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ABSTRACT. The effect of poly(ethylene glycoblipid (PEG—lipid) conjugates on liposomal fusion was
investigated. Incorporation of PE@ipids into large unilamellar vesicles (LUVs) composed of equimolar
phosphatidylethanolamine (PE) and phosphatidylserine (PS) inhibited calcium-induced fusion. The degree
of inhibition increased with increasing molar ratio of the PEG conjugate and with increasing size of the
PEG moiety. Inhibition appeared to result from the steric barrier on the surface of the liposomes which
opposed apposition of bilayers and interbilayer contact. In the presence of a large excess of neutral
acceptor liposomes, however, fusogenic activity was restored. The rate of fusion under these conditions
depended on the initial molar ratio of the PEG conjugate in the PE:PS vesicles and the length and degree
of saturation of the acyl chains which composed the lipid anchor. These results are consistent with
spontaneous transfer of the PE(pid from PE:PS LUVs to the neutral lipid sink reducing the steric
barrier and allowing fusion of the PE:PS LUVs. The primary determinant of the rate of fusion was the
rate of transfer of the PEGipid, indicating that liposomal fusion could be programmed by incorporation

of appropriate PEGIipid conjugates. Interestingly, increasing the size of the PEG group did not appear
to affect the rate of fusion. The implications of these results with respect to the design of fusogenic
liposomal drug delivery systems are discussed.

Theories on the mechanism(s) whereby biological mem- H, phase, would be inhibited by the steric hindrance resulting
branes undergo fusion have developed largely from studiesfrom hydrophilic PEG chains on the liposome surface.

of the corresponding process in model systems such as sijnce close apposition of bilayers is a prerequisite for both
phospholipid vesicles. Such studies have revealed a cor-the bilayer to H phase transition and membrane fusion
relation between the ability of phospholipids to adopt the (Sjegel, 1986a,b; Ellens et al., 1986a; Allen et al., 1990), it
hexagonal i phase under defined conditions of temperature, may be hypothesized that incorporation of PEIpids into
pH, divalent cation concentration and ionic strength, and the |arge unilamellar vesicles (LUVS)vould inhibit their fusion.
fUSOgeniCity of the same mixture [rEViewed in Cullis et al. In this paper the effects of PE6|p|dS on calcium-induced
(1991)]. This correlation probably reflects the need to adopt, fusjon of LUVs composed of phosphatidylethanolamine (PE)
at least transiently, the highly curved non-bilayer structures gnd phosphatidylserine (PS) are described. The results
proposed as intermediates in fusion (Cullis & Hope, 1978; indicate not only that PESIipids inhibit fusion of PE:PS
Siegel, 1986a,b; Ellens et al., 1986a,b, 1989) rather than aj yvs when incorporated into the bilayer but also that
direct involvement of ki phase lipidper se fusogenic activity is recovered under conditions that allow
In the preceding paper (Holland et al., 1996) it was shown spontaneous transfer of the PE(pid out of the PE:PS
that the polymorphic properties of DOPE:cholesterol (1:1) vesicles. The rate at which fusogenic activity is recovered
mixtures could be dramatically influenced by inclusion of i shown to be controlled to a large extent by the same

poly(ethylene glycoly lipid conjugates (PEGlipids). The  parameters that regulate spontaneous transfer of lipids
bilayer to hexagonal transition temperatufg) fvas increased  petween bilayers.

and the transition occurred over a much broader temperature

range than was observed in the absence of Pli@l. It

was proposed that two factors contributed to this bilayer EXPERIMENTAL PROCEDURES
stabilizing effect. The first derives from the dynamic
molecular shape hypothesis (Cullis et al., 1991) wherein the Materials. All phospholipids including fluorescent probes
complementary “inverted cone” shape of the PEG conjugate and PEG-PE conjugates were purchased from Avanti Polar
would help to accommodate the “cone-shaped” DOPE and Lipids, Birmingham, AL. 1©-Methylpoly(ethoxy)O-suc-
cholesterol within a bilayer structure. Second, close bilayer cinyl-O-(egg)ceramide was obtained from Northern Lipids,
apposition, a prerequisite to the transition from bilayer to
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§ Department of Pharmacology and Therapeutics. choline; HBS, Hepes-buffered saline; LUVs, large unilamellar vesicles;
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Vancouver, BC, Canada. Other reagents were purchased 100
from Sigma, St. Louis, MO.

Preparation of Multilamellar Vesicles and Large Unila-
mellar Vesicles.Lipid components were mixed in benzene:
methanol (95:5, v/v) at a lipid concentration of approximately
50 mg/mL and then lyophilized for a minimum of 5 h at a
pressure of<60 mTorr using a Virtis lyophilizer equipped
with a liquid N, trap. Multilamellar vesicles (MLVs) were
prepared by hydrating the dry lipid mixtures in 150 mM NacCl
buffered with 10 mM Hepes-NaOH, pH 7.4 (Hepes-buffered 20 | T T
saline, HBS). To assist lipid hydration the suspension was
vortexed and then frozen (liquid Nand thawed (30C)
five times (Mayer et al., 1986). Large unilamellar vesicles 0
(LUVs) were produced by extrusion of the frozen and thawed 0 1 2 3 4 5
MLVs ten times through two stacked polycarbonate filters

of 100 nm pore size at 30 and pressures of 26®00 psi . e . _ _
(Hope et al., 1985) using an Extruder (Lipex Biomembranes, FIGURE 1. Inhibition of PE:PS vesicle fusion by DMPEPEGyooo
Liposomes were prepared from equimolar mixtures of DOPE and

Vancouver, BC, Canada). POPS containing (a) 0, (b) 0.5, (c) 1, or (d) 2 mole % DMPE
Vesicle Fusion AssayFusion between LUVs was fol-  PEGyg, In addition to the above lipids, labeled liposomes also

lowed by measuring lipid mixing using a modification of contained the fluorescent lipids NBEPE and Rk-PE at 0.5 mole
the fluorescence resonance energy transfer (FRET) assay Oﬁefgcizéﬁllouz;re%s%?n?f‘;(a:bg(radsgp;sb%r%?z (tfri]réag‘é%ri‘tfg:tg?tg‘g"?gl J
Struck et al. (1981). Largg !Jnllamellar veS|cIe§ .(DOPE: excess of unlabeled liposomes followed | min later by Géfial
POPS) were prepared containing the fluorescent lipidg)- concentration 5 mM).
nitro-2-oxa-1,3-diazol-4-yl)dioleoylphosphatidylethano-

lamine (NBD-PE) and\-(lissamine rhodamine B sulfonyl)-  Fiske and Subbarow (1925). Liposome size distributions
dipalmitoylphosphatidylethanolamine (RRE) at 0.5 mole  were determined by quasielastic light scattering (QELS)

% each. These fluorescent labeled LUVst8DuM) and  ysing a Nicomp 370 particle sizer (Madden et al., 1988).
a 3-fold excess of unlabeled PE:PS LUVs were mixed in

the fluorimeter at 37C or in sealed cuvettes in a dark water RESULTS

bath at 37°C for the longer time courses. For measurements

of fusion after PEG lipid transfer, an excess of vesicles  Effect of PE-PEGyqo 0n Fusion of PE:PS LUVsThe
prepared from 1-palmitoyl-2-oleoylphosphatidylcholine fusion assay developed by Struck et al. (1981) relies on
(POPC) was added as a sink for the PHPid. Fluores- resonance energy transfer between the fluorescent lipids,
cence emission intensity was measured at 517 nm (slit widthNBD—PE and RR-PE. The efficiency of this energy

5 nm) with excitation at 465 nm (slit width 5 nm) both before transfer is very sensitive to the relative membrane concentra-
and after the addition of Triton X-100 (final concentration tions of the two probes, and, in the case where both are
of 0.5% or 1% when POPC vesicles were employed as apresent at 0.5 mole %, results in marked quenching of the
sink for PEG-lipid) using a Perkin-Elmer LS-50 spectro- €emission signal from NBBPE. If vesicles containing these
fluorimeter. Data are presented as either uncorrected fluo-molar ratios of fluorescent lipids fuse with unlabeled vesicles,
rescence intensity for short-term assay$lf) or as percent-  however, lipid mixing will occur resulting in dilution of the
age fusion. Light-scattering controls were performed by fluorescent probes and recovery of the emission signal from

replacing LUVs labeled with 0.5 mole % probes with NBD—PE. This behavior is illustrated in Figure 1. When
unlabeled vesicles. Maximum fusion was determined using Unlabeled LUVs composed of DOPE:POPS (1:1) were added

mock fused vesicles containing 0.125 mole % of each to fluorescent labeled LUVs of similar composition, there
fluorescent probe. The percentage fusion was calculated agvas a small jump in apparent fluorescence intensity due to
increased light scattering but no fusion (Figure 1, trace a).

(Ft — Lt) (FO — LO) Upon addition of 5 mM C#, however, a rapid increase in

Fluorescence intensity

2+
Acceptors Ca

Time (min)

fluorescence intensity was observed, consistent with lipid

 \Fr— Ly Fr—L; . ; i
% fusion= 100 mixing as a result of membrane fusion. Fusion was complete
M — L) [Fo— L within a few seconds, and there followed a slow decrease in
M; — Ly Fr—L; measured fluorescence. Inspection of the cuvette revealed

the presence of visible aggregates that settled despite stirring,

whereF, = fluorescence intensity at tinieF, = fluorescence resulting in the observed decrease in fluorescence intensity.
intensity at zero timeFr = fluorescence intensity in the ~ When PEGaooo conjugated to dimyristoylphosphatidyletha-
presence of Triton X-100.M and L represent the same Nolamine (DMPE-PEGoog Was included in both the labeled
measurements for the mock fused control and the ||ght_ and unlabeled PE:PS LUVs, however, inhibition of fusion
scattering control respectively. Changes in fluorescence of Was observed. As shown in Figure 1 (tracesdpinhibition
the mock fused control indicated that exchange of the Was dependent on the molar ratio of DMPEEGoooin the
fluorescent probes over 24 h accounted for 10% of the Vesicles with as little as 2 mole % being sufficient to prevent
fluorescence change observed but was negligible over theC&*-induced fusion.
first hour. Effect of PEEPEG Loss on FusionPhospholipids con-

Other Procedures. Phospholipid concentrations were jugated to PEGs of molecular masses #5000 Da can
determined by assaying for phosphate using the method ofundergo spontaneous transfer between liposomes. The half-
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FicURe 2: Recovery of fusogenic activity after PE®E removal. FiGure 3: Recovery of fusogenic activity; dependence on DMPE

Fusion between fluorescent labeled and unlabeled PE:PS LUVsSPEGaoo molar ratio. Fusion between fluorescent labeled and
containing 2 mole % DMPEPEGyy was assayed as described unlabeled PE:PS LUVs containing (a) 2, (b) 3, (c) 5, or (d) 10
under Figure 1 except that 1 min after addition of GaCl.2-fold mole % DMPE-PEGyoowas assayed as described under Figure 2
excess (over labeled vesicles) of POPC liposomes (curve a) or anexcept that POPC liposomes were added as a 36-fold excess over
equivalent volume of buffer (curve b) was added. labeled vesicles.

time for transfer of these conjugates can vary from minutes prior to fusion as the molar ratio of DMPHPE Gy initially
to hours and depends on both the size of the PEG grouppresent in the PE:PS LUVs is increased from 2% to 5%.
(Silvius & Zuckermann, 1993) and the nature of the acyl Again it should be noted that the apparent jump in fluores-
chains that anchor the conjugate in the bilayer (Silvius & cence intensity seen at time zero (arrow) for all samples
Leventis, 1993). We therefore examined the behavior of PE: results from light scattering by the POPC vesicles and not
PS LUVs containing 2 mole % DMPEPEGyy under fusion. In the case of vesicles prepared with 10 mole %
conditions where the PEQipid would be expected to  PEG-lipid, we would anticipate that full equilibration with
transfer out of the liposomes. Following addition of calcium the POPC “acceptor” vesicles would reduce the molar ratio
chloride (5 mM) to PE:PS liposomes containing 2 mole % in the outer leaflet of the PE:PS LUVs to about | mole %.
DMPE—PEGyo, a 12-fold excess (over fluorescent labeled As indicated in Figure |, this should be sufficient largely to
vesicles) of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) prevent fusion, and in agreement we see little increase in
liposomes were added as a sink for the PEG-PE. Full fluorescence intensity for this sample (Figure 3, trace d).
equilibration between all of the vesicles would be expected Effect of PEG-PE Acyl Chain Composition on Fusogenic
to reduce the molar ratio of DMPEPEGyq in the outer Activity. Since fusion is dependent on migration of the
monolayer of the PE:PS vesicles to 0.5 mole %. As shown PEG-PE out of the PE:PS LUVSs, it may be expected that
in Figure 2 (curve a), while fusion was initially blocked by the rate at which fusogenic activity is recovered would
the presence of DMPEPEGy, the addition of POPC  depend on the rate at which this loss occurs. One factor
liposomes, to act as a sink, led to recovery of fusogenic that affects the rate of spontaneous lipid transfer from one
activity following a short time lag. It should be noted that membrane to another is the acyl chain length of the migrating
the apparent jump in fluorescence intensity that occurred lipid species. We therefore compared the recovery of
when POPC liposomes were initially added to PE:PS vesiclesfusogenic activity of PE:PS LUVs containing 2 mole %
(curve a) resulted from increased light scattering, not fusion. DMPE—PE Gy With those containing 2 mole % DPPE
Control experiments demonstrated that no fusion occurred PEGygg,or 2 mole % DSPEPEGyq following addition of
in the absence of POPC liposomes (Figure 2, curve b).an acceptor vesicle sink. As can be seen from Figure 4A,
Experiments were also undertaken to determine if fusion increasing acyl chain length from 14 to 16 carbons caused a
occurred between PE:PS vesicles and POPC liposomes. Irdramatic increase in the lag period before fusion was
this case, the incubation mixture contained only fluorescently initiated. Although similar levels of fusion occurred using
labeled PE:PS vesicles and neutral acceptor liposomes;ither DMPE-PEGyogo0r DPPE-PEGyoq this process was
addition of calcium, therefore, would lead to recovery of essentially complete in 40 min when DMPEPEGgq was
fluorescence signal only as the result of fusion between PE:the stabilizer but took 24 h when DPPPEGyqoWas used.
PS vesicles and POPC liposomes. No evidence of fusionThe implied decrease in rate of transfer {3W-fold) is
between anionic and neutral vesicles was obtained. consistent with previous measurements of the effect of acyl
To confirm that recovery of fusogenic activity was chain length on rates of spontaneous phospholipid migration
dependent on removal of PEPE, we examined the (Silvius & Leventis, 1993). Increasing the acyl chain length
influence of initial PEG-lipid molar ratio on the duration  to 18 carbons (DSPEPEGy, Figure 4A) extended the lag
of the lag phase prior to fusion (Figure 3). Liposomes even further, and after 24 h the level of fusion was only
containing equimolar PE and PS were prepared with 2, 3, 5,20% of maximum. Extended observations beyond 24 h were
or 10 mole % DMPEPEGyy Fluorescent labeled and not performed because of potential complications arising
unlabeled vesicles were mixed at a ratio of 1:3, and after from exchange of the fluorescent probes.
the addition of 5 mM CagG) a 36-fold excess (over labeled A second factor that affects the rate of spontaneous transfer
vesicles) of POPC liposomes were added. As shown in of phospholipids between bilayers is the degree of unsat-
Figure 3, there is a progressive increase in the lag perioduration of the acyl chains. The rate of fusion of LUVs
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Ficure 4: Programmable fusion. Fusion between fluorescent 0
labeled and unlabeled PE:PS LUVs containing 2 mole % of the 0 1 5 15 25
indicated PE-PEGyo Wwas assayed as described under Figure 2.
The percentage of fusion was calculated as described under Time (hr)

Experimental Procedures. (A) DMPEPEGyy (®); DPPE-

. . Ficure 5: Influence of PEG molecular weight on fusion. (A)
PEC;ZOQQ (’), DSPEPEC;ZOOO (A) (B) DOPEPEGzooo (A), egg . . . . .
ceramide-PEGoooo (V). Assays were carried out as described in Figure 1. PE:PS LUVs

contained (a) 0, (b) 0.25, (c) 0.5, or (d) 1 mole % DMPFEG;g00
containing 2 mole % DOPEPEGyqo is shown in Figure (B) Assays were performed as described under Figure 4. PE:PS
4B. The presence of a double bond increased the rate of-YVS contained 1 mole % of DMPEPEGsoo (@), DPPE-PEGsoo
. Lo . (®), or DSPE-PEGsono (A).

recovery of fusogenic activity in the presence of a sink over
that exhibited by vesicles containing the corresponding confers protection against fusion at much lower molar ratios.
saturated species (DSPPEGyq, Figure 4A). The rate of For example, whereas 2 mole % DMPBEGyqois required
fusion of PE:PS LUVs containing DOPEPEGyoo Was, in to completely inhibit fusion, only 1 mole % DMPEPEGs00
fact, similar to that seen for systems containing DPPE achieves the same effect.
PEGgoe Figure 4B also shows the rate of fusion obtained  The influence of acyl chain composition on the rate of
when the neutral PEGlipid species, egg ceramit€®EGog fusion of PE:PS LUVs in the presence of excess “acceptor”
was employed as the protective component. The fusion rateliposomes was also examined for the longer chain PEG
was somewhat faster than observed with either DPPE conjugate. As observed for the PBEGyq Series, there
PEGoor or DOPE-PEGyscontaining systems. Although was a marked dependence of acyl chain length on vesicle
differences in the interaction of the two lipid anchors with fusion rate (Figure 5B). Essentially complete fusion was
neighboring phospholipids make direct comparison of in- observed in less than 60 min for PE:PS LUVs containing
terbilayer transfer rates and hence fusion difficult, the results DMPE—PEGsq00 While vesicles containing DPPHPEGsgo
indicate that the presence of a negative charge (as is presengxhibited a similar extent of fusion only after about 24 h. In
on the PE-PEG lipids) is not required for desorption of the the case of PE:PS vesicles containing DSPEGsooq,
conjugate. Further the protective ability of egg ceramide somewhat higher levels of fusion were observed at 24 h
conjugates suggests that the hydrophilic PEG moiety is compared to systems containing DSHEE Gy (cf. Figure
largely responsible for inhibition of C&induced fusion 4), but even so this represented less than 30% of maximal
rather than the nature of the lipid anchor. fusion. Interestingly, the rates of fusion observed for PE:

Effect of PEG Molecular Weight on Fusogenic Adtyi. PS LUVs containing 1 mole % of the PEPEGq Series
Given that the presence of PEG conjugated to the liposomewere similar to those seen for vesicles containing 2 mole %
surface results in a steric barrier that inhibits close bilayer of the PEEPEGoq Sseries. The initial molar ratios of these
apposition and subsequent fusion, the magnitude of thistwo PE-PEG series were selected on the basis of their
barrier should increase with increasing PEG molecular relative abilities to inhibit fusion (cf. Figures 1 and 5A), and
weight. We therefore prepared PE:PS (1:1) LUVs containing it was our expectation that faster rates of fusion would be
a longer chain PEG conjugate (DMPPEG9 and ex- seen in systems containing the Pidgmoiety as a result of
amined the concentration dependence of fusion inhibition faster inter-bilayer transfer of these longer chain conjugates
(Figure 5A). The results are similar to those obtained with (Silvius & Zuckermann, 1993). A comparison of Figures 4
DMPE—PEGygooexcept that the longer chain PEG conjugate and 5B, however, indicates that this is not the case. To
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80 — - ~ - The use of hydrophilic polymers to provide a steric barrier
has previously been applied to liposomal drug delivery
systems (Papahadjopoulos et al., 1991). Following intrave-
60 | ] nous administration, the major route of liposome clearance
from the blood involves uptake by free and fixed macroph-
ages of the reticuloendothelium system (RES). It appears
that recognition and accumulation of circulating liposomes
by the RES are triggered by binding of plasma proteins to
the vesicle surface. Several studies have shown that incor-
poration of PEGlipid conjugates or monosialoganglioside
Gw into the liposomal membrane reduces the level of protein
binding resulting in much longer blood circulation lifetimes
(Senior et al., 1991; Chonn et al., 1992; Litzinger et al., 1994;
Torchilin et al., 1994). Similarly, incorporation of PEG
Time (min) lipid conjugates inhibits streptavidin-induced aggregation of
FIGURE 6: Recovery of PE:PS vesicle fusogenic activity; compari- liposomes containing biotinylated lipids (Klibanov et al.,
son of DMPE-PEGypand DMPE-PEGat equal oxyethylene  1991; Mori et al., 1991; Litzinger et al., 1994), and liposome
molar ratio. PE:PS LUV contained either 2 mole % Biséupper  cross-linking during protein coupling (Harasym et al., 1995).
g:r\ég)sgrribse?ﬂr?d?r ',D:E%‘;‘é(lg_wer curve). Other conditions were “While polymer-lipid conjugates can enhance the blood
) , ) circulation times of liposomal drug delivery systems, to
examine this aspect further we compared fusion rates undergerive maximum advantage from the steric barrier they
conditions whgre'the ini;ial surface density of et'hylene glycol provide it is clearly necessary that the conjugate remain
groups was similar. Figure 6 shows the fusion of PE:PS 5g50ciated with the liposome. Measurements of spontaneous
(1:1) LUVs containing 5 mole % DMPEPEGyqo0r 2 mole transfer rates for various hydrophilic polymers conjugated
% DMPE-PEGsoqo after addition of an excess of acceptor 1 phosphatidylethanolamine indicate, however, that these
vesicles to act as a sink for the PEGpid. The rates 5165 are dramatically increased over the unconjugated
observed are very similar suggesting that DMEEGsooo phospholipid (Silvius & Zuckermann, 1993). This is con-
did not transfer appreciably faster than DMPEEGyooo This sistent with results presented here, where it is shown that
observation is considered further in the Discussion. while PEG-lipid conjugates can prevent &ainduced fusion
of PE:PS LUVs, fusogenic activity is restored upon addition
DISCUSSION of acceptor liposomes to which the PE@id can exchange.
Calcium-induced fusion of liposomes containing phos- That the recovery of fusogenic activity represents a decrease
phatidylserine has been studied extensively as a model ofin the surface density of the polymer is supported by the
membrane fusion [reviewed in Wilschut 1991)]. It has been observation that there is a lag period between the addition
proposed that Ca acts either by neutralizing the charge of acceptor liposomes and the onset of fusion and that the
repulsion between negatively charged liposomes, therebylength of this delay and the subsequent rate of fusion are
promoting dehydration and bilayer contact through the dependent on the initial concentration of the conjugate and
formation of interbilayer C&—PS complexes (Portis et al., the nature of the lipid anchor. Increasing the hydrophobicity
1979), or by inducing formation of non-bilayer fusion of the lipid anchor by increasing acyl chain length decreases
intermediates (Tilcock et al., 1984). It is of interest that in the rate at which fusion occurs and increases the lag period
mixed lipid systems containing PS, fusion can occur without prior to the initiation of fusion. Conversely, introduction of
lateral phase separation (Bally et al., 1983; Silvius & Gagne, a double bond has the opposite effect. The magnitude of
1984; Duzgunes et al., 1984; Tilcock et al., 1984). the changes in fusion rate are comparable to reported changes
Regardless of the structures formed during or after fusion, in rates of spontaneous phospholipid transfer due to similar
the initial step must involve close apposition of bilayers so changes in acyl chain composition (Nichols, 1985; Ferrell
that membrane contact can occur. The presence of bulkyet al., 1985; Homan & Pownall, 1988; Silvius & Leventis,
hydrophilic groups on the membrane surface, however, may1993) and suggest that the rate of transfer of the conjugate
be expected to interfere with this close approach. Measure-is the primary determinant of the rate at which fusogenic
ments of bilayer repeat spacings in multilamellar vesicles activity is restored.
containing DSPEPEG, for example, indicate that the Increasing the size of the PEG moiety increases the
hydrophilic polymer extends approximately 5 nm beyond the effectiveness of the steric barrier and reduces the molar ratio
bilayer surface (Needham et al., 1992) whereas for fusion required to completely inhibit fusion. However, for PE:PS
to occur the bilayers must approach to withinZLnm before LUVs containing either DMPEPE Gyggo0r DMPE-PEGsg0
contact can be established. Consistent with this earlier workthere was little difference in the rates at which fusogenic
we show that incorporation of PEGipid conjugates into activity was recovered upon addition of a sink. This is
PE:PS LUVs blocks Cd-induced fusion, with as little as 1 surprising given that the conjugate with the larger PEG
mole % PE-PEGy or 2 mole % PEPEGqy being moiety would be expected to transfer out of the vesicles more
sufficient to achieve this effect. These molar ratios, which rapidly than the one with the smaller PEG group. Silvius
represent approximately 425 and 850 PEG molecules,and Zuckermann (1993), for example, reported a 1.7-fold
respectively, on the outer surface of 100 nm vesicles, are inincrease in transfer rate going from DMPBEGyqq to
good agreement with recent theoretical estimates of the DMPE—PEGo, It may be that the higher molar ratios of
polymer grafting density required for steric protection of PEG-lipid used in our experiments lead to interactions
liposomes (Torchilin et al., 1994). between the hydrophilic chains at the vesicle surface. The
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rate-limiting step in lipid exchange is believed to be allowing enhanced accumulation at sites of disease. Unlike
desorption from the bilayer. If following this step, however, conventional delivery systems, however, loss of the PEG
diffusion of the PEG-lipid away from the liposome surface lipid would cause the vesicles to become unstable and would
were slowed by “tangling” or steric hindrance due to adjacent promote fusion with adjacent membranes. This would ensure
PEG conjugates, then this would be expected to increase thehat the encapsulated drug was released at the disease site
likelihood of bilayer reinsertion of the lipid anchor and hence or, preferably, introduced directly to the target cell or
reduce the net rate of PE@ipid loss from the vesicle. Such  organism. Further, given that the rate of exchange of the
a steric barrier to diffusion away from the liposome surface PEG conjugate is determined by the nature of the hydro-
might be more pronounced in the case of the longer chain phobic anchor, it would be possible to program the rate of
PEG moiety resulting in similar net transfer rates for destabilization to ensure that the inherent fusogenic character
DMPE—PEGyg00 and DMPE-PEGg0o of the vesicles was expressed only after they had exited the
The LUVs used in these experiments were produced by circulation and had achieved maximal levels at the target
incorporating the PEGlIipid conjugate into the dried lipid  site(s).
film prior to hydration. Consequently the conjugate would  In conclusion, while a number of studies have demon-
be distributed in both the inner and outer monolayers. Thesestrated that incorporation of hydrophilic polymers into
two pools of PEG-lipid probably remain distinct as trans- liposomes provides a steric barrier that can minimize
bilayer movement of the conjugate is highly unlikely. Only interaction with blood componenits vivo and thereby extend
the pool in the outer monolayer contributes to the steric circulation lifetimes, the results herein show that PHi@id
barrier that inhibits bilayer apposition and only this pool is conjugates can also be used to regulate membrane fusion
free to transfer between bilayers. It is apparent from the and may be of utility in the development of programmable
results that the presence of PE(iid in the inner monolayer  fusogenic liposomes for intracellular drug delivery.
does not prevent fusion. This is not surprising in view of
current models of membrane fusion [e.g. Siegel (1993)] REFERENCES
which, in_the _initiaI stages at Ieastz involve interaction Allen, T. M., Hong, K., & Papahadjopoulos, D. (19@jpchemistry
between lipids in the cis-monolayers (i.e., the apposed outer 29 2976-2985.
monolayers of vesicles). It has been suggested previously,Bally, M. B., Tilcock, C. P. S., Hope, M. J., & Cullis, P. R. (1983)
however, that modulating trans-monolayer properties may Can. J. Biochem. Cell Biol. 61346-352.

. ot ; Chonn, A., Semple, S. C., & Cullis, P. R. (1992)Biol. Chem.
alter the rate of lipid equilibration between these two leaflets 267, 18759-18765.

(Walter & Siegel, 1993). The extent of lipid mixing Cullis, P. R., & Hope, M. J. (1978)ature 271 672674,
observed in the present study, however, indicates that innercyjiis p. R.. Tilcock, C. P., & Hope, M. J. (1991) Membrane
monolayer lipids are also involved. Fusion (Wilschut, J., & Hoekstra, D., Eds) pp 3%4, Marcel

If we extrapolate the present results to the situation WhereD Dekker, I’Gc.l,oN_ew Y?rlj' . B L L. Wilschut
PEG-lipids are used to suppress liposome uptake by the Puzgunes, N., Paiement, J., Freeman, K. B., Lopez, N. ., Wilschut,
RES, then it would be predigt%d that th rate of 10ss of PEG 3+ & Papahadjopoulos, D. (198BJochemistry 2334863494,

o’ . . ) Ellens, H., Bentz, J., & Szoka, F. C. (198@ipchemistry 25285~
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