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Li t lipids with glycol) (PEG-lipid) are currently being developed
as drug delivery systems. These, so cafled, ‘Stealth®” liposomes h.wc a relatively long half life (~ 1 day) in blood circulation and
show an altered biodistrib in vivo. The ded lifetime appears o resuit from a steric stabilization of the liposome by the
grafied polymer. In order to characterize the surface structures (hat promulc steric stability in such polymer-grafted hpxd bllayer
systems, we have used X-ray diffraction to the or ion and interbil Ision for hipid/ ch

(2:1) bilayers incorporating 4 moi% of a PEG-lipid in which the molccular weight of the PEG moiety was 1900 g/mol. At this
concentration, applied pressure versus interbilayer distance ulalmns showcd that (hc grafted polymer moicty extended ~ 50 A
from the lipid surface and gave risc to a strong, slowly d p b that d their close
approach. Also, the pressure vs. distance relations were only modest altcred by ch the ionic st th of the medium (1
mM NaCl and 100 mM NaCl). Therefore, cven though the PEG-lipid headgroup bears a negative charge, the long range pressurc
cannot be due primarily 10 an electrostatic double layer pressurc. Mcasurements of Ilpld hllaycr clasticity using micropipet
manipulation showed that PEG-lipid did not change the properties of lipid/ch which was i
with the X-ray structural data showing that the PEG-lipid did not change the normal structure of the bilayer interior. From these
data we that the rep barrier of lipid-grafted PEG polymer chains originate mainly from a steric
pressure and that this simple polymer steric stabilization is the basis for the extended in rivo circulation times observed for

polymer-grafted liposomes.

Introduction

The presence of certain adsorbed or grafted poly-

and leads to an altered biodistribution of the polymer-
bearing liposomes. The term ‘Stealth’ liposome [13]
was coined to describe this evasive property and the
PEG:-lipids in particular are commonly referred to as
Stealth® lipids [14). Interest in surface polymers also

mers at the interface b biofluids and bi i
als is currently attracting considerable attention be-
cause of the repulsive properties that these pol S

ds to other devel concerning sclid bioma-

possess. For example, a newly developed strategy based
on lipid-grafted-polymer is leading to the availability of
a more effective liposome drug delivery system. Like
other colloidal particles [1], drugs and conventional
liposomes [2] are usually rapidly cleared from the circu-
lation by wie reticuloendothelial system (RES). How-
ever, the uptake of liposomes by the RES can be
slgmﬁcamly inhibited by incorporating bitayer- i-

terials, where the attachment of similar polymers is

being investigated in order to minimize or prevent the

adsorption ot proteins and cells from the bloodstream
[15-19] and as model polymer covered surfaces [20].

Several workers have recently measured a range of

ded ii 1 times [5-12] and lipo-

some aggregauon in vitro [21] for different lipid com-

ble species such as poly(ethylene glycol)-linked lipids
(PEG-lipid) or the ganglioside Gy, [3-12]. This strat-
egy results in an increase in liposome circulation time

C to: D. Need Engi and Ma-
terials Science, Duke University, Durham, NC 27706, USA.

2-10 mol% PEG-lipids in which
the molecular weight of the PEG moiety was between
750 g/mol and 5000 g/mol. Although such liposome
formulations have ahown reduced biofluid mteractlons
and have prol lated-drug

times to several days, of recogniti

sion and liposome blood clearance are still not fully
understood. It has been postulated that the mecha-




nisms at the root of the evasive property lie in a steric
stabilization of the liposome surface by the grafted
polymer [6,8-10,22]. Steric stabilization by the polymer
is expected to oppose the mutual aggregation that has
been found to occur between unmodified lipid surfaces
[23-27] and would 2iso appear to limit the interactions
of liposomes with all other cellular surfaces in the
blood system. In addition, the presence of surface
polymer inhibits protein adsorption [9,18,19] and so
may prevent destabilization and disintegration of lipo-
somes by the action of plasma lipoproteins [28,29].
Recent experimental studies have in fact shown that
the total protein binding to liposomes that have been
briefly exposed to whole blood in vivo is inversely
correlated with liposome clearance [30]. The PEG
polymer shouid aiso inhibit opsonization by immuno-
globulins that trigger specific uptake of the liposomes
by maciophages [6,9,12,31). In addition to these inter-
facial mechanisms, the cohesive properties of the lipid
bllayer [32] are expected to be important factors in
the physical and chemical stability and
labelling of li in the bloodstream.
Whilst polymers that are adsorbed or grafted onto a
variety of solid substrates have been the subject of
considerable theoretical and experimental investigation
[20,33-35], to our knowledge there has been only one
ot pol chain away from an
actual iipid bilayer surface and this was for a PEG
surfactant (nonyl-phenyl PEG) [36]. Thus, the motiva-
tion for our present study was to begin to characterize
the surface structures that appear to promote steric
stability in polymer-grafted lipid bilayer sytems. Our
initial studies aim to: (i) provide the first direct meas-
urements of the extension of lipid-grafted poly(ethyl-
ene glycol) chains from the surface of a lipid bilayer,
(ii) measure the mutual repulswe pressures that adja-
cent i lipid surfaces are d to
exert, (iii) determine whether Stealth liposomes them-
selves will come into adherent contact, and (iv) meas-
ure the effect of incorporating PEG-lipids on bilayer
mechanical stability. The results of these kinds of ex-
periments should help us to evaluate mechanisms of
biosurface stabilization and liposome blood clearance
and to test current grafted-polymer theories {20,33-
35,37-39].

Materials and Metheds

Materials

For both X-ray and micropipet experiments, lipids
were chosen to be similar to typical formulations cur-
rently being tested in vivo. In these experiments the
Stealth lipid consisted of a poly(ethylene glycol) (PEG)
polymer (1900 g /mol, degree of polymerization of ~ 43
mers), that was covalently bonded to a lipid molecule
(N-(carbamyl-poly(ethylene glycol methyi ether)-1,2-
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distearyl-sn-glycero-3-phosphoethanolamine, sodium
salt, from Liposome Technology Inc., Menlo Park CA,
commonly abbreviated to DSPE™PEG). Here, the
polymer lipid is simply referred to as PEG-lipid. 4
mol% of this PEG-lipid was incorporated into lipid
bilayers so that the PEG was essentially grafted at the
surface of the bilayer and is thus distinct from ad-
sorbed p Stealth b d of
stearoyloleoylphosphatidylcholi (“OPC)/ cholester-
ol(C) at a moi ratio of 2: 1 with the PEG-lipid included
at 4 mol%. ‘Conventional’ lipid bilayers (without
PEG-lipid) were composed of SOPC/C at mol ratios
of 2:1.

SOPC was obtamed from Avanti Polar Lipids.
Chol poly( idone) (PVP) (average
molecular weight of 40000). and dextran (average
molecular weight of 255 000) were obtained from Sigma
Chemical Corp. PVP and dextran osmoticant solutions
of 0 to 40% w/w were made in either 1 mM or 100
mM NaCl in triply distilled water.

X-ray diffraction

In order to directly quantify mutual repulsion be-
tween free-standing lipid surfaces containing grafted-
polymer, we have used an X-ray diffraction method to
study Itil llar lipid
tions. This method has 1roven utility in measuring a
range of interbilayer repulsive pressures such as short
range steric, hydration, clectrostatic, and fluctuation
interactions [40-47]. Low- and wide-angle X-ray
diffraction patterns were recorded from bilayers sub-
Jected to applled osmotic pressures, as both unoriei.:ed

in ions and as oriented muiti-
layers in relative humidity atmospheres.

For the unoriented multiwalled liposomes, osmotic
pressure was applied by the method of LeNeveu et al.
[40]. In brief, an excess amount of a solution of a
neutral polymer, cither PVP or dextran was added to
the dry lipid. Because PVP and dextran molecules are
too large to enter b the lipid il: they
compete for water and apply an osmotic pressure to
the lipid multilayers [40,48]. Osmotic pressures for the
PVP and dextran osmoticant solutions have been previ-
ously measured {48] and range from 1.1 10° t0 3.2 - 107
dyne/cm?® The validity of the assumpiion that the
polymer did not enter the lipid lattice was demon-
strated by experiments in which the dry lipid was

d from the po lution by a dialysis mem-
brane. Similar diffraction patterns were recorded in
osmotic stress experiments in the presence and ab-
sence of the dialysis bag. Moreover, the same diffrac-
tion patterns were reoordcd from speclmens equlll-
brated in either PVP or d of

p The lipid i P
were d with ni ard incubated for several
hours with periodic vortexing above the lipid’s main
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phase transition temperature. Several freeze-thaw cy-
cles were employed to assure that the NaCl solution
was uniformly distributed throughout the multilayers.
‘The lipid-polymer suspensions were sealed in quartz
glass capillary tubes and mounted in a point-collima-
tion X-ray diffraction camera [41-43,46).

Oriented multilamellar specimens were formed by
placing a small drop of lipid-chloroform solution on a
piece of aluminum foil and slowly evaporating the
chloroform. The foll substrate was glven d convcx cur-
vature and dina 1l

of such structures [32,54]. Briefly, lipid/cholesterol
mixtures were made in a chloroform/ methanol solu-
tion and liposomes were formed by gentle rehydration
of dried lipid lamellac from a teflon substrate using
sucrose solutions (160 mosM). The sucrose-containing
liposome sample was difuted wiiit 180 mosM glucose
and added to the manipulation chamber on the video
microscope stage. Although few in number, large unil-
amellar (20-40 pm diameter) liposomes were identi-
f|cd for the aspiration test. The slight deftation of the

on a line-focussed single-mirror X-ray camera, where
the X-ray beam was oriented at a grazing angle relative
to the lipid muitilayers. The humidity chamber con-
sisted of a canister with two mylar windows for passage
of the X-ray beam. Pressures in the range of 2.8+ 107 to
5.8- 10% dyne/cmz were applied through the vapor
phase to the oriented lipid multilayers by the use of
established procedures [42,49). The vapor pressure was
controlled by means of a cup of saturated salt solution
in the chamber. To speed equilibration, a gentle stream
of nitrogen gas was passcd through a flask oi ihe
d salt sol and through the ct

For all specimens (oriented mulula yers and unori-
ented lipid-osmoticant suspcnsions), X-ray diffraction
patterns were recorded at 20°C on Kodak DEF X-ray
film. The films were densitometercd with a Joyce-Loeb!
microdensitometer as described previously [41,42]. Af-

p in the hyp otic media produced a small
projection in the suction pipet. Aiter a prc-stress, the
pipet suction p was i d d and
finally i d again in i to produce lipo-
some lysis (failure). The corresponding change in lipo-
some projection length in the pipet was recorded on
video.

Subsequent analysis of pipet and liposome gcometry
allowed the calculation of the relative membrane area
change & (liposome area change, 44, divided by an
initial, low stress area A,) in response to induced
membrane tension T due to liposome pressurization
[54]. The changes in projection length in the pipet were
solely due to changes in isotropic membrane ension
and not volume changes. Membranc isotropic tension
was then plotted versus membrane area change, for
membrane tensions greater than ~ 0.5 dyne/cm [32).

In order to make a direct test of the expected

ter background subtraction, integrated i ities, I(h),
were obtained for each order /# by measuring the area
under each diffraction peak. For nunoriented patterns.,
the structure amplitude F(#) was set ecqual to
{n*1(h))'/? {50,51]. For the oriented line-focussed pat-
terns the intensitics were corrected by a single factor of
h due to the cylindrical curvature of the multilayers
[50,51] so that F(h) = {hi(h)})'/2

Electron density profiles, p(x), on a relative elec-
tron density scale were calculated from

px) =2/ drEexplo() - Fihy cos2msh /d) (B

where x is the distance from the center of the bilayer,
d is the lamellar repeat period, ¢(#4) is the phasc angle
for order A, and the sum is over h. Phase angles were
determined by the use of the sampling theorem [52] as
described in detail previously [53]. All electron density
profiles described in this paper are at a resolution of
d/2h,,. =6 A.

Micropipet manipulation

The mechanical stability of individual liposomes was
determined by using a micropipet manipulation method
that measured the elastic area expansion modulus K,
and the tensile strength of the bilayers. The prepara-
tion of giant [ is well d d in several
recent publications concerning the imicromanipulation

dh pmperty of Stealth liposomes we used
another micropipet ion technique employing
two micropipets [25,27). Two liposomes were trans-
fered into 100 mM NaCi solution, maneouvered into
close proximity but not forced into contact, and the
pipets were then left in these fixed positions. In this
experimental method, the extent of adhesive spreading
of one liposome onto the other was controlled by pipet
suction pressure. One liposome was held under high
tension { ~ 3 dyr.e /cm) so that it formed a rigid spheri-
cal test surface. whilst the other was held under lower,
variable suctivn pressure. In this test, spontaneous
adhesion is allowed to occur in discrete, equilibrium
steps controlled by pipet suction pressure applied to
the spreading liposome. The adhesion energy is then
calculated from the pipet suction pressure and pipet
and liposome geemctries.

Results

Applied pressure versus lamellar repeat period

For each specimen of SOPC/C or SOPC/C with 4
mol% PEG-lipid, the X-ray diffraction pattern con-
sisted of from 3 to 8 low-angle reflections, which in-
dexed as orders of a lamellar repeat period, and a
single wide-angie band centered at 4.5 A. These pat-
terns are typical of lipid bilayers in the liquid-crystal-
line phase [55). For both SOPC/C and SOPC/C/



PEG lipid bilayers, the position and width of the
gle pattern was independest of applied i
pressure.

We first consider X-ray experiments for liposomes
in 100 mM NaCl and in relative humidity 2tmospheres.
A plot of the data for SOPC/C bilayers with and
without PEG-lipid is shown in Fig. 1 as logarithm of
applied pressure versus lamellar repeat period. For
2:1 SOPC/C bnlayers, the lamellar repeat period
ranged from 67.0 A'for an applied pressure of P= 1.6

+10° dyne/cm? (liposomes in 4% PVP in 100 mM
NaCi) to 55.8 A at P =5.8-10% dyne/cm? (multilayers
at a relative vapor pressure of 0.66). For 2:1 SOPC/C
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Fig. 2. X-ray structure factors for 2:1 SOPC/C bilayers in the
ahunc.. (0) and presence (@) of 4 mol% PEG-lipid plotted versus

bilayers containing 4 mol% PEG-lipid, the lamell
repeat penod ranged from 1700 A at P=40-10%
dyne /cm‘ (liposomes in 3% PVP in 100 mM NaCl) to
105.7 A at P=2.8-107 dyne/cm? (multilayers at a
relative vapor pressure of 0.98). For the specimens
containing the PEG-lipid, at higher applied pressure
than 1.0-10* dyne/cm? (lower relative vapor pres-
sures) additional low-angle reflections were observed
with spacings corresponding to pure SOPC/C bilayers.
This indicates that phase separation occurred at these
higher applied pressures. In this paper we analyze only
the data obtained for pressures 3.0 - 10° dyne /cm? < P
< 1.0-10% dyne/cm?, where a single lamellar phase
was present for all specimens examined.

All SOPC/C specimens contained 4 or § orders of
diffraction, whereas the SOPC/C/PEG-lipid speci-
mens usually contained only 3 or 4 orders. However,
the SOPC/C/PEG-lipid specimen at the highest ap-
plied pressure (P=2.8-107 dyne/cm?) contained 8
orders of diffraction, so that this diffraction pattern
was at comparable resolution (d/2/t,, = 6 A) to all of
the SOPC/C specimens. Structure factors for all of the
SOPC/C data and the SOPC/C/PEG-lipid specimen
at P=28-107 dync/cm? are shown in Fig. 2. The
solid line is the continuous Fourier transform for the
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Fig. 1. Plot of logarithm of applied pressure (log P) versus lamellar

repeat period for 2:1 SOPC/C bilayers in the absence (@) and

presence of 4 mol% PEG:-lipid (8). Osmoiic stress experiments were

performed on oriented multilayers in relative humidity atmospheres

(log P =7.5) and on unoriented liposomes in polymer solutions

(log P < 7.5). For the liposome experiments, the stressing solutions
contained 100 mM NaCl.

| space i The solid line is the continuous trans-
form for the SOPC /C data calculated using the sampling theorem as
described in the text.

" h

SOPC/C data calcvlated using the
[52] and one particular data set. The phases for the
SOPC/C data were calculated using the same analysis
as detailed in McIntosh and Holloway [53} and are the
same as those previously obtained from 2:1 egg’C/C
bilayers [43). Since all of the SOPC/C structure factors
fall close to this line, the structure of thls bilayer is
1 at all appli

(41 43,56]. For the SOPC/C/PEG-lipid speclmun most
of the structure factors fall close to this continuous
transform, although, the structure factors correspond-
ing to the first and third orders of diffraction fall
slightly off the transform (Fig. 2).

Electron density profiles

Fig. 3 shows electron density profiles for both
SOPC/C (top) and SOPC/C/PEG-lipid (bottom) at
the same applied pressure of 2.8+ 107 dyne/cm? In
this figure, two adjacent unit cells are shown. In the
bilayer on the left side of each profile, the high density
peaks, located at about +25 A from the bilayer center,
correspond to the high density lipid headgroups and
the lower electron density region in the center of the
profile corresponds to the lipid hydrocarhbon chains.
“Stick figure’ representations of the lipids and PEG-
lipids are included in the figure to identify these re-
gions of the bilayer. The medium density region be-
tween head group peaks from adjacent bilayers corre-
sponds to the fluid space between adjacent bilayers.
Note that the fluid space is much wider for the bilayers
containing the PEG-lipids.

Fig. 4 shows electron density profiles from the same
SOPC/C and SOPC/C/PEG-lipid bilayers superim-
posed so that the organization of the bilayer interiors
can be more readily compared. In this figure only one
unit cell is shown. From —25 A to +25 A the two
profiles superimpose quite closely. The distance be-
tween the headgroup peaks across the bilayer is quite
similar for the bilayers with and without PEG-lipids.
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Fig. 3. Electron density profiles for 2:1 SOPC/C bilayers in the

absence {top) and presence (hottom) of 4 mol% PEG-lipid. For each

profile two unit cells are shown. Stick figure models are included to

show tie positions of the lipid molecules in the profiles. fn these

stick figures, the circles the ipi the

straight lines represent the hydrocarbon chains. and the curvy lines
represent the attached PEG.

The pcalg-lo-pcak separation across the bilayer is 44.7
A + 0.8 A (mean + S.D. for ninc osmotic stress experi-
ments) for SOPC/C bilayers and 45.5 £ (one experi-
ment at P=28-10" dyne/cm*) for the SOPC/C/
PEG-lipid bilayer.

These profiles can now be used to estimate the
distance between the edges of the SOPC/C bilayers.
As noted previously {41-43], the definition of the
lipid/ water interface is somewhat arbitrary, because
the bilayer surface is not smooth, the lipid headgroups
are mobile [S7], and water penetrates into the head-
group region of the bilayer {58,59]. We operatiorally
define the bilayer width as the total thickness of the
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Distance from Bilayer Center (A)
Fig. 4. Electron density profiles for 2:1 SOPC/C bilayers in the
absence (dashed line) and presence (solid line) of 4 mol®r PEG-lipid.
One unit cell is shown for cach profile.
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Fig. . Plot of logarithm of applied pressure (log P) versus the

distance between the surfaces of adjacent bilayers composed of 2;1

SOPC/C in the absence (@) and presence of 4 mol% PEG-lipid (#)

in 100 mM NaCl. Also shown are data for SOPC/C/PEG-lipid i |
mM NaCl(0).

SOPC/C bilayer assuming that the phosphocholine
headgroup conformation is the sume as it is in single
crystals of dimyristoylphosphatidylcholine [60]. That is,
we assume that the phosphocholine group is, on aver-
age, oriented approximately parallel to the bilayer
plane. Since at this resolution the high density head-
group pcaks in the electron density profile are known
to be located between the phosphate moiety and the
glycerol backbene of the lipid [601.62]. the ‘physical’
edge of the bilayer lics about 5 A outward from the
center of the high density peaks in the clectron density
profiles [41,42,47]. Thus, we estimate the total SOPC/C
bilayer thickness to be the distance between headgroup
peaks in the profiles plus 10 A. With these assump-
tions, the distance between the surfaces of the SOPC/C
bilayers can be calculated for cach osmotic stress ex-
periment by subtracting the total bilayer thickness (54.7
A for SOPC/C and 55.5 A for SOPC/C/PEG-lipid)
from the lamellar repeat period.

Applied | versus interbilayer sef
Fig. 5 shows a plot of the logarithm of applied
pressure versus the distance b the surfaces of

adjacent SOPC/C bilayers in the presence and ab-
sence of 4 mol% PEG-lipid. For all applied pressures
the presence of the PEG-lipid markedly increases the
fluid space between bilayers. For example, at the low-
est applied pressure the fluid separation is increased
by about 100 A.

Fig. 5 also compares osmotic stress data taken from
liposomes in polymer solutions in 100 mM NaCl and 1
mM NaCl. For SOPC/C bvilayers, the intetbilayer sep-
aration is nearly the same in 100 mM and 1 mM NaCi
(not shown), whereas for SOPC/C/PEG-lipid bilayers
interbilayer separation is larger in 1 mM NaCl com-
pared to 100 mM NaCl especially at lower applied
pressures, For log P <5, lamellar diffraction was not
obtained for SOPC /C/PEG:-lipid suspensions in 1 mM
NaCl, indicating indefinite swelling of the multilayers.
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d by the incorporation of the same amount of
PEG-lipid. Since it has previously been found that K
depends strongly on the area per lipid molecule [32],
the invariance of K with incorporation of PEG-lipid is
consistent with the same bilayer thickness for SOPC/C
in the presence and absence of PEG-lipid.

Origin of interbilayer repulsive pressure

For applied pressures ranging over five orders of
magnitude, both the lamellar repeat period (Fig. 1) and
distance between adjacent bilayer surface (Fig. 5) ave

000 001 002 003 004 005 006

o
Fig. 6. Membrane stress versus membrane areal strain. Increasing
the membrane tension caused a linear increase in liposome mem-
brane arca. The slope of this line 47 /Aa, for membrane tensions
greater than ~ 0.5 dyne/cm, is the elastic area expansion modulus
K. which for this particular lippsome was 345 dyne /cm. Subsequent
increases in membrane tension produced failure of the membrane
and lysis of the liposome at some critical areal strain a,., and tensile
strength 7,.

Micropipet manipulation

Membrane isotropic tension was plotted versus
membrane area chanse to give a direct measure of the
elastic area expamsion modulus K and and tensile
strength 7, for 2:1 SOPC/T bilayers containing 4
mol% PEG -lipid (Fig. 6). For smgle walled liposomes,
the average arca ¢ 3t was obtained from
the slope of these stress vs. strain plots to be 343 + 67
dyne/cm and the average tensile strength was deter-
mined from the maximum stress at failure to bc 16.5 +
2.5 dyne /cm. These values are similar to those previ-
ously recorded for SOPC/C bilayers [32).

Using the dual micropipet method to make a direct
test of the expected non-adherence property on indi-
vidua! Stealth liposomes, we observed that SOPC/C
2:1 liposomes with 4 mol% PEG-lipid did not show
any tendency to spread on each other upon maneou-
vering into contact; they simply undulated freely when
not supported by micropipet suction pressure. No mea-
sureable level of adhesion was detected.

Discussion

Structure of bilayers containing PEG-lipids

The electron density profiles (Figs. 3 and 4) demon-
strate that the |nc0rporat|on of 4 mol% PEG-lipid mto
SOPC/C does not app ly modify the organi

considerably larger upon the incorporation of 4 mol%
PEG-lipid. Thus, the pressure-distance relations (Fig.
5) showed that the incorporation of PEG-lipids in-
creascs both the magnitude and the range of the repul-
sive pressure between adjacent SOPC/C bilayers.
Based on these data we now argue that this repulsive
pressure must be mainly a steric pressure, and can not
be primarily due to increases in the other repulsive
pressures that have been shown to act between appos-
ing bilayers, namely the hydraticn, electrostatic, and
undulation pressures. We consider in turn each of
these repulsive pressures.

The hyd pressure ed with bound water
at the bilayer/water interface is always short-ranged
[41,49); it has never been observed to be larger than
the van der Waals attractive pressure for distances
greater than about 20 A [40,41,49,63). Therefore, the
hydration repulsion cannot by itself account for the
large (up to 100 A) increase in observed fluid space
caused by the PEG-lipid.

The PEG-lipid headgroup bears a negative charge
and so it was also important to evaluate the relative
contribution of electrostatic repulsion. This repulsive
pressure can be estimated from our data taken as a
function of NaCl concentration, since the magnitude of
electrostatic pressure between two charged plates is
proportional to the bulk salt concentration [64). Al-
though there is a sl difference in the pressure—dis-
tance profiles observed in 1 and 100 mM NaCl solu-
tions, this difference is small for applied pressures
greater than l05 dyne/cm, i.e., for bilayer separations
less than 100 A. This implics that the electrostatic
contribution to the total pressure is also relatively
small in these ranges of pressure and distance. In
contrast, for applied pressures less than 10° dyne/cm,
apposing bilayers swell up to a finite separatic:i in 100
mM NaCl but swell apart indefinitely in 1 mM NaCl.
This implies that at low ionic strengxhs clectrostatic
repulsnon can in fact play a role in the nature of the

of the bilayer interior. The i mvanancc of the structure
and thickness of the bilayer hydrocarbon region upon
the addition of PEG-lipid is consistent with our micro-
manipulation studies which showed that the elastic
arca expansion modulus and tensile strength are also

ont yers at low applicd pressures
and large scparations. However, since the ionic strength
in plasma is ~ 300 mM, our data indicates that elec-
trostatic repulsion does not contribute appreciably to
the total repulsive pressure caused by PEG-lipids in
blood circulation.
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The contribution of undulation pressur:, which de-
pends on the curvature elastic properties of the bilayer,
must also be quite small for several reasons. First, the
undulation p for bil ining this amount
of cholesterol is usually weak [65], due to the higher
moduli for area expansion {32] and bilayer curvature
[66]. Our micromanipulation expcrinicnts show that the
mcorporatlon of PEG-lipid does not change (lower) the

are a direct of the
sive barrier properties of PEG lipid.
What this data implies is that the interaction of
macromolecules such as piasma proteins and cellular
surfaces with bilayers containing PEG-lipid is probably
limited to a distance of ~ 50 A from the phospholipid
surface. This barrier would then likely inhibit the kinds
of contact-destabilization that plasma lipoproteins ap-

d steric repul-

area dulus, and therefc cannot appre- pear to exert on the lipid molecules of unmodified lipid
ciably modify the undulation pressure. N , simi- the ization of the i , and the
lar pressure distance relations are observed for 4 mol% dhesi! ition by ph g cells.

PEGe-lipid in both liquid-crystalline (Fig. 5) and gel
phase DSPC biiayers [67] Jemon ig that the samc
repulsive pressures are given by rigid (non-undulating)
bllaye's Thus, the major portion of the increased

r in bilayers ining PEG-lipid at
|on|c strengths of 100 mM or greater must be caused by
a steric pressure.

Polymer extension z v<y from the bilayer surface

We expect that the non-adsorbing, but grafted PEG
of this molecular weight (1900 g/mol) at this surface
dcnsil);, has an extension away from the svrface of
~ 50 A. This expectation is based on scaling theories
[37-39] that also predict that a repulsive pressure
should only develop when the two surface polymer
layers begin to cverlap. A measure of the extension of
the polymer awat from the surface can therefore be
obtained from our osmotic pressure data (Fig. 5) which
show that the repulsive pressure begins at an inter-
bilayer gap of about .00 A, in close agreement
twice the theoretical polymer extension of ~ 50 A We
are currently in the process of collecting pressure-dis-
tance data as a function of both the molecular weight
of the PEG moiety and the concentration of PEG-lipid
in the bllayer so that we can prowde direct tests of
these th itr {39}, i jing the niagni-
tude of the repulsion [39,67].

Role of the repulsive barrier in blood circulation of
Stealth liposomes

The main resuit from several studies of in vivo
circulation times is that whilst free drug is rapidly
cleared from the bloodstream in only a few minutes
and ‘conventional’ liposomes are essentially cleared
with a circulating half-life of ~ tens of mi the

In the absence of surface polymer, neutral lipid
bilayers (and bilayers with loss than 5 mol% charge}
will approach to wuhm 10 A-20 A of each other
before the repulsive | pp closer
appreach. At this small wparatlon distance, the bilay-
ers snread on each other, adhere and enter an attrac-
tive, frec energy minimum because of the action of
interbilayer van der Waals forces [23,27]. For PEG-lipid
bil it is d that interbil altraction due
to van der Waals forces will not come into play because
ot the much larger distances of separation. In our

icropipet test, no ble level of adhesion was
observed, which indicates that mutual polymer repul-
sion can in fact overcome the van der Waals attraction
between lipid bilayers [23,27). We plan to use this
experimental methoa to determine whether adhesion
occurs between Stealth liposomes and a range of cellu-
lar surfaces by replacing the test liposome with a test
cell. This direct test will allow us to more fully explore
the role of RES recognition and binding on liposome
uptake and removal from the circulation.

It is also important to mention that our measures of
the polymer extension length are useful in the design
of immuno-Stealth liposomes where a specific receptor
moiety is incorporated along with the PEG-lipid {68).
In order for the receptor to be available for bindi
whilst the lipid surface is still protected, the distance
that the receptor extends from the surface will likely
have to be matched by the grafted polymer extension.

Finally, the measurcments of lipid bilayer efasticity
showed that the elastic area expansion modulus for the
PEG-lipid ining bilayers was ly the same
as that measured previously for unmodified SOPC/C
hposomcs [32]. Thus, the mechanical stability of Stealth

circulating half-life of liposomes modified with the
PEG lipid is on the order of tens of hours. Thus, 24 h

after i ous inj a ively iigh p

was unaltered by the incor of PFG-
lipid, and was still d d by the phospholipid and
cholesterol components. From this we may infer that

the i d in vivo ion times for the Stealth

(~ 50%) of the injected dose can stlll be found i the
bloodstream. A comparison between these data and
the interbilayer scparation data of Fig. 3 and Fig. 5
shows that the longer circulation times recorded for
PEG liposomes correlates with an increase in the size
of the interbilayer gap and range of Ision. Thus,

formulation cannot be due to an enhanced mechanical
cohesion, which indirectly supports our conclusions
from X-iay that steric stabilization is the primary
mechanism. These results also imply that high mechan-
ical cohesion of the lipid bilayer may not be a pre-

we can now argue that the increased circulation times

when access to the lipid surface is inhibited
by PEG-lipid. This feature makes the Stealth liposome



a very versatile construct with regard to lipid composi-
tion when one now considers designing for the release
of drug from the liposome interior at the delivery site.

Conclusions

Our data firm the lati that
membrane-bound polymenc PEGs (1900 g/mol), can
exert a significant interbilayer repuision [5~12]. More-
over, they show for this particular PEG molecuiar
weight and surface that the pol
chain extends a distance of ~50 A from the lipid
bilaver surface. The rer nroperties of this poly-
meric barrier correlate with the longer in vivo circula-
tion time that is observed for Stealth liposomes and
this correlation provides direct support for the hypoth-
esis that the i Ith property lies in a
steric siabilization mechanism. Thus, these nicasuie~
ments strongly suggest that the molecular origin of
PLG-liposome stability in blood circulation is a conse-
quence of the extended conformation of PEG polymer
at the surface which inhibits mutual aggregation and
hkely reduces interactions with plasma prole\m and
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