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Figure 7. Temperature dependence of tyq for nifedi-
pine—PVP (9:1 w/w) solid dispersions (A), amorphous
nifedipine (A), phenobarbital-PVP (95:5 w/w) solid
dispersions (@), and amorphous phenobarbital (O).

for pure amorphous nifedipine (49°C) or pheno-
barbital (45°C).%2

Stabilization by addition of a small amount of
PVP has previously been reported for indometha-
cin—PVP and sucrose—PVP solid dispersions.®*?
It has been reported that enthalpy relaxation of
sucrose becomes slower when colyophilized with
dextran, PVP, poly(vinylpyrrolidon-co-vinylace-
tate), or trehalose, even at a temperature at
which the difference between T, and storage
temperature (T'y — T) is similar. This result indi-
cates that the mobility of sucrose is reduced in the
presence of the additives at temperature <7.**

Proportion of glass that has relaxed after
storage at 25°C for nifedipine~ and phenobarbi-
tal-PVP solid dispersions are shown in Figure 8.
The previously reported®® time profiles for the
pure amorphous drugs are also shown. Enthalpy
relaxation time (to) of amorphous nifedipine,
estimated according to the Kohlraush-—-Wil-
liams—Watts equation (eq. 12), increased from
1.2 to 18 days in the presence of 10% PVP, and the
T, of amorphous phenobarbital increased from 1.0
to 3.7 days in the presence of 5% PVP.

60 =1- gt =ep{-(/w)f)  (12)

where AH, is the enthalpy recovered after storage
for time ¢, B is a parameter that describes the
distribution of relaxation time, and AH_, is the
enthalpy change necessary for a glasstorelax toa
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Figure 8. Proportion of glass that has relaxed for (A)
nifedipine and (B) phenobarbital after storage at 25°C.
Key: (A)nifedipine in the absence of PVP; (A ) nifedipine
in the presence of PVP; (O) phenobarbital in the absence
of PVP; and (@) phenobarbital in the presence of PVP.
Solid lines were generated by fitting the data to the
Kohlraush—Williams—Watts equation.

supercooled liquid. AH, is calculated according to
eq. 13%%

AHo = AC, 14(Tg — T) (13)

where AC; is the change in the heat capacity at
T, and T is storage temperature.

Although the increase in enthalpy relaxation
time by addition of PVP was small compared with
the increase in #gg, the stabilization of nifedipine
and phenobarbital by a small amount of PVP may
partly be attributable to the reduced molecular
mobility.
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Comparison of the Temperature Dependence
of tyo and Relaxation Time

The crystallization rate, &, of an amorphous solid
at temperature T depends on the rate of molecular
diffusion across the nuclear—amorphous matrix
interface [D(T)] and the nucleation free energy
term [AT)], according to eq. 1.57% If the tempera-
ture dependence of D(T) is much larger than that
of AT), then igy will be correlated with the mean
relaxation time (1) of the amorphous matrix as
shown in eq. 14%7:

tgo(Tg)/ngo o k/k(Tg) =~ DT/DTg
= (T/n)/[Tg/n(T¢))
(T/7)/[Tg/x(Tg)] (14)

where Dy and Dy, are the diffusion coefficients at
temperatures T and T, respectively.

The t© values for the solid dispersions were
calculated according to the AGV equation, by the
method previously reported by Zografi et al.?%2!
Because all degrees of freedom of motion contri-
bute to the relaxation of amorphous materials, the
mean relaxation time calculated according to the
AGV equation has a distribution of relaxation
mode that is reflected by the term B of the
Kohlraush-Williams—Watts stretched exponen-
tial function. The heating rate dependence of the
T values for the nifedipine—~PVP solid dispersion
is shown in Figure 9. The fragility of the solid
dispersion was calculated from the slope of the
line. The D and T, values of the AGV equation
were calculated from the fragility obtained.
The D value for the solid dispersion was estimated
to be 15, which is similar to the value for pure
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Figure 9. Heating rate (g¢) dependence of T, for
nifedipine~PVP (9:1 w/w) solid dispersions.
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Figure 10. Temperature dependence of (A) (T/0)/[Ty/
(T)] and (@) too(Ty)/tgg for nifedipine—PVP (9:1 w/w)
solid dispersions.

amorphous nifedipine(14).” This similarity sug-
gests that pure PVP may be as fragile as pure
amorphous nifedipine.

The parameters (T/1)/[Tg/t(T] and teo(T)l/tgo
are shown in Figure 10 as a function of tempera-
ture. The temperature dependence oftgo(T'g)/teo for
the nifedipine—PVP solid dispersion seems coin-
cident with that of (T/1)/[Tg/1(Tg)] in the tempera-
ture range <Tg, within experimental error, albeit
the temperature range studied was small. This
result suggests that the temperature dependence
of molecular motion [D(T)] is much larger than
that of f(T') at temperatures <Tg in the presence of
PVP. In other words, the free energy barrier for
the molecular motion may be larger than that
for the nuclei formation of amorphous nife-
dipine in the solid dispersion at temperatures
<Tg, as reported for amorphous indomethacin
crystallization.?®

To predict the crystallization rate of amorphous
drugs precisely, the temperature dependence of
both the molecular mobility and the activation
free energy of nuclei formation should be known.
In practical purposes, however, the approximate
tgo value of overall crystallization at temperatures
<Tg can be estimated from the information
on the temperature dependence of molecular
mobility and crystallization rate at temperatures
around 7.
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ABSTRACT: Cisplatin was encapsulated into multivesicular liposomes (MVLs) and the
entrapment efficiency, size distribution, and in vitro drug release characteristics of the

cisplatin-MVLs were studied. Pharmacokinetics, tissue distribution, and therapeutic
efficacy of cisplatin-MVLs were compared against injection of cisplatin solution into mice
inoculated with the murine carcinoma 180 (8180) tumor. The results showed that the
cisplatin-MVLs were capable of high drug loading (0.148:1 mg cisplatin/mg lipid) and
high encapsulation efficiency (>80%). The mean diameter of cisplatin-MVLs was 17 pm.
In vitro studies of cisplatin-MVLs in saline solution showed that they sustained release
of encapsulated drug for >7 days. Cisplatin-MVLs showed higher drug accumulation in
the liver, spleen, and tumor regions than cisplatin solution, as well as higher plasma
concentrations and a longer circulation time. The therapeutic efficacy of the cisplatin-
MVL preparation against 3180 tumor-bearing mice is significantly higher than that of
cisplatin solution. © 2004 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm

Sei 93:1718-1724, 2004

Keywords: cisplatin; multivesicular liposomes; S180 tumor; sustained release;

pharmacokinetics; therapeutic efficacy

INTRODUCTION

Cisplatin [cis-dichlorodiamine platinum (I 1s
one of the most effective antitumor agents in the
treatment of testicular, ovarian, head and neck,
and lung cancer. However, its use is limited by
significant undesirable side effects, such as ne-
phrotoxicity, ototoxicity, neurotoxity, and myelo-
suppression to a lesser extent.' Several attempts
to potentiate antitumor efficacy of cisplatin and
reduce cisplatin-induced toxicities, including
microspheres,? nanoparticles,3 liposomes,* and
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E-mail: qixr2001@yahoo.com.cn)
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polymer micelles® have been reported. Various
types of liposomal formulations have been used as
drug delivery vehicles to potentiate antitumor
efficacy of cisplatin. However, in most cases, either
unilamellar (ULVs) or multilamellar vesicles
(MLVs) of cisplatin liposomes prepared by tradi-
tional methods offer low encapsulation efficacy
and low drug loading.®” The conventional meth-
ods of preparing liposomes, for example, reverse-
phase evaporation vesicle (REV) method, are based
on the passive entrapment of the drug during
formation of the lipid bilayer vesicles, resulting
in low encapsulation efficacy. Moreover, these
processes require vigorous conditions, namely,
organic solvents, sonication, and high tempera-
ture, which result in loss of drug efficiency anc
inactivation. Multivesicular liposomes (MVLs)
prepared by a multiple emulsion method, are
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characterized by their unique structure of multi-
ple, nonconcentric, aqueous chambers surrounded
by a network of lipid membranes.® The structure of
MVLs renders a higher aqueous volume-to-lipid
ratio and much larger particle diameters com-
pared with MLVs.®® This technology facilitates
loading of water-soluble drugs and improves their
encapsulation efficacy. The active ingredient is
encapsulated within the nonconcentric internal
aqueous chambers and is released over an ex-
tended period of time. In a clinical trial in human
patients with encapsulation of an antineoplastic
agent, cytarabine, in MVLs maintained therapeu-
tic cerebrospinal fluid concentrations over an
extended period of time after a single intrathecal
administration, which may improve therapeutic
efficacy in patients with neoplastic meningitis.*®
MVLs containing cisplatin (cisplatin-MVLs) are
also expected to have some degree of sustained
release compared with ULVs or MLVs, and poten-
tiate antitumor efficacy of cisplatin. Cisplatin,
therefore, formulated in MVLs, was developed.

In the present study, cisplatin-MVLs were
prepared. The release of cisplatin from the cispla-
tin-MVLs in vitro was studied. Pharmacokinetics,
tissue distribution, and therapeutic efficacy of
cisplatin-MVLs were compared with administra-
tion of cisplatin solution in mice inoculated with an
5180 tumor using a single injection schedule in the
tumor site. Cisplatin was entrapped into MVLs,
with the aim of improving the entrapment effi-
ciency, prolonging release time, improving drug
localization in tumors, and enhancing antitumor
efficacy.

MATERIALS AND METHODS

Materials and Animals

Cisplatin was purchased from Qilu Pharmaceu-
tical Company (China). Egg phosphatidylcholine
was purchased from Engel Biocengineer Company
{(China). Cholesterol was kindly provided by Wako
Pure Chemical Industries, Ltd. (Japan). Triolein,
free-base lysine, and other chemicals used were
reagent grade. LACA mice were purchased from
the Animal Institute of Health Science Center,
Peking University.

Preparation of Cisplatin-MVLs and Cisplatin-REVs

Cisplatin-MVLs were prepared by a two-step,
‘water-in-oil-in-water,” double emulsification pro-
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cess. The first step is the formation of a “water-in-
oil” emulsion. A lipid combination of 4.5 pmol
egg phosphatidylcholine, 4.5 pmol cholesterol,
2.0 umol triolein, and 1.6 mg of co-membrane
stabilizer was dissolved into 1.0 mL of chloroform-
ether (1:1, v/v) and mixed with an equal volume of
an aqueous solution containing cisplatin in 5.0%
glucose (the first aqueous solution) in a 5-mL
glass, screw-top vial. This mixture was sonicat-
ed to produce a water-in-oil emulsion (the first
emulsion). A subsequent emulsification with
2.5 mL of a second aqueous solution in another
glass vial, such as 4.5% glucose containing 40 mM
lysine (the second aqueous solution), resulted in a
water-in-oil-in-water double emulsion (the second
emulsion). The vial was then vortexed for 10 s to
decrease the size of chloroform-ether spherules.
Chloroform-ether spherules suspended in the
second aqueous solution were layered on the
bottom of a 250-mL Erlenmeyer flask (bottom
diameter, 8 cm). Chloroform and ether were
removed by flushing nitrogen over the surface of
the mixture at approximately 20°-37°C for 5 min.
Decreasing turbidity of the suspension indicated
near completion of solvent removal. The evapora-
tion process was then allowed to proceed for a few
more minutes until no odor of chloroform or ether
was detectable.®

Cisplatin large ULV vesicles (cisplatin-REVs)
were prepared by an REV method. Lipids used
were the same as the cisplatin-MVLs formulation,
and 3 mL of chloroform was added to the 50-mL
round-bottom flask containing the lipid. The lipid
solution was emulsified by sonicating for 5 min
with 1 mL of agueous solution, containing 1 mg
of cisplatin in 5.0% glucose. The emulsion was
transformed into a liposome suspension by remov-
ing organic solvents using a rotary evaporator at
30°C, under reduced pressure, for approximately
30 min. Thesize of cisplatin-REVswasintherange
of 1-5 pm.

Determination of Encapsulation Efficacy

Cisplatin-MVL and cisplatin-REV preparations
were centrifuged at 600g for 5 min to separate
the free cisplatin (in the supernatant) from the
liposomal cisplatin (in the pellet). The amount of
cisplatin in the supernatant (Cg and liposome
pellet (C) was determined by flameless atomic
absorbance spectroscopy (FAAS) (SPECTRAA
4.0; Varian, San Francisco, CA).*! The amount
of cisplatin in the initial preparation (C;) was
calculated from C and C;. The weight of lipid in
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the liposome pellet (L) was determined by enzy-
matic assay of phospholipiéls.12 Because the total
weight of lipids used in the formulation (1) was
already known, entrapment efficiencies could be
calculated using the following equation:

Encapsulation efficacy (%)= (C/L)/(Ce/Ly) x 100

In Vitro Release

Cisplatin-MVLs and cisplatin-REVs (1.39 mg
lipid/mL) were centrifuged at 600g for 5 min and
resuspended in saline solution. Aliquots of 100 uL
were pipetted into 1.5-mL plastic-capped tubes
containing 0.9 mL of saline solution. Each tube
represented one time point, and the tubes were
incubated at 37°C under dynamic conditions
(rotation of 12 rpm). All in vitro release studies
were set up three times at each time point, the
tubes were centrifuged at 600g for 5 min, and
the supernatants and pellets were separated. The
samples of the supernatants were determined for
cisplatin content by FAAS.

Animals and Tumor Models

Male LACA mice, each weighing about 22-30 g
(4 weeks old), were used in pharmacokinetic, tissue
distribution, and therapeutic efficacy studies.
S180 cells were maintained by weekly transplan-
tation of tumor cells into the peritoneal cavity.
To obtain a suspension of tumor cells for trans-
plantation, ascites fluid containing S180 cells was
diluted to approximately 2 x 107 cells/mL with
saline and 0.2 mL of the diluted suspension was
injected subcutaneously per mouse.?

Pharmacokinetic and Tissue-Distribution Studies

Nine days after tumor inoculation, mice were
injected at the tumor site'* with either cisplatin
solution or cisplatin-MVLs at a dose of 10 mg
of cisplatin per kilogram of body weight. Each
experimental time point consisted of three mice.
Mice were sacrificed by cervical dislocation at
indicated times after injection. Blood was col-
lected by heart puncture and the heart, liver,
spleen, lung, kidneys, and tumor were immedi-
ately removed. Tissues were carefully removed
without any excess blood and weighed. Blood was
collected in heparinized tubes and centrifuged to
obtain the plasma fraction. Plasma and tissues
were stored at —20°C until platinum analysis by
FAAS.
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Determination of Platinum in Plasma
and Tissue Samples

Plasma and tissue samples, except the liver and
tumor, were digested with HNO; (Newman et al.,
1999), and the liver and tumor with HNO3z, HoOsq,
and a drop of n-octanol.'! All samples were incu-
bated at 85°C for 2 h, followed by centrifugation.
Supernatant was diluted with double-distilled
water to yield a final platinum concentration in
the range of 50—400 ng/mL.

To determine the recovery of platinum, blank
plasma and tissue samples were spiked with 2.0 mg
of cisplatin, followed by digestion with HNOj; or
HNO; and HyOg mixture, and then diluted with
distilled water as described above. Platinum
concentrations were determined by FAAS.

A calibration curve with platinum concentra-
tionsin the range of 50—400 ng/mL wasrun before
analysis of each sample type. Values reported were
the average of two separate platinum determina-
tions for each sample. The recovery of platinum
after incubation of plasma and tissues with cisp-
latin was 85—105%, and the RSD was 1.9-5.2%.

Therapeutic Efficacy Studies

Nine days after the mice were inoculated with
the S180 tumor, they were treated by injection of
cisplatin-MVLs or cisplatin solution into the
tumor site at a dose of 10 mg of cisplatin per
kilogram of body weight. The control group was
injected with sterile saline solution instead. Each
group consisted of eight mice. The tumor volume
was measured daily with slide calipers every day
after treatment. Each tumor volume was calcu
lated by approximation of the solid tumor to ar
ellipsoid

V=kxaxbxc

where Vis the volume of the tumor (cm®); a, b, an
¢ are the length, width, and height (cm) of th
tumor, respectively; and k is a constant.

Therapeutic efficacy was evaluated in terms ¢
tumor growth rate and volume inhibited efficac
(VIE) 12

VIE = (1 — Vo/Ve) x 100%

where Vg is the mean tumor volume of tk
cisplatin-MVLs or cisplatin solution group (trea
ment groups), and V¢ is the mean tumor volurr
of the control group.




Statistical Analysis

Data from the animal experiments using mice
were compared using analysis of variance and
paired ¢ test.

RESULTS AND DISCUSSION

Characterizations of Cisplatin-MVLs

Cisplatin was encapsulated at a high loading
capacity of 0.148—0.444 mg of cisplatin per mg of
lipid, and with good encapsulation efficacy into
MVLs (>80%). Cisplatin was encapsulated into
ULV liposomes, known as SPI-077, to reduce
toxicity and prolong the circulating time in by
intravenous injection.®*® The drug/lipid weight
ratio of SPI-077 was 0.014:1 (mg/mg). It cannot be
disregarded that the reticuloendothelial system
function was saturated or damaged to some extent
given that large quantities of lipid were adminis-
tered.!® Cisplatin-MVLs, with a drug/lipid weight
ratioof0.444:1, would contain amuchloweramount
oflipid than SPI-077, per given cisplatin dose.

Table 1 shows the stability of cisplatin-MVLs
stored in 6° 4 2°C and 25° 4 2°C, respectively. The
encapsulation efficacy of cisplatin at 6°+2°C did
not decrease significantly after 3 months. There
was no leakage of cisplatin from the MVLs over a
3-month period when stored at 6°C, indicating that
the multivesicular matrix was stable in storage at
6°C over the indicated time period. The encapsula-
tion efficacy of cisplatin at 25° + 2°C was decreased
from 95.7% to 83.0% after 3 months’ storage, and
there was a significant decrease of encapsula-
tion efficacy at 40°C after 15 days (from 95.7% to
47.8%, data not shown), indicating that the
leakage of cisplatin from the MVLs occurred when
stored at 40°C.

A picture of cisplatin-MVLs under an optical
microscope is shown in Figure 1. The cisplatin-
MVLs were spherical. The median diameter of
cisplatin-MVLs vesicle was 17 um and 90% of
vesicles were in the range of 5—25 pm.

CISPLATIN AND MULTIVESICULAR LIPOSOMES 1721

MVLs are distinct from conventional liposomal
(ULVs and MLVs) delivery systems in that
each MVL encloses multiple nonconcentric inter-
nal chambers, and the average size of MVLs is
about 10 times larger than the conventional
liposomes.®*"*® Vesicle size can be modulated by
the process parameters, especially by emulsifica-
tion, to yield a water-in-oil-in-water emulsion.
The size is not dependent on the first aqueous
condition.

Figure 2 shows the in vitro release profiles for
cisplatin-MVLs and cisplatin-REVs with the same
formulation in saline at 37°C. At the time point of
168 h, there were many intact MVL spheres in
solution under the light microscope. This result
showed that the MVLs did not release completely
in 168 h. In addition, there was some extent of
absorbance between cisplatin and the lipids when
the system reached equilibrium. The percentage
of drug retained by the vesicles was plotted as
a function of time release of the encapsulated
cisplatin at the time points of 0, 0.17, 4, 8, 24, 72,
and 168 h. The release profiles of cisplatin-MVLs
and cisplatin-REVs were fitted with the Weibull
Distribution. Using this equation, it was possible
to calculate the time period required for the release
of 50% of the solute load from the vesicular
preparations (to.5).}® The results showed that the
to.s for cisplatin-MVLs was 30.7 times greater than
that of cisplatin-REVs.

MVL preparations can provide sustained
release of entrapped drug without the “burst”
effect or rapid initial release that is seen with the
REVs. Because MVLs are different from ULV
liposomes, such as REVs, a single breach in the
external membrane of an MVI, particle should not
result in a total emptying of the solute load.

Pharmacokinetic and Tissue-Distribution
Experiments

In the S180 tumor model mice, platinum concen-
trations were determined in the plasma and wet
tissues of the heart, liver, spleen, lung, kidneys,

Table 1. Encapsulation Efficacy (%) of Cisplatin-MVLs Stored at Different

Temperatures and Times In Vitro

Time (Months)

Temperature (°C) 0 1 2 3
6+2 95.7+1.2 96.3+£1.0 98.3+14 98.6+0.5
25+2 95.74+1.2 93.5+0.4 92.1+0.8 83.0+£0.5

Data are mean+SD, n=3.
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Figure 1. Optical micrograph of the cisplatin-MVLs
suspended in saline solution at x200 magnification,
showing a spherical, honeycomb-like structure of tiny
chambers and multivesicular nature.

and tumor at different time points after treat-
ment. Pharmacokinetic and tissue-distribution
is of drug disposition were based on the

A B

analvs
concentration of platinum in each tissue at the
experimental time points 0.5, 8, and 48 h, respec-
tively, after injection (as shown in Fig. 3).

The results indicated that Cisplatin-MVLs
remained in the blood circulation for a signifi-
cantly longer duration than an injection of cispla-
tin solution. After 8 h, the plasma concentration
of cisplatin solution degraded to zero, but the
concentration of cisplatin-MVLs was still high.
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Figure 2. Inuitro release characteristics of liposomes
in saline solution under gentle rotating conditions
(12 rpm) at 37°C. The data represent the mean= 3D,
n=3. ¢, cisplatin-MVLs; B, cisplatin-REVs.
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The most remarkable effect in this tissue-distri-
bution study was the elevated concentration of
platinum in the tumor site due to cisplatin-MVLs,
as compared with cisplatin solution, reached to
2.5-, 4.0-, and 8.1-fold at 0.5, 8 and 48 h, respec-
tively. This feature may be related to the capacity
of cisplatin-MVLs to sustain release and accumu-
late at the tumor site. The figures indicated that
cisplatin-MVLs in the organs relating to the
mononuclear phagocytic system (liver and spleen)
were higher than the cisplatin solution. These
results suggest that a substantial amount of
liposomes were transported and accumulated into
the mononuclear phagocytic system. This effect
may be related to the lipophilic properties of
liposomes. The platinum concentration of cispla-
tin-MVLs in the heart was higher than that of
cisplatin solution at each experimental point. This
was because some liposomes were targeted to the
cardiac muscle.?® Cisplatin toxicity primarily
affects renal function and the platinum of cisplatin-
MVLs in this region was in the proximity of that
for cisplatin solution at the three time points. This
finding suggests that cisplatin-asseciated toxicity
from cisplatin-MVLs might not be exacerbated.
There were no significant differences between the
groups treated with cisplatin-MVLs and cisplatin
solution in the lung region. Whether cisplatin-
MVLs are associated with increases in hepatiec or
splenic toxicity will require further investigation.

Therapeutic Efficacy

Four days after the mice were inoculated with the
9180 tumor, the swells were found. Therapeutic
efficacy was studied subsequent to a single in-
jection on day 9 after S180 inoculation. Figure ¢
charts the tumor growth rate in terms of meax
tumor volume (cm®) compared with the day befor
treatment for each day after treatment witl
cisplatin-MVLs or cisplatin solution. The result
of paired ¢ test for mean tumor volume, measure:
daily posttreatment for both preparations, showe
significant difference between them (p <0.0¢
after 9 days posttreatment. After 9 days pos
treatment, the mean tumor volume in the cisple
tin-MVLs, cisplatin solution, and the contr
group were 2.12, 12.00, and 31.68 cm®, respe
tively. According to the equation above, the VIE.
the cisplatin-MVLs group (93.3%) and cisplat:
solution group (62.1%) was calculated. The resul
showed that the VIE of the cisplatin-MVLs wi
31.2% higher than that of the cisplatin solutic

group.
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Figure 3. The platinum mean concentrations of different tissues at the experimental
time points 0.5, 8, and 48 h, respectively. [J, Cisplatim solution; (J, cisplatin-MVLs; n = 3.
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Figure 4. The tumor volume (cm?®) of mice inoculated
with 8180 tumor after treatment with the cisplatin
solution (e), the cisplatin-MVLs (E8), or the sterile saline
for control (A). Cisplatin solution or the cisplatin-MVLs
wasinjected in the tumor site at a dose of 10 mg cisplatin/

kg body weight. The data represent the mean+SD,
n=8,

of mice inoculated with S180 tumor, compared
with the cisplatin solution group. When cisplatin-
MVLs were injected in the tumor site, cisplatin
solute was released from the MVL delivery system
and exposed to tumor cells. Furthermore, as a
result of the unique structure of cisplatin-MVLs,
the rate of drug release was slow and the con-
centration of free cisplatin remained high at the
tumor site—a combination that augmented tumor-
jcidal efficiency.

CONCLUSIONS

The present findings indicate that the drug
entrapment capability of cisplatin-MVLs is higher
than cisplatin-REVs and their in vitro sustained-
release profile of free cisplatin more suitable
because of higher plasma concentrations and
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prolonged circulation. The accumulation of drug
in the liver, spleen, thymus, and tumor areas was
higher for the cisplatin-MVLs preparation than
that of cisplatin solution. The therapeutic efficacy
of cisplatin-MVLs against S180 tumor-bearing
mice is significantly higher than that of the
cisplatin solution.
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Purpose. The aim of this study was to prepare a novel vaccine carrier
particulate system (nanoparticles and emulsions) with chitosan and to
evaluate the effect of this system on the immune response for intra-
nasal delivery.

Methods. Chitosan nanoparticles (NP) and chitosan-coated emul-
sions (CC-Emul) were prepared by improvement of the method pre-
viously reported and by modified ethanol injection methods, respec-
tively. The rats were immunized with the particles adsorbed with
ovalbumin (OVA) and cholera toxin (CT) by intranasal (i.n.) and
intraperitoneal (i.p.) administration.

Results. NP and CC-Emul could be prepared with particle diameter
from about 0.4 pm to 3 pm. IgG induced by i.n. of NP was compa-
rable with that by i.p., and IgA induced by i.n. of 0.4-pm- and 1-pm-
size NP was significantly higher than control (OV A and CT). IgG and
IgA induced by i.n. of 2-pm-size CC-Emul were significantly higher
than those with control.

Conclusions. The novel chitosan particles used simple preparation
methods showed high OVA adsorption. When administered intrana-
sally, NP and CC-Emul induced systemic immune response
in rats. These findings suggested that CC-Emul and the smaller-size
(0.4 um) NP are effective for targeting to nasal-associated lymphoid
tissues (NALTS) in nasal vaccine delivery.

KEY WORDS: chitosan; emulsion; immune response; intranasal;
nanoparticle.

INTRODUCTION

Mucosal vaccine delivery is very attractive for inducing a
protective immune response because many pathogens invade
the body through mucosal surfaces. The main function of
mucosa-associated lymphoid tissue is the selective uptake of
antigens and the induction of local immune responses (1). In
nasal inoculation, particle antigens are mainly taken by the
M-cell connected to the nasal-associated lymphoid tissues
(NALTS), whereas soluble antigens are mainly absorbed at
the nasal epithelium (2,3). Particle antigens will be processed
at the NALT and preferentially drain to the antigen-present-
ing cells (APCs). Because emulsions are directed to lymph,
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the development of antigen particulate carrier systems (nano-
particle and emulsion) that allow mucosal vaccine delivery is
of considerable interest.

Chitosan derived by the deacetylation of chitin, which is
a polymer of p-glucosamine and N-acetyl-p-glucosamine, has
high biodegradability and low toxicity. Chitosan particle de-
livery system can reduce the clearance rate from the nasal
cavity, thereby increasing the contact time of the delivery
system with the nasal mucosa (4). Chitosan suspensions or
micro- and nanoparticles have been reported to have immune
stimulating activity such as increasing accumulation and acti-
vation of macrophage and polymorphonuclear cell, promot-
ing resistance to infections by microorganisms, and inducing
cytokines (5). Among the various particle properties, the ef-
fective particle size on immune responses appears to be a key
factor but has not been intensively investigated. The uptake
of chitosan micro- (>1 wm) and nanoparticles from the nasal
cavity was reported in the past decade (5,6). However, the
optimal size of particles remains unclear for intranasal vac-
cine delivery. Although numerous nanoparticle preparation
methods are known, sufficient antigen loading of nanopar-
ticles and emulsions remains a challenge. Therefore, various-
size novel chitosan particles and chitosan-coated emulsions
loaded with antigen were prepared.

The aim of this study was to prepare and characterize
chitosan nanoparticles and chitosan-coated emulsions for ad-
sorptive loading of ovalbumin (OVA) and to evaluate the
effect of particle size of chitosan nanoparticles (NP) and chi-
tosan-coated emulsion (CC-Emul) loaded with OVA and
cholera toxin (CT) on the immune response for intranasal
vaccine delivery.

MATERIALS AND METHODS

Chemicals

Soybean oil and three kinds of chitosan (chitosan 10,
chitosan 100, and chitosan 500 with a deacetylation degree of
about 80 mol% with molecular weights of 10 kDa, 100 kDa,
and 500 kDa, respectively) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). OVA was obtained
from Worthington Biochemical Corporation (Lakewood, NJ,
USA), and CT obtained from Biomol Research Laboratories,
Inc. (Plymouth Meeting, PA, USA). Eight-week-old male
Wistar Kyoto Rats (WK rat) were purchased from Oriental
Yeast, Co. Ltd. (Tokyo, Japan). Tween 80 and oleic acid
(OA) were purchased from Tokyo Kasei Kogyo Co. Ltd. (To-
kyo, Japan). Egg phosphatidylcholine (EPC) was from QP
Co. Ltd. (Tokyo, Japan). All other reagents were of analytical
grade.

Preparation of NP

Three different size NP (average diameters of about 700
nm, 1300 nm, and 3000 nm for individual batches) were pre-
pared using chitosan 10, chitosan 100, and chitosan 500, re-
spectively, by improvement of methods previously reported
by Lubben er al. (7). Briefly, 0.25% (v/v) of chitosan 10, chi-
tosan 100, and chitosan 500 solutions were prepared in 2%
acetic acid aqueous solution. Then, 1 ml of 10% (w/v) sodium
sulfate was added to 100 ml of each chitosan solution. More-
over, to obtain smaller NP, the NP sample prepared by chi-

0724-8741/04/0400-0671/0 © 2004 Plenum Publishing Corporation
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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% (wihv)
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 m] of resultant NP and
incubated at room temperature overnight.

Preparation of CC-Emul

Emulsions with the size of 0.4 pm and 0.7 pm 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 5 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 agueous
solution dissolved with 2 mg Tween 80 and 2 mg chitosan 10
was added to 0.25 ml of the 0.4-pm-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 pm) was pre-
pared by addition of 20 mg of OVA and 0.01 mg of CT to a
final volume of 1 ml 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 {-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;

OVAtotal conc. OVAsupemtant conc. % 100
OVAtotal conc.

Immunization Protocol and Enzyme-Linked
Immunosorbent Assay

Adsorption ratio (%) =

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 et 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

Nagamoto, Hattori, Takayama, and Maitani

(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
I. 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 OVA 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 wm, 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 OVA 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 OVAT
(pm) OVAF® (nm) (mV) (%)

0.4 - 310+3.6 27.3+0.5

+ 38585 247 0.6 84.8 £03
1 - 692 £ 13.6 28.7 0.9

+ 1102 = 80 24703 89.1+20
2 - 1355 = 168.2 29334

+ 2048 +313 254 0.6 88.0=x1.1
3 - 3080 + 147.7 322+3.9

+ 3287 = 419 25604 789 £ 0.4

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

(= 3).

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

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

Average Adsorbed
diameter {-potential OVAt
Emulsions (nm) (mV) (%)
Emulsion (0.4 pm) 362184 ~48.8 + 4.1
Chitosan-coated} 362.2 £ 13.0 17.0+0.6
+ OVA and CT§ 391.0£ 6.6 10216 96.6 £ 0.2F
Emulsion (2 pm) 729.6 +26.6 -48.6 0.9
Chitosan-coated 897.3 = 274.1 143 +23
+ OVA and CT§ 18113150 10308 105.0 £ 1147

Data are mean = SD (n = 3).

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

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

+ 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 {-potential of
negatively charged emulsions became positive by coating chi-
tosan (data not shown). Therefore, for further experiments,
the 0.15 weight ratio of chitosan was used to the total oil and
lipids of the emulsion for CC-Emul as the chitosan adsorption
may be saturated.

After the addition of chitosan to the emulsion, the aver-
age diameters of the emulsions increased slightly, while the
{-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 pm and 2 pum, respec-
tively, from the final size of emulsions. The OVA released
from CC-Emul was not detected after 3 h incubation in PBS

A
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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 in. Administration of NP

Figure 1 shows the immune activity of antibody at 35
days after the first immunization following i.p. and i.n. 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 i.p. 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 i.n. administration induced significantly
higher IgG antibody response compared with control (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 pm and 1 wm showed
significantly higher production of IgA compared with the
3-pm-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-um-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-pm-size synthetic
polymer particles with negative {-potential increased IgG, but
those of particles >1 wm 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 i.p. application of CC-Emul did not increase
IgG production compared with control (Fig. 24A), IgA levels

B

1 Control
E NP (0.4 pm) IgA
NP (1 pm)
1,000 8NP (3 pm) #
ko
800
E 600
)
3
E" 400
200
0 4
ip. i.n

Fig. 1. 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 NP in Milli Q water. The particle diameter of NP is approximately 0.4 um, 1 pm,
and 3 wm. The sera were collected on day 35. Data are mean = SD. *p < 0.05 and **p < 0.01 compared with control, and #p < 0.05

compared with NP (3 pm).
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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 pglkg) alone for control and CC-Emul in Milli Q water. The particle diameter
of CC-Emul is approximately 0.4 m and 2 pm. 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 pm 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 0.4-um- 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 i.n. 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([V-
(N ,N'-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol) and Tween 80. NP-0.3FT, -1FT and -1FLT, which contain 0.3
and 1 mol% f-PEG2q00-DSPE, and 1 mol% f-PEGsq00-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-PEG10o-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 analysis, KB cells strongly expressed
folate receptors mRNA, but LNCaP cells did not. In contrast, LNCaP cells 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.
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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
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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



174 : Y. Havtori, Y. Maitani / Journal of Controlled Release 97 (2004) 173183

often result in large aggregated 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
tumors, 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 [9,101.

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 pattem
specific to human prostate cancer cell line (LNCaP
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-(V ¥V -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,490-DSPE to
enhance the gene expression in KB and LNCaP cells,
and then investigated the uptake mechanism by ex-
amining the expression pattern of FRs and PSMA
mRNAs in both cells 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 obtained 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 molecular
weight of PEG: 2000 and 5000 Da) was supplied by
NOF (Tokyo, Japan). Tfx20, cationic liposome com-
ponent mixed with L-dioleoylphosphatidylethanol-
amine (DOPE), was purchased from Promega
{Madison, WI, USA). 1,I"-Dioctadecyl-3,3,3’,3' -tetra-
methylindocarbocyanine perchlorate (Dil) was
obtained from Lambda Probes and Diagnostics (Graz,
Austria). Silica gel 60 F,s4 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 luciferase
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~PEGpp0-DSPE and
J-PEGs9p0-DSPE

f-PEG2000-DSPE was synthesized as reported pre-
viously [24]. Folic acid was dissolved in dimethyl
sulfoxide (1 ml). Amino-PEG,qe-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 Fas4
(75:36:6 chloroform/methanol/water) showed a new
spot (Rg=0.57) due to the formation of the product.
The disappearance of amino-PEG3gq9-DSPE (Re=
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 supernatant was dialyzed in Spectra/
Por CE (Spectrum, Houston, TX, USA) tubing (MW
cutoff of 300,000 Da) against saline (50 mM, two
times with 2000 ml) 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-PEGsop0-DSPE
from amino-PEGsg00-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, WI, USA).

2.4. Preparation of NPs

NP formulae in Table 1 were prepared with lipids
(DC-Chol, Tween 80, PEGy000-DSPE, f-PEG;000-
DSPE and/or f-PEGs00o-DSPE) in 10-m! water by
the modified ethanol injection method. In Dil-labeled

Table 1
Formulae of FR-targeted nanoparticles

Formulation Mol%

DC- Tween PEGZ()()O' f-PEGgQQo- f—PEG5000-
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-03FT 947 5 - 03 -
NP-1FT 94 5 - 1 -
NP-1FLT 94 5 - - 1

Nanoparticles were prepared with lipids [e.g. DC-Chol/Tween 80/f-
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, Tohoku 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 ml
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 ml of lysis buffer
(PBS containing 0.5% Triton X-100). Arbitrary units
(a.u.) 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.i

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 1 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 supematants 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-ul volume. For RT-PCR, a 25-ul reaction
volume contained the following: 1 pl of synthesized
cDNA, 10 pmol of each specific primer pair, 0.25 U
Ex Tag 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 (-
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 R-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 r-test. A p-value of 0.05 or less was
considered significant.

3. Results
3.1. Preparation and stability of NPs

Six different cationic NP formulations were pre-
pared as 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;gqo-DSPE,
respectively. In the formulae of NP-0.3FT and NP-
1FT for FR-targeting vectors, PEG3409-DSPE in NP-
0.3PT and NP-1PT was substituted with 0.3 and 1
mol% f-PEG,p0-DSPE, respectively. In NP-1FLT, 1
mol% f-PEGsgoo-DSPE was used instead of f-
PEGZOQQ-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
Formulation Nanoparﬁcle" Nanoplex" Nanoplex® Nanoplex®
+10% serum +50% serum
Size (nm) {-potential Size (nm) {-potential Size (nm) Size (nm)
(mV) (mV)
0 days 60 days 0 days 0 days 1 days 0 days
NP-T 146.4 165.8 49.0 221.2 2854 40.7 nd® nd
NP-0.3PT 114.7 114.7 52.9 200.6 235.8 32.8 nd nd
NP-1PT 139.3 127.6 53.5 191.6 2145 40.0 nd nd
NP-0.3FT 122.0 122.0 51.3 215.6 230.3 37.2 482.9 937.9
NP-IFT 207.4 188.3 46.8 309.1 3429 333 473.0 513.0
NP-1FLT 104.3 126.3 42.3 240.5 248.2 29.6 253.4 303.5

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 ratio (+/—) of NPs
to DNA, luciferase activity was measured in LNCaP
cells transfected with NP-1FT at various charge
ratios (+/—) in medium with 10% serum. The
charge ratio (+/—) of 3/1 showed the highest
transfection efficiency. Luciferase activity (cps/ug
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-
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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 final concentration of 2 pg DNA in | m! medium
per well, and each cell was incubated for 24 h. Each column
represents the mean (n7=2).

creased to up to 600 nm, 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 1 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





