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Abstract

To achieve a sustained and targeted delivery of liposomes to liver parenchymal cells (PC), we modified distgfaoephatid-
ylcholine (DSPC)/cholesterol (Chol) (60:40) (DSPC/Chol) liposomes with a galactosylated cholesterol derivative (Gal-C4-Chol),
and polysorbate (Tween) 20 or 1,2-distearsyglycero-3-phosphoethanolamihepolyethylene glycol (PEGDSPE). Af-
ter intravenous injection, DSPC/Chol/Gal-C4-Chol (60:35:5) (Gal) liposomes were rapidly eliminated from the blood circu-
lation and mostly recovered in the liver. The blood elimination of DSPC/Chol/Gal-C4-Chol/Tween 20 (55:35:5:5) (Tween
20-Gal) liposomes was slightly reduced as compared to Gal-liposomes. In contrast, a significant reduction in the blood elim-
ination was observed with DSPC/Chol/Gal-C4-Chol/Bi&DSPE (59:35:5:1) (PEf-Gal) liposomes. Hepatic uptake of
DSPC/Chol/Gal-C4-Chol/PE&-DSPE (59:35:5:1) (PE£g-Gal) liposomes was intermediate between RfgEGal-liposomes
and Tween 20-Gal-liposomes. The uptake of Ris&al-liposomes by liver PC was 7.7-fold higher than that by non-parenchymal
cells (NPC). These results suggest that Riz®SPE can control the delivery rate of Gal-liposomes to liver PC without losing

its targeting capability.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Receptor-mediated drug targeting is a promis-
ing approach to selective drug delivery. One par-
ticular method exploits the mechanisms of sugar
recognition that specific cell types possesmghida
et al., 199% Among the various cell types in the

body, hepatocytes exclusively express a large num-

ber of high affinity cell-surface receptors that can
bind asialoglycoproteins and subsequently inter-
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nalize them to the cell interior. Delivery of drugs
using liposomes bound to asialoglycoprotein re-
ceptors in a specific manner would provide sig-
nificant therapeutic benefits in hepatic disease. To
this end, extensive studies on chemical modifica-
tion of liposomes with asialoglycoprotein§quchiya

et al., 1986; Hara et al., 1988; Wu et al., 1998
low-molecular weight glycolipid have been carried out
to achieve effective targeting to hepatocyt8pdnjer
and Scherphof, 1983; Ghosh and Bachhawat, 1991,
Kawakami et al., 1998, 200Raln our laboratory,
we have developed a novel galactosylated cholesterol
derivative, i.e. cholesten-5-yloxy-(4-((1-imino-2-
p-thiogalactosylethyl)amino)butyl) formamide (Gal-
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C4-Chol), to modify liposomes with galactose moi- (Groningen, The Netherlands)yH]cholesteryl hex-
eties for hepatocyte targe_tlng. _We have demonstratedadecyl ether (CHE) was purchased from NEN Life
that Gal-C4-Chol-containing liposomes were taken Science Products Inc. (Boston, MA). All other chem-

up selectively by hepatocytes via the asialoglycopro- jcals were of the highest purity available.
tein receptor-mediated mechanisKagvakami et al.,

1998, 2000k

Although galactosylated liposomes can success-
fully deliver to the liver, they may not necessarily
be effective from the pharmacokinetic point of view.
Since the recognition of galactosylated liposomes by
the receptors is highly efficient, the liposomes can be
rapidly delivered to the target cells. Therefore, the
concentration—-time profile in the target was rapidly
switched to the elimination phase, which in turn,
would result in a short duration of drug exposure
(Levy, 1987%. To avoid frequent repeated administra-
tion, the rate of drug delivery to the target needs to
be reduced by some means.

The purpose of this study was to examine the feasi-
bility of polyethylene glycol (PEG) coating on galac-

2.2. 9ynthesis of cholesten-5-yloxy-N-(4-((1-imino-
2-p-thiogal actosylethyl)amino)butyl) formamide
(Gal-C4-Chol)

Gal-C4-Chol was prepared as reported previously
(Kawakami et al., 1998 Cholesteryl chloroformate
and N-(4-aminobutyl) carbamic acitert-butyl ester
were reacted in chloroform for 24 h at room temper-
ature. After incubating the reaction mixture with tri-
fluoroacetic acid for 4 h at4C, the solvent was evap-
orated in vacuo to yieltN-(4-aminobutyl)-(cholesten-
5-yloxyl) formamide. This product was then reacted
with an excess amount of 2-imino-2-methoxyethyl-
1-thiogalactoside in pyridine containing triethylamine

tosylated liposomes to achieve controlled delivery of Ior 24h at room t(in:jp(_-:-rature. Afttﬁ rthe riaCtt'on T'X.' |
the liposomes via a receptor-mediated process. Since uré was evaporated in vacuo, the resuftant materia

PEG is known to reduce the interaction of liposomes was suspended in vyater, anq dialyzed against dis-
with biological componentsL@sic et al., 1991; Woo- tilled water for 48 h using a semi-permeable membrane

dle, 1993; Oku and Namba, 1994; Harris et al., 2001; (12kDa cut-off). After the dialyzate was lyophilized,
Bhadra et al., 2002 we assumed that coating with the crude product was purified three times by recrys-

PEG retards asialoglycoprotein receptor-mediated up- tallization with ethyl acetate.
take of galactosylated liposomes. We report the impor-
tance of the chain length of the PEG on controlling the 2.3. Preparation of liposomes
rate of uptake of PEGylated galactosylated liposomes.
A control liposome was composed of DSPC and
cholesterol at a molar ratio of 60:40. Gal-liposomes

2. Materials and methods contained DSPC, cholesterol, and Gal-C4-Chol at a
molar ratio of 60:35:5. One percent of DSPC was re-
2.1. Materials placed by PEGs¢-DSPE or PEGyoo-DSPE to yield

PEGsso-Gal-liposomes and PEfgygGal-liposomes,

Distearoyli-phosphatidylcholine (DSPC) and respectively. Tween 20-Gal-liposomes, used for
cholesteryl chloroformate were purchased from Sigma comparison, were composed of DSPC, cholesterol,
Chemical Co. (St. Louis, MO). 1,2-Distearoyi- Gal-C4-Chol, and Tween 20 at a molar ratio of
glycero-3-phosphoethanolamihépolyethylene gly- 55:35:5:5. The lipid mixture was dissolved in chlo-
col (PEG-DSPE), wherex represents an average roform, vacuum-desiccated, and resuspended in 5ml
molecular weight of PEG (2000 or 350), was pur- sterile phosphate-buffered saline (pH 7.4). The sus-
chased from Avanti Polar Lipids (Alabaster, AL). pension was sonicated (200 W, 3 min) and the result-
N-(4-Aminobutyl) carbamic acidert-butyl ester was  ing liposomes were extruded through 200 nm (five
obtained from Tokyo Chemical Industry (Tokyo, times) and 100nm (five times) polycarbonate mem-
Japan). Tween 20, cholesterol (Chol) and Clear- brane filters using an extruder device preheated to
Sol were obtained from Nacalai Tesque (Kyoto, 60°C. The particle sizes of the liposomes were mea-
Japan) and Soluene 350 was purchased from Packardsured in a dynamic light scattering spectrophotometer
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(LS-900, Otsuka Electronics, Osaka, Japan). Radiola-

beling of the liposomes was done by the addition of
[BH]CHE (4.Ci/mg total lipid) to the lipid mixture.

2.4. Invivo distribution study

Five-week-old male ddY mice (25.0-30.0g) were
obtained from Shizuoka Agricultural Co-operative As-
sociation for Laboratory Animals (Shizuoka, Japan).
[3H]labeled (1.QuCi/100pl) liposomes were injected
into the tail vein of mice at a dose of 25 mg/kg. At
given times, blood was collected from the vena cava
under anesthesia, and mice were killed. The liver, kid-

ney, spleen, heart, and lung were excised, washed with

saline, blotted dry, and weighed. Ten microliters blood,

and a small piece of each tissue were incubated with

0.7 ml Soluene 350 overnight at 46. Following di-
gestion, 0.2 ml isopropanol, 0.2 ml 30% hydroperox-
ide, 0.1 mI 5N HCI, and 5.0 ml Clear-Sol | were added
in this order. The samples were stored overnight and
the radioactivity was measured using a liquid scintil-
lation counter (LSA-500, Beckman, Tokyo, Japan).

2.5. Calculation of organ clearance

Tissue distribution data were evaluated using organ
distribution clearances as reported previou3igkino
et al.,, 1998. Briefly, the tissue uptake rate can be
described by the following equation:

dx,

dr

whereX; is the amount of JH]labeled liposomes in
the tissue at timé CLyptakeiS the tissue uptake clear-
ance, andy, is the blood concentration ofif]labeled
liposomes. Integration dtq. (1) gives

Xt = CLuptakeX AUC(O—[)

)

= CLuptakeX Ch

)

where AUGo— represents the area under the blood
concentration—time curve from time 0 tb The
CLuptake Value can be obtained from the initial slope
of a plot of the amount of3H]labeled liposomes in
the tissue at time(X;) versus the area under the blood
concentration—-time curve from time 0t¢AUC o).

2.6. Hepatic cellular localization

Mice were anesthetized with pentobarbital sodium
(40-60mg/kg) and intravenously injected with

79

[3H]labeled liposomes (0.5-1,0Ci/100pl). Their
body temperatures were kept at87with a heat lamp
during the experiment. At 24 h after administration,
the liver was perfused first with €&, Mg?*-free per-
fusion buffer (10 mM N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), 137mM NaCl,
5mM KCI, 0.5 mM NakPQy, and 0.4 mM NaHP Oy,

pH 7.2) for 10min and then with perfusion buffer
supplemented with 5mM Cagland 0.05% (w/v)
collagenase (type 1) (pH 7.5) for 10 min. As soon
as the perfusion started, the vena cava and aorta
were cut and the perfusion rate was maintained at
3—4 ml/min. Following the discontinuation of perfu-
sion, the liver was excised and its capsular membranes
were removed. The cells were dispersed in ice-cold
Hank’s-HEPES buffer containing 0.1% BSA by gen-
tle stirring. The dispersed cells were filtered through
cotton mesh sieves, followed by centrifugation at
50 x g for 1 min. The pellets containing parenchymal
cells (PC) were washed twice with Hank’s-HEPES
buffer by centrifuging at 5& g for 1 min. The super-
natant containing non-parenchymal cells (NPC) was
similarly centrifuged two more times. The resulting
supernatant was then centrifuged twice at 20@

for 2min. PC and NPC were resuspended separately
in ice-cold Hank's-HEPES buffer (4 ml for PC and
1.8ml for NPC). Cell numbers and viability were
determined by the trypan blue exclusion method. The
radioactivity in the cells (0.5ml) was determined as
for the other tissue samples.

3. Results
3.1. Liposome size

Table 1summarizes the lipid composition and par-
ticle sizes of liposomes prepared. All liposomes were
similar in size (a mean diameter of approximately
80 nm). The size of the liposomes remained stable for
at least 1 month at 4C (data not shown).

3.2. Blood elimination and hepatic accumulation of
[3H]labeled liposomes

Fig. 1 shows the blood concentration and liver ac-
cumulation of fH]labeled DSPC/Chol-, Gal-, Tween
20- and Tween 20-Gal-liposomes after intravenous
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Table 1
Lipid composition and the mean diameter of liposomes

Liposomes (molar ratio) Particle size (rfim)

DSPC/Chol (60:40) 94.& 6.3

DSPC/Chol/Gal-C4-Chol (60:35:5) 840 14.8

DSPC/Chol/Tween 20 (55:40:5) 94 22.1

DSPC/Chol/Gal-C4-Chol/Tween 20 84.7 + 20.6
(55:35:5:5)

DSPC/Chol/PEGso-DSPE (59:40:1) 87.5 16.3

DSPC/Chol/Gal-C4-Chol/PEszy- 75.8+ 13.8
DSPE (59:35:5:1)

DSPC/Chol/PEGyoo-DSPE (59:40:1) 68.8 13.3

DSPC/Chol/Gal-C4-Chol/PEfgoo- 755+ 14.3

DSPE (59:35:5:1)
@ The particle size of the liposomes was measured using a dy-

C. Managit et al./International Journal of Pharmaceutics 266 (2003) 77-84

Gal-liposomes. PE$ooGal-liposomes showed a
slower blood elimination rate than PEk£g-Gal-
liposomes. On the other hand, Pifgyr-Gal-liposomes
showed a similar distribution profile to that of
PEGogliposomes, suggesting that surface modifi-
cation by PEGpoo completely abolished galactose-
mediated hepatic uptake. In contrast, RE&Gal-
liposomes exhibited a different distribution profile
from that of PEGsg-liposomes.

3.3. Pharmacokinetic analysis of biodistribution of
[3H]labeled liposomes

Table 2summarizes the area under blood concent-

namic light scattering spectrophotometer. Results are expressed asration—time curve and tissue uptake clearances for

the meant S.D. of three experiments.

injection into mice at a dose of 25mglipid/kg.
DSPC/Chol-liposomes were retained in blood circu-
lation over 1h, whereas Gal-liposomes were rapidly
eliminated from the blood circulation and delivered
to the liver. The uptake in the liver reached approxi-
mately 80% of the dose for the 10 min post-injection.
Tween 20-Gal-liposomes also showed a rapid elimi-
nation from the blood circulation in a similar manner
to Gal-liposomes.

Fig. 2 shows the blood concentration and liver
accumulation of Gal-, PEG, and PEG-Gal-lipo-
somes after intravenous injection into mice. PEG-
ylation significantly reduced the blood elimination of

100

75

50

(% of dose/ml)
Liver accumulation

25

Blood concentration

Time (min)

[3H]labeled liposomes. Gal-liposomes exhibited the
lowest AUC and the highest liver uptake clear-
ance among the liposomes investigated. The liver
uptake clearance of Gal-liposomes was slightly re-
duced when Tween 20 was incorporated. In con-
trast, a marked reduction of liver clearance was
observed with PEGGal-liposomes. The liver up-
take clearance of PEfgygGal-liposomes was 100
times less than that of Gal-liposomes, where there
was no difference between PEfgo-Gal-liposomes
and PEGqooliposomes. The liver uptake clearance
of PEGssg-Gal-liposomes was about 1/10 of that of
Gal-liposomes. Hepatic uptake of PgdgGal-lipo-
somes was intermediate between that of Tween 20-
Gal-liposomes and PEfgyo-Gal-liposomes.
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Fig. 1. Blood concentration and liver accumulation $#f[CHE-labeled DSPC/CholQ®), Gal (@), Tween 20 M), and Tween 20-Galk)
liposomes after intravenous injection into mice. Results are expressed as the:i8&anof three experiments.
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Fig. 2. Blood concentration and liver accumulation 8H[CHE-labeled Gal @), PEGqoo (), PEGoc-Gal (A), PEGsy (), and
PEGsso-Gal (A) liposomes after intravenous injection into mice. Results are expressed as theci8&anof three experiments.

Table 2
Area under plasma concentration—time curve and tissue uptake clearance of liposomes after intravenous injectidn in mice
Liposome AUC (% h/ml) Clearancqul/h)

CLiver c:l—spleen Clheart C:l—lung CLkidney
DSPC/Chol-liposome 24.0 749 265.0 214 49.5 103.0
Gal-liposome 15 51064 2888.0 19.8 33.0 297.0
Tween 20-liposome 20.0 1392 195.0 0.9 46.1 38.2
Tween 20-Gal-liposome 5.9 14372 1702.0 83.0 192.0 291.0
PEGssg-liposome 27.0 534 126.0 13.2 43.6 78.6
PEGsso-Gal-liposome 13.0 5261 840.0 32.8 87.0 185.0
PEGoooliposome 24.0 374 104.0 15.2 62.0 163.0
PEGyoo-Gal-liposome 25.0 484 66.2 14.9 49.6 64.5

a8 AUC and clearance were calculated for the period until 1 h after injection. An average of three experiments is shown.

3.4. Hepatic cellular localization of [3H]labeled PEGssg-liposomes were recovered from both PC and
liposomes NPC with a PC/NPC ratio of 1.8, whereas P

Gal-liposomes accumulated selectively in PC with a

Fig. 3 shows the hepatic cellular localization of PC/NPC ratio of 7.7.
[3H]labeled PEGqogliposomes and PEfgogr-Gal-
liposomes at 24 h after intravenous injection in mice.
PEGooliposomes and PEfgoo-Gal-liposomes were 4. Discussion
recovered from both PC and NPC, with PC/NPC ratio

of 0.9 and 1.7, respectively. Hepatocytes are responsible for the synthesis of a
Fig. 4 shows the hepatic cellular localization of wide variety of proteins and play important physiolog-
[*H]labeled PEGsc-liposomes and PEggy-Gal- ical roles in the body. In our previous investigations,

liposomes at 24 h after intravenous injection in mice. we developed Gal-C4-Chol as a ligand for hepatocyte
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20 1 From the pharmacokinetic point of view, however,
Levy (1987)pointed out that drug elimination from
15 4 PC/NPC = 1.7 the site of action following its targeted delivery would
PC/NPC = 0.9 be much more rapid than that of a conventionally ad-

ministered dose, because of the rapid uptake of the

Cellular uptake
(% of dose/ 10 cells)

10 drug, and therefore the duration of action of a tar-
geted “bolus” dose would be shorter. Our previous
3 study demonstrated that the rapid uptake of probucol-
incorporated emulsion into the liver resulted in a low
0 - pharmacological effecflgkino et al., 1998 In some
PEG,ggo-liposome  PEG,9,-Gal-liposome cases, rapid drug delivery by Gal-liposomes might be

Fig. 3. Hepatic cellular localization ofH]CHE-labeled PEGooo- ineffective in terms of the duratlo,n of drug action. In
and PEGgoo-Gal-liposomes after intravenous injection into mice. the present study, therefore, we tried to reduce the hep-
Radioactivity was determined at 24 h post-injection in Fil),( atic uptake rate of Gal-liposomes without losing its
and NPC (). Each value represents the mear8.D. of three targeting ability.

experiments. Tween 20, having branched polyoxyethylene
chains, has been used as a surfactant to reduce the op-
sonization of latex particlesRembaum et al., 1984

In the present study, however, Tween 20 slightly re-
duced the blood elimination rate of Gal-liposomes by
h an amount not sufficient to change the liver accumu-
lation profile fFig. 1). Since each branched chain of
Tween 20 has only five monomer units on average, it
may be too short to prevent galactose moieties from
being recognized by receptors. Another reason may
be the instability of Tween 20-liposomes in blood.
It has been reported that a derivative of PEG with
only one acyl chain was less effective in prolongation
a circulation half-life of liposomes than PEG-DSPE
(Allen et al., 199]. A single acyl chain may not be
enough for these surfactants to be stably incorporated
in the liposomes.

PEG-lipids have often been used to prevent lipo-
somes and other lipid-based drug delivery systems
from being taken up by the mononuclear phagocyte
15 4 PC/NPC = 1.8 systems (MPS)Mlaruyama et al., 1992; Cullis et al.,

1998; Ishida et al., 2001PEGylated liposomes have
10 A been shown to have less protein, including opsonins,
adsorbed onto their surfaceBy et al., 199). The
5 mechanism by which PEG protects the liposome
surface has been attributed to the hydration of the
polymer that effectively provides a water shell to the
PEG,,-liposome PEG,,,-Gal-liposome liposome surface; in addition the flexibility of the
polymer results in steric stabilizatiorLgsic et al.,
Fig. 4. Hepatic cellular localization of H]CHE-labeled PEGso- 199:])_

and PEGsg-Gal-liposomes after intravenous injection into mice. . . . .
Radioactivity was determined at 24 h post-injection in Filk),( Two PEG-DSPE with different chain Iengths, 1.e.

and NPC [0). Each value represents the mearS.D. of three PEGgs0-DSPE and PEgyooDSPE, were examined in
experiments. this study, taking into account that the activity of PEG

targeting of liposomes and examined their feasibil-
ity of drug delivery Hattori et al., 2000; Kawakami
et al., 2000b, 2000c, 20D1The biodistribution stud-
ies revealed that DSPC/Chol-liposomes modified witl
5 mol% of Gal-C4-Chol (Gal-liposomes) were rapidly
eliminated from the blood circulation and mainly taken
up by liver PC, due to an asialoglycoprotein receptor-
mediated uptake mechaniskKeivakami et al., 200Qc

We also demonstrated that Gal-liposomes were able
to enhance the liver uptake of highly lipophilic drugs
such as prostaglandin EKawakami et al., 2000kand
probucol Hattori et al., 200D Thus, Gal-liposomes
appeared to be an effective targetable carrier to hepa-
tocytes.

20 - PC/NPC =17.7

Cellular uptake
(% of dose/1 0 cells)
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