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ABSTRACT 

Reducible or imidazolyl polycations of block poly(imidazole/2-dimethylaminoethyl) are of promising in gene delivery. 
Dimeric poly(2-dimethylaminoethyl) methacrylate-block-polyvinylimidazole (rDPDMAEMAIM) and reducible poly 
(2-dimethylaminoethyl) methacrylate (rDPDMAEMA) with single disulfide bond in the backbone was synthesized by 
oxidizing their dithioester-terminated polymers. The polyplexes sizes, rDPDMAEMAIM/pDNA and rDPDMAEMA/ 
pDNA (plasmid DNA), are in the ranges of 100 nm - 150 nm at the weight ratio of 12:1, and the zeta potential of 
rDPDMAEMAIM/pDNA from 9.6 mV to 22.7 mV in phosphate buffered saline solutions increases with their weight 
ratios of 1:1 to 18:1. The results show that the rDPDMAEMAIM/pDNA polyplexes have higher transfection activity 
and lower cytotoxicity than that of rDPDMAEMAIM/pDNA against 293T cells in vitro in the presence of serum, indi-
cating that the PDMAEMAIM present a promising nonviral gene vector. 
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1. Introduction 

Reducible or imidazolyl non-viral vectors have enormous 
potential to treat vital human diseases because of safely 
and efficiently delivering therapeutic gene into the en- 
dosomes of target cell during endosomal processing and 
eventual lysosomal fusion [1-14]. Reducible polymers 
can improve the efficacy of the gene delivery and reduce 
intracellular toxicity due to their molecular backbone re- 
versibility [1-7]. For examples, a reducible linear polye- 
thylenimine (rPEI) has a low cytotoxicity and compara- 
ble transfection activity with non-reducible PEI [8,9], 
a reducible poly (amido-ethyl-enimines) (rPAEI) linked 
with cystamine bisacrylamide can deliver plasmid DNA 
(pDNA) and siRNA [10,11], a reducible poly(2-dime- 
thylaminoethyl) methacrylate (rPDMAEMA) synthesized 
by reversible addition-fragmentation chain transfer (RAFT) 
polymerization has minimal cytotoxicity and better tran- 
sfection activity than non-reducible PDMAEMA [7,12, 
13], and linear reducible polycations polymerized by a 
10-mer oligolysine can unpackage DNA due to cleaving 
disulfide bridges in a reducible medium like the cytosol 
[4]. Also, the histidine (His6 RPCs)-rich reducible poly- 
cations facilitate intracellular delivery of nucleic acids 
such as siRNA. 

Polymers containing imidazole can induce membrane 
destabilization in acidic media endosomes and deliver 
nucleic acids into the cytosol, and their cell cytotoxicity 
are less than that of polyethylenimine (PEI) [14-29]. The 
polyplexes of poly(DMAEA/His (Boc)-OMe) phospha- 
zene (PDHP)/DNA at the ratio of 10:1 (w:w) give a hi- 
gher transfection efficiency and lower cytotoxicity again- 
st 293T cells than these of the histidine-free polymer and 
bPEI [18-23]. The poly (imidazole/2-dimethylaminoeth- 
ylamino) phosphazenes/pDNA polyplexes enhance gene 
transfer activity and reduce cell cytotoxicity because of 
buffering capacity of imidazole groups in the endolyso- 
somal pH range [24]. The pDNA and SiRNA polyplexes 
of β-cyclodextrin polycation modified with imidazole 
(CDPim) were almost 10 times more effective than these 
of CDP for tumor targeting and imaging [25,26,30]. Af- 
ter the chitosan amines (~37 mol%) are substituted with 
urocanic acid (UAC70) comprising an imidazole ring, 
the chitosan can improve its endosomal escape capacity 
[31]. When primary and secondary amines (39 mol%) 
were substituted with imidazolyl residues, the imidazo- 
lylated bPEI of 25 kDa and 750 kDa can increase the 
buffering effect, and the transfection efficiency against 
COS-1 and HEK293 cells was three times higher than 
bPEI [28]. The poly(1-vinylimidazole) partially alkylated  
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with 1-bromobutane(PVIm-Bu) generates quaternary imi- 
dazole groups, and the transfection efficiency of PVIm- 
Bu/DNA polyplexes against HepG2 cells was two orders 
of magnitude higher than with DNA/PVIm-NH2 poly-
plexes [29]. For above these reasons, the reducible or po- 
lymers with amino or imidazolyl residues should further 
enhance efficient gene delivery. 

In this paper, dimeric poly (2-dimethylaminoethyl) 
methacrylate-block-polyvinylimidazole with single disul- 
fide bond in the backbone (rDPDMAEMAIM) was syn- 
thesized by oxidizing their dithioester-terminated poly- 
mers. Compared with the dimeric reducible poly (2-di- 
methyl aminoethyl) methacrylate (rPDMAEMA)/pDNA 
polyplexes, the rPDMAEMAIM/DNA polyplexes have 
higher transfection activity and lower toxicity against 
293T cells in vitro in the presence of serum. The rDPD- 
MAEMAIM/pDNA and rDPDMAEMA/pDNA sizes at 
the weight ratio of 12:1 are in the ranges of 100 nm - 150 
nm. The zeta potential of rDPDMAEMAIM/pDNA from 
9.6 mV to 22.7 mV in PBS (phosphate buffered saline) 
solutions increases with their weight ratios of 1:1 to 18:1. 

2. Materials and Methods 

2.1. Materials 

All reagents (analytical grade) were purchased from Shang- 
hai Chemical Reagents Corp., 2,2’-azobis (isobutyronitri- 
le) (AIBN, 98%), butylamine (Sigma-Aldrich, 99%), an- 
hydrous methanol (99.8%), ethyl bromide (99%), chlo- 
roform (99%), diethyl ether(99%), triton X-100 (Sigma- 
Aldrich), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo- 
lium bromide (MTT, Sigma-Aldrich), potassium xantho- 
genate (99%), dithiothreitol (DTT, Fluka, >99%), and he- 
xane(98.5%) were used as received unless otherwise no- 
ted. 2-(dimethylamino) ethyl methacrylate (Sigma-Ald- 
rich, 99%), and vinylimidazole (Sigma-Aldrich, 99%) was 
passed through a column of activated basic alumina to 
remove the inhibitor and stored at 4˚C prior to use. Tet-
rahydrofuran (THF, 99%) was treated with KOH and 
distilled twice from Na in the presence of benzophenone. 

2.2. Synthesis of Block Polymers 

Ethyl xanthogenate (EX) was prepared by reaction of 
ethyl bromide with potassium xanthogenate. The DTPD- 
MAEMA was synthesized by polymerization of DMAE- 
MA using ethyl xanthogenate as chain transfer reagent. A 
stock solution of DMEMA (2 g), AIBN (8 mg), and EX 
(160 mg) in Schlenk tubes of 1.5 mL THF was thorough- 
ly deoxygenated by four consecutive freeze-pump thaw 
cycles, placed in a water bath at 60˚C for 48 h, to pre- 
cipitate and isolate the DTPDMAEMA by hexane. Under 
the identical conditions, the vinylimida-zole (2 g), AIBN 
(8 mg), and the DTPDMAEMA in THF was used to 

synthesize the DTPDMAEMAIM. Its 1H NMR was ana-
lyzed by Varian Mercury Plus-400 NMR spectrometer 
(Varian, USA) using d4-methanol d-chloroform as sol-
vent, and molecular weight relative to the calibrated pep-
tide standards were determined by gel permeation ch- 
romatograph (GPC, Waters 600) with N, N-dimethylfor- 
mamide (DMF) as eluent solvent at flow rate of 0.5 mL/ 
min. 

2.3. Synthesis of Dimeric Polymers 

A reducible polymer was prepared according to the mo- 
dified procedure as reported [4]. The DTPDMAEMA or 
DTPDMAEMAIM (0.5 g) was dissolved in THF (4 mL), 
then the butylamine (0.6 mL) and dimethyl sulfoxide (0.4 
mL) was added dropwise under nitrogen atmosphere at 
room temperature for 3 h, and stirred for 14 days. After 
removing the solvent, the rPDMAEMA or rPDMAE-
MAIM was obtained by precipitation into excess hexane. 

2.4. Preparation of DNA Polyplexes 

The pDNA was amplified in DH5α strain of E.coli and 
prepared by End Free Plasmid Mega Kit (Qiagen GmbH, 
Hilden, Germany). The transfection activities of polyplexes 
against 293T (Human embronic kidney), HEK293 and 
HeLa cells were evaluated by pDNA encoding green 
fluorescent protein expression (EGFP) and microscopi-
cally observed [32-34]. 

The mixture of rPDMAEMAIM and pDNA at differ- 
rent weight ratios were stirred dropwise in 30 mmol/L 
sodium acetate (pH 5.0), and placed at 50˚C for 30 min. 
all experiments were conducted in triplicate unless other- 
wise specified. To visualize effect of the condensed pDNA, 
the polyplexes were examined by electrophoresis using 
ethidium bromide staining at 110 V/cm in a Trisacetate- 
EDTA buffer system (pH 8.0) for 45 min. The polyple- 
xes of rPDMAEMA/DNA were prepared by the same 
process. All polyplexes dropped on silicon substrates were 
sprayed by gold, and observed on scanning electron mi- 
croscope (LEO, 1530VP). Diluted in PBS, the polyplexes 
solution was measured by zeta potential analyzer (Zeta-
Sizer 3000HSA Malvern, UK). 

2.5. Cell Culture and Cytotoxicity 

The 293T, HEK293, and Hela cells were from the Cell 
Bank, Chinese Academy of Sciences, and grown in Dul-
becco’s Modified Eagle Medium (DMEM) containing 
10% fetal bovine serum (FBS), streptomycine (40 μg/mL) 
and ampenicillin (40 U/mL). 

The cell cytotoxicity of polymers was determined by 
MTT assays. The 20,000 cells/well in 150 μL DMEM 
were seeded to 96 well plates, and incubated in a 5% 
CO2 incubator at 37˚C for 24 h. Next, rPDMAEMAIM or 
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rPDMAEMA in the range of 10 μg/mL to 50 μg/mL we- 
re added, and incubated for additional 16 h. Replaced by 
fresh DMEM, the MTT solution of 5 mg/mL (20 μL per 
well) was added, and cells were incubated for 4 h. After 
removing the medium, the crystals on living cells were 
dissolved by adding 150 μL DMSO. The cell viability 
was expressed by 570 nm absorbance using a microplate 
reader (ELX800, BIO-TEX Instrument, Inc.), and calcu- 
lated as mean percentage relative to untreated cells ± SD. 

2.6. In Vitro Transfection Assays 

To assay the amount of GFP expression, the 2.5 μg/mL 
of pDNA to each well was used for different ratio of po- 
lyplexes weights, and the 2 × 105 cells per well were 
seeded in 24 well plate and incubated by DMEM con- 
taining 10% FBS for 24 h. After removing DMEM, the 
cells were washed three times with DMEM without FBS 
and antibiotics, and incubated by adding polyplexes for 4 
h, and further cultured by fresh DMEM medium with 
10% FBS for additional 36 h. The transfected and con- 
trolled cells per well were washed by PBS, and lysed by 
400 mL buffer (0.1 M KH2PO4/K2HPO4 (pH 7.5), 0.2% 
Triton X-100, and 1 mM DTT) using four times freeze- 
thaw cycles. The 100-μL lysate per well was transferred 
into a 96-well plates, and measured with a microplate 
fluorescence reader (Tecan GENios) at 488/510 nm (exi- 
cation/emission) [23]. 

3. Results and Discussion 

3.1. Synthesis of rPDMAEMAIM 

The biodegradable rPDMAEMA has significantly low 
cytotoxicity and the comparable transfection activity to 
non-reducible PDMAEMA [7,12], and the imidazoleba- 
sed copolymers can improve transfection activity due to 
potent biocompatibility and protonation in the endo-lyso- 
somal pH range [28,35,36]. In this study, the rPDMAE- 
MAIM and rPDMAEMA were synthesized by RAFT po- 
lymerization using ethyl xanthogenate as chain transfer 
reagent (Figure 1). The dithioester-terminated DTPD- 
MAEMAIM (δ = 1.1) was conducted by 1H NMR spec- 
trum (Figure 1(a)). Further, the UV absorption of DT- 
PDMAEMA and DTPDMAEMAIM at 270 nm confir- 
med the terminal dithioesters (Figure1 (b)). Coupled by 
disulfide bond, the rPDMAEMAIM and rPDMAEMA 
molecular weight were confirmed by GCP [7], the rPD- 
MAEAM relative to peptide standards was 9.1 × 103; and 
rPDMAEMAIM, 1.12 × 104. 

3.2. Polyplexes Characterization 

To evaluate the ability of PDMAEMAIM to condense  
pDNA in 50 mM sodium acetate (pH 5.0), The PDMAE- 
MAIM/pDNA at the weight ratios of 1:1 to 18:1 was 

conducted by gel retardation assays using ethidium bro- 
mide exclusion. Figure 2 shows that the PDMAEMAIM 
completely retarded pDNA at the ratio of 12:1 (w:w). 
Dulited by PBS solutions, the zeta potentials of 9.6 to 
22.7 mV increases with weight ratios of 1:1 to 18:1, and 
is +16.2 mV at weight ratio of 12:1, indicating that the 
PDMAEMAIM/pDNA can induce membrane destabili- 
zation and promote cell uptake in endosome. 

The polyplexes sizes affect the efficiency of gene de-
livery, and the nanoparticles of less than 150 nm are fa-
vorable to the endocytosis of many mammalian cells [24]. 
To observe the polyplexes sizes of rPDMAEMAIM/DNA, a 
mixture of the pDNA and rPDMAEMAIM at weight 
ratio of 12:1 were stirred by vortexing for 1 min, heated 
at 50˚C for 30 min, and dialyzed (12 kDa cutoff) exten-
sively against the Milli-Q water for 24 h. The dialyzate 
was dropped on silicon substrate and air-dried. Also, po- 
lyplexes of rPDMAEA/pDNA was prepared under the 
same condition. SEM images show that the particles sizes 
of both polyplexes are in the range of 100 nm - 150 nm, 

 

 
(a) 

 
(b) 

Figure 1. 1HNMR spectrum of DTPDMAEMAIM (a); UV- 
Vis absorption of DTPDMAEMAIM and DTPDMAEMA, 
rPDMAEMAIM, and rPDMAEMA (b). 

 

 
Figure 2. Gel retardation assay in a tris-acetate-EDTA buffer 
system (pH 8.0) at 110 V/cm for 45 min. rPDMAE MANIM/ 
pDNA at the different weight ratios of 1:1, 3:1, 6:1, 12:1, 
15:1, and 18:1. 
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and the rPDMAEMA polyplexes had wire-like impurity. 
But non-dialyzate resulted in the strongly aggregation 
due to electrostatic attraction in buffer solution of 50 mM 
sodium acetate (Figure 3). 

3.3. Cell Viability 

The cell cytotoxicity of rPDMAEMAIM against 293T 
cells was measured by MTT assays. Figure 4 shows that 
the viability of 293T cells decreases with increasing po- 
lymer concentrations of 10 to 50 μg/mL, at 30 μg/mL, 
the viability was around 85% for rPDMAEMAIM; and 
71%, for rPDMAEMA; but 30%, for PEI 25 kDa. This 
result shows that the single disulfide bond in the back-
bone was of intracellular degradation, and the imidazole 
moiety in rPDMAEMAIM can further enhance cell vi-
ability, but the PEI 25 kDa resulted in higher cytotoxicity 
against HEK-293 cells. Similarily, both polymers reached 
such viability against HEK293 cells, but over 85% against 
Hela cells (data not shown). 

3.4. Transfection Activity in Virto 
Transfection activity against 293T cells in vitro of rPD- 
MAEMAIM polyplexes was performed by EGFP. At 
ratio of 12:1 (w:w), the fluorescent images show that the 
GFP expression of rPDMAEMAIM polyplexes against 
293T cells was much higher than that of rPDMAEMA 
(Figures 5(a) and (b)). As a positive control, the inferior 
transfection activity of the PEI/pDNA could be due to 
caused by their lower cell viability (Figure 5(c)). As a 
control, naked pDNA in the cytoplasm of 293T cells 
showed only neglected fluorescence relative to back- 
ground intensity, indicating that pDNA without any vec- 
tor had very low transfection activity. (Figure 5(d)). The 
EGFP expressions of rPDMAEMAIM and rPDMAEMA 
polyplexes against Hela and HEK293 cells was lower 
than against 293T cells, indicating that the 293T cells 
were easy-to-transfect activity, and both transfection ac-
tivities are related with cell types. 

The transfection activity of rPDMAEMAIM/pDNA or 
rPDMAEMA/pDNA in vitro at different weight ratios 
was quantitatively analyzed by the total lysate of 293T 
cells. Because imidazole groups were further introduced 
by RAFT polymerization, the molecular weight of rPD- 
MAEMAIM is more than rPDMAEMA. Here, the rPD- 
MAEMAIM and rPDMAEMA polyplexes are prepared 
by different weight ratios of vector and pDNA. Figure 6 
shows that GFP expression level of rPDMAEMAIM po- 
lyplexes was higher than that of rPDMAEMA at any 
given ratios, and reached maximum at weight ratio of 
12:1, it further confirmed that the imidazole groups and 
redox-sensitive difulfide bonds in polymer can conduce 
to polyplexes transfection and improve cell viability. The 
lower GFP expression level of PEI 25k/pDNA was caused 
by cell cytotoxicity. 

   
(a)                           (b) 

   
(c)                           (d) 

Figure 3. SEM images of dialyzate (a, b) and non-dialyzate 
(c, d); rPDMAEMA/DNA (a, c) and rPDMAEMAIM/DNA 
(b, d) at pH 7.0. 

 

 

Figure 4. Cell cytotoxicity of rPDMAEMAIM, rPDMAEMA, 
and PEI 25 kDa in 293T cells, the cells density of 20,000 
cells/well were seeded in 96-well plates and incubated for 24 
h. The absorbance was conducted using a microplate reader 
at 570 nm (n = 4 ± SD). 

 

   
(a)                           (b) 

   
(c)                           (d) 

Figure 5. Fluorescent images of 293T cells transfected with 
polyplexes of polymer/DNA at weight ratio of 12:1, (a) rPD- 
MAEMAIM/DNA; (b) rPDMAEMA/DNA; and (c) PEI 25 
kDa/DNA; (d) Control. All transfection experiments were 
performed in DMEM supplemented with 10% FBS. 
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Figure 6. GFP expression of 293T cells transfected with po- 
lymer polyplexes at ratio of 12:1 (w/w). The cells were tran- 
sfected by polyplexes at 37˚C C in 5% CO2 for 4 h, and 
incubated by fresh DMEM medium with 10% FBS for ad- 
ditional 36 h. GFP expression was quantified by fluorescent 
intensity of lysed solutions (n = 3 ± SD). 

 
 

HEK  

Figure 7. GFP expression of 293 T, HEK293 and HeLa cells 
transfected with polymer polyplexes at ratio of 12:1 (w/w). 
The cells were transfected by polyplexes at 37˚C in 5% CO2 
for 4 h, and incubated by fresh DMEM medium with 10% 
FBS for additional 36 h. GFP expression was quantified by 
fluorescent intensity of lysed solutions (n = 3 ± SD). 

 
Although 293T and HEK293 cells are isogenous, the 

transfection efficiency of rPDMAEMAIM and rPMAE- 
MA polyplexes against 293T cells was higher than a- 
gainst HEK293 cells (Figure 7), and against HeLa cells 
was further lower. It is concluded that the transfection 
activity of rPDMAEMAIM and rPDMAEMAIM could 
be relative to following reasons: 1) Cell types, both HEK- 
293 and 293T cells were from human embryonic kidney 
epithelial cell lines, but 293T cells were easily trans-
fected by rPDMAEMA or rPDMAEMAIM; 2) The pro-
tonated effect. The imidazole in rPDMAEMAIM could 
induce destabilization of cell membranes to deliver p- 
DNA into the cytosol, and make their polyplexes escape 
from endosome timely [24]; 3) The difference of cyto- 
toxicity. The free rPDMAEMAIM display much higher 
cell viability on 293T, HEK293 and Hela cells than 
rPDMAEMA; 4) The ability of polyplexes to condense 
DNA. A feasible molecular weight would be an impor- 

tant in gene delivery, for example, the transfection activi- 
ty of thiolated chitosan was better than that of cross- 
ed-chitosan by disulfide bonds [29], the transfection effi- 
ciency of rPDMAEMA did not increase with amounts of 
oligomers [7]; 5) Effect of molecular weights, the rPD- 
MAEMAIM polyplexes have higher transfection than 
that of rPDMAEMA, and TPDMAEMAIM and TPD- 
MEAM polyplexes are of lower transfection than their 
reducible dimmers (not shown data), resulting in that a- 
mounts of pDNA per polyplex increase with molecular 
weights. 

4. Conclusion 

The rPDMAEMAIM was successfully prepared by RAFT 
polymerization and oxidation. Both rPDMAEMAIM and 
rPDMAEMA can condense pDNA into polyplexes with 
lower 150 nm sizes. The rPDMAEMAIM polyplexes 
reach better transfection efficiency and lower cytotoxici- 
ty against 293T than the rPDMAEMA. The rPDMAE- 
MAIM should be a promising cationic polymer in gene 
delivery. 
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