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a  b  s  t  r  a  c  t

Elevated  low-density-lipoprotein  cholesterol  (LDL-C)  level  is a major  risk  factor  leading  to  cardiovascu-
lar diseases.  Therefore,  since  the  proprotein  convertase  subtilisin  kexin  type  9 (PCSK9)  regulates  LDL-C
receptors,  it represents  the  appropriate  target  for cholesterol-lowering  gene  therapy.  However,  although
delivery  of  antisense  oligonucleotides  (ODNs)  is a  promising  therapeutic  method  for  the treatment  of
several  diseases,  it is  fundamental  to develop  new  and  efficacious  carriers  that  transport  the  ODNs  into
the  target  cell  in  a nontoxic  manner.

This study  reports  on  the  synthesis,  characterization  and  in  vitro  testing  of  a  new  liver  specific  carrier
based  on  linear  cationic  diblock  glycopolymer  composed  of  galactosyl  ureaethyl  methacrylate  (GAMA)
ntisense
epatocyte
SCK9

and the  primary  amine-containing  dimethylamino  ethyl  methacrylate  (DMAEMA).  Delivery  experiments
proved  that  the  poly(galactosyl  ureaethyl  methacrylate  -b-dimethylamino  ethyl  methacrylate)  diblock
copolymer  (pGa4D47),  internalized  in a receptor-mediated  manner,  exhibited  a much  faster  nuclear
transportation  than  ODNs  carried  by pDMAEMA  homopolymer  or glycopolymer  bearing  glucose  moieties.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Since the 1970s, gene therapy has been presented as a poten-
ial treatment for genetic disorders by replacing defective genes
ith DNA/ONDs molecules (Friedmann & Roblin, 1972; Zamecnik

 Stephenson, 1978). However, carriers are needed to transport
he DNA/ODNs through the cell membrane and to avoid degra-
ation by nucleases, interaction with blood components, and the
ptake by non-target cells. In general, viral vectors are extremely
fficient carriers and may  have a specific targeting ability because
f their natural tendency to infect certain cell types. However, viral
ectors may  have oncogenic potential and can carry DNA/ODNs of
imited size only. These problems can be circumvented by employ-
ng non-viral vehicles such as cationic lipids or polymers. Cationic

olymers possess positive charges and can electrostatically bind
o the anionic charges of DNA/ODNs to form a complex (polyplex).
his action condenses the hydrodynamic radius of the polyplex and

∗ Corresponding author. Tel.: +81 6 6833 5012x2637; fax: +81 6 6835 5476.
E-mail addresses: obika@phs.osaka-u.ac.jp (S. Obika), yamtet@ri.ncvc.go.jp,

amtet@ncvc.go.jp (T. Yamaoka).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.022
144-8617/© 2014 Elsevier Ltd. All rights reserved.
provides high flexibility with regard to the size of the DNA/ODNs
that they can deliver (Wagner & Kloecker, 2006). Although non-
viral carriers possess numerous advantages, several investigators
have shown that their transfer efficiencies are considerably lower
than those of viral vectors (Brown, Schatzlein, & Uchegbu, 2001).
Therefore, improving the efficiency of non-viral vectors is essential.

Synthetic carriers may  be tailored for the proposed application
by choosing the appropriate molecular weight and targeting or
shielding specific moieties. Ongoing research has widely demon-
strated the significant influence of the polymer structure on the
efficiency of gene delivery (Fischer et al., 2002; Kircheis, Wightman,
& Wagner, 2001; Jeong, Song, Lim, Lee, & Park, 2001; Petersen et al.,
2002; Remy et al., 1998). Thus, the carrier design requires a deep
understanding of the interactions with DNA/ODNs as well as the
mechanisms involved in entry in the cells. In fact, it is well-know
that polyplexes are able to pass the cellular membrane via endo-
cytosis (Merdan, Kopecek, & Kissel, 2002). Different endocytosis
pathways yield different intracellular fates, which might explain

why the transfection efficiency of the same carrier differs among
different cell lines. The predominant entry pathway for polyplexes
is adsorptive endocytosis due to the charge-mediated interaction
of cationic polyplexes with negatively charged proteoglycans on

dx.doi.org/10.1016/j.carbpol.2014.08.022
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he cell surface (Remy-Kristensen, Clamme, Vuilleumier, Kuhry, &
ely, 2001). In addition to this form of passive targeting, active tar-

eting takes advantage of the presence on the polymer backbone
f targeting moieties that specifically bind to receptors expressed
n the cell surface (Fagerholm, Ortegren, Karlsson, Ruishalme, &
tralfors, 2009; Kang et al., 2010; Ning, Buranda, & Hudson, 2007;
u & Wu,  1987, 1988). Once internalized, the polyplexes become

ntrapped in endosomes and are eventually transported to the lyso-
omes, where active enzymatic degradation processes take place.
herefore, it is essential for the polyplex to escape rapidly from
he endosome and release the DNA/ODNs, which finally perform
ts function in the cytoplasm or nucleus.

Statins are the drugs of choice for the vast majority of patients
t high risk of heart disease. However, it has been reported that
atients may  show side effects such as muscle pain, nausea,
nd liver and nervous system problems with the use of statins
Pasternak, Smith, & Bairey-Merz, 2002; Tomlinson & Mangione,
005; Zhang et al., 2013). Therefore, it is necessary to develop
ew treatments to decrease the LDL-C levels. Cohen et al. (2005)
emonstrated that loss-of-function mutations in PCSK9 reduced
DL-C levels and decreased the frequency of heart disease by 88%.
hus, the use of ODNs that bind to the PCSK9 mRNA and pre-
ents its translation, thereby inhibiting protein synthesis, appeared
o be a promising approach for the cure of this pathology. The

ain problem lies in the safe and efficient delivery of ODNs into
epatocytes. For that reason, in the present study, we  designed

ow-molecular-weight diblock glycopolymers as liver-targeting
arriers. These vectors are composed of poly(galactosyl ureaethyl
ethacrylate) (GAMA), for specific gene targeting to asiloglycopro-

ein (ASGPR) (Wu  & Wu,  1987, 1988), and dimethylamino ethyl
ethacrylate (DMAEMA), which is well known to possess lysoso-
al  disruption ability via a buffering effect (Remy-Kristensen et al.,

001; van de Wetering, Cherng, Talsma, Crommelin, & Hennink,
998; van de Wetering, Moret, Schuurmans-Nieuwenbroek, van
teenbergen, & Hennink, 1999). However, the major disadvantages
f pDMAEMA-based carriers are their non-biodegradability and
light cytotoxicity. In particular, both transfection efficiency and
oxicity of pDMAEMA have been reported to increase with increas-
ng molecular weight of the cationic polymer itself (Arigita, Zuidam,
rommelin, & Hennink, 1999; Wetering, Cherng, Talsma & Hennink,
997; Wetering, Schuurmans-Nieuwenbroek, Hennink, & Storm,
997). Thus, in this work, considering that low-molecular-weight
ompounds (molecular weight lower than 30 kDa) can be excreted
y the kidneys (Petersen et al., 2002), we have synthesized diblock
lycopolymers with a molecular weight about 10 kDa, bearing an
dequate content of galactose units to allow liver targeting and
educe the cytotoxicity. The glycopolymers were chemically char-
cterized by proton nuclear magnetic resonance (1H-NMR) and
el permeation chromatography (GPC). Polyplexes were prepared,
haracterized and the cytotoxicity was examined in terms of cell
iability and transfection efficiency in HepG2 and HeLa cells. In
ddition, we used fluorescently labeled ODNs to visually study the
nternalization of the polyplexes into the cells.

. Experimental

.1. Materials

Dimethylamino ethyl methacrylate stabilized with MEHQ
DMAEMA, Mw 157.21. TCI Europe NV, Antwerp, Belgium) was
sed after purification. Glucosyl ureaethyl methacrylate (GUMA;

rganic Chemical IND, LTD., Osaka, Japan) and galactosyl ureaethyl
ethacrylate (GAMA; Organic Chemical IND, LTD.) were used
ithout further purification. N-N-dimethylformamide dehydrate

DMF; Wako, Osaka, Japan), 2-2′-bipyridyl (2-2′-bipyridine) (Bpy;
olymers 114 (2014) 288–296 289

Nacalai Tesque, Kyoto, Japan), copper(I) bromide (CuBr, 99.9%;
Wako), copper(I) chloride (CuCl, 99.9%; Wako), and methyl (±) �-
bromophenylacetate (Fluka, Tokyo, Japan) were also used without
further purification.

Human hepatocarcinoma cells, HepG2, were obtained from
Riken Cell Bank (Tsukuba, Japan). They were cultured in Eagle’s
minimum essential medium (Gibco 11995) supplemented with
10% fetal bovine serum and antibiotics/antimycotics (50 U/mL and
50 mg/mL, respectively; Gibco-Invitrogen, Carlsbad, CA). Human
cervix adenocarcinoma cells, HeLa, were provided by ATCC
(Tokyo, Japan). They were cultured in minimum essential medium
containing non-essential amino acids (Gibco 41500-1018) sup-
plemented with 1 mM sodium pyruvate (Gibco 1136–070), 10%
fetal bovine serum, and antibiotics/antimycotics (50 U/mL and
50 mg/mL, respectively; Gibco-Invitrogen). The Lipofectamine®

LTX Reagent (Life Technologies-Invitrogen, Carlsbad, CA) and linear
polyethylenimine (PEI; Mw 25,000; Polysciences, Inc., Warrington,
PA) were used as standard. The chemically modified 14-mer anti-
sense phosphorothioate ODNs used in this study were synthesized
by Gene Design (Osaka, Japan). The sequence used was  as follows:
5′ CgTgggcagcagCC 3′; uppercase C and T indicate chemically mod-
ified 2′,4′-BNA/LNA that have a methylene bridge between the O2′

and C4′ atoms; lowercase indicates DNA (Obika et al., 1997; Singh,
Kumar, & Wengel, 1998).

3. Methods

3.1. Atom transfer radical polymerization (ATRP) of diblock
polymers bearing galactose or glucose moieties

3.1.1. Preparation of a macro-initiator (pGAMA or pGUMA) using
GAMA or GUMA monomers

Exactly 648 mg  of GUMA (0.4 M)  were added to a glass tube
containing 5 mL  of distilled water (Scheme 1). Sixteen milligram
of CuBr (0.02 M,  catalyst) and 23.4 mg  of Bpy (0.03 M,  ligand) were
added into another dried glass tube. The two tubes were then sealed
with a rubber septum and bubbled with ultrahigh-purity nitrogen
for 10 min. Methyl (±) �-bromophenylacetate (22.3 �L, 0.03 M, ini-
tiator) was  then added via a degassed syringe to the tube contained
GAMA (or GUMA) and water, and after bubbling for 10 min, the con-
tent was transferred to the tube containing the catalyst and ligand.
The reaction started when the tube was transferred to an oil bath of
46 ◦C. The polymerization reaction was terminated after 15 min  by
immersing the tube into an ice water bath. The mixture was  diluted
with cold water and the resulting copolymers were purified using
dialysis.

3.1.2. Preparation of diblock copolymers with DMAEMA
monomers

First, 44 mg  of pGAMA (or pGUMA, 3.8 M)  was  added to a glass
tube containing 4 mL  of DMF  (Scheme 1). Then, 4.5 mg of CuCl
(11.3 mM)  and 11.9 mg  of Bpy (19 mM)  was added to a dried glass
tube. The two tubes were then sealed with a rubber septum and
bubbled with ultrahigh-purity nitrogen for 10 min. A monomer
(DMAEMA, 477 mg,  0.76 M)  was  then added via a degassed syringe
to the tube containing the catalyst and ligand, and after bubbling for
10 min, the content was  transferred to the tube containing pGAMA
(or pGUMA) dissolved in DMF. The reaction started when the tube
was transferred to an oil bath of 59 ◦C. The polymerization was ter-
minated after 24 h by immersing the tube into an ice water bath. The

mixture was diluted with cold water and the resulting copolymers
were purified by dialysis. The detailed polymerization system used
in this study is listed in Table 1. The x and y of pGuxDy and pGaxDy

are the polymerization degrees of GAMA (or GUMA) and DMAEMA.
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Scheme 1. Schematic representation of pGuxDy and pGaxDy (x is the number of GA

.2. ATRP of pDMAEMA

One gram of DMAEMA (3.18 M)  was added to a glass tube con-
aining 18 mL  of ethyl 2-bromoisobutyrate (0.063 M).  Then, 18.3 mg
f CuBr (0.063 M)  and 39 mg  of Bpy (0.127 M)  were added to a dried
lass tube. The two tubes and an additional tube, which contained

 mL  of tetrahydrofuran, were then sealed with a rubber septum
nd bubbled with ultrahigh-purity nitrogen for 10 min. Tetrahydro-
uran was then added via a degassed syringe to the tube containing
he catalyst and ligand, and after bubbling for 10 min, the con-
ent was transferred to the tube containing DMAEMA. The reaction
tarted when the tube was transferred to an oil bath of 46 ◦C. The
olymerization was terminated after 2 h by immersing the tube

nto an ice water bath. The mixture was diluted with cold water
nd the resulting copolymers were purified by dialysis. The detailed
olymerization system used in this study is listed in Table 1.

.3. GPC measurement

Chromatograms for all copolymers were obtained from a con-
entional Shimadzu GPC system using a 0.5 M sodium acetate/0.5 M
cetic acid buffer as eluent and a TSK Gel GMPWXL column (Tosoh
ioscience, Montgomeryville, PA) at room temperature and at a
ow rate of 0.5 mL/min. PEI standards (Mw 400–890,000) were used

or calibration.

.4. NMR  measurement

1H NMR  spectra of the monomers and polymers were recorded
n a Varian 300 MHz  Instrument (Varian Inc., Tokyo, Japan) in D2O.

.5. Preparation of polyplexes
Copolymer/ODN complexes differing in charge ratio but having
he same ODN concentration (56 nM)  were prepared as follows.
riefly, the polyplexes were prepared by adding different volumes
f diblock polymer stock solution (buffer at pH 7.4) to a fixed

able 1
olymerization condition, characteristics, and nomenclature of polymers and block poly
nd  ligand, respectively. nDMAEMA, mGAMA and mGUMA are the number of the DMAEMA, GA

Name Solvent M:I:C:L Time [h] T [◦C] Mn

pGUMA Water 20:1.5:1:1.5 0.25 50 14
pGU4D40 DMF 200:1:3:5 24 59 163

pGAMA Water 20:1.5:1:1.5 0.25 46 23
pGA4D47 DMF 200:1:3:5 24 59 125

pDMAEMA THF 50:1:1:2 2 46 81
r GUMA monomeric units and y is the number of the DMAEMA monomeric units).

volume of ODN stock solution in one step. After addition of the
polymer solution, the dispersion was  vortexed for 10 s. The poly-
plexes were allowed to equilibrate for 30 min  at room temperature
before use.

3.6. Gel retardation assay of polyplexes

ODNs were incubated with increasing amounts of diblock poly-
mer  and incubated for 20 min. Samples were electrophoresed on
1% agarose gels at 100 V for 20 min.

3.7. Heparin competition assay

The polyplexes were prepared in HEPES-buffered glucose
solution (20 mM HEPES, 5% glucose w/v, pH 7.4). Different
concentrations of heparin were added and the samples were elec-
trophoresed after 30 min  on 1% agarose gels at 100 V for 20 min.

3.8. Size and zeta potential of polyplexes

Dynamic light scattering measurements on polyplexes were
carried out on a Malvern Zetasizer Nano ZS (Malvern, Worces-
tershire, U.K.) at 25 ◦C and at an angle of 173 degrees. The
incident beam was a HeNe laser beam (633 nm). The polyplexes
were prepared as described above. For calculating the z-average
hydrodynamic diameter from the dynamic light scattering data,
the viscosity and refractive index of HEPES-buffered glucose at
25 ◦C (0.89 cP and 1.333, respectively) were used. Polystyrene
nanospheres (60 ± 6 nm;  Duke Scientific Corp, Palo Alto, CA) were
used to verify the performance of the instrument. The particle size
and zeta potential of each dispersion was measured three times.

3.9. In vitro transfection and toxicity
Transfection and toxicity studies were carried out in HepG2 and
HeLa cells. Transfection was carried out in 6-well plates at a den-
sity of 1.5 × 105 cells/well. Polyplexes were prepared as follows:

mers synthesized via ATRP. M,  I, C, L are the ratios of monomer, initiator, catalyst,
MA and GUMA monomeric units obtained from NMR.

Mw PDI Yield [%] Composition

52 1928 1.32 42 mGUMA = 4
67 31853 1.94 19.6 nDMAEMA = 40

mGUMA = 4
77 3630 1.52 13.6 mGAMA = 5
99 24506 1.94 12.4 nDMAEMA = 47

mGAMA = 4
60 12486 1.53 20 nDMAEMA = 42
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80 �L of polymer solution in OptiMem was added to 180 �L ODN
olution in OptiMem (56 nM). After incubation for 30 min  at room
emperature, the solution was added to the cells and the poly-
lexes were incubated with the cells for 5 h in both presence and
bsence of serum in OptiMem. After removal of the polyplex dis-
ersion, the cells were washed with phosphate-buffered saline and
resh culture medium was added, and the cells were incubated for
nother 24 h. The transfection efficiency was determined by the
eduction of PSCK9 gene expression using reverse transcription-
olymerase chain reaction. After 24 h, the tRNA was  extracted with
uickGene-Mini80 and cDNA was reverse-transcribed using High
apacity cDNA Reverse Transcription Kits (Applied Biosystems).
ubsequently, TaqMan® Gene Expression Assays were performed
s the second step in a two-step reverse transcription-polymerase
hain reaction protocol on an ABI PRISM® and results were cal-
ulated according to the standard curve method. The transfection
ssays were carried out in triplicate. We  used the following TaqMan
robes: Hs02758991 g1 (GAPDH) and Hs00545399 m1 (PCSK9).

A modification of the 3-(4,5-dimethyl-2-thiazolyl)-
,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
pplied for estimating cell viability using a Cell Count-
ng Kit-8 (Dojindo, Kumamoto, Japan), which contains
he 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
isulfophenyl)-2H-tetrazolium, monosodium salt (WST-8) dye. In
rief, cells were seeded at a density of 1 × 104 cells/well in 96-well
lates 24 h before the transfection. WST-8 was  added 24 h after
he transfection and the absorbance was measured at 450 and
00 nm using a microplate reader (Thermo Scientific Varioskan
lash, Thermo Fisher Scientific Inc. Rockford, IL USA). Experiments
ere performed at least six times.

.10. Confocal microscopy

HepG2 cells were plated at a density of 1 × 104 cells/well
n 96-well plates and grown for 24 h. They were incubated at
7 ◦C for 3 or 5 h with the polyplexes (56 nM ODNs labeled with
lexa 488 and copolymers, N/P = 12), followed by three washes

n phosphate-buffered saline and addition of fresh medium. Cells
ere immediately examined with an Olympus IX81 (Olympus,

okyo, Japan). An additional experiment was performed with an
n Cell Analyzer (GE Healthcare). The cells were seeded at 1 × 104

ells/well in 96-well Plates 24 h before the transfection. Incubated
t 37 ◦C for 2 h with the polyplexes (56 nM ODNs, N/P = 12), followed
y three washes in phosphate-buffered saline and addition of fresh
edium. ODNs were labeled with Alexa 488; nuclei were stained
ith Hoechst 33342, and lysosomes were stained with LysoTracker
ed DND.

.11. Statistical analysis

Results are expressed as means ± standard deviation. All statis-
ical comparisons were made with a two-sided Student’s t-test. A
-value of less than 0.01 was considered to be statistically signifi-
ant.

. Results and discussion

It is well known that pDMAEMA condenses plasmid DNA mainly
hrough an ionic interaction and results in various transfection
fficiencies depending on the polymer/DNA weight ratio (van de
etering et al., 1997a,b). pDMAEMA is far from being the per-

ect antisense delivery vector. Thus, we modified its properties

y adding a specific functional component: galactose moieties.
cheme 1 shows a schematic illustration of the synthetic route for
GuxDy and pGaxDy (x is the polymerization degree of GAMA or
UMA, y is the polymerization degree of DMAEMA). The diblock
olymers 114 (2014) 288–296 291

glycopolymer was  synthesized by using two-step ATRP (Grimaud
& Matyjaszewski, 1997; Percec, Barboiu, Neumann, Ronda, & Zhao,
1996; Wang & Matyjaszewski, 1995). First, we  synthesized a macro-
initiator (pGAMA or pGUMA), which was used as initiator in a
subsequent ATRP reaction with the DMAEMA monomer. We  per-
formed a two-step reaction in order to obtain a cationic diblock
glycopolymer characterized by a longer chain of pDMAEMA and a
shorter chain of pGAMA (or pGUMA). For this study, three different
copolymers were synthesized, as reported in Table 1. The number
of repeating units was  calculated by 1HNMR measurements and
confirmed by GPC.

According to results of the gel electrophoresis of polyplexes per-
formed with pDMAEMA, pGa4D47, and pGu4D40 (Fig. 1(A)), an
N/P ratio of 1 was sufficient for complexation and immobiliza-
tion of ODNs in case of all tested copolymers. A slightly higher
efficiency was detected in pDMAEMA, which showed stable poly-
plexes already at an N/P ratio of 0.5. The kinetics of the polyplex
dissociation and the binding strength between the carrier and
ODNs can be evaluated using the heparin competition assay. The
results are illustrated in Fig. 1(B). Higher resistance (higher binding
strength) of pDMAEMA with respect to PEI 25 k (used as control),
pGa4D47, and pGu4D40 can be noted. This may be due to a bet-
ter interaction of pDMAEMA with ODNs and can be interpreted as
an advantage (protection of the ODNs), as well as a disadvantage
(release of the ODNs). In fact, decreased ODNs release my  result
in decreased transfection efficiency. The size and zeta potential of
the polyplexes are reported in Fig. 1(C). At N/P ratios higher than
10, the size of the different polyplexes did not show statistically
significant differences with regard to the hydrodynamic diame-
ter. All copolymers were able to complex ODNs into polyplexes
with hydrodynamic diameters of 100–200 nm (N/P > 12). This size
range is considered suitable for cellular uptake. The zeta poten-
tials of polyplexes from diblock copolymers ranged from −40 to
30 mV,  depending on the N/P ratio. No reduction in positive charge
density was observed for the diblock glycopolymers (pGa4D47 and
pGu4D40) in comparison to pDMAEMA. According to the measure-
ments of the hydrodynamic diameter of polyplexes incubated in
isotonic glucose and NaCl solutions, similar trends were observed
for the pGa4D47-based and pGu4D40-based polyplexes () (Fig. 2).
In particular, in glucose pDMAEMA-based and glycopolymer-based
polyplexes showed good stability and small size over time (Fig. 2,
left). Instead, in solutions of high ionic strength, although very
severe aggregation was observed for pDMAEMA-based polyplexes,
only small aggregates could be observed for the glycopolymers-
based polyplexes. This may  suggest that the galactose and glucose
moieties are on the external part of the polyplexes. However, Hen-
nink’s group previously reported that the transfection efficiency
of pDMAEMA polyplexes was not decreased in spite of an observed
increase in size in the presence of serum (Midoux, Breuzard, Gomes,
& Pichon, 2008; van de Wetering et al., 1997a,b). Thus, on the basis
of these results all the carrier could be possible candidates for the
transfection.

Toxicity data obtained with the WST-8 assay in HeLa and
HepG2 cells (Fig. 3(A)) indicated a better biocompatibility of
pGa4D47-based polyplexes compared to pDMAEMA-based and
pGu4D40-based polyplexes. The transfection efficiency was  evalu-
ated as the reduction in the expression of the PCSK9 gene (Fig. 3(B)).
Lipofectamine was  used as control in the transfection experiments
performed in the absence of serum (Fig. S1). As expected, the
reduction of PCSK9 expression by Lipofectamine was very high in
HeLa cells but almost ineffective in HepG2. The lower cytotoxic-
ity and higher transfection efficiency of pGa4D47-based polyplexes

compared to pDMAEMA-based polyplexes suggest that this carrier
should be a good vector for in vivo experiments.

To gain detailed information on the cellular uptake of poly-
plexes, transfection experiments with fluorescently labeled ODNs



292 M.C. Munisso et al. / Carbohydrate Polymers 114 (2014) 288–296

d (C) s

i
d
f
i

Fig. 1. (A) Gel retardation assays, (B) heparin competition assay, an
n the same cell lines were performed. The ODNs intracellular
istribution at different trasfection time was characterized, by con-
ocal microscopy, and reported in Figs. 4 and 5. From the collected
mages, it is possible to understand the effect of the cationic diblock

Fig. 2. Polyplex stability over time in glucose solu
ize and zeta potential of the polyplex (in HBG pH 7.4) are reported.
glycopolymer structure on the cellular uptake and to evaluate
whether ODNs are released from the carrier and is available for
target message binding (Bramlage, Alefelder, Marschall, & Eckstein,
1999).

tions (left) and isotonic salt solution (right).
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ig. 3. (A) Toxic effect of pGa4D47, pGu4D40, pDMAEMA, and ODNs in HeLa and 

erum. * p < 0.01.

In the experiments performed in the presence of serum, after
 h of transfection at 37 ◦C, Alexa 488-labeled ODNs were detected
s punctated bright objects for pGu4D40-based polyplexes and
s diffuse fluorescence in case of pDMAEMA-based polyplexes
Fig. 4(A)). This fluorescence was due to the attachment of the
olyplexes to the cell membrane before being up taken. However,

n case of pGa4D47-based polyplexes (Fig. 4(A)), fluorescence
as detected in the nuclei of several cells. After 5 h, Alexa 488-
abeled ODNs were also detected in the nuclei of cells treated
ith pGu4D40-based and pDMAEMA-based polyplexes. When

he transfection was performed in serum-free medium (Fig. 4(C)),

ig. 4. Confocal microscope images collected in HepG2 cells after 1, 2.5, 3.25, 5, and 24 h
bsence (C) of serum, respectively. Polyplexes were prepared at N/P = 12. White arrows i
alculated using ImageJ (bar = 40 �m).
 cells, (B) Transfection efficiency in HepG2 and HeLa cells in the presence of 10%

the cellular uptake was faster. In fact, after 3.25 h, it was possible
to detect Alexa 488-labeled ODNs in the nuclei of several cells
treated with pGu4D40-based and pDMAEMA-based polyplexes.
However, cells treated with pGa4D47-based polyplexes showed
nuclear uptake within 1 h. This suggests that interaction with
serum proteins decreases uptake efficiency of pGu4D40-based and
pDMAEMA-based polyplexes, but only partially affects pGa4D47-
based polyplexes uptake. Considering that HepG2 cells have a high

density of ASGPR on the cell membrane, we  can conclude that the
faster uptake of pGa4D47-based polyplexes might be associated
with the endocytosis pathway. pGa4D47-based polyplexes are

 of transfection with pGa4D47, pGu4D40, and pDMAEMA in the presence (A) and
ndicate the diffusion in the nucleus. (B) and (D) are the fluorescence area fractions
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ig. 5. Confocal microscope images collected in HeLa cells after 2.5, 5, and 24 h of tr
f  serum, respectively. Polyplexes were prepared at N/P = 12. White arrows indicat
sing  ImageJ (bar = 40 �m).

aken up via adsorptive and receptor-mediated endocytosis.
he latter one is a faster process because it is connected to the
ffinity of the ligand-receptor interaction and less affected by
he presence of serum proteins. In contrast, pGu4D40-based and
DMAEMA-based polyplexes are taken up via adsorptive endocy-
osis, which is an interaction with generic complementary binding
ites; thus, it is a slower process with higher transfection-time
ependency. Indeed, in the experiments performed in the pres-
nce of serum, we noticed an increase in fluorescence emission
Fig. 4(B)) with increasing transfection time in pDMAEMA-based
nd pGu4D40-based polyplexes treated cells. This observation
onfirms that the uptake process is mainly due to adsorptive
ndocytosis. This phenomenon was more evident when the trans-
ection was performed in serum-free medium (Fig. 4(D)). In the
ells treated only with Alexa 488-labeled ODNs, it was possible
o detect nuclear uptake in very few cases (Fig. 4, on the right),
oth in the presence and absence of serum. The examination of
ntracellular ODNs distribution (Fig. 4(A) and (C)) and results of the
everse transcription-polymerase chain reactions (RT-PCR) (Fig.
1) suggest that the entering of ODNs into the nuclei increases the
ransfection efficiency, but it is not a necessary phenomenon.
ction with pGa4D47, pGu4D40, and pDMAEMA in the presence (A) and absence (C)
diffusion in the nucleus. (B) and (D) are the fluorescence area fractions calculated

In the experiments performed both in the presence and absence
of serum in HeLa cells (Fig. 5), a completely different behavior was
observed. The cellular uptake of the Alexa488-labeled ODNs is evi-
dently time dependent (Fig. 5(B) and (D)) for all carriers. However,
no nuclear uptake was observed, even after 24 h of transfection.
Despite a fluorescence emission pattern similar to that of HepG2
cells (Fig. 4(C) and (D)) after 5 h of transfection, we  did not observe
any reduction in the PCSK9 expression levels (Fig. 3(B)). This find-
ing suggests that the uptake pathway in HeLa and HepG2 is very
different. In fact, HeLa cell do not possess ASGPR on their cellu-
lar membrane, thus all polyplexes are taken up via the adsorptive
pathway. However, the absence of a reduction in the PCSK9 expres-
sion level suggests that endosomal escape of ODNs and polyplexes
may  be a completely inefficient process in HeLa cells. To prove this,
we collected images at the same location for 8 h post transfection
by In Cell Analyzer (Fig. 6). The transfection was performed for 2 h
in serum-free medium. Alexa 488-labeled ODNs are displayed in

green, Hoechst 33342-stained nuclei appear blue, and Lysotracker
Red DND-99-stained lysosomes appear red. In Fig. 6(B), it is clearly
shown that the Alexa 488-labeled ODNs did not enter the nuclei
in HeLa cells, but remained mostly in lysosomal compartments
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Fig. 6. Consecutive images collected with an In Cell Analyzer at different times after transfection with pGa4D47 in (A) HepG2 and (B) in HeLa cells, respectively. (C) Consecutive
i G2 wi
4 e, and
a retati
v

(
p
o
A
p
c
i
i
p
a
b
p
d
t
s
r
r
t
A
f
a
w
a
A
t
s
W
c
t
t
v
c
i
b
a
e
c
v

e
e
r
s
e
t
t
t
t

mages collected with an In Cell Analyzer at different times after transfection in Hep
88-labeled ODNs are displayed in green, Hoechst 33342-stained nuclei appear blu
re  displayed in yellow when they are inside the lysosome (bar = 6 �m). (For interp
ersion of this article.)

Fig. 6B, yellow). In Fig. 6(A), it can be seen that the ODNs are incor-
orated into the nuclei (in light blue) of some HepG2 cells, and
nly quantity small amount remains in the endosome (in yellow).
fter 50 min  (Fig. 6(C)), HepG2 cells treated with pGa4D47-based
olyplexes showed higher accumulation of the polyplex around the
ellular membrane, and the diffuse fluorescence seems to dimin-
sh with the coalescence of patches into aggregates. In HepG2 cells
ncubated with pGu4D40-based polyplexes, the aggregation of the
olyplexes on the cellular membrane seems smaller, and several
ggregates, accumulated in the inner part of the cellular mem-
rane, can be observed. In contrast, in HepG2 cells transfected with
DMAEMA-based polyplexes, the fluorescence pattern remained
iffuse and showed essentially no patching. This finding suggests
hat the internalization of pGa4D47-based polyplexes, and of a
mall amount of pGu4D40-based polyplexes, is connected to the
eceptor-mediated uptake. In fact, hepatocytes have cell surface
eceptors that recognize and bind molecules with exposed galac-
ose, N-acetyl galactosamine, or glucose residues (Kim, Goto, &
kaike, 2001; Newfeld & Ashwell, 1979), even though the affinity

or glucose is much lower than that for galactose. Within 2 h, the
ggregates in HepG2 cells treated with pGa4D47-based polyplexes
ere taken up by the receptor and/or electrostatic interactions,

nd some Alexa 488-labeled ODNs started to enter the nucleus.
 similar behavior was  observed in pGu4D40-based polyplexes

reated HepG2 cells. However, a diffuse fluorescence pattern was
till detected in pDMAEMA-based polyplexes treated HepG2 cells.

ithin 4 h, nuclear accumulation appeared clearly in all HepG2
ells treated with the different polyplexes. In particular, accumula-
ion appeared to have just started in pDMAEMA-based polyplexes
reated HepG2 cells. In contrast, the results of the kinetic obser-
ations of the unfixed cells indicated that internalization in HeLa
ells follows a different pathway. The polyplexes were disrupted
n the lysosome (Fig. 6(B)), without entering the nucleus. A possi-
le explanation is related to the concentration of the polyplexes
nd the endocytic pathway. In fact, it is possible that the carri-
rs were not able to disrupt the endosomal membrane in HeLa
ells because their concentrations were below a critical threshold
alue.

The increase in the transfection efficiency was  not as clear as
xpected when using pGa4D47-based polyplexes, but this may  be
xplained by considering the most basic assumption in ligand-
eceptor interactions: the ligand has to collide with the binding
ite of the receptor in the right orientation and remain bound long
nough to stimulate endocytosis. Carbohydrate-protein interac-

ions tend to be much weaker than protein-protein interactions;
herefore, we expected that the presence of multiple units of galac-
ose (or glucose) might enhance the affinity for ASGPR. However,
his receptor clusters within sites of focal adhesion in large patches
th pGa4D47, pGu4D40 and pDMAEMA. Polyplexes were prepared at N/P = 12. Alexa
 LysoTracker Red DND-99-stained lysosomes appear red. Alexa488-labeled ODNs

on of the references to color in this figure legend, the reader is referred to the web

on hepatocyte membranes, and this clustering may obstruct the
interaction of multiple units of sugar (Kim, Kim, & Akaike, 2003)
and decrease the transfection efficiency.

In the present study, we  confirmed that the cellular uptake of
free ODNs is inefficient and that the fluorescence seems to be pre-
dominantly located in the endosome/lysosome. This finding is in
contrast with the rapid nuclear localization of ODNs seen after
complexation with pGa4D47. Our results suggest that diblock gly-
copolymers based on poly(galactosyl ureaethyl methacrylate) are
useful gene delivery vectors; in fact, the small aggregation of the
polyplexes in isotonic salt solutions and faster uptake by HepG2
cells suggest a possible high efficiency in in vivo applications. Ongo-
ing studies on in vivo transfection experiments, characterization of
the complexation, and kinetics inside the blood stream are cur-
rently under investigation.

5. Conclusion

This study demonstrates that transfection efficiency higher
than that of a commercially available agent could be obtained
by carefully designing the molecular structure of the diblock gly-
copolymeric carrier. In addition, time-course studies of the cellular
uptake have proved that specific receptors can accelerate the
endocytosis pathway and nuclear ODNs accumulation and, thus,
increase the transfection efficiency. We  have shown that transfec-
tion using these carriers in HeLa cells is inefficient because most of
the ODNs are disrupted in the lysosomal compartments. This may
be due to the different internalization process (non-specific endo-
cytosis) and the low concentration of the carriers, which are not
able to buffer the endosomal compartments.

However, pGaD47 could be a good carrier for in vivo experi-
ments because of it demonstrated low toxicity, good transfection
efficiency, and low aggregation in high ionic solutions.
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