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Table 2. Area under the Blood Concentration-Time Curve (AUC) and Tissue Uptake Clearance of (®*H]-Labeled

Liposomes after Intravenous Injection into Mice®

Clearance (pL/h)?

Liposomes AUC (% h/mL)a CL]iver CLkidney CLspIeen CLlung CLheart CLurine
Bare-liposomes 9.22 1141 17 2217 33 18 20
Gal 1.0-liposomes 7.79 2668 34 458 36 1 14
Gal 2.5-liposomes 6.57 4821 206 585 142 56 25
Gal 3.5-liposomes 2.69 29640 774 1800 347 107 47
Gal 5.0-liposomes 1.13 75980 915 3315 156 48 55
Gal 7.5-liposomes 1.25 68430 1150 3500 501 230 86

An average of three experiments is shown.

“AUC and clearances were calculated for the periods up to 10 min after injection.

intravenous injection. Compared with bare-
liposomes (PC/NPC ratio=1.1), Gal-liposomes
having 1.0 and 2.5 mole% of Gal-C4-Chol distri-
buted to both PC and NPC with a PC/NPC ratio of
1.0 and 0.78 respectively, whereas Gal-liposomes
having 3.5, 5.0, and 7.5 mole% of Gal-C4-Chol
accumulated selectively in PC with a PC/NPC
ratio of 2.8, 15, and 6.0, respectively. However,
the highest PC/NPC ratio was observed with Gal-
liposomes having 5.0 mole% of Gal-C4-Chol.

DISCUSSION

We synthesized a novel galactosylated cholesterol
derivative, Gal-C4-Chol, having bi-functional
properties with a lipophilic anchor moiety for
stable incorporation into liposomes and a galac-
tose moiety for recognition by the asialoglycopro-
tein receptors, Since Gal-C4-Chol is stably

20}

15 1

Cellular uptake (% of dose/ 10° cells)

Gal 1.0-

Bare-
liposomes liposomesliposomesliposomesliposomes liposomes

Gal 2.5-

incorporated into the liposomal membrane under
in vivo conditions, Gal-liposomes prepared with
Gal-C4-Chol are expected to efficiently distribute
in liver parenchymal cells. To confirm the expo-
sure of the galactose moiety on the liposomal
surface, lectin binding experiments were per-
formed. The aggregation depended on the amount
of Gal-C4-Chol to liposomes (Fig. 1), indicating
that the addition of Gal-C4-Chol corresponded
well to the exposure of galactose on the liposomal
surface,

Sinusoidsin theliver lobules have a unique type
of endothelial lining consisting of endothelial
cells with flattened processes perforated by small
fenestrae about 100 nm in size.?’ Therefore,
liposomes with a diameter less than this can
readily pass through the fenestration into the
Disse space. Accordingly, we prepared liposomes
less than 100 nm in diameter in order to allow free
access to hepatocytes.

PC/NPC PC/NPC
=15 =6.0
PC/NPC
2.8

Gal 3.5- Gal 5.0- Gal7.5-

Figure 5. Hepatic cellular localization of [*H]-labeled liposomes after intravenous
injection in mice. Radioactivity was determined at 30 min postinjection in PC (B), and
NPC (). Each value represents the mean + SD of three experiments.
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In the present study, we have demonstrated
that about 80% of the injected dose accumulated
in the liver after intravenous administration of
Gal-liposomes with both 5.0 and 7.5 mole% Gal-
C4-Chol up to 10 min (Fig. 4). Pharmacokinetic
analysis demonstrated that the liver uptake
clearance of Gal-liposomes with both 5.0 and
7.5 mole% of Gal-C4-Chol is nearly equal to the
hepatic plasma flow rate (66000 pL/h), indicating
highly efficient uptake by the liver. As far as the
uptake efficiency was concerned, the liver uptake
of Gal-liposomes having 5.0 or 7.5 mole% Gal-C4-
Chol is much higher than that of Gal-liposomes
with other groups, including the tri-antennary
galactosyl or asialofetuin modified lipids.?!??
Although Gal-C4-Chol is a mono-antennary lipid,
the Gal-C4-Chol moieties might interact with each
other on the phospholipid membrane leading to an
organization similar to the intramolecular branch-
ing of galactose residues.

In order to confirm whether the increased liver
uptake of Gal-liposomes resulted from recognition
by the asialoglycoprotein receptors on PC, intra-
hepatic distribution and competitive inhibition
studies were performed. The intrahepatic distri-
bution study demonstrated that Gal-liposomes
having 3.5, 5.0, and 7.5 mole% Gal-C4-Chol were
preferentially recovered from PC (Fig. 5) and
the uptake by the HepG2 cells was significantly
inhibited by an excess of galactose (Fig. 2), sug-
gesting the asialoglycoprotein receptor mediated
uptake on PC. Moreover, the uptake of Gal-
liposomes was inhibited by treating the cells with
metabolic inhibitors (NaN3), indicating involve-
ment of endocytosis (Fig. 3) These efficient uptake
by the asialoglycoprotein mediated endocytosis
of Gal-liposomes agrees with the finding that the
liver uptake of Gal-liposomes with 3.5, 5.0, and
7.5 mole% Gal-C4-Chol is much higher than that
of Gal-liposomes with 1.0 and 2.5 mole% (Fig. 4).

Kuppfer cells have also been shown to express a
galactose-specific receptor (Gal/Fuc-recognizing
receptor) different from the receptor on PC.%%24
Although the recognition mechanism of Gal-lipo-
somes by asialoglycoprotein receptors on PC and
Gal/Fuc-recognizing receptors on Kupffer cells
remains unclear, some groups have reported that
the galactose density on the liposomal surface isan
important factor.2"?® Recently, Sliedregt et al.?*
have reported that liposomes containing 50%
tri-antennary galactosides were taken up by Gal/
Fuc-recognizing receptors, whereas galactosy-
lated liposomes with a lower degree of tri-antenn-
ary galactoside modification (5.0% tri-antennary
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galactosides) were taken up by the asialoglycopro-
tein receptors on PC. Since Gal-C4-Chol is a mono-
antennary galactoside modified cholesterol deri-
vative, the control of the galactose density on the
liposomal surface is easier; therefore such char-
acteristics of Gal-C4-Chol would be an advantage
for the preparation of PC-selective Gal-liposomes.
Furthermore, the observation by Sliedregt et al.?!
about the effect of the lower degree of tri-
antennary galactoside modification of galactosy-
lated liposomes on the asialoglycoprotein receptor
uptake on PC agrees with our results showing that
Gal-liposomes with 3.5, 5.0, and 7.5 mole% Gal-C4-
Chol are taken up by the asialoglycoprotein
receptors on PC (Fig. 5).

We used the acid washing method?® to evaluate
the binding and amount of internalized Gal-lipo-
somes (Fig. 3). The separation of surface-bound
liposomes from their internalized counterparts by
acid washing shows that there was a difference in
the amount of Gal-liposomes internalized, while
the surface binding of Gal-liposomes was slightly
increased. The difference in amount internalized
could be explained by the effect of the galactose
density on Gal-liposomes. The way in which
galactose moieties are exposed on the liposome
surface may be a determinant of the relative
affinities of liposomes towards asialoglycoprotein
receptors. The appropriate amount of galactose
might improve the exposure of the galactose
moiety and possibly provide an optimal configura-
tion for interaction with asialoglycoprotein recep-
tors. We previously analyzed the hepatic uptake of
galactosylated bovine serum albumin (Gal-BSA)
with varying numbers of galactose units in
isolated, perfused rat liver, and found that the
internalization rate of these Gal-BSA was differ-
ent and depended on the number of the galactose
density on the Gal-BSA derivatives.?” This finding
regarding Gal-BSA agrees with the results of
galactose density of Gal-liposomes as far as the
asialoglycoprotein receptor mediated uptake is
concerned; therefore the galactose density of Gal-
liposomes is important factor for cell internaliza-
tion.

After intravenous administration, the uptake
PC-selectivity of Gal-liposomes with 7.5 mole%
Gal-C4-Chol is lower than that of Gal-liposomes
with 5.0 mole% Gal-C4-Chol (Fig. 5). This phe-
nomenon does not agree with our previous obser-
vation involving galactosylated macromolecular
carriers showing that the targeting efficacy to
hepatocytes is dependent on the galactose mod-
ification. This might be explained by the difference
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in the charge of Gal-liposomes because Gal-C4-
Chol possesses an imino group in the spacer part;
thus introducing of many Gal-C4-Chol enhances
the cationic nature of Gal-liposomes.>?® The zeta
potentials of bare-liposomes, Gal 5.0-liposomes,
and Gal 7.5-liposomes were —3.4+0.3 (n=23),
544027 (=3), and 83+0.28 (rn=3) mV,
respectively. As shown in Figure 2, the degree of
inhibition of the cellular uptake of Gal-liposomes
with 7.5 mole% Gal-C4-Chol in the presence of
excess galactose was insufficient, suggesting
enhancement of the nonspecific uptake by the
cationic charge. In fact, the NPC accumulation
(Fig. 5) and the uptake clearance in kidney, spleen,
lung, and heart (Tab. 2) of Gal 7.5-liposomes were
higher than that of Gal 5.0-liposomes. Thus, the
cationic nature of Gal-liposomes with 7.5 mole%
Gal-C4-Chol might reduce the PC-selective uptake
after intravenous administration.

In conclusion, we have demonstrated that our
Gal-C4-Chol is an effective ligand for hepatocytes
targeting and the galactose density of Gal-lipo-
somes prepared by Gal-C4-Chol is important for
both efficient recognition by asialoglycoprotein
receptors and cell internalization. These observa-
tions provide valuable information to help in the
design of galactosylated carrier systems in order to
optimize their targeting efficiency to hepatocytes.
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Abstract

Galactosylated (Gal) emulsions containing various molar ratios of cholesten-5-yloxy-N-(4-((1-imino-2-D-thiogalacto-
sylethyl)amino)butyl)formamide (Gal-C4-Chol) as a ligand for asialoglycoprotein receptors were prepared to study the effect of
the galactose content of Gal-emulsions labeled with [3H]cholestery! hexadecy! ether on their targeted delivery to hepatocytes.
The uptake characteristics of Gal-emulsions having Gal-C4-Chol of 1, 3, 4, 6, and 9 mol% were evaluated in HepG?2 cells which
posses asialoglycoprotein receptors and NIH3T3 cells which are lack of asialoglycoprotein receptors. The uptake and internal-
ization by HepG2 cells was enhanced by the addition of Gal-C4-Chol to the Gal-emulsions whereas the uptake of Gal-emulsions
by NIH3T3 cells was not much and was comparable with that of bare-emulsions. In the presence of excess Gal-BSA, the uptake
of Gal-emulsions having Gal-C4-Chol of 4, 6, and 9% was inhibited suggesting asialoglycoprotein receptor mediated uptake.
Moreover, Gal-emulsions having Gal-C4-Chol of 4, 6, and 9% showed a slight increase in surface binding and exhibited extensive
uptake and internalization into HepG2 cells. The present study strongly suggested that the Gal-emulsions are taken up by the
asialoglycoprotein receptor-mediated endocytosis and galactose density of Gal-emulsions is important for effective recognition
and cell internalization.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Galactosylated emulsion; Drug delivery system; Targeting; Hepatocytes

1. Introduction an industrial scale, are stable during storage, are highly
biocompatible, and have a high solubilizing capacity as

Lipid emulsions are considered to be superior to far as lipophilic drugs are concerned (Hansrani et al.,
liposomes due to the fact that they can be produced on 1983; Yamaguchi and Muzushima, 1994) because lipid
emulsions possess an oil phase in particulate form, so

_*_Cc;re-sponding author. Tel.: +81 75 753 4525; that it can c_iissolve larg§ amounts of highly lipophilic
fax: +81 75 753 4575, drugs. In this context, lipid emulsions have been widely
E-mail address: hashidam @pharm kyoto-u.ac jp (M. Hashida). used as drug carriers, especially as long-circulating
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drug carriers for passive targeting (Wheeler etal., 1994;
Liu and Liu, 1995; Kawakami et al., 2000a). Cell-
specific drug targeting is sometimes urgently required
for a variety of clinical purposes; however, there are
few reports of cell-specific drug targeting using lipid
emulsions.

Rensen et al. (1995, 1997) developed apo E associ-
ated emulsions for hepatocytes targeting. These apo
E associated emulsions are reported that they were
selectively taken up by liver parenchymal cells (PC).
However, introduction of apo E to the carrier is rather
complicated, and so there can be problems as far as
the reproducibility and stability of apo E emulsions are
concerned. Recently, we synthesized a novel galacto-
sylated cholesterol derivative, i.e., cholesten-5-yloxy-
N-(4-((1-imino-2-D-thiogalactosylethyl) amino)butyl)
formamide (Gal-C4-Chol), to modify liposomes
with galactose moieties for PC-selective targeting
via asialoglycoprotein receptor mediated endocytosis
(Kawakami et al., 1998). The lipid emulsion (oil-
in-water) surface exhibits aqueous properties; thus a
galactose moiety could be covered on the emulsion
surface when Gal-C4-Chol was added because galac-
tose is a hydrophilic molecule and so the galactose
moiety would be fixed on the emulsions surface. It
was expected that Gal-emulsions were taken up by the
asialoglycoprotein receptor on PC. In fact, our previous
study demonstrated that intravenously administered
galactosylated (Gal-) emulsions rapidly disappeared
from the blood and exhibited rapid liver accumula-
tion with up to about 80% of the dose within 10 min
and were preferentially taken up by PC compared with
non-parenchymal cells (NPC) in the liver (Ishida et al.,
2004).

Although the uptake by asialoglycoprotein receptor
were suggested by the inhibition study by lactoferrin,
which is aligand of chylomicron remnant and/or asialo-
glycoprotein receptors under in vivo conditions, but
their uptake characteristics was not clear still because
of complication by in vivo study, i.e. interaction with
endogenous components, etc. Further details of mech-
anisms involved in PC uptake are required to develop
efficient drug delivery systems that can target PC. Since
in vitro experiments are simpler than in vivo exper-
iments, detailed information about Gal-emulsions
uptake characteristics could be obtained. In the present
study, we evaluated the in vitro uptake characteristics of
Gal-emulsions having various amount of Gal-C4-Chol
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by HepG2 cells, which are expressed asialoglyco-
protein receptors, and NIH 3T3 cells, which are not
expressed asialoglycoprotein receptors (Kawakami et
al.,, 1998). These Gal-emulsions were radiolabeled
with [3H]cholesteryl hexadecyl ether (CHE) (Takino
et al., 1998). The present study strongly suggested that
the Gal-emulsions are taken up by the asialoglyco-
protein receptor-mediated endocytosis and galactose
density of Gal-emulsions is important for effective
recognition and cell internalization.

2. Materials and methods

2.1. Materials

N-(4-Aminobutyl)carbamic acid fert-butyl ester
was purchased from Tokyo Chemical Industry Co.
(Tokyo, Japan). BSA and cholesteryl chloroformate
were purchased from Sigma Chemical Co. (St
Louis, MO, USA). Cholesterol (Chol) and Clear-Sol
I were obtained from Nacalai Tesque Inc. (Kyoto,
Japan). Egg phosphatidylcholine (Egg PC), soybean
oil and galactose were obtained from Wako Pure
Chemical Co. (Kyoto, Japan). Soluene 350 was
purchased from Packard Bioscience Co. (Groningen,
Netherlands). [3H]Cholestery1 hexadecyl ether (CHE)
was purchased from NEN Life Science Products
Inc. (Boston, MA). Dulbecco’s modified Eagle’s
minimum essential medium (DMEM) was obtained
from Nissui Pharmaceutical Co. (Tokyo, Japan). 2-
Imino-2-methoxyethyl-1-thiogalactoside (IME-thio-
galactoside) was synthesized as reported previously
(Lee et al., 1976). All other chemicals were of the
highest purity commercially available.

2.2. Methods

2.2.1. Synthesis of Gal-C4-Chol

Gal-C4-Chol was synthesized by the method
described previously (Kawakami et al., 1998).
Briefly, cholesteryl chloroformate was reacted with
N-(4-aminobutyl)carbamic acid fert-butyl ester in
chloroform for 24h at room temperature and then
incubated with trifluoroacetic acid for 4h at 4°C. N-
(4-Aminobutyl)-(cholesten-5-yloxyl)formamide was
obtained after evaporation of the solvent. A quantity
of the resultant material was added to an excess of
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2-imino-2-methoxyethyl-1-thiogalactoside in pyridine
containing triethylamine (Lee et al., 1976). After 24 h
incubation at room temperature, the reaction mixture
was evaporated, resuspended in water, and dialyzed
against distilled water for 48 h using a semi-permeable
membrane (12 kDa cut-off). Finally, the dialyzate was
lyophilized.

2.2.2. Preparation of emulsions

A mixture of soybean oil and Egg PC with Chol, or
Gal-C4-Chol, was dissolved in chloroform and evap-
orated to dryness in a round-bottomed flask. Then,
the lipid film formed was resuspended in 5 ml sterile
phosphate-buffered saline (pH 7.4). After hydration,
the dispersion was sonicated for 20 min (200 W) under
a current of nitrogen. The concentration of emulsions
was adjusted to 5 mg/ml total lipids based on radioac-
tivity measurement. Radiolabeling of emulsions was
performed by addition of (*H]CHE (500 uCi) to the
lipid mixture before formation of a thin film layer. The
particle sizes of emulsions without radioisotope were
measured in a dynamic light-scattering spectropho-
tometer (LL.S-900, Otsuka Electronics Co. Ltd., Osaka,
Japan).

2.2.3. Lectin-induced aggregation of emulsions

Emulsions (0.1 mg/ml total lipid) were incu-
bated with 100wl Ricinus communis agglutinin,
RCA120 (1.0mg/ml) in a cuvette. After rapid mix-
ing, aggregation of the emulsions was estimated at
room temperature by the time dependent increase in
turbidity, as measured by the absorbance at 350 nm
with a UV-3100 spectrometer (Shimadzu Co., Kyoto,
Japan). The reversibility of the aggregation was
assessed by the addition of 100wl (10mg/ml) free
galactose.

Table 1
Lipid composition and mean diameter of emulsions
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2.2.4. Invitro uptake study

The HepG2 or NIH3T3 cells were plated on a 12-
well cluster dish at a density of 2 x 10° cells/3.8 cm?
and cultivated in 800 p} DMEM supplemented with
10% fetal bovine serum (Invitrogen Co., Carlsbad, CA,
USA). Twenty-four hours later, the culture medium
was replaced with an equivalent volume of HBSS con-
taining [3H]emulsions (0.25 mg/ml, 1.8 kBg/ml). For
the inhibition study, 20mM Gal-BSA, Man-BSA or
Fuc-BSA was added to the emulsion solution. After
incubation for 1 h at 37 °C, the solution was removed
by aspiration, and the cells were washed five times
with ice-cold HBSS buffer. For separation of the inter-
nalized and surface bound emulsions, the cells were
washed three times with acetate buffer (pH 4.0) to
remove the emulsions bound to the cell surface (Murao
et al., 2002). The cells were then solubilized in 0.5 mi
IN NaOH and the radioactivity was assayed using
a liquid scintillation counter (LSA-500, Beckman,
Tokyo, Japan). The protein content of each sample was
determined by a modification of the Lowry method
(Lowry et al., 1951). In another set of experiments, the
cells were pre-incubated with HBSS containing 10 mM
NaN3 for 20 min prior to the addition of emulsions.

2.2.5. Statistical analysis

Statistical comparisons were performed using Stu-
dent’s unpaired t-test. P <0.05 was considered to be
indicative of statistical significance.

3. Results

3.1. The particle size of emulsions

Table 1 summarizes the [ipid composition and par-
ticle sizes of emulsions prepared. The mean diameters

Formulations

Lipid composition (molar ratio)

Mean diameter (nm)*

Bare-emulsion

Gal 1-emulsion
Gal 3-emulsion
Gal 4-emulsion
Gal 6-emulsion
Gal 9-emulsion

Soybean 0il/Egg PC/Chol (70:25:5)

Soybean oil/Egg PC/Gal-C4-Chol (70:29:1)
Soybean oil/Egg PC/Gal-C4-Chol (70:27:3)
Soybean oil/Egg PC/Gal-C4-Chol (70:26:4)
Soybean o0il/Egg PC/Gal-C4-Chol (70:24:6)
Soybean oil/Egg PC/Gal-C4-Chol (70:21: 9)

100.0£23
108.14+:2.8
109.0+1.9
109.7£25
110.0+2.6
1104£1.7

? The mean diameter of emulsions was measured using a dynamic light-scattering spectrophotometer. Each value represents the mean £ S.D.

of three experiments.
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of prepared emulsions were about 100-110nm. The
particle sizes of the emulsions were kept constant for a
period of at least 2 months at 4 °C (data not shown).

3.2. Lectin-induced aggregation of emulsions

The exposure of galactose on the surface of emul-
sions was confirmed by measurement of amount of
aggregation of emulsions caused by the lectin form
Ricinus communis (RCA120). The aggregation was
monitored at room temperature by the time-dependent
increase in turbidity as measured by the absorbance
at 350 nm. As shown in Fig. 1, there was no lectin-
mediated aggregation of bare-emulsions. In contrast,
when the emulsions were modifited with Gal-C4-Chol,
slight lectin-induced aggregation was observed at a
mol% of 1 and 3. A mark aggregation was observed
at a mol% above 3 that were 4, 6, and 9. At 9mol%
of Gal-C4-Chol, complete aggregation was observed.
Furthermore the addition of galactose to the suspen-
sion of Gal-emulsions-RCA120 aggregates induced a
rapid reduction of turbidity. These results suggest that
galactose residues were exposed on the emulsions and
the aggregation depended on the amount of galactose
residue on the emulsions.

b RCAI120

galactose

0.4

Absorbance
<
[ &

0 T T T T 1
0 2 4 6 8 10

Time (min)

Fig. 1. Time course of the turbidity change of bare (—), Gal 1 (--),
Gal 3 (---),Gal4 (----),Gal 6 (- - -}, and Gal 9 (—-—) emulsions after
addition of RCA120at 25 °C. Emulsions (total lipid conc. 0.1 mg/ml)
were added into a cuvetie. One hundred microliters of RCA120
(1.0 mg/ml) was added to a cuvette at the appropriate time. After
rapid mixing, aggregation of the emulsions was estimated by the
time-dependent increase in turbidity as measure by the absorbance at
350 nm in a UV-3100 spectrometer, The reversibility of the aggrega-
tion was assessed by the addition of 100 w1 (10 mg/ml) free galactose.
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Fig.2. Uptake of [*H]-labeled emulsions by HepG2 cells. Cells were
incubated with each type of [*H]-labeled emulsions without (O) or
with an excess amount of Gal-BSA (W ), Man-BSA & ) or Fuc-
BSA (IF). The amount of [3H]—radioactivity associated with the cells
was measured following 1h incubation. Each value represents the
mean + S.D. of three experiments. Statistically significant differences
(*P<0.05,* P <0.01) from emulsions incubated without inhibitors.

3.3. Invitro uptake of [P H]CHE-labeled
emulsions by HepG?2 cells and NIH3T3 cells

Fig. 2 shows the in vitro uptake of [*H]JCHE-
labeled emulsions by HepG2 cells. Gal-emulsions hav-
ing 1 and 3 mol% of Gal-C4-Chol were taken up by
HepG2 cells to an extent that was comparable with
that of bare-emulsions. On the other hand, the uptake
of Gal-emulsions having 4, 6, and 9 mol% of Gal-C4-
Chol, was much higher than that of bare-emulsions.
In the presence of 20 mM Gal-BSA, the uptake of Gal-
emulsions having 4, 6, and 9 mol% of Gal-C4-Chol was
significantly inhibited (Fig. 2), suggesting uptake by
the asialoglycoprotein receptors. The involvement of
asialoglycoprotein receptor-mediated endocytosis was
confirmed in NIH3T3 cells, which are not expressing
the asialoglycoprotein receptors. Gal-emulsions were
taken up by NIH3T3 cells to an extent that was com-
parable with that of bare-emulsions (Fig. 3), suggest-
ing uptake by the asialoglycoprotein receptor-mediated
endocytosis.

The amount of surface binding and internalization
of Gal-emulsions were evaluated using an acid-wash
procedure. As shown in Fig. 4, the surface binding
of both bare-emulsions and Gal-emulsions having 1
and 3 mol% of Gal-C4-Chol was similar. Very little
amounts of bare-emulsions and Gal-emulsions with
1 and 3 mol% of Gal-C4-Chol were internalized into
the cells. In contrast, Gal-emulsions having 4, 6, and
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Fig. 3. Uptake of [>H]-1abeled emulsions by HepG2 cells (B) and
NIH3T3 cells ((J). Cells were incubated with each type of bare- or
Gal-emulsions. The amount of [3H]—radi0activity associated with the
cells was measured following 1h incubation. Each value represents
the mean + S.D. of three experiments. Statistically significant differ-
ences (P <0.01) from NTH3T3 cells.

9mol% of Gal-C4-Chol showed a slight increase in
surface binding and exhibited extensive uptake and
internalization into HepG2 cells. These results sug-
gest that the galactose density on the emulsion surface
affects the ligand-receptor interaction that results in the
different internalization of these Gal-emulsions into the
cells.

Total uptake (A) I R —

Surface binding

(B subtracted from A) 2

NaN3 pretreatment

T T T —

0 10 20 30 40 50 60 70 80
Association (% of dose/mg protein)

Fig. 4. Amount of [*H]-labeled emulsions associated with HepG2
cells. Cells were incubated with bare-(0J), Gal 1-(#), Gal 3-(8),
Gal 4-(), Gal 6-&), or Gal 9-(8) emulsions. At 1h after incuba-
tion, the cells were wash with an acid buffer to separate the surface
bound emulsions. The difference in cellular association between
acid-treatment and no treatment was regarded as the amount asso-
ciated with the cell surface. In another group, the cells were pre-
incubated with HBSS containing 10 mM NaN3 for 20 min prior to
the addition of emulsions. Each value represents the mean +S.D. of
three experiments. Statistically significant differences (**P<0.01)
from bare-emulsions. N.S., not significant.
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4. Discussion

The use of lipid dispersion carrier systems, such as
lipid emulsions and liposomes, as carriers of lipophilic
drugs has attracted particular interest. In a series of
investigations, we have developed galactosylated lipo-
somes to deliver lipophilic drugs to hepatocytes after
intravenous administration (Kawakami et al., 2000b;
Hattori et al., 2000; Kawakami et al., 2001; Managit
et al,, 2003), which show superior liver targeting via
asialoglycoprotein-receptor mediated endocytosis. We
have confirmed that not only the distribution profiles
of galactosylated lipid carriers but also the controlled
release and solubilizing capacity of incorporated drugs
need to be optimized for the hepatic targeting (Hattori
et al., 2000; Ishida et al., 2004); accordingly galacto-
sylated lipid carriers must be selected by considering
the physicochemical properties of incorporation drug.
Since lipid emulsions possess an oil phase in particulate
form, lipid emulsions are considered to be superior to
liposomes due to the fact that they have a high sol-
ubilizing capacity. Taking these into considerations,
we previously developed Gal-emulsions as an alterna-
tive drug carrier for hepatocyte-selective drug delivery
(Ishida et al., 2004). In this study, we evaluated the
uptake characteristics of Gal-emulsions using cultured
HepG2 and NIH3T3 cells.

Since the lipid emulsions (oil-in-water) surface
exhibits an aqueous property, galactose. moiety is
expected to display on the surface of emulsion by addi-
tion of the Gal-C4-Chol. In order to confirm the exis-
tence of galactose on Gal-emulsions, Gal-emulsions
were incubated with a lectin from RCA 120 (Fig. 1). The
recognition of Gal-emulsions with RCA120 increased
with respect to the increased Gal-C4-Chol of Gal-
emulsions; suggesting that galactose moiety is covered
the surface of Gal-emulsions according to the amounts
of Gal-C4-Chol added. This phenomenon is corre-
sponding to Gal-liposomes (Managit et al., in press).

Then in vitro uptake experiment using HepG2
cells, which is rich in asialoglycoprotein receptors,
was performed, to investigate targeting efficiency of.
Gal-emulsions. Over 3mol% of Gal-C4-Chol, Gal-
emulsions were efficiently taken up by the HepG?2 cells
according to the amount of Gal-C4-Chol added (Fig. 2).
These results were corresponding to our previous in
vivo distribution data following the intravenous admin-
istration (Ishida et al., 2004); thus, galactose density
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of Gal-emulsions is important for the recognition by
asialoglycoprotein receptor. In the presence of excess
Gal-BSA, which contained a ligand of asialoglyco-
protein receptors, the uptake of Gal-emulsions was
significantly inhibited (Fig. 2); however, the inhibition
effect was not observed in the presence of excess Man-
and Fuc-BSA. In order to confirm the involvement
of asialoglycoprotein receptor-mediated endocytosis,
the uptake experiments by NIH3T3 cells, which are
not express the asialoglycoprotein receptors, were per-
formed. As shown in Fig. 3, the uptake amount between
bare-emulsion and Gal-emulsion having various Gal-
C4-Chol was the almost the same. Taking these data
into considerations, Gal-emulsions were taken up by
the asialoglycoprotein receptors on PC.

We used the acid washing method to evaluate the
binding and amount of internalized Gal-emulsions
(Fig. 4). The separation of surface-bound emulsions
from their internalized counterparts by acid washing
shows that there was a difference in the amount of Gal-
emulsions internalized, while the surface binding of
Gal-emulsions was slightly increased. The difference
in amount internalized could be explained by the effect
of the galactose density on Gal-emulsions. The way in
which galactose moieties are exposed on the emulsions
surface may be a determinant of the relative affini-
ties of emulsions towards asialoglycoprotein receptors.
The appropriate amount of galactose might improve the
exposure of the galactose moiety and possibly provide
an optimal configuration for interaction with asialogly-
coprotein receptors. From these results, at least 4 mol%
of Gal-C4-Chol was necessary for the recognition with
receptors and 6 mol% provided the extensive asialogly-
coprotein receptors mediated uptake in vitro. Ogawara
et al. (1998) analyzed the hepatic uptake of Gal-BSA
with varying numbers of galactose units inisolated, per-
fused rat liver, and found that the internalization rate
of these Gal-BSA was different and depended on the
galactose residue on Gal-BSA derivatives. These find-
ings supported our phenomenon that galactose density
is the determining factor of ligand-receptor interaction
that affects the rate and amount of the ligands internal-
ized into PC.

In the present study, we showed that Gal-emulsions
could be prepared by incorporation of Gal-C4-Chol
into emulsions. These current results provide evidence
that introduction of ligand-grafted lipids, such as man-
nose (Kawakami et al., 2000c; Opanasopit et al., 2002),
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fucose (Kawakami et al., 2000d; Higuchi et al., 2004),
folate (Ni et al., 2002; Reddy et al., 2002), and trans-
ferrin (Ishida et al.,, 2001) to emulsions also allows
cell-selective targeting,

In conclusion, the present study strongly suggested
that the Gal-emulsions are taken up by the asialogly-
coprotein receptor-mediated endocytosis and galactose
density of Gal-emulsions is important for effective
recognition and cell internalization.
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We investigated the effect of low-molecular-weight B-cyclodextrin (B-CyD) polymer on in vitro release of two
drugs with different lipophilicities (i.e., lidocaine and ketoprofen) from muceoadhesive buccal film dosage forms.
When B-CyD polymer was added to hydroxypropylcellulose (HPC) or polyvinylalcohol (PVA) film dosage forms,
the release of lidocaine into artificial saliva (pH 5.7) was reduced by 40% of the control. In contrast, the release
of ketoprofen from the polymer film was enhanced by addition of S-CyD polymer to the vehicle. When lidocaine
and Kketoprofen was incubated with S-CyD polymer in the artificial saliva, concentration of free lidocaine mole-
cules decreased in a -CyD polymer concentration-dependent manner. The association constant with f-CyD
polymer was 6.9+0.6 and 52090M™" for lidocaine and ketoprofen, respectively. Retarded release of the hy-
drophilic lidocaine by B-CyD polymer might be due to the decrease in thermodynamic activity by inclusion com-
plex formation, whereas enhanced release of the lipophilic ketoprofen by the S-CyD polymer might be due to
prevention of recrystallization occurring after contacting the film with aqueous solution. Thus, effects of low-
molecular-weight S-CyD polymer to the drug release rate from film dosage forms would vary according to the
strength of interaction with and the solubility of active ingredient.

Key words
lulose

Buccal drug delivery systems have been attracting much
attention as drug formulations intended for anti-inflamma-
tory and analgesic therapies in the oral cavity. These formu-
lations are expected to increase therapeutic effects and re-
duce systemic adverse reactions by concentrating the drug in
the target tissue. One particular problem associated with the
treatment of oral cavity diseases is short duration of thera-
peutic efficacy due to rapid dilution and washout from the
oral cavity by saliva." The use of bioadhesive polymers that
can interact with biological membranes is a way of retarding
the residence time of drug in oral cavity.*—®

Among bioadhesive mucosal dosage forms developed,
buccal film are preferable over adhesive tablets in terms of
flexibility and comfort, and can circumvent relatively short
residence time of oral gels.” In order to attain better thera-
peutic effect, it would be expected to regulate the release rate
of drug from the polymer film. Assuming that formation of
the inclusion complex might change the release rate of drug,
we intended to investigate the effect of 3-CyD incorporated
in bioadhesive polymer film dosage forms. However, our pre-
liminary experiments indicated that the film containing S-
CyD was not elastic enough to be used practically. In the pre-
sent study, therefore, we investigated the feasibility of low-
molecular-weight S-CyD polymer for controlled release of
drugs from the film dosage forms. It is known that S-CyD
can be readily cross-linked through their hydroxyl groups
with epicholohydrin. So far, high-molecular-weight §-CyD
polymer has been investigated as a tablet disintegrating agent
because of its rapid and high swelling capacity.*® In this
study, we selected two drugs varying in lipophilicity (i.e., li-
docaine and ketoprofen) as model drugs, prepared the film
dosage forms containing water-soluble, low-molecular-
weight B-CyD polymer, and evaluated in vitro release of li-
docaine in artificial saliva. In addition, we investigated inter-
action of these drugs with 3-CyD polymer by solubility mea-
surement following ultra-filtration and competitive inclusion

* To whom correspondence should be addressed.

e-mail: hashidam@pharm kyoto-u.ac jp

B-cyclodextrin potymer; buccal delivery; mucoadehive film dosage form; lidocaine; ketoprofen; hydroxypropylcel-

complexation experiment using a fluorescent probe.

MATERIALS AND METHODS

Materials Lidocaine was obtained from Nacalai Tesque
Inc., (Tokyo, Japan). Ketoprofen, hydroxypropylcellulose
(HPC) and polyvinyalcohol (PVA) were obtained from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). Low-molecu-
lar-weight B-CyD polymer was kindly supplied from Nihon
Syokuhin Kako Co., Ltd., (Fuji, Shizuoka, Japan). The mole-
cular weight of the 8-CyD polymer used was approximately
5000, indicating that four or five units of S-CyD are cross-
linked with epichlorohydrin (Fig. 1). 6-(p-Toluidino)-2-naph-
thalenesulfonic acid sodium salt (TNS) was purchased from
Sigma Co. (St. Louis, MO, U.S.A)). The other reagents used
were of analytical grade.

Preparation of Film Dosage Forms Lidocaine or keto-
profen and B-CyD polymer was mixed at a weight ratio of
1:4.85 or 1:4.46 (corresponding to guest/host molar ratio of
1:1) and kneaded with a little of water. Then, water was
added to yield a final lidocaine concentration of 0.5 w/v%,
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Fig. 1. Structure of Water-Soluble Low-Molecular-Weight $-Cyclodextrin
(B-CyD) Polymer

Four or five CyDs were crosslinked by epichlorohydrin.
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together with addition of 5 w/v% HPC or PVA. One hundred
and twenty-five microliters of the aqueous solution was
placed on a Teflon cell (0.79 cm?) and put in a desiccator
with silica gel at room temperature overnight. Additional
125 pl drug solution was overlaid to the film and dried in the
desiccator with silica gel at room temperature completely.
The reason why two-step drying was conducted was to mini-
mize the formation of the film edge.

Dissolution Test In vitro release of drugs was tested
using a modified JP XIV dissolution apparatus. The film
dosage form prepared according to the above-mentioned
method was attached to the rotatory shaft with an adhesive
tape. The shaft was rotated at 50rpm in 50ml of artificial
saliva in a 50 ml glass beaker thermostated at 37 °C. The arti-
ficial saliva was composed of 14.4mm NaCl, 16.1 mm KCl,
1.31 mm CaCl,-2H,0, 0.545 mm MgCl,-6H,0, and 1.96mm
K,HPO,, and the pH was adjusted to 5.7 with HCIL. Two hun-
dred and fifty microliters were taken at 1, 3, 5, 7, 10, 15, 20,
30, 45, 60, 90, and 120 min and subjected to further analysis.
To keep the volume of dissolution medium constant, an
equivalent volume of fresh artificial saliva was added after
sampling.

Determination of Lidocaine The lidocaine concentra-
tions in the samples obtained from dissolution test were de-
termined using an HPLC system (LC-6A, Shimadzu, Kyoto).
A mobile phase composed of water, methanol, and phos-
phoric acid (79 :20: 1) was flowed through an Inersil ODS-2
column (5 mm, 4.6 X150 mm, Nacalai Tesque Inc., Tokyo) at
the rate of 1.2 ml/min at 36 °C. The detection wavelength for
lidocaine was 220 nm.

Determination of Ketoprofen The ketoprofen concen-
trations in the samples obtained from dissolution test were
determined using an HPLC system (LC-10Avp, Shimadzu,
Kyoto). A mobile phase composed of 0.06 M KH,PO,, ace-
tonitrile, and triethylamine (65:35:0.1) was flowed through
an Inersil ODS-2 column (S5mm, 4.6X150mm, Nacalai
Tesque Inc., Tokyo) at the rate of 1.0 ml/min. The detection
wavelength for ketoprofen was 275 nm.

Differential Scanning Calorimetry (DSC) Analysis
DSC thermograms of pure drugs, film dosage forms contain-
ing drug and B-CyD polymer, and the control films contain-
ing drug alone were recorded by DSC system (DSC3200,
Mac Science Co,. Tokyo, Japan). All samples containing 1
mg drug were placed in aluminium pans and heated lineally
at a scanning rate of 10 °C/min from ambient temperature to
200 °C. Aluminium oxide was used to calibrate the appara-
tus.

Competitive Inclusion Complexation Assay TNS
(20 um) and B-CyD polymer (B-CyD unit concentration of
200 um) were dissolved in pH 7.4 phosphate buffered saline
(PBS). One milliliter of the mixture and 5 ml of varying drug
concentrations in PBS were mixed and adjusted to 10ml. The
final concentrations of TNS and S-CyD units of the polymer
were 2 uM and 20 um, respectively. After the mixture was in-
cubated at 25 °C for 60 min, the fluorescence intensity asso-
ciated was determined by spectrofluorophotometer (RF-540,
Shimadzu, Kyoto), where the excitation and emission wave-
lengths were 324 and 437 nm, respectively.

Binding Experiment Four hundred milligrams per mil-
liliter lidocaine or 40 mg/ml ketoprofen was incubated with
varying amounts of -CyD polymer in the artificial saliva at
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25°C. Approximately 2 ml aliquot of the incubation medium
was subjected to ultra-filtration with a polyethersulfone
membrane filter (Vivaspin 2 (5000 MWCO), Vivascience
AG, Goettingen, Germany). Five hundred microliters aliquot
of the filtrate was taken and diluted by 10 times. The drug
concentration in the diluted filtrate was determined by the
HPLC method. Assuming that the drug and §-CyD untis of
the polymer form a 1:1 complex and that the concentration
of complex was negligible as compared to the concentration
of B-CyD, the association constant (K) was calculated using
the following equation:

[Du'rg]lola]
[Dmg]fyee

where [Drug)...;, [Drugls.., and [B-CyD],,,, were concen-
trations of free drug, total drug, and total B-CyD, respec-
tively. The K values and their computer-calcualated standard
errors were estimated by linear regression method.

_lzK'[B'CyD]mml (1

RESULTS

Dissolution of Lidocaine and Ketoprofen from Film
Dosage Forms Lidocaine film dosage forms were prepared,
using HPC or PVA as a film base. Figure 2 shows the disso-
lution profiles of lidocaine from the films. When HPC was
used as a film base, more than 80% of applied lidocaine was
released within 15 min. When B-CyD polymer was added to
the film, it took approximately 30 min to release 80% of ap-
plied lidocaine. Similar retardation of lidocaine release asso-
ciated with addition of B-CyD polymer was observed with
the PVA base, although the lidocaine release tended to be
slower for PVA as compared with HPC. Initial dissolution
rates were calculated from the linear portion in early time
phase (Table 1). Addition of B-CyD polymer reduced an ini-
tial dissolution rate by 40% for both HPC and PVA bases.

Film dosage forms of ketoprofen were also prepared using
HPC as a film base. Figure 3 shows the dissolution profiles
of ketoprofen from the films. As compared to lidocaine, the
release rate of ketoprofen was slower, where it took more
than 75 min for 80% of the amount to be released. When S-
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Table 1. Initial Dissolution Rate of Lidocaine from Film Dosage Forms
Formulations Dissolution rate (%/h)
HPC 6.51+0.13
HPC/f-CyD polymer 3.69£0.039
PVA 4.17+0.06
PVA/f-CyD polymer 2.55+0.03%

a) p<0.05 vs. HPC, b) p<<0.01 vs. PVA.
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Fig. 3. Dissolution Profiles of Ketoprofen from Film Dosage Forms

Key: HPC (€); HPC/S-CyD polymer (#). Each data point expresses mean*S.E. of
four experiments.

Table 2. Initial Dissolution Rate of Ketoprofen from Film Dosage Forms

Formulations Dissolution rate (%/h)

HPC
HPC/B-CyD polymer

1.47+0.03
2.12+0.029

a) p<0.05 vs. HPC.
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Fig. 4. Differential Scanning Calorimetory Analysis of (A) Lidocaine and
(B) Ketoprofen Formulations

(1) Pure drugs, (2) drugs in HPC film, (3) drugs in HPC/3-CyD polymer.

CyD polymer was added to the film, the release rate of keto-
profen was increased, in contrast to the case of lidocaine. The
initial dissolution rate was increased by 1.4-folds by addition
of B-CyD polymer in the polymer film (Table 2).

DSC Analysis of Lidocaine and Ketoprofen Film
Dosage Forms Figure 4 shows the DSC thermograms of
pure lidocaine or ketoprofen, the HPC film, and the HPC/§-
CyD polymer film. In the case of lidocaine, a small melting
peak of lidocaine was observed at 68—69°C for HPC and
HPC/B-CyD polymer film. The endothermic peak for
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Table 3. Data of Differential Scanning Calorimetory Analysis of Lido-
caine or Ketoprofen and These Film Dosage Forms

Melting point (°C) Peak area (cal/g)

Lidocaine 70.5 4.15
Lidocaine/HPC 67.3 0.154
Lidocaine/HPC/3-CyD 67.0 0.268
Ketoprofen 95.0 7.10
Ketoprofen/HPC - -
Ketoprofen/HPC/B-CyD — —
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Fig. 5. Effect of §-CyD Polymer on Concentration of Free Lidocaine (@)
or Ketoprofen (&)

Polymer concentration was calculated with their 5-CyD units of the polymer. Each
data point expresses mean*S.E. of four experiments.
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Fig. 6. Effect of Drugs on Fluoresence Associated with TNS-8-CyD
Polymer Inclusion Complex

Key: lidocaine (€); ketoprofen (@); progesterone (B); quercetin (A).

HPC/B-CyD polymer film was slightly larger than that for
the HPC film, indicating that crystallinity of lidocaine would
be slightly increased by the addition of §-CyD polymer.

In contrast, the film dosage forms of ketoprofen did not
exhibit any endothermic peak irrespectively of the addition
of B-CyD polymer film. Thus, it was indicated that ketopro-
fen be in the amorphous state in the polymer films.

Confirmation of Drug-f-CyD Polymer Complexation
by Ultrafiltration Methed To confirm the interaction of
drugs with -CyD polymer, we performed binding experi-
ments using ultra-filtration method. Figure 6 shows the rela-
tionship between free drug concentration and the concentra-
tion of B-CyD polymer. The concentration of free drug mole-
cules in the artificial saliva decreased significantly in a B-
CyD polymer concentration-dependent manner, while the ef-
fect of B-CyD polymer was much more significant with keto-
profen. The association constants calculated assuming that
the B-CyD forms 1: 1 complex with the guest molecule were
6.9+0.6 and 520290M~" for lidocaine and ketoprofen, re-
spectively. Here, it should be noted that the association
constant was estimated with the concentration of B-CyD
MONoMmer units.

Detection of Lidocaine-f-CyD Polymer Inclusion Com-
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plexes Using a Fluorescent Probe As one of convenient
methods to investigate formation of inclusion complex, com-
petitive experiments using a fluorescent probe such as TNS
have been proposed.”'” The fluorescence associated with
TNS increases markedly in a non-polar environment. When
TNS forms an inclusion complex with $-CyD, the compound
emits strong fluorescence due to hydrophobic environment in
the cavity of 3-CyD and restricted molecular motion. By
using the fluorescent probe, we investigated whether or not

lidocaine forms an inclusion complex with S-CyD polymer

(Fig. 5). When TNS was incubated with $-CyD polymer,
strong fluorescence was observed as reported with
monomeric S-CyD.

Ketoprofen significantly reduced fluorescence associated
with TNS-S-CyD polymer complex in a concentration-de-
pendent manner, where relative fluorescence was decreased
up to approximately 2% when 20 times higher concentration
of ketoprofen than that of B-CyD unit of the polymer was
added. Competitive inhibition effect of ketoprofen was com-
parable to that of progesterone'” known to be strongly asso-
ciated with -CyD. In contrast, no effect of lidocaine was ob-
served even when its concentration was increased up to
1 mm, being 50 times as high as that of -CyD unit.

DISCUSSION

In the present study, B-CyD polymer retarded the release
of lidocaine from mucoadhesive polymer films. Miyoshi et
al.'? reported that -CyD forms an inclusion complex with
lidocaine and improves solubility and stability of the drug.
Dollo et al.'” revealed in their NMR studies that significant
changes of chemical shifts assigned to inner protons of f-
CyD (H3 and HS), as well as proton near the cavity (H6 on
the rim of the torus), due to the addition of lidocaine were
observed whereas no appreciable shifts detected for protons
located outside the cavity of 3-CyD. Taking together with the
results of DSC and infrared spectroscopy analyses, they con-
cluded that lidocaine molecule may interact with the cavity
of B-CyD." Although lidocaine was not associated with -
CyD polymer as strongly as to inhibit the formation of TNS—
B-CyD complex (Fig. 6), free concentration of the drug was
significantly decreased in -CyD polymer-concentration de-
pendent manner (Fig. 5). Therefore, it is likely that decreased
thermodynamic activity by complex formation might be one
of the reasons why 3-CyD polymer retarded the release of li-
docaine from the film dosage form. Based on the relationship
between B-CyD polymer concentration and free concentra-
tion of lidocaine, the association constant for lidocaine—f3-
CyD polymer complex was estimated to be 6.9+0.6m "
Taking into account that the association constant for binding
of progesterone and quercetin with monomeric S-CyD was
5000'" and 130" Mm™!, respectively, it was indicated that the
binding between lidocaine and B-CyD polymer was very
weak.

The endothermic peak for HPC/f-CyD polymer film was
slightly larger than that for the HPC film, indicating that
crystallinity of lidocaine would be increased by the addition
of B-CyD polymer. Since the amount of B-CyD polymer was
almost a half of HPC in the film dosage form, it is not sur-
prising that the structure of polymer network might be differ-
ent between J-CyD polymer-containing film and the control.
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Thus, crystallinity of lidocaine in the films might be changed
by the addition of 3-CyD polymer. It cannot be ruled out that
such effect might alter the release rate from the film dosage
forms.

Since ketoprofen has a much larger association constant
with B-CyD polymer than lidocaine, it was likely that retar-
dation of drug release by -CyD polymer be more significant
with ketoprofen. Nevertheless, the release of ketoprofen from
mucoadhesive polymer films was rather increased by addi-
tion of B-CyD polymer. There have also been controversial
reports regarding the effect of S-CyD on dissolution of drugs
in tablet formulations."”~'® Horiuchi et al.'” demonstrated
that dissolution rate of diltiazem from the tablets was de-
creased by the addition of diethylated and triethylated f-
CyD. In addition, ethylated B-CyD was reported to retard in
vitro release of buserelin acetate from oily suspensions.!® On
the contrary, increased dissolution by inclusion complexation
with B-CyD or its derivatives has been observed for nifedip-
ine,'” naproxen,'® and famotidine.'” Enhanced dissolution
by B-CyD tends to be observed with water-insoluble drugs,
presumably since dissolution of water-insoluble drugs in the
crystal form would be slower than that from inclusion com-
plexes. Although ketoprofen was in the amorphous state in
the polymer films, recrystallization would occur easily after
contacting with aqueous solution. When an inclusion com-
plex with B-CyD polymer was being formed, however, the
phase transition to water-insoluble crystal forms would not
occur. Hence, the release rate of ketoprofen from f-CyD
polymer-containing film dosage forms would be higher than
that from the control film.

In conclusion, effect of low-molecular-weight [3-CyD
polymer to the drug release rate from film dosage forms ap-
pears to vary according to the strength of interaction with
and the solubility of active ingredient. However, this study
clearly demonstrated that addition of low-molecular-weight
B-CyD polymer to film dosage forms could control in vitro
dissolution rate of the drug.
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For effective chemotherapy, it is necessary to deliver therapeutic agents selectively to their target sites, since
most drugs are associated with both beneficial effects and side effects. The use of lipid dispersion carrier systems,
such as lipid emulsions and lipesomes, as carriers of lipophilic drugs has attracted particular interest. A drug
delivery system can be defined as a methodology for manipulating drug distribution in the body. Since drug dis-
tribution depends on the carrier, administration route, particle size of the carrier, lipid composition of the car-
rier, electric charge of the carrier and ligand density of the targeting carrier, these factors must be optimized.
Recently, the lipid carrier system has also been applied to gene delivery systems for gene therapy. However, in
both drug and gene medicine cases, a lack of cell-selectivity limits the wide application of this kind of drug
and/or gene therapy. Therefore, lipid carrier systems for targeted drug and gene delivery must be developed for
the rational therapy. In this review, we shall focus on the progress of research intfo lipid carrier systems for drug

and gene delivery following systemic or local injection.

Key words

1. Introduction

For effective chemotherapy, it is necessary to deliver thera-
peutic agents selectively to their target sites, since most drugs
are associated with both beneficial effects and side effects. In
general, the lack of selectively of most conventional drugs is
closely related to their pharmacokinetic properties. The in
vivo fate of a drug given by a particular administration route
is determined by both the physicochemical properties of drug
and the anatomical and physiological characteristics of the
body. Most conventional drugs diffuse freely throughout the
body and show relatively even tissue distribution due to their
low molecular weight."”

The use of lipid dispersion carrier systems, such as lipid
emulsions and liposomes, as carriers of lipophilic drugs has
attracted particular interest. A drug delivery system can be
defined as a methodology for manipulating drug distribution
in the body. Since the drug distribution of loaded lipid carri-
ers varies depending on; 1) administration route (i.e., local or
systemic injection) of the carrier, 1i) drug release from the
carrier, iii) lipid composition and electric charge of the car-
rier, and iv) particle size of the carrier, these factors must be
considered.

Recently, lipid carrier systems have also been applied to
gene delivery systems for gene therapy.” The most important
factor for successful gene therapy is the development of
novel gene vectors; therefore, various viral vectors and non-
viral vectors have been developed. Although the gene trans-
fer efficacy of the current non-viral vector systems is lower
than that of viral vectors, the approach seems useful for
many applications that require gene expression from the
viewpoint of safety. Among the various types of non-viral
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vectors, cationic liposome mediated gene transfection seems
to be one of the most promising approaches because of its
relatively high transfection efficiency.

In both drug and gene medicine cases, however, lack of
site (or cell)-selectivity limits the wide application of this
kind of drug and/or gene therapy. In this review, we shall
focus on the progress of research into lipid carrier systems
for drug and gene delivery following systemic or local injec-
tion.

2. Lipid Emulsions for Drug Delivery Following Local
Injection

Lipid emulsions are considered to be superior to lipo-
somes due to the fact that they can be produced on an indus-
trial scale, are stable during storage, are highly biocompati-
ble, and have a high solubilizing capacity as far as lipophilic
drugs are concerned because lipid emulsions possess an oil
phase in particulate form, so they can dissolve large amounts
of highly lipophilic drugs.” An important prequisite for suc-
cess in the application of pharmacologically active drugs is
site-specificity. Local injection into the diseased tissues is
one promising approach. This is particularly applicable to
cancer chemotherapy, in which the supply of antitumor drugs
to non-diseased tissue leads to serious side effects.

The local retention of anticancer agents injected intratu-
morally is very low because of the large diffusion capability
due to their small molecular size. In our series of studies, we
have demonstrated an increased transport and prolonged sup-
ply of antitumor drugs to lymphatics with water-in-oil (W/O)
emulsions.** In addition, the intratumoral injection of antitu-
mor drugs is one of the most promising approaches for solid
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local tumors, to minimize the side effects and maximize cy-
totoxicity at the tumor site.>® To enhance the retention
and/or distribution in the lymph or tumor, lipid emulsions
have been used because of their favorable characteristic as a
biodegradable drug reservoir. In this section, we shall focus
on lipid emulsions for local injection.

2.1. Distribution Characteristics of Lipid Emulsions
or Liposomes Following Intramuscular or Intragastric
Injection Figure 1 represents a model of drug transfer to
the lymph after topical injection of lipid carrier formulation.
As shown in this model, the drug injected into interstitial
spaces of tissues is transported away from the injection site
by the circulating blood, but reaches the regional lymph
nodes to varying degrees, depending on the site of injection.

The tymphatic transport of bleomycin in different formula-
tions; oil-in-water (O/W) and W/O emulsions was investi-
gated.” When O/W and W/O emulsions were utilized as the
delivery system, the W/O emulsion was effective in increas-
ing the lymph level, in both cases of intraperitoneal and in-
tramuscular injection. In the emulsion system, the hy-
drophilic anticancer drug is predominantly located not in the
oily phase, but in the aqueous phase; consequently,
bleomycin is distributed in the outer phase in the case of the
O/W emulsion, and it is encapsulated in the inner phase in
the case of the W/O emulsion. Although the utilization of an
emulsion seems promising for the facilitation of drug trans-
portation into the lymph, the instability of the emulsion is
one of the problems from the viewpoints of pharmaceutical
technology. In order to enhance the stability, gelatin sphere-
in-oil (§/0) emulsions were developed as a new formulation

Central Lymph (Thoracic Lymph)
-3 A

Other LN Regional Lymph Node (L.N.)

A 4 A A& \

Other Tissues

1; h A
H

Injection

Injection Site

Blood

Fig. 1. Schematic Diagram of a Model of Drug Transfer Following the In-
jection of Lipid Carrier Formulations

Vol. 53, No. 8

for anticancer drugs. The greatest enhancement of the drug
delivery and successful prevention of lymphatic metastasis
was obtained with S/O emulsions following intramuscular
and intragastric injection.>*'” The lymphatic transport of the
S/O emulsion was accelerated by the increase of injection
volume and massage of the injection site, suggesting that hy-
drostatic tissue pressure plays a role in lymphatic delivery.'?
Furthermore, sphere-in-oil-in-water (S/0/W) multiple emul-
sions were developed to reduce the viscosity and improve the
storage stability of multiple emulsions.'” Both S/O and
S/O/W emulsions an exhibited enhanced lymphatic transfer
of bleomycin following injection into the appendices of rab-
bits (Fig. 2).

In clinical trials, 27 of 33 patients received a bleomycin
S/0 emulsion injected directly into the tumors with satisfac-
tory results. Comparative studies of treatments between the
bleomycin S/O emulsion and surgery indicated that injection
therapy of the bleomycin S/0 emulsion would be more bene-
ficial than surgical excision.'

As for the O/W emulsion, large logPCoct values or a high
lipophilicity are required for drugs in order to keep them in
the O/W emulsion. One of the most interesting potential ap-
proaches to prolong the retention time in emulsions after
local injection is to increase the lipophilicity of the drug by
chemical modification, leading to a prodrug.'*'> That is, the
combined application of lipophilic prodrug to the lipid car-
rier should achieve controlled drug release.'® In fact, the
lipophilic prodrug mitomycin C'” and 5-fluorouracil'® were
more stably incorporated into the O/W emulsion and lipo-
somes after intramuscular injection. This approach, the com-
bined application of lipophilic prodrug to lipid carrier, could
be applied to the liposomes. After intramuscular injection, li-
posomes appeared to accumulate at the lymph nodes to a
greater degree than O/W emulsions'; accordingly, liposome
formulation is an effective approach for the lymph-selective
drug delivery carrier. However, a distribution study of lipo-
somes with incorporated drugs demonstrated that hydrophilic
drugs were rapidly released from the liposomal formulations
after intramuscular injection. In contrast, nonyloxycarbonyl
mitomycin C was completely incorporated in the liposomes.
In addition, we confirmed that nonyloxycarbonyl mitomycin
C incorporated liposomes enhanced drug delivery to the re-
gional lymph nodes after intramuscular injection. Drug in-
corporation efficacy into the liposomes depends not only on
the lipophilicity of drugs but also on the type used in the
lipid of liposomes®”; therefore, both the physicochemical
properties of the drug and the lipid formulation should be
considered with liposomal drug delivery systems.
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Each result is the mean value of three experiments. N.D.; not detected. 1.V;; intravenous.

2.2. Distribution Characteristics of Lipid Emulsions
Following Intratumoral Injection Efficient cancer chemo-
therapy requires a high degree of selective localization of an-
titumor drug in the tumor. In this context, various drug deliv-
ery systems have been proposed and extensively investigated
for their potential therapeutic application. Among the various
routes of administration, the intratumoral route is a promis-
ing approach for solid local tumors to minimize the side ef-
fects and maximize cytotoxicity at the tumor site.*® How-
ever, in most cases, the retention of antitumor drugs injected
intratumorally is considered to be very low because of their
low molecular size. In order to improve the retention of these
drugs, lipid carriers could be used as a drug reservoir.

In order to clarify the distribution characteristics of in-
jected drugs or carrier formulations after direct intratumoral
injection, a Walker 256 tissue-isolated tumor perfusion sys-
tem was employed.?’ ¥ This is a unique system, composed
of a solid tumor with a pair of supplying arteries and a drain-
ing vein, and enabled us to study the intratumoral pharmaco-
kinetics of a variety of materials, independent of the systemic
circulation. The pharmacokinetics of anticancer drugs,
macromolecular prodrugs and drug carriers following intra-
arterial infusion or direct injection into the tumor have been
studied with this system.

Using tumor-perfusion systems, the effect of the size of
emulsions was studied.?” A large emulsion (250 nm in diam-
eter) and a small emulsion (85nm in diameter) were pre-
pared. Each formulation was labeled with [*H]cholesteryl
hexadecyl ether. In the case of the small emulsion formula-
tions, a large fraction of the injected dose appeared in the ve-
nous outflow, 35-—50% of the dose was recovered in the first
minute after injection, on the tumor surface, and only about
10-—40% of the injected dose remained in local tumor tissue.
On the other hand, the large emulsion formulations remained
in the tumor for a considerably longer time, and about 70%
of the injected dose remained in the tumor 2 h after intratu-
moral injection. These results indicate that particle size is an
important determinant of the retention in the tumor after in-
tratumoral injection.
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3. Lipid Emulsions for Drug Delivery Following Sys-
temic Injection

O/W lipid emulsions and liposomes, as carriers of
lipophilic drugs, have attracted particular interest following
systemic injection. In particular, lipid emulsion formulations
are considered to be superior to others due to the fact that
they can be produced on an industrial scale, are stable during
storage, and are highly biocompatible. In fact, emulsion for-
mulations of lipophilic drugs, such as prostaglandin E,, di-
azepam and non-steroidal anti-inflammatory drugs, have al-
ready been developed and marketed.>—2") With recent phar-
maceutical and therapeutic developments, lipid emulsions
have been introduced as parental drug carriers offering sus-
tained release and organ targeting. In this section, we shall
focus on the progress of research into passive and active tar-
geting systems of emulsions after systemic injection.

3.1. Distribution Characteristics of Lipid Emulsion
Following Systemic Injection In order to clarify the distri-
bution characteristics of emulsions after systemic injection, a
pharmacokinetic study was performed using a ['*C]-labeled
cholesteryl oleate labeled emulsion. After intravenous injec-
tion, the large emulsion (about 280 nm in diameter) rapidly
disappeared from the blood and about 60% of the dose was
recovered in the liver within 10 min of its intravenous injec-
tion in mice.”® On the other hand, small emulsions (about
100 nm in diameter) showed a reduced hepatic uptake and a
prolonged blood circulation time. A pharmacokinetic analy-
sis revealed that the small emulsion has an 8- to 100-times
smaller organ distribution clearance by the liver, spleen and
lungs and about a 4-times greater area under the plasma con-
centration-time curve (4U/C) than the large emulsion. Single-
pass rat liver perfusion experiments have shown that more
than 70% of the large emulsion was extracted by the liver, in-
dicating extensive uptake of the large emulsion during a sin-
gle passage.” In addition, the large emulsion was predomi-
nantly recovered from liver non-parenchymal cells (NPC),
including Kupffer cells, and showed a higher accumulation in
the NPC fraction.

Sphingomyelin (SM) is known to stabilize the membrane
structure of liposomes and the addition of SM to liposomes
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has been reported to be effective in reducing their clearance
by the RES.**? In order to develop a stable emulsion in
blood, we developed novel emulsions composed of soybean
oil and egg yolk SM (SM emulsion).?*’ After intravenous in-
jection, the SM emulsion showed a prolonged retention in the
blood circulation. The uptake clearance of the SM emuisions
in the liver wag about 4-times less than that of conventional
emulsions, suggesting reduced clearance by the RES.

3.2. Galactosylated Emulsions for Asialoglycopretein
Receptor-Mediated Drug Delivery to Hepatocytes Cell-
specific drug targeting is sometimes urgently required for a
variety of clinical purposes; however, there are few reports of
cell-specific drug targeting using lipid emulsions. Recently,
Rensen et al. developed novel apo E associated emulsions for
hepatocyte targeting.>* These apo E associated emulsions are
reported to be selectively taken up by liver parenchymal cells
(PC) and are useful for the delivery of antiviral drugs, such
as iododeoxyuridine, to hepatocytes. However, the introduc-
tion of apo E to the carrier is rather complicated, and so there
can be problems as far as the reproducibility and stability of
apoE emulsions are concerned.

Receptors for carbohydrates, such as the asialoglycopro-
tein receptor on hepatocytes and the mannose receptor on
several macrophages and liver endothelial cells, recognize
the corresponding sugars on the non-reducing terminal of
sugar chains. The lipid emulsion (oil-in-water) surface ex-
hibits aqueous properties; thus a galactose moiety could
cover the emulsion surface. It was reported that a lipophilic-
ity exceeding logPCoct=8" or 18* was required for the
stable entrapment of drugs in O/W emulsions after intra-
venous injection; accordingly, ligand modified lipids should
possess a high lipophilicity for efficient delivery in vivo.

Our strategy for the efficient targeting of lipid carriers by
glycosylation is to achieve stable fixation of the sugar moiety
on the surface of the liposomes under in vivo conditions.
Therefore, cholesterol was chosen as a hydrophobic anchor,
which is stably associated with the liposomal membrane®*”)
and only mono-galactoside was introduced to the lipid as a
ligand because the introduction of many hydrophilic galac-
tose moieties to a lipid anchor would result in their removal
from liposomes by interacting with lipoproteins and/or
other lipid compartments under in vivo conditions.’® We
synthesized a novel galactosylated cholesterol derivative,
i.e., cholesten-5-yloxy-N-(4-((1-imino-2-p-thiogalactosylethyl)-
amino)butyl) formamide (Gal-C4-Chol), to modify lipid car-
riers with galactose moieties for hepatocyte targeting.’”
When Gal-C4-Chol was added to O/W emulsions, a hy-
drophilic galactose moiety was fixed to the particle surface.
Figures 3A and B show the scheme of ligand modified lipid
carriers for cell-selective drug delivery.

After intravenous injection, galactosylated emulsions
(Gal-emulsions) were rapidly eliminated from the blood and
accumulated in the liver, in contrast to the bare-emulsions.*”
The liver uptake clearance of the Gal-emulsions was 3.2-
times greater than that of the bare-emulsions. The uptake
ratio in liver PC and NPC of the Gal-emulsions was higher
than that of the bare-emulsions, suggesting that Gal-emul-
sions are effective PC-selective carriers. The hepatic uptake
of Gal-emulsions, but not that of bare-emulsions, was signifi-
cantly inhibited by predosing not only with lactoferrin but
also Gal-liposomes, suggesting an asialoglycoprotein recep-
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tor-mediated endocytosis. Thus, Gal-emulsions have been
proven to be an alternative carrier for hepatocyte-selective
drug targeting after intravenous injection.

4. Liposomes for Drug Delivery Following Local Injec-
tion

Similar to emulsions, the intratumoral injection of antitu-
mor drugs or genes with liposomes is one of the most
promising approaches for solid local tumors to minimize side
effects and maximize cytotoxicity at the tumor site. Lipo-
somes have also been used because of their favorable charac-
teristics as a biodegradable drug or gene medicine reservoir.
In this section we shall focus on the local distribution charac-
teristics of liposome formulations after intratumoral injection
have become an important issue in drug or gene delivery.

4.1. Distribution Characteristics of Liposomes Fol-
lowing Intratumoral Injection Since drugs incorporated
in liposomes are distributed with liposomes, the distribution
characteristics of liposomes after intratumoral administration
are important. To investigate the effect of size or charge on
distribution, neutral liposomes (120-nm in diameter), and
cationic liposomes (125-nm in diameter) were prepared.’”
Each formulation was labeled with [*H]cholesteryl hexadecyl
ether. The zeta potentials of neutral liposomes and cationic
liposomes were —5.4 and 47.6mV. The pharmacokinetic
properties of the gene were studied after direct intratumoral
injection using a Walker 256 tissue-isolated tumor perfusion
system. After intratumoral injection, approximately 90% of
the administered cationic liposomes remained in the tumor
while the corresponding figure for neutral liposomes was
18%. Since the size of each liposome was almost the same,
cationic liposomes may remain in the tumor due to the elec-
trostatic interaction after intratumoral injection.

4.2. Distribution and Gene Expression Characteristic
of pDNA and Its Complex with Cationic Liposomes after
Intratumoral Injection Wolff ef al. reported that naked
pDNA in the skeletal muscle after intramuscular injection is
specifically located in T tubules and/or caveolae specific to
striated muscle, and these structures may play an important
role in the uptake rather than physical disruption of the mem-
brane of myotubes with direct injection.*"’ We applied this
method to the pharmacokinetic evaluation of naked pDNA
and its cationic liposome complexes.*? The pharmacokinetic
properties of the gene were studied after direct intratumoral
injection using a Walker 256 tissue-isolated tumor perfusion
system.2' =2 Approximately 50% of the naked pDNA was
eliminated from the tumor 2h after injection and intact
pDNA was found in the venous outflow, while more than
90% of the pDNA was retained in the tumor when com-
plexed with cationic liposomes (Lipofectin®), suggesting that
the cationic liposomes increase the retention of pDNA in the
tumor tissue due to electrostatic interaction which results in
less appearing in the venous outflow.

Gene expression was assessed in three types of solid
mouse tumors after the direct injection of naked pDNA en-
coding the luciferase gene (pCMV-Luc) and its DC-Chol li-
posome complexes.*’ The intratumoral injection of naked
pCMV-Luc into subcutaneously inoculated mouse colon
tumor (CT-26), fibrosarcoma (MCA-15) and bladder carci-

-noma (MBT-2) resulted in significant gene expression re-

gardless of the rapid clearance from the injection site. Sur-
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