
Octaarginine-modified multifunctional envelope-type
nanoparticles for gene delivery

IA Khalil1,2,9, K Kogure2,9, S Futaki3,4, S Hama1,2, H Akita1,2, M Ueno5, H Kishida6, M
Kudoh6, Y Mishina7, K Kataoka8, M Yamada6, and H Harashima1,2

1 Graduate School of Pharmaceutical Sciences, Hokkaido University, Kita-ku, Sapporo, Hokkaido, Japan

2 The Core Research for Evolutional Science and Technology (CREST), Shibuya-ku, Tokyo, Japan

3 Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency (JST),
Shibuya, Shibuya-ku, Tokyo, Japan

4 Institute for Chemical Research, Kyoto University, Uji, Kyoto, Japan

5 Faculty of Pharmaceutical Sciences, Toyama Medical and Pharmaceutical University, Sugitani, Toyama,
Japan

6 Yamada Research Unit, RIKEN Brain Science Institute, Saitama, Japan

7 National Institute of Environmental Health, Research Triangle Park, NC, USA

8 Graduate School of Engineering, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan

Abstract
This study describes a multifunctional envelope-type nano device (MEND) that mimics an envelope-
type virus based on a novel packaging strategy. MEND particles contain a DNA core packaged into
a lipid envelope modified with an octaarginine peptide. The peptide mediates internalization via
macropinocytosis, which avoids lysosomal degradation. MEND-mediated transfection of a luciferase
expression plasmid achieved comparable efficiency to adenovirus-mediated transfection, with lower
associated cytotoxicity. Furthermore, topical application of MEND particles containing
constitutively active bone morphogenetic protein (BMP) type IA receptor (caBmpr1a) gene had a
significant impact on hair growth in vivo. These data demonstrate that MEND is a promising non-
viral gene delivery system that may provide superior results to existing non-viral gene delivery
technologies.
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Introduction
Several biological barriers limit the efficiency with which non-viral vectors deliver nucleic
acids to eukaryotic cells. The most serious intracellular barriers are lysosomal degradation,
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nucleolytic degradation in the cytosol and inefficient delivery to the nucleus,1–3 whereas extra-
cellular barriers include nucleolytic degradation in the serum, recognition by the
reticuloendothelial system and nonspecific delivery.4,5 A variety of approaches have been
used to overcome these barriers including ligand-mediated targeting of cell surface receptors,
pH-sensitive fusogenic peptides that improve cytosolic delivery and nuclear localization
signals (NLSs) to enhance nuclear uptake.6–9

Many of the currently available non-viral vectors have some functional devices that enhance
their overall efficiency; however, they are still much less efficient than most viral vectors,10
which evolved towards, maximum efficiency through the process of natural selection. Simple
mixing of DNA with multiple devices does not guarantee that each device is functional and
effective in reducing barriers to efficient gene delivery. In addition, mixing of DNA with
multiple devices usually results in the formation of large aggregated complexes,4 which are
not efficient vehicles for gene delivery in vivo, which is our ultimate goal. In contrast, smart
nanotechnology-based devices offer a promising alternative approach to overcome barriers to
effective gene delivery. Such devices can be applied according to a rational strategy, through
which nanotechnology is used to assemble and integrate multifunctional devices into a single
system.9

For many non-viral gene delivery systems, particles gain entry into the cell through classical
endocytosis.2 Unfortunately, classical endocytosis is usually linked to fusion with lysosomes
and the ensuing threat of lysosomal degradation.2 Recently, we pointed out that intracellular
trafficking can be improved by optimizing the density of a membrane-permeable peptide on
the surface of liposomes, which leads to an alternative cellular uptake mechanism.11 In
particular, we have shown that a high density of the octaarginine (R8) peptide on the surface
of liposomes stimulates macro-pinocytosis, and improves transfection efficiency by avoiding
lysosomal degradation.11

Here, we propose a novel packaging approach to assemble multiple devices in a single gene
delivery system, so that each device can function at the correct time and correct site according
to a program. This program reflects a rational strategy for controlling the intracellular fate of
non-viral particles using novel functional devices to avoid biological barriers to efficient gene
delivery. The program also considers the topology of the functional devices to achieve
maximum activities. We have reported previously the importance of controlling the topology
of devices such as the R8 peptide and the fusogenic peptide GALA to exert their functions.4,
11–14 Such an approach, called ‘Programmed Packaging’, is expected to develop a non-viral
gene delivery system whose efficiency equals that of viral gene delivery systems.

Following this approach, a novel gene delivery system was developed that bears structural
similarity to an envelope virus. This system, the multifunctional envelope-type nano device
(MEND), includes a polycation-condensed DNA core that facilitates selective delivery to target
tissues or organelles15 and a lipid envelope (Figure 1a and b). The envelope can be equipped
with various functional devices to improve the system. For example, the R8 peptide was
introduced to promote macropinocytosis to avoid lysosomal degradation,11 and the helper lipid
dioleoylphosphatidylethanolamine (DOPE) with cholesteryl hemisuccinate (CHEMS) were
used to enhance the cytosolic release and nuclear delivery.16,17 Here, we show that MEND
particles produced transfection efficiencies equal to adenovirus in cultured cells with minimum
cytotoxicity. In addition, topical application of MEND particles containing constitutively
active bone morphogenetic protein (BMP) type IA receptor (caBmpr1a) gene altered BMP
signaling and hair growth in vivo. This system demonstrates successful use of our proposed
approach, namely, to use functional devices in an integrated non-viral gene delivery system to
control intracellular trafficking of transfected particles, and to achieve transfection efficiencies
equal to viral gene delivery systems.
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Results
Transfection efficiency of R8-MEND

The following experiments compare the transfection efficiency of several luciferase DNA-
containing particles for gene delivery. Particles were prepared with two DNA-condensing
protocols and three particle surface coatings as described in Materials and methods.
Characterization of different DNA-condensed particles and MENDs is shown in
Supplementary Table 1 online. Luciferase activity was measured as an estimate of transfection
efficiency. Results are shown in Figure 1c. The results show that positively charged poly-L-
lysine (PLL)-condensed DNA produced significantly higher luciferase activity than naked or
negatively charged PLL/DNA. However, when negatively charged PLL/ DNA particles were
coated with egg phosphatidylcholine (EPC), cholesterol (Chol) and stearyloctaarginine (STR-
R8) (MEND1), luciferase activity increased by more than two orders of magnitude.
Furthermore, when particles were coated with DOPE/Chol/STR-R8 (MEND2), luciferase
activity was approximately four orders of magnitude higher than for uncoated negative PLL/
DNA particles. The highest luciferase activity was observed using PLL/DNA particles coated
with DOPE/ CHEMS/STR-R8 (MEND3). The high transfection activities of these particles is
likely due to efficient cellular uptake of the particles, low frequency of lysosomal degradation,
improved cytosolic stability and improved nuclear delivery, all of which may at least in part
be mediated by the DOPE/CHEMS/STR-R8 lipid envelope.11,12,16,17

Comparison of MEND3 and adenovirus
Here, the transfection efficiency of MEND3 and adeno-virus were compared using two cell
lines that express receptors for adenovirus serotype 5 (i.e., coxsackievirus adenovirus receptor
and the integrin receptor).18 In both cell lines, increasing the dose of adenovirus up to 1 ×
105 particles/cell resulted in higher transfection efficiency; however, toxicity increased and
transfection efficiency decreased at doses higher than 1 × 105 particles/cell. Transfection
efficiency with MEND3 equaled the highest transfection efficiency with adenovirus (Figure
2); however, MEND3 produced no detectable cytotoxicity. The low cytotoxicity of MEND3
was confirmed using an MTT assay, which suggested that the cytotoxicity of MEND3 was
comparable to that of naked DNA (Supplementary Figure 1 online). In contrast, high doses of
Lipofectamine Plus (a commercially available transfection agent) were associated with
significant cytotoxicity (Supplementary Figure 1 online). One possible explanation for the low
cytotoxicity of MEND3 is that it lacks cationic lipids.19

Macropinocytosis of R8-modified lipid vesicles
Previous studies suggest that liposomes with a high surface density of R8 enter cells via
macropinocytosis.11 Here, the mechanism by which R8-MEND particles are internalized was
investigated. First, cells were incubated with R8-MEND1 (EPC/Chol/STR-R8) and transferrin
(Tf), a marker for clathrin-mediated endocytosis. The results showed that intracellular DNA
only partially colocalized with Tf (Figure 3a), suggesting that classical endocytosis is not the
primary mechanism by which R8-MEND is internalized. Next, we examined the uptake of
MEND3 (DOPE/CHEMS/STR-R8) in the presence of inhibitors for different endocytic
pathways. Hypertonic conditions, which suppress clathrin-mediated endo-cytosis,2,20 only
partially inhibited uptake of MEND3 whereas they strongly inhibited uptake of Tf (Figure 3b).
Amiloride, which specifically inhibits Na+/H+ exchange required for macropinocytosis,2,20
strongly inhibited the uptake of MEND3, whereas it did not affect the uptake of Tf (Figure 3b).
These results confirm that MEND3 particles enter cells primarily via macropinocytosis and
that the lipid content of the envelope does not influence the internalization mechanism. After
internalization, R8-modified liposomes only partially colocalize with the lysosomal marker
LysoSensor,11 indicating that the particles are not highly targeted to lysosomes and thus may
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escape lysosomal degradation. pH-sensitive fusogenic lipids on MEND3 particles may
facilitate delivery of the particle payload to the cytosol or nucleus.16,17

In vivo applications of MEND3
The topical delivery of genes to hair follicles (HFs) is an attractive approach for the treatment
of skin and hair disorders.21–23 Li and Hoffman21 succeeded in delivery of lacZ gene to
mouse hair-forming hair matrix cells in the hair follicle bulbs using liposome-based non-viral
delivery system, and Saito et al.22 reported gene delivery to hair follicles of mouse skin
fragments by adenovirus vector. Domachenko et al.23 also reported delivery of lacZ gene to
hair follicle progenitor cells of mouse and human by liposome-based non-viral system. Here,
the potential of MEND3 for in vivo gene therapy for hair and skin disorders was tested. MEND3
particles containing lacZ plasmid (MEND3-LacZ) were applied to the dorsal skin of 4-week-
old ICR mice, and lacZ activity was scored in tissue sections by a colorimetric assay for β-
galactosidase. The results showed β-galactosidase activity in hair follicles 2 weeks following
treatment with MEND3-LacZ (Figure 4a, MEND3-LacZ panel). Using this assay, the
transfection efficiency was estimated to be approximately 24% (β-galactosidase-positive hair
follicles/total hair follicles × 100) (Figure 4b). In contrast, when the same experiment was
performed with Lipofectamine-mediated transfection, the transfection efficiency was
estimated to be 0.2%. The use of green fluorescence protein (GFP) reporter gene has been
established as a marker for visualizing gene expression at different tissues in the whole body
by Yang et al.24 MEND3 particles containing a GFP reporter gene produced similar results as
MEND3-LacZ, with GFP fluorescence occurring in treated tissue 2 weeks after treatment with
MEND3-GFP (Supplementary Figure 2 online). These data demonstrate successful in vivo use
of MEND3 particles, and suggest that MEND3 particles may be useful for delivering
therapeutic agents to hair follicles.

Previous studies show that BMP signals through BMP receptor type IA (BMPR1A) gene play
an essential role in regulating hair follicle cycling.25–27 Therefore, MEND particles encoding
constitutively active BMPR1A (caBmpr1a) were applied to hair follicles, to examine the role
of BMPR1A in hair follicle cycling. For this experiment, it is predicted that ectopic expression
of constitutively active BMPR1A will produce ligand-independent BMP signaling in treated
hair follicles.

MEND3-ires-GFP (MEND3-control) or MEND3-ca Bmpr1a-ires-GFP (MEND3-
caBmpr1a) was applied to the dorsal skin of 4-week-old ICR mice. Two weeks after treatment
with MEND3-caBmpr1a, hair follicles were observed in or close to the subcutis space(s); in
contrast, hair follicles were restricted to more superficial areas of the dermis (d) in skin treated
with MEND3-control (Figure 5a, left panel). This trend was confirmed by analyzing 100 hair
follicles per mouse (n = 3 mice per group) (Figure 5b).

Alkaline phosphatase (AP) activity is a marker that identifies the phase of the hair growth cycle
as reported by Handjiski et al.28 In particular, the dermal papilla (DP) display strong AP
activity throughout the hair cycle, whereas AP activity occurs in the outer root sheath (ORS)
only during late anagen and early catagen phases. In addition, AP activity increases and is
higher in the subcutis gland (SG) during late catagen and telogen phases.28 Two weeks after
treatment with MEND3 control, AP activity was detected in DP and SG but not in ORS,
suggesting that hair follicles were in late catagen or telogen phase in control animals (Figure
5a, right top panel). In contrast, 2 weeks after treatment with MEND3-caBmpr1a, AP activity
was detected in DP and the ORS but not in the SG (Figure 5a, right bottom panel). Furthermore,
1 week after treatment with MEND3-caBmpr1a, the fraction of hair follicles with AP activity
only in DP, suggesting anagen phase, was significantly greater than in control animals (Figure
5c), and by 2 weeks after treatment with MEND3-caBmpr1a, more than 10% of hair follicles
were in anagen to early catagen phase as judged by AP activity and morphology (Figure 5a
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and c and data not shown). In contrast, none of the hair follicles in control animals showed AP
activity only in DP 2 weeks after treatment.

Cell proliferation was also evaluated in hair matrix using the proliferation marker
phosphohistone H3 (PH3). Positive staining for PH3 was detected in hair follicles of 4-week-
old pretreated mice as well as 2 weeks after treatment with MEND3-caBmpr1a (13.7% PH3-
positive hair follicles out of 100 hair follicles per mouse) (Figure 5d and Supplementary Figure
3 online). In contrast, PH3 staining was not detected 2 weeks after treatment with MEND3-
control (Figure 5d). These results suggest that MEND3-caBmpr1a delays the growth phase in
treated hair follicles, which is consistent with the observation that the fraction of anagen phase
hair follicles was higher in MEND3-caBmpr1a-treated animals. However, 7 weeks after
treatment with MEND-caBmpr1a or MEND3-control, hair follicles were observed less deep
in the dermis, were morphologically intermediate between late catagen and telogen phases and
AP activity was higher in SG, suggesting progression to telogen phase (Supplementary Figure
2 online). This result may indicate that expression of caBmpr1a is transient and that hair
follicles progress from anagen to catagen stage when expression of caBmpr1a declines.

In summary, these results demonstrate successful MEND3-mediated delivery of caBmpr1a to
hair follicles of topically treated mice. Furthermore, the MEND3-delivered gene is expressed
in target cells, where it causes an elongation of the growth phase of the hair cycle. These data
suggest that MEND-mediated gene delivery may have therapeutic applications for treating hair
and skin disorders.

Discussion
This study reports high-efficiency delivery of nucleic acids to eukaryotic cells using MEND
particles containing polycation-condensed nucleic acids encapsulated in an R8-DOPE lipid
envelope. The R8 peptide was shown to be the most efficient oligoarginine.29 MEND particles
are non-cytotoxic and achieve transfection efficiencies as high as adenovirus. The high
efficiency of MEND particles is attributed at least in part to the fact that the R8 modification
promotes cellular uptake by macropinocytosis, which improved intracellular trafficking
towards more efficient gene expression. Thus, MEND-mediated gene delivery provides a novel
and efficient mechanism for non-viral transfection of eukaryotic cells, which may be useful
for clinical applications including gene therapy.

R8-MEND particles can be prepared with or without fusogenic lipids such as DOPE/CHEMS;
however, in experiments described here, fusogenic lipids are required to enhance cytosolic
delivery for optimal transfection efficiency. The lipid envelope of MEND particles can also
be modified with other functional devices such as polyethyleneglycol, a targeting ligand or a
NLS. Thus, MEND can be readily adapted to specific biological systems to achieve desired
biological effects.

Recent studies show that TAT–Cre fusion proteins as well as R8 and TAT peptides enter cells
primarily via macropinocytosis.30–32 These results are consistent with our observation that
R8-MEND particles enter the cell via macropinocytosis. In addition, consistent with reports
suggesting that macropinosomes fuse with lysosomes at a low rate in non-phagocytic cells,
30,33 liposomes modified with a high surface density of the R8 peptide only partially colocalize
with lysosomes.11 Because of these properties, the particles are resistant to lysosomal
degradation, and nuclear delivery and subsequent gene expression are enhanced. However,
complexes formed between plasmid DNA (pDNA) and R8 or STR-R8 peptides are internalized
via classical endocytosis and become trapped in endosomes.12,34 This suggests that the
topology of R8 on a particle surface has a significant effect on the mechanism by which the
particle enters the cell. Similar observations were made previously regarding the impact of the
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topology of the fusogenic peptide GALA on endosomal escape.7 Thus, the topology and
content of a lipid envelope significantly influence both particle uptake and the function of
devices embedded in the envelope. Although the diameters of MENDs1-3 were somewhat
different (Supplementary Table 1 online), it is suggested that this difference has no significant
effect on the uptake pathway of the particles. We have previously reported that 5% R8-
liposomes of around 100 nm was taken up by macropinocytosis.11 Here, we confirmed that
the larger R8-MEND3 particles (330 nm) are taken up mainly by the same pathway (Figure
3). Even much smaller arginine-rich peptides and peptide-fusion proteins were taken up by
macropinocytosis.30,32 This suggests that the size difference of different MENDs does not
affect the uptake pathway. In addition, the uptake via macropinocytosis involves the formation
of large macropinosomes (>1 μm), which allows the internalization of small as well as larger
MENDs. This is clearly different form the classical clathrin-mediated endocytosis (involves
endosomes with a size limit of around 150 nm),2 which may not explain the uptake of MEND3
particles. Regarding the transfection efficiency of different MENDs, we believe that the
superiority of MEND3 is mainly because of the enhanced fusiogenic ability of the DOPE/
CHEMS combination11 rather than a size effect. However, the possibility that larger particles
may sediment more on the cell surface,35 thus allowing more internalization, cannot be
completely excluded.

The ultimate goal of our studies is to develop an efficient non-viral delivery system that can
be used for in vivo gene therapy. Here, the potential of MEND particles for in vivo gene therapy
was tested by applying MEND particles carrying a LacZ reporter gene or a gene encoding
constitutively active BMPR1a to the dorsal skin of 4-week-old ICR mice. Four-week-old mice
were chosen for this experiment because most hair follicles are at anagen phase in this strain
of animals, as judged by histology, AP activity and proliferation ability (Supplementary Figure
3 online). For LacZ delivery, efficient LacZ delivery and expression were observed in hair
follicles of MEND3-LacZ-treated animals after 2 weeks (~24% β-galactosidase-positive hair
follicles for MEND-mediated delivery vs 0.2% β-galactosidase-positive hair follicles for
Lipofectamine-mediated delivery). These data demonstrate that R8-MEND particles have
significant potential for efficient in vivo gene therapy and suggest that R8-MEND particles
may be superior to Lipofectamine particles for in vivo delivery of LacZ to mouse skin. Although
the reasons for superior results with MEND particles are not exactly known, they may include
the relatively small diameter of MEND particles and the resistance of MEND particles to
lysosomal degradation. Consistent with previous studies by Domashenko et al.,23 transfection
of LacZ was poor when MEND3 particles were applied to 8-week-old mice (data not shown),
because hair follicles are in late catagen to telogen phase in 8–week-old mice (Supplementary
Figure 3 online).

In vivo experiments with MEND3 particles carrying the caBmpr1a gene also gave encouraging
results. Thus, delivery of constitutively active BMPR1a resulted in a prolonged anagen phase
and extended cycling in treated hair follicles. This conclusion is based on the observations that
(i) hair follicles were deeper in the subcutis space in treated mice than in control mice, (ii) a
fraction of hair follicles in treated mice were in late anagen or early catagen phase, whereas
hair follicles in control mice were in late catagen or telogen phase as judged by AP activity
and (iii) proliferating cells were detected 2 weeks after treatment in hair follicles exposed to
MEND3-caBmpr1a but not in control hair follicles. Additional studies are necessary to
understand fully the molecular consequences of expression of caBmpr1a and subsequent
activation of BMP signaling in treated skin. However, it is striking that a single application of
MEND3-caBmpr1a had such significant biological effects in vivo.

In summary, this study describes a non-viral gene delivery system called MEND that is based
on compacted DNA coated in an R8-DOPE lipid envelope. MEND particles mediate highly
efficient non-cytotoxic delivery of nucleic acids in vitro and in vivo. To our knowledge, this
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is the first virus-like core-shell structure, which can control the topology of functional devices
to maximize gene expression. We propose that MEND particles be considered a prototype
nanomachine, and we encourage continued research to develop this system for efficient and
safe gene therapy.

Materials and methods
Preparation and characterization of MEND

pDNA containing a firefly luciferase gene driven by a cytomegalovirus (CMV) promoter was
obtained from Promega (Tokyo, Japan). PLL/DNA-compacted particles were prepared as
described previously.15,36 MEND particles were prepared using a hydration method. Briefly,
lipids (125 nmol) were dissolved in chloroform and evaporated in a round-bottom glass tube.
The lipid film was hydrated for 10 min at room temperature with 0.25 ml HEPES buffer, pH
7.4, containing PLL/DNA-compacted particles. The sample was sonicated for ~1 min in a bath-
type sonicator. For MEND1 (EPC/ Chol/STR-R8) and MEND2 (DOPE/Chol/STR-R8), the
STR-R8 peptide was mixed with lipids and negatively charged PLL/DNA particles were used
for hydration. The stearyl moiety acts as an anchor to the lipid surface. For MEND3 (DOPE/
CHEMS/STR-R8), positively charged PLL/DNA particles were used for hydration and the
particles were further incubated with STR-R8 for 30 min at room temperature. STR-R8 was
prepared as described previously.37 MEND particles were characterized using quasi-elastic
light scattering and an electrophoretic light scattering spectrophotometer (ELS8000, Otsuka
electronics, Osaka, Japan). Frozen samples of DNA-rich fractions were isolated by sucrose
density gradient centrifugation and visualized using cryo transfer and transmission electron
microscopy (Hitachi H-7650) at 120 kV and a magnification of 75 000.

Transfection
Samples containing DNA (0.4 μg) in 0.25 ml serum-free Dulbecco’s modified Eagle’s medium
were added to NIH3T3, HeLa or A549 cells grown in 24-well plates and incubated for 3 h at
37°C. One milliliter of medium containing 10% FBS was added and the cells were incubated
for 45 h. Cells were lysed and luciferase activity was measured using a luminometer (Lumines-
cencer-PSN, ATTO, Japan). Protein concentration was determined using a bicinchoninic acid
protein assay kit (PIERCE, Rockford, IL, USA).

Adenovirus infection
The luciferase gene was cloned into E1-, E3-, replication-deficient, serotype 5 adenovirus
vectors containing an expression cassette with a CMV promoter/enhancer. Viruses were
propagated on human embryonic kidney 293 cells, and purified by double centrifugation on
cesium-chloride gradients. The virus suspension was mixed with 4 × 104 cells/well in a 24-
well plate, and incubated for 3 h at 37°C without serum (total volume 0.25 ml). One milliliter
of medium containing 10% FBS was added and the cells were incubated for 45 h.

Confocal laser microscopy
MEND particles were prepared containing fluorescein isothiocyanate (FITC) or rhodamine-
labeled pDNA. For the colocalization with Tf, cells were incubated with R8-MEND containing
FITC-labeled pDNA and tetra-methylrhodamine-labeled Tf (TMR-Tf) (5 μM) for 30 min. To
investigate uptake mechanism, cells were pre-incubated with or without sucrose (0.4 M) for
30 min, or amiloride (5 mM) for 10 min. MEND3 particles containing rhodamine-labeled
pDNA or TMR-Tf were added and incubation continued for 1 h. Nuclei were stained with
Syto24 for the last 20 min.
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MEND delivery to mouse dorsal skin
LacZ expression pDNA was purchased from Clontech Laboratories Inc. (Mountain View, CA,
USA) (pCMV-LacZ Vector). Lipofectamine was purchased from Invitrogen Corp. (Carlsbad,
CA, USA) and a liposome–plasmid complex was prepared according to the manufacturer’s
protocol. MEND suspensions (0.04 mg DNA/ ml) were prepared by condensing DNA with
protamine, coating with DOPE/CHEMS and modification with 5 mol% STR-R8. Mice were
anesthetized with a ketamine (200 mg/kg body weight, intraperitoneally (i.p.)) plus xylazine
(10 mg/kg body weight, i.p.) and were allowed to breath freely. Hair was removed by clipping
from the dorsal skin of anesthetized 4-week-old outbreed ICR mice, albino mice strain (Japan
SLC). MEND or Lipofectamine preparations were applied to a 1 cm2 area in 0.05 ml aliquots
over 60 min. After 2 weeks, hair follicles were stained for β-galactosidase activity. Similar
experiments were carried out using MEND3 containing constitutively active BMPR1A gene
(MEND3-caBmpr1a). The caBmpr1a expression plasmid was generously donated by Dr
Takashi Imamura (Cancer Institute of Japan). A fragment of the caBmpr1a expression plasmid
was subcloned into IRES2-EGFP (Clontech). All mouse experiments were performed in
accordance with institutional guidelines covering the humane care and use of animals in
research.

Histochemistry
Dorsal mouse skin was removed and fixed in 4% paraformaldehyde in phosphate buffer. Frozen
cryosections (15 μm) were incubated with blocking buffer (PBS containing 0.01% TritonX
and 1.5% normal goat serum). X-gal, hematoxylineosin (HE) and PH3 staining were performed
as described previously.25 Endogenous AP activity was measured using a standard AP assay.
28
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Figure 1.
The multifunctional envelope type nano device. (a) Schematic representation of MEND.
MEND particles consist of condensed DNA and a lipid envelope containing functional devices
including a protein transduction domain peptide that increases intracellular availability, and
fusogenic lipids that enhance endosomal escape and facilitate delivery of DNA to the nucleus.
(b) Cryo transmission electron microscopic images of MEND particles. DNA-rich MEND3
fractions were isolated by sucrose density gradient centrifugation. (c) Enhanced transfection
activities of MEND particles. NIH3T3 cells were transfected with different PLL, DNA-
condensed particles or different MEND particles containing luciferase-coding pDNA.
Luciferase activity is expressed as relative light units (RLU) per mg of protein. Experiments
were performed in triplicate. Error bars show the s.d.
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Figure 2.
Luciferase activity of MEND3 particles and adenovirus in different cell lines. HeLa (a) or
A549 (b) cells were transfected with different doses of adenovirus or with MEND3 particles
for a total of 48 h. Luciferase activity is expressed as RLU per mg of protein. Experiments
were performed in triplicate. Error bars show the s.d.
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Figure 3.
The mechanism of internalization of the R8-MEND. (a) R8-MEND containing FITC-labeled
DNA and TMR-Tf were incubated for 30 min and visualized using confocal fluorescence
microscopy. Red, Tf; green, DNA. (b) Cells were treated with MEND3 containing rhodamine-
labeled pDNA or TMR-Tf (red) in the absence or the presence of sucrose (0.4 M) or amiloride
(5 mM) for 1 h. Nuclei were stained with Syto24 (green) and cells were visualized by confocal
microscopy.
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Figure 4.
In vivo transfection activity of MEND. (a) Hair form the dorsal skin of 4-week-old ICR mice
was clipped and skin was treated with MEND3 containing LacZ-expression vector solution.
The X-gal staining of hairs from control or MEND3-LacZ treated skins after 2 weeks is shown.
(b) Transfection efficiency of MEND3 versus Lipofectamine. Data are given as the mean ±
s.e.m. (The average of four individual experiments are shown and a total of 300 hair shafts
were examined for one experiment). **P<0.001; control versus MEND3-LacZ, Lipofectamine
versus MEND3-LacZ. Using Student’s t-test, the transfection efficiency of MEND3-LacZ
treatment is statistically significant relative to non-treated controls or Lipofectamine-LacZ
treatment.
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Figure 5.
In vivo applications of MEND. (a) Hair follicle formation in mice skin treated with MEND3
containing GFP (MEND3-control) or GFP and a constitutively active form of Bmpr1a
(MEND3-caBmpr1a). MEND particles were applied as described in Materials and methods.
Tissue sections were stained with HE. Black arrows indicate hair follicles in the dermis. Cells
were stained for AP activity to determine hair cycle phase (see text). Blue arrow, sebaceous
gland; red arrow, DP; black arrow, ORS; d, dermis; s, subcutis space. Scale bars, 200 μm.
(b) A histogram of the number of hair follicles versus depth. Percent depth of hair follicles was
calculated by A/B*100 (%). Histograms include averaged data from three controls and three
MEND3-caBmpr1a-treated mice. Scale bar, 100 μm. (c) Percent of hair follicles showing AP
activity only in DP before and after treatment with MEND3-control or MEND3-caBmpr1a is
shown. (d) Cells were stained for PH3 as an indicator of proliferation. Scale bar, 100 μm.
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