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Polyethylenimine (PEI) - based polymers are promising cationic nanovectors. A good understanding of
the mechanism by which cationic polymers/DNA complexes are internalized and delivered to nuclei
helps to identify which transport steps may be manipulated in order to improve the transfection effi-
ciency. In this work, cell internalization and trafficking of PEI-CyD (PC) composed of B-cyclodextrin (-
CyD) and polyethylenimine (PEI, Mw 600) are studied. The results show that the PC transfected DNA is
internalized by binding membrane-associated proteoglycans. The endocytic pathway of the PC particles
is caveolae- and clathrin-dependent with both pathways converging to the lysosome. The intracellular
fate of the PC provides visual evidence that it can escape from the lysosome. Lysosomal inhibition with
chloroquine has no effect on PC mediated transfection implying that blocking the lysosomal traffic does
not improve transfection. To improve the nuclear delivery of PC transfected DNA, nuclear localization
signal (NLS) peptides are chosen to conjugate and combine with the PC. Compared to PC/pDNA, PC-NLS/
PDNA, and PC/pDNA/NLS can effectively improve gene transfection in dividing and non-dividing cells.
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1. Introduction

Non-viral gene delivery systems are promising in gene therapy
because of the capacity for large genes, immunogenicity, and
tissue-specific targeting [1,2]. PEl-based non-viral gene delivery
vectors have tremendous potential [3,4] and several non-viral
vectors are currently under development [5]. The potential
barriers to the translocation of exogenous DNA from outside the cell
to the nucleus include cell binding, internalization, endosomal
escape, and nuclear entry [6]. Binding of vectors to the cell surface
is a prerequisite to subsequent internalization, and membrane-
associated proteoglycans play an important role in polycation-
mediated cell binding [7]. Endocytosis is currently considered the
primary method in which non-viral gene delivery vectors are
internalized [8], although some reports have suggested that non-
viral gene delivery has a non-endocytic mechanism [9]. There are
multiple endocytic pathways including phagocytosis as well as
clathrin- and caveolae-dependent endocytosis [10,11], but recent
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studies have failed to demonstrate the dominance of any particular
internalization processes that lead to transfection. Thus, further
studies of the uptake and trafficking mechanisms are required to
design vectors. Nuclear import of pDNA limits the transfection
efficiency of non-viral vectors. As transfected DNA is too large to be
passively transported, it must either be actively transported
through nuclear pores or diffuse into the nucleus while the nuclear
membrane is disassembled during cell division [12—14]. The
mechanism governing the translocation of cationic polymers/DNA
complexes into nuclei is not well understood and remains an
important area of investigation in order to improve non-viral gene
therapy. The nuclear localization signal (NLS), which is recognized
by nuclear protein, can efficiently transfer macromolecules into the
nucleus from cytoplasm by active transport [13], and the applica-
tion of NLS peptides for non-viral gene transfer has been investi-
gated [15—17].

We have previously reported a PEI-based polymer composed of
low molecular weight PEI (600 Da) cross-linked by B-cyclodextrin
(B-CyD) molecules (PEI600-CyD, PC) [18]. PC is biodegradable and
displays high transfection efficiency in culture neurons. Moreover,
folic acid [19], TAT-R8 [20], and MC-10 oligopeptide [21] have been
grafted on PC. They exhibit higher targeting and transfection effi-
ciency as well as low cytotoxicity in various tumor cell lines and
different mouse models. Recently, low-dose Dox was cross-linked
to PC to produce multifunctional PC-Dox pro-drug to carry p53
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plasmid in the form of PC-Dox/p53 complexes to treat multi-drug
resistant breast cancers. Furthermore, the cancer therapeutic
effects of drug and gene therapies have been investigated [22]. In
this study, PEI-CyD (PC) is used as a model and by monitoring the
intracellular fate of PC, we can determine whether DNA is trans-
ported to lysosomes and if so, whether utilizing lysosomotrophic
agents such as chloroquine which prevents the activity of lysosomal
enzymes can improve gene transfection. Furthermore, the effects of
the cell cycle on PC mediated gene transfection and gene trans-
fection of PC/pDNA, PC-NLS/pDNA, and PC/pDNA/NLS in dividing
and non-dividing cells are investigated. Our objective is to study
the cell binding and internalization mechanism of non-viral

vectors. It is a key step in gene transfection and this study is also
of practical significance concerning the application of cationic
polymers to gene and drug delivery.

2. Material and methods
2.1. Chemicals and peptides

Polyethylenimine (PEI, MW 25 KDa and MW 600Da), B-cyclodextrin (MW 1135),
fluorescent lectin wheat germ agglutinin (FL-WGA), and lectin wheat germ agglu-
tinin (L-WGA) were acquired from Vector Laboratories (Burlingame, CA, USA).
Amiloride hydrochloride, filipin, chlorpromazine hydrochloride, n-succinimidyl-3-
(2-pyridyldithiol) propionate (SPDP, MW312.37), 3-(4,5-dimethylthiazol-2-yl)-2,5-

Fig. 1. Transfection efficiency (A) and cell uptake of PC/pDNA (B) in CACO-2 cells with and without the treatment of WGA. The transfection efficiencies are showing as means + SD
(n = 3). The Hochest nuclear stain is shown in blue, CX-rhodamin labeled plasmid in red, and FL-WGA in green. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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diphenyl tetrazolium bromide (MTT), and chloroquine were purchased from Sig-
ma—Aldrich (St. Louis, MO, USA). Digitonin was obtained from Calbiochem (La Jolla,
CA, USA) and 1,1-carbonyldiimidazole (CDI) was purchased from Pierce (Rockford,
USA). Lyso-Tracker-Red and Hochest 33342 were purchased from the Beyotime
Institute of Biotechnology (Haimen, Jiangsu, China), whereas NLS1 (PKKKRKVED-
PYC) and NLS2 (PKKKRKVPKKKRKVEDPYC) were purchased from GL Biochem
(Shanghai, China).

2.2. Cell culture and transfection

The HEK293 cells were cultured in Dulbecco’s modified eagle medium (DMEM)
containing 10% bovine serum (FCS), whereas the B16BL6 cells were cultured in RPMI
1640 containing 10% bovine serum (FCS) and CACO-2 cells in RPMI 1640 containing
20% fetal bovine serum (FBS). In the luciferase transfection experiments, the cells of
interest were seeded with a density of 3 x 10%/well in 48-well plates and grown for
18 hat 37 °Cin a humidified 5% CO; incubator. The medium was replaced with 0.3 ml
of fresh serum-free medium, and 100 ml of freshly prepared vectors/pDNA complex
containing 1 pg of DNA was added to each well. The transfection experiments with
Lipofectin2000 were performed according to the manufacturer’s instructions. To
achieve optimal transfection efficiency, the N/P ratios of the PEI25KD and PC were 10
and 25, respectively. After 4 h of transfection, the medium was replaced by fresh
growth medium and then the cells were incubated for an additional 24 h. Finally, the
cells were washed twice with PBS and harvested to test the Luciferase activity

according to standard protocols of the luciferase assay system (Promega). The total
protein was measured using a BCA protein assay kit (Pierce).

WGA was used to test the blocking of cationic polymer binding to CACO-2 cells
[23]. The cells were pretreated with 50 pg/ml WGA for 30 min at room temperature,
washed with PBS, and then transfected with the complexes for 4 h. In the
temperature-dependent transfection experiments, the CACO-2 cells were incubated
at4and 37 °Cfor 1 h and then transfected at the same temperature for 4 h. Endocytic
inhibitors were used to identify the possible endocytotic pathways and the
following concentrations were selected based on previous studies [20]: 20 mm
amiloride, 1 pg/ml filipin, and 10 pg/ml chlorpromazine. The cells were pretreated
with the inhibitors for 30 min at 37 °C and then transfected with complexes for 4 h at
37 °Cin the presence of the inhibitors. The cells were washed with PBS and cultured
in fresh media in the absence of the inhibitors for another 24 h prior to measuring
the luciferase activity. In the Chloroquine experiments, the cells were transfected in
the presence of 100 mwm chloroquine for 4 h. The cells were washed with PBS and
cultured in fresh media without chloroquine for another 24 h prior to measurement
of the luciferase activity.

Gene transfection of growth-arrested cells is conducted according to the
following procedures. 5 x 10%/well cells were seeded into 48-well plates and grown
for 24 h to achieve full confluence. Subsequently, the medium was removed, the cells
were washed with PBS, and serum-free medium was added to each well for 24 h. The
cells were transfected with complexes for 4 h. In order to inhibit nuclear pore
transport, the cells were permeabilized with digitonin for 5 min in ice and washed

Fig. 2. (A) Transfection efficiency and (B) cell uptake of PC/pDNA in CACO-2 cells at 4 and 37 °C. The transfection efficiencies are showing as means + SD (n = 3). The nuclei are

stained with hoechest 3325 and the plasmid is labeled by CX-rhodamin.
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with PBS. The cells were then treated with WGA for 30 min and washed with PBS.
The cells were transfected with complexes for 4 h. In the EGFP plasmid transfection
experiments, the HEK293 cells were cultured and transfected as described above.
The percentages of EGFP expressing cells and mean fluorescence intensity (MFI)
were employed to quantify the transfection efficiency by means of flow cytometry.
After transfection for 36 h, the cells were trypsinized, washed, and re-suspended in
the PBS buffer, and the EGFP positive cells were tested by flow cytometry (Caliber,
CA, USA). The untransfected HEK293 cells were used to set the background.

2.3. Fluoresence labeling

The plasmid DNA was labeled by the Label IT Tracker™ Nucleic Acid Labeling
Kits, CX-Rhodamine (Mirus) according to the provided protocol. In brief, the plasmid
DNA and label IT reagents were mixed and incubated at 37 °C for 1 h. Any unreacted
labeling reagent was removed and the plasmid DNA was purified by ethanol
precipitation. The FITC-conjugated PC was obtained by adding 50 mg of PC to
2.5 umol of the FITC isomer solubilized in 5 mL of a 1:1 DMSO/water mixture. The
solution was stirred in the dark for 2 h at room temperature. The unreacted FITC
molecules were removed by dialysis (molecular weight cut off 8000) in distilled
water for 2 days and the products were then lyophilized.

2.4. Inhibition of cell uptake

Cell internalization inhibition was examined by confocal microscopy. 5 x 10%/
well CACO-2 cells were seeded onto 24-well plates and grown for 18 h. 1 pg of CX-
rhodamine labeled pDNA was complexed with PC and then transfected with cells as
described above. After transfection for 2 h, the cells were fixed with fresh 4%
paraformaldehyde and then treated with 10 pg/ml hoechest33245 in PBS for 10 min.
The confocal images were acquired on a confocal scanning laser microscope (CLSM,
Radiance 2100, Bio-Rad).

2.5. Intracellular trafficking of PC

5 x 10%/well CACO-2 cells were seeded onto 24-well plates and grown for 18 h.
The transfected FITC-PC/pDNA complexes used in the chloruquine experiments and
transfection medium contained 100 mm chloroquine. At specific time points during
transfection or post-transfection, the cells were rinsed and incubated in the medium
containing 100 nm Lyso-tracker Red for 1 h. The cells were fixed with fresh 4%
paraformaldehyde and then treated with 10 pg/ml hoechest33245 in PBS for 10 min.
The confocal images were taken on a confocal scanning laser microscope (CLSM,
Radiance 2100, Bio-Rad).

2.6. Cell cycle analysis

HEK293, B16BL6, and CACO-2 cells were seeded into 6-well plates with a density
of 2 x 10°/well and grown for 24 h to achieve full confluence. After the medium was
removed, the cells were washed with PBS, and serum-free medium was added to
each well for 24 h. The controls were seeded into 6-well plates with a density of
3 x 10°/well and grown for 24 h to achieve full confluence. Cell cycle analysis was
performed using the cell cycle kit (Beyotime). The cells were trypsinized, washed,
and fixed by 75% ethanol at —20 °C overnight. The cell suspension was washed and
re-suspended in 100 pl of PBS, and then RNaseA and propidium iodide were added
and incubated at 37 °C for 30 min. The fluorescence-stained cells were analyzed by
flow cytometry (Caliber, CA, USA).

2.7. Polymer synthesis and biochemical characterization

The PC backbone was synthesized by a previously reported protocol [18]. The PC
(100 mg) was dissolved in 10 ml of PBS and SPDP (2.5 mg, 0.01 mmol) was dissolved
in a mixture of 0.5 ml PBS and 0.5 ml DMSO. The two solutions were mixed and
0.1 ml of triethylamine was added. The mixture was stirred in the dark for 2 h. The
nuclear signal peptides NLS1 (8.27 mg, 5.55 nmol) or NLS2 (11.81 mg, 5.55 nmol)
were dissolved in 1 ml of PBS buffer and added slowly to the solution under stirring
in the dark for another 4 h. The mixtures were dialyzed with a dialysis tube (MW
8000-14000) for 2 days and then freeze dried for further use. The conjugations of
NLS1 onto the PC backbone were confirmed by 'H NMR. The particle size and zeta-
potential measurements were conducted at 25 °C by dynamic light scattering (DLS)
on the Zetasizer 3000 (Malvern Instruments, Worcestershire, UK). The morphology
of the complexes was examined by field-emission scanning electron microscopy
(FE-SEM, JEOL JSM-7400F, Japan) at an accelerating voltage of 6.0 kV. 5 puL of the
complexes were placed on a silicon plate which was carbon-taped to the sample
holder and air-dried prior to conducting SEM.

2.8. Nuclear trafficking of vectors/pDNA

Prior to confocal microscopy, the HEK293 cells were seeded with a density of
6 x 10%/well in the confocal imaging dishes (Glass Bottom microwells, MatTek Corp.,
Ashland, MA). 2 pg of the Rhodamine-labeled plasmid DNA was mixed with the
polymers/pDNA and treated in the cells in the absence of serum. After 4 h of

incubation at 37 °C, the cells were incubated for 6 h in the DMEM medium (10% FCS).
Afterwards, the cells were fixed with fresh 4% paraformaldehyde and treated with
10 pg/ml hoechest33245 in PBS for 10 min. Localization of the labeled pDNA in the
cells was examined by confocal laser scanning microscopy (CLSM, Radiance 2100,
Bio-Rad).

3. Results and discussion

Binding of vectors to the cell surface is prerequisite to inter-
nalization. It is well known that cell surface proteoglycans have
a significant impact on polycation-mediated gene delivery [7].
Sialic acid as a component of glycoproteins is involved in the
binding and transport of positively charged molecules due to their
negative charge [24,25] and has been reported as a receptor for
virus infection [26]. The wheat germ agglutinin (WGA) lectin which
has a strong affinity to N-acetyl-glucosamine and sialic acid has
been utilized to block cationic polymers from binding to CACO-2
cells [23]. When WGA is pre-incubated with CACO-2 cells for
30 min, the gene expression mediated by PC and PEI25KD is 36%
and 12%, respectively of those of the untreated cells, but no
significance difference can be found from lipofectin2000 (Fig. 1A).
Confocal microscopy is employed to examine the trafficking of
pDNA transfected by PC. The pDNA is labeled by CX-rhodamine (red

Fig. 3. (A) Transfection efficiency and (B) cell viability of CACO-2 cells treated with
specific endocytic inhibitors. The data are shown as means + SD (n = 3).
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Fig. 4. (A) Intracellular fate and cytoplasmic release of PC in CACO-2 cells at different time point, (B) Confocal fluoresence image, and (C) Transfection efficiency (C) of CACO-2 cells
with and without chloriquine. The transfection efficiencies are showing as means + SD (n = 3). The Hochest nuclear stain is shown in blue, lysosome in red (Lyso-Tracker), and PC-
FITC in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fluorescence) whereas the nuclei are stained with Hoechst 33342
(blue fluorescence). FL-WGA interacts with the cell membrane
(green fluorescence). As shown in Fig. 1B, with regard to the pre-
incubated WGA with CACO-2 cells, pDNA diminishes in the cell
membrane compared to the untreated WGA (Fig. 1B, a3 and b2).
This indicates that polyplexes and lipoplexes have different cell
binding and for polyplexes, sialic acid may act as a receptor facili-
tating cell binding. Compared to PEI25KD, PC shows lower inhibi-
tion after the WGA treatment implying that the PC interacts with
the cell membrane mainly via binding sialic acid and diversified cell
binding is involved.

It is important to define the internalization pathways for the
non-viral vectors that lead to efficient functional transfection. The
cells are pre-incubated at 4 °C to completely inhibit energy
dependent cellular uptake. Temperature dependent gene trans-
fection is conducted to examine the internalization of PC, PEI25KD,
and Lipofectin2000 in the CACO-2 cells. The transfection efficiency
is greatly reduced at 4 °C mediated by PC ( ~86%), PEI25KD ( ~85%)
and Lipofectin2000 ( ~70%), as depicted in Fig. 2A. Internalization
of the fluorescence-labeled plasmid DNA/PC complexes at 4 and
37 °Cis observed visually. Fig. 2B shows that at 4 °C, it is difficult to

observe red fluorescence around the cell (Fig. 2B, a3), but at 37 °C,
the large amount of red spots reflects the labeled plasmids inside
the cells (Fig. 2B, b3). The results indicate that endocytosis is the
main way of PC and PEI25KD internalization. With regard to lip-
ofectin2000, it enters cells via a combination of non-endocytotic
and endocytotic pathways [27].

Transfection experiments with specific endocytic inhibitors are
performed to elucidate the endocytic pathways. Filipin inhibits the
raft/caveolae pathway, chlorpromazine inhibits clathrin-mediated
endocytosis, and amiloride inhibits macropinocytosis [28]. As
shown in Fig. 3A, treating the CACO-2 cells with chlorpromazine
and filipin results in 28% and 20% decrease in PC mediated gene
transfection, whereas treatment with amiloride reduces gene
transfection by 14%. Hence, the PC internalizes via a combination of
caveolae - and clathrin — dependent endocytosis, with the latter
endocytic pathway contributing more substantially. With regard to
PEI25KD, amiloride and chlorpromazine decrease gene transfection
slightly, whereas filipin reduces it by 25%. Therefore, the internal-
ization pathway of PEI25KD depends largely on the caveolae
pathway [29]. The three endocytic inhibitors show no obvious
effects on Lipofectin2000 mediated gene transfection (Fig. 6 A) and

Fig. 5. (A) Cell cycle analysis and (A) Transfection efficiency of dividing and growth-arrested cells. The data are shown as means + SD (n = 3).
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lipoplexes undergo an internalization pathway different from that
of the polyplexes. The cell viability shows that the toxicity of the
inhibitors does not influence the gene expression under the
experimental conditions (Fig. 3B).

Lysosomal degradation of transfected DNA has been proposed to
be a major reason for poor transfection efficiency [30]. Here, we
determine the intracellular fate of PC and associated gene trans-
fection. The FITC-PC/pDNA complexes are incubated with CACO-2
cells which are monitored for 24 h by confocal microscopy. The
lysosomes are stained with Lyso-Tracker (red fluorescence). As
shown in Fig. 4A, 2 h after transfection, a small number of FITC-PC
tracks the lysosome, as evidenced by colocalization of FITC-PC and
lysosome (Fig. 4A, a4). PC fluorescence and Lyso-Tracker staining

are more intense after 4 h or 8 h than 2 h transfection (Fig. 4A, b4
and c4), suggesting that PC accumulation in the lysosome is time
dependent. After 24 h, PC-FITC escapes in significant quantities
from the lysosomal membrane and enters the cytoplasm (Fig. 4A,
d4). Hence, PC tracking is time dependent and it is able to escape
from the lysosome. The contributor is PEI which has a high buff-
ering effect due to the presence of protonated amine groups in the
structure that increases the osmotic pressure in the endosome
resulting in disruption of the endosomal membrane [31]. These
results also indicate that PC tracked to lysosome and lysosomo-
trophic agents such as chloroquine [32] can be utilized to deter-
mine whether preventing the activity of lysosomal enzyme can
improve gene transfection. Confocal microscopy is used to examine

Fig. 6. (A) Synthesis of PC-NLS1, (B) Schematic diagram of plasmid DNA encapsulated PC-NLS1, (C) PC/pDNA/NLS as a nano-sized DNA carrier, 'H MNR spectra of PC, NLS1, PC-NLS1
in D,0 (D). The size distribution of the vectors/pDNA is measured by DLS and the inset images present the SEM images of the vectors/pDNA in (E).
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Table 1

Summary of cell cycles of dividing and growth arrested cells.
Cell cycle Cell lines G1 (%) S (%) G2 (%) G2/G1 (%)
Dividing HEK293 55.89 29.26 14.85 1.92
Growth arrested HEK293 70.26 20.29 9.45 1.98
Dividing B16BL6 58.94 38 5.07 1.95
Growth arrested B16BL6 67.27 2417 8.65 1.95
Dividing CACO-2 54.56 36.56 8.88 1.85
Growth arrested CACO-2 72.85 12.36 14.79 1.90

the intracellular distribution of PC with and without chloroquine in
the CACO-2 cells. As shown in Fig. 4B, after incubation for 2 h,
a large amount of PC-FITC is released from the lysozyme into the
cytoplasm (Fig. 4B, b4). A small amount of PC-FITC is trapped in the
lysosome without chloroquine, as evidenced by colocalization of
green fluorescence and red fluorescence (Fig. 4B, a4). The luciferase
activity of PC, PEI25KD, and lipofectin2000 after treatment with
chloroquine reveals that chloroquine has no effects on gene
transfection (Fig. 4C). Lysosomal trafficking fails to improve trans-
fection and nuclear translocation of plasmid appears to a limiting
step in transfection.

Compared to viral gene vectors, non-viral vectors have relatively
low transfection efficiency, and inefficient transfer of DNA from the
cytoplasm to the nucleus has been identified as a major reason,
particularly in postmitotic and quiescent cells where there is no
periodic breakdown in the nuclear membrane [12,14]. A good
understanding of the mechanism governing PC mediated nuclear
entry will enable improvement in PC based gene delivery strate-
gies. In this work, the influence of the cell cycle on gene trans-
fection is studied using dividing and growth-arrested cells by
serum starvation. The standard flow cytometric analysis of propi-
dium iodide-stained cells confirms that serum-starved HEK293,
B16BL6, and CACO-2 cells are predominantly (70%, 68%, and 73%) in
the GO/G1 phase of the cell cycle (Fig. 5A and Table 1). In these three
cell lines, the luciferase activity decreases by 80%, 70% and 85%,
respectively (Fig. 5B). The nuclear entry of pDNA mediated by
polyplexes is mainly via the breakdown of the nuclear membrane
during mitosis [33]. However, the gene expression also occurs in
the growth-arrested cells, suggesting that the PC/pDNA complexes
or free plasmid DNA can cross the nuclear envelope.

It is unclear whether improving the active nuclear transport will
benefit PC mediated gene transfection in dividing and growth-
arrested cells. However, it is known that NLS can improve the
nuclear entry and enhance the gene transfection of non-viral
vectors [15,17,34]. Two different lengths of NLS peptides are
selected to conjugate and combine to the PC (Fig. 6). The conju-
gations of NLS1 onto the PC backbone were assessed by 'H NMR. As
shown in Fig. 6D, the protons at ¢ 4.9 ppm are assigned to the H6
hydroxyl group inside the ring of CD, those at ¢ 2.3—2.8 ppm
correspond to —CH2—CH2-N from PEI600, and those at 6 7.0 ppm
are associated with the aromatic group of the NLS. The character-
istic peaks of NLS can be observed from PC-NLS1, indicating that the
NLS peptide is indeed conjugated to the PC backbone. The samples
are also analyzed by UV-—visible spectrophotometry. The UV

Table 2
Particle size and zeta potentials of PC, PC-NLS, and PC/pDNA/NLS.

Particle size (nm) Zeta potentials

PC 191 £ 8 29 + 132
PC-NLS1 195 + 11 20.6 +£22

PC-NLS2 185+ 9 196 + 1.3

PC/pDNA/NLS (1/0.1/0.01) 296 + 7 102 +0.15
PC/pDNA/NLS (1/0.1/0.1) 307 + 12 9.4 + 052
PC/pDNA/NLS (1/0.1/1) 450 + 22 58+ 0.42
PC/pDNA/NLS (1/0.1/10) 680 + 52 2.8+ 042

spectrum of PC-NLS is similar to that of NLS but displays a bath-
ochromic shift attributable to modification of the NLS between the
free and conjugated states (data not shown).

The physicochemical properties such as morphology, size, and
zeta potential of the complexes are important parameters which
influence the cellular uptake. The size and zeta potential of PC/
pDNA, PC-NLS/pDNA, and PC/pDNA/NLS complexes are listed in
Table 2. Compared to the PC/DNA complexes, the PC-NLS1/DNA and
PC-NLS2/DNA complexes at N/P of 25 have similar particle size and
zeta potential values (190 nm and 20 mV). The particle size of PC/
pDNA/NLS increases whereas the zeta potential decreases (Fig. 6E).
Scanning electron microscopy (SEM) discloses that most of the

Fig. 7. (A) Transfection efficiency of conjugation, (B) Combination vectors/pDNA in
dividing cell lines, and (C) Transfection efficiency of conjugation and combination
vectors/pDNA in growth-arrested cells. The data are shown as means + SD (n = 3).
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particles have the form of spherical aggregates. The size discrep-
ancy observed between the PC-NLS/pDNA and PC/pDNA/NLS
complexes indicates that addition of NLS disrupts PC condensed
pDNA and the DNA perhaps absorbs onto the surface of the PC/
pDNA/NLS complexes. The cytotoxicity of the complexes is evalu-
ated by the MTT assay. The PC/pDNA, PC-NLS/pDNA, and PC/pDNA/
NLS complexes exhibit lower cytotoxicity for the three cells lines
compared to the PEI25KD/pDNA complexes (data not shown).

In vitro gene transfection of PC-NLS/pDNA is performed using
HEK293, B16BL6, and CACO-2 cells lines to determine the optimal
conditions for transfection. Among the three cell lines, PC-NLS5 (NLS
and PC feed ratio of 5%) shows the highest levels of gene expression
at N/P 25 (data not shown). As shown in Fig. 7A, PC-NLS1 and PC-
NLS2 enhance gene transfection by 1.5—2 folds compared to PC,
and so PC-NLS can enhance gene transfection. To ensure the bioac-
tivity of NLS, the PC/pDNA/NLS complexes are prepared. Using the

Fig. 8. (A) Flow cytometry analysis and (B) Traces of the labeled pDNA at 6 h post-transfection in HEK293 transfected by PC, PC-NLS1, and PC/pDNA/NLS. The N/P is 25. The Hochest
nuclear stain is shown in blue and CX-rhodamin labeled plasmid in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 9. Inhibition of luciferase expression treated with digitonin and WGA in CACO-2
cells. The data are shown as means + SD (n = 3).

optimal N/P ratio of PC/pDNA of 25, different ratios of NLS are added
to the complexes (Fig. 7B). The transfection efficiency is influenced
by the ratio of NLS. The optimal ratio of PC/pDNA/NLS is 1/0.1/0.01
(w/w/w) which yields the highest transfection efficiency. It is about
3 times larger than that of PC but the transfection efficiency
diminishes if the NLS is further increased. At a weight ratio of 1/0.1/
10 (w/w/w), the gene expressions are smaller than those of the PC.
This means excess NLS weakens the electrostatic interactions

between the PC and pDNA and also disrupts PC condensation pDNA
into tight complexes (Table 2). Thus, the weight ratio of 1/0.1/0.01
(PC/pDNA/NLS) is chosen in the following study. To minimize NPC-
independent nuclear transport that occurs when the nuclear
membrane is decreased during mitosis, growth-arrested cells are
used to evaluate gene expression. The contribution of NLS to the
transfection efficiency is studied in non-dividing HEK293, B16BL6,
and CACO-2 cells. The gene transfection efficiency of PC-NLS1/pDNA
and PC/pDNA/NLS at an N/P ratio of 25 is about 2.5 and 5 times
higher than that of PC in the HEK293 cells, 1.5 and 3 folds of that in
the B16BL6 cells, and 2.5 and 3 folds of that in the CACO-2 cells
(Fig. 7C). The contribution of NLS to the transfection efficiency in
non-dividing cells is greater than that in dividing cells. In dividing
cells, nuclear delivery of pDNA can be achieved when the nuclear
membrane is decreased during mitosis. However, in non-dividing
cells, pDNA transfer between the cytoplasm and nucleus requires
a nuclear localization signal (NLS).

It is further confirmed by flow cytometry analysis of the
HEK293 cells (Fig. 8A). The percentages of green fluorescence
positive cells transfected with PC-NLS1 and PC/pDNA/NLS are 2.1
and 2.3 times higher than those of PC. These results are consistent
with those obtained from the luciferase experiments and present
evidence that the NLS-based vectors can improve gene trans-
fection in dividing cells. The ability of PC, PC-NLS, and PC/NLS to
transport plasmid DNA to the cytoplasm and nucleus in the
HEK293 cells is evaluated by confocal laser scanning microscopy.
As shown in Fig. 8B, after 6 h of incubation, PC-NLS and PC/pDNA/
NLS can deliver the plasmid to the nucleus (Fig. 8B, b1, b2, and c1,
c2), whereas PC only delivers the plasmid to the perinuclear

Fig. 10. Schematic illustration of the process of gene delivery mediated by PC.
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region of the cytoplasma (Fig. 8B, al, a2). Hence, the NLS-based
vectors facilitate translocation of pDNA to the nucleus and the
results are in agreement with the transfection efficiency. The
nuclear import assay and WGA blockage are utilized to explore the
nuclear transfer of NLS-based pDNA delivery involving the nuclear
pore complex. The digitonin-permeabilized cells are used to
examine nuclear protein import and export. The detergent digi-
tonin selectively permeabilizes membranes rich in cholesterol,
such as the plasma membrane, while leaving intact membranes of
intracellular organelles with low levels of cholesterol such as the
nucleus and secretory granules [35]. In the digitonin-
permeabilized cells, WGA can specifically bind with nuclear pore
complexes (NPC). Digitonin has a small negative effect on gene
transfection mediated by PC, PC-NLS, and PC/NLS in the CACO-2
cells, suggesting that the permeabilized cells do not facilitate PC
mediated gene transfection. As shown in Fig. 9, after treatment
with digitonin and WGA, the luciferase expression is reduced by
30%, 60% and 70%, respectively as transfected by PC, PC-NLS, and
PC/NLS. Hence, NLS mediated nuclear transport is involved in the
nuclear pore complex.

Fig. 10 depicts the mechanism of the intracellular trafficking of
cationic polymers such as PC involving the successive steps of
cationic polymers interacting with cell membrane via binding
membrane-associated proteoglycans (step 1) and through clathrin-
and caveolae -dependent endocytic pathway to enter the cells (step
2). The endocytotic vesicles grow in number, colocalize with lyso-
some (step 3), and escape from the lysosome (step 4). Cell cycle
dependent nuclear entry is a critical determinant which governs the
transfection effectiveness and the NLS peptides can improve the
nuclear entry of DNA and consequently enhance gene transfection.

4. Conclusion

PC transfected DNA is internalized via binding membrane-
associated proteoglycans. The endocytic pathway of the PC parti-
cles is caveolae- and clathrin-dependent with both pathways
converging to the lysosome. The intracellular fate of the PCindicates
that it can escape from the lysosome. Lysosomal inhibition with
chloroquine has no effect on PC mediated transfection implying that
blocking the lysosomal traffic does not improve transfection. To
improve the nuclear delivery of the PC transfected DNA, nuclear
localization signal (NLS) peptides are chosen to conjugate and
combine to the PC. Compared to PC/pDNA, PC-NLS/pDNA and PC/
PDNA/NLS can effectively improve gene transfection in dividing and
non-dividing cells.
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