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Translational diffusion in phospholipid bilayer membranes
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The translational diffusion in artificial phospholipid bilayers has attracted much interest in the past. This
process is widely accepted to be of importance for the diffusion of biological membrane components. The lipid
bilayer is known as the permeability barrier in biological membranes. So far the diffusion of the membrane
components has been determined indirectly by sophisticated methods, e.g., by the help of fluorescent probes.
We present here experimental data on the orientational relaxation of the lipid headgroup in alternating electric
fields. The dipole relaxation time measured by high-frequency spectroscopy is shown to be related to the
self-diffusion coefficient. We have determined the electric dipole relaxation of two phospholipids and of their
mixture. The dielectric relaxation time and thus the diffusion coefficient was measured as a function of
temperature in both the liquid and the gel crystalline phase. The mixture even allows one to study the
relaxation and the diffusion behavior in a state where both gel and liquid phases coexist. The experimental
study has revealed the potential of high-frequency dielectric spectroscopy to determine the diffusion coefficient
and its thermal activation energy in phospholipid membranes where the dipolar relaxation of the headgroup is
associated with a site chand&1063-651X98)00804-9

PACS numbg(s): 87.22.Bt, 77.22.Gm, 66.10.Ch, 64.70.Md

Phospholipids, of which biological membranes are built,rities. The measurements can be described by the Havriliak-
are amphiphilic molecules with a strong polar headgroupNegami equation for unsymmetric broadened relaxation
The membrane consists of a bilayer structure induced by thinctions|7]:
water molecules at its surface as illustrated in Fig1P].

The zwitterionic dipolar headgroup is assumed to rotate e (w)=
around the P-O bond, or less probably around the-GC [1+(iwmp)*]?
bond as indicated in Fig. [3]. However, there have been
indications from NMR experiments that the headgroup rota- h — 2y denotes th lar f th
tion is performed by an axial rotation of the entire molecule'V'e"€ @=2mv denotes the angular frequency angl the
around the bilayer normdl]. The frequency of the rota- rel:ixatlon time.a apdﬁ are a measure for the broademng
tional relaxation was observed in the MHz regid@i. The (ﬁ_.l for symmgtnc _broadenlr)gFor a Debye process with
headgroup is localized by interlamellar and intralamellar hy-2 single relaxation time o=p8=1) the half-width of the

drogen bonds of the water molecules near the bilayer’s Swr_elaxatlon peak ire, is 1.14 frequency decades. In our case

face. Essentially these bonds induce the lateral 0rganizatio'ﬁahc'\"’idths of 1.3-1.8 frequency decades are observed. The

of the bilayer structurdl]. The investigated samples are asymmetry of the relaxation pee_xk IS dug to an .addmonal
made from crystalline 1,2-dimyristoyl-phosphatidyl-choline contribution .Of bound water, which has its maximum re-
and from 1,2-distearoyl-phosphatidyl-cholire-«-DMPC sponse at h|gher frgquenc@S,Q]. .The' broadening corre-
and L-w-DSPC, Nattermann GmbH/Kn). Both DMPC and sponds to a distribution of relaxation times, e.g., due.to dif-
DSPC have the same headgroup but different alkyl chairﬁerer.‘t local strgctures. The. Debye frequency at which the
lengths, i.e., 14 and 18 GHyroups, respectively. The main maximum ofe; is observed 'S_ a good measure for the aver-
phase transition takes place in DMPC at 23 °C and in psp&9¢ dipole relaxation img10]:
at 54 °C. The samples were prepared with excess water 1
(50% of weigh} and homogenized for 24 h at 60 °C. The VD:ZTM-D' ©
samples form multilamellar vesicles as illustrated in Fig. 1.

The relaxation frequency of the headgroup is obtained ]
from the dielectric response of the samples, i.e., from thdlerevp corresponds to the relaxation frequency of the head-
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complex dielectric functiodDF): groups[5]. Cooling the samples the Debye frequency shifts
_ to lower frequencies. In both systems the frequency drops by
ev,T)=e(v,T)—iex(r,T), (1) about one order of magnitude to lower values at the liquid to

gel phase transition. Obviously, the dipole relaxation and
wherew is the frequency and is the temperature. The DF’s thus the diffusion is much slower in the solid gel phase than
real and imaginary components describe the polarizabilityn the liquid phase as a consequence of the higher order.
and the dissipation of the material, respectively. The experiHowever, in the mixture having a two-phase coexistence of
mental setup used to measwi@, T) is described elsewhere gel and liquid phas¢l1], the relaxation depends quasicon-
[6]. In Fig. 2 experimental results of the dissipative compo-tinuously on temperature.
nente, as a function of frequency are presented for both the An Arrhenius plot of the temperature dependence of the
liquid and the gel phases. At low frequencies the dielectridebye frequency vyields the activation energy for the differ-
response is dominated by dc conductivity due to ionic impu-ent crystalline phaseginear regions above and below the
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FIG. 1. (a) Phosphocholin headgroup and alkyl chains of the
phospholipid DMPC. Left hand side shows the molecule in the .
all-trans configuration of the gel phase, whereas on the right hanc
side the molecule shows some gauche configurations representir
the liquid phase.(b) A sketch of the bilayer structure and the 0 107 108
vesicles studied, in which the individual lipid bilayers are separated Frequency [Hz]

by water layers. FIG. 2. €, vs frequency(a) for DMPC, (b) for a 50/50 DMPC-

. ) ) DSPC mixture, andc) for DSPC.
phase transitions, see Fig).3The Debye relaxation fre-

quency depends on the temperature according to the relatiotatively this result reveals that in the solid state about four

ship[10,12 hydrogen bonds, whereas in the liquid phase only two bonds,
— Jex —AH 4) have to be broken in order to rotate and move the phospho-
G kgT lipid molecule(the activation energy due to hydrogen bonds

in water is 213 me\[12]). The bilayer behaves similarly to
vq is in first order approximation a constdt0] andkg is  water, the latter having an activation energy nearly tripled at
the Boltzmann constaniAH is the enthalpy which corre- the transition from water to icEl12]. We want to point out
sponds to the activation energy obtained from the Arrheniushat the activation energy of the Debye relaxation process
plot. The phase transition temperature depends on the lengtias a value near to that found for the diffusion of a lipid
of the alkyl chain. However, in temperature ranges where th@robe moleculésee Fig. 4. In fact we shall show that under
molecules are in the liquid or in the gel phase, respectivelycertain conditions the knowledge of the Debye relaxation
they display nearly the same relaxation frequency. Since theyme provides an estimate of the translational diffusion be-
have the same headgroups, obviously their rotation essenavior[10,12. As mentioned above, hydrogen bonds of the
tially determinesyp . The DSPC bilayers show an additional headgroup induce the lateral organization of the bilayer
intermediate phase in the displayed temperature range. Ttstructure(between the alkyl chains there are only weak van
transition from the gel to the liquid phase is remarkably pro-der Waals interactionsA translation is only possible in the
nounced. presence of structural defects, i.e., vacancies in the two-

The activation energies of both molecules &480 meV  dimensionak2D) liquid crystalline bilayer(see Fig. 5. Due

in the liquid phase ane-1180 meV in the gel phase. Quali- to steric reasonghe inclination of the large headgroup, see
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FIG. 5. Sketch of dipole relaxation and molecular site change in

/117K the bilayer structure.
FIG. 3. Arrhenius plot of the headgroup relaxation frequency for

DMPC, DSPC, and a 50/50 mixture. The gel phase has an activayhere the scattering time,,,s corresponds to the average
tion energy of~1180 meV and the liquid crystalline phase480  time for a site change. Equatiof8) and(7) yield

meV. a2

Fig. 1[1]) the molecule has to rotate in order to change its D Tirans
position. As in the case of a rolling cylinder the translation
implies a rotational operation. For example, this process o
diffusion is well established in wat¢i2]. The dipole relax-

ation time of the headgroup presents a measure for the rot idering the liquid oh f th b iah
tional diffusion and consequently for the lateral movement. &€ considering the liquid phase of the membrane, we might

The self-diffusion coefficient depends on the mean fredSSUMe that each degree of freedom takes up the same ther-

pathl and the thermal velocity,. For the lateral movement mal energy, i.e., the average rotational enefgy equals the

inside the membrane the two-dimensional case is to be corftV€29€ tran3|at'0nal _energiltrans. .How.ever, in ourfluid
sidered: lattice a site change is only possible in the presence of a
vacancy. Otherwise it is blocked and thus on averggg,

<Eqy:

®

%n order to correlate the translational diffusion process to the
rotational relaxation measured by dielectric spectroscopy, a
églation betweermn,,sandmp has to be established. Since we

D= % vl )

h , Imuis<ile? (9)
e mean free path corresponds to a site change of the mol- th
ecule in the bilayer latticésee Fig. 5: wherem denotes the mass of the molecule,the angular
|=2a 6) frequency of the rotation, andlthe moment of inertiaw is
' given by the relaxation time of the headgroup dipole, i.e.,
w=1/mp. For a homogeneous cylinder rotating around its

wherea is the molecule’s mean headgroup radiwe use i ; )
main axisJ=sma holds and thus

a=0.4 nm[1,2)). The thermal velocity is given by

a
I IS . 10
o Tirans @ ! \/ETD "
A comparison with Eq(7) yields 7z, V875 . This may be
1 . interpreted as a superposition of a continuous translation and
. o 100% DMPC rotation, or as a sequence of two processes with different
10 T L oos DuPe 50% DSPC i probabilities p;: a rotation associated with a site change
o 100% DSPC (p;=<1/{/8) and a rotation on a given lattice sitp,&1
W ® Frope in buPe eog@%%%%%ﬂﬁa@% —1/\/8). The latter interpretation seems to be more adequate
oL 09989998998 / _ since we consider fluid lattice In such systems the knowl-
£ Oooooggoé’gg” - edge of the Debye relaxation provides an estimate of the 2D
5 ooooooo ; s lateral self-diffusion coefficient of cylindrical molecules
3 [ / [Eas. (), (6), and(10)]
L 7 Di= — (11)
©° n“. b lat \/ETD .
oz gel = > Jiquid Note that for three-dimensional systemlg.,=svul. In
L the case of diffusing spherds= 2m(wa)? and a similar cal-
15 20 25 30 35 40 45 50 55 60 65 70 culation yields

2 [2a?
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FIG. 4. Average diffusion coefficient obtained from the Debye
relaxation time for DMPC and DSPC with E(L1) anda=0.4 nm
[1,2]. The filled circles represent experimental values obtained wittApart from the factor\2/5~0.63 this result is obtained re-
fluorescent probes in DMP{13]. lating the Debye and the Stokes-Einstein equat(dfs12:

(12
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kgT (i) It has already been shown that in fluorescent techniques
; (13 the size of the probe molecule has a significant influence on
3 the apparenD values[13]. Similarly, lower diffusion values

87 na (14) may be caused by the special interaction of the probe mol-

trans— 6 T 773

™D

2kgT ecule with the phospholipid membrane moleculés. We
have used the geometrical radias 0.4 nm to calculate the
and thus :Ea_z (15) thermal velocity[Eq. (10)] although the hydrodynamic ra-
ransT 3 g dius may be smallef14]. (ii) The values obtained from

Equation(13) describes the translational diffusi fah ddielectric spectroscopy using E(L1) are an upper limit for

uati scribes ranslational diffusion of a har ., :

sphere in a liquid of viscosity;, while Eq. (14) has been Dy As we have_ shoyvn, the _probgbmty f_or a transl_atlon
' : may be reduced since in the fluid lattice a site change is only

c_jen_ved for the rote_ltlon of a d|_polar sphere in a .nonpOIarpossibIe in the presence of a vacancy. Therefore a more pre-
liquid. Thus Eq.(15) is nota priori expected to describe also cise microscopic model is required to calculate the exact ra-
liquids the molecules of which are associated by hydrogen b q

bonds[10,12. The interaction with the surrounding polar U0 Tyrans/ 7p . The data shown in Fig. 4 reveal two interesting

molecules depends on details of the movement. This migmeatures_: in t,he quuid.p.hase both ?MPC and DSPC have the
be taken into account in Eq&L3) and (14) assuming differ- same diffusion coefficient =55 °C) whereas the 50/50

ent hydrodynamic radii or local viscosities and would resultMiXture has a smaller diffusion coefficient than the pure sys-
in a modified Eq.(15). In contrast to the theoretical restric- 1€MS. This effect may be due to the higher disorder in the
tion, however, diffusion as well as NMR studies have con-mixture.
firmed the above relationship betweBn,,s and 7 in the We have shown that the translational motion of a phos-
case of watef12]. Our plausible derivation shows that Egs. Pholipid molecule is associated with a rotation of the head-
(11) and(12) (for spheres in 3 or Eq.(15) (for cylinders ~ group. Thus dipolar relaxation time and diffusion coefficient
in 2D) hold as long as the dipolar relaxatigrotation is  are relatedsee Eq.(11)]. The dipole relaxation measure-
associated with a translation, so that the interactions for botinents presented have given an average diffusion coefficient
processes are equal. for the gel as well as for the liquid phases, even for the
Due to the above mentioned distribution of relax- binary mixture with a temperature region of coexistance of
ation times our rp values and thus the self-diffusion the gel and liquid phase (27 *T=<55°C). An abrupt
coefficients are averaged quantities. The self-diffusiorchange of the relaxation time by about one order of magni-
coefficient of DMPC and DSPC as a function of temperaturgude at the phase transition is observed. In the regime of the
is presented in Fig. 4. For comparison we show fourcoexistence of the two phases, however, which may be rel-
values of the diffusion coefficient obtained with a fluorescentevant for a more complex biological membrane, the relax-
probe technique (probe molecule NBD-DMPE [N-  ation and thus the diffusion increases quasicontinuously with
(7-nitro-2,1,3-benzoxadiazol-4jytimyristoyl-phosphatidyl-  temperature. In addition to the diffusion properties, the mea-
ethanolaming [13]. The shapes of the curves are similar andsurement of the temperature dependence of the molecular
the values are of the same order of magnitude. They differ bylipole relaxation yields the activation energy of the diffusion
about a factor of 7. Three reasons can account for this effecprocess in the different phase states.
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