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Abstract

Plasmid DNA—cationic liposome complexes (lipoplexes) accumulate in the lung to a great extent immediately after intravenous admin-
istration, and gene expression occurs predominantly in the lung. However, the detailed mechanisms underlying the lung accumulation of
lipoplexes are not fully understood. In this study, we investigated the effect of blood components on the lung accumulation of lipoplexes
using a single-pass rat lung perfusion system. Two types of lipoplexes, Chol-containing lipoplex ([**PJDNA-DOTMA/Chol liposome
complex) and DOPE-containing lipoplex ([**PIDNA-DOTMA/DOPE liposome complex), pre-incubated with whole blood, serum, or
erythrocytes, were injected into the perfused lung via an artery. Similarly to in vivo observations, extensive lung accumulation was observed
for both types of lipoplexes after incubation with whole blood during a single passage. The **P-labeled lipoplexes pre-incubated with
erythrocytes showed similar lung accumulation, whereas their lung accumulation after incubation with serum was significantly reduced,
suggesting that erythrocytes would be more responsible blood components for extensive uptake by the perfused lung. However, there was a
clear difference in the amounts of the accumulated erythrocytes after intra-arterial injection between the two lipoplex formulations. A
significant degree of erythrocyte accumulation was observed when the DOPE-containing lipoplex was injected, whereas the Chol-containing
lipoplex failed to induce any significant erythrocyte accumulation in the lung. In vitro experiments showed that the major fraction of both
lipoplexes was bound to erythrocytes. These data suggested that Chol-containing lipoplexes bound to erythrocytes before injection dissociate
from the erythrocytes and are transferred to the lung capillary endothelial cells during their passage through the lung. In contrast, DOPE-
containing lipoplexes bound to erythrocytes cause aggregation and are embolized in the lung capillary with erythrocytes. Thus, the present
study demonstrated that the interaction with erythrocytes plays an important role in the lung accumulation of lipoplexes and that neutral
helper lipid significantly affects this interaction. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction advantages making them suitable for systemic gene deliv-

ery, such as low immunogenicity, low toxicity, and simpli-

The ability to introduce gene-encoding therapeutic
proteins into various tissues by systemic administration
represents an important advance in gene therapy. Therefore,
increasing attention has focused on the development of effi-
cient non-viral vectors [1-4]. Non-viral vectors have many
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city of preparation. In particular, much effort has been
devoted to the development of cationic liposome-mediated
gene delivery systems due to their favorable characteristics
[5,6]. Recently, several studies have shown that intravenous
administration of DNA—cationic liposome complexes (i.e.
lipoplexes) leads to systemic gene expression, particularly
in the lung [6-8]. Lipoplexes are known to accumulate in
the lung immediately after intravenous administration. In
our previous study, 80% of a Chol-containing lipoplex
injected via the tail vein accumulated in the lung 1 min
after injection and 45% of the lipoplex remained in the
lung 30 min after injection (data not shown). A high degree
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of accumulation of lipoplexes would explain the high gene
expression level in the lung. However, it remains unclear
why the lipoplexes accumulate in the lung. Some studies
have suggested that lipoplexes aggregate with blood compo-
nents and become entrapped in the lung capillary [9,10].
Lipoplexes interact with blood components due to their
strong positive charge, suggesting that interaction with
blood components would be a critical factor in such accu-
mulation. It is important to clarify the mechanism of the
lung accumulation in order to be able to develop efficient
gene delivery systems.

In this study, we selected two types of lipoplexes with
different neutral helper lipids, DNA-DOTMA/Chol lipo-
some complex (Chol-containing lipoplex) and DNA-
DOTMA/DOPE liposome complex (DOPE-containing lipo-
plex). The Chol-containing lipoplex showed great transfec-
tion activity and a high degree of lung accumulation after
intravenous injection. On the other hand, the DOPE-
containing lipoplex, which was less efficient in transfection
than the Chol-containing lipoplex, accumulated in the lung
immediately after injection. However, the DOPE-contain-
ing lipoplex was rapidly removed from the lung and accu-
mulated in the liver. We have already revealed that both
lipoplexes bound to blood cells and serum proteins to simi-
lar extent after both lipoplexes were mixed with whole
blood, although the DOPE-containing lipoplex showed a
slightly higher amount of binding fraction to blood cells
[11]. We and other groups have demonstrated that there
are differences in the interaction with serum and erythro-
cytes between these lipoplexes [9,11]. Here we carried out
rat lung perfusion experiments to investigate the effect of
blood components on the lung accumulation of lipoplexes to
clarify the mechanism of this lung accumulation. Both types
of lipoplexes were pre-incubated with whole blood, rat
serum, and rat erythrocyte suspension before perfusion
and then the lung accumulation of the lipoplexes was exam-
ined. Our results show that the interaction between lipo-
plexes and erythrocytes plays an important role in the
lung accumulation; however, the mechanism of lung accu-
mulation is different for Chol-containing and DOPE-
containing lipoplexes.

2. Materials and methods
2.1. Chemicals

DOTMA  (N-(1-2,3-dioleyloxypropyl)-N,N,N-trimethy-
lammonium) was purchased from Tokyo Kasei (Tokyo,
Japan). DOPE (dioleoylphosphatidylethanolamine) was
purchased from Sigma (St. Louis, MO, USA). Cholesterol
and Clear-sol I were the products of Nacalai Tesque Inc.
(Kyoto, Japan). [a-*P]dCTP was purchased from Amer-
sham (Tokyo, Japan). All other chemicals were obtained
commercially as reagent-grade products.

2.2. Plasmid DNA

A plasmid DNA pCMV-Luc was constructed by subclon-
ing the HindIIl/Xbal firefly luciferase cDNA fragment from
pGL3-control vector (Promega, Madison, WI, USA) into
the polylinker of pcDNA3 vector (Invitrogen, Carlsbad,
CA, USA). The plasmid was amplified in the DHS strain
of Escherichia coli, and purified by Qiagen Plasmid Giga
Kit (Qiagen GmbH, Hilden, Germany). The concentration
of plasmid DNA was measured by UV absorption at
260 nm. Plasmid DNA purity was assessed using agarose
gel electrophoresis and Ag/Asg ratios. For the lung perfu-
sion of lipoplexes and binding assay to blood cells, plasmid
DNA was radio-labeled with **P using a nick translation kit
(Takara, Japan) and [a-**P]dCTP [12].

2.3. Preparation and characterization of cationic liposomes
and lipoplexes

DOTMA and neutral helper lipids (Chol or DOPE) were
dissolved in chloroform. Cationic liposomes containing
DOTMA in a 1:1 molar ratio with neutral helper lipids
were prepared by drying down the lipids as a thin film in
a round-bottomed flask using a rotary evaporator, comple-
tely removing the remaining solvent under vacuum, and
then hydrating in 5% w/v glucose by gentle vortexing as
described [8]. After hydration, the dispersions were soni-
cated for 15 min in a bath sonicator. They were then passed
through 0.45 and 0.22 wm filters. The lipid concentrations
of DOTMA/DOPE liposomes and DOTMA/Chol liposomes
were determined by phosphorus analysis [13], and using an
enzymatic assay kit, Free cholesterol E-test Wako obtained
from Wako Pure Chemicals (Osaka, Japan), respectively.
Plasmid DNA solution was added to the cationic liposome
suspension (1 mg DOTMA/mI) at a charge ratio of +2.24.
The mixtures were incubated at room temperature for
30 min before use.

2.4. Rat serum and erythrocyte suspension

Rat serum was prepared by the method reported
previously [14]. Briefly, rat serum was isolated from fresh
whole blood obtained from male Wistar rats. Blood was
collected from the vena cava under anesthesia without
heparin treatment and allowed to stand for 2 h at 37°C and
then overnight at 4°C. Serum was collected after centrifuga-
tion. An erythrocyte suspension was prepared according to a
previous report [15]. Blood from a male Wistar rat was
collected into a heparinized syringe and washed three
times with 150 mM NaCl, 10 mM Hepes buffer, after
which the packed erythrocytes were dispersed in 150 mM
NaCl, 10 mM Hepes buffer.

2.5. Single-pass rat lung perfusion system

Adult male Wistar rats (180-200 g) were obtained from
Shizuoka Agricultural Cooperative Association for Labora-
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tory Animals (Shizuoka, Japan). Rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital
(60 mg/kg) and the abdomen and chest were opened after
the animals had been given an intravenous injection of
heparin (1000 unit/kg). The main pulmonary artery and
left ventricle were cannulated, and single-pass perfusion
was immediately started after exsaguination by cutting the
aorta. The perfusate was freshly prepared and filtered
(0.45 pm). It consisted of albumin- and erythrocyte-free
Krebs—Ringer bicarbonate buffer (pH 7.4) supplemented
with 10 mM glucose and 6% dextran (MW 70,000), which
was oxygenated with 95% O,/5% CO, and contained in a
reservoir in a thermostatic water bath at 37°C as described
[16]. Dextran was used instead of albumin in order to adjust
the colloidal osmotic pressure. Albumin has negative
charges and an electrostatic interaction between albumin
and lipoplexes would occur. The lung was perfused at a
constant flow rate of 8 ml/min using a peristaltic pump.
An initial stabilization period of 5 min was allowed before
introducing lipoplexes containing **P-labeled plasmid DNA
into the pulmonary artery via a six-rotary-valve injector
using the bolus injection method. The dose of lipoplexes
injected was 25 g plasmid DNA. Before injection, lipoplex
dispersions were mixed with rat whole blood at a 2:1 (v/v)
ratio, or mixed with serum or erythrocyte suspensions of
indicated concentrations at a 1:1 (v/v) ratio and incubated
for 5 min at room temperature to investigate the effect of
interaction with these components. After the 5-min perfu-
sion experiment, the whole lung was excised and weighed.
Some pieces of the lung were digested with Soluene-350
following incubation overnight at 45°C. After digestion, 2-
propanol, H,O,, HCI, and Clear-sol I were added to each
sample. The samples were then stored overnight and the
radioactivity measured using a scintillation counter (LSA-
500, Beckman, Tokyo, Japan). To investigate the accumula-
tion of erythrocytes, each erythrocyte suspension (26.6% (v/
v)) was incubated with Chol-containing lipoplex or DOPE-
containing lipoplex for 5 min (final erythrocyte concentra-
tion 13.3%). After a 5-min perfusion, the whole lung was
excised and examined.

2.6. Diameter and zeta potential of lipoplexes

The diameters of the lipoplexes were measured using
dynamic light scattering equipment (DLS-7000, Otuska
Electronics, Osaka, Japan). The analysis of the zeta poten-
tial of the lipoplexes was performed with a laser electro-
phoresis zeta potential analyzer (LEZA-700, Otsuka
Electronics, Osaka, Japan). To examine the effect of rat
serum, the lipoplex dispersions were mixed with 66.7%
(v/v) rat serum (final serum concentration 33.3% (v/v))
and the mixtures were incubated for 5 min, and then 60-
fold diluted with 150 mM NaCl before measurement.

2.7. Binding of lipoplexes to rat erythrocytes

2p_labeled Chol-containing lipoplex and DOPE-contain-

ing lipoplex were mixed with rat erythrocyte suspensions of
various concentrations (6.6, 13.4, 26.6, 40% (v/v)) at 1:1 (v/
v) ratio and the mixtures were incubated for 5 min at room
temperature. After incubation, the mixtures were centri-
fuged at 4000 rpm for 4 min. The supernatants were then
removed to measure the radioactivity.

3. Results
3.1. Lung accumulation of lipoplexes

Chol-containing  lipoplex  ([*’PIDNA-DOTMA/Chol
liposome complex) was incubated with buffer alone (no
blood components), whole blood, various amounts of
serum, and erythrocytes for 5 min before the perfusion
experiments. After incubation, the mixtures were injected
into the perfusion system using the bolus injection method.
We confirmed that lipoplexes were accumulated in the lung
1 min after injection (data not shown), suggesting that the
lipoplexes do not appear to be highly diluted in the vein.
Therefore we used the bolus injection method. Extensive
lung uptake of the Chol-containing lipoplex was observed
after intra-arterial injection in the lung perfusion system
(Fig. 1A). More than 75% of the lipoplex pre-incubated
with buffer accumulated in the lung during a single passage.
When the lipoplex was incubated with rat whole blood
before injection, the lung accumulation also accounted for
more than 75% of the dose. To investigate which component
in the blood was responsible for the accumulation, the lipo-
plex was mixed with serum or erythrocyte suspensions. Pre-
incubation with serum significantly reduced the accumula-
tion (about 50% of the dose). The amount of rat serum
mixed with the lipoplexes did not affect the lung accumula-
tion. In order to investigate the effect of interaction with
blood cells, the lipoplex was incubated with the suspension
of erythrocytes, a major constituent of blood cells, at various
concentrations. We found that the lung accumulation was
almost the same as the accumulation when pre-incubated
with buffer alone or whole blood. The erythrocyte concen-
trations did not affect the lung accumulation. We could not
find any significant differences among the amount of the
lung accumulation after pre-incubation with buffer alone,
whole blood, or erythrocyte suspensions.

Similar results were obtained when DOPE-containing
lipoplex ([**P]IDNA-DOTMA/DOPE liposome complex)
was used (Fig. 1B). More than 90% of the lipoplex was
accumulated in the perfused lung after injection of the lipo-
plex pre-incubated with buffer alone or whole blood, which
is slightly higher than Chol-containing lipoplex. The lung
accumulation was significantly reduced when the lipoplex
was pre-incubated with serum. However, the effect of
erythrocytes was slightly different from that observed for
the Chol-containing lipoplex. Accumulation of the lipoplex
depended on the erythrocyte concentrations. When the
DOPE-containing lipoplex was pre-incubated with the
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Fig. 1. Effects of blood components on the lung accumulation of (A) Chol-containing lipoplex ([**P]DNA-DOTMA/Chol liposome complex) and (B) DOPE-
containing lipoplex ([**P]DNA-DOTMA/DOPE liposome complex) after lung perfusion. Both lipoplexes were mixed with whole blood at a 2:1 (v/v) ratio, and
mixed with rat serum or rat erythrocyte suspensions of indicated concentrations (final concentration) at a 1:1 (v/v) ratio. The mixtures were then incubated for
5 min. Error bars represent standard deviations (n = 3). * indicates P < 0.01 (versus whole blood). # indicates P < 0.05.

erythrocyte suspensions at a lower concentration, less
DOPE-containing lipoplex accumulated in the lung. The
amount of the lung accumulation mixed at 40% erythrocyte
concentration was almost identical to that mixed with the
whole blood. There were no significant differences among
the amounts of lung accumulation after pre-incubation with
buffer alone, whole blood or 40% erythrocyte suspension.

3.2. Diameters and zeta potentials of lipoplexes before and
after exposure to serum

To investigate the effect of serum on the physicochemical
properties of both lipoplexes, their particle size and zeta
potential were measured (Table 1). It can be seen that
both cationic lipoplexes become negatively charged after
exposure to rat serum (—10 mV). However, there was no
significant difference between the zeta potential values of
both lipoplexes. Although the particle size of both lipo-
plexes also slightly increased following exposure to rat

Table 1

serum (200 nm), no significant difference was observed
between the two lipoplexes.

3.3. Binding of lipoplexes to erythrocytes

Fig. 2 shows the amounts of lipoplexes binding to erythro-
cytes after incubation with the erythrocyte suspensions. At
all erythrocyte concentrations, more than 80% of the Chol-
containing and DOPE-containing lipoplexes bound to
erythrocytes. We could not find any significant difference
in the degree of binding between the two lipoplexes.

3.4. Accumulation of erythrocytes in the lung

The accumulation of the erythrocytes pre-incubated with
the two lipoplexes is shown in Fig. 3. There was no accu-
mulation of erythrocytes when the erythrocyte suspension
alone was perfused (Fig. 3A). There was little erythrocyte
accumulation when the Chol-containing lipoplex was pre-

Physicochemical characteristics of the lipoplexes before and after exposure to rat serum®

Lipoplexes Particle size (nm) Zeta potential (mV)

Before After Before After
Chol-containing lipoplex 187.0 = 22.70 207.4 £9.77 46.53 = 1.91 —11.15%£0.72
DOPE-containing lipoplex 189.8 = 10.57 234.4 £ 20.17 34.50 £ 1.23 —12.71 £0.61

* The lipoplex dispersions were mixed with 66.6% rat serum (final serum concentration of 33.3%) and the mixtures were incubated for 5 min before
measurement. Mean values and standard deviations were calculated from three independent experiments.
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Fig. 2. Binding of the lipoplexes to erythrocytes after a 5S-min incubation
with erythrocyte suspensions of various concentrations. Error bars represent
standard deviations (n = 3).

incubated with the erythrocyte suspension (Fig. 3B). In
contrast, a significant amount of erythrocyte accumulation
was observed in the lung in the case of the DOPE-containing
lipoplex (Fig. 3C). In particular, it could be seen that the
aggregated erythrocytes accumulated along the blood
vessels (Fig. 3D).

4. Discussion

In this study, we investigated the effects of blood compo-
nents on the lung accumulation of lipoplexes using the lung
perfusion system. We demonstrated that the interaction with
erythrocytes could be an important factor for lung accumu-
lation of lipoplexes. The major fraction of the Chol-contain-
ing and DOPE-containing lipoplexes accumulated in the
lung after pre-incubation with erythrocytes as well as after
pre-incubation with buffer alone or whole blood. We have
shown that erythrocytes pre-incubated with Chol-containing
lipoplex did not accumulate, whereas DOPE-containing
lipoplex accumulated with the erythrocytes.

In this experiment, cationic liposomes were hydrated with
5% glucose solution. Tang et al. [17] reported that conden-
sation of DNA—cationic molecule complexes increased in
the solutions with lower ionic strength. Mixing complexes
at lower ionic strength also prevented aggregation [18].
Therefore, 5% glucose solution was used for hydration.

A large amount of lipoplex (approximately 80 or 90% of
the dose for Chol- or DOPE-containing lipoplex) accumu-

lated in the lung in the absence of any blood components
(buffer alone), indicating that these lipoplexes intrinsically
have strong affinity for this organ. This may be due to the
electrostatic interaction between the lipoplexes having a
strong positive charge (+35-46 mV) and the lung capillary
endothelial cells. Barron et al. [19] reported that binding of
lipoplexes to cell surface proteoglycans might be important
for lipoplex uptake. They revealed that removal of proteo-
glycans by intravenous administration of heparinase I
decreased the gene expression levels in the lung. Pre-incu-
bation of the lipoplexes with rat whole blood did not
change the apparent amount of accumulated lipoplexes in
the lung. Lipoplexes bind to blood cells and serum proteins
by electrostatic interaction after incubation with whole
blood. We have previously reported that all the lipoplexes
bind to plasma proteins and blood cells via electrostatic
forces to similar extent [11]. Thus, in this perfusion experi-
ment, it is considered that similar binding of lipoplexes to
plasma proteins and blood cells occurs. These results indi-
cate that extensive lung uptake can occur even if the lipo-
plexes are bound to the blood components in the rat
perfusion system. To investigate which components are
important for lung accumulation, the lipoplex dispersions
were mixed with serum or erythrocyte suspension before
perfusion.

Pre-incubation with rat serum reduced lung accumulation.
These inhibitory effects were observed even at 33.3% serum
concentration, which appears much lower compared with the
physiological condition. This is probably due to a reduction
in the positive charge on the lipoplexes. When the lipoplexes
were incubated with serum, serum proteins became adsorbed
on the lipoplexes and the zeta potentials became negative
(Table 1). A reduction in the zeta potential led to a reduction
in the electrostatic interaction with the lung endothelial cells.
Interaction with negatively charged serum proteins could
reduce the binding of lipoplex to cells in in vitro experiments
[20]. It appears that negatively charged serum proteins bound
to the lipoplexes and it decreased the zeta potential in our
experiments. Interaction with anionic liposomes as well as
negatively charged serum proteins also decreased the lung
accumulation of lipoplexes [19]. Ogris et al. [18] also
reported that PEGlaytion of DNA/polyethylenimine
complexes led to the decrease of zeta potential of the
complexes and the decrease of gene expression levels of
the complexes in the lung probably due to decreased lung
accumulation of the complexes. The diameter of the particles
is also an important factor for lung accumulation. Particles
larger than 14.9 pm in diameter are entrapped in the lung
capillary bed [21]. Huang and co-workers [9] suggested
that aggregated vectors with serum proteins were efficiently
entrapped in the lung capillary due to their relatively large
size. However, in our experiment, the particle size of the
lipoplexes pre-incubated with rat serum was approximately
200 nm (Table 1). We considered that these are too small to
be embolized in the capillary.

Binding of serum proteins on the lipoplexes might be a
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(A) Control

(C) DOPE-containing lipoplex

(B) Chol-containing lipoplex

(D) DOPE-containing lipoplex

B

Fig. 3. Erythrocyte accumulation after a 5-min lung perfusion. Erythrocyte suspensions (26.6% (v/v)) were incubated with Chol-containing lipoplex or DOPE-
containing lipoplex for 5 min before perfusion (final erythrocyte concentration 13.3% (v/v)). (A) Erythrocyte suspension alone. (B) Mixture of erythrocyte
suspension and Chol-containing lipoplex. (C, D) Mixture of erythrocyte suspension and DOPE-containing lipoplex. The pictures shown are typical examples of

multiple evaluations.

non-specific electrostatic interaction. Li et al. [22] reported
that cationic lipid—protamine—-DNA complexes were asso-
ciated with a protein corresponding to albumin in molecular
weight. In our experiment, serum albumin would bind to the
lipoplexes by electrostatic interaction. It is unlikely that
opsonization would be involved in the decrease of the
lung accumulation. Specific interaction between opsonins
and lipoplexes did not affect the biodistribution and trans-
fection activity of lipoplexes [23].

Both lipoplexes mixed with whole blood showed a high
accumulation, although lipoplexes bound to erythrocytes
and serum proteins to similar extent and binding of serum
proteins inhibited the lung accumulation [11]. Plasma
components, such as fibrinogen, a high molecular weight
protein involved in blood coagulation, may be, at least in
part, responsible for this phenomenon. Fibrinogen bound to
PEI/DNA complexes [20] and interaction between cationic
liposomes and plasma components showed formation of a
clot-like mass [15].

Both types of lipoplexes pre-incubated with erythrocyte
suspensions showed a high degree of lung accumulation
similar to that observed for the lipoplexes pre-incubated in
buffer alone. Before perfusion, almost all of the two types of
lipoplexes bound to erythrocytes after incubation with the
erythrocyte suspension (Fig. 2). These results indicate that
lipoplexes bound to erythrocytes accumulate in the lung and
that the interaction with erythrocytes is an important factor
for lung accumulation. In spite of the high degree of accu-
mulation of Chol-containing lipoplex, the erythrocytes pre-
incubated with Chol-containing lipoplex did not accumulate
in the lung after perfusion (Fig. 3B), suggesting that the
erythrocytes dissociated from the lipoplexes and passed
through the lung. Our previous study has demonstrated
that the Chol-containing lipoplex binds to erythrocytes
without fusion or aggregation due to its stable structure
[11]. We speculate that, during passage through the lung
capillary, most of the complexes may dissociate from the
erythrocytes and be transferred to the lung endothelial cells.
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Since the diameters of erythrocytes and the capillary are
very similar, it is likely that the lipoplexes on the surface
of erythrocytes could be transferred to endothelial cells. The
Chol-containing lipoplex, which dissociated from erythro-
cytes and bound to endothelial cells, would be endocytosed
into endothelial cells, resulting in a longer residence of the
Chol-containing lipoplex in the lung after intravenous injec-
tion.

In the case of the DOPE-containing lipoplex, a greater
amount of erythrocytes accumulated in the lung (Fig. 3C)
and these erythrocytes accumulated along the blood vessels
(Fig. 3D). DOPE induced fusion and aggregation between
erythrocytes due to its fusogenic structure [11]. We also
confirmed that lipoplex without any helper lipid (DNA-
DOTMA liposome complex) showed intermediate proper-
ties between Chol-containing lipoplex and DOPE-contain-
ing lipoplex in biodistribution (data not shown). These
results suggest that erythrocytes aggregated with the
DOPE-containing lipoplex would be entrapped in the lung
capillary due to their size. However, it appeared that this
embolization would not affect the physiological conditions
of animals seriously. We did not observe any significant
increase in the perfusion pressure during perfusion experi-
ments. No apparent toxic effects were observed in mice
injected with DOPE-containing lipoplex, suggesting that
the erythrocyte aggregation would be fragile. In a biodistri-
bution experiment in mice, DOPE-containing lipoplexes
were rapidly removed from the lung following extensive
accumulation in the lung immediately after injection (data
not shown). The accumulation of DOPE-containing lipoplex
depended on the erythrocyte concentrations (Fig. 1B),
presumably depending on the extent of erythrocyte fusion
and aggregation. The accumulation amount of the lipoplex
mixed with 40% erythrocyte concentration, which approxi-
mately corresponded to the normal hematocrit in rat blood,
was almost identical to that mixed with the whole blood.
Larger aggregations formed at higher erythrocyte concen-
trations (data not shown).

There were no significant differences between the appar-
ent amounts of both lipoplexes binding to erythrocytes (Fig.
2), although DOPE-containing lipoplex induced fusion
between erythrocytes [11]. Under the experimental condi-
tion, the amount of erythrocytes would be sufficient to bind
all lipoplexes. We confirmed that DOPE-containing lipo-
plex induced fusion and aggregation between erythrocytes
in this experiment (data not shown).

In summary, we have shown that the interaction with
erythrocytes is one of the most important factors governing
the lung accumulation of lipoplexes. Aggregated erythro-
cytes are embolized in the capillary with the DOPE-contain-
ing lipoplex, whereas erythrocytes bound to the Chol-
containing lipoplex dissociate from the lipoplex and the
lipoplex alone accumulates in the lung, indicating that the
accumulation pattern depends on the helper lipid of lipo-
plex. These findings provide useful basic information for
non-viral in vivo gene delivery using lipoplexes.
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