2310 Biophysical Journal Volume 80 May 2001 2310-2326

Spontaneous Entrapment of Polynucleotides upon Electrostatic
Interaction with Ethanol-Destabilized Cationic Liposomes

Norbert Maurer,* Kim F. Wong,* Holger Stark,’ Lenore Louie,* Deirdre Mclntosh,* Tabitha Wong,*
Peter Scherrer,” Sean C. Semple,* and Pieter R. Cullis**

*Department of Biochemistry and Molecular Biology, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z3;
TInstitut fiir Molekularbiologie und Tumorforschung, Philips-Universitat Marburg, D-35037 Marburg, Germany; and *Inex Pharmaceuticals
Corporation, Burnaby, British Columbia, Canada V5J 5J8

ABSTRACT This study describes the effect of ethanol and the presence of poly(ethylene) glycol (PEG) lipids on the
interaction of nucleotide-based polyelectrolytes with cationic liposomes. It is shown that preformed large unilamellar vesicles
(LUVs) containing a cationic lipid and a PEG coating can be induced to entrap polynucleotides such as antisense oligonu-
cleotides and plasmid DNA in the presence of ethanol. The interaction of the cationic liposomes with the polynucleotides
leads to the formation of multilamellar liposomes ranging in size from 70 to 120 nm, only slightly bigger than the parent LUVs
from which they originated. The degree of lamellarity as well as the size and polydispersity of the liposomes formed increases
with increasing polynucleotide-to-lipid ratio. A direct correlation between the entrapment efficiency and the membrane-
destabilizing effect of ethanol was observed. Although the morphology of the liposomes is still preserved at the ethanol
concentrations used for entrapment (25-40%, v/v), entrapped low-molecular-weight solutes leak rapidly. In addition, lipids
can flip-flop across the membrane and exchange rapidly between liposomes. Furthermore, there are indications that the
interaction of the polynucleotides with the cationic liposomes in ethanol leads to formation of polynucleotide-cationic lipid
domains, which act as adhesion points between liposomes. It is suggested that the spreading of this contact area leads to
expulsion of PEG-ceramide and triggers processes that result in the formation of multilamellar systems with internalized
polynucleotides. The high entrapment efficiencies achieved at high polyelectrolyte-to-lipid ratios and the small size and
neutral character of these novel liposomal systems are of utility for liposomal delivery of macromolecular drugs.

INTRODUCTION

Liposomal formulations of genetic drugs such as antisensand aggregation accompanied by structural transformations
oligonucleotides and plasmid DNA are difficult to achieve such as membrane rupture and fusion (Papahadjopoulos and
(Maurer et al., 1999). The large size and highly chargedPoste, 1975; Hope et al., 1983; Rand et al., 1985; Kachar et
nature of these molecules mitigates against the formation adl., 1986; Lipowsky, 1991; Leckband et al., 1993; Sack-
small, neutral, serum-stable carriers, which are required tonann, 1994; Mitrakos and Macdonald, 1996; Mok and
achieve the long circulation times necessary for efficientCullis, 1997; Macdonald et al., 1998). In the case of polynu-
accumulation at disease sites. Furthermore, entrapment @eotide-cationic liposome complexes, size as well as struc-
very inefficient in the absence of interactions between theural features of complexes are determined by a delicate
lipid components of the carrier and the nucleotide-basedhterplay between the ionic strength of the solution, the
drugs. Complexes formed by electrostatic interactions beeharge ratio, the overall concentrations of reactants, the
tween polynucleotides and cationic liposomes exhibit broadkinetics of mixing, and liposome size and composition
size distributions. These complexes efficiently transfectLasic, 1997; Xu et al., 1999). In general, the size of the
cells in vitro; however, in vivo their large size and positive complexes decreases when one of the components is present
charge triggers rapid clearance from the circulation (Felgnein excess so that the negative-to-positive charge ratio is
et al., 1987; Gao and Huang, 1995; Felgner, 1997; Chonmuch higher or lower than 1, at low ionic strength, upon
and Cullis, 1998; Tam et al., 2000). They can also be highlyrapid mixing, and at low overall concentrations of reactants
toxic (Tam et al., 2000). Therefore, substantial effort hag=1 mM lipid). Complexes are thermodynamically unstable
been focused on constructing lipid-based carriers with imand display a tendency to grow into larger aggregates over
proved characteristics. time, which may undergo further structural rearrangements
Interaction of multivalent ions and polyelectrolytes with (Radler et al., 1998). As a result, complexes typically have
oppositely charged liposomes can result in phase separatidmoad size distributions and are structurally heterogeneous.
Structural features of complexes include clusters of aggre-
gated liposomes, liposomes coated with DNA, tubular struc-
Received for publication 13 October 2000 and in final form 10 February tures, and (aggregated) multilamellar structures, where
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The major focus of this study is the effect of ethanol andylene-glycol)succinoyl)-N-myristoylsphingosine (PEG-Ceyg}, radioac-

poly(ethylene) glycol (PEG) coatings on the interaction oftively labeled fH]-PEG-CerG,, and 1-O-(2(w-methoxypolyethylene-gly-
SRS . . . : : col)succinoyl)-2N-dodecanoylsphingosine (PEG-CeggCwere provided by
cationic liposomes with antisense oligonucleotides. Previ nex Pharmaceuticals. The average molecular weight (MW) of the PEG was

ous work on antisense encapSUIat'on has shown that ad 000. Cholesterol (cholj-octyl B-p-glucopyranoside (OGP), Triton X-100,

tion of lipids dissolved in ethanol to an aqueous buffercaicein, FITC-dextran (MW 19,500), dichlorodimethylsilane, sodium hydro-
solution containing antisense oligonucleotide resulted in theulfite (dithionite), DEAE Sepharose CL6B and Sepharose CL4B were ob-
formation of small multilamellar liposomes trapping oligo- tained from Sigma (Oakville, Canada). All materials for transmission electron

. MR microscopy, including osmium tetroxide, lead citrate, maleic acid, sodium
nucleotide between the lipid bilayers (Semple et al., 2()O:I')'c(';\codylate, and the embedding resin Embed 812 were purchased from Elec-

Two pOSSIble meChamsmS are that the |Ip!dS form b_'layertron Microscopy Sciences (Fort Washington, PA), and low-melting-point
structures on hydration that subsequently interact with thegarose was from Life Technologies (Burlington, Canada). Spectra/Por dial-
oligonucleotides to form multilamellar systems or that oli- ysis tubing (12,000-14,000 molecular weight cut-off) was from Spectrum
gonucleotide-cationic lipid aggregates act as precursors tYedical Instruments (Rancho Dominguez, CA). All other reagents used in this
the small multilamellar liposomes observed. This paper it Were of analytical grade.
aimed at understanding the mechanism behind the forma-
tion of these unique structures and is particularly focused O iposome preparation
the role of ethanol.

It is shown that in the presence of ethanol smalll multila-The entrapment of oligonucleotides in preformed liposomes relies on the

mellar livosomes with concentric bilaver shells are formedpresence of high concentrations of ethanol. Large unilamellar liposomes in
P Y ethanol/buffer solutions were either prepared by addition of ethanol to

from_large unllz_ime”ar YeSICIeS ( LU_V_S) followmg b'”d'”g extruded liposomes or by addition of lipids dissolved in ethanol to an
of oligonucleotides. This allows efficient trapping of anti- aqueous buffer solution and subsequent extrusion. Both methods give the
sense oligonucleotides between the lamellae of these strusame entrapment results and are described in greater detail here. 1) After
tures. The ethanol concentrations required for this to happelpydration of a lipid film in pH 4 citrate buffer and five freeze/thaw cycles,
are very close to the region of breakdown of IiposomaILUVS were generated by extrusion through two stacked 100-nm filters (10

. . Ipasses). In the case of DSPC/chol-containing liposomes the extrusion was
structure. At these ethanol concentrations Ilposomes a Ferformed at 60°C. Ethanol was subsequently slowly added under rapid

morphologically intact; however, the lipid membrane is mixing. Typical liposome sizes determined after removal of ethanol by
highly destabilized. Leakage of entrapped solutes is rapidjynamic light scattering were 86 20 nm for the DSPC/chol/PEG-Cerf
and lipids can flip-flop across the membrane and eXChang@ODAP system (20:45:10:25 mol %). Slow addition of ethanol and rapid

easily between Iiposomes. Furthermore, in the presence (]rirr_)(lng are important as liposomes become unstaple and coalesce |nt[0 large
Ipid structures as soon as the ethanol concentration exceeds a certain upper

ethanol the interaction of the negatlvely charged pOIyeleCTlmit. The latter depends on the lipid composition. For example, an initially
trolyte with the cationic liposomes leads to domain forma-transiucent DSPC/chol/PEG-CeifDODAP liposome dispersion be-

tion resulting in 1-O-(2’-¢-methoxypolyethylene-glycol)- comes milky white if the ethanol concentration exceeds 50% (v/v). 2)
succinoyl) (PEG-ceramide (Cer))-depleted regions andUVs were prepared by slow addition of the lipids dissolved in ethanol

regions enriched in antisense oligonucleotide. These a#é)A ml) to citrate buffgr at pH 4 (0.6 ml) followed by extrusion through.
wo stacked 100-nm filters (two passes) at room temperature. Dynamic

SUQQeSted to be the regions were contact is established. T ight-scattering measurements performed in ethanol and after removal of

subsequent structural rearrangements are a consequence:@hnol by dialysis show no significant differences in size, which is

this adhesion. typically 75+ 18 nm. The extrusion step can be omitted if ethanol is added
very slowly under vigorous mixing to avoid high local concentrations of

ethanol.

MATERIALS AND METHODS
Materials Entrapment procedure

The phosphorothioate antisense oligodeoxynucleotides and plasmid DNAhe oligonucleotide solution was slowly added under vortexing to the
(PCMV-luc, 5650 bp) used in this study were generously provided by Inexethanolic liposome dispersion, which typically contained 10 mg/ml lipid. It
Pharmaceuticals (Burnaby, Canada). The mRNA targets and sequenceswés subsequently incubated at the appropriate temperature for 1 h, dialyzed
the oligonucleotides are as follows: human c-myc (16-méer,SACGT- for 2 h against a 1000-fold volume excess of citrate buffer to remove most
TGAGGGGCAT-3; human c-myc (15-mer, FITC-labeled),-BACGTT- of the ethanol and twice against a 1000-fold volume excess of Hepes-
GAGGGGCAT-3; human ICAM-1, 3-GCCCAAGCTGGCATCCGTCA-  buffered saline (HBS: 20 mM HEPES/145 mM NaCl, pH 7.5). These
3’; and human EGFR, 82CGTGGTCATGCTCC-3 1,2-Distearoykn- dialysis steps ensure complete removal of ethanol (<0.01% as determined
glycero-3-phosphocholine (DSPC) was purchased from Northern Lipidswith the alcohol dehydrogenase assay kit from Sigma). At pH 7.5, DODAP
(Vancouver, Canada), and 1,2-dioleoyl-3-dimethylammoniumpropanébecomes charge-neutral, and oligonucleotides bound to the external mem-
(DODAP), 1,2-dioleoyl-sn-glycero-3-phosphoseri€7-nitro-2—1,3-benzo-  brane surface are released from their association with the cationic lipid.
xadiazol-4-yl) (NBD-PS), 1,2-dioleoyn-glycero-3-phosphoethanolamine Unencapsulated oligonucleotides were subsequently removed by anion
(DOPE), 1,2-dioleoykn-glycero-3-phosphoethanolamiNglissamine rhoda- ~ exchange chromatography on DEAE-Sepharose CL-6B columns equili-
mine b sulfonyl) (LRh-PE), and 1,2-dioleogh-glycero-3-phosphoethano- brated in HBS pH 7.5. If not otherwise mentioned, DSPC/chol/PEG-
lamine-N(7-nitro-2—1,3-benzoxadiazol-4-yl) (NBD-PE) from Avanti Polar CerC,/DODAP liposomes (20:45:10:25 mol %), anti-c-myc, 40% (v/v)
Lipids (Alabaster, AL). 1-Hexadecanoyl-2-(1-pyrenedecansyilycero-3- ethanol, 10 mg/ml (13.mol/ml) of total lipid, 300 mM citrate buffer, and
phosphocholine (Py-HPC) and the oligonucleotide-binding dye OliGreen weréncubation at 40°C were used. Lipid integrity was analyzed by HPLC on a
obtained from Molecular Probes (Eugene, OR). 1-G2methoxypolyeth- ~ Beckman Gold 128 apparatus equipped with an evaporative light-scattering
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detector (SEDEX-55) and a 2-mm 150-mm, 5um Ultrasphere cyano-  (Cannon 50). The viscosity of ethanol/300 mM citrate buffer (40/60, v/v)
propyl column (Beckman Instruments, Fullerton, CA) as described inat 23°C measured relative to water at the same temperature was found to
Semple et al. (2001). After incubation at 60°C for 2 h in pH 4 citrate buffer, be 2.674x 102 (Pa- s). The zeta potential was determined by electro-
>98% of all lipid components present in the formulation remained intact.phoretic light scattering using a Coulter light-scattering instrument
No lipid degradation was detectable at room temperature (25°C) undefDELSA, Coulter Electronics, Hialeah, FL).

otherwise the same conditions.

Lipid flip-flop
Determination of trapping efficiencies o ) ] ]

Lipid flip-flop was determined by chemical reduction of the fluorescent
Trapping efficiencies were determined after removal of external oligonu-lipid, NBD-PS, to a nonfluorescent compound with sodium dithionite
cleotides by anion exchange chromatography. Oligonucleotide concentrgMclintyre and Sleight, 1991; Lentz et al., 1997). Liposomes were prepared
tions were determined by UV spectroscopy on a Shimadzu UV160Uat 20 mM lipid by extrusion in the presence of 1 mol % NBD-PS. Only
spectrophotometer. The absorbance at 260 nm was measured after solubiBD-PS located in the outer monolayer is accessible to the reducing agent,
lization of the samples in chloroform/methanol at a volume ratio of 1:2.1:1dithionite, added to the external medium. Its redistribution from the inner
chloroform/methanol/aqueous phase (sample/HBS). If the solution was nanhonolayer to the outer can be followed after reduction of NBD-PS in the
completely clear after mixing, an additional 50—-1@Dof methanol was  outer membrane leaflet. A 1 M sodium dithionite solution was freshly
added. Alternatively, absorbance was read after solubilization of the samprepared in 1 M TRIS. NBD-PS in the outer monolayer was reduced by
ples in 100 mM octylglucoside. The antisense concentrations were calcuaddition of a 100-fold molar excess of sodium dithionite relative to NBD
lated according t@ (ug/pl) = AsgeX 1 OD,go unit (wg/ml) X dilution and incubation for 10 min. The completion of the reaction was checked by
factor (mljul), where the dilution factor is given by the total assay volume measuring the dithionite fluorescence at 520 nm before and after reduction
(ml) divided by the sample volumeul). OD,4, units were calculated from  exciting at 465 nm. Excess dithionite was subsequently removed by size
pairwise extinction coefficients for individual deoxynucleotides, which exclusion chromatography on a Sephadex G50 column. The liposomes
take into account nearest-neighbor interactions. One OD corresponds twere incubated in the presence of 40% ethanol, and aliquots corresponding
30.97 pg/ml anti-c-myc, 33.37ug/ml anti-ICAM-1, and 34ug/ml anti- to a final lipid concentration of 150M were removed for measurement at
EGFR. Lipid concentrations were determined by the inorganic phosphoruslifferent time points. The residual ethanol concentratior.@f5% (v/v) in
assay after separation of the lipids from the oligonucleotides by a Bligh andhese samples had no effect on membrane permeability. Eightws that
Dyer extraction (Bligh and Dyer, 1959). Briefly, to 25@ of agueous  no influx of dithionite into the liposomes occurred over the time course of
phase (sample/HBS), 528 of methanol and 25@l of chloroform were the assay (dotted line).
added to form a clear single phase (aqueous phase/methanol/chloroform
1:2.1:1 vol). If the solution was not clear, a small amount of methanol was
added. Subsequently, 250 of HBS and an equal volume of chloroform Leakage experiments
were added. The samples were mixed and centrifuged for 5-10 min at
1700X g. This resulted in a clear two-phase system. The chloroform phas&thanol-induced permeabilization of LUVs was measured at different
was assayed for phospholipid content according to the method of Fiske ant@mperatures and as a function of the size (MW) of the entrapped solute.
Subbarow (1925). If not otherwise mentioned, trapping efficiencies wereCalcein was used as a low-MW marker for leakage and FITC-dextran (MW
expressed as oligonucleotide-to-lipid weight ratios (w/w). 19500) as a high-MW marker. Leakage of calcein entrapped at self-

guenching concentrations was followed by monitoring the dequenching of

the calcein fluorescence. LUVs were prepared by hydration of a lipid film
Preparation of giant liposomes with an aqueous solution containing 75 mM calcein and 5 mM HEPES

adjusted to pH 7.5 by addition of sodium hydroxide, followed by five
Giant liposomes were made according to Needham and Evans (1988jreeze/thaw cycles and extrusion through two stacked 100-nm filters (10
Briefly, lipids were dissolved in chloroform. A circular Teflon disk was passes). In the case of DSPC/chol/PEG-G@EBODAP, extrusion was
roughened with emery paper and thoroughly cleaned by washing in deteperformed at 60°C. Unentrapped calcein was exchanged against an iso-
gent, tap water, distilled water, and chloroform. The lipid/chloroform osmotic HBS buffer by anion exchange chromatography on a DEAE
solution was applied with a Hamilton syringe to the rough side of a TeflonSepharose CL6B column. The liposome stock solution was diluted to a
disc and spread out over the entire surface. The concentration of total lipitipid concentration of 3uM in HBS containing varying amounts of ethanol
was ~10 mg/ml. The disc was put into a beaker, and the last traces ofpre-equilibrated at 25°C, 40°C, or 60°C. The fluorescence at 520 nm was
solvent were removed by evacuation for at least 3 h. The rehydration of theneasured (excitation wavelength 488 nm, long-pass filter at 430 nm) with
lipid film was carried out above the liquid-crystalline acyl chain phase a Perkin-Elmer LS50 fluorimeter (Perkin-Elmer, Norwalk, CT) after 5 min
transition temperature. First, the lipid film was prehydrated at 60°C for 300of incubation at the corresponding temperature. The value for 100%
min to 1 h with water-saturated argon. Final hydration of the lipid was leakage (maximum dequenching) was obtained by addition of a 10% Triton
accomplished by addition of prewarmed buffer. The beaker was sealed ang-100 solution to a final concentration of 0.05%. Calcein leakage was
incubated in an oven overnight to allow the lipid to hydrate undisturbed. calculated according to % leakage(Fs — F.)/(F+x — Fy) X 100, where

F.is the fluorescence of the samplg,is the background corresponding to

calcein-containing liposomes in the absence of ethanol, Rgdis the
Dynamic light scattering Triton X-100 value. ,

FITC-dextran (MW 19,500) was entrapped in DSPC/chol/PEG-GCgrC

Sizes were determined by dynamic light scattering (DLS) using a NICOMPDODAP liposomes incorporating 0.5 mol % LRh-PE at a final concentra-
370 particle sizer (Nicomp Particle Sizing, Santa Barbara, CA). Thetion of 45 mg/ml. Entrapment was performed by addition of the lipids
cumulant fit, a simple form of polydispersity analysis, was used to obtaindissolved in ethanol to the FITC-dextran solution in HBS followed by
the average and relative width of size distributions (Koppel, 1972; Os-extrusion (two stacked 100-nm filters, two passes) and subsequent removal
trowsky, 1993). This two-parameter fit describes the experimental dataf ethanol by dialysis. Unentrapped FITC-dextran was removed by size
with good accuracy as goodness-of-fit values demonstrate. Throughout exclusion chromatography on a Sepharose CL4B column X115 cm).
the paper, number-averaged sizes were presented. The viscosity of tide loss of FITC-dextran from liposomes exposed to 40% ethanol was
ethanol/citrate buffer was determined using an Ubelohde-type viscometetetermined after removal of released FITC-dextran by size exclusion
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chromatography on a Sepharose CL4B column §.55 cm). The FITC/  phoshoric acid (5PO,). The spin-lattice relaxation times (jTof free and

LRh-PE ratio was measured before and after addition of ethanol. FITC anéncapsulated oligonucleotides at pH 7.5 are essentially the same with

LRh-PE fluorescence were measured at 515 and 590 nm with the excitation®® = 1.7 s andTs"® = 2.1 s. TheT, values were measured by an

wavelength set to 485 and 560 nm, respectively. inversion-recovery pulse sequence. The interpulse delay of 3 s for 50
pulses allows for complete relaxation of all antisense resonances.

Lipid mixing . .
Ultracentrifugation

Ethanol-induced lipid mixing/exchange was followed by the loss of reso-

nance energy transfer, occurring between a donor, NBD-PE, and an a¢iPosomes with and without entrapped oligonucleotides were fractionated

ceptor, LRh-PE, which are in close proximity, upon dilution of the probes by ultracentrifugation on a sucrose step gradient consisting of 1%, 2.5%,

into an unlabeled target membrane (Struck et al., 1981). LUVs contained0%, and 15% (w/v) sucrose in HBS pH 7.5 with a step volume of 3.5, 3.5,

0.75 mol % of both NBD-PE and LRh-PE. Labeled and unlabeled lipo-2-5, and 1.5 ml, respectively. Samples were centrifuge®fo at 36,000

somes were prepared in HBS pH 7.5 by extrusion at lipid concentrations ofPm (RCF,,, 22,1000 g) using a Beckmann L8-70 ultracentrifuge in

20 mM. Ethanol was added to labeled and unlabeled liposomes to a fingtombination with a SW41Ti rotor. The gradient was either fractionated

concentration of 40% (v/v). Subsequently, the ethanolic dispersions offom the top or individual bands were removed with a syringe after

labeled and unlabeled liposomes were mixed at a molar lipid ratio of 1:5°uncturing the tube with a needle.

and incubated at the appropriate temperatures. Aliquots were withdrawn at

given times and added to 2 ml of HBS to give a final lipid concentration

of 150 uM. Emission spectra of NBD and LRh were measured in the Cryo-transmission electron microscopy (cryo-TEM)

region from 505 to 650 nm with the excitation wavelength set to 465 nm

(430-nm emission long-pass filter). After background subtraction (unla-

beled liposomes at 150M lipid) the loss of resonance energy transfer was

expressed as the increase in NBD/LRh ratio.

A drop of sample was applied to a standard electron microscopy grid with
a perforated carbon film. Excess liquid was removed by blotting with filter
paper, leaving a thin layer of water covering the holes of the carbon film.
The grid was rapidly frozen in liquid ethane, resulting in vesicles embed-
ded in a thin film of amorphous ice. Images of the vesicles in ice were
obtained under cryogenic conditions at a magnificatiork66,000 and a
Pyrene-HPC assay defocus of—1.5 um using a Gatan cryo-holder in a Philips CM200 FEG

Pyrene-HPC forms excited-state dimers at high concentrations, whicr?IeCtron microscope.
fluoresce at a different wavelength from the monomers. Excimer formation
is a diffusion-controlled process and requires two molecules to comeF .
together to form a dimer. Lipid mixing (target membrane) as well as a reeze-fracture electron microscopy

Qecrease in thg lateral moblll'ty of pyrene-HPC in the membrane can resu%amples were cryo-fixed in the presence of 25% glycerol by plunging them
ina d_ecrease IN pyrene excimer fluorescgnce (Hoekstra, 19_90; D_uportaﬁj]to liquid Freon 22 cooled by liquid N The fractured surface was
famd Lianos, ;996)' Lateral phase separgnon u;ually results in an m,crea%?\adowed unidirectionally with platinum (35and coated with carbon
in pyrene excimer fluorescence (Duportail and Lianos, 1996). The ratlonal(fgoo) employing a Balzers freeze-etching system BAF 400D (Balzers,

of this experiment was to look at the effect of oligonucleotide binding on Liechtenstein). Replicas were analyzed using a JEOL model JEM 1200 EX
the liposomal membrane. The pyrene-HPC fluorescence of IiposomegIectron microscope (Soquelec, Montreal, Canada)

entrapping oligonucleotide was compared with empty control liposomes
before and after depletion of the transmembrane pH gradient. Increasing

the internal pH to 7.5 results in the release of membrane-bound oligon P .
cleotides. Liposomes incorporating pyrene-HPC at a concentration of “;I'ransmlssmn electron microscopy (TEM)

mol % were prepared by addition of lipids dissolved in ethanol to pH 4 samples were fixed by the addition of 1 vol of 2% osmium tetroxide to 0.5
citrate buffer. An aliquot was removed, and oligonucleotide was entrappegyo| of vesicles in HBS followed by centrifugation at 17,080g and 4°C
as described above. The remaining initial liposomes were treated the samgr 45 min. Osmium tetroxide reacts with lipids, in particular with the
way in all the subsequent steps (see Entrapment procedure above). The pfduble bonds in unsaturated lipids, as well as with nucleic acids and results
gradient was dissipated with ammonium acetate adjusted to pH 7.5. Lipom a trilaminar appearance of lipid membranes, corresponding to a dark-
somes were diluted into the appropriate buffer, HBS pH 7.5 or 150 mMiight-dark pattern (Hyatt, 1981). The resulting pellet was mixed with an
ammonium acetate pH 7.5, to a final lipid concentration @f\. Pyrene-  equal volume of 3% agarose/PBS, pipetted onto a microscope slide, and
HPC emission spectra were recorded in the wavelength region from 365 tgjjowed to cool to 4°C. The solidified agarose containing the vesicles was
550 nm with excitation at 345 nm and an emission cutoff filter at 350 nm. ¢yt into 1-mm pieces and transferred to a glass tube for further processing.
The intensity ratio of monomer fluorescence at 397 nm to dimer fluores-The plocks were washed three times for 5 min each with 0.05 M maleic
cence at 478 nm was plotted for the initial liposomes as well as for theacid pH 5.2 before staining in 2% uranyl acetate for 1 h. The tissue pieces
oligonucleotide-containing liposomes before and after depletion of the pHyere dehydrated through a graded series of alcohols (50—100%), infiltrated
gradient. with increasing ratios of epoxy resin (EMbed 812):propylene oxide and
embedded in 100% EMbed 812 at 60°C for 24 h. Ultrathin sections were
stained with 2% lead citrate and examined using a Zeiss EM 10C trans-
31p NMR spectroscopy mission electron microscope (Oberkochen, Germany).

3P NMR spectra were obtained with a Bruker MSL200 spectrometer

operating at 81.03 MHz. Free induction decays (FIDs) corresponding tPPhase contrast and fluorescence microscopy

2400 scans were collected by using a 2850° pulse with a 3-s interpulse

delay and a spectral width of 20,000 Hz on a 2.0-ml sample in a 10-mnPhase contrast and fluorescence microscopy were performed on a Zeiss
probe. No proton decoupling was employed. An exponential multiplicationAxiovert 100 microscope using a Plan Apochromat 63x/1.4 NA oil im-
corresponding to 25 Hz of line broadening was applied to the FIDs beforanersion objective in combination with a 1.6optovar lens and an XF100
Fourier transformation. The chemical shift was referenced to external 85%ilter set from Omega Optical (Brattleboro, VT) with the following optical
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specifications: excitation 475 20/dichroic 500/emission 535 22.5.

Images were recorded on Kodak Ektachrome P1600 color reversal film at
1600 ISO with a Zeiss MC80 DX microscope camera. Slides and cover-
glasses were siliconized with dichlorodimethylsilane to neutralize the A
otherwise negatively charged glass surface.

RESULTS
Choice of lipid components C -J

LUVs composed of DSPC/Chol/PEG-CgiDODAP were
used in most parts of this study to maintain consistency and

comparability with a previous study (Semple et al., 2001).
However, it will be shown that other zwitterionic lipids, D wJ

including DOPE alone or in combination with cholesterol, ' ! ' ' '

can be substituted for DSPC/Chol. DODAP was chosen as 50 25 0 -25 -50
the cationic lipid because it has a protonable amino group.
Its apparent pKcan be adjusted to values much lower than ppm

its intrinsic pK,, which is estimated to be between 6.6 and

7, by increasing the ionic Strength of the solution (Wthh inFIGURE 1 Binding and dissociation of oligonucleotide to/from DSPC/
turn causes a decrease of the proton concentration at tHe'0/PEG-Cerc/DODAP (20:45:10:25 mol %) liposomes was followed

. . y >*P NMR spectroscopy at different pH values. One milligram of c-myc
interface and therefore a decrease of ionized DODAPJ,, (it DSPC/Chol/PEG-CeyDODAP liposomes (10 mg/ml
(Gennis, 1989; Tocanne and Teissie, 1990; Bailey and Cl-|||Tpid) in HBS at pH 7.5 (A), after adjustment of the pH to 4 with HCI (B),
lis, 1994). Therefore, entrapment can be performed at lovend following readjustment of the pH from 4 to 7.5 (C). (D) The spectrum
pH (pH 4) where DODAP is positively charged and non- of free c-myc at 1 mg/ml. The almost complete loss of the signal at pH 4
entrapped oligonucleotides can be dissociated from the Cails;indicatiye for_oligonucleotide binding. No binding is obvious at pH 7.5.
L .. The full signal is recovered.

ionic lipid by neutralizing the pH and removed by subse-

quent anion exchange chromatography. Adjusting the pH to

7.5 renders the surface charge of the liposomes neutral. Ths extrusion. All samples became milky white immediately
zeta potential as measured by electrophoretic light scattetpon oligonucleotide addition (oligonucleotide-to-lipid ra-
ing was found to be zero at pH 7.5. Binding and dissociatiortio 0.3 mg/mg), indicating formation of large lipid struc-
of externally added oligonucleotides can be easily followedures. Following incubation at pH 4, ethanol was removed,
by *'P NMR because th&'P NMR signal of phosphoro- and the pH was adjusted to 7.5 by dialysis against HBS (see
thioate antisense deoxynucleotides is shifte86 ppm  Materials and Methods). Table 1 lists encapsulation effi-
downfield from the phosphodiester lipid peak (Hirschbeinciencies determined after removal of external oligonucleo-
and Fearon, 1997). Oligonucleotides added externally teides by anion exchange chromatography. Due to the large
DODAP/DSPC/Chol/PEG-Cerg LUVs in HBS do not and heterogeneous size of these systems, 30—40% lipid was
bind at pH 7.5 as demonstrated by the full recovery of theretained on top of the anion exchange column. Despite lipid
phosphorothioate  NMR signal (oligonucleotide-to-lipid loss, the trend is clear. More antisense oligonucleotide be-
weight ratio of 0.1; Fig. 1A). Almost complete loss of the comes entrapped as the ethanol concentration is increased.
signal at pH 4 is indicative of binding (Fig.B). Readjust- This is reflected by a progressive reorganization of the
ment of the pH to 7.5 leads to the dissociation of theLUVs into large multilamellar liposomes (data not pre-
oligonucleotides and to recovery of the NMR signal (Fig. 1sented here; however, see the TEM micrograph shown in
C). Loss of the NMR signal was also observed following Fig. 6 C for a sample prepared in 30% ethanol). The size
oligonucleotide binding in 300 mM citrate buffer at pH 4

(data not shown).
TABLE 1 Entrapment of antisense oligonucleotide in the

absence of PEG-Cer

The interaction of cationic liposomes with % EtOH [vIV] % Encapsulation
oligonucleotides in ethanol leads to the formation 0 45+05
of multilamellar liposomes, which trap 20 205+ 1.5
oligonucleotides between the bilayers 30 325+25

The effect of ethanol on the interaction of cationic lipo- Encapsulation efficiencies are listed as a function of et.hgrjol cpncentratlon
ith oli leotid tudied th h the f Ifor DSPC/chol/DODAP (30:45:25 mol %) LUVs. The initial oligonucle-

Somes wi O igonucieot eslwas stuaie roug efo ‘otide-to-lipid ratio was 0.034 mol/mol (0.3 mg/mg). The LUVs used for

lowing experiments. Increasing amounts of ethanol Wergnhese experiments were 9922 nm in size. The encapsulation values are

added to 100-nm DSPC/Chol/DODAP liposomes preparediven as mean: SD.
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and heterogeneity in size in these systems is large. A¢ntrapment was virtually abolished in the presence of 25%
ethanol concentrations of 40% and higher the initial lipo-ethanol (=5%) and was 60% in 40% ethanol. In all cases,
somes became unstable and fused to form a milky whitéhe initial oligonucleotide-to-lipid ratio was 0.037 (mol/
dispersion. mol). Entrapment levels increased from 45% to almost 60%
in 40% ethanol when the PEG-Cer content was increased
from 2.5 to 10 mol %. Liposome size and polydispersity
decreased from 13% 40 nm to 100+ 26 nm. All subse-
quent studies were performed using preformed liposomes
From the previous results it is apparent that ethanol makegontaining 10 mol % PEG-Cer.

the lipid membrane susceptible to structural rearrangements

that are triggered by the addition of the oligonucleotide an
ultimately lead to the formation of multilamellar liposomes
and oligonucleotide entrapment. However, the size of théhe perturbing effect of ethanol on lipid membranes has
liposomes formed cannot be readily controlled. It was foundbeen mainly studied at low ethanol concentrationd 5%

that inclusion of 2.5-10 mol % of PEG-Cer into the lipo- v/v) in relation to changes in lipid hydration, acyl chain
somes allows the final size of the antisense-containing liorder, membrane permeability to small ions, and induction
posomes to be regulated. Liposomes were stable at highef chain interdigitation in DPPC systems (Slater and Huang,
ethanol concentrations in the presence of PEG-Cer than ih988; Barchfeld and Deamer, 1988; Schwichtenhovel et al.,
its absence. The dispersions remained optically translucerd992; Slater et al., 1993; Barry and Gawrisch, 1995; Vierl et
in 40% (v/v) ethanol, although a slight increase in turbidity al., 1994; Lobbecke and Cevc, 1995; Komatsu and Okada,
was noted for the sample containing 2.5 mol % PEG-Cer1996; Holte and Gawrisch, 1997). It is logical to ask
The increased stability is also reflected in the higherwhether liposomes are still intact at the high ethanol con-
amounts of ethanol required for entrapment to occur (Tableentrations required for entrapment. Fig.A2depicts the

2; Fig. 2A). Fig. 2A depicts encapsulation efficiencies as arelease of calcein entrapped at self-quenching concentra-
function of ethanol concentration for liposomes containingtions in DSPC/Chol/PEG-Cer@DODAP liposomes as a

10 mol % PEG-Cer. Maximum entrapment was reached afunction of ethanol concentration (closed circles) together
40% ethanol, and ethanol concentrations in excess of 25%ith the encapsulation efficiencies obtained using lipo-
(v/v) (>4.3 M) were required for entrapment to occur. No somes of the same lipid composition (open circles). Both the
entrapment was found in the absence of ethanol. Table &ncapsulation as well as the leakage experiments were per-
lists trapping efficiencies and average sizes as a function dbrmed at 40°C. Leakage of calcein, a small molecule with
PEG-Cer content (2.5-10 mol %) at the minimum anda MW of 623, starts a&=30% ethanol and reaches a max-
maximum ethanol concentrations determined from Fig. 2 imum around 40% ethanol. The oligonucleotide entrapment
The amount of ethanol required for entrapment to occushows a similar ethanol dependence, indicating that the
depends on the PEG-Cer content of the liposomes. Lipoentrapment is highly correlated with the destabilization of
somes containing 2.5 mol % PEG-Cer entrappelb% of  the liposomal membrane permeability barrier. In contrast to
the oligonucleotides at 25% ethanol and 45% in the presealcein, the release of FITC-dextran (MW 19,500) was less
ence of 40% ethanol. In contrast, at 10 mol % PEG-Certhan 10% in 40% ethanol. This shows that the loss of the
permeability barrier is MW dependent, as has also been
reported for detergents such as octylglucoside and sodium
cholate (Almog et al., 1990; Schubert et al., 1991). The
liposomes maintained their morphology in the presence of

Incorporation of PEG-Cer allows control of
liposome size

dEffect of ethanol on liposome stability

TABLE 2 Effect of PEG-Cer on entrapment

PEG-CerG, . Average size and polydispersity - 4004 ethanol. Phase contrast microscopy of giant liposomes
(mol %) % Encapsulation (nm) . . .
in 40% ethanol also revealed intact liposomal structures (see
25% ethanol Fig. 8 A, left side).

i'o5 1§f 1'5 fg’f fg ggité?) Lipids are also able to exchange rapidly between lipo-
20% ethanol - B B somes and between the inner and outer monolayers of the
25 455+ 3 131+ 40 (108+ 26) lipid bilayers comprising the liposomes. As shown in Fig. 2
5 51+15 126+ 36 (107+ 22) B (open symbols), lipid mixing as detected by the NBD-

10 56.5x 2 100 26 (93 18) PE/LRh-PE fluorescence resonance energy transfer (FRET)

Encapsulation efficiencies and number-averaged sizes determined by d@gssay is effectively immediate in 40% ethanol. No increase
namic light scattering are listed as a function of PEG-Ggmontentattwo  in vesicle size was observed, indicating the |ipid mixing is

different ethanol concentrations. The sizes of the initial extruded Iiposome%u,ising from rapid |ipid exchange between Iiposomes rather
are given in parentheses. The decrease in PEG-Cer content was offset

an increase in the amount of DSPC (DSPC/chol/PEG-CEPODAP H){an I|posome fusion. The results shown Ii‘l ,FIgBZClOSEd
(20 + x:45:10— x:25 mol %)). The initial oligonucleotide-to-lipid ratio  Symbols) andC, also demonstrate that lipids are able to

was 0.037 mol/mol. The encapsulation values are given as meab. rapidly translocate (flip-flop) from one side of the liposomal
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FIGURE 2 (A) Encapsulation as a function of ethanol concentration and correlation between ethanol-induced membrane destabilization and entrapmen
The release of calcein entrapped at self-quenching concentrations in DSPC/Chol/PEGEI2BAP (20:45:10:25 mol %) liposomes is shown as a
function of ethanol concentration (@) together with the encapsulation efficiencies obtained using liposomes of the same lipid composition (O). Entrapments
were performed at an initial oligonucleotide-to-lipid ratio of 0.24 mg/n). ipid exchange (Cand[]) and lipid flip-flop (® and M) at 40°C in the

presence and absence of ethanol. Lipid exchange as well as lipid flip-flop are rapid in 40% ethandi®) and do not occur to significant levels in its
absence (CandM). Lipid mixing was followed by the NBD-PE/LRh-PE FRET assay according to Struck et al. (1981) and lipid flip-flop by reduction of
NBD-PS redistributing to the outer lipid monolayer. (C) Time course of the NBD-PS reduction. The full line represents the first time point Eh@n in

after addition of dithionite (denoted by D) and Triton X-100 (denoted by T). The dotted line represents the initial sample, where NBD-PS located in the
outer monolayer had been reduced, after addition of ethanol to 1.5% (v/v) (denoted by E’), dithionite (denoted by D) and Triton X-100 (denoted by T’).

lipid bilayer to the other, as shown by the loss in fluores-PEG-CerG, liposomes (Fig. 4B). Initially, the liposomes
cence of NBD-PS located in the outer lipid monolayer uponexhibited a transmembrane pH gradient, where the internal
chemical reduction with sodium dithionite. pH is 4 and the external pH is 7.5. Under these conditions
the entrapped oligonucleotides are tightly associated with
. . the positively charged liposomal membrane. This immobi-
Entrapment is preceded by an aggregation step

The increase in turbidity upon encapsulation indicates that
entrapment is preceded by an initial aggregation step (for-
mation of microaggregates). The aggregation step and the
entrapment can be decoupled at low temperatures. Samples
become turbid upon or shortly after addition of oligonucle-
otide, and the turbidity increases over time (results not
shown). In the absence of ethanol, there is only a slight
increase in turbidity following which light transmission
remains constant. In contrast to samples prepared at 40°C,
samples incubated at 4°C become translucent again when
ethanol is removed and liposomes do not entrap oligonu-
cleotide. Entrapment efficiencies are plotted as a function of l
temperature in Fig. 3 together with calcein leakage data. 0 20
Leakage data are presented as the ethanol concentrations

required to induce 50% calcein release. Again, there is a T [OC]
qualitative correlation between the destabilization of the
liposomal membrane and the entrapment efficiency.

encapsulation [%]
N
o
|
f
N
o

o

T T T

% EtOH for 50% release

]
40 60

FIGURE 3 Effect of temperature on encapsulation at a fixed ethanol
concentration (40%, v/v) (O) and on membrane permeability (®). Oligo-
E . nucleotides were added to liposomes in ethanol/citrate buffer followed by
ntrapment ?nd Iocathn of incubation and removal of ethanol at the indicated temperatures. The initial
entrapped oligonucleotides oligonucleotide-to-lipid ratio was 0.23 mg/mg. The loss of the permeability

31, . . barrier was followed by the release of calcein entrapped at self-quenching
P NMR can be used to assay for oligonucleotide entrapz . .. ations (75 mM) in  DSPC/Chol/PEG-CefDODAP

. 1 . .
ment. Fig. 4 shows*P NMR spectra of anti-c-myc in (20:45:10:25 mol %) liposomes. Leakage data are presented as the ethanol
solution (Fig. 4A) and entrapped in DODAP/DSPC/Chol/ concentration required to induce 50% calcein release.
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Methods). It may be attributed to two possibilities: 1) either

'% 25 the amount of encapsulated antisense exceeds its solubility

0:, 2.0 ] so that a portion of it precipitates or 2) the mobility of the

.g 1.5 —: antisense molecules is spatially constrained, e.g., by immo-

5 1.0 bilization between two closely apposing bilayers (see Fig. 6

5 05 —: E A). To confirm that the oligonucleotides were encapsulated

é 0.0 Lo and localized in the aqueous interior of the liposomes, 5 mM
1234 MnSQ, was added to the external solution (Figd% Mn?*

is a membrane-impermeable paramagnetic line-broadening
agent and will quench the signals of all accessible phosphate
groups, phospholipids as well as oligonucleotides. How-
ever, the oligonucleotide signal remained unaffected and
disappeared only upon solubilization of the liposomes with
OGP (Fig. 4E). The whole oligonucleotide signal is recov-
E ered when the initial liposomes (Fig. B) are solubilized
[ty with OGP in the absence of Mh (Fig. 4 F). These data
clearly demonstrate that the oligonucleotide is entrapped in
the liposomes and not simply associated with the external
membrane. It should also be noted that entrapped oligonu-
w F cleotides were not accessible to the oligonucleotide-binding
S B e e I e dye OliGreen.
60 40 20 0 -20 The NMR studies describe the interaction between oligo-
nucleotides and liposomes as seen from the perspective of
ppm the oligonuc_leot_ides. Changes in Iip_id dynamics and mem-
brane organization can be probed with pyrene-labeled lipids
FIGURE 4 Location of entrapped antisense oligonucleotides as deter(Du_portaII and_ Lianos, ]_'996)' Pyrenetlabeled _Ilplds form
mined by®'P NMR. The>!P NMR spectra are presented in the following €XCited-state dimers at high concentrations, which fluoresce
order: (A) 0.5 mg/ml free anti-c-myc; (B) liposomally entrapped anti-c-myc at a different wavelength than the monomers. Excimer for-
at 0.54 mg/ml; (C) pH gradient dissipated by incubation in 150 mM mation is a diffusion-controlled process and requires two
ammonium acetate; (D) external addition of 5 mM MnS(E) detergent  mglecules to come together to form a dimer. The binding of

(200 mM OGP) added tB; (F) OGP added to the initial liposomes (B) in . . . . .
the absence of Mit. The inset shows the effect of oligonucleotide binding the OIIQOHUCIeOtIdeS results in a dramatic reduction of the

and release on lateral lipid mobility followed by changes in excimer lateral mOb_Illty of all lipid species relatlve_ to Contr()l lipo-
fluorescence of pyrene-HPC. Pyrene-HPC was incorporated at a conce0mes, which do not contain oligonucleotides (Fignéet,
tration of 7 mol % into the liposomal membrane. The monomer-to-dimer1-4), The membrane is laterally compressed. This follows
ratio (Fso7 nnfFazs nnd IS plotted for liposomes, which do not entrap from the observed decrease in excimer fluorescence of

oligonucleotides (LUV in HBS (1) and ammonium acetate (2)) and lipo- } .
somes, which do (liposomes entrapping oligonucleotide at an oligonuclepyrene HPC (3) The depletlon of the transmembrane pH

otide-to-lipid ratio of 0.13 mg/mg in HBS (3) and in ammonium acetate dradient resglts in an increa_s_e of the eXCime_r ﬂuoresce_nce
(4)). The latter corresponds to the situatidhsnd C of the NMR data, ~and restoration of lipid mobility (4). Control liposomes in

where oligonucleotide is initially bound (pH gradient) and then dissociatedthe absence of oligonucleotide are shown in Fignget,]_
from the membrane by depletion of the pH gradient in 150 mM ammoniumgnq 2.
acetate pH 7.5.

lization results in the disappearance (broadening out) of thle_lposome size and entrapment efficiency

NMR signal (Fig. 4B). Upon dissipation of the pH gradient Both the size of the liposomes entrapping antisense as well
by addition of ammonium acetate and adjustment of theas the entrapment efficiency depend on the initial oligonu-
external pH to 7.5 DODAP is deprotonated and the oligo-cleotide-to-lipid ratio. Fig. 5 shows that oligonucleotides
nucleotides dissociate from the liposomal membrane. Thisan be efficiently entrapped at high oligonucleotide-to-lipid
is demonstrated by the recovery of the NMR signal in Fig.ratios. The entrapment efficiency is plotted as a function of
4 C. However, the recovery is incomplete,;50% of the the initial oligonucleotide-to-lipid ratio. The binding level at
initial signal, in contrast to the full signal recovery observedmaximum entrapment is 0.16 mg of oligonucleotide per mg
upon external addition of oligonucleotide to cationic of lipid (0.023 mol/mol, negative-to-positive charge ratio
DODAP/DSPC/Chol/PEG-Cerg LUVs followed by ad- 1.5). This corresponds te2200 oligonucleotide molecules
justment of the pH to 7.5 (Fig. 1). The signal attenuation isper 100-nm liposome and demonstrates the high efficiency
not due to NMR resonance saturation (see Materials andf this entrapment procedure. Entrapment efficiencies are
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> PEG-Cer is displaced from the liposomal
c 100 -] . 016 £ membrane upon oligonucleotide entrapment
2 80 - - g It would be expected that the PEG coating would inhibit
% 60 . - 0.12 o) formation of the closely apposed membranes observed for the
4 ] i © multilamellar structures by TEM. The fate of PEG-Cer was
8 40 - - 0.08 = therefore examined by using radioactively labeled PEG-
S ] _ 0.04 2 CerC,,. Antisense oligonucleotides were encapsulated in lipo-
L 20 e e somes containing trace amounts HFPEG-CerG, in addi-
0 1 000 ot tion to 10 mol % unlabeled PEG-Ceyrand [“C]-cholesterol
T 2 hexadecylether (CHE) as a cholesterol marker dH#[[*C]
0.0 0.1 0.2 *E ratio of 5.9. This ratio represents an apparent PEG-Cer/chol
o

ratio and will be used in place of the molar PEG-Cer/chol ratio.
The initial oligonucleotide-to-lipid weight ratio was 0.29 mg/
FIGURE 5 Plot of the entrapment efficiency expressed as the entrappefpgj Entrapment resulted in a final O“gonUCIeOt.'de'to'“md
oligonucleotide-to-lipid ratio (@) and percent entrapment (O) as a functionf@tio of 0.16 mg/mg. Free PEG-Cer and PEG micelles were
of the initial oligonucleotide-to-lipid ratio. The ratios are given in ww.  Separated from liposomes by ultracentrifugation using a su-
crose step gradient (1%, 2.5%, 10%, and 15% (w/v) sucrose in
HBS). Empty liposomes band at the interface between 2.5%
. and 10% sucrose with an apparent PEG-Cer/chol ratio of 5.5.
his band accounts for roughly 80% of the total lipid. The
oligonucleotide-containing liposomes show a faint band at the
Eame location, which corresponds to less than 9% of total lipid.
; . owever, most of the liposomal antisense oligonucleotide mi-
slightly from 70; 10 nm fpr I|pos_or_'nes a_Ione to _1]:6) 30 grates down to the 15% sucrose layer or pellets at the bottom.
for an initial ol|gonucleot|de—to—llp|q weight ratio of 0'2_ A complete analysis of the liposome-containing fractions of
mg/ mg._Freeze-fracture electron MICroscopy ;hoyved an INpe gradient is presented in Table 3. The results are represen-
crease in the nun_1ber Of, Igrger. liposomes V‘_"th IncreasiNGative for samples prepared at high oligonucleotide-to-lipid
initial oligonucleotide-to-lipid ratios. As an aside, it should a4i0s 1t can be seen that the PEG-Cer/chol ratios progressively
be noted that the initially translucent liposome dlsperslondecrease toward the bottom of the gradient. More than 50% of
becomes increasingly turbid as the oligonucleotide-to-lipid,e pEG.Cer is lost from the bottom fraction relative to the
ratio is increased. initial liposomes (apparent PEG-Cer/chol ratio 5.5). The
DSPC/Chol ratio does not change, indicating that the initial
lipid composition is maintained.
Morphology Further analysis of the fractions of the above gradient show
that the oligonucleotide-containing liposomes show large dif-
Freeze-fracture images are consistent with a liposomal syserences in their oligonucleotide content. The oligonucleotide-
tem; however, internal structure is not revealed (data Nnofo-|ipid ratios as well as the average size increase from top to
shown). Structural details were visualized by cryo-TEM. pottom (Table 3). Three main populations can be identified as
Fig. 6Ais a cryo-TEM image of a sample with an entrappeddistinct bands (Table 4): first, liposomes entrapping oligonu-
oligonucleotide-to-lipid ratio of 0.13 mg/mg. It shows that cleotide at low oligonucleotide-to-lipid ratio (0.03—0.05 mg/
unilamellar liposomes co-exist with bi- and multilamellar mg): second, liposomes with an oligonucleotide-to-lipid ratio
liposomes. The membranes of the latter are in close contacgf 0.14—0.15 mg/mg; and finally, liposomes with very high
The inset of Fig. 6A is an expanded view of a multilamellar oligonucleotide-to-lipid ratios (0.29 mg/mg). Their relative
liposome and shows two initially separate membranegroportions depend on the initial oligonucleotide-to-lipid ratio.
forced into close apposition by bound oligonucleotides. InThe population with high oligonucleotide-to-lipid ratio, which
some liposomes, the inter-bilayer binding is discontinuouss larger in size than the others, decreases in favor of the first
and the outer membrane exhibits bulbs. The number ofio populations with decreasing initial oligonucleotide-to-lipid
multilamellar liposomes increases with increasing initialratio. This is consistent with the decrease in average size
oligonucleotide-to-lipid ratio. The initial liposomes in the observed with decreasing oligonucleotide-to-lipid ratio (see
absence of antisense oligonucleotide were unilamellar (Figdynamic light-scattering data presented above). It was at-
6 B). The existence of multilamellar liposomes can onlytempted to correlate the observed differences in entrapment
mean that more than one liposome has to participate in thebind size to the morphological heterogeneity seen by cryo-TEM
formation and points to an adhesion-mediated mechanisitFig. 6). Anti-c-myc oligonucleotide was entrapped at high
of formation. initial oligonucleotide-to-lipid ratio (0.28 mg/mg), and the two

initial AS/lipid ratio [mg/mg]

encapsulation based on the trapped volume.
Upon increasing the oligonucleotide-to-lipid ratio, the
size as well as the polydispersity of the samples increas
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FIGURE 6 (A) Cryo-TEM picture of DSPC/Chol/PEG-Cgi®ODAP (20:45:10:25 mol %) liposomes entrapping oligonucleotides. The inset is an
expanded view of a multilamellar liposome showing two initially separate membranes forced into close apposition by bound oligonucleotides (indicated
by thearrow). The entrapped antisense-to-lipid weight ratio was 0.125 mg/mg. Empty liposomes prepared the same way as the oligonucleotide-containing
liposomes can be seen B. (C) TEM electron micrograph of a sample prepared in 30% ethanol in the absence of PEG-Cer before anion exchange
chromatography. The concentric bilayers of multilamellar liposomes can be clearly seen. The inset shows the area indicated by the arrow enlarged by
factor of 3. The entrapment was 32% at an initial oligonucleotide-to-lipid weight ratio of 0.3 mg/mg. Bars, 100 nm.
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TABLE 3 Analysis of the lipid composition

Fraction % PEG-Cer % Chol % DSPC Chol/DSPC (mol/mol) PEG-Cer/chol ratio (r.u.) Size (nm)
SBU 2.2 59 86+ 24
1-10 26.8 6.6 ND ND ND ND
11 13.7 9.2 ND ND 8.6 8% 21
12 4.3 3.9 ND ND 6.4 ND
13 3.6 4.1 ND ND 5.0 ND
14 8.9 11.4 ND ND 4.5 8% 21
15 27.1 36.6 37.6 2.2 4.2 0 15
16 8.5 12.8 ND ND 3.8 75 16
17 7.1 15.4 15.5 2.2 2.6 129 39

Antisense oligonucleotides were encapsulated in liposomes containing trace amodHisREG-CerG,, in addition to 10 mol % unlabeled PEG-CgrC

and [“C]-cholesterol hexadecylether as a cholesterol marker #i]4 f*C] ratio of 5.9. The initial oligonucleotide-to-lipid weight ratio was 0.29 mg/mg.
Entrapment resulted in a final oligonucleotide-to-lipid weight ratio of 0.156 mg/mg. Free PEG-Cer and PEG-Cer micelles were separated from
oligonucleotide-containing liposomes by ultracentrifugation using a sucrose step gradient, gudo8&ample containing 4.3mol (3.28 mg) of lipid

and 0.096umol (0.51 mg) of entrapped oligonucleotide were applied to the gradient. The analysis of this gradient is presented above. The recovery of lipids
and antisense from the gradient was almost quantitative (>95%). DSPC concentrations were determined by the phosphate assay according to Fiske al
Subbarow (1925). The theoretical molar cholesterol-to-DSPC ratio is 2.25 (45/20). SBU, sample before ultracentrifugation; ND, not determined. The
[BH]/[*4C] ratio is an apparent PEG-Cer/chol ratio and is used instead of the molar PEG-Cer/chol ratio.

main fractions corresponding to fractions 15 and 17 in Table 4nembrane-incorporated PEG-Cer through rapid lipid ex-
were viewed by cryo-TEM after removal of sucrose by dialy-change, and second, formation of small domains depleted in
sis. The upper fraction consists exclusively of bilamellar lipo-PEG-Cer and enriched in antisense oligonucleotides. The latter
somes exhibiting bulbs (Fig. &) whereas the bottom fraction possibility was investigated as follows. The effect of oligonu-
contained a mixture of bi- and multilamellar liposomes (Fig. 7cleotide binding was visualized by phase contrast and fluores-
B). cence microscopy using giant DSPC/Chol/DODAP/PEG-
CerC, liposomes in conjunction with FITC-labeled
oligonucleotides. All images represent thin sections of the
giant liposomes. Most of these liposomes are multilamellar and
display internal structure (Fig. I8ft side,A (in the absence of
ethanol), and (in 40% ethanal)). If ethanol is absent, the giant
The formation of the multilamellar liposomes seen in Fig. 6liposomes disintegrate into irregularly shaped aggregates and
must be preceded by liposome adhesion. However, 10 mol %®maller liposomes on addition of antisense (FigA 8hase
PEG-Cer completely inhibits adhesion in the absence of etha&ontrast image in the center and fluorescence image on the
nol. Two effects could contribute to liposome adhesion in thgight side). The green FITC fluorescence reveals the location
presence of ethanol: first, the increase in the amount of noref the oligonucleotides. A completely different picture is pre-
sented in the presence of 40% ethanol. The initially round
liposomes adopt a pear-shaped form 5-10 min after addition of
TABLE 4 Heterogeneity of liposome-encapsulated antisense oligonucleotide with the oligonucleotides located in a semicir-

The addition of oligonucleotides to cationic
liposomes in the presence of ethanol can give
rise to domain formation

samples as a function of the entrapped oligonucleotide-to- cle on one side of these structures (FigB,8phase contrast
lipid ratio image in the center and fluorescence image onmige side).
High initial ODN/I ratio Low initial ODN/I ratio The interior membranes are squeezed out from this horseshoe,

Fraction % Lipid % ODN ODN/I % Lipid % ODN opn/  Which detachgs and coIIapses,_pamc_uIarIy upon raising the
temperature, into a compact slightly irregular structure that

slslu '\éDZ Nng 06%5360 TE . N'g ; 0'01036 appears completely green in fluorescence. The segregation of
12 3.9 31 0117 148 89 o0os0 the oligonucleotides indicates that ethanol is able to facilitate
13 4.1 39  0.140 3.8 34 009 domain formation.

14 11.4 105  0.140 8.1 1.2 0.14

15 36.6 36.2 0148 315 459  0.146

16 12.8 144  0.168 9.7 154  0.16 . .

17 15.4 30.1 0.29 5.3 8.5 0.162 The encapsulation procedure can be applied to

Oligonucleotide was entrapped at a high (0.156 mg/mg) and at a low (O.Pther polynucleotides and can employ other lipid

mg/mg) final oligonucleotide-to-lipid ratio. The samples were fractionated COMpositions

in their component populations by ultracentrifugation on a sucrose gradis .
ent.®>H-CHE was used to determine lipid concentrations. The oIigonucIe—EXperlments were conducted to demonstrate that the en-

otide-to-lipid (ODN/I) ratios are weight ratios (mg/mg). SBU, sample trapment is a general feature of Fhe int.era.Cti(_)n of nega-
before ultracentrifugation; ND, not determined. tively charged polyelectrolytes with cationic liposomes.
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DISCUSSION

The use of membrane-destabilizing agents such as ethanol
in conjunction with PEG-lipids offers a new way to control
and modulate the interaction between highly charged poly-
mers and cationic liposomes. Ethanol can induce the for-
mation of multilamellar liposomes with concentric bilayer
shells from cationic LUVs, thereby trapping oligonucleo-
tides between the lamellae of these multilamellar vesicles
(MLVs). The use of a cationic lipid with a protonable
headgroup allows dissociation of aggregates and multila-
mellar structures with nonconcentric bilayer shells such as
bilayer stacks and easy removal of unentrapped oligonucle-
otides. Furthermore, incorporation of PEG-lipids into the
liposome membrane allows control of the size of the mul-
tilamellar liposomes. In the presence of PEG lipids, small
MLVs form, which are not significantly different in their
size distribution than the parent LUVs from which they
originated. Trapping efficiencies are 3 orders of magnitude
higher than achieved by passive encapsulation based on the
trapped volume. The following discussion will focus on the
formation of these multilamellar liposomes with regard to
differences as compared with complexes, the influence of
PEG-Cer on liposome size, and the mechanism of formation
of these multilamellar liposomes.

Cationic liposome/DNA complexes exhibit a large vari-
ety of different structures, including clusters of aggregated
liposomes with flat double-bilayer diaphragms in the areas
of contact, liposomes coated with DNA, and (aggregated)
multilamellar structures, where DNA is sandwiched be-
tween lipid bilayers (Gustafsson et al., 1995; Lasic, 1997;
Lasic etal., 1997; Huebner et al., 1999; Xu et al., 1999). The
latter structures can be flat stacks of bilayers or liposomes,
which frequently exhibit nonconcentric bilayer segments on
their outer surface. Similar structures have been observed
following binding of C&™" to negatively charged liposomes
FIGURE 7 Structural heterogeneity of liposomes encapsulating anti{Papahadjopoulos et al., 1975; Miller and Dahl, 1982; Rand
sense oligonucleotides. A sample prepared at an initial oligonucleotide-toet al., 1985; Kachar et al., 1986)_ The structural transfor-
ietons o o sont e oo, o monBlons occurting in hese systems were atiibuted toade-
ghglogy of thg liposomes ir? the two main fractionspw%s determined bysmn-medlated processes such as bilayer rupture and fusion
cryo-TEM. The oligonucleotide-to-lipid ratios in these fractions were 0.2 (Rand et al., 1985; Kachar et al., 1986; Huebner et al.,
mg/mg (A) and 0.32 mg/mg (B), respectively. The fraction with the lower 1999). First, liposomes aggregate cross-linked by DNA or
oligonucleotide-to-lipid ratio consists exclusively of bilamellar liposomes Cg2+ . Rapid spreading of the contact area deforms the
'(A)..Most pf these Iiposomgs exhibit bulb§, and the binding pf the biIa}./ers"posomeS as they flatten against each other. This places the
is d_|s_c0nt|_nu0us._The fractlc_)n with th(_a higher er?trapped qllgonucleotlde-bilayer under increased tension. If the tension (adhesion
to-lipid ratio consists of a mixture of bi- and multilamellar liposomB$. A . ) o
Bars, 100 nm. energy) is high enough, the stress imposed on the lipid

membrane can be relieved either by fusion (increase in
area/volume ratio) and/or rupture (volume loss). Most bi-
layers rupture when the area is increased~8p6 (Evans
Fig. 9 (solid bars) shows that other oligonucleotides thanand Parsegian, 1983). Upon bilayer rupture vesicles col-
anti-c-myc as well as plasmid-DNA can be efficiently lapse, flattening against each other to form multilamellar
entrapped in DSPC/Chol/DODAP/PEG-CgiC lipo-  stacks. Membrane-destabilizing agents such as ethanol can
somes. The entrapment procedure can also be extendednmdulate the structural rearrangements occurring upon in-
other lipid compositions including DOPE systems (Fig.teraction of cationic liposomes with DNA or oligonucleo-
9, open bars). tides. The multilamellar liposomes observed in the presence
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FIGURE 8 Lipid domain formation. The membrane-reorganizing effect of oligonucleotides was visualized by phase contrast and fluorescence
microscopy. Giant liposomes in 5 mM citrate buffer were incubated at pH 4 and room temperature with FITC-labeled oligonucleotide (FITC-labeled
anti-c-myc) at an oligonucleotide-to-lipid ratio of 0.2 mg/mg in the abseAgeuid presence (BndC) of 40% ethanol. Most of the initial giant liposomes

were multilamellar and exhibited internal structure Igf; side). In the absence of ethanol the giant liposomes fragmented into irregularly shaped structures
and smaller liposomes (A, phase contrast image iceh¢éerand the corresponding fluorescence image onitiie side). In 40% ethanol the initially round
liposomes adopted a pear-shaped form after 5-10 min with the oligonucleotide segregated to one side of this structure (Irpbsisee)dntrast image

in the centerand fluorescence image on thight side). Control liposomes in 40% ethanol in the absence of oligonucleotide are sh@xlefnside). An
expanded view of MLV in the presence of ethanol and oligonucleotides is preser@egliase contrast image on thedt and fluorescence image on the

right). Bar, 20um. The magnification is the same férandB.

of ethanol also point to an adhesion-mediated process faiapid lipid exchange as well as lipid flip-flop. In addition,
their formation. However, they differ from the complexes in ethanol has been shown to reduce the bending rigidity of
that they exhibit concentric bilayer shells (Figs. 6 and 10)lipid membranes (Safinya et al., 1989). Permeabilization of
Although ethanol is required for the latter structures to form,the liposomes results in rapid relief of the stress imposed on
it is not clear how it promotes these structural rearrangethe lipid membrane by volume loss (water efflux) as the
ments. The ethanol concentrations correlate with the loss ofesicles adhere and flatten against each other. The enhanced
the membrane permeability barrier for small molecules andipid exchange as well as the reduced bending rigidity affect
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FIGURE 9 (Solid bars) Entrapment of different antisense oligonucleo-
tides as well as plasmid DNA (pCMV-luc) in DSPC/Chol/PEG-CgfC
DODAP (20:45:10:25 mol %) liposomes. The initial oligonucleotide-to-
lipid weight ratio was 0.1 mg/mg, and 300 mM citrate buffer was used for ;iGURE 10 Model describing the effect of ethanol and PEG-Cer on the
oligonucleotide entrapment. The pDNA entrapment was performed in S5Qneraction of cationic liposomes with antisense oligonucleotides. In the
mM citrate buffer at a pDNA-to-lipid weight ratio of 0.03 mg/m@en  psence of a PEG coating and ethanol, complexes are formed mainly
bars) Entrapment of anti-c-myc in DSPC/Chol/PEG-CRfDODAP (20/  ¢4nsisting of aggregates and multilamellar structures with non-concentric
45/10/25 mol %) liposomes and DOPE/PEG-CgfBODAP (45/10/45  mempranes (Atop). Ethanol induces the formation of large multilamellar
mol %) liposomes. The initial oligonucleotide-to-lipid weight ratio was liposomes with concentric bilayer shells (Bottom). Incorporation of
0.12 mg/mg for the DSPC/chol system and 0.11 mg/mg for the DOPEpEG_cer prevents aggregation in the absence of ethanol whereas binding
system. The initial lipid concentration was 13 mM. of oligonucleotides to the liposomes is not inhibited, top). Small
multilamellar liposomes form in the presence of ethanol preceded by
adhesion of the parent LUVs in PEG-Cer-depleted regiond¢Bpm).

the restructuring of the lipid membranes. It has been shown
previously that there is a direct pathway from LUVs to liposomes and hence the number of liposomes, which can
MLVs independent of ethanol (Siegel and Epand, 1997)come into contact with each other. This can be achieved by
Similarities with our systems are obvious. At low pH, incorporation of PEG-lipids into the liposome membrane
phosphatidylethanolamine (PE) LUVs, in particular, di- with the polymer concentration being the variable that de-
palmitoleoyl-PE (DPoPE) LUVs, aggregate and form smalltermines the final size distribution. The polymer coating
MLVs at temperatures below the lamellar-to-hexagonaldoes not interfere with oligonucleotide binding. Multilamel-
phase transition (J) (Siegel et al., 1994, Siegel and Epand, lar liposomes not much larger than the parent LUVs from
1997). In the case of DPoOPE, which ha3,aof 43°C, the  which they originated formed at PEG-Cer concentrations of
extent and rate of MLV formation was temperature depen2.5 mol %, and their formation was not inhibited by PEG-
dent, more pronounced at higher temperatures (21°C) witiCer concentrations as high as 10 mol %. Adhesion was
aggregation dominating at lower temperatures (4°C). Acompletely abolished at 10 mol % PEG-Cer in the absence
similar temperature response was also found for our PEGef ethanol. In addition, the PEG coating was shown to
Cer-containing liposomes. At low temperature, aggregatiorprevent structural transformations of cationic liposome/oli-
was decoupled from subsequent structural reorganizatiorgonucleotide complexes, resulting in stable adhesion
(Fig. 3). For the PE systems, the formation of concentriqMeyer et al., 1998). Aggregation was virtually eliminated
bilayer shells was attributed to the large energy of adhesiom the presence of 6 mol % PEG-PE (Meyer et al., 1998).
of PE bilayers at pH 7 or less (Siegel and Epand, 1997).  Ethanol can contribute to liposome adhesion in two ways:
It is difficult to control the final size of the multilamellar first, by the increase in the amount of non-membrane-
liposomes. With increasing ethanol concentration the enincorporated PEG-Cer through rapid lipid exchange, and
trapment efficiency goes up, but at the same time the sizeecond, by formation of small domains depleted in PEG-Cer
becomes larger and the polydispersity increases (Table 1and enriched in oligonucleotides. Domain formation was
Two parameters, among others, that most affect the finabbserved with giant liposomes following binding of oligo-
size and lamellarity are the oligonucleotide-to-lipid ratio nucleotides in ethanol-containing solutions (Fig. 8). These
and the ethanol concentration. The former determines thdomains could be regions where contact is established. The
aggregate size and the latter the degree of membrane destpreading of the contact area would lead to lateral displace-
bilization. A reduction in size and polydispersity should bement and loss of PEG-Cer from the liposome membrane.
possible by limiting the number of adhesion points betweerThe latter was demonstrated to occur by the fractionation
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studies (Table 2). The subsequent structural rearrangementbaracterization of these detergent systems as well as on the
are again a consequence of this adhesion. It has been showaneral applicability of the ethanol procedure, particularly
previously that membrane adhesion is accompanied by lawith respect to the entrapment of positively charged poly-
eral phase separation. PEG-PE can be squeezed out from tlkectrolytes in negatively charged liposomes. The limita-
contact area, thereby allowing growth of adhesion patchesons imposed by the nature of the polyelectrolyte will be an
(Albersdorfer et al., 1997). additional point of investigation. For example, the lack of

Fig. 10 summarizes how ethanol and PEG-Cer affect thentrapment of ATP, a small molecule with three negative
interaction of cationic liposomes with antisense oligonuclecharges, indicates a dependence on the length of the
otides. In the absence of a PEG coating and ethanol, conmolecule.
plexes are formed mainly consisting of aggregates and In summary, this study shows that membrane-destabiliz-
multilamellar structures with open terminated membranesng agents can modulate the interaction of cationic lipo-
(Fig. 10 A). Ethanol induces the formation of large multi- somes with polyelectrolytes. MLVs form when oligonucle-
lamellar liposomes with concentric bilayer shells (Fig. 10otides interact with cationic LUVs in the presence of
A). In the absence of ethanol, incorporation of PEG-Ceethanol and detergents. Their size can be controlled by
prevents aggregation whereas binding of oligonucleotides tncorporation of PEG-Cer. The encapsulation procedure is
the liposomes is not inhibited (Fig. 1B). Small multila-  not restricted to a particular combination of polyelectrolyte
mellar liposomes formed in the presence of ethanol (Fig. 1&nd lipid composition but represents a general feature of the
B). The ethanol concentrations required for their formationinteraction of polyelectrolytes with oppositely charged li-
were found to be dependent on the lipid composition. Lesposomes. The high entrapment efficiencies achieved at high
ethanol was required when liposomes incorporated PE inpolyelectrolyte-to-lipid ratios and the small size and neutral
stead of phosphatidylcholine or when PEG-Cer was absentharacter of these novel liposomal systems are of utility for
The effect of oligonucleotide binding will be discussed in liposomal delivery of macromolecular drugs.
the following paragraph.

The binding of highly charged polyelectrolytes to oppo-
sitely charged liposomes promotes membrane destabilizave ackno_wled_ge Dr. Zhao Wang of Inex Pharmaceuticals for the synthesis
tion per se. Charge neutralization and concomitant reduc?’ the radioactively labeled PEG-Cer.
tion of the outer surface area leads to a gradient in IateralTnheii Vgﬁ;'mzseil:izzfl’:;d :i’htehrew'\i?E‘:E:'Ni‘i;izcgc?eonu”eC” 0; CEa”?:: a_:d
pressure in Fhe direction of t.he pllayer norm.al' This genel’-Research Council of Car?ada through a Collaborative Rcessgrch 2?1Id Deg:/e?-
ates a bending moment, which in turn contributes to destaﬁpment Program.
bilize the liposomes (Sackmann, 1994). The severity of the
destabilization depends on the polyelectrolyte-to-lipid ratio
and ranges from membrane distortion to fragmentationREFERENCES
Membrane distortion as well as invagination were found in
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