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Abstract

A technique is described for measuring the effect of electric fields on the conformation of lipid bilayer membranes by solid state
nuclear magnetic resonance. An apparatus was devised to obtain spectra from samples of aligned phospholipid dispersions at varying
electric field strengths up to 100 MV /m. Measurements were carried out on membranes made from dioleoylphosphatidylethanolamine
and dioleoylphosphatidylcholine, which resulted in electric field induced phase changes. Calibration experiments were performed using
bilayers formed from dimyristoylphosphatidylcholine with glycerol and with a nematic liquid crystal. An electric field induced change,
from L, to H,;, was also seen in a dimyristoylphosphatidylcholine /alamethicin bilayer.
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1. Introduction

It is not clear whether long range electric fields, for
example those produced by action potentials, have a direct
effect on lipid bilayers. Such fields may possibly influence
transport across bilayers via a mediating process such as
the modulation of ion concentration, membrane thickness,
or lipid conformation. It is, therefore, of interest to mea-
sure the effects due to electric fields associated with
externally applied potentials. The approach we take here is
to acquire the phosphorus-31 nuclear magnetic resonance
(*'P-NMR) spectra from aligned and powdered lipid bilay-
ers, which are subject to biphasically pulsed fields of from
2 MV /m to 16 MV /m, with pulse widths ranging from 5
ms to 100 ms. A primary consideration is the form of
electrical excitation. Difficulties exist with the use of
constant (dc) excitation which include, polarisation, elec-
trolysis of the electrode, ohmic heating, and dehydration of
the sample. Sinusoidal excitation also presents problems
because the sample response to a low frequency sine wave
during data acquisition, typically an 10 ms free induction
decay, would be difficult to interpret [1].
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Much has been done to investigate the effect of electric
fields on cholesteric and nematic liquid crystals [2-7].
Such studies have generally employed "H or ’H nuclei and
samples which are highly insulating and of low dielectric
constant.

*'P_-NMR has been used to observe the effect of con-
stant electric field on aligned lipid bilayers [8]. In particu-
lar, the application of dc potentials resulted in a sample
spectrum consistent with the conversion of a partially
aligned sample to a powder.

Several investigators have studied systems in which
Donnan equilibrium potentials have been established across
vesicle membranes and their effects measured by electron
paramagnetic resonance (EPR). With this approach the
rapid decay of the ion gradient with time prevents the
observation of effects due to a sustained electric field
across the membrane.

Many reports are available of the effect of incorporating
highly polarisable or charged amphiphiles into lipid mem-
branes and of the resultant alterations in the phospholipid
headgroup conformation. EPR has been used to report on
the effect on phloretin of the binding of trinitrophenol and
phosphonium probes to vesicles and on the transmembrane
flow rates of these hydrophobic ions. The increase in
binding induced by phloretin and the polarity dependence
of the phloretin induced perturbation in ion flow, have
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been interpreted as due to the modulation of the dipole
potential, which in turn was shown to affect the ion
binding and transmembrane ion current [9,10]. Addition-
ally deuterium NMR has been used to assess the alteration
in headgroup conformation from measurements of changes
in quadrupolar splitting in response to: the addition of
phloretin, changes in cation and anion concentration, or the
addition of charged phospholipids. Quadrupole splittings
from —11.6 kHz (+ve charge) to + 10 kHz (-ve charge)
have been observed in response to such lipids [11-13].
This was interpreted as arising in part, from the alteration
of the membrane dipole potential which can take values
between 200 mV-300 mV within the polar headgroup
region of a bilayer. However, the addition of a Hofmeister
series of lipophilic anions shows that alterations of the
headgroup are not great until strongly chaotropic anions
are added [14] and the addition of phloretin has been
shown to perturb the membrane dipole potential and head-
group orientation [15] and is consistent with changes in the
structure of membrane bound water or alterations in lipid
hydration.

It is evident from these studies that the incorporation of
polarisable or charged amphiphiles into bilayers causes
changes in the region of the headgroup which may be due
to the combined effects of alterations in the dipole poten-
tial and alterations in hydration of the headgroup region. In
the present work we report on the effects of directly
applied external potential gradients on the properties of
lipid multilayers.

2. Materials and methods
2.1. Instrumentation

NMR measurements were made with CXP300 and
MSLA00 spectrometers (Bruker, Karlsruhe, Germany), us-
ing static solid state probes, types Z32DR and HPWB73A,,.
The Z32DR probe was fitted with custom made solenoidal
coils and modified to permit the application of bipolar
electric field pulses to aligned lipid bilayer samples, syn-
chronised with the NMR acquisition (Fig. 1).

The electric field generator had a maximum output of
400 V and a peak power limit of 1 W, to avoid excessive
current which could significantly heat the sample. Cross
polarisation [16] was used for B¢ studies, while a spin
locking pulse sequence was used for 'P and *H studies.
The *'P spectra were proton decoupled. The number of
electric field pulses, their amplitude, repetition rate and
duration prior to the NMR 90° pulse, could be indepen-
dently varied. As seen in Fig. 1, following the NMR
acquisition, a further electric field pulse is applied of
reverse polarity to maintain the charge balance.

Sample electrical impedance measurements were car-
ried out before and after the NMR measurements, using
impedance spectroscopy, sweeping from 1 kHz to 0.1 Hz

Aligned Lipid
Bilayers

E Field NMR Pulse Sequence

Electric Field —_—

- —

90° Pulse

Spin Locking

High Power Decoupling

Blanking

Data Acquisition

Fig. 1. The lipid is sandwiched between gold coated slides so that about
1500 bilayers are formed (top). The electric field and NMR pulse
programs are shown (centre). The electric field was applied several
milliseconds before the 90° pulse. The duration of the 90° pulse is
exaggerated for clarity and is not to scale. Three items are shown in the
bottom photograph: on the right is an assembled NMR sample tube
containing an electrode stack and a bottle of saturated salt solution, in the
top centre are four 5 mmX20 mm electrode strips and to the left is a
stack of electrode strips which have been assembled and which have
connecting wires attached.

(Associative Measurement-Sydney, Australia). Tempera-
ture measurements were carried out using a ‘Numatron
934’ thermocouple bridge (Leeds and Northrup-Sydney,
Australia).

2.2. Sample preparation
The following lipids were used in this investigation:

dioleoylphosphatidylethanolamine (DOPE), dioleoylphos-
phatidylcholine (DOPC) and dimyristoylphosphatidyl-
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choline (DMPC). These lipids were obtained from Avanti
(Alabaster, AL, USA) or Sigma (St. Louis, MO, USA).
Alamethicin was obtained from Sigma. All material was
used without further purification.

The electrodes were made from glass microscope cover-
slips which were initially cut to 70 X 20 mm. A 10 nm
chromium adhesion layer followed by a 200 nm gold
electrode layer was sputtered onto the coverslip using a
shadow mask. Fig. 1 shows the electrode pattern. Both
sides of the glass and the long edges were metallised in
this manner. The glass slide was then cut into strips 5 mm
wide and 20 mm long. The strips cut from each end of the
glass slide were discarded to avoid short circuits caused by
spurious metallisation around the slide at its short edges.

The samples were assembled as a set of interleaved
capacitor plates with the lipid acting as the dielectric.
Spacings of from 3 to 100 wm were achievable using a
variety of spacer techniques. In the DOPE experiments
double sided tape (Cat.136-3M, Sydney, Australia), was
used to provide a spacing of 100um. Once the slides had
been cut and the spacer material applied, the lipid was
deposited from chloroform onto the gold between the
spacers, allowed to dry and pumped under vacuum in a
desiccator for between 12 to 24 h to remove the solvent.
The sample was then hydrated and finally assembled. The
amount of lipid used varied proportionally with the spacer
thickness. For 100 um spacing, we used 750 ul of 10
mg/ml DOPE in CHCl,. This gave a surplus of material
which was squeezed out during assembly so that the cavity
between the electrodes was completely filled. Several
methods for hydrating DOPE were tried. The low
impedance samples, (typically 50 k{2 at 100 Hz), were
hydrated by heating under nitrogen to 333 K for up to 24
h. These samples, once assembled, were again heated at
100% relative humidity for 30 min. The higher impedance
samples, (typically 200 k £2 at 100 Hz), were prepared by
covering the lipid with approximately 5ul water and leav-
ing the sample to equilibrate at 275 K in a 100% relative
humidity atmosphere for 72 h. The surplus water was then
removed. Following hydration, from two to twelve slides
were stacked and connected in parallel. Most of the DOPE
experiments were performed with a single slide pair, i.e
two slides, the first covered with lipid and a second which
was pressed onto the sample to make the electrical connec-
tion. If three or more lipid coated slides were used they
were stacked in subgroups of three and the electrical
connections between subgroups were made with appropri-
ately metallised slides. Prior to the final assembly, the
slides in each subgroup were gently compressed, first at
points immediately over the spacer and then uniformly
over the whole slide area. This assisted the formation of
aligned bilayers, reduced the quantity of lipid which might
cover a spacer and minimised the risk of cracking slides.
Soldered wire connections were made to each end of the
top slide before assembly. When multiple slides were used,
the sets of three slides were assembled into stacks which

were electrically interconnected using about 0.5 wul silver
epoxy resin applied to the shorter and metallised edge of
the slide. Migration of this resin into the sample area was
prevented by the spacer material. The slide stacks were left
for 24 h for the silver resin to cure and then sealed into 7
mm or 9 mm glass NMR sample tubes. If two slides only
were used then a single wire was soldered to each slide of
the pair. Defects in the lipid bilayer structure were further
reduced by annealing the assembly according to the proto-
col of Powers and Clarke [17]. Where 100% relative
humidity was required, a sponge saturated with water was
enclosed with the lipid slide stack in the sealed glass tube.
For lesser humidities, a narrow necked bottle containing
the appropriate saturated salt solution was substituted for
the sponge inside the sample tube. Fig. 1 shows a photo-
graph of a typical sample assembly.

Spacers other than double sided tape may be used. For
25 um spacing, 920 ‘Scotch’ adhesive transfer tape is
suitable (GPA Industrial Supplies, Sydney, Australia). Be-
tween 3 um and 25 um the glass slide may be etched with
hydrofluoric acid using a mask of a material such as
‘photoresist 732’ (KTI, Sunnyvale, CA, USA). This proce-
dure is best carried out by a silicon foundry or personnel
experienced in the accurate etching of glass. For 3 um an
additional chromium layer may be introduced as the spac-
ing element.

The error in the separation of the glass slides, over the
100 um spaced samples, was 10%. The greatest single
source of error in the estimation of electric field strength
was believed to be due to non uniform field distribution as
described in Section 3.3. Another source of error is the
variation in sample impedance during phase transitions,
which can typically be a factor of X10. However, the
pulse generator source impedance was held at 39 k{2, to
avoid excess current, and samples of lower than 39 k {2
were not used so that the calculable error due to variation
in the sample impedance during the phase transition was
no more than X 2. All field strengths quoted are based on
the applied voltage and the sample spacing.

3. Results and discussion
3.1. Ohmic heating

The extent of ohmic heating was estimated using three
methods. First a calculation on a thermal model of the
sample gave a value of 0.33°C/mW. A second estimate
was to measure the temperature rise in 2 model sample in
which a sheet of carbon impregnated polymer sponge was
substituted for the lipid. An 80 wm thermocouple wire was
used to measure the temperature while the sample was
assembled into an NMR coil. A temperature rise of 0.44
K/mW was recorded in response to dc electrical excita-
tion.

A third approach used an NMR sample as an intrinsic
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thermometer by following the temperature dependence of
the *H quadrupolar splitting from the terminal methyls of
lipid bilayers [18] formed from perdeuterated DMPC. In
these experiments, glycerol was substituted for water in the
lipid bilayer sample, to minimise drifts in impedance due
to evaporation. Glycerol has been found to form well
aligned bilayers with phospholipids such as DOPC and
DMPC [19]. The low saturation vapour pressure of glyc-
erol compared with water resulted in these bilayers being
less susceptible to dehydration. All samples were prepared
as single slide pairs with 100 pwm spacers. The temperature
dependencies for a number of materials were tested includ-
ing: water /lipid, glycerol/lipid, glycerol-NaCl /lipid and
glycerol /lipid-gramicidin. The optimal stability and linear-
ity were obtained in two samples of 2:1 glycerol:perde-
uterated DMPC. These had linear correlation coefficients
of 0.95 and 0.91 against 20 and 22 temperature measure-
ments respectively and were used for measuring the ohmic
heating effect. The temperature coefficients for quadrupo-
lar splitting for these samples were 0.022 K /Hz and 0.014
K/Hz. The temperature rise due to ohmic heating was
determined from a series of measurements at pulsed elec-
tric field power dissipations from 0.5 mW to 26 mW.
Below 6 mW no temperature rise was detectable. From 9
to 12 mW the temperature rise per unit power dissipation
was 0.11 + 0.05 KmW ~! measured using seven data points
at 95% confidence intervals and from 15 to 26 mW it was
0.21 £ 0.06 KmW ™! measured from five data points at
95% confidence intervals.

These estimates indicated that the greatest heating effect
obtainable in the present series of measurements would be:
3.3°C by calculation, 4.4°C by direct measurement on an
artificial sample and 2.7°C by indirect measurement using
*H-NMR.

An additional control was to test a number of samples:
either by changing the applied potential and maintaining
constant the electrical power associated with the electric
field, or by maintaining the electrical field constant and
varying the power dissipation. Similar tests were carried
out on samples in which the ohmic heating was negligible
due to high electrical resistance caused by reduced water
content. These measurements are reported in more detail in
Section 3.3 and indicate that the phenomena reported were
not primarily caused by ohmic heating effects.

3.2. Testing the presence of electric field: nematic liquid
crystal responses

Fig. 2 shows PC and *H spectra obtained from a
commercially available eutectic mixture of three phenylcy-
clohexane nematic liquid crystals, Licristal ZL1-1083
(Merck, Darmstadt, Germany), with and without dissolved
nitroanisole (4-methoxy-d,-nitrobenzene). This demon-
strated that the electric field induced changes in long range
molecular order could be observed in the substantial chem-
ical shift changes of the natural abundance Bc spectra
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Fig. 2. These C and “H spectra show the effect of electric field on a
eutectic mixture of three phenylcyclohexane nematic liquid crystals,
Licristal ZL1-1083 (Merck, Darmstadt, Germany), with and without
dissolved nitroanisole (4-methoxy-d;-nitrobenzene). Natural abundance
solid state *C-NMR spectra were obtained using cross polarisation.
Two-thousand transients were acquired with a 12 us 90° pulse, 2 ms
contact time and 2 s recycle time. The ’H spectra were taken using a
solid echo sequence. Twenty-six-thousand transients were acquired with a
30 us 90° pulse, 0.1 ms echo time and 1 s recycle time. For both nuclei
the sweep width was 62.5 kHz and the slides were oriented with their
normal perpendicular to the magnetic field. A single biphasic clectric
field pulse with a period of 1 s was applied for each transient. The line
broadening was 100 Hz.

obtained from the liquid crystal and also as alterations in
the quadrupolar splitting from a *H-labelled nitroanisole
solute species which appeared on the application of the
electric field. The *C spectrum reported on the change in
orientation of the aromatic and cyclohexane rings in re-
sponse to the electric field, while the effect of the electric
field on the nitroanisole was shown by the appearance of
quadrupolar splitting in the *H spectrum. From the integral
under each line it is possible to account for only about
30% of the nitroanisole. The remainder was thought to be
intercalated amongst the unoriented aliphatic chains of the
liquid crystal. The energy available to cause electrostatic
rotation of the nitroanisole was calculated as 0.25 kT,
therefore the changes in long range order were due to
cooperative movement of the liquid crystals.

3.3. L, to H;; conversion in DOPE

The limits of the Hy; to L, transition, for well hydrated
DOPE assembled between glass slides, was found by
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Table 1

A comparison of the effect of varying the electric field, while maintaining the power dissipation constant, on the relative proportions of aligned L,

powdered L, and H,; phases in DOPE samples

Experiment Power Electric field Initial ratio (0 V/m) Final ratio
(mW) MV /m) H,/L, (%) H,/L, (%)

Al 22 1.4 (pulsed) 0 0

A2 1.8 4 (pulsed) 0 15

B1 4.8 0.42 (continuous) 20 20

B2 45 2 (pulsed) 15 27

This comparison was carried out twice, first with a power dissipation of 2 mW (A) and then with 5 mW (B). The temperature for all measurements was

273 K.

*'P-NMR to be between 275 K (completely L) and 284
K (completely H;), during heating, and 270 K to 277 K
for cooling. Equilibration times of 10 min, 15 min and 20
min were used and the results were within one degree for
each equilibration period with a hysteresis of up to seven
degrees.

Four sets of measurements were also made, in which an
electric field was applied to hydrated samples. These ex-
periments were conducted by first cooling and allowing
the sample to equilibrate for approx. 3 h, before applying
the electric field. In one sample the power dissipation was
estimated as 19 mW and the consequent temperature rise
as 5 to 8 K. Although 100% conversion from the L, to Hy;
phase was observed in response to the electric field, this
result is regarded as equivocal because of the excessive
power dissipation. In three other measurements the power
dissipation was 10 mW and the consequent ohmic heating
was estimated as between 3 to 4 K. However, with applica-
tion of the electric field the percentage composition of H
phase in these three samples increased by an amount that
would otherwise have required a temperature change
greater than respectively: 10 K, 10 K and 8 K.

Fig. 3 shows an example of this effect. The sequence of
spectra, from top to bottom, describe a time series of
experiments in which the electric field was altered. The
changing line shapes result from variations in the phase
composition of the sample and have been simulated using
four lipid structures: aligned L,, powdered L, aligned
H;; and an isotropic component. A pulsed electric field of
4 MV /m increased the proportion of H;; at 275 K (Fig 3
C) to levels which were greater than those observed at 283

Table 2

K, either before or after application of the field (Fig. 3A
and Fig. 3E). The last two scans, at 275 K and 283 K,
were taken following elevation of the temperature to 300
K, then cooling to 275 K for several hours.

The difference between the upper and lower limits of
the L, to H; transition, in this sample was greater than 8
K. Thus the temperature changes required to cause phase
alterations equivalent to those of the electric field were
greater than eight degrees, which is at least a factor of two
greater than any ohmic heating caused by application of
the electric field.

The change in the DOPE phase due to electric field was
also measured using partially hydrated samples with much
higher impedance. These tests provided additional evi-
dence that the phase changes were not primarily due to
ohmic heating. Tables 1 and 2 summarise the measure-
ments.

Table 1 shows data for which the applied electric field
was altered while the power dissipation was maintained
constant at 2 mW. Sample Al at 273 K, and an applied
field of 1.4 MV /m dissipated 2 mW and showed no Hj
phase component. By contrast sample A2 at 273 K, dissi-
pated 2 mW and with the application of 4 MV /m showed
a H; content of 15%.

Table 1, B1 and B2 gives a similar comparison between
two samples each held at 5 mW, but with different electric
field strengths. B1 shows that if a field of 0.42 MV /m at 5
mW power dissipation was applied, its H;; phase content
remained fixed at 20%. However, B2 shows that when a
field of 2 MV /m at 5 mW power dissipation was applied,
the Hy; content increased from 15% to 27%.

A comparison of the effect of varying the electric field with the power constant (B and C), or varying power with the electric field constant (C and D), on

the relative proportions of L, and Hy; in a DOPE sample

Experiment Power Electric field Pulse rate L, Aligned Hy (%) L, Powder
(mW) MV,/m) (Hz) (%) (%)

A 0 0 0.1 31 23 46

B 13 2 2 29 25 46

C 1.3 4 0.5 25 29 46

D 52 4 2 25 29 46

E 0 0 0.5 31 19 50

‘E’ shows that removing the electric field reverses the phase transition. The sample temperature was 272 K.
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Fig. 3. These *' P spectra show the electric field induced increase in the
H, component of a DOPE L -H,; composite. The original spectra are
shown together with simulations and the calculated H;; components of
the lipid structure. Natural abundance *1p spectra were obtained with the
bilayer normal parallel to the magnetic field direction. Three thousand
transients were acquired using an 8 us 90° pulse, 1ms spin lock time and
4 s recycle time. A single biphasic electric field pulse with a period of
38.6 ms was applied for each transient. The line broadening was 100 Hz.

Table 2, shows the results of testing; first with a
variable field and constant power and then with a constant
field while varying the power. In ‘A’ and ‘B’ an electric
field of up to 2 MV /m with a power dissipation of 1.3
mW was applied and the percentage of H, phase then
increased by 2%. In ‘B’ and ‘C’ the field was altered to 4
MV /m while maintaining the power at 1.3 mW and the
H; phase increased by a further 4%. With ‘C’ and ‘D’ the
electric field was unaltered and the power raised by X4 to
5.2 mW by altering the pulse repetition rate. The field was
maintained constant at 4 MV /m and the proportion of H;,
phase did not change. Line ‘E’ shows that on removing the
electric field the percentage of H,, phase reduced by 10%.
Thus, in Table 2, ‘B’ and ‘C’ show that a transition
dependent on electric field occurs, while the power dissipa-
tion was held constant. In the same table ‘C’ and ‘D’ show
that increasing the power input by X4, while maintaining
the field constant at a value which induces a partial phase
transition, has no further effect on the phase and ‘E’ shows

that the phase transition reverses when the field is re-
moved.

3.4. Theoretical considerations

Estimates of the torque applied by the electric field to
the lipid samples indicates that a homogeneous field distri-
bution would result in too small a value to influence the
lipid alignment. One mechanism that could amplify the
effect of the electric field could be accentuation by fo-
cussing in the powder component of well-hydrated sam-
ples. The extent of alteration in the phase composition by
the electric field was, therefore, thought to be reduced in
the drier samples because of the removal of effects due to
ohmic heating and because of a reduction in field fo-
cussing effects and in sample fluidity.

One possible explanation for the electric field induced
phase transition is that electroporation causes a series of
pinhole breakdown sites across adjacent bilayers and along
the field lines and that these then fuse into tubules which
become progressively misaligned with additional field
pulses and the perturbation of adjacent lipid regions. An-
other mechanism may involve successive breakdowns and
fusions in the aligned lipid bilayer stack at points of highly
focussed electric field strength, followed by rotation or
curling of the lipid bilayer edges and fragments. It is
evident that aligned L, membranes are not energetically
favoured when the normal to their plane lies in the direc-
tion of an electric field [20—25]. Further it can be shown
that in the L, powder phase, in a fully hydrated sample,
the field lines may be focussed by as much as X 7. Fig. 4
gives a plot of equipotentials, calculated as a finite differ-
ence solution to the Poisson equation, for two adjacent

Equipotential Surface 1

Equipotential Lines Multilamellar Vesicles

Equipotential Surface 2

Fig. 4. This is a numerical finite difference estimate of the electric
potential distribution associated with two adjacent multilamellar vesicles.
In the L, powder phase the field lines may be focussed by as much as
X 7. This would exceed the breakdown potential of the bilayer and allow
electrofusion of adjacent bilayers and rotation of bilayer fragments. These
processes may be a mechanism for electric field induced phase change.
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multilamellar vesicles. The field can be seen to be intensi-
fied in the lipid bilayer shells and between the adjacent
vesicles. If the electroporation potential of such bilayers is
estimated to be 200 mV, because of the relatively long
duration of the pulsed electric field, then it is possible that
field focussing would cause such a potential to be ex-
ceeded. Similarly this field strength is sufficient to cause
electrofusion of adjacent bilayers at point sites in the
sample [26,27]. In addition to this the energy to rotate a
fragment of lipid bilayer away from the region of such a
focussed electric field is of the order of 50 Jmol ! [28,29].
A succession of such breakdowns, fusions and field in-
duced rotations is, therefore, another possible mechanism
for the electric field induced phase change.

We concluded from these tests, and the controls de-
scribed in Section 3.1, that ohmic heating was insufficient
to explain the electric field induced changes reported here
and that electroporation, electrofusion and dielec-
trophoretic rotation might also have a role.

3.5. Transition from the L, to isotropic phase in mixed
lipid systems

A DOPE /DOPC mixture is reported not to phase sepa-
rate where there is less than 33% DOPC present [30].
Introducing DOPC also increases the difference between
the gel and the L, /H, phase transition temperatures.
Using a molar ratio of DOPE:DOPC of 10:1, a composite
lipid bilayer sample was made. The L, phase component
was found by *'P-NMR to remain between 60% and 70%
for temperatures between 277 K and 284 K. The tempera-
ture was then set to 279 K and the phase was measured
again, with and without the application of 4 MV/m
electric field. The sample power dissipation was less then
10 mW. The response to electric field was found to

Electric Field 'P-NMR
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Fig. 5. A composite lipid bilayer sample was made using DOPE:DOPC at
a molar ratio of 10:1. The temperature was maintained at 279 K. (A) and
(B) show the spectra before and after applying the electric field. The
‘isotropic’ phase resulting from application of the field did not readily
reverse after repeated heating and cooling. Natural abundance 3p spectra
were obtained with the bilayer normal parallel to the magnetic field
direction and with an 8 us 90° pulse, 0.1 ms spin lock time and 4 s
recycle time. A single biphasic electric field pulse with a period of 38.6
ms was applied for each transient. The line broadening was 100 Hz.

Electric Field J'P-NMR
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B. 16MV/m

SOppm
40°
Fig. 6. Reversible electric field induced H;; phase components are shown
in the above spectra, taken from a sample of alamethicin incorporated
into DMPC bilayers in the molar ratio 1:20. The temperature was 308 K.
Spectra with and without field were acquired by interlacing scans in
which 16 MV /m and 0 V/m were applied to the sample. With applied
electric field their is some indication of a Hy phase component. The
natural abundance *'P spectra were obtained with the bilayer normal
parallel to the magnetic field direction. Twenty thousand transients were
acquired using an 8 us 90° pulse, 10ms spin lock time and 4 s recycle
time. A single biphasic electric field pulse with a period of 36.5 ms was
applied for each transient. The line broadening was 200 Hz.

increase, compared with a 100% DOPE sample, although
the transition was to a broad isotropic signal rather than an
H, phase [31]. Fig. 5 shows spectra before and after
application of the field. The ‘isotropic’ line had a chemical
shift difference of 8 ppm compared with the original H,
line and did not reverse after repeated heating and cooling.

3.6. Electric field induced H, phase in DMPC /
alamethicin

A further study was carried out of the effect of electric
fields on aligned lipid bilayers in which the membrane
associated polypeptide alamethicin was incorporated into
DMPC bilayers in the molar ratio alamethicin:DMPC of
1:20. A sample of 4 mg of DMPC was prepared on three
gold /glass electrodes as described previously. A solution
of 0.6 mg of alamethicin in 10 ul methanol and 20 ul of
water was then added to the sample which was dried under
vacuum. The sample was assembled as a single slide pair
with a 25 pm spacer and the bilayers were maintained at
100% relative humidity [32-34] and 308 K. The dipole
moment of alamethicin has been reported as between 67 D
and 75 D [35,36]. Fig. 6 shows that applying 16 MV /m to
these samples appeared to induce a component of H
phase. These spectral changes were reversible. The power
dissipation due to electric field was no greater than 10 mW
and the ohmic heating contribution to this effect was
estimated at less than 3 K. *'P spectra were acquired by
interlacing scans with the electric field switched on and
those in which no electric field was applied.
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4. Conclusions

An apparatus has been demonstrated in which intense
fields, up to 100 MV /m, can be applied to water-lipid and
glycerol-lipid bilayer structures within an NMR probe.

Using this apparatus an increase in the proportion of Hy,
phase in DOPE lipid bilayers has been observed with the
application of pulsed fields up to 4 MV /m. Drier samples
did not elicit as great an effect, probably due to the
contribution of a reduction in field focussing and ohmic
heating effects and a higher sample viscosity. Ohmic heat-
ing was not sufficient to explain the electric field induced
changes.

In addition a change in phase was induced in a sample
with a 10:1 molar ratio of DOPE:DOPC in response to a
pulsed excitation of 4 MV /m.

Finally the application of electric field pulses of 16
MV /m to samples of DMPC:alamethicin, in the molar
ratio of 20:1, appeared to induce a reversible H,, phase
change. The response of model membranes to applied
electric fields has been demonstrated using NMR spec-
troscopy.
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