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ABSTRACT Because liposomes containing fluoroalkylated phospholipids are being developed for in vivo drug delivery, the
structure and interactive properties of several fluoroalkylated glycerophosphocholines (PCs) were investigated by x-ray
diffraction/osmotic stress, dipole potential, and hydrophobic ion binding measurements. The lipids included PCs with highly
fluorinated tails on both alkyl chains and PCs with one hydrocarbon chain and one fluoroalkylated chain. Electron density
profiles showed high electron density peaks in the center of the bilayer corresponding to the fluorine atoms. The height and
width of these high density peaks varied systematically, depending on the number of fluorines and their position on the alkyl
chains, and on whether the bilayer was in the gel or liquid crystalline phase. Wide-angle diffraction showed that in both gel
and liquid crystalline bilayers the distance between adjacent alkyl chains was greater in fluoroalkylated PCs than in analogous
hydrocarbon PCs. For interbilayer separations of less than about 8 A, pressure-distance relations for fluoroalkylated PCs were
similar to those previously obtained from PC bilayers with hydrocarbon chains. However, for bilayer separations greater than
8 A, the total repulsive pressure depended on whether the fluoroalkylated PC was in a gel or liquid-crystalline phase. We argue
that these pressure-distance relations contain contributions from both hydration and entropic repulsive pressures. Dipole
potentials ranged from -680 mV for PCs with both chains fluoroalkylated to -180 mV for PCs with one chain fluoroalkylated,
compared to +415 mV for egg PC. The change in dipole potential as a function of subphase concentration of tetraphenyl-
boron was much larger for egg PC than for fluorinated PC monolayers, indicating that the fluorine atoms modified the binding
of this hydrophobic anion. Thus, compared to conventional liposomes, liposomes made from fluoroalkylated PCs have
different binding properties, which may be relevant to their use as drug carriers.

INTRODUCTION

The substitution of fluorine for hydrogen in the hydrophobic
chains of phospholipids influences both physicochemical
and biological activity. Thus, difluoromethylene-labeled
phospholipids have nonideal mixing properties with their
hydrocarbon analogs (Sturtevant et al., 1979) and have
structural differences (Tristram-Nagle and Dowd, 1994).
Compared to conventional hydrocarbon phospholipid lipo-
somes, liposomes formed from phospholipids containing
chains with highly fluorinated tails (such as shown in Fig. 1)
have 1) modified thermotropic phase behavior (Santaella et
al., 1994; Vierling et al., 1995) and dynamics (Santaella and
Vierling, 1995), 2) reduced solubility for lipophilic probes
(Santaella et al., 1994), 3) reduced membrane permeability
(Frezard et al., 1994a,b), and 4) increased stability in bio-
logical media (in terms of release of entrapped probes)
(Frezard et al., 1994a,b). Several of these highly fluoroal-
kylated phosphatidylcholines form stable liposomes both
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above and below the main thermal transition (Santaella et
al., 1994). Although no detailed analysis of their structure
has been performed, it has been argued that in these bilayers
the fluorinated tails are localized in the center of the bilayer,
creating a lipophobic fluorocarbon layer surrounded by
lipophilic shells formed by the hydrocarbon portions of the
chains (Santaella et al., 1993).

Fluorinated phospholipids are of biological interest be-
cause the high sensitivity of fluorine- 19 NMR enables them
to be identified in membranes and because liposomes com-
posed of highly fluoroalkylated phospholipids are currently
being investigated as vehicles for in vivo drug delivery
(Frezard et al., 1994a,b; Riess, 1994; Vierling et al., 1995;
Riess et al., 1996). Necessary requirements for liposomal
drug carriers are the ability to encapsulate specific drugs,
compatibility with biological tissues, and prolonged stabil-
ity in the blood vasculature. Liposomes formed from fluo-
rine-modified phosphatidylcholines fulfill, to some extent,
these requirements. These liposomes can be efficiently
loaded with anticancer drugs (Frezard et al., 1994a) and are
biocompatible with mice and cells in culture (Santaella et
al., 1991; Vierling et al., 1995; Ravily et al., 1996). Impor-
tantly, liposomes made from highly fluorinated PCs have
extended in vivo blood circulation times (Santaella et al.,
1993; Frezard et al., 1994a,b).
To remain in the blood circulation for extended periods,

liposomes must not only have stable bilayer structures, but
must be able to avoid ingestion by tissue macrophages that
recognize proteins such as opsonins bound to the liposomes
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FIGURE 1 Molecular structures of the fluorocarbon/fluorocarbon and
mixed-chain fluorocarbon/hydrocarbon glycerophosphocholine molecules
used in this study.

(Semple et al., 1996). Conventional liposomes injected into
the bloodstream quickly bind serum proteins (Semple et al.,
1996), are taken up by macrophages located primarily in the
liver or spleen, and therefore cannot be efficiently targeted
to other regions of the body. In addition to fluorinated
liposomes, liposomes containing phospholipids with co-

valently attached polyethylene glycol (PEG) have also been
shown to have extended blood circulation times (Blume and
Cevc, 1990; Klibanov et al., 1990; Allen et al., 1991;
Papahadjopoulos et al., 1991). In the case of PEG-lipo-
somes, this increased blood circulation time has been attrib-
uted to the steric repulsive barrier around the liposome
provided by the covalently attached PEG, which prevents
opsonin from binding to the liposome (Lasic et al., 1991;
Papahadjopoulos et al., 1991; Woodle et al., 1992). The
range and magnitude of this repulsive barrier have been
measured for several different PEG-liposomes (Needham et
al., 1992; Kuhl et al., 1994; Kenworthy et al., 1995).
The reasons are not known for the increased blood cir-

culation time for vesicles composed of fluorinated lipids,
although it has been suggested that fluorinated vesicles have
reduced protein adsorption or differences in the nature of
proteins adsorbed compared to conventional liposomes
(Santaella et al., 1993; Privitera et al., 1995; Vierling et al.,
1995). Because fluorinated PC liposomes are uncharged and
do not have receptors, protein binding must be mediated by
nonspecific interactions such as hydrophobic, hydration,
and van der Waals interactions. At least some nonspecific
interactions might be affected by the presence of fluoroal-
kylated chains in the bilayers. For example, fluorocarbons
are quite hydrophobic and display a low affinity for hydro-
carbons (Mukerjee and Handa, 1981). Fluorines could mod-
ify the van der Waals interaction, because liquid perfluori-
nated alkanes have lower static dielectric constants than
normal alkanes (Lifanova et al., 1992). Fluorines in the

bilayer interior should also have a large influence on the

dipole potential, because dipole potentials measured in
monolayers at air-water interfaces have opposite signs for
amphiphiles with terminal -CH3 and -CF3 moieties (Adam,
1968; Miller et al., 1987; Vogel and Mobius, 1988; Taylor
et al., 1990). The magnitude of the dipole potential has been
related to the magnitude of the repulsive hydration pressure
(Simon and McIntosh, 1989; Simon et al., 1992) and to the
binding of hydrophobic ions to the bilayer surface (Cafiso,
1995). However, because the dipole potential depends on
contributions from all oriented dipoles in the bilayer, in-
cluding those of the lipid and solvent molecules (Zheng and
Vanderkooi, 1992; Chiu et al., 1995; E,Bmann et al., 1995),
it is difficult to predict the dipole potential of fluoroalk-
lyated phosphatidylcholines with the fluorines distributed
on one or more acyl chains. Comparisons of dipole potential
data with measurements of pressure-distance relations and
hydrophobic ion binding could provide useful information
on the interfacial effects of dipoles located deep in the core
region of the bilayer. In addition, fluorines could also affect
the repulsive undulation pressure by altering the flexibility
of the bilayer by virtue of the presence of the -CF3 and -CF2
moieties that occupy a larger volume than the corresponding
hydrocarbon moieties.

In this paper we employ several methods to obtain infor-
mation on the structure and interactive properties of lipo-
somes made from various highly fluorinated phospholipids
(Fig. 1). X-ray diffraction analysis of osmotically stressed
multilamellar systems is used to determine the structure and
pressure-distance relations for bilayers composed of these
fluoroalkylated phospholipids. Dipole potentials and bind-
ing of hydrophobic ions to monolayers of these lipids are
measured and correlated with the observed interbilayer re-
pulsive pressures.

MATERIALS AND METHODS

Materials

Bilayers were studied that contained the following fluoroalkylated phos-
phatidylcholines: l,2-di(F4Cl l)PC; 1,2-di(F8C5)PC; 1,3-(F8Cll)(C18)-
OPC; 1,3-(F6Cll)(C18)0PC; 1,2-(F8Ell)(C16)0PC; 1,3-di(F6CII)OPC;
and 1,2-(F8C 1)(C16)OPC. As shown in Fig. 1, these double-chain phos-
pholipids differ in the number of fluorocarbon chains, in the length of the
fluorinated tails and hydrocarbon spacers, in the chemical linkages (ester or
ether), and in the positions (1,2- or 1,3-) of the chains on the glycerol
backbone. The fluorocarbon (di-O-acyl) phosphatidylcholines and di-O-
alkylglycerophosphocholines were synthesized by procedures described in
detail by Santaella et al. (1991) and Ravily et al. (1996), respectively. Lipid
purity (>99%) was periodically checked by thin-layer chromatography and
'H-, 13C-, and 3'P-NMR. All of these phospholipids are rac-derivatives.
Compound 1,2-(F8E1 1)(C16)OPC consists of a mixture of cis and, mainly,
trans isomer (cis/trans < 10/90; Ravily et al., 1996). The main phase
transition temperatures of these lipids measured by differential scanning
calorimetry (DSC) have been found to be 18.6°C for 1,2-di(F4Cll)PC;
69.3°C for 1,2-di(F8C5)PC (Santaella et al., 1994); 46.4°C for 1,3-
(F8C1l)(C18)0PC; 39°C for l,3-(F6C1l)(C18)0PC; 5.1'C for 1,2-
(F8E1 l)(C16)0PC; 52°C for l,3-di(F6Cl l)OPC; and 44°C for 1,2-
(F8C1 l)(C16)OPC (Vierling et al., 1995; Ravily et al. 1996).

Sodium tetraphenylboron was obtained from Aldrich Chemical Com-
pany (Milwaukee, WI).
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X-ray diffraction

X-ray diffraction analysis was performed on both unoriented suspensions
of multiwalled vesicles and oriented multilayers subjected to known os-
motic pressures (LeNeveu et al., 1977; Parsegian et al., 1979; McIntosh
and Simon, 1986; McIntosh et al., 1987). Osmotic stress was applied to the
liposomes by incubating them in aqueous solutions of dextran or PEG.
Because these polymers are too large to enter the lipid lattice, they compete
for water with the lipid multilayers, thereby applying an osmotic pressure
(P) (LeNeveu et al., 1977; Parsegian et al., 1979). Pressure was applied to
oriented multibilayers by incubating them in constant relative humidity
atmospheres maintained with various saturated salt solutions (O'Brien,
1948). In this case, the applied pressure is given by

P = -(RTIVw) - ln(plpo), (1)

where R is the molar gas constant, T is the temperature in degrees Kelvin,
p/p. is the ratio of the vapor pressure of the saturated salt solution to the
vapor pressure of pure water, and Vw is the partial molar volume of water
(Parsegian et al., 1979).

Unoriented suspensions were prepared by adding excess (more than
90% by weight) buffer (100 mM NaCl, 20 mM HEPES, pH 7) or polymer
solution and incubating with extensive vortexing above the lipid's phase
transition temperature. To facilitate equilibration of the salt across the
multilayers, several freeze-thaw cycles were used. Suspensions were pel-
leted with a bench centrifuge, sealed in quartz glass x-ray capillary tubes,
and mounted in a point collimation x-ray camera. Oriented multilayers
were formed by drying a small drop of lipid/chloroform solution onto a
curved glass substrate. The multilayers on the glass substrate were mounted
in a controlled humidity chamber on a single-mirror (line-focused) x-ray
camera such that the x-ray beam was oriented at a grazing angle relative to
the multilayers (McIntosh et al., 1987, 1989b). The humidity chamber,
which contained a cup of the saturated salt solution, consisted of a hollow-
walled copper cannister with two Mylar windows for passage of the x-ray
beam. To speed equilibration, a gentle stream of nitrogen was passed
through a flask of the saturated salt solution and then through the chamber.

For both oriented and unoriented specimens, x-ray diffraction patterns
were recorded on Kodak DEF x-ray film. The films were processed by
standard techniques and densitometered with a Joyce-Loebl microdensito-
meter as described previously (McIntosh and Simon, 1986; McIntosh et al.,
1987, 1989b). After background subtraction, integrated intensities, I(h),
were obtained for each order h by measuring the area under each diffrac-
tion peak. For unoriented patterns, the structure amplitude F(h) was set
equal to {h2I(h)} 1/2 (Blaurock and Worthington, 1966; Herbette et al.,
1977). For the oriented line-focused patterns the intensities were corrected
by a single factor of h due to the cylindrical curvature of the multilayers
(Blaurock and Worthington, 1966; Herbette et al., 1977), so that F(h)
{hI(h)} '/.

Information on the structure of the bilayers was obtained by a Fourier
analysis of the x-ray data. Electron density profiles, p(x), on a relative
electron density scale were calculated from

p(x) = (2/d)l exp{i4(h)} F(h) cos (2wxhld), (2)

where x is the distance from the center of the bilayer, d is the lamellar
repeat period, +(h) is the phase angle for order h, and the sum is over h.
Phase angles were determined by the use of the sampling theorem (Shan-
non, 1949), as described in detail previously (McIntosh and Simon, 1986;
McIntosh and Holloway, 1987; McIntosh et al., 1989a).

As described in the Results, the electron density profiles were used to
estimate the distance between bilayers (d1) for each value of applied
pressure (P). In the presence of an applied osmotic pressure, d, is deter-
mined by the balance of the the interbilayer repulsive pressure (Pr) with the
sum of P plus the attractive van der Waals pressure (P), so that Pr = Pv
+ P. For applied pressures such that p >> Pv, Pr P so that plots of log
P versus d, represent the distance dependence of the total repulsive pres-

Dipole potential
Dipole potentials (V) were measured using monolayers as described pre-
viously (MacDonald and Simon, 1987). Monolayers were formed by
spreading 10 to 20 ,ul of a 10 mg/ml lipid in chloroform solution onto a

subphase of 0.1 or 1 M NaCl, 1 mM HEPES (pH 7.0) in a trough with a

surface area of about 20 cm2. Additional lipid did not produce any change
in the dipole potential, indicating that the surface was completely covered
and in equilibrium with the visible lenses of lipid. Under these conditions
the packing of the lipid molecules in the monolayer is approximately the
same as it is in a bilayer (MacDonald and Simon, 1987). The dipole
potential was measured at room temperature between a Ag/AgCl electrode
in a 4 M KCI reference solution containing silver chloride, connected to an
agar bridge in the subphase, and a 24'Am electrode in air, using a Keithley
electrometer (model 602; Keithley Instruments Co., Cleveland, OH). The
subphase was stirred with a small Teflon magnetic flea. The reported
values of V represent the difference in the potential of the subphase surface
in the presence and absence of the lipid monolayer.

Binding of hydrophobic ions

Small aliquots of stock solutions of sodium tetraphenylboron (TPB-) in 1
M NaCl, 1 mM HEPES at pH 7 were injected into the stirred subphase
under the monolayer, and the changes in the dipole potential were recorded
on a chart recorder. The steady-state changes in dipole potential (AV) are
reported in this paper.

RESULTS

X-ray diffraction

Dispersions of the fluorinated lipids gave wide-angle x-ray
diffraction patterns that contained one to three sharp or
broad reflections (Table 1). A single broad reflection is
characteristic of lipid bilayers in the melted liquid-crystal-
line phase, whereas sharp wide-angle reflections (or a mix-
ture of sharp and broad reflections) are typically recorded
for gel phase bilayers below their melting (phase transition)
temperature (Tardieu et al., 1973). Our assignments of gel
or liquid-crystalline phases based on the wide-angle patterns
(Table 1) are consistent with the phase transition tempera-
tures of these lipids given in Materials and Methods. An
interesting feature of the fluorinated lipids is that, in either
the gel or liquid-crystalline phases, the wide-angle reflec-
tions were at larger spacings than the corresponding reflec-
tions for typical phosphatidylcholine bilayers with hy-
drocarbon chains (Table 1). It should also be noted that
the strong wide-angle reflection of 4.95 A from 1,2-
di(F8C5)PC (Table 1) was very similar in spacing to the
single wide-angle reflection at 4.97 A observed from
compressed monolayers of CF3-(CF2)9-(CH2)2-OCO-CH2-
CH(NH3+)CO2 (Wolf et al., 1988).

For all oriented and unoriented fluoroalkylated lipid spec-
imens, the low-angle x-ray diffraction patterns consisted of
a series of sharp reflections that indexed as orders of a
lamellar repeat period. Such lamellar patterns are charac-
teristic of multiple layers of lipid bilayers. The repeat
periods at 23°C in excess buffer were 58.5 A for 1,2-
di(F8C5)PC, 59.4 A for l,3-(F6Cl l)OPC, 69.3 A for
1,2-(F8Cl 1)(C 16)OPC, 72.6 A for 1,2-(F8E I 1)(C 16)OPC,
64.8 A for 1,3-(F8CIl)(C18)OPC, and 61.9 A for 1,3-

McIntosh et al. 1 855

sure between bilayers (LeNeveu et al., 1977).



Volume 71 October 1996

TABLE I X-ray diffraction and dipole potential data

Temperature Bilayer Wide-angle spacings dpp dfe Dipole potential P.
Lipid (OC) phase (A) (A) (A) (mV) (X 10-8 dyn/cm2)

1,2-di(F8C5)PC 23 Gel 4.95 (s) 37.7 10.8 -680 4.7
1,2-di(F4Cll)PC 12 Gel 5.3 (s), 4.6 (s), 4.4 (b) 35.1 14.7
1,2-di(F4Cll)PC 23 1.-c. 4.8 (b) -576 5.6
1,3-di(F6Cl l)OPC 23 Gel 4.89 (s), 4.67 (b) 39.5 9.9 -495 18.2
1,2-(F8C 1)(C16)OPC 23 Gel 4.56 (s) 46.5 12.8 -445 31.6
1,2-(F8E ll)(C16)OPC 23 1.-c. 4.8 (b) 45.4 17.2 -485 20.4
1,3-(F8Cl 1)(C18)OPC 23 Gel 4.48 (vs) 45.4 8.8 -220
1,3-(F6Cl l)(C18)OPC 23 Gel 4.48 (vs) 42.7 9.2 -184 11.7
EPC* 20 1.-c. 4.6 (b) 37.8 15.4 +415 4.0
1,2-di(C16)PC* 20 Gel 4.2 (s), 4.0 (b) 41.9 11.7 +575 47.0
1,2-di(C16)PC* 10 Subgel 4.4 (s), 3.9 (b) 41.0 8.4 11.1

1.-c., liquid crystalline phase; vs, very sharp; s, sharp; b, broad.
*Diffraction data are from McIntosh and Simon (1986, 1993); dipole potential data are from Simon and McIntosh (1989).

(F6C I 1)(C18)OPC. At 120C 1,2-di(F4C I I)PC had a repeat
period of 59.8 A in excess buffer. These repeat periods in
excess buffer are shown on the x axis in Fig. 2.

For each type of fluoroalkylated phosphatidylcholine the
lamellar period decreased with increasing applied osmotic
pressure. Plots of the logarithm of applied pressure (log P)
versus lamellar repeat period (d) are shown in Fig. 2 for the
seven fluorinated lipids. For each lipid, d decreased with
increasing applied pressure.

For each specimen the lamellar repeat period is equal to
the sum of the thickness of the lipid bilayer (db) and the
fluid space between adjacent bilayers (df). To obtain infor-
mation on the structure of the bilayer and the relative sizes
of db and df, we performed a Fourier analysis of the dif-
fraction data for each lipid system. Detailed results of this
analysis are shown in Figs. 3-7 for four selected lipids. Fig.
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FIGURE 2 Plot of the logarithm of applied pressure (log P) versus the
lamellar repeat period (d) for 1,2-di(F4Cl l)PC, 1,3-di(F6Cl l)OPC, 1,2-
di(F8C5)PC, l,3-(F8Cl l)(C18)OPC, l,3-(F6Cl l)(C18)OPC, and 1,2-
(F8Cl l)(C16)OPC in the gel phase, and 1,2-(F8El l)(C16)OPC in the
liquid-crystalline phase. The data for 1,2-di(F4Cl l)PC were recorded at

12°C, and all of the other data were recorded at 23°C. The repeat periods
recorded in excess buffer (in the absence of applied pressure) are given on

the x axis.

3, A-D, shows the observed structure amplitudes plotted
versus reciprocal space coordinate for gel phase 1,2-
di(F4CI I)PC, gel phase 1,3-(F8Cl l)(C18)OPC, gel phase
l,3-(F6Cl l)(C18)OPC, and liquid-crystalline phase 1,2-
(F8Ell)(C16)OPC, respectively. The diffraction data ex-
tended to larger values of reciprocal space (higher resolu-
tion) for the gel phase bilayers. In each plot the solid line
corresponds to the continuous transform calculated using
the sampling theorem (Shannon, 1949), by procedures de-
tailed in McIntosh and Simon (1986) for one data set (open
circles) corresponding to one particular repeat period. Phase
angles were chosen so that the continuous transform went
through the structure amplitudes for the other data sets
(McIntosh and Holloway, 1987).

Fig. 4, A-D, shows electron density profiles for gel phase
1,2-di(F4Cl l)PC, gel phase 1,3-(F8Cl l)(C18)OPC, gel
phase 1,3-(F6Cl l)(C18)OPC, and liquid-crystalline phase
1,2-(F8El 1)(C16)OPC, respectively. The profiles in Fig. 4
A are at a resolution (d/2hmax) of about 3 A, the profiles in
Fig. 4, B and C, are at a resolution of about 5 A, and
the profiles in Fig. 4 D are at a resolution of about 7 A. For
each lipid two profiles are shown, corresponding to different
applied pressures. In each profile the center of the bilayer is
at the origin, the high electron density peaks centered near
±20 A correspond to the lipid headgroup, and the medium-
density regions at the outer edges of each profile correspond
to the fluid spaces between adjacent bilayers. The very large
electron densities in the center of the bilayer are due to the
fluorines in the lipid chains. In the gel phase bilayers (Fig.
4, A-C) there was a dip in the geometric center of the
profile, probably corresponding to the preferential localiza-
tion of the terminal CF3 or CH3 groups in the center of the
bilayer. It has been shown that CH3 groups have larger
volumes (Nagle and Wilkinson, 1978) and smaller electron
densities (Lesslauer et al., 1972; Franks, 1976; McIntosh
and Simon, 1986) than CH2 groups, and terminal methyl
dips are typically seen in the center of hydrogenated phos-
phatidylcholine bilayers in the gel phase (Fig. 5 and Less-
lauer et al., 1972; Torbet and Wilkins, 1976; McIntosh and
Simon, 1986). Because the volumes of a CF3 group and a
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CF2 group are about 92 A3 and 38 A3, respectively (Tiddy,
1985), which corresponds to electron densities of 0.29
e/A3 and 0.47 elA3, respectively, the localization of CF3
groups in the center of the bilayer containing CF2 groups
would cause the troughs observed in the center of the
profiles in Fig. 4, A-C. The profiles of the liquid-crystalline
phase 1,2-(F8E 1)(C16)OPC (Fig. 4 D) did not exhibit an

electron density dip in the middle of the profile. This is
probably due to both the lower resolution of the profile and
the increased disorder in the alkyl chain region, so that the
terminal CF3 and CH3 groups were not as well localized.

For each of the profiles in Fig. 4, A-D, the bilayer portion
of the profile remained nearly constant with increasing
applied pressure. In particular, the shape of the profile
remained nearly the same, and the distance between head-
group peaks (dpp) across the bilayer remained nearly con-

stant as a function of osmotic pressure. When the electron
density profiles were calculated at approximately the same

resolution (d/2hmax 5 to 7 A), the values of dpp (mean ±

one standard deviation) were 37.7 0.3 A (n = 8) for
1,2-di(F8C5)PC; 35.1 ± 0.8 A (n = 5 experiments) for
1,2-di(F4Cl1)PC; 39.5 ± 0.2 A (n = 3) for 1,3-di-

(F6Cl 1)OPC; 46.5 ± 0.4 A (n = 4) for 1,2-(F8C 1)(C16)-
OPC; 45.4 ± 0.8 A (n = 6) for 1,2-(F8Ell)(C16)OPC;
45.4 1.1 A (n = 5) for 1,3-(F8Cl1)(C18)OPC; and
42.7 0.6 A (n = 10) for 1,3-(F6C I 1)(C18)OPC (Table 1).
These values can be compared to the value of dpp = 41.9 A
for the hydrocarbon gel (L,3') phase lipid, 1,2-di(C16)PC
(DPPC) (McIntosh and Simon, 1986). For each lipid, the
major difference between the profiles obtained at different
osmotic pressures was in the width of the fluid space be-
tween bilayers. With increasing osmotic pressure the dis-
tance between bilayers decreased as water was removed
from the fluid space between bilayers (Fig. 4).

Fig. 5 compares the electron density profile of gel phase
1,2-di(F4C 1)PC with that of 1,2-di(C16)PC (DPPC). The
profiles were put on the same arbitrary electron density
scale by assuming that the electron densities of the PC
headgroups were the same in the two bilayers and were

calculated at the same resolution (d/2hmax 3 A). There

were two major differences between these profiles. First,
the bilayer width was significantly smaller for 1,2-
di(F4C1l)PC, even though this fluorinated lipid has only
one less carbon per chain than DPPC. Second, the electron
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FIGURE 4 Electron density profiles of (A) 1,2-di(F4Cl 1)PC, (B) 1,3-(F8C1l)(C18)OPC, (C) 1,3-(F6C1 l)(C18)OPC, and (D) 1,2-(F8E1 l)(C16)OPC for
applied pressures indicated in figure. Profiles are at a resolution (dl2hmax) of approximately 3 A in A, 5 A in B and C, and 7 A in D.

density in the central region of the bilayer was significantly
higher for the fluorinated 1,2-di(F4C lI)PC than for the
hydrocarbon lipid DPPC. Thus, the profile localizes the
fluorines in the center of the 1,2-di(F4Cl1)PC bilayer.

Fig. 6 compares the profile of liquid-crystalline phase
1,3-(F8EIl)(C16)OPC to the profiles of liquid-crystalline
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FIGURE 5 Electron density profiles of gel phase 1,2-di(F4C1 1)PC and

gel phase 1,2-di(C16)PC (DPPC). The electron density profile of DPPC
was calculated from the data of McIntosh and Simon (1993).

egg phosphatidylcholine. In this case the width of the bi-
layer was larger for l,3-(F8Ell)(C16)OPC. Again, there
was clear evidence for the increased electron density in the
bilayer center caused by the fluorines in 1,3-(F8El1)-
(C16)OPC.

Fig. 7 compares the electron density profiles of three
fluorinated lipids in the gel phase. As shown in Fig. 1, these

1,3-(F8E1 l)(C16)OPC
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CA,
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FIGURE 6 Electron density profiles of liquid-crystalline phase 1,3-
(F8E 1)(C16)PC and liquid-crystalline phase EPC at the same resolution
of 7 A. The profile of EPC was taken from McIntosh et al. (1987).
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FIGURE 7 Electron density profiles of gel phase 1,2-di(F4Cl 1)PC, 1,3-
(F8C1 1)(C 18)OPC, and 1,3-(F6C I 1)(C1 8)OPC.

lipids have different arrangements of the fluorines. 1,2-
di(F4C I)PC has a total of 18 fluorine atoms, with nine on

each chain; l,3-(F8Cll)(C18)OPC has 17 fluorine atoms,
all on one chain; and 1,3-(F6C1 l)(C18)OPC has 13 fluo-
rines, all on one chain. Several points should be noted. As
expected, the shapes of the central regions of the electron
density profiles were different for the three lipids. The
high-density peaks in the center of the bilayer were higher
and narrower for 1,2-di(F4C 1 1)PC than for the other lipids.
This is consistent with the distribution of fluorines being on

the terminal regions of both alkyl chains and with the
shorter fluorinated tail length for 1,2-di(F4C 1)PC. The
high-density region in the bilayer center was broader and
higher for 1,3-(F8Cl l)(C18)OPC than for 1,3-(F6Cl1)-
(Cl 8)OPC, consistent with the larger number of fluorines
that extend farther up the alkyl chain in 1,3-(F8C 11)-
(Cl18)OPC (Fig. 1). Moreover, dpp was largest for 1,3-
(F8Cl l)(C18)OPC and smallest for 1,2-di(F4Cl l)PC. This
can be explained by two factors. First, 1,3-(F8C 11)-
(Cl18)OPC has a larger number of carbons in its alkyl
chains, and second, the mixture of broad and sharp wide-
angle reflections (Table 1) indicates that the chains were

more highly tilted for 1,2-di(F4C l)PC.
The electron density profiles allow us to estimate the

bilayer thickness (db) and fluid layer thickness (df) for each
applied osmotic pressure. As noted previously (McIntosh
and Simon, 1986, 1993; McIntosh et al., 1992), the defini-
tion of the lipid/water interface is somewhat arbitrary, be-
cause the bilayer surface is rough and water penetrates into
the headgroup region of the bilayer (Griffith et al., 1974;
Worcester and Franks, 1976; Simon and McIntosh, 1986).
In this paper, to facilitate comparison with our previous
work on bilayers with hydrocarbon chains, we again oper-

ationally define the bilayer width as the total physical thick-
ness of the bilayer, assuming that the conformation of the
phosphorylcholine headgroup in fluorinated PC bilayers is
the same as it is in single crystals of phosphatidylcholine
(Pearson and Pascher, 1979). In that case the high-density

headgroup peak would be located between the phosphate
group and the glycerol backbone. We assume that the phos-
phorylcholine group is, on average, oriented approximately
parallel to the bilayer plane, so that the edge of the bilayer
lies about 5 A outward from the center of the high-density
peaks in the electron density profiles at 5- to 7-A resolution
(McIntosh and Simon, 1986; McIntosh et al., 1987, 1989a,
1992). Therefore, for each osmotic pressure we calculate the
bilayer thickness as db = dpp + 10 A. We note that the small
differences in resolution for the various fluorinated lipids
can make a difference of about ± 1 A in these estimates of
db. The distance between bilayer surfaces is calculated from
df = d - db (McIntosh and Simon, 1986, 1993; McIntosh et
al., 1992).

Using this definition of the lipid/water interface, we plot
in Fig. 8 the logarithm of applied osmotic pressure (log P)
versus df for the seven fluorinated lipids. The pressure-

distance data were similar for the seven lipids in several
respects. For all lipids df decreased with increasing applied
pressure. Furthermore, for fluid spaces of 4 A < df < 8 A,
the pressure-distance data were similar for all of the lipids.
In this distance range, the log P versus df data could be fit
to a straight line (R2 > 0.94 in all cases, except for 1,3-
(F8C11)(C18)0PC, where only a few data points were

collected). This means that over this range of fluid spacings
the total pressure decayed exponentially with increasing
fluid space. For all fluorinated lipids the values for the
exponential decay length were quite similar (A = 1.5 + 0.2
A). The magnitudes (P0) of this exponential pressure (ob-
tained by extrapolation to df = 0 A) are given in Table 1.

For df < 4 A and df > 8 A, there were distinct differences
among the lipids. In particular, for df > 8 A, at low applied
pressures, the pressure-distance curve extended to signifi-
cantly larger values of df for liquid-crystalline phase 1,2-
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FIGURE 8 Plot of the logarithm of applied pressure (log P) versus the
distance between apposing bilayers (df) for 1 ,2-di(F4C1 1)PC, 1,3-di-
(F6C 11)OPC, 1,2-di(F8C5)PC, 1,3-(F8C1 l)(C18)OPC, 1,3-(F6C1 1)-
(C18)OPC, and 1,2-(F8CI 1)(C 16)OPC in the gel phase, and 1,2-(F8E 1 )-
(C16)OPC in the liquid-crystalline phase. The equilibrium fluid spaces are

given on the x axis.

1,2-di(F4CI l)PC
1,3-(F8CII)(C18)OPC

*1,3-(F6CIl)(C18)OPC

* 1,2-di(F4C1 1)PC
* 04 * 1,3-di(F6CIl)OPC
Om C A *0 0 1,2-di(F8C5)PC
o Om A* A 1,3-(F8Cll)(C18)OPC0 * o 1,3-(F6C11)(C18)OPC

o0 oB o 1,2-(F8C1l)(C16)OPC
o o

* 1,2-(F8EIl)(C16)OPC

0 0

A
A o-o + o

0 0

A 0

a', n nR *6v

L-

1 859McIntosh et al.



Volume 71 October 1996

(F8EIl)(C16)OPC than for gel phase 1,3-di(F6CIl)OPC,
1,2-di(F8C5)PC, or 1,3-(F8CIl)(C18)PC. The gel phase
lipids 1,2-di(F4C1l)PC and 1,2-(F8C1l)(C16)OPC were
between these extreme cases. These differences in the range
of the pressure can most easily be seen by noting the
differences in the equilibrium fluid separations (dfe) at zero
applied pressures (denoted by the data points on the x axis
and collected in Table 1).

Dipole potential

The measured dipole potentials for the fluorinated lipids,
liquid-crystalline phase egg yolk phosphatidylcholine
(EPC), and gel phase 1,2-di(C16)PC (DPPC) (taken from
Simon and McIntosh, 1989) are shown in Table 1. All of the
fluorinated lipids gave negative dipole potentials, ranging
from -680 mV for 1,2-di(F8C5)PC to -184 mV for 1,3-
(F6C1 1)(C18)OPC. These values of V can be contrasted to
the large positive values of V for phosphatidylcholines with
hydrocarbon chains, for example, +415 mV for EPC and
+575 mV for 1,2-di(C16)PC (Table 1).

Binding of hydrophobic ions

Fig. 9 shows the steady-state changes in dipole potential,
AV, measured after injection of tetraphenylboron (TPB-)
into the subphase below monolayers of EPC (V = 415 mV)
and 1,2-(F8Ell)(C16)OPC (V = -485 mV). The changes
in the dipole potential plotted versus log{TPB- } decreased
monotonically for both lipids from 10-8 to 10-4 M. For
EPC monolayers the changes in dipole potential were sim-
ilar to those obtained for monolayers of bacterial phosphati-
dylethanolamine over a subphase containing 1.0 M NaCl
(Andersen et al., 1978). For the range 10-7 to 10-4 M
TPB-, the slopes of the data in Fig. 9 (aAV/alog{TPB })
were -66 mV/10-fold change in {TPB } for EPC and -26
mV/10-fold change in {TPB-} for 1,2-(F8Ell)(C16)OPC.

100

0

100*

-200

-300 *EPC

| 1,2-(F8E1l)(C16)OPC

-9 -8 -7 -6 -5

log {TPB-} (M)

FIGURE 9 The change in dipole potential (AlV) upon the binding of

tetraphenylboron (TPB -) to monolayers of EPC and 1,3-(F8E1 1)(C18)OPC.

DISCUSSION

The data presented in this paper provide information on the
structure, interbilayer pressures, dipole potentials, and hy-
drophobic ion binding for membranes composed of various
fluorocarbon/fluorocarbon and mixed fluorocarbon/hydro-
carbon ester- and ether-connected glycerophosphocholines.

Structure

The wide-angle (Table 1) and low-angle x-ray diffraction data
(Figs. 2-7) show that all of these fluoroalkylated phospholipids
form multilayered lipid bilayer structures in excess buffer.
However, the data analysis indicates several significant struc-
tural differences between these highly fluorinated bilayers and
phosphatidylcholine bilayers with hydrocarbon chains. First, in
both gel and liquid-crystalline bilayers, the wide-angle spac-
ings are larger for the fluorine-modified glycerophosphocho-
lines than for analogous hydrocarbon phosphatidylcholines
(Table 1). This indicates that in both the gel and liquid-
crystalline phases the interchain separation is greater for the
fluoroalkylated lipids than for conventional PCs with hydro-
carbon chains. This is related to the greater size of a fully
extended alkyl chain of CF2 groups (cross-sectional area of
about 30 A2) compared to that of a gel phase chain of CH2
(cross-sectional area of about 20 A2) (Bunn and Howells,
1954), because of the larger radius of the fluorine atom (van
der Waals radius of 1.35 A) compared to that of the hydrogen
atom (1.2 A), and because the C-F bond length is about 0.25 A
longer than the C-H bond length. The greater interchain sep-
aration for the fluoroalkylated lipids can also be related to the
smaller fluorocarbon/fluorocarbon or fluorocarbon/hydrocar-
bon chain-chain interactions compared to hydrocarbon/hydro-
carbon interactions (Mukerjee and Handa, 1981). Second, both
the wide-angle data (Table 1) and the electron density profiles
(Fig. 5) indicate that for 1,2-di(F4C1 l)PC the fluoroalkyl
chains must be tilted with respect to the bilayer normal. That is,
a mixture of sharp and broad wide-angle reflections, such as
observed for 1,2-di(F4C 1)PC, is typical of lipids with tilted
chains (McIntosh, 1980; Tardieu et al., 1973; Tristram-Nagle
et al., 1993). Moreover, the electron density profiles (Figs. 4 A
and 5 and Table 1) show a very narrow bilayer width for
1,2-di(F4Cll)PC, consistent with highly tilted chains. Third,
both the wide-angle data and the electron density profiles
indicate that there is less chain tilt in 1,3-(F8Cl1)(C18)OPC
and 1,3-(F6C 1)(C18)OPC than in 1,2-di(F4C 1)PC. The sin-
gle, sharp wide-angle reflection is characteristic of gel phase
bilayers with hydrocarbon chains that are approximately per-
pendicular to the plane of the bilayer (Tardieu et al., 1973;
McIntosh, 1980), and the headgroup peak separation (dpp) for
both 1,3-(F8Cl l)(C18)OPC and 1,3-(F6Cl l)(C18)OPC is
considerably greater than that of 1,2-di(C16)PC (Fig. 7, Table
1). Fourth, the presence of a large trough in the geometric
center of each electron density profile and the values of the
headgroup peak separations (dpp, Table 1) for the gel phase
ether-linked and 1,3-isomers indicate that these fluorinated
glycerophosphocholines do not form interdigitated lamellar gel
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phases such as those formed by hydrocarbon ether-connected
analogs (Ruocco et al., 1985; Kim et al., 1987; Haas et al.,
1990) or hydrocarbon ester-connected 1,3-isomers (Serrallach
et al., 1983). The presence of deep electron density dips in the
center of the bilayer means that the terminal CF3 and CH3 are
localized in the center of the bilayer and the values of dpp for
the ether-linked and 1,3-isomers (Table 1) are larger than those
expected for an interdigitated phase (30 A for ether-linked
dihexadecylphosphatidylcholine) (Kim et al., 1987). Fifth, and
most importantly for the analysis that follows, the electron
density profiles show that the fluorinated regions of the alkyl
chains are localized in the bilayer center, supporting the sche-
matic structural depictions given by Santaella et al. (1993) and
Fr6zard et al. (1994a). For a gel phase composed of both
fluorocarbon/fluorocarbon phospholipids, 2-di(F4C1I )PC and
mixed fluorocarbon/hydrocarbon phospholipids, 3-(F6Cl1)-
(C18)OPC and 1,3-(F8C1 1)(C18)OPC, the positions and
widths of the high-density peaks in the center of the profiles
(Figs. 4, 5, 7) are consistent with the expected positions of the
fluorines in the molecules (Fig. 1) in well-ordered lipid bilay-
ers with stiff alkyl chains. In particular, for 1,2-di(F4C1 I)PC
the extremely high and narrow density peaks in the center of
the bilayer show that the fluorines of the terminal four carbons
are localized in the center of the bilayer. The distinct terminal
dip in the profile, indicative of localized CF3 groups, is another
indication of the orderly packing in the bilayer center (Fig. 7).
In the case of 1,3-(F8CII)(C18)OPC and 1,3-(F6CI1)-
(C18)OPC, the central electron density peaks due to the fluo-
rines are wider and not as high. For these bilayers the fluorines
extend farther from the bilayer center, because the terminal
eight and six carbons of one alkyl chain are fluorinated. In the
case of liquid-crystalline phase 1,2-(F8E 1)(C16)OPC, the
central fluorine peaks are not as sharp (Figs. 4 D and 6),
indicating a more fluid bilayer interior.

Dipole potentials

The physical origin of the dipole potential for monolayers at
the air-water interface, as well as its relevance to dipole
potentials in bilayers (see below), has been a matter of
controversy and discussion for a number of years (Vogel
and Mobius, 1988; Simon and McIntosh, 1989; Taylor et
al., 1990; Mingins et al., 1992; Brockman, 1994). Although
V has not previously been measured for fluorinated phos-
pholipids, previous monolayer experiments have shown, for
example, that for stearic acid the substitution of the terminal
-CH3 moiety with a -CF3 moiety changes V from +275 mV
to -915 mV (Vogel and Mobius, 1988). Measurements on

phospholipids with hydrocarbon chains show that V is low-
ered by as much as 100 mV by substituting carbonyl groups

with ether groups (Gawrisch et al., 1992), moving an acyl
chain from the 2 to the 3 position (Smaby and Brockman,
1990), or increasing the area per lipid molecule (Smaby and
Brockman, 1990).
Our measured dipole potentials (Table 1) show that flu-

orinated PCs exhibit many of these same features. That is,

lipids with terminal -CF3 moieties in both chains have large
negative dipole potentials (V -600 mV), whereas DPPC
monolayers with terminal -CH3 groups in both chains have
large positive dipole potentials (+575 mV). PCs with one
fluoroalkylated and one hydrocarbon chain have relatively
small negative dipole potentials. The dipole potential is less
sensitive to the number of CF3 groups in the alkyl chain(s),
differing by about 40 mV with the addition of two CF2
groups in one chain, from V = -184 mV for 1,3-
(F6Cll)(C18)OPC to V = -220 mV for 1,3-(F8C11)-
(C18)OPC. Thus these data indicate that the terminal CF3
group has a larger influence on V than does the symmetric
CF2 groups and that the large CF3 dipole markedly contrib-
utes to V of monolayers at air-water interfaces. This is
further confirmed by the larger magnitude of V found
for 1,2-di(F4C 1 1)PC compared to that of 1,2-(F8C l)-
(C16)OPC. These two compounds possess the same number
of fluorinated carbons (eight), but the former has two CF3
groups, whereas the latter contains one CF3 group. Altering
the position of the chains on the glycerol backbone from a
1,2 isomer to a 1,3 isomer changes V by about 200 mV to
-445 mV for 1,2-(F8C1 l)(C16)OPC, and V = -220 mV
for l,3-(F8Cl 1)(C18)OPC. However, changing the chain
linkage from ester to ether seems to have relatively little
effect on dipole potential in the fluorinated series (the
increase of about 200 mV from 1,2-di(F8C5)PC to 1,3-
di(F6CI 1)OPC corresponds to the increase found when
going from a 1,2 to a 1,3 isomer). The dipole potential is
larger in magnitude for 1,2-(F8E1 1)(C16)OPC than for 1,2-
(F8Cll)(C16)OPC. In this case the double bond in 1,2-
(F8El l)(C16)OPC could modify the orientation of the flu-
orine dipoles.

Interbilayer repulsive pressures

We consider the pressure-distance data (Fig. 8) in terms of
the repulsive pressures thought to be present between hy-
drocarbon phosphatidylcholine bilayers. There are two gen-
eral classes of short-range pressures between zwitterionic
phosphatidylcholine lipid bilayers: the hydration pressure,
due to partial polarization or H-bond reorganization of
water by the hydrophilic bilayer surface (Marcelja and
Radic, 1976; LeNeveu et al., 1977; Parsegian et al., 1979;
Gruen and Marcelja, 1983; Attard and Batchelor, 1988;
McIntosh and Simon, 1986, 1993; Rand and Parsegian,
1989), and entropic (steric) pressures, due to headgroup
overlap at small fluid spacings (McIntosh et al., 1987,
1989a), protrusions of individual or several lipid molecules
(Israelachvili and Wennerstrom, 1990, 1992, 1996; Lip-
owsky and Grotehans, 1993), or thermally induced bilayer
undulations or fluctuations (Harbich and Helfrich, 1984;
Helfrich and Servuss, 1984; Evans and Parsegian, 1986;
Evans, 1991). For phosphatidylcholine bilayers at relatively
large fluid separations, there is agreement that the only
attractive pressure is the van der Waals pressure (LeNeveu
et al., 1977; Marra and Israelachvili, 1985). Because it is
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difficult to separate the contributions of the various types of
repulsive pressures in fluid bilayers, we (McIntosh and
Simon, 1993) have previously measured the pressure-fluid
spacing relations for DPPC bilayers in the subgel phase. In
the subgel phase the acyl chains are crystalline, and thus all
out-of plane protrusions and fluctuations are significantly
reduced, so that the primary repulsive pressure is the hy-
dration pressure (McIntosh and Simon, 1993). In the fol-
lowing analysis we compare the pressure-distance data from
fluorinated lipids and subgel phase DPPC.

Fig. 10 compares the pressure-distance data for the flu-
orinated lipids in the gel phase with previously recorded
data from gel and subgel phases of the hydrocarbon lipid
DPPC (McIntosh and Simon, 1993), and Fig. 11 shows the
logarithm of the applied pressure versus df for liquid crys-
talline 1,2-(F8E1l)(C16)OPC, subgel DPPC, and two
liquid-crystalline PCs with hydrocarbon chains, phosphati-
dylcholine isolated from egg yolks (EPC) and the polyun-
saturated synthetic PC 1,2-diarachidonylphosphatidylcho-
line (DAPC). EPC is chosen for comparison because it is
one of the most commonly studied lipids and has a hydro-
carbon chain composition similar to typical membrane
phospholipids. DAPC, with four double bonds in each
chain, has a smaller bending modulus than EPC and there-
fore has a larger repulsive undulation pressure than EPC
(McIntosh et al., 1995).
To simplify the presentation, we discuss the pressure-

distance relations in terms of three somewhat arbitrarily
defined distance ranges: "small" (df < 4 A), "intermediate"
(4 A < df < 8 A), and "large" interbilayer separations (df >
8 A).
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FIGURE 10 Plot of the logarithm of applied pressure (log P) versus the
distance between apposing bilayers (df) for 1,2-di(F4Cl 1)PC, 1,3-
di(F6CI I)OPC, 1,2-di(F8C5)PC, l,3-(F8C1l)(C18)OPC, 1,3-(F6C11)-
(C18)OPC, and 1,2-(F8C 1)(C16)OPC in the gel phase and fully hydro-
genated DPPC in the gel and subgel phases (taken from McIntosh and
Simon, 1993). The equilibrium fluid spaces are given on the x axis. The
dotted and solid lines represent least-squares fits to the DPPC gel and

subgel phase data (McIntosh and Simon, 1993).
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FIGURE 11 Plot of the logarithm of applied pressure (log P) versus the
distance between apposing bilayers (df) for 1,2-(F8E 1)(C16)OPC in the
liquid-crystalline phase and three lipids with hydrocarbon chains: DPPC in
the subgel phase, EPC in the liquid-crystalline phase, and DAPC in the
liquid-crystalline phase. The equilibrium fluid spaces are given on the x
axis. Data for DPPC and EPC are from McIntosh and Simon (1993) and
data for DAPC are from McIntosh et al. (1995). The solid line represents
a least-squares fit to the DPPC subgel phase data (McIntosh and Simon,
1993).

Very small interbilayer separations

At small fluid spacings (df < 4 A) the pressure-distance data
differ for the various fluorinated lipids (Fig. 8). We have
previously shown that the repulsive pressure for df < 4 A is
primarily due to steric interactions between lipid headgroups
from apposing bilayers, and the magnitude of this steric pres-
sure depends on the volume fraction of PC headgroups at the
interface (McIntosh et al., 1987, 1989a). Therefore, as seen in
Fig. 11, bilayers with small areas per molecule, such as subgel
phase DPPC, have larger repulsive pressures for df < 4 A than
do bilayers with large area per molecule, such as DAPC. Most
of the fluorinated lipids have repulsive pressures for df < 4 A
that are intermediate in magnitude between those of subgel
DPPC and DAPC. This is consistent with recent surface pres-
sure-area isotherms for some of the fluorinated PCs (Rolland et
al., 1996), which show that their areas per molecule at the
collapse pressure (58 A2 for 1, 2-di(F4C1 l)PC) are greater
than those of DPPC (about 40 A2; Rolland et al., 1996), but
less than that of polyunsaturated DAPC (about 76 A2; Smaby
et al., 1994).

Molecular protrusions (Israelachvili and Wennerstrom,
1990, 1992) might also contribute to the short-range repul-
sive pressure. However, given that the protrusion pressure
depends on the energy to transfer a acyl chain in the bilayer
into water, we would expect molecular protrusions to be
reduced for fluorinated lipids compared to hydrocarbon
lipids, because the free energy of transfer of a CF2 from
either a perfluorocarbon or hydrocarbon interface into water
(1210 cal/mol) is greater than the free energy of transferring
a CH2 group from oil to water (820 cal/mol) (Mukerjee and
Handa, 1981). Moreover, protrusions of fluorinated lipids in
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the bilayer would require a mixing of the fluorocarbons at
the end of the chain with the hydrocarbons near the inter-
facial region, which would also be energetically unfavor-
able (Hildebrand et al., 1970).

Intermediate separations

For 4 A < df < 8 A, the pressure distance data for all of the
fluorinated lipids can be described by single exponential
decay functions with similar decay lengths (A 1.5 ± 0.2
A) and the magnitudes (PO) given in Table 1. In this distance
regime for the gel and subgel phases it has been argued that
the dominant repulsive pressure is the hydration pressure
(McIntosh and Simon, 1993; Simon et al., 1995). Therefore
these data indicate that the underlying hydration pressure is
similar for bilayers formed from analogous hydrocarbon
and fluorocarbon phospholipids. The data also imply that
the fluorines located deep in the bilayer interior have rela-
tively small effects on the decay length, a parameter thought
to characterize the decay of solvent polarization (Marcelja
and Radic, 1976; Ef3mann et al., 1995). However, the pres-
ence of the fluorines has a marked impact on the measured
dipole potentials (Table 1).

The reason for considering the dipole potential (V) in our
analysis is that, as noted above, the magnitudes of the
hydration pressure (Marcelja and Radic, 1976; Parsegian et
al., 1979) and V (Simon and McIntosh, 1989; E,3mann et al.,
1995; Chiu et al., 1995) are thought to depend, at least in
part, on the organization of interfacial water (see Appen-
dix). Moreover, Cevc and Marsh (1985) have shown theo-
retically that the hydration pressure (Ph) can be written as

Ph = 2X *(Ph/A)2 exp (- df/A), (3)

where Th iS the hydration potential and x is the orienta-
tional susceptibility of the solvent. Simon and McIntosh
(1989) have argued that V measured from monolayers at the
air-water interface provides an experimental estimate for the
hydration potential, so that

Ph = 2X - (V/A)2 exp -df/A), (4)

where the magnitude of the hydration pressure PO =
2x (V/A)2. For a variety of hydrocarbon PCs it has been
shown experimentally that the magnitude of the hydration
pressure is indeed predicted by the expression 2x (V/A)2.
That is, with hydrocarbon lipids Simon et al. (Simon and
McIntosh, 1989; Simon et al., 1991, 1992) and McIntosh et
al. (1992) observed the correlation given in Eq. 4 between
the hydration pressure and V measured in monolayers with
different 1) lipid headgroup structures, 2) lipid phases, and
3) solvents in the subphase below the monolayer.

Because according to Eq. 4 the magnitude of Ph is pro-
portional to the square of the dipole potential, bilayers with
both large positive and large negative dipole potentials
should have similar hydration pressures. However, for the
fluorinated lipids the magnitude (P.) of the exponential
pressure observed for 4 A < df < 8 A does not seem to

be closely related to the square of the dipole potential
measured with monolayers (Table 1). There are several
possible factors that could contribute to these observed
differences. First, although the diffraction data for all of the
hydrocarbon lipids were collected at the same resolution
(Simon and McIntosh, 1989; Simon et al., 1991, 1992), the
diffraction data from each of the fluorinated lipids were
collected at slightly different resolutions. As noted in the
Results, this can lead to differences of about ± 1 A in the
estimated bilayer thicknesses, which can give rise to uncer-
tainties as large as a factor of 2 in the estimates of PO.
Second, although we have presented evidence that the hy-
dration pressure is the dominant repulsive pressure for 4
A < df < 8 A (McIntosh and Simon, 1993; Simon et al.,
1995), entropic pressures also contribute to the measured
repulsive pressure in this range of fluid spacings, particu-
larly in the case of liquid-crystalline bilayers. Third, despite
the experimental agreement with Eq. 4 for hydrocarbon
lipids (Simon and McIntosh, 1989; Simon et al., 1991,
1992), the possibility should be considered that the theoret-
ical analysis of the hydration pressure (Eq. 3) is invalid.
However, we note that although more sophisticated theo-
retical models of the hydration pressure (with more un-
known variables) have subsequently been developed
(Kornyshev and Leikin, 1989; Cevc, 1991), the essentials of
the original derivation leading to Eq. 4 seem to be pre-
served. Moreover, several molecular dynamics simulations
of lipid water systems show that the electric fields arising
from the partial charges and dipoles of the lipid headgroup
are compensated by the solvent dipoles, the polarization of
which decays in an approximately exponential manner from
the apposing surfaces (Marrink et al., 1993; Zhou and
Schulten, 1995; Chiu et al., 1995; Ef3mann et al., 1995).
Fourth, in Eq. 3 the substitution of V for the hydration
potential (Th) could be invalid. That is, the measurement of
V for monolayers at the air-water interface might not accu-
rately reflect the value of either Th or V for bilayers. In the
case of fluorinated lipids a potentially important factor is
that dipolar fields decrease with increasing distance from
dipoles located near the bilayer center and would be atten-
uated both at the hydrocarbon-water (high dielectric) inter-
face and across the lo-A width of the lipid headgroup
region. Therefore, the large fields arising from the CF3
dipoles in the center of the bilayer (which, as described
above, make large contributions to V measured in monolay-
ers) might not significantly modify the orientation of inter-
lamellar water molecules. This fourth possibility would also
be relevant for fluorinated lipids if the differences in V
measured for monolayers and bilayers were larger for flu-
orinated lipids than for hydrocarbon lipids. We now explore
this last possibility in detail.

For a variety of single and double-chained zwitterionic
hydrocarbon lipids, the values of V measured in monolayers
at the air-water interface are about 150 mV larger than those
measured in bilayers (Latorre and Hall, 1976; Reyes et al.,
1983; Simon and McIntosh, 1989; Gawrisch et al., 1992;
Brockman, 1994). However, the changes in V due to the
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additions of phloretin or some phloretin analogs are virtu-
ally identical, as measured in monolayers and planar bilay-
ers (Reyes et al., 1983). This implies that, although the
magnitude of V is different as measured in monolayers or
bilayers, changes in dipole potential are similar with the two
techniques. There are several possible reasons for the ob-
served difference in magnitude of V measured in monolay-
ers and bilayers. First, the measurements are based on
entirely different principles and therefore might not be
expected to give the same values (Simon and McIntosh,
1989). Brockman (1994) argues that for neutral phospho-
lipids the difference likely reflects the contribution to V
measured in monolayers that arises from the reorganization
of interfacial water occurring during lipid spreading in
monolayers. In contrast, Vogel and Mobius (1988) argue
that the terminal methyl group makes the largest contribu-
tion to V measured in monolayers. We note that in bilayers
the terminal CH3 (or CF3) groups from apposing monolay-
ers intercalate (Huang and Li, 1996). To reduce their free
energy, these intercalated terminal groups should partially
align with their dipoles pointing in opposite directions. This
would result in a partial cancellation of their dipole mo-
ments to V measured in bilayers, whereas in monolayers at
the air-water interface the contribution of the CH3 dipoles
would be uncompensated. Similar arguments can be made
for fluorinated lipids with one hydrocarbon and one fluor-
inated chain.
The relatively small difference (about 150 mV out of 415

mV for EPC) in V for hydrocarbon lipids measured between
monolayers and bilayers (Reyes et al., 1983) apparently
does not appreciably affect the correlation between P0 and
2x (V/A)2 observed for hydrocarbon lipids (Simon and
McIntosh, 1989; Simon et al., 1991, 1992). Indeed, Brock-
man (1994) reported for hydrocarbon lipids that taking this
150-mV difference into account brings the calculated values
more into line with measured values, but does not make
them identical. However, because the dipole moment of CF3
is larger than that of CH3 (Vogel and Mobius, 1988), the
difference in V measured between monolayers and bilayers
would be expected to be larger for fluorinated lipids than for
hydrocarbon lipids. If that were the case, for fluorinated
lipids V measured in monolayers would not be expected to
correlate as well with the magnitude of the hydration pres-
sure as given in Eq. 4. Specifically, it would be expected
that V would be lower in magnitude for fluorinated bilayers
than for analogous hydrocarbon bilayers. In this regard, we
do observe that P0 for gel phase DPPC is greater than P0 for
the gel phase fluorinated lipids (Fig. 10 and Table 1).

Thus we argue that the poor correlation between P0 and
2x (V/A)2 for fluorinated lipids might be at least partially due
to differences in V measured for monolayers and bilayers.

Large interbilayer separations

For df > 8 A, the pressure-distance data are quite different

the pressure-distance data from the liquid-crystalline phase
1,2-(F8El 1)(C16)OPC extend to much longer bilayer
separations than do the data from the comparable gel
phase mixed-chain lipids, 1,3-(F8Cll)(C18)OPC and 1,3-
(F6C 11)(C18)OPC. In addition, the equilibrium fluid spac-

ings are smaller for gel phase 1,2-di(F8C5)PC and 1,3-
di(F6C1 1)OPC than for the liquid-crystalline lipids. This is
almost certainly due to the presence of the repulsive undu-
lation pressure in the liquid-crystalline fluorinated lipids.
Liquid-crystalline bilayers are much more flexible than un-

rippled gel phase bilayers, and thermally induced bilayer
undulations or fluctuations provide an additional repulsive
pressure in liquid-crystalline bilayers (Helfrich, 1973; Hel-
frich and Servuss, 1984; Evans and Parsegian, 1986). Pre-
vious experiments (McIntosh and Simon, 1993; McIntosh et
al., 1995) have shown that the undulation pressure extends
the range of the total repulsive pressure in PCs with hydro-
carbon chains. The same situation likely occurs for the
fluorinated bilayers in the liquid-crystalline phase. Fig. 11

shows that, compared to the subgel phase, where the undu-
lation pressure is extremely small (McIntosh and Simon,
1993), the pressure-distance data extend to much larger
values of df for liquid-crystalline 1,2-(F8Ell)(C16)OPC,
EPC, and DAPC. Previously we showed that the reason that
DAPC has a larger equilibrium fluid spacing than EPC can

be explained by DAPC having a larger undulation pressure

by virtue of a smaller bending modulus (McIntosh and
Simon, 1993). The observation that the equilibrium value of
df for 1,2-(F8E 1)(C16)OPC is between those of EPC and
DAPC predicts that the bending modulus and the undulation
pressure for this fluorinated lipid are between the values for
EPC and DAPC.
An alternative explanation for the relatively large equi-

librium fluid space for 1,2-(F8Ell)(C16)OPC is that the
addition of large volume fractions of fluorine in the chain
region of the bilayer could result in a reduction in the
attractive van der Waals pressure by a reduction in the
Hamaker coefficient. However, the Hamaker coefficient for
polytetrafluoroethylene is 3.6 X 10-14 ergs (Gingell and
Parsegian, 1973), which is approximately the same magni-
tude as found for n-alkanes and lipid bilayers (3-5 x 10- 14
ergs) (Parsegian and Ninham, 1969; Ninham and Parsegian,
1970; Israelachvili, 1985; Rand and Parsegian, 1989).
Thus, to a first approximation, the addition of fluorines in
the chain region of the bilayer should not markedly alter the
attractive van der Waals interactions. It follows that the
comparatively large equilibrium fluid spacing for 1,2-
(F8E 1)(C16)OPC (Fig. 11) must be due primarily to the
presence of a repulsive undulation pressure rather than a

reduction in the attractive van der Waals pressure.
Most of the gel phase fluorinated bilayers have equi-

librium fluid spacings between that of subgel and gel
phase DPPC (Fig. 10), consistent with the primary repul-
sive pressure being the hydration pressure. However, the
equilibrium fluid separations for 1,2-di(F4C I)PC and
1,2-(F8C 1)(C 16)OPC are somewhat larger. In these

for the various fluorinated lipids (Fig. 8). In particular,
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due to the presence of an additional repulsive pressure
arising from surface ripples. DPPC bilayers in rippled
(Pf3') lamellar phases have larger equilibrium fluid
spaces than do gel phase DPPC bilayers in unrippled
(L,B') phases (Janiak et al., 1976; Inoko and Mitsui,
1978). It has also been shown that inducing ripples in flat
(Lf3') bilayers by the addition of exogenous molecules
also increases the fluid spacing (Simon and McIntosh,
1991). Needham and Evans (1988) showed that the rip-
ples can be "pulled out" of single Po3' PC bilayers by
applying a lateral tension. Our pressure-distance data for
1,2-di-(F4C 1I)OPC and 1,2-(F8C 1 1)(C 16)OPC were ob-
tained at 12°C and 23°C, respectively, which are near the
respective thermal pretransitions measured by DSC of
14°C (Santaella et al., 1994) and 32°C (Vierling et al.,
1995). These pretransition peaks are a few degrees in
width. Such peaks generally appear at lower temperatures
in oriented multilayers and usually reflect a transition
from an unrippled gel phase to a rippled P13' phase
(Janiak et al., 1976). Thus it is possible that at 12°C or
23°C, respectively, the 1,2-di(F4C1 1)PC and 1,2-
(F8C 1 1)(C 16)OPC bilayers contain ripples and that these
ripples give rise to a repulsive steric pressure. The ap-
plication of a lateral tension via osmotic pressure would
pull out these ripples and cause the pressure-distance
curve for 1,2-di(F4C I l)PC or 1,2-(F8C 1)(C 16)OPC to
superimpose on that of the subgel phase DPPC at high
applied pressures, as observed in Fig. 10.

Binding of tetraphenylboron

The binding of the hydrophobic ion TPB- to membranes
depends, along with other factors, on the membrane dipole
potential (Honig et al., 1986). Because EPC and 1,2-
(F8Ell)(C16)OPC have different signs of dipole potential
(Table 1), the binding of TPB- to monolayers of these
lipids provides information regarding the propagation of the
dipolar field into the interfacial region. The presence of
fluorines in the chains reduces the change in dipole potential
produced by TPB-. That is, for 10-7 M to 10-4 M, the
slopes of the data points in Fig. 9 (aWV/alog{TPB-}) are
quite different for EPC and 1,2-(F8E I 1)(C 16)OPC, indicat-
ing that the binding of TPB- is different for the two lipids
(Andersen, 1978). Because TPB- binds at the level of the
hydrocarbon-water interface of the bilayer (Cafiso, 1995;
Smejtek, 1995), this means that the electric field produced
by the fluorines must extend at least to this location in the
bilayer. The most likely reason for the decrease in slope is
that the magnitude of the positive dipole potential in the PC
headgroup region is reduced by the negative potential pro-
duced by the CF3 and CF2 dipoles.

Relevance to drug delivery

The stability of liposomes in the blood is thought to involve
the interaction of plasma proteins (usually negatively

charged) with the bilayer (Semple et al., 1996). Because the
electric field due to the fluorine dipoles extends to the
bilayer headgroup region and modifies the binding of neg-
atively charged hydrophobic ions (Fig. 9), we propose that
the dipole potential of the fluorinated lipids reduces the
binding of negatively charged serum proteins that partition
into the interfacial region of the bilayer. This reduced pro-
tein binding could contribute to the extended stability and
blood circulation time that has been observed for liposomes
containing fluoroalkylated PCs (Santaella et al., 1993; Frez-
ard et al., 1994a,b).

APPENDIX: CONTRIBUTIONS OF HEADGROUP
REGION TO DIPOLE POTENTIAL

Several pieces of evidence indicate that for phospholipids the dipole
potential has large contributions from the dipoles of both lipid and water
molecules in the lipid headgroup region. Analyses of molecular dynamics
simulations of bilayers of phosphatidylcholine or phosphatidylethano-
lamine indicate that the dipole potential arises from dipoles of the lipid
headgroups and the compensating polarized water molecules (Marrink et
al., 1993; Zhou and Schulten, 1995; Chiu et al., 1995; E/3mann et al.,
1995). Moreover, the shape of the potential energy barrier produced by the
dipole field in hydrocarbon lipid bilayers indicates the importance of
dipoles in the headgroup region. If the polar headgroups and associated
waters were the principal moieties responsible for this potential, the shape
of the energy barrier should be nearly trapezoidal. That is, the potential
would rise from zero in the aqueous phases to a maximum at some point
near the hydrocarbon-water interface and be nearly constant across the
bilayer interior (Franklin and Cafiso, 1993). On the other hand, if the major
energy barrier were primarily due to the terminal methyl groups, the barrier
shape would be triangular, with its peak centered near the terminal methyl
groups. Numerous experimental studies with bilayers indicate that the
dipole potential barrier is approximately trapezoidal in shape (Latorre and
Hall, 1976; Franklin and Cafiso, 1993). The most convincing evidence that
the barrier shape is not triangular is the measurement of the dipole potential
in asymmetrical planar lipid bilayers with both lipids containing hydrocar-
bon chains (Latorre and Hall, 1976). If the terminal methyl groups gave
rise to the dominant energy barrier (i.e., triangular barrier), no changes in
dipole potential should be observed between symmetrical and asymmetri-
cal bilayers. However, changes in the dipole potential were measured in
asymmetrical planar bilayers, and moreover, the magnitudes of these
changes are consistent with the differences in the dipole potentials mea-
sured in monolayers of these two lipids at the air-water interfaces (Latorre
and Hall, 1976). These data indicate that although the CH3 groups con-
tribute to V measured in monolayers, their relative contribution to V
measured in hydrocarbon bilayers is small.
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