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Aim: The uptake pathway of liposomes into cells is mainly via endocytosis or membrane
fusion; however, the relationship between the uptake pathway and the intracellular pharma-
cokinetics of the liposome components remains unclear. This study aimed at revealing the
relationship by using cationic liposomes having similar physical properties and different
uptake pathways.

Materials and Methods: We prepared cationic liposomes composed of amino acid-type lipids,
K3C14 and K3C16, which have different uptake pathways by a hydration method, and fluorescently
modified them by encapsulating FITC-dextran and surface conjugation with Alexa Fluor®™ 488
(AF488). Then, we investigated their intracellular distribution in HeLa cells over time.

Results: The liposomes had similar physical properties and did not cause significant cell
mortality after treatment for 180 min. The delivery rate and efficiency of encapsulated FITC-
dextran with the fusogenic K3C16 liposomes were 3 and 1.6 times higher, respectively, than
with the endocytic K3C14 liposomes. FITC-dextran molecules delivered with K3C16 lipo-
somes were observed throughout the cytosolic space after 10 min, while those delivered with
K3C14 liposomes were mainly observed as foci and took 60 min to diffuse into the cytosolic
space. K3C14 lipids modified with AF488 were distributed mostly in the cytosolic space. In
contrast, fluorescently labeled K3C16 lipids were colocalized with the plasma membrane of
50% of the HeLa cells after 10 min and were gradually internalized intracellularly.
Conclusion: Fusogenic K3C16 liposomes internalized into HeLa cells faster than endocytic
K3C14 liposomes, and their components differently distributed in the cells.

Keywords: cationic liposome, amino lipid, intracellular delivery, endocytosis, membrane

fusion, intracellular pharmacokinetics

Introduction

There are various types of bioactive macromolecules, such as peptides, proteins,
nucleic acids, and polysaccharides, in living cell systems. Recent studies have
demonstrated that new therapeutics using biomacromolecules can regulate cellular
functions, leading to disease treatments with high efficacy."? The in vitro or ex vivo
delivery of biomacromolecules are well-known investigative approaches toward
developing treatments for various types of diseases,® for instance, in immunother-
apy and regenerative medicine.* ® The performance of such therapeutics, including
drug delivery systems, is usually related mainly to their bioavailability and the
efficacy at the target sites, and both these factors are strongly related to the

pharmacokinetics.”®
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Liposomes, vesicles composed of lipid bilayers, can be
used as drug delivery systems, which encapsulate and
embed hydrophilic or hydrophobic drugs.”'® Liposomes
are usually taken up intracellularly via endocytosis, where
liposomes pass through endosomes and lysosomes,'''?
and need membrane fusion or lipid mixing with the endo-
somal or lysosomal membranes to intracellularly release
encapsulated compounds. Recently, several studies have
reported liposomes that can deliver encapsulated com-
pounds directly into the cytosol via membrane fusion
rather than via endocytic pathways.'>”'*> Some studies
have revealed a relationship between the uptake pathways
and the intracellular pharmacokinetics of the liposomal
compositions, and there are rare combinations of lipo-
somes having similar lipid compositions but different
uptake pathways.

In previous work, we have developed cationic liposomes
composed of various types of cationic lipids bearing an
amino acid as the head group.'®'” We have also demon-
strated that some of these cationic liposomes could effi-
ciently deliver bioactive compounds into various types of
cell lines, with limited cytotoxicity, leading to the exhibition
of bioactivity in the living cells.'®!' In particular, cationic
liposomes composed of a lysine head group, a propyl spacer,
and ditetradecyl tail chains (K3C14) exhibited prominent
cellular internalization and lysosome rupture, which is
important for intracellular delivery, while retaining the func-
tion of the encapsulated compounds.” In contrast, cationic
liposomes composed of K3C16, which has tail chains that
are just two carbons longer than K3C14, displayed cellular
internalization via membrane fusion.?'

Herein, we report the effect of the uptake pathways of
cationic liposomes composed of amino acid-type lipids on
the intracellular pharmacokinetics of the liposomal com-
pounds, including the lipids and the encapsulated com-
pounds. Cationic liposomes, composed of K3Cl4 or
K3C16, with different uptake pathways were fluorescently
labeled on the liposome surface, or by encapsulation of
a fluorescent compound, and their intracellular distribu-
tions were analyzed over time using confocal laser scan-
ning microscopy.

Materials and Methods

Materials

The synthesis of the cationic lipids, 1,5-ditetradecyl-
N-lysil-N-trityl-L-glutamate (K3C14) and 1,5-dihexade-
cyl-N-lysil-N-trityl-L-glutamate (K3C16), was performed

as previously reported.!” HeLa cells were purchased from
the Japanese Collection of Research Bioresource Cell
Bank (Osaka, Japan). Alexa Fluor® 488 (AF488) NHS
ester (succinimidyl ester) and LysoTracker® Red DND-
99 were purchased from Invitrogen (Carlsbad, CA,
USA), and DAPI (4,6-diamidino-2-phenylindole) was pur-
chased from PromoCell (Heidelberg, Germany). FITC-
dextran (MW 40 kDa) was from Sigma-Aldrich (St
Louis, MO, USA).

Preparation of Cationic Liposomes

Cationic liposomes were prepared by a hydration method,
followed by size control with an extruder (LIPEX™
Extruder, Transferra, Burnaby, Canada). For the study of
the delivery efficiency and localization of encapsulated
compounds, cationic liposomes encapsulating FITC-
dextran were prepared. Cationic lipids (K3C14, K3C16:
5 mg/mL) were hydrated with FITC-dextran solution
[5 mg/mL in HEPES buffer (20 mM, pH 7.4)] overnight
at room temperature (rt), followed by the size control with
the extruder at 50°C (final membrane pore size: 0.10 um).
Unencapsulated FITC-dextran was removed with ultracen-
trifugation (33,000 rpm, 30 min, 4°C; 2%) (Optima™ LE-
80K Ultracentrifuge, Beckman Coulter; Brea, CA, USA),
and finally, the liposome pellets were resuspended gently
in HEPES buffer by pipetting several times. For the study
of the localization of cationic lipids after being taken up by
cells, cationic liposomes modified with fluorescent probes
on their surface were prepared according to the protocol
previously reported.?! Briefly, cationic lipids were
hydrated with HEPES buffer (20 mM, pH 7.4) overnight
at rt, followed by size control with the extruder at 50°C
(final membrane pore size: 0.10 pum). The lipids were
stirred with a 5% lipid molar concentration of AF488
NHS ester dissolved in DMSO, for conjugation with the
primary amines of the cationic lipids, at rt in the dark for
1.5 h. The mixed solution was then filtrated with an
Amicon Ultra centrifugal filter (MWCO: 100 kDa), and
the resulting pellets were suspended in HEPES buffer by

pipetting.

Characterization of Cationic Liposomes

The liposomes were characterized in terms of their size,
polydispersity index (PDI), and zeta potential using
a Zetasizer, Nano-ZS90 (Malvern, UK). The liposome
concentrations were determined using fluorescamine,
which reacts with the first amine on the head group of
cationic lipids, leading to fluorescence emission at 495 nm.
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The amount of encapsulated FITC-dextran was evaluated
by measuring the fluorescent intensity at 520 nm with
(RF-5300PC, Shimadzu Corporation,
Japan), and the amount of AF488 conjugated with the

a fluorometer

cationic liposomes was evaluated by measuring the fluor-
escent intensities (em: 480 + 20 nm, ex: 528 + 20 nm) with
a microplate reader (Powerscan HT, BioTek Instruments;
Winooski, VT, USA). The rate of the FITC-dextran encap-
sulation and the modification with AF488 were calculated
using the following formula;

C iposome,resu
Rate(%) = 100 x —posomerresult

CLiposome,initial

CFluorescence compound, initial (1)

CFluorescence compound, result

where Criposome and Criyorescence_compound are the concentra-
tions of the cationic liposome (pg/mL) and the fluorescent
compound (FITC-dextran, AF488) (ug/mL), respectively.
All samples were stored at 4°C until used, and they were
used within 3 days after preparation.

Cationic liposomes were observed using transmission
electron microscopy (TEM) (JEM-1230, JEOL, Japan) to
their
a previously reported protocol." Briefly, liposome sam-
(COL-C15,
Okenshoji, Japan) and were stained with samarium acetate
(Sigma-Aldrich; St Louis, MO, USA). Imaging was con-
ducted after the complete evaporation of the buffer.

investigate shape and morphology following

ples were dropped onto copper grids

For the stability testing of the cationic liposomes, all
samples were stored at 4°C for 5 days after preparation.
The liposomes were ultracentrifuged and resuspended
again after the preparation or the storage, and their physi-
cal properties were determined in terms of size, PDI, zeta
potential, and the leakage of FITC-dextran.

Cytotoxicity Testing

The cytotoxicity of the cationic liposomes was evaluated as
previously described.'® Briefly, 5x10° HeLa cells were
seeded into a 96-well cell culture plate and incubated with
DMEM containing 10% fetal bovine serum (FBS) overnight
at 37°C in an atmosphere of 5% CO,. Then, the cells were
treated with cationic liposomes (fc 100 to 500 uM) for 180
min and were washed with heparan sulfate (20 U/mL) con-
saline (PBS) three times.
Considering that the uptake of liposomal compounds via

taining phosphate-buffered

membrane fusion occurs quite soon after the treatment, the
treatment time was set at a maximum of 180 min, and the
cytotoxicity was evaluated at this time. The cytotoxicity was

evaluated using the WST-1 assay (Takara Bio, Shiga, Japan)
following the manufacturer’s protocol. Statistical difference
was determined by one-way analysis of variance (ANOVA),
followed by a Tukey—Kramer post hoc test.

Intracellular Delivery of
Liposome-Encapsulated FITC-Dextran to
Hela Cells

For the evaluation of the delivery efficiency of encapsu-
lated FITC-dextran, 1x10° HeLa cells were seeded on cell
culture dishes (¢ 35 mm) and were incubated overnight.
After the HeLa cells were treated with the cationic lipo-
somes encapsulating FITC-dextran (fc, FITC-dextran: 50
pug/mL) for 10, 20, 30, 60, 120, and 180 min, the cells
were washed with cold PBS containing heparan sulfate (20
U/mL), followed by lysing with 0.5% Triton X-100 dis-
solved in PBS. In this experiment, the concentration of the
FITC-dextran was fixed; however, the concentration of
each lipid was different (K3C14: 94.8 uM, K3Cl16: 73.5
uM) because the encapsulation efficiencies of the lipo-
somes were slightly different. The amount of FITC-
dextran taken up by the HeLa cells was calculated by
measuring the fluorescent intensity in the solution contain-
ing the lysed cells using a microplate reader as described
above, and the concentration of the cellular protein was
also determined using a Pierce 660 nm protein assay
following the manufacturer’s protocol. The calibration
curves for the concentrations of FITC-dextran and protein
were prepared using the FITC-dextran used in the lipo-
some preparation and BSA contained in the protein mea-
surement kit, respectively. The delivery efficiency was
calculated from the following equation:

Cep. _ Aprotei
D. rotein (2)
F.D. CProtein

Delivery efficiency(%) = 100 x

where Cgp and Cpyein are the concentrations of FITC-
dextran (ug/mL) and the protein (ug/mL) after liposome
treatment, and Arpp. and Apowein are the amount of FITC-
dextran and protein per 1.0x10° cells, respectively.
Statistical analysis was performed with a two-way
ANOVA, followed by a Tukey—Kramer post hoc test. Data
with P < 0.05 were considered to be statistically significant.

Intracellular Distribution of

FITC-Dextran with Cationic Liposomes
For the evaluation of the intracellular delivery of FITC-
dextran, 5x10% HeLa cells were seeded onto glass-bottom
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dishes (¢ 35 mm) and were incubated overnight. The med-
ium was exchanged with DMEM containing the cationic
liposomes encapsulating FITC-dextran (fc, FITC-dextran:
50 pg/mL, K3C14: 94.8 uM, K3C16: 73.5 uM), and the
cells were incubated for 10, 20, 30, 60, 120, and 180 min. At
each time point, the medium was removed, and the cells
were washed three times with cold PBS containing heparan
sulfate. After fixation with 4% paraformaldehyde and stain-
ing the nuclei with DAPI, the cells were observed with
confocal laser scanning microscopy (CLSM).

To observe the localization of FITC-dextran in the
cytosolic space, HeLa cells were treated with cationic
liposomes at the concentrations given above for 150 min.
LysoTracker Red DND-99 (f.c. 50 uM) was then added to
the cells and they were incubated for another 30 min,
followed by fixation and observation with CLSM.

Intracellular Distribution of the Cationic
Lipids After Surface Modification with
AF488

HeLa cells (1x10°) were seeded onto glass-bottom dishes (¢
35 mm) and incubated overnight. The medium was
exchanged with DMEM containing AF488-conjugated catio-
nic liposomes (fc cationic liposomes: 100 uM), and the cells
were incubated for 10, 20, 30, and 60 min. Then, the medium
was removed, and the cells were washed three times with cold
PBS containing heparan sulfate. After fixation with 4% par-
aformaldehyde, the cells were observed with CLSM. For the
analysis of the cellular entry route, the localization of AF488-
labeled lipids was evaluated using four categories: colocaliza-
tion with the plasma membrane (M); colocalization with the
plasma membrane and localization in the cytosolic space (M/
C); localization in the cytosolic space (C); and not observed
(N). Each analysis was conducted for approximately 120 cells
per dish, and experiments were repeated in triplicate.

Results

Characterization of Cationic Liposomes

The size and zeta potential of the cationic liposomes contain-
ing K3C14 and K3C16 were 121 + 35 nm and 43.2 + 2.9
mV, and 139 + 47 nm and 40.5 + 1.1 mV, respectively (Table
1), and the PDI values of less than 0.20 indicated the lipo-
somes did not aggregate in the dispersion. The encapsulation
of FITC-dextran did not affect the physical properties of the
modification with AF488 NHS
increased the size of the K3C14 liposomes from 139 to

liposomes; however,
193 nm because hydrophobic interactions of the AF488
moieties caused aggregation. Such a small change in lipo-
some size with AF488 modification should not affect the cell
internalization of K3Cl14 liposomes. The encapsulated
amounts of FITC-dextran in the K3C14 and K3C16 lipo-
somes were 4.2 and 3.5 mg/mL, respectively, when the lipid
concentration was set at 5.0 mg/mL (Table 1). The encapsu-
lation efficiencies of FITC-dextran were calculated as 26.1%
and 25.3% for the K3C14 and K3C16 liposomes, respec-
tively, and these values were not significantly different. The
surface modification efficiencies of the K3C14 and K3C16
liposomes were 60.9% and 71.4%, respectively, and 3.05
and 3.57 mol% of the lipids were modified with AF488 NHS
in the K3C14 and K3C16 liposomes, respectively. The shape
and morphology of cationic liposomes composed of K3C14
and K3C16 were analyzed using TEM, and they were
observed as round shape particles without aggregations
(Figure S1). None of the samples showed precipitation or
aggregation during storage at 4°C for at least 5 days, and
there was no change in the physical properties nor was there
leakage of encapsulated FITC-dextran (Table S1).

Cytotoxicity Testing
A WST-1 assay was performed to investigate the cytotoxi-
city of cationic liposomes composed of K3C14 and K3C16.

Table | Characterization of Cationic Liposomes Encapsulating FITC-Dextran or Surface Modified with AF488 (n = 3)

Control Modification with AF488 Encapsulating FITC-Dextran
K3Cl4 K3Clé K3Cl4 K3Clé K3Cl4 K3Clé
Size (nm) 12135 139147 193171 15143 138+33 135+30
PDI 0.14+0.04 | 0.12+0.02 | 0.46+0.04 0.21+0.03 0.05+0.02 0.03+0.02
Zeta potential (mV) 43.2+3.9 40.5+1.1 40.4+1.5 34.0+2.2 38.1%1.6 34.4+0.7
Surface modification efficiency with AF488 (%) - - 60.9 714 - -
Lipids modified with AF488 (mol%) - - 3.05 3.57 - -
Encapsulation efficiency of FITC-dextran (%) - - - - 25.3 26.1
Concentration of FITC-dextran (mg/5 mg lipid) | — - - - 35 4.2

Abbreviations: AF488, Alexa Fluor® 488; PDI, polydispersity index.
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No significant cell mortality was observed after 180 min
treatment of these liposomes over the concentration range
(100-500 uM), and there were no significant differences
between their cytotoxicity at any doses (Figure 1).

Intracellular Distribution of
FITC-Dextran Delivered by Cationic

Liposomes

HeLa cells were treated with cationic liposomes encapsu-
lating FITC-dextran, and the intracellular distribution of
the FITC-dextran was observed under CLSM (Figure 2).
In each case, the fluorescent intensity increased depending
on the treatment time. When the HeLa cells were treated
with K3C14 liposomes encapsulating FITC-dextran, the
FITC-dextran was observed as fluorescent foci adjacent
to the plasma membranes after 10 min. After 20 min,
FITC-dextran was observed to be dispersed in the cytosol,
especially around the plasma membranes, and after 30
min, the FITC-dextran was also observed near the nucleus.
When the HeLa cells were treated with the K3C16 lipo-
somes, the green fluorescent signals of FITC-dextran were
observed throughout the cytosol after 10 min, and the
positions of the nuclei were distinctly observed as holes.
The fluorescent intensity increased uniformly throughout
the cytosol with increasing treatment time up to 30 min,
and the green fluorescent foci were partially observed
when the treatment was continued for over 60 min.

In addition, the colocalization of FITC-dextran with
LysoTracker Red DND-99 was observed after treatment for
180 min with the liposome samples. At this time, the
LysoTracker DND-99 was observed strongly around the
nucleus, and the yellow foci indicating the colocalization of
FITC-dextran and LysoTracker DND-99 were observed,

Viability (%)
N & 2 ® o
s 8§ 3 8 8

=)

Cont. K3c14
Lipid concentration (uM)

K3C16

Figure | Cytotoxicity of cationic liposomes composed of K3C14 or K3CI6 lipids.
Hela cells were treated with various concentrations of cationic liposomes for 180
min (n = 3). Statistical significance was determined by one-way ANOVA, followed
by Tukey—Kramer post hoc test. No significant cytotoxicity was observed with the
liposomes in this study.

particularly in the HeLa cells treated with K3C14 rather than
K3C16 liposomes.

Efficiency of the Intracellular Delivery of

FITC-Dextran Using Cationic Liposomes
HelLa cells were treated with cationic liposomes encapsulat-
ing FITC-dextran, and the efficiency of the delivery of FITC-
dextran using the cationic liposomes was evaluated at
different time points (Figure 3). The delivery efficiency of
both liposome samples increased with increasing treatment
time. For the K3C14 liposomes, the delivery efficiency
reached 4.5% after 60 min. For the K3C16 liposomes, the
delivery efficiency reached 6.1% after 60 min. The delivery
efficiencies of the liposomes were significantly different after
20 min (P < 0.05), at 20 min the K3C16 liposomes showed
a delivery efficiency of 4.7%, which was almost equal to the
efficiency at 60 min for the K3C14 liposomes. Hence, the
K3C16 liposomes exhibited a higher delivery efficiency and
higher rate of delivery than the K3C14 liposomes.

Intracellular Distribution of Cationic
Lipids Modified with AF488

HeLa cells were treated with cationic liposomes modified at
the surface with AF488, and the uptake behavior of the
liposomes was analyzed by categorizing the lipid distribution
in the cells (Figures 4 and S2). The intracellular fluorescent
intensity was increased with increasing treatment time, as was
observed with the liposomes encapsulating FITC-dextran.
When the HeLa cells were treated with K3C14 lipo-
somes for 10 min, there were no fluorescent-positive cells.
The percentage of HeLa cells that had K3C14 distributed
only in the cytosolic space (C) increased with increasing
treatment time until the total reached 90%, while the
percentage of K3C14 distributed in the plasma membrane
and in the cytosolic space (M/C) remained relatively con-
stant at approximately 10%. With the K3C16 liposomes,
90% of the cells were fluorescent positive after 10 min,
and K3C16 was observed to be colocalized in the plasma
membranes of 50% of the cells (M, M/C). The percentage
of M and M/C gradually decreased as the treatment time
increased, and finally, there were almost no cells graded as
M. Conversely,

the percentage of cells graded as

C continuously increased until 70% was reached.

Discussion
Cationic liposomes composed of K3C14 or K3C16 were
evaluated in terms of the size, zeta potential, encapsulation
FITC-dextran, and the

efficiency for modification
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Figure 2 CLSM observation of FITC-dextran intracellularly delivered with cationic liposomes. (A) Observations over treatment time: |0—180 min. (B) Colocalization of
FITC-dextran with LysoTracker® Red DND-99 after liposome treatment for 180 min. Concentration of FITC-dextran: 50 pg/mL, K3C14: 94.8 uM, K3C16: 73.5 uM. Scale

bar: 50 pm.
8.0 N
| 1 _ e O o] | @
< 6.0 ¢ .
7 ’ Membrane (M Membrane/ Cytosolic
5 so * (M) cytosolic space space (C) Not-observed (N)
¢ . 1 (MrC) P
5 | ?
2 4.0
$ + : 100 - . ® 10 min Z20 min
8 3 Py . .
30 % ¢ £ 80 @30 min 060 min
20 OK3C14 liposomes ® K3C 16 liposomes 5 80 -
£
1.0 g- 40
I
0.0
0 20 40 60 80 100 120 140 160 180 200 20

Incubation time (min)

Figure 3 Delivery efficiency of FITC-dextran encapsulated in cationic liposomes
composed of K3C14 or K3C16. Concentration of FITC-dextran: 50 pug/mL, K3Cl4:
94.8 uM, K3Clé: 73.5 puM. The delivery efficiency was significantly different
between the K3Cl14 and K3Cl6 liposomes after treatment for 20 min (two-way
ANOVA, *P < 0.05).

efficiency for AF488 NHS. The differences in the lipid
type did not affect the physical properties of the lipo-
somes, the encapsulation efficiency for FITC-dextran, or
the modification efficiency with AF488 NHS. The

0

Intracellular distribution

Figure 4 Intracellular distribution of cationic lipids modified with AF488. The dis-
tribution of fluorescent lipids was classified in four grades: on the membrane (M); on
the membrane and in the cytosolic space (M/C); in the cytosolic space (C); and not
taken up (N). Treatment time: |0-60 min. Concentration of liposomes: 100 uM.

encapsulation of FITC-dextran did not affect the physical
properties of the liposomes. Surface modification of the
K3C16 liposomes with AF488 NHS slightly increased the
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size and PDI, and decreased the zeta potential, of the
liposomes. However, because only 3.57 mol% of the
K3Cl16 lipids in the liposome membrane were modified
with AF488, the surface modification did not change the
liposome properties or cause severe aggregation. In con-
trast, although the modification ratio of the K3C14 lipo-
somes (3.05 mol%) was similar to that of the K3C16
liposomes, the modification of the surface of the K3C14
liposomes with AF488 NHS increased the size and the
PDI of the liposomes, but the size distribution did not
change from a single peak. These results indicated that
the K3C14 liposomes became slightly aggregated to create
larger aggregates after the surface modification. We
hypothesized that the surface modification of liposomes
would possibly affect the liposome properties depending
on the structure of lipid. The uptake pathway of nanopar-
ticles has been reported to be severely affected by the size
of the nanoparticles, and nanoparticles that have sizes in
the order of several hundreds of nm are usually taken up
via caveolae- or clathrin-dependent endocytosis.**** In the
case of the K3C14 liposomes, the size difference before
and after the surface modification with AF488 NHS was
less than 100 nm, and we judged that such a difference
would not alter the main uptake pathway of the K3C14
liposomes.

To analyze the intracellular delivery of FITC-dextran
with K3C14 and K3C16 liposomes, HelLa cells were
washed with PBS containing heparan sulfate to remove
free cationic liposomes encapsulating FITC-dextran, or
modified with AF488,
membrane.”* Thus, the fluorescence observed in the per-

those from the plasma
ipheral region of the cells indicated that the fluorescent
molecules were present inside the cell or in the plasma
membrane. In addition, because the K3C14 and K3C16
liposomes were prepared with similar sizes, zeta poten-
tials, and PDI values, the delivery efficiency and the intra-
cellular distribution of the liposomal compounds were
considered to depend only on the uptake pathway of the
liposomes.

In the study, to investigate the delivery behavior of
cationic liposomes, although the concentration of FITC-
dextran treated to the cells were aligned, the concentration
of K3C14 liposomes was 1.3 times higher than that of
K3C16 liposomes because the liposomal encapsulation
efficiency was quite affected by the lipid composition.
However, the delivery rate and efficiency of K3C16 lipo-
somes were 3 and 1.6 times higher, respectively, than those
of K3C14 liposomes. Thus, we judged that the comparison

of the delivery rates and efficiencies between these catio-
nic liposomes is not overestimated and valid enough.

The delivery efficiency of the K3Cl14 liposomes
reached a plateau after 60 min, although that of the
K3Cl16 liposomes continued to increase even after 120
min. This difference is likely to be because the K3C14
liposomes were intracellularly taken up mainly via active
transport (ie, endocytosis), while the K3C16 liposomes
were taken up via both active and passive transport (ie,
membrane fusion). HeLa cells treated with K3C14 lipo-
somes showed green fluorescence near the plasma mem-
brane after 10 min, and the intracellular distribution of
FITC-dextran proceeded toward the perinuclear region as
the treatment time increased. The green fluorescence up
until 30 min was mainly observed as green foci, which is
similar to previous studies using endocytic delivery
systems.'>*> This occurs because the FITC-dextran deliv-
ered via endocytosis has not yet escaped from the endo-
somes at this time. After treatment for more than 60 min,
the green fluorescence was detected throughout the cyto-
sol, suggesting that the FITC-dextran had been gradually
diffused in the cytosol.

With the K3C16 liposomes, the FITC-dextran was
observed throughout the cytosol even after treatment for
only 10 min, and the fluorescent intensity increased with
increasing treatment time. This result indicated that the
FITC-dextran molecules delivered by K3C16 liposomes
via membrane fusion were directly released into the cyto-
solic space and dispersed without being trapped in the
endosomes.

A previous study revealed that K3C14 liposomes had
a higher potency than K3C16 liposomes in the ability to
rupture endosomes and lysosomes during internalization in
THP-1 cells.?! However, in this study, when HeLa cells
were treated with LysoTracker Red DND-99, after treat-
ment for 180 min with liposomes encapsulating FITC-
dextran, the colocalization of LysoTracker Red DND-99
with FITC-dextran was observed more in the cells treated
with K3C14 liposomes than with K3C16 liposomes. These
results indicate that the colocalization with LysoTracker
Red DND-99 observed after the treatment with K3C14
liposomes was with FITC-dextran trapped in endosomes
or lysosomes. Furthermore, the colocalization was not
strongly observed in the cells treated with K3C16 lipo-
somes because the FITC-dextran was delivered mainly via
membrane fusion, and was not delivered via endocytic

pathways.
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To evaluate the intracellular distribution of the lipo-
somes composed of cationic lipids, the surface lipids of the
cationic liposomes were modified with AF488, and the
free AF488 NHS was removed by centrifugation. Thus,
the green fluorescence observed in the cells treated with
the AF488-modified liposomes was from the cationic
lipids modified with AF488. When HeLa cells were trea-
ted with K3C14 liposomes, almost no cells fused with
K3C14 lipids on the plasma membrane (M) were
observed, and it took 20 min for the K3C14 lipids to be
detected intracellularly. In contrast, 90% of cells showed
intracellular localization of K3C16 lipids after 10 min (M,
M/C, C), and 50% of the cells showed membrane fusion
(M, M/C), indicating that the internalization of K3CI16
liposomes occurred mainly via rapid membrane fusion.
When the cells were treated with K3C14 liposomes, the
percentage of cells categorized as N and C, with increasing
time, decreased and increased, respectively, while the per-
centage categorized as M/C remained constant. This result
indicated that the K3C14 liposomes were taken up mainly
via endocytic pathways, and their fusogenic potential was
quite low. Interestingly, when the cells were treated with
K3C16 liposomes, the percentage of cells graded as
M continuously decreased with time, and the percentage
of cells graded as M/C was almost constant until a final
decrease was observed. The percentage of cells graded as
C kept increasing until a plateau was reached. Thus, the
gradual variation in the cells in the different categories
after treatment with the two types of liposomes can be
summarized as follows: K3C14: I) N to M/C or C, II) M/C
to C; K3C16: I) N to M or M/C or C, II) M to M/C, III) M/
C to C. This sequence can be explained by the intracellular
internalization of the cationic lipids fused with the plasma
membrane. The fused lipids in the plasma membrane were
internalized intracellularly during the endocytosis of other
liposomes and the membrane recycling of the intracellular
vesicles into the plasma membrane.”*?’

Furthermore, in order to confirm the uptake pathways
of cationic liposomes composed of K3C14 and K3Cl16,
HeLa cells were treated with several types of endocyto-
sis inhibitors, and the uptake behaviors of cationic lipo-
somes were investigated. Interestingly, in some cases,
the fusogenic potentials of K3C14 and K3C16 liposomes
varied from the result without endocytosis inhibitors, and
the fusogenic potential of K3C14 liposomes sometimes
surpassed that of K3Cl16 (Figure S3).
Considering some preliminary tests including above, we

liposomes

hypothesized that the fusogenic potential of our

liposomes would be affected by i) liposomal membrane

fluidity,”® % ii) liposomal elasticity,”" iii) hydrophilic/
hydrophobic balance of lipids composing
liposomes,'**? and iv) the membrane composition or

fluidity of liposome-treated cells.*> > The relationship
between the lipid chemical structure and their liposomal
fusogenic potential will be reported in the future reports.

Conclusion

Cationic liposomes with different uptake pathways were
fluorescently labeled on the liposome surface, or by encap-
sulation of a fluorescent compound, and the intercellular
pharmacokinetics of the liposomes were investigated in
relation to their uptake pathways. The delivery rate and
efficiency of fusogenic K3C16 liposomes were 3 and 1.6
times higher, respectively, than those of endocytic K3C14
liposomes. In addition, the fusogenic cationic lipids inter-
nalized into the cytosolic space after membrane fusion. This
study provides useful information for intracellular pharma-
cokinetic studies using liposomal drug delivery systems.
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