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ABSTRACT

Purpose Liposomes have been developed as versatile
nanocarriers for various pharmacological agents. The ef-
fect of surface charges on the cellular uptake of the lipo-
somes has been studied by various methods using mainly
fixed cells with inevitable limitations. Live cell imaging has
been proposed as an alternative methods to overcome the
limitations of the fixed cell-based analysis. In this study,
we aimed to investigate the effects of surface charges on
cellular association and internalization of the liposomes
using live cell imaging.

Methods We studied the cellular association and inter-
nalization of liposomes with different surface charge
using laser scanning confocal microscopy (LSCM)
equipped with live cell chamber system. Flow cytometry
was also carried out using flow cytometer (FACS) for
comparison.

Results All of the cationic, neutral and anionic liposomes
showed time-dependent cellular uptake through specific
endocytic pathways. In glioblastoma U87MG cells, the cationic
and anionic liposomes were mainly taken up via
macropinocytosis, while the neutral liposomes mainly via
caveolae-mediated endocytosis. In fibroblast NIH/3T3 cells,
all of the three liposomes entered into the cell via clathrin-
mediated endocytosis.
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Conclusions This study provides a better understanding on
the cellular uptake mechanisms of the liposomes, which could
contribute significantly to development of liposome-based
drug delivery systems.

KEY WORDS cellular uptake - confocal microscopy -
endocytosis - flow cytometer - liposomes

ABBREVIATIONS

CcD Cytochalasin D

CpPz Chlorpromazine

DIC Differential interference contrast

DLS Dynamic light scattering

DMEM

FACS Flow cytometer

GS Genistein

HBG HEPES buffered glucose (10 mM HEPES,
3% glucose, pH 7.4)

HBS HEPES buffered saline (10 mM HEPES,
150 mM NaCl, pH 7.4

Dulbecco’s modified eagle’s medium

LSCM  Laser scanning confocal microscopy
PBS Phosphate buffered saline

PDI Polydispersity index

PEG- 1,2-Distearoyl-sn-Glycero-3-

PE Phosphoethanolamine-N-[Methoxy

(Polyethylene glycol)-2000]

POPC  1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphocholine

POPG  1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
[Phospho-rac-91-glycerol]

PTRF Polymerase I and transcript release factor

Rh-PE 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl)
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INTRODUCTION

Liposomes have been developed as versatile nanocarriers for
various pharmacological agents, and thus applied for
marketed formulations such as Doxil and Ambisome (1).
Liposomes have a lot of advantages such as biocompatibility,
biodegradability, low-toxicity, long half-life, and high cargo
loading capacity (2,3). Liposomes also can be engineered for
specific applications by grafting certain functionality onto the
surfaces, i.e., PEGylation for long circulation or specific ligand
attachment for targeting. Besides, surface charge has been
implicated for non-specific interactions with blood compo-
nents during circulation and cell membranes within tissues.
The non-specific interactions with cell membranes triggered
by surface charges could affect the subsequent intracellular
internalization of the liposomes (4), which could occur via dif-
ferent endocytic pathways (5,6), i.e., clathrin-mediated endo-
cytosis, caveolae-mediated endocytosis and macropinocytosis
(7) and destined to lysosomes for degradation.

The effect of surface charge on the cellular uptake has been
studied by various methods including microscopic or flow cy-
tometric analysis (4,8). However, those methods have been
applied mainly to fixed cells not to live cells. Fixed cell-based
analysis is subjected to inevitable limitations. Live cell imaging
has been proposed as an alternative methods to overcome the
limitations of fixed cell-based analysis (9). Live cell imaging on
individual cells allows following dynamic cellular processes
that is difficult in fixed cell. Time-lapse imaging on the live
cells could be an effective tool to observe various cellular func-
tion dynamics such as cell division, cell proliferation and or-
ganelle or chromosome dynamics (10), leading to optimization
and characterization at the single cell level and thus providing
significant contributions to drug discovery (11). In particular,
confocal time-lapse imaging on the live cells has been applied
in many studies for drug discovery such as intracellular dy-
namics, transgene expression and behavior of particles in cells
(12-14).

It was reported that cancer cells have many different char-
acteristics, including loss of differentiation, increased invasive-
ness, and decreased drug sensitivity, compared with normal
cells (15). And, the cancer cells have the extracellular environ-
ment with acidic pH and more alkaline intracellular environ-
ment when compared to normal cells (16). In addition, differ-
ence in membrane potentials was observed between cancer
cells and normal cells (17) and it would lead to difference in
cellular interaction and internalization of the liposomes.

In this study, we aimed to investigate the effects of surface
charges on cellular association and internalization of the lipo-
somes using live cell imaging technique with LSCM with live
cell chamber. Flow cytometry was also carried out for com-
parison. Liposomes with different surface charges, i.e., cation-
ic, neutral and anionic, were prepared with fluorescent label-
ing and real-time images upon cellular exposure were

recorded in cancer and normal cells. Human glioblastoma
U87MG and mouse fibroblast NIH/3T3 were used as a rep-

resentative of cancer and normal cells, respectively.

MATERIALS AND METHODS
Materials

1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC),
1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-rac-91-glycer-
ol] (POPG),
Phosphoethanolamine-N-[Methoxy(Polyethylene glycol)-
2000] (PEG-PE), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rh-PE) cholesterol were purchased from Avanti Polar
Lipids (Alabaster, AL). The 35 mm glass bottom cell culture
dishes were purchased from SPL LifeScenices Co., LTD
(Gyeonggi-do, South Korea). LysoTracker Deep Red and
Hoechst 33342 were purchased from Thermo Fisher
Scientific (Waltham, MA). Endocytosis inhibitors including
chlorpromazine hydrochloride and genistein were purchased
from Tokyo Chemical Industry (Tokyo, Japan). Cytochalasin
D was purchased from Sigma-Aldrich (St Louis, MO). All
other reagents were reagent grade.

1,2-Distearoyl-sn-Glycero-3-

Preparation and Characterization of Liposomes

Three types of liposomes were prepared as previously de-
scribed (18,19). Briefly, the following amounts of lipid were
dissolved in chloroform: POPC (6.0 umol), cholesterol
(3.0 pmol), PEG-PE (0.3 pmol), Rh-PE (0.02 pmol), and ei-
ther DOTAP (1.0 umol) or POPC (1.0 pmol) or POPG
(1.0 pmol) for cationic, neutral and anionic liposomes, respec-
tively. Chloroform was removed by vacuum evaporation
using a rotary evaporator (500 mmHg, 4 h, 30°C). The dried
lipid film was hydrated with HBG buffer (10 mM HEPES, 5%
glucose, pH 7.4) and incubated at room temperature for 4 h
with intermittent mixing. The resulting suspension was ex-
truded 11 times through a stack of two polycarbonate mem-
branes of 100 nm pore size by employing a hand-held extrud-
er (Avestin, Ottawa, Canada).

For measurement of size distribution and zeta potential,
each sample was diluted with HBS (10 mM HEPES,
150 mM NaCl, pH 7.4) to obtain an optimal scanning inten-
sity. Hydrodynamic diameter, polydispersity index (PDI) and
zeta potential were measured 5 times by dynamic light scat-
tering (DLS) using a zeta-potential and particle size analyzer
(ELSZ-1000, Otsuka Electronics Co, Osaka, Japan).
Scattered light was detected at 23°C at an angle of 90°. A
viscosity value of 0.933 mPa and a refractive index of 1.333
were used for the data analysis. The instrument was routinely
calibrated using a latex microsphere suspension.
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In Vitro Cellular Uptake by LSCM Live Cell Imaging

The human glioblastoma U87MG cells (passage 7) and mouse
embryonic fibroblast NIH/3T3 cells (passage 7) were grown
in DMEM medium supplemented with 10% fetal bovine se-
rum (FBS) and 1% penicillin/streptomycin (complement me-
dium) in a glass bottom cell culture dishes (35 mm, SPL) at a
concentration of 2x10” cells per well. The cells were stained by
LysoTracker Deep Red (50 pg/ml) (Life Technologies) at
37°C for 90 min and Hoechst 33342 (1 mg/ml) (Life
Technologies) at 37°C for 20 min. Subsequently, a single cell
with clear morphology was chosen through observation in
differential interference contrast (DIC) channel. The cells
were treated with the liposomes labeled with Rh-PE at a total
lipid concentration of 10 png/ml and then immediately ob-
served using a laser scanning confocal microscope (LSCM,
Al Plus, Nikon) with 60X oil immersion objective (numerical
aperture 1.2) and live cell chamber system. Cionfocal z section
images of 0.8 mm thickness containing the maximal intensity
of lysosomes were acquired every 3 min over 30 min periods
and analyzed for Pearson’s correlation using a image analysis
software (NIS-E, Nikon).

Investigation of Endocytic Pathways by LSCM Live Cell Imaging

To further investigate the uptake pathways, the cells (pas-
sage 8 or 9) were prepared as above. Before treatment with
the liposomes, the cells had been pre-incubated with differ-
ent inhibitors; chlorpromazine (10 pg/mL) to inhibit the
formation of clathrin vesicles, genistein (54 pg/mL) to in-
hibit the formation of caveolae vesicles and cytochalasin D
(10 pg/mL) to inhibit macropinocytosis at 37°C for 1 h.
The media containing the inhibitors were replaced with the
serum free media containing the liposomes at a total lipid
concentration of 10 pg/mlL. The cells were analyzed for
30 min as above.

RESULTS
Preparation and Characterization of Liposomes

The liposomes were prepared according to a well-established
procedure of dehydration-rehydration-membrane extrusion.

It was previously reported that 10 mol % of DOTAP along
with 3 mol % of PEG successfully led to cationic or anionic
liposomes with higher surface charges (20). For both of the
lipid compositions, the procedure led to transparent and sta-
ble suspensions with narrow and uniform size distributions of
average diameter of around 110 nm and zeta potential greater
than + 10 mV (Table I).

In Vitro Cellular Uptake by LSCM Live Cell Imaging

The cationic liposomes readily entered into the live
U87MG cells (Fig. la). The distinct and particulate red
fluorescence were readily detected in the cell membranes
and lysosomal compartments as early as 7 min and contin-
ued to accumulate into the lysosomal compartments along
with relatively weak diffusion into the cytoplasm. However,
there were no signs of nuclear co-localization with the cat-
ionic liposomes over 30 min periods. In contrast, no signif-
icant accumulation into the lysosomal compartments was
observed for both the neutral and anionic liposomes
(Fig. 1b and c). Image analysis for Pearson’s correlation
coefficient (r), which could vary from +1 in the case of a
perfect positive linear correlation to —1 in the case of a
perfect negative linear anti-correlation, with zero if uncor-
related (21,22), further revealed the preferential accumula-
tion of the cationic liposomes into lysosomal compartments
over neutral and anionic liposomes. The r value of the
cationic liposomes reached 0.8 at 3 min and then remained
around 0.8 over 30 min periods, while the r value of the
neutral liposomes was only 0.4 at 3 min and then slowly
increased up to 0.6 over 30 min periods. No significant
difference in lysosomal accumulation was observed between
the anionic and neutral liposomes. Nuclear accumulation
was not significant for all the liposomes (Fig. 1d and e).
The cellular uptake of the three liposomes in NIH/3T3
cells was similar to that in U87MG cells (Fig. 2).
Surprisingly, the cationic liposomes started to appear in
the cell membranes and lysosomal compartments as early
as 1 min and continued to accumulate into the lysosomal
compartments.

In an attempt to further verify the above observations, the
cellular uptake of the liposomes was also measured over a
population of U87MG and NIH/3T3 cells using flow
cytometer (FACS). The method and results of flow cytometry

Table I Size Distribution, PDI and
Zeta Potential (Mean = s.e.m, n =

Cationic Liposomes

Neutral Liposomes Anionic Liposomes

5)
Diameter (nm) 11324 [128+1.8 1193 =27
PDI 0.6 £0.02 0.54 = 0.0l 0.53 +0.02
Zeta potential (mV) 43.2=0.1 =51x02 —1585+0.8
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Fig. | The cellular uptake of (a) cationic liposomes (b) neutral liposomes (€) anionic liposomes in U87MG cells using LSCM over 30 min. Co-localization of the
liposomes with cellular (d) nucleus and (e) lysosome. Co-localization is demonstrated within the merged images and quantified using Pearson’s correlation.
Pearson’s correlation for co-localization of fluorescent signals was determined for indicated images. Blue channel (Hoechst 33342): nucleus; yellow channel
(LysoTracker Deep Red): lysosome; red channel: Rh-PE-labeled liposomes with different surface charges.

were described in Supplementary material. As shown in  periods, the cationic liposomes were taken up greater than
Fig. S1, when incubated with the liposomes for 30 min  the neutral and anionic liposomes in both U§7MG and
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Fig.2 The cellular uptake of (a) cationic liposomes (b) neutral liposomes (c) anionic liposomes in NIH/3T3 cells by LSCM live cell imaging. Co-localization of the
liposomes with cellular (d) nucleus and (e) lysosome. Blue channel (Hoechst 33342): nucleus; yellow channel (LysoTracker Deep Red): lysosome; red channel:

Rh-PE-labeled liposomes with different surface charges.

NIH/3T3 cells, which is well consistent with the results from
LSCM live cell imaging.

All together, the lysosomal accumulation zia endocytosis
was profound in the cationic liposomes as compared to the
neutral and anionic liposomes.

@ Springer

Investigation of Endocytic Pathways in U87MG Cells
by LSCM Live Cell Imaging

To further investigate the cellular uptake mechanisms of
the liposomes, US7MG and NIH/3T3 cells were treated
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Fig. 3 Endocytic pathways of the cationic liposomes in U87MG cells. The confocal microscopy images of U87MG cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D (c) for | h at 37°C. Co-localization of the liposomes with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342):
nudleus; yellow channel (LysoTracker): lysosome; red channel: Rh-PE-labeled liposomes.

with chlorpromazine (CPZ), genistein (GS) and cytochala-  appeared in lysosomal compartments at 13 min after
sin D (CD) that inhibit clathrin-mediated endocytosis,  blocking the clathrin-mediated endocytosis (CPZ) and
caveolae-mediated endocytosis and macropinocytosis, re-  caveolac-mediated endocytosis (CD) (Fig. 3a and b), while

spectively. In U87MG cells, the cationic liposomes  only at 19 min after blocking the macropinocytosis (GS)
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Fig. 4 Endocytic pathways of the neutral liposomes in U87MG cells. The confocal microscopy images of U87MG cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D (c) for | h at 37°C. Co-localization of the liposomes with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342):
nucleus; yellow channel (LysoTracker): lysosome; red channel: Rh-PE-labeled liposomes.

(Fig. 3c). Upon inhibition, Pearson’s correlation coeflicient =~ particular, the r values upon blocking macropinocytosis
r values between the cationic liposomes and lysosomal  showed dramatic decrease from 0.8 to 0.35. No significant
compartments were from 0.35 only up to 0.7, which were  difference was observed in nuclear accumulation upon in-
significantly low compared to those without inhibition. In  hibition of the uptake pathways (Fig. 3d and e).
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Fig. 5 Endocytic pathways of the anionic liposomes in U87MG cells. The confocal microscopy images of U87MG cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D (c) for | h at 37°C. Co-localization of the liposomes with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342):
nucleus; yellow channel (LysoTracker): lysosome; red channel: Rh-PE -labeled liposomes.

The neutral liposomes started to accumulate in lysosomal
compartments at 13, 19 and 24 min in U87MG cells pre-
treated with CPZ, GS and CD, respectively (Iig. 4a—c). In
contrast to the cationic liposomes, the neutral liposomes
showed no considerable differences in lysomal accumulations

upon inhibition of the endocytic pathways, leading to almost
identical r values after 15 min upon CPZ or CD treatment.
Similarly to the cationic liposomes, no significant difference
was observed in nuclear accumulation upon inhibition of the
uptake pathways (Fig. 4d and e).
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Table 11

The Relative Potency of Endocytosis of the Liposomes in U87MG Cells

The relative potency of endocytosis in U87MG

Cationic liposomes Macropinocytosis >
Neutral liposomes Caveolae mediated endocytosis >
Anionic liposomes Macropinocytosis >

Caveolae mediated endocytosis > Clathrin-mediated endocytosis
Macropinocytosis > Clathrin-mediated endocytosis
Caveolae mediated endocytosis > Clathrin-mediated endocytosis

The anionic liposomes started to accumulate in lysosomal
compartments at 7 min upon inhibition of clathrin-mediated
(CPZ) and caveolae-mediated (CD) endocytosis and then the
liposomes were diffused into the cytoplasm (Fig. 5a and b)
while only at 19 min upon inhibition of macropinocytosis
(GS) (Fig. 5¢). Similar with the cationic liposomes, the r value
showed significant decreases from 0.7 to 0.3 upon inhibition of
the macropinocytosis pathways (GS). No significant difference
was observed in nuclear accumulation upon inhibition of the
uptake pathways (Fig. 5d and e).

In an attempt to further verify the above observations, the
cellular uptake of the liposomes upon inhibition was also mea-
sured over a population of U§7MG cells using flow cytometer
(FACS) (Fig. S2). When incubated with the liposomes for
30 min periods upon inhibition, the main endocytic pathway
of the liposomes in U87MG cells were determined to be well
consistent with the results from LSCM live cell imaging.

All together, the relative potency of the uptake pathways in
UB7MG cells for the liposomes was summarized in Table II.

Investigation on Endocytic Pathways in NIH/3T3 Cells
by LSCM Live Cell Imaging

In order to further investigate the endocytic pathway of the
liposomes in normal cells, NIH/3T3 cells were treated with
inhibitors and observed as above. Upon pre-treatment with
CPZ or CD, the cationic liposomes began to appear in pe-
riphery of the cells at 7 min, and then in lysosomal compart-
ments at 13 min (Fig. 6a and c¢). Upon inhibition of the
caveolae-mediated endocytosis (GS), the cationic liposomes
began to appear in the lysosomal compartments as early as
1 min and continued to accumulate into the lysosomal com-
partments (Fig. 6b). Upon inhibition, the r values between the
cationic liposomes and lysosomal compartments were from
0.2 only up to 0.7, which were significantly low compared to
those without inhibition. No significant difference was ob-
served in nuclear accumulation upon inhibition of the uptake
pathways (Fig. 6d and e).

Both the neutral and anionic liposomes started to be de-
tected in lysosomal compartments at 13 min after blocking
clathrin-mediated endocytosis (CPZ) and macropinocytosis
(CD), while at 7 min after blocking caveolae-mediated endo-
cytosis (GS) (Figs. 7a—c and 8a—c). Upon inhibition, the r
values between the neutral liposomes and lysosomal

@ Springer

compartments were from 0.3 only up to 0.6, which were sig-
nificantly low compared to those without inhibition, leading to
the dramatic decrease from 0.7 to 0.3 upon treatment with
CPZ. No significant difference was observed in nuclear accu-
mulation upon inhibition of the uptake pathways (Figs. 7d and
8d). This indicated that the cellular uptake of the neutral lipo-
somes was mainly mediated via clathrin-mediated endocytosis
(Figs. 7¢ and 8e).

In an attempt to further verify the above observations, the
cellular uptake of the liposomes upon inhibition was also mea-
sured over a population of NIH/3T3 cells using flow
cytometer (FACS) (Fig. S3). When incubated with the lipo-
somes for 30 min periods upon inhibition, the main endocytic
pathway of the liposomes in NIH/3T3 cells were determined
to be well consistent with the results from LSCM live cell
imaging.

All together, the relative potency of the uptake pathways in
NIH/3T3 cells for the liposomes was summarized in
Table III

DISCUSSION

Liposomes have been utilized as promising drug delivery car-
riers for efficient cancer treatment (23). We already studied
about liposomes encapsulated various bioactive molecules
such as nucleic acids (18,19), nanoparticles (20,24) and small
molecules (25). Physicochemical characteristics of the lipo-
somes such as size, surface charge, hydrophobicity, drug load-
ing and encapsulating efficiency have been proposed to be
crucial for the development of suitable liposomes for drug
delivery (26-28). In particular, the surface charges have shown
critical effects on the i vitro and in viwo behavior of liposomes.
In this report, we investigated the cellular uptake of the lipo-
somes focused on the difference of surface charge.

All of the cationic, neutral and anionic liposomes showed
time-dependent uptake va endocytosis and lysosomal accu-
mulation, which were the most profound in the cationic
liposomes with no significant difference between the neutral
and anionic liposomes While positively charged lipids in the
cationic liposomes could be attracted to the negatively
charged cell membrane by electrostatic interaction, the neu-
tral and anionic liposomes do not have such electrostatic
interaction with the cell membrane, leading to decreased
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Fig. 6 Endocytic pathways of the cationic liposomes in NIH/3T3 cells. The confocal microscopy images of NIH/3T3 cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D (c) for | h at 37°C. Co-localization of the liposomes with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342):
nudleus; yellow channel (LysoTracker): lysosome; red channel: Rh-PE-labeled liposomes.

cellular uptake compared to the cationic liposomes (29). It The cellular uptake of the cationic liposomes was four-fold
was also reported that absorption of anionic liposomes into  higher in U87MG cells than NIH/3T3 cells (Fig. S1). It was
the cells was hindered due to electrical repulsion from cell — reported that cancer cells have more acidic environment and
membrane surface (30). higher membrane potentials than normal cells, which could
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Fig. 7 Endocytic pathways of the neutral liposomes in NIH/3T3 cells. The confocal microscopy images of NIH/3T3 cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D () for | hat 37°C. Co-localization of liposome with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342): nucleus;
yellow channel (LysoTracker): lysosome; red channel: Rh-PE-labeled liposomes.

lead to more interaction with the cationic lipids in the cationic The main endocytic pathways of the liposomes were also
liposomes. The cationic lipid DOTAP in the cationic liposomes  investigated using LSCM live cell imaging after treatment
can be protonated in acidic conditions (31), it would lead to ~ with various inhibitors and then compared to FACS
high cellular uptake into cancer cells which have a relatively ~ analysis. The inhibitors used in this study have been widely
low pH environment compared to normal cells (32,33). used for investigation of endocytosis mechanisms (34,35) and
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Fig. 8 Endocytic pathways of the anionic liposomes in NIH/3T3 cells. The confocal microscopy images of NIH/3T3 cells pre-incubated with chlorpromazine (a),
genistein (b), or cytochalasin D (c) for | h at 37°C. Co-localization of the liposomes with cellular nucleus (d) and lysosome (e). Blue channel (Hoechst 33342):
nucleus; yellow channel (LysoTracker): lysosome; red channel: Rh-PE-labeled liposomes.

the mechanism and limitation of these inhibitors have been
studied in reviews (36—38). After blocking the endocytic path-
ways, the liposomes were slowly accumulated in the lysosomal
compartments as compared to the control in both U§7MG
and NIH/3T3 cells (Figs. 4, 5, 6, 7 and 8). The main endocytic

pathways from LSCM live cell imaging were consistent with
those from FACS, although a minor difference was observed
in the relative potency between LSCM and FACS. The minor
difference might be due to the difference in cell number
employed in analysis. A single cell was monitored over time
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Table Il The Relative Potency of
Endocytosis of the Liposomes in

The relative potency of endocytosis in NIH/3T3

NIH/3T3 Cells
Cationic Clathrin-mediated
liposomes endocytosis
Neutral Clathrin-mediated
liposomes endocytosis
Anionic Clathrin-mediated
liposomes endocytosis

> Macropinocytosis > Caveolae mediated

endocytosis
> Macropinocytosis > Caveolae mediated

endocytosis
> Macropinocytosis > Caveolae mediated

endocytosis

in LSCM live cell imaging, whereas a population of cells with
30,000 counts was monitored in FACS.

In U87MG cells, the main endocytic pathways of the cat-
1onic liposomes were macropinocytosis, by which extracellular
substances were taken up into the cells in the way of
macropinosomes (0.2—-5 pm in diameter) (39). Although the
average size of the cationic liposomes is 111.3 + 2.4 nm, they
might quickly attach to the cell surface close to each other,
forming bigger aggregates, and enter together into the cells as
macropinosomes. Caveolae-mediated endocytosis involves
the process of the cellular entry by the formation of caveolae
vesicles on the cell membranes abundant cholesterols and
glycosphingolipids (40,41). It could be speculated that
caveolac-mediated endocytosis be the main uptake pathways
for the neutral liposomes due to the cholesterols provided
from the neutral liposomes.

In NIH/3T3 cells, the cellular uptake of the cationic, neutral
and anionic liposomes was more affected by clathrin-mediated
than macropinocytosis or caveolae-mediated endocytosis. In
clathrin-mediated endocytosis, specific ligands such as cholesterol
bind to receptors on the cell membrane, then clathrin-coated pits
were formed with 100-150 nm diameters and entered into the
cells (42,43). The effect of surface charges on the interaction
between the liposomes and NIH 37T'3 cell might play a less critical
role whereas specific binding between molecular components in
the liposomes and cell membranes plays a more critical role (42).

CONCLUSION

In summary, we successfully showed the main uptake path-
ways of the cationic, neutral and anionic liposomes in
U87MG and NIH/3T3 cells, respectively using LSCM live
cell imaging. This study provides a better understanding on
the cellular uptake mechanisms of the liposomes, which could
contribute significantly to development of liposome-based
drug delivery systems.
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