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a b s t r a c t
Skeletal muscle is an interesting target for gene therapy. To achieve effective gene introduction in skeletal
muscle, a hydrodynamic approach by intravenous injection of plasmid DNA (pDNA) with transient isolation
of the limb has attracted attention. In this study, we demonstrated that polyplex nanomicelle, composed of
poly(ethyleneglycol) (PEG)-block-polycation and pDNA, showed excellent capacity of gene introduction to
skeletal muscle. The evaluation of luciferase expression in the muscle revealed that the nanomicelle provided
higher and sustained proﬁles of transgene expression compared with naked pDNA. Real-time in vivo imaging
using a video-rate confocal imaging system suggested that the nanomicelle showed tolerability in the
intracellular environment, resulting in the slow but sustained transgene expression. The nanomicelle
induced less TNFα induction in the muscle than naked pDNA, indicating the safety of nanomicelle-based
gene delivery into the skeletal muscle. Moreover, the nanomicelle showed signiﬁcant tumor growth
suppression for almost a month by introducing a pDNA expressing a soluble form of vascular endothelial
growth factor (VEGF) receptor-1 (sFlt-1) to skeletal muscle to obtain anti-angiogenic effect on tumor
growth. This feature of sustained effect gives an important advantage of gene therapy, especially on the
points of cost effectiveness and high compliance. These results suggest that the hydrodynamic gene
introduction to skeletal muscle using polyplex nanomicelle system possesses the potential for effective gene
therapy.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Skeletal muscle is an interesting target for gene therapy. Not only
for the direct treatment of the diseases in the muscle such as muscular
dystrophy, gene delivery may use the muscle as a protein factory
expressing transgene constitutively [1,2]. This technique has applications to the treatment of peripheral ischemia [3], haematological
disorder [4–7] and diabetes mellitus [8,9], as well as for the purpose of
DNA vaccination [10] and tissue engineering [11]. Various functional
proteins, such as growth factor, have been reported to show
therapeutic effects. Muscle-targeting gene delivery was pioneered in
1990 by a simple intra-muscular (i.m.) injection of naked pDNA [12].
Due to the low efﬁciency of this approach, the research focus was
quickly shifted to the application of viral vectors. For the past decade,
the majority of animal experiments and clinical trials targeting
skeletal muscle have used viral vectors. However, this approach has
several serious problems, including the size limitation of contained
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gene, difﬁculty of procedures for the manufacture of virus, and
especially the immunogenicity derived from the nature of viruses [2].
To solve these issues, non-viral gene carriers have been actively
investigated. For muscle targeting, however, most of the gene carriers
such as lipoplexes and polyplexes have only given disappointing
results, showing a lower transgene expression efﬁciency than even
the naked pDNA. The reasons for this lowered efﬁciency are not fully
understood but it is speculated that the cationic lipoplexes or
polyplexes are apt to bind to the negatively charged extracellular
matrix (ECM), a basement membrane rich in glycosaminoglycans, in
the skeletal muscle [13–15]. Unlike the cells in organs such as the
liver, the muscle ﬁbers are surrounded by a layer of mechanically
strong ECM, supposedly prohibiting the entry of cationic gene carriers.
On the other hand, a new strategy of targeting skeletal muscle,
vascular approach, has attracted much attention [16–18]. This
strategy is reasonable from the anatomical characteristics of muscle,
because the muscle has an abundant blood vascular supply with
extensive capillary network wrapping around the muscle ﬁbers,
leading to easier access and direct conduit compared to i.m. injection.
Especially, intravenous (i.v.) injection has more beneﬁts than intraarterial (i.a.) route, due to the easier access under the skin with fewer
potential deleterious consequences relating to vessel damage after
injection. Wolff et al. reported the i.v. injection of naked pDNA with

transient isolation of limb by tourniquet, obtaining higher levels
of transgene expression in the skeletal muscle than other methods of
i.m. and i.a. injections [18]. The hydrodynamic mechanism of
transient increase in the hydrostatic pressure is considered to
contribute to the enhanced transgene expression [19]. They had
also tried adenovirus vectors by the same injection technique, and
interestingly, the naked pDNA showed higher transgene expression
than the adenovirus.
Here we describe a new application of gene carrier, polyplex
nanomicelle (Fig. 1), to this hydrodynamic gene delivery to skeletal
muscle. This system is a polyplex composed of poly(ethyleneglycol)
(PEG)-block-polycation and pDNA, forming micelle that has been
found suitable for gene delivery: a diameter around 100 nm with a
hydrophilic and electrically neutral palisade of PEG, increased
tolerance under physiologic conditions with the remarkably low
cytotoxicity [20–25]. Due to the stable and biocompatible features, the
nanomicelle is expected to achieve the enhanced uptake into the
muscle ﬁbers as well as the sustained transgene expression. To our
knowledge, the hydrodynamic gene delivery has been investigated
mostly using naked pDNA, and there are few non-viral systems to
succeed in enhancing the transfection efﬁciency. Although the naked
pDNA delivery has an inherent simplicity, if the higher transgene
expression and improved safety are obtained by using a suitable gene
carrier, it should be a signiﬁcant progress for the practical use of
hydrodynamic gene delivery to skeletal muscle.
We undertook the present study to investigate the feasibility of the
polyplex nanomicelle from PEG-poly(L-lysine) (PEG-PLys)/pDNA for
hydrodynamic gene delivery. We performed (1) evaluation of
transgene expression over the long term; (2) evaluation of carrier
behavior by in vivo microscopy analysis; and (3) evaluation of antiangiogenic effect to inhibit the tumor growth by ectopic expression of
vascular endothelial growth factor (VEGF) receptor-1 (sFlt-1) gene in
the mice bearing pancreatic adenocarcinoma BxPC3. We demonstrate
that the carrier is capable of safely inducing high transgene expression
on the targeted muscle, indicating the promising feasibility for
therapeutic purposes in the clinical settings.

2. Materials and methods
2.1. Materials
Plasmid DNAs (pDNA) encoding luciferase (pGL4.10: Promega,
Madison, WI, USA) and EGFP (pEGFP-C1, 4700 bpa) (Clontech, Palo
Alto, CA, USA) were ampliﬁed in competent DH5α Escherichia coli
and puriﬁed using a NucleoBond Xtra EF (Nippon Genetics, Tokyo,
Japan). pVL 1393 baculovirus vector pDNA encoding human sFlt-1
was kindly provided by Dr. M. Shibuya (Tokyo Medical and Dental
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University). The pDNA concentration was determined by reading the
absorbance at 260 nm. Dulbecco's modiﬁed Eagle's medium
(DMEM) and fetal bovine serum (FBS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and Dainippon Sumitomo
Pharma Co., Ltd. (Osaka, Japan), respectively. ELISA kits were
purchased as below; mouse creatine phosphokinase (CPK): EnzyChrom Creatine Kinease Assay kit (ECPK-100) from BioAssay
Systems (Hayward, CA, USA), C-reactive protein (CRP): C-Reactive
Protein ELISA (971CRP01M-96) from Cosmo Bio Co., Ltd. (Tokyo,
Japan), human Soluble VEGF R1/Flt-1 Quantikine Kit (DVR100B)
from R&D Systems Inc. (Minneapolis, MN). Rat monoclonal antibody
anti-platelet endothelial cell adhesion molecule-1 (PECAM-1), as a
marker for vascular ECs, was purchased from BD Pharmingen
(Franklin Lakes, NJ). Alexa488-conjugated secondary antibodies to
rat IgG were obtained from Invitrogen Molecular Probes (Eugene,
OR).
2.2. Animals
Balb/c nude mice (female, 6 weeks old) were purchased from
Charles River Laboratories (Tokyo, Japan). The strain of histone–GFP
fusion mice (B6.Cg-Tg(HIST1H2BB/EGFP)1 Pa/J) was purchased from
the Jackson Laboratory (Bar Harbor, Maine) [26]. All animal
experimental protocols were performed in accordance with the
Guide for the Care and Use of Laboratory Animals as stated by the
National Institutes of Health.
2.3. Synthesis of PEG-PLys block copolymer
A series of poly(ethylene glycol)-poly(L-lysine) (PEG-PLys) block
copolymers with different PLys chain length were synthesized as
previously reported [23,27]. Brieﬂy, ring opening polymerization of
Nε-triﬂuoroacetyl-L-lysine N-carboxyunhydride was initiated by the
ω-NH2 terminal group of α-methoxy-ω-amino PEG (Mw = 12,000),
followed by the removal of triﬂuoroacetyl protecting groups (TFA) by
NaOH. The obtained block copolymer products were conﬁrmed to
have a fairly narrow molecular weight distribution (Mw / Mn = 1.06–
1.10) by gel permeation chromatography (GPC). The degree of
polymerization of the PLys segment was determined to be 16, 38,
and 88 by comparing 1H NMR integration ratios between methylene
protons of PEG chain (CH2CH2O) and methylene protons of the side
chain of PLys segment ((CH2)3CH2NH3). These block copolymers were
termed as PEG-PLys 12–16, 12–38, 12–88, respectively.
2.4. Formation of polyplex nanomicelle
PEG-PLys and pDNA were separately dissolved in 10 mM Tris–HCl
buffer adjusted to pH 7.4. Polyplex nanomicelles were obtained by
simply mixing both solutions at N/P ratio 2, which is a molar ratio of
lysine units in PEG-PLys to nucleotide units in pDNA. The polyplex
nanomicelle solution was left for 15 min at room temperature and
then subjected to the following experiments. The ﬁnal pDNA
concentration was adjusted to 166.7 mg/ml. Just prior to injection,
1/100 volume of 5 M NaCl solution was added to form half-isotonic
solution.
2.5. Hydrodynamic injection into the limb vein of mice

Fig. 1. Polyplex nanomicelle composed of pDNA and block copolymer.

Mice were anesthetized with ketamine/xylazine (80 mg/kg and
5 mg/kg) solution through intraperitoneal injection. Prior to each
injection, a tourniquet was placed on the proximal thigh to transiently
restrict blood ﬂow. From a distal site of great saphenous vein, the
naked pDNA or polyplex nanomicelle solution (300 µl) containing
50 µg pDNA was injected in 5 s. After 5 min of injection, the
tourniquet was released.
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2.6. Evaluation of luciferase expression
Real-time evaluation of luciferase expression was done by IVIS™
Imaging System (Xenogen, Alameda, CA, US) after intraperitoneal
injection of D-luciferin, according to manufacturer's protocol. For
the evaluation of transfection efﬁciency in the muscle tissue, mice
were sacriﬁced and the triceps muscle of calf was extracted with
fascia, followed by thorough homogenization using a Multi-beads
shocker (Yasui Kikai Corporation, Osaka, Japan). The luciferase
expression was measured by a Luciferase Assay System (Promega,
Madison, WI, USA) according to the protocol provided by the
manufacturer, using a Lumat LB9507 luminometer (Berthold, Bad
Wildbad, Germany). The expression was normalized to protein
concentrations in cell lysates.
2.7. Evaluation of intact pDNA amount in the muscle
The intact pDNA remaining in the muscle was evaluated by a realtime quantitative PCR using speciﬁc primers for Luc2 sequence in the
pGL4.10 pDNA: forward primer GGACTTGGACACCGGTAAGA and
reverse primer GTCGAAGATGTTGGGGTGTT. From the muscle, the
DNA was collected and puriﬁed using a Wizard Genomic DNA
puriﬁcation Kit (Promega), then subjected to the PCR using an ABI
7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA). This evaluation of remaining pDNA amount was done
simultaneously with the luciferase expression measurement by
transversely dividing the muscle into two parts, then they were
homogenized separately, one for collecting protein and the other for
collecting DNA. Normalization of the muscle weight was done by
evaluating the copy number of β-actin in the genome DNA from each
sample, using TaqMan Gene Expression Assays (Mm00607939 s1 for
mouse β-actin). A linear relationship between the muscle weight and
threshold cycle for the β-actin gene ampliﬁcation was conﬁrmed
(data not shown).
2.8. Evaluation of TNFα mRNA expression
After injection, the muscle was extracted and the mRNA was
collected using RNeasy Fibrous Tissue Kit (Qiagen, Hilden, Germany).
The gene expression was analyzed by a real-time quantitative PCR,
using TaqMan Gene Expression Assays (Mm00443258 m1 for mouse
TNFα).
2.9. In vivo confocal microscopy
A home-built in vivo ﬂuorescence confocal laser scanning
microscopy system [28] was used to monitor gene expression in
individual muscle ﬁbers in mice in vivo. Mice were anesthetized by an
intraperitoneal injection of ketamine (80 mg/kg) and xylazine
(10 mg/kg). Skin incision was carefully made to expose the muscle
without damaging fascia. Fluorescence signals of GFP and Cy5 were
excited with a 491 nm (Cobalt, Stockholm, Sweden) and a 635 nm
continuous-wave laser (Coherent, Santa Clara, CA), respectively and
detected through a 520 ± 17 nm and a 670 ± 15 nm band pass ﬁlter
(Semrock, Rochester, NY), respectively. After each imaging session,
the skin incision was closed by 6-0 nylon suture and triple antibiotic
ointment was applied.

(Days 0 and 7), tumor growth were checked twice a week. Tumor
volume (V) was calculated as the following equation:
2

V = a x b =2
where the letters a and b denote the long and short diameters of the
tumor tissue. Intergroup differences were tested for signiﬁcance using
Student's t-test. p values less than 0.05 were considered to be
signiﬁcant.
2.11. Evaluation of vascular density
After 10 days of hydrodynamic injection of naked pDNA or polyplex
nanomicelle to tumor-bearing mice as described above, mice were
sacriﬁced and the tumors were excised, frozen in dry-iced acetone, and
sectioned at 10 µm thickness in a cryostat. Immunostaining was carried
out using anti-PECAM-1 antibody followed by Alexa 488-conjugated
secondary antibody for immunostaining of vascular ECs. The samples
were observed by a confocal laser scanning microscope (CLSM). The
CLSM observation was performed using an LSM 510 (Carl Zeiss,
Oberlochen, Germany) with an EC Plan-Neoﬂur 20× objective (Carl
Zeiss) at the excitation wavelength of 488 nm (Ar laser). PECAM-1
positive area (%) was calculated from Alexa 488 positive pixels.
3. Results and discussion
3.1. Transgene expression in the skeletal muscle
The hydrodynamic delivery was done by i.v. injection of pDNA or
polyplex nanomicelle into the great saphenous vein of the distal hind
limb (Fig. 2). Just before the injection, a tourniquet was placed on the
proximal thigh, and kept during the injection and for 5 min
postinjection. Three hundred μl solution containing 50 μg pDNA was
injected. Slight swelling was observed on the limb after injection but
disappeared within an hour, and no obvious functional loss on the leg
had been observed since then.
The transgene expression was evaluated by IVIS™ Imaging System
(Xenogen, Alameda, CA, US) using a luciferase-expressing pDNA. This
method is advantageous as the expression on the identical mice can
be followed continuously. Fig. 3A shows the representative images on
Day 6 after transgene introduction. The luciferase expression was
visualized on the area of lower thigh regardless to the gene carriers,
and by a separate experiment to analyze the tissue samples such as
muscle, skin, bone and tendinous tissue, the triceps muscle of the calf
was revealed to be the chief target expressing luciferase in the
injected limb (data not shown). We did imaging approximately every

2.10. Anti-tumor activity assay
Balb/c nude mice were inoculated subcutaneously with BxPC3, a
human pancreatic adenocarcinoma cell line (American Type Culture
Collection, Manassas, VA) (5 × 106 cells in 100 µl of PBS). Tumors were
allowed to grow for 2–3 weeks to reach proliferative phase (the size of
tumor at this point was approximately 60 mm3). After twice
hydrodynamic injection of naked pDNA or polyplex nanomicelle

Fig. 2. Schematic representation of hydrodynamic gene delivery to skeletal muscle.
pDNA or polyplex nanomicelle was intravenously injected with isolation of the limb.
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Fig. 3. Luciferase expression on skeletal muscle after injection of pDNA or polyplex nanomicelles. (A) IVIS images of mice after 6 days of injection. (B) Time-dependent proﬁles of
luciferase expression quantiﬁed from IVIS images (n = 4, ± SEM).

3 days and calculated the amount of luciferase expression from the
image of each mouse. As shown in Fig. 3B, the polyplex nanomicelles
of 12–16 and 12–38 showed tenfold higher expression than naked
pDNA and 12–88 after Day 3. The time-dependent proﬁles of
expression, reaching the peak around Day 6 and the subsequent
gradual decrease, were similar among the carriers. Notably, the
expression was still clearly detectable in the nanomicelles of 12–16
and 12–38 on Day 27.
The expression from naked pDNA was higher than the nanomicelles on Day 1. By the evaluation of luciferase expression from the
extracted samples of the muscle, the higher expression by naked
pDNA was also conﬁrmed compared to 12–38 nanomicelles on Day 1
(Table 1). However, by Day 5, the naked pDNA and the nanomicelle
showed remarkably different proﬁles; the latter exhibited tenfold
increase in the expression while the former showed slight decrease,
and eventually the latter showed higher expression than the former
on Day 5. This trend was well correlated with the amount of intact
pDNA remaining in the muscle evaluated by real-time quantitative
PCR. For the animals dosed with naked pDNA, the intact pDNA
remaining in the muscle was estimated to 2.4 ng/mg muscle on Day 1,
which corresponded to only 0.1% of the injected dose, providing the
muscle on the lower thigh to have 20 mg weight. Then on Day 5, the
Table 1
Luciferase expression and pDNA uptake evaluated from extracted muscle (n = 3).

Naked pDNA
Nanomicelle
Control

Luciferase expression
(RLU/mg protein)

Intact pDNA amount
(ng/mg muscle)

Day 1

Day 5

Day 1

Day 5

331209.7
75859.8
200.5

102510.5
867026.6
102.0

2.4
457.3
Undetected

0.03
14.53
Undetected

amount of pDNA showed a signiﬁcant decrease to a hundredth part to
that on Day 1. In contrast, using the nanomicelle, the intact pDNA
amount was two-digit higher (457.3 ng/mg muscle 10% of the
injected dose) than that observed by the naked pDNA injection on
Day 1, and showed only a moderate decrease to one-tenth on Day 5.
The hydrodynamic pressure is known to facilitate the internalization
of the injected pDNA directly into cells in the tissue, and eventually, even
naked pDNA induces substantial transgene expression [19,29–31]. The
naked pDNA may induce the rapid transcription if it is safely transferred
into the cells. In this regard, it is reasonable that the naked pDNA
showed higher transgene expression than polyplex nanomicelle on
Day 1 in this study. However, in this case, the naked pDNA was rapidly
degraded as seen in Table 1, resulting in the rapid decrease in the
expression. In contrast, polyplex nanomicelle may contribute to the
increased stability of the loaded pDNA in the physiological condition,
leading to the gradual increase in transgene expression for a week,
eventually to the level of one-digit higher than that of the naked pDNA.
It is interesting to note that the chain length of PLys in PEG-PLys block
copolymer signiﬁcantly affected the capacity of transgene expression.
We previously reported that the extended chain length of PLys provided
the increased tolerability of the loaded pDNA toward nuclease and the
improved stability in the presence of serum of the polyplex nanomicelle,
leading to the higher transfection toward cultured cells in serumcontaining medium [21,23]. However, in this study, the opposite trend
was apparently observed in in vivo expression toward the muscle cells
by hydrodynamic injection. Extension of PLys segment length in the
nanomicelles resulted in the lowered expression as typically seen in
Fig. 3. Presumably, as cellular internalization is not the major limiting
step in hydrodynamic transfection, the controlled unpackaging of the
loaded pDNA from the nanomicelles in intracellular environment may
be a key step for a substantially high and sustained transgene
expression. Nanomicelles with shorter PLys chain (12–16 and 12–38)
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are less stable than those with longer PLys chain (12–88), thereby
smoothly release the loaded pDNA inside of muscle cells to exert higher
transgene expression without the problem of overstabilization. Hereafter, we used the nanomicelle from the 12–38 block copolymer in the
experiments because of its substantially high in vivo transfection
capacity.

3.2. Evaluation by in vivo confocal microscopy
For dynamic evaluation in the muscle tissues, we observed the
muscle ﬁbers after hydrodynamic injection of EGFP-expressing pDNA
as a form of naked pDNA or polyplex nanomicelle (12–38), using a
video-rate confocal imaging system developed for real-time in vivo
imaging. The muscle was excited from the surface of fascia and the
confocal images were obtained sequentially at every 10 μm thickness.
Fig. 4 represents the typical images obtained at the depth between 20
and 40 μm from the surface on Day 6. The EGFP-positive ﬁbers were
observed among the aligned muscle ﬁbers. In naked pDNA, a small
number of EGFP-positive ﬁbers were found, surrounded by a larger
number of EGFP-negative ﬁbers. In contrast, there was observed an
increased number of EGFP-positive ﬁbers for the sample transfected
with the nanomicelles. In both cases, no apparent damage on the
ﬁbers was observed compared to the control limb without injection.
Then, to investigate the retention of pDNA in the muscle tissue,
Cy5-labeled pDNA was applied to histone–GFP mice, in which every
cell stably expressed GFP signal in the nuclei. Plasmid DNA was
labeled using a Label IT nucleic acid labeling kit (Panvera, Madison,
WI, USA), that promotes covalent attachment of speciﬁc ﬂuorescent
molecules to guanine residues in DNA. The labeled pDNA, observed as
red spots, was widely distributed in the muscle tissue for both naked

pDNA and polyplex nanomicelle on Day 1 (Fig. 5A). On Day 3 and
Day 7, the total number of red spots in the tissue was apparently
decreased compared to Day 1. To evaluate the time-dependent change
quantitatively, we analyzed the images using an image analysis
software (In Cell Analyzer 1000 Workstation ver.3.5, GE Healthcare
UK Ltd. Buckinghamshire, England), where each nucleus was
recognized one by one, and the ratio of nuclei co-localizing with red
spots was calculated for more than 500 nuclei at each time point.
Interestingly, in contrast to the naked pDNA that showed signiﬁcant
decrease in the ratio of co-localization at Day 3, the nanomicelle kept
an appreciably high co-localization ratio until Day 3, then turned to a
gradual decrease (Fig. 5B). This result demonstrates that pDNA loaded
in the nanomicelle stably remained in the cells, leading to the
sustained transgene expression. This observation is well consistent
with the results of time-dependent proﬁle of transgene expression
(Fig. 3B) and the quantiﬁcation of intact pDNA in the tissue (Table 1),
highlighting the feature of the polyplex nanomicelles relevant for
hydrodynamic gene delivery system.
3.3. Evaluation of safety issues
The transient enhancement in the permeability of plasma
membrane is considered to be a major mechanism of gene
introduction by hydrodynamic method [19]. In turn, this may induce
the transient leakage of cytoplasmic components into the exterior.
Indeed, the hydrodynamic injection to liver transiently elevated
alanine aminotransferase and aspartate aminotransferase level in
serum [31]. However, no apparent damage was histologically found in
the liver without any functional disorder. Creatine phosphokinase
(CPK) elevation in serum was reported for hydrodynamic gene
transfer into skeletal muscle, yet the elevation was only transient [18].
Consistent with these literatures, the injection of polyplex
nanomicelle induced elevation of CPK on Day 1 as well as naked
pDNA, but on Day 6 the value recovered to the control level. No
signiﬁcant difference was observed between naked pDNA and
nanomicelle (Table 2). C-reactive protein (CRP), a sensitive marker
protein for inﬂammation, was not detected by both naked pDNA and
nanomicelles after hydrodynamic injection.
To further investigate the toxic effect of injection, the induction of
an inﬂammatory cytokine, TNFα, was evaluated. As for the systemic
effect, no TNFα protein was detected in serum by an ELISA assay after
one day from the hydrodynamic injection (data not shown). However,
when the TNFα mRNA expression in the muscle tissue was evaluated
using a quantitative PCR, the naked pDNA induced three-fold increase
in the expression compared to non-treated control (Fig. 6). Instead,
the nanomicelle showed almost no change in the TNFα mRNA
expression. Although the mechanism of TNFα induction by naked
pDNA is unclear, it is reasonable that almost no cytokine induction
was detected by nanomicelle injection because of the reduced
foreign-body recognition presumably due to the PEG palisade as
previously described. Accordingly, these results support the safety of
nanomicelle-based gene delivery into the skeletal muscle.
3.4. Tumor growth inhibition by ectopic introduction of sFlt-1 gene

Fig. 4. EGFP expression on skeletal muscle on Day 6 after injection of naked pDNA or
polyplex nanomicelle (12–38). Confocal images were obtained using an in vivo
ﬂuorescence confocal laser scanning microscopy system by excitation from the surface
of fascia. The value on the right of each image indicates the depth from the surface. Bars
represent 100 μm.

Finally, we evaluated the therapeutic feasibility of muscletargeting gene delivery using nanomicelle. For this purpose, a pDNA
expressing a soluble form of vascular endothelial growth factor
(VEGF) receptor-1 (sFlt-1) was used to obtain anti-angiogenic effect
on tumor growth [32]. This strategy of gene therapy has already
attracted much attention, utilizing anti-angiogenesis to inhibit
growth of new blood vessels around the solid tumor [33–37]. The
skeletal muscle is one of the promising targets for the gene delivery to
expect the long-term secretion of sFlt-1, and such delivery methods as
i.m. injection of adnovirus [38], adeno-associated virus [39], and i.m.
injection of naked pDNA followed by electroporation [40] had been

117

Fig. 5. Distribution of Cy5-labeled pDNA in the muscle ﬁbers after hydrodynamic injection of naked pDNA or polyplex nanomicelle (12–38). (A) Confocal images of Cy5-labeled
pDNA in histone-GFP mice, in which every cell stably expresses GFP signal in the nuclei. Bars represent 100 μm. (B) Evaluation of co-localization ratios of nuclei and pDNA using an
image analysis software (In Cell Analyzer 1000 Workstation ver.3.5, GE Healthcare UK Ltd).

tried to obtain anti-angiogenic effect. Thus, we applied the hydrodynamic injection using the nanomicelle to deliver sFlt-1 effectively to
skeletal muscle.
The hydrodynamic injection of naked pDNA encoding sFlt-1 or
polyplex nanomicelle was done twice with one-week interval to mice
bearing pancreatic adenocarcinoma BxPC3, followed by the measurement of tumor volume for a month. As shown in Fig. 7A, the tumor
growth was signiﬁcantly suppressed using the sFlt-1-expressing pDNA.
Both naked pDNA and nanomicelle showed equivalent effect of tumor
growth inhibition for more than two weeks postinjection. The sFlt-1
protein in serum was similarly detected in both methods on Day 10 by
an ELISA assay (Fig. 7B), consistent with the equivalent inhibition of
tumor growth. Moreover, to conﬁrm that the tumor growth suppression

was attributed to the anti-angiogenic effect, the vascular density was
evaluated in the tumor using a monoclonal antibody anti-platelet
endothelial cell adhesion molecule-1 (PECAM-1), as a marker for

Table 2
Serum concentration of creatine phosphokinase (CPK) after hydrodynamic injection of
naked pDNA or polyplex nanomicelles (n = 4).
CPK (U/L)

Control

Naked pDNA

PEG-PLys (12–16)

PEG-PLys (12–38)

Day 1
Day 6

62.7

113.3
68.8

86.8
59.4

163.1
57.8

Fig. 6. Evaluation of TNFα induction after hydrodynamic injection of naked pDNA or
polyplex nanomicelle (12–38). TNFα mRNA expression in the muscle tissue was
evaluated by a quantitative PCR, and presented as a relative value to non-treated
control (n = 3, ± SEM).
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Fig. 7. Evaluation of anti-angiogenic effect on tumor growth by ectopic introduction of sFlt-1 gene into skeletal muscle after hydrodynamic injection. (A) Tumor growth inhibition after
injection. Naked pDNA or polyplex nanomicelle (12–38) was injected twice with one-week interval to mice bearing pancreatic adenocarinoma BxPC3. The tumor volume was shown as a
relative value to that on Day 0 (n = 4, ± SEM). *p b 0.05 for nanomicelle (sFlt-1) versus control (except Day 28). *p b 0.05 for nanomicelle (sFlt-1) versus naked pDNA (Day 28). #p b 0.05 for
naked pDNA (sFlt-1) versus control. (B) sFlt-1 concentration in serum evaluated by an ELISA assay on Day 10 after injection (n = 4, ± SEM). (C) Confocal images of tumor tissue on Day 10.
To evaluate the anti-angiogenic effect, the tumor tissue was treated with a monoclonal antibody anti-platelet endothelial cell adhesion molecule-1 (PECAM-1) to show the vascular density.
Bars represent 10 μm. (D) PECAM-1 positive areas calculated from the images. The ratios of PECAM-1 positive endothelium area per total area were presented (n = 4, ± SEM).

vascular endothelial cells (Fig. 7C). From these images, the ratios of
PECAM-1 positive endothelium area per the total area were calculated.
As shown in Fig. 7D, it was revealed that the areas of PECAM-1 positive
were lower in the mice treated by the sFlt-1 pDNA than that of control
mice. Thus, it is conﬁrmed that the ectopic expression of sFlt-1 provided
therapeutic outcome of tumor growth inhibition by anti-angiogenic
effect.
To be mentioned is that polyplex nanomicelle showed the
prolonged effect on tumor growth inhibition for more than three
weeks after the initial injection. On Day 28, the nanomicelle showed
signiﬁcant suppression on tumor growth compared with naked pDNA.
It is likely to be attributed to the sustained transgene expression by

nanomicelle as shown in Fig. 3 and Table 1. This feature of sustained
effect gives an important advantage of gene therapy over other
molecular-targeting drugs, such as bevacizumab (Avastin) for antiangiogenesis treatment, on the points of cost effectiveness and high
compliance. Although much further investigation is needed to clarify
the therapeutic effect, the polyplex nanomicelle is considered to be a
good candidate as a carrier to realize clinical gene therapy.
In conclusion, we evaluated the polyplex nanomicelle composed of
pDNA and PEG-PLys block copolymer for hydrodynamic gene delivery
to skeletal muscle. Due to the high stability and biocompatibility, the
nanomicelle provided excellent and prolonged transgene expression
in the muscle compared to naked pDNA. As far as we know, this

system is the ﬁrst non-viral system to show effective transgene
expression by hydrodynamic gene delivery, appealing its promise for
clinical application.
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