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The dielectric permittivity spectrum between 1 kHz and 60 GHz of aqueous colloidal solutions of predominantly zwitterionic

phospholipids is presented from results of previous and recent measurements. It shows three dispersion /loss regions around 22
GHz, 80 MHz and below 40 MHz (30°C) which are attributed to rotational diffusion of the water molecules and of the
zwitterionic phosphorylcholine groups, and to limited translational diffusion of ionic lipid molecules and /or its counterions.
respectively. Merely a few mole percent of ionic lipids cause comparatively large dielectric dispersion. Ignoring the fact that
such impurities may be present in zwitterionic phospholipid compounds. which have not been especially purified, this has led
to misinterpretation of the dielectric spectrum in the past. An approximate quantitative description of the measured spectra is
given for vesicle solutions with only very small additiznal low-molecular-weight salt content. It reproduces the sensitive
dependence of the ionic lipid-induced dielectric dispersion (step height and frequency) on various parameters: phospholipid
vesicle size. ionic lipid content. as well as the seif-diffusion coefficient of the ionic lipid molecules and of its counterions,

moving within the phospholipid bilayers or on their surface. respectively.

1. Introduction

This article is concerned with aqueous solutions
of mostly zwitterionic phospholipids of the type
1,2-diacyl- or 1,2-dialkyl-sn-glycero-3-phos-
phorylcholine [H(CH,), X} H(OCH),-
HFPO,(CH,),N(CH,),, where n =13, 15, 17 and
X represents —CO- (ester-lecithin) or —CH,—
(ether-lecithin). The phospholipid concentrations
are below 0.3 mol/l (<23% by wt). In these
solutions the phospholipid molecules are aggre-
gated in bilayers with the zwitterionic phos-
phorylcholine groups covering the bilayer surfaces.
The phospholipid bilayers form nearly spherical
vesicles. The vesicles contain a water core sur-
rounded either by a single lipid bilayer or by
several bilayers, each separated from the next by a
layer of water [1].

0301-4622 /84 /$03.00 © 1984 Elsevier Science Publishers B.V.

in the dielectric measurements the liquid sam-
ples have been exposed to weak electric fields £(7)
(<1 V/cm) varying with time ¢ either periodically
(E(t)=E exp(i2wwt)) with frequency », for which
many discrete values have been separately chosen
between 1 kHz and 60 GHz, or by a single step
pulse (E(t<0; >0)=0; E) with a continuous
frequency spectrum which has been evaluated up
to about 1 GHz. The dielectric polarization (dipole
moment density) P(z) induced by E(z) has been
indirectly recorded using several techniques. The
Fourier transforms of P(¢) and E(t) are connected
by the frequency-dependent (relative) complex di-
electric permittivity e(v)=€'(v) — i€/, () accord-
ing to P(v)=[e(v) —1]E(») /47 if the samples are
placed between metallic electrodes or within elec-
tromagnetic wave metallic transmission lines in a
manner such that no macroscopic depolarizing
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Fig. 1. Spectrum of the real part €°(#) and of the imaginary part
e”(r) of the complex diclectric permittivity of pure water
[REEEEE )y and of an 0.139 M aqueous C, s-ester-lecithin solution
y at 32°C {6].

clectric fields arise. In aqueous solutions €'(#) at
frequencies of interest here, » < 60 GHz. is consid-
erably larger than 2. Thus e(»v) mainly reflects
dielectric polarizability enabled by thermal motion
of any electric charges (bound or free) along limited
paths. If. additionally free electric charges are
present. diffusing around without limits. the result-
ing specific electric d.c. conductivity o of the liquid
samples contributes to the imginary part of the
permittivity according to e, (¢»)=€"(»)+20/7
{oins '=1.113x1070 Q2 ' m™1).

Dielectric permittivity spectra. €’(») and €”(»).
of aqueous colloidal phospholipid solutions have
been reported in a number of papers [2-10.12].
Two of these works [5.12] do not refer to vesicle
solutions but to plain phospholipid bilayer config-
urations with phospholipid concentrations of con-
siderably more than 23% by weight. The widest
spectrum published so far is presented in ref. 6

and is reproduced here in fig. 1. In order to treat
the peculiarities of this spectrum it is divided into
three regions, ‘W7, *Z" and ‘I", which will be
explained as being attributable to the water, zwit-
terions and ions in the solutions, respectively.

2. Spectral region W (6 GHz =< v < 80 GHz)

The W region covers the frequency range be-
tween about 6 and 80 GHz (frequencies at which
€’ = ¢/ at 30°C) within which pure water shows
large dispersion (de’/dy < 0) and high loss (peak
of €”) as shown by the dotted €¢'(r) and ¢'(v)
curves in fig. 1. This behavior is due to the diffuse
thermal rotational motion of the water molecules
around axes perpendicular to the molecular per-
manent electric dipole moment. The water in the
phospholipid solutions also causes dispersion and
loss in the W region as shown, for example. by the
€’(») and €”(») curves of the 0.139 M C-lecithin
solution in fig. 1. However. the asymptotic low-
frequency €’ value ¢, is considerably smaller than
that of pure water, € ,(0) =€, and the relaxation
frequency »,,, (at which de”/dr =0) is slightly
larger than that of pure water. v,.

The difference e, — €, is not only due to
dilution of the water by the phospholipid but is
also especially a consequence of depolarizing elec-
tric fields which are produced by dielectric polari-

T e =
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Fig. 2. Model of aqueous colloidal phospholipid solutions for
the W spectral region. The water and phospholipid regions are
substituted by continuous dielectrics with the permittivity ¢, of
pure water and the high-frequency permittivity «,, of dry phos-
pholipid, respectively.



R. Poutel et al. / Dielectric spectrum of aqueous phospholipid solutions 235

zation within the core and the interlamellar water
of the phospholipid vesicles. The model of the
phospholipid solutions shown in fig. 2 can fully
account for the experimental €,, — €, values by
reasonable choice of the vesicle dimensions. No
influence of specific phospholipid-water interac-
tions has to be introduced nor can it be signifi-
cantly extracted from the evaluation procedure. In
the case of single bilayer vesicles, €, — €., is a
reliable measure of the vesicle size. The Wagner
mixture formula for the dielectric permittivity of
heterogeneous media [18], corrected by us for large
vesicle volume fractions according to the Brugge-
man mixture formula [18], yields

€wo ~ €sw

(Lewoter)—v.(€un—€2.)
=30, (€uwo — €22)

€wo (2€w0+<2=c)2_uv(€\~0_€2:x:):

(1)

with the vesicle substitute homogeneous sphere
permittivity

a;\3 a \?
2[1—(:') ]cb+[l+2(-;'-) ]:wo
€2 = €p a3 PN )
(@) o [ (5) oo
where €, is the static permittivity of pure water,
€. the asymptotic low-frequency permittivity as
extrapolated from the W spectral region, v, the
volume fraction of the vesicles, €, the phospholipid
bilayer substitute permittivity due to hydrocarbon
electronic polarizability and zwitterion libration
polarizability (€, = 6), and a and «; the outer and
inner vesicle radius, respectively.

The difference v, — »,, is expected to contain a
distinct positive contribution also due to the in-
fluence of depolarizing electric fields on the in-
travesicle water. This had indeed been found in
previous studies [4,6,10] in the case of multi-bilayer
vesicles. However, in the recently studied case of
single-bilayer vesicles [23], this contribution seems
to be partly compensated by an additional nega-
tive contribution due to specific phospholipid-
water interactions.

3. Spectral region Z (20 MHz < v < 300 MHz)

The Z region covers the frequency range be-
tween about 20 and 300 MHz (frequencies at
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Fig. 3. Z region spectrum of the real part €’(») and of the
imaginary part €”’(») of the complex dieleciric permittivity of a
0.69 M aqueous solution of C,-ether-lecithin at 30°C [11]. €”
at » > p, contains a contribution from the W spectrum.

which €’ = %e? at 30°C). It seems that from
dielectric spectroscopy on aqueous phospholipid
single-walled vesicle solutions in thnis frequency
range a discrete dispersion step has been resolved
firstly by Redwood et al. [3]. The € (») data from
ref. 6 (fig. 1 of the present paper) show weak
dispersion but the data scattering above 100 MHz
preveats a quantitative evaluation. Recent more
precise measurements reported in refs. 11 and 23
clearly show a discrete weak dispersion/loss re-
gion with peaks of —de’/dr and € at about 80
MHz (30°C) (fig. 3). There are strong indications
that this dispersion/loss peak can be attributed.
deviating from the interpretation in ref. 3. to the
diffuse thermal rotational motion of the zwit-
terionic phosphorylcholine groups around axes
perpendicular to their permanent electric dipole
moment. The Z relaxation frequency v, in the
C,s-lecithin vesicle solutions lies between that in
lysolecithin micelle solutions (200 MHz, 30°C [11))
and that in fully hydrated plain C,,-lecithin
multi-bilayer stacks (20 MHz, 35°C [12]).

The rotational diffusion of the zwitterionic
phosphorylcholine groups at the phospholipid bi-
layer/water interfaces imparts a fluctuating elec-
tric dipole moment to the vesicles. The dipole
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moment due to the inner zwitterions is kept small
by depolarizing electric fields and will thus be
neglected in the following approximate analytical
description of the Z dielectric incremental spec-
trum. Transforming the vesicle surface polarizabil-
ity due to zwitterion rotational diffusion into a
volume polarizability of a vesicle substitute homo-
geneous sphere and applying the Wagner mixture
formula [18] to the suspension of these spheres in
water yields
Aey,

de(r) = 1+ 27vT,

(v<<wp,) (3)

with (in the case of negligible low-molecular-weight
salt content)

N Sr, de,,
for = ” - 1—0v, ex, 1 1—r (€, + dc,,
(2+r) ]+2+1~\‘c“., +2+z'\ €0
(C))
dzn,eit’e
-\ .= EadL - 5
<2 akT (3
1—v, €,
1+ > ==
i 2+, euy (6)
= = Ty,
T 3a, 1——1"(&:4-_\(,,) -
1 2
2+ €. n
1
.= 3‘ (7)

where €, is the same term as that in eq. 2 in the
case of single-bilayer vesicles; n, the number of
zwilterions per vesicle surface unit area, ¢, the
clementary clectric charge. £ the distance between
charge centers in the zwitterion, g the zwitterion
orientation correlation and/or local field correc-
tion factor: & Boltzmann’s constant, 7 the abso-
lute temperature: and D, the zwitterion rotational
diffusion coefficient. For C,-lecithin vesicle solu-
tions as well as for lysolecithin micelle solutions
£ = 2 has been derived from the experimental Ae,,
values with € =5 A [11]. The local field correction
factor must be greater than unity but is not known
exactly for the quasi-two-dimensional arrangement
of the zwitterions (two-dimensional electrostatics
vields = 2 [25]). So a possible contribution to g
from zwitterion orientation correlation cannot be
extracted but can be stated to be of unsubstantial
magnitude.

4. Spectral region I (v < 40 MHz)
4.1. Results of measurements

The I region covers the frequency range below
about 40 MHz (30°C). Large dielectric dispersion
and loss at those frequencies have been reported
previously in refs. 2, 3, 5-10 and 12. With respect
to the spectra presented in refs. 610, recent inves-
tigations in this laboratory have shown that in
applying the time-domain spectroscopy technique
truncation errors and lack of sensitivity at long
times might have distorted the shape of the low-
frequency section of some of the spectra (v <3
MHz in fig. 1) so that de’/dv =0 for r <1 MHz
might be questionable.

In refs. 6-10 the dispersion/loss region below
about 40 MHz had been attributed to the diffuse
thermal rotational motion of the zwitterionic phos-
phorylcholine groups ascribing to it long-range
spatial orientation correlation. This interpretation
has to be corrected because of two new findings:
the Z dispersion/loss region around 80 MHz men-
tioned in section 3, and the sensitive dependence
of the I spectrum parameters on the presence of
certain ionic admixtures within the phospholipid
solutions [13] as will be described below.

These papers [6-10] refer to synthetic zwit-
terionic phospholipid samples which had not been
especially purified with respect to ionic impurities.
All phosphatidylcholine samples originated from
Koch-Light Laboratories Ltd. (Colnbrook. U.K.)
and were of purity grade “pure’ (95% by wt.; batch
no. 65508). In recent work [13] phospholipid sam-
ples from several sources have been investigated.
and no dispersion in the €’(») spectra has been
found below 20 MHz down to 5 kHz (30°C) with
cther-lecithin samples if these are especially puri-
fied in methanolic solution by an ion exchanger.
Also, Redwood et al. [3], with a very carefully
prepared phosphatidylcholine vesicle suspension,
measured no dielectric dispersion below about 10
MHz down to 0.1 MHz (17°C). However, in both
investigations dielectric dispersion at those fre-
quencies did appear after a few mole percent of
fatty acid or of its salts had been admixed to the
phospholipids. An example of such results is re-
produced in fig. 4. For an ester-lecithin sample in
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Fig. 4. I region spectra of the real part €’(#) of the complex
dielectric permittivity of 0.1 M aqueous solutions of especially
purified C, -ether-lecithin (a) without and (b) with admixed 1
mol% potassium salt of myristic acid at 30°C [13].

ref. 13 dielectric dispersion is reported. despite
purification. Here, small amounts of fatty acid
could have been formed by hydrolysis of ester
bonds during purification in the ion exchanger
and/or during dispersing the lecithin by soni-
cation.

The presence of fatty acid or its salts and of salt
of low molecular weight (e.g., KCIl, NaCl) within
phospholipid samples favors dissolving of the
phospholipid and induces irreversible growth of
the phospholipid aggregates if the temperature,
after being high during the preparation procedure,
is reduced below the liquid-crystalline /crystalline
phase transition temperature [14). This growth of
the phospholipid aggregates (by coagulation or
fusion of vesicles) causes |de’/dv»| to increase
strongly as shown by an example in fig. 5. At the
lowest frequencies used in ref. 13 ¢’ aitains values
up to several hundreds after the phospholipid ag-
gregate conversion, even in dilute solutions (e.g.,
1073 M). Addition of salts of low molecular weight
shifts the region of dielectric dispersion towards
higher frequencies. In all cases of spectra with
distinct dielectric dispersion below 10 MHz the
measurements in ref. 13 never gave de’/dv =0 at
the lowest frequencies used (often 5 kHz, once 0.1
kHz). Therefore, only upper limits of mean relaxa-
tion frequencies and lower limits of dispersion step
heights can be estimated from these spectra. The
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Fig. 5. I region spectra of the real part €’(») of the complex
dielectric permittivity of 0.1 M aqueous solutions of especially
purified C,;-ether-lecithin with admixed 1 mol% potassium salt
of myristic acid and 0.5 mol% potassium chloride at 30°C (a)
before and (b) after aggregate conversion [13].

former are found to lie below 0.1 MHz (25-30°C)
in all cases in which the measurements have been
performed down to lower freuquencies (solutions
with negligible content of low-molecular-weight
salt).

4.2. Interpretation of the I spectra

Distinct dispersion in the I spectral region is
clearly caused by the presence of relatively few
molecules of fatty acid or its salts (more general:
ionic lipids). Most of the fatty acid molecules are
integrated in the phospholipid bilayers with the
anionic head group being located at the bilayer/
water interface. The corresponding countercations
are more or less distributed within the solvent.
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Thus, the dielectric dispersion must be due to
diffusion of fatty acid anions (more general:
charged lipid molecules) or/and their counterions
along limited paths. Like phospholipid molecules,
the fatty acid molecules perform mostly lateral
diffusion in the bilayers [15] so that diffusion of
the anionic head groups is restricted to the spheri-
cally closed bilayer surfaces of the phospholipid
aggregates.

Whether the diffusion paths of the counterions
are also limited depends on the extent of the
counterion atmospheres of the phospholipid ag-
gregates. The decisive quantity in this respect is
the counterionic thermal energy/ potential energy
ratio

€wokT

3
dan _eqa

if the solutions contain distinctly less low-molecu-

lar-weight salt than ionic lipid (a = outer aggre-

gate radius. n_= number of outer singly charged

anionic groups per aggregate surface unit area). If
€wnkT

—
dun_ega

43

1 (8)

the counterion atmospheres are spread out widely,
and consequently the atmospheres of different ag-
gregates overlap. The counterion diffusion paths
are then unlimited. This is expected to be the case
in fresh (sonicated) phospholipid solutions with
small content of ionic lipid (=1 mol% monova-
lent) which have been prevent:d from aggregate
conversion by avoiding temperatures below the
liquid-crystalline / crystalline phase transition tem-
perature 7, sc that predominantly small vesicles
are present (e.g., a = 130 ;\)_
I

cuokT

T =<1 %
d4mn_eja

the counterion atmosphere is condensed into a
thin layer of approximate mean radius

okt \ 7'
a,=afl————— (10)

4mn_ela

on the aggregate surface. The counterion diffusion
is thus restricted to that spherically closed layer.

R. Pottel et al. / Dielectric spectrum of aqueous phospholipid solutions

This is expected to be the case in phospholipid
solutions of small ionic lipid content (=1 mol%
monovalent) which have undergone irreversible
aggregate conversion by cooling below 7| so that
large vesicles (e.g., a= 600 A) or multi-bilayer
aggregates are present, or also in solutions with
moderate ionic lipid content (= 7 mol% monova-
lent) if only small vesicles are present.

4.2.i. Solutions of small vesicles with small content
of ionic lipid

In fresh (sonicated) phospholipid solutions with
a small content of fatty acid salt or other ionic
lipid the solute aggregates are predominantly small
single-bilayer vesicles if the temperature is always
kept above T,. For C;-ester-lecithin, e.g., the ves-
icle has a typical outer radius value of a = 130 A
and contains about 3000 lecithin molecules {16}
With admixed 1 mol% fatty acid salt, for instance,
the number of its outer anionic groups is 47n_a?
= 20. Those values of a and n_ together with
T=1303 K and €,,="76.6 yield e (kT/47n_ela
= 0.9 which indicates wide counterion distribution
and thus a lack of dielectric polarizability due to
restricted counterion diffusion. The counterions
give rise to the specific electric conductivity o, of
the solvent only.

The diffusion of the fatty acid anionic head
groups along the phospholipid bilayer/water in-
terfaces imparts a fluctuating electric dipole mo-
ment to the vesicles. The dipole moment due to the
inner anionic groups is kept small by depolarizing
electric fields and will thus be neglected in the
foliowing approximate consideration.

A derivation similar to that of Schwarz {17]
yields the following dielectric incremental spec-
trum due to the outer anionic group diffusion:
Aeg_

A=y mmers

(r<<vp,) (11)

with (in the case of negligible low-molecular-weight
salt content)

Qv Aey_.
deo-= 1 YA fap + A
2 -~ U, €4 — U, € € _
2 - v. e + ~ P -
(2+0.) (1+2+vv ‘wo)[1 2+vv( €wo )]
(12)
A _ 4mn_eda (13)
2-=TTF
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1+ L P
240, €,
- Ty _ (14)
l—v‘,(EZn—i-Aca_ ) .
1+ =
2+, €wo
a2
TI'QZD (15)

2fi-(5) ][] Y(ewn )
(5w e - (2 ](coos 20

+ Ae,, (16)

where Ae,, is as given in eq. 5, and D_ is the
lateral self-diffusion coefficient of the fatty acid
anions within the phospholipid bilayer.

The formulae for Ae,_, _ and &, transform
the relevant molecular properties of the vesicle
into the substitute homogeneous sphere permittiv-
ity
Ae,
e (»)= T¥iZmom

+ &y, (v=3) (17)
with the first term representing the anionic group
coniribution and é,_ denoting the contributions
from the water core (€,,) and the phospholipid
molecules (e,,, Ae.,). The formulae for Ae_, Ae,_
and 7_ follow from the Wagner mixture formula
for the apparent permittivity of a suspension of
well separated homogeneous spheres with permit-
tivity €,_ in a homogeneous medium with permit-
tivity €; (=¢€,, here) [18]. The formulae for Ae,_
and 7_ refer to the case of such a small concentra-
tion of low-molecular-weight ions in the solvent
(e.g.. N, monovalent ions per solvent unit volume)
that the Debye screening Ilayer thickness,
\/E“DkT/47rN,e§ . is larger than the clear distance
between neighboring vesicles. This means that ex-
cess charge accumulation by those ions at the
vesicle surfaces is prevented by the ion thermal
diffusion and therefore that Maxwell-Wagner in-
terfacial polarization can scarcely build up [18].
The separation of neighboring vesicles implied in
the Wagner mixture formula is warranted by
coulombic repulsion being effective due to the lack
of screening action of the counterions.

With typical data for 0.1 M C,,-lecithin solu-
tions with admixed 1 mol% fatty acid salt (potas-
sium myristate) at 30°C (a=1.3x10"% cm, g; =

10"°cm, v,=0.184, n_=94x10" cm™3, D_=
1077 cm® 571 [15) €,=76.6: €, =6, n,=94x%
10P em™3, £= 5% 1073 cm, g = 2 [11]), the calcu-
lated values of the dielectric increment and the
relaxation frequency due to the outer ~CQO; group
diffusion amount to Ae,_ = 15 and v_ = (2a7_)"!
= 2.5 X 10* Hz respectively. The corresponding
experimental values from the measurements [13]
are Aeg_ = 8-20 and ¥_ <(2-5)%x10° Hz (F_=
mean relaxation frequency). The fairly good agree-
ment between the measured and calculated values
justifies confidence in the obviously simplified de-
scription presented of the I spectrum in the case of
small phospholipid vesicles in solutions with small
fatty acid salt and still smaller low-molecular-
weight salt content. As there is a distribution of
vesicle sizes one finds a broadened I spectrum
from the measurements instead of the Debye-type
spectrum presented above.

4.2.2. Solutions of large vesicles with small content
of ionic lipid

In phospholipid solutions with a small content
of fatty acid salt or other ionic lipids, if only once
cooled down below T{. the phospholipid aggre-
gates are large sized and remain so also after
heating up above T; [14]. In the case in which still
single-bilayer vesicles are predominantly present,
the experimental outer radius values amount to
(5-7)%107°% cm [14]. With admixed 1 mol% fatty
acid salt the number of outer ~-CO;" groups per
unit surface area is n_= 143 X 10> ecm~? at T >
T,. This value together with a =6 X 107 %cm, T =
303 K and e,,=766 yields €, AT /4an_ela =
0.13 which indicates counterion condensation at
the approximate mean radius a, = 1.154. The
counterion diffusion. thus being mostly confined
to relatively thin layers near the phospholipid bi-
layer surfaces. predominantly due to its lateral
component imparts fluctuating electric dipole mo-
ments to the vesicles. The dipole moments due to
the inner counterions are kept small by depolariz-
ing electric fields and will therefore be neglected in
the following approximate consideration.

In order to obtain an estimate of the diel€tiric
incremental spectrum

Aeg .
1+ 2%,

A, ()= (v=2,) (18)
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due to the outer counterion limited diffusion, as
mentioned above, for solutions with distinctly less
low-molecular-weight salt than fatty acid salt con-
tent, we assume ideally that these counterions are
totally condensed immediately at the vesicle
surface, Then the formulae in section 4.2 should
apply with the subscript + instead of — and with
n _ being the number of outer counterions per
vesicle surface unit area (=n_) and D, the self-
diffusion coefficient of the counterions. However,
in the case of large vesicles the vesicle volume
fraction. p,. and the vesicle substitute homoge-
neous sphere permittivity at zero frequency. €.(0).
may be so large that the Wagner mixture formula
used so far for calculating Ae_(») (ci. section
4.2.1) may not be sufficient here. as its validity is
limited to small v, and moderate le,/¢;| values
[18]. So one has to use one of the appropriately
modified versions of the Wagner formula. These
formulae exhibit a considerably more complicated
analytical structure than that of the simple Wagner
formula. In order to simplify the matter for the
purpose of obtaining fair estimates. we use the
modified version of the Wagner formula according
to the Gunther-Heinrich theory as presented by
Dakhin [18] and take the correction for the limit-
ing case 0 <3¢ ,/(2¢€,.. + €)= 1. This correc-
tion is performed by furnishing each v, in the
formulae in section 4.2.1 with the factor (3.38 —
2.88e. ) /(1 + (1.19 — 1440 )v,.] except the v, in the
numerator of Ae, which has to be furnished by
{1 +(1.19— 144p Yo 171

Insertion of typical data for 0.1 M C, -lecithin
solutions with admixed 1 mol% fatty acid salt
(potassium myristate) at 30°C (a=6.x 107° cm.
a, =357%x107° cm, o, =046, n,= 143 x 10"
em”i D =22%X10"% cm® 57! (for K* in H.O).
€.,=T766.¢,=6.n,=143X 10" cm™ > €=5x%
10 "% cm. g = 2 [11]) yields the dielectric increment
Adey,, = 141 and the relaxation frequency v,.=
Q=7 )" = 3.2 % 10° Hz.

If the formulae for Ae¢,, and v, are modified
for the case of the counterion diffusion being
totally confined to the extremely thin spherical
shell with radius a,. then with the numerical data
used above and with @, = 1.154 the dielectric in-~
crement and the relaxation frequency amount to
Aey, =243 and v, = (277,)" ' = 2.0 x 10° Hz, re-

' +

spectively. These calculated Ae,, and =, values
have to be taken as upper limits within the frame
of the present model as ti.e volume fraction of the
substitute homogeneous (€, ) dielectric spheres with
radius a,. v, =(a,/a)’n, =07, already ap-
proaches the dense packing limit 0.74 in the case
of equally sized spheres.

The corresponding experimental values from
the measurements [13] are Ae,, > 140-220 being
in fair agreement with the calculated ones, and
7, <2x10°-10° Hz. being smaller. In connexion
with this comparison one has to remember that in
contrast to the basis of the calculation the counter-
ions are not only distributed between the radii «
and «, but also somewhat beyond a . Thus, with
the large v, found above. overlapping of the coun-
terion atmospheres of the vesicles has to be ex-
pected. Consequently, the model used so far in
which counterion diffusion is confined to individ-
ual vesicles cannot be appropriate. In particular, it
does not account for experimental values of Ae,,
= 750 and 5, < 7 X 10* Hz as found by the mea-
surements {13} for a 0.05 M C,slecithin solution.

Overlapping of the counterion atmospheres of
several vesicles may already arise at vesicle volume
fractions distinctly smaller ( < 0.33) than the dease
packing limit. The reason for this is the tendency
towards formation of clusters (e.g.. chains) of
vesicles being inherent even in a pure statistical
spatial distribution {19]. This tendency. obviously
growing with increasing volume fraction v,. may
be favored by intervesicle attraction due to London
dispersion forces and due to the fluctuating dipole
moments imparted by the fatty acid anion and
counterion limited diffusion [20]. If there are well
separated chain-like clusters of vesicles without
overlapping of the counterion atmospheres of
neighboring clusters then long. limited counterion
diffusion paths and consequently large de, and
7, values have to be expected.

In order to obtain a rough estimate of the
dielectric incremental spectrum due to outer coun-
terion limited diffusion in the case of chain-like
clusters of vesicles, we assume the existence of
straight pieces of vesicle chains of length L and of
randomly distributed orientations, to which the
counterion diffusion is confined. A derivation sim-
ilar to that of Wylilie and Oosawa [21] yields
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Aeo

de, (0= 14 i27pr,

(r<xv,) (19)

with (in the case of negligible low-molecular-weight
salt content)

16 N+(Lfo)'l__

deg, = 3 kT (20)
L2
T, =— F (21
D, )

where N, is the number of condensed outer coun-
terions per solution unit volume, and F <1 takes
into account the interaction between a counterion
and the charge distribution along the chain piece
to which it belongs. Insertion of experimental Ae,
and ¥, = (2#%7,) ' values from ref. 13 for 0.05
and 0.1 M C,,-lecithin solutions with small fatty
acid salt content (30°C; D, =2.2X 107 cm®>s™1)
yields mean L;F values corresponding to straight
chain pieces of at least two to four vesicles (a2 =6
x 107% ecm). and reasonable 2N, values in the
range 0.1-4 mol% relative to phospholipid. As
there has to be expected a distribution of L values
and a multi-mode counterion distribution along
the straight chain pieces [21), one finds a broad-
ened I spectrum from the measurements instead of
the Debye-type spectrum presented above which
has been derived under simplifying conditions.

In solutjons of large vesicles with small content
of ionic lipid, besides the counterions, the fatty
acid salt anions (or other charged lipid molecules)
with their negatively charged head groups at the
vesicle surface, due to their limited diffusion are
also expected to contribute an increment
Aeyy

1+ 2zvr_ (v=<v.) (22)

Ae_(v) =
to the I spectrum. For Ae,_ and 7_ the formulae
of section 4.2.1 (modified for large v, and €,) hold
if, in eq. 16 for &,, to (a/a,)de¢,, is added
(a;,/a)lde,, and to Ade,, is added Ade,, =
47n_ ela/kT. Insertion of typical data, as already
used above in this section, and of D_ from section
421, for 0.1 M C,,-lecithin solutions with ad-
mixed 1 mol% fatty acid salt (potassivm myristate).
yields the dielectric increment A¢,_ = 59 and the
relaxation frequency »_=(2w7_)"' =12 X% 10?
Hz. The Ae,_. value is relatively small as a result of
dielectric screening by the counterions. Compari-

son of these calculated Ae,_ and v_ values with
experimental values from ref. 13 is not possible as
the small value of »__ lies at or below the lower end
of the frequency range of those measurements.

4.2.3. Solutions with moderate content of ionic lipid

In sections 4.2.1 and 4.2.2 phospholipid solu-
tions were considered with small ionic lipid con-
tent of about 1 mol% relative to phospholipid.
Then counterions are not condensed in the case of
small vesicles (a = 1.3 X 10™% cm), whereas most
are condensed in the case of large vesicles (¢ =6
% 107® cm). In solutions containing a moderate
quantity of ionic lipid the counterions of small
vesicles may be also condensed at the vesicle
surface. This follows for a monovalent ionic lipid
content of, e.g.. 7 mol% (n_=6.6x10'? cm™?),
a=13x%x10"%cm, T=303 K and €, = 76.6 from
€okT/4mn_eja = 0.13. In phospholipid solutions
investigated previously [6-10] ionic lipid contents,
yielding 7-2 mol% (of total lipid) diffusable
monovalent counterions, and vesicle radii in the
(1.3-4) x 10~ ° cm range, might have been present
so that € AT /4d7wn_eja < 1 held. With these as-
sumptions the experimental vaiues de¢,, = 15-100,
7, = (8-1)x 10° Hz for 0.1-0.14 M C ;- and C -
lecithin solutions at 30 or 45°C, respectively, are
reproducible by the formulae used in section 4.2.2.
Relatively small A¢,, values may appear together
with not only large », values (corresponding to
small vesicles) but also smaller ones (larger vesicles)
if the number of condensed counterions is reduced
(n, <an_) due to partial overlapping of neighbor
vesicle counterion atmospheres, or if the vesicle
volume fraction v, is reduced due to the existence
of vesicles consisting of more than one phospholi-
pid bilayer shell.

Especially small Ae,,, values together with large
7, values had been found with C,,-lecithin solu-
tions with greater than approx. 8 mol% cholesterol
admixed, despite large vesicle size as indicated by
€.0 — €. [8]. Perhaps cholesterol induces phase
separation within the phospholipid/cholesterol/
fatty acid anion bilayer [22] so that regions en-
riched with fatty acid anions are separated by
regions emptied of fatty acid anions, whereby the
condensed counterion diffusion path length is di-
minished.
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Particularly large dey, values together with un-
expectedly high ¥ values had been found with
solutions of C,-lecithin analogues (C,-PN,-
lecithins) containing n =9 or 10 ~CH,~ groups
between the phosphate group and the trimethyl-
ammonium group, €.g., A¢,, =480 and 7, = 2.2 X
10“ Hz in the case of 0.106 mol /1 C,,-PN,-lecithin
at 40°C {7]. Reproduction of these values by the
formulae used in section 4.2.2 {(modified for large
v, and €,) requires a content ¢f charged lipid
components with about 10 mol% monovalent
counterions. vesicle radius a =7 X 107% cm (a, =
6.61 x 107°% cm. v, = 0.55). and a counterion self-
diffusion coefficient of approx. 2D (K™). This
remarkably high condensed counterion content
could have been due to about 5 mol% phos-
phatidic acid admixed to the C,,-PN, -lecithins
from the synthesis of these lecithins (Eibl. H.,
personal communication). This yields 10 mol%
protons as diffusable counterions because the
~PO,H, group of the phorphatidic acid sur-
rounded by the —~(CH,),N(CH;), groups of the
lecithin is fully deprotonated at bulk pH = 7. The
latter groups might also be responsible for the
self-diffusion coefficient of the H™ counterions
being reduced from 44D (K™*) to approx.
2D (K*). It could thus have been possible that

Fig. 6. lllustration of the molecular mechanisms as reflected by
the W, Z and ! diclecuric spectra of phospholipid vesicle
aqueous solutions: rotational diffusion of the water molecules,
rotational diffusion of the phospholipid zwitterions. and limited
translational diffusion of lipid ions and its condensed counter-
ions, respectively.

different experimental Ae,, and ¥ values for C,4-
PN, -lecithins with different » values (2. 5. 6. 7. 9.
10) predominantly reflected different phosphatidic
acid contents and /or vesicle sizes.

5. Conclusion

The dielectric permittivity spectrum e(») at
frequency » < 60 GHz of aqueous colloidal soiu-
tions of predominantly zwitterionic phospholipid
vesicles shows dielectric dispersion around v = 22
GHz (30°C) due to rotational diffusion of the
water molecules (W) and around », =80 MH=z
(30°C) due to rotational diffusion of the zwit-
terionic head groups (Z) of the phospholipid mole-
cules (fig. 6). The water dispersion step €, — €{(o0)
(fig. 1) decreases with increasing vesicle size, ie.,
with increasing amount of water trapped within
the vesicle interior wiere it is strongly influenced
by depolarizing electric fields. Both the zwitterion
dispersion step de,, and frequency », (fig. 3) are
scarcely sensitive to the liquid-crystalline/
crystalline phase transition of the phospholipid
bilayer [11]. Towards lower frequencies the dielec-
tric spectrum of exclusively zwitterionic phos-
pholipid solutions exhibits no additional disper-
sion step [23].

If to the zwitterionic phospholipids is admixed
only a low amount (1-10 mol%) of ionic lipids
then the dielectric spectrum shows dispersion
around frequencies » , between about 10 MHz and
a few kilohertz (30°C). Both the dispersion step
Ae , and frequency v, depend sensitively on the
vesicle size (fig. 5). the ionic lipid content (fig. 4)
and on the content of additionally admixed
cholesterol.

Aqueous solutions of synthetic, thin-layer chro-
matographically pure zwitterionic phospholipids
usually contain such small amounts of ionic lipids
from synthesis and /or from molecular decomposi-
tion during preparation (sonication) of the solu-
tions, which may not be easily detectable by thin-
layer chromatography [24]. Disregarding this fact
was the reason for misinterpretation of the dielec-
tric spectrum below 40 MHz of aqueous zwit-
terionic phospholipid solutions in the previous
works {6-10].
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We now have attributed the dielectric disper-
sion in that spectral region to limited translational
diffusion of the ionic lipid counterions. condensed
to the vesicle surface, and/or of the ionic lipid
molecules themselves, integrated in the phos-
pholipid bilayers (1, fig. 6). In order to specify this
attribution quantitatively we have selected from
the variety of possible states of phospholipid solu-
tions, being determined by numerous not all easily
regulable parameters. a few limiting cases (single
bilayer vesicles of two typical sizes. small ionic
lipid content and still smaller content of low-
molecular-weight salt, temperature above the
crystalline/liquid-crystalline phase transition tem-
perature). For these cases we have described the
phospholipid solutions by simplifying models with
respect to the essential molecular mechanisms of
dielectric polarizability (transformation of molecu-~
lar into continuum polarizabilities). For these
models we have derived dielectric permittivity
spectral functions of necessarily limited validity
with respect to the real solutions in order to point
out the essence of the relation between the mea-
sured dielectric spectra and the underlying molecu-
lar processes rather than to present a complete
theoretical description. Therefore, the numerical
results. dielectric dispersion step heights and dis-
persion frequencies, calculated from those spectral
functions may not be overemphasized. However,
the comparison with the corresponding experimen-
tal data allows the conclusion to be made that the
ionic lipid-induced dielectric spectra can be suffi-
ciently explained by limited ion diffusion.

The present paper shows the dielectric spectros-
copy in the ion dispersion frequency region to be a
remarkably sensitive detector for ionic lipids within
zwitterionic phospholipid vesicles, and to be a
useful tool for studying the size of vesicles or
perhaps also of clusters (chains) of vesicles and the
ionic particle diffusion within and at the surface of
the phospholipid bilayers.
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