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DETECTION OF HEXAGONAL PHASES BY ESR
SPIN LABELING

v
DANILO D. LASIC and HELMUT HAUSER

Laboratorium fliir Biochemie

Eidgendssische Technische Hochschule Ziirich
ETH-Zentrum

CH-8092 Zirich, Switzerland

Abstract The potential of ESR spin labeling
in determining hexagonal amphiphilic phases
is assessed. Spin labeled hexagonal phases
in which the motional averaging about the
cylinder axis is rapid on the ESR time scale
can be readily identified by their ESR spec-
trum. The lineshape is distinctly different
from that of smectic lamellar phases. The
same ESR lineshape which is characteristic
of the hexagonal phase is also obtained with
spin labeled rodlike micelles provided that
the motional averaging about their cylinder
axis is rapid. If, however, this averaging
is slow both hexagonal phases and rodlike
micelles give ESR spectra which are indistin-
guishable from smectic phases ( disclike
micelles).

INTRODUCTION

Many amphiphilic molecules with one or two hydro-
carbon chains either pure or mixed with other
components form hexagonal phases when dispersed
in water. Such phases are known to consist of a
two dimensional array of infinite cylinders. In

the case of the hexagonal I phase the interior

59
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of the cylinders is composed of hydrocarbon chains
and the cylinder surface is covered with the polar
groups and in contact with water, which also fills
the space between the cylinders . The hexagonal II
phase is the inverse phase with the cylinders
being water channels lined by polar groups and
the space between the water channels being oc-
cupied by hydrocarbon chains.l’2
The ESR spin labeling method has been used
extensively in the past to investigate the struc-
ture and dynamics of smectic, lamellar phases and
a great body of literature has accumulated. See
for instance ref. 3. In contrast, there exist only
a few examples of the application of this method
to structural problems in hexagonal phases4’5
Here we apply ESR spin labeling to the question
of whether or not the method is capable of dif-
ferentiating between hexagonal and smectic amphi-
philic phases. Related to this question is the
problem of micelle shape. Experiment and theory
have led to the conclusion that micelles are
predominantly disclike or rodlike rather than
spherical lipid aggregates. Here the question is
whether or not ESR spin labeling can differentiate

between these two fundamental micelle shapes.

THEQORY

The principle underlying the ESR method is the
motional averaging that leads to averaged g-fac-

tor g and hyperfine splitting A tensors. This
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motional averaging depends on the amphiphilic
phase or more precisely on the shape of the lipid
aggregate present in this phase. The line shape
of the ESR spectrum is sensitive to motional pro-
cesses provided the motion is comparable to or
rapid on the ESR time scale. In principle,morpho-
logical information can therefore be deduced from
a line shape analysis. By the same token ESR spin
labeling should also be useful in the shape ana-
lysis of micelles6. As in all spin labeling stu-
dies the method is based on the assumption that
the motion of the spin probe reflects truly the
motion of the amphiphile in the micelleB.

Motional processes contributing to the ave-
raging of the g and A tensor must be rapid on the
ESR time scale,i.e. their frequency v must be
greater than lO8 s_l. Molecular motions such as
translational diffusion and rotation of the am-
phiphile about its molecular long axis are fast on
the ESR time scale and hence contribute to the ave-
raging. This is also true for various segmental
motions having frequencies >>lO8 s_l . In con-
trast the tumbling rates of the amphiphilic
aggregates as a whole are usually slow on the ESR
time scale and therefore do not contribute to the
averaging7. This is also true for micelles except
for very small ones with a hydrodynamic radius rs
2 nm which would have tumbling rates‘vle8 3—1.7
In order to describe the effect of motional

averaging on the g and A tensors we use the coor-
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dinate system and rotation matrices defined in
ref. 8. In the nitroxide coordinate system the g
and A tensors are diagonal with principal values
gxx’gyy’gzz and Axx'Ayy'Azz’ respectively. It is
convenient to express the two tensors in sample
coordinates Xl,Yl,Zl where Zl is the bilayer nor-
mal in smectic phases or disclike micelles whereas
it is the cylinder axis in hexagonal phases or
rodlike micelles. For the overall transformation

of A from nitroxide to A' in the sample coordinate

system:
A' = ’ LT AL, L (1)
- 1 72="7"2"71
where L2 is the transformation matrix relating
nitroxide axes to molecular axes, and Ll is the

transformation matrix relating molecular axes to
sample axes, LT is the transpose of the transfor-
mation matrix. Since both nitroxide and molecular
axes rotate rapidly in the sample coordinate sys-
tem the transformation includes the motional ave-
raging, hence

T

T
<A>=<L; L, A L, L;> (2)

2
Due to the geometry of the 5-doxylstearic acid

spin label used here equation (2) simplifies to
T
<A>=<L; A L~ (3)

with L2 = 1. For smectic phases (disclike micelles)
where the rapid and anisotropic rotation of the
amphiphile about the molecular long axis is the

only contribution to the averaging,the motionally
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averaged A tensor derived from eq.(2) is diagonal,
and axially symmetric with eigenvalues<AE§=v2(Axx +
Ayy) and<<Kf§=Azz. The superscript stands for smec-
tic and the order parameter S3=1. In hexagonal pha-
ses (rodlike micelles) with cylindrical symmetry the
motion of the amphiphile is also anisotropic; in ad-
dition to fast rotation about the molecular long
axis there is translational diffusion along the cy-
linder surface and rotation of aggregates. Provided
this process is sufficiently rapid it then corres-
ponds to a rotation of the amphiphile about the cy-
linder axis leading to further averaging of the g
and A tensors. This yields the motional averaged
tensor <Q§D§ (H=hexagonal) which is again diagonal,
and axially symmetric with eigenvalues‘<§i§ =y2 (A
+A’f) and <Z-\'l$i =¢_'ES =1/2(Ax +Ayy) for s =1.

X 3
For the order parameter S;il the observed

22

values of the hyperfine splitting tensor are
<Ap>= (1/3)Trh + (2/3)53(Azz-1/2(Axx+Ayy)) (4)

<ApP= (1/3)Tra - (1/73)§ (A =V2(a +2,)) (5)

where TrA is the trace of the tensor A. Both<§‘>S

and<<§t§ are obtained from these equations if $3and
SH (the observed order parameter) are inserted, res-

pectively, where

_ H
S, =-28" . (6)

Replacing A in egs. 1-5 by g gives the correspondihg
relations for the g tensor.

Spectra were computed for both smectic and hexa-
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gonal phases (disclike and rodlike micelles)

using the Hamiltonian

~ —_ NN
H= geffB H S + Aeff S I (7)
where the first term is the electron Zeeman and the
second one the hyperfine interaction energy. g and
and A are the effec-

Jess off
tive g-factor and hyperfine splitting, respectively

o
I are spin operators;

and as the Hamiltonian (eqg.7) they are referred to
laboratory coordinates X,Y,Z:
— T 1
By y,z” T Lg<2> L (8)
where LO is the rotation matrix relating sample
coordinates Xl'Yl’Zl

X,Y¥,Z. Effective values of g-factor and hyperfine

to laboratory coordinates

splitting are

1/2

_ r2 2 12, 2
Jogge = (<95 cos™8 +<g> sin”8 ) (9)
2

Aeff = (< ﬁ;g cos%e +<<§E> sin29 )1/2 (10)
where 8 is the angle between the director axis
and the magnetic field direction. Solving the
Hamiltonian gives

A
hwv eff
H, = - —_— a1)
® JorgB I JereB

where MI is the nuclear spin quantum number with
possible values 1,0,-1. In agueous dispersions of
lipids and at moderate magnetic fields as used in
an ESR experiment all orientations of the direc-
tor axis are equally probable giving rise to a

powder spectrum. The spectral intensity P(Hg) of

such a powder spectrum at the resonance field Hg
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is weighted by a sin® termlO

sin®@ hv,2 .3 2 2 -1
dijae ~Up) (e (97 -gTicose) T (12)

P(He) <
Computed absorption powder spectra for smectic
and hexagonal phases are shown in Fig. 1A and 1B,
respectively. There are distinct differences: with
the former A >A;and greater spectral intensity is
therefore associated with the inner hyperfine
splittings whereas with hexagonal phases the si-
tuation 1is reversed. Furthermore, due to the ad-
ditional averaging in the latter the spectral an-
isotropy ]A"—Ailis halved compared to smectic

phases.

EXPERIMENTAL

The lyotropic hexagonal and nematic phases were
prepared by weighing and mixing the components
thoroughly alternately by stirring and centri-
fuging at room temperature until a homogeneous
phase resulted. The amphiphilic phases were sub-
jected to several heating-cooling cycles with the
maximum temperature well above their Krafft point.
Before measurement they were centrifuged at 5000
rpm to obtain a homogeneous phase.

The composition of the two lyotropic nematic (ca-

lamitic) phases wasll’l2

{a) 38.1% sodium dodecyl
sulphate (SDS) ,6.8% n-octanol and 55.1% water and
(b) 32.8 potassium laurate (KL), 2.8% KCl,64.4%

water; that of the discotic nematic phase was
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30.9% KL, 1.9% KCl, 6.7% n-octanol and 60.4% HZO'
Unless otherwise stated 5-doxylstearic acid was
used as the spin probe. For comparison a spin la-
beled phospholipid was used (l-palmitoyl-2-(5-
doxylstearoyl) -sn—-phosphatidylcholine) in some in-
stances.In systems containing octanol the spin
probe was added as an octanol solution. In all
other cases the spin label was dried on the glass
wall and the dried label was equilibrated with
the amphiphilic phase. Phospholipid dispersions
were prepared by dissolving the lipid{s) and the
spin label in organic solvent; the lipid was de-
posited as a thin film on the glass wall of the

vessel by evaporating the solvent on the rotary

evaporator and dried.

RESULTS AND DISCUSSION

ESR spectra of spin labeled SDS amphiphilic phases
at different detergent concentrations and tempe-
ratures are shown in Figs. 2 and 3. At 50 wt$% SDS
and temperatures between about 40 and 100°C there
is greater spectral intensity associated with the
outer hyperfine splitting which is characteristic
of the hexagonal phase. This is also true for the
less concentrated SDS phase (30 wt%) (Fig.3) and
20 wt®% SDS dispersion 1in 1M NaCl (spectra not
shown) . At temperatures 40°C there are distinct
lineshape changes(Fig.3)which can probably be as-
cribed to reduced motion about the cylinder axis.

In the limit of restricted motion about this axis
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the line shape approaches that characteristic of
the smectic phase: under these conditions the only
fast motion contributing to the averaging of the

g and A tensor and hence determining the line shape
is the rotation of the spin probe about its mole-
cular long axis. For comparison the ESR spectra of
a 40 wt% dispersion of potassium palmitate in HZO
at different temperatures are shown in Fig.4.Under
the conditions of our experiment this system has
been reported to form hexagonal phase I 13 and the
ESR spectra in Fig. 4 support this conclusion. The
temperature dependence of the order parameter 83 of
different amphiphilic systems is depicted in Fig.5.
In hexagonal phases of SDS the order parameter is
higher and its decrease with temperature (ds3/dT)
smaller the more concentrated the dispersion is.
The addition of an excess of counterions produced
a significant increase in S3. The ESR spectra
shown in Figs.2-4, which are characteristic of
the hexagonal phase, are contrasted by the spec-
tra from equimolar egg phosphatidylethanolamine-
cholesterol dispersion in water labeled with 5
doxyl stearic acid. (Fig.6). Over the temperature
range 20-90°C the line shape is characteristic of
the smectic (lamellar) phase: greater spectral
intensity is associated with the inner hyperfine
splittings (compare Fig. 1B with Fig.6).31 P

NMR measurements indicate that this lipid mixture
undergoes a phase change lamellar-to-hexagonal

in the temperature range 30-35°Cl3. The tempera-
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Fig.l: ESR absorption powder spectra were com-
puted for 5-doxylstearic acid incorporated in the
hexagonal phase (A) and the smectic(lamellar) (B)
phase using eqg.1-12. The following parameters
were used: S$=1/2,I=1,H=3300 G

2,0088,0,0 6, 0, O
g =0,2.0061,0 A = [‘, 6, 0

0,0,2.0027 0, 0,32
and the order parameter S, was varied between 1
and 0.2 (see numbers top t% bottom) .

43

o

18

108

Fig.2: Temperature dependence of ESR first de-
rivative spectra of 5-doxylstearic acid (FASL)

incorporated in the lyotropic,hexagonal phase

of SDS/water (5:5,by wt).
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Fig.3: Temperature dependence of ESR first de-
rivative spectra of FASL in the lyotropic,hexa-
gonal phase of SDS/water(3:7,by wt.).

xa

x|

<
i

Fig.4: Temperature dependence of ESR first de-
rivative spectra of FASL incorporated in the
hexagonal phase of the potassium palmitate/water
lyotropic system(4:6,by wt.)

69
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ture dependence of the ESR spectra (Fig.6) shows
that this phase transition has practically no ef-
fect on the ESR line shape. Our results are in
agreement with previous work14. From the ESR spec-
tra we conclude that in this lipid system the ad-
ditional motional averaging about the cylinder
axis of the hexagonal phase is slow on the ESR
time scale. The only observable change in the

ESR spectra (Fig.6) up to ~90°C is a continous
decrease of the spectral anisotropy (&)- A ).

At 98°C the rate of the motion about the cylin=-
der axis is still slow but apparently sufficiently
increased to give an intermediate spectrum com-
parable to the slow motion spectrum discussed
before (cf Fig.3,38°C,Fig.4,53°C). While Figs.

3 and 4 clearly show the transition from inter-
mediate to rapid motional averaging, such a tran-
sition is not apparent in the temperature depen-
dence of the hexagonal phase of egg phosphatidyl-
ethanolamine-cholesterol up to 98°c. similar
observations were made with 10 % egg phosphati-
dylethanolamine dispersions in water.Under the con-
ditions of our experiment this lipid dispersion
was shown to undergo a phase transition lamellar-
to-hexagonal II and again smectic type ESR spec-
tra were observed both below and above the tran-
sition temperature.Only at lOOOC spectra indi-
cative of limited averaging about the cylinder
axis were obtained. To fully understand these

spectra one would have to introduce time dependent
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Fig.5: Temperature dependence of the order pa-
rameter S, for various lyotropic systems:potas-

gsium palmitate/water,4:6, (A); SDS/water,5:5, (®);
sDSs/water,3:7, (@) ; SDS/1M NaCl in water,2:8, (O);
of the nematic calamitic phase(38.1%SDS,6.8% oc-

tanol and 55.1% water), (g); and the nematic,
discotic phase(30.9%potassium laurate,1.9% KC1,
6.7% octanocl and 60.4% water), (®m). The order

parameter is the "lamellar" order parameter,i.e.

it is referred to the cyliﬁder surfﬁce in case
of hexagonal phases:S_=-2S ,where S is the
observed order parame%er.

3

&
]
i~

3?7

79

Fig.6: Temperature dependence of ESR first de-
rivative spectra of FASL incorporated in equi-
molar egg phosphatidylethanolamine/cholesterol
dispersion in water. The total lipid concen-
tration was 13.5 wt%.
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rotation matrices in eq(3).

For comparison, the temperature dependence
of the ESR spectra of two lyotropic nematic
phases is shown in Fig.7. The nematic phase in-
vestigated in Fig.7A was described to consist of
elongated, rodlike aggregates (calamitic phase)
while that of Fig.7B was shown to consist of
flattened, disclike aggregates {discotic phase).
From X-ray and neutron scattering it was con-
cluded12 that both the disclike (oblate spheroids)
and rodlike aggregates (prolate spheroids) are
organized with some orientational order but
without any translational order. Such lyotropic
phases then represent an intermediate state bet-
ween well-ordered phases such as the smectic or
the hexagonal phases and the totally disordered
phase of an isotropic micellar solution. They
may be viewed as micellar dispersions with some
long range order and are therefore relevant to
micellar systems in general. The ESR spectra re-
corded from the calamitic phase are typical for
cylindrical symmetry at least at temperaturesyz
500C. Below this temperature the spectra are indi-
cative of intermediate motional averaging. Si-
milar spectra were obtained when the calamitic
phase was labeled with 5-doxylstearic acid and
phospholipid spin probe. The ESR spectra obtained
from the discotic phase(Fig.7B) are characteristic
of the smectic phases. The ESR evidence is con-

sistent with the conclusions drawn from X-ray



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:15 20 February 2013

DETECTION OF HEXAGONAL PHASES BY ESR 73

A AJ\/)

Fig.7: Temperature dependence of ESR first de-
rivative spectra: (A) calamitic phase (38.1%SDS,
6.8%octanol,55.1%water) labeled with 5-doxyl-
phosphatidylcholine and (B) discotic phase(30.9
$KL,1.9%KCl,6.7%0ctanol,60.4%water) labeled
with 5-doxylstearic acid.
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and neutron scattering12 as well as 2H NMR measure-

mentslS. It also implies that ESR spin labeling
can differentiate between disclike and rodlike mi-
celles. However, as with the hexagonal phase,the
detection of rodlike micelles by ESR is only pos-
sible if the motional averaging about the cylin-
der axis is rapid on the ESR time scale.

We conclude that ESR spin labeling can be
used to detect hexagonal phases provided that
motional averaging about the cylinder axis is
fast on the ESR time scale. If the motion about
this axis is slowed down the spectral line shape
approaches that characteristic of smectic( la-
mellar) phases; in the limit of restricted
motion about this axis the spectrum becomes

indistinguishable from the smectic type spectrum.
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