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Abstract

A small, highly aqueous soluble, deuterated, cationic spin label, 4-trimethylammonium-2,2,6,6-tetramethylpiperidine-d17-
1-oxyl iodide (dCAT1), was used to directly monitor the negatively charged DMPG vesicle surface in order to test a recent
suggestion (Riske et al., Chem. Phys. Lipids, 89 (1997) 31^44) that alterations in the surface potential accompanied apparent
phase transitions observed by light scattering. The temperature dependence of the label partition between the lipid surface
and the aqueous medium indicated an increase in the surface potential at the gel to liquid^crystal transition, supporting the
previous suggestion. Results at the phase transition occurring at a higher temperature were less definitive. Although some
change in the dCAT1 ESR spectra was observed, the interpretation of the phenomena is still rather unclear. DMPG surface
potentials were estimated from the dCAT1 partition ratios (surface label moles/total label moles), using a simple two-sites
model, where the electrostatic potential is zero everywhere but at the vesicle surface, and the interaction between the spin
label and the membrane surface is chiefly electrostatic. The Gouy^Chapman^Stern model predicts surface potentials similar
to those observed, although the measured decrease in the surface potential with ionic strength is somewhat steeper than that
predicted by the model. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Under physiological conditions, most cell mem-
branes have a negative net charge due to the domi-
nance of acidic lipid headgroups. Hence, anionic
phospholipids have been widely used as model sys-
tems for biological membranes, considering that the

charged character of the lipids might be rather im-
portant in many of the membrane roles (see, for in-
stance, [1]). Phosphatidylglycerol is the most abun-
dant anionic phospholipid present in prokaryotic cell
membranes, having been extensively studied as a
charged model membrane [2^5], presenting, under
physiological conditions, some properties similar to
those of the ubiquitous phosphatidylcholine with the
same acyl chains [2,6,7].

On the other hand, the thermotropic behavior of
DMPG dispersions at di¡erent conditions of pH,
ionic strength, lipid concentration and time of incu-
bation at a certain temperature [2,4,7^13], has re-
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vealed itself to be a very rich and interesting ¢eld of
physicochemical research. Although biological mem-
branes are composed of many di¡erent lipids, the
lipid phase separations that are likely to occur phys-
iologically, could create domains where the structural
properties of a given lipid might be fundamental to a
certain biological function.

In a range of ionic strength, freshly prepared dis-
persions of DMPG were found to present a rather
complex behavior [4,10,12], that was interpreted by
some authors [10,12] as two di¡erent phase transi-
tions between 5³C and 45³C: the well known gel to
liquid^crystal transition at Tm, and another one,
called the post-transition, at Tpost. Both transitions
could be observed by 90³ light scattering [12] and
di¡erential scanning calorimetry (DSC) [10]. In a
previous work [12], it was suggested that, at least
at Tm, the decrease in light scattering could be due
to an increase in the vesicle surface electrostatic po-
tential upon the thermal phase transition. Hence,
among the di¡erent forces that act between two
charged DMPG vesicles, the increase in the electro-
static double layer repulsion would be the triggering
factor responsible for the low scattering window ob-
served between Tm and Tpost. Accordingly, a simple
Gouy^Chapman^Stern model was put forward for
the main transition, considering that the melting of
the hydrocarbon chains could change both the area
per lipid headgroup and the Na�^PG3 association
constant, therefore modifying the electrical surface
potential of the DMPG vesicle. The phenomena oc-
curring at Tpost was more di¤cult to be rationalized,
as there was no indication of any microscopic struc-
tural change at that temperature [12].

In an e¡ort to better understand the role of surface
electrostatics in the phase transition of DMPG
vesicles, in the present paper a small, highly aqueous
soluble, deuterated, cationic spin label, dCAT1, was
used to directly monitor the negatively charged
DMPG vesicle surface. This strategy is based on
those used for calculating surface potential with am-
phiphilic £uorescent or spin probes [14^19], but
probing the physicochemistry of biological mem-
branes from the `outside'. Such a strategy provides
an alternative view and most likely perturbs the
membrane less than a probe incorporation into the
membrane. Further, as a practical matter, many lipid

soluble probes yield ESR spectra too immobilized to
yield precise data.

Deuteration of the label reduces the unresolved
hyper¢ne structure [20], making the spectral analysis
and ¢tting more accurate. The temperature depend-
ence of the partitioning of the label between the lipid
surface and the aqueous medium was analyzed for
various ionic strengths. The membrane partition ra-
tio (surface label moles/total label moles) and the
ESR spectra parameters for the dCAT1 in DMPG
dispersions were compared with those obtained with
the same spin label in sodium dodecyl sulfate (SDS)
micelles.

Based on a simple two-sites model, assuming that
electrostatics dominate the interactions between the
spin label and DMPG, partition ratios were used to
calculate the lipid vesicle electrostatic surface poten-
tial. The values so calculated are compared with
those yielded by the Gouy^Chapman^Stern model.

2. Materials and methods

2.1. Materials

The sodium salt of the phospholipid DMPG (1,2-
dimyristoyl-sn-glycero-3-[phospho-rac-glycerol, lot
no. 140PG-115) and the spin label 16-PCSL (1-pal-
mitoyl-2-(16-doxyl stearoyl)-sn-glycero-3-phospho-
choline) were obtained from Avanti Polar Lipids
(Birmingham, AL, USA). The deuterated spin label
dCAT1 (4-trimethylammonium-2,2,6,6-tetramethyl-
piperidine-d17-1-oxyl iodide) was purchased from
CDN Isotopes (Quebec, Canada). SDS (sodium do-
decyl sulfate) was from Sigma Chemical Co. (St.
Louis, MO, USA). If not stated otherwise, the bu¡er
system used was 10 mM Hepes (4-(2-hydroxyethyl)-
1-piperizineethanesulfonic acid) adjusted with NaOH
to pH 7.4. The ionic strength was calculated and
measured to be 4 mM. Mille-Q Plus water (Milli-
pore), pH 5.6, was used throughout.

2.2. Lipid dispersion preparation

A lipid ¢lm was formed from a chloroform solu-
tion of lipids, dried under a stream of N2 and left
under reduced pressure for a minimum of 2 h, to
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remove all traces of the organic solvent. Vesicles
were prepared by the addition of the desired bu¡er
or water solution, with or without added salt, fol-
lowed by vortexing above the phase transition tem-
perature. When wanted, 0.1 mM of dCAT1 was
added to the aqueous solution where the lipid dis-
persion was suspended, resulting in the exposure of
all lipids to the spin label. (In the conditions used
here, 10 mM DMPG in 10 mM Hepes bu¡er (pH
7.4), plus NaCl varying from 2 to 100 mM, prelimi-
nary results with small angle X-ray scattering indi-
cated the absence of multilamellar liposomes).

2.3. 90³ light scattering

A £uorimeter Hitachi F-3010 at a wavelength of
280 nm was used. The temperature was maintained
with an external water bath Forma Scienti¢c 2006,
and measured with a Fluke 51 K/J thermometer
placed inside the cuvette. For both light scattering
and ESR, the experimental results shown here
were obtained by varying the temperature from the
higher to the lower value, and leaving the sample for
at least 5 min at each temperature. Nevertheless,
both experiments were found to be reversible, and
identical results were obtained by increasing the tem-
perature.

2.4. ESR spectroscopy

ESR measurements were performed with a Bruker
EMX spectrometer. A ¢eld-modulation amplitude of
0.7 G and microwave power of 5 mW were used.
This modulation amplitude broadened only the
Gaussian component of the ESR line as expected
[21]. The temperature was controlled to about
0.2³C with a Bruker BVT-2000 variable temperature
device. The temperature was always monitored with
a Fluke 51 K/J thermometer with the probe placed
just above the cavity. The magnetic ¢eld was meas-
ured with a Bruker ER 035 NMR Gaussmeter, and
the spectra were converted to a g-value scale with
WINEPR software (Bruker). Most of the spectra
shown here are aligned by the g-value. The spectral
parameters were found by ¢tting each line to a Gaus-
sian^Lorentzian sum function [22] taking advantage
of the fact that the sum function is an accurate rep-
resentation of a Gaussian^Lorentzian convolution,

the Voigt function [20]. The hyper¢ne splitting, ao,
was taken to be one-half the di¡erence in the reso-
nance ¢elds of the high- and low-¢eld lines. The in-
trinsic (Lorentzian) linewidths and the line heights
were determined from the ¢ts [20]. Spectral subtrac-
tions were done using WINEPR software (Bruker).
The data shown in Figs. 3 and 6 are results from at
least three experiments with samples prepared at dif-
ferent times. In each experiment, two spectra were
taken at each temperature and for each of these,
two di¡erent subtractions of the type illustrated in
Figs. 2 and 4 were carried out. The values are un-
weighted means of all of the results and the uncer-
tainties are the standard deviations. When not shown
(all data in Fig. 7 and some points in the other ¢g-
ures) the uncertainties are about the size of the sym-
bols.

2.5. Surface potential calculation

Based on [14], a very simple two-sites model will
be used here, where the spin label can be either in the
aqueous phase, or close to the bilayer surface, with
chemical potentials, in the ideal gas approximation,
given by

Wsol � Wo
sol � kNAT ln�X sol�

Wsurf � Wo
surf � kNAT ln�X surf� � ZeNA8surf

where Wo means the standard chemical potential, k is
the Boltzmann constant, NA is the Avogadro's con-
stant, T is the absolute temperature, Ze is the spin
label charge (Z = 1), and Xsol and Xsurf mean the
mole fractions of the spin label in the aqueous me-
dium and at the membrane surface, respectively. In
our two-sites model, the electrostatic potential is zero
everywhere but at the vesicle surface, where the
mean-¢eld surface potential is 8surf =8o. It will be
assumed that there is no speci¢c molecular interac-
tion between the spin label and the membrane, that
is, Wo

solWWo
surf , at least compared to the strong elec-

trostatic term eNA8o, as no surface dCAT1 could be
detected for neutral DMPG at pH 1, or DMPG pH
7.4 at high ionic strength.

At equilibrium, Wsol =Wsurf , so

8o � 3
kT
e

ln
X surf

X sol

� �
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Considering that Xsurf /XsolW(surface label moles/
volume surface)/(free label moles/volume solution) =
(P/(13P))(Vsol/Vsurf ), where P is the calculated
dCAT1 membrane partition ratio, namely (surface
label moles)/(total label moles).

8o � 3
kT
e

ln
P

13P� �
V sol

V surf

� �
�1�

It will be assumed that VsolWVtotal, Vsurf = (ANh),
where A is the area per lipid headgroup, N is the
total number of lipids in Vtotal, and h is the thickness
of the thin shell surrounding the lipids where dCAT1
can reside.

2.6. Gouy^Chapman^Stern model

The Gouy^Chapman^Stern electrostatic double
layer theory (see, for instance, [23]) considers the
electrostatic surface potential of a uniformly distrib-
uted in¢nite charged plane, with a surface charge
density c= eK/A, where e is the elementary charge,
K is the degree of DMPG dissociation and A is the
area per lipid headgroup. Here, the degree of DMPG
dissociation will depend on the PG3^H� and PG3^
Na� binding constants:

KH � �PGH�
�PG3��H��o KNa � �PGNa�

�PG3��Na��o
where [ ] refers to molar concentrations, and [ ]o to
molar concentrations at the membrane surface. The
latter can be estimated through the Boltzmann dis-
tribution:

�H��o � �H��re
3

e8o

kT

where [H�]r is the proton concentrations at the bulk,
k is the Boltzmann constant, T is the absolute tem-
perature, and 8o is the electrostatic surface potential.
[Na�]o can be calculated by a similar expression. So,

K � �PG3�
�PG3� � �PGH� � �PGNa�

� 1
1� �KH�H��r � KNa�Na��r�e3e8o=kT

�2�

The surface potential, in the Gouy^Chapman high
potential approximation [23] in MKS units, is written

as:

8GCS
o � 3

kT
e

ln
e2

2U103OOokTNA

K2

A2n

� �
�3�

where O is the medium dielectric constant, Oo is the
permittivity of free space, and n is the bulk ionic
strength (in mol/l). Using Eqs. 2 and 3, we obtain
an expression for K, that can be solved numerically:

LK3 � K31 � 0

with

L � e2

2U103OOokTNAA2 KNa
�Na��r

n
� KH

�H��r
n

� �
�4�

3. Results

Typical thermal pro¢les of the 90³ light scattered
by DMPG dispersions at di¡erent ionic strengths are
presented in Fig. 1. Depending on the ion concen-

Fig. 1. Temperature dependence of 90³ light scattering of
10 mM DMPG in di¡erent ionic strengths: (E) pure water; (a)
bu¡er (10 mM Hepes, pH 7.4); bu¡er plus (R) 2 mM, (9) 5
mM, (*) 10 mM and (b) 100 mM NaCl. All samples contain
0.1 mM dCAT1.
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tration, two temperature transitions can be clearly
observed: the main lipid transition around 20³C,
and the post-transition at higher temperatures.
Although the pro¢les shown here are similar to those
presented in a previous paper [12], it is interesting to
point out that whereas the DMPG main transition
temperatures were identical to those found before,
Tpost was found to be dependent on the lipid batch
used. With the one used in the present paper it was
necessary to add 2 mM NaCl to the dispersions in 10
mM Hepes bu¡er (pH 7.4) to obtain a well de¢ned
post-transition (Fig. 1), very similar to that previ-
ously obtained with the lipid in pure Hepes bu¡er
[12]. The strong dependence on the DMPG batch
could possibly be related to a crucial dependence of
Tpost on the concentration of ions present in solution,
which would be in accord with the large variation in
Tpost with the sample ionic strength. (The data shown
in Fig. 1 were obtained in the presence of 0.1 mM

dCAT1, but very similar results were obtained with-
out the spin label, indicating that no signi¢cant var-
iation was detected by the presence of the small addi-
tional concentration of ions due to the charged
label).

The ESR spectrum obtained with dCAT1 in
DMPG dispersions (Fig. 2a) was di¡erent from
that yielded by the label in bu¡er solution (Fig.
2b), the former clearly indicating the presence of
dCAT1 in more than one microenvironment. For
most temperatures and ionic strengths, it was possi-
ble to decompose the dCAT1 spectrum obtained in
DMPG dispersions into two components, one of
them corresponding to the label free in solution,
here referred as `free' component. Fig. 2c shows a
typical spectrum obtained after subtracting a
weighted free signal (Fig. 2b) from the composite
one (Fig. 2a). The weight of the free signal was var-
ied until the resulting spectrum looked like a one

Fig. 2. (a) ESR spectra of 0.1 mM dCAT1 in 10 mM DMPG in bu¡er; (b) 0.1 mM dCAT1 free in bu¡er; (c) a typical ESR spectra
subtraction, (a) minus (b). The free (b) and surface (c) components spectra are shown with the real relative intensities that they appear
in the composite signal (a). Total spectra width 50 G, T = 30³C.
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component signal and could be well ¢tted by a Voigt
line shape [20]. This subtraction proceeds by trial and
error, judging by eye the quality of the resultant
spectrum; however, the ¢delity of the spectrum is
judged by the fact that the doubly integrated inten-
sities and Gaussian linewidths of each of the three
lines are required to be the same [20]. The fact that
two well-separated spectra are obtained shows that
the exchange rate between the two respective sites is
slow on the ESR time scale. In the simple two sites
model assumed here, the resulting spectrum (Fig. 2c)
is yielded by the population of spin label close to the
DMPG surface (an average value), henceforth called
`surface dCAT1'.

Decomposition of spectra into free and surface
components was carried out for DMPG samples
with di¡erent ionic strengths, at temperatures be-
tween 5³C and 45³C. Whenever possible, dCAT1
membrane surface partition ratios (P = surface label
moles/total label moles) were calculated from the
double integral of the ESR signals (Fig. 3). The val-
ues are compared to those obtained with dCAT1 in
the 12.1 mM SDS in water system1 (Fig. 4 shows the
dCAT1 composite and subtracted spectra in SDS, at
25³C). The partition ratios calculated for tempera-
tures below 17³C for DMPG^water, and 20³C for
DMPG^bu¡er at the various salt concentrations
are not very accurate, due to the similarity between
the surface and free components of the ESR spectra
(or to the rather small amount of dCAT1 at the
bilayer surface), and should be regarded as minimum
possible values. Yet, there is a clear tendency of mi-
gration of the cationic spin label to the DMPG bi-
layer surface above Tm, as compared to the roughly
constant value obtained for SDS at all temperatures.
The electrostatic character of the force that drives
dCAT1 to the DMPG vesicle surface was evinced
by the decrease of dCAT1 membrane partitioning

with the increase in ionic strength (Fig. 3). Accord-
ingly, in DMPG^bu¡er dispersion with 100 mM
NaCl, where the PG3 groups are partly shielded by
the cations in solution, or in the neutral DMPG in
low pH medium (pH 1), the dCAT1 spectra were
identical to the free spectrum at all temperatures,
that is, no surface label could be detected (data not
shown).

For each ionic strength, partition ratios could be
calculated up to a certain temperature, after which
no simple decomposition could be obtained. This
upper limit is the point at which data cease in Fig.
3: around 37³C, 32³C and 27³C, for the 2, 5 and
10 mM NaCl samples, respectively. Fig. 5 shows
some attempts to decompose spectra at 35³C and
40³C. At 35³C the surface spectra of DMPG^water,
DMPG^bu¡er, and DMPG^bu¡er+2 mM NaCl
could be attributed to a single ESR signal, whereas
for higher ionic strengths they could not. The result-
ing ESR spectra are more complex, indicating the
presence of at least two di¡erent components. At
40³C, not even the spectrum in DMPG^bu¡er+

Fig. 3. Partition ratios (surface label moles/total label moles)
calculated from the second integral ratio between the surface
and the composite spectra. (b) 12.1 mM SDS in water; 10 mM
DMPG in (E) pure water, (a) bu¡er (10 mM Hepes, pH 7.4);
bu¡er plus (R) 2 mM, (9) 5 mM, and (*) 10 mM NaCl.

1 12.1 mM was a very convenient SDS concentration, as the
spin label partitioned between the aqueous medium and the mi-
cellar surface. For SDS concentrations above 50 mM no free
label could be detected. At 12.1 mM of SDS, on average, 8 mM
is free and 4.1 mM is arranged in micelles [24]. It is important to
note that dCAT1 in SDS samples below the CMC (around 8 mM)
yielded ESR spectra identical to those obtained in pure aqueous
solution (results not shown), showing that there is no label bind-
ing to SDS monomers or pre-micellar aggregates.
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2 mM NaCl could be decomposed in one free and
one surface component (Fig. 5). It is important to
mention that, for each ionic strength, the number of
surface spin labels (calculated from the second inte-
gral of the subtracted spectra) remained roughly un-
changed for all temperatures above Tm, despite the
complexity of the signal. Interestingly, the limiting
temperatures for successful decomposition, were
rather similar to the post-transition temperatures,
for the di¡erent DMPG samples (see Fig. 1). These
results might be a coincidence, or might be an indi-
cation of some kind of change at the DMPG vesicle
surface at Tpost, which is not yet understood.

Whenever a successful spectral decomposition was
possible, the dCAT1 surface signal was least-squares
¢t to a Voigt line shape and the parameters analyzed
according to [20,25], to yield isotropic hyper¢ne split-
ting values (ao) and correlation times, parallel and
perpendicular to the molecular symmetry axis (dN
and dP). The same procedures were applied to spec-
tra observed in SDS micelles. Fig. 6a,b compare the
hyper¢ne splittings and correlation times for the free

component as well as the surface component in dif-
ferent DMPG and SDS samples. The calculated dN
values for all samples are not shown in Fig. 6b be-
cause they were found to be small, similar to the dP
values obtained for free dCAT1, at all temperatures.

It is interesting to use the well-known dependence
of the hyper¢ne interaction parameter of nitroxyl
radicals on polarity, to compare the ao values and
correlation times for dCAT1 in the several DMPG
systems and SDS micelles. For the lipid samples,
below Tm, the spin label is localized in a region
with a dielectric constant very similar to that of
bulk water (Fig. 6a), although its movement is some-
what more restricted, as indicated by the slightly
higher dP values for the DMPG samples (Fig. 6b).
Upon the main lipid transition, there is a signi¢cant
increase in the dCAT1 dP values for all DMPG sam-

Fig. 4. SDS spectra subtraction: (a) 0.04 mM dCAT1 in 12.1
mM SDS in pure water; (b) dCAT1 free in bu¡er; (c) top mi-
nus middle. The free and surface components spectra are shown
with the real relative intensities that they appear in the compo-
site signal (a). Total spectra width 50 G, T = 25³C.

Fig. 5. ESR spectra of the surface component of 0.1 mM
dCAT1 in the presence of 10 mM DMPG in di¡erent media at
35³C (top), and 40³C (bottom). Total spectra width 50 G.
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ples, indicating that the label penetrates somewhat
further down the vesicle surface. Such a relocation
could be due to a less packed membrane surface
above Tm and would be in accord with the decreas-
ing values of ao above Tm since the deeper penetra-
tion of the label would locate it in a region of dimin-
ished polarity. In SDS micelles, the ao values (Fig.
6a) show only a minor decrease with temperature so
the dielectric constant of the microenvironment
where dCAT1 is localized does not change much
with temperature. The surface dCAT1 in SDS mi-

celles is generally in a less polar microenvironment
than the surface label in DMPG vesicle; the only
exception being DMPG^water at high temperature.
The perpendicular correlation times (Fig. 6b), in all
DMPG systems, are much larger than they are in
SDS, indicating a signi¢cant higher degree of spin
label immobilization at the DMPG vesicle surface
as compared to SDS micelles.

The dielectric constant of the site where the spin
label is localized can be estimated by comparing the
obtained ao values with those yielded by the label in
di¡erent mixtures of methanol/water. Fig. 7 shows
the isotropic hyper¢ne constants calculated by the
¢tting of the dCAT1 ESR signals in di¡erent media,
recorded at 25³C, as a function of the polarity index
H [26]. The latter is de¢ned as the ratio of the vol-
ume concentration of OH groups to that in water
(55.4 mol/l) and calculated for the di¡erent mixtures
of methanol/water used.2 The polarity index H shows

Fig. 6. Temperature dependence of the (a) isotropic hyper¢ne
splitting values ao, and (b) the perpendicular correlation time
dP, calculated from the ESR spectra of 0.1 mM dCAT1 (F),
free in bu¡er (10 mM Hepes, pH 7.4), or from the surface com-
ponent of dCAT1 in the presence of 10 mM DMPG in (E)
pure water, (a) bu¡er, bu¡er plus (R) 2 mM, (9) 5 mM, and
(*) 10 mM NaCl, and (b) 0.04 mM dCAT1 in 12.1 mM SDS
in pure water.

Fig. 7. The isotropic hyper¢ne splitting values (ao) of dCAT1
as a function of the medium polarity index H (see text) calcu-
lated for di¡erent mixtures of methanol/water (XMeOH),
T = 25³C.

2 The values of H were calculated from a linear least-squares
¢t of the data given in Table 1 of [26] : H(25³C) =
0.98730.542XMeOH, where XMeOH is the weight fraction of meth-
anol.
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an excellent linear correlation to other measures of
polarity, for example, the dielectric constant [26].
The corresponding dielectric constants for the sites
monitored by the surface dCAT1, at 25³C in DMPG
(ao = 16.37 G, H = 0.77) and in SDS (ao = 16.13 G,
H = 0.63), can be estimated [26] to be around 60 and
49, respectively.

4. Discussion

Considering that dCAT1 is a cationic highly aque-
ous soluble molecule, it probably does not penetrate
vesicles and micelles, but resides on their surface,
therefore causing minimum disturbance of the origi-
nal vesicle structure. The shallow position of the
label is con¢rmed by the relative high dielectric
constant measured for its surface microenvironment
[27]. For most samples the dCAT1 ESR signal
could be ascribed to the label either free in solution
or close to the negative surface of DMPG mem-
brane. The appearance of two separate signals shows
that the frequency of exchange between the two sites
is low compared with the di¡erence in resonance
¢elds. This ability to report simultaneously on the
surface of the vesicle and the bulk solution, its en-
hanced resolution due to the replacement of protons
by deuterons, and its motionally narrowed spectra
allowing precise determination of ao and dP, makes
dCAT1 a very convenient probe for the surface
electrostatic potential of an anionic amphiphilic
vesicle.

Based on light scattering and conductivity meas-
urements, it was previously proposed [12] that, at
Tm, the melting of the hydrocarbon chains would
trigger a process leading to an increase in the degree
of DMPG vesicle surface ionization, with a corre-
sponding increase in the magnitude of the negative
surface potential. Particles with higher surface poten-
tials would repel each other more strongly, allowing
the electrostatic double layer repulsion to overcome
the attractive van der Waals forces thereby favoring
a non-aggregated dispersion. That would give rise to
the observed increase in the sample conductivity and
decrease in the intensity of light scattering at Tm

(Fig. 1). In the present work, the migration of the
cationic spin label to the DMPG bilayer surface
above Tm (Fig. 3) would be in accord with the in-

crease of the magnitude of the surface potential at
Tm.

4.1. Two-sites partition model

To estimate the DMPG vesicle surface potential
(8o) a simple calculation can be carried out, based
on the experimental partition ratio, as shown in Sec-
tion 2 (Eq. 1). The model assumes that the interac-
tion between dCAT1 and DMPG vesicle surface is
chie£y electrostatic. This reasoning is based on the
absence of detectable dCAT1 close to the membrane
either at high ionic strength or at low pH value, as
mentioned before. It parallels the discussion made by
[14] with an amphiphilic spin label, where the hydro-
phobic contribution was evaluated with a non
charged membrane.

Table 1 shows the measured dCAT1 partition ra-
tios in di¡erent systems, in the lipid liquid^crystal
phase: 10 mM DMPG in water, 10 mM DMPG in
10 mM Hepes bu¡er (pH 7.4), at several ionic
strengths, and 12.1 mM SDS in water. (No surface
potential calculations were attempted for DMPG be-
low Tm due to the relative inaccuracy of the spectral
subtractions.) io was calculated assuming an area
per lipid headgroup A = 60 Aî 2 [28], T = 303 K, and
the total number of lipids N calculated for a certain
Vtotal of 10 mM DMPG. The same area per lipid
headgroup was used for DMPG in water. Consider-
ing the dimensions of the dCAT1 molecule (roughly
6 Aî along the N^O axis), 6 Aî was used as an average
value for the vesicle shell thickness h, though this
point will be further discussed in the next section.

For SDS, 4.1 mM was calculated [24] to form

Table 1
DMPG vesicle surface potential (8o) calculated from Eq. 1, us-
ing the partition ratio (P = surface label moles/total label moles)
of dCAT1 in lipid suspensions at di¡erent ionic strengths (n)

System n (mM) P 8o (mV)

DMPG in
water 0.1 0.95 3237
bu¡er 4.0 0.75 3189

+2 mM NaCl 6.0 0.60 3171
+5 mM NaCl 9.0 0.40 3150
+10 mM NaCl 14.0 0.25 3132

SDS 0.90 3220
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micelles, with an aggregation number of 50.6 and a
diameter of 44 Aî 2, yielding an area per lipid head-
group of 120 Aî 2. The shell thickness was also as-
sumed to be 6 Aî [29].

It is interesting to point out that the io value
obtained for SDS micelle is similar to those obtained
for DMPG in low ionic strength, and rather higher
than the values obtained for SDS micelles with £uo-
rescent probes, around 3150 mV [30]. One has to
take into account that the £uorescent probes used
were anchored into the SDS micelle, due to their
hydrophobic chain, perhaps probing a di¡erent re-
gion of the micelle as compared to dCAT1, although
the estimated dielectric constant by £uorescence,
OW50 [30], was similar to the one calculated with
dCAT1 (O= 49). On the other hand, the £uorescent
probes could be perturbing the original SDS aggre-
gate as they partition inside it, unlike dCAT1 which
is likely to reside on the micelle's surface. It has also
to be considered that micelles have a rather rough
surface, where a single surface potential might not
apply.

As expected, there is a decrease in the magnitude
of the DMPG surface potential with the increase of
the ionic strength. It is important to note that the
methodology used here is restricted to partition ra-
tios in the experimentally measurable interval of 0.10
to 0.95. For 10 mM DMPG, in the liquid^crystalline
phase, it corresponds to 103 mV6 MioM6 237 mV.
That limitation is clearly seen in the case of DMPG
with 100 mM NaCl, where PW0, which could cor-
respond to a surface potential around 3100 mV, as
suggested before [12,31].

Although we have assumed that the variation in
the partition ratio, P, at Tm is caused by a change in
the surface potential only, it can be seen in Eq. 1 that
an increase in the area available for label binding
would also induce an increase in the partition ratio
P, even for constant surface potential. However, a
rough estimation of a possible variation in the avail-
able area at Tm tends to exclude that last hypothesis,
as follows. The expected increase in area upon the
main phase transition (48 to 60 Aî 2) would not in-
crease the partition ratio more than 10%. On the
other hand, if we consider the molecular masses cal-
culated by the Zimm plot for the DMPG aggregates,
below and above Tm, 60 and 15 MDa, respectively
[12], we may estimate that an aggregate of around

four vesicles fall apart at Tm. Considering the close
packing of four spheres, and considering that each
one has around 60³ of solid angle not available for
external binding, not more than 1/15 of each vesicle
area would be inaccessible to the label. This estimate
is an upper limit since it supposes that the rather
small dCAT1 could not access any area inside the
contact points. Even this upper limit in the change
in area would not a¡ect P more than about 7%.
Perhaps other structures for the DMPG vesicles de-
crease the accessible area upon aggregation to an
extend that could not be completely neglected.

4.2. Gouy^Chapman^Stern model

The 8o values obtained for DMPG can be com-
pared to those calculated by the Gouy^Chapman^
Stern model (Eq. 3), here called 8GCS

o , where the
area per lipid headgroup was the same one used be-
fore, namely A = 60 Aî 2, and O was assumed to be 80,
as the model assumes the same dielectric constant up
to the membrane surface. Fig. 8 shows the depend-
ence of 8o with the sample ionic strength, and com-
pares its variation with two theoretical curves

Fig. 8. Ionic strength dependence of the electrostatic surface po-
tential : (F) experimental values calculated from the partition ra-
tios; (dashed lines) theoretical values predicted by the Gouy^
Chapman^Stern model for two di¡erent PG3^Na� binding
constants.
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(M8GCS
o M from Eq. 3, dashed lines) calculated for

two di¡erent KNa values, 0.17 M31 and 0.84 M31,
which correspond to K values 0.52 and 0.33, respec-
tively.3 It is evident that there is no constant value of
KNa which yields good agreement with the surface
potential values calculated from the experimental
data, 8o, assuming a ¢xed value for the shell thick-
ness h. Whereas the magnitudes of the potentials
yielded by the two methodologies are not very di¡er-
ent, the experimental decrease of the surface poten-
tial with ionic strength, for any given value of h, is
steeper than that predicted by the model. This could
possibly be attributed to the various approximations
in the Gouy^Chapman^Stern model, like the uni-
form charge distribution over a planar surface, the
point character of the charged particles, and the
sharp discontinuity of the dielectric constant4 at the
vesicle surface, although some of them were found
rather good for highly charged surfaces [33]. It is
important to note that the di¡erent behavior of the
two methodologies could possibly be relevant only in
the low ionic strength range used here, where the
interaction between charged monolayers, either
from the same vesicle or from neighboring ones, can-
not be completely dismissed.

On the other hand, one could consider the possi-
bility of the variation of the average thickness h with
the ionic strength, therefore introducing a correction
in the values of io calculated from the measured
partition ratios. Interestingly, if it is assumed that h
decreases with ionic strength proportionally to the
variation of the Debye length,5 a relatively good cor-

relation can be obtained between the two methods
discussed here, namely, the two sites and the Gouy^
Chapman^Stern models. For instance, the 8GCS

o pro-
¢le obtained for KNa = 0.84 M31 could be reasonably
well reproduced by varying the h value from 9.4 Aî

(n = 4 mM) to 5 Aî (n = 14 mM). However, the rather
similar values obtained for the ESR parameters of
the dCAT1 surface component in the di¡erent ionic
strength samples (Fig. 6; ao and d, indicating the
label microenvironment dielectric constant and mo-
bility, respectively) do not suggest a dependence of
the spin label average position with the medium ionic
strength. The above discussion comparing the two
methodologies does certainly need further consider-
ation.

The Gouy^Chapman^Stern model presented here
includes the binding of sodium ions to the phosphate
groups of DMPG membranes. The KNa values,
0.17 M31 and 0.84 M31, though very di¡erent, are
in the range of the sodium binding constants pro-
posed in the literature (see [12] and references there-
in). Although many authors do not consider the
binding of Na� to DMPG vesicle surface, and keep
K= 1, the consideration of KNag0 may be rather
relevant.6 As suggested before [12], the lower value
of KNa for DMPG in the liquid^crystal phase, as
compared to the gel phase, would explain the higher
surface potential and higher repulsion among the
lipid vesicles, and, consequently, the lower intensity
of light scattering for temperatures above Tm. It is
interesting to mention the work by Eklund et al. [34]
where it was found that sodium ions induced aggre-
gation in DMPG vesicles (at low lipid concentration,
0.14 mM, and high salt concentration, 600 mM) only
for samples at low temperature, below Tm. Hence,
their results also seem to indicate a higher Na� bind-
ing constant for the lipid in the gel phase as com-
pared to the liquid^crystal phase.

In the above discussions the binding of dCAT1 to
DMPG molecules was neglected. Apart from the ar-
guments given in the last section, concerning the ab-

3 KH was assumed to be 15.8 M31 according to [32], or calcu-
lated from [2]. Although K is a function of the ionic strength (Eq.
4), for the pH and n values used here [H�]rIn, and [Na�]rWn,
therefore K is e¡ectively independent of n.

4 it is interesting to note that, though some theoretical models
assume the sharp discontinuity of O at the bilayer surface, and/or
that ions do not penetrate the membrane polar region, it is shown
here that the bulky ion dCAT1 (or at least its NO group) resides
in a region of OW60.

5 The Debye screening length, given by

1
U
� OOokT

2e2NAn

� �
1=2

(see parameter de¢nitions in Section 2) gives an estimation of the
length of the di¡use double layer at the vesicle surface [23].

6 For instance, the necessity to overestimate the area per lipid
molecule (120 Aî 2 as compared to 48 Aî 2 determined by X-ray
di¡raction) in the ¢tting of the experimentally measured electro-
static potential of DMPG in the gel phase [16], could be over-
come by the use of K= 0.4, which would correspond to KNa = 0.46
M31.
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sence of a detectable population of a less mobile
dCAT1 in the presence of low surface potential
DMPG vesicles, it is important to consider the fol-
lowing reasoning. The binding constant PG3^
dCAT1�, KdCAT1, was found to be lower than KNa,
as 2 mM dCAT1 does not cause any change in the
DMPG post-transition temperature, Tpost, measured
by light scattering (result not shown), compared to
the large shift observed in the presence of 2 mM
NaCl (see Fig. 1). Moreover, even if it is assumed
that KdCAT1 is close to the KNa value, i.e., around
0.8 M31, due to the low spin label concentration
(0.1 mM) the surface potential value in the presence
of dCAT1 will change less than 1%, and the amount
of `bound' dCAT1 would be negligible compared to
the concentration at the surface and in solution.

4.3. DMPG in water

In the absence of added salt, multi-angle light scat-
tering experiment indicated a strong interparticle cor-
relation for DMPG in pure water [12]. That would
be in accord with the Gouy^Chapman^Stern model
(n = 0.0025 mM, due to protons only), which yields
an K= 0.14, and 8GCS

o =3317 mV. However, in the
present work, the 0.1 mM concentration of the
charged dCAT1 has to be considered (for the
DMPG^Hepes samples the concentration of
dCAT1 was negligible compared to the other ions
in solution). By solving Eq. 4 (in Section 2), consid-
ering [Na�]r = 0, KdCAT1 = 0, and n = 0.1 mM, an K
value of 0.39 was found, which corresponds to
8GCS

o =3276 mV, to be compared with 3240 mV,
obtained from the partition ratio. That di¡erence
could possibly be due to the sharp dependence of
8GCS

o with the ionic strength, for very low n values,
and, in the present case, the coarse Gouy^Chapman
approximations of considering dCAT1 as a point
charge, and non-interacting charged layers.

It is interesting to point out that DMPG in pure
water has been shown to present some properties
di¡erent from the lipid in bu¡ered medium [8,12].
For instance, in water DMPG does not show a sharp
lipid thermal transition, though spin labels interca-
lated in the hydrocarbon chains monitor regions of
similar microviscosities, both at low (15³C, the gel
phase) and high temperatures (40³C, the liquid^crys-
tal phase), for all DMPG samples. As for the aggre-

gate surface monitored here, the ao values of dCAT1
in DMPG in bu¡er and in SDS micelles remain
rather constant for higher temperatures, whereas
there is a clear decrease of the ao value, and conse-
quently of the dielectric constant of the region where
dCAT1 resides in DMPG in pure water (Fig. 6a).
That could indicate structural changes in the vesicle
provoked by increasing the temperature, allowing a
slightly deeper penetration of the label. On the other
hand, that possible variation on the vesicle structure
is not re£ected in the measurements of the label mi-
croenvironment viscosity, as the surface dCAT1 dN
and dP values remain rather constant above Tm, and
very similar for all the DMPG samples, either in
water or in bu¡er (Fig. 6b).

4.4. No evidence of membrane fusion

To test whether there was vesicle fusion at either
Tm or Tpost, the following experiment was carried
out. A phospholipid spin label (16-PCSL), which
shows negligible partition into the aqueous medium,
incorporated in 10 mM DMPG dispersion was used
in a concentration high enough to yield a spectrum
broadened by spin exchange (3% of the lipid concen-
tration, in moles). One volume of that dispersion was
mixed with two volumes of a DMPG sample in the
same concentration, but without the spin label.
Therefore, if fusion occurred, a signi¢cant linewidth
decrease would be expected, corresponding to the
dilution of the spin label. No decrease in the spin
exchange was observed during and after the follow-
ing temperature cycle: 1 h at 25³C, 1 h at 40³C, 1 h
at 17³C and back to 25³C. That experiment indicated
that the spin labeled phospholipid could not spread
out through the DMPG vesicles added afterwards,
which would be expected if fusion had occurred.

5. Conclusions

The present work indicates that there is an in-
crease in the DMPG vesicle surface potential at the
lipid gel^liquid crystal transition, with accompanying
penetration of the aqueous soluble cationic spin label
dCAT1 into the surface shell, to a region of dielectric
constant about 60. Although there were modi¢ca-
tions in the ESR spectra of dCAT1 close to the
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DMPG bilayer at Tpost, no simple conclusion could
be drawn due to the complexity of the signal. The
surface component spectra obtained for temperatures
above Tpost (Fig. 5) could be possibly attributed to
more than one site at the vesicle surface, or di¡erent
vesicle structures present in the dispersion.

The spin label dCAT1 seems a rather promising
probe in the general study of surface electrical poten-
tial of anionic amphiphilic aggregates. Its aqueous
soluble character together with its positive charge,
are likely to allow the probing of the surface without
altering much the original structure of the aggre-
gates. The decomposition of the dCAT1 ESR spectra
into two signals, one more restricted (at the surface)
and one free, allows not only the estimation of the
surface potential, based on the two sites model used
here, but also an analysis of the surface signal, pro-
viding information about the surface packing and
local dielectric constant. That methodology could
be extended to the study of the binding of small
molecules, like biological relevant peptides, to lipid
bilayers. It would be interesting to see how they alter
the membrane surface potential and packing, and,
based on these alterations, to discuss partition coef-
¢cients of charged drugs to anionic or neutral surfa-
ces.
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