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Abstract

We have reported that targeted, pH-sensitive sterically stabilized liposomes are able to increase the cytotoxicity of DXR in vitro against B
lymphoma cells, but the rate of release of DXR in plasma was too rapid to permit the results to be extended to in vivo applications. The purpost
of the study reported here is two-fold. First, to understand the mechanism of the rapid release of DXR from pH-sensitive sterically stabilized
liposomes (PSL) in human plasma. Second, to reformulate the above liposomes to improve their drug retention, while retaining their pH sensitivity
The stability of the PSL formulations in human plasma was evaluated by comparing the rate of release of encapsulated DXR with that of HPTS,
water-soluble fluorescent marker. Since DXR, but not HPTS, a water soluble-less membrane permeable fluorescence marker, was rapidly releas
from liposomes in the presence of plasma, the rapid release of DXR is likely caused by the diffusion of DXR molecules through the lipid bilayer,
not by the disruption of the membrane. In order to develop more stable PSL formulations, various molar ratios of the membrane rigidifying lipid,
hydrogenated soy HSPC and/or CHOL, were added to the lipid composition and the rate of release of encapsulated solutes and pH-sensitivity we
evaluated. The compositions that showed the best drug retention and pH-sensitivity were a mixture of DOPE/HSPC/CHEMS/CHQJs/mPEG
DSPE at a molar ratio of 4:2:2:2:0.3 and DOPE/HSPC/CHEMS/CHOL at a molar ratio of 4:2:2:2. Our formulations, if targeted to internalizing
antigens on cancer cells, may increase intracellular drug release rates within acidic compartment, resulting in a further increase in ttee therapeu
efficacy of targeted anticancer drug-containing liposomes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to CD19" human B cell lymphoma (Namalwa) cells, trigger-
ing endocytosis of the liposomes, resulting in a significantly
It has been reported that anti-CD19 targeted sterically stamproved therapeutic benefit in a murine model of Namalwa
bilized (Stealth liposomes (SIL[anti-CD19])) selectively binds cells (Lopes de Menezes et al., 1998urthermore, they reported
that encapsulated DXR accumulated in endosomes with very
slow release of DXR from endosomes to the cytoplasm, indi-
Abbreviations: CHEMS, cholesteryl hemisuccinate; CHOL, cholesterol; cating that most of the drugs are not bioavailable to the cells
DOPE, dioleoylphosphatidylethanolamine; DPX, p-Xylene-bis-pyridinium bro- following receptor-mediated endocytosiopes de Menezes et
mide; 3H-CHE, 3H-cholesterylhexadecyl ether; DXR, doxorubicin; HEPES, 2- al., 1999. A more rapid rate of the drug release from endo-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid; HPTS, trisodium 8-hyd- somes/lysosomes would lead to more rapid delivery of the

roxypyrenetrisulfonate; HSPC, hydrogenated soy phosphatidylcholine; MES s . . . . .
2-[N-morpholino]ethanesulfonic acid; mPEG2000-DSPE, 1,2-distear0y|-sn-druQ to its intracellular site of action, resulting in an improved

glycero-3-phosphatidylethanolamingmethoxy(polyethylene glycol)-2000]; thera'pgll,l.tic efficgcy for'the targeted liposomal drUgS: One of
mPEG2000-S-S-DSPE, N-[@-methoxy-(polyethylene glycol)200@aminoc-  possibilities for increasing the rate of drug release in endo-
arbonyl-ethyl-dithio-propionyl]-distearoyl  phosphatidylethanolamine; MPS, somes/lysosomes would be to add pH-sensitivity to liposome
mononuclear phagocyte system; PEG, polyethylene glycol; PSL, pH-sensitivegrmylation Ellens etal., 1984; Straubinger etal., 1985; Chuand
2:2::2::5323:@211||I|F;>?)Ss?3nr:1?ess SIL, sterically stabilized immunoliposomes; Sk.q .2 199 However, current formulations of pH-sensitive

* Corresponding author. Tel.: +81 88 633 7260; fax: +81 88 633 7260. liposomes are unstable in blood and are rapidly cleared from the

E-mail address: ishida@ph.tokushima-u.ac.jp (T. Ishida). circulation Liu and Huang, 198P One strategy for increasing
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their circulation time would be to include lipid derivatives of a Nippon Oil and Fat (Tokyo, Japan). Cholesterol (CHOL)
hydrophilic polymer such as mPEgo-DSPE in the liposome was of analytical grade (Wako Pure Chemical, Osaka,
formulations (itzinger and Huang, 1992; Kono et al., 1997; Japan). Doxorubicin (DXR), cholesteryl hemisuccinate
Slepushkin et al., 1997; Guo and Szoka, 200Ut this leadsto (CHEMS), 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesul-
a decrease in the pH-dependent release of dye from liposomésnic acid (HEPES) and 2AF-morpholino]jethanesulfonic
(Holland et al., 1996; Slepushkin et al., 199To circumvent acid (MES) were purchased from Sigma Chemical (MO,
this problem,Kirpotin et al. (1996)synthesized a PEG-lipid USA). p-Xylene-bis-pyridinium bromide (DPX) and trisodium
derivative with a disulfide linkage (cleavable PEGylated lipid, 8-hydroxypyrenetrisulfonate (HPTS) were purchased from
mPEG-S-S-DSPE) to incorporate pH-sensitivity into the formu-Molecular Probes (OR, USAPH-cholesterylhexadecyl ether
lation. Thiolytic cleavage of the grafted PEG from the surface(®H-CHE) was purchased from NEN Research Products (MA,
of pH-sensitive formulations restored pH-sensitivity, leading toUSA). Sepharose CL-4B and Sephadex G-50 were purchased
release of the liposomal contenk§rfpotin et al., 1996; Zalipsky from Amersham-Pharmacia Biotech (Upsala, Sweden). All
etal., 1999. lipids were used without further purification. All other reagents
Based on these concepts, we developed DXR-loaded, pHvere of analytical grade.
sensitive liposomes stabilized with a cleavable PEGylated lipid Male ddY mice weighing 20—-23 g were purchased from Japan
and attempted to further increase the efficacy of anti-CD19SLC (Shizuoka, Japan). All animal experiments were evalu-
targeted liposomal formulations by increasing the rate of intraated and approved by the Animal and Ethics Review Commit-
cellular drug release through a strategy that employed pHtee of Faculty of Pharmaceutical Sciences, The University of
sensitive targeted liposomesslfida et al., 2001 Logically, = Tokushima.
the targeted pH-sensitive liposomes, including the cleavable
PEGylated lipid, allow the liposomes to circulate long enough2.2. Preparation of liposomes
to bind to the target cells. Enzymatic cleavage of the linker
within the targeted cells subsequently leads to a restoration The liposomes were composed of DOPE:HSPC:CHEMS:
of pH sensitivity, thus permitting a rapid content release andCHOL at various molar ratios either with or without mP gy
an increased cytotoxicity, following internalization by the tar- DSPE at 5 mol% to phospholipids. The molar ratios of lipid in the
get cells. In spite of the significant higher in vitro cytotoxic- liposomes are indicated in the text or figure legends. Small unil-
ity compared to non-pH-sensitive liposomes (SIL[anti-CD19]),amellar vesicles were prepared as previously descrilsbitia
the in vivo therapeutic efficacy of liposomes was similar oret al., 2003. Briefly, chloroform solutions of lipids were mixed
moderately higher than that of SIL[anti-CD19]. This lowered and the solvent was evaporated using a rotary evaporator; resid-
in vivo efficacy is thought to be due to the rapid release ofual solvent was removed under high vacuum. The dried lipid
the encapsulated DXR in blood and the rapid clearance dilms were hydrated with an appropriate buffer and sequentially
the liposomes from the circulation even though the formula-extruded through a series of polycarbonate membrane filters
tion was stabilized by the inclusion of mPEfgo-S-S-DSPE.  (Nucleopore, CA, USA) with pore sizes of 400-100 nm, using a
These results suggest that, if the retention of an encapsulatédibex Extruder (Lipex Biomembranes, BC, Canada). The mean
drug and the stability of liposomes in circulating blood werediameter of the resulting liposomes was determined by dynamic
improved, the new formulations might be able to substanlight scattering using a NICOMP 370 HPL submicron particle
tially increase the therapeutic index of an encapsulated drugnalyzer (Particle Sizing System, CA, USA). The diameters of
in vivo. the extruded liposomes were in the range of 220 nm. The
The focus of this study was on drug retention and attemptsoncentration of phospholipid was determined by colorimetric
to design more stable formulations in the blood circulation. Aassay Bartlett, 1959.
variety of liposomes were formulated, containing DXR or a For liposomes loaded with the HPTS-DPX complex as an
fluorescent dye, and the effect of lipid compositions on theiraqueous phase maker, the lipid films were hydrated with an
plasma stabiliity and pH-sensitivity was examined in vitro. HPTS-DPX solution (30 mM HPTS, 30mM DPX, pH 9.0,
In addition, we investigated the pharmacokinetic profile ofadjusted to 290 mOsmol with NacCl). Following extrusion,
the newly formulated liposomes to determine whether lipidthe unentrapped dye was removed by chromatography on a
composition that could improve the in vitro retention of an Sephadex G-50 column, by elution with HEPES buffered saline
encapsulated drug, improve the circulation time of liposome¢25 mM HEPES, 140 mM NacCl, pH 7.4).

in vivo. DXR was encapsulated into the liposomes by remote load-
ing using an ammonium sulfate gradieBio{otin et al., 1994

2. Materials and methods with minor modifications Ishida et al., 2001 Briefly, the
lipid film was hydrated in a 250 MM ammonium sulfate solu-

2.1. Materials and animal tion at pH 8.5. Following extrusion, the external buffer was

exchanged by eluting through a Sephadex G-50 column equi-
Dioleoylphosphatidylethanolamine (DOPE), hydrogenatedibrated with 10% sucrose, with 25 mM Trizma base (Sigma
soy phosphatidylcholine (HSPC) and 1,2-disteataytjlycero-  Chemical, MO, USA), at pH 9.0. The higher pH was neces-
3-phosphoethanolaminefmethoxy(polyethylene glycol)- sary for the DOPE formulations to self-assemble into bilayers
2000] (mMPEGpoyDSPE) were generous donated by the(Ellens et al., 1984; Ellens et al., 198®XR was added to
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the liposomes at a DXR/phospholipids ratio of 0.2:1 w/w. Lipo-3. Results and discussion
somes including DOPE and liposomes not including DOPE
were then incubated for 1.5h at 32 and 1 h at 65C, respec- 3.1. Leakage of the encapsulated solute in human plasma
tively. The liposome-encapsulated DXR was separated from free
DXR by chromatography on a Sephadex G-50 column eluted Fig. 1 indicates the retention of the loaded DXR or
with HEPES buffered saline (pH 7.4). The concentration ofHPTS-DPX in the conventional pH-sensitive formulation
liposome-entrapped DXR was determined by spectrophotom{DOPE/CHEMS =6:4 mol/mol) stabilized with mPEkgsg
etry (A =480 nm) following methanol extraction. The concen- DSPE at 5mol% to phospholipids (PSL), followed by incu-
tration of phospholipid was determined as described abovéation in either human plasma (final 80% (v/v)) or HEPES
The encapsulation efficiency of DXR was consistently abovebuffered saline (pH 7.4) at 3. The formulation was stabi-
90-95%. lized with mPEGgoo-DSPE instead of mPEfgyg-S-S-DSPE to

To determine the pharmacokinetic profiles, the liposomeexclude an automatically cleavage of PEG in human plasma.
were labeled with a trace amount®i-CHE as a nonexchange- A rapid and large extent of DXR leakage was observed in

able lipid phase marker (40Ci/umol phospholipids). the presence of human plasma, while no DXR leakage was
detected in HEPES buffered saline. A rapid DXR release was
2.3. Invitro leakage experiments also observed even in 20% (v/v) human plasma (data not

shown). In contrast, conventional sterically stabilized liposomes
The in vitro leakage assays were carried out according to th¢SL) (HSPC/CHOL/mMPE&oo-DSPE =2:1:0.1 mol/mol) did

method described previouslyshida et al., 200Lwith minor  not release DXR, when incubated in human plasma. It appears
modification. Briefly, liposomes containing either entrappedthatthe presence of human plasma, presumably plasma proteins,
HPTS-DPX or DXR were passed over a Sephadex G-50 colinduces the leakage of the encapsulated DXR in the PSL, not
umn immediately prior to use to remove any residual freethe DXR encapsulated in SL.
dye or drug. The release of entrapped HPTS was determined In order to determine if the human plasma-dependent DXR
by means of a fluorescence-depending assay. Liposomes cdeakage resulted from collapse of the liposomal membrane due
taining entrapped dye were incubated at a final phospholipitb the exchange/transfer of phospholipids from the membrane
concentration of 0.6 mM at 3C in human plasma (final 80% or due to other plasma properties such as osmolarity and pH, the
(v/v)) and buffers at various pH. At various time points, the leakage of the hydrophilic, membrane-impermeable dye, HPTS
leakage of HPTS was determined in an aliquot of the incufrom the PSL was examined. More than 90% of encapsulated
bation mixture in HEPES buffered saline (pH 7.4) by theHPTS remained inside the vesicles at over 12 h of incubation in
increase in sample fluorescence at an emission wavelength of
512nm and an excitation wavelength of 406 nBalgke et
al., 1990 relative to that of the encapsulated HPTS by desta-
bilization with 10% Triton-X 100 (100% release) using a F-
4500 Fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
To determine DXR leakage, liposomes containing entrapped
DXR were incubated at a final phospholipids concentration
of 0.6 mM at 37C in HEPES buffered saline (pH 7.4) or
human plasma (final 80% (v/v)). Since the fluorescence of
DXR released from the liposomes is easily quenched due to
their interactions with plasma proteins, the samples collected
at various time points were passed through a Sepharose CL-
4B column to separate the liposomal DXR from the leaked
drug. The drug retention following incubation was calcu-
lated by dividing the drug/phospholipid ratio at indicated time
point following incubation by the initial drug/phospholipid
ratio.

Retention of encapsulated solute (%)

2.4. Biodistribution of the liposomes Time (hr)

. T . . . ig. 1. Retention of encapsulated solutes in liposomes following incubation
To determine the biodistribution of the liposomes, mice Were:; either human plasma (80%) or HEPES buffered saline (pH 7.4) 2637

'nJeCted 'ntravenOUSIy with rad'o'labelea'('CHE) I|posomes (®) and (D) denotes incubation of DXR-containing conventional pH-sensitive
(0.5pumol  phospholipids/mouse, approximately 2pMol  liposomes stabilized with mPEGyDSPE (PSL) (DOPE/CHEMS/MPEGr
phospholipids/kg body weight) via tail vein. Mice were DSPE=6:4:0.3mol/mol) in human plasma (80%) and HEPES buffered saline
sacrificed at selected time points, and blood was sampIeQﬂ’H ‘7‘.4),re‘spectively;() denotes the incubation of DXR-containing sterically
by heart puncture. The amount of radio activity in blood;tablllzed liposomes (SL) (HSPC/CHOL/mP&fgy-DSPE =2:1:0.1 mol/mol)

. . . . in human plasma (80%). The amount of leaked DXR following the incubation
was determined as described preV|0usHa|(ash|ma et al, was determined according to the method described in Segti@ach value

1993. represents the meanS.D. of three separate experiments.
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80% human plasma. This finding indicates that the rapid leakage
of DXR was caused by the diffusion of DXR molecules through 100
the lipid bilayer, and not by disruption of the vesicles.

There are several possible explanations for the rapid DXR
release observed inthe PSL, and not in the SL, in human plasma
(Fig. ). DXRis aweak base: the neutral form of the drug (which
is membrane-permeable) is favored at basic pH, and the charged
form of the drug (which is membrane-impermeable) is favored
at acidic pH. In the loading method, DOPE does not hydrate at
acidic pH to form bilayer liposomes, and, because of this, the
liposomes were prepared in a pH 8.5-9.0 ammonium sulfate
solution. After the loading of DXR, the neutral form of DXR
at interior pH (8.5-9.0) may not be able to form a stable pre-
cipitate with ammonium sulfate, and hence the drug molecules
readily diffuse from the formulationddorowitz et al. (1992)

o ~
o L3}
T T

Retention of encapsulated DXR
&

reported that exposure to nigericin, which causes the proton 0 ‘ ‘ [ . 1 .
gradient of liposomes to collapse, resulted in >90% leakage of 0 4 &8 12 18 20 24
DXR from liposomes within 30 min. This finding clearly sug- Time (hr)

gests that the lack O_f a proton gradient in our I_o_ading methogiy. 2. Retention of encapsulated DXR in liposomes following incuba-
may lead to the rapid release of DXR. In addition, the prestion in human plasma (80%) at 3T. DXR-containing liposomes were

ence of negatively charged lipids at a basic pH as well as a lowcubated in human plasma (80%). The amount of leaked DXR follow-
transition temperature of the lipid membrane might drive thang the incubation was determined according to the method described in

. . ection 2. (O) SL (HSPC/CHOL/MPE&yorDSPE =2:1:0.1 mol/mol);
release of DXR from the PSL. DOPE is negatively charged a ®) PSL  (DOPE/CHEMS/MPESoyDSPE =6:4:0.3 molimol). &)

a pH of around 9.0%tollery and Vail, 197yand CHEMS, an  (popE/HSPC/CHEMS/CHOL/MPEGoDSPE = 6:0:2:2:0.3 mol/mol);
anionic CHOL ester, when added to the pH-sensitive formu{m) DOPE/HSPC/CHEMS/CHOL/MPEGooDSPE = 4:2:2:2:0.3 (mol/mol);

lation to stabilize DOPE vesicles at neutral pHIéns et al., (¢#) DOPE/HSPC/CHEMS/CHOL/MPEGoe-DSPE =3:3:2:2:0.3 (mol/mol);
1984; Lai et al., 198 is also negatively charged at pH above (¢) DOPE/HSPC/CHEMS/CHOL/MPEGe-DSPE = 3:3:4:0:0.3 (mol/mol).

7.5 Ellens et al., 198 Several studies have shown that DXR

binds strongly to anionic lipids in model membranes at a bindHence, on the basis of the rapid drug release mechanism that
ing level of 1-2 mol DXR/mol anionic lipidHenry et al., 1985; is apparent irFig. 1, we attempted to develop a more stable
Goormaghtigh et al., 1987; de Wolf et al., 1992, 1998 our  formulation with respect to drug retention in human plasma.
liposome preparation, the lipid film was hydrated at a basic pH-or this purpose, we focused on the lipid composition to inhibit
(8.5-9.0) and the exterior buffer was then exchanged with a 10%he penetration and permeation of the drug molecules through
sucrose solution at pH 9.0. Under these conditions, the DOPEhe lipid bilayer. Earlier studies have already established a con-
and CHEMS inthe bilayer would be charged negatively, and thenection between liposome permeability, lipid phase transition
positively charged DXR, slightly exists at the high pH (8.5-9.0),and CHOL contentRapahadjopoulos et al., 1973; Luna and
would bind reversibly to these molecul&anuelos et al. (1993) McConnell, 1977; Ben-Yashar and Barenholz, 198there-
reported that the presence of negatively charged phospholipidsre, the stability of the basic formulation (DOPE/CHEMS
permits the deeper penetration of the drug into the bilayer. Thaith 5 mol% MPEGgoo-DSPE) mixed with varying amounts of
lower transition of the bilayer containing DOPE (transition tem-HSPC, to increase the phase transition temperature and CHOL,
perature {c) =—16°C) (Demel et al., 1977; Cullis, 19F&lso  to increase the rigidity of the bilayer, was examined by the incu-
enhances the penetration of the drug in the bilayer. The enhancédtion in 80% human plasma. The time course for the release of
penetration by the charge and high membrane fluidity may resu@XR during incubation is shown iRrig. 2 for liposomes com-

in the flip-floping the DXR molecules from the inner to the outer posed of DOPE/CHEMS/HSPC/CHOL/MPE&fgo-DSPE at six
layer. The drugs flip-floped to the outer layer may be easilydifferent molar ratios. The substitution of HSPC for 50 mol%
released by protein binding in an opposite direction to the ini-of DOPE (DOPE/HSPC/CHEMS/mPEgyor-DSPE =3:3:4:0:

tial remote loading mechanism. It is noteworthy, in this respectp.3 mol/mol) failed to improve drug retention, but the sub-
that DXR binds strongly to plasma proteins (the percentage aoftitution of CHOL for 50 mol% of CHEMS (DOPE/CHEMS/

protein binding is 83—83.9%). CHOL/mPEGooDSPE =6:2:2:0.3 mol/mol) resulted in a sig-

nificant improvement. The addition of CHOL led to 100%
3.2. Effect of lipid composition on the leakage of retention of loaded DXR for 6 h. Interestingly, the addition
encapsulated DXR in human plasma of HSPC mixed with CHOL to the basic formulation at var-

ious molar ratios (DOPE/HSPC/CHEMS/CHOL/mP&gy
In order for PSL to be used as a drug delivery system irDSPE =4:2:2:2:0.3 or 3:3:2:2:0.3 mol/mol) further improved
vivo, they must be designed in such a way that they are stabkhe retention of DXR, permitting a good drug retention for
in the blood for an extended period of time, allowing the lipo- approximately 12 h. Itappears that the combination of HSPC and
somes to reach a target cell, prior to releasing their content€HOL has a synergetic effect on drug retention. These results
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indicate that the inclusion of 20-30 mol% HSPC and 20 mol% 100
CHOL tothe total lipid are required in order to achieve a minimal
release of encapsulated DXR under the conditions used here.
As shown inFig. 2, the inclusion of CHOL in the formulation
significantly improved the drug retention of the formulation in
human plasma. This resultis not surprising, since it is well know
that CHOL, when added to fluid phase lipids, stabilizes the lipid
membrane and decreases its permeabllitsthew et al., 1979
and the CHOL inhibits the incorporation of anthracycline into
polar regions of the bilayer in a concentration-dependent man-
ner Banuelos et al., 1993Contrary to the remarkable CHOL
effect, the addition of HSPC to PSL led to no improvement in
the retentionFig. 2). This result is somewhat unexpected, since
the rate of drug release is also dependent on liposome com-
position: liposomes formed from high phase-transition lipids 0
. . 4 5 6 7 8
release less rapidly than liposomes formed from low-phase oH
transition. It has been known for some time that the maximal
release of low molecular weight liposome contents occurs at Big. 3. Effect of lipid composition on the pH-sensitivity of DOPE-containing
temperature higher than the gel-to-liquid crystalline transitior{ipo_somes. HPTS-containing liposomes were incubated in buffers. with
. - various pH for 1h at 37C. The amount of leaked HPTS was determined
.(Papa.hadJOpoumS et al, 1973t_ is likely _th_erefore.th?‘t_ the according to the method described in Sectbr{() conventional liposomes
inclusion of 20-30 mol% HSPC is not sufficient to significantly (4spc/cHOL = 2:1 molimol); @) conventional pH-sensitive ~ liposomes
change physical state of the lipid membranes. It should als@OPE/CHEMS =6:4 mol/mol); £) DOPE/HSPC/CHEMS/CHOL =6:0:2:2
be noted that the inclusion of HSPC mixed with CHOL to the(mol/mol); (@) DOPE/HSPC/CHEMS/CHOL =4:2:2:2  (mol/mol); 4]
PSL showed a synergetic effect on the drug retentiig.(2). ~ POPE/HSPC/CHEMS/CHOL =3:3:2:2 (mol/mol).
The included HSPC mightincrease to some extent on the phase-
transition of the ||p|d membrane and CHOL increased the b||ayerR In addition, these formulations showed reasonable levels
order by limiting the probability of trans-gauche isomerizationOf drug retention time in human plasmeig. 2). Therefore,
of phospho||p|d acy| Chainﬂen-Yashar and Barenholz, 1989 these formulations are gOOd for in vivo use, if the formulations
would be proposed with a cleavable PEGylated lipid such as
3.3. Effect of lipid composition on pH-sensitivity MPEGoooS-S-DSPE. Experiments exploring this possibility
are currently in progress in our laboratory with newly synthe-
Since the drug retention of the liposomes in human plasméized cleavable PEGylated lipid.
was improved by the inclusion of either CHOL or HSPC plus
CHOL in the PSL, we investigated the impact of CHOL and3.4. Elimination of the formulation from blood
HSPC plus CHOL on their pH-sensitivity. All formulations for
a pH sensitive assay were prepared in the absence of mjgieG The formulations composed of DOPE/HSPC/CHEMS/
DSPE, since the pH-sensitivity of the liposomes decreased as tl@HOL, 6:0:2:2 or 4:2:2:2 (mol/mol), if stabilize with a PEG-
mol percentage of mMPEGooDSPE increased an in vitro sys- lipid derivative, may be applicable for in vivo use. In order to
tem Slepushkin etal., 1997The pH-sensitivity of the liposome confirm partly this assumption, we examined the blood con-
formulations was assayed by incubation for 1 h in buffers at vareentration of these liposome preparations including mibé&
ious pH valuesKig. 3). To assay the disruption of the liposomes DSPE instead of cleavable PEGylated lipid following intra-
as function of pH, a water soluble, membrane-impermeable dyeenous administration. PSL and SL were employed as negative
HPTS, was passively loaded into the liposomes. and positive controls, respectively. As expected, the injection of
In the series of assays, it appeared that pH-sensitivitghe PSL resulted in the rapid clearance of the liposomes, while
increased with increasing mol% DOPE in the formulations. AsSL cleared slowly Eig. 4). The addition of HSPC and CHOL
expected, a DOPE/CHEMS (6:4 mol/mol) formulation releasedo the PSL composition significantly increased the circulation
the encapsulated dye in a pH-dependent manner. As a netime of the preparations, compared to the original PSL. Approx-
ative control, pH-stable liposomes composed HSPC/CHOLlimately 9—13% of the injected liposomes still remained in the
(2:2 mol/mol) were used. HSPC/CHOL did not show anyblood at 8 h, although their circulation longevities were shorter
pH-sensitive release pattern of HPTS over the pH rangéhan that of SL.
examined. One of the most stable formulations in human We recently reported on a murine model of B cell
plasma, DOPE/HSPC/CHMS/CHOL (3:3:2:2 mol/madi)d. 2) lymphoma study, in which the therapeutic efficacy of a
showed no pH-sensitivity following a 1 h incubation. Some DXR-containing, anti-CD19-targeted, sterically stabilized, pH-
pH-sensitivity was detected in DOPE/HSPC/CHEMS/CHOL,sensitive formulation (DXR-PSIL[anti-CD19], DOPE/CHEMS/
4:2:2:2. Extensive pH sensitivity was detected in 6:0:2:2mPEGqoo-S-S-DSPE =6:4:0.3mol/mol) was superior to
(mol/mol) formulations. The pH-dependent membrane disrupthat of a stable long-circulating formulation of targeted
tion would increase rate and extension of release of encapsulatédosomes (DXR-SlIL[anti-CD19], HSPC/CHOL/mPEk§30

75

Release (%)
o
o

25
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100 much faster drug release rate than conventional SL, may enhance
the therapeutic index of liposomal anti-cancer agents.
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