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Enhanced Plasmid DNA Transfer into Tumor Cells by Nanoparticle
Composed of Cholesteryl Triamine and Diamine
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Previously, we prepared cationic nanoparticles (NP and NP-N) composed of cholesteryl diamine (OH-
Chol, (3S)-N-(2-(2-hydroxyethylamino)ethyl)cholesteryl-3-carboxamide) and cholesteryl triamine (OH-N-
Chol, (35)-N-(2-(2-(2-hydroxyethylamino)ethylamino)ethyl)cholesteryl-3-carboxamide), respectively, with
Tween 80 for small interfering RNA (siRNA) delivery into tumor cells. In this study, we prepared NP-0.25N
composed of OH-Chol and OH-N-Chol at a molar ratio of 3/1 with Tween 80, and evaluated the transfection
efficiency of plasmid DNA (pDNA) into tumor cells. NP-N exhibited lower transfection activity than NP;
however, NP-0.25N showed higher transfection activity than both NP and NP-N in various tumor cells. NP-
0.25N increased the amount of internalized pDNA by increased cellular association, and improved the escape
from endosomes after clathrin-mediated endocytosis. The results of the experiments suggested that choles-
teryl triamine may have potential as a helper lipid to increase the transfection for pDNA delivery by cationic
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cholesterol-based nanoparticles.
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Cationic liposome or nanoparticle-mediated transfer of plas-
mid DNA (pDNA) is a promising approach for gene delivery.
Cationic lipids and improved formulations of liposome and
nanoparticle have been developed for the efficient delivery of
pDNA into cells. For efficient gene delivery to tumor tissue,
the pharmacokinetics and intracellular trafficking of pDNA
after endocytosis must be controlled. To overcome poor en-
dosomal escape and subsequent degradation of pDNA in late
lysosomes, pH-sensitive fusogenic peptides and lipids have
been developed as components of liposomal pDNA vectors."?

Previously, we reported that cationic nanoparticles composed
of cholesteryl diamine ((35)-N-(2-(2-hydroxyethylamino)-
ethyl)cholesteryl-3-carboxamide, OH-Chol), having a hydroxy-
ethyl group at the amine headgroup and an amido-linker (Fig.
1), achieved high transfection ability for pDNA delivery.”
Polyethylenimines (PEls) are used as a pDNA vector and
have been shown to have the ability to escape the endosome
by buffering capacity.” Therefore, we recently synthesized
cholesteryl triamine  ((35)-N-(2-(2-(2-hydroxyethylamino)-
ethylamino)ethyl)cholesteryl-3-carboxamide, OH-N-Chol) (Fig.
1), which has two units of aminoethylene between the amino
head group and the cholesterol skeleton, to facilitate the endo-
somal escape of nucleic acid transfected by OH-N-Chol-based
nanoparticles.” In this study, we optimized the formulation of
cationic cholesterol derivative-based nanoparticles for pDNA
delivery. Here, we found that the inclusion of OH-N-Chol into
OH-Chol-based nanoparticles could increase transfection ac-
tivity in tumor cells.

MATERIALS AND METHODS

Plasmid DNA The plasmid pCMV-luc encoding the fire-
fly luciferase gene under the control of the cytomegalovirus
(CMV) promoter was constructed as previously described.”
Fluorescein isothiocyanate (FITC) labeling for pDNA was
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performed using the protocol of the Label IT® Nucleic Acid
Labeling Kit, Fluorescein (Mirus, Madison, WI, U.S.A.).
Preparation and Size of Nanoparticles and Nanoplexes
Cholesteryl diamine, (3S)-N-(2-(2-hydroxyethylamino)ethyl)-
cholesteryl-3-carboxamide (OH-Chol), and cholesteryl tri-
amine, (3S5)-N-(2-(2-(2-hydroxyethylamino)ethylamino)ethyl)-
cholesteryl-3-carboxamide (OH-N-Chol), were synthesized
as previously reported.>” NP and NP-N consisted of 1mg/
mL OH-Chol and OH-N-Chol as a cationic lipid, respectively,
with 5mol% Tween 80 (Table 1). Formulation of NP-0.25N
involved substitution of 25% OH-Chol with that of NP with
equimolar OH-N-Chol (Table 1). Each nanoparticle was pre-
pared by a dry-film method. The nanoparticle/pDNA complex
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H
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Fig. 1. Structure of Cationic Cholesterol Derivatives: Cholesteryl Di-
amine, (35)-N-(2-(2-Hydroxyethylamino)ethyl)cholesteryl-3-carboxamide
(OH-Chol); Cholesteryl Triamine, (3S)-N-(2-(2-(2-Hydroxyethylamino)
ethylamino)ethyl)cholesteryl-3-carboxamide (OH-N-Chol)
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Table 1. Particle Size and {-Potential of Nanoparticles and Nanoplexes
Nanoparticle” Nanoplex®”
Formulation mol%
Size (nm) (-Potential (mV) Size (nm) (-Potential (mV)
NP OH-Chol/Tween 80 95/5 900+19.5 50.8*x1.4 948+21.8 48.8+4.2
NP-0.25N OH-Chol/OH-N-Chol/Tween 80 71/24/5 526+8.2 49.8£0.6 868+98.8 45.7%0.2
NP-N OH-N-Chol/Tween 80 95/5 1170+3.8 50.6*1.1 834+53.0 36.5+0.8

a) In water. b) Charge ratio (+/—) of nanoparticle/DNA=3:1. Values represent means =S.D. (n=3).

(nanoplex) at various charge ratios (+/—) of cationic lipid to
pDNA was formed by the addition of each nanoparticle to
2 ug of pDNA with gentle shaking and leaving at room tem-
perature for 10min. The charge ratio (+/—) of nanoparticles/
pDNA is expressed as the cationic lipid/DNA phosphate ratio
(mol). The particle size distributions and {-potentials were
measured using ELS-Z2 (Otsuka Electronics Co., Ltd., Osaka,
Japan) at 25°C after diluting the dispersion to an appropriate
volume with water.

Luciferase Assay Human prostate tumor PC-3, human
cervical carcinoma HeLa, human lung mucoepidermoid carci-
noma H292, and murine colon carcinoma Colon 26 cells were
plated into 6-well culture dishes at a density of 3X10° cells
per well. For transfection, each nanoplex of 2 ug of pCMV-luc
formed at the indicated charge ratio (+/—) was diluted in 1 mL
of medium supplemented with 10% fetal bovine serum (FBS)
and then incubated with the cells for 24 h. Lipofectamine 2000
lipoplexes (Invitrogen Corp., Carlsbad, CA, U.S.A.)) were
prepared for transfection according to the manufacturer’s pro-
tocol. Luciferase expression was measured as counts per sec
(cps)/ug protein using the luciferase assay system (PicaGene,
Toyo Ink Mfg. Co., Ltd., Tokyo, Japan) and bicinchoninic acid
(BCA) reagent (Pierce, Rockford, IL, U.S.A.) as previously
reported.”

Gel Retardation Assay One microgram of pDNA was
mixed with aliquots of nanoparticles (1 to 4 charge equivalents
of nanoparticles). After 10min incubation of the nanoplexes in
water, they were analyzed by 1.5% agarose gel electrophoresis
in Tris-borate-ethylenediaminetetraacetic acid (EDTA) (TBE)
buffer and visualized by ethidium bromide staining as previ-
ously reported.”

Flow Cytometric Analysis PC-3 cell cultures were pre-
pared by plating the cells on 6-well culture dishes 24h prior
to each experiment. Each nanoparticle was mixed with 2 ug
of FITC-labeled pDNA at a charge ratio (+/—) of 3/1. For
measurement of cellular association of the nanoplexes, the
cells were transfected with NP, NP-0.25N or NP-N nanoplex,
and then incubated for 3h. For investigation of the mechanism
of cellular uptake with endocytosis inhibitors, the cells were
treated with medium containing 400mm sucrose, 50 um 5-(N-
ethyl-N-isopropyl)amiloride (EIPA; Sigma Chemical Co., St.
Louis, MO, U.S.A)) or 5ug/mL filipin (Sigma Chemical Co.)
for 30min. After the treatments, the cells were transfected
with NP, NP-0.25N or NP-N nanoplex, in the presence of each
inhibitor, and then incubated for 3 h.

After the incubations, the amount of FITC-labeled pDNA in
the cells was determined by examining fluorescence intensity
on a FACSCalibur flow cytometer as previously described.”

Confocal Microscopy PC-3 cell cultures were prepared
by plating the cells at a density of 3X10° cells on 35mm cul-
ture dishes 24h prior to each experiment. Each nanoparticle
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Fig. 2. Effect of Charge Ratio (+/—) on DNA Association with
Nanoparticles

Nanoplexes formed at various charge ratios (+/—) were analyzed using agarose
gel electrophoresis.

was mixed with 2 ug of FITC-labeled pDNA at a charge ratio
(+/=) of 3/1. The mixtures were diluted in 1 mL of medium
supplemented with 10% FBS, and incubated with PC-3 cells.
For observation of the intracellular localization of pDNA,
after the 3-h incubation, the cells were fixed and stained with
propidium iodide as previously reported.” For evaluation of
endosomal escape after internalization, after the 24-h incuba-
tion, acidic compartments like endosomes were labeled with
Lysotracker® Red DND-99 (Invitrogen) as previously report-
ed.” Examinations were performed with an LSM5 EXCITER
confocal laser scanning microscope (Carl Zeiss, Thornwood,
NY, U.S.A).

Statistical Analysis The statistical significance of dif-
ferences between mean values was determined by using Stu-
dent’s #-test.

RESULTS AND DISCUSSION

Many parameters including the nanoparticle/pDNA com-
plex (nanoplex) size and charge ratio (+/—) are known to af-
fect transfection efficiency.'®) In pDNA transfection in vitro,
large lipoplexes over 700nm in mean diameter induced ef-
ficient transfection; in contrast, lipoplexes of less than 250nm
were inefficient.'” Therefore, in this study, we prepared large-
sized nanoplex (around 1um) for evaluation of transfection
efficiency. NP and NP-N were composed of OH-Chol and OH-
N-Chol, respectively, with Tween 80 (Table 1). The average
sizes of NP and NP-N nanoplexes were about 950 and 830 nm,
respectively, when the nanoplexes were formed at a charge
ratio (+/—) of 3/1 (Table 1). The {-potentials of NP and NP-N
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nanoplexes were about +49 and +37mV, respectively.

To optimize the charge ratio (+/—) for pDNA transfection, of pDNA with NP-N was weaker than that with NP. Han et al.
we monitored the association of pDNA with each nanoparticle reported that polyethylene glycol (PEG)—polyaspartamide with
by gel retardation electrophoresis (Fig. 2). Beyond a charge an ethylenediamine unit as a side chain (PEG-PAsp(DET))
ratio (+/—) of 3/1 in NP, no migration was observed; however, exhibited single protonation in the side chain at a physi-
in NP-N, slight migration of pDNA was still observed at a ological pH of 7.4 while exhibiting double protonations at an
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charge ratio (+/—) of 4/1. This result indicated that association

Charge ratio (+/-)
mps!
PC-3 2:1
B 41
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O ~p

H NP-0.25N

NP-N

B Lipofectamine 2000

H292 Colon 26 HeLa
Fig. 3. Effect of Charge Ratio (+/—) on Transfection Activity in PC-3 Cells (A) and Comparison of Transfection Activities in H292, Colon 26 and
HeLa Cells (B) at 24h after Transfection by Nanoparticles

In A, NP, NP-0.25N and NP-N nanoplexes were prepared at various charge ratios (+/—). In B, NP, NP-0.25N and NP-N nanoplexes were prepared at a charge ratio
(+/=) of 3/1. Each column represents the mean=S.D. (n=4).

o~

Merged field

NP

NP-0.25N NP-N

Bright field

NP NP-0.25N NP-N

Fig. 4. Cellular Association (A) and Intracellular Localization (B) at 3h after Transfection of Nanoplex

In A, the association of nanoplex with PC-3 cells was determined on the basis of FITC-fluorescence by flow cytometry.** p<<0.01. In B, FITC-labeled pDNA in PC-3
cells was visualized by confocal microscopy. Green signals show localization of FITC-labeled pDNA, and red signals show localization of nuclei. Scale bar=20 um.
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Fig. 5.
plex-Mediated Delivery (B) in PC-3 Cells

Effect of Endocytosis Inhibitors on the Cellular Uptake of Nanoplex (A) and Endosomal Localization of FITC-Labeled pDNA through Nano-

In A, nanoplexes of FITC-labeled pDNA were transfected into the cells in the presence of EIPA, filipin or sucrose for 3h. The cellular association of nanoplex was
determined on the basis of FITC-fluorescence by flow cytometry. Each bar represents the mean=S.D. of three experiments. In B, nanoplexes of FITC-labeled pDNA were
transfected into the cells. After 24-h incubation, acidic compartments like endosomes were stained with Lysotracker red DND-99. Localizations of FITC-labeled pDNA
and endosomes in the cells were visualized by confocal microscopy. Green signals show the localization of FITC-labeled pDNA, and red signals the localization of Lyso-
tracker® red DND-99. Arrows indicate pDNA not colocalized with endosomes. Scale bar=20 um.

endosomal pH of 5.5."¥ In NP-N, we expect that OH-N-Chol
may show single protonation at neutral pH due to the strong
electrostatic repulsion between two protonated amines in OH-
N-Chol.

Next, we evaluated the transfection efficiency by NP and
NP-N nanoplexes into tumor cells. NP-N nanoplex exhibited
lower transfection activity in PC-3, H292, Colon 26 and HeLa
cells than NP nanoplex (Figs. 3A,B). These results suggested
that weak association between pDNA and NP-N might cause
decreased transfection activity. Therefore, we investigated
whether inclusion of OH-N-Chol into NP formulation could
maintain the association between pDNA and nanoparticles and
increase transfection activity. NP-0.25N was prepared by sub-
stitution of 25% OH-Chol in NP formulation with equimolar
OH-N-Chol (Table 1). NP-0.25N nanoplex was about §70nm
in size and had (-potential of about +46mV. In gel retarda-
tion assay with NP-0.25N, no migration was observed beyond
a charge ratio (+/—) of 3/1, suggesting that NP-0.25N could
bind to pDNA as well as NP did (Fig. 2). In pDNA transfec-
tion, NP-0.25N increased the transfection activity with an in-
crease of charge ratio (+/—), and the transfection activity was
saturated around a charge ratio (+/—) of 4/1 (Fig. 3A). The
transfection activity by NP-0.25N was higher than those by
NP and NP-N in various tumor cells, and comparable to that
of commercially available transfection reagent, Lipofectamine
2000 (Fig. 3B). These findings suggested that inclusion of OH-
N-Chol into NP formulation could increase the transfection
activity by NP.

Next, we examined the cellular association of nanoplexes
by flow cytometric analysis and confocal microscopy. Cellular
association with NP-0.25N nanoplex of FITC-labeled pDNA
at 3h after transfection was significantly increased compared
with that with NP or NP-N nanoplex (Fig. 4A), and the FITC-

labeled pDNA transfected by NP-0.25N was strongly detected
in the cells, compared with those by NP and NP-N (Fig. 4B).
These results suggested that NP-0.25N could efficiently trans-
fer pDNA into the cells by increased cellular association. The
contribution of a hydroxyethyl group at the amino terminal in
the enhancement of transfection has been demonstrated*'>;
however, it was unclear how NP-0.25N could improve cellular
association.

To determine the uptake mechanism by NP, NP-0.25N and
NP-N nanoplexes in PC-3 cells, we examined the effect of
endocytosis inhibitors on the cellular uptake of each nanoplex.
EIPA, filipin and sucrose are inhibitors of macropinocytosis,
and caveola- and clathrin-mediated endocytosis, respectively.
Our results showed that sucrose treatment strongly inhibited
cellular uptake by NP, NP-0.25N and NP-N (Fig. 5A), suggest-
ing that the cellular uptake mechanism of each nanoplex was
mainly clathrin-mediated endocytosis. Recently, we reported
that NP-N nanoplex could efficiently deliver small interfer-
ing RNA (siRNA) into tumor cells via macropinocytosis.”
Although it was not clear why the uptake pathway of pDNA
nanoplex was different from that of siRNA nanoplex, the dif-
ference of size between the nanoplexes of pDNA and siRNA
might affect the uptake pathway.

Finally, we investigated the endosomal localization of
pDNA at 24h after transfection by the nanoplexes (Fig. 5B).
For co-localization with endosome stained by Lysotracker,
many fluorescent signals of FITC-labeled pDNA not co-local-
ized with endosomes were observed in the cells transfected
by NP-0.25N and NP-N, compared with NP. This finding
indicates that NP-0.25N nanoplex might increase transfection
activity by high cellular association and endosomal escape
after internalization. Further study is necessary to clarify the
uptake mechanism by NP-0.25N.
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In this study, we prepared cationic nanoparticles, NP-
0.25N, for pDNA delivery. The inclusion of OH-N-Chol into
a nanoparticle formulation consisting of cationic cholesterol
derivative could increase the transfection activity in tumor
cells. However, for in vivo application, the NP-0.25N nanoplex
used in this study was large in size. In future study, we will
need to develop smaller nanoplex (100-200nm) for intrave-
nous or intratumoral injection. These findings suggested that
OH-N-Chol may have potential as a helper lipid to increase
the transfection for pDNA delivery.
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