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Abstract
A group of amphiphilic cationic polymers, methoxy polyethylene glycol-block-(polycaprolactone-
graft-poly(2-(dimethylamino)ethyl methacrylate)) (PECD), were synthesized by combining ring-
opening polymerization (ROP) and atom transfer radical polymerization (ATRP) methods to form
nanoparticles (NPs). The structures of these amphiphilic cationic polymers were characterized
by 1H NMR measurement. The PECD NPs have hydrophobic cores covered with hydrophilic PEG
and cationic PDMAEMA chains. These self-assembly nanoparticles were characterized by
dynamic light scattering (DLS) technique. PECD NPs can effectively condense DNA to form
compact complexes of the size 65–160 nm suitable for gene delivery. The in vitro gene
transfection studies of HeLa and HepG2 cells show that PECD NPs have better transfection
efficiency compared to polyethylenimine (PEI) and Lipofectamine 2000 at low dose (N/P = 5).
The cytotoxicity result shows that PECD NPs/DNA complexes at the optimal N/P ratio for
transfection have comparable toxicity with PEI and Lipofectamine. These results indicate that
PECD NPs have a great potential to be used as efficient polymeric carriers for gene transfection.
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1. Introduction
Gene therapy has great potentials to treat various genetic diseases. A key hurdle to the
clinical applications of gene therapy is lack of safe and effective delivery carriers. Synthetic
non-viral delivery carriers, which are safer to use and easier to produce compared to
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engineered viruses, have increasingly drawn great interests. Cationic polymers are the major
types of the non-viral carriers for gene therapy investigated in the past decade. A large
number of polycations have been reported to be capable of affecting gene transfection,
including branched or linear polyethylenimine (PEI) and its derivatives [1-3], poly (L-lysine)
(PLL) [4], polyamidoamine(PAMAM) [5,6], Poly (β-amino ester)s (PAEs) [7-11] and
poly(2-(N,N-dimethylamino)ethyl methacrylate) (PDMAEMA) [12-14] etc. These cationic
polymers demonstrated attractive features, however, the delivery efficiency still needs to be
improved for more effective gene therapy.

Recently, construction of several amphiphilic cationic polymers has been reported [15-23].
Incorporation of hydrophobic components into the cationic polymer backbone is utilized to
mimic cationic lipids, which is one of the best transfection reagents and has been used in
vivo to treat liver disease as an example. The gene transfection efficiency can be greatly
enhanced by hydrophobic modification, which improves cellular uptake through
hydrophobic interactions with the cell membranes, and increases endosomal escape of
payloads [15,24,25]. These amphiphilic cationic polymers present advantages over lipids,
such as capability of versatile modification and without adverse inflammatory responses in
vivo [26]. In addition, amphiphilic cationic polymers can also be used to carry hydrophobic
anti-cancer drugs. It presents great potential to employ amphiphilic cationic polymers as
gene delivery vehicles for cancer treatment in clinic.

Our previous research has shown that PEGylation of PDMAEMA can reduce the
cytotoxicity comparing to non-PEGylated homo-polymer PDMAEMA [5]. PEGylated
PDMAEMA for DNA vaccine could improve the priming effect and thereby increases the
immunogenicity of intranasal administered DNA vaccine. However, this modification
strategy has also shown reduction of gene transfection efficiency in vitro [5]. In this study,
we have redesigned an amphiphilic cationic polymer, PECD, to enhance gene transfection
efficiency. The PECD was prepared by ring-opening polymerization (ROP) and atom
transfer radical polymerization (ATRP) methods. DNA condensation ability and
physiochemical properties of PECD NPs/DNA complexes, including size and zeta potential,
were characterized. In vitro gene transfection efficiency and cytotoxicity were evaluated in
HeLa, HepG2 and DRG cells. The endosome escape ability and intracellular distribution of
PECD NPs/DNA were measured and compared to other known transfection complexes.

2. Materials and methods
2.1. Materials

γ-(2-Bromo-2-methylpropionate)-ε-caprolactone (BMPCL) was synthesized as reported
previously [23,27,28]. ε-Caprolactone (Aldrich) was dried over calcium hydride for 48 h at
room temperature and distilled under reduced pressure. Methoxyl poly (ethylene glycol)
(Aldrich, Mn = 2000) was dried under vacuum for 24 h at 40 °C. Stannous octanoate, and
N,N-dimethylaminoethyl methacrylate (DMAEMA), copper(I) bromide and 2,2′-bipyridine
were purchased from Aldrich and used as received. Lipofectamine 2000, Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin and
trypsin were purchased from Invitrogen Corp (Rockville, MD, US). All other reagents were
analytical grade and used without further purification.

2.2. Synthesis of macromonomers
Macromonomer, Methoxyl Poly(ethylene glycol)-Poly(caprolactone-co-BMPCL) (mPEG-
P(CL-co-BMPCL)), was synthesized by ring-opening polymerization of ε-caprolactone and
BMPCL in the presence of mPEG as an initiator and stannous octoate as a catalyst. Briefly,
mPEG (Mn = 2000) (1.0 g, 5.0 mmol) was dissolved in 5 mL toluene, and the toluene was
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distilled off completely to remove the residual water in the reaction system. Then, ε-
caprolactone (16.9 g, 148.1 mmol), BMPCL (7.6 g, 74.5 mmol) and stannous octoate (32
μL, 0.08 mmol) were added to the reaction mixtures under dry nitrogen and sealed. The
reaction system was stirred at 130 °C for 12 h. Reaction was terminated by cooling the
reaction system to room temperature. The polymer was dissolved in methylene chloride and
then precipitated by slowly adding cold diethyl ether. The residual solvent was removed
under vacuum. The final yields were over 90%.

2.3. Synthesis of PECD
mPEG-b-P(CL-co-BMPCL) (0.2 g, 0.055 mmol) was dissolved in DMAEMA (0.85 g, 5.5
mmol) in schlenk tube. CuBr (8 mg, 0.055 mmol) and 2,2′-bipyridine (16 mg, 0.11 mmol)
were added and the mixture was degassed by 3 vacuum/nitrogen cycles. Polymerization was
carried out at 60 °C for 12 h. The product was then dissolved in tetrahydrofuran (THF) and
recovered by precipitation in cold heptane. Copper catalyst was removed by passing a
solution of copolymer in THF through a column of basic alumina. The purified copolymer
was recovered by precipitation in cold petroleum ether, filtration and drying under reduced
pressure at 40 °C.

2.4. Polymer characterization
The molecular weights of polymers were determined by gel permeation chromatography
(GPC) and chemical structure by NMR spectroscopy. The gel permeation chromatography
system (GPC, Agilent 1100, Santa Clara, CA) was used to measure the molecular weight
and molecular weight distribution of polymers. THF was used as the eluent at a low flow
rate of 1.0 mL/min. Monodispersed polystyrene standards were used to generate the
calibration curve. 1H NMR spectra were recorded on a Varian INOVA 500 MHz NMR
machine, using CDCl3 as solvent and tetramethylsilane (TMS) as internal standard.

2.5. Preparation of nanoparticles (NPs)
NPs were prepared using nanoprecipitation technology. Briefly, 30.0 mg PECD1 (as shown
in Table 1) was dissolved in 1 mL THF, which is slowly added to 10 mL double distilled
water. The mixture was stirred at room temperature to remove THF, and the final volume
was adjusted to 10 mL for further experiments. The pH value of PECD1 solution was
adjusted to 7.3 by 1.0 M HCl.

2.6. Preparation of NPs/DNA of complexes
For preparation of complexes, DNA plasmid was diluted to 1 μg/50 μL in 10 mM HEPES
(pH = 7.3). Complexes were prepared by adding NPs solution to equal volumes of plasmid
solution (containing 1 μg DNA) at various N/P ratios by pipetting and incubated for 30 min
before characterization and gene transfection experiments.

2.7. Agarose gel electrophoresis
To assess DNA condensation ability of the NPs, agarose gel electrophoresis was performed.
The PECD NPs/DNA complexes with different N/P ratios ranging from 0.5 to 10 were
prepared as described above. 20 μL of the NPs/DNA (0.2 μg) complexes solution was mixed
with 4 μL 6x loading buffer and loaded into a 0.8 wt% agarose gel containing 0.5 μg/mL
ethidium bromide. Electrophoresis was set up in 1x TAE buffer at 120 V and kept for 40
min. DNA retardation was analyzed on UV illuminator to indicate the location of the DNA.

2.8. Characterization of particle sizes and zeta potential
The particle sizes and zeta potential of PECD NPs and PECD NPs/DNA complexes were
measured using a Zetasizer 3000HS (Malvern Instrument, Inc., Worcestershire, UK) at a
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wavelength of 677 nm with a constant angle of 90 °. Complexes solutions (200 μL)
containing 2 μg of plasmid were prepared at various N/P ratios from 5 to 20 and diluted with
0.8 mL of double distilled water before characterization.

2.9. Luciferase assay
Prior to transfection, HepG2 cells and HeLa cells were seeded in 24 well plate at an initial
density of 3 × 104 cells per well in 0.5 mL growth medium and incubated for 18–20 h to
achieve 70–80% confluence. The media was replaced by 0.5 mL Opti-MEM containing
PECD NPs/pGL3.0 complexes (containing 0.5 μg plasmid) at various N/P ratios and
continuously incubated for 4 h. Serum free media was then replaced by complete culture
medium and incubated for additional 24 h. After incubation, the medium was removed and
the cells were rinsed twice with PBS. 0.2 mL 1x Reporter Lysis Buffer (Promega Co.,
Madison, WI) was then added to each well to lyse the cells. The cell suspension was frozen
in −80 °C for 30 min and then thawed. The cell lysate was transferred into a 1 mL centrifuge
vial and centrifuged for 30 s at 12,000 rpm. The supernatant was collected for luminescence
measurements. Following the manufacturer’s protocol for luciferase assay (Promega,
Madison, WI), relative light units (RLU) were measured with chemiluminometer
(Autolumat, LB953, EG&G Berthold, Germany). RLUs were normalized to protein
concentrations in the cell extracts measured by Pierce BCA (bicinchoninic acid) Protein
Assays (Thermo Fisher Scientific Inc, Rockford, IL).

2.10. Green fluorescent protein assay
Transfection of pEGFP-N1 plasmid mediated by PECD NPs in HeLa cells and HepG2 cells
were also evaluated by the method as mentioned above in the luciferase assay section. After
additional 24 h incubation, the cells were directly observed by an inverted microscope
(Olympus IX 70, Olympus, Tokyo, Japan). The microscopy images were recorded using
Cool SNAP-Pro (4.5.1.1) software.

2.11. Cell viability
The cytotoxicity of PECD NPs/DNA complexes was assessed by Cell Counting Kit-8
(CCK-8) (Dojindo Molecular Technologies, Gaithersburg, MD). HeLa and HepG2 cells
were seeded in a 96-well plate at a density of 1 × 104 cells/well and subsequently transfected
using similar protocol as described before. After 24 h incubation, 10 mL of thawed CCK-8
solution was added to each well. After further incubation for 2 h, the absorbance was
measured at 450 nm by Infinite M200 (TECAN, Männedorf, Switzerland). The results were
expressed as the mean percentage of cell viability relative to untreated cells.

2.12. Confocal laser scanning microscope (CLSM)
pGL3.0 plasmid was labeled with Cy5 by using the Label IT Nucleic Acid Labeling Kit
(Mirus, Madison, WI) according to the manufacturer’s protocol. HepG2 cells were plated in
6-well plate with glass cover slip at bottom at 2 × 105 cells/well one day before transfection.
After the culture medium was changed to Opti-MEM, well incubated complexes solution
containing 1 μg Cy5-labeled plasmid (N/P = 10) was added into each plate. After 4 h
incubation at 37 °C in 5% CO2 humidified atmosphere, the transfection solutions were
aspirated and substituted with complete culture medium. After additional 8 h incubation, the
cells were washed with PBS for three times before acidic late endosome staining with
LysoTracker blue (Molecular Probes, Eugene, OR). Then, the intracellular distribution was
observed with a confocal microscopy (Zeiss LSM510, Carl Zeiss Shanghai Co. Ltd,
Shanghai, China). The colocalization ratio of Cy5-DNA with late endosomes/lysosomes was
calculated as described elsewhere [29]. The results are presented as mean and standard
deviation obtained from 7 cells. P value was calculated by Student’s t test, between the
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result of the cells treated with PEI/Cy5-DNA complexes and that of the cells treated with
PECD3 NPs/Cy5-DNA complexes. The symbol * means P < 0.05.

3. Results and discussion
3.1. Synthesis of PECD

PECD was synthesized by combination of ring-opening polymerization (ROP) and atom
transfer radical polymerization (ATRP) technique (shown in Scheme 1). γ-(2-Bromo-2-
methylpropionate)-ε-caprolactone (BMPCL) is one of the monomers which can be used to
synthesize degradable polyester copolymers bearing ATRP initiating group [27].
Macroinitiator, mPEG-P(CL-co-BMPCL), was readily prepared by ring-opening
polymerization of ε-caprolactone and BMPCL using mPEG (Mn = 2000) as initiator and
Sn(Oct)2 as a catalyst. As shown in Fig .1A, the characteristic peaks of PCL moieties at 1.36
ppm and BMPCL moieties at 1.92 ppm in 1H NMR spectrum are clearly displayed, and used
to calculate the composition and molecular weight of mPEG-P(CL-co-BMPCL) by
comparing the intensities of these two signals to that of mPEG at 3.65 ppm. Additionally, no
characteristic peak arising from residual BMPCL monomer at 2.47–3.02 ppm was found,
indicating the mPEG-P(CL-co-BMPCL) copolymer was successfully obtained. The Mn of
mPEG-P (CL-co-BMPCL) determined by 1H NMR is 1.50 × 104 g/mol, and the mean
number of BMPCL in the copolymer is 4.0.

Then, the ATRP polymerization of DMAEMA was performed in bulk at 60 °C for 12 h. The
results of polymerization are shown in Table 1. The chemical structure of PECD was further
confirmed by 1H NMR using CDCl3 as solvent. Characteristic peak of vinyl protons is no
longer visible between 5 and 6 ppm, which is an indication of the absence of residual
DMAEMA monomers (Fig. 1B). Fig. 1B presents the detailed assignments of 1H NMR
spectrum of PECD1. Compared to Fig. 1A, there appears some new peaks belonging to
DMAEM (δ = 2.55 ppm). Taking these into account, PECDs were successfully synthesized.
The Mn values of PDMAEMA were estimated by comparing the intensities of signals at 2.55
ppm and 3.65 ppm which belong to PDMAEMA moieties and mPEG moieties, respectively.
Although, the ATRP polymerization was performed in bulk, it is noted that the results
showed that the determined polymerization degree of DMAEMA per graft was well
correlated with the design polymerization degree (Table 1). Hence, PECDs were
successfully synthesized.

3.2. Characterization of PECD NPs and its complexes with DNA
PECD was one of amphiphilic copolymers, which can be assembled into core-shell structure
nanoparticles in aqueous solution. PECD NPs were prepared by nanoprecipitation technique.
DLS was performed to measure the hydrodynamic diameter of PECD NPs and their
complexes with DNA. The mean sizes of nanoparticles formed by PECD1, PECD2 and
PECD3 were 56.3 ± 0.5 nm, 77.4 ± 0.2 nm and 85.2 ± 1.6 nm (Fig. 2A) in diameter,
respectively. The positive charged surface of PECD NPs was also confirmed by zeta
potential measurements. Zeta potentials of PECD1 NPs, PECD2 NPs and PECD3 NPs were
28.9 ± 0.4 mv, 32.0 ± 0.5 mv and 31.5 ± 0.6 mv (Fig. 2B).

To investigate the condensation capability of PECD NPs with DNA, agarose gel
electrophoresis was performed at N/P ratios ranging from 0 to 10. As shown in Fig. 3, the
mobility of plasmid was completely retarded at the ratio higher than 2, indicating that all
copolymers could bind DNA strongly. And there is no significant difference in DNA
binding ability for all the copolymers. The formation of polymer-DNA complexes with
appropriate size and positive charged surface is an important prerequisite for polycations
used as gene carriers to be internalized into cells. To investigate the interaction between
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DNA and cationic PECD NPs, dynamic light scattering was performed to measure the
particle sizes and zeta potential. As shown in Fig. 4A, all the polymers could condense DNA
into nanosized complexes with the size range of 65–160 nm, which is suitable to be applied
for endocytotic cellular uptake [30]. Zeta potential of the complexes at various N/P ratios
was shown in Fig. 4B. All complexes presented net positive charges. For the complexes with
the N/P ratio higher than 10, the zeta potential approached to a plateau due to saturation of
polycations complexed with DNA [31].

3.3. In vitro transfection
To investigate gene transfection efficiency of PECD NPs in vitro, HeLa and HepG2 cells
were transfected with PECD NPs/EGFP-N1 or pGL3.0 complexes. Fig. 5 shows the green
fluorescence images of the transfected HeLa cells at N/P ratios from 5 to 10 for PECD NPs.
PECD3 NPs with the longest cationic block has relatively higher gene transfection
capability, whereas the gene transfection capability of PECD1 and PECD2 is lower. The
optimal transfection of PECD3 NPs at N/P ratio of 10 was comparable to PEI (N/P = 10), it
is notable that the transfection efficiency is not significantly affected by varying N/P ratio
for PECD NPs. This is also confirmed in the HepG2 cells study (Fig. 6). As shown in Fig. 6,
the transfection results were in accordance with that obtained in HeLa cells. The transfection
efficiency was nearly the same to each individual PECD NPs with different N/P ratios. The
PECD2 and PECD3 NPs present much better transfection efficiency than that of commercial
gold standard, Lipofectamine and PEI. The PECD2 and PECD3 NPs can transfer EGFP
plasmid in HepG2 cells effectively even at N/P ratio of 5, which indicates that the amount of
transfection reagent is significantly reduced, compared to other polycations carriers. These
results demonstrate that the gene transfer capability of PECD NPs is dependent on cell line
and also depends on N/P ratios. For many neuron cells types such as primary dorsal root
ganglion (DRG) cells, transfection efficiencies obtained by conventional methods are
usually very low. It is a crucial prerequisite to transfect with high efficiencies for successful
biomolecular experiments in neuroscience research. Here, it is surprising that PECD
delivery system also shows good transfection efficiency and maintains intact neuronal
morphology on DRG neuron cells (As shown in Fig. 7). This result indicates that PECD
system may be very useful to be employed for the biological function research of neuron
cells.

The in vitro transfection efficiency of PECD NPs/DNA complexes was also evaluated using
luciferase as a reporter gene in HeLa and HepG2 cells. Fig. 8 shows the gene transfection
efficiency of PECD NPs for DNA delivery in comparison with those of branched PEI (25
kDa) and Lipofectamine 2000, which are the best commonly used transfection reagents. It
was found that gene transfection efficiency was greatly dependent on the cell type,
molecular weight of cationic PDMAEMA grafts and N/P ratio of the PECD NPs/DNA
complexes. Similar to GFP transfection results, PECD NPs were more effective in
transfecting HepG2 cells than that in HeLa cells. In HepG2 cells, the optimal N/P ratio of
PECD2 and PECD3 NPs was around 5, which was lower than N/P = 10 of PEI. The
transfection efficiency was reduced with increased N/P ratios. Furthermore, transfection
efficiency of PECD2 and PECD3 NPs at N/P of 5 was much better than that of PEI and
Lipofectamine 2000 in HepG2 cells. However, PECD1 NPs presents lower transfection
level, probably due to low molecular weight of cationic block, it is also previously reported
in literature [20,30]. In contrast, the transfection efficiency was enhanced with increased N/P
ratios in HeLa cells. The optimal N/P ratio of PECD2 and PECD3 was 15 and transfection
efficiency of PECD2 and PECD3 NPs at N/P in the range from 5 to 15 was comparable to
that of PEI.

Luciferase expression levels for PECD2 and PECD3 NPs were higher than those of PEI 25K
in HeLa and HepG2 cell lines, respectively. Similar results that hydrophobicity enhanced the
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transfection efficiency of carriers have also been reported by other
groups[17,18,20,24,30,32,33]. This is believed that the presence of hydrophobic segments in
carriers improves cellular uptake through hydrophobic interactions with the cell membranes
and thereby enhances endosomal escape. For practical applications, the gene transfection
occurs in the presence of serum, which usually reduces the transfection efficiency of
cationic carriers. To verify this hypothesis, a transfection experiment using pGL3.0 plasmid
was also performed in the presence of 10% serum. As shown in Fig. 9, the level of gene
expression was enhanced for transfection of PECD2 and PECD3 NPs with increased N/P
ratio. Both PECD2 and PECD3 NPs presented the highest efficiency at N/P ratio of 15 in
HeLa and HepG2 cells. Notably, the transfection efficiency of PECD3 NPs at N/P ratio of
15 was higher than that of PEI and Lipofectamine 2000. These results show that PECD NPs
delivery system has potential to be used as an efficient gene delivery system in vivo.

3.4. Cytotoxicity of PECD NPs/DNA complexes
The CCK-8 assay was performed to evaluate the in vitro cytotoxicity of PECD NPs/DNA
complexes (as shown in Fig. 10). In both cell lines, cytotoxicity of PECD NPs/DNA
complexes was greatly dependent on molecular weight of PDMAEMA grafts and N/P ratios.
It was found that all PECDs demonstrated comparable cytotoxicity to PEI and
Lipofectamine at their optimal N/P ratio of 5. However, PECD NPs/DNA complexes present
high cytotoxicity to cells at high N/P ratios. As discussed above, the incorporation of
hydrophobic block into the carriers would enhance the interactions between complexes and
cell membranes when it infused with plasma membrane for penetrating into cytoplasm.
However, cell membrane was greatly damaged at higher N/P ratios.

3.5. Intracellular distribution of PECD NPs/DNA binary complexes
It is known that the successful escape of gene carriers from endosomes is crucial to improve
gene transfection efficiency. Confocal microscopy was used to observe the intracellular
distribution of PECD3 NPs/DNA complexes at N/P ratio of 10. pGL3.0 plasmid labeled by
Cy5 dye and endosomes stained with Lyso-Tracker green were employed to identify the
localization of PECD3 NPs/DNA complexes. Cell nuclei were stained by Hoechst 33342 in
live cells. Accordingly, pGL3.0 plasmid that co-localized with late endosomes/lysosomes
should be observed as yellow. For the transfection experiment, cells were incubated with
PECD3 NPs/DNA complexes for 4 h and CLSM images were taken after further incubation
for 8 h.

Fewer obvious yellow regions were observed in Fig. 11C compared to Fig. 11B, it indicated
that more PECD3 NPs/DNA complexes were visible in the cells and released into cytoplasm
while not in the endosome. Based on the numbers of red and yellow pixels in the CLSM
images, the colocalization ratio of Cy5-DNA with late endosomes/lysosomes was further
estimated. As shown in Fig. 11D, the colocalization ratio was approximately 61% for the
cells treated with PEI/DNA complexes, whereas that for the cells treated with PECD3 NPs/
DNA complexes was around 36%, it demonstrated that PECD3 NPs/DNA complexes were
more effective to escape from late endosomes/lysosomes. PEI has been known to be an
effective transfection reagent due to “proton sponge” effect, which facilitates the escape of
complexes from endosomes. Therefore, these results suggest that amphiphilicity may
contribute to facilitate endosomal escape of the PECD NPs/DNA complexes and enhance
transfection efficiency.

4. Conclusions
A series of amphiphilic PECD were synthesized via ROP and ATRP polymerization
methods. At N/P ratio of 2 and above, all PECDs NPs can effectively bind plasmid DNA to
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form complexes with sizes around 65–160 nm and positive zeta potentials about 10–18 mv.
In vitro gene transfection efficiency depends on the type of cell lines, the molecular weight
of PDMAEMA grafts and N/P ratios of carriers. PECDs NPs show much better transfection
efficiency than Lipofectamine 2000 and PEI in HepG2 cells and comparable efficiency to
PEI in HeLa cells. The increase in the length of PDMAEMA moiety improves transfection
efficiency but decreases cell viabilities. In addition, confocal images indicate that PECD
NPs/DNA complexes have strong escape ability out of endosomes.
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Figure with essential color discrimination. Figs. 2,4-11 in this article is difficult to interpret
in black and white. The full color images can be found in the on-line version, at doi:10.1016/
j.biomaterials.2010.09.052.
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Fig. 1.
1H NMR spectra of mPEG-b-P(CL-co-BMPCL) (A) and PECD1 (B).
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Fig. 2.
Hydrodynamic diameter (A) and zeta potential (B) of PECD3 NPs.
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Fig. 3.
Agarose gel electrophoresis retardation assay of the copolymers at various N/P ratios of
PECD NPs/DNA complexes. (A) PECD1 NPs, (B) PECD2 NPs and (C) PECD3 NPs.
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Fig. 4.
Zeta potential and particle size measurement of PECD NPs/DNA complexes at various N/P
ratios.
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Fig. 5.
Fluorescence images of HeLa cells transfected by PECD NPs/EGFP-N1 plasmid complexes
at N/P ratios from 5 to 10. Lipofectamine 2000 and PEI (at its optimal N/P of 10) were used
as positive controls. Scale bar is 30 μm.
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Fig. 6.
Fluorescence images of HepG2 cells transfected by PECD NPs/EGFP-N1 plasmid
complexes at N/P ratios from 5 to 10. Lipofectamine 2000 and PEI (at its optimal N/P of 10)
were used as positive controls. Scale bar is 30 μm.
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Fig. 7.
Confocal fluorescence images of DRG cells transfected by PECD3 NPs/EGFP-N1 plasmid
complexes (using 1.0 μg plasmid) at N/P ratios from 10. Both A and B are representative
different parts of same cells. Scale bar was 50 μm.
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Fig. 8.
In vitro transfection efficiency of PECD NPs/pGL3.0 complexes in HeLa (A) and HepG2
(B) cell lines at various N/P ratios. Transfection was performed at a dose of 0.5 μg of DNA
(mean ± SD n = 3).
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Fig. 9.
In vitro transfection efficiency of PECD NPs/pGL3.0 complexes in HeLa (A) and HepG2
(B) cell lines at various N/P ratios at the presence of 10% FBS. Transfection was performed
at a dose of 0.5 μg of DNA (mean ± SD n = 3).
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Fig. 10.
Cell viabilities of PECD NPs/DNA complexes at different N/P ratios in vitro were evaluated
using HeLa (A) and HepG2 (B) cells determined by CCK-8 assay.
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Fig. 11.
In vitro confocal images of negative control (A), PEI/DNA complexes at N/P ratio of 10 (B)
and PECD3 NPs/DNA complexes at N/P ratio of 10 (C). Confocal images of HepG2 cells
transfected with PECD3 NPs/DNA complexes were taken after transfection for 12 h. The
late endosome and lysosome network were stained with LysoTracker green. Plasmid DNA
was labeled with Cy5 and cell nuclei were stained by Hoechst 33342. Each scale bar
represents 20 μm. (D) Colocalization ratio of Cy5-labeled DNA with LysoTracker (late
endosomes/lysosomes) calculated by pixel counting (number of counted cells: 7, *p < 0.05).
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Scheme 1.
Synthesis route of PECD and preparation of PECD NPs with plasmid DNA as payload.
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Table 1

Molecular characterization of graft copolymers

Sample DP (DMAEMA)a DP (DMAEMA)b Mn
c (104 g/mol)

PECD1 13 11 2.00

PECD2 26 23 2.71

PECD3 39 39 3.83

a
The design number of DMAEMA per graft.

b
The determined number of DMAEMA per graft by 1H NMR.

c
The Mn of graft copolymers was estimated by 1H NMR.
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