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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 ug DNA at charge
ratio (+/ — ) of 3/1. The nanoplexes were incubated with KB cells,
plated overnight in a 6-well plate at 1 x10% cells/well, in the
presence of 2 m! medium containing 10% serum. After 1, 2 or 3 h,
each cell was washed with PBS, detached with 0.25% trypsin from
the dish and then centrifuged at 1500 X g. The pelieted cells were
lysed with PBS containing 0.5% Triton X-100. Associations of Dil-
labeled nanoplexes were quantified using a 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 = S.D. (n=3). *P<0.05 compared with NP-
IFT 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
Iuciferase 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 cells 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, and 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 X 1000 in
panels E and 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=50 pum.
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LNCaP cells (Fig. 4B). Tfx20, a commercial gene
transfection reagent, showed about 5-fold higher
transfection efficiency in KB cells (1 x10® cps/ng
protein, equivalent with 1.9 x 10> RLU/ug protein)
and about 50-fold higher in LNCaP cells (5 x 10*
cps/pg protein, equivalent with 1 x10° 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 pg DNA/ml in media with
10% serum. The cells were analyzed for luciferase activity. Each
column represents the mean + S.D. (n=3).
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Fig. 5. FRs (FR-a, -P, ~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-o mRNA and weakly FR- mRNA, but LNCaP
cells did not. FR-y 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 camrier 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-PEG3000-DSPE and PEGy400-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 f-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 5

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-
IFT 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-
1IFT 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
internalization.

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
Tfx20. 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-PEG2gs-DSPE will be suitable for high trans-
fection with selectivity since F-PEGsgoo-DSPE may
reduce the cell association through steric hindrance.
However, it is not clear why the different patterns 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, o, B and vy, 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-p in some nonepithelial malignancies
[16, 17} and FR-vy in hematopoietic cells [18,19].
FR-a and FR-p mRNA were expressed in KB cells
(Fig. 5). The uptake of NPs in KB cells may be
mediated via FR-a and-f.

PSMA is homologous to the transferrin receptor
with an overexpression pattern 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, -
PEG000-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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Purpose. To develop paclitaxel carried by injectable PEGylated
emulsions, an artificial neural network (ANN) was used to optimize
the formulation—which has a small particle size, high entrapment
efficiency, and good stability—and to investigate the role of each
ingredient in the emulsion.

Methods. Paclitaxel emulsions were prepared by a modified ethanol
injection method. A computer optimization technique based on a
spherical experimental design for three-level, three factors [soybean
oil (X1), PEG-DSPE (X2) and polysorbate 80 (X3)] were used to
optimize the formulation. The entrapment efficiency of paclitaxel
(Y1) was quantified by HPLC; the particle size of the emulsions (Y2)
was measured by dynamic laser light scattering and the stability of
paclitaxel emulsions was monitored by the changes in drug concen-

tmatine (VU2
raiion 15 ana parulid SiZi

Results. The entrapment efficiency, particle size and stability of pa-
clitaxel emulsions were influenced by PEG-DSPE, polysorbate 80,
and soybean oil. Paclitaxel emulsions of small size (262 nm), high
entrapment efficiency (96.7%), and good stability were obtained by
the optimization.

Conclusions. A novel formulation for paclitaxel emulsions was opti-
mized with ANN and prepared. The contribution indices of each
component suggested that PEG-DSPE mainly contributes to the en-
trapment efficiency and particle size of paclitaxel emulsions, while
polysorbate 80 contributes to stability.

e o j o
} and particle size (Y4) after storage at 4°C.

KEY WORDS: artificial neural network; emulsions; optimization;
paclitaxel; PEGylated..

INTRODUCTION

Paclitaxel is widely used as an effective anticancer agent
for ovarian, colon, and breast cancer. The commercially avail-
able product, Taxol (paclitaxel), is currently a formulation of
vehicle containing approximately a 1:1 vol/vol mixture of
polyoxyethylated castor oil (Cremophor EL) and ethanol due
to its extremely poor solubility in water (0.6 mM) and other
pharmaceutical agents. Cremophor EL has been associated
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with hypersensitivity reactions, nephrotoxicity and neurotox-
icity (1). Therefore, premedication with corticosteroids and
antihistamine as well as long-term infusion of a 5~20-fold
dilution of the product is required to reduce the side effects.
However, there are a serious problems associated with dilu-
tion of the formulation such as compatibility and stability.
The stability of diluted paclitaxel was estimated at 12~24 h
since its use was recommended within 12 h of dilution in
aqueous medium. Thus there is need for a new formulation of
paclitaxel that is efficacious and less toxic than the commer-
cial product.

Recently, many alternative formulations have been de-
veloped, such as emulsions (2-7), microspheres (8,9), lipo-
somes (10,11), mixed micelles (12,13), cyclodextrins (14,15),
and conjugates (16,17). Several compounds are often used in
formulations of paclitaxel, such as polysorbate 80, PEG400,
poloxamer, PEGylated lipid, and so forth. A common char-
acteristic of the molecular structure of these compounds is the
presence of a polyethyleneglycol group of different lengths
and shapes. In fact, a polyethyleneglycol group also exists in
the molecular structure of Cremophor EL.

The emulsion (o/w) used for the delivery of paclitaxel has
attracted much attention (1). Triacetin provides a high level
of solubility, 75 mg/ml, and has been used together with leci-
thin, pluronic F-68, polysorbate 80 and glycerol to produce a
paclitaxel-containing emulsion (2). Wheelar et al (3) manu-
factured a blend of emulsion and liposome with corn oil, EPC,
cholesterol, PEG-lipid (polyethylene glycol derivative. mean
molecular weight of PEG 2000) and paclitaxel. Lunberg (4)
prepared a paclitaxel emulsion made of triolein, dipalmy-
toylphosphatidylcholine and polysorbate 80, with polyethyl-
ene glycol coated on the emulsion surface. Kan et al. (5) de-
veloped a paclitaxel emulsion with an oil blend of triacylglyc-
erol, EPC and polysorbate 80 in a glycerol solution, while
Simamora et al. (6) used polysorbate 80 and sorbitan mono-
laurate, and Constantinides et al. (7) used a-tocopherol, a-to-
copherylpolyethyleneglycol-1000 succinate (TPGS), Po-
loxamer 407 and PEG 400. The optimization of these formu-
lations was based on experience, not computer modeling.
Also, the role of each ingredient in the formulation was not
elucidated.

Recently we have reported injectable PEGylated emul-
sions composed of vitamin E, cholesterol and PEG-DSPE
(polyethylene glycol derivative of distearoylphosphatidyleth-
anolamine, mean molecular weight of PEG 2000) and an an-
ticancer drug prepared by a modified ethanol injection
method (18,19). Such PEGylated emulsions also might encap-
sulate paclitaxel. We tried to develop a Cremophor-free oil-
in-water emulsion of paclitaxel using soybean oil as the inter-
nal phase, and polysorbate 80, PEG-DSPE and cholesterol as
emulsifiers or co-emulsifiers.

Response surface techniques incorporating an artificial
neural network (ANN) and the second-order polynomial re-
gression equation (2PE) were used to achieve an optimal
emulsion of paclitaxel with a small particle size, high entrap-
ment efficiency and good stability. The application of ANN in
the field of pharmaceutical development has gained interest
in recent years (20-22). ANN is a learning system based on a
computational technique that can simulate the neurologic
processing ability of the human brain (23). Using a compu-
tor-program, ALCORA, it can also perform a classic opti-
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mization technique based on 2PE. The basic concepts of
ALCORA and simultaneous optimization of several re-
sponses based on ANN have been described fully (24-27).

The aim of the study was to achieve, by applying an
optimization, an optimal PEGylated emulsion containing pa-
clitaxel which has a small size, high entrapment efficiency for
paclitaxel and good stability, and to investigate the role of
each ingredient in the emulsion using the response surface
technique.

MATERIALS AND METHODS

Materials

Paclitaxel was kindly supplied by Bristol Pharmaceuticals
K.K. (Tokyo, Japan). PEG-DSPE was purchased from NOF
Co. Ltd (Tokyo, Japan). Soybean oil and glucose were ob-
tained from Wako Pure Chemical Industries, Ltd (Tokyo,
Japan). Cholesterol and polysorbate 80 were purchased from
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). PEG 400 was
purchased from Kishida Chemical Co. Ltd. (Osaka, Japan).
Chemicals for high-pressure liquid chromatography (HPLC)
were of HPLC grade and all other chemicals were of analyti-
cal grade.

Preparation of Paclitaxel Emulsions

Paclitaxel emulsions were prepared by a modified etha-
nol injection method (18,19,28). Paclitaxel, soybean oil, PEG-
DSPE, cholesterol, PEG 400 and polysorbate 80 were dis-
solved in 40 ml ethanol, then the ethanol was removed with a
rotary evaporator till 1-2 ml was left. Next, a constant volume
of 5% glucose solution was added to the ethanol solution. The
emulsions formed instantly after further evaporation of the
residual ethanol. The concentration of paclitaxel was adjusted
to 0.6 mg/ml in the final emulsions containing the 5% glucose
solution as external phase with drops of Milli Q water. Then
the emulsions were filtrated through 0.45-p.m Ekikrodisc fil-
ters (Gelman Japan, Tokyo, Japan) to homogenize the drop-
lets of emulsion and stored at 4°C for further detection.

HPLC

The HPLC system was composed of an LC-10AS pump
(Shimadzu Co., Ltd., Kyoto, Japan), a SIL-10A auto injector
(Shimadzu Co., Ltd.), an SPD-10A UV detector (Shimadzu
Co.,Ltd.), and a C,q 4.6 x 150 mm reverse phase column (Shi-
seido, Tokyo, Japan; Capcell-park, 3 wm particle size). The
mobile phase consisted of acetonitrile-0.1% phosphoric acid
(wtfvol) in Milli Q water (55:45, vol/vol), at a flow rate of 1.0
ml/min. Chromatography was performed at ambient tempera-
ture (20 = 2°C). The concentration of paclitaxel in each
sample was determined with a constructed calibration curve.
The internal standard was n-hexyl p-hydroxyl benzoic acid
(Tokyo Kasei Kogyo Co., Tokyo, Japan). For UV detection,
the wavelength was set to 227 nm (29).

Particle Size and Entrapment Efficiency

The particle size of paclitaxel emulsions was determined
using a laser light scattering instrument (ELS800, Otsuka
Electronics, Osaka, Japan) by the dynamic light scattering
method.
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The entrapment efficiency of paclitaxel emulsions was
taken as the percentage of paclitaxel carried by the emulsions
and was determined by two methods; Sephadex G-100 (Phar-
macia Fine Chemicals, Uppsala, Sweden) column chromatog-
raphy and filtration. Emulsions were separated from free pa-
clitaxel in the Sephadex G-100 column using 2 mobile phase
of 5% glucose solution. The amounts of paclitaxel in the free
fraction and the emulsion fraction were determined by HPLC
as described in the “HPLC” section. With the other method,
the emulsions were filtrated through 0.45-pm Ekikrodisc and
the concentration of paclitaxel in the filtrate was determined
by HPLC. It was found that the amount of paclitaxel deter-
mined by the two methods was the same in the preliminary
experiment. So the simpler method of filtration was selected
in this study.

The entrapment efficiency was calculated according to
the following equation:

Entrapment efficiency (%) = (AJA) x 100

where A, is the amount of paclitaxel detected in the emulsion
form and A, is the total amount of paclitaxe] added.

Stability

After their preparation, paclitaxel emulsions were stored
at 4°C in the dark for 10 days. The stability was assessed by
monitoring the changes in the particle size and paclitaxel con-
tent of emulsions during the storage period, which were cal-
culated using the following equations:

Change of particle size (%) = (S,/Sy) x 100

where S, was the size on the tenth day and S, was the size on
the day of preparation;

Change of drug concentration (%) = (C;,/C,) x 100

where C,, was the concentration in the emulsion form on the
tenth day and C, was the concentration in the emulsion form
on the day of preparation. The paclitaxel concentration was
determined by the HPLC method.

Experimental Design and Data Analysis

The amounts of soybean oil (X1), PEG-DSPE (X2), and
polysorbate 80 (X3) were selected as causal factors in this
study. The values listed in Table I in coded form were trans-
formed to physical units as summarized in Table II. A spheri-
cal experimental design for three factors was used to prepare
the model formulations (Nos. 1-15). The response of the ex-
perimental design was adapted to particle size, entrapment
efficiency and stability of paclitaxel emulsions on the tenth
day. :

The software ANN and ALCORA were used to analyze
the results of the experiment (25,27). Levels of causal factors
were expressed as concentrations (mg/ml).

RESULTS AND DISCUSSION

In this study, a Cremophor-free oil-in-water emulsion of
paclitaxel was developed using all excipients, which are less
toxic and present in a number of marketed parenteral prod-
ucts. In a preliminary experiment, the particle size and
amount of paclitaxel in the emulsion were measured after
storage at 4°C for 1 month using oleic acid, vitamin E and
soybean oil as an internal phase and polysorbate 80, PEG-
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Table 1. Spherical (Nos. 1~15) Experimental Design for Three Factors Table H1. Results of Experimental Design
Formulation no. X Xa X3 Y1# Y21 Y3% Y48
o, o, o

) » » » (%) (nm) (%) (%)

2 -1 -1 1 1 90.8 £ 0.5 2762+ 34 619+1.6 99.7+ 2.1

3 -1 1 -1 2 101502 2776+23 95426 904+ 1.7

4 -1 1 1 3 954 +19 2953 +1.0 352+13 83412

5 1 -1 -1 4 86.2+09 283.1x2.1 94218 949+ 11

6 1 -1 1 S 821=x14 3288+0.5 55.6%2.6 839+11

7 1 1 -1 6 927=x1.0 325.0+3.1 993+29 916+ 1.0

8 1 1 1 7 90.0=1.0 289.1x34 417+1.3 796+ 13

9 ~-1.73 0 0 8 93.4 +07 335031 975+2.1 90.2+ 13

10 1.73 0 0 9 925+15 256.6 2.7 882=01 1066+ 1.5

11 0 -1.73 0 10 853=x1.6 314828 922+25 93.8x 0.7

12 0 1.73 0 11 93701 3485 =41 904 x1.6 96.4x 2.0

13 0 0 -1.73 12 874 %26 2750+ 1.4 74736 104409

14 0 0 173 13 90.1+04 268.7 + 4.0 19003 93.1+14

15 0 0 0 14 86.2+07 291125 945 2.0 1034+ 1.7

15 792+ 0.8 260.5+2.5 586x12 1055+ 13

DSPE and cholesterol as emulsifiers or co-emulsifiers with a
paclitaxel concentration of 0.3 to 1.8 mg/ml. From the results,
soybean oil as the oil phase and 0.3 mg/ml of paclitaxel were
more stable than the others (data not shown). Therefore, soy-
bean oil was used as the internal phase. Polysorbate 80 with a
polyethylene glycol group chain, a surfactant in common use,
was used to conduce a paclitaxel formulation. PEG-DSPE
was supposed not only to prolong circulation time in vivo but
also to form an injectable paclitaxel emulsion. Cholesterol
was used to stabilize the surface of droplets together with
PEG-DSPE (18). Therefore, cholesterol was used in the same
amount (weight) as PEG-DSPE. In the formulations of emul-
sions of paclitaxel, constant amount of paclitaxel, PEG 400
and glucose (constant volume of 5% glucose solution) was
added and the final volume of emulsion was adjusted same by
drops of Milli Q water. '

Spherical Experimental Design

The data of spherical design in the model formulation are
listed in Table III, including particle size, entrapment effi-
ciency and stability of paclitaxel emulsions on the tenth day.
The data were called responses and marked as Y1 to Y4,
respectively. A significant difference in the value of responses
can be observed. The entrapment efficiency (Y1) was
79.2%~101.5%, particle size after preparation (Y2) was
256.6~348.5 nm, change of concentration (Y3) was 19.0~99.3%
and change of particle size (Y4) was 79.6~106.6%.

ANN was applied to the prediction of responses (Y1-Y4) ‘

as a function of causal factors. 2PE was used for comparing
the prediction ability.

Three causal factors corresponding to different levels of
soybean oil (X1), PEG-DSPE (X2), and polysorbate 80 (X3)

Table IX. Levels of Causal Factors™ in Physical Form

Factor level in coded form

Factor -1.73 -1 0 1 1.73
Soybean oil (X,) 48 7 10 13 15.2
PEG-DSPE (X,) 13 2 3 4 4.7
Polysorbate 80 (X;) 152 24 36 48 56.8

* Levels of causal factors were expressed as concentrations (mg/ml).

* Entrapment efficiency after preparation.”
T Particle size after preparation.

1 Change of concentration (10 day/0 day).
§ Change of particle size (10 day/0 day).

were used as each nod of the input layer. Reponses were
predicted individually with the different sets of ANN. A set of
causal factors and responses [45 data pairs; triplicate mea-
surements for 15 formulations (Table I)} was used as tutorial
data for ANN. To optimize the structure of ANN, the simu-
lated annealing technique (30) was applied, employing AIC
(Akaike’s information criterion) as a standard (27). Resulis
are shown in Table 1V, suggesting that 4 or 5 nods in the
hidden layers were optimal for the prediction of responses,
Y1 and Y3, or Y2, and Y4. This means 16 or 20 unknown
parameters (3 input nods, 4 or 5 hidden nods, and 1 output
nod; i.e,, 3x4 + 4x1 = 16 or 3x5 + 5x1 = 20) were required
to fit the weights of ANN for the prediction of responses. On
the other hand, 2PE requires an estimation of 10 unknown
parameters at most as regression coefficients of the polyno-
mial equation [i.e., 3 parameters for the independent term
(X1, X2, and X3), 3 for the square term (X1X1, X2X2, and
X3X3), 3 for the interaction term (X1X2, X1X3, and X2X3),
and 1 for the constant]. To enable an impartial comparison of
the predictive ability of ANN and 2PE, we used the coeffi-
cient of determination, which was doubly adjusted with de-
grees of freedom (R**2). As a result, predicted values of

Table IV. Optimal Structures of ANN for Prediction of Responses

Response Y1 Y2 Y3 Y4
Optimal ANN* 3/4/1 3/5/1 3/4/1 31571
RT 0.984 0.977 0.999 0.991
R##2% 0.933 0.881 0.996 0.953
AIC§ -80.8 -128 —-180 ~84.2

* Optimal structure of ANN; input nods/hidden nods/output nods.

T Multiple correlation coefficient between predicted and experimen-
tal response values.

+ Coefficient of determination doubly adjusted with degrees of free-
dom.

§ Akaike’s information criterion. Smaller values of AIC mean a bet-
ter approximation. The structure of ANN, which gives the smallest
value of AIC, was chosen as the optimum.
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Table V. Comparisons of Prediction with Results of Experiments
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Table V1. Contribution Indices (%) of Factors on the Response in
ANN Approximation

Y1 Y2 Y3 Y4

(%) (nm) (%) (%) Y1 Y2 Y3 Y4
ANNp* 101 262 96.2 997 Xl 22 326 25.3 321
ANNrt 96.7 262 97.6 981 X2 40.4 442 28.4 326
2PEpi 95.1 267 95.3 978 X3 375 232 463 36.2
2PEr§ 92.6 358 100 88.1

* Predicted by ANN.

t Data of experiment with the optimal formulation predicted by
ANN; X1 = 5.50, X2 = 2.18, X3 = 36.0 (mg/mi).

I Predicted by 2PE.

§ Data of experiment with the optimal formulation predicted by 2PE,
X1 = 545, X2 = 2.18, X3 = 42.8 (mg/ml).

responses based on ANN coincided well with the experimen-
tal values (Table V). However, approximations of responses
based on 2PE were somewhat poorer (R = 0.895 and R*#2 =
0.702 for Y1; R = 0.900 and R**2 = 0.714 for Y2; R = 0.977
and R**2 = 0.973 for Y3; R = 0.783 and R**2 = 0.335 for
Y4).

Entrapment Efficiency

The contribution indices (27) of the factors in the formu-
lation were calculated by ANN and are summarized in Table
VL. The larger the value is the more important the factor. The
entrapment efficiency of 0.6 mg/ml paclitaxel after prepara-
tion (Y1) was affected in the order PEG-DSPE (X2) > poly-
sorbaté 80 (X3) > soybean oil (X1). The soybean oil was
relatively less important to entrapment efficiency. The influ-
ence of the main factors of PEG-DSPE and polysorbate 80 on
the entrapment efficiency is shown in Fig. 1A. It was evident
that the entrapment efficiency changed with the amount and
ratio of PEG-DSPE and polysorbate 80. The solubility of
paclitaxel in soybean oil is not high. Therefore, this finding
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suggested that most of the paclitaxel might be situated in the
surface layer of emulsion droplets due to interaction of the
drug with the PEG chain of PEG-DSPE and polysorbate 80
2-7).

Particle Size

The particle size after preparation (Y2) was influenced in
the order PEG-DSPE (X2) > soybean oil (X1) > polysorbate
80 (X3) (Table VI). The response of particle size to PEG-
DSPE and soybean oil is depicted in Fig. 1B. A medium
amount (about 2.4 mg/ml PEG-DSPE and 8.96 mg/ml soy-
bean oil) of PEG-DSPE produced small particles (about 269
nm) in the preparation without any homogenization and ex-
trusion of membranes. This finding corresponded well with
the result that PEG-DSPE incorporated into emulsions
formed small (less than 150 nm) particles (18,19).

Stability

The change in concentration was affected mainly by
polysorbate 80 (X3) rather than PEG-DSPE (X2) and soy-
bean oil (X1). Polysorbate 80 (X3) was also important to the
change in particle size (Y4) (Table VI). Figures 2A and 2B
show the relationship between the two main factors and re-
spective responses in terms of the experimental design. A
large amount (>41 mg/ml) of polysorbate 80 and large (>4.4
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Fig. 1. The effect of PEG-DSPE and polysorbate 80 (mg/ml) on the entrapment efficiency of paclitaxel emulsions (Y1) (A), and the effect
of PEG-DSPE and soybean oil {mg/ml) on the particle size of paclitaxel emulsions (Y2) (B).
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Fig. 2. The effect of polysorbate 80 and PEG-DSPE (mg/ml) on the change in the concentration of paclitaxel emulsions (Y3) (A), and
particle size of paclitaxel emulsions (Y4) (B).

mg/ml) or medial (2.1~2.9 mg/ml) amount of PEG-DSPE
brought about a more stable concentration of paclitaxel emul-
sions (Y3) (Fig. 2A), but a large amount (>39 mg/m!) of poly-
sorbate 80 and small amount (<3.3 mg/ml) of PEG-DSPE led
to a more stable particle size (Y4) (Fig. 2B). The results in-
dicate that particles modified with a PEG chain proved more
stable than those without modification (3).

In some formulations crystals could be observed after ten
days and were proved to be paclitaxel by HPLC. And the
products of hydrolysis of paclitaxel almost could not be de-
tected by HPLC. Thus it was concluded that the decrease on
concentration of paclitaxel was caused mainly by the release
of paclitaxel from emulsions and the formation of crystals of
paclitaxel in external phase.

Prediction of Optimal Formulation

The software ANN and ALCORA was used to predict
the optimal formulation. Two optimal formulations of pacli-
taxel emulsions were prepared according to the results of
predictions by ANN and ALCORA, respectively. The opti-
mal formulations containing 0.6 mg/ml paclitaxel, 30 mg/ml
PEG 400, and 50 mg/ml glucose were as follows: by ANN,
5.50 mg/ml soybean oil (X1), 2.18 mg/ml PEG-DSPE (X2),
36.0 mg/ml polysorbate 80 (X3); by 2PE, 5.45 mg/ml soybean
oil (X1), 2.18 mg/ml PEG-DSPE (X2), 42.8 mg/ml polysor-
bate 80 (X3). Then the four parameters of entrapment effi-
ciency after preparation (Y1), particle size after preparation
(Y2), change of concentration on the tenth day (Y3) and
change of particle size on the tenth day (Y4) were deter-
mined. The results are shown in Table V along with the pre-
dicted responses. Comparing the predictions and results of
experiments, ANN was found to be more suitable for the
formulation of paclitaxel emulsions.

Although a number of important formulation parameters
remain to be optimized for clinical application, there is indi-
cation, at least in paclitaxel PEGylated emulsions, that poly-

sorbate 80 is essential. This information is new with regard to
paclitaxel emulsions. PEGylated microemulsions are ex-

3 H las Fra varsa tavetla e
pected to show leng-circulating emulsions in vive. Further

research is needed to confirm the efficacy of paclitaxel emul-
sions in vivo.

CONCLUSIONS

We describe here a novel PEGylated emulsion formula-
tion containing paclitaxel that has been optimized by spheri-
cal experimental design and ANN for small size (262 nm),
high entrapment efficiency (96.7%), and stability. Paclitaxel
emulsions were prepared using a very simple procedure and
commercialized components for replacement of the toxic Cre-
mophor EL. The contribution indices of each component sug-
gested that PEG-DSPE mainly contributes to the entrapment
efficiency and particle size, while polysorbate 80 contributes
to the stability of paclitaxel emulsions.
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Polymer Design and Incorporation Methods for Polymeric
Micelle Carrier System Containing Water-insoluble
Anti-cancer Agent Camptothecin
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A water-insoluble anti-cancer agent, camptothecin (CPT) was incorporated to a polymeric micelle
carrier system forming from poly(ethylene glycol)—poly(aspartate) block copolymers. Incorporation
efficiency and stability were analyzed in correlation with chemical structures of the inner core-forming
hydrophobic blocks as well as with incorporation methods. Among three incorporation methods
(dialysis, emulsion and evaporation methods), an evaporation method brought about much higher CPT
yields with less aggregation than the other two methods. By the evaporation method, CPT was
incorporated to polymeric micelles in considerably high yields and with high stability using block
copolymers possessing high contents of benzyl and methylnaphtyl ester groups as hydrophobic
moieties. This indicates importance of molecular design of the hydrophobic block chain to obtain
targeting using polymeric micelle carriers as well as importance of the drug incorporation method.

Keywords: Polymeric micelle; Camptothecin; Block copolymer; Poly (ethylene glycol); Poly
(aspartic acid); Targeting

Abbreviations: PEG, poly(ethylene glycol); P(Asp), poly(aspartic acid); PEG-P(Asp), poly(ethylene
glycol)-poly(aspartic acid) block copolymer; PEG-PBLA, poly(ethylene oxide)-poly(f-benzyl
L-aspartate) block copolymer; CPT, camptothecin; DMSO, dimethyl sulfoxide; DMF,

N,N-dimethylformamide; DBU, 1,8-diazabicyclo [5,4,0] 7-undecene

INTRODUCTION

Polymeric micelles attract much attention as a nano-sized
drug carrier system (Kwon and Kataoka, 1995; Kabanov
and Alakhov, 1997; Yokoyama, 1998, 2002; Kwon and
Okano, 1999; Lavasanifar et al., 2002 and Nishiyama and
Kataoka 2003) due to their advantageous characteristics
for drug targeting such as very small size in a range of
10-100nm and high structural stability. Particularly, two
advantages are significant for anti-cancer drug targeting to
solid tumors; passive targeting ability to solid tumors
and applicability to water-insoluble drugs. Polymeric
micelles can be delivered selectively to solid tumor sites by
a passive targeting mechanism based on the enhanced
permeability and retention effect (EPR effect) (Matsumura
and Maeda, 1986; Maeda, 2000; Maeda et al., 2002).
Long-circulation in the bloodstream is a prerequisite for
the EPR effect in order to evade non-selective scavenge at
the reticuloendothelial system. Hydrophobic (llum et al.,
1987) and cationic (Takakura and Hashida, 1996)

characters of anti-cancer drugs are a promotion factor of
this scavenge and can be a serious problem of drug-
polymer conjugates because the conjugated drugs are
exposed to interact with biocomponents such as proteins
and cells. For polymeric micelles, the drug-incorporated
inner core is clearly separated from the hydrophilic outer
shell that is responsible for interactions with the
biocomponents. Therefore, polymeric micelles can attain
the long-circulation in the bloodstream (Yokoyama et al.,
1991; Kwon et al, 1993) while incorporating a large
amount of anti-cancer drugs with cationic and/or hydro-
phobic characters such as doxorubicin.

The second advantage for solid tumor targeting is
excellent applicability to hardly water-soluble or
water-insoluble anti-cancer drugs. Since many recently
developed potent anticancer drugs such as taxol,
camptothecin (CPT) and iressa are water-insoluble,
applicability of drug carrier systems to the water-insoluble
drug is important. One of the most successful types of
drug carriers is a liposome that consists of a lipid bilayer
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and an interior aqueous phase which is surrounded by the
lipid bilayer. A famous successful example of liposomal
carrier systems is Doxil™ that incorporates doxorubicin
for tumor targeting. Liposomal carrier systems are
favorable for incorporation of hydrophilic and water-
soluble drugs in their interior aqueous phase, however,
their applications are considerably limited for hydro-
phobic and water-insoluble drugs because these hydro-
phobic drugs are loaded in lipid bilayers, not in an interior
aqueous phase. It is considered difficult to maintain good
targeting properties of the bilayer when this bilayer is
loaded with a large amount of the drug. For polymeric
micelle systems, a large amount of water-insoluble drug
can be incorporated to the hydrophobic inner core with
maintaining good properties for targeting owing to the
distinctly separated two-phase structure of the hydro-
phobic inner core and the hydrophilic outer shell.

Anti-cancer drug targeting using polymeric micelle
carrier systems was first achieved with doxorubicin
(adriamycin) (Yokoyama et al., 1987, Yokoyama et al,
1990; Yokoyama et al, 1991; Yokoyama et al., 1998;
Yokoyama et al., 1999). Doxorubicin was conjugated to
aspartic acid residues of poly(ethylene glycol)-poly(aspartic
acid) block copolymer. This doxorubicin-block copolymer
conjugate formed a micellar structure due to its amphiphilic
character of the hydrophilic poly(ethylene glycol) block and
the hydrophobic doxorubicin-conjugated poly(aspartic acid)
block. Furthermore, Doxorubicin was incorporated in the
hydrophobic inner core by physical entrapment, and was
targeted to solid tumor sites with high selectivity. As aresult
of this targeting, dramatically enhanced in vivo anti-tumor
effects were obtained (Yokoyama et al, 1999). This
doxorubicin polymeric micelle system is now in the phase II
clinical trail starting in autumn of 2003 at the National
Cancer Hospital, Japan. In this system, doxorubicin was
chemically conjugated to the aspartic acid residue of the
block copolymer and this conjugated doxorubicin worked as
a hydrophobic species for micelle formation and physical
incorporation of further doxorubicin molecules (Yokoyama
et al., 1998). This physically incorporated doxorubicin
expressed selective anticancer activity by being targeted to
solid tumor sites (Yokoyama et al., 1998, 1999). Therefore,
the chemically conjugated doxorubicin did not play arole of
anticancer effect. It is preferable to design targeting systems
without using drug molecules as a biologically inactive
hydrophobic species to suppress production costas well as to
allow much wider choice for the hydrophobic species. The
wider choice of simpler hydrophobic chemical structures
(e.g. phenyl ring and acyl chain) than drug molecules is
considered to be very advantageous for optimization of the
influencing factors for targeting (e.g. micelle stability, size
and drug release rate).

On the other hand, applications of the polymeric
micelle carrier systems to other anti-cancer drugs are now
actively studied with various drugs such as cisplatin
(Nishiyama et al., 1999; Nishiyama and Kataoka, 2003),
taxol, methotrexate (Li and Kwon, 2000) and KRN-5500
(Matsumura et al., 1999; Mizumura et al., 2002). For

water-insoluble anti-tumor drugs such as taxol and KRN-
5500, the drug incorporation is clinically beneficial in
evasion of the use of toxic substances that dissolve these
water-insoluble drugs for intravenous injection. This is
exemplified by cremophor EL and ethanol used to dissolve
taxol in an aqueous medium. Since polymeric micelles are
generally much less toxic than these substances, the drug
solubilization by incorporation to polymeric micelles
can decrease toxic side effects that result from these
substances. In fact, incorporation of KRN-5500
to polymeric micelles diminished vascular and
pulmonary toxicities resulting from organic solvents and
surfactants that were used in a conventional formulation
(Matsumura et al, 1999; Mizumura et al., 2002).
However, targeting of KRN-5500 to tumors has not yet
been done. In this paper, block copolymer syntheses and
drug incorporation to polymeric micelles are reported
for targeting of CPT (Potmesil, 1994; Wall and Wani,
1995a, b) that is a mother compound of topotecan and
CPT-11, which are very potent and recently approved as
anticancer-drugs.

For tumor targeting with the polymeric micelles, several
physical and physico-chemical factors were known to be
important such as block length (Kwon et al., 1993;
Yokoyama et al., 1993) and drug content (Yokoyama
et al., 1998). Even though chemical structures of the inner
core-forming block were partially examined for tumor
targeting (Yokoyama ez al., 1998), no systematic study has
been done to establish a strategy of polymeric micelle
design for various kinds of anti-cancer drugs without using
drug itself as a hydrophobic species for micelle formation
and drug incorporation as done in the doxorubicin system
(Yokoyama et al., 1998, 1999). For polymeric micelle
design, influencing factors on targeting may be hydro-
phobic strength, rigidity/flexibility, 77— interactions
(cohesive interactions between 7w electron rich molecules
like benzene) of the hydrophobic inner core, block lengths
of polymers and drug contents as well as steric space in the
hydrophobic block for drug incorporation. This study aims
to reveal correlations between these factors and drug
targeting. Additionally, only a little study has been done
for optimization of drug incorporation procedures to
polymeric micelles (Kwon ef al., 1994; Kohori et al.,
2002). This study also aims to analyze effects of drug
incorporation methods.

In this paper, various poly(ethylene glycol)—poly
(aspartate ester) block copolymers were synthesized by
varying chemical structures of hydrophobic ester groups
and their incorporation behaviors (loading efficiency and
incorporation stability) of CPT were systemically
analyzed by three incorporation methods.

MATERIALS AND METHODS

Chemicals

(s)-(+)-CPT was purchased from Aldrich Chem. Co.,
Milw., WI, USA. 1,8-Diazabicyclo [5,4,0] 7-undecene






