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We conducted infrared linear dichroism and X-ray measurements to characterize membranes of sn-1 chain
perdeuterated, polyunsaturated 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (18:0-22:6ω3 PC,
SDPC-d35) and of monounsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1 PC, POPC-
d31) as a function of hydration and temperature. Our novel approach is to use IR order parameters of C-H
and C-D vibrations of both sn-1 and sn-2 chains for a separate estimation of the mean length and effective
cross sectional area of the saturated and unsaturated chains in the bilayers. In the gel phase, the thickness of
the hydrophobic core of SDPC bilayers exceeded the thickness of POPC bilayers, because the polyunsaturated
chains adopted an extended conformation. However, in the fluid phase, the hydrophobic thickness of SDPC
membranes, with the longer 18:0 and 22:6 acyl chains, was almost equal to the thickness of the 16:0-18:1
chains in POPC membranes. The isothermal compressibility modulus of the docosahexaenoyl chains was
smaller than the modulus of the stearoyl chains of SDPC, whereas the palmitoyl and oleoyl chains of POPC
are similarly compressible. Analysis in terms of a simple polymer brush model showed that unsaturation
increases chain flexibility and chain mean area in lipid membranes. Temperature dependent measurements
indicated that polyunsaturation decreased the sensitivity of the bilayer to temperature changes. The study of
lipid hydration-sensitive spectral parameters suggested that this tendency may be at least partially explained
by a weakening of water binding to polar moieties of polyunsaturated lipids with increasing temperature.
Although the influence of hydrocarbon chain polyunsaturation on hydration of phosphate groups and the
entire lipid was minor, we observed a modification of lipid carbonyl group hydration. Hydration properties
and phase behavior of SDPC suggest an influence from polyunsaturation on the lateral pressure profile across
the bilayer.

Introduction

The meta I to meta II transition in rhodopsin is eased by the
presence of docosahexaenoyl (DHA, 22:6ω3) acyl chains. In
particular, near-native levels of 50% of DHA, as in retinal rod
outer segment disk membranes, are required for proper function
of the visual receptor.1,2 The model of rhodopsin activation is
linked to a sequence of transient deformations and tilt of the
transmembraneR-helices forming the protein. This cascade of
structural rearrangements propagates from the retinal binding
site at the center of the transmembrane helices to the loops at
the membrane surface that bind the G-protein transducin.3

Various transport proteins such as the Ca-ATPase, a calcium
pump active in muscle contraction, the ubiquitous transporters
that control the levels of neurotransmitter substances in the brain,
and the G-protein-coupled drug receptors all seem to undergo
similar conformational changes as part of their molecular
mechanism of action. Recent investigations provide direct
evidence that DHA-containing lipids may facilitate a confor-
mational change of another transmembrane protein, the class I
major histocompatibility complex (MHC I). By modulating

MHC I function, the polyunsaturated lipid alters the activation
of T-cells and the outcome of immune responses.4 The general
question arises how polyunsaturated lipids affect protein func-
tion.

At present, the physical mechanisms by which lipids influence
membrane-embedded proteins are not well understood. Sys-
tematic investigations of the dependence of membrane protein
function on the lipid bilayer composition show that chemical
specificity is of little importance for most protein-lipid interac-
tions.5,6 On the contrary, changes in membrane protein function
can be correlated with changes in the bilayer material properties
such as bilayer hydrophobic thickness7-9 and monolayer
curvature stress.10,11

Theoretical considerations showed that the lateral pressure
and its profile through the membrane may serve as another
essential property for those intrinsic proteins whose function
involves a conformational change accompanied by a depth-
dependent variation in the cross-sectional area of the protein,
because relatively small modifications of the lateral pressure
profile can induce considerable shifts of the equilibrium between
different protein conformers.12 Variation in the degree and
position of unsaturation induces changes in the transverse
pressure profile of lipid bilayers.13 At the same time, polyun-
saturation shortens effective chain length because of increased
segmental disorder. Hence, more chain segments are necessary
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to maintain bilayer thickness. These theoretical predictions
encouraged us to test the relation between bilayer dimensions,
chain ordering, and the pressure acting within membranes of
unsaturated lipids.

Hydration-dependent deformation of multibilayer assemblies
is a well-established method in lipid research.14,15This so-called
osmotic stress technique is capable of probing compressibility
of bilayer stacks in the directions perpendicular and parallel to
the membrane surface.16-19 Here we applied this method in
combination with infrared (IR) linear dichroism and X-ray
measurements to study the effect of hydration on membranes
of polyunsaturated 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphocholine (SDPC-d35) and compared it with membranes
of monounsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC-d31). This publication continues previous
work on lyotropic phase behavior of SDPC.20 A new fluid
lamellar phase (LR′) was found in partially hydrated samples at
T > 15 °C. Interestingly, LR′ membranes expanded laterally
when water was removed. This indicates an unusual interaction
between SDPC molecules in membranes. The saturated and
monounsaturated PCs usually contract laterally or bend into
nonlamellar structures upon dehydration.

From a methodological point of view, the novelty in this study
is to use IR order parameters of C-H and C-D vibrations of
the sn-1 and sn-2 chains to estimate the effective dimensions
of the saturated and unsaturated chains as a function of
compression. In addition, vibrations of the carbonyl and
phosphate groups provide information on local hydration
properties that depend on the local pressure acting within the
polar membrane region. In the first part we outline the theoretical
background of the method. In the second part we analyze and
discuss experimental data that were partially taken from our
previous publication.20

Experimental Section

Materials. The lipids 1-stearoyl-2-docosahexaenoyl-sn-glyc-
ero-3-phosphocholine (SDPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and their perdeuterated ana-
logues (SDPC-d35 and POPC-d31) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). The stearic acid chain is about
98% deuterated,21 except for the C2 methylene segment that is
deuterated to about 50% only. The lipids were stored as
methylene chloride stock solutions with butylated hydroxy
toluene (BHT-to-lipid mole/mole 1:250) to minimize oxidation.
Lipid purity was checked by matrix-assisted laser desorption
and ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) which detects lipid peroxidation products with high
sensitivity.22

Infrared Measurements and Spectral Analysis.Samples
were prepared by spreading appropriate amounts of the stock
solution of lipid in methylene chloride on the surface of a ZnSe-
attenuated total reflection (ATR) crystal. The solvent evaporated
under a stream of nitrogen in less than one minute. The average
thickness of the lipid film was less than 3µm, corresponding
to a stack of about 500 bilayers. The molecular properties of
the macroscopically oriented multibilayer films appear to be
not influenced by the underlying solid surface. The phase
behavior of dipalmitoylphosphatidylcholine (DPPC) oriented
bilayers that have been prepared in the same fashion completely
agrees with that of bulk samples.23 Diffraction experiments on
solid-supported lipid films containing∼1800 bilayers resulted
in repeat spacings similar to those of unoriented multilamellar
liposomes.24 Calorimetric and NMR measurements show that
a solid support influences only the bilayers that are in immediate
contact with the solid surface.25

After application of the lipid, the ATR crystal was im-
mediately mounted inside a sample chamber.26 The sample
chamber was placed into a BioRad FTS-60a Fourier transform
infrared spectrometer (Digilab, MA) equipped with a wire grid
polarizer. The lipid films were hydrated in a stream of high
purity nitrogen gas at definite relative humidity (RH) which
was led through the sample chamber. The temperature (T) and
RH were adjusted by means of a water-circulating thermostat
(Julabo, Seelbach, Germany) and a moisture generator (Humi-
Var, Leipzig, Germany) with an accuracy of(0.1 K and(0.5%,
respectively. Hydration/dehydration scans were performed by
increasing/decreasing RH in steps of∆RH ) 3% in the range
5-98% at constantT. Heating/cooling scans were performed
by increasing/decreasingT in steps of∆T ) 1 K at RH) const.
The sample was allowed to equilibrate for 10 min in RH scans
and for 2 min in temperature scans before the measurement.
No significant hysteresis effects were detected. In addition to
hydration studies using H2O, the measurements were conducted
in a D2O atmosphere to improve the resolution in the spectral
regions of the CH2 and CdO stretches which overlap with the
H2O stretching and bending bands, respectively.

Polarized absorption spectra,A|(ν) andA⊥(ν), were recorded
with light polarized parallel and perpendicular with respect to
the plane of incidence (128 accumulations each). Band positions
were analyzed by means of their center of gravity (COG) in
the weighted sum spectrum,A(ν) ) A|(ν) + K2A⊥(ν).27 Integral
baseline-corrected intensities of selected absorption bands were
used to calculate the dichroic ratio,RATR ) A|/A⊥, and the
respective IR order parameter,SIR, that was calculated atK1 )
2 andK2 ) 2.55 (see the Theory section, eqs 2 and 5).

X-Ray Measurements.For X-ray investigations, oriented
multibilayer stacks of the lipids were prepared by spreading
appropriate amounts of the stock solution on glass slides (20×
25 mm). Subsequently, the organic solvent was evaporated. The
slides were positioned into a sealed thermostated ((0.5 K)
chamber mounted at a conventional Philips PW3020 powder
diffractometer (Philips, Netherlands). X-ray diffractograms were
obtained with Ni-filtered Cu KR radiation (20 mA/30 kV) by
ΘX-ray/2ΘX-ray scans. The intensity was detected with a
proportional detector system. Nitrogen of definite RH was
continuously streamed through the sample chamber using a
moisture-regulating unit (see above). The samples were inves-
tigated at discrete RH values and equilibrated for at least 1 h
before measurements. Repeat distances of the lamellar phase,
d, were determined with an accuracy of(0.1 nm using the
Bragg peaks of up to fourth order. Original X-ray data of SDPC
were published previously.20

Theory

Infrared Order Parameter. Let us first consider absorption
of a single IR active group in the ATR experiment. Its integral
polarized IR absorbances are27

whereεi is the integral absorption coefficient of groupi andCi

) (3n21/2 cosω)(Ey′(di)/E0)2 denotes a constant that depends
(i) on the ratio of the refractive indices of the sample and the
ATR crystal (n21 ) nsample/nATR), (ii) on the angle of incidence
(ω ) 45°), (iii) on the distance of the group from the ATR
surface,di, (iv) on the electric field amplitude of the incident
light, E0, and (v) on the electric field component pointing
perpendicular to the plane of incidence at the position of the
absorbing group,Ey′(di). The optical constantsK1

i ≡ (Ez′/Ey′)2

A|
i ) Ci(K1

i + K2
iSIR

i)εi and A⊥
i ) Ci(1 - SIR

i)εi (1)
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+ (Ex′/Ey′)2 and K2
i ≡ 2(Ez′/Ey′)2 - (Ex′/Ey′)2 depend on the

Cartesian coordinates of the normalized electric field vector
(with z′ oriented perpendicular to the ATR surface) which
interact with the IR active transition momentµi of the
investigated molecular group. The IR order parameter of the
considered absorption band,SIR

i ≡ P2(θµ
i), is defined as the

second-order Legendre polynomial,P2(θµ
i) ≡ 0.5(3 cos2 θµ

i -
1), of the angleθµ

i betweenµi and the ATR normal,n.
In a next step of approximation we consider a molecule (e.g.,

a lipid) that containsngroup absorbing groups of the same type
(e.g., methylenes) that may differ in orientation and absorption
coefficients. Moreover, we proceed to a sample film of thickness
dfilm on an ATR crystal withNref active reflections. The electric
field amplitudes, and thus the optical constants, are conveniently
obtained in terms ofHarricks thick-film approximation (which
is valid for the used ZnSe crystal atdfilm > 0.2λ, whereλ is the
wavelength of absorbed light) usingFresnelsequations:29

andC ) (3n21/2 cosω)Nrefdp wheredp ) λ[2π(sin2 ωn2
ATR -

n2
sample)]-1 is the so-called penetration depth of electromagnetic

waves.
The considered band represents the superposition of the

absorbance of all absorbing groups. Hence, the total polarized
absorbances are

where summation runs over all molecules and the absorbing
groups (∑ ≡ ∑i)1

nmol ∑j)1
ngroup).

Let us introduce the dichroic ratio of a single group,Rij ≡
A|

ij/A⊥
ij , and that of the sample:

The observableRATR represents the mean value of the dichroic
ratio of all absorbing groups in the sample weighted by the factor
(1 - SIR

ij )εij. It yields the apparent IR order parameter of the
absorption band

After insertion of eqs 1 and 4 into eq 5, one obtains

The result shows that the IR dichroism experiment provides an
absorption coefficient-weighted, ensemble-averaged second-
order Lengendre polynomial of all groups in the sample which
contribute to the considered absorption band.

Determination of Chain Order Parameters from IR
Linear Dichroism Data. Let us introduce Cartesian{xi, yi, zi}
coordinate systems that are fixed to the methylene groups of a
polymethylene chain with axesxi and yi pointing along the
bisectrice of the hydrogen-carbon-hydrogen bond angle of

methylene groupsi ) 1, ...,ngroupand along the interconnecting
line between both hydrogens, respectively. Thezi axes conse-
quently orient along the interconnecting line between the
midpoints of adjacent C-C bonds, and thus, azi axis defines
the orientation of the local fiber axis of the chain. At first we
consider a single chain,j (Figure 1, part A). Its mean long axis
can be defined as the unit vector,mj, that points along the sum
of unit vectors that are oriented along the segmentalzi axes. In
a membrane, i.e., in an ensemble of chains, the chain axes
fluctuate about the membrane director,d, which represents the
mean orientation of allmj (Figure 1, part B). The segmental
ordering with respect tod can be characterized in terms of the
diagonal elements ofSaupe’sorder parameter matrix,Sk ≡ Skk

) 〈P2(θk
ij)〉arit, whereθk

ij is the angle betweend and axisk )
xij, yij, zij of segmenti in chain j, and〈...〉arit denotes arithmetic
averaging over all segments in the membrane.30 The longitudinal
order parameter

is a measure of the conformational order of the chains. The
so-called dispersion,Dxy ) Sx - Sy, characterizes the transverse
ordering perpendicular to the membrane director, i.e., within
the membrane plane.23,27 Fluid membranes typically lack
transverse ordering (Dxy ) 0).

Selective deuteration of the saturated acyl chains of the lipids
allows evaluation of the molecular ordering of the stearoyl
(SDPC-d35) and palmitoyl (POPC-d31) chains using the IR
order parameters of the symmetric and antisymmetric CD2

stretching bands near 2090 and 2195 cm-1, SIR(νs(CD2)) and
SIR(νas(CD2)), respectively.27 In a first-order approximation, the
respective transition moments are assumed to point along the
segmentalx and y axes, respectively. Hence, the IR linear
dichroism of the methylene stretches yields the apparent
longitudinal order parameter of the deuterated acyl chains in
analogy to eq 7:

K1 )
2 sin2 ω - n21

2

(1 + n21
2) sin 2 ω - n21

2
,

K2 )
sin2 ω + n21

2

(1 + n21
2) sin 2 ω - n21

2
(2)

A| ) ∑A|
ij and A⊥ ) ∑A⊥

ij (3)

RATR ≡ A|

A⊥
) ∑RijA⊥

ij

∑A⊥
ij

) ∑Rij(1 - SIR
ij )εij

∑(1 - SIR
ij )εij

(4)

SIR ≡ RATR - K1

RATR + K2
(5)

SIR ) ∑SIR
ij

ε
ij

∑ε
ij

≡ 〈P2(θµ)〉 (6)

Figure 1. Schematic representation of a partially disordered polyun-
saturated (left) and saturated (right) acyl chain in a membrane (part
A), an ensemble of lipid chains in one-half of a bilayer (part B) and
their mean projection length,L, and mean area requirement in the
membrane plane,Ach (part C). One methylene coordinate{x,y,z} system
is indicated in part A. Thez axes define the fiber axes of the chains
(thick line). The small arrows in part B illustrate fluctuating long axes
of the chains. Their sum gives the local director,d. Note thatAch defines
an “effective” area that relates the mean projection length to the cross
section area of a cylinder which does not necessarily reflect the real
molecular shape of a chain. The symbolπ denotes the repulsive lateral
pressure which is counterbalanced by the cohesive hydrophobic surface
tension,γ. Note, that the vertical offset distance betweenπ andγ causes
a bending stress within the bilayer. See text for details.

Sz ) -(Sx + Sy) (7)

Sθ(stearoyl, palmitoyl)≡
-{SIR[νs(CD2)] + SIR[νas(CD2)]} (8)
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There exist, however, several factors that can cause a
systematic difference betweenSθ andSz:

(i) Sθ represents a spectroscopic mean (see eq 6), whereasSz

is defined as an arithmetic average over all segments. In general,
the absorption coefficient of the methylene stretches depends
on substituents in the chain, such as carbonyl, methyl, or methine
groups, and on the torsion angles of adjacent C-C bonds and,
thus, on the conformation of the chain through changes in charge
distribution.31 One could suspect thatεi decreases along the chain
with increasing carbon numberi because conformational
disorder typically increases in lipid bilayers toward the methyl
end groups.32 It was however shown that the intensity of
methylene stretches of alkanes and polyethylene decreases by
less than 10% upon heating from 7 to 300 K.31 In this
temperature range the chains undergo a melting transition that
is accompanied by considerable alterations of chain conforma-
tion. The observed intensity change could be mainly attributed
to changes of the density and refractive index of the samples
and only to a minor degree to a variation of the absorption
coefficient. Moreover, the intensity of Raman spectra of
dimyristoyl-PC specifically deuterated in the sn-2 chain at one
of the positionsi ) 3, 4, 6, 10, 12, and 14 varies only slightly
in the CD2 stretching range.33 We therefore assume thatεi is a
constant, and thus, the IR order parametersSIR(νs(CD2)) and
SIR(νas(CD2)) and their sumSθ can be interpreted as an arithmetic
mean value of the segmental order parameters.

(ii) The orientation of the transition moments of the methylene
stretches can slightly deviate from the expected perpendicular
orientation relative to the fiber axis because of vibrational
coupling along the chain.

(iii) Imperfect alignment of the membranes at the ATR
surface, monolayer bending in nonlamellar phases, fluctuations
of the local director due to undulations of the bilayers, and tilting
of the chain axes can interfere with interpretation in terms of
conformational ordering.34-36

Effects (ii) and (iii) can be considered in terms of a set of
nested uniaxial order parameters if they act independently

The order parametersSδk and Sd are mean second-order
Legendre polynomials of the angle between the transition
moment,µ, and the respective coordinate axis and between the
local directord and the ATR normal,n, respectively. Hence,
the IR order parameters must be corrected according to eq 9 to
yield the segmental order parameters of the deuterated chains:

The mean ordering of the protonated unsaturated chains of
POPC-d31 and SDPC-d35 is also accessible in the IR linear
dichroism experiment. The longitudinal order parameter of the
polymethylene fragments of the oleoyl chains were determined
from the IR order parameters of the symmetric and antisym-
metric CH2 stretches near 2852 and 2922 cm-1, respectively:

The IR order parameter of the C-H bending mode of the
sCHdCHs groups of the docosahexaenoyl chains at 1388
cm-1 yields the longitudinal order parameter of the polyun-
saturated chain

This choice was motivated by the fact thatSIR(δ(C-H)) reaches

a maximum value near unity in the Lâ phase of SDPC-d35 (vide
infra). Consequently, the corresponding transition moments must
point along the chain axis for symmetry reasons. A detailed
discussion of the linear dichroism of SDPC will be given
elsewhere.

Equation 10 in combination with eqs 8, 11, and 12 provides
the longitudinal segmental order parameter of saturated and
unsaturated acyl chains of SDPC-d35 and POPC-d31.

Determination of Mean Chain Dimensions from Order
Parameters.In liquid-crystalline membranes, the mean projec-
tion length of the saturated sn-1 chain of lipids in direction of
the membrane normal is approximately proportional to the
segmental order parameterSx.32,37,38

whereLmax is the maximum chain length which corresponds to
the extended all-trans conformation (see Figure 1, part C).
Equation 13 was derived from a diamond lattice model of C-C
bonds and ignores tumbling motions of the lipid, collective
bilayer motions and chain upturns,39 which have been observed
experimentally40 and in molecular dynamics simulations.41

Despite of these simplifications, the analysis of2H NMR order
parameters in terms of the diamond lattice model reflects bilayer
dimensions in a satisfactory fashion, except for a slight
overestimation of the area per lipid in comparison with X-ray
data.17 The origin of these differences is still debated (see refs
42 and 43 for details). According to previous experiments,17

this discrepancy is of secondary importance for data analysis
because eq 13 is applied to quantify the chain dimensions in a
relative fashion, whereas X-ray data provide their absolute
dimensions (see below).

Making use of eq 7 and of the condition of cylinder symmetry
for rotations about thez axis, Sx ) Sy, one obtains the chain
length as a function of the longitudinal order parameterSz:

For incompressible acyl chains (volume per chainVch ≈
const.), one can writeVch ≈ AminLmax ≈ AchL whereAch and
Amin denote the “effective” area requirement per chain in the
membrane plane and its minimum value referring toSz ) 1,
i.e., to the stretched chain. Insertion of eq 14 intoAch ≈
AminLmax/L provides an estimation of the area requirement per
chain as a function of the longitudinal order parameter37,39

Note, that eq 15 gives an absolute measure of the area per chain
in terms of order parameters where the minimum available area
of a chain, Amin, is unknown per se. For an independent
estimation one can assume equal minimum cross sections of
saturated and monounsaturated chains in the sn-1 and sn-2
position of POPC-d31,Amin(sn-1)≈ Amin(sn-2). In experiments
on PCs with a wide variety of acyl chains, Smaby et al.44 showed
that the minimum limiting area is nearly the same (∼0.2 nm2).
Then, the ratio of chain areas

provides the area fraction of the sn-1 chain as a function of
chain order parameters:

SIR ≈ SδkSkSd with k ) x, y, z (9)

Sz ≈ Sθ /(Sd Sδz) (10)

Sθ(oleoyl)≡ -[SIR(νs(CH2)) + SIR(νas(CH2))] (11)

Sθ(DHA) ≡ SIR(δ(C-H)) (12)

L ≈ Lmax(0.5+ |Sx|) (13)

L ≈ 0.5Lmax(1 + Sz) (14)

Ach ≈ 2Amin(1 + Sz)
-1 (15)

r ) Ach(sn-1)/Ach(sn-2)≈
(1 + Sz(sn-2))/(1+ Sz(sn-1)) (16)

Dimensions and Ordering of Unsaturated Lipid Chains J. Phys. Chem. B, Vol. 105, No. 49, 200112381



Let us assume additivity of chain areas of the lipid,AL)
Ach(sn-1) + Ach(sn-2), which is justified if lipid hydrocarbon
chains pack in a fluid, lattice-like structure. The total are per
lipid determined by X-ray diffraction (eq 22, see below) can
be split into areas of sn-1 and sn-2 chains using eq 17:

This method also allows comparison of the area per chain in
different lipids using their order parameters. The cross section
of the stearoyl chains of SDPC-d35,Ach(stearoyl), can be related
to the area of the palmitoyl chains of POPC-d31,Ach(palmitoyl),
if one assumes equal minimum chain areas of the saturated
chains,Amin(stearoyl)≈ Amin(palmitoyl) (vide supra):

whereAch(palmitoyl)) Ach(sn-1) has been calculated by means
of eq 18.

Hydration-Induced Deformation of Lipid Lamellae. The
water activity (given in terms of relative humidity) in the sample
chamber,aw ≡ RH/100%, was adjusted yielding a specific
chemical potential of water

(kB is the Boltzmann constant). The chemical potential of water
is defined as its partial molar free energy,∆µW ≡ (∂∆G/∂RW/L)
(∆G ) G(aW < 1) - G(aW ) 1)). The hydration-induced
increment of the free energy can be divided into a contribution
that accounts for lateral deformation of the membranes and a
contribution that is related to changes of the water layer
thickness between the membranes,dW. Accordingly one can
write the chemical potential of water in the form

with

and

The mean area requirement per lipid in the membrane plane

was obtained by means of X-ray diffraction which provides the
repeat distance,d. The volume

was obtained by gravimetry which yields the number of water
molecules per lipid,RW/L.20 The symbolsVL andVW denote the
molecular volumes of lipid and water, respectively. Approxima-
tion (23) holds for volumetrically incompressible lipid and water
molecules. The mean thickness of the water gap in the
multibilayer stacks

was estimated assuming nonpenetrating water and lipid layers.45

The limitation of this method is that it does not account for
water-filled pockets that may form spontaneously in multila-
mellar dispersions of phosphatidylcholines atRW/L > 15
resulting in a systematic overestimation ofAL.17,42,46,47In this
work, such pockets can be ignored because experiments have
been conducted at reduced hydration (RW/L < 15).

The chemical potential of water,∆µW, is directly related to
the partial molecular volume of water,∂V/∂RW/L ≈ VW:17

The isotropic hydration pressure is defined asΠ ≡ -∆µW/VW.
It can be approximated by an exponentially decaying function
of water layer thickness,dW:

Comparison of eqs 21 and 25 provides the lateral compression
pressure of one monolayer upon dehydration, i.e., the difference
of lateral pressure between the partially hydrated and the fully
hydrated “relaxed” layer:16,17,19

The lateral pressure at full hydration is conveniently set toγ0,
the interfacial tension of the hydrocarbon-water interface,
π(aW ) 1) ≈ γ0. The apparent lateral compressibility modulus
of a bilayer is defined as

representing a measure of the resistance of a lipid layer to
transverse compression. Equation 28 ignores contributions to
area changes due to smoothing of thermal undulations of the
lamellae which may have a significant effect on apparent area
changes.48 Making use of a correction term proposed by Rawicz
et al.,48 one can estimate the elastic modulus of direct compres-
sion,KA, from its apparent value:

The arguments “1” and “2” denote the respective pair of pressure
data which give the local slope of the pressure/area isotherm
(see below). The symbolkc denotes the elastic bending modulus
of the membrane.

The increase of the lateral pressure of lipid membranes upon
lateral compression can be qualitatively interpreted within the
framework of a simple polymer brush model of parallel chains
(see ref 48 and references therein):

The symbolurot represents the energy change upon rotation about
one segmental bond to achieve a more bulky conformation.Nseg

is the number of statistical segments per chain. For fluid lipid
layers one can confidently apply urot ≈ 0 and ln(Amin/(Ach -
Amin)) ≈ Amin/Ach to obtain48

f(sn-1)≡ Ach(sn-1)/(Ach(sn-1)+ Ach(sn-2)))
r/(r + 1) (17)

Ach(sn-1)) f(sn-1)AL and

Ach(sn-2)) AL - Ach(sn-1)) (1 - f(sn-1))AL (18)

Ach(stearoyl)) Ach(palmitoyl)(1+ Sz(palmitoyl))/

(1 + Sz(stearoyl)) (19)

∆µW ≡ µW(aW < 1) - µW(aW ) 1) ) kBT ln aW (20)

∆µW ) ∆µW
|| + ∆µW

⊥

∆µW
|| ) (∂∆G/∂AL)dw)const(∂AL/∂RW/L)

∆µW
⊥ ) 0.5(∂∆G/∂dW)AL)const(∂dW/∂RW/L) (21)

AL ) 2V/d (22)

V ≈ VL + RW/LVW (23)

dW ) 2RW/LVW/AL (24)

∆µW ) -Π (∂V/∂RW/L) )
-0.5Π{dW (∂AL/∂RW/L) + AL (∂dW/∂RW/L)} (25)

Π ≈ Π0 exp(-dW/λ) (26)

∆π ≡ -(∂∆G/∂AL)dw)const) |π(aW < 1) - π(aW ) 1)| ≈
0.5dWΠ (27)

KA
ap ≡ -2AL ∂∆π/∂AL (28)

KA ) {(KA
ap)-1 - (kBT/16πkc) ln(∆π(2)/∆π(1))/

(∆π(2) - ∆π(1))}-1 (29)

∆π ) (NsegAmin/Ach
2) ×

(3kBT ln(Amin/(Ach - Amin)) - urot) - γ0 (30)
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Equation 31 predicts direct proportionality betweenKA and the
lateral pressure (see eq 28):

The reliability of eqs 31 and 32 was checked for lipid
monolayers in the liquid-expanded state.48

Equation 31 applies to both chains of a mixed chain lipid,
i.e., the same lateral pressure acts on both the sn-1 and sn-2
chain. The condition∆π(sn-1)) ∆π(sn-2) yields

Hence, the ratio of chain areas depends on the ratio of the
number of statistical segments and minimum chain areas of the
respective chains.

Hydration-Induced Variation of Chain Ordering at Con-
stant Temperature. Equation 15 allows the estimation of the
apparent isothermal expansion modulus of the chain area in
multilamellar bilayer stacks from the RH-dependence of the
longitudinal chain order parameter:

Let us first consider the apparent isothermal expansion modulus
of a lipid, Kaw(lipid) ≡ AL

-1 dAL/daW|T)const) AL
-1 (∂AL/∂π)-

(∂π/∂aW)T)const ) -2/KA (∂π/∂aW)T)const (see also eq 28 and
assumingKA ≈ KA

ap). Insertion of eqs 20 and 24 into eq 27
givesπ ) -kBT ln aWRW/L/AL + γ0. Derivation with respect to
aw yields (∂π/∂aW)T)const ) ∆π{-AL

-1 (∂AL/∂aW) + RW/L
-1

(∂RW/L/∂aW) |T)const+ (aW|lnaW|)-1} + ∂γ0/∂aW, resulting after
rearrangement in (see also eq 34):

Equation 35 also applies to each of both acyl chains of a mixed
chain lipid because of mechanical equilibrium∆π ) ∆π(sn-1)
) ∆π(sn-2)≈ -kBT ln aWRW/L/2Ach (see eqs 24 and 27 with
AL ≈ 2Ach). Insertion into eq 35 yields

For sake of simplicity, let us approximate the adsorption
isotherm by a linear function,RW/L ≈ RW/L

maxaW. The ap-
proximation is justified in the RH range 20%-70% (see
isotherms of POPC and SDPC at 25°C in ref 20). Withγ0 )
const. and 2∆π/KA , 1, one obtains

It follows that the ratio of the apparent isothermal expansion
moduli of the chains of a mixed chain lipid is inversely related
to their compressibility moduli:

Temperature-Induced Variation of Chain Ordering at
Constant Water Activity. The thermal expansion modulus of
the chain area in multilamellar bilayer stacks at constant water
activity is analogous to eq 34:

The derivative of the area requirement per lipid with respect to
temperature at constant water activity is dAL/dT|aw)const) (∂AL/
∂T)π)const + (∂AL/∂π)(∂π/∂T)aW)const. The latter term considers
the change ofAL owing to the temperature-induced variation
of lateral pressure. The apparent expansion modulus of a lipid
monolayer is defined as (see also eq 28 and assumingKA ≈
KA

ap)

Making use of eqs 20, 27, and 28, one obtains (∂π/∂T)aW)const

) ∆π{RW/L
-1 (∂RW/L/∂T) - AL

-1 (∂AL/∂T)|aw)const + T-1} +
∂γ0/∂T, which gives

Equation 41 also applies to lateral expansion of the chain areas
because of the condition of mechanical equilibrium (vide supra).
The temperature dependence of the interfacial tension in the
temperature range 300( 30 K of an oil/water interface can be
reasonably well approximated by a linear function:49

With this approximation, eq 41 transforms for water activities
near unity to

The second term is a constant with an approximate value of
10-3 K-1.

Results and Discussion

Ordering of the Saturated Chains and Bilayer Dimensions
as a Function of Hydration. Figure 2 compares the mean
vertical and lateral dimensions of the hydrophobic core of one-
half of SDPC-d35 and POPC-d31 bilayers with the longitudinal
order parameter and the mean CD2 stretching frequency of the
stearoyl and palmitoyl chains. The area per lipid,AL and the
mean chain length,Lhc, have been calculated from results of
previous X-ray measurements20 using the approach of nonpen-
etrating lipid/water layers45 (see the Theory section and also
the legend of Figure 2). The longitudinal chain order parameter,
Sθ, and the center of gravity of IR absorption, COG(νs(CD2)),
were obtained from IR investigations. The order parameter,Sθ,
was calculated from the IR order parameters of the antisym-
metric and symmetric methylene stretching bands of the

∆π ≈ 3kBTNsegAmin
2/Ach

3 - γ0 (31)

KA ) 6(∆π + γ0) (32)

Ach(sn-1)/Ach(sn-2))

{Nseg(sn-1)Amin(sn-1)2/Nseg(sn-2)Amin(sn-2)2}1/3 (33)

Kaw(chain)≡ Ach
-1

∂Ach/∂aW|T)const≈
-(1 + Sz)

-1
∂Sz/∂RH × 100% (34)

Kaw(lipid) ) (1 - 2∆π
KA

)-1

×

[ 2
KA

{∆π( 1
RW/L

∂RW/L

∂aW
+ 1

aW|lnaW|) -
∂γ0

∂aW
}

T)const
] (35)

Kaw(chain)) (1 - 2∆π
KA

)-1

×

[ 2
KA

{ kBT

2Ach
(|lnaW| ∂RW/L

∂aW
+

RW/L

aW
) -

∂γ0

∂aW
}

T)const
] (36)

Kaw(chain)≈ +(kBT/Ach)KA
-1RW/L

max(1 + |ln aW|) (37)

Kaw(sn-1)/Kaw(sn-2)≈ KA(sn-2)/KA(sn-1) (38)

KT(chain)≡ Ach
-1

∂Ach/∂T|aW)const≈
-(1 + Sz)

-1
∂Sz/∂T × 100% (39)

KT(lipid) ≡ AL
-1 dAL/dT|aw)const)

AL
-1 (∂AL/∂T)π)const- 2/KA (∂π/∂T)aW)const (40)

KT(lipid) ) (1 - 2∆π
KA )-1[ 1

AL

∂AL

∂T |
π)const

-

2
KA

{∆π( 1
RW/L

∂RW/L

∂T
+ 1

T) +
∂γ0

∂T}
aw)const] (41)

γ0(T) ≈ γ0(T ) T*)(T/T*) with T* ) 300 K (42)

KT(chain)≈ Ach
-1

∂Ach/∂T|π)const-

2γ0(300 K)/(3KA) × 10-2 (43)
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deuterated palmitoyl (POPC-d31) and stearoyl (SDPC-d35)
chains by means of eqs 8 and 11, respectively.

The half-thickness of the hydrophobic core of POPC and
SDPC bilayers in the gel phase,Lhc ≈ 1.98 and 2.25 nm,
respectively, slightly exceeds the length of the respective
saturated chains in the all-trans conformation,Lmax ≈ 1.91 nm
(palmitoyl) and 2.16 nm (stearoyl), that were estimated by means
of Lmax≈ nCH20.127 nm (nCH2 is the number of methylene groups
per chain). Note that the difference of 0.06-0.09 nm between
the calculated and measured values should be judged as the
resolution limit of the model of nonpenetrating lipid/water layers
owing to simplifying assumptions.45 SDPC-d35 (10°C) and
POPC-d31 undergo a lyotropic chain melting transition from
the gel (Lâ) to the liquid-crystalline (LR) phase with increasing
RH. This event is characterized by a precipitous decrease of
Lhc andSθ, whereasAL and COG(νs(CD2)) markedly increase.
Upon transformation into theLR phase, the mean thickness and
area of SDPC bilayers decrease by 20-25%, whereasLhc and
AL of POPC membranes vary by less than 13% only. In contrast,

the change of IR order parameters of the saturated chains in
both lipids is similar (∼16% ( 3%).

Hydration of SDPC at 25°C induces a transition between
two lamellar fluid phases,LR′ and LR, respectively. TheLR′
bilayers exhibit the surprising tendency to contract laterally and
to expand vertically with increasing RH, which is in contrast
to LR membranes that increase in area and decrease in thickness.
For direct comparison with SDPC-d35, we scaled theLhc values
of POPC-d31 by a factor18/16 to take into account the different
number of carbon atoms per saturated chain in both lipids (graph
a in Figure 2). The comparison shows that increasing the number
of double bonds in the sn-2 chain results in significantly thinner
bilayers on a relative scale and in an increased area per lipid in
the LR phase at identical hydration. As a consequence, the
hydrophobic half thickness of fluid membranes of the 18:0-
22:6 lipid is similar to the value of the 16:0-18:1 lipid atT )
25 °C (∼1.5 nm at RH> 95%).

Also, note the good correspondence between geometrical and
IR parameters. Direct proportionality between the mean fre-
quency of methylene stretches and the respective IR and2H
NMR order parameters was previously reported for fluid lipid
membranes.50,51 Recently we found that the mean methylene
stretching frequency of lipids with identical acyl chains in the
sn-1 and sn-2 position is directly related to the mean area that
the lipid molecules occupy in the membrane plane.18 Hence,
IR spectroscopy and X-ray diffraction independently provide
information about hydration-induced changes of membrane
dimensions.

It should be emphasized that X-ray diffraction yields an
estimate of the mean geometry of both chains, whereas IR
spectroscopy on the CD2 stretches of sn-1 perdeuterated lipids
selectively probes the saturated chains. Hence, subtle differences
between the results of both methods possibly reflect different
properties of the saturated and unsaturated chains of the mixed
chain lipids. To explain the observed changes of bilayer
dimensions, one might expect that the smaller variation of the
order parameter of the stearoyl chains is related to a more
pronounced change of the longitudinal ordering of the DHA
chains at the chain melting transition of SDPC-d35. In contrast,
the order parameter of the oleoyl and palmitoyl chains of POPC-
d31 are expected to vary in a similar fashion because the changes
in bilayer dimensions and inSθ(palmitoyl) are almost equivalent.

Comparison between Order Parameters of Saturated and
Unsaturated Chains.The degree of segmental ordering of the
monounsaturated oleoyl chains of POPC-d31 was estimated in
terms of the IR order parameters of the CH2 stretches (eq 11),
whereas order of the polyunsaturated DHA chains was obtained
from the linear dichroism of the C-H wagging vibration of
the methine groups (eq 12). Figure 2 compares the longitudinal
order parametersSz (eq 10) of the saturated and unsaturated
chains of both lipids. The scaling factor in eq 10 was set to the
maximum value of the respective chain order parameter in the
Lâ phase,SdSδz ) 0.75 (stearoyl, palmitoyl, and oleoyl) and
SdSδz ) 1 (DHA), assuming stretched, nontilted chains (see ref
20). As expected, the order parameter of the DHA chains varies
much more drastically (>40%) upon chain melting than the
order of the stearoyl chains. Also the very similar drop ofSz of
the oleoyl and palmitoyl chains confirms the expectation of equal
changes in order of both chains for POPC-d31. These tendencies,
i.e., a steeper slope ofSz of the polyunsaturated chain compared
to the saturated and monounsaturated ones, were also observed
in the fluid phases of SDPC-d35 and POPC-d31 (see legend of
Figure 2). The order parameter of the stearoyl chain of SDPC-
d35 decreases by a significantly smaller extent than the order

Figure 2. Bilayer dimensions and chain ordering of SDPC-d35 and
POPC-d31 as a function of relative humidity (RH). Thickness of the
hydrophobic core of one-half of the bilayer,Lhc; area per lipid,AL;
apparent chain order parameter of the saturated chain,Sθ (eq 8); and
center of gravity of the symmetric CD2 stretching band, COG(νs(CD2)).
Phase transitions are indicated by vertical dotted lines.Lhc ) 0.5dhc

was calculated using the repeat distance,d, with dhc ) d - (dpol + dW)
wheredW is the water layer thickness (eq 24) anddpol ) 2Vpol/AL is the
thickness of the polar part of the bilayer.Vpol denotes the volume of
the nonhydrated polar part of the lipids which includes the glycerol
and carbonyl moieties. For the PC lipids, we used the valueVpol )
0.325 nm3 (see 41 and references therein).Lhc of POPC has been scaled
with the factor18/16 to account for the different number of carbon atoms
of the stearoyl and palmitoyl chains (graph a, see text). The respective
diffractograms and repeat distances,d, were given previously.20
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parameter of the palmitoyl chain of POPC-d31 at 25°C. Hence,
both methods confirm independently that the dimensions and
segmental ordering of polyunsaturated and monounsaturated
chains in the mixed chain lipids change to a different degree as
a function of hydration.

Equation 34 relates the variation of chain order parameters
as a function of relative humidity to the relative change of chain
area in the membrane plane. The ratio of the relative area change
of the sn-1 and sn-2 chains is nearly a constants for each lipid
in the whole RH rangeKaw(sn-2)/Kaw(sn-1)) 1.0 (POPC-d31,
25 °C), 2.6, and 2.1 (SDPC-d35 at 25°C and 10 °C,
respectively; error(0.5). This ratio is inversely related to the
ratio of the isothermal compressibility moduli of the chainsKA-
(sn-1)/KA(sn-2)≈ Kaw(sn-2)/Kaw(sn-1) (cf. eqs 35-38). Hence,
the RH dependence of the chain order parameters suggests a
smaller isothermal compressibility modulus of the DHA chains
compared to stearoyl chains of SDPC-d35, whereas the palmi-
toyl and oleoyl chains of POPC-d31 are similarly compressible.

Dehydration-Induced Lateral Compression of the Mem-
branes.Dehydration of lipid membranes is accompanied by a
variation of lateral pressure. The correlation between the area
per lipid, AL, and the two-dimensional compression pressure,
∆π (eq 27), acting within the layer in theLR phase, is shown in
Figure 4. As expected, the lateral compression pressure increases
with decreasing area due to steric repulsion between neighboring
lipids. The simple polymer brush model provides a reasonable
description of the experimental pressure-area isotherms in fluid
membranes (see lines in Figure 4). The right shift of the SDPC
isotherm (25°C) with respect to the POPC isotherm indicates
Nseg

05Amin(SDPC)> Nseg
05Amin(POPC) (see also eq 33), i.e., a

bigger number of statistical segments and/or a bigger minimum
area per chain for SDPC. The model parametersNseg andAmin

should be interpreted as mean values over both acyl chains of
the mixed-chain lipids. In the next paragraph, we present a
separate evaluation for each type of acyl chains.

The slope of the isotherms yields the apparent lateral area
compressibility modulus,KA

ap. Correction for the flattening of
thermal undulation of the membranes usingkc ) 0.85× 10-19

J for POPC48 (see eq 29) increases the elastic modulus of direct
compression by less than 5% when compared withKA

ap.
Polyunsaturation was found to cause a distinct drop ofkc to

values near 0.4× 10-19 J.48 Eq 29 yields a correction toKA
ap

of about+10%.
In the polymer brush model,KA depends solely on∆π and

γ0 (see eq 32). The assumed value ofγ0 ) 30 mN/m agrees
with the expected surface tension of the polar-apolar interface
of 30-40 mN/m.49 The respective isotherms refer toKA )
(180-330) mN/m for∆π ) 0-25 mN/m. The data reveal no
significant difference between the area compressibility moduli
of POPC and SDPC membranes in view of the relative error of
(20%. Within these error limits, our results agree also with
recent micropipet pressurization measurements on giant vesicles
of mono- and polyunsaturated lipids which yield an area dilation
modulus ofKA ≈ 240 mN/m.48

Lateral Compression of the Chains.The area of the mixed-
chain lipid POPC-d31 was split into the mean cross sections of
the palmitoyl and oleoyl chains by means of eqs 16-18 using
theAL data shown in Figure 2 in combination with the respective
chain order parameters (Figure 3). The mean area per stearoyl
chain of SDPC-d35 was estimated using eq 19, the order
parameters of the saturated chains of SDPC-d35 and POPC-
d31 (Figure 3), and the area per palmitoyl chain (Figure 5).
Finally, the area requirement of the DHA chain of SDPC-d35
was calculated by eqs 16-18 in combination with theAL data
of SDPC-d35 (Figure 2). The results of this analysis are shown
in Figure 5 as large symbols. For comparison, we also calculated
the area per chain by eq 15 (small symbols in Figure 5) using
a minimum value ofAmin ) 0.2 nm2 for all chains which slightly
exceeds the minimum cross section of a hydrocarbon chain in
a paraffin crystal (∼0.19 nm2). The assumed minimum chain
area is in agreement with the results of previous monolayer
compression experiments (Amin ≈ 0.2 nm2 44). Furthermore, this
value is in reasonable agreement with the area per lipid in the
Lâ phase of 0.43-0.45 nm2 (SDPC) and 0.46-0.47 nm2 (POPC,
see Figure 2).

The similar∆π - AL data of the saturated chains of SDPC
and POPC suggests that both membranes have similar hydro-
phobic surface tensions,γ0 in the investigated hydration range.
Note that a smaller surface tension in fully hydrated SDPC
bilayers (∆π ) 0) would increase the area per stearoyl chain
compared to the palmitoyl chain in POPC. This would contradict
the experimental results which indicated equal chain areas
(uncertainty of AL and γ0: ∼10%). Therefore, isotherms
according to the polymer brush model were calculated for the
chains of POPC and SDPC individually using a common value
of γ0 ) 30 mN/m (lines in Figure 5). A horizontal shift of an
isotherm to larger areas is equivalent to an increase of the model

Figure 3. Longitudinal chain order parameters of SDPC-d35 and
POPC-d31 as a function of relative humidity, RH.Sz was calculated
by means of eqs 8, 11, 12, and 10 usingSdSδz ) 0.75 (methylene
stretches) and 1.0 (C-H wagging vibration of DHA). The RH
dependence of the order parameters was fitted by lines in theLR phase.
The slopes are 100%∂Sz/∂RH ) -0.29( 0.03 (palmitoyl),-0.24(
0.03 (oeloyl),-0.22 and-0.14 (stearoyl chain at T) 10 °C and 25
°C, respectively), and-0.37 and-0.49 (DHA atT ) 10 and 25°C,
respectively). Error is(0.02.

Figure 4. Lateral compression pressure,∆π, as a function of the area
per lipid in theLR phase of POPC and SDPC. The change of lateral
pressure has been calculated by means of eq 27. The lines were
calculated by means of eq 31 withAch ) 0.5AL, γphob ) 30 mN/m, and
Nseg

0.5Amin ) 0.29 (POPC), 0.32 (SDPC, 25°C), and 0.30 nm2 (SDPC,
10 °C).
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parameterNseg
0.5Amin (see legend of Figure 5). WithAmin ) 0.2

nm2 (vide supra), one obtains the number of statistical segments
per chain,Nseg ) 1.8 (palmitoyl), 2.1 (stearoyl), 2.3 (oleoyl),
and 3.2 (DHA). A mean number of statistical segments of 2.25
was determined from the analysis of monolayer isotherms of
SOPC at the water/air interface,48 in good agreement with our
estimate, 0.5(Nseg(stearoyl)+ Nseg(oleoyl)) ) 2.20.

However, the experimental isotherms of the stearoyl and DHA
chains deviate in a systematic fashion from the calculated ones
(Figure 5). In particular, at lateral pressures above 15 mN/m
the experimental compressibility moduli are about 30% larger
(stearoyl) or smaller (DHA) than the values predicted by the
polymer brush model. The saturated chains are obviously less
deformable by lateral pressure than the polyunsaturated ones.
These data confirm also the results of our analysis of chain order
parameters in terms of compressibility moduli given above. A
qualitatively similar difference has been suggested for the
compressibility moduli of DHA and stearoyl chains of SDPC
at nearly full hydration (aW > 0.9) comparing X-ray and2H
NMR measurements.17

Flexibility of Saturated and Unsaturated Chains.Analysis
in terms of the polymer brush model yielded an increased
number of statistical segments of the mono- and polyunsaturated
chains (at constantAmin) that increased their mean cross section
compared to saturated chains. Normalization with respect to the
number of C-C linkages per chain (including single and double
bonds) provides the number of C-C linkages per statistical
segment,Ncc ) (ncarbons- 1)/Nseg) 8.1( 0.1 for the saturated
chains,Ncc(oleoyl) ) 7.3 for the monounsaturated, andNcc-
(DHA) ) 6.6 for the polyunsaturated chains. Our value for the
saturated chains agrees well with the effective segmental (Kuhn)
length of short methylene polymers ofNcc ) 8.3 (see 48 and
references therein).

The decrease ofNcc with progressive unsaturation reflects
increased flexibility. On first sight, this result is surprising
because cis carbon-carbon double bonds represent rigid link-

ages about which rotation is energetically prohibited at room
temperature. Consequently, the number of flexible hinges of a
polyunsaturated chain is considerably smaller than the number
of C-C bonds of a saturated chain with the same number of
carbons. One could therefore expectNcc(DHA) > Ncc(stearoyl)
in contrast to our results. The smaller value ofNcc(DHA) shows
that the smaller number of flexible C-C bonds of the DHA
chains must be overcompensated by a higher degree of rota-
tional freedom about the remaining C-C single bonds. The
dCHsCH2s segments of the DHA chain preferentially exist
in two energetically equivalent skew conformations with torsion
angles∼(120° in contrast to the trans (180°) and gauche ((60°)
conformations preferred by subsequent methylene segments of
saturated chains.52-54 These differences can cause sharper bends
of the DHA chain axis and, thus, a shorter persistence length.
Albrand et al.55 calculated stable conformers of DHA chains
which exist either in a stretched state or in a highly coiled
conformation. Moreover, ab initio calculations on the flexibility
of the two internal C-C bonds of 1,4-pentadiene indicate that
the two rotors are virtually independent.54 Consequently, the
methylene bridges might introduce a high degree of flexibility
in longer polyunsaturated chains. Details on the DHA confor-
mations in membranes will be reported in a forthcoming
publication.

Despite its crudeness, this simple approach confirms that
unsaturation increases the flexibility and the lateral area require-
ment of the chains in lipid membranes. Note, that an increase
of the minimum area per chain,Amin, at constantNseg could
explain an increase of chain area as well. In particular, it was
reported that stretched oleoyl chains may occupy a slightly larger
area accompanied by a smallerSz than the palmitoyl chain due
to a bend adjacent to the cis-CdC double bond which is
suggested to cause a crankshaft kink motif to accommodate to
the parallel alignment of the chain axes in the membrane.52,56-58

Thermodynamics of Bilayer Deformation.The incremental
work of removing water from the bilayers goes into bilayer
deformation and into work to overcome repulsive forces between
apposing bilayers. The respective contributions to the chemical
potential of water are given by eq 21. Figure 6 compares∆µW

with the “potential of bilayer deformation”,∆µW
|, for SDPC at

T ) 10 and 25°C and for POPC atT ) 25 °C. Each phase
transition is characterized by distinct extremum of∆µW

|. Before
and after the phase transitions, only a small fraction, typically
less than 20% of the incremental free energy, goes into
deformation. Hence, the dominant fraction of work to dehydrate
the membranes is needed to decrease the distance between
adjacent bilayers, in agreement with previous results.16

At the lyotropic chain melting transition of POPC, nearly the
full amount of free energy that is released upon adsorption of
water results from lateral expansion as indicated by the relation
∆µW ≈ ∆µW

|. Consequently, no change of water layer thickness
occurs. Note, that recent measurements by means of humidity
titration calorimetry showed that the respective (exothermic)
enthalpy of water adsorption roughly equals the (endothermic)
heat of chain melting.59 Upon chain melting of SDPC at 10°C,
we obtained∆µW > ∆µW

|. This result implies that the exceeding
amount,∆µW

⊥ ) ∆µW - ∆µW
|, is consumed by the system to

reduce the separation between the membranes.
At the LR-LR′ transition and in theLR′ phase of SDPC (25

°C), the sign of∆µW
| reverses compared to that of theLR phase

and becomes positive. That means, the system “redistributes”
free energy from lateral into vertical deformation in addition to
external work to dehydrate the lipids. The free energy that is
released upon dehydration-induced lateral expansion goes into

Figure 5. Lateral compression pressure,∆π, as a function of the mean
area per oleoyl and palmitoyl chain of POPC-d31 (part a) and per DHA
and stearoyl chain of SDPC-d35 (part b) at 25°C. The data were
calculated from X-ray and IR data by means of eqs 16-18 (large
symbols, POPC-d31) and 19 (large symbols, SDPC-d35). The small
symbols refer to an estimation using theSz data shown in Figure 3 (eq
15) with Amin ) 0.2 nm2. The lines were calculated by means of eq 31
with γphob) 30 mN/m andNseg

0.5Amin ) 0.27 (palmitoyl), 0.305 (oleoyl),
0.29 (stearoyl), and 0.36 nm2 (DHA).
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the reduction ofdW. Recently, we showed that theLR-LR′
transition is driven by entropy.20 Analysis in terms of vertical
and horizontal contributions to∆µW shows that the respective
gain of entropy at least partially results from lateral expansion
of the bilayers.

Hydration Force. The increase of the isotropic hydration
pressure,Π, is correlated with a decrease in thickness of the
water gap between adjacent bilayers,dW. Analysis in terms of
an exponentially decaying function (eq 26) yields virtually equal
decay lengths of the repulsive hydration force acting between
SDPC and POPC membranes at 25°C, λ ) 0.26 ( 0.01 nm
(Figure 7). This result reflects the very similar hydration potency
of both lipids.20 However, it is important to note that the lateral
compression pressure of POPC-d31 is bigger than that of SDPC-
d35 at equal hydration pressure (see legend of Figure 7).
Combining of eqs 26 and 27 yields

This difference corresponds to about 10% of the lateral
compression pressure. The smaller contact pressure of SDPC-
d35 may be related to a less compact packing of the headgroups
compared with POPC-d31.60

The decay length of SDPC slightly increases toλ ) 0.30 nm
upon cooling to 10°C. Separate analysis of solid (Lâ) and fluid
(LR) membranes (see open and solid symbols in Figure 7)
indicates virtually equal decay lengthsλ in both phases for both
lipids. The expected decrease ofdW at the chain melting
transition of SDPC (vide supra) becomes evident as a horizontal
shift of the respective lnΠ - dW isotherms.

Temperature-Induced Variation of Chain Ordering. Fig-
ure 8 shows the temperature dependence of the chain order
parameters,Sz, of POPC-d31 and SDPC-d35 films at humidity
values RH< 100%. TheLâ-LR phase transition of POPC-d31
shifts to higher temperatures,Tm, with decreasing RH. The order
parameters drops at the transition from aboutSz ) 0.86 to 0.70,
independent of RH as long as RHg 30%. Consequently, chain

ordering can be reasonably well described as a function of
relative temperature,T/Tm. The more distinct decrease ofSz of
nearly dry POPC-d31 (RH) 10%) atT > 35 °C is probably
caused by the appearance of a nonlamellar phase.

In contrast to the behavior of POPC-d31, the transition
temperature between theLâ and LR′ phases of SDPC-d35, at
RH < 30%, is nearly independent of hydration. At RH> 30%,
SDPC-d35 melts into theLR phase. The temperature of this
transition decreases with increasing RH, similar to theLâ-LR
transition of POPC-d31.

Figure 6. Chemical potential of water,∆µW (open circles), and the
contribution of∆µW which goes into deformation of the membranes,
∆µW

| ) -∆π∆AL/∆RW/L (small symbols, see eqs 21 and 27), as a
function of relative humidity, RH.

∆π(POPC)- ∆π(SDPC)|Π)const)
0.5Πλ ln{Π0(POPC)/Π0(SDPC)} ≈ 0.028Π

Figure 7. Semilogarithmic plots of the hydration pressure,Π, as a
function of water layer thickness,dW, of POPC (25°C) and SDPC (25
°C and 10°C; from top to bottom). Open and solid symbols refer to
fluid and solid (Lâ) membranes, respectively. Regression lines were
calculated by means of eq 26. The respective decay lengths,λ, are
reported within the figure (error(0.01 nm). The contact pressures are
Π0 ) 0.6 GPa for POPC andΠ0 ) 0.5 GPa for SDPC (error(0.05
GPa).

Figure 8. Chain order parameterSz of POPC-d31 (above) and SDPC-
d35 (below) hydrated at RH) const. (see figure for assignments; the
numbers give RH in units of %) as a function of temperature. The
order parameters were fitted by lines in the fluid phases of the lipids.
The slopes are∂Sz/∂T ) -5.1 ( 0.3 (palmitoyl),-4.5 ( 0.3 (oleoyl),
-1.5 and-2.9 (stearoyl chain at RH) 70% and 50%, respectively),
-2.7 and-6.7 (DHA at RH) 70% and 50%, respectively),-5.3 and
-4.0 (stearoyl at RH) 25% and 10%, respectively), and-8 and-6.7
(DHA at RH ) 25% and 10%, respectively). All data are given in
units of 10-3 K-1. Error is (0.5 if not stated otherwise.
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The chain order parameterSz of both lipids decreases almost
linearly upon heating of the fluid phases (LR andLR′). Linear
regression yields a similar slope,∂Sz/∂T, for the palmitoyl and
oleoyl chains of POPC-d31 and for the stearoyl chains of SDPC-
d35 in theLR′ phase (see legend of Figure 8). However, the
order parameter of the DHA chains in theLR′ phase decreases
more steeply than the order of the stearoyl chains. In theLR
phase,Sz(stearoyl) varies less with temperature thanSz(palmi-
toyl). The latter finding agrees with results of2H NMR
measurements that reveal that chain ordering of the stearoyl
chains of liquid-crystalline SDPC-d35 is less sensitive to
temperature than chain ordering of sn-1 chain perdeuterated di-
stearoyl PC and monounsaturated 1-stearoyl-2-oleoyl-PC.21

The slopes,∂Sz/∂T, and order parameters yield the apparent
thermal expansion moduli (eqs 10 and 39) which are listed in
Table 1. The measuredKT values fall into the typical range of
thermal expansion moduli of liquid-crystalline lipid membranes
of 1-5 × 10-3 K-1.61 On one hand, the thermal expansion
moduli of the polyunsaturated DHA chains are significantly
bigger than those of the stearoyl chains, in particular in theLR
phase of SDPC-d35. On the other hand, theKT values of both
acyl chains of SDPC-d35 are smaller than the expansion moduli
of the palmitoyl and oleoyl chains of POPC-d31 at RHg 50%,
KT(oleoyl) ≈ KT (palmitoyl) > KT(DHA) > KT(stearoyl), i.e.,
at conditions at which the first hydration shell of the lipids is
completed.20 We suggest that polyunsaturation decreases the
sensitivity of the hydrophobic core of bilayers to temperature-
induced changes of membrane dimensions compared to mo-
nounsaturated bilayers.

The polymer brush model (eq 31) predicts equal thermal
expansion moduli for both chains of the mixed chain lipids
because of∆π(sn-1) ) ∆π(sn-2). The conditionKT(sn-1) )
KT(sn-2) is approximately met for POPC-d31 but clearly fails
for SDPC-d35. Equation 43 shows that the differenceKT(sn-2)
- KT(sn-1) depends on the difference of the thermal expansion
moduli of the chains at constant lateral pressure,{(Ach(sn-2)-1

∂Ach(sn.2)/∂T)π)const - (Ach(sn-1)-1 ∂Ach(sn-1)/∂T)π)const}, and
on (KA(sn-1)-1 - KA(sn-2)-1), i.e., on the compression moduli
of both chains. Hence, our result,KT(DHA) > KT(stearoyl), can
be explained by a bigger thermal expansion modulus atπ )
const and/or by a bigger isothermal compression modulus of
the DHA chains compared to that of the stearoyl chains. In other
words, the DHA chains of the mixed chain lipid respond with
higher sensitivity to thermal and/or mechanical perturbations
of the membrane compared to saturated chains. The latter
tendency was already derived from the results of the hydration
studies (vide supra).

Temperature-Induced Changes in the Polar Region of the
Membrane. Equation 40 shows that temperature affects chain
dimensions “directly” via thermal excitation of conformational
degrees of freedom and “indirectly” via variation of lateral

pressure by a change of hydration of the polar part of the lipids
and/or a change of surface tension,γ0. Hence, the different
response of chain ordering of monounsaturated POPC-d31 and
of polyunsaturated SDPC-d35 to heating may reflect different
hydration properties of both lipids. Details of lipid hydration
can be studied by infrared spectroscopy.

We analyzed three hydration-sensitive IR parameters as a
function of temperature (see Figure 9): (i) the center of gravity
of the antisymmetric phosphate stretching mode, COG(νas(PO2

-)),
(ii) the center of gravity of the CdO stretching vibration,
COG(ν(CdO)), and (iii) the integral absorbance of the O-H
stretching band,A(ν13(H2O)) (data not shown, see ref 62 for
details). The latter parameter serves as a measure of the total
amount of water that is sorbed to the lipid. The mean band
positions, i and ii, characterize local hydration properties of
specific water binding sites in the polar part of the bilayers
because the respective absorption frequencies typically shift to
smaller values upon progressive hydration as a result of H-bond
formation between water and the phosphate-and carbonyl
groups.34,63-65

The changes of the hydration sensitive parameters as a
function of temperature are larger for SDPC-d35 than the
changes for POPC-d31. Therefore, it is likely that polyunsatu-
ration increases the sensitivity of lipid membranes to temper-
ature-induced modifications in their polar region. According to
eq 40, a positive slope of lateral pressure,∂π/∂T > 0, is expected
to decrease the apparent area expansion modulus,KT. Therefore,
the differenceKT(SDPC) < KT(POPC) may be caused by a
stronger increase of lateral pressure in SDPC membranes upon
heating. Indeed, the hydration-sensitive spectral parameters
suggest that water binding to the polar moieties of SDPC
weakens to a greater extent with temperature compared to POPC
bilayers. Removal of water from the polar region is expected
to reduce its volume and, thus, to give a positive contribution
to lateral pressure. Consequently, the decreased sensitivity of
the hydrophobic core of polyunsaturated bilayers to temperature
at RH ) const. could be at least partially explained by a
temperature-induced increase of lateral pressure that counteracts
the temperature-induced lateral expansion of the chains.

Thermotropic Phase Transitions and the Hydration of the
Carbonyl Groups. The shift of the mean wavenumber of the
ν(CdO) band at the phase transition reveals further differences

TABLE 1: Apparent Thermal Expansion Moduli, KT,a of
Acyl Chains of POPC-d31 and SDPC-d35 in Units of 10-3

K-1

POPC-d31 SDPC-d35

phase palmitoyl oleoyl stearoyl DHA

LR 3.6( 0.4 3.0( 0.4 0.9( 0.2 1.6( 0.2
(RH ) 75%) (RH) 75%)

2.0( 0.2 3.8( 0.3
(RH ) 50%) (RH) 50%)

LR′ 3 ( 0.5 4( 0.5

a KT was calculated by means of eq 39 using the slopes of the
regression lines through theSθ data shown in Figure 8.

Figure 9. Local hydration characteristics of POPC-d31 (right) and
SDPC-d35 (left) as a function of temperature at different values of
relative humidity (see figure, the numbers indicate RH in units of %).
Center of gravity of the antisymmetric phosphate stretching vibration,
COG(νas(PO2

-)) (above), and of the carbonyl stretching vibration,
COG(ν(CdO)) (below). Phase boundaries are indicated by dotted lines
(below).
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between mono- and polyunsaturated lipids. The CdO stretching
frequency is known to be more sensitive to formation of H bonds
with the carbonyl groups than to the conformation of the
C-CO-O- fragments.64 Consequently, the marked drop in
wavelength of the COG(ν(CdO)) band at theLâ-LR transition
of POPC-d31 shows that the carbonyl groups become more
accessible to H bonding upon chain melting.

In contrast, chain melting of SDPC-d35 (RH) 50%) has
nearly no effect on the mean wavenumbers of theν(CdO) band,
and thus, hydration of the CdO moieties of the polyunsaturated
lipid is probably not affected by this event. Interestingly,
COG(ν(CdO)) even increases at RH< 50% where SDPC-d35
undergoes theLâ-LR′ phase transition. Water is obviously
removed from the carbonyl region. This result surprises because
the membranes laterally expand and one expects that a certain
additional amount of water penetrates into the carbonyl region
similar to the situation at the chain melting transition of POPC-
d31. A partial dehydration of the carbonyl groups is character-
istic for the transition of bilayers into a phase with inversely
curved monolayers such as the inverse hexagonal or cubic
phases.34,63Probably POPC-d31 undergoes such transition near
T ≈ 35 °C at RH) 10% (Figure 9). However, theLR′ phase of
SDPC has all hallmarks of a lamellar phase as seen by X-ray
diffraction and 31P NMR.20 A possible interpretation of the
“peculiar” dehydration of the carbonyls in theLR′ phase of
SDPC will be provided below.

In contrast to theν(CdO) band, the hydration-sensitive
parametersA(ν13(H2O)) (not shown) and the mean wavenumber
of the νas(PO2

-) band remain virtually constant at the phase
transition or vary smoothly in this region. This result lets us
conclude that polyunsaturation predominantly modifies hydra-
tion properties and/or the conformational state of the carbonyl
region but has little or no influence on hydration and/or
conformation of the phosphate groups that are the primary
hydration sites of phospholipids. Indeed, analysis of X-ray data
in terms of hydration forces and gravimetric measurements20

revealed very similar hydration potencies of both lipids at room
temperature.

Polyunsaturation Changes the Profile of Lateral Pressure
across the Bilayer.SDPC revealed the surprising property to
expand laterally at theLR-LR′ phase transition and upon further
dehydration in theLR′ phase. This tendency reflects an abnormal
dehydration-induced decrease of hydrophobic surface tension
that enables membrane area expansion. One could expect that
modifications in hydration near the polar interface is correlated
with a change of surface lateral pressure. Indeed, the abnormal
alteration of membrane dimensions were paralleled by unusual
changes of the spectral characteristics of the carbonyl groups
that we interpreted as partial dehydration and/or a conforma-
tional change of these moieties. The deeper reason for the
removal of water from the carbonyl region must be linked to
the presence of polyunsaturated chains. Possibly the more polar
character of the double bonds and/or the higher flexibility of
the DHA chains promote partial dehydration of the carbonyl
region. Indeed, the changes in saturated chain order parameters
profile of fully hydrated SDPC-d35 as measured by2H NMR
suggest that the center of weight of polyunsaturated chains is
located closer to the lipid-water interface.21 Furthermore, cross-
relaxation rates from NOESY NMR experiments66 and cross-
polarization NMR spectroscopy67 revealed temporary associa-
tions between molecular groups of the lipid/water interface and
segments of the DHA chain. Therefore, it is possible that the
polyunsaturated chain is slightly more exposed to the lipid-water

interface region than the saturated chain, with apparent conse-
quences for lipid hydration.

According to the concept of opposing forces, the cohesive
interfacial tension is counterbalanced by the repulsive surface
pressure,π, that is caused by repulsive forces between neigh-
boring lipid molecules68 (see Figure 1, part B). The lateral
pressure acts across the whole thickness of the membrane, and
thus, its profile,p(z), is defined as the contribution of an
infinitely thin layer at positionz, wherez ) 0 is conveniently
aligned to the polar interface near the carbonyls. Barotropic
measurements showed that the CdO stretching frequency
represents a sensitive marker of local compression in the
carbonyl region of hydrated diacyl lipids.69 We therefore suggest
that the different behavior of the carbonyl groups of POPC-
d31 and of SDPC-d35 at the thermotropic chain melting
transition may also indicate differences in local pressure and,
thus, of different pressure profiles in membranes of mono- and
polyunsaturated lipids. Note that the high concentration of
interfacial free energy within a narrow molecular region may
result in enormous local pressures. For example, an increase of
the lateral pressure by 5 mN/m within a layer with a thickness
of 0.5 nm corresponds to a change of bulk pressure of 100 atm.
Therefore, increased hydration of carbonyl groups may also be
interpreted as a drop of local pressure that results in penetration
of water into deeper interface regions, e.g., at the thermotropic
chain melting transition of POPC. On the contrary, water is
“squeezed out” at the thermotropicLâ-LR′ transition of SDPC
because of increased local pressure that is acting on the
carbonyls.

Polyunsaturated SDPC does not transform into a nonlamellar
phase upon heating and/or dehydration contrary to the behavior
of other phosphatidylcholines with monounsaturated and satu-
rated hydrocarbon chains. The phase behavior of SDPC indicates
a comparably small curvature stress upon dehydration. Curvature
stress results from a vertical offset between the hydrophobic
interfacial tension and the lateral pressure which effectively acts
at the position which is given by the center of gravity ofp(z)49

(Figure 1, part B). Consequently, the absence of a lamellar-to-
nonlamellar phase transition of SDPC reflects an altered pressure
profile in membranes of polyunsaturated lipids.

Recently Cantor calculated profiles of lateral pressure for a
series of saturated, cis-monounsaturated and cis-polyunsaturated
hydrocarbon chains.13 According to these calculations, multiple
double bonds, as in DHA, are expected to shift the maximum
of p(z) toward the polar interface. Phase behavior of SDPC and
the IR spectral characteristics of the CdO groups show that
polyunsaturation may indeed increase the local pressure near
the polar interface in accordance with the theoretical predictions.
In any event, a change in the lateral pressure profile due to lipid
polyunsaturation seems likely even if the shift of the
COG(ν(CdO)) band may partly be the result of conformational
changes near the carbonyl groups that are caused by polyun-
saturation.

Summary and Conclusions

We conducted infrared linear dichroism and X-ray measure-
ments to characterize the dimensions of lipid membranes as a
function of hydration and temperature. The approach is based
on the interpretation of mean segmental IR-order parameters
of the acyl chains. Specificity for sn-1 and sn-2 chains was
achieved by using mixed-chain lipids with perdeuterated,
saturated hydrocarbon chains in position sn-1. Hydration studies
provided information about resistance of chains to lateral
compression. Furthermore, not only does hydration/dehydration
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of lipid assemblies alter the amplitude of lateral pressure, but
the related phase transitions are also a crude indicator for
changes in the lateral pressure profile. The latter may be
important for understanding the interaction of lipids with
membrane proteins.

In mixed-chain polyunsaturated lipids, chain segmental order-
ing and chain dimensions of unsaturated and saturated chains
are changing at different rates as a function of hydration. The
DHA chains have a smaller isothermal compressibility modulus
compared to the stearoyl chains of SDPC. The DHA chains of
the mixed-chain lipid are more sensitive to external perturbations
of the membrane than the saturated chains. In contrast, the
palmitoyl and oleoyl chains of POPC have similar compress-
ibility. The different properties of stearoyl and DHA chains may
result in unfavorable chain packing upon dehydration that result
in formation of a novel liquid-crystalline lamellar,LR′, phase
with lower hydrocarbon chain order.17,20 Analysis in terms of
the polymer brush model shows that chain unsaturation increases
the flexibility and mean area requirement of the chains in lipid
membranes. The increased flexibility of the DHA chains is most
likely the result of different conformers for rotations about
dCHsCH2s bonds compared to rotations about-CH2-CH2-
bonds in saturated chains.

In the gel phase, the thickness of the hydrophobic core of
SDPC bilayers exceeds the thickness of POPC bilayers because
the chains adopt a stretched conformation in both lipids. Chain
unsaturation causes fluid bilayers to thin on a relative scale. As
a consequence, the effective hydrophobic thickness of fluid
SDPC membranes with the longer 18:0 and 22:6 acyl chains is
equal to the thickness of POPC membranes with the shorter
16:0-18:1 chains at room temperature. A constant hydrophobic
thickness of the lipid bilayer may be important for lipid-protein
interaction.

Temperature dependent measurements indicate that polyun-
saturation decreases the sensitivity of the hydrophobic core of
bilayers to temperature changes. This lack of sensitivity may
be caused in part by a dehydration-induced increase of lateral
pressure that counteracts the temperature-induced lateral expan-
sion of the chains. Polyunsaturation predominantly modifies
hydration properties of the carbonyl region but has little or no
influence on hydration of the phosphate groups and of the whole
lipid. Most likely, the higher flexibility of the polyunsaturated
chain in combination with the polarizability of the double bonds
are modifying water-binding to the carbonyls with consequences
for interfacial tension.
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