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The effects of fetal bovine serum (FBS) on carboxyfluorescein (CF) leakage from poly(ethylene glycol)-
grafted liposomes (PEG-liposomes) were investigated. PEG-liposomes were prepared from dipalmitoylphos-
phatidylcholine (DPPC) and distearoyl-V-monomethoxy poly(ethylene glycol)-succinyl-phosphatidylethanol-
amines (DSPE-PEG) having PEG molecular weights of 1000, 2000, 3000 and 5000. The presence of FBS dramati-
cally increased CF leakage from liposomes near the gel-liquid crystalline phase transition temperature, but had
little effect at lower and higher temperatures. The CF leakage from PEG-liposomes whose molecular weight in
PEG units was above 2000 was suppressed compared with that of liposomes without PEG. And, there was hardly
any difference in the effect of the PEG molecular weight of the PEG-lipids on CF leakage from PEG-liposomes
with FBS when PEG-lipids with a molecular weight in PEG units above 2000 were used. On the other hand, the
leakage of CF from liposomes containing 0.145 mol fractions of DSPE-PEG1000 was larger than that of lipo-
somes without PEG. Furthermore, the effects of FBS on the cooperative units of lipid molecules during the
gel-liquid crystalline phase transition of liposomes were examined. However, the cooperative units of liposomes
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with FBS had little change compared with that of liposomes without FBS.
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Liposomes are lipids suspended in water with spherical
self-enclosed systems, which have bilayer structures and an
inner aqueous phase."” They have been used as models for bi-
ological membranes. Recently, liposomes have proven to be
advantageous as carriers for drug delivery systems (DDS).?
These advantages are biocompatibility, the ability to encap-
sulate both water-soluble and lipid-soluble molecules or even
macromolecules, biodegradability and the ability to delivery
drugs to the desired target tissues. However, liposomes are
rapidly removed from the circulation following their intra-
venous administration, primarily by Kupffer cells in the liver
and fixed macrophages in the spleen. Thus, it is important to
develop modified liposomes that are able to avoid uptake by
the reticuloendothelial system (RES) and extend their circu-
lation half-life in vivo. Allen et al.*® and Gabizon et al.”) re-
ported that the use of ganglioside G, as a lipid component
of the liposomes allowed them to avoid or delay uptake by
RES. More recently, many researchers have reported that li-
posomes (PEG-liposomes) conjugated with amphipathic
polyethylene glycol (PEG) significantly increase the blood
circulation liposome half-life compared to those without
PEG.*” Furthermore, the actitivity of PEG-lipid was larger
than that of ganglioside G,,,. The increased circulation half-
life of PEG-liposomes has been attributed to the steric repul-
sive barrier due to the covalently attached PEG around the li-
posomes.'*!"

We have reported,'” 'Y the effect of PEG-lipid on the
physicochemical properties of liposomes. The addition of
PEG-lipid to liposomes caused lateral phase separation, and
the fluidity in the interfacial region of the liposomal bilayer
membranes was markedly increased. In addition, the perme-
ability of PEG-liposomes rapidly increased near the main
phase transition temperature. Furthermore, the permeability
of liposomes in the blood circulation is of the great interest
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when they are applied as drug carriers, especially for
chemotherapy and gene therapy. It has been reported that
many serum components interact with the liposomal bilayer
membranes, in some cases causing them to release their en-
trapped materials more rapidly.'> 7 In this study, we investi-
gated the effect of fetal bovine serum on the carboxyfluores-
cein leakage from PEG-liposomes.

Experimental

Materials L-o-Dipalmitoylphosphatidylcholine (DPPC, 99.6% pure)
was obtained from NOF Co., Ltd., and distearoyl-N-monomethoxy poly-
(ethylene glycol)-succinyl-phosphatidylethanolamines (DSPE-PEG) were
acquired from NOF Co., Ltd. (Tokyo, Japan). The weight-average molecular
weights of poly(ethylene glycol) were 1000, 2000, 3000 and 5000. 5-(6)-
Carboxyfluorescein (CF, 99% pure) was purchased from Molecular Probes,
Inc. (OR, U.S.A.) and was used without further purification. Fetal bovine
serum (FBS) was purchased from Sanko Junyaku Co. Ltd. (Tokyo, Japan).
Dulbecco’s phosphate-buffered saline (PBS) powder, composed of NaCl,
KCl, Na,HPO, and KH,PO, was purchased from Wako Pure Chemical In-
dustries, Ltd. (Osaka, Japan). PBS powder was dissolved in water for injec-
tion (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan), and an isotonic solu-
tion of pH 7.4 was used. All other chemicals were commercial products of
reagent grade.

Preparation of PEG-Liposomes PEG-liposomes were prepared using
DPPC and DSPE-PEG, which were first dissolved in chloroform in a test
tube. The solvent was then removed by blowing nitrogen gas into the test
tube, and the residual solvent was further dried overnight at room tempera-
ture in a desiccator under a vacuum. PBS was added to the lipid film and
warmed (55—60°C) above the phase transition temperature of DPPC
(41°C) for 30 min. The test tube was then vigorously shaken in a vortex
mixer, and multilamellar vesicles (MLV) were obtained. Large unilamellar
vesicles (LUV) were obtained from MLV suspensions extruded five times
through a double-stacked polycarbonate membrane filter (pore size: 200 nm)
using an Extruder (Lipex Biomembranes Inc., British Columbia, Canada) at
55°C.

Permeability Measurements To estimate the solute leakage from the
liposomes, CF as a solute marker was encapsulated, and CF leakage was
measured using a self-quenching method.'” Briefly, the fluorescence inten-
sity of CF is quenched at high concentration inside the liposomes, but
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emerges when the CF is released from liposomes and diluted into the exter-
nal medium. Liposomes were prepared as described above, except that
50mm CF was included. Liposomes encapsulating CF were separated from
unencapsulated CF by gel chromatography on a Sephadex G-50 column
(Amersham Pharmacia Biotech, Uppsala, Sweden) with PBS as the eluant.
Leakage measurements were started by the addition of 20 ul of CF-encapsu-
lated liposomal solution to 1.98ml of PBS or 10% (v/v) FBS/PBS in a
quartz cell (final concentration of the lipid 20 M) at a given temperature and
the fluorescence intensity of the solution was measured with a spectrofluo-
rometer (FP-777, JASCO Co., Tokyo, Japan) equipped with a magnetic stir-
rer (VARIOMAG MINI, H+P Labortechnik AG, Oberschleiflheim, Ger-
many). The excitation and emission wavelengths were 490 and 520 nm, re-
spectively.

Differential Scanning Calorimetry The phase transition temperature
of liposomal bilayer membranes was measured with a high-sensitivity differ-
ential scanning calorimeter (DSC 8230, Rigaku Co., Tokyo, Japan) equipped
with a thermal controller (F-25, Julabo Labortechnik GmbH, Seelbach, Ger-
many). The liposome solution (20 ul) 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 reference was PBS with the same volume as
that of the sample. When the cycle heating was carried out, samples were
heated to 50 °C and cooled to 20 °C, and then heated again. The measure-
ment conditions were 1°Cmin! for the scanning rate and 35—50 °C scan-
ning range.

Results and Discussion

Carboxyfluorescein Leakage from Liposomes When
the liposome is developed as a drug carrier for DDS, it is
necessary to evaluate the stability in the blood circulation.
Figure 1 shows the time-courses of CF leakage from lipo-
somes in the absence and presence of FBS. The leakage of
CF from liposomes with FBS was much larger than that of li-
posomes without FBS at near the gel-liquid crystalline phase
transition temperature of liposomal bilayer membranes (41,
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44 °C). On the other hand, at temperatures (30, 50 °C) away
from the gel-liquid crystalline phase transition temperature,
FBS hardly influences the CF leakage from liposomes.

In addition, the mechanism of CF permeation through li-
posomal bilayer membranes was evaluated in further detail
for the rate constant of CF leakage from liposomes. It is well
known that the solute leakage from liposomes follows the
first order kinetics. The fluorescence intensity F7 of CF at the
incubation time ¢ can be written as'®

In(1—FI/FL)=A—Lt (1

where F1 is the fluorescence intensity of the liposomal solu-
tion after the addition of 10% Triton X-100 solution, and L is
the rate constant of CF leakage from liposomes. Here,
A=(1—FI/Fl,) and Fl, is the initial fluorescence intensity.
Figure 2 shows the typical plot of In(1—FI/FIL,) vs. t for CF
leakage from liposomes. In the case of DPPC-liposomes with
or without FBS at near the phase transition temperature, a
linear relationship was not established. Then, because a lin-
ear relation had been almost approved in the early stage of
the leakage, the initial rate constant could be calculated for
DPPC-liposomes. On the other hand, in the case of PEG-li-
posomes with or without FBS, the plot gave good straight
lines according to Eq. 1.

Figure 3 shows the resulting L-values plotted as a function
of temperature. The liposomes showed the maximum L-value
at near the main phase transition temperature. The solute
leakage from liposomes rapidly increases near the main
phase transition temperature, and this phenomenon is respon-
sible for the reduction of the stability of the boundary regions
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in liposomal bilayer membranes owing to the formation of
the discontinuity of the gel phase and liquid-crystalline
phase. Furthermore, near the phase transition temperature,
the L-values of the DPPC-liposomes with FBS were about 3
times larger than that of those without FBS, while L-values
of the PEG-liposomes with FBS was 5 to 10 times larger
than that of liposomes without FBS. The above results show
that the phase separation at gel-liquid crystalline phase tran-
sition allowed proteins to interact with the liposomal bilayer
membranes. The CF leakage from PEG-liposomes whose
molecular weight in PEG units were above 2000 was sup-
pressed compared with that of liposomes without DSPE-
PEG. In our previous papers,'>!® we reported the effect of
PEG-lipid on the membrane characteristics of liposomes.
The addition of DSPE-PEG to DPPC-liposomes caused lat-
eral phase separation in the gel and liquid-crystalline states,
and the fluidity in the interfacial region of liposomal bilayer
membranes was markedly increased. In addition, the perme-
ability of liposomal bilayer membranes in PBS decreased
compared with those without PEG. The PEG chains of
DSPE-PEG are exposed from the liposomal surfaces when
DSPE-PEG forms liposomal bilayer membranes with
DPPC.” The exposed PEG chains shield the solute leakage
from the liposomes. From these results, we concluded that
the solute leakage from PEG-liposomes originates from the
balance of the accelerating effect by the phase separation of
the liposomal bilayer membranes and the shielding effect of
PEG chains of the liposomal surface. Therefore, it is thought
that the leakage of CF from PEG-liposomes whose molecular
weight in PEG units was above 2000 was suppressed because
the shielding effect due to the PEG chain was superior to the
accelerating effect caused by the phase separation of liposo-
mal bilayer membranes in FBS as well as the results in the
PBS. Moreover, it was noteworthy that the leakage of CF
from liposomes containing DSPE-PEG1000 with a 0.145 mol
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fraction was larger than that of liposomes without DSPE-
PEG. From this finding, it would be surmised that the phase
separation in the bilayer membrane progressed due to the ad-
dition of a large amount of DSPE-PEG to DPPC-liposomes.
The accelerating effect caused by the phase separation was
superior to the shielding effect due to the PEG chain, which
explains why the CF leakage increased in PEG-liposomes
whose molecular weight in PEG units was 1000 with FBS.

Differential Scanning Calorimetry of Liposomal Bi-
layer Membranes Lipid bilayer membranes are in the
lamellar gel state and the liquid crystalline state below and
above the main phase transition temperature, respectively.
The effects of FBS on the gel-liquid crystalline phase transi-
tion of liposomes were examined by differential scanning
calorimetry (DSC) measurement. Figure 4 shows the DSC
curves at 35—50°C for PEG-liposomes in the absence and
presence of FBS.

The DSC curves showed an endothermic peak at about
41°C due to the phase transition temperature of DPPC. The
gel-liquid crystalline phase transition temperature of lipo-
somes containing DSPE-PEG with 0 and 0.060 mol fractions
was irrelevant to the presence of FBS, while that of lipo-
somes containing DSPE-PEG with 0.145mol fractions was
shifted to a higher temperature in the presence of FBS, ex-
cept for DSPE-PEG5000. Here, it can explain the change in
the phase transition temperature from the Gibbs free energy
of the gel and the liquid-crystalline phases.'” Two possible
explanations have been given for the gel-liquid crystalline
phase transition temperature of liposomes shifting to a higher
temperature in the presence of FBS, (1) The Gibbs free en-
ergy of the gel state decreased by stabilizing the gel phase of
liposomal bilayer membranes. (2) The Gibbs free energy of
the liquid-crystalline state increased due to the destabiliza-
tion of the liquid-crystalline phase of liposomal bilayer mem-
branes. As for the rise of the phase transition temperature in



January 2006

PEG-liposomes, it is possible that these effects acted alone or
both effects acted synergistic. Generally, the packing state of
the lipid molecule in the bilayer membrane was significantly
loosened by the change from the gel to liquid-crystalline
states, and it is thought that the proteins invade the bilayer
membranes in the liquid-crystalline state more easily than
that in the gel state. Therefore, it can be judged that the lipo-
somal bilayer membranes in the liquid-crystalline state be-
comes more unstable than that in the gel state due to the ad-
dition of FBS, and the gel-liquid crystalline phase transition
temperature shifted to a higher temperature.

To evaluate the effects of FBS on the gel-liquid crystalline
phase transition of liposomal bilayer membranes in further
detail, the cooperative unit during the gel-liquid crystalline
phase transition was calculated.?” The ratio of the van’t Hoff
enthalpy change (AH,;) and calorimetric enthalpy change
(AH) is known as the cooperative unit (AH,,/AH) that repre-
sents the number of molecules going through the gel-liquid
crystalline phase transition simultaneously. A reduction of
the cooperative unit generally indicates that there is an in-
crease in the heterogeneity among lipid molecules in the bi-
layer membranes during the phase transition. Table 1 summa-
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rizes the transition enthalpies and cooperative units for lipo-
somes in the absence and presence of FBS. The cooperative
unit of liposomes with FBS had little change compared with
that of liposomes without FBS. It follows from this that the
addition of FBS hardly influences the interaction of DPPC
molecules in the bilayer membranes. On the other hand,
Tsunoda et al.*" studied whether the effects of proteins, such
as albumin and lysozyme, on the gel-liquid crystalline phase
transition of negatively charged dipalmitoylphosphatidylglyc-
erol (DPPG) liposomes was determined by DSC measure-
ments, and the DSC peak area of liposomes decreased with
the increasing adsorption of the proteins. This is because the
proteins penetrate through DPPG-liposomes due to an elec-
trostatic interaction and it weakened the interaction among
DPPG molecules. These results indicate that neutral lipo-
somes hardly change the heterogeneity among individual
molecules during the gel-liquid crystalline phase transition.

Conclusions

We investigated the effects of FBS on the CF leakage from
PEG-liposomes. The CF leakage from liposomes with FBS
was much larger than that of liposomes without FBS at near
the gel-liquid crystalline phase transition temperature. How-
ever, the cooperative units of lipid molecules during the
gel-liquid crystalline phase transition of liposomes with FBS
had little change compared with that of liposomes without
FBS. From these results, it is suggested that the cooperative
unit of liposomal bilayer membranes hardly change, so that
FBS may attack the boundary region of the gel phase and lig-
uid-crystalline phase by the hydrophobic interaction. There-
fore, it was thought that the stability of the boundary region
of the phase separation decreased for the attack of FBS, and
the leakage of CF rapidly increased. On the other hand, FBS
hardly influences the CF leakage from liposomes at a tem-
perature away from the gel-liquid crystalline phase transition
temperature. From above results, it was suggested to be able
to make PEG-liposomes that had stability and temperature-
sensitivity in the blood using the neutral lipid, such as DPPC.
Knowledge of the experimental findings of the present study
becomes a fundamental guide in the selection of lipids for
the preparation of PEG-liposomes.
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