RE SO 2 A VIR RAE R zeta HLAT, BEARAREEAC AL 1 E 2k 4K LA-CLss X} pEGFP AYfIZERE
TIFRIRE ) . A ZL AR SR 2 T Mh3E (DTX) MERZIRE, I BT HE kil LA-CLss3 il
FRHASE . ¥ LA-CLss/pEGFP 4k E &41'5 HEK293 Ak FbE 5%, AN sckE 2 & Wi an e is de i i
% % 'HNMR %5812 LA-CLss &MY, N/P=40 I, HEK293 4Hfi%} LA-CLss3/pEGFP (%5 e %
T LA-CL, LA-CLssl, LA-CLss2, LA-CLss4 5 pEGFPIERHIE G . #AH FLAL R4 B 225 I o 5126
(85.25+0.04) %, #HZm R (8.81£0.02) %, AMMIHERHEEIRFH, ZEAR T LI Sk SE R B % =AM . 44h
BECEIEE R, ZEZ MR BA IR R A U R 21T . 464 #4519 LA-CLss/DTX/pEGFP 44K & S W47
BH R R —Fh R sk A L3 R RN Ak 2 AT 2 R AR
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[Abstract] Objective To prepare a lipoic acid (LA) modified intrinsically disordered protein-cytosol-localizing
internalization peptide 6 (CL) nanocomplex (LA-CL) entering cells by non-endocytosis mechanism for co-delivery of gene
and chemotherapeutic drugs, and to investigate its transfection efficiency and cellular uptake on human embryonic kidney
cell line HEK293 cells and its release behavior in vitro. Methods We synthesized four disulfide cross-linked lipoic acid
modified LA-CLss(1-4) at different cross-linked degrees using different mass fractions (2.5%, 5%, 10% and 20%) of cysteine
as cross-linking agent. The construction of LA-CLss was characterized by 'H nuclear magnetic resonance (‘HNMR) and gel
permeation chromatography. The LA-CLss/plasmid enhanced green fluorescent protein (pEGFP) nanocomplexes were self-
assembled with LA-CLss and pEGFP at different nitrogen/phosphorus (N/P) ratios (2.5, 5, 10, 20, 40 and 80). The size and
zeta potential of LA-CLss/pEGFP nanocomplexes were determined by particle size analyzer, and the pEGFP enrichment
capacity of LA-CLss was determined by agarose gel electrophoresis. The docetaxel (DTX)-loaded micelles were prepared by
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ultrasonic emulsification, and the critical micelle concentration of LA-CLss3 was determined by pyrene fluorescence probe
spectroscopy. The LA-CLss/pEGFP nanocomplexes were co-cultured with HEK293 cells, and the transfection efficiencies of
LA-CLss/pEGFP nanocomplexes at different cross-linked degrees were investigated. Results "HNMR results showed the
LA-CLss was successfully synthesized. When N/P ratio was 40, the transfection efficiency of LA-CLss3/pEGFP nanocomplex
by HEK293 cells was significantly higher than that of LA-CL/pEGFP, LA-CLss1/pEGFP, LA-CLss2/pEGFP and LA-
CLss4 nanocomplexes. The encapsulation efficiency and drug loading of docetaxel-loaded micelles prepared by ultrasonic
emulsification were (85.2520.04)% and (8.8120.02)%, respectively. Cellular uptake test showed that the gene could be
effectively delivered into the HEK293 cells by the LA-CLss micelles. /n vitro release experiments showed that the LA-CLss

micelles had redox-responsive drug release behavior. Conclusion The prepared LA-CLss/DTX/pEGFP nanocomplex is

expected to become an efficient vector for co-delivery of gene and chemotherapeutic drugs.

[Key words] cytosol-localizing internalization peptide 6; green fluorescent protein; gene therapy; chemotherapy;

docetaxel; co-delivery
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4t (reticuloendothelial system, RES) J&F&, K%
g A8 7 P FIE B 2500 ((enhanced permeability and
retention effect, EPR) ; (3 ) ZRIKRESR RS IEEE
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[E A4 JCF M (intrinsically disordered protein,
IDP ) J& — KA RINRAET HA NI & M =4E 25
H, (HRMROR BRI T IR A W D Re A o
FESr TR dBE R R . AiRfE S S A
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R T DAL B 2 2k 20 AR 1Y) TDP- 248 Jf 5 2 7 1) A Ak
K 6 ( cytosol-localizing internalization peptide 6,
CL) , HEMPhAREENNERZAR, #iddEN
IR AN ; B & iR 2R AT T 2R Ak
I FI% DNA B RNA fE7); D-fili g B HoAE 11 il
KRR LRy, AL CL A 3R 2% 40 it 2F
25 R8T 55 F0 5 S TR g B 250 O3~ A\ A
IR A e T A i 840

ANBE N B A B EE (2 2~10 mmol/L) [4F
B H K ( glutathione, GSH) , JE4IfIsl (£ 2~
20 pmol/L ) 4 100~1 000 1% ; i [ifJa 41 g P4 1Y
GSH M IEW AR 4 55 #2540 Kk
JE SRR A bR A RS , HL T BT 2R A B e U
JE GSH fEI T #ATIF, (8RR, DKBRTE
JitL PR B 25 K 45 2550 B (lipoic acid,
LA ) J&—MEAT 55 W H oA i A5+ B R v
FRFEM PR BT, 5 AR MR RR B Ao )= A
BAFRER AT, BRI AR YT 29I
25 = 1B € Nt 75 i 2 DB Z A = S o Y |
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AWk, FIH LA W& A —Gisn) foo e sk v
23 B HK ML SIG T 25 Z2 0 b3 (docetaxel
DTX ) , - f 5 ] LA 1 g 4 A P o S 55
filh 2 BETAR AR T 2, R R B 2 AU 1Y)
IDP | I & A 07 1F H B RS 2202 2330 oi A0 & (0,75¢
Yo H kL ( plasmid enhanced green fluorescent
protein, pEGFP) , WL 1. FHHIA Xz ak iR ILEE
FEPURb 223097 25 PR BRI TIRS AR

VWU

LA-CL DTX pEGFP

1 LA-CLss/DTX/pEGFP X E & R=E
Fig1 Sketch of LA-CLss/DTX/pEGFP nanocomplex
LA: Lipoic acid; CL: Cytosol-localizing internalization peptide
6; LA-CLss: Disulfide cross-linked lipoic acid modified
intrinsically disordered protein-cytosol-localizing internalization
peptide 6; DTX: Docetaxel; pEGFP: Plasmid enhanced green

fluorescent protein

1 #RFTEE

1.1 EZMB5RA ZS90 BIBOLR B e YL
(9e[E Malvern 24#] ) , FIEZOCRME (1
Leica AH]) , B RH%EE ( HA Hitachi 2
A, AR (£E Thermo AH]) . LA
PETAY TR (L) K ARAF], pEGFP
( LI EAEDRARAR ) , RO
% ( branched polyethyleneimine, bPEIL; AHXf /3
FFiHh 25 0005 3£ Sigma AF ) , BCA H[H
WM iR & (32 Thermo AH] ) , AR4FILIE
( fetal bovine serum, FBS) . DMEM i35 ( 5&
Gibco 281] ), HAbRI Ry o4t

1.2 Z BB IR LA %4658 CL (LA-
CLss) % mk#9 & b R 4E A5 R H [E AH
BRI LA B 2 kA, )35k LA-
KVRVRVRV”PTRVRERVK (°P J& D-Ii& R ) ,

IR RO AR 5L (HPLC ) 4lifk. RAE
Pt FR R FRER VEA T B A B LA-CLss: 4 Z ik ik
BT BT, IALBI AN 2.5% . 5%, 10%.
20% e Rk AT 2, IR T RE
12h, N, THEE; PP FKEENE (8
BRAHXT o F i 3 500) Zlifk 12 h, T, B
ZARHUR, FTAREY5rilan 4 LA-CLss1. LA-
CLss2, LA-CLss3. LA-CLss4, WA U2 Ik
HY 5 mg BT 0.5 mL D,0, i 600 MHz ZRE3HAR
S0 ("HNMR ) ASCFEERE (g 21 7= 70 BT o
1.3 LA-CLss/pEGFP AR Lot b £ir L
2 pg pEGFP 1 LA-CLss IR & #ELL (N/P,
2.5, 5. 10, 20, 40, 80) HAIMIERNE AW
T 1 mLPBS (pH 7.4) ', #Jig 30 s, i Nk
B 30 min. FH ZS90 FUBEO L LI 5 S i s A2
zeta BV .
1.4 IRARHEEE IR @ 5k & 5 E AR LA-CLss *f pEGFP
e et WERES . H& NPEN
0.5, 1.2,3,4.5, 10, 20 #J LA-CLss3/pEGFP
YKEAY), BF 30 min J5B S 1 ug pEGFP 4
KEEWIMAE 1% BNEHEEER R TAE ( Tris ik .
ZFR. EDTA Bl ) S igfLo, 100 V HLJK
30 min, 7EEIMET BAZ.

Py W R E g BRI E 5L
il e 5 5. 10, 20, 50 pg/mL FIFFZE K
W, 2 in A LA-CLss3/pEGFP 49k & &)
(N/P=10) , JHIFE 1 h J5HBREIEA 78R H ik 43
#r, LI bPEI-25k/pEGFP (N/P=10 B} fiF 2 /KIAETR
el R 20, 50 pg/mL ) VE %R,
1.5 I3 EIR4T g M T LA-CLss3 #9116 ik
KA LATNER AT 6 X 107° mol/L HIEEIR
W, KRR SRR, SRS S IR EE A
IAZS PRI, JefaE s, Bl LA-CLss3 WP
H1X 10 °~2.0 mg/mL f—RINER (1X107°, 5X
1077, 1X107*, 5X107%, 1X107°, 5X107°,
0.01. 0.05, 0.1, 0.5, 1.0, 2.0) , 25°C THEBEHF
B 2h LLE, H F-7000 BIZ¢ 6606 ( HA
Hitachi 2 H] ) MIE & R 26 E Rl . 28 H
IR A 333 nm, AR BREERE M 5.0 nm,
KIS BN 2.5 nm, FEEE A 500 nm/min.
0% 373 nm (1) F1 383 nm (1) PRKAAHE
., DAZS P B X BB D B A bs . 1/T, AR
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1.6 #F3LEH & DTX Ik B 1 mg DTX
BT 1 mL &P, ¥ 20 mg 5wk
JEE A (LA-CLss3) ¥ F | mL & H k. %
ik 2 MABOIRASIE S 8 mL 4liuKiRA, TEUKIB 5
1T A RS T A A EE, TR 200 W, 1]
30 s. KrFLfb5E 4 LA-CLss3/DTX IRA IR R
WAL B RS A 10 mL ZEIRK 1 BE
B, Bt sh, BRFGEETR &R . HH 0.45 um
TUFLUE ML U8R W R AR B DTX ik

K HPLC fl%E DTX WS . =R Ao :
Agilent 1260 %Y, ZE[E Agilent Technologies 23l ;
W R ZIE K (60 : 40, KL 5 WA
1.0 mL/min; AMGIEK N 230 nm; @3
C,; #£ ( Diamonsil, 5 pm, 250 mmX4.6 mm ) ;
A 30 °C, #FH2ym A s R B AKX . &
itk (%) = (BRI BT R it ) X
100%, WEH (%) = (KR LYH R AZ
Y e ) X 100%.
1.7 LA-CLss/pEGFP %4k 5 &4 HEK293 Zmfieik
Ak A gl 2 B HEK293 4H)8 ( ATTC® CRL-
3216, WEBRERAEYCE S A IR ) i
3X 10’ LB ERERI T 12 FLMR, 7E 5% CO,. 37 C
BEFRFAh R TR 24 h RN RMIER TR . 25
BFLUIMAR 0.75 nmol }2HDHEE (FAM) #ricH)
siRNA [ N/P=40 WAPKE S . HiFE 4 h 558G
IR, WAL, B, AT 300 pL PBS P, A
KA (SEE BD AF] ) A4 fLH U i
1.8 LA-CLss/pEGFP %3k £ &2 B 5 3 oL
g94m B HEK293 A4 1 X 10°/FLAY %S BE 3
T 48 fLML, 5% 24 h, FEYLHTE BN JCI T R 9R
W, BHLINAR 0.5 ng pEGEP [AE N/P{H (10,
20, 40, 80) MAKE LY. HiFE 4 h 5 10%
FBS M35 . pEGFP 5 UL4iiffl 48 h J5, HZOL
WIS, e Pt R R sc kg, It
Eisli
1.9 #FHRFHEE DTX KRR I
VEICH B A4 F B 3 500 RYENTAS, BT
B pH=7.4 &4 0.5% (JRE AL E ) 1
-75-80 1 PBS, 4r5lMA DTT ( A4 kg
M N R GSH B R 45F, 0.05 mol/L ) FIAN
DTT, 37 'C #ff7%%%, # 1.6 W N )ikl & LA-

CLss3/DTX 4K H . B 2 mL LA-CLss3/DTX PBS
FiBEMAS, BCE T 50 mL PBS H, 100 r/min F
wEtFE, 37 °C, Wl 2. 4. 6. 8. 10, 12,
24, 48, 72 h BHEGH 1 mL Mg, JFAMIN 1 mL
BT, 4% 1.6 TR J7 7547 HPLC P Hk .
RSN 2k

1.10 %itaas®  J] SPSS 18.0 #ib#f4it2¢
0T L. x4+s Fon, dLRHEBCR O 2500
(ANOVA ) . f5/Kk#E (o) 4 0.05,

2 # R

2.1 3B4S4 LA-CLss &M% T otz &3k
R K 2 HEA LA-CLss WiERl, b2
fiFeh 2.25~3.16 (I a, b il c) FHET LA
JRFUE, 3.13 (% d) . 3.63 (& f) fil 4.06 (1%
e) MR AR BRI —CH,— 1%, 0.82 (U4 i)

A 1.32 (U k) 4350 U5 Jas 4 2 1 A1 e R Uik I
%, 1.53~1.74 (1§ g Al h) & TR L1
—CH,—. 1.14 (& j) V3)&E THIEBR A fhh%. 4.23
(& 1) HJEF LA-CLss HYAURT 116, 4.40 (1%
m) H)E THE R T A —CH,— . ARl 58k
B LA-CLss A BRI /3 F i sk 1 fr
N, FAE DRI L R i LA-CLss HYAHXT 53
TR BE K, RUEEMEZIE B,

22 AERBKELEMHTRE NP LKL S
¥zl zeta Az SCERJEANF GIKRE AP0k
FREE N/P AHRYHE KRR, BS99k
BEWIRARN B/NFRZZKAKRE Y 4
N/P {HKT 10 B, 99KE 5% LA-CLss1~3/
pEGFP fPRIARHERTE 200 nm LAY (& 3A) . AA]
W BEY KL AW zeta IO IREE N/P (H 014
Kimidgin (& 3B) , 4 N/P {HM 40 1 80 A,

LA-CLss3/pEGFP Hl LA-CLss4/pEGFP [/ zeta Hi
HNIAE 30 mV £ 47 .

23 mPe#EstkcR sk Y N/P{H K 0~3 B} pEGFP
ANHEHE LA-CLss3 AR RS2, HIGEHT
ARSI IE M A 2547 124 N/P HR 4 IR WL
WA, K pEGFP #% LA-CLss3 A4k
Ak (E 4A) o FRER BRI,

LA-CLss3 Al A %U{# 3" pEGFP AT E B,

M E WAL 50 pg/mL A A T M4
(& 4B) .
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Chemical shift (x10 )

Bl 2 LA-CLss By 'HNMR & &
Fig2 'HNMR spectrum of LA-CLss

and —CH— of valine; g, h: =CH,— of proline; j:

the guanidine group in arginine

LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-localizing internalization peptide 6; a, b, c¢: Lipoic acid; d, f, e:

—CH,— of

—CH,— of lysine; I: Tertiary carbon in LA-CLss; m: —CH,— near

#1 AREXZEE LA-CLss ISR FHREN S FRE
Tab 1 Synthesis conditions and relative molecular mass of LA-CLss at different cross-linked degrees
Polymer LA-CL m/mg Cysteine m/mg Ratio” (%) Mt® (X 10%)

LA-CL - - - 2.418
LA-CLssl 50 0.087 5 2.5 13.2
LA-CLss2 50 0.1750 5.0 14.8
LA-CLss3 50 0.350 0 10.0 16.6
LA-CLss4 50 0.700 0 20.0 18.4

*: Molar ratio of cysteine to LA-CL; *: Data obtained by gel permeation chromatography; LA-CL: Lipoic acid modified cytosol-

Mean particle size d/nm

localizing internalization peptide 6; LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-localizing internalization peptide 6

-0-LA-CL

—T—LA-CLssl
¢ & LA-CLss2
-~ LA-CLss3
—-LA-CLss4

300
m LA-CL 40
= [A-CLssl
o LA-CLss2
200+ @ LA-CLss3 >
@ LA-CLss4 £
S
=
5
100 g
(=9
8
] i
. N 20
0 10 20 40 é
—10

N/P ratio

N/P ratio

B3 A[E N/P{E LA-CLss/pEGFP ik & G WIHIRIE (A) F1 zeta FBL (B)
Fig3 The particle size (A) and zeta potential (B) of LA-CLss/pEGFP nanocomplexes at different N/P ratios

fluorescent protein; N/P: The ratio of nitrogen to phosphorus. n=3, x*s

LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-localizing internalization peptide 6; pEGFP: Plasmid enhanced green
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N/P ratio

0 05 1 2 3 4 5

10 20

N/P=10 bPEl—ZSk/pEGFP

Heparin

o )!-

El4 7[E N/P{ER LA-CLss 3/pEGFP 43K E &4 (A)
MMAFRZEFESR (B) HRKE
Fig 4 Electrophoresis diagram LA-CLss 3/pEGFP
nanocomplexes at different N/P ratios (A) and protection
of LA-CLss3 to pEGFP against pEGFP heparin (B)
N/P: The ratio of nitrogen to phosphorus; LA-CLss: Disulfide

LA—CLSS3/pEGFP

cross-linked lipoic acid modified cytosol-localizing internalization
peptide 6; bPEIL: Branched polythyleneimine; pEGFP: Plasmid

enhanced green fluorescent protein

2.4 ERBERRREMME POEEREmE 5 fr
N, ATUAE W I/ (HRE LA-CLss3 ¥ AL AT R
ARG, AN REYWHRE 3.27 mg/L, "L
i€ LA-CLss3 Wil SRSl 3.27 mg/L, %
JIE AR ELAT R ) B I AR B

L1t
. 1.0

I/1

0.9

0'—76*5—4—3 —2—1 0 1

1gCMC p,/(g-L™")

5 BERARETHIEZNE LA-CLss3 B CMC
Fig5 CMC values of LA-CLss3 evaluated by pyrene
fluorescence spectroscopy
LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-
localizing internalization peptide 6; CMC: Critical micelle
concentration; I,/I;: The ratio of fluorescence intensity in the

wavelength of 373 nm to 383 nm

2.5 HHFEFMOHFE JHEAE LA-CLss/DTX
PR 2zi R (8.8140.02) %, fuE %N

(85.25+0.04) %.

2.6 LA-CLss/pEGFP 44K 5 &4 64 4 e 45 B
fe 1 Wil 6 P, B N/P{HUHE N, HEK293
AiiffI % LA-CLss3/pEGFP B4 IBGAW AN, 7EN/P
B4 40 1 80 B, ~P-Y9CHm AL 432 N/P=10
FFAY 1.98 A1 1.21 /%, A N/P=20 FFAY 1.60 A1 1.73 £i%
(P $#J<<0.05) 5 $HLAYFHE A0 LI IK 80% A2
A, BT NP=20 HFHIEAME L) (P39<<0.05) .

100
= Control
= NP0
i N/P=
80 “ — N/P=40
— N/P=80
_ 60F
=] |‘ '
2 By
3 i f
© 40 1 HL:]H H' |lI
[Fe;
100 o
.
S 80t e
3
Q 60 L
<2C s
1
a0t L
& T
g 20
o—= B
Q\@\ Q,/\Q Q,;\, Q,/@ Q,/%Q
& & & & o

6 HEK293 Zfx} LA-CLss/pEGFP 41X S &4k
BEUER
Fig 6 Cellular uptake of LA-CLss/pEGFP nanocomplex
by HEK293 cells
A: Flow cytometry figure; B: The percentage of positive FAM
cells at different N/P ratios. LA-CLss: Disulfide cross-linked
lipoic acid modified cytosol-localizing internalization peptide 6;
FAM-siRNA: Fluorescein labeled small interfering RNA; N/P:
The ratio of nitrogen to phosphorus. “P<<0.01. n=3, x+s

2.7 LA-CLss/pEGFP #yk & &Mty 2L B 4 34
Bl WE 7 AT, BEE BRI, LA-
CLss/pEGFP 4K 5 G WIAE T 20 M 1) 2 i 35 32
Hi5% , LA-CLss3/pEGFP 7€ N/P=40 W2¢ 640
B e L HoAth gl 5, H28GHR 5 bPEI-25k
A, 25 R N/P (R EUAR R B S AR K,

P JH 0 6 H A B 10% %) LA-CLss3 ( N/P=
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40) NJEEESs T

2.8 MM WK 8 s, 48 h i LA-CLss/DTX
TE5A DTT B3R N RIEIL 80% 1Y DTX, [MifE
AEH DTT BEE FAUUREL 60% 247, W T

LA-CLss/DTX Jie ot EAA Rk fUs, »JLIYE DTT
FECHDL B4 ey 240 B PN 13 S PR S B Ak 2R T
25 DTX,

N/P ratio

LA-CL

LA-CLssl

LA-CLss2

LA-CLss3

LA-CLss4

bPEI-25k

7 [ N/P {&R} LA-CLss/pEGFP 413k £ & ¥ B S E B 3L e33R
Fig 7 In vitro transfection efficacy of LA-CLss/pEGFP nanocomplexes at different N/P ratios

N/P: The ratio of nitrogen to phosphorus; LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-localizing internalization

peptide 6; pEGFP: Plasmid enhanced green fluorescent protein; bPEI: Branched polythyleneimine. Scale bar=250 pm

100  —e— Without DTT
- With DTT

80
60
40

20

DTX release rate (%)

0 6I 1I2 1I8 2I4 3IO 3I6 4IZ 4‘8 5I4 6I0 6I6 7I2
Time #/h
B8 LA-CLss/DTX {R5MEAY 2%
Fig 8 Invitro release curve of LA-CLss/DTX
LA-CLss: Disulfide cross-linked lipoic acid modified cytosol-
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