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tosan 10 in a diameter of 700 nm was sonicated to reduce the
particle size to 300 nm. After preparation of NP with different
sizes, samples were centrifuged for 1 h at 48,000 rpm for
300-nm NP and at 10,000 rpm for other-sized NP, respec-
tively. After the pellets were freeze-dried overnight, the 40-
mg resultant pellets were resuspended in 1 ml of 0.2% (w/v)
Tween 80 solution at pH 11.0 to adjust nanoparticle suspen-
sion at pH 6.0. For the administration dosage form, 0.01 mg
CT and 20 mg OVA were added to 1 ml of resultant NP and
incubated at room temperature overnight.

Preparation of CC-Emul

Emulsions with the size of 0.4 pm and 0.7 wm were pre-
pared by a modified ethanol injection method (8). Briefly, 100
mg of soybean oil, 60 mg of EPC, and 60 mg of OA were
dissolved in § ml hot ethanol, and then 10 ml Milli Q water
was added. After ethanol was removed with part of Milli Q
water, 5-ml emulsions formed. Then, 0.25 ml of the aqueous
solution dissolved with 2 mg Tween 80 and 2 mg chitosan 10
was added to 0.25 ml of the 0.4-um-size emulsion (total oil
and lipid 44 mg/ml) adjusted to about pH 5.0 by 0.1 M NaOH.
Chitosan-coated emulsion {CC-Emul, sized 0.4 um) was pre-
pared by addition of 20 mg of OVA and 0.01 mg of CT to a
final volume of 1 m! of the above emulsions with shaking at
room temperature overnight. CC-Emul sized 2 pm was pre-
pared as above except using 0.7-pm-size emulsion and double
the amounts of each component and addition of Milli Q water
slowly by the modified ethanol injection method. This emul-
sion was diluted 2-fold before use for CC-Emul sized 2 pm.

The cumulant diameter and Z-potential of the particles in
water were measured by the dynamic and electrophoretic
light-scattering method, respectively, using a laser light-
scattering instrument (Model ELS-800, Otsuka Electronics,
Osaka, Japan).

Determination of OVA Adsorption Amount to NP
and CC-Emul

The relative adsorption amount of OVA to NP and
CC-Emul was calculated by determining the amount of pro-
tein remaining in the supernatant after centrifugation at
48,000 rpm, using bicinchonic acid (BCA) protein assay kit
(Pierce, Rockford, IL, USA). The adsorption ratio was esti-
mated using the following equation;

OVAtolal cone, ovAsupemwm cone.
OVAmlaI conc.

Immunization Protocol and Enzyme-Linked
Immunosorbent Assay

Adsorption ratio (%) = x 100

Each group of rats was immunized by i.n. and i.p. with
one of the following vaccine formulations on days 0, 14, and
28, following the method of Staats er al (9). Fifty microliters
of the various-size NP and CC-Emul were administered as
approximately 200 g to rats via one nostril with a polyethylene
tube. Control rats received the same concentration of OVA
and CT in 0.2% (w/v) Tween 80 Milli Q solution.

Blood samples were collected from the jugular vein—
anesthetized rats (receiving pentobarbital at a dose of 50 mg/kg
following i.p.) via i.p. and i.n. administration on day 35. Sera
were separated by centrifugation at 13,000 rpm for 4 min and
were stored at 4°C.

Concentrations of IgG and IgA in serum were measured
according to the Rat IgG and IgA ELISA Quantitation Kit
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(Bethyl Laboratories, Montgomery, TX, USA). Titration of
rat anti-OVA IgG in serum was measured according to the
anti-ovalbumin IgG ELISA Kit (Genesis Diagnostics Ltd,
Cambridgeshire, UK).

Statistical Analysis

All values are expressed as means + SD. Statistical sig-
nificance of the data was evaluated by Student’s ¢ test. A p value
of 0.05 or less was considered significant. All experiments
were repeated at least three times.

RESULTS AND DISCUSSION

Characterization of NP

Considering the toxicity of Tween 80, we prepared NPs
by decreasing the concentration of Tween 80. This method
showed the size of NP smaller than the method by Lubben
et al. (7). The characterization of NP is summarized in Table
L. The particle size of NP was increased with increasing mo-
lecular weights of chitosan. OVA adsorption into NP de-
creased the [-potentials, but remained positive in {-potential
{about 25 mV) although the adsorbed ratio of OV A was rela-
tively high at greater than 80%. The release of OVA from NP
was not observed during 3 h in PBS solution pH 7.2 at 37°C
(data not shown}.

Particulate vaccine delivery carrier should be targeted to
lymphoid tissue as antigen sampling cells provide access to
mucosal lymphoid tissue (7). Because the M-cells connecting
lymphoid tissue take up antigens and microparticles smaller
than 10 pm, particulate systems for antigen drug delivery
require micro-size particles to be taken up by M-cells, neither
by epithelial cells, nor by drug release upon arrival at the
mucosae, Therefore, it was expected that as the particle size
of NP obtained in this study was relatively small and the
amount of OV A released from NP was low, vaccination may
be effectively achieved.

Characterization of CC-Emul

With the addition of chitosan solution at weight ratios
greater than 0.1 of chitosan to total oil and lipids in the emul-
sions, the average diameters of particles became almost con-

Table L Characterization of NP Without Cholera Toxin

Average
NP diameter {-potential  Adsorbed OVAY
(um) OVA* (nm) (mV) (%)

0.4 - 310+ 3.6 27305 :

+ 38585 24706 848 +03
1 - 692 +13.6 287209

+ 1102 + 80 247+03 82.1£2.0
2 - 1355 + 168.2 293+£34

+ 2048 + 313 254+£0.6 880=x1.1
3 - 3080 + 147.7 322439

+ 3287 £ 419 25604 789 £ 04

NP, chitosan nanoparticles; OVA, ovalbumin. Data are Mean & SD

(n =3

* Chitosan nanoparticles (40 mg) adsorbed QVA (20 mg). NP (0.4
and 1 wm), NP (2 um), and NP (3 pm} were prepared using chitosan
10, 100, and 500, respectively.

+ Calculated from the amount of free OVA determined using the
BCA protein assay kit.
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Table 1L. Characterization of Chitosan-Coated Emulsion with Oval-
bumin {OVA) and Cholera Toxin (CT)*

Average Adsorbed
diameter t-potential OVAt
Emulsions (nm}) (mV) (%)
Emulsion (0.4 pm) 3621184 -488 £ 4.1
Chitosan-coated$ 3622 +13.0 17.0 0.6
+ OVA and CT§ 391.0 6.6 10216 96.6 + 0,21
Emulsion (2 pm) 729.6 £ 26.6 -486+0.9
Chitosan-coated 8973 £274.1 143+23
+0OVAand CT§ 18113+ 15.0 10308 1050+ 11.4%

Data are mean + SD {(n = 3).

* Chitosan-coated emulsion adsorbed OVA and CT (CC-Emul).

% Calculated from the amount of free OVA determined by BCA
protein assay kit.

1 Chitosan 2 mg, total oil and lipid of emulsion 11 mg per ml.

§ OVA 20 mg, CT 0.01 mg per ml of chitosan-coated emulsion.

stant. Corresponding to the change of size, the I-potential of
negatively charged emulsions became positive by coating chi-
tosan (data not shown). Therefore, for further experiments,
the .15 weight ratio of chitosan was used to the total oil and
lipids of the emulsion for CC-Emul as the chitosan adserption
may be saturated.

After the addition of chitosan to the emulsion, the aver-
age diameters of the emulsions increased slightly, while the
t-potential of the emulsions sized 0.4 pm and 0.7 pm with
about —49 mV became 17 mV and 14.3 mV, respectively
(Table II). Furthermore, after the addition of OVA and CT,
the 362-nm and 897-nm approximate diameters of CC-Emul
were increased to 391 nm and 1811 nm, respectively, and their
{-potential decreased to about 10 mV. The adsorbed ratio of
OVA to CC-Emul was nearly 100% (Table II). These results
suggested that adequate amounts of chitosan to bind OVA
completely existed on the surface of the emulsions. These
CC-Emul represent CC-Emul sized 0.4 wm and 2 pm, respec-
tively, from the final size of emulsions. The OVA released
from CC-Emul was not detected after 3 h incubation in PBS

A

30p BNP(1um)
BNP (3 pm) *
25t
~ 207 :
% *x ‘Ti
15F N
| N\
j N
ip. in

673

solution pH 7.2 at 37°C (data not shown). Relatively smaller
CC-Emul particles appeared to be more stable than larger
ones.

Immunization Following i.p. and i.n. Administration of NP

Figure 1 shows the immune activity of antibody at 35
days after the first immunization following i.p. and in. ad-
ministration of NP. NP following i.p. administration induced
significantly higher IgG than control (Fig. 1A). Chitosan has
a positive charge and adjuvant activity after ip. administra-
tion in mice {10). Our finding may correspond to the report;
the positively charged liposomes are effectively transferred to
APC rather than negatively charged ones by i.p. administra-
tion (11).

NP following in. administration induced significantly
higher IgG antibody response compared with contro! (Figs.
1A and 1B). Production of anti-OVA IgG obtained in this
immunization study was comparable to that of IgG in the
blood (data not shown). NP sized 0.4 um and 1 pm showed
significantly higher production of IgA compared with the
3-um-size NP. The uptake of chitosan microparticles has pre-
viously been reported (6), but not that of nanoparticles. The
reason might be due to the recongnition of NPs by M cells.

Microparticles are retained in the M-cells and induce mu-
cosal immunity, whereas nanoparticles can also be taken up
from the NALTs and also induce systemic immunity. Uchida
et al. reported that 4-pm-size synthetic polymer particles
showed higher IgG antibody response than 1.3-pm-size ones
for oral administration (12). Jung et al. (13) reported that the
oral and i.n. administration of the about 0.5-pum-size synthetic
polymer particles with negative {-potential increased IgG, but
those of partictes >1 pm did not. However, in the current results,
there was no significant difference in the IgG production be-
tween the different-size NP following i.n. administration.

Immunization Following i.p. and i.n. Administration
of CC-Emul

Although ip. application of CC-Emul did not increase
IgG production compared with control (Fig. 2A), IgA levels

B

O Control
NP (04pm)  IgA
NP (1 pm)
1,000 ©NPQ pm) ”
(1]
800
% 600 A
=
%, 400
200 \
o N

i.p. in:

Fig. 1. The (A) IgG and (B) IgA concentrations from rats (n = 3 to 5) immunized by ip. and i.n. on days 0, 14, and 28 with OVA
(5 mg/kg) and CT (2.5 pg/kg) alone for control and NP in Milli Q water. The particle diameter of NP is approximately 0.4 pm, 1 pm,
and 3 pm. The sera were collected on day 35. Data are mean + 8D, *p < 0.05 and **p < 0.01 compared with control, and #p < 0.03

compared with NP (3 wm).
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Fig. 2. The (A} IgG and (B) IgA concentrations from rats (n = 3 to 5) immunized by i.p. and i.n. on days 0, 14, and 28
with OVA (5 mg/kg) and CT (2.5 pg/kg) alone for control and CC-Emul in Milli Q water. The particle diameter
of CC-Emul is approximately 0.4 wm and 2 wm. The sera were collected on day 35. Data are mean + SD *p < 0.05 and

**p < 0.01 compared with control.

were similar to those by NP (Fig. 2B). Intranasal administra-
tion of CC-Emul sized 2 jum showed significantly higher IgG
and IgA antibody responses compared with control. Anti-
body responses after i.n. administraion between NP and CC-
Emul were not different, and each antibody reached similar
levels in both particles. No significant difference of IgG and
IgA productions was seen between (.4-pm- and 2-pm-size
CC-Emul. This finding corresponds well to NP,

CC-Emul after i.p. administration did not increase IgG
production. The reason was not clear, but basically emulsions
are easily transferred to lymphoid tissue, so this might render
the effect of particle size for immunization by CC-Emul ir-
relevant. Nevertheless, further experiments are needed to
elucidate the difference in the production of antibody by for-
mulations.

CONCLUSIONS

The novel chitosan particles (nanoparticles and emul-
sions) used simple preparation methods showed high OVA
adsorption. OVA was hardly released from each formulation,
suggesting that the developed particulate vaccine system may
retain antigen on particles until uptake into mucosal mem-
brane. Moreover, chitosan nanoparticles and emulsions ad-
ministered in, induced a significantly higher immune re-
sponse compared with control, and also, this response was
comparable with i.p. injection. From these findings, the chi-
tosan particulate system for nasal vaccine delivery could be a
promising candidate.
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Abstract

Novel folate-linked, cationic nanoparticles (NPs) were developed and evaluated for potential use for gene delivery to human
oral cancer (KB cells) and human prostate cancer {LNCaP cells), which abundantly expressed folate binding proteins. Folate-
polyethylenglycol-distearoylphosphatidylethanolamine conjugate (f-PEG-DSPE) was incorporated in NPs composed of 3({N-
(N N -dimethylaminoethane)-carbamoyl] cholesterol {DC-Chol) and Tween 83, NP-0.3FT, -1FT and -1FLT, which contain 0.3
and 1 mol% f-PEGa00¢-DSPE, and 1 mol% f-PEGsg00-DSPE, respectively, showed about 100—200 nm in size. The NP/plasmid
DNA complex (nanoplex) remained in an injectable size (230-340 nm) and slightly increased its size in serum. The association
of NP-1FT with KB cells was enhanced by f-PEG,qp-DSPE and was blocked by co-incubation with free folic acid in medium.
In transfection activity, the NP-1FT, but not NP-1FLT, showed high activity into KB and LNCaP cells in the presence of serum.
The NP-0.3FT also showed high activity into LNCaP cells, but not KB cells. In RT-PCR znalysis, KB cells strongly expressed
folate receptors mRNA, but LNCaP cells did not. In contrast, LNCaP cclls expressed mRNA of prostate-specific membrane
antigen (PSMA), which interacts with the folate substrate. Uptake mechanism of folate-linked NPs in LNCaP cells may be
different from that in KB cells. This is the first report that folate-linked NPs selectively deliver the DNA to LNCaP cells,
suggesting that such NPs are potentially targeted vectors to prostate cancer for gene delivery.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cationic nanoparticles; Folic acid; Gene delivery, KB; LNCaP

1. Introduction for the clinical application of therapeutic genes. Syn-

thetic vectors such as a lipid nanoparticle (liposome

Gene therapy has become an increasingly impor-
tant strategy for treating a variety of human disease,
including cancer [1]. The development of suitable
delivery vectors for in vivo gene transfer is necessary

* Corresponding author. Tel /fax: +81-3-5498-5048.
E-mail address: yhattori@hoshi.acjp (Y. Hattori).

0168-3659/% - see front matter © 2004 Elsevier B.V. All nghts reserved.

doi:10.1016/ jconrel.2004.03.007

and emulsion) have become an attractive strategy due
to their lack of immunogenicity, the potential for
tissue-specific targeting, relative safety and relative
ease of large-scale production. The use of cationic
liposome/DNA complex (lipoplex) has become one of
the most promising methods for in vivo gene delivery
[2]. However, cationic liposomes mixed with DNA
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often result in large aggrepated lipoplexes [3,4],
which cannot be injected in blood vessels and yield
very low-level transfection efficiency in vivo [5,6].
Such vectors could be used to achieve an injectable
particle size after forming complex with DNA, with
resulting high transfection efficiency.

Tissue-targeted gene expression is also an impor-
tant issue for improvement of safety in gene ther-
apy. A variety of targeting ligands has been
examined for targeting liposomes including folate
receptors [7-12]. Folate receptor (FR) is known to
be abundantly expressed in large fraction of human
tumers, but it is only minimally distributed in
normal tissues [13—19]). Therefore, the FR serves
as an excellent tumor marker as well as a functional
tumor-specific receptor.

Folic acid, a high-affinity ligand for FR, retains its
receptor-binding and endocytosis properties when
covalently linked to a wide variety of molecules.
Therefore, the liposomes conjugated to folate ligand
via PEG-spacer have been used for the delivery of
chemotherapeutic agent to the receptor-bearing tumor
cells, e.g. human oral cancer (KB) cells [12]. How-
ever, the use of folate ligand as a targeting ligand to
deliver DNA has not been successful in in vivo gene
therapy [9,10].

Prostate cancer is a significant problem, reported as
the leading cancer diagnosed in males [20]. High
affinity folate binding protein was characterized in
human prostate [21], but the kind of folate binding
protein expressed in human prostate has not been
reported.

Prostate-specific membrane antigen (PSMA) is a
transmembrane protein with an overexpressed pattern
specific to human prostate cancer cell line (ENCaP
cells) and malignant human prostate tissue [22]). The
physiological role of PSMA in prostate cancer
remains unknown. It shows hydrolase enzymic activ-
ity with a folate substrate [23]. If overexpression of
PSMA in prostate cancers represents an advantageous
adaptation that allows uptake of folic acid required for
rapid division, it could be utilized as a potential target
for selective delivery.

In the present study, we prepared folate-linked
nanoparticles (NPs) consisting of 3([N-(N,N -dime-
thylaminoethane)-carbamoyl] cholesterol (DC-Chol),
Tween 80 and folate-polyethylenglycol-distearoyl-
phosphatidylethanolamine conjugate (f~-PEG-DSPE)

to form injectable particle-sized complex with DNA
(nanoplex) and to maintain the particle size of nano-
plexes in serum. Furthermore, we examined the ability
of folate linked at the distal end of PEG;q0-DSPE to
enhance the gene expression in KB and LNCaP cells,
and then investigated the uptake mechanism by ex-
amining the expression patiemn of FRs and PSMA
mRNAs in both celis by the RT-PCR method.

2. Materials and methods
2.1. Materials

DC-Chol was purchased from Sigma (St. Louis,
MO, USA). Tween 80 (mean M.W.: 1300 Da) and
Triton X-100 were cbtained from Tokyo Kasei Kogyo
(Tokyo, Japan). Folic acid and ninhydrin spray were
purchased from Wako (Tokyo, Japan). PEG-lipid
{polyethyleneglycol derivative of distearoylphospha-
tidylethanolamine, PEG-DSPE, mean meolecular
weight of PEG: 2000 and 5000 Da) was supplied by
NOF (Tokyo, Japan). Tix20, cationic liposome com-
ponent mixed with L-dioleoylphosphatidylethanol-
amine (DOPE), was purchased from Promega
(Madison, WI, USA). 1,1"-Dioctadecyl-3,3,3',3'-tetra-
methylindocarbocyanine perchlorate (Dil) was
obtained from Lambda Probes and Diagnostics (Graz,
Austria). Silica gel 60 Fp5,4 was purchased from Merck
(West Point, PA, USA). The Pica gene luciferase
assay kit was purchased from Toyo Ink (Tokyo,
Japan). Bicinchonic acid (BCA) protein assay reagent
was purchased from Pierce (Rockford, IL, USA). All
other chemicals used were of reagent grade. The
plasmid DNA (about 6740 bp) encoding the iciferase
maker gene under the CMV promoter (pCMV-Luc)
was supplied by Dr. Tanaka in Mt. Sinai School of
Medicine (NY, USA). All reagents were of analytical
grade. Folate-deficient RPMI1640 medium and fetal
bovine serum were purchased from Life Technologies
(Grand Island, NY, USA).

2.2. Synthesis of f~-PEG3000-DSPE and
F-PEGspp0-DSPE

f-PEG000-DSPE was synthesized as reported pre-
viously [24]. Folic acid was dissolved in dimethyl
sulfoxide (1 ml). Amino-PEG29e-DSPE (100 mg,
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0,035 mmol) and pyridine (0.5 ml) were added to the
folic acid solution followed by dicyclohexylcarbo-
diimide (32.5 mg). The reaction was continued at
room temperature for 4 h. TLC on silica gel 60 Fasy
(75:36:6 chloroform/methanol/water) showed a new
spot {Ry=0.57) due to the formaticn of the product.
The disappearance of amino-PEG;000-DSPE (Ry=
0.76) from the reaction mixture was confirmed by
ninhydrin spray. Pyridine was removed by rotary
evaporation. Water (12.5 ml) was added to the reaction
mixture. The solution was centrifuged to remove trace
insolubles. The supematant was dialyzed in Spectra/
Por CE (Spectrum, Houston, TX, USA) tubing (MW
cutoff of 300,000 Da) against saline (S0 mM, two
times with 2000 m!) and water (three times with 2000
ml). The dialyzed product was lyophilized and ana-
lyzed by ESI-TOFMS mass spectroscopy. Exactly the
same protocol was used to prepare f-PEGsg0-DSPE
from amino-PEG;p-DSPE.

2.3. Plasmid DNA

Protein-free preparation of pAAV-CMV-Luc plas-
mid was purified following alkaline lysis using max-
iprep columns (Qiagen, Hilden, Germany). FITC-
labeled plasmid was prepared with Label IT fluorescein
labeling kit (Mirus, Madison, W1, USA).

2.4. Preparation of NPs

NP formulae in Table 1 were prepared with lipids
(DC—ChOl, Tween 80, PEGgooo-DSPE, f—PEnggg-
DSPE and/or f-PEGsano-DSPE) in 10-ml water by
the modified ethanol injection method. In Dil-labeled

Table 1
Formulae of FR-targeted nanoparticles

Formulation Mol%

DC- Tween PEGzooo- f-PEszo- f'PEGij"
Chol 80(T) DSPE (P) DSPE(F) DSPE (FL)

NP-T 95 5 - - -
NP-0.3PT 947 5 0.3 -

NP-1PT 94 5 1 -

NP-O3FT 947 5 - 0.3 -
NP-1FT 94 5 - 1 -
NP-1FLT 94 5 - - 1

Nanoparticles were prepared with lipids [e.g. DC-Chol/Tween 80/-
PEGo000-DSPE =94/5/1, molar ratio = 10:1.3:0.65, weight (mg}] in
10-ml water by the modified ethanol injection method. )

NPs, Dil was incorporated at 0.04 mol% of the total
lipid. Briefly, an appropriate volume of ethanol con-
taining lipids was prepared. The ethanol was removed
using an evaporator and finally a semisolid solution
was formed. An appropriate volume of water was
added to the semisolid solution, and the ethanol
contained in the solution was removed by an evapo-
rator. To obtain a uniform particle size distribution,
the mixture was sonicated for 5 min in a bath-type
sonicator (Honda Electronics, W220R, 200 W, 40
kHz, Tokyo, Japan) and then sterilized by filtration
through a sterile syringe-driven filter unit with a pore
size of 450 nm at once.

2.5. Size and {-potential of NPs and nanoplexes

The particle size distributions of NPs and nano-
plexes were measured by the dynamic light-scattering
method, and the {-potentials of NPs and nanoplexes
were determined by the electrophoresis light-scatter-
ing method (ELS-800, Otsuka Electronics, Osaka,
Japan) at 25 °C after by diluting of dispersion to an
appropriate volume with water. Stability of NPs was
assessed by measuring size changes after 60 days. The
nanoplex containing plasmid DNA and NPs at the
charge ratio (+/=) of 1/1, 3/1 or 5/1 was used to
measure the size and {-potential. Stability of nanoplex
was assessed by measuring size changes after dilu-
tions in 10% or 50% serum.

2.6. Cell culture

KB cells were supplied from Cell Resource Center
for Biomedical Research, Tohokun University, LNCaP
cells were from the Department of Urology, Keio
University Hospital. KB and LNCaP cells were
grown in folate-deficient RPMI-1640 medium sup-
plemented with 10% heat-inactivated serum and
kanamycin (100 pg/ml) at 37 °C in a 5% CO,
humidified atmosphere.

2.7. Association of nanoplexes with KB cells

KB cell cultures were prepared by plating KB cells
in a 35-mm culture dish 24 h prior to each experiment.
Twenty microliters of each Dil-labeled NPs were
mixed with 4 pg DNA and then diluted in 1 il
folate-deficient RPMI medium containing 10% serum,
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The mixtures were added to the monolayers of KB
cells. To determine the selective association of the
nanoplex with KB cells, KB cells were incubated with
nanoplexes in the presence or absence of 1 mM folic
acid. After 1-, 2- and 3-h incubation, the dishes were
washed two times with 1 ml PBS (pH 7.4) to remove
unbound nanoplex, and the cells were detached with
0.25% trypsin. The cells were centrifuged at 1500 X g,
and the pellets were lysed with 1 m! of lysis buffer
(PBS containing 0.5% Triton X-100). Arbitrary units
(a.w) of Dil fluorescence intensity were then mea-
sured using a fluorometer (Hitachi F-4010, Tokyo,
Japan) at excitation and emission wavelengths of 550
and 570 nm, respectively. Protein content was esti-
mated using BCA protein assay, and results were
expressed as fluorescence (a.u.} per mg/ml of protein
lysate.

2.8. Confocal microscopy

KB cells were plated into 35-mm culture dishes.
Ten microliters of each NP was mixed with 2 pg
DNA and then diluted in 1 ml the complete medium.
KB cells were incubated with the mixtures in the
presence or absence of I mM folic acid for 24 h.
After medium removal, cells were washed with PBS
and fixed with PBS-buffered 4% formaldehyde so-
lution at room temperature for 1 h, and then washed
three times with PBS. Next, the coverslips were put
on the dish coated with Aqua Poly/Mount (Poly-
science, Warrington, PA, USA) to prevent fading.
Examinations were performed with a Radiance 2100
confocal laser scanning microscopy (BioRad, CA,
USA). For Dil, maximum excitation was performed
by a 543-nm line of internal He—Neon laser, and
fluorescence emission was observed with long-pass
barrier filter 560DCLP. FITC-labeled DNA was im-
aged using the 488-nm excitation line of an argon
laser, and fluorescence emission was observed with a
filter HQ515/30. The contrast level and brightness of
the images were adjusted.

2.9. Luciferase assay

The nanoplexes at charge ratios (+/—) of 1/1, 2/1,
3/1, 4/1 or 5/1 of cationic lipid to DNA were formed
by addition of NPs to 2 pg DNA with gentle shaking
and leaving at room temperature for 10—15 min. For

transfection, each nanoplex was diluted in 1 ml
complete medium and then incubated for 24 h.

Luciferase expression was measured according to
the luciferase assay system. Incubation was termi-
nated by washing the plates three times with cold
PBS. Cell lysis solution (Pica gene) was added to
the cell monolayers and subjected to one cycle of
freezing (- 70 °C) and thawing at 37 °C, followed
by centrifugation at 15,000 rpm for 5 s. The super-
natants were stored at —70 °C until the assays.
Aliquots of 20 pl of the supemnatants were mixed
with 100 pl of luciferase assay system (Pica gene)
and counts per second (cps) were measured with a
chemoluminometer (Wallac ARVO SX 1420 multi-
label counter, Perkin Elmer Life Science, 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.

2.10. RNA isolation and RT-PCR

Total RNA was isolated from LNCaP and KB
cells, respectively, using the NusleoSpin RNA II
(Macherey-Nagel, Germany). RNA yield and purity
were checked by spectrometric measurement at 260
and 280 nm and RNA electrophoresis, respectively.
The first-strand ¢cDNA was synthesized from 5 pg
total RNA after denaturation for 5 min at 65 °C by
use of 50-pmol random primer, 0.5 mM dNTP and 5
U AMV reverse transcriptase XL (Takara Shuzo,
Japan). The reaction was performed at 41 °C for 1
h in a 20-pl volume, For RT-PCR, a 25-ul reaction
volume contained the following: 1 pl of synthesized
¢DNA, 10 pmol of each specific primer pair, 0.25 U
Ex Taq DNA polymerase (Takara Shuzo} with a
PCR reaction buffer containing 1.5 mM MgCl, and
0.2 mM of each dNTP. The temperature profile of
the PCR amplification consisted of denaturation at
94 °C for 0.5 min, primer annealing temperature at
55 °C for 0.5 min and elongation at 72 °C for 1 min
for 30 cycles. PCRs of the housekeeping gene pB-
actin, FRs (FR-a, -B, -y} and PSMA were performed
at the same cycle run for all samples. The PCR
products for FRs, PSMA and B-actin were analyzed
by 1.5% agarose gel electrophoresis in Tris—borate—
EDTA (TBE) buffer. The products were lighted by
ethidium bromide staining.
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2.11. Statistical analysis

Statistical significance of the data was evaluated by
the Student’s t-test. A p-value of (.05 or less was
considered significant.

3. Resnlts
3.1. Preparation and stability of NPs

Six different cationic NP formulations were pre-
pared ag potential nonviral vectors. The components
and the compositions of the NPs are presented in
Table 1. All formulations consisted of 1 mg/ml DC-
Chol as a cationic lipid. NP-T contained 5 mol%
Tween 80. NP-0.3PT and NP-1PT contained 5 mol%
Tween 80 with 0.3 and 1 mol% PEG;q00-DSPE,
respectively, In the formulae of NP-0.3FT and NP-
1FT for FR-targeting vectors, PEGggp-DSPE in NP-
0.3PT and NP-1PT was substituted with 0.3 and 1
mol% [-PEGaqoe-DSPE, respectively. In NP-1FLT, 1
mol% f-PEGsp0q-DSPE was used instead of f-
PEGa000-DSPE in NP-1FT.

The average sizes and §-potentials of each NP
were about 100—-200 nm and about +50 mV, re-
spectively. Stability of each NP was tested by’
measuring the change in size with time. No signif-
icant change in the average particle size was ob-
served in any NPs for 60 days. All formulae

maintained particle size in the presence of electro-
static repulsion and/or steric hindrance of PEG lipid.
These findings suggested that NPs prepared in this
study were stable in water,

3.2. Characterization of nanoplexes

The physical characteristics of the nanoplexes were
investigated. The charge ratio of the cationic NPs to
DNA ratio was fixed at 3. The NPs were mixed with
DNA and then the change in size was measured. The
sizes of each nanoplex slightly increased from 200 to
300 nm (Table 2). The {-potential slightly decreased
to +30—+40 mV. The size of nanoplex in water
slightly increased by 200-350 nm after 24-h incuba-
tion (Table 2), and then did not change for up to 72
h (data not shown).

3.3. Stability of nanoplexes in the presence of serum

In serum, there are many anionic materials that
would compete with and substitute for DNA in the
complex. Such a substitution was assumed to be a
major destabilization mechanism for the complex
[25,26). Therefore, we investigated the stability of
the nanoplexes (NP-0.3FT, NP-1FT and NP-1FLT) in
the presence of 10% or 50% serum. In the presence
of 10% serum, the sizes of nanoplexes of NP-0.3PT
and NP-1FT increased up to 500 nm, whereas that of
NP-1FLT did not significantly change. In the pres-

Table 2
Particle size, stability and {-potential of nanoparticles and nanoplexes® in the absence and in the presence of serum
Formutation Nanoparticle® Nanoplex® Nanoplex® Nanoplex®
+10% serum +50% serum
Size (nm) L-potential Size (hm) L-potential Size (nm) Size (nm)
(mV) (mV)
0 days 60 days 0 days 0 days 1 days 0 days
NP-T 1464 165.8 49.0 2212 285.4 40.7 nd® nd
NP-0.3PT 114.7 114.7 529 200.6 235.8 328 nd nd
NP-1PT 136.3 127.6 53.5 191.6 214.5 40.0 nd nd
NP-0.3FT 122.0 122.0 51.3 2156 230.3 37.2 4829 937.9
NP-tFT 207.4 1883 46.8 309.1 342.9 333 473.0 513.0
NP-1FLT 104.3 126.3 423 240.5 248.2 29.6 2534 3035

Values represent means (n=2).
* Charge ratio (+/— ) of nanoparticle/DNA=3/1.

® In water.

¢ 0 day after mixing of serum,

4 Not done.
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ence of 50% serum, the size of nanoplex of NP-
0.3FT increased up to 900 nm, whereas that of NP-
1FT and NP-1FLT slightly increased compared with
that in the presence of 10% serum. Therefore, the
nanoplexes of NP-1FT and NP-1FLT are more likely
to maintain its physical integrity in the presence of
anionic competitors.

3.4. Optimization of charge ratio in nanoplexes

In the transfection study, we focused on NP-1FT.
For optimization of the charge ratic (+/—) of NPs
to DNA, luciferase activity was measured in LNCaP
cells transfected with WNP-1FT at various charge
ratios (#/—) in medium with 10% serum. The
charge ratio (+/-) of 3/] showed the highest
transfection efficiency. Luciferase activity (cps/pg
protein) reached about 1 x10° at the optimal ratio
(Fig. 1).

The size of NP-1FT nanoplex at the charge ratio
(+/ =) of 3/1 in water was not different compared
with that of 1/1 and 5/1. In the presence of 10%
serum, the size of NP-1FT nanoplex at the charge
ratio {(+/—) of 1/1, which had a —37.85 mV, in-

R

(11 (2:1) (3:1) @1y (5:1)
Charge ratio (+/-)

Fig. 1. Gene expressions in LNCaP cells transfected with NP-1FT at
various charge ratios (+/—) in medium with 10% serum. LNCaP
cells (at a density of 1 X 10 cells/well) were seeded in 6-well plates
24 h before transfection. Nanoplexes were diluted with medium
with serum to a fina) concentration of 2 ng DNA in 1 ml medium
per well, and each cell was incubated for 24 h. Each column
represents the mean (=2).

creased to up to 600 nn, but those at the charge ratio
(+/—) of 3/1 and 5/1, which had a positive charge,
slightly increased up to about 470 nm (data not
shown). In the following studies, therefore, we used
a charge ratio (+/—) of 3/1 of NPs to DNA.

3.5. Association of nanoplexes with KB cells

Association of folate-linked NPs with KB cells
was compared with that of nonfolate-linked NPs. We
decided to use NP-T, -1FT and -1PT for comparison
of the association efficiencies. The Dil, a nonex-
changeable fluorescent membrane probe, labeled
nanoplexes, were prepared from Dil-labeled NPs
and incubated with KB cells in the presence of
10% serum. At various times, unbound nanoplexes
were removed and bound nanoplexes were measured
using Dil. The association of nanoplex of NP-1PT
was found to be lower than that of NP-T, possibly
due to addition of PEG-DSPE (Fig. 2A). However,
that of NP-1FT was found to be restored 1.5-fold
higher than that of NP-1PT after 3-h incubation. The
presence of 1 mM free folic acid in the medium
significantly reduced association with the nanoplex
of NP-1FT, but not that of NP-1PT (Fig. 2B). The
nanoplex of NP-1FT was taken up about 8% of the
initial amount used for transfection at 3-h incubation
{data not shown).

3.6. Localization of nanoplexes visualized by confocal
microscopy

KB cells were exposed for 24 h to nanoplexes of
Dil-labeled NP-1FT, and then fixed in 4% parafor-
maldehyde and visualized by confocal microscopy.
The distribution pattern of Dil red signal on NP-1FT
was observed throughout the cells, and the majority of
the signal was concentrated in the cell surface (Fig.
3A and B). In contrast, the presence of I mM free
folic acid in the medium reduced the signal on the cell
surface (Fig. 3C and D).

As shown in Fig. 3E and F, LNCaP cells were
exposed for 24 h to nanoplexes consisting of Dil-
labeled NP-1FT and FITC-labeled plasmid DNA.
FITC signal was detected strongly on the cell surface
and weakly in cytoplasm (Fig. 3E and F). The
colocalization of Dil and FITC signals was detected
on the cell surface, suggesting that the plasmid DNA
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Fig. 2. Association of Dil-labeled nanoplexes with KB cells. In A,
NP-T, NP-1PT or NP-1FT were mixed with 4 pg DNA at charge
ratio {+/ — ) of 3/1. The nanoplexes were incubated with KB cells,
plated ovemight in a G-well plate at 1 x 10° cellsiwell, in the
presence of 2 ml medium containing 10% serum. After 1, 2or3 h,
each cell was washed with PRS, detached with 0.25% trypsin from
the dish and then centrifuged at 1500 X g. The pelleted cells were
lysed with PBS containing 0.5% Triton X-100. Associations of Dil-
labeled nanoplexes were quantified using & fluorescence plate
reader at excitation and emission wavelengths of 550 and 570 nm,
respectively. In B, each nanoplex was incubated with KB cells in the
absence or presence of 1 mM folic acid for 3 h. Each value in A and
B represents the mean + 8D, (n=3). *P<0.05 compared with NP-
1FT without free folic acid.

was still bound to NP-1FT in some places. These
findings shown in Fig, 3E and F were also observed in
KB cells (data not shown).

3.7. Luciferase expression in KB and LNCaP cells

We evaluated the transfection efficiency of six
kinds of NPs in the presence of 10% serum by
luciferase activity. KB or LNCaP cells were trans-
fected using NPs with the plasmid coding luciferase
gene for 24 h. NP-1FT showed the highest luciferase
activity in the KB cells, and the other NPs showed
very low luciferase activities (Fig. 4A). NP-0.3FT
and -1FT showed the high luciferase activities in

‘ Fig. 3. Selective association of FR-targeted nanoplex with KB and

LNCaP cells. KB celis were treated with the nanoplex of NP-1FT in
the absence (A and B) or presence (C and D} of 1 mM folic acid for
24 h. In E and F, Dil-labeled NP-1FT was mixed with FITC-labeled
DNA, end then incubated with LNCaP cells for 24 h. Dil-labeled
NP-1FT and FITC-labeled DNA were visualized by confocal
microscopy (magnification X 600 in panels A-D and % 1000 in
panels E &nd F). In panels A - E, red signals show the localization of
Dil-labeled NP-1FT, and in panel F, green signal shows that of
FITC-labeled DNA., Scale bar=5¢ pm,
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LNCaP cells (Fig. 4B). Tix20, a commercial gene
transfection reagent, showed about 5-fold higher
transfection efficiency in KB cells (1% 10° cpsiug
protein, equivalent with 1.9 x 10° RLU/ug protein)
and about 50-fold higher in LNCaP cells (5 x 10*
cpsfug protein, equivalent with 1 x 10° RLU/ug
protein) than those by NP-1FT (data not shown).
NP-1FLT reduced the transfection activity. In NP-
0.3FT, the different profile of transfection activities
was observed between both cell lines.
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Fig. 4. Transfection into KB cells (A) and LNCaP cells (B) with FR-
targeted nanoplex. Transfection particles were prepared by mixing
the pCMV-Luc DNA with NPs. The cells were incubated for 24
h with transfection particles present at 2 ug DNA/ml in media with
10% serum. The cells were analyzed for luciferase activity. Each
column represents the mean £ S, {(n=3).

PSMA

B-actin

KB LNCaP

Fig. 5. FRs (FR-o, -f3, -y) and PSMA mRNA expression in KB and
LNCaP cells by RT-PCR.

3.8. Expression of FRs and PSMA mRNA

Finally, to examine the mechanism of cellular
uptake of folate-linked NPs, we investigated the
expression of FRs in KB and LNCaP cells by RT-
PCR method (Fig. 5). KB cells expressed strongly
FR-oo mRNA and weakly FR-B mRNA, but LNCaP
cells did not. FR-vy did not express in both the cells.
This suggested that FR-a and - mediated the cellular
uptake of folate-linked NPs in KB cells, but not
LNCaP cells.

Therefore, it is suggested that the uptake in LNCaP
cells was mediated by PSMA, and so we examined
whether PSMA mRNA was expressed in LNCaP
cells. PSMA mRNA was expressed strongly in
LNCaP cells, but not in KB cells (Fig. 5).

4. Discussion

Although many cationic liposomes showed high
gene transfer activity in vitro, their in vivo application
remains limited due to their instability in serum [27].
The physical stability of the carrier and its complex
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with DNA has been regarded as one of the most
important factors {28]. When larger particles were
administered systemically, they predominantly accu-
mulated in the liver, This can be explained by its large
mean size resulting in strong recognition of particles
by the mononuclear phagocytes in the liver (Kupffer
cells) [29]. A second mechanism involving the ad-
sorption of lipoproteins on the particles cannot be
ruled out. Due to the large positive {-potential asso-
ciated with the nanoparticles, negatively charged
lipoprotein present in serum would easily adsorb on
its surface and accelerate the clearance from the
circulation.

In preliminary experiments, we could prepare the
injectable sized nanoplex using cationic NP composed
of DC-Chol, f-PEGu400-DSPE and PEGoqq0-DSPE.
Addition of PEG-lipid in NPs provided a stronger
steric stabilization activity in the particles so that large
aggregates of nanoplexes were no longer formed even
in serum. However, these nanoplexes showed low
transfection activity in LNCaP and KB cells (data
not shown).

Recently, nonionic surfactants such as Tween 80
were used as additional additives in cationic lipo-
somes or emulsions, presumably to enhance its phys-
ical stability [30,31]. Tween 80 may have a similar
fusogenic property to DOPE and elicit its effect by
stabilizing the liposomes. Therefore, addition of PEG-
lipid and Tween 80 in NPs may have provided a
stronger steric stabilization and fusogenic activities
for the particles.

We developed cationic NPs composed of DC-Chol,
Tween 80 and {-PEG-DSPE, which were given in the
injectable size of about 215-300 nm (Table 2). f-
PEG-DSPE and Tween 80 as a surfactant may have
contributed to reduce the particle size and stabilize the
nanoplex. It was reported that lipoplex is physically
unstable and undergoes a change in overall structure
when net charge of lipoplex approaches neutralization
[3,4). Unlike liposomes, when the {-potential of the
nanoplexes approaches neutralization, the change in
size of the nanoplexes may be minimal. Even in the

"presence of serum, the nanoplex did not aggregate and
maintained its size (about 350 nm in NF-1FLT and
about 500 nm in NP-1FT), suggesting that addition of
1 mol% PEG-DSPE and 5 mol% Tween 80 provides a
stronger steric stabilization activity for the particles.
This may be due to the ability of 1 mol% PEG and §

mol% Tween 80 to shield almost completely the
particle’s residual positive charge.

The FR-specific delivery with Dil-labeled nano-
plex of NP-1FT in KB cells was compared in the
absence or presence of 1 mM folic acid in the
medium. Cellular association of the nanoplex of NP-
1FT with the cells was enhanced by the folate ligand
(Fig. 2A) and reduced in the presence of free folic acid
(Figs. 2B and 3A-D). This suggested that an associ-
ation by interaction between the folate moiety of NP-
IFT and FR of KB cells played a major route of
transfection of nanoplex of NP-1FT.

FITC-labeled plasmid was detected strongly on
the cell surface and weakly in cytoplasm (Fig. 3E and
F). The colocalization of Dil and FITC signals was
also detected on the cell surface, suggesting that the
plasmid still bound to NP-1FT and stayed at the cell
surface. Therefore, the nanoplex of NP-1FT bound
to FR and then FR-mediated endocytosis may not
have occurred rapidly. In addition, small amounts of
PEG-lipid might prevent membrane fusion and cell
intemalization.

Tissue-targeted gene expression is an important
issue for improvement of safety in gene therapy.
Preferential expression of a gene in tumor cells con-

-tributes to the safety and the efficacy of gene therapy.

The transfection efficiency of the luciferase gene was
enhanced by folate-linked NPs. The highest luciferase
activity in KB cells was observed in NP-1FT, and in
LNCaP cells observed in NP-0.3FT and-1FT (Fig. 4),
whereas low transfection activity was observed in all
nonlinked NPs in both cells. NP-1FT showed slightly
low transfection efficiency compared with that by
Tix20. This suggests the usefulness of NP-1FT as
selective transfection reagents for the cells expressing
folate binding protein. In the molecular weight of
PEG, f-PEG240¢-DSPE will be suitable for high trans-
fection with selectivity since f-PEGsppo-DSPE may
reduce the cell association through steric hindrance.
However, it is not clear why the different pattems of
transfection activity in NP-0.3FT between the two
kinds of cell lines were observed. The distribution
density of folate binding protein on the cell surface in
LNCaP cells might be higher than that in KB cells.
Finally, we investigated the expression of FRs in
KB and LNCaP cells. There are three folate receptor
isoforms, a, B and -y, with distinctive patterns of
tissue distribution. FR-a is predominantly expressed
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in most normal and malignant epithelial tissues
[13,14], FR-B in some nonepithelial malignancies
[16, 17] and FR-v in hematopoictic cells [18,19].
FR-a and FR-B mRNA were expressed in KB cells
(Fig. 5). The uptake of NPs in KB cells may be
mediated via FR-a and-8.

PSMA is homologous to the transferrin receptor
with an overexpression pattemn restricted to prostate
cancer cells and malignant human prostate tissue and
is known to have the ability to remove the glutamate
residues from folate-poly-y-glutamate [23]. It was
reported that human prostate contains folate-binding
proteins [21], and that folic acid binds to the mem-
brane fraction that cross-reacts with anti-PSMA anti-
body [23]. It is suggested that uptake of folate-linked
NPs in LNCaP cells might be mediated by PSMA,
and therefore we examined the expression of PSMA
mRNA. In LNCaP cells, PSMA mRNA was abun-
dantly expressed, but FR mRNAs were not (Fig. 5).
This suggested that the folate-linked NPs bound to
PSMA and then were taken up by LNCaP cells. This
study is the first to report that folate-linked NPs can
selectively deliver DNA to prostate cancer and then
enhance the gene expression.

5. Conclusions

We have shown that NPs based on the DC-Chol, f-
PEG3000-DSPE and Tween 80 could form injectable
nanoplexes with high transfection of the luciferase
gene in human oral cancer and prostate cancer cells,
Such folate-linked nanoparticles are potentially useful
as prostate tumor-specific vectors for gene therapy.
Further studies on in vivo gene delivery are now
underway to evaluate the efficacy and safety of the
present system.
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