This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 03:14

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Magneto-Orientation of
Phospholipids

Yasuaki Kawamura ® , Ikuko Sakurai ® , Akira Ikegami
2 & Shigeo Iwayanagi °

- & The Institute of Physical and Chemical Research,
Hirosawa 2-1, Wako, Saitama, 351, Japan

b Faculty of Technology, Gunma University, Kiryu,
Gunma, 376, Japan
Version of record first published: 14 Oct 2011.

To cite this article: Yasuaki Kawamura , Ikuko Sakurai , Akira Ikegami & Shigeo
Iwayanagi (1981): Magneto-Orientation of Phospholipids, Molecular Crystals and Liquid
Crystals, 67:1, 77-87

To link to this article: http://dx.doi.org/10.1080/00268948108070877

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948108070877
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:14 23 February 2013

for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 03:14 23 February 2013

Mol. Cryst. Lig. Cryst., 1981, Vol. 67, pp. 77-88
0026-8941/81/6704-0077$06.50/0

© 1981 Gordon and Breach Science Publishers, Inc.
Printed in the US.A.

Magneto-Orientation of Phospholipidst

YASUAK!I KAWAMURA f IKUKO SAKURAL AKIRA IKEGAMIZ and
SHIGEO IWAYANAGI§

{The Institute of Physical and Chemical Research, Hirosawa 2-1, Wako, Saitama 351,
Japan
§Faculty of Technology. Gunma University, Kiryu, Gunma 376, Japan

(Received August 5, 1980)

Magneto-orientation effects were observed for platelets of thin layered single crystals of L- and
DL-dipalmitoylphosphatidylcholine {DPPC), and for single crystals of polyethylene (PE)
suspended in xylene. For both L- and DL-DPPC crystals, a biaxial magneto-orientation was
observed, in which both directions of hydrocarbon chain and phosphoryicholine group were
directed perpendicular to the applied field direction. For PE, the hydrocarbon chain direction
was oriented perpendicular to the field.

From the orientational behaviour under the magnetic field, the anisotropy of diamagnetic
susceptibility, the difference between susceptibilities parallel and perpendicular to the hydro-
carbon chain direction, is evaluated as —9 x 107%and —1 x 107 % emu/cm? for L-DPPC and
PE, respectively.

The origin of the diamagnetic anisotropy of DPPC is briefly discussed in terms of the
molecular and crystal structures.

I INTRODUCTION

The magnetic properties of, and the magnetic field effects on, biological
systems have recently attracted much interest because of the increasing
number of developing technologies that utilize rather high magnetic fields.
It seems, however, that studies on the magnetic properties of materials of
biological interests, which may be extracted from biological systems or in
some cases synthesized chemically, are very few, and the observed magnetic
field effects on biological systems are discussed without detailed knowledge
on the magnetic properties of constituent materials.

+ Paper presented at the 8th International Liquid Crystal Conference, Kyoto, Japan, June 30~
July 4, 1980.
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In the magneto-orientation effects of biological membrane systems such
as chloroplasts'~? or retinal rod outer segments®> in aqueous suspensions,
the origin of the magnetic anisotropy that makes them orient in a homogene-
ous magnetic ficld are considered to be the summed diamagnetic suscepti-
bility anisotropy of ordered proteins or part of proteins that would exist in
the biological membranes.®~'' The observed orientation of biological
membranes is such that the membrane normal is directed to the direction of
the applied magnetic field. Phospholipids, the major component of biological
membranes, therefore, are oriented parallel to the field. If the diamagnetic
anisotropy of phospholipids with two long hydrocarbon chains is assumed
to be similar to that reported for a long hydrocarbon-chain fatty acid such as
stearic acid,!? the membrane normal should orient perpendicular to the
field, instead of parallel. Thus the observed magneto-orientation effects of
biological membranes are in contradiction to what is expected from the
assumed diamagnetic anisotropy of phospholipids, and usually explained
that they result from the summed anisotropy of proteins in a membrane which
is partially cancelled by that of phospholipids. Therefore, to give further
convincing proofs of the role of phospholipids and proteins in the magneto-
orientation of membranes, it is necessary to study the diamagnetic anisotropy
of phospholipids.

In this paper, we will report on a study of the magneto-orientation effect of
thin single micro-crystals of phospholipids, i.e. L-a-dipalmitoylphosphatidyl-
choline (L-DPPC) and DL-a-dipalmitoylphosphatidylcholine (DL-DPPC).
Also will be reported a study on polyethylene (PE) single crystals, which are
composed only of hydrocarbon chains and are useful in discussing the contri-
bution of polar head parts of phospholipids to the magnetic anisotropy. For
L-DPPC and PE, we have evaluated the diamagnetic susceptibility aniso-
tropies from the magneto-orientation behaviours. Experimental results on
L-DPPC and PE have been already submitted elsewhere in some detail.*?

I MATERIALS

The sample of L-DPPC used in the present experiments was obtained from
Fluka Ltd., and DL-DPPC from Sigma Chem. Co. They were used as re-
ceived. The as-supplied samples were fine powders, and from thelong spacings
obtained by X-ray powder diagrams it was known that they contained one
water molecule per DPPC molecule at most, probably by far the less.
Single crystals of DPPC’s were obtained from xylene suspensions of
DPPC’s. The method of preparation of crystals together with electron and
X-ray diffraction studies of structural features of the present crystals of L-
and DL-DPPC have been already reported elsewhere.!*1> We, therefore,
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will refer to a few points on structures of these crystals needed to explain the
present experiments.

In Figures 1 (a) and (b), typical views of crystalline platelets of L- and
DL-DPPC, respectively, are shown. These photographs were taken by use
of a polarizing microscope between crossed polarizers. The shape of crystals

(b) A

FIGURE 1 Typical views of thin single micro-crystals of L-DPPC (a), and DL-DPPC (b),
grown from xylene suspension. These photographs were taken by use of a polarizing microscope
just after deposition on glass slide. The polarizers are oriented horizontally and vertically. In
addition to photographs, a schematic drawing of the typical shape of each crystal is shown, in
which the direction of the optic axis (AB) and the direction of crystal oriented to the magnetic
field (CD) are also shown.
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of L-DPPC is a thin rectangular platelet, and they have rather uniform
dimensions with one another. The average dimensions of crystals used in the
present experiments were 36 and 18 um in length of the longer and the
shorter sides, respectively, and about 0.1 ym in the thickness. The shape of
crystals of DL-DPPC, on the other hand, is complicated, and the crystals
vary in size from the order of 100 ym for a larger one to the order of 10 um
or less for a smaller one. From diffraction studies, DL-DPPC crystal is
shown to have nearly hexagonal packing, and the characteristic shape ofitis a
hexagon, as can be seen in Figure 1 (b), though a little deformed and paired.

The crystals of L- and DL-DPPC give beautiful electron diffraction spots
suggesting that they are single crystalline platelets.!*! % In the platelet, DPPC
molecules form a bilayer, which is stacked on and on giving a stacked
bilayer structure to the platelet. The plane of bilayer is parallel to that of the
platelet. Hydrocarbon chains of DPPC are oriented nearly perpendicular
to the plane of bilayer, hence that of the platelet.!*! In the plane of platelet,
an optical anisotropy was observed by a polarizing microscope (see Figures
1 (a) and (b)). As hydrocarbon chains are nearly perpendicular to the plane
of the platelet, and phosphorylcholine groups of polar head parts are on
bilayer planes,'®!8 the in-plane optical anisotropy should mainly be a
consequence of the oriented polar head parts. From optical observations by a
polarizing microscope, therefore, it is considered that phosphorylcholine
groups of polar head parts are oriented parallel to the shorter side of the
platelet for L-DPPC, and to the longest side of the hexagonal platelet for
DL-DPPC, hence giving optic axes to the respective directions (see Figure 1).
The crystals of both DPPC’s are known from the long spacing by X-ray
diffraction to be in dihydrated forms.

Single crystals of PE used in the present study, were grown from xylene
solution at 80°C. They are thin rhombic platelet-like crystals with the average
dimensions of 16, 11, and 0.1 um for the longer diagonal, the shorter one, and
the thickness, respectively. They consist of multi-layered crystalline lamellae
and hydrocarbon chains are also packed perpendicular to the plane of
platelet.’® In the plane of platelet, the PE crystal is optically isotropic.

Il EXPERIMENTAL RESULTS

1 Microscopic observations of magneto-orientation

Using a polarizing microscope, we observed the effect of the application of
the magnetic field on crystals of both DPPC’s and PE suspended in xylene
at about 22°C. We used an electro-magnet with pole pieces of 30 mm in
diameters and 6 mm in the gap width between them.
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On application of the magnetic field of about 5 kG, L-DPPC, DL-DPPC,
and PE crystals in xylene were observed to be oriented in such a way that
their thickness direction, i.e. hydrocarbon chain directions, were put perpen-
dicular to the field direction. This orientation of hydrocarbon chains is
consistent with the reported anisotropy of diamagnetic susceptibilities for
long hydrocarbon chain compounds.!? The distinctive feature in the magneto-
orientation of L- and DL-DPPC crystals was that they showed a biaxial
orientation in the magnetic field. For L-DPPC, the shorter side of a crystal-
line platelet, and for DL-DPPC, the longest side of hexagonal crystalline
platelet, were oriented perpendicular to the field direction, whereas for PE
crystals no evidence of biaxial orientation could be observed. Therefore, in
addition to hydrocarbon chains, phosphorylcholine groups of DPPC’s are
also oriented perpendicular to the field direction.

We also made preliminary experiments of the effect of temperature on the
magneto-orientation of L-DPPC crystals. From electron diffraction study,
it is known that the in-plane symmetry of L-DPPC crystals transforms, by
a temperature rise, from a low temperature form into a high temperature form
with a higher symmetry.'*?5 On the other hand, from microscopic observa-
tions it was observed that above 30°C the in-plane optical anisotropy of
xylene suspended L-DPPC nearly vanished. The observation of magneto-
orientation of L-DPPC crystals above 30°C showed that there was a ten-
dency to obscure the biaxial orientation observed in lower temperatures.
Further experiments on the orientational behaviour in higher temperatures
are under way.

2 Transmitted light intensity measurements through suspensions
under the magnetic field

To evaluate the magnitude of the magnetic anisotropy of phospholipid from
the magneto-orientation behaviour of the crystals, we measured the intensity
of light transmitted through the suspensions under the crossed polarizers.
Details of experimental results will be found elsewhere.!® In Figure 2, the
experimental set-up is shown schematically, where the intensity of polarized
light through the sample suspension and the analyzer, i.e. the second polarizer
crossed to the first one at the right angle, is measured. The magnetic field
was applied by the same electro-magnet used in the microscopic observations,
and it required about 150 msec to attain 90 %, of the final field strength at
9 kG. The light through the suspension was led to a photo-electric cell
through a microscope whose eyepiece was replaced by the cell. The intensity
of light detected by the cell was recorded in a digital memory with the
resolution of 12 bits in magnitude and 20 msec in time. Before each run of
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FIGURE 2 Schematic diagram of the experimental set-up. T, the glass tube with sample
suspension; L, the light source of a tungsten lamp ; D, the photo-electric cell; P and A, the crossed
polarizers, P for the polarizer and A for the analyzer. As the recorder, a digital memory of 12 bits
in resolution was used.

measurements the suspension was stirred up thoroughly by shaking the
glass container. Measurements were made at about 22°C.

Examples of the magnetic field induced change in the transmitted light
intensity are shown in Figure 3 for L-DPPC and PE. In this Figure, the
polarizer was put so as the polarizing direction of the incident beam to be
parallel to the field direction. The possibility of the intensity change in trans-
mitted light by Cotton-Mouton effect of xylene was also examined and it
was shown to be negligible compared with the change caused by the magneto-
orientation of suspended crystals.

The transmitted light intensity just after stirring the suspension of L-DPPC
was due to randomly oriented crystals some of which should be in the
diagonal position between crossed polarizers. On application of the magnetic
field, the orientational motion of crystals started and such orientation as has
been stated in the preceding section was accomplished within ten seconds or
so. As the optic axes, one in the direction of hydrocarbon chains and the
other in that of phosphorylcholine groups, were oriented perpendicular to the
field, the crystals were in the extinction position hence giving a reduced trans-
mitted light intensity as compared with the initial intensity level. When the
field was removed, the oriented crystals would turn again into disordered
state and the transmitted light intensity went toward the initial intensity
level before the application of the field. For PE, the behaviour of transmitted
light intensity is explained, as for the case of L-DPPC, by the orientation of
crystal having the optic axis parallel to the hydrocarbon chain direction.
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inc.

Transmitted Light Intensity (arb. unit)

FIGURE 3 Examples of the magnetic field induced change in the transmitted light intensity
through suspensions of both L-DPPC and PE crystals between crossed polarizers are shown as
a function of time after the application of the magnetic field. The field strength is shown beside
each curve. For H = 9.0 kG, the whole behaviour of the transmitted light intensity, when the
field has been turned on and off, is shown. The polarizing direction of the incident beam are
parallel to the magnetic field.

For DL-DPPC suspension, we could observe the similar behaviour of the
transmitted light intensity as for L-DPPC. As the crystals were irregular in
size, however, any further analysis was not made on DL-DPPC.

The magnitude of the magnetic field induced change in the transmitted
light intensity, was nearly linear to the squared field strength, and for L-DPPC
the effect of the field seemed nearly to saturate around 7 kG. As densities of
both L-DPPC and PE crystals are higher than xylene, a slow sedimentation
process took place during the intensity measurements. Thus an intensity
change resulting from a slow change in number of crystals in the observation
volume by the sedimentation process, was inevitably superimposed on the
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intensity change by the magneto-orientation effect of crystals. This effect
manifested itself as a lack in reproducibility of the transient behaviour of
intensity change after the field was turned off. The transient change in light
intensity after the field was turned on, however, showed a good reproduci-
bility at least within the first five seconds or so, and showed a simple expo-
nential decay with time as shown in Figure 4, giving an orientational relaxa-
tion time as a function of the field strength.

We, therefore, utilized the relaxation time, 7, of the magnetic field induced
orientational motion for the evaluation of the anisotropy of diamagnetic
susceptibility, Ay, which is the difference of the principal volume suscepti-
bilities parallel to the hydrocarbon chain direction, y , and perpendicular to
it, ¥, . In a linear approximation, t is given as®

T ={/Ay-V-H?

where { is the rotatory frictional coeflicient, V' the volume of a crystalline
platelet, and H the field strength. Figure 5 shows the plot of T~ ! against H2.
As expected from the above expression for 7, 7! varies almost linearly with
H? in the lower field region. In making a rough estimation of Ay from the
slope of t7! vs. H? plot, we evaluated { after Perrin?® assuming the thin
crystalline platelet as an oblate ellipsoid of revolution and using the average
dimensions of it, which are also used to evaluate V.

The volume susceptibility anisotropies thus obtained were, —9 x 1078
and —1 x 1078 emu/cm? for L-DPPC and PE, respectively.

IV DISCUSSION

The sample crystals, obviously without permanent magnetic moment, might
also be acted on in a magnetic field by torques resulted from an anisometric
shape of the crystals. This ‘‘ form ** anisotropy or the effect of the demagnetiz-
ing field, however, should be negligible because of the small value of suscepti-
bility of the present diamagnetic materials.

The smaller value of Ay of PE seems to suggest the contribution from polar
head part in Ay of L-DPPC, as the only difference in molecular structures is
the depletion of polar head part in PE and as the structure of hydrocarbon
chains in both crystals is nearly the same with the orthorhombic symmetry.
If we take the thickness of a crystalline lamella of PE as 130 A as reported
for crystals grown from xylene solution at 80°C,'® and the part of a PE chain
just contained in the lamella as one molecule with the fiber period along the
chain of 2.5 A,'° we have the molar susceptibility anisotropy of this tentative
hydrocarbon chain molecule with about hundred CH, units as about
—15 x 107° emu/mol, by use of the volume anisotropy, —1 x 1078
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FIGURE 4 The plot of logarithm of the transmitted light intensity against the time after the
application of magnetic field. Circles are for L-DPPC and triangles for PE. The field strength is
shown beside each set of data.

emu/cm?, and assuming the density as p ~ 1 g/cm’. As well known, the
solution grown PE crystals have amorphous region between lamellae due to
the chain folding.'® Therefore, the value of molar anisotropy of PE should be
considered as the lower bound of the anisotropy of crystalline hydrocarbon
chain with about hundred CH, units.

The volume anisotropy of L-DPPC, —9 x 10~ ® emu/cm?, gives —68 x
10~ % emu/mol for the molar anisotropy. As the value of molar anisotropy
of PE given above must be taken as only the lower bound, we can not say
much about the contribution of hydrocarbon chains to the observed molar
anisotropy of L-DPPC from the present result on PE. Instead, if we take the
value of molar anisotropy of crystalline stearic acid, —26 x 10~¢ emu/mol
reported by Lonsdale,'? into consideration, the most of the anisotropy of
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FIGURE 5 The plot of inverse relaxation time, !, against squared field strength, H2. Circles
are for L-DPPC and triangles for PE.

L-DPPC with two hydrocarbon chains can be explained. The rest of the
anisotropy should arise from the polar head part.

We also measured the mean diamagnetic susceptibility, ¥ = (1/3)(x
+ 2y,), using a vibrating sample magnetometer (PAR Model 155). The value
of 7 was —(600 £ 30) x 107% and —(560 + 30) x 10~ emu/mol for L-
and DL-DPPC, respectively. As ¥ must be determined by the molecular
structure, we take the mean value of the two, —580 x 10~ emu/mol, as
% of DPPC. The lower bound of ¥ estimated from Pascal’s law, which states
that the susceptibility of a diamagnetic molecule is given as a sum of that of
constituent atoms and that specific to some type of chemical bondings, was
about —540 x 107° emu/mol for DPPC, and was consistent with the
measured values. Therefore, the measured anisotropy is about 109 of 7.
The magnitude of anisotropy is reasonable compared to the reported data for
several organic molecules.?

The principal susceptibilities evaluated by putting ¥ ~ —580 x 10~
and Ay ~ —70 x 107%emu/mol were yx; ~ —630 x 107° and yx, ~
—560 x 107 ¢ emu/mol. The latter susceptibility, x,, should be the mean
value of susceptibilities in the plane of crystalline platelet.

The origin of in-plane anisotropy of both DPPC’s is not clear at present
stage of our investigation, because the crystal structures around polar head
parts have not been fully clarified. The possible candidates may be the phos-
phoryicholine group and two ester bonds which connect hydrocarbon chains
to the polar head. The planar ester bond is reported to have rather large
magnetic anisotropy, —4.4 x 10~ ¢ emu/mol,' > 2! so as to align the plane
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parallel to the field, whereas for a tetrahedral group such as phosphate and
choline groups the reported anisotropy is nearly as order of magnitude
smaller.?? We, therefore, might attribute the origin of this anisotropy to ester
groups. In fact, if the crystal structure of DL-dilauroylphosphatidylethanol-
amine reported by Hitchcock et al.?? is assumed to be acceptable at least for
local structure of the polar head part of DPPC, the two ester planes perpen-
dicular to each other are in the right orientation to explain the observed
biaxial orientation of crystalline platelet of DPPC.

In the lyotropic liquid crystalline La phase, Boroske et al. have reported Ay
ofegglecithinas —0.28 x 10~ % emu/cm?®.>* In their measurements, they used
cylindrical vesicles about 20 um in length, which had rather large ends com-
pared with the central cylindrical part. The smaller Ay of egg lecithin may be
due to the different degree of ordering of hydrocarbon chains resulted from
being in the Lx phase and the inhomogeneity of chains, and also probably due
to the disordered polar head parts and the effect of ends of vesicles.
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