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ARTICLE INFO ABSTRACT

Here we report that the size dependence of cellular internalization of liposomes differs depending on the surface
charge. We prepared liposomes of various lipid compositions ranging from 100 to 200 nm size. It was found that
cationic liposomes composed of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-Dioleoyl-3-tri-
methylammonium-propane (DOTAP) were most effectively internalized into cells when their mean particle sizes
were around 180 nm. When their size was reduced to around 90 nm, the level of internalization reduced six-fold.
Conversely, hydrogenated soy phosphatidylcholine (HSPC)/N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (PEG2000-DSPE)/cholesterol(Chol) liposomes, HSPC/PEG2000-
DSPE liposomes, and HSPC/Chol liposomes were most readily internalized when they were around 110 to
130nm in mean particle size. Unlike DOPC/DOTAP liposomes the difference between the maximum and
minimum levels of internalization was less than two-fold. It has been suggested that strong electrostatic inter-
actions between cationic liposomes and the negatively charged plasma membrane affect the size dependence and
optimal size range for internalization of liposomes. Size dependence of internalization should be carefully
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monitored for effective formulation development and quality control of liposome drug products.

1. Introduction

Recently, oligonucleotides such as RNA or DNA have attracted at-
tention as new modalities for drug development (Dowdy, 2017). Be-
cause the targets of these drugs are typically found in subcellular lo-
cations, it is necessary to employ a carrier to transport the drugs into
the target cells. Furthermore, around 60% of total expressed proteins
are soluble proteins (Uhlén et al., 2015), making it essential that drug
candidates — including nucleic acid or peptide drugs — are developed
toward these intracellular targets (Ahlbach et al., 2015). In addition to
the chemical modification of drugs (Khvorova and Watts, 2017), the use
of nanoparticles as drug carriers into cells is a very promising avenue
for advancing the delivery of therapeutics (Ferrari, 2005). Lipid nano-
particles, especially liposomes, are one of the most popular potential
carrier nanoparticles (Barenholz, 2012). Selecting the appropriate lipids
(e.g. head group and chain length), compositions, and surface mod-
ifications to achieve the desired performance (for example, targeting,
drug release, or stability) of the product is often challenging task.
During drug formulation studies and quality control, it is also important
to clarify the critical physicochemical properties in terms of their in-
teraction with cells or proteins in vivo and pharmacokinetics of the
liposome drug products, to ensure optimal efficacy and safety of drug
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products (Ehmann et al., 2013; Sakai-Kato et al., 2015). In the case of
liposomes, size is reported to be one of the most important properties
affecting the efficacy and safety of the drug products (Sahay et al.,
2010).

Several studies have reported the relationship between size and
cellular internalization of nanoparticles (Sahay et al., 2010; Zhang
et al., 2015). However, because of the complex interaction of nano-
particles with the plasma membrane, there are various mechanisms
involved in the internalization of nanoparticles, such as endocytosis
through clathrin-dependent or non-specific interactions (Zhang et al.,
2015). It is therefore anticipated that the optimal size of liposomes will
vary depending on other physicochemical properties of the particles.
Although these properties can be tuned by altering the lipid composi-
tion, there are no reports relating the size dependence of internalization
to other physicochemical properties.

The present study sought to elucidate the influences of the physi-
cochemical properties of liposomes on their size-dependent cellular
internalization. This information would enable rational design of na-
noparticle formulations and improve quality control. Surface charge
and liposome size are two major variables potentially affecting the
cellular internalization of liposomes, and so a possible contribution of
these variables to the internalization mechanisms is discussed.
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2. Materials and methods
2.1. Materials and cells

Hydrogenated soy phosphatidylcholine (HSPC), N-(carbonyl-meth-
oxypolyethylene glycol 2000)-1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (PEG2000-DSPE), and 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) were purchased from NOF Corporation
(Tokyo, Japan); 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]
amino]-27-norcholesterol (NBD-Chol), 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[poly(ethylene glycol)2000-N’-carboxy-
fluorescein] (ammonium salt) (PEG2000-PE-CF), 1-Oleoyl-2-[12-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phos-
phocholine (NBD-DOPC), and 1,2-Dioleoyl-3-trimethylammonium-pro-
pane (Chloride Salt) (DOTAP) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA); Dulbecco’s Modified Eagle medium (DMEM) were
purchased from Life Technologies (Brooklyn, NY, USA). Fetal bovine
serum (FBS) was obtained from Nichirei Biosciences (Tokyo, Japan). All
other chemicals used in this study were of the highest purity available.
HepG2 cells (American Type Culture Collection, Manassas, VA, USA)
were cultured in DMEM supplemented with 10% FBS and 100 U/mL
penicillin-streptomycin. Cells were grown in a humidified incubator at
37 °C and 5% CO,.

2.2. Preparation of liposomes

The lipid composition of the liposomes used in our experiments
were: HSPC/PEG2000-DSPE/Chol/NBD-Chol (56.3/5.3/38.4/1 mol %),
HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF (56.3/4.3/38.4/1 mol %),
HSPC/PEG-DSPE/NBD-Chol (94.7/5.3/1 mol %), HSPC/Chol/NBD-
Chol (60/39/1 mol %), and DOPC/DOTAP/NBD-DOPC (49/50/1 mol
%). These liposomes were prepared using a modified Bangham method
(Bangham et al., 1965). Briefly, the desired amounts of lipids were
mixed in chloroform, and the mixture was dried by evaporation at 60 °C
to create a thin homogeneous lipid film. The film was further dried
overnight under vacuum desiccation to remove residual solvent. In the
case of HSPC/PEG2000-DSPE/Chol and HSPC/PEG2000-DSPE lipo-
somes, the dried film was hydrated with 2mL of 5% (w/w) aqueous
glucose solution under mechanical agitation at 70 °C for 5-10 min. The
hydrated lipid solution was dispersed by sonication for 3 min in a bath-
type sonicator (AS ONE, Tokyo, Japan). The dispersion was passed
through a Mini-extruder (Avanti Polar Lipids) equipped with a 400 nm
polycarbonate filter 21 times. For the preparation of liposomes with
various sizes, extrusion through a 200nm, 100nm, or 50 nm poly-
carbonate filter was combined with further downsizing by a tip-type
sonicator (Sonics, Newtown, CT, USA), depending on the intended size.
In the case of HSPC/Chol liposomes, the lipid solutions were hydrated
with 2mL of 5% (w/w) aqueous glucose solution at 70 °C in a water
bath, then freeze-thawed five times. The dispersion was passed through
a Mini-extruder equipped with a 200 nm polycarbonate filter 21 times,
then dispersed by a tip-type sonicator. In case of DOPC/DOTAP lipo-
somes, the lipid solutions were hydrated with 2 mL of 5% (w/w) aqu-
eous glucose solution at 50 °C in a water bath, then freeze-thawed five
times. The dispersion was passed through a Mini-extruder equipped
with a 400 nm polycarbonate filter 21 times, followed by downsizing
with a tip-type sonicator.

The particle size, polydispersity index, and (-potential of the re-
sulting liposomes were determined (Zetasizer Nano ZS, Malvern
Instruments, Malvern, Worcestershire, United Kingdom). Dynamic light
scattering and Laser Doppler velocimetry were performed at 25 °C using
a Zetasizer Nano-ZS instrument equipped with Zetasizer Software
v.6.01 (Malvern Instruments, Malvern, UK). The polydispersity indices
of the liposomes were calculated using the software from the liposome
distributions. To calculate the {-potential, the Smoluchowski approx-
imation was applied because the liposome radius is much larger than
the thickness of a diffuse electric double layer. Measurements were
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done in triplicate for each sample. Phosphate buffered saline (PBS) was
used for liposome measurement.

2.3. Measurement of internalized liposomes

The internalization of liposomes into cells was measured using a
protocol published in our previous report (Sakai-Kato et al., 2017).
First, HepG2 cells (5 x 10° per well) were seeded into 12-well plates in
DMEM containing 10% FBS (1 mL per well). After incubation for 48 h
(37 °C, 5% CO,), liposomes suspended in 500 pL of DMEM containing
10% FBS were added to the cells (final lipid concentration around
50 ug/mL; adjusted to ensure that all liposome solutions of the same
compositions had equal fluorescent intensity before administration to
cells). The cells were then incubated for a further 2h (37 °C, 5% CO,).
In the case of DOPC/DOTAP liposomes, the final concentration that was
administered was lower than other liposomes at around 20 pg/mL
(adjusted to ensure all liposome solutions had equal fluorescent in-
tensity), because the fluorescence intensity of internalized DOPC/
DOTAP liposomes 2 h after administration was higher than that of other
liposomes. After incubation, the medium was aspirated and replaced
with fresh PBS. Cells were trypsinized with 0.25% (v/v) trypsin-EDTA
(Life Technologies), washed with Hank’s Balanced Salt Solution (HBSS)
three times, and suspended in lysis buffer (1.0% [v/v] Triton X-100 in
HBSS). The resulting cell suspension was sonicated for 10 min in a bath
sonicator, vortexed for 5min, and centrifuged (15,000 x g, 4°C,
10 min).

The fluorescence intensity of the supernatant was measured with a
fluorescence spectrophotometer (F-7000, Hitachi High-Technologies,
Tokyo, Japan). The excitation and emission wavelengths were 496 nm
and 522 nm respectively for CF-labeled liposomes, and 490 and 540 nm
respectively for NBD-labeled liposomes. The background was obtained
from the data of cells where no liposomes were administered, and the
background values were subtracted from the fluorescence intensity that
was measured 2 h after liposome administration. The fluorescence va-
lues were also normalized to the protein content of the cell lysate
(Protein Assay Kit, Bio-Rad Laboratories, Hercules, CA, USA).

2.4. Statistical analysis

Data were expressed as mean * S.D. Results were analyzed by
multiple comparison analysis using one-way analysis of variance
(ANOVA) with Bonferroni’s post-hoc test. Differences were considered
statistically significant at P < 0.05.

3. Results and discussion
3.1. Physicochemical properties of the liposomes

The mean particle sizes and diffusion coefficients of the liposomes
are shown in Tables 1-4. The polydispersity indices are also shown in
Table 1-4, which were below 0.25 for all liposome preparations. The -
potential of DOPC/DOTAP liposomes indicated that the particles were
highly positive charged (Table 4), while the other liposomes carried a
slight negative charge. (Tables 1-3).

3.2. Size-dependent internalization of liposomes

When HSPC/PEG2000-DSPE/Chol liposomes that were fluores-
cently labeled with NBD-Chol were administered to HepG2 cells (size
range around 87-222 nm; Fig. 1a), the fluorescent intensities were not
drastically affected by liposome size. However, the fluorescence in-
tensity observed when liposomes with a diameter of 107 nm were ad-
ministered was significantly higher than that of liposomes with dia-
meters of 222, 154, 131, 96, or 87 nm (Fig. 1a). This result is in line
with those recorded for CF-labeled HSPC/PEG2000-DSPE/Chol lipo-
somes (Fig. 1b). The CF label is carried on the PEG2000-DSPE lipid,
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Table 1
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Hydrodynamic diameters and zeta potentials of HSPC/PEG2000-DSPE/Chol liposomes. All values are means *+ standard deviation (n = 3). Values in brackets are %
mol. HSPC, hydrogenated soy phosphatidylcholine; PEG2000-DSPE, N-(carbonyl-methoxyPEG 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine; Chol, cho-
lesterol; NBD-Chol, 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol; PEG2000-PE-CF, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[poly(ethylene glycol)2000-N’-carboxyfluorescein] (ammonium salt).

Lipid composition Diameter Diffusion Polydispersity index Zeta potential (mV)
(nm) Coefficient (umz/s)

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 222 * 45 2.2 * 0.043 0.19 + 0.013 —4.4 = 0.0058

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 154 * 2.6 3.2 = 0.050 0.049 + 0.024 —-2.3 = 0.48

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 131 + 3.5 3.8 = 0.10 0.056 += 0.014 —2.6 = 0.452

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 115 + 2.9 4.3 = 0.11 0.080 + 0.019 —25 = 1.40

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 107 * 2.3 4.6 = 0.10 0.087 + 0.016 —-25 = 0.17

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 96 + 2.5 5.1 = 0.13 0.10 = 0.007 —2.7 = 0.74

HSPC/DSPE2000-PEG/Chol/NBD-Chol (56.3/5.3/38.4/1) 87 + 2.2 5.6 = 0.14 0.12 = 0.028 —29 *= 0.66

HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF 232 + 6.3 2.1 = 0.060 0.21 *= 0.012 —4.6 = 0.44
(56.3/4.3/38.4/1)

HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF 156 = 1.8 3.2 = 0.037 0.044 = 0.006 —-3.9 = 0.57
(56.3/4.3/38.4/1)

HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF 123 + 3.0 4.0 = 0.10 0.037 = 0.009 —4.0 = 0.81
(56.3/4.3/38.4/1)

HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF 107 = 1.1 4.6 = 0.045 0.21 + 0.011 —-4.1 = 0.76
(56.3/4.3/38.4/1)

HSPC/PEG2000-DSPE/Chol/PEG2000-PE-CF 82 + 1.5 6.0 = 0.11 0.025 = 0.012 —-3.2 = 0.41

(56.3/4.3/38.4/1)

while NBD-Chol is a fluorescent analog of cholesterol. This confirms
that the fluorescent label does not affect the size dependence of cellular
internalization of HSPC/PEG2000-DSPE/Chol liposomes. Although the
liposomes have a certain amount of size distribution and rigorous
comparison of close sizes might be difficult, the differences in the cel-
lular internalization of liposomes were observed depending on the
mean particle sizes.

Next, we examined the size dependence of internalization of HSPC/
PEG2000-DSPE liposomes that did not contain cholesterol, which is
important for liposomal stability (Pattni et al., 2015). The composition
was otherwise the same as that of HSPC/PEG2000-DSPE/Chol lipo-
somes described above. Although the fluorescence intensities did not
differ drastically depending on liposome size, liposomes with a dia-
meter of 115nm showed significantly higher cellular internalization
than liposomes with diameters of 201, 181, or 139 nm (Fig. 2a). These
results are in line with previous studies that report the cellular inter-
nalization of 108 nm HSPC/PEG2000-DSPE/Chol and 106 nm HSPC/
PEG2000-DSPE liposomes to be similar (Takechi-Haraya et al., 2017).

Finally, we examined the internalization of HSPC/Chol liposomes
without PEG2000-DSPE, which is often included in the composition of
long-circulation liposomes (Moghimi et al., 2001). Because of the dif-
ficulties in preparing monodisperse 200 nm liposomes, HSPC/Chol li-
posome samples were prepared with a maximum diameter of 160 nm.
The internalization of HSPC/Chol liposomes did not show obvious size
dependence, but the fluorescence intensity was significantly greater for
132 nm liposomes than for liposomes with diameters of 143, 103, or
86 nm (Fig. 2b). This is in line with the results of HSPC/PEG2000-
DSPE/Chol liposomes, indicating that this inclusion of PEG2000-DSPE

Table 2

does not influence the size dependence of cellular internalization of
HSPC /Chol liposomes. This result also agrees with previous studies
which have suggested that the internalization of 107 nm HSPC/Chol
liposomes is similar to that of HSPC/PEG2000-DSPE/Chol and HSPC/
PEG2000-DSPE liposomes of equivalent size (Takechi-Haraya et al.,
2017). It has been reported that the rigidity of liposomes affects the
efficiency of their internalization (Zhang et al., 2015; Takechi-Haraya
et al., 2017; Moghimi et al., 2001; Yi et al., 2011). According to our
previous investigations, HSPC/PEG2000-DSPE/Chol liposomes and
HSPC/Chol liposomes have similar rigidity, while HSPC/PEG2000-
DSPE liposomes are more rigid (Takechi-Haraya et al., 2017). The re-
sults of the present study indicate that membrane rigidity does not af-
fect the size dependence of cellular internalization for these three li-
posomes.

Because the charges of HSPC/PEG2000-DSPE/Chol, HSPC/
PEG2000-DSPE, and HSPC/Chol liposomes were all slightly negative
(Tables 1-3), we prepared cationic liposomes using DOTAP to assess the
influence of surface charge. This lipid is often used in liposomal carriers
for the internalization of nucleotides such as DNA and siRNA, which are
unstable in blood (Nie et al., 2012; Gjetting et al., 2010; Nogueira et al.,
2015; Majzoub et al., 2016). In the case of DOPC/DOTAP liposomes,
the concentration of administered liposomes was lower than other li-
posomes at around 20 pg/mL (adjusted to ensure all liposome solutions
had equal fluorescence intensity). This was because the fluorescence
intensity of internalized DOPC/DOTAP liposomes 2h after adminis-
tration was higher than that of other liposomes (data not shown). As
can be seen in Fig. 2c, maximum internalization was observed when the
liposomes had a diameter of 178 nm, which was significantly higher

Hydrodynamic diameters and zeta potentials of HSPC/PEG2000-DSPE liposomes. All values are means *+ standard deviation (n = 3). Values in brackets are %mol.
HSPC, hydrogenated soy phosphatidylcholine; PEG2000-DSPE, N-(carbonyl-methoxyPEG 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine; NBD-Chol, 25-[N-

[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol.

Lipid composition Diameter Diffusion Polydispersity index Zeta potential (mV)
(nm) Coefficient (um?/s)

HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 201 = 1.5 2.5 = 0.020 0.17 + 0.014 —-2.2 *= 0.29
HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 181 + 1.2 2.7 + 0.020 0.17 + 0.014 -26 + 1.6
HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 139 + 1.3 3.5 = 0.030 0.092 + 0.012 -3.3 = 0.89
HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 131 = 2.7 3.8 = 0.077 0.11 + 0.013 —-2.8 = 0.25
HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 115 + 1.2 4.3 = 0.040 0.14 + 0.005 —-25 + 0.36
HSPC/PEG2000-DSPE/NBD-Chol (94.7/5.3/1) 94 * 0.95 5.3 + 0.055 0.20 + 0.004 —2.3 + 0.085
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Table 3
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Hydrodynamic diameters and zeta potentials of HSPC/Chol liposomes. All values are means * standard deviation (n = 3). Values in brackets are %mol. HSPC,
hydrogenated soy phosphatidylcholine; Chol, cholesterol; NBD-Chol, 25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol.

Lipid composition Diameter Diffusion Polydispersity index Zeta potential (mV)
(nm) Coefficient (um?/s)
HSPC/Chol/NBD-Chol (60/39/1) 160 + 2.1 3.1 = 0.041 0.093 + 0.006 —2.5 = 0.079
HSPC/Chol/NBD-Chol (60/39/1) 143 += 0.61 3.4 = 0.011 0.14 = 0.006 —-3.8 = 0.31
HSPC/Chol/NBD-Chol (60/39/1) 132 + 0.93 3.8 = 0.026 0.12 = 0.012 —4.0 = 0.23
HSPC/Chol/NBD-Chol (60/39/1) 123 + 0.84 4.0 = 0.028 0.18 *= 0.007 —-4.2 *+ 0.19
HSPC/Chol/NBD-Chol (60/39/1) 112 =+ 1.4 4.4 + 0.051 0.18 = 0.003 —4.2 = 0.88
HSPC/Chol/NBD-Chol (60/39/1) 103 = 1.0 4.8 = 0.050 0.20 = 0.008 —-4.1 *= 0.73
HSPC/Chol/NBD-Chol (60/39/1) 86 = 1.2 5.8 = 0.083 0.11 = 0.012 —-4.2 *+ 0.85

than all other sized liposomes. The fluorescence intensity of this po-
pulation was six-fold higher than that of the population which showed
the lowest cellular internalization (DOPC/DOTAP liposomes of 89 nm
diameter). This is a much greater difference to that seen for the three
anionic liposome preparations, where the internalization depending
varied less than two-fold between different sized populations. These
results confirm that surface charge influences the size dependence of
internalization of liposomes.

Several mechanisms are known for the incorporation of nano-
particles into cells. These include endocytosis, phagocytosis, macro-
pinocytosis, clathrin-mediated endocytosis, caveolae-dependent en-
docytosis, clathrin- and caveolae-independent endocytosis
(ligand-receptor binding), nonspecific incorporation, and translocation
(Sahay et al., 2010; Zhang et al., 2015). In the case of cationic lipo-
somes, DOPC/DOTAP liposomes have been reported to be internalized
mainly through clathrin-mediated endocytosis (Un et al., 2014) or
through both clathrin- and caveolae-mediated endocytosis (Pozzi et al.,
2014; Sarker et al., 2014; Cui et al., 2014).

When nanoparticles including liposomes are internalized a highly
heterogeneous nanoparticle—cell interface is formed, and a dynamic
interaction is initiated. Different forces contribute to the interaction,
which modify the associated energy balance and therefore dictate the
mode of internalization of the nanoparticles (Zhang et al., 2015). First,
energy is required to envelope the nanoparticles forces curvature of the
cell membrane, which works against membrane tension and resists
endocytosis. Opposing forces including electrostatic, van der Waals,
hydrophobic, and ligand-receptor binding forces work together to
produce an adhesion energy, which drives endocytosis (Zhang et al.,
2015). It is reported that balancing the adhesion and membrane de-
formation energies defines the lower limit of the nanoparticle radius
when nonspecific adhesion is the only driving force for membrane
wrapping (Zhang et al., 2015). On the other hand, when specific in-
teractions such as ligand-receptor binding occur, the ligand number
also affect the upper and lower nanoparticle size limits of endocytosis
(Yuan and Zhang, 2010).

Because the plasma membrane is negatively charged, we hypothe-
size that a strong interaction occurs between DOPC/DOTAP liposomes

Table 4
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Fig. 1. Effect of liposomal size on the internalization of HSPC/PEG2000-DSPE/
Chol liposomes into HepG2 cells. Fluorescence was evaluated 2 h after labeled
liposomes were added to HepG2 cells. (a) Liposomes were composed of lipids,
PEGylated lipids, cholesterol, and fluorescently labeled cholesterol (NBD-Chol).
All values are means = standard deviation (n = 3). **P < 0.01, and ***P <
0.001, compared with liposomes with a diameter of 107 nm. (b) Liposomes
were composed of lipids, PEGylated lipids, fluorescently labeled PEGylated li-
pids (PEG-CF), and cholesterol. All values are means * standard deviation
(n=3). *P < 0.01, and ***P < 0.001, compared with liposomes with a
diameter of 107 nm.

Hydrodynamic diameters and zeta potentials of DOPC/DOTAP liposomes. All values are means * standard deviation (n = 3). Values in brackets are %mol. DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; DOTAP, 1,2-dioleoyl-3-trimethylammoniumpropane; NBD-DOPC, 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)

amino]dodecanoyl]-sn-Glycero-3-Phosphocholine.

Lipid composition Diameter Diffusion Polydispersity index Zeta potential (mV)
(nm) Coefficient (|.lrn2/ s)
DOPC/DOTAP/NBD-DOPC (49/50/1) 223 + 1.4 2.2 = 0.017 0.21 + 0.012 31 £ 1.5
DOPC/DOTAP/NBD-DOPC (49/50/1) 178 + 0.75 2.3 + 0.012 0.16 + 0.010 28 = 1.3
DOPC/DOTAP/NBD-DOPC (49/50/1) 138 = 1.0 3.6 = 0.029 0.22 = 0.009 29 + 1.9
DOPC/DOTAP/NBD-DOPC (49/50/1) 133 = 0.79 3.7 = 0.021 0.22 = 0.008 28 + 0.76
DOPC/DOTAP/NBD-DOPC (49/50/1) 117 = 0.75 4.2 = 0.029 0.22 + 0.024 30 = 1.6
DOPC/DOTAP/NBD-DOPC (49/50/1) 89 = 0.16 5.5 + 0.012 0.25 + 0.011 26 = 0.38
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Fig. 2. Effect of liposomal size on the internalization of HSPC/PEG2000-DSPE
liposomes (a), HSPC/Chol liposomes (b), and DOPC/DOTAP liposomes (c) into
HepG2 cells. Fluorescence was evaluated 2h after labeled liposomes were
added to HepG2 cells. Data are presented as means * standard deviation
(n = 3). All values are means * standard deviation (n = 3). **P < 0.01, and
***pP < 0.001, compared with liposomes with a diameter of (a)115 nm, (b)
132 nm, and (c) 178 nm.

and the plasma membrane, resulting in an associated energy balance
significantly different from those of the other liposomes used in this
study. This therefore causes differences in the size-dependent inter-
nalization of the liposome species.

4. Conclusions

The present study reports that size dependence of liposome inter-
nalization is significantly affected by the surface charge of the lipo-
somes. Cationic liposomes are internalized at increased sizes compared
with other liposomes and are very sensitive to size changes, exhibiting
large variations in internalization depending on liposome diameter.
Optimization of liposomal formulations is typically carried out by
trialing various lipid compositions using a fixed particle size of around
100 nm. However, our results show that examining the size-dependent
internalization of each liposome formulation is critical. This is im-
portant for maximizing the efficacy of the drugs within the liposomes,
minimizing safety concerns, and for determining the optimal size range
of the liposomal carriers for quality control.
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