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Purpose. In this study, the novel poly(diethylaminoethylmethacrylate) (PDEAEM)/Pluronic F127
pentablock copolymers were found to be able to mediate high-efficiency transfection of human epithelial
ovarian carcinoma (SKOV3) cell line while showing significantly lower efficacy in human epithelial
retinal (ARPE-19) cell line and Swiss Mouse Fibroblast (3T3) cell line.
Methods. The intracellular routes of polyplexes were investigated by confocal microscopy after
appropriately labeling the polymer and DNA.
Results. It was found that lesser nuclear entry in the ARPE-19 cells may result in the lower efficiency of
transfection. Since the SKOV3 proliferation rate was found to be much higher than that of the ARPE-19
cells, the nuclear entry of polyplexes was assumed to be correlated with the proliferation rate, and it was
hypothesized that the novel pentablock copolymers could mediate gene delivery selectively in fast
growing cells. The different intracellular barriers to gene transfer may also account for the observed
difference of transfection efficacy.
Conclusions. Although the validity of the hypothesis that our pentablock copolymer could selectively
transfect hyperproliferative cells needs further examination, this present work provides a new perspective
to design targeting vectors for cancer therapies based on different characteristics among specific cell
types.

KEY WORDS: confocal microscopy; gene therapy; intracellular trafficking; non-viral gene delivery;
targeting.

INTRODUCTION

One of the features of the ideal non-viral transgene
vector is cell specificity, which is so far usually achieved via
receptor-mediated endocytosis by integrating cell specific
ligands in the gene transfer system (1–3). With a receptor
on the target cell surface and a matching ligand that can be
attached to the synthetic vector, a targeting gene delivery
system could be established and expected to enhance the
gene expression by increasing cellular uptake in the specific
cell types. Through this receptor-mediated uptake, only the
cells having some recognized over-expressed receptors could
be “designed” as the target with the prerequisite that the
ligand is also available and attachable to the vector of interest
without compromising its DNA condensing ability, serum
resistance and/or other particular properties. Commonly

investigated ligands include asialoglycoprotein specific for
hepatocytes (4–6), mannose for macrophages (7–9), and
transferrin (10,11)and folate (12,13) for certain tumor cells.
These have been reported to improve the transfection
efficacy selectively in the target cells. Although the polymeric
vectors have great flexibility to be tailored for particular
applications like ligand modification, there are several
limitations of this approach. In many cases, the receptors
are over-expressed on the specific cell types, but they are also
expressed by other cells, thereby decreasing the targeting
efficiency. Moreover, interactions with serum proteins in the
bloodstream and aggregation could further reduce the
specificity of cellular uptake (14,15). A well known fact is
that the same gene delivery system may exhibit quite
different transfection efficiencies in different cell types (16–
18), indicating there are particular cellular characteristics that
affect the gene expression and could potentially be used to
build up a cellular screen to selectively express foreign genes
by specific cells. As an important cellular characteristic, the
cell cycle has been reported to play a significant role in gene
transfer due to high dependence of gene expression on the
mitotic phase, especially with the use of non-viral vectors (19–
21). This suggests that the entry of complexes into the nucleus
may require or benefit from the disruption of nuclear
membrane; thus, the greater the number of cells entering
mitosis, the higher the gene expression (19). But in some
cases, mitotic activity would not act as a limiting factor if the
vectors possess an excellent nuclear localization ability and
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turn out to be versatile like poly(ethyleneimine) (PEI) (22).
However, if the vectors only have access to nucleus during
mitosis, their transfection efficiency would be extremely
dependent on how fast the cells proliferate. In other words,
targeting could be achieved among cell types with significant-
ly different proliferation rates, such as most tumor cells and
normal cells, even without the use of targeting ligands.

In this present work, we report a novel pentablock
copolymer with the potential selectivity to selectively trans-
fect fast growing cells. The novel amphiphilic pentablock
copolymer developed in our laboratory exhibits temperature-
and pH-induced micellization and gelation (23). The central
triblock Pluronic F127 contributes to the temperature respon-
siveness and has been reported to be able to promote cellular
entry (24). The end-blocks of poly(diethylaminoethyl meth-
acrylate) (PDEAEM) are the essential functional cationic
segments to complex with DNA and to provide pH buffering
in the endosome with their protonatable tertiary amine
groups (25). In order to improve the stability and reduce
the cytotoxicity caused by the excess positive charges on the
surface of copolymer/DNA polyplexes, free Pluronic F127
was added to the polymer–DNA complexes to shield these
excess charges (26). Previous work has proved the high
transfection efficiency of the pentablock copolymer and the
stabilization effect induced by Pluronic F127 in serum
supplemented medium in cancer cell lines. Furthermore, this
transgene system is also injectable and can form thermor-
eversible gels in vivo for sustained release. Therefore,
combining its potential selectivity for transfecting fast-
growing cells, and its ability to be injected intra-tumorally
to form gels for sustained gene delivery makes it promising
as an ideal sustained and targeted transgene vector for
cancer therapies.

MATERIALS AND METHODS

MATERIALS

The SKOV3 human ovarian carcinoma, ARPE-19 hu-
man retinal and cell lines were obtained from ATCC™
(Manassas, VA). The 3T3 Swiss mouse fibroblast cell line
was kindly donated by Dr. Nilsen-Hamilton’s Laboratory
(ISU, Ames). Living ColorsTM HT-1080 Retro DsRed-
Express cell line, a clonal human fibrocarcinoma derived

cell line that stably expresses DsRed-Express, was obtained
from BD Biosciences-Clontech. Cell culture reagents
including Dulbecco’s Modified Eagle Medium (DMEM),
heat inactivated fetal bovine serum (FBS), 0.25% trypsin–
EDTA and Hank’s buffered salt saline (HBSS) were
purchased from Invitrogen (Carlsbad, CA) and the
Dulbecco’s MEM: Ham’s Nutrient Mixture F-12, 1:1 Mix
(DMEM/F-12) from ATCC (Manassas, VA). Luciferase assay
system and passive lysis buffer (PLB) were purchased from
Promega (Madison, WI). HEPES salt used to make Hepes
buffer saline (HBS), Lactate dehydrogenase (LDH) kit,
paraformaldehyde and Bromodeoxyuridine (Brdu) were
obtained from Sigma (St Louis, MO). Alexa Fluor®647
carboxylic acid, succinimidyl ester (written as Alexa 647
henceforth), ethidium monoazide (EMA), 4′,6-diamidino-2-
phenylindole (DAPI) dilactate and ProLong® Gold antifade
reagent were also purchased from Invitrogen (Carlsbad, CA).
ExGen 500® (written as ExGen henceforth) was purchased
from Fermentas Life Sciences (Hanover, MD). DNase I was
purchased from Ambion (Austin, TX). HiSpeed Plasmid
Maxi Kit was obtained from Qiagen (Valencia, CA).
Pluronic F127 [(PEO)100-b-(PPO)65-b-(PEO)100], (where
PEO represents poly(ethylene oxide) and PPO represents
poly(propylene oxide)) micro pastille surfactant was donated
by BASF (Florham Park, NJ) and used without further
modification.

Pentablock Copolymer Synthesis and Attachment
of Alexa Fluor 647

The pentablock copolymer PDEAEM13-b-PEO100-b-
PPO65-b-PEO100-b-PDEAEM13 used in the present work
(Scheme 1) was synthesized via atom transfer radical
polymerization (ATRP) as previously reported (23), with
Mn=17,533 and Mw/Mn=1.14, as judged by 1H NMR (in
deuterated chloroform) and Gel Permeation Chromatography
(GPC) (tetrahydrofuran mobile phase, poly(methylmethacry-
late) calibration standards) respectively. In order to attach the
fluorescent dye Alexa Fluor 647 for intracellular trafficking
studies, this pentablock copolymer was amine functionalized by
transforming the bromine group into azide and then further into
triphenylphosphine and finally into the amine group after
hydroxylation (see Supplementary Scheme 1). The transforma-
tion was confirmed by the presence and subsequent absence of a

Br

H2
C C

H2
C C

H2

O
C
H2

CH O

H2
C C

H2

O
C
H2

H2
C C

H2
C

Br

CH3

C

O
CH2

H2C

N
H2C CH2

CH3 CH3

O C

O

H2C

CH2

N
H2C CH2

CH3 CH3

O

CH3 CH3

13 100 65 100 13

Scheme 1 Chemical structure of pentablock copolymers.
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peak at about 31 ppm in the 31P NMR spectrum. Alexa 647 was
reacted with amine modified pentablock similar to a procedure
reported previously (27). Briefly, for a 20 mg/ml polymer
solution in 0.1 M sodium bicarbonate buffer, around 100 μg of
the dye was added. The mixture was stirred in the dark at room
temperature for 1 h. The unattached dye was removed by
extensive dialysis for 2 days. The polymer with conjugated dye
was then freeze dried.

Plasmid DNA Purification and EMA Attachment

Bacteria containing the 6.7 kb pGWIZ-luc plasmid
(GeneTherapy Systems Inc, CA) encoding the luciferase
reporter gene or the 4.7 kb pEGFP-N1 plasmid (ClonTech,
CA) encoding for green fluorescence protein (GFP) were
grown in selective Luria–Bertani (LB) medium and then
purified using the Qiagen HiSpeed Maxi Kit. The concentra-
tion of DNA was tested using a NanoDrop spectrophotom-
eter. A260/A280 was at least 1.8 for all DNA used. DNAwas
labeled with the fluorescent probe ethidium monoazide
(EMA, 8-azido-3-amino-6-phenyl-5- ethylphenanthradinium
chloride) according to the procedures reported elsewhere
(28,29) with minor modifications. Briefly, appropriate
amounts of plasmid and EMA were mixed giving a 50:1
molar ratio of nucleotide to probe. The solution was
incubated on ice for 30 min before being exposed to UV
light of principal wavelength 312 nm. After 20 min photolysis,
most of the DNA had been covalently bound with EMA, and
the excess EMA and intercalated EMA were removed by
performing ethanol precipitation three times.

Polyplex Formation

Polymer/DNA polyplexes at various N/P ratios were
formulated by adding appropriate quantities of unlabeled or
labeled pentablock copolymer (2 mg/ml) solution in 0.5×
HBS, pH 7.0 to plasmid DNA solutions which were properly
prediluted with the same HBS buffer to get the equal mixing
volume. The mixture was briefly vortexed and allowed to
incubate at room temperature for 20 min to ensure complex-
ation. If required, Pluronic F127 solution (10 mg/ml) in 0.5×
HBS, pH 7.0 was added to the formulation to get the F127/
pentablock copolymer wt. ratio of 5 with gentle vortexing
followed by another 10 min incubation. We will be referring
throughout this work to four abbreviations for the different
vectors used to form polyplexes: P refers to the pentablock
copolymer alone, Pd refers to the pentablock copolymer with
the fluorescent dye attached, F refers to Pluronic F127, and
correspondingly, P–F refers to the pentablock copolymer with
subsequent added Pluronic F127 for shielding the excess
positive charges.

Cell Culture

The SKOV3, 3T3 and HT1080 cells were grown in
Dulbecco’s Modified Eagles Medium (DMEM, Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (FBS, heat
inactivated, GIBCO) at 37°C under a humidified atmosphere
containing 5% CO2. ARPE-19 cells were grown in DMEM/F-
12 (ATCC) containing 10% FBS under the same conditions.

Cells were passaged approximately every 2–3 days for SKOV3
and HT1080, 4–5 days for APRE-19 and 7–8 days for 3T3 cells.

In vitro Transfection

For the transfection based on luciferase activity, cells of
interest were seeded into a 96-well plate at an initial density
of 1.2×104 to 3×104 cells per well in 200 μl growth medium
and allowed to incubate for 24–48 h depending on the cell
type, to reach 70% confluence when transfection could be
performed. Polyplexes prepared at given N/P ratios were
added to the newly changed FBS-supplemented medium with
0.6 μg of DNA per well. After 3 h transfection at 37°C, the
medium containing polyplexes was replaced with fresh
growth medium and cells were allowed to grow for another
45 h post-transfection until the luciferase assay was performed.
The total duration of transfection and post-transfection was
kept at 48 h. ExGen 500, a sterile solution of linear 22 kDa
polyethylenimine (PEI), was used as positive control at N/P
ratio of 6 according to the manufacturer’s protocol. The
luminescence from lysed cells in 20 μl passive lysis buffer per
well was measured in arbitrary Relative Luminescence Units
(RLU) on an automated Veritas™ Microplate Luminometer
using the Renilla Luciferase Assay System from Promega.
Each transfection was done in triplicate.

To compare the transfection efficacy between different
cell types, luciferase activity in each well was normalized by
the total amount of proteins determined by Bicinchoninic
Acid (BCA) protein assay kit and expressed as mean RLU
per milligram of cell protein. As for the comparison between
different conditions of the same type of cells, RLU per well
was utilized to obtain values since transfection was performed
with the same initial number of cells per well. In the trafficking
experiments, cells of interest were seeded onto poly-L-lysine
coated coverslips in six well-plates at a density of 1×105 cells
per well and subsequently transfected with polyplexes at 3 μg
DNA per well following the same procedures used in the case
of 96-well plate. At specific time points during transfection or
post-transfection, cells were fixed with 4% paraformaldehyde
and mounted on the glass slide that held a drop of mounting
medium to keep cells from drying out.

Specifically for the transfection of HT1080/ARPE-19 co-
cultured cells, separately cultured HT1080 and ARPE-19 cells
were seeded together onto six-well plates at varied ratios of cell
number and incubated in co-culture media, 50/50 (v/v) until
being transfected with polyplexes at 2 μg EGFP-N1 plasmid per
well. EGFP expression was examined qualitatively by fluores-
cence microscopy and quantitatively by flow cytometry.

Flow Cytometry

After transfection, the cells were harvested from six-well
plates and cells from each well were suspended in 3 ml HBSS.
Then cell suspensions were transferred to 15 ml centrifuge
tubes and centrifuged for 12 min at 1,200 rpm. Supernatants
were removed and cells pellets were resuspended in 3 ml
fresh HBSS. After another centrifugation, cells were finally
suspended in 0.5 ml of 2% paraformaldehyde in PBS and
stored at 4°C for later analysis with a Becton-Dickinson
FACSCanto flow cytometer.
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Cytotoxicity

The cytotoxicity of polyplexes was measured with LDH
assay, as the amount of LDH in the cell culture medium is
representative of the cell death following the membrane
rupture. To get a better knowledge of the stage at which most
cell death occurs, the LDH activity was assayed twice, at the
end of 3 h transfection and after the additional 45 h post-
transfection. Triton-X was used as a negative control to
provide 100% cytotoxicity.

Confocal Microscopy

EMA and Alexa Fluor 647 were selected to label DNA
and the pentablock copolymer respectively in this study,
because their non-overlapping spectra minimized the poten-
tial interference that could occur between the two dyes.
Confocal images were collected with a Prairie Technologies
Confocal Microscope (Prairie Technologies, Madison, WI)
and analyzed with MetaView software (Universal Imaging
Corporation). An argon/krypton mixed gas laser with 488 and
633 nm excitation lines was used to induce fluorescence.
Excitation of EMA bound to DNAwas achieved by using the
488 nm laser, with the emitted fluorescent wavelengths
observed using a 600/40 nm notch filter. Alexa Fluor 647
attached to pentablock copolymer was excited by the 633 nm
laser with the emitted fluorescent wavelengths observed using
a 700/75 nm notch filter. The thickness of the cells was
estimated by varying the scanning plane from the bottom to
the top of the cells and images were collected at the central
plane with optical sections of 0.5–0.7 μm.

Proliferation Measurement

Proliferation rate was expressed as the ratio of the
number of daughter cells to the number of total cells and
measured by counting cells stained with Brdu and DAPI.
Brdu labeling was performed immediately following transfec-
tion by replacing the medium containing polyplexes with
fresh growth medium containing 5 μM Brdu. After 18 h
incubation, cells were fixed with 4% paraformaldehyde and
stored in 1% paraformaldehyde at 4°C until performing
immunocytochemistry.

Statistical Analysis

The data is presented as mean and standard deviation,
which are calculated over at least three independent experi-
ments. Significant differences between two groups were
evaluated by Students’ t test with p≤0.05 or p<0.1, as
specified.

RESULTS AND DISCUSSION

Transfection and Cytotoxicity Among Different Cell Types

In order to use the pentablock copolymers for cancer
therapy, we tested the ability of the pentablock copolymer
vectors to selectively transfect cancer cells (SKOV3) versus
ARPE-19 cells using reporter genes (Fig. 1). Relative to the
blank cells and naked DNA, polyplexes of P and P–F under

different N/P ratio conditions exhibited up to three orders of
magnitude higher efficiency in SKOV3 cells contrasting with
the slight difference in ARPE-19 cells. ExGen, a linear
polyethyleneimine vector, was used as a positive control,
and did not exhibit a significant difference in transfection
efficiency between the two different cell types, and the
transfection efficiencies in both cell types were over three
orders of magnitude higher than those of the negative
controls. This demonstrates a potential selective transfection
ability of the pentablock copolymer vectors compared to
established vectors such as ExGen.

Although it is a commonly known fact that transfection
efficiency could be largely dependent on cells due to the
complex cellular structure and consequently varied gene
delivery mechanisms, the big differences in transfection
efficiencies of SKOV3 and ARPE-19 cells, which we may
refer to as a cancer cell line and “normal” cell line
respectively, provides a challenging possibility that this penta-
block copolymer might possess a natural selectivity to
transfect cancer cells or in general, the type of cells bearing
some specific features of SKOV3 cells. Therefore, 3T3 cells
were used to further test the transfection of normal cell lines
mediated by pentablock copolymers. As shown in Fig. 2,
similar to the case of APRE-19 cells, the pentablock
copolymers lead to very low transfection efficiencies, almost
comparable to those of blank cells, and ExGen still appeared
to be a highly effective vector independent of the cell-line
type. Therefore, the hypothesis that pentablock copolymers
might specifically transfect the cancer cells sharing some key
feature with SKOV3 cells was investigated further to
determine if differences in proliferation rates of the different
cell types were responsible for the differences in transfection
efficiencies using the pentablock copolymers.

Fig. 1. Transfection of ARPE-19 and SKOV3 cells by P/DNA and P–F/
DNA at N/P ratios of 20 and 30 as denoted by the figures following
abbreviations. Blank cells and naked DNA were used as negative
controls and ExGen at N/P ratio of 6 was used as the positive control
according to the provided protocol. Luciferase activity was expressed as
the relative light units (RLU) per milligram of protein (n=4, mean±SD.
*p≤0.05, **p<0.01).
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Proliferation Measurement

The cell cycle mitotic phase has been reported to be a
favorable period for nuclear transport using non-viral vectors
(20). Although there are a number of intracellular barriers
that work synergistically to cause a low level of gene
expression relative to the DNA taken up by cells, usually
less than 1% (30), the nuclear transport of polyplexes has
been recognized as the rate-limiting step in DNA delivery
(31), and has been found to be an important factor in the
transfection of cell lines versus slow-dividing primary cells
such as neurons. Hence, theoretically, the faster the cell
proliferates, the greater the chances for DNA to enter into
nuclei, and thereby the higher the gene expression would be.
It was reported that gene expression was enhanced by
enhancing cell proliferation with growth factor (32). To test
the proliferation rates of the different cell types, Brdu was
employed to stain the newly created cells with all nuclei
labeled with DAPI. With the concern of minimizing the
influence of host species on transfection characteristics,
SKOV3 and ARPE-19 cells, which are both of human origin,
were used for this study as opposed to the 3T3 cells which are
mouse-derived. The test was conducted on transfected cells,
in case the polyplexes have an effect on the proliferation.
(Representative images shown in the Supplementary Figure
1). The proliferation rate was expressed as the number of
daughter cells (pink) divided by the number of total cells
(blue). The SKOV3 cells were found to proliferate signifi-
cantly faster (p<0.1) than the ARPE-19 cells, with the rate of
54±15% vs. 25±12%. This potentially supports our hypoth-
esis that the slower dividing rate of ARPE-19 cells probably
resulted in less DNA importation to the nuclei of ARPE-19
cells and consequently to lower levels of gene expression.

To investigate this further, intercellular trafficking studies
of pentablock copolymer/DNA polyplexes in SKOV3 and
ARPE-19 cells were performed during transfection and post-
transfection, by labeling the pentablock copolymer with a
fluorescent dye. Since any modification to the polymer can

potentially change its physiochemical properties, the trans-
fection efficiency and cytotoxicity of the dye labeled penta-
block copolymer Pd was investigated. Fig. 3 indicates that
there are indeed differences between Pd and the pentablock
copolymer alone. Higher N/P ratios are required for Pd to
obtain a similar level of gene expression as P does, which
might be most likely due to the compromised DNA affinity
by the dye attachment. There have been previous reports that
oversubstitution of the molecular conjugates could interfere
with the interaction of the polymers with DNA (33). In this
case, the dye Alexa 647 attached to the end of polymer main
chain could affect the polymer complexation with DNA in an
unfavorable way, either by steric hindrance or by positive
charge shielding. The Alexa 647 molecule (Mw=1250)
accounts for ∼50 wt.% of a PDEAEM block (Mw=2405 with
13 units), and together with the proximity between the dye
and the tertiary nitrogen, it is reasonable to see a negative
influence of Alexa 647 on transfection. However, it is
interesting to point out that such a significant difference was
brought about by only five percent of dye with respect to the
pentablock copolymer. In addition to the DNA binding
capability reduction by the conjugation of Alexa 647, the
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resulting reduced charge density might also contribute to a
lower cytotoxicity at a given N/P ratio.

Cytotoxicity Analysis Using LDH Assay

Cationic vectors can be cytotoxic, though the cytotoxicity
of the pentablock copolymers can be tailored by adjusting the
ratio of the cationic and non-cationic blocks in the copolymer
(25). To evaluate the cell viability during the total transfec-
tion, an LDH assay was used. As shown in Fig. 4, the
cytotoxicity of all the polyplexes is fairly acceptable for both
SKOV3 and APRE-19 cells, expect for the P30 vector with
the very high N/P ratio, and these two cell types seem to have
a similar susceptibility to the vector. The vector of P–F with
the Pluronic shielding the excess positive charges showed less
damage to cells than the pentablock copolymer alone,
suggesting that the shielding effect from F improved the
biocompatibility of pentablock/DNA polyplexes. Cytotoxicity
of Pd/DNA was indeed much lower than that of P/DNA
counterparts for both cell types, which further proved the
great influence of dye conjugation on the charge density. It
was also found that interestingly, for both cell types, ExGen

led to an even higher toxicity in the later 45 h of post-
transfection relative to the first 3 h, while most of pentablock
copolymer polyplexes seemed to act differently. It is worth
noting that for the polyplexes such as P30/DNA that
exhibited a high toxicity in the first 3 h transfection, there
was not much additional cytotoxicity in the next 45 h.

ExGen carries plenty of primary and secondary amines
and is known to be much more cytotoxic than complexed
ExGen where most charges of amines have been neutralized
by DNA; moreover, the membrane destabilization effect (34)
of free PEI and its interference with transcriptional and
translational processes (35) might also account for its toxicity.
On the other hand, the intense charge density of PEI would
not allow the release of the DNA cargo readily, so the
ExGen/DNA polyplexes showed a slower toxicity rather than
a quick one, which is in good agreement with the report by
Godbey and co-workers (35). However, transgene vectors
with tertiary amines as the functional moieties like penta-
block copolymers, have been reported to be less toxic than
those with primary residues like PEI (26,36). Therefore, even
after uncomplexing from DNA they did not show as much
long-term toxicity as ExGen, instead showing an initial
cytotoxicity during the first 3 h probably due to relatively
larger percentage of uncomplexed polymer at a given higher
N/P ratio or the relatively faster release of DNA. However,
the cytotoxicity of Pd/DNA was found to show a different
trend during the whole transfection process compared to P/
DNA in the ARPE-19 cells, with higher cytotoxicity in the
post-transfection stage than that in the transfection period. If
the uncomplexed Pd is presumed to be a major source of
cytotoxicity, apart from the membrane damage during cellular
entry, there should be more uncomplexed Pd in the later 45 h
post-transfection in ARPE-19 cells relative to SKOV3 cells
where nearly no cytotoxicity was observed. This implies that
some intracellular differences between the two cell types may
affect the relatively weak complexation of Pd and DNA,
which was investigated in the intracellular trafficking studies
of the polyplexes. Taking the transfection efficacy and
cytotoxicity into account, Pd at an N/P ratio of 40 was used
for the intracellular trafficking study.

Intracellular Trafficking of Pd/DNA Polyplexes

Based on the proliferation results that showed that
SKOV3 cells proliferate faster than ARPE-19 cells, our initial
hypothesis was that the significant differences in transfection
efficacy between the two cell lines were largely due to the
positive effect of proliferation rate on nuclear transport. To
check if nuclear uptake actually occurs more in SKOV3 cells
than in ARPE-19 cells, pentablock copolymer/DNA poly-
plexes were tracked at 3, 10 and 24 h after the start of
transfection. Fig. 5 shows a representative image of the
APRE-19 cells at 3 h, where colocalization of pentablock
copolymer and DNA was clearly observed with yellow dots,
suggesting that polyplexes remained in their original form,
and in particular some polyplexes had localized to the
perinucleus as seen in cells 1, 3, and 4. However, the most
impressive feature of the 3 h sample resides in the dissociated
polyplexes which could be easily detected by the abundant
red, and relatively fewer green dots. Moreover, except for
cells 3 and 4, the red free pentablock copolymer appeared to
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Fig. 4. Cytotoxicity of polyplexes on SKOV3 (A) and ARPE-19 cells
(B) with LDH assay at various N/P ratio as denoted by the figures
following abbreviations. (n=4, mean±SD. *p≤0.05, **p<0.01).
ExGen was used at N/P ratio of 6 according to the provided protocol.
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be dominant and the green DNAwas just absent, especially in
cells 1 and 2. We have postulated two possible reasons for the
absence of the free DNA. One possibility is that DNA was
degraded by the nuclease in the cytosol, and the other is that
the DNA was exported out of the cell. The appearance of
strong red and weak green signals has been found to be
typical among all the images), which may imply that the DNA
is subjected to degradation during or after release from the
polyplexes. This was proved by testing the intensity of
fluorescence of DNA-EMA and degraded DNA-EMA
(shown in Supplementary Figure 2), and by integrating within

the range of the filter from 580 to 620 nm. It was found that
the untreated DNA-EMA was as twice fluorescent as the
degraded one. It was once reported that the digestion of
EMA labeled RNA induced a 14-fold decrease in the
fluorescence intensity (37). Therefore, the free DNA was
not totally absent as it appeared to be in the aligned images,
but had probably been degraded by the nucleases to some
extent and showed less intense fluorescence compared to the
bright red fluorescence from pentablock copolymer.

When focusing on cells 5 and 6, free DNA was found
localized around the cell membrane or close to the mem-
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B B 
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Fig. 5. Confocal images from labeled pentablock copolymers and DNA in ARPE-19 cells 3 h after
transfection. Images on the left colored green represent DNA, the center ones colored red represent the
pentablock copolymers and the images on the right are the alignment of the other two images. Panel A and
panel B are from different observation spots. Scale bar is 20 μm.

Fig. 6. Confocal images from labeled pentablock copolymer and DNA in ARPE-19 cells 10 h after
transfection. Image on the left colored green represents DNA, the center one colored red represents the
pentablock copolymers and the image on the right is the alignment of the other two images. Scale bar is
20 μm.
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brane, potentially awaiting transportation out of the cell. This
feature was also found commonly in the 10 h samples as it
was shown in the representative cell 3 of Fig. 6, where free
DNA accumulated along the outer membrane or may be
sequestrated by the cell membrane. The nearly doubled
nucleus and the incompletely separated nuclear envelope of
cell 3, as indicated by the lower arrow, demonstrates an
obvious late mitosis phase—telophase. Moreover, DNA and
pentablock polymer have been observed in the dividing
nucleus with non-perfect colocalization, suggesting that they
both either entered into the nucleus in an uncomplexed form
or dissociated from each other after nuclear entry as
polyplexes. But the large number of polyplexes accumulating
right outside the nucleus, as well as the small amount of free
DNA observed, point to the second possibility. The intra-
nuclear DNA and pentablock copolymer are close to the
dividing area, indicating that the nuclear entry possibly took
place during the nuclear division and may have been
facilitated by nuclear membrane breakdown (21). In addition,
the feature of strong red and weak green was also found in
this 10 h sample as shown by arrows in cells 1 and 2.
Therefore, by comparing the cells after 3 h transfection, and
those after another 7 h posttransfection, the latter showed an
enhanced nuclear uptake probably due to the mitotic activity,
but maintained the appearance of dominant red fluorescence.
This implies that the DNA might be degraded after uncom-
plexation, and the accumulation of DNA close to or even at

the cell membrane suggests a possible export mechanism
from the cell. When post-transfection time was extended to
21 h as seen in Fig. 7, the transfected cells exhibited an
increased amount of DNA in the nuclei either complexed or
uncomplexed as shown in cells 3, 4 and 5. The other features
were consistent with the previous two time points concerning
varied intensity of green fluorescence from DNA and
membrane concentrated distribution of DNA, as especially
indicated with the arrow in cell 2.

The polyplexes, however, had a totally different intra-
cellular route in SKOV3 cells as shown in Fig. 8. A large
quantity of fairly good colocalization of green and red dots
especially in panel A suggests that DNA was still effectively
protected from degradation in the well maintained poly-
plexes. More importantly, polyplexes had localized into nuclei
in considerable numbers at 3 h after transfection which is
dramatically higher than the cases of all APRE-19 cell
samples in test, and which might be contribute to the
differences in the transfection efficacy of the pentablock
copolymers between the two cell types. Besides, all of the
DNA and pentablock copolymers have been shown to be
perfectly overlaid in panel A; therefore the polyplexes in the
nuclei are the ones originally present in the cytoplasm rather
than being reformed by the DNA and pentablock copolymers
that entered into the nuclei separately. Therefore, at least a
portion of DNA is transported into nuclei complexed with
the pentablock copolymer. There is a possibility of uncom-
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B 

Fig. 7. Confocal images from labeled pentablock copolymer and DNA in ARPE-19 cells 24 h after
transfection. Images on the left colored green represent DNA, the center ones colored red represent the
pentablock copolymers and the images on the right are the alignment of the other two images. Panel A and
panel B are from different observation spots. Scale bar is 20 μm.
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plexed DNA entering the nucleus as well, since plasmid
DNA has been well known to be able to enter into the
nuclei (30). But considering the degradation by nucleases
(38) and the low diffusion rate caused by the hindrance of

cytoskeleton and binding with other cytoplasmic elements
(39), the free DNA would have a small chance to
successfully locate into the nuclei.

A 

Fig. 8. Confocal images from labeled pentablock copolymer andDNA in SKOV3 cells 3 h after transfection.
Images on the left colored green represent DNA, the center ones colored red represent the pentablock
copolymers and the images on the right are the alignment of other two images. Scale bar is 20 μm.

A

B 

C 

Fig. 9. Nuclear transport of polyplexes during mitosis from SKOV3 cells after 3 h transfection. Images on
the left colored green represent DNA, the center ones colored red represent the pentablock copolymers and
the images on the right are the alignment of other two images. Panels A, B and C are from different
observation spots. Scale bar is 20 μm.
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As SKOV3 cells proliferate faster than the ARPE-19
cells, the higher transfection efficiency of SKOV3 cell line
was hypothesized to result from its consequently facilitated
nuclear uptake. The nuclear uptake of polyplexes appeared
to be common in SKOV3 cells samples, even as early as 3 h
after transfection. Panels A to C in Fig. 9 might represent
three different stages in mitosis according to the varied
appearance of nuclei. Although it is hard to say at which
exact stage each set of cells is in, they all seem to be after
prometaphase, during which the disintegration of the nuclear
membrane occurs. That is probably the reason why each
nucleus undergoing division shows polyplexes inside. Since
similar phenomena were just observed less frequently in the
ARPE-19 cells 10 h after transfection, the slower dividing rate
could largely account for the lower transfection efficiency.

The SKOV3 samples for 10 h and 24 after transfection
look similar to those of 3 h (Fig. 10), except for the less
perfect colocalization and more free DNA in the nuclei,
which is reasonable as the dissociation can be expected to
develop over time. However, relative to the rare colocaliza-
tion at the same time points in ARPE-19 cells, the tight
binding in SKOV3 cells implied a long-term protection
provided by the pentablock copolymer. This agrees well with
LDH results regarding the cytotoxicity of Pd/DNA in post-
transfection, which appears to be proportional to the amount
of uncomplexed Pd. Although long-term protection might
reduce the cytotoxicity as well as the loss of DNA, the
relatively few DNA released for further transcription and
translation might present a potential bottleneck to gain higher
gene expression. Therefore, the differences in transfection

A

B

Fig. 10. Confocal images from labeled pentablock copolymer and DNA in SKOV3 cells 10 h (panel A)
and 24 h (panel B) after transfection. Images on the left colored green represent DNA, center ones colored
red represent the pentablock copolymers and the images on the right are the alignment of the other two
images. Panel A and panel B are from different observation spots. Scale bar is 20 μm.
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efficiency between ARPE-19 and SKOV3 cell lines might be
due to the lower proliferation rate of the ARPE-19 cells,
thereby lowering nuclear uptake. Although the exogenous
material can definitely achieve the nuclear import in the
interphase cells through the nuclear membrane embedded
nuclear pore complex (NPC) (40), the hourglass-like NPC
cannot allow large cargo to transit though passively (41)with
the midplane as narrow as 40 nm (42). The inclusion of
nuclear localization signal (NLS) in the vector could facilitate
the transit and to some extent enhance the size limit up to
60 nm, but the polyplexes sized around 150 nm are still
excluded (43). Thus even with a NLS, the polyplexes are still

too large to be imported into the nucleus (31). Since our
pentablock copolymer/DNA polyplexes formed at N/P ratios
of 20 have a size distribution ranging from 100 to 500 nm in
serum supplemented growth media (data not shown), and do
not possess any NLS moieties, it would be difficult for them
to traverse the nuclear membrane through NPC even though
opportunities exist to bind with the intracellular NLS. In this
case, the more realistic strategy of nuclear localization should
be the entry after nuclear breakdown in mitosis. The more
often cells experience a mitotic phase, the more DNA could
be transported into the nuclei to get more genes expressed.
Based on the fact that much more DNA either complexed or
uncomplexed has been found in the nuclei of faster dividing
SKOV3 cells, the higher level of gene expression in SKOV3
with respect to ARPE-19 cell line is related to the faster
proliferation rate of the SKOV3 cells.

To test this assumption further, we extended the duration
of transfection of ARPE-19 cells to 6 h (Fig. 11) and found
that the gene expression mediated by most of the pentablock
copolymer vectors was enhanced to a significantly higher
level relative to the case of 3 h transfection, suggesting more
DNA has been available for the cells in mitosis. The
exception of P30 and ExGen might be due to the negative
effect of the accompanying increased cytotoxicity especially at
higher N/P ratios. In addition to this cause, the excellent
nuclear delivery ability of ExGen could make it benefit little
from lengthened transfection. Further extending transfection
to 10 h, resulted in no significant differences. Apart from
causing increased cytotoxicity, cells might have been too
confluent to proliferate any further to aid in nuclear uptake.
Secondarily the intracellular DNA in ARPE-19 cells was
found to be much lesser than that in SKOV3 cells, which may
be directly caused by the less effective cellular uptake, or
probably due to the degradation of DNA by the nuclease in
lysosome or cytoplasm, or due to the exocytosis of DNA.
Consequently, the limited amount of DNA available in
cytoplasm further inhibited the nuclear transport. In the SKOV3
images, the polyplexes were dominant in the cytoplasm

Fig. 11. Transfection of ARPE-19 cell line by P/DNA and P–F/DNA
polyplexes with different transfection period at N/P ratio of 20 and 30
as denoted by the figures following abbreviations. ExGen was used as
a positive control at N/P ratio of 6 according to the provided protocol.
Luciferase activity was expressed as the relative light unit (RLU) per
well (n=4, mean±SD. *p≤0.05, **p<0.01).
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Fig. 12. EGFP expression in co-cultured HT1080/ARPE-19 cells mediated by PF at N/P ratio of 20 (A) and ExGen at N/P ratio of 6 (B).
Selectivity was expressed as the ratio of percentage of cells with EGFP expression in cancerous HT1080 cells over the percentage in ARPE-19
cells. Co-culture 1 and co-culture 2 indicate two co-culture conditions in which HT1080 and ARPE-19 cells were initially seeded at ratios of 1:2
and 1:3, respectively. Sep-culture represents the transfection performed on individually cultured cells as opposed to co-cultures.
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especially at 3 h indicating that almost all the intracellular
pentablock copolymers were complexed with DNA when
entering into cells. Since the amount of pentablock copolymer
in SKOV3 and ARPE-19 cells have not been found to be very
different, the less powerful cellular uptake may just partially
explain the small quantity of DNA in ARPE-19 cells. The
degradation and exocytosis of DNA are also possibilities. After
being internalized via endocytosis which is known as the major,
if not the sole mode of cellular entry (20), the polyplexes are
trapped in the early endosomes. These early endosomes either
fuse with each other to form late endosomes and subsequently
endo-lysosomes by fusing with lysosomes or recycle their
contents back to the cell surface (44). The endocytosed
polyplexes are accordingly subjected to three fates, being
recycled to plasma membrane and subsequent exocytosis,
released into cytoplasm, or delivered to endo-lysosomes via late
endosomes (39). Although the degradation most likely takes
place in endolysosomes (45), the escapemight also be facilitated
by the lower pH (∼5.0) of endolysosomes (46). Polyplexes
released into cytoplasm still encounter diffusional barriers to
traverse the highly crowded cytoplasm (47), and metabolic
barriers to maintain DNA intact before eventually localizing
into the nucleus. It has also been reported that the intracellular
barriers to DNA transfer vary with cell type (20,22). Therefore,
under the intracellular environment of APRE-19 cells, the
binding affinity of the internalized polyplexes might be reduced,
which in turn caused more DNA to be degraded or released.
The released DNA again could be degraded during the long
journey to the nucleus. As a result, lesser DNAwas observed in
ARPE-19 cells than in SKOV3 cells.

Transfection of Co-cultured HT1080/ARPE-19 Cells

The selectivity that potentially between cancer and
normal cells transfected with pentablock copolymer poly-
plexes was further studied on another carcinoma cell line
HT1080 by co-culturing it with ARPE-19. In this manner both
qualitative and quantitative data can be obtained in an
environment closer to the in vivo situation. Consistent with
the earlier results obtained using separate cultures of
different cell lines, the pentablock copolymers showed
selectivity of transfection of cancer cells even in co-culture
with non-cancerous cells. EGFP expression was seen only in
the HT1080 cells even though they were fewer in number
relative to the ARPE-19 cells (see Supplementary Figure 3).
For the transfection mediated by ExGen, however, EGFP
was evenly expressed in both of these two cell types (see
Supplementary Figure 4), indicating that the transfection
efficacy of ExGen is indeed independent of cell type. This
finding was further confirmed and quantified with flow
cytometry (Fig. 12) where the selectivity of transfection of
cancer cells using the pentablock copolymer vectors was
around 21 whereas no selectivity was exhibited in the
transfection mediated by ExGen. Since HT1080 cells were
found to proliferate even faster than SKOV3 cells (data not
shown here), this selectivity obtained using the pentablock
copolymer mediated transfection could be related to the
proliferation rate.

CONCLUSIONS

In summary, we have reported an interesting finding that
the pentablock copolymer-mediated transfection was signifi-
cantly higher in the cancerous SKOV3 and HT1080 cell lines
as compared to the non-cancerous APRE-19 and 3T3 cell
lines, which implies that they may possess natural transfection
selectivity for specific cell types. Through proliferation
measurements and confocal microscopy-based trafficking
studies, the faster proliferation rate of SKOV3 cells and the
more formidable intracellular barriers of APRE-19 cells were
found to contribute to this result. The selectivity was found to
be about 21 for the transfection efficiency of HT1080 cells
over that of APRE-19 cells using pentablock copolymers.
However, the well-known and commonly used transgene
vector ExGen induced an almost evenly high transfection in
all cell types in this study and did not show any selectivity.
Since primary cells typically have even slower proliferation
rates than most cell lines, the pentablock copolymers are
expected to have a better selectivity between carcinoma and
primary normal cells, thereby providing an excellent vector to
deliver genes for cancer therapies.
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