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Butenandtstr. 5-13, D-81377 München, Germany

*S Supporting Information

ABSTRACT: Reversibly shielded DNA polyplexes based on bioreducible poly-
(dimethylaminoethyl methacrylate)-SS-poly(ethylene glycol)-SS-poly-
(dimethylaminoethyl methacrylate) (PDMAEMA-SS-PEG-SS-PDMAEMA) triblock
copolymers were designed, prepared and investigated for in vitro gene transfection.
Two PDMAEMA-SS-PEG-SS-PDMAEMA copolymers with controlled compositions,
6.6−6−6.6 and 13−6−13 kDa, were obtained by reversible addition−fragmentation
chain transfer (RAFT) polymerization of dimethylaminoethyl methacrylate (DMAE-
MA) using CPADN-SS-PEG-SS-CPADN (CPADN: 4-cyanopentanoic acid dithio-
naphthalenoate; PEG: 6 kDa) as a macro-RAFT agent. Like their nonreducible
PDMAEMA-PEG-PDMAEMA analogues, PDMAEMA-SS-PEG-SS-PDMAEMA tri-
block copolymers could effectively condense DNA into small particles with average
diameters less than 120 nm and close to neutral zeta potentials (0 ∼ +6 mV) at and
above an N/P ratio of 3/1. The resulting polyplexes showed excellent colloidal stability
against 150 mM NaCl, which contrasts with polyplexes of 20 kDa PDMAEMA
homopolymer. In the presence of 10 mM dithiothreitol (DTT), however, polyplexes of PDMAEMA-SS-PEG-SS-PDMAEMA
were rapidly deshielded and unpacked, as revealed by significant increase of positive surface charges as well as increase of particle
sizes to over 1000 nm. Release of DNA in response to 10 mM DTT was further confirmed by gel retardation assays. These
polyplexes, either stably or reversibly shielded, revealed a low cytotoxicity (over 80% cell viability) at and below an N/P ratio of
12/1. Notably, in vitro transfection studies showed that reversibly shielded polyplexes afforded up to 28 times higher transfection
efficacy as compared to stably shielded control under otherwise the same conditions. Confocal laser scanning microscope
(CLSM) studies revealed that reversibly shielded polyplexes efficiently delivered and released pDNA into the perinuclei region as
well as nuclei of COS-7 cells. Hence, reduction-sensitive reversibly shielded DNA polyplexes based on PDMAEMA-SS-PEG-SS-
PDMAEMA are highly promising for nonviral gene transfection.

■ INTRODUCTION
Gene therapy has been considered as one of the most promis-
ing future treatments of various human diseases such as cancers,
cardiovascular diseases, genetic disorders, and viral infections.1

The clinical applications of gene therapy, however, are
restricted by a shortage of safe, efficient, and yet inexpensive
gene delivery technology.2 In the past decade, polymer-based
vectors have emerged as the most versatile nonviral gene
carriers.3−5 It should be noted, nevertheless, that positively
charged polymer/DNA complexes (“polyplexes”) are fre-
quently associated with acute systemic toxicity and low in
vivo transfection activity.6−9 In the past years, shielded poly-
plexes have been developed to achieve prolonged circulation,
targeted delivery, and decreased systemic toxicity.10−14 The
shielded polyplexes, however, suffer from diminished cellular

interaction and uptake as well as inefficient intracellular release
of DNA, which leads to largely reduced transfection
activity.15,16 Linking of targeting ligands to stealthed polyplexes
may partially restore their transfection activity due to receptor-
mediated cellular uptake.17−20

Recently, Wagner and Kataoka groups reported that
deshielding of polyplexes and lipoplexes inside cells in response
to endosomal pH21−25 or cytoplasmic redox potential26 largely
boost transfection efficiency as a result of enhanced intracellular
release of DNA. We are, in particular, interested in reduction-
responsive deshielding because disulfide bonds, though
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sufficiently stable in the circulation and in the extracellular
milieu, may be prone to rapid cleavage, at a time scale from
minutes to hours, under a reductive environment present in
intracellular compartments such as the cytoplasm and the cell
nucleus.27,28 Inspired by this fascinating feature of disulfide
bonds, bioresponsive micelles,29 polymersomes,30 nanopar-
ticles,31 and polyplexes32 have been explored for intracellular
drug, protein, and gene delivery. We and others have previously
reported that ABA type triblock copolymers in which B is
poly(ethylene glycol) (PEG) block and A is a short cationic
polymer block such as linear polyethylenimine (PEI) and
poly(amido amine) (PAMAM) dendrimer mediate improved
gene transfection.33,34 The polyplexes of these triblock
copolymers maintain good cellular uptake due to partial
exposure of short polycations, but in the mean while exhibit
excellent colloidal and serum stability and low toxicity.
In this paper, we report reversibly shielded DNA polyplexes

based on structurally well-defined linear PDMAEMA-SS-PEG-
SS-PDMAEMA triblock copolymers for enhanced intracellular
gene delivery (Scheme 1). Unlike other cationic polymers,

including PEI and PAMAM, PDMAEMA copolymers can be
conveniently prepared with controlled macromolecular struc-
tures and compositions by living radical polymerization.35−37

High molecular weight PDMAEMA (Mw > 300 kDa) has
received a lot of attention for gene delivery due to its good
transfection activity in various types of cells.38−40 However,
PDMAEMA is not biodegradable, which may render long-term

and acute toxicity when high molecular weight polymer is used.
The decrease of PDMAMEA molecular weight though leading
to lower toxicity results in reduced transfection activity.41,42

In the past years, bioreducible PDMAEMA polymers43−45

and biodegradable PDMAEMA copolymers46−50 have been
developed to achieve reduced toxicity and enhanced trans-
fection activity. As other cationic formulations, polyplexes of
PDMAEMA also expose insufficient colloidal and serum
stability, which restricts their applications in vivo. The
PEGylation of PDMAEMA polyplexes though provide superior
colloidal stability, prolonged circulation time, and tumor
targeting in mice, is compromised by significantly reduced
transfection activity.10 In this study, novel bioreducible
PDMAEMA-SS-PEG-SS-PDMAEMA triblock copolymers
were designed to combine reduction-triggered deshielding
inside cells and features offered by ABA-type triblock copoly-
mers. Their DNA complexation, unpacking and release of
DNA in response to a reductive condition, as well as in vitro
transfection activity, were studied and compared with the non-
reducible PDMAEMA-PEG-PDMAEMA triblock copolymers.

■ EXPERIMENTAL SECTION
Materials. 2-N,N-Dimethylaminoethyl methacrylate (DMAEMA,

97%, Alfa Aesar) was purified by passing through a basic alumina
column before use. Poly(ethylene glycol) (HO-PEG-OH, 6 kDa, Alfa
Aesar) was dried by azeotropic distillation from toluene. 4-
cyanopentanoic acid dithionaphthalenoate (CPADN) was synthesized
according to the described procedure for 4-cyanopentanoic acid
dithiobenzoate.51 Dichloromethane (DCM) and dimethyl sulfoxide
(DMSO) were dried by refluxing over CaH2 and distilled before use.
p-Nitrophenyl chloroformate (p-NPC, 97%, Alfa Aesar), cystamine
dihydrochloride (cystamine·2HCl, >98%, Alfa Aesar), pyridine (Py,
99.5%), triethylamine (Et3N, 99%, Alfa Aesar), N-hydroxysuccinimide
(NHS, 98%, Alfa Aesar), dicyclohexyl carbodiimide (DCC, 99%,
Alfa Aesar), and dithiothreitol (DTT, 99%, Merck) were used as
received.

Synthesis of Bioreducible PDMAEMA-SS-PEG-SS-PDMAEMA
Triblock Copolymers. PDMAEMA-SS-PEG-SS-PDMAEMA tri-
block copolymers were prepared in four steps (Scheme 2).

(i). Synthesis of p-NPC Activated Poly(ethylene glycol) (NPC-PEG-
NPC). Under a nitrogen atmosphere and vigorously stirring, to a
solution of HO-PEG-OH (6.0 g, 1 mmol) and pyridine (0.8 g, 10
mmol) in 50 mL of anhydrous DCM at 0 °C was added dropwise a
solution of p-NPC (1.6 g, 8 mmol) in 20 mL of DCM. The reaction
mixture was then warmed to 30 °C and reacted for 20 h. The activated
PEG was isolated by precipitation in cold diethyl ether, filtering, and
drying in vacuo. Yield: 90.3%. 1H NMR (400 MHz, CDCl3): δ 3.64 (s,
PEG OCH2CH2O), 4.44 (t, PEG-CH2OC(O)-), 7.40/8.28 (d,
phenyl).

(ii). Synthesis of Cys-PEG-Cys. To a solution of cystamine·2HCl
(4.0 g, 18 mmol) and Et3N (5 mL, 36 mmol) in 10 mL of anhydrous
DMSO at room temperature was added dropwise a solution of NPC-
PEG-NPC (5.4 g, 1.8 mmol activated hydroxyl group) in 30 mL
DMSO. The reaction mixture was stirred for 27 h. The resulting
product, Cys-PEG-Cys, was isolated by twice precipitation in diethyl
ether, filtration, and drying in vacuo. Yield: 43.7%. 1H NMR (400
MHz, CDCl3): δ 3.66 (s, PEG -OCH2CH2O-), 4.23 (m, PEG-CH2O-
CONH - ) , 3 . 4 6 (m , - OCONHCH 2 CH 2 S S - ) , 3 . 1 6
(t, -SSCH2CH2NH2), 3.03 (t, -OCONHCH2CH2SS-), 3.32
(t, -CH2NH2).

(iii). Synthesis of CPADN-SS-PEG-SS-CPADN. To a solution of
CPADN (1.5 g, 4.6 mmol) and NHS (1.1 g, 9.4 mmol) in 25 mL of
anhydrous DCM was added DCC (2.9 g, 14.1 mmol). The reaction
was allowed to proceed in the dark at room temperature for 16 h. The
reaction mixture was filtered to remove insoluble byproduct. The
filtrate was concentrated and purified through a silica gel column with
ethyl acetate/hexane (1/4, v/v) to yield NHS-CPADN. Cys-PEG-Cys

Scheme 1. Illustration of Reversibly Shielded DNA
Polyplexes Based on Bioreducible PDMAEMA-SS-PEG-SS-
PDMAEMA Triblock Copolymer for Nonviral Transfectiona

a(i) PDMAEMA-SS-PEG-SS-PDMAEMA effectively condenses DNA
into partially shielded nano-sized polyplexes that show excellent
colloidal stability; (ii) These polyplexes can be uptaken by cells due to
presence of short PDMAEMA at the outer surface; (iii) The cleavage
of disulfide bonds inside the cell results in rapid deshielding and DNA
release into the cytoplasm and cell nucleus.
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(1.5 g, 0.5 mmol amine groups) and NHS-CPADN (0.4 g, 1 mmol)
were reacted in 30 mL of DCM in the dark at room temperature for
48 h. The resulting macro-RAFT agent, CPADN-SS-PEG-SS-CPADN,
was isolated by twice precipitation in diethyl ether, filtration, and
drying in vacuo. Yield: 85.6%. 1H NMR (400 MHz, CDCl3): δ 3.61 (s,
PEG -OCH2CH2O-), 4.21 (m, PEG-CH2OCONH-), 3.47 (m,
-OCONHCH2CH2SSCH2CH2NHCO-), 2.81 (m, -CH2SSCH2-),
2.45−2.63 (m, -NHCOCH2CH2-), 2.00 (s, -CH3), 7.52/7.90/8.15
(m, naphthalene).
(iv). RAFT Polymerization. Under a nitrogen atmosphere, AIBN

(0.7 mg, 4.3 μmol), CPADN-SS-PEG-SS-CPADN (0.15 g, 22 μmol),
DMAEMA (0.31 g, 1.98 mmol) and 1.5 mL of THF were charged into
a 10 mL Schlenk flask. The polymerization was performed at 60 °C for
24 h. The resulting copolymer was precipitated in cold hexane, filtered,
and dried in vacuo. Yield: 79.9%. 1H NMR (400 MHz, CDCl3): δ 3.64
(PEG block); 1.04/0.88, 1.90, 2.28, 2.56, and 4.06 (PDMAEMA
block).
Synthesis of Nonreducible PDMAEMA-b-PEG-b-PDMAEMA

Triblock Copolymers. PDMAEMA-PEG-PDMAEMA triblock co-
polymers were prepared in two steps (Scheme 3).
(i). Synthesis of CPADN-PEG-CPADN. To a solution of HO-PEG-

OH (3.0 g, 0.5 mmol), CPADN (0.66 g, 2 mmol), and a catalytic
amount of DMAP (12 mg, 0.1 mmol) in 60 mL of DCM was added a
solution of DCC (0.43 g, 2 mmol) in 20 mL of DCM. The reaction
was allowed to proceed in the dark at room temperature for 48 h. The
reaction mixture was filtered to remove insoluble byproduct. The
filtrate was concentrated and precipitated in diethyl ether to yield
CPADN-PEG-CPADN. Yield: 76.3%. 1H NMR (400 MHz, CDCl3): δ
3.64 (s, PEG -OCH2CH2O-), 4.27 (m, PEG-CH2OCO-), 2.47−2.73
(m, -OCOCH2CH2-), 1.98 (s, −CH3), 7.52/7.92/8.15 (m, naph-
thalene).
(ii). RAFT Polymerization. Under a nitrogen atmosphere, AIBN (0.7

mg, 4.3 μmol), CPADN-PEG-CPADN (0.15 g, 23 μmol), DMAEMA

(0.32 g, 2.07 mmol), and 1.5 mL of THF were charged into a 10 mL
Schlenk flask. The polymerization was performed at 60 °C for 24 h.
The resulting copolymer was precipitated in cold hexane, filtered, and
dried in vacuo. Yield: 84.5%. 1H NMR (400 MHz, CDCl3, δ): 3.64
(PEG block); 1.04/0.88, 1.82, 2.28, 2.56, and 4.05 (PDMAEMA
block).

Characterization. 1H NMR spectra were recorded on an INOVA
400 MHz nuclear magnetic resonance instrument using deuterated
chloroform (CDCl3) as a solvent. The chemical shifts were calibrated
against solvent signal of CDCl3. The molecular weight and poly-
dispersity (PDI) of the copolymers were determined with a Waters
1515 gel permeation chromatography (GPC) instrument equipped
with HR1, HR3, and HR4 columns and a differential refractive index
detector. The measurements were performed using THF as an eluent
at a flow rate of 1.0 mL/min at 30 °C and a series of PMMA as
standards.

Preparation and Characterization of DNA Polyplexes. The
polyplexes were prepared by adding a HEPES buffer solution (600 μL,
20 mM, pH 7.4) of triblock copolymer with the desired concentration
to a HEPES buffer solution (150 μL, 20 mM, pH 7.4) of plasmid DNA
(37.5 μg/mL), which resulted in polyplexes with N/P ratios ranging
from 3/1 to 18/1. The dispersions were vortexed for 5 s and incubated
at room temperature for 30 min before ξ-potential and size measure-
ments were carried out.

The ξ-potentials and hydrodynamic diameters of polyplexes in
HEPES buffer (20 mM, pH 7.4) were determined at 25 °C using a
Zetasizer Nano ZS instrument (Malvern) equipped with a standard
capillary electrophoresis cell and dynamic light scattering (DLS, 10 mW
He−Ne laser, 633 nm wavelength), respectively. The measurements
were performed in triplicate.

Gel Retardation Assay. The DNA binding ability of reducible
triblock copolymers was studied by agarose gel electrophoresis. The
polymer/DNA complexes prepared at varying N/P ratios from 1/1 to
5/1 were electrophoresed through a 1% agarose gel containing
ethidium bromide at 100 V in TAE buffer solution (40 mM Tris−HCl,
1 v/v % acetic acid, and 1 mM EDTA).

Colloidal Stability and Reduction-Triggered Deshielding
and Unpacking of DNA Polyplexes. The colloidal stability of
PDMAEMA-SS-PEG-SS-PDMAEMA polyplexes was studied using
DLS at pH 7.4. The polyplexes were prepared as described above.
Following addition of 150 mM NaCl, particle sizes of polyplexes were

Scheme 2. Synthetic Pathway to Bioreducible PDMAEMA-
SS-PEG-SS-PDMAEMA Triblock Copolymersa

aReagents and conditions: (i) p-NPC, toluene, 30 °C, 20 h; (ii)
cystamine, DMSO, rt, 27 h; (iii) CPADN, NHS/DCC, DCM, rt,48 h;
(iv) RAFT polymerization, THF, 60 °C, 24 h.

Scheme 3. Synthetic Pathway to Nonreducible PDMAEMA-
b-PEG-b-PDMAEMA Triblock Copolymersa

aReagents and conditions: (i) CPADN, DMAP/DCC, DCM, rt, 48 h;
(ii) RAFT polymerization, THF, 60 °C, 24 h.
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monitored in time. PDMAEMA-b-PEG-b-PDMAEMA(6.4K) was used
as a control.
Reduction-triggered deshielding and unpacking of DNA polyplexes

was investigated by DLS and agarose gel retardation assays. Briefly,
under a nitrogen flow, a predetermined amount of DTT was
introduced into a cuvette containing 1 mL of polymer/DNA
complexes solution (pH 7.4, 150 mM NaCl), to yield a final DTT
concentration of 10 mM. The cuvette was sealed with a septum.
ξ-potentials and particle sizes of polyplexes were monitored in time.
For agarose gel retardation assays, 5 μL of DTT solution in HBS
(HEPES buffered saline, 20 mM, pH 7.4) was added to 20 μL of
polyplexes suspension in HBS to reach a final DTT concentration of
10 mM, and incubated for 1 h. Then, 5 μL of dextran sodium sulfate
(Mw = 500000) solution in HBS was added to give varying sodium
sulfate/DNA phosphate ratios of 4, 8, and 12, respectively. Following
incubation for 30 min, the polyplexes were electrophoresed through a
1% agarose gel containing ethidium bromide at 100 V in TAE buffer
solution (40 mM Tris−HCl, 1 v/v % acetic acid, and 1 mM EDTA).
PDMAEMA-b-PEG-b-PDMAEMA (6.4K) was used as a control.
In Vitro Transfection and Cell Viability Assays. Transfection

experiments were performed in COS-7 cells using the plasmid pCMV-
Luc as a reporter gene. Transfections were conducted using polyplexes
at N/P ratios of 6/1 and 12/1. The cells were plated in a 12-well plate
(cell density 1.5 × 105 cells/well) and maintained in DMEM
supplemented with 10% FBS at 37 °C in a humidified atmosphere
containing 5% CO2 until 70% confluency. In a standard transfection
experiment, the cells were rinsed with PBS and incubated with 100 μL
of polyplex dispersion (i.e., 1 μg of plasmid DNA per well) and 400 μL
of culture medium containing 10% serum for 5 h at 37 °C. Next, the
polyplexes were removed, 1 mL of fresh culture medium was added,
and the cells were cultured for 43 h. Luciferase quantification was done
using a commercial luciferase assay kit (Promega, Madison, WI) and a
Lumat LB 9501 illuminometer (Berthold, Milbach, Germany).
Transfection efficiency was expressed as relative light unit (RLU)
per mg of protein. A 25 kDa bPEI/DNA formulation prepared at an
optimal N/P ratio of 10/1 was used as a reference.
The cytotoxicity of polyplexes was evaluated with the same cell

culture procedure as the transfection, followed by CCK assay. The
cells were incubated with CCK-8 reagent solution for 3.5 h prior to
measurement of absorption at 450 nm using a microplate reader
(BIORAD, Model 550). The CCK value for the untreated cells (i.e.,
cells not exposed to transfection systems) was taken as 100% cell
viability.
Confocal Microscopy. The cellular uptake and intracellular DNA

release behaviors of PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K)
polyplexes at an N/P ratio of 12/1 were studied in COS-7 cells
with CLSM using Cy5-labeled DNA. PDMAEMA-PEG-PDMAEMA
(6.4K) polyplexes at an N/P ratio of 12/1 were used as a control. In
brief, COS-7 cells were plated on coverslips in 24-well plates (cell
density 6 × 104 cells/well) and maintained in DMEM supplemented
with 10% FBS at 37 °C in a humidified atmosphere containing 5%
CO2 for 1 d. A 100 μL aliquot of polyplex dispersions (1 μg of Cy-5
labeled plasmid DNA per well) was added. The cells were cultured for
6 or 24 h at 37 °C. The polyplexes were removed and the cells were
washed with PBS three times and fixed with 4% paraformaldehyde for
15 min. The nuclei were stained with 200 μL of Hoechst 33342 (20
μg/mL) for 15 min at rt. The cells following rinsing three times with
PBS were observed with a confocal laser scanning microscope (TCS
SP5 Leica).

■ RESULTS AND DISCUSSION
Synthesis of Bioreducible PDMAEMA-SS-PEG-SS-

PDMAEMA and Nonreducible PDMAEMA-PEG-PDMAE-
MA Triblock Copolymers. To synthesize bioreducible
cationic PDMAEMA-SS-PEG-SS-PDMAEMA triblock copoly-
mers, we adopted reversible addition−fragmentation chain-transfer
(RAFT) polymerization of DMAEMA using a disulfide-linked
PEG macro-RAFT agent, CPADN-SS-PEG-SS-CPADN
(CPADN: 4-cyanopentanoic acid dithionaphthalenoate; Scheme 2).

RAFT polymerization, due to its “living” nature and tolerance
to different functional groups, has recently generated a lot of
interests in controlled synthesis of novel functional polymers
and copolymers for biomedical applications.52,53 CPADN is a
versatile RAFT agent through which we have obtained well-
defined PDMAEMA-PCL-PDMAEMA and PEG-PCL-PDEAE-
MA triblock copolymers.47,54 CPADN-SS-PEG-SS-CPADN
was prepared by the following three steps (Scheme 2). First,
PEG (6.0 kDa) was treated with p-nitrophenyl chloroformate
(p-NPC), which resulted in quantitative transformation of PEG
hydroxyl terminal groups into p-nitrophenyl carbonate, as
indicated by 1H NMR. Second, p-NPC activated PEG was
reacted with excess cystamine dihydrochloride in the presence
of Et3N.

1H NMR spectrum (Figure 1A) showed besides
signals of PEG main chain, resonances at δ 4.23 assignable to
the methylene protons of PEG neighboring to the urethane
bond and signals at δ 3.03−3.46 attributable to the protons of
cystamine moieties, with an integral ratio close to the
theoretical value of 1:4, indicating successful synthesis of Cys-
PEG-Cys. Finally, CPADN was coupled to Cys-PEG-Cys by
carbodiimide chemistry. As shown in Figure 1B, signals at δ
3.32 attributable to the methylene protons next to the primary
amine group of cystamine moieties disappeared completely,
and a new set of signals at δ 7.52−8.15 and 2.45−2.63
assignable to protons of CPADN were detected.
The polymerization of DMAEMA was carried out in the

presence of AIBN in THF at 60 °C under nitrogen atmosphere
for 24 h. The results of polymerization are shown in Table 1. 1H
NMR displayed clearly peaks characteristic of both PDMAEMA
and PEG blocks (Figure 1C). The Mn values of PDMAEMA
estimated by comparing the intensities of signals at δ 4.05
(methylene protons next to the ester bond of PDMAEMA) and
δ 3.65 (methylene protons of PEG) were 6.6 k and 13.0 k for
copolymers obtained at monomer-to-CPADN ratios of 45 and
90, respectively (Table 1, entries 1 and 2). The compositions of
both triblock copolymers were close to the design. Gel permea-
tion chromatography (GPC) showed a unimodal distribution
with moderate polydispersities of 1.631.85 (Table 1, entries 1
and 2). These results corroborated successful synthesis of
PDMAEMA-SS-PEG-SS-PDMAEMA triblock copolymers.
As nonreducible controls, PDMAEMA-PEG-PDMAEMA

triblock copolymers were also prepared using CPADN-PEG-
CPADN as a macro-RAFT agent (Scheme 3). CPADN-PEG-
CPADN was readily synthesized by coupling CPADN to PEG
in the presence of DCC and catalytic amount of DMAP. The
structures of CPADN-PEG-CPADN and resulting PDMAE-
MA-PEG-PDMAEMA copolymers were confirmed by 1H
NMR (Figure S1). Under similar polymerization conditions,
PDMAEMA-PEG-PDMAEMA triblock copolymers with
comparable compositions to PDMAEMA-SS-PEG-SS-
PDMAEMA were obtained Furthermore, for comparison
we have also synthesized PDMAEMA homopolymers with
Mn of 6.3 and 12.0 k.

Biophysical Characterization of Polymer/DNA Com-
plexes. The DNA complexation behaviors of PDMAEMA-SS-
PEG-SS-PDMAEMA and PDMAEMA-PEG-PDMAEMA
triblock copolymers were investigated by dynamic light
scattering (DLS) and zeta-potential measurements. It is
remarkable to note that all triblock copolymers, either with
or without disulfide linkages, effectively condensed DNA into
nanosized particles (average diameters ≤120 nm) at and above
an N/P ratio of 3/1 (Figure 2A). The polydispersities (PDI)
ranged from 0.12 to 0.32 (Figure S2). In contrast, 6.3 kDa
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Table 1. Synthesis of Bioreducible and Nonreducible PDMAEMA-PEG-PDMAEMA Triblock Copolymers

entry polymer M/CPADNa feed ratio Mn/kDa (Design) Mn
b/kDa (1H NMR) Mn

c/kDa (GPC) PDIc yield %

1 PDMAEMA-SS-PEG- SS-PDMAEMA(6.6K) 45/1 7−6−7 6.6−6−6.6 20.4 1.63 79.9
2 PDMAEMA-SS-PEG- SS-PDMAEMA(13K) 90/1 14−6−14 13−6−13 27.4 1.85 80.8
3 PDMAEMA-b-PEG-b- PDMAEMA(6.4K) 45/1 7−6−7 6.4−6.0−6.4 21.0 1.14 84.5
4 PDMAEMA-b-PEG-b- PDMAEMA(13K) 90/1 14−6−14 13.0−6.0−13.0 27.0 1.35 82.3

aMolar feed ratio of DMAEMA monomer to CPADN of CPADN-PEG-CPADN or CPADN-SS-PEG-SS-CPADN macro-RAFT agents.
bDetermined from 1H NMR by comparing the integrals of signals at δ 4.06 and 3.64;. cDetermined by GPC measurements (eluent: DMF containing
0.05 M LiBr; standards: PMMA; flow rate: 0.8 mL/min, 30 °C).

Figure 1. 1H NMR spectra (400 MHz, CDCl3) of Cys-PEG-Cys (A), macro-RAFT agent CPADN-SS-PEG-SS-CPADN (B), and PDMAEMA-SS-
PEG-SS-PDMAEMA (6.6K) triblock copolymer (C).
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PDMAEMA homopolymer was not able to effectively condense
DNA, yielding large particles with an average size of about
740 nm at an N/P ratio of 12/1. Higher molecular weight
PDMAEMA homopolymer (12 kDa) could condense DNA
though resulted in somewhat larger particles (Figure 2A). The
zeta potential measurements revealed that polyplexes based on
these triblock copolymers had surface charges close to neutral
(0 ∼ +6.0 mV), which were significantly lower than those ob-
served for PDMAEMA homopolymer (ca. +15 mV; Figure 2B).
This reduced zeta potentials indicated effective shielding of
the polyplexes by hydrophilic PEG chains. Notably, polyplexes
of PDMAEMA-SS-PEG-SS- PDMAEMA (6.6K) showed better
shielding of charge as compared to those of PDMAEMA-
SS-PEG-SS-PDMAEMA (13K). The slightly positive surface
charge was most likely due to that some triblock copolymers
are only partly involved (i.e., via only one PDMAEMA block)
in the DNA complexation, forming PEG shielded polyplexes
with several short PDMAEMA chains extruding to the outer
surface (Scheme 1). This modest positive surface charge is
desirable for promoting cellular interactions and uptake of
polyplexes. Gel retardation assays revealed that all triblock
copolymers were capable of effectively complexing DNA at
and above an N/P ratio of 2/1 (Figure 3). The reducible
polyplexes showed slightly better DNA binding ability than
the nonreducible counterparts likely due to presence of

hydrophobic cystamine moieties in PDMAEMA-SS-PEG-SS-
PDMAEMA copolymers. Hydrophobic modification has been
reported to effectively enhance the DNA condensation ability
of many cationic polymers.55

Colloidal Stability and Reduction-Triggered Deshield-
ing and Unpacking of DNA Complexes. Low colloidal and
serum stability has been an obstacle for many cationic
polymeric formulations including PEI to be applied in vivo.3,7

In the past decade, different strategies in particular PEG
modifications have been explored to enhance the colloidal
stability of polyplexes and to prolong their circulation time.13

The colloidal stability of PDMAEMA-SS-PEG-SS-PDMAEMA
polyplexes prepared at an N/P ratio of 3/1 was studied in
HEPES buffer (20 mM, pH 7.4) using DLS. Remarkably,
no change in particle size was observed for polyplexes
of PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K) within 3 h
following addition of 150 mM NaCl (Figure 4A). The
polyplexes of PDMAEMA-SS-PEG-SS-PDMAEMA (13K)
grew gradually from 110 nm to about 400 nm over a period
of 10 h (Figure 4B). The polyplexes of PDMAEMA-SS-PEG-
SS-PDMAEMA (6.6K) have enhanced colloidal stability
compared to those of PDMAEMA-SS-PEG-SS-PDMAEMA
(13K), likely due to their better shielding of charge. In contrast,
polyplexes of 20 kDa PDMAEMA homopolymer formed large
aggregates of over 1000 nm in less than 1 h under otherwise
the same conditions (Figure 4), which is similar to the
phenomenon reported for polyplexes of 22 kDa linear PEI.56

Herewith, 20 kDa PDMAEMA homopolymer was used as a
control in that lower molecular weight PDMAEMA homopol-
ymers, i.e. 6.3 kDa and 12 kDa PDMAEMA, are not able to
effectively condense DNA at an N/P ratio of 3/1 even in
the absence of salt. It should be noted that polyplexes of
PDMAEMA-b-PEG-b-PDMAEMA (6.4K) grew gradually to
about 700 nm over a period of 1.5 h following addition of
150 mM NaCl (Figure S3). The higher colloidal stability of
PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K) polyplexes as
compared to their nonreducible counterparts agrees well with
their better DNA condensation ability as shown above.
However, overly stable polyplexes are not desirable either

because for efficient transfection DNA has to be released into
the nucleus.15 To investigate whether polyplexes based on
PDMAEMA-SS-PEG-SS-PDMAEMA triblock copolymers
would be deshielded and unpacked under an intracellular-
mimicking reductive environment, particle sizes, and zeta

Figure 2. Average particle size (A) and zeta potential (B) of DNA
polyplexes prepared at N/P ratios of 3/1, 6/1, and 12/1. Data are
shown as mean ± SD (n = 3).

Figure 3. Agarose gel electrophoresis of polymer/DNA complexes
prepared at different N/P ratios: (a) PDMAEMA-SS-PEG-SS-
PDMAEMA (6.6K); (b) PDMAEMA-b-PEG-b-PDMAEMA (6.4K);
(c) PDMAEMA-SS-PEG-SS-PDMAEMA(13K); (d) PDMAEMA-b-
PEG-b-PDMAEMA (13K). Lane 1 is free DNA; lanes 2−5 correspond
to N/P ratios of 1, 2, 3, and 5, respectively.
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potentials of polyplexes in response to 10 mM DTT were
monitored over time. It should be noted that sizes of
PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K) polyplexes rap-
idly increased to over 1000 nm in less than 1 h following
addition of 10 mM DTT (Figure 4A). This is most likely due to
cleavage of disulfide bond resulting in PDMAEMA homopol-
ymer that is not able to condense DNA due to its low molec-
ular weights. The deshielding effect was further corroborated
by increase of polyplex zeta potentials from ca. + 0.7 mV to
+11 mV in 15 min after addition of DTT (Figure 5A). In
comparison, particle sizes and zeta potentials of nonreducible
PDMAEMA-b-PEG-b-PDMAEMA (6.4K) polyplexes were
not altered by 10 mM DTT (Figures S3 and S4). Increase
of particle sizes and zeta potentials in response to
10 mM DTT was also observed for those of PDMAEMA-SS-
PEG-SS-PDMAEMA (13K; Figure 4B and 5B). It should be
noted, however, that sizes of PDMAEMA-SS-PEG-SS-PDMAE-
MA (13K) polyplexes increase much more slowly compared to
those of PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K). This is
in accordance with the observation that 13 kDa PDMAEMA
homopolymer has better DNA condensation than 6.6 kDa
PDMAEMA. Gel retardation assays showed that DNA
polyplexes of PDMAEMA-SS-PEG-SS-PDMAEMA(6.6K) pre-
pared at an N/P ratio of 6/1 were stable against exchange with
excess of negative dextran sodium sulfates relative to DNA
phosphate groups (Figure 6), further confirming that these

reversibly shielded polyplexes have excellent colloidal stability.
Partial release of DNA was observed at a relatively high sodium
sulfate/DNA phosphate ratio of 12/1 (Figure 6). The polyplex
samples following treatment with 10 mM DTT, how-
ever, yielded DNA migration patterns identical to free DNA

Figure 5. Influence of 10 mM DTT on zeta potentials of polyplexes
prepared from bioreducible PDMAEMA-PEG-PDMAEMA triblock
copolymers at an N/P ratio of 3/1: (A) PDMAEMA-SS-PEG-SS-
PDMAEMA (6.6K); (B) PDMAEMA-SS-PEG-SS-PDMAEMA (13K).
Data are shown as mean ± SD (n = 3).

Figure 6. Agarose gel electrophoresis of PDMAEMA-SS-PEG-SS-
PDMAEMA (6.6K)/DNA complexes prepared at an N/P ratio of 6/1
with or without 10 mM DTT. Lane 1 is free DNA; lane 2 is polyplexes
formed at an N/P ratio of 6/1; and lanes 3−5 correspond to
polyplexes formed at a N/P ratio of 6/1 with addition of dextran
sodium sulfate at varying sodium sulfate/DNA phosphate ratios of 4,
8, and 12, respectively.

Figure 4. Influence of 150 mM NaCl and/or 10 mM DTT on sizes of
polyplexes prepared from bioreducible PDMAEMA-PEG-PDMAEMA
triblock copolymers at an N/P ratio of 3/1: (A) PDMAEMA-SS-PEG-
SS-PDMAEMA (6.6K); (B) PDMAEMA-SS-PEG-SS-PDMAEMA
(13K). Data are shown as mean ± SD (n = 3).
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(Figure 6), indicating effective unpacking and release of DNA
as triggered by reduction. In contrast, DTT-triggered DNA re-
lease was not observed for PDMAEMA-b-PEG-b-PDMAEMA
(6.4K) polyplexes (Figure S5). Hence, polyplexes of PDMAEMA-
SS-PEG-SS-PDMAEMA triblock copolymers on one hand may
have excellent colloidal stability in circulation and on the other
hand may be rapidly decomplexed to release DNA inside cells
to achieve superior transfection.
In Vitro Transfection and Cytotoxicity Studies. The

cytotoxicity of triblock copolymer polyplexes was evaluated in
COS-7 cells at varying N/P ratios from 6/1 to 18/1 using CCK
cell viability assays. Interestingly, polyplexes of reducible and
nonreducible triblock copolymers revealed similar cell viability
(Figure 7). Moreover, molecular weight of PDMAEMA also

appeared to have little influence on cytotoxicity of polyplexes
(Figure 7). In general, polyplexes of these triblock copolymers
had a low toxicity (cell viability above 80%) at and below an
N/P ratio of 12/1. In comparison, a cell viability of about 70%
was observed for 25 kDa PEI polyplexes formed at an N/P ratio
of 10/1.
The in vitro transfection activity of polyplexes based on

reducible and nonreducible triblock copolymers was assessed in
COS-7 cells by luciferase assay. The transfection experiments
were performed in a 10% serum-containing medium at N/P
ratios of 6/1 and 12/1. The results revealed that reversibly
shielded polyplexes based on PDMAEMA-SS-PEG-SS-
PDMAEMA mediated significantly more efficient transfection
as compared to stably shielded polyplexes of PDMAEMA-PEG-
PDMAEMA under otherwise the same conditions (Figure 8).
For instance, polyplexes of PDMAEMA-SS-PEG-SS-PDMAE-
MA (6.6K) revealed approximately 28-fold higher transfection
efficiencies than those of PDMAEMA-PEG-PDMAEMA
(6.4K) at a N/P ratio of 6/1. In comparison, PDMAEMA-
SS-PEG-SS-PDMAEMA (13K) yielded only several times
higher transfection efficiency relative to the nonreducible
control. The formulations of PDMAEMA-SS-PEG-SS-PDMAE-
MA (6.6K) are of particular interest for in vivo delivery of
therapeutic DNA in that (i) they have small particle sizes (ca.
100 nm), close to neutral surface charges, and excellent
colloidal stability under extracellular conditions, which contrast
with many current gene delivery vectors including PEI,
PAMAM dendrimer and chitosan; (ii) they show adequate
transfection activity under serum conditions. The transfection

efficiency of PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K)
polyplexes at a N/P ratio of 12/1 was 4.3 × 106 RLU/mg
protein, which was somewhat lower than 25 kDa PEI at
its optimal formulation (Figure 8). It should be noted,

nevertheless, that over 2 orders of magnitude reduction of
transfection efficiency has been observed for 25 kDa PEI
polyplexes after shielding with PEG;15,16 and (iii) they have
low toxicity and furthermore are degradable into low molecular
weight PDMAEMA and PEG that may circumvent possible
acute and long-term toxicity encountered by high molecular
weight polycations.
In the following, the cellular uptake and intracellular DNA

release behaviors of reversibly shielded polyplexes were studied
with live-cell imaging and CLSM using Cy5-labeled pDNA.
Live-cell imaging experiments were performed on a single
cell level with high spatial and temporal resolution.57,58 To
evaluate the extent of polyplex internalization, HuH7 cancer
cells expressing Rab9-GFP as a marker for endosomes were
incubated with Cy5-labeled pDNA polyplexes. Z-stacks of
single cells were recorded by spinning disk confocal microscopy
in a time interval of 0−30 h following polyplex addition.
Z-projections of the recorded image sequences were analyzed for
colocalization of polyplexes with Rab9-GFP labeled endosomes.
By comparing time-dependent colocalization degree, polyplex
uptake kinetics could be determined. The results clearly showed
that polyplexes of PDMAEMA-SS-PEG-SS-PMAEMA (6.6K)
and PDMAEMA-b-PEG-b-PMAEMA (6.4K) had similar
cellular uptake kinetics (Figure S6). Quantification of time-
dependent colocalization degree with a custom-written analysis
software revealed a linear increase of the colocalization degree
in the first 25 h post polyplex application, reaching compa-
rable levels for both reducible and nonreducible polyplexes
(Figure S7). Though a broad spread of data points was ob-
served, the mean colocalization values were similar for both
polyplexes. These results indicate that disulfide bond had no
influences on the cellular uptake of polyplexes. CLSM showed
that considerable amount of pDNA (red) has been trans-

Figure 7. Cell viabilities of polymer/DNA complexes in COS-7 cells at
N/P ratios of 6/1, 12/1, and 18/1. Data are shown as mean ± SD (n = 3).

Figure 8. Transfection efficiencies of reversibly shielded and stably
shielded polyplexes in COS-7 cells at N/P ratios of 6/1 and 12/1 in
10% serum condition. A 25 kDa PEI formulation at its optimal N/P
ratio of 10/1 was used as a control. Data are shown as mean ± SD
(n = 3; student’s t test, **p < 0.01).
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ported to the perinuclei region of COS-7 cells following 6 h
transfection with polyplexes of PDMAEMA-SS-PEG-SS-
PDMAEMA (6.6K; Figure 9A). At a prolonged transfection
time of 12 h, pDNA was delivered into the cell nuclei (Figure 9B).
In contrast, significantly less pDNA was observed inside
the cells transfected with the stably shielded polyplexes of
PDMAEMA-PEG-PDMAEMA (6.4K) under otherwise the
same conditions (Figure 9C,D). These results confirm that
reduction-responsive reversibly shielded polyplexes mediate
enhanced gene transfection as compared to stably shielded
controls.

■ CONCLUSIONS
We have demonstrated that reversibly shielded DNA polyplexes
based on low molecular weight bioreducible PDMAEMA-SS-
PEG-SS-PDMAEMA triblock copolymers have excellent

colloidal stability under physiological salt conditions and
mediate significantly enhanced transfection activity in the
serum media compared to stably shielded polyplexes of
PDMAEMA-PEG-PDMAEMA analogues. These triblock copoly-
mers can be readily prepared with controlled molecular
characteristics via RAFT polymerization. This study points to
that reversible shielding may be an elegant approach to resolve
the dilemma of in vivo applications of DNA polyplexes, that is,
excellent stability in circulation but rapid deshielding and
unpacking of polyplexes inside cells. These reversibly shielded
polyplexes may be further developed for in vivo gene transfection.
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Live cell imaging experiment and results into 1H NMR spectra
of CPADN-PEG-CPADN and PDMAEMA-b-PEG-b-PDMAEMA

Figure 9. CLSM images of COS-7 cells transfected with Cy5-labeled pDNA polyplexes of PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K) at an N/P
ratio of 12/1 in the presence of 10% serum (1 μg DNA/well). PDMAEMA-PEG-PDMAEMA (6.4K) at an N/P ratio of 12/1 was used as a control.
Cells were incubated with polyplexes for 6 or 24 h. For each panel, images from left to right show Cy5-labeled pDNA, cell nuclei stained by Hoechst
33342 (blue), and overlays of both images. The bar represents 20 μm. (A) PDMAEMA-SS-PEG-SS-PDMAEMA (6.6K), 6 h; (B) PDMAEMA-SS-
PEG-SS-PDMAEMA (6.6K), 24 h; (C) PDMAEMA-PEG-PDMAEMA (6.4K), 6 h; (D) PDMAEMA- PEG-PDMAEMA (6.4K), 24 h.
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(6.4K), polyplex polydispersity (PDI) data, gel electrophoresis
of PDMAEMA-b-PEG-b-PDMAEMA (6.4K)/DNA complexes,
and colloidal stability of PDMAEMA-b-PEG-b-PDMAEMA
(6.4K) polyplexes. This material is available free of charge via
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