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The effects of poly(ethylene glycol) (PEG) chain length of PEG-lipid on the membrane characteristics of li-
posomes were investigated by differential scanning calorimetry (DSC), freeze-fracture electron microscopy
(FFEM), fluorescence polarization measurement and permeability measurement using carboxyfluorescein (CF).
PEG-liposomes were prepared from mixtures of dipalmitoyl phosphatidylcholine (DPPC) and distearoyl phos-
phatidylethanolamines with covalently attached PEG molecular weights of 1000, 2000, 3000 and 5000 (DSPE-
PEG). DSC and FFEM results showed that the addition of DSPE-PEG to DPPC in the preparation of liposomes
caused the lateral phase separation both in the gel and liquid-crystalline states. The fluidity in the hydrocarbon
region of liposomal bilayer membranes was not significantly changed by the addition of DSPE-PEG, while that in
the interfacial region was markedly increased. From these results, it was anticipated that the CF leakage from
PEG-liposomes is accelerated compared with DPPC liposomes. However, CF leakage from liposomes containing
DSPE-PEG with a 0.060 mol fraction was depressed compared with regular liposomes, and the leakage de-
creased with increasing PEG chain length. Furthermore, the CF leakage from liposomes containing DSPE-PEG
with a 0.145 mol fraction was slightly increased compared with that of liposomes containing DSPE-PEG with a
0.060 mol fraction. It is suggested that the solute permeability from the PEG-liposomes was affected by not only
properties of the liposomal bilayer membranes such as phase transition temperature, phase separation and
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membrane fluidity, but also the PEG chain of the liposomal surface.
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For many years, various types of particulate drug carriers
have been investigated with the aim of perfecting the drug
delivery system (DDS) which localizes drugs to their desired
in vivo target tissue while minimizing their side effects. Lipo-
somal drug delivery systems have been widely researched as
a sustained release system, in addition to being a targeted
drug delivery system." Liposomes are ideal drug carriers
being biodegradable and of minimal toxicity, however, there
are drawbacks to their use in vivo such as the lack of stability
in blood and short blood circulation time. Despite lipid com-
positions in liposomes closely resembling those of cell mem-
branes, liposomes after their intravenous administration are
rapidly removed from the circulation primarily by Kupffer
cells of the liver and fixed macrophages of the spleen. A pro-
longed residence of the drug-entrapped liposomes in the cir-
culation is important for their sustained release. Thus, it is
important to develop modified liposomes that are able to
avoid uptake by the reticuloendothelial system (RES) and ex-
tend the circulation half-life in vivo. Many studies have re-
ported that the liposomes conjugated with amphipathic poly-
ethylene glycol (PEG), PEG-liposomes, significantly in-
crease the blood circulation half-life of the liposomes com-
pared with those without PEG.>> The increased circulation
half-life of PEG-liposomes has been attributed to the steric
repulsive barrier by the covalently attached PEG around the
liposomes.>”

In addition, it is necessary to control a release of the drug
from the liposomes for the more effective treatment using the
PEG-liposomes. The lipid composition of the membranes
and the PEG chain length of PEG-lipid are major factors that
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govern the aggregate structure and phase behavior.!'™'® In
general, the physicochemical properties of liposomal bilayer
membranes, such as surface charge,¥ membrane fluidity,”
phase transition and separation,'” are known to affect the
permeability of the drug. Therefore, it can be anticipated that
the difference of the PEG chain length of the PEG-lipid af-
fects the permeability of the drug from the liposomes.

In this study, to elucidate the permeation mechanism in
PEG-liposomes, we investigated the effects of the PEG chain
length of the PEG-lipid on the phase conditions of liposomes
and temperature dependency of CF permeability from lipo-
somes.

Experimental

Materials Distearoyl-N-monomethoxy poly(ethylene glycol)-succinyl-
phosphatidylethanolamines (DSPE-PEG) were from NOF Co., Ltd. (Tokyo,
Japan). Their weight-average molecular weights of poly(ethylene glycol)
were approximately 1000, 2000, 3000 and 5000. L-a-Dipalmitoyl phos-
phatidylcholine (DPPC, 99.6% pure) was from NOF Co., Ltd. 5-(6)-Car-
boxyfluorescein (CF, 99% pure) was purchased from Molecular Probes, Inc.
(OR, U.S.A.) and was used without further purification. 1,6-Diphenyl-1,3,5-
hexatriene (DPH, 98% pure) and 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene (TMA-DPH, 95% pure) were purchased from
Sigma Chemical Co. (MO, U.S.A.) and were used without further purifica-
tion. Phosphate-buffered saline (PBS), whose composition was NaCl, KCl,
Na,HPO, and KH,PO,, was purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). PBS was dissolved in water for injection (Otsuka
Pharmaceutical Co., Ltd., Tokyo, Japan), and the isotonic solution whose pH
was 7.4 was obtained. All other chemicals were commercial products of
reagent grade.

Preparation of PEG-Liposomes Two kinds of PEG-liposomes were
prepared using DPPC and 0.060 or 0.145 molar fractions of DSPE-PEG.
DPPC and DSPE-PEG were dissolved in chloroform in a test tube. The sol-
vent was then removed by blowing nitrogen gas into the test tube, and the
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residual solvent was further dried overnight at room temperature in a desic-
cator under vacuum. PBS was added to this lipid film and warmed (55—
60 °C) above the phase transition temperature of DPPC (41 °C) for 30 min.
The test tube was then shaken vigorously in a vortex mixer, and the multil-
amellar vesicles (MLV) were obtained. The large unilamellar vesicles (LUV)
were obtained from the MLV suspension extruded five times through two-
stacked polycarbonate membrane filter (pore size: 200 nm) using an Ex-
truder (Lipex Biomembranes Inc., British Columbia, Canada).

Differential Scanning Calorimetry (DSC) The phase transition tem-
perature of liposomal bilayer membranes was measured with a differential
scanning calorimeter (8230, Rigaku Co., Tokyo, Japan). The liposome solu-
tion (25 mg) was put in a sampling vessel, made of stainless steel (resistance
pressure: 50 atm, vessel size: 3X5 (¢) mm), and then the vessel was sealed.
The measurement conditions were 1°Cmin~" for the scanning rate, 30—
50 °C scanning range and 0.1 mcal s~ for the sensitivity.

Freeze-Fracture Electron Microscopy Samples for electron mi-
croscopy were prepared by freeze-fracture replication. A small volume of li-
posome (MLV) solution was placed on a sample holder, and it was frozen
immediately in liquid nitrogen at —190°C. The frozen samples thus pre-
pared were transferred to a freeze-replica apparatus (FR-7000A, Hitachi Sci-
ence Systems Co., Ibaraki, Japan) and fractured at —150 °C and <107 Torr.
The fractured surfaces were immediately replicated by evaporating a plat-
inum-carbon mixture from an electrode at an angle of 45° to the fracture sur-
face, followed by a carbon film coating at normal incidence to increase the
mechanical stability of the replica. It was cleaned using acetone and distilled
water, and then picked up on 300 mesh copper electron microscope grids.
The replicas thus prepared were observed using a transmission electron mi-
croscope (JEM-1200EX II, JEOL Ltd., Tokyo, Japan) at an acceleration
voltage of 80kV electrons. Images were recorded on an electron-micro-
scopic film (Fuji Photo Film Co., Ltd., Tokyo, Japan).

Fluorescence Polarization Measurements The microscopic-state of li-
posomal bilayer membranes was determined from the fluorescence polariza-
tion (P) measurement using the fluorescent probes. DPH and TMA-DPH
were dissolved in tetrahydrofuran and ethanol,' respectively. The fluores-
cent probe was added to the dilute liposome solution and incubated for 1 h at
55°C. The liposome solution was diluted so that the fluorescence polariza-
tion was not affected by the scattering signals from liposomes. The molar
ratio of lipid to probe was 300:1 (DPH) or 600:1 (TMA-DPH). Fluores-
cence polarization (P) was calculated according to the following equation:

P=(l,—Gl,)/(I,+Gl) (1)

where 7, and /,, are the fluorescence intensities of the emitted light polarized
parallel and vertically to the exciting light, respectively, and G is the grating
correction factor.' I, and I,, were measured with a spectrofluorometer (FP-
777, JASCO Co., Tokyo, Japan). DPH was excited at 350 nm and fluores-
cence emission was detected at 450 nm. When TMA-DPH was used, the ex-
citation and emission wavelengths were 360 and 430 nm, respectively.

Permeability Measurements To study the solute leakage from lipo-
somes, CF as a solute marker was encapsulated into liposomes, and the leak-
age of CF from the liposomes was measured using a dialysis technique simi-
larly to that of Johnson ez al.'® and Nikolova et al.'” Liposomes were pre-
pared as described above, except that 50 mm CF was included to monitor the
CF leakage. The liposomes encapsulating CF were separated from unencap-
sulated CF by gel chromatography on Sephadex G-50 column (Amersham
Pharmacia Biotech, Uppsala, Sweden) with PBS as an eluant. Liposome so-
lution (1 ml) was placed in a dialysis bag (Spectra/Por Membrane No.7,
Spectrum Laboratories Inc., CA, U.S.A.), and it was dialyzed at 4 °C to per-
fectly remove the unencapsulated CE. Beforehand, 100 ml of PBS for dialy-
sis fluid was placed in a screw-cap bottle and kept at the desired tempera-
ture. The dialysis bag enclosing the liposome solution was transferred to the
screw-cap bottle, and the dialysis fluid was stirred with a magnetic stirrer.
Aliquots of the dialysis fluid were withdrawn at appropriate time intervals,
and then the fluorescence intensity was measured with a spectrofluorometer.
The wavelengths of excitation and emission were 490 and 520 nm, respec-
tively. The samples were returned to the bottle after each measurement to
avoid a change in the dialysis fluid volume. After the measurement was
completed, the dialysis bag was cut open in the bottle, and the total fluores-
cence intensity of CF was determined after the addition of a 10% Triton X-
100 solution.

Results and Discussion
Phase Behavior of Liposomal Bilayer Membranes
Lipid bilayer membranes are composed of the lamellar gel
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state and liquid-crystalline state below and above the main
phase transition temperature, respectively. The phase transi-
tion temperature of phospholipid is known to depend on the
length of the hydrocarbon chain, the existence of the unsatu-
rated bond and the kind of hydrophilic group.'®!” Thus, the
phase transition temperature of the DPPC bilayer membranes
containing DSPE-PEG was measured.

Figure 1 shows the DSC curves for DPPC liposomes con-
taining DSPE-PEG. The sharp DSC peak of DPPC in the ab-
sence of DSPE-PEG was changed into a broad peak having a
shoulder in the presence of DSPE-PEG. From this result, it
was suggested that the addition of DSPE-PEG to DPPC bi-
layer membranes brings about a lateral phase separation.
Bedu-Addo et al.'? suggested that the occurrence of the
phase separation in the PEG-liposomes due to the property of
the PEG chain of the PEG-lipid, that is, the phase separation
of the PEG-liposome, is generated by the PEG chain-chain
entanglement due to the van der Waals forces, and also inter-
and intra-chain hydrogen bonds which act in the PEG chains.
Furthermore, the main phase transition temperature of DPPC
bilayer membranes was shifted to a higher temperature by the
addition of DSPE-PEG except for DSPE-PEG5000. The shift
became significant as the mole fraction of DSPE-PEG in-
creased.

To ascertain the lateral phase separation in the liposomal
bilayer membranes suggested from the change in DSC peaks,
electron microscopy combining a freeze-fracture technique
was carried out. Figure 2 shows the electron micrographs of
freeze-fracture replicas of DPPC liposomes both in the ab-
sence and in the presence of DSPE-PEG2000, where MLV
were quenched from 37°C or 50°C. The freeze-fracture
electron micrograph of DPPC liposomes quenched from
37°C showed a banded texture corresponding to the Pj
phase alone (Fig. 2a) and that quenched from 50 °C showed a
jumbled texture corresponding to the L, phase alone (Fig.
2b). In DPPC liposomal bilayer membranes, the pretransition
and the main phase transition temperature were 35 and 41 °C,
respectively, and the pretransition corresponded to the trans-
formation from Lg to Pg and the main transition corre-
sponded to that from Pg to L,. Therefore, DPPC liposomes
showed the single-phase structure both in the gel and liquid-
crystalline states. The micrographs of DPPC liposomes con-

DPPC

Heat flow endothermic

DPPC/DSPE-PEGS500

30 35 40 45 50

Temperature (‘C)

Fig. 1. Effects of DSPE-PEG on the Phase Transition Temperature of
DPPC Bilayer Membranes

— Xpspppeg=0.060, === Xpepp pug=0.145.
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Fig. 2. Freeze-Fracture Electron Micrographs of Liposomes

(a) DPPC quenched from 37 °C, (b) DPPC quenched from 50°C, (c) DPPC/DSPE-PEG2000 quenched from 37 °C, (d) DPPC/DSPE-PEG2000 quenched from 50 °C. The mole

fraction of DSPE-PEG2000 is 0.145. The length of white bar is 100 nm.

taining DSPE-PEG2000 quenched from 37 °C showed the
coexistence of a planar texture in addition to the banded tex-
ture (Fig. 2c) and that quenched from 50 °C exhibited a jum-
bled texture and planar texture (Fig. 2d). In addition, it was
observed that the form of the planar textural domain changed
from an irregular shape to an elliptical shape with an in-
crease in temperature as shown in Figs. 2¢ and d. The mobil-
ity of the lipid molecule in the bilayer membrane signifi-
cantly increased by the change from the gel to liquid-crys-
talline states, and it appeared to rearrange the circular (ellip-
tical) domains which showed thermodynamically and geo-
metrically stable shapes. These results suggested that the ad-
dition of DSPE-PEG to DPPC liposomes caused a lateral
phase separation both in the gel and liquid-crystalline states.

Fluorescence Polarization of Liposomal Bilayer Mem-
branes The DSC measurement provides thermodynamic
information of the phase changes at the phase transition tem-
perature, while the fluorescence polarization measurement
individually examines the phase conditions below and above
the phase transition temperature. The fluorescent probe DPH
is used to investigate changes in fluidity and packing in the
hydrocarbon region of liposomal bilayer membrane, while
TMA-DPH is often used to obtain information in the hy-
drophobic-hydrophilic interfacial region of the liposomal bi-
layer membrane.

The temperature dependence of fluorescence polarization
values of DPH and TMA-DPH are shown in Figs. 3 and 4,
respectively. The fluorescence polarization of DPH and
TMA-DPH in the DPPC bilayer membranes without DSPE-
PEG suddenly decreased at approximately 41°C, which
agrees with the main phase transition temperature of DPPC
by the DSC measurement. The main phase transition temper-
ature was changed by the addition of DSPE-PEG as shown in
Fig. 1. However, no significant changes in fluorescence po-

larization of DPH for liposomal bilayer membranes was
found both in the gel and liquid-crystalline states by the addi-
tion of DSPE-PEG (Fig. 3). On the other hand, the fluores-
cence polarization of TMA-DPH in PEG-liposomes was sig-
nificantly decreased compared with that of liposomes with-
out DSPE-PEG both in the gel and liquid-crystalline states as
shown in Fig. 4. The above results show that the addition of
DSPE-PEG affects not fluidity in the hydrocarbon region of
the liposomal bilayer membrane but fluidity in the interfacial
region of the liposomal bilayer membrane. It can be ex-
plained that the fluidity in the interfacial region of the liposo-
mal bilayer membrane increased after the addition of the
PEG-lipid because the interaction near the hydrophilic group
of the DPPC molecules were weakened by the bulky PEG
chain of DSPE-PEG. A similar result was reported in a re-
cent ESR study by Belsito e al.>” They reported that the ad-
dition of DPPE-PEG2000 to DPPC in the preparation of li-
posomes reduced the fluidity in the hydrocarbon region of li-
posomal bilayer membranes, while enhancing the fluidity in
the interfacial region in the gel state relative to liposomes
prepared without PEG-lipid. Although the result in their hy-
drocarbon chain region was different from the present result,
it is suggested that the reason for this was the difference in
the hydrocarbon chain length of the PEG-lipid used for the
preparation of liposomes.

CF Leakage from the Liposomes Figure 5 shows the
time-dependence of CF leakage from liposomes at 30, 37
and 50 °C as examples. The CF leakage from the liposomes
at 30 and 37 °C was slight, while the CF leakage at 50 °C
suddenly increased. To evaluate the CF leakage from the li-
posomes in further detail, the rate constant of CF leakage
from liposomes was calculated according to the following
equation:
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Fig. 3. Relation between Fluorescence Polarization of DPH and Tempera-
ture for DPPC Bilayer Membranes Containing DSPE-PEG

The mole fractions of DSPE-PEG are (a) 0.060 and (b) 0.145. @: DPPC, O:
DPPC/DSPE-PEG1000, M: DPPC/DSPE-PEG2000, [J: DPPC/DSPE-PEG3000, A:
DPPC/DSPE-PEG5000. Each point with a vertical bar represents the mean+S.E. of 3
experiments.
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Fig. 4. Relation between Fluorescence Polarization of TMA-DPH and
Temperature for DPPC Bilayer Membranes Containing DSPE-PEG
The mole fractions of DSPE-PEG are (a) 0.060 and (b) 0.145. The symbols corre-

spond to those in Fig. 3. Each point with vertical bar represents the mean=S.E. of 3 ex-
periments.
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The mole fraction of DSPE-PEG is 0.145. The symbols correspond to those in Fig.
3.
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where FI and FI; are the fluorescence intensities outside and
inside the dialysis bag, respectively, v, is the total volume of
the system, v, is the external solution (dialysis fluid) volume,
K and L are the rate constants of CF leakage from the dialy-
sis bag and liposome, respectively, « is the fraction of CF
leaked out of the dialysis bag from the liposomes before the
start of the experiment. K in Eq. 2 can be determined accord-
ing to the following equation using a CF solution instead of
the liposome solution.

FI, B,
FI, @,

=1-e X 3)

In general, when the solute leakage from the liposomes is
discussed, differences in the liposomal sizes, such as surface
areas and inner volumes of liposomes, should be taken into
consideration.'® In liposomes consisting of multiple lipids, it
is difficult to estimate the liposomal size and the bilayer
thickness in the intricate phase-separated state. Therefore, in
the present study, the CF leakage is discussed in terms of the
rate constant.

Figure 6 shows the plots according to Eq. 2 for CF leakage
from liposomes at each temperature together with the calcu-
lated curves that gave the best fit of the experimental data,



July 2003

- 0.015
N
=
20010
=
)
=2 0.005
<
2
£
O 0.000
0.0 0.5 1.0 1.5 20
Incubation time (hour)
=
e~
Ay
5
s
w
g
&
=
3
=
U L
0.0 0.5 1.0 15 2.0
Incubation time (hour)
— 08
z 0
-~ 0.6
=
.
= 04}
&%
<
< o2f
2
5 W
© 00 —
0.0 05 1.0 15 2.0
Incubation time (hour)
Fig. 6. Best-Fit Curves for CF Leakage from Liposomes Containing

DSPE-PEG Based on Eq. 2 at 30 °C (a), 37 °C (b) and 50 °C (c)

The symbols correspond to those in Fig. 3.

and the resulting values of L are plotted as a function of tem-
perature shown in Fig. 7.

Below about 37°C, the L value for liposomes without
DSPE-PEG gradually increased with an increase in the tem-
perature. At a temperature (41 °C) corresponding to the main
phase transition temperature of DPPC, the leakage of CF be-
came significantly higher, and it rapidly decreased with in-
creasing temperature. As shown in Fig. 7, the PEG-lipo-
somes also showed the maximum L value near the tempera-
tures of their main phase transition as shown in Fig. 1. The
solute leakage from liposomes rapidly increases near the
main phase transition temperature, and this phenomenon is
responsible for the reduction of the stability of the boundary
regions in liposomal bilayer membranes owing to the forma-
tion of the discontinuity of the gel phase and liquid-crys-
talline phase.

It was confirmed that the addition of DSPE-PEG to DPPC
in the preparation of liposomes caused the phase separation
both in the gel and liquid-crystalline states from the results
of TEM observations and DSC measurements, moreover, the
fluidity near the interfacial region of PEG-liposomes signifi-
cantly increased. Consequently, it is anticipated that the leak-
age of CF from the liposomes is accelerated by the addition
of DSPE-PEG. However, the L value of liposomes containing
DSPE-PEG with a 0.060 mol fraction was smaller than that
of liposomes without DSPE-PEG both in the gel and liquid-
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Fig. 7. Relation between Rate Constant (L) of CF Leakage from
DPPC/DSPE-PEG Liposomes and Temperature

The mole fractions of DSPE-PEG are (a) 0.060 and (b) 0.145. The symbols corre-
spond to those in Fig. 3. Each point with a vertical bar represents the mean®S.E. of
3—S5 experiments.

crystalline states. Therefore, it was not confirmed that the ac-
celeration of the CF leakage was due to the phase separation.
Furthermore, the L value of PEG-liposomes decreased with
increasing PEG chain length of DSPE-PEG. This shows that
the CF leakage is depressed by the addition of PEG-lipids.
The PEG chains of DSPE-PEG are exposed from the liposo-
mal surfaces when DSPE-PEG forms liposomal bilayer
membranes with DPPC.? The exposed PEG chains shield the
CF leakage from the liposomes, and the shielding effect of
DSPE-PEG increases with increasing PEG chain length of
DSPE-PEG. Therefore, in this mole fraction studied, it is
suggested that the shielding effect by the PEG chain is supe-
rior to the accelerating effect by the phase separation.

The CF leakage from liposomes containing DSPE-PEG
with the 0.145 mol fraction was slightly increased compared
with that of liposomes containing DSPE-PEG with a
0.060 mol fraction. From this finding, it would be surmised
that the phase separation in bilayer membrane is progressed
by the addition of a large amount of DSPE-PEG to DPPC li-
posomes. Moreover, the CF leakage from PEG-liposomes in-
creased in the liquid-crystalline state, because the boundary
of the phase separation became unstable with increasing flu-
idity of the liposomal bilayer membrane. In contrast to the
present results, Nicholas et al.?" reported that the permeabil-
ity coefficient of the glucose from the DPPC liposomes in-
creased by the addition of DSPE-PEG5000. Sriwongsitanont
and Ueno®” also observed that the permeability of calcein
from EggPC liposomes increased by the addition of DSPE-
PEGS5000. It is difficult at present to explain this disagree-
ment, but it may be caused by differences in the experimental
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methods and conditions, such as the kind of lipids and the
nature of the markers.

From the above results, it is suggested that the solute leak-
age from PEG-liposomes originates from a balance of the ac-
celerating effect by the phase separation of the liposomal bi-
layer membrane and the shielding effect by PEG chains of
the liposomal surface.

Conclusions

We investigated the effects of PEG chain length of PEG-
lipid on the physicochemical properties of liposomal bilayer
membranes such as the phase condition and solute leakage.
The electron micrographs of freeze-fracture replicas of
DPPC liposomes containing DSPE-PEG showed a lateral
phase separation both in the gel and liquid-crystalline states.
In addition, the hydrocarbon region and the interfacial region
were widely different from each other in the effect of the
PEG chains on membrane fluidity. Furthermore, it was sug-
gested that the solute permeability from the PEG-liposomes
was affected not only by properties of liposomal bilayer
membranes such as phase transition temperature, membrane
fluidity and phase separation, but also by the PEG chain of
the liposomal surface. Knowledge of the experimental find-
ings of the present study becomes a fundamental guide in the
selection of PEG-lipid for preparation of PEG-liposomes.
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