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linked cores and RGD ligands showed 10-fold higher
elficiency than the ligand-less system without cross-linking
(RGD (—) B-SHO% micelle). It is obvious that the effect of
ligand installation was drastically enhanced by introducing
disulfide cross-linking in the core. RGD (+) B-SH5%
polyplex micelles achieved the highest transfection efficiency.
Consequently, the combmation of core cross-linking and
ligand installation enhanced efficiency 20 times more than
the polyplex micelles without higands and cross-links.

Then, to further confirm that the increased transfection
elficiency by RGD (+) micelles involves the receplor-
mediated mechanism. a competitive assay using {ree cyclic
RGD peptides was carmied oul for B-SHI1% cross-linked
micelles (Figure 3B). RGD (+) micelles showed a remark-
ably high transfection efficiency compared with RGD (—)
micelles in the absence of iree cyclic RGD peptides (P <
0.01). As the concentration of [ree cyclic RGD peptides
increased. the ransfecuon efficiency of RGD (+) micelles
accordingly decreased. approaching the transfection level of
RGD (—) micelles under the condition of 100 &M cyclic
RGD peptides (P = 0.104). Thus. the results of the
competitive assay indicate that ayf and/or s integrin
receptor-mediated endocytosis is involved in the translection
of the RGD (+) micelles against Hel.a cells.

Analysis of Cellular Uptake of Polyplex Micelles. In
general, the enhanced transfection by ligands has been
attributed to an increased uptake of vectors,* ! Thus. the
cellular uptake of the RGD (—) and RGD (+) micelles into
the Hela cells was evaluated using a system loaded with
“P-labeled pDNA (Figure 3C), Regardless of ligand instal-
lation, cross-linked micelles tend to be taken up more
ethciently than noncrosslinked micelles. The introduction of
disulfide cross-links into the micelle core appreciably
contributes 0 an increase in the stability of micelles under
physiological conditions.” This implies that disulfide cross-
links might prevent the micelles from dissociation in the
extracellular medium. and consequemly [acilitate their
internalization into the cellular compartment. Interestingly,
there is no significant increase i micelle uptake even by
installing RGD ligands, suggesting that other factors. includ-
ing modulation of intracellular tralficking. may be involved
in the enhancement of translection efficiency by cyclic RGD
pepude ligands.

Intracellular Distribution of Polyplex Micelles. Our
previous report showed that RGD (+) polyplex micelles
preferentially localize in the perinuclear region, unlike RGD
(—) polyplex micelles," suggesting that RGD ligands likely
modulate intracellular trafficking of polyplex micelles.
Therefore, detailed observation of the intracellular distribu-
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ton was carried out using CLSM (Figure 4). The medium
was replaced with fresh medium after | h incubation of
polyplex micelles with cultured Hel.a cells. Then CLSM
observation was carried out after each reincubation without
polyplex micelles in the medium. The CLSM images are
shown in Figure 4A. The micelles localized in the inner-
cytoplasm were quantitatively evaluated using the procedure
described i the Experimental Section and shown in Figure
4B; the data are summarized in Figure 4C, After the 5 h
remncubation (total 6 h incubation), the spots observed in the
inner region ol the cytoplasm were mainly the green spolts
of RGD (+) mucelles (Figure 4A. left). On the other hand,
the RGD (—) micelles, shown in red stayed mainly near the
cell membrane (Figure 4A, left), but some [racuon was
ohserved in the nner-cytoplasm as red spots (RGD (—)
mucelle alone) or yellow spots (colocalizing with RGD (+)
micelles), In the early stages. almost hall of the cell
population with fluorescence had only green spots, corre-
sponding to the internalization of RGD (+) micelles (Figure
4C); this indicated that RGD (+) micelles were internalized
into the inner-cytoplasm much faster than RGD (—) micelles.
However, [urther reincubation resulted in the decrease n the
cell fruction that showed only green spots and lead to an
increase in the fraction that included yellow spots, corre-
sponding to the colocalization of RGD (—) and RGD (+)
micelles, as well as 10 an increase in red spots, corresponding
1o the presence of RGD () micelles alone. Note that there
are two possibilities for the appearance of yellow spots. The
first is that RGD (—) and RGD (+) micelles adsorbing to
the cell membrane were simultancously endocytosed by the
cell. The second is that RGD (—) and RGD (+) micelles
that were separately nternalized into the cells subsequently
colocalized through the possible (usion of the compartments
in the inner-cytoplasm, On the other hand. the green spots
sttll existed in a definite fraction of cells (G + GY + GRY)
even alter long-term reincubation, while the fraction of the
cells including red spots (R + RY + GRY) continued to
increase (Figure 4C). Thus, it is reasonable to assume that
there may he distinet routes ol internalization for RGD (—)
and RGD (+) micelles. und eventually their final destinations
may be dilferent,

To examine whether or not RGD ligand installation in the
micelles alters their intracellular trafficking. organelles were
selectively stained using LysoTracker for the late endosomes
and the lysosomes, and CT-B for the lipid rafts and the
caveosomes (Figures 5 and 6).°**" In this experiment. the
medium was replaced | h after the addition of polyplex
micelles, followed by 11 h of reincubation. The rate of
colocalization was quantified by the formula shown in the
Experimental Section. The experiment with LysoTracker
revealed that 39% of RGD (— ) micelles and 28% of RGD
(+) micelles in the inner-cytoplasm were localized in the
late endosomes and lysosomes, indicating that the colocal-
ization ratio of RGD (—) micelles with the late endosomes
and lysosomes was significantly higher than that of RGD
(+) micelles (P = 0.0052) (Figure 5B). On the other hand.
the observation with CT-B revealed that 22% of RGD (—)
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Figure 7. Real-time luciferase gene expression of B-SH11% polyplex micelles (N/P = 2) with or without cyclic RGD
peptide ligands under the “normal’ condition (A), the “3 h mitosis” condition (B), and the “13 h mitosis™ condition (C).

micelles and 44% of RGD (+) micelles in the mner-
cytoplasm were localized in the lipid rafts and caveosomes,
respectively, indicating that the RGD (+) micelles had
significantly higher localization ratios to the lipid rafts and
caveosomes than the RGD (—) micelles (P = 0.0004) (Figure
6B). These results indicate that the polyplex micelles with
cyclic RGD ligands were internalized preferentially through
caveolae-mediated endocytosis by Hela cells.

Real Time Luciferase Gene Expression. In the conven-
tional luciferase assay, transfected cells need to be lysed
before measurement, and this restricts the evaluation of
luciferase expression in real ime. Alternatively, as explained
in the Experimental Section, Kronos Dio allows us 10
measure real-time luciferase expression while maintaining
the cell culture for a prolonged period.™ Figure 7 shows the
results of time-dependent gene expression with RGD (—)
and RGD (+) B-SH11% micelles. Under the “normal™
condition without any control over the cell cycle (Figure 7A),
the luciferase expression with RGD (=) and RGD (+)
micelles started almost simultaneously around 8 h after the
micelles were added. The expression of genes reached a
plateau after around 50 h of incubation regardless of the
presence of RGD ligands. Considering that the half-life of
luciferase is about 23 h in living cells,” the rate of lu-
ciferase production is expected to be equal to that of
luciferase degradation in regions over 50 h. RGD (+)
micelles showed higher transfection rates than RGD (—)
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micelles at all time points. Real-ume gene expression was
assessed for cells after aphidicolin, a DNA synthesis inhibi-
tor, was used to synchronize the cell cycle (Figures 7B and
7C). HeLa cells incubated with aphidicolin for more than
16 h are arrested between the Gl and S phases,'” and a
change to a medium that dose not contain aphidicolin allows
HelLa cells to progress into the S phase to divide 13 h later.
We confirmed that almost all HelLa cells were in the S phase
immediately after the medium replacement and were in the
G2 phase 10 h after the replacement (data not shown). Under
the "3 h mitosis” condition, where cell division started 3 h
after polyplex micelles were added (Figure 7B). gene
expression by RGD (+) micelles was detected 5 h after
incubation, while that of RGD (—) micelles was below the
Kronos Dio detection limit even after about 12 h of
incubation. This implies that RGD (+) micelles can migrate
into the nucleus during the first mitosis due Lo their early
accumulation in the perinuclear region, whereas this is not
the case for RGD (—) micelles because of their slow
accumulation in that region. Under the “13 h mitosis™
condition, where cell division started 13 h after polyplex
micelles were added (Figure 7C), luciferase expression with
RGD (—) and RGD (+) micelles was detected simulta-
neously at 13 h after incubation, which corresponds to the
initiation of cell division, This result suggests that RGD (+)
micelles move early to the perinuclear region but may not
be actively transported into the nucleus in the nonmitotic
condition. As shown in Figure 4, most of the RGD (—)
micelles were internalized into the cell to accumulate in the
perinuclear region at a level comparable to that of RGD (+)
micelles after 24 h of incubation. Nevertheless, RGD (—)
micelles under the “13 h mitosis”™ condition exhibited
remarkably lower increases in luciferase expression at more
than 30 h of incubation compared to RGD (+) micelles.
Apparently, this cannot be explained by the difference in
the migration rate between RGD () and RGD (+) micelles
because of their similar levels of accumulation in the
perinuclear region in this time period. Presumably, this might
be explained by the difference in the final destinations of
the polyplex micelles with and without cyclic RGD ligands
due to the modulation of intracellular trafficking as shown
in Figures 5 and 6.
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Discussion

In the present study. two distinctive implementations, that
of environment-sensitive cross-links in the core and that of
cyclic RGD peptide ligands on the surface, were integrated
into the polyplex micelles formed by PEG-PLys block
copolymers and pDNA. The physicochemical characteristics
of these micelles were quite similar regardless of the
thiolation degree or the introduction of RGD ligands (Table
1). The PEG palisade surrounding the polyplex core shielded
the charges of the micelles to maintain very small absolute
values in the C-potentials. The cumulant diameter of polyplex
micelles was around 100 nm. This indicates that all of the
polyplex micelles possess favorable characteristics relevant
to future in vive application. In transfection experiments
using cultured cells, polyplex micelles with cyclic RGD
ligands achieved higher transfection efficiency than polyplex
micelles without cyclic RGD ligands against Hela cells
appreciably expressing o./J: integrin receptors (Figure 3A),
Interestingly, RGD ligands” effect on transfection was further
enhanced by the introduction of disulfide cross-linking in
the micelle core. Disulfide cross-links have been reported
to stabilize polyplex micelles against the counter polyanion
exchange reaction under nonreductive conditions.” Therefore,
cross-linked micelles might acquire greater stability in the
medium compared 10 noncrosslinked micelles, indicating the
enhanced effect of cyclic RGD ligands. Note that RGD (+)
B-SH5% micelles achieved the highest transfection efficiency
among all micelles. Excessive cross-linking into the cores
of polyplex micelles has been reported to overstabilize the
micelles and impede the release of pDNA.” which is
considered to be a cause of the lower transfection efficiency
of B-SH1 1% micelles compared to that of B-SH5% micelles.
The inhibitory experiment using free cyclic RGD peptides
(Figure 3B) certainly confirmed that receptor-mediated
uptake by RGD ligands contributed to the enhancement of
gene expression, It is worth noting that the enhancement was
not due to an increase in the cellular uptake of polyplex
micelles (Figure 3C), suggesting that cyclic RGD peptide
ligands may modulate the intracellular trafficking of the
polyplex micelles, leading to increased transfection ef-
ficiency. In this regard it should be noted that, in our previous
study, cyclic RGD ligands facilitated the transport of the
polyplex micelles to the perinuclear region.'' Other studies
found that some ligands, such as b-FGF*® and lactose.””
contribute to the change in the intracellular trafficking of
gene vectors. Time-dependent CLSM observation revealed
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that RGD (+) micelles were internalized into the cytoplasm
and moved 1o the perinuclear region much earlier than RGD
(—) micelles (Figure 4). This is consistent with the results
of real-time luciferase expression under the *3 h mitosis”
condition, where RGD (+) micelles exhibited earlier onset
of gene expression with high efficiency (Figure 7B). The
CLSM observation also clarified the variaton in final
localization in the cytoplasm between the two micelles
(Figure 4). CLSM observation with the staining of acidic
endosomes and lysosomes (Figure 5) or lipid rafts and
caveosomes (Figure 6) revealed that RGD (+) micelles were
distributed in the acidic organelles at lower levels than RGD
(—) micelles, and were preferentially internalized via ca-
veolae-mediated endocytosis. Considening that pDNA deg-
radation occurs in late endosomes and lysosomes by enzy-
matic hydrolysis, RGD (+) micelles are more likely than
RGD (—) micelles to protect entrapped pDNA [rom enzy-
matic degradation. It is known that cells uptake particles of
different sizes through different routes: macropinocytosis
(=200 nm), clathrin-mediated endocytosis (100—200 nm),
and caveolae-mediated endocytosis (<100 nm).>® The aver-
age particle size of RGD (—) and RGD (+) micelles was
around 110 nm, with & moderate size distribution (polydis-
persity index = 0.14=0.18). Thus, these micelles are likely
to be internalized by both clathrin- and caveolae-mediated
endocytosis. Also, cyclic RGD peptides selectively recognize
both @iy and a,/ls integrin receptors. a./’s integrins, which
adenoviruses use for their internalization into target cells,
are known to facilitate clathrin-mediated endocytosis.”™” while
a3y integrin-mediated internalization oceurs via caveolae-
mediated endosytosis."™"" Since ,/; integrins have 10-times
higher binding affinity to cyclic RGD peptides than a,/fis
integrins.”” it is reasonable to assume that RGD (+) micelles
might preferably recognize /35 integrins and thus to induce
the caveolae-mediated endocytosis as the internalization route
into HeLa cells. Alternatively, RGD (—) micelles, based on
their size. might be primarily internalized by clathrin
mediated endocytosis and subsequently delivered to the
acidic compartment of a lysosome. Caveolae-mediated
endocytosis is not associated with a pH decrease, and is
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known 10 be a nondigestive route of external substances into
the cellular compartment.™ Some nonenveloped viruses, such
as simian virus 40, utilize this route for transfection to host
cells and accumulate in a smooth endoplasmic reticulum
compartment.**** Thus, RGD (+) micelles internalized by
caveolae-mediated endocytosis may be able to avoid pDNA
degradation in acidic organelles, leading to high transfection
efficiency. Moreover, as seen in the real-time luciferase assay
under the “13 h mitosis” condition (Figure 7C), the luciferase
expression of RGD (+) micelles detected at 30 h was
remarkably higher than that of RGD (—) micelles, despite
the comparable levels of cellular uptake between the two
(Figures 3C and 4). Obviously, this result cannot be explained
by the difference in the migration rate, because there was
sulficient time for both RGD (+) and RGD (—) micelles to
accumulate in the perinuclear region before mitosis. The
higher gene expression of RGD (+) micelles is consistent
with their preferential localization in caveosomes due o
distinctive intracellular trafficking through the nonacidic and
nondegradable route of caveolae-mediated endocylosis.

It should be noted that the results in Figures 5 and 6
indicate that not all of the RGD (+) micelles were internal-
ized by caveolae-mediated endocytosis. Clathrin-mediated
endocytosis, a relatively slow uptake pathway, could also
contribute to the internalization of a portion of RGD (+)
mucelles, possibly due to the nonspecific interaction between
the micelle and the cell membrane, even though polyplex
micelles are covered with PEG 1o minimize nonspecific
interaction. Nevertheless, the C-potentials of the polyplex
micelles still take small positive values, suggesting that PEG
charge shielding is incomplete. This slight positive charge
might induce the nonspecific interaction of polyplex micelles
with the negatively charged cell membrane. If this is the case,
an increase in the PEG density of polyplex micelles may
reduce the interaction, increasing the ligand's effects on the
uptake and gene expression of polyplex micelles. An
alternative explanation on the nonspecific uptake of polyplex
micelles is available by considering the amphiphilic character
of the PEG molecule. A PEG chain under concentrated
conditions, as found in the shell layer in the micelle system.
might have the ability 10 interact with the plasma membrane
components through hydrophobic interaction or indirectly
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Pathway to the ER. Nar. Cell Biol. 2001, 3, 473483,
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through a bridge of hydrated water molecules.™ Research
to clarify the underlying mechanism is now under way in
our laboratory, and the results will be reported elsewhere in
the near future.

Conclusions

In conclusion, polyplex micelles with integrated imple-
mentations of cyclic RGD peptide ligands on the micelle
surface and disulfide cross-linking in the core achieved
remarkably enhanced transfection efficiency against Hela
cells expressing ouff; integrins on the surface. The RGD
ligands were effective not for increasing uptake but [or
modulating intracellular trafficking of polyplex micelles.
RGD (+) micelles were distributed in the perinuclear region
at an early period and were preferentially internalized by
caveolac-mediated endocytosis via nonacidic and nondegrad-
able intracellular compartments. These results indicate that
polyplex micelles with cyclic RGD ligands and disulfide
cross-links are promusing approaches to facilitate cell-specific
transfection by controlling intracellular trafficking as well
as by the environment-sensitive release of encapsulated
pDNA in the target cells.

Cyclic RGD peptide is well-known to selectively recognize
3 integrin receptors identified as a marker of angiogenic
vascular tissue,'” and thus is a good candidate as a ligand
for gene vectors used for diseases including tumor character-
ized by neovascularization. Indeed, nonviral gene vectors,
in which cyclic RGD peptide ligands are installed have been
applied to delivery pDNA and siRNA 1o tumor vasculature,
effectively suppressing tumor growth.'™'* Thus, polyplex
micelle with cyclic RGD ligands and disulfide cross-links
may be a useful system for cancer gene therapy through a
systemic administration.
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