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Fig. 2.

mixture, the solid dispersion (3:7) showed mono-exponen-
tial T, decay, whereas bi-exponential T, , decay. These results
indicate that nifedipine and PHPA are immiscible and that
domains 5 to 50nm in size are present in the solid disper-
sion. The nifedipine~-PHPA solid dispersions (4:6 and 5:5)
and the phenobarbital-PHPA solid dispersions (3:7) also
exhibited bi-exponential T, decay (data not shown). Figure
2 shows powder X-ray diffraction patterns of the nifedip-
ine-PHPA - and nifedipine—PVP solid dispersions. The ob-
served halo pattern indicates that nifedipine in the PHPA dis-
persions is amorphous at the detection limit of powder X-ray
diffractometry.

DSC data supported the contention that nifedipine and
PHPA are immiscible. Figure 3 shows typical DSC traces for
nifedipine-PHPA solid dispersions. The nifedipine-PHPA
. solid dispersion (3:7) showed glass transition at approxi-
mately 50 °C, corresponding to the 7, of amorphous nifedip-
ine, and at approximately 75 °C, indicating that there are both
an amorphous nifedipine phase and an amorphous nifedip-
ine-PHPA phase in the solid dispersion. These DSC data in-
dicate that amorphous nifedipine and PHPA are partially im-
miscible ‘at this weight ratio. For the nifedipine-PHPA solid
dispersion (5:5), 7, of the amorphous nifedipine-PHPA
phase was not clearly observed because of the detection limit
of DSC, suggesting that 'H-NMR relaxation measurements
can detect immiscibility of drugs and polymers more sensi-

Powder X-Ray Diffraction Patterns of PHPA (A), Nifedipine-PHPA (3 : 7) (B) and Nifedipine—PVP Solid Dispersions (3:7) (C)
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Fig. 3. DSC Traces for Nifedipine—PHPA Solid Dispersions

Arrows represent T,

-tively than DSC. DSC data suggest that the nifedipine-PHPA

solid dispersion (3 : 7) consists of pure amorphous nifedipine
phase and amorphous nifedipine~-PHPA phase. NMR data
may support this speculation. As shown in Fig. 1B, initial T},
decay of the solid dispersion was slower than that of the
physical mixture or pure PHPA. This slow relaxation rate of
the solid dispersion may indicate that the relaxation rate of
PHPA protons was decreased by spin diffusion with nifedip-
ine protons existing near PHPA molecules; in other words,
nifedipine-PHPA phase is considered to exist in the solid
dispersion. The effect of weight ratios on the T}, decay of
nifedipine-PHPA solid dispersions needs to examine in order
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to confirm the phase structure of the solid dispersion, since
the molecular mobility of PHPA may different from that of
pure PHPA. '

In contrast to PHPA, PVP and nifedipine in the solid dis-
persions (3:7, 5:5 and 7:3) were considered to be miscible

from T, relaxation and DSC measurements. Figure 4 shows

typical T,, decay of the solid dispersions. All the solid dis-
persions studied exhibited mono-exponential T, decay,
whereas physical mixtures of amorphous nifedipine and PVP
(3:7, 5:5 and 7:3) exhibited bi-exponential decay (data not
shown). Figure 5 shows DSC traces for the nifedipine—PVP
solid dispersions. A single glass transition was observed for
all of the solid dispersions studied. These data indicate that
nifedipine and PVP are miscible at the detection limit of
NMR and DSC. ' .

For nifedipine-HPMC solid dispersions, the miscibility of
nifedipine and HPMC could not be assessed from 7, meas-
urements. As shown in Fig. 6, base line shift due to glass
transition was not obvious for the nifedipine-HEMC solid
dispersions (3:7 and 5:5). In -contrast to DSC measure-
ments, T, relaxation measurements clearly indicated that
nifedipine is miscible with HPMC in the solid dispersions.
As shown in Fig. 7, all the nifedipine-HPMC solid disper-
sions studied showed mono-exponential T, decay. In con-
trast to the solid dispersions, physical mixtures of amorphous
nifedipine and HPMC (3:7,5:5 and 7 : 3) exhibited bi-expo-
nential decay (data not shown). These data indicate that
NMR can detect miscibility of a drug and an excipient more
sensitively than DSC.

Figure 8 shows the dissolution profile of nifedipine from
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Fig. 8. Dissolution Profiles of Nifedipine from Solid Dispersions with
PVP and PHPA ’

solid dispersions with PVP and PHPA. The nifedipine-PVP
solid dispersion exhibited rapid dissolition of nifedipine with
super-saturation. In contrast, only a minimal amount: of
nifedipine was dissolved from the nifedipine—PHPA ‘solid
dispersion. TR RN

In-conclusion, 'H- NMR spin-lattice relaxation measure-
ments were found to be useful for assessing the miscibility of
a drug and excipients in solid dispersions, ‘especially, when
T, is not clearly detected by DSC. The lower miscibility of
PHPA than that of PVP and HPMC with: hydrophobic drugs
is considered due to the more hydrophilic nature of PHPA.
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A novel technique was developed for the formation of ligand-targeted polymeric micelles that can be
applicable to various ligands. For tumor-specific drug delivery, camptothecin (CPT)-loaded polymeric
micelles were modified by folate to produce a folate-receptor-targeted drug carrier. Folate-linked
PEGisqq-distearoylphosphatidylethanolamine (folate-PEGgy,,-DSPE) was added when preparations
of drug-loaded polymeric micelles, resulting in folate ligands exposed to the surface: Folate-modified
CPT-loaded polymeric micelles {F-micelle) were evaluated by measuring cellular uptake using a flow"
cytometer, fluorescence microscopy, and confocal laser scanning microscopy, and by cytotoxicity
measurement. The resuits revealed that F-micelle showed higher cellular uptake in KB cells over-
expressing folate receptor (FR) and higher cytotoxicity compared with non-folate modified CPT-
loaded polymeric micelles (plain micelles) in KB cells, but not in FR-negative HepG2 cells. This
result indicated that polymeric micelles were successfully modified by the folate-linked lipid.

Keywords: Polymeric Micelles, Camptothecin, Targeting, Folate-PEG-Lipid, Folate.

1. INTRODUCTION

Camptothecin (CPT) has shown a broad spectrum of anti-
tumor activity;'*? however, its clinical use of CPT has
some drawbacks, mainly due to water insolubility and
aqueous instability of the lactone ring moiety. The lactone
ring opens rapidly at physiological pH or above, resulting
in a complete loss of biological activity.3*

Nanoparticles including polymeric micelles have
attracted much attention in drug delivery research. Poly-
meric micelles are prepared from block copolymers pos-
sessing both hydrophilic and hydrophobic chains.>¢ Their
advantageous characteristics for drug targeting include sol-
ubilization of hydrophobic molecules and high structural
stability. CPT-loaded polymeric micelles enhanced the
anticancer activity of CPT against solid tumors because of
their prolonged blood circulation and higher accumulation
in tumors.”?

As with other carriers, ligand-mediated targeting of
polymeric micelles to target receptors expressed selec-
tively or over-expressed on tumor cells is increas-
ingly recognized as an effective strategy for improving
the therapeutic effect of anticancer drugs. If CPT can

*Author to whom correspondence should be addressed.
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facilitate tumor targeting, a great contribution to the can-
cer chemotherapy is feasible. A variety of targeting lig-
ands has been examined as tumor-targeted drug carriers.
Folate receptor (FR) is abundantly expressed in a large
percentage of human tumors, but it is only minimally dis-
tributed in normal tissue;’ therefore, FR can serve as a
functional tumor-specific receptor. Folate modification of
polymeric micelles has been reported to covalently conju-
gate block copolymer with folate.!®!! In these methods,
the type of ligand must be decided in the preparation of
polymeric micelles. In other words, the ligand-polymer
conjugate - must be synthesized with conformity to the
drug. It is already known that a proper amount of folate-
PEG-lipids could be inserted in liposomes and emulsions
without change of their stability, and folate lipid-modified
liposomes and emulsions with longer polyethylene glycol
(PEG) linker were taken effectively by the FR-mediated
cellular uptake.'> '3 However, it has been no reports about
surface-modified polymeric micelles by lipid. In polymer
micelles, folate might not be able to be exposed outside by
steric configuration of the hydrophilic block chain. Prop-
erties of the inner core such as hydrophobicity and rigid-
ity, were very important to achieve micelles with stable
drug incorporation.”®* Folate lipid modification, there-
fore might affect the properties of the inner cores.

doi:10.1166/jnn.2007.093 1
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For targeted drug delivery to cancer cells, we pre-
pared folate-modified CPT-loaded polymeric micelles
(F-micelle), and evaluated by measuring cellular uptake
using a flow cytometer, fluorescence microscopy, and con-
focal laser scanning microscopy, and by cytotoxicity mea-
surement. In this paper, we describe a novel method of
folate modification to CPT-loaded polymeric micelles by
folate-linked PEG;g,-distearoylphosphatidylethanolamine
(folate-PEGg;g,-DSPE).

2. MATERIALS AND METHODS
2.1. Materials

Poly(ethylene glycol)-poly(benzyl aspartate-53) block
copolymer (PEG-P(Asp(Bz53))) was synthesized as
described previously.!*!5 The molecular weight of the
PEG block was 2000 and the average number of aspar-
tate units was 17. Fifty-three percentage of the aspartic
acid residue was esterified with the benzyl group. CPT
and folic acid were purchased from Wako Pure Chemicals
(Tokyo, Japan). Folate-PEGs,,,-DSPE was synthesized
as described previously.'>!* 1,1'-Dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) was pur-
chased from Lambda Probes and Diagnostics (Graz,
Austria).

2.2. Preparation of Folate-Modified CPT-Loaded
Polymeric Micelles (F-Micelles)

CPT was incorporated into polymeric micelles by an evap-
oration method as described previously,'® using 0.5 mg of
CPT, 5 mg of block copolymer, and 0 mol%, 0.03 mol%
(0.027 mg), 0.1 mol% (0.092 mg) and 0.2 mol% (0.18 mg)
of folate-PEGy-DSPE to CPT loaded in micelles for
plain micelles, 0.03F-micelle, 0.1F-micelle and 0.2F-
micelle, respectively. Dil-labeled F-micelles were pre-
pared by the same protocol, but with the post-addition of
Dil at 0.4 mol% of incorporated CPT. The incorporation
efficiency was calculated as described previously.'® The
mean particle diameters and {-potentials were determined
using a particle size analyzer (ELS-Z, Otsuka Electronics,
Osaka, Japan) at 25 °C by diluting the dispersion to an
appropriate volume with water.

2.3. In Vitro Drug Release

Release of CPT in F-micelles from a dialysis tube
was measured using seamless cellulose tube membranes
(Viskase Sales Corp., IL, USA) with a molecular cut-
. off of 12,000-14,000. The initial concentration of CPT
was 10 ug/ml. The sample volume in the dialysis bag
was 1 ml and the sink volume was 200 ml PBS at pH
7.4 with the medium at 37+ 0.1 °C. The drug concen-
tration was analyzed using fluorescence spectrophotome-
ter F-4010 (Hitachi, Tokyo, Japan) (excitation 369 nm,
emission 426 nm).

2

2.4, Cell Culture

KB cells (FR (+)) and HepG2 cells (FR (—)) were
obtained from the Cell Resource Center for Biomedi-
cal Research, Tohoku University (Miyagi, Japan). Both
cells were cultured in folate-deficient RPMI 1640 medium
(Invitrogen Corp., Carlsbad, CA, USA) with 10% heat-
inactivated fetal bovine serum (Invitrogen Corp.) and
100 pg/ml kanamycin with 5% CO, at 37 ° C.

2.5. Flow Cytometry Analysis

KB cells were prepared by plating 5 x 103 cells in a 6-well
culture plate 1 day before the assay. Cells were incubated
with Dil-labeled F-micelles containing 10 pg CPT/ml
diluted in 2 ml folate-deficient RPMI 1640 medium for
2 hours at 37 °C. In free-folic acid competition studies,
2 mM folic acid was added to the medium. After incuba-
tion, cells were washed two times with acidic saline (pH 3)
followed by one wash with cold phosphate-buffered saline
(PBS, pH 7.4) to remove unbound polymeric micelles,
detached with 0.02% EDTA-PBS, and then suspended in
PBS containing 0.1% bovine serum albumin and 1 mM
EDTA. The suspended cells were directly introduced to a
FACSCalibur flow cytometer (Becton Dickinson, San Jose,
CA, USA) equipped with a 488 nm argon ion laser. Data
for 10,000 fluorescent events were obtained by recording
forward scatter, side scatter, and 585/42 nm fluorescence.
The autofluorescence of cells was taken as a control.

2.6. Fluorescence and Confocal Laser
Scanning Microscopy

After incubation, cells were washed as described above;
2 mi fresh medium was added. The cells were observed
with fluorescence microscopy (ECLIPSE TS100, Nikon,
Tokyo, Japan) at just. For confocal laser scanning
microscopy, cells were fixed with Mildform 20 N for
30 min at room temperature. Subsequently, the cells were
washed three times with PBS. Examinations were per-
formed with a Radiance 2100 confocal laser-scanning
microscope (BioRad, CA, USA).

2.7. Cytotoxicity Study

Cells were prepared by plating 1 x 10* cells in a 96-well
culture plate 1 day before the experiment. KB and HepG2
cells were then incubated for 2 hours at 37 °C with
100 ul CPT solution, plain micelle, and F-micelles (con-
taining 0.01, 0.1, 0.5, 1, 2.5 and 5 ug CPT) diluted in
folate-deficient RPMI 1640 medium. The medium was
replaced with fresh medium and incubated for a fur-
ther 48 hours. Cytotoxicity was determined with the
WST-8 assay (Dojindo Laboratories, Kumamoto, Japan).
The number of viable cells was then determined by
absorbance measured at 450 nm on an automated plate
reader (BioRad, CA, USA).

J. Nanosci. Nanotechnol. 8, 1-6, 2007
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2.8. Statistical Analysis

Statistical comparisons were performed by Student’s t-test.
P values less than 0.05 were considered significant.

3. RESULTS AND DISCUSSION

3.1. Determination of CPT Content and
Particle Size of F-Micelles

In our previous study, folate modification with a suffi-
ciently long PEG chain on emulsion is an effective way of
targeting drug carriers to tumnor cells.!> Therefore, folate-
lipid conjugate with PEGs,, linker was used for the
modification of polymeric micelles with PEG,q,. Four
kinds of CPT-loaded polymeric micelles were formulated
as plain micelles, 0.03F-micelle, 0.1F-micelle and 0.2F-
micelle. Folate-PEG-DSPE may be incorporated to poly-
meric micelles since 0.2 mol% folate-PEGg;,,-DSPE was
9.6 uM, and the critical micelle concentration (CMC)
value of folate-PEG;y,,-DSPE was 12.1 uM determined
by the fluorescence probe technique using Dil.

The average particle size of each F-micelle in water
was about 230 nm with 0.5-1.1 mV in {-potential and
the CPT-loading efficiency was about 50%. These values
of F-micelles did not change significantly compared with
plain micelles. '

3.2. In Vitro Drug Release

The in vitro release of CPT from 0.03F-micelle exhib-
ited rapid release behavior in an early stage (about 40%
in 2 hours, Fig. 1). In contrast, the release of CPT from
0.2F-micelle and plain micelles reached only about 20%
after the same period of incubation. This result indicates
that the quantity of folate modification affected the sta-
bility of polymeric micelles, indicating that the higher the

100
~~~~~~~ @ Plain micelle
—— 0.03F-micelle
80 [~ &~ 0.2F-micelle
1
3 60
w
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2 40
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Fig. 1. Release profiles from plain and folate-modified CPT-loaded

polymeric micelles at 37 °C in PBS as a sink solution at pH = 7.4. Each
value represents the mean+S.D. (n=3). *P < 0.05, *P < 0.01 compared
with plain micelle, TP < 0.05 compared with 0.2F-micelle.
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folate surface density, the lower the drug release. Similar
results were reported that folate modification of liposomes
influenced the release pattern.'® The decreased drug release
from highly folate-modified polymer micelles might be
due to the structural integrity of folate coupling, that may
lead to barrier effect for CPT diffusion.

3.3. Uptake of F-Micelles to KB Cells

Cellular uptake of F-micelle was evaluated using poly-
meric micelles labeled with Dil by flow cytometry.
The fluorescence of 10 ug CPT/ml of Dil-labeled plain

A) . ———"No treatment |
ssses Plain micelles
dq - - 0.03F-micelle
1204 |=-:—- 0.1F-miicelie | -
"] | e 0.2F-micelle

c
3
Q
(5]
3
(6]
Fluorescence intensity
(B) 150
. No treatment
eesees 0.2F-micelle
1204 Lo 0.2F-micelle + 2 mM folic acid
. 904
c
=
o
[&]
@ :
© 0.

30

100 RT 02 10°
Fluorescence intensity

Fig. 2. Uptake of Dil-labeled plain and folate-modified CPT-loaded
polymeric micelles with KB cells in the absence (A), or presence of
2 mM folic acid (B). Cells were incubated with polymeric micelles in
folate-free RPMI 1640 medium for 2 hours at 37 °C and analyzed by flow
cytometry. No treatment indicates autofluorescence of untreated cells.
Each analysis was generated by counting 10* cells.
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ng. 3. Fluorescence microscopic images of KB cells treated with (a) plain micelles, (b) 0.03F-micelle, (c) 0.1F-micelle and (d) 0.2F-micelle. Cells
were incubated with polymeric micelles in folate-free RPMI 1640 medium for 2 hours at 37 °C, then observed just after. (x200) Scale bar denotes

10 pm.

micelles and F-micelles showed almost identical spec-
trofluorimetric units (data not shown). As shown in
Figure 2(A), flow cytometry analysis represented a shift in
the curve. 0.2F-micelle indicated higher mean intensity of
about 13.8-fold, 7.9-fold and 3.3-fold in cellular associa-
tion of plain micelles, 0.03F-micelle and 0.1F-micelle after
2 hours exposure, respectively. In contrast, micelles modi-
fied with methoxy-PEGs,,-DSPE showed a similar curve
to plain micelles {data not shown). Additionally, these
increased associations of 0.03F-micelle, 0.1F-micelle (data

4

not shown) and 0.2F-micelle could be completely blocked
by adding 2 mM folic acid to the medium (Fig. 2(B)).
This is the first report showing that folate-lipid was incor-
porated and its folate group was exposed on the surface
of polymeric micelles to interact with FR. The results also
indicate that F-micelle was transported within cells by an
FR-mediated endocytosis process. These findings are con-
sistent with those reported previously on the FR-mediated
cellular uptake of folate-modified liposomes and emulsions
for anti-cancer therapy.'> 3

J. Nanosci. Nanotechnol. 8, 1-6, 2007
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Cellular uptake of F-micelles was also evaluated using
fluorescence microscopy. Fluorescence images of KB cells
after incubation with F-micelles for 2 hours are shown
in Figure 3. For plain micelles, there was no remark-
able uptake in fluorescent intensity of KB cells. In con-
trast, in F-micelles, more fluorescently labeled cells could
be clearly visualized, and 0.2F-micelle was especially
taken up in to the cells. This result is similar to that
of flow cytometry. In accordance with the resuits from
flow cytometry analysis, fluorescence microscopy con-
firmed that F-micelles could be targeted to cancer cells
over-expressing FR on their surface.

3.4. Localization of F-Micelles to KB Cells

To investigate whether F-micelles existed on cell surface
or within cells, localization of F-micelles was evaluated
using confocal laser scanning microscopy. Fluorescence
images of KB cells after incubation with 0.03F-micelle for
2 hours are shown in Figure 4. 0.2F-micelle showed simi-
lar image (data not shown). The localization of Dil-labeled

F-micelles was confirmed by changing the Z-axis of
observed area with 1 pm. Dil-fluorescence was detected as
punctuate dots within cells. This indicated that F-micelles
were internalized into the cells and located within endo-
some compartments.

3.5. Cytotoxicity Study

FR-targeted polymeric micelles were evaluated for in vitro
cytotoxicity in FR (4) KB and FR (—) HepG2 cells by
WST-8 assay. Superior cytotoxicity of F-micelles over
plain micelles was observed in KB cells, but not in HepG2
cells. IC;, values for KB cells of F-micelles were about
2-3 dmes lower than the plain micelles (Table I). The
difference of ICs, values between 0.03F-micelle and 0.2F-
micelle was not large. It might be due to the release
of CPT from 0.03F-micelle was faster than that from
0.2F-micelle, and free CPT was taken up to the cells as
well as micelles. In contrast, IC,, values for HepG2 cells
show hardly any difference between F-micelles and plain
micelles.

Fig. 4. Localization of Dil-labeled folate-modified CPT-loaded polymeric micelles (0.03F-micelle) with KB cells. Cells were incubated with polymeric
micelles in folate-free RPMI 1640 medium for 2 hours at 37 °C, then observed just after under confocal laser scanning microscopy by changing the
Z-axis. Images (1-9) represent regular intervals of | um on the Z-axis from bottom to top cells, respectively. (x 1200) Scale bars denote 10 pm.

J. Nanosci. Nanotechnol. 8, 1-6, 2007
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Table L. ICy value (ug/ml) of CPT solution, plain micelles, folate-
modified CPT-loaded polymeric micelles for KB cells and HepG2 cells.

Polymeric micelles

Cells CPT-solution Plain 0.03F 0.1F 0.2F
KB 3.0+04 6.7+1.1 22+05 36+08 2109
HepG2 22402 87409 84104 74x10 65%1.6

Data are shown as the mean+S.D. (n =3).

The CPT lactone ring opened at about 20 minutes in
medium.> The lactone E-ring in CPT plays an impor-
tant role in a drug’s biological activity but it exists in a
pH-dependent equilibrium in an open ring carboxylate
form. Incorporation of CPT in micelles could maintain
active lactone form even in the presence of serum,'* indi-
cating that micelle formulations could keep the antitumor
effect of CPT. Plain micelles showed lower cytotoxicity
than CPT solution, because the PEG shells of polymeric
micelles inhibited interaction with cells. However, folate
modification of polymeric micelles increased the associa-
tion with cells via FR, resulting in increase of the cyto-
toxicity similar to CPT solution. It is one of the reasons
that ICs, values of F-micelles were much higher or similar
to those for CPT solution. Preferential partitioning of the
lactone form into lipid layers has been previously reported
to stabilize CPT.»'7 In vivo situation, micelle formula-
tion enhanced the accumulation in tumor tissue than CPT
solution.? Further interaction of folate may increase the
antitumor effect of CPT micelles. These results indicate
that 0.2F-micelle is suitable drug carrier for selective drug
delivery and is more adapted than 0.03F-micelle.

4. CONCLUSION

Uptake and cytotoxicity study showed that F-micelles
could be selectively taken into cancer cells by folate-
receptor mediated endocytosis. The novel lipid-based mod-
ification method to polymeric micelles is applicable to
antibody, peptides, or other ligands. Furthermore, this
allows double targeting using folate-lipid and another

ligand-conjugated polymeric micelles or folate-targeted
therapeutics to be tailored to the needs of individual
patients.
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Oligoarginine conjugates are highly efficient vectors for the delivery of plasmid DNA into celis.
Decaarginine-conjugated lipid (Arg10-PEG-lipid) was synthesized and the effects of Arg10-PEG-
lipid concentration at a fixed DNA concentration on transfection efficiency and the structure of the
complexes were studied below and above critical micelle concentration (CMC), and at the lipid
nitrogen/DNA phosphate (N/P) ratio corresponding to transfection, respectively. Arg10-PEG-lipid
at the concentration below CMC showed stronger interaction with DNA by fluorescence intensity
distribution analysis, and significantly higher luciferase and green fluorescent protein expression
than that above CMC. A phase-contrast cryo-transmission electron microscope (cryo-TEM) exper-
iment showed that the morphology of the complexes depended on the N/P ratio. At a low N/P
ratio corresponding to that in transfection at a fipid concentration below CMC, a net-like structure
developed in which plasmid DNA was involved. A further increase in the N/P ratio, a large fibrous
nanostructure of complexes, was also observed. Without DNA, these structures were not obtained.
The cellular uptake mechanism of complexes using flow cytometry with inhibitors suggested that
complexes with two different morphologies showed similar cellular uptake and uptake mechanism,
macropinocytosis. Differences in transfection efficiency of the complexes may be explained by a
large fibrous nanostructure inhibiting the cellular internalization of complexes or the release of DNA
from macropinosomes into cytoplasm. Arg10-PEG-lipid/DNA complexes formed a favorable nano-
structure for gene delivery, depending on the N/P ratio in water.

Keywords: Decaarginine, Cell-Penetrating Peptide, Macropinocyotosis, Gene Delivery,

Supramolecular Structure.

1. INTRODUCTION

The development of a gene delivery vector is believed to
be a key to the success of gene therapy. Gene delivery
vectors are classified into viral and nonviral vectors. Viral
vectors provide very high transfection efficiency, but their
safety is a great concern because of their inmunogenicity
and acute toxicity."»? For the future development of gene
therapy, a safe and highly effective nonviral gene vector is
indispensable, and nonviral vectors such as cationic lipo-
somes and polymers have been developed;":3* however,
their low-level transfection efficiency, compared with viral
vectors, is considered to be a major limitation in their

*Author to whom correspondence should be addressed.
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application to gene therapy. Poor efficiency is supposed
to arise from the endocytic route of internalization, when
cationic lipids or polymers form a complex with DNA:
therefore, novel and more efficient synthetic vectors, hope-
fully with a different cell internalization mechanism, are
desired.

Oligoarginine is known as a cell-penetrating peptide
(CPP),>7 and can deliver its associated molecules into
cells.*!" In our previous work, we reported oligoargi-
nine ((Arg)n; n = 4,6, 8, 10)-conjugated lipids with a
poly(ethylene glycol) (PEG) spacer as novel gene vectors.!2
(Arg)n-PEG-lipid provides three characteristic functions:
the PEG-lipid part forms micelles, the (Arg)n part can
interact with DNA and make it compact, and this part

doi:10.1166/jrn.2008.170 1
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also interacts with cells as CPP. Argl0-PEG-lipid showed
the highest transfection efficiency among (Arg)n-PEG-
lipids in human cervical carcinoma HeLa cells when the
lipid formed a complex with plasmid DNA at concentra-
tions much higher than their critical micelle concentration
(CMC) to ensure the integrity of micelles.'> Transfection
efficiency was comparable to Lipofectamine 2000, a com-
mercial transfection reagent.'?

Cationic lipids form small particles when they form a
complex with DNA molecules, which is an ideal prop-
erty for efficient internalization of the complexes by
endocytosis.'* A variety of structural models have been
proposed based upon electron microscopy studies about
cationic liposome complexes with DNA by using a nature
of helper lipids. The superior transfection properties of
lipoplexes were related to its ability to undergo a lamellar
to a nonlamellar phase.'* About micelles, however, infor-
mation of morphologies of complexes depending charge
ratios of lipid/DNA was poor.!> Below CMC, the relation-
ship between transfection efficiency and structure of lipid
complexes with DNA were not reported to our knowledge.

The purpose of this study was to investigate the
relationship of the concentration of Argl0-PEG-lipid to
lipid-mediated gene delivery. The interaction between
Argl10-PEG-lipid and plasmid DNA was measured by
fluorescence intensity distribution analysis (FIDA), and
the morphology of Argl0-PEG-lipid/DNA complex was
observed by phase contrast cryo-transmission electron
microscopy (phase contrast cryo-TEM). Here, we report
novel aspects of Argl0-PEG-lipid, i.e., the concentration-
dependent transfection efficiency and relationship with
nanostructure formation that may cause difference in the
ability to deliver DNA into HeLa cells. The lipid showed
higher transfection at a concentration below CMC than
above CMC.

2. MATERIALS AND METHODS
2.1. Materials

The Pica gene luciferase assay kit was purchased from
Toyo Ink (Tokyo, Japan). Bicinchonic acid (BCA) protein
assay reagent was obtained from Pierce (Rockford, IL).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Invitrogen Corp.
(Carlsbad, CA). 5-(N-ethyl-N-isopropyl) amiloride (EIPA)
was from Sigma Chemical Co. (St. Louis, MO). All other
chemicals used were of reagent grade.

Argl0-PEG-lipid (Argl0-PEG-BDB, Fig. 1) and
7-nitrobenz-2-oxa-1,3-diazole (NBD)-labeled Arg10-PEG-
BDB (Argl0-PEG-BDB-NBD) were synthesized as descr-
ibed previously.'? 3,5-Bis(dodecyloxy)benzamide (BDB)
was employed as the lipid component, and a PEG (MW =
2 kDa) spacer was introduced between the C-terminal of
Argl0 and the amide group of BDB.

2
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Fig. 1. Chemical structure of Argl10-PEG-BDB.

The plasmid DNA encoding the luciferase gene under
the control of the CMV promoter (pCMV-luc) was con-
structed as previously described.!® The plasmid pEGFP-C1
encoding the green fluorescent protein (GFP) under the
CMYV promoter was purchased from Clontech (Palo Alto,
CA). A protein-free preparation of pCMV-luc and
pEGFP-C1 was purified following alkaline lysis using
maxiprep columns (Qiagen, Hilden, Germany). Labeling
of pCMV-luc was performed using the protocol of a Label
IT TM-rhodamine labeling kit (Mirus, Madison, WTI).

2.2. Critical Micelle Concentration of
Argl0-PEG-BDB

In order to determine the critical micelle concentration
(CMC) of Argl0-PEG-BDB, fluorescence measurements
were carried out using pyrene (0.6 wM) as reported in the
literature.!” The fluorescence emission spectra of pyrene
were measured at varying Argl0-PEG-BDB concentra-
tions using a fluorescence spectrometer. The concentra-
tion of Argl0-PEG-BDB used was within the range from
1x 1078 to 1 x 107 M. Pyrene was dissolved in acetone
and transferred into capped tubes. The acetone as solvent
was evaporated off by a stream of. dry nitrogen, and sub-
sequently, aqueous solutions of Arg10-PEG-BDB micelles
were added. Then, the micellar solutions containing pyrene
were heated to 80 °C for 2 h to equilibrate the partitioning
of pyrene into the micelles and were allowed to cool over
night at room temperature in the dark.

2.3. Formulation of Argl0-PEG-BDB/DNA Complex

Argl0-PEG-BDB stock solutions (20 mg/mL) were pre-
pared by dissolving lipid in MilliQ water. Argl0-PEG-
BDB/DNA complexes were formulated by mixing DNA
and Argl0-PEG-BDB stock solutions. The number of
nitrogen of Argl0-PEG-BDB was defined as 10 and the
lipid nitrogen/DNA phosphate (N/P) ratio was calculated.
For transfection and FIDA experiments, the following
amounts of the Argl0-PEG-BDB to 2 ug of DNA were
used to prepare Argl0-PEG-BDB/DNA complexes at var-
ious N/P ratios, e.g., N/P = 8.5; 20 pg/mL (5 uM). For
transmission electron microscopy experiment, 0.25 mM of
Argl0-PEG-BDB/DNA (N/P = 8.5/1) and 1.25 mM of
Argl0-PEG-BDB/DNA (N/P = 42.5/1) were used, since
higher ArglO-PEG-BDB concentrations are needed for
observation.

J. Nanosci. Nanotechnol. 8, 1-8, 2008
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Particle size and zeta potential of Argl0-PEG-BDB
and its DNA complexes were measured 10-15 min after
the complex had formed, using dynamic light scatter-
ing and electrophoresis method, respectively (ELS-800,
Otsuka Electronics Co. Ltd, Osaka, Japan) at 25 °C after
the dispersion was diluted to an appropriate volume with
water.

2.4. Fluorescence Intensity Distribution
Analysis (FIDA)

FIDA was performed with a MF20 microplate reader
(Olympus Corp. Tokyo, Japan) using the onboard 543-nm
laser at a power of 300 uW for excitation. Experiments
were performed in 384-well glass-bottom plates using a
sample volume of 50 uL. The FIDA data was analyzed
with the MF20 software package. All single-molecule
FIDAs were performed under identical conditions with
respect to incubation (10 min) at room temperature. The
interaction between Argl0-PEG-BDB and DNA experi-
ments were performed using the rhodamine-labeled DNA.
The concentration of the labeled DNA was held constant
whereas the concentration of Arg]10-PEG-BDB was varied
in water.

2.5. Phase Contrast Cryo-TEM and Microscopy

Specimens for electron microscopy were prepared on
Quantifoil® R1.2/1.3 holed carbon grids at a Leica EM
CPC cryo-preparation station. Cryo-electron microscopy
was performed on a JEOL JEM-3100FFC TEM equipped
with a field emission gun (FEG), helium temperature spec-
imen stage, omega-type energy filter and Gatan Mega-
Scan 795 2 K x 2 K CCD camera. For improved contrast of
ice-embedded specimens, we employed a novel Zernike-
type phase plate at the back focal plane of the objective
lens.'® % Tt provides a true phase contrast regime reveal-
ing details in the image that are hidden in the conven-
tional defocus phase contrast mode. All images were taken
by the CCD camera with the TEM operated at 300 kV
acceleration voltage, zero-loss energy filter mode, x 60,000
indicated magnification and employing the phase plate. At
that magnification, the specimen resolution at the CCD
is 3.0 A/pix. To minimize electron beam damage, we
employed a minimum dose protocol which irradiates the
area of interest only during image exposure. The total dose
to the specimen was about 6 ¢~/A2.

Argl0-PEG-BDB/DNA complexes were diluted with
serum-free DMEM to 1 mL. Incubation with HeLa cells
was conducted for 1 h in the absence of serum, and then
the cells were washed 5 times with 1 mL of PBS. Unfixed
cells were observed with an ECLIPSE TS100/100-F for
Epi-fluorescence Observations (Nicon, Tokyo, Japan). The
level of contrast and the brightness of the images were
adjusted.

J. Nanosci. Nanotechnol. 8, 1-8, 2008

2.6. Flow Cytometry

HeLa cells were kindly provided by Toyobo Co., Ltd.
(Osaka, Japan). HeLa cells were grown in DMEM supple-
mented with 10% FBS at 37 °C in a humidified 5% CO,
atmosphere.

Hel.a cells were grown to just before confluence
in a 12-well plate. For cellular uptake, ArglQ-PEG-
BDB/rhodamine-DNA was diluted with DMEM contain-
ing 10% FBS to 1 mL. Incubation with HeLa cells was
conducted for 3 h in the presence of serum since the cells
could not be detached from the wells after incubation in
the absence of serum. For inhibition of uptake, cells were
preincubated for 30 min at 37 °C with DMEM containing
10% FBS in the presence of EIPA (50 uM). Subsequent
incubation of the Argl0-PEG-BDB-NBD/DNA was car-
ried out for 1 h in the presence of EIPA.

At the end of the incubation, the dishes were washed
3 times with 1 mL of PBS, and the cells were detached
with 0.05% trypsin and EDTA solution. The cells were,
centrifuged at 1500 rpm, and the supernatant was dis-
carded. The cells were resuspended with PBS containing
0.1% BSA and 1 mM EDTA, and directly introduced to a
FACSCalibur flow cytometer (Becton Dickinson, San Jose,
CA) equipped with a 488 nm argon ion laser. Data for
10000 fluorescent events were obtained by recording for-
ward scatter (FSC) and side scatter (SSC) with green (for
NBD; 530/30 nm) and red (for rhodamine; 585/42 nm)
fluorescences. :

2.7. Gene Transfection

Argl0-PEG-BDB/DNA complexes, prepared by mixing
2 pg of pCMV-luc or pEGFP-C1 with various concentra-
tions of Argl0-PEG-BDB, were diluted with serum-free
DMEM to 1 mL."? Incubation with HeLa cells was con-
ducted for 3 h in the absence of serum, and cells were
cultured for another 21 h in the presence of serum.
Luciferase expression was measured according to the
instructions accompanying the luciferase assay system.
Incubation was terminated by washing the plates three
times with cold phosphate-buffered saline (pH 7.4) (PBS).

_Cell lysis solution (Pica gene) was added to the cell mono-

layers and subjected to freezing at —80 °C and thawing at
37 °C, followed by centrifugation at 15000 rpm for 5 s.
The supernatants were frozen and stored at —80 °C until
the assays. Aliquots of 20 uL of the supematants were
mixed with 100 uL of luciferin solution (Pica gene) and
counts per second (cps) were measured with a chemolu-
minometer (Wallac ARVO SX 1420 multilabel counter,
Perkin-Elmer Life Science, Japan, Co. Lid., Kanagawa,
Japan). The protein concentration of the supernatants was
determined with BCA reagent using bovine serum albumin
as a standard and cps/ug protein was calculated.

GFP expression was analyzed by fluorescence micro-
scopy and flow cytometer. For fluorescence microscopy,
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at the end of the incubation, the dishes were washed 3
times with 1 mL of PBS and fixed with 10% formalde-
hyde PBS at room temperature for 20 min, and washed
three times with PBS. Then, the cells were coated with
Aqua Poly/Mount (Poly science, Warrington, PA) to pre-
vent fading and covered with coverslips. The fixed cells
were observed with an ECLIPSE TS100/100-F for Epi-
fluorescence Observations. The contrast level and bright-
ness of the images were adjusted.

2.8. Data Analysis

Significant differences in the mean values were evaluated
using Student’s unpaired ¢-test. A p-value of less than 0.05
was considered significant.

3. RESULTS AND DISCUSSION

3.1. Characterization and Transfection Efficiency of
Argl0-PEG-BDB

In order to determine the CMC of Argl0-PEG-BDB in
water, we monitored fluorescence intensity as we added
different concentrations of Argl0-PEG-BDB into an aque-
ous dispersion of pyrene. The CMC value of Argl0-PEG-
BDB was 20.9 uM or 83.6 pg/mL at room temperature
(Fig. 2).

Particle size and the' zeta-potential of ArglO-PEG-
BDB (25 uM)/DNA (N/P =42.5/1) complex were about
1500 nm and 42.7 mV, respectively (Table I). The zeta-
potential of the complex (5 uM, N/P =8.5/1, 27.1 mV)
decreased by about 10 mV compared with that of Argl0-
PEG-BDB micelles (38.0 mV) due to the negative charge
of DNA.

We examined the influence of the concentration of
Argl0-PEG-BDB on transfection efficiency by luciferase
activity. The highest transfection efficiency was observed
at the concentration of 5 uM of Argl0-PEG-BDB (N/P =
8.5/1), which is significantly (1.5-fold) higher than that of

200 4 °
% 150 o
c
2
£
8 100
g [
[ 31
8
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Fig. 2. CMC measurements of Argl0-PEG-BDB by fluorescence probe
method using pyrene.

4

Table I.  Particle size and zeta-potential of Argl0-PEG-BDB complexed
with or without DNA.

Size Zeta-potential

Lipid concentration and complex? N/P (nm) (mV)
Argl0-PEG-BDB (25 pM) ND? +38.0
Argl0-PEG-BDB (5 uM)/DNA 85/1 ND? +27.1
ArglO-PEG-BDB (25 puM)/DNA  42.5/1 ~1500 +42.7

“Complex with 2 ug of DNA.
5N.D., not detected by dynamic light scattering method.

25 uM (Fig. 3(A)), superficially suggesting that micelle
formation is not necessary for high transfection efficiency.
To examine the distribution of transfection in cells, we
observed the transfection efficiency of Argl0-PEG-BDB
with the plasmid pEGFP-C1 using flow cytometry and flu-
orescence microscopy. 5 uM of Argl0-PEG-BDB showed
about 7-fold higher transfection efficiencies than 25 uM
(Fig. 3(B)). A significantly higher level of GFP protein
was observed in the cells treated with 5 uM of ArglO-
PEG-BDB than 25 uM, corresponding to the results of
luciferase expression (Fig. 3(C)).

The higher concentration of Argl0-PEG-BDB/DNA
could not be used because cytotoxicity was increased with
an increase of lipid concentration.!? The cytotoxicity of
5 uM of ArglO-PEG-BDB/DNA, therefore, was lower
than that of 25 uM. To clarify the underlying mechanisms
that dictated the remarkable differences between 5 and
25 uM in lipid-mediated transfection efficiency, the prop-
erties of lipid complexes with DNA were investigated.

3.2. Investigation of the Interaction of
Argl0-PEG-BDB with DNA by FIDA

To examine the interaction of Argl0-PEG-BDB with
DNA, Argl0-PEG-BDB and 2 ug rhodamine-DNA was
mixed and characterized using FIDA with a MF20 micro-
plate reader (Olympus Corp. Tokyo, Japan).® A theoretical
probability distribution of photon count numbers is fitted
against the obtained histogram, yielding specific brightness
values Q and concentrations C for all different species in
a sample. Decreased C value and increased Q value were
observed at the concentration of 1~5 uM of Argl0-PEG-
BDB, suggesting that more DNA bound to Argl0-PEG-
BDB in this concentration range (Figs. 4(A, B)). The data
showed that the interaction of 5 uM of ArglO-PEG-BDB
with DNA (N/P = 8.5/1) was stronger than that of 25 uM
(N/P = 42.5/1). DNA might help the self-aggregation of
Arg10-PEG-BDB even at low concentrations of lipid. This
effect may be reflected in the highest transfection effi-
ciency at the 5 uM concentration of Argl0-PEG-BDB to
2 ug DNA. To examine whether this difference of interac-
tion of lipid with DNA in complexes by the concentration
of lipid correlated with the differences in structural fea-
ture, the complexes were further characterized by electron
microscopy.

J. Nanosci. Nanotechnol. 8, 1-8, 2008
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Influence of the concentration of Argl0-PEG-BDB complexed with DNA on transfection efficiency. Argl 0-PEG-BDB/DNA complexes (pre-

pared by mixing 2 pg of pCMV-luc or pEGFP-C1 with various concentrations of Argl0-PEG-BDB) were diluted with serum-free DMEM (o a final
volume of 1 mL. After incubation for 3 h at 37 °C in serum-free DMEM, DMEM (1 mL) containing 10% FBS was added, and the cells were further
incubated for 21 h. (A) Luciferase activity of various concentrations of Argl0-PEG-BDB. (B) GFP expression of 5 or 25 uM of Argl0-PEG-BDB.
Each value is the mean + S.D. of three separate determinations. (C) Analysis of GFP expression by flucrescence. microscopy (magnification x100).
5 pM of Argl0-PEG-BDB (top) and 25 uM of Argl0-PEG-BDB (bottom) are shown. Scale bar = 50 zm.

3.3. The Morphology of Argl0-PEG-BDB/DNA
Complexes Determined by Electron Microscopy
and Microscopy

To reveal the nanostructure of ArglO-PEG-BDB/DNA
complexes under various concentrations of lipid, we
observed the Argl0-PEG-BDB/DNA complex using phase

contrast cryo-TEM. Free DNA papered was observed as

open circular one (data not shown). To observe the lipid
structure, two higher concentrations of Argl0-PEG-BDB
were examined at the same (N/P) ratio as the transfection
experiments. Micellar structures with several nm sizes were
observed at 1.25 mM of Argl0-PEG-BDB above CMC
(Fig. 5(A)). In ArglO-PEG-BDB/DNA complex (N/P =
8.5/1), a net-like structure was observed in which DNA
was involved (Fig. 5(B)). These net-like structures may
contribute to high transfection efficiency, but the particle
size of Argl0-PEG-BDB (5 uM, 0.25 mM)/DNA (N/P =
8.5/1) in water was not detected by dynamic light scat-
tering method. Surprisingly, in the Argl0-PEG-BDB/DNA
complex (N/P = 42.5/1), heterogeneous nanostructures
were observed. Other than net-like structures, large fibrous
nanostructures were visible (Fig. 5(C)). Their particle size
of Argl0-PEG-BDB (1.25 mM)/DNA (N/P = 42.5/1}) in

J. Nanosci. Nanotechnol. 8, 1-8, 2008

water was about 1.5 pum by dynamic light scattering
method. In both cases we can clearly see DNA molecules
around the edge of the net-like structures.

At a lower magnification, we observed the structure at
the same condition as the transfection by the microscopy.
Cells were exposed for 1 h to the 5 or 25 uM of Argl0-
PEG-BDB/DNA complex in the absence of serum. Next, the
unfixed cells were visualized by microscopy. It was hardly
observed in 5 uM of Argl0-PEG-BDB/DNA, but a large
aggregation was observed in 25 uM (Figs. 6(A, B)). The
large aggregation of 25 uM of Argl0-PEG-BDB/DNA,
therefore, might inhibit the cell internalization or the
release of DNA from endosomes into cytoplasm.

Increase of lipid concentration appeared to tend to con-
vert from net-like structures into a large fibrous one.
Previously, we reported that the structure of PEG-BDB
became fiber with the increase of lipid concentration.?
At higher concentration of Argl0-PEG-BDB, DNA might
induce the fibrous nanostructure by partial neutralization
of Argl10-PEG-BDB, suggesting that DNA may modulate
the net-like structure and fibrous nanostructure of Argl0-
PEG-BDB. The former reflected a stronger interaction
between DNA and lipid than the latter. To further investi-
gate effect of the difference of nanostructures of complexes
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Fig. 4. Fluorescence intensity distribution analysis (FIDA) of Argl0Q-
PEG-BDB and 2 pg rhodamine-DNA complex. (A) Brightness per com-
plex; Q value. (B) Fluorescent DNA number; C value. Each value is the
mean = S.D. of three separate determinations.

on transfection efficiency, cellular uptake mechanism was
subsequently examined.

3.4. Cellular Uptake Mechanism

The difference of nanostructures of complexes may cause
difference in the ability to deliver DNA into HeLa cells. At
first, to examine the association of Argl0-PEG-BDB/DNA
complex with cells, we assayed the cell internalization of
5 or 25 uM of the ArglO0-PEG-BDB/DNA 3 h after
transfection with serum by flow cytometry (Fig. 7(A)).
To remove bind Argl10-PEG-BDB/DNA on the surface of
plasma membrane, we washed the cells with PBS and
treated them with trypsin.2! Associated amount of 5 or
25 uM of Argl0-PEG-BDB/DNA with the cells was almost
same, indicated that both concentrations of Argl0-PEG-
BDB were able to carry similar amount of rhodamine-DNA
into cells.

The cellular uptake pathway is reported to be differ-
ent depending on the density of octaarginine (Arg8) in
liposome containing Arg8.2 Hence, there is a possibility
that the cellular uptake mechanism might change depend-
ing on the concentration of Argl0-PEG-BDB. The transio-
cation of Tat and Arg8 peptide are suggested to occur
through macropinocytosis which is dependent on lipidic

6

Fig. 5. Phase contrast cryo-TEM analysis of the complex structure
of Argl0-PEG-BDB and DNA. (A) 125 mM of Argl0-PEG-BDB.
(B) 0.25 mM of Arg10-PEG-BDB/DNA (N/P =8.5/1). (C) 1.25 mM of
Argl0-PEG-BDB/DNA (N/P = 42.5/1). Scale bar = 100 nm.
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(A)
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Fig. 6. Microscopic analysis of the Argl0-PEG-BDB/DNA complex
incubated with the cells for I h at 37 °C in serum-free DMEM. The
unfixed cells were observed with a microscope. (A) 5 uM of Argl0-
PEG-BDB/DNA (N/P = 8.5/1). (B) 25 uM of Argi0-PEG-BDB/DNA
(N/P = 42.5/1). Scale bar = 20 pum.

microdomains.?* > Macropinocytosis is a kind of endocy-

tosis as a cellular uptake pathway.?> Macropinosomes are
formed by actin-driven ruffling of the plasma membrane,
followed by folding and pinching off of irregular-sized
vesicles.” Macropinocytosis is inhibited by 5-(N-ethyl-
N-isopropyl) amiloride (EIPA), which inhibits Nat/H*
exchange protein.® To examine the internalization mech-
anism of 5 and 25 uM Argl0-PEG-BDB/DNA (N/P =
8.5/1 and 42.5/1), we investigated the effect of EIPA
on the cellular uptake of complexes, using Argl10-PEG-
BDB-NBD (Fig. 7(B)). Argl0-PEG-BDB-NBD (5 and
25 uM)/DNA showed about 70% lower internalization
efficiency at 50 uM of EIPA than in its absence. This find-
ing suggests that 5 and 25 uM of Arg10-PEG-BDB/DNA
were taken up via a macropinocytosis pathway although
their structures were different (Figs. 5(B, C)). DNA may
be released easily in the cytoplasm because it is reported
that macropinosomes are leaky.?” The large fibrous nano-
structure,-therefore, might inhibit the release of DNA from
macropinosomes into cytoplasm. At the present research
technique, it is difficult to examine it further since the
research of CPP should be observed at unfixed cells.

J. Nanosci. Nanotechnol. 8, 1-8, 2008
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Fig. 7. (A) Cellular uptake of 5 or 25 uM of Argl0-PEG-BDB/
rhodamine-DNA incubated for 3 h at 37 °C. The cells were treated with
trypsin before flow cytometry. (B) Effect of EIPA on their cellular uptake.
Cells were pretreated with EIPA (50 M) at 37 °C for 30 min. Medium
was replaced with fresh medium containing 5 or 25 uM Argl0-PEG-
BDB-NBD/2 pg DNA. Cells were incubated for | h at 37 °C in serum
DMEM containing EIPA (50 puM). Each value is the mean &= S.D. of
three separate determinations.

4. CONCLUSIONS

Argl0-PEG-BDB at the concentration below CMC showed
higher transfection efficiency in HeLa cells than that above
CMC. In Argl0-PEG-BDB/DNA complex below CMC, a
net-like structure was observed. On the other hand, in the

~ Argl0-PEG-BDB/DNA complex above CMC, heteroge-

nous structures composed of net-like and large fibrous
structures were observed. It is very important that plasmid
DNA is able to help Argl0-PEG-BDB to form supramolec-
ular structures. DNA-assisted Argl0-PEG-BDB nano-
structure formation may result in concentration-dependent
transfection efficiency.
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p-Dodecylaminophenol derived from the synthetic retinoid, fenretinide:
Antitumor efficacy in vitro and in vivo against human prostate

cancer and mechanism of action

Noriko Takahashi*, Yusuke Watanabe, Yoshie Maitani, Takayasu Yamauchi, Kimio Higashiyama and Toshihiro Ohba
Laboratory of Physiological Chemistry, Institute of Medicinal Chemistry, Hoshi University, Shinagawa,

Tokyo 142-8501, Japan

Fenretinide, N-(4-hydroxyphenyl)retinamide (4-HPR) is an ami-

nophenol-containing synthetic retinoid derivative of all-frans-reti-
noic acid, which is a potent chemopreventive and antiproliferative
agent against various cancers. Clinical studies of 4-HPR have
shown side effects consisting of night blindness and ocular toxicity.
To maintain potent anticancer activity without side effects, p-
dodecylaminophenol (p-DDAP) was designed based on structure—
activity relationships of 4-HPR. In our study, we investigate
whether p-DDAP shows anticancer activity against human pros-
tate cancer cell line PC-3 when compared with 4-HPR. p-DDAP
inhibited PC-3 cell growth progressively from low to high concen-
tration in a dose-dependent manner. p-DDAP was the most potent
antiproliferative agent in vitro among 6 p-alkylaminophenols and
3 4-hydroxyphenyl analogs examined including 4-HPR. Cells
treated with p-DDAP were shown to undergo apoptosis, based on
condensation nuclei, cytofluorimetric analysis, propidium iodide
staining and the expression of bcl-2 and caspase 3. p-DDAP
arrested the S phase of the cell cycle, while 4-HPR arrested the
Go/G; phase. In addition, both the i.v. and i.p. administration of p-
DDAP suppressed tumor growth in PC-3-implanted mice in vivo.
P-DDAP showed no effects on blood retinel concentrations, in con-
trast to reductions after 4-HPR administration. These results indi-
cate that p-DDAP exhibits excellent anticancer efficacy against
hormonal independent prostate cancer in vitro and in vivo, and it
may have great potential for clinical use in the treatment of pros-
tate cancer with reduced side effects.

© 2007 Wiley-Liss, Inc.

Key words: aminophenol; anticancer; retinoid; prostate cancer;
apoptosis

N-(4-Hydroxyphenyl)retinamide (4-HPR, fenretinide) (Fig. 1,
middle), a synthetic amide of all-rrans-retinoic acid (RA), is an
effective anticancer drug,'™ which is used against a wide variety
of tumor types. 4-HPR currently is in clinical trials for the treat-
ment of breast, bladder, renal and neuroblastoma malignancies.
' However, studies have shown that treatment of patients with 4-
HPR is accompanied by night blindness because of a decrease in
serum retinol levels.’* It appears that this side effect occurs by the
displacement of retinol from serum retinol binding protein (RBP),
resulting in reduced delivery of retinol to eye.'>”’

The mechanisms behind the anticancer effects of 4-HPR are
unclear. It is generally accepted that 4-HPR may act via pathways
which are independent of the nuclear retinoid receptors, RARs
and RXRs, since 4-HPR exhibits extremely poor binding to nu-
clear retinoid receptors, and it shows anticancer activity against
cells resistant to RA. Therefore, 4-HPR may act on cells directly
rather than through hydrolysis to free RA. On the basis of struc-
ture—activity relationships of 4-HPR, we recently designed p-alky-
laminophenols without aromatic rings that have markedly differ-
ent structures from retinol, RA and 4-HPR. We showed that the
p-methylaminophenol moiety in 4-HPR contributes most signifi-
cantly to its anticancer activity when compared with the 4-amino-
phenol and p-aminoacetophen moieties.'®!7 The elongation of the
polymethylene chain in p-methylaminophenol increases the anti-
cancer activity, and p-octylaminophenol (p-OAP) among p-amino-
phenols with various lengths of alkyl chains (C,~Cg) examined
was the most potent inhibitor of cell growth against various cancer
cell lines, including human leukemia cell lines, HL60 and HL60R,
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which are resistant to RA.'® Furthermore, we synthesized novel
aminophenol analogs (C,,—C,;,) that bear carbon side-chain
lengths similar to those of 4-HPR (Fig. 1, middle), and we exam-
ined the antioxidant and antiproliferative properties of these ana-
logs.">*® We found that p-dodecylaminophenol (p-DDAP, Fig. 1,
top) and p-decylaminophenol (p-DAP) exhibited both activities
greater than 4-HPR did.

Prostate cancer is a chronic disease in men. Despite advances in
the understanding of prostate cancer cell biology, the lack of early
detection and the development of androgen independence during
commonly used anti-androgen therapies of prostate cancer are
problematic. At present, there is no cure for advanced prostate
cancer once it has progressed to an androgen-independent stage.
Hormonal therapy, radiotherapy and chemotherapy are of limited
efficacy for prostate cancer patients diagnosed with androgen-in-
dependent disease. Therefore, the development of chemopreven-
tive agents against hormonal independent prostate cancer is of
critical importance.

Thus, we set out to examine whether p-DDAP is effective
against the hormonal independent human prostate cancer cell line
PC-3 in vitro, what is the mechanism of anticancer activity by p-
DDAP and whether p-DDAP is efficacious against prostate cancer
in vivo without side effects. The results of these studies are pre-
sented herein.

Material and methods
Chemicals

RA, ethylenediaminetetraacetic acid (EDTA), bovine serum al-
bumin (BSA, fraction V) and dimethylsulfoxide (DMSO) were
obtained from Sigma Chemical (St. Louis, MO). 4-HPR was pro-
vided by Dr. R. C. Moon, University of Illinois, Chicago, IL.
‘p-Methylaminophenol (p-MAP) was purchased from Nacalai Tes-
que. (Kyoto, Japan). All other chemicals were of reagent grade.
N-(4-Hydroxyphenyl)dodecananamide (4-HPDD), N-(4-hydroxy-
phenyl)decananamide (4-HPD), p-DDAP, p-DAP, p-OAP, p-hex-
ylaminophenol (p-HAP) and p-butylaminophenol (p-BAP) were
synthesized as described previously. 592!

Abbreviations: EDTA, ethylenediaminetetraacetic acid; MTT, 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide; PBS, phosphate-
buffered saline (1.5 mM KH,PO,, 8.1 mM Na,HPO,, 136.9 mM NaCl, pH
7.2); p-DAP, p-decylaminophenol, 4-(decylamino)phenol; p-DDAP, p-
dodecylaminophenol, 4-(dodecylamino)phenol; RA, retinoic acid; RAR,
retinoic acid nuclear receptor; RBP, retinol binding protein; RT-PCR,
reverse transcription-polymerase chain reaction; 4-HBR, 4-hydroxybenzyl-
retinone; 4-HPD, N-(4-hydroxyphenyl)decananamide, p-decanoylamino-
phenol; 4-HPDD, N-(4-hydroxyphenyl)dodecananamide, p-dodecanoyla-
minophenol; 4-HPR, N-(4-hydroxyphenyl)retinamide, fenretinide.
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Fi1Gure 1 - Chemical structures of p-DDAP, 4-HPR and 4-HPDD.

Cell

Early passage (<30) human myeloid leukemia cell lines, HL60
and HL60R, a mutant subclone of HL60 that exhibited relative
resistance to RA and that harbors RARs with markedly reduced
affinity for RA, were maintained in RPMI 1640 medium (GIBCO,
Grand Island, NY) supplemented with 10 mM 4-(2-hydroxyethyl)-
1-piperazinethanesulfonic acid gHEPES), pH 7.3 and 10% fetal
bovine serum (FBS; GIBC0).*>*

Human breast cancer cell lines, MCF-7 and MCF-7/AdrR were
obtained from the American Type Culture Collection (ATCC),
Rockville, MD.>* Cells were maintained in Iscove’s Modified Dul-

‘becco’s Medium supplemented with 10% heat-inactivated FBS
(GIBCO). Human hepatoma cell line HepGZ25 was obtained from
RIKEN cell bank (Tokyo, Japan). Human prostate cancer cell line
DU-145% was obtained from Dr. Y. Pommier of the National
Cancer Institute (Bethesda, MD). HepG2 and DU-145 cells were
grown in RPMI medium containing 10% FBS.

Another human prostate cancer cell line PC-3 was obtained
from ATCC. PC 3 cells were grown in RPMI medium containing
10% FBS and penicillin/streptomycin (50 units/ml, 50 pg/ml).
Attached cells were removed from the tissue-culture flask surface
with trypsin-EDTA (GIBCO).

All cells described above were incubated at 37°C in a humidi-
fied atmosphere of 5% CO, in air.

Cell growth

HL60 and HL60R cells (1 X 10° cells/ml) were grown in RPMI
1640 medium containing 10% FBS with 4 uM p-DDAP and 4-
HPR for 94 and 65 hr, respectively. Cell number was estimated by
an electric particle counter (Coulter Electronics, Hialeah, FL) and
viability by trypan blue dye exclusion. The percentage of net
growth is shown with values adjusted by subtracting the initial
cell concentration of experimental cultures from the initial con-
centration of control cultures which were defined as 100%. Values
for percent net cell growth were calculated with the following for-
mula: [(cell concentration of experimental culture) — (initial cell
concentration)/(cell concentration of control culture) — (initial
cell concentration)] X 100.

MCF-7, MCF-7/AdrR, HepG2 and DU-145 cells were trypsi-
nized and suspended in RPMI 1640 medium containing 10% FBS.
Cells (0.5 X 10* cells/ml) were incubated at 37°C in a humidified
atmosphere of 5% CO, in air. After 1 day, 4 pM p-DDAP and 4-
HPR were added to the cultures. Cells were incubated for 68 hr,
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and then viable cell number was estimated using 3-(4,5-dime-
thylthiazol-2-yl)-2,5—d;phenyltetrazolium bromide (MTT) as
described previously.?” PC-3 cells were trypsinized and suspended
in RPMI 1640 medium containing 10% FBS and penicillin/strep-
tomycin (50 units/mi, 50 pg/ml). Cells (5 X 10% cells/ml) were
incubated at 37°C in a humidified atmosphere of 5% CO, in air.
After 1 day, various concentrations of p-DDAP, p-DAP, p-OAP,
p-HAP, p-BAP, p-MAP, 4-HPDD, 4-HPD and 4-HPR were added
to the cultures. Cells were incubated for 48—54 hr, and then viable
cell number was estimated using MTT as described previously.?’
Values for percent net cell growth were calculated with the
following formula: [(absorbance of experimental cell concentra-
tion) — (absorbance of initial cell concentration)/(absorbance of
control cell concentration) — (absorbance of initial cell concentra-
tion)] X 100.

Morphologic evaluation of apoptosis

Exponentially growing PC-3 cells (5 X 10* cells/ml) were
seeded in a chamber slide (NUNC, Roskilde, Denmark) and incu-
bated at 37°C in a humidified atmosphere of 5% CO, in air. After
1 day, 4 uM p-DDAP, 4-HPDD, and 4-HPR were added to cell
cultures. Cells were incubated for 17 hr, and then fixed and stained
with Wright-Giemsa staining solution. Morphological changes
were visualized by light microscopy.

Measurement of apoptosis

Apoptosis analyses were performed using the Annexin V-FITC
Apoptosis Detection Kit (Calbiochem, Catalog No. PF032-1EA,
San Diego, CA) following the manufacturer’s instructions. Apo-
ptosis and cell viability were measured by staining using annexin
V-FITC and propidium iodide (PI), and the stained cells were ana-
lyzed immediately by fluorescence activated cell sorting (FACS)
calibur flow cytometry (Becton Dickinson, San Jose, CA).

Cell cycle analysis

Cell cycle distribution was determined by flow cytometry after
staining the cells with PL. Briefly, PC-3 cells (5 X 10* cells/ml)
treated with various concentrations of compounds were harvested
and then washed with FACS Buffer (0.1% BSA and 1 mM EDTA
in PBS). Cells (1 X 106 cells, 0.5 ml) were fixed in 70% ethanol at
4°C overnight. Before the analysis, cells were centrifuged (750 g,
10 min) and washed twice with FACS Buffer to remove ethanol.
Cells were then treated with RNaseA (50 ng/ml, 500 ul) at room
temperature for 30 min. After the addition of PI (500 pg/ml, 25
ul), cells were incubated for 5 min at room temperature in the
dark. The stained cells were analyzed by FACS calibur flow cy-
tometer (Becton Dickinson), equipped with a 488-nm argon ion
laser. Data for 10,000 fluorescent events were obtained by record-
ing forward scatter (530 * 15 nm) and side scatter (~650 nm) flu-
orescence.

Caspase 3 assay

PC-3 cells treated with various compounds were lysed in lysis
buffer {50 mM Tris-HCI (pH 7.4), 1% NP-40, 0.25% sodium de-
oxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsui-
fonyl fluoride, 1 mM sodium fluoride and protease inhibitor cock-
tail (Calbiochem)]. Cell suspensions were incubated at 4°C for
30 min, and centrifuged at 6,000g for 20 min at 4°C. The superna-
tants (20 pg) were separated by 15% SDS-polyacrylamide gel
electrophoresis and immunoreactivity with anti-caspase 3
(Upstate, Lake Placid, NY) was demonstrated by ECL plus West-
ern Blotting System (Amersham Biosciences, UK). Caspase 3
activities were measured by Caspase-3/CPP32 Colorimetric Assay
Kit according to manufacturer’s instructions (MBL, Nagoya,
Japan). ’

RT-PCR

Total RNA was prepared from PC-3 cells treated with various
compounds using Rneasy Plant Mini Kit (Qiagen, MD) according



ANTITUMOR EFFECTS OF p-DODECYLAMINOPHENOL

to the manufacturer’s instructions. For RT analysis, 5 ug of RNA
were reverse-transcribed using the Moloney murine leukemia vi-
rus reverse transcriptase, human placenta RNase inhibitor and ran-
dom hexadeoxynucleotide primer. The RT reactions were then
amplified with specific primers for bcl-2 (sense: TGCACC-
TGACGCCCTTCAC, antisense: AGACAGCCAGGAGAAATC-
AAA CAG, 293 bp) and (-actin by PCR. The PCR products were
separated by electrophoresis in 3% agarose gel and visualized.

Preparation of microemulsions

Microemulsions were composed of polyethylene glycol 2000-
distearoylphosphatidyl-ethanolamine/cholesterol/vitamin  E/p-
DDAP (3:3:3:0.518, weight ratio; 6.3:43.8:39.3:10.6, molar ratio).
Microemulsions were prepared bg a modified ethanol injection
method as described previously.?®2° The p-DDAP-loading effi-
ciency was determined by Sephadex G-50 chromatography and a
fluorescence detector”®?” and also confirmed by measuring the p-
DDAP amount of the microemulsion fraction using high-pressure
liquid chromatography (HPLC) as described below.

Quantitation of p-DDAP and 4-HPR

p-DDAP and 4-HPR entrapped in microemulsions were
extracted with equivalent volumes of ethyl acetate containing 1%
acetic acid. Compounds in organic layers were analyzed by HPLC
using a Shimadzu LC-6A high-pressure pump, Shimadzu CTO-
10AS column oven including injector and a SPD-6A UV spectro-
photometric detector (Shimadzu, Kyoto, Japan). A LUNA column
Sp Ci (2), 150 mm X 4.6 mm, Phenomenex, Rancho Palos
Verdes, CA) was used to separate p-DDAP, other p-alkylamino-
phenols and 4-HPR. The column was eluted with 80% MeOH,
20% H,0 and 10 mM ammonium acetate at a flow rate of 1.0 ml/
min. p-DDAP and 4-HPR were detected with UV monitoring at
240 and 350 nm, respectively. Elution time was 17.5 min for
p-DDAP or 23 min for 4-HPR.

Animals and inoculation of tumor xenografts

Specific pathogen-free athymic BALB/c nu/nu nude mice (6
weeks of age, male) were purchased from CLEA Japan (Tokyo,
Japan). To generate tumor xenografts, mice were injected subcuta-
neously (s.c.) in the flank with PC-3 cells (1 X 10° cells) in 0.1 ml
of the medium containing 50% Matrigel. When tumors had grown
to an average volume of 50-100 mm?, mice were divided into 3
experimental groups (n = 6), which received the following treat-
ments by i.p. injection with vehicle, p-DDAP (15 mg/kg) and 4-
HPR (15 mg/kg) in sterile 0.9% NaCl solution containin(g 5%
ethanol and 1.65 mg/ml BSA as described previously.?’ The
administration was done everyday for 2 weeks. Tumor size was
measured with calipers every 2 or 3 days, and tumor volume was
calculated by the following equation: volume = 1/2 X (width)® X
length.

To evaluate antitumor effects of microemulsion containing p-
DDAP by i.v. administration, mice inoculated s.c. in the flank
with PC-3 cells were grouped at random (n = 6) (Day 0).2%%
When tumors had grown to an average volume of 50-100 mm?,
microemulsion containing p-DDAP (10 mg/kg) and empty micro-
emulsion as a control were administered by i.v. injection vig the
lateral tail vein every day for S days as described prev_ious]y.29 On
the other hand, p-DDAP (40 mg/kg) and vehicle were given to
mice by a single i.p. injection. Tumor volume was calculated as
described above.

The animal experiments were done under ethical approval from
our Institutional Animal Care and Use Committee.

Measurement of plasma retinol concentration

Plasma retinol concentration was measured according to the
modified method of Alshafie et al.3' Sprague-Dawley rats (5
weeks, male, 150-170 g) were treated by i.p. injection with p-
DDAP (12.5 mg/kg) and 4-HPR (12.5 mg/kg) every day for 7
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TABLE | - GROWTH INHIBITION OF VARIOUS CANCER CELL LINES
BY P-DDAP AND 4-HPR

Cell growth inhibition (%)

Cell lines
p-DDAP 4-HPR

HL60 75 + 0.69 58 +0.14
HL6OR 89 + 0.33 83+ 120
MCF-7 66 + 0.14 .62 +0.06
MCF-7/Ad} 99 + 0.10 60 = 0.16
HepG2 13 + 045 27 + 0.44
DU-145 83 + 0.09 41 + 0.24

Various cancer cells were grown in the presence of 4 pM p-DDAP
and 4-HPR in a medium containing 10% FBS. Cell growth inhibition
values (%) were calculated according to the following formula: 100 —
percent net cell growth.

days (n = 3-6).>° Blood was drawn after final injection and was
centrifuged (1,500g, 15 min). The supernatants (serum, 500 pl)
were extracted with ethyl acetate (500 pl) by mixing for I min and
were centrifuged (6,000g, 5 min) 3 times. The extracts in ethyl ac-
etate were evaporated by speed vac, and the residues were dis-
solved in methanol (100 pl). The extract (20 pl) was separated by
HPLC as described above. The column was eluted with 85%
MeOH, 15% H,0 and 10 mM ammonium acetate at a flow rate of
1.0 ml/min for retinol analysis in convenience. Retinoids were
detected at 350 nm. Retention time was 15 min for retinol or 12
min for 4-HPR. Measurements were made using the ratio of peak
areas to authentic retinol.

Statistical analysis and presentation of results

The statistical significance of the data was evaluated by the Stu-
dent’s ¢ test. p < 0.05, p < 0.01 and p < 0.001 were considered
significant. Each experiment was performed at least 4 times, and
most experiments were repeated at least 3 times with consistent
results.

Results

Effects on growth of various cancer cell lines by p-DDAP
and 4-HPR

Various cancer cell lines (HL60, HL60R, MCF-7, MCF-7/AdrR,
HepG2 and DU-145 cells) were grown in a medium containing
10% FBS in the presence of 4 pM p-DDAP (Fig. 1, top). 4-HPR
(Fig. 1, middle) at a concentration of 4 UM was used as an internal
standard for measuring inhibition of cell growth. Table I shows
the percent of cell growth inhibition by p-DDAP and 4-HPR. Cell
growth inhibition in the presence of p-DDAP was ~75% for
HL60, 89% for HL60R, 66% for MCF-7, 99% for MCF-7/AdrX,
13% for HepG2, and 83% for DU-145. In contrast, 4-HPR inhib-
ited cell growth ~58% for HL60, 83% for HL60R, 62% for MCF-
7, 60% for MCF-7/AdrR, 27% for HepG2 and 41% for DU-145.
These results indicate that the growth of various cancer cell lines,
except HepG2, was suppressed by p-DDAP to a greater extent
than by 4-HPR, and that p-DDAP was a potent inhibitor of DU-
145 cells and HL60R and MCF-7/Adr™ cells, which are resistant
clones against RA.

Inhibition of PC-3 cell growth by p-DDAP and its analogs

Since the growth of the hormone-refractory human prostate can-
cer cell line DU-145 was inhibited markedly by p-DDAP, we
investigated whether p-DDAP affects the growth of another hor-
mone-independent human prostate cancer cell line PC-3 when
compared with its analogs. 4-HPR was used as an intemnal stand-
ard for measuring inhibition of cell growth.

Initially, we examined effects on PC-3 cell growth of p-alkylami-
nophenols having a variety of lengths of alkyl chains (C,—C;,). As
shown in Figure 24, various concentrations of p-alkylaminophenols
suppressed PC-3 cell growth in dose-dependent fashions (Fig. 2a-a).



