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a b s t r a c t

To develop a safe and efficient systemic non-viral gene vector, methoxy poly(ethylene glycol) (MPEG)/
poly(�-caprolactone) (PCL) diblock copolymers conjugated with a Tat analog through the ester or disul-
fide linkage were synthesized and their suitability as a systemic non-viral gene carrier evaluated. The
physicochemical properties of the MPEG-PCL diblock copolymers were determined by GPC, 1H NMR and
FT-IR spectroscopy. The particle sizes and in vitro (COS7 and S-180 cells) transfection efficiencies and
cytotoxicity were evaluated. Furthermore, the luciferase activity was then determined in various tis-
sues after intravenous injection of MPEG-PCL-SS-Tat/pCMV-Luc complex into mice bearing S-180 cells.
The particle sizes of the MPEG-PCL-Tat copolymers with or without pDNA were about 40 and 60 nm,
respectively. The luciferase activity in COS7 cells transfected with pCMV-Luc with MPEG-PCL-ester-Tat
isulfide linkage

olymer micelles
ystemic non-viral gene carrier

or MPEG-PCL-SS-Tat was higher than that with pDNA only. MPEG-PCL-SS-Tat greatly increased the trans-
fection efficiency compared to MPEG-PCL-ester-Tat in COS7 and S-180 cells. In an in vitro cytotoxicity test
MPEG-PCL-SS-Tat did not induce any remarkable cytotoxicity. In an in vivo experiment, the synthesized
MPEG-PCL-SS-Tat copolymers promoted the delivery and expression of pDNA into tumor tissue in tumor-
bearing mice. In conclusion, this vector might be applicable as a tumor-targeting non-viral systemic gene

ing.
carrier in the clinical sett

. Introduction

Gene therapy refers to the treatment of human diseases by
ransfer of therapeutic genes to specific tissues or cells in a patient
Anderson, 1992; Luo and Saltzman, 2000; Sharma et al., 2008). It
as the potential to cure both inherited and acquired genetic dis-
rders by supplying functional copies of the defective genes to the
iseased cells. An ideal non-viral gene carrier would be capable of
erforming the multiple functions required for the precise delivery
f systemically administered DNA to the nucleus of the targeted
ell; these required functions include protection of the therapeutic
enes in the extracellular environment, specific cell targeting, early
ndosomal escape, nuclear entry, and DNA release (Wiethoff and

iddaugh, 2003; Putnam, 2006).
An amphiphilic block copolymer composed of hydrophilic and

ydrophobic segments has the tendency to self-assemble into
icelles in a selective solvent (Allen et al., 1998; Otsuka et al., 2003;

∗ Corresponding author. Tel.: +81 42 676 4493; fax: +81 42 676 4493.
E-mail address: kanazawa@toyaku.ac.jp (T. Kanazawa).

1 These authors contributed equally to this work.

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.06.028
© 2010 Elsevier B.V. All rights reserved.

Jang et al., 2006). The polymeric micelles formed through the multi-
molecular assembly of the block copolymer can then be utilized for
core–shell type colloidal carriers for drugs and genes (Shin et al.,
1998; Kakizawa and Kataoka, 2002; Kim et al., 2003). In particular,
PEG has been used to improve the solubility and steric stability of
many gene delivery systems including liposomes and micelles (Jang
et al., 2006). It is possible to enhance the circulation time by coating
the delivery system with bioinert water-compatible polymers such
as PEG, which can give rise to steric stabilization of the delivery
vehicle against undesirable aggregation and non-specific electro-
static interactions with the surroundings (Templeton et al., 1997;
Kakizawa and Kataoka, 2002; Park et al., 2005). The surface mod-
ification of nanoparticles with PEG can extend the circulation of
polymer micelle/pDNA complexes. Furthermore, keeping the size
of the carriers to less than 200 nm enables them to efficiently accu-
mulate in tumor tissue as a result of an enhanced permeability and
retention (EPR) effect (Matsumura and Maeda, 1986; Hatakeyama

et al., 2007). The PEG-shielded polyplex structures are typically
constructed by complexation of DNA with PEG-modified polyca-
tions, largely due to the strong hydrophilicity of the PEG segments,
which causes a significant weakening of the binding of the poly-
cation to DNA. Furthermore, the PEGylation of polyplexes has an

dx.doi.org/10.1016/j.ijpharm.2010.06.028
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kanazawa@toyaku.ac.jp
dx.doi.org/10.1016/j.ijpharm.2010.06.028
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Table 1
Structure of the Tat-G and Tat-CG analogs.

Sequence

Tat-G Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-
Arg-Gly-COOH

Tat-CG Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-
Arg-Cys-Gly-NH2

HIV-Tat (48-57) original Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg

Underlined sequences were modified from the natural sequence of each peptide.

converted into a Tat analog through the ester bond. The Tat
analog-conjugated MPEG-PCL via the ester bond was synthe-
sized according to Scheme 2. Tat-G (0.02 mmol) and MPEG-PCL
(0.02 mmol) were dissolved in dimethylformamide (DMF), and
then water-soluble carbodiimide (WSCI, 0.02 mmol) and 4-
30 K. Tanaka et al. / International Journ

nhibitive effect on the cellular uptake of the polyplexes (Sharma
t al., 2008). Recently, many studies have demonstrated the concept
f multicomponent polymer-based formulations of gene delivery
omplexes. These polymers incorporate one or more additional
omponents into the PEGylated polycation platform to enhance the
erformance of the PEGylated polyplexes in various aspects, includ-

ng cellular uptake (Gebhart and Kabanov, 2001; Alvarez-Lorenzo
t al., 2005), endosomal escape of polyplexes (Oishi et al., 2006), and
imely release of the encapsulated DNA into the cytosol (Bikram et
l., 2004).

The uptake of macromolecules by cells can be enhanced by
ell-penetrating peptides (CPP), which are cationic or amphiphilic
olecules derived from various resources including the human

mmunodeficiency virus Tat protein and Drosophila antennape-
ia homoprotein (Yang et al., 2009). A basic domain of Tat was
reviously shown to be the minimal sequence responsible for
ellular and nuclear uptake, mediated by potential nuclear local-
zation sequences in the 11-amino acid epitope YGRKKRRQRRR
Rajagopalan et al., 2007). The Tat moiety has also been shown to
eliver functional fusion proteins in vivo (Rajagopalan et al., 2007).

n addition, the partially modified Tat analog peptide synthesized
n our laboratory significantly promotes the transfection of pDNA
nd elevates immune responses on vaginal membranes (Kanazawa
t al., 2008).

In the present study, we focused on the disulfide bond to release
DNA from the complex containing these vectors. A disulfide bond

s stable in the extracellular environment but this bond can be
leaved rapidly by glutathione in the cytoplasm and nucleus. As
result, a vector containing a disulfide bond can be used to prepare
stable complex of pDNA having multifunctional carriers (tran-

cellular, endosomal escape and transnuclear). The transcellular
omponent can be rapidly released from the carrier to provide
fficient gene expression inside the cells. In the present study,
o incorporate pDNA into polymeric nanoparticles by physical
ntrapment and electrostatic interaction and to improve intra-
ellular uptake and nuclear import of pDNA, we synthesized Tat
nalog-modified methoxy poly(ethylene glycol) (MPEG)/poly(�-
aprolactone) (PCL) amphiphilic block copolymers through the
isulfide linkage. The particle sizes of the formed particles before
nd after pDNA loading were determined. In addition, we evaluated
he pDNA releasing ability of the copolymers in reducing cytoplasm,
he in vitro cytotoxicity, the transfection efficiency in the presence
r absence of serum, and the passive targeting ability of MPEG-
CL-Tat/pDNA after intravenous injection into mice bearing S-180
ells.

. Materials and methods

.1. Materials

Plasmid DNA (pCMV-Luc) comprising a subcloned luciferase
DNA fragment at the Hind III and BamHI sites of pcDNA3.1
as amplified in E. coli (DH5�) and purified using an End-

ree Plasmid Maxi kit (Qiagen K.K., Tokyo, Japan), followed
y ethanol precipitation and dilution in Tris/EDTA buffer.
NA concentration was measured based on UV absorption at
60 nm. MPEG (Mn = 2.0 × 103), �-caprolactone (99+%) and Tin(II)
-ethylhexanoate were obtained from Aldrich Chemical Co (Mil-
aukee, WI, USA).
.2. Synthesis of Tat analog

The Tat-CG analog, which consists of Cys-Gly-NH2 added to
he N-terminus of HIV-Tat (48-57), and the Tat-G analog, which
onsists of Gly-COOH added to the N-terminus of HIV-Tat (48-57)
Scheme 1. Synthesis procedure of MPEG-PCL diblock polymer.

(Table 1), were synthesized as CPP gene vectors using the Fmoc-
solid-phase peptide synthesis method with the ABI 433A peptide
synthesizer (Applied Biosystems, USA) as previously reported
(Kanazawa et al., 2008). Both analogs were used after purifica-
tion by reverse-phase HPLC. The molecular weights of the two Tat
analogs were determined by matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry (MALDI-TOFMS): Tat-CG
analog, 1626.1; Tat-G analog, 1453.7.

2.3. Synthesis of MPEG-PCL

MPEG-PCL block copolymers were synthesized by ring-opening
copolymerization, as illustrated in Scheme 1. Briefly, a predeter-
mined amount of �-caprolactone was added to a recovery flask
containing MPEG and a small amount of Tin(II) 2-ethylhexanoate
(0.1%, wt/wt). The recovery flask was then filled with N2 gas, sealed
off, and placed in an oil bath at 130–140 ◦C for 3 days. At the end
of the polymerization, the crude copolymers were suspended in
distilled water and centrifuged at 11,000 rpm for 3 min to remove
any un-reacted monomer and oligomer. The supernatant was then
filtered and dialyzed using a spectra/pore CE tube before being
thoroughly freeze-dried.

2.4. Synthesis of Tat-conjugated MPEG-PCL through the ester
bond

The hydroxyl group of the MPEG-PCL block copolymers was
Scheme 2. Synthesis procedure of MPEG-PCL-ester-Tat.
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Scheme 3. Synthesis pr

imethylaminopyridine (0.02 mmol) were added and reacted. After
4 h, the reaction solution was evaporated and dialyzed in distilled
ater using a dialysis tube (3,500 MW, Spectrum Laboratories,

nc., USA) for 24 h to remove the non-reacted Tat-G, and after
reeze-drying, MPEG-PCL-conjugated-Tat through the ester bond
MPEG-PCL-ester-Tat) was obtained.

.5. Synthesis of Tat analog-conjugated MPEG-PCL through the
isulfide linkage (Scheme 3)

To protect the thiol residue of 3-mercaptopropanoic acid
sing a Trt residue, 3-mercaptopropanoic acid dissolved in
ichloromethane (DCM) was added to triphenyl methyl chloride
62.3 mmol) dissolved in DCM and stirred for 16 h, resulting in
he linker (Trt). Next, MPEG-PCL (0.02 mmol) was dissolved in
mL of DMF and then linker (Trt) (0.02 mmol), WSCI (0.02 mmol)
nd 4-dimethylaminopylidine (0.02 mmol) were added. After this
ixture was reacted for 24 h and dialyzed using a dialysis

ube (500 MW, Spectrum Laboratories) for 24 h, MPEG-PCL-linker
as obtained. Finally, MPEG-PCL-Linker (0.006 mmol) and Tat-CG

0.006 mmol) were dissolved in DMF and the disulfide linkage
eaction allowed to proceed. After 24 h, the reaction solution

as evaporated and dialyzed in distilled water using a dialy-

is tube (3,500 MW, Spectrum Laboratories) for 24 h to remove
he non-reacted Tat-CG, and after freeze-drying, MPEG-PCL-
onjugated-Tat through the disulfide bond (MPEG-PCL-SS-Tat) was
btained.
re of MPEG-PCL-SS-Tat.

2.6. Characterization of synthesized MPEG-PCL and
MPEG-PCL-Tat

The chemical structure and molecular weight of synthesized
MPEG-PCL was determined by FT-IR, 1H NMR and GPC spec-
troscopy. Conjugation of the Tat analog to MPEG-PCL through the
ester bond or disulfide bond was confirmed using the ninhydrin
reaction, which becomes reddish violet upon reacting with the
amino acids. Weights were characterized by elution times relative
to polyethylenglycol monodisperse standards using GPC.

2.7. Preparation of pCMV-Luc complexes

Lipofectamine® (16 �g) and pCMV-Luc (1 �g) complexes were
prepared by incubating the two for 30 min at 4 ◦C. Complexes
of pCMV-Luc (1 �g) and MPEG-PCL-ester-Tat or MPEG-PCL-SS-Tat
were prepared by mixing the two components at a molecular
weight ratio ranging from 1/1 to 50/1 for 30 min at 4 ◦C. The
mixtures were then used in characterization and transfection stud-
ies.

2.8. Characterization of pCMV-Luc complexes
The mean diameter and size distribution of the pCMV-Luc com-
plexes were measured using a DLS-700 unit (Otsuka Electronics Co.,
Ltd., Osaka, Japan). Zeta potential was measured using a NICOMP
380ZLS unit (Particle Sizing Systems, Shanghai, China). Character-
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zation of both carrier nanoparticles complexed with or without
CMV-Luc was performed. pCMV-Luc complexed with MPEG-
CL or MPEG-PCL-Tat nanoparticle samples were analyzed by
garose gel electrophoresis in tris–borate–EDTA buffer (TBE: 40 nM
ris–borate, 1 mM EDTA, pH 7.4). Various ratios of copolymers to
DNA samples were loaded onto a 1% agarose gel containing ethid-

um bromide (0.5 mg/mL) and electrophoresed in TBE buffer (0.25%)
t 100 V for 40 min. The gel was visualized on a UV illuminator to
etermine the location of the pDNA.

.9. In vitro transfection

COS7 (African green monkey kidney epithelial-like cells) and
arcoma-180 (S-180) cells were maintained at 37 ◦C in 5% CO2
n Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
BS (Invitrogen Co., USA) and 1% penicillin/streptomycin (stock
0,000 U/mL, 10,000 mg/mL, Invitrogen Co.). COS7 and S-180 cells
5 × 105 cells) were seeded in 6-well culture plates, and after a 24-h
ncubation in DMEM containing 10% FBS (70–80% confluence), the
ells were washed with PBS and then 1.9 mL of culture medium
Opti-MEM) without FBS was added to each well. pCMV-Luc com-
lex solution (100 �L containing pCMV-Luc: 1 �g) was applied
o each well. After 4 h, the medium was removed and replaced
ith 10% FBS containing DMEM for a further 24-h incubation. The

ells were then washed three times with PBS, lysed by addition
f 100 �L of lysis buffer per well, and left to stand for 15 min at
oom temperature. Cell lysates were then collected and centrifuged
t 15,000 rpm for 3 min. After the addition of 20 �L of luciferase
ubstrate solution to 40 �L of cell lysate, the luciferase activity
as measured using a chemiluminescence detector (MicroLumat

lus LB96V; Berthold, Germany). The total protein in the cells was
etermined using a standard Bio-Rad protein assay kit (Bio-Rad,
ercules, CA, USA). A 5-�L aliquot of cell lysate diluted 160 times
ith ultrapure water was then reacted with 40 �L of dye reagent

or 1 h at room temperature, and the absorbance was measured
t 595 nm using a microplate reader (Tecan Safire, Tecan Trad-
ng AG, Switzerland). The protein concentration of cell lysate was
alculated using a calibration curve for BSA standards (2 mg/mL).
he results are shown as relative light units (RLU) per mg of pro-
ein.

.10. In vitro cytotoxicity

COS7 cells (25,000 cells/well) with 100 �L of DMEM containing
0% FBS were seeded into 96-well plates and incubated for 24 h.
he cells were then washed three times with PBS and transfected
ith the MPEG-PCL-SS-Tat/pCMV-Luc complex at a ratio of 1/1 to

0/1 for 4 h. The cells were then washed three times with PBS and
ultured in DMEM containing 10% FBS for 20 h, after which 10 �L
f CCK-8 solution was added to each well. After 4 h, the absorbance
as measured at 450 nm using a microplate reader. The absorbance

f control cells indicated 100% cell viability.

.11. In vitro transfection at 4 ◦C to inhibit endocytosis

COS7 cells (5 × 105 cells) were seeded in 6-well culture plates
nd incubated for 23 h in DMEM containing 10% FBS. The cells were

ashed twice with PBS and then 1.9 mL of culture medium (Opti-
EM) without FBS was added to each well for a 1-h incubation at
◦C. pCMV-Luc complex solution (100 �L containing 1 �g pCMV-
uc) was then applied to each well for a 4-h incubation at 4 ◦C. The
edium was then removed and replaced with 10% FBS containing
MEM for further incubation for 20 h at 37 ◦C, after which luciferase
ctivity was determined.
harmaceutics 396 (2010) 229–238

2.12. Effects of various inhibitors on pCMV-Luc complex uptake

COS7 cells (5 × 105 cells) were seeded in 6-well culture plates
and incubated for 24 h in DMEM containing 10% FBS. The cells were
then washed with PBS twice and 1.9 mL of culture medium (Opti-
MEM) without FBS but containing the following inhibitors was
added to each well for 30 min: amiloride (3 mM) as a macropinocy-
tosis inhibitor, filipin (1 mg/mL) as a caveola-mediated pathway
inhibitor, and chlorpromazine (10 �g/mL) as a clathrin-mediated
pathway inhibitor. pCMV-Luc complex solution (100 �L contain-
ing 1 �g of pCMV-Luc) was applied to each well and after 4 h
the medium was removed and replaced with 10% FBS containing
DMEM for further incubation for 20 h at 37 ◦C, after which luciferase
activity was determined.

2.13. In vivo study

S-180 cells were cultured to 70–80% confluence in DMEM con-
taining 10% FBS and 1% penicillin/streptomycin (stock 10,000 U/mL,
10,000 mg/mL, Invitrogen Co.). Eight-week-old ICR female mice
were purchased from Japan SLC Inc. (Shizuoka, Japan). Tumors
were generated by subcutaneously injecting 5 × 106 S-180 cells
suspended in 300 �L of FBS(−)RPMI medium into the backs of the
mice using a syringe attached to a 23-G needle. Tumor size was
measured using a Vernier caliper across the longest and shortest
diameter (mm) and tumor volume was calculated using the follow-
ing equation: tumor volume (mm3) = longest diameter × shortest
diameter2 × 1/2. After 20 days, when tumor size reached above
100 mm3, the mice received an intravenous injection of MPEG-
PCL-SS-Tat/pCMV-Luc complexes in 100 �L ultrapure water. After
24 h, the mice were sacrificed and the lung, heart, liver, spleen,
kidney and tumor tissues collected. Thereafter, the tissues were
homogenized in lysis buffer at a volume-to-weight ratio of 4 mL
lysis buffer per gram of each organ, and processed three times by
freezing (−80 ◦C) and thawing. Each homogenate was then cen-
trifuged at 14,000 rpm for 15 min, and the luciferase activity in
20 �L of supernatant was measured in a similar manner to the in
vitro transfection.

2.14. Statistical analysis

The data from the in vitro experiments expresses the mean ± S.D.
The data from the in vivo experiments expresses the mean ± S.E.
Statistical analysis of the data was performed using an unpaired
Student’s t-test for two groups. Statistical significance was defined
as *P < 0.05, **P < 0.01 and n.s.P > 0.05.

3. Results

3.1. Synthesis and characterization of MPEG-PCL and
MPEG-PCL-Tat

MPEG-PCL block copolymers were synthesized by ring-opening
polymerization of �-CL in the presence of MPEG with a small
amount of catalyst. The FT-IR and proton NMR spectra for a typical
MPEG-PCL copolymer are shown in Fig. 1. The MPEG-PCL copoly-
mer clearly exhibited peaks characteristic of both PEG and PCL. The
absorption band at 1725 cm−1 was attributed to C O stretching
vibrations of �-CL. The absorption bands at 2875 and 2937 cm−1

were attributed to C–H stretching vibrations of MPEG and �-
CL, respectively. The 1H NMR spectrum of the MPEG-PCL block

copolymer is shown in Fig. 1b. The peaks at 1.27–1.31, 1.51–1.56,
2.25–2.28 and 3.96–3.99 ppm were assigned to the methylene pro-
tons in the PCL units. The peak at 3.5 ppm was attributed to the
methylene protons of the PEG units. The ratio of the 1.27–1.31,
1.51–1.56, 2.25–2.28, 3.5 and 3.96–3.99 peak areas was determined
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Table 2
Molecular weight of the synthesized MPEG-PCL block copolymer.

MPEG Mn mol% of �-CL Mna Mnb Mw/Mnb

Feed Productc
ig. 1. Characterization of synthesized MPEG-PCL by FT-IR and 1H NMR: (a) FT-IR sp
opolymer.

o be 1:2:1:6:1. The GPC chromatograms of MPEG-PCL copolymer
ere displayed in Fig. 1c. The composition and molecular weights of
PEG-PCL, measured using 1H NMR and GPC, are shown in Table 2.

he molecular weights determined by GPC are mostly in reasonable
greement with those calculated based on the peak integrations
n the 1H NMR data. In addition, conjugation of the Tat analog
o MPEG-PCL through the ester or disulfide bond was confirmed

sing the ninhydrin reaction, which becomes reddish violet upon
eacting with the amino residue.

The particle size and zeta potential of MPEG-PCL, MPEG-PCL-
ster-Tat and MPEG-PCL-SS-Tat in distilled water is shown in
able 3. The particle size of the MPEG-PCL micelles was larger
MPEG-PCL 2,000 20 17 3,940 3,718 1.08

a Number-average molecular weight calculated from the 1H NMR spectrum.
b Number-average molecular weight (Mn) and weight-average molecular weight

(Mw) measured by GPC (calibrated with PEG standard).
c Estimated from the integral height of hydrogen shown in the 1H NMR spectrum.
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Table 3
Mean particle diameter and zeta potential of synthesized MPEG-PCL, MPEG-PCL-
ester-Tat and MPEG-PCL-SS-Tat.

Mean particle diameter (nm) Zeta potential (mV)

MPEG-PCL 73.8 ± 5.0 −2.06 ± 0.8
MPEG-PCL-ester-Tat 30.1 ± 12.8 +6.78 ± 1.6
MPEG-PCL-SS-Tat 31.1 ± 15.9 +6.12 ± 0.5

M

F
M
g

T
M

M

ean ± S.D., n = 3.

ig. 2. Complex formation of MPEG-PCL, MPEG-PCL-ester-Tat and MPEG-PCL-SS-Tat w
PEG-PCL-SS-Tat was prepared at 4 ◦C for 30 min and analyzed by 1% agarose gel electrop

el was then stained with ethidium bromide.

able 4
ean diameter and zeta potential of the MPEG-PCL-ester-Tat or MPEG-PCL-SS-Tat/pCMV

Weight ratios of vector/pCMV-Lucr

MPEG-PCL-ester-Tat
1/1
5/1
10/1

MPEG-PCL-SS-Tat
1/1
5/1
10/1

ean ± S.D., n = 3.
harmaceutics 396 (2010) 229–238

than that of the Tat analog-conjugated MPEG-PCL, and the zeta
potential of MPEG-PCL showed a negative charge whereas that of
Tat analog-conjugated MPEG-PCL showed a positive charge. The
pCMV-Luc complex formation of each block copolymer as visual-
ized by agarose gel electrophoresis is shown in Fig. 2. MPEG-PCL
did not show the delay of bands of pCMV-Luc at any weight ratio.
In contrast, MPEG-PCL-ester-Tat and MPEG-PCL-SS-Tat showed a

delay of bands of pCMV-Luc at up to a 5/1 weight ratio. The mean
diameter and zeta potential of the MPEG-PCL-Tat/pCMV-Luc com-
plex at various weight ratios were also determined (Table 4). The
mean diameter of pCMV-Luc complexed with MPEG-PCL-ester-Tat
or MPEG-PCL-SS-Tat was close to about 60 nm at up to a 5/1 weight

ith pCMV-Luc. The mixture of pCMV-Luc and MPEG-PCL, MPEG-PCL-ester-Tat or
horesis. Electrophoresis was carried out in TBE buffer at 100 mV for 40 min and the

-Luc complexes.

Mean particle diameter (nm) Zeta potential (mV)

121.6 ± 24.0 −14.4 ± 5.3
64.9 ± 9.0 +3.6 ± 0.7
67.2 ± 56.8 +6.3 ± 0.8

151.2 ± 8.7 −14.5 ± 1.9
59.7 ± 9.3 +10.1 ± 0.4
64.3 ± 8.1 +11.9 ± 1.2
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Fig. 3. Luciferase activities in COS7 and S-180 cells after transfection of Tat-conjugated MPEG-PCL polymers/pCMV-Luc and agarose gel electrophoresis of MPEG-PCL-
T , MPE
w ciferas
t a sol
E stain

r
s
r

3

p
M
1
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a
c
M
(

L
L

at/pCMV-Luc complex treated with reducing agent. MPEG-PCL-ester-Tat (1–15 �g)
ere transfected into (a) COS7 and (b) S-180 cells for 4 h. After a 20-h incubation, lu

he mean ± S.D. (n = 3). *P < 0.05 versus naked pDNA. (c) Each sample was treated with
lectrophoresis was carried out in TBE buffer at 100 mV for 40 min and the gel then

atio. The zeta potential of these complexes at a 1/1 weight ratio
howed a negative charge whereas that at 5/1 and 10/1 weight
atios showed a positive charge.

.2. Transfection efficiency of MPEG-PCL-Tat in COS7 cells

The luciferase activity of the MPEG-PCL-Tat and pCMV-Luc com-
lexes in COS7 at the various weight ratios is shown in Fig. 3.
PEG-PCL-ester-Tat significantly induced luciferase activity at a

/1 weight ratio compared to naked pCMV-Luc. In contrast, MPEG-
CL-SS-Tat significantly increased transfection efficiency at 10/1
nd 15/1 weight ratios compared to naked pCMV-Luc in COS7
ells. However, the luciferase activity in COS7 cells transfected with

PEG-PCL-ester-Tat/pCMV-Luc complexes at high weight ratios

5/1 to 10/1) decreased.
The luciferase activity of S-180 cells transfected with pCMV-

uc MPEG-PCL-ester-Tat or MPEG-PCL-SS-Tat complexes and
ipofectamine® was also determined (Fig. 3b). The luciferase activ-
G-PCL-SS-Tat (1–15 �g) and lipofectamine (16 �g) complexed with 1 �g pCMV-Luc
e activity in COS7 cells was determined by the luciferase assay. Each bar represents

ution of GSH (10 mM) at 37 ◦C for 3 h and analyzed by 1% agarose gel electrophoresis.
ed with ethidium bromide.

ity of S-180 cells did not increase with MPEG-PCL-ester-Tat and
was similar to that of naked pCMV-Luc. On the other hand, MPEG-
PCL-SS-Tat greatly elevated the transfection efficiency compared
to MPEG-PCL-ester-Tat. The gel electrophoresis analysis of MPEG-
PCL-Tat and pCMV-Luc complexes after treatment for 3 h with the
reducing reagent, 10 mM glutathione, which is similar to the phys-
iological concentration in the cytosol, is shown in Fig. 3c. At the
weight ratios of 5/1 and 10/1 of PEG-PCL-SS-Tat and pDNA, bands
of released pCMV-Luc were observed. However, released pCMV-Luc
bands were not observed with MPEG-PCL-ester-Tat.

3.3. Evaluation of MPEG-PCL-SS-Tat as an efficient gene carrier
The luciferase activity of COS7 cells transfected with Tat analog,
MPEG-PCL-SS-Tat and Lipofectamine® in the presence of serum is
shown in Fig. 4a. The luciferase activity following transfection with
pCMV-Luc alone or Tat analog/pDNA complex did not increase,
similar to the non-treated control cells. However, MPEG-PCL-SS-
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Fig. 4. Luciferase activities in COS7 cells with serum or several inhibitors and in vitro cytotoxicity after transfection of MPEG-PCL-SS-Tat/pCMV-Luc complexes. (a) MPEG-
PCL-SS-Tat (1 and 10 �g), Tat analog (10 �g) and lipofectamine (16 �g) complexed with pCMV-Luc (1 �g) were transfected into COS7 cells for 4 h in the presence of serum.
After a 20-h incubation, luciferase activity in COS7 cells was determined by the luciferase assay and (b) MPEG-PCL-SS-Tat (1–50 �g), Tat analog (10 �g) and lipofectamine
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16 �g) complexed with pCMV-Luc (1 �g) were transfected into COS7 cells for 4 h.
PEG-PCL-SS-Tat (10 �g) complexed with pCMV-Luc (1 �g) was transfected into C
◦C, amiloride (3 mM), filipin (1 �g/mL) or chlorpromazine (10 �g/mL). After a 20-h
ar represents the mean ± S.D. (n = 3). *P < 0.05; n.s.P > 0.05.

at significantly increased luciferase activity dose-dependently,
fter complexation with pCMV-Luc, even in the presence of serum,
ompared to naked pDNA and Tat analog complex. Furthermore,
valuation of the in vitro cytotoxicity of pCMV-Luc complexed with
PEG-PCL-SS-Tat at various weight ratios, using the WST-8 assay

Fig. 4b), revealed no cytotoxicity of MPEG-PCL-SS-Tat at any con-
entration.

In order to determine the mode of cellular uptake of pDNA
omplexed with MPEG-PCL-SS-Tat, COS7 cells were incubated
ith the following inhibitors for 30 min before transfection
ith the various complexes and luciferase activity then deter-
ined: 4 ◦C transfection for endocytosis inhibition, amiloride as
macropinocytosis inhibitor, filipin as a caveola-mediated path-
ay inhibitor and chlorpromazine as a clathrin-mediated pathway

nhibitor. As shown in Fig. 4c, the luciferase activity markedly
ecreased in the presence of each inhibitor. In particular, amiloride
nd transfection at 4 ◦C strongly and significantly inhibited gene
xpression.

.4. In vivo transfection of MPEG-PCL-SS-Tat

The luciferase activity in various tissues, including the tumor,
4 h after intravenous injection into the tumor-bearing mice

s shown in Fig. 5. In the naked pCMV-Luc-injected mice, the

uciferase activity had not advanced above the control level in any
issue. In contrast, when the MPEG-PCL-SS-Tat/pCMV-Luc (10/1)
omplex was injected into the mice, the luciferase activity in
he lung, liver, spleen, kidney and tumor was significantly higher
han produced in each tissue by the naked pCMV-Luc-injected
20-h incubation, cytotoxicity in COS7 cells was measured by the WST-8 assay. (c)
lls for 4 h. Before transfection, COS7 cells were treated by incubation for 30 min at
ation, luciferase activity in COS7 cells was determined by the luciferase assay. Each

mice. In particular, the luciferase activity in tumor tissue after
intravenous injection of MPEG-PCL-SS-Tat/pCMV-Luc complex was
significantly higher than that in the other normal tissues.

4. Discussion

An ideal non-viral gene carrier can perform the multiple func-
tions required for the specific and precise delivery of systemically
administered DNA to the nucleus of the targeted cell. In this
study, in order to develop a systemic non-viral gene delivery
carrier, methoxy poly(ethylene glycol) (MPEG)/polycaprolactone
(PCL) diblock copolymers conjugated with a Tat analog through the
ester or disulfide linkage were prepared and their transfection effi-
ciency into tumor cells and tissue then evaluated. MPEG-PCL block
copolymers were synthesized by ring-opening polymerization of
�-CL in the presence of MPEG with a small amount of catalyst.

FT-IR and proton NMR spectra for a typical MPEG-PCL copoly-
mer clearly indicate that the MPEG-PCL copolymer exhibits peaks
characteristic of both PEG and PCL (Fig. 1). The molecular weight
of MPEG-PCL was measured using 1H NMR and GPC. The GPC
chromatograph of MPEG-PCL showed unimodal distribution. The
composition and molecular weights of MPEG-PCL, measured using
peak integrations in the 1H NMR and GPC, are shown in Table 2.
The molecular weights detected by GPC are mostly in reasonable

agreement with those calculated based on the 1H NMR data. In
addition, conjugation of the Tat analog to MPEG-PCL through the
ester or disulfide bond was confirmed using the ninhydrin reac-
tion. The particle size of the MPEG-PCL micelles was larger than
that of the Tat analog-conjugated MPEG-PCL, and the zeta poten-
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ig. 5. Luciferase activity in various tissues 24 h after intravenous injection of
50 �g)/MPEG-PCL-SS-Tat (500 �g) complex was intravenously injected into mic
nd centrifuged, and the luciferase activity of the supernatant then determined by

ial of MPEG-PCL showed a negative charge whereas that of Tat
nalog-conjugated MPEG-PCL showed a positive charge. This sug-
ests that these synthesized Tat-conjugated polymers can form
anoparticles, possibly like a polymer micelle, and which are dif-

erent from MPEG-PCL nanoparticles and have a slightly positive
harge in water, most likely because the Tat analog is presented on
he surface of the nanoparticles. As shown in Fig. 2, MPEG-PCL with-
ut Tat did not show a delay of pCMV-Luc bands, indicating that
PEG-PCL cannot form a complex with pCMV-Luc at any weight

atio due to the negative charge of the MPEG-PCL surface. In con-
rast, MPEG-PCL-ester-Tat and MPEG-PCL-SS-Tat showed a delay
f pCMV-Luc bands at up to a 5/1 weight ratio, indicating that
at analog-conjugated MPEG-PCL can form a stable complex with
CMV-Luc.

The results of the in vitro transfection experiments in COS7
nd S-180 cancer cells indicate that MPEG-PCL-SS-Tat also signifi-
antly increases the transfection efficiency at 10/1 and 15/1 weight
atios compared to naked pCMV-Luc. MPEG-PCL-ester-Tat did not
ncrease luciferase activity, compared to naked pDNA (Fig. 3a and
). We believe that the decompaction in these complexes with the
ster form bond was insufficient to release the pDNA in the cytosol,
s shown in Fig. 3c. On the other hand, MPEG-PCL-SS-Tat markedly
ncreased luciferase activity in both cell types compared to naked
DNA, while MPEG-PCL-ester-Tat/pCMV-Luc did so at vector/pDNA
omplex weight ratios of 10/1 or higher. In order to achieve efficient
ranscription, it is very important that pDNAs are able to be released
rom the vector once inside the cell. The disulfide bond is impor-
ant for gene delivery because of the decondensation and release of
DNA that is expected to be triggered by the reducing environment
f the cytosol and nucleus. As shown in Fig. 3c, bands of released
CMV-Luc were observed at the weight ratios of PEG-PCL-SS-Tat to
DNA of 5/1 and 10/1 in the gel electrophoresis analysis of MPEG-
CL-Tat and pCMV-Luc complexes after treatment for 3 h with
he reducing regent, 10 mM glutathione. These results suggested
hat MPEG-PCL-ester-Tat and MPEG-PCL-SS-Tat formed nano-sized
omplex with pDNA due to not only the electrostatic interaction by
at but also constructive and physical complexation by micelles. So,
n the reductive environment, the interaction between MPEG-PCL-
S-Tat and pDNA was reduced because the ability of constructive
nd physical complexation was disappered by cleavage disulfide

onds. As a result, pDNA was easily to release from MPEG-PCL-SS-
at.

In order for a systemic gene carrier to be effective, the degrada-
ion that occurs by interaction with serum proteins and enzymes
eeds to be avoided. Thus, the luciferase activity in COS7 cells trans-
-PCL-SS-Tat/pCMV-Luc complex into mice bearing S-180 cells. The pCMV-Luc
ing S-180 cells. At 24 h post-injection, each tissue was harvested, homogenized
iferase assay. Each bar represents the mean ± S.E. (n = 4). **P < 0.01.

fected with Tat analog, MPEG-PCL-SS-Tat and Lipofectamine® in
the presence of serum was determined (Fig. 4a). MPEG-PCL-SS-
Tat after complexation with pCMV-Luc significantly and strongly
increased luciferase activity dose-dependently, even in the pres-
ence of serum, compared to naked pDNA and Tat analog complex.
This is most likely due to nonionic water-soluble PEG chains acting
as a hydrophilic shell to stabilize and protect the pDNA from serum
proteins. Consequently, a number of MPEG-PCL-SS-Tat molecules
might survive to then produce systemic transfection in the pres-
ence of serum. Based on the in vitro cytotoxicity tests of pCMV-Luc
complexed with MPEG-PCL-SS-Tat at various weight ratios using
the WST-8 assay (Fig. 4b), MPEG-PCL-SS-Tat does not induce any
remarkable cytotoxicity at any ratios of vector/pDNA. These find-
ings indicate that the MPEG-PCL-SS-Tat synthesized in this study
would be suitable as a systemic non-viral gene carrier.

Most non-viral vectors are internalized by endocytosis such
as macropinocytosis, the clathrin-mediated pathway, the caveola-
mediated pathway and fusion. Gene expression efficiency is
strongly related to the cellular uptake pathway of genes. Therefore,
determination of the cellular uptake pathway of MPEG-PCL-SS-Tat
was required. As shown in Fig. 4c, the luciferase activity markedly
decreased in the presence of each inhibitor. In particular, amiloride
and transfection at 4 ◦C strongly and significantly inhibited gene
expression, suggesting that MPEG-PCL-SS-Tat mainly transfects the
gene through the macropinocytosis pathway. As already reported
(Khalil et al., 2006; Futaki et al., 2007; Nakase et al., 2007; Chang et
al., 2007, 21–24), arginine-rich peptides such as Tat and oligoargi-
nine mainly pass into the cytosol through this macropinocytosis
pathway. Thus, MPEG-PCL-SS-Tat/pDNA nanoparticles might also
undergo uptake into the cell predominantly through macropinocy-
tosis via the Tat analog, which may be present on the surface of
these nanoparticle complexes. Furthermore, these results suggest
that a marked proportion of these nanoparticles were transfected
through the other endocytosis processes, via the caveola- and
clathrin-mediated pathways.

The transfection of pCMV-Luc into tumor tissue inoculated
with S-180 cells increased 24 h after intravenous injection of the
naked pCMV-Luc or MPEG-PCL-SS-Tat/pCMV-Luc complex (Fig. 5).
In the naked pCMV-Luc-injected mice, the luciferase activity did
not advance above the control level in any tissue, possibly due

to degradation by nucleases in the serum. In contrast, when the
MPEG-PCL-SS-Tat/pCMV-Luc complex was injected into the mice,
the luciferase activity in the lung, liver, spleen, kidney and tumor
was significantly higher than that produced in the naked pCMV-
Luc-injected mice. In particular, the luciferase activity in tumor
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issue after intravenous injection of MPEG-PCL-SS-Tat/pCMV-Luc
omplex was significantly higher than that in the other normal tis-
ues. The MPEG-PCL-SS-Tat/pCMV-Luc (10/1 weight ratio) complex
ecreased to a particle diameter of about 60 nm and a zeta poten-
ial of about +10 mV, which was sufficient to allow passive delivery
nto tumor tissue using the EPR effect as described in previous
eports (Matsumura and Maeda, 1986). These results strongly sug-
est that MPEG-PCL-SS-Tat is able to promote the specific delivery
f pCMV-Luc into the tumor and that this vector might be useful for
elivery of therapeutic genes in the form of pDNA and siRNA and as
non-viral systemic gene carrier targeting tumors for clinical use.
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