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Abstract The development of rapid and active gene release function is the key to improve the efficiency of non-viral gene
delivery system. Herein, a novel reactive oxygen-responsive cationic block copolymer non-viral gene delivery vector (termed
as pM-pBD) consisting of biocompatible poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC) segment and charge re-
versible poly[(2-acryloyl)-ethyl-(boronic acid benzyl)-diethylammonium bromide] segment (pBD) was synthesized via re-
versible addition-fragmentation chain transfer polymerization (RAFT). Dynamic light scattering (DLS) assay and  potential
measurements, transmission electron microscope (TEM) and gel electrophoresis were performed to characterize
pM-pBD/(plasmid DNA, pDNA) complexes. Gel electrophoresis retardation assay displayed that pM-pBD can firmly bind
pDNA through electrostatic interaction even in the presence of high concentration of heparin, but capable of releasing pDNA
in response to reactive oxygen (such as H20z). The pM-pBD/pDNA complexes show low cytotoxicity against HeLa cells,
even at high weight ratio of pM-pBD and pDNA (N/P) (up to 16) demonstrated by MTT (methylthiazolyldiphenyl-
tetrazolium bromide) assay. The pM-pBD/pDNA complexes demonstrated appreciable colloidal stability in the presence of
10% fetal bovine serum. The pM-pBD/pDNA complexes at N/P ratio of 3 displayed spherical morphologies with average
diameter of approximate 99.1 nm and & potential of approximate +13.8 mV. However, once upon incubation in presence of
1 mmol/L H202, the diameter of pM-pBD/pDNA complexes at N/P ratio of 3 was enlarged to 330 nm and { potential was
reversed to —3.91 mV due to charge reversal of BD responsive to reactive oxygen. Flow cytometry revealed uptake effi-
ciency (88.9%) and the highest transfection efficiency (31.2%) for pM-pBD at N/P ratio of 3 and 16, respectively. The trans-
fection efficiency of pM-pBD/pDNA against HeLa cells was observed to be significantly augmented (1.5-fold) after the addi-
tion of ascorbic acid, which could stimulate the production of hydrogen peroxide. Therefore, pM-pBD represented intriguing
utilities in fabrication of non-viral gene delivery systems, which enable spatiotemporal control of gene release and thereby
facilitated the subsequent transcription machinery.
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Scheme 1 Schematic representation of non-viral gene delivery system from reaction oxygen species (ROS)-responsive charge-reversal copolymers
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Figure 1 Synthetic route of ROS-responsive cationic copolymeric
pM-pBD
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Figure 2 (a) The particle size and { potential of pM-pBD/pDNA at varied N/P ratios. (b) The particle size of pM-pBD/pDNA in buffer containing 10%
fetal bovine serum was measured by dynamic light scattering. (c) The particle size distribution and morphologies of pM-pBD/pDNA complex at N/P=3
by TEM (inset). (d) Gel electrophoresis image of pM-pBD/pDNA at varied N/P ratios
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Figure 3 (a) The schematic diagram of pM-pBD copolymer producing polyacrylic acid by charge reversal in response to ROS. (b) HPLC chromatogram
of 4-hydroxybenzyl alcohol (4-HBA) released after incubation in presence of 1 mmol/L H,O, for varied time (0, 2, 5, 10, 30, 60, 120 min) (internal refer-
ence: tryptophan). (c) The changes of particle size and { potential after incubation in presence of 1 mmol/L H,O, for 60 min was measured by dynamic
light scattering. (d) Gel electrophoresis image of pM-pBD/pDNA (N/P=3) under incubation in presence of 1 mmol/L H,O,
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Figure 4 (a) The cell viability of pM-pBD/pDNA nanocomplex at varied N/P ratios for 24 h in HeLa cell. (b) Production of H,0, at varied concentra-
tions of ascorbic acid (illustration: the mechanism of ascorbic acid producing reactive oxygen species). (c) Confocal laser scanning microscopy of HeLa
cells incubated with pM-pBD/Cy5-pDNA (N/P=3) nanocomplex for 4 h and 8 h. (d) the uptake efficiency of pDNA and pM-pBD/Cy5-pDNA complexes
(N/P=3) in HeLa cells
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pM-pBD/pDNA 1 PEI/pDNA (N/P=6.25)7F HeLa 41l -} ({155 Yo 3R (o) /FE PR MR A7 £ 1 pM-pBD/pDNA & & 4)(N/P=3){ HeLa 40 1%
PR (A /PR MRAAE R pM-pBD/pDNA & A¥I(N/P=3)7E HeLa 4l i Y5 0L L R B s B

Figure 5 (a) Confocal laser scanning microscopy of HeLa cells against pDNA, pM-pBD/pDNA with varied N/P ratios and PEI/pDNA (N/P=6.25). (b)
The transfection efficiency of pPDNA, pM-pBD/pDNA with varied N/P ratios and PEI/pDNA (N/P=6.25) in HeLa cells. (c) The transfection efficiency of
pM-pBD/pDNA complex (N/P=3) with or without ascorbic acid (AA) in HeLa cells. (d) Confocal laser scanning microscopy of the transfection of

pM-pBD/pDNA complex (N/P=3) with or without ascorbic acid in HeLa cells
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o F 5 R

I GeR. T IeE R, 78 MCF-7 A1 SGC-7901 4 ffd
B3 7 A S5 R S8b). thAh, i oI R T
MALHANEE T pM-pBD/pDNA 14 /TCH I ML B A7 A2 I
AP E R A e o, 25 R 5d R, 18
A1 mmol/L BIFTIA LR 5, HeLa 40N A7k
R, S PUE I T PUR MER Y 51 N A8 i I 1
ROS /KF, $27 pM-pBD/pDNA & &M YRR

3 e

A TAELL MPC. BD NJEkHEIE RAFT 6 5% T HE
M N, ROS 2% B W22 (1) BH &5 1 28 &9 pM-pBD. i it
pM-pBD 55 L[R5 & il £ 17 3 P 4 7 P £ 25 DR Ak 5
EY, FF BN BT IR A NS5 MR E Ty SEIG 4
FISUE T pM-pBD BEME I N, ROS & A= FL 7 s 7 (1 FELfif
[va) 70 FEL Ao PR30 36, D T B A 2D SR L T S 56 B A
£ ROS fEAE41F T, pM-pBD/pDNA 40k 5 & MREHs
RO TG AT pDNA,  MTTTHE Ry 1 3R 1 25 R B YL R0
Y 2 T 45 S5 8] pM-pBD/pDNA  JL 3% 40 21k,
AT E A INES SV G € NIL 27 & S O 7 7 N
MR HIAEAE BE A Hb 4R 5 pM-pBD/pDNA [ YLk 4.
DRI, A ORI 4 1) pM-pBD JERSE & TP R %4 &
R AR IE R I RGP AL T D

4 SCIGERSY
41 TWRFISER

A% S B P AR 70 S A B VR4S KB L S (S
=)

42 pM-pBD B9&

R PH BT I pM-pBD 1% 18 B 1 BT (1) A il s 2%
AT A K. B4, K DEAEA (1.370 g, 8 mmol)5 B
(3.564 g, 12 mmol)i# T N,N-—H 3 F Bt (20 mL)H,
TSR N RPN HE 24 h, 1 N S5 T RS n 2 vk
ZBE, WERDTIE UK Z e 2 WK, THERRA G
Gk BD (3.184 g, =& 84.9%). Hk, ¥ MPC (1.181
g, 4 mmol). FIE MR ZBACE H R EE(0.279 ¢, 0.1
mmol) A1 %0 — F I R (0.006 g, 0.02 mmol)ZsNE| 2
mL a7k, FEREAFIMA 1 mL 5% (w)f) NaHCO;
W, BTk BRI, 2 5% 30 min {FIEHR
fiE. R EEEE 70 CHima, BERM 4 h
AHE, SNERSM,: 3000)H 25 7KEH 3
d(f 8 h e —VKENTIR). B AR T 45 IR 150 o]
& pMPC. #¢Ja, K& BD (7.766 g, 20 mmol).
pMPC (1.827 g, 0.2 mmol)FI{H % — & L% #R(0.014 mg,
0.05 mmol)iMfNE] 20 mL Ak, &MITFEFR pMPC
(G R, I ¥ VR T [N SOGR A3 1k €28 4 pM-pBD.
FIH Q-TOF Micro =43 HE B i AU A4 BD 7+ &
BHATZRAE. FIF Bruker AVANCE IIT 500 % #i I 4R A it
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X HIAL AW BD, pMPC A pM-pBD 3T 45 K £ALE,
CDCl; #1 DO ¥ Fl, TMS E RS 0.00), 1Hid &5
%M (GPC)IE pM-pBD LR 7 1B A1 — 1,
o34 PL aquagel-OH (MIXD-H, 8 pm), shAH: 500
mmol/L NaCl ¥, #&/%: 25 C, Jii#: 1.0 mL/min.

4.3 pM-pBD/pDNA 4k E & HIR0HI % K FRIAE

F%BBAN[H] N/P (N/P: #%4& pM-pBD 5 pDNA [ &
)il & pM-pBD/pDNA 4K E AW, B ol FARHE Y
4-$% 2 FE R B 2 TR (HEPES) 22 (10 mmol/L, pH=
7AVBIARTE A AR, SR IETINE] pDNA EWHR, A
BRI AT, AN A R BRI 21 R HEAT DAR AR
pDNA [ e 1.

{§ f] Zetasizer Nano ZS90 ZHKHL FE UM A [F] N/P
(1. 2+ 3. 4. 6+ 8. 160 KESWIRRAZ ALK Z
Iy BUEFREL

fi F§ TECNALI Spirit (120 kV)i% 5 B, 7 i 145 W 8¢
PARE SIS, B%, H& NP=3 /] pM-pBD/
pDNA GUKEEW), BG4 IR N B 9K E &%
- T B SUE R AV R (R 10 1), I8 E 10
min, 2 Ji5 BH A P 7R 255 i R AR T e A g

ff F DY Y-8C #Efiz FHIK SO AR N/P (04 0.5+ 1+
1.5+ 2+ 3+ 4. 6. 8. 160)PUKE W4T b H vk 7 BT
FLVKZZ MR 1 X TAE, HLUKEER A 1.0%E8 AR bE B (&
0.1 pg/mL Gel stain), 7£ FFEATEEALINIAIG & Loading
Buffer. HLVKZ&ME: HUE 110 V, HLIKEIE] 40 min. HLJK
g JE R AR A R G 5T 4 .

N T BGUEAS[F N/P A T 9K A WA I Hh R e
P, 1§ Zetasizer Nano ZS90 4NKA A & AN 7] N/P
fH(1. 2. 3. 4. 6. 8. 1O)MIGLKEAWTIE 37 CT Y
A 10%IM7% ") HEPES i E 2 he 4 hFf1 6 h )5
IR AR AR A L.

T KK E A% pDNA LB RE /T, K N/P
=3 ] pM-pBD/pDNA HEEWI(E 1 pg pDNA)IIAA
WP AT RIE WA MRE 04 14 54 20, 80 mg/mL), £ 37 C
IKIE 2 h, BEATEREREEERS F vk A, FRUK AR AR L
4.4 pM-pBD % pM-pBD/pDNA 43K & & 490 B 5E
SUNE

i Agilent 1260 infinity = 2 AH € 3% 4 X
pM-pBD i 87 35 P 4 /T S5 (1) 45 44 AR AL 347 40 B 7R
pM-pBD (0.3 mg/mL)F¥#HHMA H,0, (1 mmol/L),
37 CHFHE, TEFEEMEE SIE 20 pL 3T
HPLC 737, i C18 i+ (Poroshell 120, 2.7 um,
4.6 mmX 100 mm), FSHIAH: 10% FFEEKIAER, HE: 1.0
mL/min, M K: 280 nm, WY (BF L.

7E % pM-pBD/pDNA K& SWI &M InN
H>0, (1 mmol/L), B J& 75 AN [F] i 8] s 2 & & P ki 4z
FHLAT K 22 43 B R 4L
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F F R

T st P P BEL v F UK A I 4 oK R S TR R SRR T
() DNA B ¥ N/P=3 [ & W7E | mmol/L H,O,
T 37 CWHE. 7EFFE I ] SR, SR)5 W BTk 77
AT HK.
45 YHREESMESIE

] MTT #:5%F pM-pBD/pDNA & & 1 40 iy 5 14
HEAT 4. BL 1 X105 N/mL ()% EEKs HeLa 40042501
96 FLIR(100 pL). 7E 37 C. 5% CO, K4 M 35 37 46 v
H 24 h. FLIHEEFREL, SRERILMA 100 uL & A A
W pM-pBD/pDNA 40K E A WIHIR; 775 (pDNA ik
FEYIH 5 ng/uL), AINZPH N IE T W, A a0
SHEFL A FIXIE, 1§98 24 h J5, Mg e s .
LB e b 20 B IR RS 7R, BEFLAIAN 100 pL MTT ¥R
(0.5 mg/mL)4kEE1E5F 4 h, /INOIR R BRI - H
FEMEHA(100 pL/AL)IA i i 25 (o gl v, MRS, 1
FEAR OGN 5E7E 570 nm Kb IR 6 BEE (S HLIE K 630 nm).
MIAAE R E AN IAETER(%)=[(OD war—
OD #¢121)/(OD #s50—OD 2:112)] X 100%.
4.6 IFMER=4 ROS §EJIME

B E R 0.5.1.0 A1 2.0 mmol/L [UHTIA MR (AA)
WINEIEH 10% FBS () DMEM K, JRESET
BE. EHUE MRS B 10 mL #, H AT
1000 A7 ik S A A BRI R (200 wL), Bl 5 7l 7 fif 4
(D.O)UME A S~ .
47 HpIREEMFIEE LR

15 F IO SR AR BB AT ALAL WL 5% HeLa 4H o Xt
pDNA F pM-pBD/pDNA fIHEHUEN, & /e HeLa 4
HILL 1 X105 AN/mL (% BEEA T 35 mm BOLILRES
LA, N 37 C. 5% CO, K4 E = F i & 24 h
B J5 & fL in N 45 uL pDNA H % N/P =3 [
pM-pBD/Cy5-pDNA(FH Cy5 Fricff) pDNA)GKE A
(pDNA HIKRFEEYIN 2 ng/ul), BONAHREIR4E, 4k 4L
H4hs8h, A PBSHME2 G, A FV-1000 Hotit
A B AU W S AR U DL (CyS BRI KN 635
nm).
ff A 9 50 40 B A & & W & HeLa 40 A X
pM-pBD/pDNA [JHZHUIE L, %%, # HeLa 4i LA
1 X103 AN/mL (% EEMT 6 FLIRH, AN 37 C. 5%
CO, MMM E F=FE R % E 24 h, BE/SEFLINAN 45 uL
pDNA 5# N/P=3 ] pM-pBD/Cy5-pDNA 4k E 54
(pDNA HIIKEEYIN 2 ng/uLl), BMONAHREIR40E, 4k 4L
& 8h, F PBSIH¥E 2 Ik, R B IGISEAN M, BE)S
F T 40 A _E RS (CyS BRI KN 635 nm).
4.8 YR AMEEMMEE ST

i OGS R AR BB T AL Hb WL %% pDNA .
pM-pBD/pDNA F1 PEI/pDNA (N/P=6.25)7E HeLa 4l
W e L, CLRTE A/ TC DU B AFTE T I 41
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L. ESEK HeLa 4 LA 1X 105 N/mL ()% FE#EM T 35
mm BOEH AL I, AN 37 C. 5% CO, 141
B IR E 24 h. BEJSRALIIA 45 uL pDNA, N/P=
1. 3 8% 16 ) pM-pBD/pDNA #1 PEI/pDNA (FH % &)
PIKE A Y)(pDNA IKFEIN 2 ng/ul), AL REE 7=
Fo, kS E 6 h, HIRFAERT RIS IR 42 h. PLA
I PR A PR 2H 75 BEAE SE T RS IR 2 h S NN PUIA LR
(2K FE RN 1 mmol/L), k4597 40 h. i PBS iB ¥ 2 Ik
JEAEF FV-1000 #0325 £ B 105 W 42 4 Lt 1 (RFP
HIBOR KN 559 nm).

i I A e &2 pM-pBD/pDNA 7EH/ L
U IR ML /R A7 76 B, X AN [A] 48 Mg (HeLa . MCF-7 Fll
SGC-7901) 16 Y5 i, ML 1X10° AN/mL (1% FE %
FhF 6 LR, N 37 C. 5% CO, 4Nk 7547 b i
H 24 h. 24 h JEFERFREE, BERSLIMA 45 uL
pDNA, N/P=1.3 &{ 16 1] pM-pBD/pDNA #1 PEI/pDNA
PIKE A YI(pDNA IR FEIN 2 ng/ul), AL RES 7=
Fo, kSEE 6 h, HIRFAERT RIS TR 42 h. PLA
I PR A PR 2H 75 BEAE SE T RS IR 2 h S NN PUIA LR
(W E N 1 mmol/L), 4k8:4%3% 40 h. ] PBS 1§ ¥E 2 X,
JoREE B AR 4 M, B S A T Rt A LT
JE EATII(RFP UK KA 561 nm).
49 GItFESH

it 3BT R OriginPro(9.5) 8k Mk 47 A R 35 77 2
IHT(ANOVA), 48 L mean+S.D. KR, BAFwk U6 4b
B SE AT =S IREE, p<0.05 W NE BEERCE
R RoR); p<0.01 YA R ZE 2 R CRA <+ KR).
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