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Fig. 3. EPC recovery '(%) in vesicle suspensions after extrusion through
polycarbonate membrane with a pore size of 50 nm. Each value represents the
mean®S.D. (n=3). ¥p<0.05, *¥p<0.01.

content in each formulation. C16- and CSl6-vesicles with
maximum elasticity passed through the polycarbonate
membrane showed about 80% of EPC, which was
significantly higher compared with that of T-vesicles
{(p<0.05). C26- and CS26-vesicles showed high EPC
recovery because of small sizes.
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Fig. 4. Scanning electron micrographs of Cl6-vesicles before (A) and after
extrusion (B) through a polycarbonate membrane with a pore size of 50 nm.
Scale bar=0.5 pm.

The morphology of vesicles was also investigated by
scanning electron microscopy. Cl6-vesicles were chosen for
SEM observation because of their high elasticity and EPC
recovery. Cl6-vesicles after extrusion appeared as particles
with a diameter of above 100 nm, like vesicles before
extrusion (Fig. 4A, B). High recovery of EPC and SEM
observation of vesicle suspensions after extrusion suggest
that high elasticity of the bilayers, ultra-deformable vesicles
might squeeze themselves and pass through pores much
smaller than their own diameter.

3.2. Captured volume and (-potential of empty vesicles and
characterization of BLM-entrapped vesicles

Based on the result of extrusion measurement, highly
elastic T16-, C16- and CSl6-vesicles were chosen as the
formulations of BLM-vesicles (T16-, C16- and CS16-BLM,
respectively) for stability study. The volume of entrapped
aqueous fluid per mole of lipid represented the captured
volume afforded by the preparation, and this parameter has
been linked with many membrane properties {17,18]. In this
experiment, captured volume was calculated from the
entrapment efficiency of calcein. Captured volume of the
T16-, C16- and CS16-vesicles was 1.7£0.06 pL/pmol, 1.4+
0.11 pL/pumol and 1.0£0.03 pL/umol, respectively (Table 3).
This finding suggests that the inner aqueous phase of
vesicles was significantly decreased with the increase of
other components into EPC.

Cl16- and CSl6-vesicles were more negatively-charged
than Tl16-vesicles (Table 3). Vesicles containing Cholate
showed particularly negative {-potentials, but CS16-vesicles
showed less negative {-potential than Cl6-vesicles, suggest-
ing that Sit-G might disturb the charge of Cholate at the
surface of vesicles. The entrapment efficiencies of BLM-
vesicles are given in Table 3. The average size of BLM-
vesicles was about 145-158 nm. Of the formulations, higher
efficiency of BLM was as follows; CS16-BLM>Cl16-
BLM>T16-BLM=~EPC-BLM, and CS16-BLM gave the
highest entrapment efficiency; 28.5%. Cl6 was more
negative than CS16, but had lower efficiency. This finding
suggests that positively-charged BLM might lead to the

Table 3
Characteristics of empty and BLM-vesicles

Vesicles Empty vesicles BLM-vesicles?
Captured volume® 4 -potential Entrapment
(Ul pmoly (mV) efficiency (%)
EPC 104 +0.8
T16 1.7£0.06 -3.48 132221 |*
C16 14 £0.11 :I * -37.6 227%1.1 :I
CS16 1.0£0.03 -30.7 28.5%£1.7

Each value represents the mean£S.D.(r=3) except {-potential (#=2). ¥p<0.05.
*Average size of BLM-vesicles was 145-158 nm.

PRatio of captured volume (pL) over mole (umol) of lipids. Captures volume
was calculated from entrapment efficiency of calcein.
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Fig. 5. Stability of BLM-vesicles by monitoring entrapment efficiency. BLM-
vesicles prepared using 1 mg/mL BLM aqueous solution without gel filtration
were incubated at 37 °C. Each value represents the mean+8.D. (n=3). Total
lipid concentration of each vesicle was 10 mg/mL.

binding with Cholate and also interact with Sit-G molecules
incorporated into the membrane.

Fig. 5 illustrates the result of the stability of BLM-
vesicles without gel filtration, assuming the entrapped
amount to be 100% before incubation. Entrapment efficiency
of CS16-, C16- and EPC-BLM preparations after 1 h of
incubation at 37 °C was approximately 105%, 80%, and
102%, respectively. Preparations made from CS16-BLM
were very stable and similar to EPC-BLM, whereas T16-
BLM showed rapid release of BLM such that over 50% of
entrapped BLM was lost within the initial 30 min (Fig. 5).
These differences might be due to variations in molecular
ordering caused by using particular surfactants. Preparations
made from CS16-BLM were stable and showed high BLM
entrapment efficiency, suggesting strong interaction between
BLM and the Sit-G incorporated in vesicle bilayers. After
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Fig. 6. Deposition of BLM in full-thickness skin 3 h and 12 h after application of

ultra-deformable vesicles on Wistar rat. BLM-vesicles contained 157 pg of
BLM as an entrapped amount without gel filtration, and the BLM solution
(157 ug BLM using 1 mg/mL) were non-occlusively applied on the abdomen of
rats (3.14 cmz). N.D.; not detected. Each value represents the mean=S.D. (n=3),
* p<0.05, ** p<0.01.

gel filtration, the entrapment efficiency of CS16-, Cl16- and
EPC-BLM preparations were less than that without gel
filtration after 1 h incubation at 37 °C (data not shown).
This finding suggests that BLM was highly released from
CS16-, C16- and EPC-BLM preparations after gel filtration
at 37 °C. Consequently, in the following in vivo permeation
studies, BLM-vesicles were used without gel filtration.

3.3. In vivo skin permeation and deposition of BLM

Skin permeation of BLM arising from preparations of C16-,
CS16-, and EPC-BLM was examined in vivo. Free BLM
aqueous solution (BLM sol.) was used as a control. The
permeation profile of BLM as a function of time is presented in
Fig. 6. The skin permeation of C16-, CS16-, and EPC-BLM
showed 1.8+0.5, 3.1£0.4 and 0.8+0.2 dose% at 3 h and 4.0+
1.0, 6.0+1.2 and 1.1£0.4 dose% at 12 h, respectively.

Skin permeation and deposition of BLM sol. showed no
detectable levels of BLM, either in serum or in full-thickness
skin (skin; <0.5 dose%, serum; <2.9 dose%). This indicated
that free BLM did not permeate into the rat skin over a period of
12 h. The absorption of BLM into the skin from vesicle
formulations was observed but serum concentrations of BLM
were not detectable. Preparations of CS16-BLM showed
significantly higher concentrations of BLM than EPC-BLM,
at both 3 and 12 h (p<0.01).

Distribution of BLM in skin 12 h after application (Fig. 7)
revealed that EPC-BLM preparations only showed detectable
levels of BLM in SC and not beyond. By comparison, C16- and
CS16-BLM showed preferential absorption of BLM into
epidermis and dermis rather than merely residing in the SC.
Preparations of CS16-BLM delivered higher skin concentra-
tions of BLM than C16-BLM (p<0.01), and BLM levels in
epidermis plus dermis were approximately twice as high as that
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Fig. 7. Distribution of BLM in different layers of the skin of Wistar rat 12 h after
non-occlusive application of vesicles. Vesicles contained 157 pg of BLM as an
entrapped amount without gel filtration. Stratum corneum and viable epidermis
plus dermis were obtained from the treated full-thickness skin. N.D.; not
detected in viable epidermis plus dermis. Each value represents the mean=S.D.
n=3), ** p<0.01.
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in the SC. These findings suggest that CS16 was more effective
as a carrier for delivering BLM topically into the skin than C16
vesicles.

3.4. Permeation of CSIG6-vesicle through the skin observed by
CLSM

The ability of CS16-vesicles to deliver encapsulated
hydrophilic fluorescent probes into full-thickness skin was
observed by CLSM. Sections of hairless rat skin were treated
for 3 h with a topical preparation of CS16-vesicles labelled with
Dil and entrapped with calcein (Fig. 8A); a mixture suspension
of free calcein and ‘Dil-labeled empty CS16-vesicles (Fig. 8B);
and a mixture solution of free Dil and calcein as a control (Fig.
8C). When CSl16-vesicles labelled with Dil and containing
calcein were applied, the fluorescence of calcein appeared to be
quite uniform and quite intense in the whole SC. Co-location of
calcein and Dil, which produced a yellow colour, was observed
extensively, even in the bottom of SC (Fig. 8A). However, a
mixture of calcein and empty CS16-vesicles delivered less
intense fluorescence when compared against the first formula-
tion (Fig. 8A vs. B). Finally, from the mixture solution of free
Dil and calcein, it could be clearly seen that fluorescence of
lipophilic Dil was homogenously distributed across the SC and
free calcein was unable to penetrate into the SC (Fig. 8C). This
finding suggests that ultra-deformable vesicles could deliver
hydrophilic drugs encapsulated in vesicles.

4. Discussion

We have already reported that BLM can be encapsulated in
ultra-deformable vesicles composed of EPC and Cholate for
topical application [10]. To enhance permeation of drug through
skin, we developed a novel, ultra-deformable vesicle incorpo-
rating Sit-G, an effective absorption enhancer in intestinal and
nasal mucosae [11,12].

In this study we report the efficacy of ultra-deformable
formulations containing Sit-G and loaded with the candidate
drug BLM. Penetration of lipid vesicles through skin is related
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to the deformability of the vesicle membrane and only
optimized carriers can pass through pores smaller than their
own diameter. Increasing the level of surfactant in vesicle
membranes brings no advantages in terms of transcutaneous
permeation efficiency above a certain concentration. Only an
optimum ratio of lipid and surfactant could lead to bilayer
flexibility liposomal membranes. Addition of other lipophilic
compounds, such as cholesterol sulfate, to lipophilic/amphi-
philic bilayers tend to decrease their elasticity, even at low
molar concentrations of amphiphilic compounds in the bilayer
[19].

To determine the amount of Sit-G incorporated into. vesicles,
we preliminarily measured the elasticity of preparations
containing Tween or Cholate at different.concentrations, plus
Sit-G at 5% and 10% (w/w). Incorporation of 5% (w/w) Sit-G
into Cholate formulations did not decrease their elasticity value
(Fig. 2B), but incorporation of 10% (w/w) Sit-G significantly
decreased it (data not shown). The absorption enhancing effect
exerted by Sit-G could be attributed to its steroidal structure and
similarity with cholesterol and Cholate. Incorporation of
steroids in fluid vesicle bilayers enhances the degree in
molecular ordering or change the compaction of bilayers [20].
Therefore, the addition of 5% (w/w) (6 mol%) Sit-G as a small
amount to CS-vesicle bilayers was useful and did not decrease
elasticity, but decreases in elasticity might become noticeable at
high concentrations of Sit-G.

The strength of interaction between different surfactants in
the bilayer was dependent on their molar ratios. At a high
molar ratio, Cholate showed greater effect on Jhu than
Tween, but this difference was limited because the hydro-
phile—lipophile balance (HLB) of Cholate and Tween was
similar [8]. Maximum elasticity of C- and CS-vesicles was
seen in 16% (w/w) Cholate, C16 and CS16 preparations. The
elasticity of T-vesicles might increase with further addition of
Tween, but too much surfactant might cause skin irritation as
well as reducing drug entrapment by creating mixed micelles
[21]. These mixed micelles have been reported to be less
effective in transdermal drug delivery, as compared with ultra-
deformable vesicles, because micelles are much less sensitive
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Fig. 8. Optical cross-sections perpendicular to the hairless rat surface incubated with fluorescent-labeled CS16-vesicles. Cross-sectional images were obtained by
CLSM following a 3 h-application of CS16-vesicles labeled with Dil and entrapped with calcein (A), a mixture suspension of free calcein and CS16-vesicles labeled
with Dil (B), and a mixture solution of free Dil and calcein in 5% ethanol solution (C).
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to water activity gradients than ultra-deformable vesicles.
Cevc et al. [22] compared the penetration ability of ultra-
deformable vesicles (so called Transfersomes), liposomes, and
mixed micelles by CLSM and observed that mixed micelles
were restricted to the top-most part of stratum corneum
whereas Transfersomes penetrated to a deeper skin layer. As a
result” of high elasticity and low surfactant concentrations,
Cl16-, CS16- and T16-vesicles were chosen as lead formula-
tions for BLM-vesicles.

Preparations of C16-BLM exhibited significantly higher
BLM entrapment efficiency than T16- and EPC-BLM vesicles
(Table 3). That may be due to electrostatic interaction between
negatively-charged Cholate and positively-charged BLM, but
also interaction between BLM and Sit-G molecules incorporat-
ed into the membrane. It might be one of the reasons why CS16-
vesicles obtained a high entrapment efficiency of 28% despite
being less negatively-charged than Cl6-vesicles.

Following topical application onto rats, CS16-BLM
delivered significantly higher concentrations of BLM into
the skin compared to C16-BLM, EPC-BLM and BLM
solutions 3 h after application. Moreover, most of the BLM
that had been absorbed was then distributed quickly into the
epidermis and dermis. Vesicles enhanced BLM penetration
and this may be due to EPC temporarily changing the

ultrastructual properties of the skin [23,24]. Furthermore,

penetration may be augmented by the deformability of
vesicles and the presence of Sit-G.

The superior penetration potential of CS16-vesicles was
further confirmed by skin penetration studies performed by
CLSM analysis with fluorescent probes of Dil and calcein.
CLSM images taken of rat skin after 3 h incubation with
fluorescent probes showed that calcein did not penetrate into the
skin when applied as a solution, but was transported into the
bottom of SC layer when encapsulated in CS16-vesicles. This
finding suggests that ultra-deformable vesicles can deliver
hydrophilic drugs encapsulated in vesicles.

CS-BLM increased significantly penetration of BLM into
viable epidermis and dermis than C-BLM, suggesting that
incorporation of Sit-G into vesicles has a strong penetration
enhancing effect. This additional effect of the Sit-G incorpo-
rated in a vesicle as absorption enhancer could be attributed to
its interactions with the SC lipids. Sit-G may have been
incorporated into the SC bilayers, thereby increasing the space
of polar domains of these bilayers.

The physicochemical background of Sit-G and Cholate has
to be taken into consideration. Sit-G is slightly water-soluble
and Cholate is soluble. Cholate 0.16% (w/w) aqueous
solution may form mixed micelles despite the CMC of
Cholate being observed at 6.2 mM, 0.25% (w/w) [25,26].
Ultra-deformable formulations of BLM may compose of
various vesicles, such as liposomes and micelles. Under the
conditions used in this study, the effect of micelles on
permeation of BLM should not be neglected. However, the
ratio of liposome to micelles in CS-BLM has not been
estimated at the present time. Further studies will therefore be
necessary to investigate the effect of various types of vesicles
on skin-permeation enhancer properties.

5. Conclusions

Ultra-deformable formulations containing Sit-G increased
entrapment efficiency of BLM and maintained in vitro stability
and flexibility. Ultra-deformable vesicles incorporating Sit-G
and entrapped with BLM, when applied non-occlusively onto
rat skin, significantly increased distribution of BLM in
epidermis and dermis compared with ultra-deformable vesicles
without Sit-G.
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Abstract

A water-inSbluble antitumor agent, camptothecin (CPT) was successfully incorporated into polymeric micelles formed from poly(ethylene
glycol)-poly(benzy! aspartate) block copolymers (CPT-loaded polymeric micelles). Antitumor effects and biodistribution of CPT-loaded micelles
were evaluated in mice subcutaneously transplanted by colon 26 tumor cells. Tumor growth was significantly inhibited after a single i.v. injection
of CPT-loaded polymeric micelles at doses of either 15 or 30 mg/kg. Efficacy of a single high-dose injection was comparable to low dose multiple
injections. CPT loaded in polymeric micelles showed prolonged blood circulation and higher accumulation in tumors compared with CPT in
solution. Polymeric micelle systems offer a stable and effective platform for cancer chemotherapy with CPT.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In cancer chemotherapy, the usage of anticancer drugs has been
limited by their toxic side-effects in normal organs. Anticancer
drug carriers, such as liposomes, microspheres and polymeric
systems, have been developed to target and improve their efficacy
toward malignant cells, and to reduce toxicity. Long-circulating
carriers with nanoscopic dimensions in the bloodstream can
passively deliver chemotherapeutic agents to tumor sites via an
enhanced permeability and retention effect (EPR effect) [1,2].

Polymeric micelles are prepared from block copolymers
possessing both hydrophilic and hydrophobic chains, and they
have received much attention in drug delivery research. Their
innate characteristics for drug targeting include solubilization of
hydrophobic molecules, small particle size, high structural sta-
bility, extended drug release, and prevention of rapid clearance
by the reticuloendothelial system. Anticancer drug targeting
using polymeric micelles was first employed in enhancing the in
vivo anticancer activity of doxorubicin [3.4]. Such systems have

* Cormesponding author. Tel./fax: +81 3 5498 5048.
E-mail address: yoshie{@hoshi.ac jp (Y. Maitani).

0168-3639/3 - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10. 10 16/] jeonrel.2006.03.012

now been applied to other anticancer drugs, such as paclitaxel
[5], cisplatin {6], methotrexate [7] and KRN 5500 [8].

Camptothecin (CPT), a plant alkaloid extracted from
Camptotheca acuminate, acts as a potent antitumor agent by
inhibiting the nuclear enzyme topoisomerase I. CPT inhibits the
growth of a wide range of tumors [9,10]. However, the major
drawbacks of the drug have always been water insolubility and
lactone instability. The lactone ring in CPT plays an important
role in the drug’s biological activity but it exists in a pH-
dependent equilibrium with an open ring carboxylate form
(Fig. 1(A)). The lactone ring opens at physiological pH or
above, making this drug much less active and highly toxic (such
as myelosuppression, haemorrhagic cystitis and diarrhea), and
precludes its clinical use.

In our previous study, CPT was successfully incorporated in
poly(ethylene glycol)-poly(L-aspartate ester) block copolymer
micelles with high incorporation efficiency by optimizing its
preparation method and copolymer structure [11,12]. Polymers
exhibiting 60—-70% benzyl esterification of the aspartate chain
yielded micelles that were stable in blood plasma [13]. In this
report, the antitumor effects and biodistribution of CPT-loaded
polymeric micelles were evaluated in mice bearing colon
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Fig. 1. pH-dependent equilibrium of camptothecin (A) and chemical structure of
block copolymer (PEG-P(Asp(Bz-70))) (B). w e

26 solid amors. Polymeric micelles loaded with CPT prolonged
its blood circulation time and enhanced its antitumor effect due
to tumor accumulation by the EPR effect.

2. Materials and methods
2.1. Preparation of CPT-loaded polymeric micelles

Poly(ethylene glycol)-poly(benzyl aspartate-70) block co-
polymer (PEG-P(Asp(Bz-70))) was synthesized by benzyl-
esterification of poly(ethylene glycol)-poly(aspartic acid) as
described previously [11]. PEG-P(Asp(Bz-70)) was composed
of the poly(ethylene glycol) (PEG) block of molecular weight of
5000 determined by gel-permeation chromatography, and the

p(Asp) block possessing 25 units of the aspartic acid residues on '

average determined by 'H NMR spectroscopy. Seventy percent
of the aspartic acid residue was esterified with benzyl group
determined by 'H NMR spectroscopy (Fig. 1(B)). From these
three values, the molecular weight of PEG-P(Asp(Bz-70)) was
calculated to be 9700. (s)-(+)-Camptothecin (CPT, Aldrich
Chem. Co.) was incorporated into polymeric micelles by an
evaporation method as reported previously [12], using 2 mg of
CPT and 5 mg of PEG-P(Asp(Bz-70)). CPT incorporation ef-
ficiency in micelle to the drug in preparation was 63%. The
average particle size was 191.8+12.7 nm, measured by dyna-
mic light scattering particle size analyzer (ELS-800, Otsuka
Electronics, Osaka, Japan).

2.2. Antitumor activity

Antitumor activity of CPT-loaded polymeric micelles was
evaluated with mouse bearing colon adenocarcinoma 26. The
animal experiments were conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory Animals
of Hoshi University. Colon 26 cells (1x 10 cells/0.1 ml) were
transplanted into CDF; female mice (5 weeks old, Sankyo Labo
Service Corporation, Tokyo, Japan) subcutaneously, and drug

injection was started when tumor volume reached approximate-
ly 100 mm®. Drug was injected into a tail vein once or three
times at a three day interval. CPT solution was prepared by
dissolving CPT (13 mg) in 50 ml of polyethylene glycol 400,
propylene glycol and polysorbate 80 (40:50:2, volume ratio)
[14]. Tumor volume and body weight were measured for in-
dividual animals. Tumor volume was calculated as follows;
volume=1/6 x LW, where L is the long diameter and W is the
short diameter. Percentage of tumor growth inhibition (T/C%)
was calculated from relative tumor volume at day 8, following
the equation: T/C%=100% (mean relative tumor volume of
treated group)/(mean relative tumor volume of control group).

2.3. CPT biodistribution in tumor bearing mice

CPT biodistribution was evaluated in CDF; female mice
(5 weeks old) subcutaneously transplanted by colon 26 cells
(1x10* cells/0.1 ml) after tumor volume reached approximately
100 mm>. CPT-loaded micelles and CPT solution were intra-
venously administered via lateral tail veins at a dose of 2.5 mg/kg.
Twenty-four hours after injection, blood was collected with
heparinized syringe and centrifuged to obtain the plasma. The
tumor and major tissues were excised and homogenized in
phosphate buffered saline (pH 7.4). For the determination of CPT,
an aliquot of plasma or the tissue homogenate was acidified with
the aqueous phosphoric acid (0.15 M) and then CPT was extracted
with chloroform:methanol (4:1 volume ratio). After centrifuga-
tion of the mixture, 25 pl of the chloroform:methanol layer was
directly analyzed by the HPLC system (Shimadzu Corp., Japan),
using a Tosoh TSK-gel ODS-80Ts column (150x4.6 mm 1.D.,
Tosoh Corp., Japan) and a fluorescence detector (excitation:
369 nm, emission: 426 nm). The mobile phase was composed of
23:77 (v/v) acetonitrile-triethylamine acetate buffer (1% (v/v)
adjusted to pH 5.5 with glacial acetic acid) at a flow rate 1.0 mV/
min [15]. Standard curve with concentrations ranging from 25 ng/
ml to 1.0 pg/ml of the drug exhibited good linearity with a
correlation coefficient of 0.999.

3. Results and discussion

3.1. Antitumor effect of CPI-loaded polymeric micelles in
colon 26 solid tumors

Antitumor effect of CPT-loaded polymeric micelles was
evaluated in mice bearing colon 26 solid tumors (Fig. 2). In a
preliminary study, murine weight loss was over 20% (three days
after injection) and it took two days to recover from a single i.v.
administration of 40 mg/kg CPT-loaded polymeric micelles to
normal CDF, mouse (data not shown). This result suggested that
30 mg/kg would be the maximum dose for murine cancer
treatment. The dose of CPT solution (1.5 mg/kg) was decided by
its solubility (0.26 mg/ml) in the solvent used and tolerable body
weight loss for treatment. Treatment with CPT solution showed
tumor growth inhibition (T/C%) of 49.6% at day 8, whereas
polymeric micelles treated at either 15 or 30 mg/kg of CPT were
27.5% and 18.5%, respectively (Fig. 2(A)). Furthermore, these
polymeric preparations significantly inhibited tumor growth at
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day 8 compared with control (P<0.01) without significant
adverse effects, such as weight loss (P>0.05) (Fig. 2(B)).
When the total CPT dose was fixed at 30 mg/kg, a single i.v.
injection of CPT-loaded polymeric micelles exhibited compa-
rable inhibition of tumor growth to a triple injection at a dose of
10 mg/kg/day (T/C% of 42.1%) (Fig. 2 (C)). Cytotoxicity of
CPT and other topoisomerase [ inhibitors is S-phase specific and
in vivo studies have suggested that multiple administration of
CPT-derivatives were effective against tumors [16]. CPT con-
jugated with poly(L-glutamic acid) (PG-CPT) or N-(2-hydro-
xypropyl) methacrylamide (HPMA-CPT) needed frequent
administration in order to be effective, even though enhanced
accumulation was observed in the tumor [17—-19]. Furthermore,
at equivalent drug levels, repeated administration (40 mg/kg < 4,
4 day interval) of PG-CPT was more efficacious than a single
bolus (160 mg/kg) [17]. This discrepancy may be due to a
difference in the rate of release of free CPT from the polymeric
carriers. Although CPT has been shown to release slowly from
PG-CPT and HPMA-CPT (17,19], CPT-loaded polymeric
micelles quickly shed nearly half of its load within 24 h, des-
pite retardation by highly benzyl esterified polymer [12]. These
findings suggest that the rapid bioavailability of free CPT from
the polymeric micelles, relative to other polymeric carriers, may
indeed improve antitumor activity subsequent to the passive
accumulation of polymeric carriers in the tumor tissue.

3.2. Tumor accumulation of CPT-loaded polymeric micelles
The biodistribution profiles of CPT-loaded polymeric mi-

celles and CPT solution were determined 24 h after 1.v. injection
of 2.5 mg/kg into mice bearing colon 26 tumor (Fig. 3). Blood
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Fig. 2. Antitumor activity (A, C) and body weight change (B, D) after a single (A,
B)and atriple (C, D) injection of CPT-loaded polymeric micelles in mice bearing
colon 26 tumor. Arrows indicate the day of drug injections. Tumor volumes are
plotted in ratios to the initial volume at day 0. Each value represents the mean
S.D. (n=4-35). **: P<0.01, compared with control at day § (Scheffe's F-test).
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Fig. 3. CPT biodistribution in mice bearing colon 26 tumor 24 h after i.v.
injection of CPT-loaded polymeric micelles and CPT solution at a dose of
2.5 mg/kg. Each value represents the mean=S.D. (n%3). *: P<0.05, *: P<0.01,
compared with CPT solution (Students® t-test).

plasma levels of CPT-loaded micelles (1.1% of injected dose)
were approximately 150 times higher than CPT solution. Tumor
accumulation of CPT-loaded polymeric micelles (approximately
1.3% of injected dose per g tissue) was nearly 8 times higher than
CPT solution. Elevated pulmonary CPT levels by CPT solution
may be due to embolization of lung capillaries arising from drug
precipitation {14].

The pharmacokinetic (area under the plasma concentration—

- time curve, AUC) profile of CPT-loaded polymeric micelles

was approximately 17 times higher than CPT solution when
administered at a dose of 2.5 mg/kg in ddY mice [13]. Drug
carriers with a prolonged circulation time are able to increase

- their accumulation in tumor tissues by the EPR effect and,

consequently, improve antitumor activity. Furthermore, poly-
meric micelles could maintain CPT lactone form even in the
presence of serum [12]. These characteristics suggest that
polymeric micelles possess the ability to deliver large amounts
of CPT, in its most active lactone form, to the tumor site by
passive targeting with a long-circulating cartier.

4. Conclusion

Polymeric micelles increased the antitumor effects of camp-
tothecin (CPT) in mice subcutaneously transplanted with a
colon 26 tumor. The diserved therapeutic efficacy of micelles is
probably related to the extended circulation time. Passive
accumulation of this preparation in tumor sites induced a similar
level of significant tumor regression, whether from a single
bolus of 30 mg/kg CPT or three repeated doses of 10 mg/kg.
Polymeric micelle systems offer a stable and effective platform
for cancer chemotherapy with camptothecin.
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Abstract

The synthesis of artificial lipids containing 3,5-bis- or 3,4,5-tris(dodecyloxy)benzamide and oligo(ethylene glycol) (OEG) moieties is described.
The terminal group was either an alcohol or an amine, and the length of ethylene glycol unit was three, six, eight or nine. The critical micelle
concentration (CMC) of these artificial lipids was determined by a fluorescent probe method using Nile red. The CMC values were lower than
that of single chain OEG alkyl ether surfactants. The 3,4,5-tris(dodecyloxy)benzamide derivatives had a higher CMC (~10~5 M) than the 3,5-
bis(dodecyloxy)benzamide derivatives (~10~% M). The particle size distribution of aqueous dispersions of the artificial lipids was determined
using a dynamic light scattering method. The particle size distributions were different depending on the length of OEG chain, the number of

hydrophobic chains, and the terminal functional group. Short OEG derivatives formed insoluble aggregates even at low concentrations, and a long

OEG derivative produced large water soluble aggregates.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Artificial lipids; Critical micelle concentration; Particle size distribution

1. Introduction 4

We are in the process of studying biological applications of
functional molecules, such as carbohydrates and peptides, by
connecting them to artificial lipid moieties of 3,5-bis- or 3.,4,5-

" tris(dodecyloxy)benzamide, or related compounds [1,2]. Such
conjugate molecules can be immobilized on hydrophobic sur-
faces using the lipid portion as a handle, permitting functional
molecules to be present on the surface. In previous studies, we
have shown carbohydrate specific binding of lectins [2], the stim-
ulating effect of galactose on rat hepatocytes [3,4], the expansion
effect of galactose-6-sulfate on human blood progenitor cells [5],
and the effect of cell adhesion peptides on interferon-f3 produc-
tion in NB1-RGB cells [6].

For some applications, however, nonspecific interactions due
to the lipid portion or the hydrophobic surface become prob-

* Corresponding author. Tel.: +81 3 5944 3216; fax: +81 3 5944 3216.
E-mail address: toma@noguchi.or.jp (K. Toma).

0927-7757/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.colsurfa.2006.02.057

lematic. In an attempt to minimize such nonspecific hydropho-
bic interactions, we introduced oligo(ethylene glycol) (OEG)
moieties to our artificial lipids, and found that such com-
pounds could be dispersed in water. Although single chain
alkyl ethers of OEG are well-characterized nonionic surfac-
tants [7-9], studies in which OEG ethers with two or more
hydrophobic alkyl chains are used are rare. Therefore, we
synthesized several derivatives of artificial lipids composed
of OEG and 3,5-bis- or 3,4,5-tris(dodecyloxy)benzamide moi-
eties, and examined their behavior in water by determining
their critical micelle concentration (CMC) and particle size
distribution.

2. Materials and methods

2.1. General

All reagents and anhydrous solvents were purchased from
commercial suppliers and were used as provided. 'H NMR
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spectra were determined on either a JNMEX-400 or an
ECA-600 spectrometer (JEOL, Tokyo, Japan). Electrospray
ionization mass spectrometry (ESIMS) was carried out on
a Mariner biospectrometry workstation (Applied Biosystems
Japan, Tokyo, Japan).

2.1.1. N-(8-Amino-3,6-dioxaoctyl)-3,5-bis(dodecyloxy)-
benzamide (1)

3,5-Bis(dodecyloxy)benzoic acid [1] (500 mg, 1.02 mmol),
1-hydroxybenzotriazole hydrate (170mg, 1.22mmol), and
water soluble carbodiimide HCl (230 mg, 1.22 mmol) were dis-
solved in CH,Clo (10ml). The mixture was stirred at room
temperature for 1h, and added dropwise to a CH,Cl; (10 ml)
solution of 3,6-dioxa-1,8-octanediamine (0.24 ml, 2.04 mmol).
The reaction was allowed to proceed at room temperature for 1 h,
and then terminated by adding saturated aqueous NaHCO3. The
organic layer was separated, and the water layer was extracted
with CH,Cl,. The combined organic layer was washed with sat-
urated NaCl aq, dried over NapSO4 and concentrated in vacuo.
The crude product was purified by silica gel column chro-
matography using CHCl3-MeOH (9:1) as the eluent to give 1
(250 mg, 39%). 'H NMR (CDCl3, 400 MHz), § 6.96 (d, 2H,
J=2.0Hz, aromatic H), 6.88 (s, 1H, —CONH), 6.54 (t, 1H,
J=2.1Hz, aromatic H), 3.96 (t, 4H, J=6.5Hz, ArO-CH>),
3.62 (m, 10H, O—(CH32),—0), 3.02 (t, 2H, /=5.0Hz, N—CH>),
1.74 (m, 4H, ArOC—CHy), 1.42 (m, 4H, ArOC,—CH;) 1.26

(m, 32H, ArOC3—CgHj¢), 0.88 (6H, t, J=T7.2Hz, —CHj3). .

ESIMS, found: m/z 621.43, caled. for Ca7HgoN20s ([M +H]™):
621.52.

2.1.2. N-(17-Amino-3,6,9,12,15-pentaoxaheptadecyl)-3,5-
bis(dodecyloxy)benzamide (2)

Similar to 1, 2 (330mg, 37%) was synthesized from
3,5-bis(dodecyloxy)benzoic acid (580mg, 1.19 mmol) and
3,6,9,12,15-pentaoxa-1,17-heptadecanediamine (0.24 ml, 2.04
mmol). 'H NMR (CDCl3, 400MHz), § 7.01 (s, 1H, ~CONH),
6.91 (d, 2H, J=2.1 Hz, aromatic H), 6.54 (t, 1H, J=2.4Hz,
aromatic H), 3.96 (t, 4H, J=6.5 Hz, ArO—CH3), 3.61 (m, 20H,
O—(CH;)>-0), 3.56 (t, 2H, J=5.5Hz, O—CH>—C—N), 3.09 (¢,
2H, J=5.2Hz, N—CH3;), 1.77 (m, 4H, ArOC—CH;), 1.48 (m,
4H, ArOC,—CHy), 1.34 (m, 32 H, ArOC3—CgHig), 0.89 (t,
6H, J=7.2Hz, —CH3). ESIMS, found: m/z 753.59, calcd. for
Ca3Hg1N2Og (M +HJ™): 753.45.

2.1.3. N-(26-Amino-3,6,9,12,15,18,21,24-
octaoxahexaicosyl)-3,5-bis(dodecyloxy )benzamide (3)

Similar to 1, 3 (293 mg, 50%) was synthesized from 3,5-
bis(dodecyloxy)benzoic acid (324 mg, 0.66 mmol) and 3,6,9,
12,15,18,21,24-octaoxa-1,26-hexaicosanediamine (545 mg,
1.32mmol). 'H NMR (CDCls, 400MHz), & 7.08 (s, 1H,
—CONH), 6.91 (d, 2H, J=2.1Hz, aromatic H), 6.54 (1, 1H,
J=2.4Hz, aromatic H), 3.96 (1, 4H, J=6.5 Hz, ArO—CH3), 3.63
(m, 32H, 0—(CH;),—0),3.53(t,2H, J=5.2 Hz, O—CH,—C—N),
2.88 (t, 2H, J=5.5Hz, N—CHj3), 1.76 (m, 4H, ArOC—CH,),
1.42 (m, 4H, ArOCy;—CH3), 1.30 (m, 32 H, ArOC3—CgH;¢),
0.88 (1, 6H, J=6.9Hz, —CH3). ESIMS found: m/z 885.67,
caled. for CaoHgaN, Oy ([M + HIY): 885.66.

2.1.4. N-(8-Amino-3,6-dioxaoctyl)-3,4,5-
tris(dodecyloxy)benzamide (4)

Similar to 1, 4 (1.12g, 69%) was synthesized from
3,4,5-tris(dodecyloxy)benzoic acid [1] (1.10 g, 1.63 mmol) and
3,6-dioxa-1,8-octanediamine (1.21g, 8.14mmol). 'H NMR
(CDCl3, 400MHz), § 6.99 (s, 2H, aromatic H), 6.72 (s, 1H,
—CONH), 4.00 (t, 6H, J=5.2Hz, ArO—CH,), 3.65 (8H, m,
O—~(CH»),—0), 3.50 (t, 2H, J=5.2 Hz, O—CH»—C—N), 2.83 (t,
2H, J=5.2Hz, N—CH>,), 1.76 (m, 6H, ArOC—CH>), 1.26 (m,
54H, ArOC,—CoH;3g), 0.88 (t, 9H, J=6.8 Hz, —CH3). ESIMS,
found: m/z 805.63, caled. for C4o0Hg3N,Og ([M +H]™): 805.67.

2.1.5. N-(17-Amino-3,6,9,12,15-pentaoxaheptadecyl)-
3,4,5-tris(dodecyloxy)benzamide (5)

Similar to 1, § (1.42g, 53%) was synthesized from
3,4,5-tris(dodecyloxy)benzoic acid (1.94g, 2.87 mmol)
and 3,6,9,12,15-pentaoxa-1,17-heptadecanediamine (2.42 g,
8.63mmol). 'H NMR (CDClz, 400MHz), § 7.01 (s, 2H,
aromatic H), 6.93 (s, 1H, —CONH), 4.00 (t, 6H, J=6.2Hz,
ArOCHjy), 3.63 (20H, m, O—(CH3),—0), 3.48 (t,2H, J=5.2 Hz,
O—CH,—C—N), 2.84 (t, 2H, J=5.2Hz, N—CH>), 1.77 (m,
6H, ArOC—CH,), 1.26 (m, 54H, ArOC,—Cg¢H,g), 0.88 (t,
9H, J=6.8 Hz, —CH3). ESIMS, found: m/z 937.57, calcd. for
Cs5H;05N200 (IM + HI): 937.78.

2.1.6. N-(23-Amino-3,6,9,12,15,18,21-heptaoxatriicosyl)-
3,4,5-tris(dodecyloxy)benzamide (6)

Similar to 1, 6 (283 mg, 50%) was synthesized from
3,4,5-tris(dodecyloxy)benzoic acid (369 mg, 0.55 mmol) and
3,6,9,12,15,18,21-heptaoxa-1,23-triicosanediamine (498 mg,
1.35 mmol). '"H NMR (CDCls, 400MHz), § 7.15 (s, 1H,
—CONH), 7.07 (s, 2H, aromatic H), 4.01 (t, 6H, J=6.5Hz,
ArO—CHj), 3.64 (28H, m, O—(CH»)>—0), 3.55 (t, 2H,
J=52Hz, O—CH,—C—N), 2.90 (t, 2H, J=5.2Hz, N—CH»,),
1.44 (m, 6H, ArOC—CH>), 1.26 (m, 54H, ArOC,—CgH;3g), 0.88
(t, 9H, J=6.9 Hz, —CH3). ESIMS, found: m/z 1025.65, calcd.
for CsgHy13N201; ([M +HI™): 1025.83

2.1.7. N-(8-Hydroxy-3,6-dioxaoctyl)-3,5-
bis(dodecyloxy)benzamide (7)

Similar to 1, 7 (1.41g, 89%) was synthesized from 3,5-
bis(dodecyloxy)benzoic acid (1.24 g, 2.53 mmol) and 8-amino-
3,6-dioxa-1-octanol (450 mg, 3.03 mmol). 'H NMR (CDCls,
600MHz), § 6.91 (d, 2H, J=2.4Hz, aromatic H), 6.70 (s,
1H, —CONH), 6.56 (t, 1H, J=2.2Hz, aromatic H), 3.96 (t,
4H, J=6.6Hz, ArO—CHj), 3.67 (m, 12H, O—(CH;),—0), -
2.49 (bs, 1H, —OH), 1.77 (m, 4H, ArOC—CH,), 1.42 (m,
4H, ArOC,—CHj), 1.26 (m, 32H, ArOC3—CgH¢), 0.88 (1,
6H, J=6.8 Hz, —CH3). ESIMS, found: m/z 644.48, calcd. for
C37He7NOgNa ([M + Na]*): 644.48

2.1.8. N-(17-Hydroxy-3,6,9,12,15-pentaoxaheptadecyl)-
3,5-bis(dodecyloxy)benzamide (8)

Similar to 1, 8 (3.49g, 80%) was synthesized from 3,5-
bis(dodecyloxy)benzoic acid (2.85 g, 5.81 mmol) and 17-amino-
3,6,9,12,15-pentaoxa- 1-heptadecanol (2.36g, 6.39 mmol). 'H
NMR (CDCls, 400 MHz), § 6.94 (s, 1H, =CONH), 6.91 (d, 2H,
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J=2.2Hz, aromatic H), 6.54 (t, 1H,J = 2.3 Hz, aromatic H), 3.96
(t, 4H, J=6.5Hz, ArO—CHy), 3.64 (m, 24H, O—(CHz)>—0),
296 (bs, 1H, —OH), 1.76 (m, 4H, ArOC—CHy), 1.42 (m,
4H, ArOC;—CHa,), 1.26 (m, 32H, ArOC3;—CgHys), 0.88 (t.
6H, J=6.8 Hz, —CHs). ESIMS, found: m/z 776.48, calcd. for
C43H75NOgNa ([M +Na]*): 776.56.

2.1.9. N-(26-Hydroxy-3,6,9,12,15,18,21,24-
octaoxahexaicosyl)-3,5-bis(dodecyloxy)benzamide (9)

Similar to 1, 9 (408 mg, 85%) was synthesized from 3,5-
bis(dodecyloxy)benzoic acid (262mg, 0.54mmol) and 26-
amino-3,6,9,12,15,18,21,24-octaoxa-1-hexaicosanol (310 mg,
0.75mmol). 'H NMR (CDCls, 400MHz), § 6.93 (s, 1H,
—CONH), 6.91 (d, 2H, J=2.2Hz, aromatic H), 6.54 (t, 1H,
J=2.2Hz, aromatic H), 3.95 (t, 4H, J=6.6Hz, ArO—CHy),
3.63 (m, 36H, 0—(CH,);—0), 3.07 (bs, 1H, —OH), 1.76 (m,
4H, ArOC—CH,), 1.42 (m, 4H, ArOC,—CHy), 1.26 (m, 32H,
ArOC3—CgHjg), 0.88 (t, 6H, J=6.8 Hz, —CH3). ESIMS, found:
mlz 908.64, caled. for CaoHoi NOaNa ([M + Na]*): 908.64.

2.1.10. N-(8-Hydroxy-3,6-dioxaoctyl)-3,4,3-
tris(dodecyloxy)benzamide (10)

Similar to 1, 10 (387 mg, 90%) was synthesized from
3,4,5-tris(dodecyloxy)benzoic acid (360 mg, 0.53 mmol) and
8-amino-3,6-dioxa-1-octanol (95mg, 0.63mmol). 'H NMR
(CDCl3, 400 MHz), § 7.02 (s, 2H, aromatic H), 6.68 (s, 1H,
—CONH), 4.01 (t, 6H, J=6.3Hz, ArO—CH>), 3.68 (12H, m,
0O—(CH3),—0), 2.67 (bs, 1H, —OH), 1.78 (m, 6H, ArOC—CHy),
126 (m, 54H, ArOC,—CyHjg), 0.88 (t, 9H, J/=6.9Hz,
—CHz). ESIMS, found: m/z 828.45, caled. for C49HgiNO7Na
(IM +Nal"): 828.66.

2.1.11. N-(17-Hydroxy-3,6,9,12,15-pentaoxaheptadecyl)-
3,4,5-tris(dodecyloxy)benzamide (11)

Similar to 1, 11 (3.69g, 88%) was synthesized from
3,4,5-tris(dodecyloxy)benzoic  acid (3.02g, 4.47 mmol)
and 17-amino-3,6,9,12,15-pentaoxa-1-heptadecanol (3.77 g,
13.4mmol). 'H NMR (CDCl3;, 400MHz), § 7.01 (s, 2H,
aromatic H), 6.88 (s, 1H, —CONH), 4.00 (t, 6H, J=6.5Hz
ArO—-CHj), 3.63 (22H, m, O—(CHy);—0), 3.58 (m, 2H,
O—CHy), 2.89 (bs, 1H, —OH), 1.78 (m, 6H, ArOC—CHy),
1.26 (m, 54H, ArOC,—CgHj3), 0.88 (t, 9H, J=6.8 Hz, —CH3).
ESIMS, found: m/z 960.66, calcd. for CssHjgsNOjpoNa
(IM +Nal*): 960.74.

2.1.12. N-(23-Hydroxy-3,6,9,12,15,18,21-
heptaoxatriicosyl)-3,4,5-tris(dodecyloxy)benzamide (12)
Similar to 1, 12 (648 mg, 80%) was synthesized from 3,4,5-
tris(dodecyloxy)benzoic acid (535mg, 0.79 mmol) and 23-
amino-3,6,9,12,15,18,21-heptaoxa-1-triicosanol (379 mg, 1.03
mmol). TH NMR (CDCls, 400 MHz), § 7.02 (s, 2H, aromatic
H), 6.92 (s, 1H, ~CONH), 4.00 {(m, 6H, ArO—CHy), 3.71 (t,
2H, J=4.1Hz, O—CH,), 3.66 (30H, m, O—(CH;),—0), 3.01
(bs, 1H, —OH), 1.46 (m, 6H, ArOC—CHy), 1.29 (m, 54H,
ArOC;—CgoHjg), 0.88 (t, 9H, J=7.2 Hz, —CH3). ESIMS, found:
m/z 1048.54, caled. for CsoH111NO2Na ([M + Na]*): 1048.79.

2.2. Critical micelle concentration

A 1073 M aqueous solution of Nile red and sample solutions
at concentrations from about 1073 to 1078 M were prepared.
The Nile red and the sample solutions were mixed in a ratio
of 1:1. The fluorescence of the mixture was measured using a
FP750 instrument (JASCO, Tokyo, Japan) at room temperature
with excitation at A =530 nm and observation at A =630 nm.

2.3. Particle size distribution

The concentration of artificial lipids was fixed at 1074 M.
Solutions of samples were filtered through a 400 nm pore size
polycarbonate membrane using LiposoFast (Avestin, Ottawa,
Canada). Particle size distribution was determined by a light
scattering method using an Electrophoretic Light Scatter-
ing Spectrophotometer, ELS-800 (Otsuka Electronics, Osaka,
Japan) at 25°C.

3. Results and discussion

3.5-Bis- and 3,4,5-tris(dodecyloxy)benzoic acid were pre-
pared from commercially available compounds [1,10]. OEG
derivatives of various length were commercially available, and
they were converted into monoamino- and diamino-OEG deriva-
tives following a previously reported procedure {11]. The ben-
zoic acid derivatives and OEG amines were condensed to give
the target compounds, as shown in Scheme 1.

As shown in Scheme 1, the reaction yields were good to mod-
erate. Since diamino-OEG was condensed without protection,
compounds containing a terminal amino group were produced
generally in alower yield compared to the corresponding alcohol
derivatives.

The CMC of the artificial lipids was measured by a fluores-
cent probe method using Nile red [12]. Nile red emits a stronger
fluorescence in a hydrophobic environment than in water. The
change in fluorescent intensity serves as an index of the for-
mation of a micelle like structure. Fig. 1 shows the fluorescent .
intensity of Nile red (exited at 530 nm and observed at 630 nm)
on an arbitrary scale against the concentration of artificial lipid.

OC12H25 OC12H25
HO R2 RO R2
o Ho
OC42H25 OCyzHzs
+
R1 = NHp, R2 = H, n = 2 (39%)
R1=NHp, R2 = H, n = 5 (37%)
o R1 = NHp, R2 = H, n = 8 (50%)
RIS N, R1 = NHy, R2 = OC12Hys, n = 2 (69%)

R1 = NHy, R2 = OC1aHss, n = 5 (53%)
R1= NHZ, R2= OC12H25, n=7 (50%)
R1=0OH, R2= H,n= 2 (89%)
R1=OH, R2=H, n = 5 (80%)
9:R1=0H,R2=H, n =8 (85%)
40: R1 = OH, R2 = OC1Hys, n = 2 (90%)
11: R1 = OH, R2 = OCqHyg, n = 5 (88%)
12R1=0H,R2= OC12H25, n=7 (80%)

1:
2;
3:
4:
5
6:
T
8:

Scheme 1. Synthesis of 12 artificial lipids by condensing amino-OEG and ben-
zoic acid derivatives. The yield of each compound is shown in parentheses.
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Fig. 1. CMC for the artificial lipids: (a) two alkyl chain amines 1 (diamond), 2 (circle) and 3 (triangle); (b) three alkyl chain amines 4 (diamond), 5 (circle) and 6;
(¢) two alkyl chain alcohols 7 (diamond), 8 (circle) and 9 (triangle); (d) three alkyl chain alcohols 10 (diamond), 11 (circle) and 12 (triangle). Nile red was used as a

fluorescent probe. The intensity is an arbitrary scale.

Data points for high concentrations of short OEG compounds
could not be obtained because of their low solubility.

The CMC for the 3,5-bis(dodecyloxy)benzamide derivatives
was ~107%M, and that for the 3,4,5-tris(dodecyloxy)bezamide
derivatives was ~107> M. These values are quite low, com-
pared with a conventional surfactant such as sodium dode-
cyl sulfate (~1073M) and a commercially available single
chain OEG alky! ether such as Cy2E¢ (~10~%M) [8]. Among
the derivatives that contain the same number of dodecyloxy
groups, a longer OEG resulted in smaller CMC values. The
CMC values for 6 and 12, in particular, were one order lower
than the other 3,4,5-tris(dodecyloxy)bezamide derivatives. No
clear difference was found between alcohol and amine deriva-
tives. Only amine 1 showed a higher CMC than the corre-
sponding alcohol 7, although their low solubility might have
obscured the result. A similar monotonous increase in fluo-
rescent intensity was reported for polymer micelles [8], indi-

cating similar micelle structures with a large hydrophobic
core.

The particle size distribution of the artificial lipids was ana-
lyzed by a light scattering method at a sample concentration of
107*M at 25°C. To examine the stability of the micelle like
structure, the same sample solution was measured one week
later, and these results are summarized in Fig. 2.

Particle size distribution was dependent on the length of the
OEG chain, the number of hydrophobic chains, and the nature
of the terminal functional group. The short OEG chain com-
pounds, 1,7 and 10, formed insoluble aggregates. The formation
of insoluble aggregates was visually discernible, and detected as
anomalous large peaks in Fig. 2. Among the compounds with
OEG length n=2, only 4 remained as dispersion even after 1
week, possibly due in part to the electrostatic repulsion of the
amino group. Some of the artificial lipids, especially those with
OEG length n=5, showed a two peak distribution. When the
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OEG chain became long, the distribution of smaller partiéles
became more prominent. Compound 12 was an exception among
the long OEG compounds. It formed very large water-soluble
aggregates detected as peaks on the right hand side in Fig. 2. A
solution of 12 remained clear even after one week, while that of
1, 7 or 10 gave visually discernible flocks. The particle size of
amine derivative was smaller than that of corresponding alco-
hol derivatives possibly due to the electrostatic repulsion. The
particle size distribution of some of the artificial lipids changed
with time, and this was most pronounced in the cases of 4 and
8, indicating the unstable nature of their nanostructure.

4, Conclusions

Twelve artificial lipids with various OEG lengths contain-
ing two or three long alkyl chains were synthesized, and the
CMC and particle size distribution of aqueous solutions were
determined. Their CMC values were quite low compared with a
commercially available single chain OEG alkyl ether, and were
mainly dependent on the number of long alkyl chains, though
their particle size distribution varied considerably, depending
on their structure. Tri(ethylene glycol) derivatives showed a
low solubility and tended to aggregate. Hexa(ethylene glycol)
derivatives, especially alcohol derivatives 8 and 11, formed
large particles. Octa- or nona(ethylene glycol) derivatives gen-
erally gave smaller particles, but 12 was an exception, forming
large water-soluble aggregates. Thus, all structural factors, OEG

length, the number of alkyl chains, and the terminal functional
group, affected the behavior of the artificial lipids in water. Since
their particle size or nanostructure may become controllable,
these artificial lipids may be useful as bioinert scaffolds for the
applications in the field of nanobiotechnology.
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Abstract

Mannnosylerythritol lipid A (MEL-A), a biosurfactant produced by microorganisms, has many biological activities. To enhance the gene
transfection efficiency of a cationic liposome, we prepared a MEL-liposome (MEL-L) composed of 3p-[N-(N',N'-dimethylaminoethane)-
carbamoyl] cholesterol (DC-Chol), dioleoyl phosphatidylethanolamine (DOPE) and MEL-A, and investigated its transfection efficiency in human
cervix carcinoma Hela cells. MEL-L was about 40 nm in size, and the MEL-L/plasmid DNA complex (MEL-lipoplex) remained an injectable size
(169 nm). MEL-A induced a significantly higher level of gene expression, compared to commercially available Tfx20 and the liposome without
MEL-A. (Cont-L). Analysis of flow cytometric profiles clearly indicated that the amount of DNA associated with the cells was rapidly increased
and sustained by addition of MEL-A to the liposome. Confocal microscopic observation indicated that the MEL-lipoplex distributed widely in the
cytoplasm, and the DNA was detected strongly in the cytoplasm and around the nucleus, compared with Cont-L. These results suggested that
MEL-A increased gene expression by enhancing the association of the lipoplexes with the cells in sérum. MEL-L might prove a remarkable non-

viral vector for gene transfection and gene therapy.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Biosurfactant; Cationic liposome; DC-Chol; Cellular association; Gene expression
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1. Introduction

In gene therapy, the transport and delivery of DNA inside
cells are key steps. Viral and non-viral vectors for transferring
DNA have been developed intensively. Viral vectors are
efficient but have various disadvantages such as immune
recognition and potential virus-associated toxicity, including
helper virus replication and insertional mutagenesis. In contrast,
non-viral vectors are highly atiractive due to their excellent
safety profile despite their low transgene expression efficiency
in comparison to viral vectors. The cationic liposome-mediated
transfer of DNA is a particularly promising approach, because
of low immunogenicity and toxicity, ease of preparation, and
potential applications for active targeting. Therefore, cationic
lipids and improved formulations of liposome have been
developed for the efficient delivery of DNA to cells [1,2].

* Corresponding author. Tel./fax: +81 3 5498 5048.
E-mail address: yoshie@hoshi.ac.jp (Y. Maitani).

0168-3659/3 - see front matter © 2006 Elsévier B.V. All rights reserved.
doi:10.1016/j.jconrel.2006.03.003

Notably, cationic liposomes composed of 3B-[N-(N'.N'-
dimethylaminoethane)carbamoyl] cholesterol (DC-Chol) to-

"gether with dioleoylphosphatidylethanolamine (DOPE) have

been reported as an efficient vector for the transfection of DNA
into cells [3—5] and in clinical trials [6,7].

Glycolipid biosutfactants (BSs) have received much
attention as leading materials for drug-carrying microcapsules
and artificial cells, owing to their stabilizing effect on
liposomes [8,9]. BSs have numerous advantages, such as
lower toxicity, higher biodegradability and unique biological
activities. To further improve the transfection efficiency, a BS
was used as a component of liposomes, resulting in increased
transfection {10]. Mannosylerythritol lipid (MEL) is a BS
abundantly produced by the yeast strain Candida antarctica
T-34 [11]. MEL exhibits excellent surface-activity [12] (i.e.,
an efficient decrease in surface tension), remarkable cell
differentiation and growth inhibition against human leukemia
[13], mouse melanoma [3] and PCl2 cells [14], and
antimicrobial activity particularly against Gram-positive
bacteria [13]. One MEL-related compound is MEL-A,
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Mannosylerythritol lipid A (MEL-A)

Fig. 1. Chemical structure of biosurfactant MEL-A. MEL-A consists of 4-O-(di-
O-acetyl-di-O-alkanoyl-B-D-mannopyranosyl)- erythntol esterified two fatty
acids and two acetic acids.

which consists of 4,6-di-O-acetyl-2,3-di-O-alkanoyl-B-b-man-
nopyranosyl-(1—>4)-O-erythritol esterified with two fatty
acids and two acetic acids (Fig. 1). MEL-A increased
remarkably the transfection efficiency of liposomes with a
cationic cholesterol derivative such as DC-Chol bearing a
tertiary amine head group and cholesteryl-3p-carboxyamin-
doethylene-N-hydroxyethylamine (OH-Chol) bearing a sec-
ondary amine head group [10]. The mechanism of gene
transfection by MEL-A with OH-Chol/DOPE liposome, but
not that with DC-Chol/DOPE liposome, has been clarified
[15]. We found that MEL-A added in DC-CholV/DOPE
liposomes increased transfection efficiency in serum and did

not show a similar mechanism of transfection increased with

OH-Chol.

In the present study, we investigated the mechanism by
which gene transfection was enhanced by cationic liposomes
composed of DC-Chol, DOPE and MEL-A (MEL-L) in Hela
cells, measuring the cellular uptake and the intracellular
localization of liposome/DNA complexes by flow cytometry
and confocal laser scanner microscopy, compared to cationic
liposomes without MEL-A (Cont-L). The results suggested that
MEL-A enhanced the association of lipoplexes with the cells,
delivered it widely into the cytoplasm and increased gene
expression. .

2. Materials and methods
2.1. Materials

MEL-A and 7-nitrobenz-2-oxa-1,3-diazole (NBD)-labeled
MEL-A were supplied by Dr. Kitamoto (National Institute of
Advanced Industrial Science and Technology, Tsukuba,
Japan). DOPE was obtained from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). DC-Chol was purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Tfx20 was purchased
from Promega (Madison, WI, USA). The Pica gene luciferase
assay kit was purchased from Toyo Ink Mfg. Co. Ltd. (Tokyo,
Japan). BCA protein assay reagent was purchased from Pierce
(Rockford, IL, USA). All other reagents were of analytical
grade.

2.2. Preparation of oligonucleotide and plasmid DNA

The FITC-labeled 20-mer randomized oligodeoxynucleo-
tide (5'-CGAGTGCACACGCCTCTCAG-3’, FITC-ODN)
was synthesized with a phosphodiester backbone (Sigma
Genosys Japan, Hokkaido, Japan). pCMV-luc was constructed
using a ¢cDNA fragment (589 bp) coding for a cytomegalo-
virus (CMV) promoter amplified by PCR with a pEGFP-C1
plasmid (Clontech, CA, USA) containing a green fluorescent
protein (GFP) reporter gene under the control of the CMV
promoter as a template, and the following CMV promoter-
specific primers: CMV promoter forward primer (5'-ATGG-
TACCTAGTTATTAATAGTAATCAA-3") and CMV promoter
reverse primer (5'-TCAAGCTTGATCTGACGGTTCAC-
TAAAC-3’). The forward and reverse primers, respectively,
contained Kpnl and HindIll restriction sites (underlines).
After the amplification, the cDNA was digested with Kpnl
and Hindlll and ligated into a Kpnl/HindlII-digested pGL3-
enhancer (Promega, Madison, WI, USA).

A protein-free preparation of the plasmid was purified
following alkaline lysis using maxiprep columns (Qiagen,
Hilden; Germany).

2.3. Cell culture

A human cervix carcinoma cell line, Hela 229, was supplied
by the Department of Virology, Toyama Medical and
Pharmaceutical University. The cells were grown in Minimal
Essential Medium (MEM, Life Technologies, Inc., Grand
Island, NY, USA) supplemented with kanamycin and 5% fetal
bovine serum. Cells were grown at 37 °C in a 5% COy/air
incubator. ~

2.4. Preparation of liposomes

Two liposomal formulae were used: DC-Chol, DOPE and
MEL-A in a 3:2:2 molar ratio for MEL-L; and DC-Chol and
DOPE in a 3:2 molar ratio for Cont-L. were prepared by a
modified ethanol injection method. Briefly, DC-Chol, DOPE
and MEL-A were dissolved and mixed in ethanol and the
solution was evaporated leaving behind about 2 ml of the
solution. Next, a constant volume of water was added to the
ethanol solution, and the mixture was evaporated again until
only the ethanol was left. After sonication for 15 min in a
bath type sonicator, the solution was filtrated through 0.45-
pum Millex-HA filters (Millipore, Cork, Ireland) at once for
sterilization. The particle size distributions and the &-
potentials were measured by the dynamic light scattering
method and the electrophoresis light scattering method,
respectively (ELS-800, Otsuka Electronics Co., Ltd., Osaka,
Japan), at 25 °C after the dispersion was diluted to an
appropriate volume with water. In 1,1’-dioctadecyl-3, 3, 3/,
3’-tetramethylindocarbocyanine perchlorate (Dil) (Lambda
Probes & Diagnostics, Graz, Austria)-labeled liposomes, Dil
was incorporated at 0.04 mol% of all the lipids. In NBD-
labeled MEL-L, NBD-labeled MEL-A was added at 24% of
all the MEL-A.
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2.5. Transfection

Cell cultures were prepared by plating cells in a 35-mm
culture dish 24 h prior to each experiment. The cells at
confluences of 70% in the well were transfected with each
lipoplex. Lipoplex at a charge ratio (+/~) of 3/1of cationic lipid
to DNA was formed by addition of liposome to DNA (3.8 pul
MEL-L (6.9 mg total lipid/ml) or Cont-L (4.8 mg total lipid/ml)
suspension in water to 2 ug of DNA, MEL- or Cont-lipoplex)
with gentle shaking and leaving at room temperature for 10—
15 min. The lipoplexes were diluted with MEM containing 5%
serum to a final concentration of 2 pg of DNA per 1 ml of
medium, and incubated with the cells for 24 h in the medium. In
effect of inhibitor of endocytosis on the transfection activity, the
cells were treated with 50 uM chloroquine for 2 h and were then
incubated with the lipoplexes for 24 h. The cell toxicity by
transfection with the lipoplexes was determined with a WST-
8 assay (Dojindo Laboratories, Kumamoto, Japan).

2.6. Luciferase assay

The pCMV-luc plasmid was transfected into cells by MEL-L
and Cont-L, regpectively. After 24 h of incubation, the cells
were washed twice with PBS (pH 7.4) and harvested with
125 ul of cell culture lysis reagent (Toyo Ink, Tokyo, Japan).
Luciferase expression was quantified with 10 pl of centrifuged
lysate supernatant using a picagene luciferase assay kit (Toyo
Ink, Tokyo, Japan) as described previously [16]. Light
emission, expressed in counts per second (cps), was normalized
to the protein concentration of each sample, determined using
BCA protein assay reagent.

2.7. Flow cytometry ,e

The cells were prepared by plating in a 35-mm-culture dish
24 h prior to each experiment. Each liposome (3.8 pul) was
mixed with 2 ug of FITC-ODN or Dil-labeled liposome mixed
with 2 ug of ODN, and then diluted in 1 ml of the medium. The
cells were incubated with the lipoplex for 1, 2 and 6 h. After
incubation, the dishes were washed 2 times with 1 ml of PBS
(pH 7.4) to remove any unbound lipoplexes. The cells were
detached with 0.25% trypsin and centrifuged at 1500g. The
supernatant was discarded and the cells were resuspended with
PBS containing 0.1% BSA and 1 mM EDTA. The suspended
cells were directly introduced into a FACSCalibur flow
cytometry (Becton Dickinson, San Jose, CA, USA) equipped
with a 488-nm argon ion laser. Data for 10,000 fluorescent
events were obtained by recording forward scatter (FSC), side
scatter (SSC), and green (530/30 nm) fluorescence.

2.8. Confocal laser scanning microscopy

Hela cells were prepared by plating cells in a 35-mm culture
dish 24 h prior to each experiment. Dil-labeled, NBD-labeled or
non-labeled liposome (3.8 pl) was mixed with 2 pg of FITC-
ODN or plasmid DNA and then diluted in 1 m] of the medium.
After incubation for the periods indicated in the figures, the cells

were washed twice with PBS and fixed with 4% formaldehyde
in PBS for 15 min at room temperature. For staining the
nucleus, the fixed cells were washed with PBS and incubated
with 0.5 mg/ml of RNase in PBS for 20 min at 37 °C.
Subsequently, the cells were washed with PBS and incubated
with propidium iodide (PI) for 15 min at room temperature.
Examinations were performed with a Radiance 2100 confocal
laser-scanning microscope (BioRad, CA, USA) as previously
described [16].

2.9. Statistical analysis
The statistical significance of the data was evaluated with
Student’s -test. A p value of 0.05 or less was considered
significant.
3. Results and discussion
3.1. Preparation and characterization of MEL-L and Cont-L
The success of gene therapy is largely dependent on the
development of vectors as DNA carriers. Cationic liposomes

composed of DC-Chol as a cationic lipid and DOPE as a helper
lipid are generally used. A molar ratio of 3:2 has been used for

DC-Chol /DOPE [5]. In a preliminary study, the addition of

MEL-A to DC-Chol /DOPE liposomes increased transfection
efficiency in serum, and the ratio of MEL-A to DC-Chol /DOPE
liposome was optimized at a molar ratio of 3:2:2 (DC-Chol,
DOPE and MEL-A). Therefore, in this study, we prepared two
kinds of liposomes; Cont-L consisting of DC-Chol and DOPE
at a molar ratio of 3:2 and MEL-L containing 28 mol% MEL-A
in a Cont-L formulation. MEL-L and Cont-L were about 43 nm
and 156 nm in size, and the lipoplexes about 169 nm and
265 nm in size, respectively (Table 1). Although the
concentration of MEL-A and the method used to prepare the
liposomes were not the same as those reported by Inoh et al.
[10], our observation was consistent with their finding that the
addition of MEL-A to liposomes makes them smaller, This
suggested that MEL-A kept liposomes small via the biosurfac-
tant’s effect. “3

<

3.2. Effects of MEL-L on transfection efficiency

Next, we compared the efficiency of transfection into Hela
cells between MEL-L, Cont-L and the commercially available
transfection reagent Tfx20 in the presence of 5% serum (Fig. 2).
MEL-L showed significantly greater transfection activity than

Table 1
Formulation of liposomes

Liposome Formulation Particle size® {-potential Lipoplex size®

(molar ratio) (om) (mV) (nm)
MEL-L  DC-ChoV/DOPE/ 434x28  52.9+2.0 168.6+3.7
MEL=3/2/2
Cont-L DC-Chol/DOPE=3/2 156.4£24  70.5£1.2 265.3+101.4
? In water.

® A change ratio (+/-) of 3/1 in water.






