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Abstract

We attempted to develop an artificial lipoprotein-like particle, lipid nano-sphereR)N®orporating dexamethasone palmi-
tate (DMP). LNS is 25-50 nm in diameter and is composed of soybean oil and egg lecithin. Potential drug carriers were compared
with a conventional fat emulsion for intravenous nutrition, lipid microsphere (LM; 200-300 nm), which is already used
clinically. LM easily entered reticuloendothelial systems, such as the liver, and was rapidly cleared from the circulation. How-
ever, LNS showed much higher plasma levels of DMP after intravenous administration to rats and recovered more than 80%
of the injected dose in the perfusate in single-pass rat liver perfusion. The calculated volume for the distribution of the lipid
emulsion within the liver showed that LNS underwent fenestration and was distributed into the Disse space in the liver. Because
of the lower uptake of LNS particles by the liver, LNS showed good recovery from the liver and prolonged the plasma half-life
of DMP after intravenous injection. In addition, higher efficiency in the targeting of DMP into inflammation sites and higher
anti-inflammatory efficacy were observed in LNS. Thus, LNS easily and selectively passed through the leaky capillary wall by
passive diffusion depending on the plasma concentration. Nanometer-sized lipid emulsion particles, LNS, seem to be a promising
carrier system for passive drug targeting of lipophilic drugs.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Lipid emulsion; Nanoemulsion; Passive drug targeting; Liver perfusion; Dexamethasone palmitate

1. Introduction Lipoproteins are present in naturally occurring par-
ticles in the blood circulation and interstitial fluids,
Most biopharmacy and pharmacology texts note the and have the capacity to interact with pharmaco-
importance of plasma proteins, such as albumin and logical levels of drug molecules. For example, low
alpha-1-acid glycoprotein, in the ultimate distribution density lipoprotein (LDL) is a major carrier of choles-
of drug molecules. terol in the circulation and enters cells by an LDL
receptor-mediated endocytotic mechanism. Lipophilic
drugs are expected to combine with LDL and are pos-
"+ Corresponding author. Tel:81-75-321-9124; sible carriers for site-specific Qrug deliveriRgnsen
fax: 4+81-75-321-9038. et al., 2001; Wasan and Cassidy, 1R9Bhe uptake
E-mail addressj.seki@po.nippon-shinyaku.co.jp (J. Seki). of lipoproteins by cell types found in numerous tis-
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sues and organs occurs by a transport process knowr2. Materials and methods

as receptor-mediated endocytosis. Lipoprotein parti-
cles, when combined with pharmacological agents,
represent unique carrier particles for characterizing
drug distribution including extravascular transit, cel-
lular uptake processes, and finally pharmacological
responses.

We also showed previously the in vivo efficacy
of lipoproteins as carriers of the pharmacological
active agent, beta-sitosteryl-bateglucoside (SG).
The pharmacological effects were closely related
to lipoprotein metabolism and were observed only
after intravenous injection of the complexes of SG
with lower density lipoproteinsSeki et al., 1985;
Sugiyama and Seki, 1991

On the other hand, numerous artificial drug carriers
for drug delivery, such as liposomes and emulsions,
have been proposed to improve the distribution of

pharmacological active agents. Most exogenous col-

loidal drug carriers have some difficulty in successful
in vivo drug targeting. The critical problem seems

2.1. Materials

Purified egg lecithin and soybean oil for parenteral
use were purchased from Q.P. Corporation, Tokyo,
Japan and Ajinomoto Co., Inc., Tokyo, Japan, respec-
tively.

DMP and3H-labeled DMP tH-DMP) were syn-
thesized with dexamethasone (or [§H}-dexametha-
sone, 35-50 Ci/mmol, purchased from NEN Life Sci.
Product Inc., Boston, MA, USA) and palmitoyl chlo-
ride by means of conventional coupling, and were pu-
rified in our laboratory Mizushima et al., 1982a

All other chemicals were of reagent or analytical
grade.

2.2. Preparation of lipid emulsions

The composition and representative diameter of
LNS and LM are shown iTable 1 LNS was com-

to be the apparent non-specific uptake of the car- PoSed of equal amounts of purified egg lecithin and
rier particles as a foreign substance by tissues thatSoybean oil. LM was composed of the same ingredi-
have developed a reticuloendothelial system, such €Nts @s LNS and the ratio of egg lecithin to soybean
as the liver and spleen. Many techniques are known oil was 0.12-1 by weight. The DMP concentration of

to avoid this phenomenon using polyethyleneglycol
derivatives Greenwald et al., 2003; Otsuka et al.,
2003.

We developed an artificial lipoprotein-like parti-
cle, lipid nano-sphere (LN, which is composed
of phospholipids and simple lipids and has a simi-
lar diameter (25-50nm) and lipid compositions to
endogenous plasma lipoproteinSeki et al., 1988,
1994; Sugiyama and Seki, 1991LNS is considered
to be a protein-free analogue of plasma lipoproteins.
A conventional fat emulsion for intravenous nutri-
tion, lipid microsphere (LM,d = 200-300nm) is
already used clinically as a drug carriddigushima,
1996; Yokoyama and Watanabe, 199&NS and
LM can be manufactured with the same lipids, such
as soybean oil and egg lecithin. The major physical
difference between LNS and LM is in their parti-

cle diameters. By using dexamethasone palmitate

(DMP) as an active compound, we studied not only
the behavior in the body but also the carrier potential
of LNS for site-specific drug delivery to inflamed
tissues compared with that of the conventional LM
formulation.

each lipid emulsion was set at 4 mg/ml (f.@ol/ml),
and the aqueous phase of both lipid emulsions was
0.24 M glycerin.

DMP (or 3H-DMP) was dissolved in soybean oil
and mixed with purified egg yolk lecithin. All ingre-
dients for LNS and LM were homogenized and emul-
sified in 0.24 M glycerin with a probe type sonicator
(Sonifier Model 250D, Branson Ultrasonic Corpora-
tion, Danbury, CT, USA), at 80—-100 W af& for 60
and 20 min, respectively. In some cases, the mixtures
were emulsified sufficiently with a MicrofluidizEY
110-Y or 110-E/H (Mocrofluidics International Cor-
poration, Boston, MA, USA) at 100 MPa for LNS and
at 50 MPa for LM with a Y-type Interaction Cham-
ber by applying 0.2-5% of backpressur8abeki

Table 1
Composition of LNS and LM
DMP Soybean oft Egg lecithif  DiameteP
(mg/ml)  (mg/ml) (mg/ml) (nm)
LNS 4 50 50 25-50
LM 4 100 12 200-300

a Soybean oil and egg lecithin were of parenteral grade.
b Diameter was determined by dynamic light scattering.
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and Seki, 1998 These two formulations were used An experimental model of pleuritis in rats was in-
without further purification. duced by an intrapleural injection of 0.1 ml of 2%
The particle size of the lipid emulsions was de- lambda-carageenin (Sigma-Aldrich, St. Louis, MO,
termined by a laser dynamic light-scattering parti- USA) to rats. LNS or LM containing DMP was admin-
cle sizer, DLS-700 (Otsuka Electonics, Inc., Osaka, istered intravenously to the rats at a dose of 2.5 mg/kg
Japan), after diluting the emulsion with distilled water. of DMP 2 h after the intrapleural injection of car-
For transmission electron microscopy, the samples rageenin. After the rats were sacrificed at various in-
were placed on a specimen mesh coated with collo- tervals after intravenous administration by collecting
dion film, negatively stained with 3% sodium phos- blood from the aorta under ether anesthesia, the pleural
photungustate (pH 7.0), and observed with a Hitachi cavity was opened and the pleural exudates collected.

H-7100 transmission electron microscope. An aliquot of the exudate was centrifuged (3000 rpm
_ _ for 10 min) and the pleural cells were removed. The
2.3. Plasma and tissue concentrations pleural exudate and the supernatant were used to de-

termine DMP by HPLC analysis as described above.
Male Sprague-Dawley rats were purchased from — Apgiher experimental model in rats, carrageenin-

Japan S.L.C. (Hamamatsu, Japan) and used for allingyced paw edema was induced by a subcutaneous
experiments without fasstlng at 6-8 weeks of age. jniaction of 0.1ml of 1% lambda-carrageenin into
LNS or LM containing °H-DMP was administered o right paw. LNS or LM containingH-DMP was
inravenously to rats at a dose of 0.5mg of DMP per ,qministered intravenously to the rats at a dose of
kilogram. Venous blood (0.2ml) was collected into 4 5 mg/kg of DMP 2 h after carrageenin injection. At
heparin tubes, and plasma was obtained by centrifu- 15 i after the intravenous administration of LNS or
gation. After rats were sacrificed by collecting blood |\ rats were sacrificed by collecting blood from the
from the aorta under ether anesthesia, tissues were,q s ynder ether anesthesia. Both paws, the inflamed
removed, weighed, and homogenized W'th methanol and normal sides, were amputated at ankle level and
(10%, wi/v). The supernatant was obtained by cen- weighed. The radioactivity in the whole paw was

trifugation of the homogenate. The plasma and the o-overed and determined 4,0 by burning under
supernatant were used to determine total radioactivity oxygen with a sample oxidizer.

by liquid scintillation counting.

2.4. In situ single-pass liver perfusion study 2.6. Anti-inflammatory activity
The operative procedure for in situ rat liver perfu- 10 determine the pharmacological potential of the

sion has previously been described in detilr(ell LNS and LM formulations, the most popular and clas-

etal., 1977; Nishida et al., 1990; Takino et al., 1995 Sical assay model, carrageenin-induced paw edema,

The perfusate, containing 50% heparinized rat whole WS used. 0.1 ml of 1% lambda-carrageenin was ad-
blood and 50% Dixon’s Krebs bicarbonate buffer Ministered subcutaneously into the right paw. The

(pH 7.4), was circulated using a peristaltic pump at a Volume of the paw was recorded over time during
flow rate of 8 ml/min. LNS or LM containing DMP  the experiment. LNS or LM containing DMP was ad-

(16pg/0.1ml) was introduced into the portal vein ministered intravenously to the rats 30 min after car-
using a six-position rotary valve injector. Every drop fageenin injection. Paw volumes were compared with
of the venous flow samples was collected into tubes the control rats to calculate the inhibition percentage.

and used for HPLC analysis as described elsewhere

(Tauchi et al., 1999 . .
3. Results and discussion

2.5. Delivery into an inflamed site
3.1. Physicochemical properties of LNS
To determine the efficiency of DMP delivery by
LNS or LM into an inflamed site, two different exper- LNS preparations containing DMP in this study
iments were performed as follows. showed a similar average particle size with a very
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Fig. 1. Distribution of LNS particle diameters measured by dy-
namic laser light-scattering spectrophotometry.

narrow distribution range to the plasma lipoproteins,
especially to low density lipoproteins and to very low
density lipoproteins Kig. 1). LNS and LM ranged

from 25-50 nm to 200-300 nm in average diameter,
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respectively. A representation of the conventional
negative stain method for LNS and LM is shown in
Fig. 2 There were no differences in diameter by laser
particle-size analysis or in morphological observation
with transmittance electron microscopy. There was
also no difference in diameter by two emulsification
methods, i.e. by sonicator and Microfluidizer. The
apparent surface potentials of the lipid emulsion par-
ticles were estimated with Zetasizer 2000 (Malvern
Instruments Ltd., Worcestershire, UK) after diluting
the emulsion with distilled wateizhang and Kirsch,
2003. They were —52.8 + 3.0mV for LNS and
—49.7 £+ 4.2 mV for LM. Both lipid emulsions were
stable throughout this study even at room temperature,
i.e. there was no change in their diameter during stor-
age for more than a year when they were contained in
ampoules with nitrogen gas. No free DMP was found
in either lipid emulsion formulation during storage.

As shown inTable 1 LNS consists of a larger
amount of purified egg lecithin, to stabilize a large sur-
face area based on the smaller particle size than LM.
The relationship between their diameters and the com-
position ratio of soybean oil to egg lecithin were es-
timated physicochemicallyHanda et al., 1990 The
diameter of LNS in this study corresponded well with

200 nm

200 nm

Fig. 2. Electron micrographs of negatively stained LNS and LM.
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Fig. 3. Plasma radioactivity after the intravenous administration of
lipid emulsions incorporatingH-DMP to rats (dose, 0.5 mg/kg).
Each point represents the me&a8.D. of three rats. Closed circles,
LNS; open circles, LM.

the theoretical composition ratio of soybean oil as a
core material and lecithin as the surface material of
lipid particles. As LNS and LM were prepared using

the same soybean oil and egg lecithin, but with differ-
ent ratios, the major difference in the physicochemi-
cal characteristics of LNS and LM seems to be their
diameters.

79
3.2. Plasma and tissue concentrations

Fig. 3 shows the plasma radioactivity levels after
an intravenous injection of LNS or LM contain-
ing 3H-DMP. The plasma levels after administration
of LM decreased rapidly. Even at an equivalent
dose (0.5mg/kg), LNS gave a plasma concentration
around three to five times higher than LM up to an
hour after intravenous injection. The AYG was
228.4ngeq./mh for LNS and 52.0ngeq./mlh for
LM. This difference in plasma concentration disap-
peared 5 h after injection.

In the tissue distribution study shown fig. 4, in-
jected 3H-DMP with LM was found in a relatively
high concentration in the liver and spleen. In contrast,
tissue distributions ofH-DMP were very low when
administered with LNS. These data suggest that the
tissue distribution clearances of LNS were lower, but
that the liver and spleen took up LM very rapidly.

A prolonged circulating emulsion carrier system has
been reported elsewherBakino et al., 1991 We have
also reported that LNS showed a higher plasma con-
centration and a lower uptake of drugs by organs with
a reticuloendothelial system after intravenous admin-
istration to mice, rats, dogs, and monkeys in compar-
ison with the conventional formulationS¢ki et al.,

Tissue concentration of *H-DMP (ug eq./g)

6
1 Liver Spleen
i |
i
\T 2 1
1
o~¥0 o ‘\Q\.
0 1 2 0 1 2

Time after injection (h)

Time after injection (h)

Fig. 4. Tissue distribution of radioactivity after the intravenous administration of lipid emulsions incorpofatiiMP to rats (dose,
0.5mg/kg). Each point represents the mea8.D. of three rats. Closed circles, LNS; open circles, LM.
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Fig. 5. Typical outflow patterns of DMP obtained for LNS and
LM via in situ single-pass liver perfusions in rats. Closed circles,
LNS; open circles, LM.

1988, 1994; Fukui et al., 200Bdsolated rat peritoneal
macrophages took up LM but hardly took up any LNS
in vitro (data not shown). Our group demonstrated re-
cently that LM delivered larger amounts of radioac-
tivity to non-parenchymal cells than to parenchymal
cells in the liver, but almost equal amounts were dis-
tributed to both cell types by LN$(kui et al., 2003a
These results, including this study, indicate that LNS
is hardly recognized as a foreign particle by cells with
aggressive endocytotic activity.

3.3. Single-pass liver perfusion study

Fig. 5 shows typical outflow patterns obtained for
LNS and LM containing DMP via in situ single pass
liver perfusion. The drug recovery and AUC of the
DMP administered with LNS from the liver were
larger than that with LM, and this was due to the
lower uptake of LNS by the liver cells. The active

metabolite, dexamethasone, was not found in the

outflows during this experiment.

The differences in the disposition parameters of
DMP between LNS and LM administration in the liver
are clearly shown infable 2by a moment analysis
of the elution profiles shown ifig. 5. The recovery
for LM was only 30% or less in a single pass from

J. Seki et al./International Journal of Pharmaceutics 273 (2004) 75-83

Table 2

Parameters for in situ single-pass liver perfusion of LNS and LM
Parameters LNS LM

AUC (% of dose s/ml) 643.6t 35.7 210.5+ 24.1
t(s) 451+ 4.3 227+ 1.2
Recovery (%) 82.9+ 4.6 27.9+ 3.2
Tmax (S) 30.8+ 4.3 14.3+ 3.2
Cmax (% of dose/ml) 15.6+ 2.1 12.14+ 5.6
F (%) 85.6+ 4.7 28.1+ 3.2
E (%) 14.4+ 0.9 71.9+ 8.2
V (ml) 70+ 04 108+ 1.1
Viml)in F=1 6.0+ 0.3 3.0+ 0.3

Each value represents the mea®.D. in three experiments.

the portal vein to hepatic venous flow but that for
LNS was more than 80%. An additional phenomenon
found in the results shown iRig. 5 was similar to
size-exclusion chromatography using the liver, i.e. a
large molecule/particle eluted faster than a small one.
When only the drug recovered in the outflows was
used for the calculationF{ = 1), the small particle
(LNS) had a larger volume of distribution within the
liver, V. = 6 ml/liver, than the larger particle (LM} =

3 ml/liver). These values apparently correspond with
the volumes of the Disse space and the vascular space
in the liver Weisiger et al., 1986 The calculated vol-
ume of the distribution of lipid emulsions within the
liver showed that LNS underwent fenestration and was
distributed into the Disse space. Itis therefore possible
that LNS could be distributed not only into the vas-
cular space, but also into the Disse space within the
liver. Because of lower uptake by the liver cells, LNS
can return to the perfusate and is found in the outflow.
We conclude that the higher plasma concentration of
the drug administered with LNS was caused by lower
uptake of the LNS particles by the livefFig. 6).

[ o J [ [ ] | ]

Disse space g

Endétherial cel

Fenestra

]

Kupffer cell

TII

Fig. 6. Schematic illustration of distribution of LNS and LM in
the liver in relation to the vascular structure.
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Fig. 7. Concentration of DMP in the pleural exudate after the
intravenous administration of lipid emulsions, incorporating DMP,
to rats with experimental pleuritis (dose, 2.5mg/kg). Each point
represents the meanS.D. of five rats. Closed circles, LNS; open
circles, LM.

3.4. Delivery into an inflamed site

LNS showed a higher concentration of DMP not
only in plasma but also in pleural exudate at the in-
flamed site after intravenous administration to an ex-
perimental model of carrageenin-induced pleuritis in
rats fig. 7). The AUC's for both lipid emulsions were
5.29 and 0.53.g h/ml, respectively. The rate constant
(K) for DMP from the circulation to the pleural ex-
udate at the inflamed site obtained with LNS was
0.0025h1, greater than that with LM (0.00018 ).

In another evaluation in rats with carrageenin-
induced paw edema, the concentration of radioactiv-
ity in the inflamed right paw after LNS administration
was compared with that of LM. As seen Table 3

Table 3

Distribution of radioactivity in the paws 15min after the intra-
venous administration of lipid emulsions incorporatifig-DMP

to rats with experimental paw edema (dose, 0.5 mg/kg)

LNS LM LNS/LM
Inflamed paw (ng/paw)  47% 175 154+ 17  3.08
Right side (ng/g) 204+ 53 64+ 8 3.19
Control paw (ng/paw) 164 19 89+24 184
Left side (ng/g) 94+ 8 52+ 14 1.80
Inflamed/control 217 1.23 1.76
Plasma (ng/ml) 448t 38 122+ 12 3.67

Each value represents the mea®.D. of three rats.
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LNS showed a more than three times higher concen-
tration of radioactivity than LM in the inflamed paw
after intravenous administration to rats with an exper-
imental model of carrageenin-induced paw edema.

The mechanism of LNS transportation from the
blood stream to the inflamed site is considered a
passive diffusion of the particles through the leaky
capillary wall. It is well known that the capillary
wall leaks due to an inflammatory reaction. As LNS
could pass through the fenestra in the liver in the
single-pass liver perfusion experiment, it is possi-
ble that LNS can pass through the leaky capillary
wall at the inflamed site. The LNS has no protein or
sugar moiety for site-specific recognition, but it has
ultra-fine nano-particles that can pass easily and se-
lectively through a leaky capillary wall accompanying
an inflammatory reaction. The potential of LNS for
delivering DMP to the inflamed site can therefore be
classified into the category of passive drug targeting.

For the same reason, LNS is an effective carrier
of lipophilic antimicrobial and antifungal agents, such
as amphotericin B, as reported recentiukui et al.,
20033. We have also reported that the superior de-
livery of amphotericin B into inflamed and infectious
sites was accomplished by using LNS as a drug carrier
(Fukui et al., 2003p

3.5. Anti-inflammatory activity of LNS-DMP

Fig. 8 shows the dose-response curves of lipid
emulsions in the inhibition of carrageenin-induced
paw edema in rats. The Ep of LNS-DMP and
LM-DMP was around 0.01 and 0.03 mg/kg of DMP,
respectively. DMP administered with LNS showed
pharmacologically a three times higher efficacy than
that with LM in the inhibition of paw edema induced
by carrageenin. It apparently corresponded with the
drug concentration ratio, 3.19, in the inflamed site, as
shown inTable 3with the same experimental model.

Mizushima et al. reported that LM containing DMP
had significantly higher anti-inflammatory efficacy
than a conventional water-soluble steroid, dexametha-
sone phosphatéMizushima et al., 1982b; Mizushima,
1996. His group showed that a possible mechanism
for LM was targeting macrophages accumulated in
the inflamed sites. In this report, LNS showed that
higher drug levels in the pleural exudate and superior
pharmacological activity were found in LNS, sug-
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80 by filtration with a conventional 0.2m membrane,
freeze-dried using a certain cryoprotectant and rehy-
drated completely with no changeSdki et al., 199).
For example, our group reported recently that LNS in-
corporating amphotericin B, a lyophilized product, is
stable at room temperature for at least 2 years with no
change in visual appearance, reconstitution time, pH
after reconstitution, particle size, zeta potentials, or
drug concentratiorHukui et al., 2003p We are study-
ing several promising new formulations to improve the
1 efficacy of pharmacological active agents with conven-
tional dosage forms. Our studies started with plasma
oL : : lipoproteins and we are now interested in LNS as a
0.003 0.01 0.03 novel and bio-compatible drug carrier for parenteral
Dose of DMP (mg/kg) use in site-specific drug targetingygiyama et al.,

1997.

Inhibition of edema (% of control)

Fig. 8. Dose-response curves of lipid emulsions in the inhibition of
carrageenin-induced paw edema in rats. Pharmacological potentials
of lipid emulsions evaluated as inhibiting carrageenin-induced paw
edema in rats. Each point represents the me&mD. of six rats. Acknowledgements
Closed circles, LNS; open circles, LM.
This study was partly supported by grants from the
gesting that LNS is an excellent carrier for DMP with Japan Health Sciences Foundation.
a different targeting mechanism.
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