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Rotation of single cells (mesophyll protoplasts o f Avena sativa) induced by a planar,
homogeneous rotating field has been observed at a frequency o f 2 0 -4 0 kHz (conductivity o f the
external mannitol solution 6 x 10- 5 ß -1 cm-1). This variation in optimum frequency is largely
due to an inverse dependence on cell radius. Rotation direction is opposite to that o f the field,
and can be reversed at will by reversing the field. The maximum speed o f cell spinning was a few
cycles per second (and thus always much slower than that o f the field) and was proportional to
the square o f the amplitude of the field.
The rotation o f a single cell in a rotating field is expected on the basis o f the dipole-dipole
theory developed by Holzapfel et al., (J. Membrane Biol. 67, 1 -1 4 (1982)), for multi-cell rotation.
Measurements of the dependence of optimum applied field frequency on medium conductivity
indicate that the dipole is generated by interfacial (Maxwell-Wagner) polarization. The required
frequency is a linear function o f the conductivity of the external solution. This relationship is
used to derive a value for the specific membrane capacitance. Further applications o f this
technique for cell and membrane research are discussed.

Introduction

Materials and Methods

Rotation o f a very small percentage o f cells in a
linear non-uniform field (frequency range betw een
100 Hz and 120 MHz) has been described by several
authors [1-4].
Zimmermann et al. [4] showed that nearly all cells
of a given species if in close proxim ity rotated
when exposed to a linear alternating field having a
characteristic narrow frequency range. F u rth er work
by this group showed that the presence o f a m ini
mum of two cells in close proxim ity is necessary and
presented a theory to account for this based on the
interaction of two induced dipoles within the field
[5]. Implicit in the theory was the local production
of a rotating field by the interaction o f the two
induced dipoles.
Rotation o f any single cell induced by the same
characteristic range of frequencies as observed by
Zimmermann et al. [4] has now been observed,
provided that the field itself rotates rather than
alternating along one axis.

The experimental cham ber consists of four elec
trodes mounted on a microscope slide as shown in
Fig. 1. The essentials of the technique were proven
in a chamber with 8 mm electrodes; a smaller
chamber with 3 mm electrodes was used when
higher field strengths (greater than 37.5 V cm -1)
were required.
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Fig. 1. Schematic diagram o f the chamber used to produce
the rotating field. Plane electrodes made of platinum foil
were bonded to a polymehtylacrylate microscope slide; the
assembly was sealed with epoxy resin. The electrode
spacing was either 3 mm or 8 mm; the height of the
electrodes 2 mm or 4 mm, respectively.
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Fig. 2. Block diagram o f the four-phase
generator. Reversal of the phase switch
reverses the direction o f rotation of the
field in the chamber.

The four electrodes are driven with equal voltages
of four phases spaced by 90°, which are produced
by the unit shown in Fig. 2. The production o f a
rotating field in this manner is discussed in Appen
dix A. The unit, using sinne wave drive from a
Toellner TE7702 function generator, produces up to
15 volts peak per electrode from 5 Hz to 500 kHz.
The function generator was calibrated against a
frequency counter (Tektronix D C 503). Mesophyll
cell protoplasts o f Avena sativa were prepared as by
Hampp and Ziegler [6].
Observations were confined to the horizontal
centre of the chamber; protoplasts were held at the
vertical mid-line by layered isotonic solutions of
equal volume (lower layer: 0.5 m sucrose; upper
layer 0.5 m mannitol).
Such solutions m ade with glass-distilled w ater
had conductivities (measured at 1 kHz) of 6 x 10-6
ß _1cm -1 approximately; higher and better-defined
conductivities were produced by the inclusion o f
KC1 or NaCl w ithout change o f total osmolarity.
Observations were made using a Leitz “O rtho
plan” microscope (fitted with 6 mm working dis
tance objectives) with the addition of a G rundig
video system for rotation speed m easurements.
For characteristic frequency m easurem ents the
protoplast diam eter was m easured against an eye
piece graticule, and the field frequency varied for
maximum rotation speed as assessed by eye.
30 V cm-1 field strength was sufficient and repeat
ability for any given protoplast better than ± 20%.

Experimental Results
Single cell rotation was observed in all proto
plasts. In m edia of conductivity 6 x 10~5ß _ I cm _l,
the characteristic frequency (i.e. that giving m axi
mum rotation speed) was between 20 and 40 kHz.
At higher conductivities the characteristic frequency
increased linearly (Fig. 3).

CTq (10'AQ'1cm‘1)
Fig. 3. The dependence of characteristic frequency on
external solution conductivity. Both axes are logarithmic,
the line is the least-squares fit to logarithmic data. (37
experimental results from 37 protoplasts.)
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This is consistent with the results of Holzapfel
et al. [5] for multi-cell rotation in which m ethod the

close presence of other cells and increased signifi
cance of ion leakage at high suspension densities
will have increased the effective m edium conductiv
ity above the published value o f 10~5ß _1 cm -1.
Much of the scatter o f the data in Fig. 3 is due to
the heterogenous nature of the protoplast p opula
tion. For example, at a given conductivity cells of
larger radii exhibited generally lower characteristic
frequencies; by plotting the product o f frequency
and radius (f- R product) for each cell against the
conductivity (Fig. 4) the scatter is reduced. (The cell
radii ranged from 0.8 to 2.2 x 10~3 cm.) This has a
basis in the theory presented in the Discussion.
The conductivity was generally adjusted with the
aid o f KC1; use o f N aC l gave indistinguishable re
sults.
The rotation speed was found to vary as the
square of the Field strength (Fig. 5). This is as
reported by Holzapfel et al. [5] for multi-cell rota
tion, but a rotating field o f 14 V cm -1 is sufficient
for 1 radian s~1 rotation speed as against 90 V cm - 1
linear field strength in the earlier m ethod. This
higher sensitivity enabled those observations in the
high conductivity range (Figs. 3 and 4) to be m ade
without the excessive heating and turbulence which
would have resulted from linear field methods.

(7a (10 4 ft '1cm"1)
Fig. 4. The dependence o f the product o f characteristic
frequency and cell radius on external solution conductivity.
Both axes are logarithmic, the line is the least-squares fit
to logarithmic data. (Same experimental results as in
Fig. 3.)

E (U .c rrr1)
Fig. 5 Dependence of protoplast rotation speed on applied
field strength. Both axes logarithmic, the line is the leastsquares fit to logarithmic data. Gradient o f line is
2.00 ± 0.04 (± standard deviation). The rotation speed
varies as the square of the field strength. (Cell radius,
1 .6 x l0 _3cm, medium conductivity 6.4 x 10~5 ß -1 cm-1,
characteristic frequency 28 kHz. Other cells give the same
gradient, even though the rotation speed may be different.)

Fig. 5 shows no indication of a threshold effect
down to the lowest voltages used (giving 1 revolu
tion in 2 min approximately). Studies o f slower
rotation were not attem pted due to lateral drift of
the cell under observation during the 10 m in or
more required for such a measurement. Lateral drift
is to be avoided because only the cham ber’s central
field can be considered homogeneous, and will
inevitably change as the electrodes are approached.
With constant applied voltage, field-induced lateral
motion (dielectrophoresis, indicating an inhom ogeneous field) was appreciable near the electrodes,
but the rotation rate was less than in the centre of
the chamber. This is because the proxim ity o f the
large flat electrode shorts out that com ponent o f the
rotating field parallel to it and thus reduces the
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rotation rate. This is equivalent to electrically con
verting the field to a linear one, which was found
to stop rotation.
For dem onstration purposes, rotation of a single
protoplast in the entire volume o f the 8 mm cham 
ber was observed. The low probability of such a
single protoplast being in the central field m ade it
more practical to use about 10 protoplasts in the
3 mm chamber. In order to avoid interactions and
field inhomogeneities all data were taken using
protoplasts in the central volume and distant from
the influence of other cells.
At the strengths of uniform field available in
these large chambers, no pearl chains were observed
in rotating or linear fields. High suspension densi
ties gave rise (in the rotating field) to planar clusters
o f cells, the whole cluster rotating in the same
direction as but more slowly than the com ponent
cells.
The measurements presented here are based on
protoplasts studied within 5 h o f preparation. Proto
plasts stored at 4 ° C for 24 h usually show lysis of
some of the population, but the rem aining whole
cells and those few vacuoles liberated intact still
rotate. Lysis debris did not show rotation.

Discussion
Holzapfel et al. [5] showed that rotation can be
predicted for two or more cells in a linear field by
interaction between the field and a field-induced
dipole the direction o f which varies due to a
symmetrical interaction with a near-by cell. (This
effect only operates in the region o f a dispersion in
the dipole inducing mechanism.) In the case o f a
rotating field with such a frequency, the phase lag
of the induced dipole is the direct cause o f a
continuous torque. The induced dipole vector and
the field vector must be m ultiplied together to give
the torque, so rotation speed can be expected to
vary with the square o f the field, as indeed found
(Fig. 5). This was also found in the multi-cell
system of Holzapfel et al. [5], but contradicts the
report by Mischel and Lam precht [7], and the
analysis of the am bipolar charging model by Pohl
[8], both o f which suggest a linear dependence. The
quantitative treatm ent of single cell rotation is
presented in Appendix B.
The direction of rotation of the cell will depend
on that o f the field, whilst in the multi-cell theory
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the direction depends on the orientation (with
respect to the field) of the line connecting the cell
centres.
The rotation of protoplasts and vacuoles, but not
of lysis fragments with broken m em branes, indicates
that a closed m em brane is required, and that the
dielectric properties o f the m aterials alone are not
sufficient for such rotation.
A closed (i.e. insulating) m em brane system in
relatively conductive m edia will becom e charged in
an electric field, depending on the tim e constants of
the system as discussed below.
The quantitative considerations o f such an inter
facial (Maxwell-Wagner) polarization will be shown
to agree with the experim ental data. It is therefore
likely that charging of the m em brane is the only
mechanism operating and that other dielectric
effects in biological m aterials [8 -1 0 ] are not signifi
cant in the frequency range used here.
The electrical tim e constant of the charging pro
cess of the membrane of a spherical cell o f radius R
(cm) having specific m em brane capacitance C m
(F cm-2) is given by [9, 11]:
r = JRCm(ei + j e a)

(1)

where t is the tim e constant and Qj, @a the internal
and external resistivities, respectively (in Q cm).
The membrane resistance is assum ed to be very
high.
If only solutions of resistivity high com pared to
the cell interior are used, then the internal term
can be neglected. T hat is:
T = j i ? C mea .

(2)

Replacing r by M l n f and Qa by l / a a, where <ra is the
external conductivity ( ß -1 cm -1) then:
/ = o jn R C m

(3)

i.e. the Maxwell-Wagner dispersion frequency will
be directly proportional to the m edium conductivity.
The plot of / against <ra (Fig. 3) shows consider
able scatter, partly due to geom etric variations be
tween individual cells. W hen the radius of each cell
is included by plotting the / • R product against <ra
the scatter is much reduced (Fig. 4).
Re-arrangement of Eqn. (3) gives:
f" R = o jn C m

(4)

showing that the gradient of such a plot yields the
membrane capacitance.
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Figs. (3) and (4) have logarithm ic axes in order to
better display the wide range over which results
were taken. The appropriate slope was taken from a
linear plot of the same data as Fig. 4 (not shown).
This was a least-squares fit to the data and yielded
a mean value of:
Cm = 0.48 ± 0.07 nF c m '2 .
This value includes the standard deviation o f the
slope of the fitted line, and allowance for systematic
errors in the calibrated frequency generator (± 0.1%),
the radius measurem ent (± 5%) and the conductiv
ity measurement (± 5%).
If the plasmalemma and tonoplast are assum ed to
have similar individual capacitances and be approx
imately series-connected (the vacuole occupies at
least 70% of the protoplast) the value for each
membrane becomes 1 nF cm -2 approxim ately.
This is the value accepted as typical for most
biological membranes [9, 10, 12].
The linear dependence on conductivity and close
agreement with values calculated from other data
provide very strong evidence that the characteristic
frequencies necessary for rotation result from the
electrical charging of the m em brane through the
solution resistance. The total scatter (± 40%) o f the
/ • R product for any given conductivity is greater
than can arise from known sources o f error, the
greatest o f which is in finding the characteristic
frequency (± 20%). It is believed that the rem ainder
results from intrinsic variability in the protoplasts,
possibly caused by m em brane structure, cell m or
phology etc.
Eqn. (1) predicts that the m em brane tim e con
stant should also depend on the internal conductiv
ity, which cannot easily be changed in protoplasts.
However, recent results, using a linear alternating
field on vesicles in which the lipids had been
polymerized [13] show that increase in the internal
conductivity leads to an increase in characteristic
frequency as expected.
The occurrence of rotation o f isolated cells as
much as 4 mm from parallel plane electrodes indi
cates that uniform field effects are responsible.
Although Zim m erm ann and coworkers [4, 5] ob
served rotation everywhere between the electrodes
in the chamber they used, the adjacent cell or cells
necessary for rotation will have m ade the local field
non-uniform. This applies even in the centre, where
the field is relatively uniform , and such intra-cell

effects also make it difficult to calculate the effec
tive field strength in multi-cell rotation.
The field strength required for single-cell rotation
is approximately six times less than that for m ulti
cell rotation. If allowance is m ade for the non
uniformity due to other cells this factor is somewhat
higher still. The reason for this higher sensitivity is
not known in detail, although the single cell rotation
results entirely from a direct interaction betw een
induced dipole and field, whereas the m ulti-cell
rotation also depends on the interaction betw een
two such induced dipoles. It is also possible that the
effect of a rotating field on the m em brane is
different seen at the molecular level.
It is known that steady d.c. fields can lead to
aggregation of membrane proteins [14, 15]. A lternat
ing fields may also lead to an aggregation of
proteins and formation of particle-free lipid do
mains [16, 17], which conclusion was reached fol
lowing the observation of “field stability”. This is
the resistance of cells (initially exposed to alternat
ing fields for long times) to field pulses which would
normally be of damagingly high intensity or long
duration [16, 17]. Such resistant cells show no
apparent deterioration after pulses that would have
caused irreversible breakdown in other cells.
A rotating field has an effect averaged over a
much wider region around the perim eter of the cell
and so should not give aggregation of intram em branous particles. Cell fusion research [16, 17] can
therefore benefit from the use of this technique.

Conclusion
The rotation reported here can be explained in
terms of an induced dipole. This supports the
theory of Holzapfel et al. [5] and makes it unneces
sary to call upon hypothetical new effects such as
radio frequency generation by the cell itself, such as
postulated by Pohl [18, 19].
The dependence of the phenom enon upon a
polarisation dispersion will enable the technique to
be used to quantify the underlying physical p aram 
eters (e.g. membrane capacitance, ionic shell and
double layer relaxation times, dielectric dispersions
etc.). The effect of m embrane probes can also be
investigated.
The use of the technique described here will
simplify and improve the accuracy of cellular spin
experiments in several ways. For example, the use
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of a uniform field removes the com plication o f field
strength calculations necessary for the non-uniform
geometries analysed by Lafon and Pohl [20]. Se
condly, a cell in the centre o f these large cham bers
is far removed from the electrical or mechanical
disturbance created by proximity to an electrode.
Finally we note that in multi-cell rotation the
rotation velocity depends on the orientation o f the
two cells relative to the field, the distance between
them (and possibly on their contact), and on both
their radii. In single cell rotation, there is only one
radius to consider.
The lack of com plicating factors will m ake this
m ethod useful for determ ining the effects o f vari
ables such as viscosity and tem perature on rotation
speed.
It is also conceivable that cell rotation can be
used for detecting interactions between the m em 
brane and very low concentrations o f ecotoxicological substances.
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Fig. 6. The superposition of two orthogonal linear field
vectors and the resultant field, E, at a given instant in time.
9 is the angle of E with respect to the _y-vector.
Therefore

(Al)

E = E q

(independent of r).
The angle 9 in Fig. 6 is given by:
E q sin co t
tan 9 = —----------- = tan co t .
E q COS CO t
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Appendix A
Description o f a rotating fie ld

When two sinusoidally varying linear electrical
fields differing in phase by 90° are superim posed, a
field, E, can be considered to result (Fig. 6.)
If both fields have peak am plitude £ 0 (V cm -1)
and frequency/ (Hz), then

Therefore
(A 2)

9 = co t

The resultant field rotates f times per second but has
constant instantaneous am plitude E 0, which is the
peak value of the com ponent fields. The increase in
average am plitude is due to the addition of two
fields.
The superimposed fields can be produced in a
chamber such as shown in Fig. 1 driven by four
voltages (two electrodes per field in a balanced
system) with progressive 90 0 phase differences.
In theory three, five, or m ore electrodes can be
used; the production of the necessary phase shifts
over a wide frequency range would require greater
electronic complexity.

Appendix B
E y = Eq c o s co t
The frequency dependence o f the torque

and
E x = E 0 c o s (co t - 90 °) = Eq sin co t

where

Eqn. (C 7) of Holzapfel et al. [5] states that a
linear alternating field:
E y = E qcos

co = 2 n f .

will induce a linear dipole:

The am plitude o f the resultant is given by:
E 2 —Eq ( c o s 2 co t + sin2 co t ) .

co t

A/y =

G
1 + (co t)

(cos co t + co r sin co t)

(B 1)
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where G = - 2n e0 a 3 E 0 and the original vector nota
tion has been adapted to the axes in Fig. 6.
The rotating field results from superim posing a
second linear field at right angles. This field E x is
already defined as phase delayed by 9 0 °, and so
induces a dipole
M x =-

1 + (co t ) 2

(sin co t — co z cos co t ) .

(B 2)

The am plitude of the resultant is given by:
M = ( M 2+ M $ m
G

2

Fig. 7. The superpositon of two orthogonal linear dipoles
such as result from dielectric polarization involving the
component fields of Fig. 6. The phase lag (cp) of the
resultant dipole (M) with respect to the resultant field (E)
is also shown.

2

= ------------ r [sin co t -I- cos^ co t

1 l ( ö t )2 1

+ (<ü r)2 (sin2 co t + cos2 co t )]u 2 .
Therefore
M = G [ 1 + ( cot) 2]~ W2.

(B3)

To calculate the torque, it is necessary to know the
angle cp this instantaneous dipole m akes with the
instantaneous field (Fig. 7).
If the angle a describes the instantaneous position
of the dipole vector with respect to the axes p re
viously used, then:
sin cp = sin (5 —a)

M y- sin
• 9q ------M xcos 9Q.
=—
M

Use of Eqns. (B 1), (B2), (B3) gives:
sin cp= [1 +(a> x)2]~U2(cor sin2 9 + co r cos2 9)
= co t [1 +(co r) 2]~1/2.

(B4)

From (B3) and (B4) we conclude that, for constant
co, the induced dipole is o f constant am plitude and
rotates with a constant phase difference behind the
field.
The torque exerted on the dipole M by the field
at angle cp is
N = E - M sm cp .

N = E ■G

co r

1 +(a> r)2

(B5)

Hence, by differentiation, maxim um torque occurs
at
wr=l.

= sin 3 cos a —cos 5 sin a

M

Substitution of Eqns. (B3) and (B4) gives

Also, if co t is very large or small, the torque
vanishes.
The term G contains a factor in E, so the torque is
proportional to E squared.
These last three findings are in common w ith the
analysis by Holzapfel et al. [5] of the m ulti-cell
rotation.
The form of (B5) shows identical dependence on
co x with the Debye-equation for the m agnitude of
the loss factor due to a dielectric dispersion [10].
This gives insight into the source of energy that
may maintain rotation and justifies the use o f the
term “characteristic frequency” for the field fre
quency giving maximum rotation. (This term is nor
mally used for the central frequency, where the loss
is maximised, of a dielectric dispersion).

W. M Arnold and U. Zimmermann • Cell Rotation
[1] A. A. Teixeira-Pinto, L. L. Nejelski, J. L. Cutler, and
J. H. Heller, Exp. Cell Res. 20, 548 (1960).
[2] A A Füredi and I. Ohad, Biochim. Biophys. Acta
79,1 (1964).
[3] H. A. Pohl and J. S. Crane, Biophys. J. 11, 711 (1971).
[4] U. Zimmermann, J. Vienken, and G. Pilwat, Z.
Naturforsch. 36 c, 173 (1981).
[5] C. Holzapfel, J. Vienken, and U. Zimmermann, J.
Membrane Biol. 67,1 (1982).
[6] R. Hampp and H. Ziegler, Planta 147,485 (1980).
[7] M. Mischel and I. Lamprecht, Z. Naturforsch. 35 c,
1111 (1980).
[8] H. A. Pohl, Di electrophoresis, Cambridge University
Press, Cambridge 1978.
[9] H. P. Schwan, Ann. N.Y. Acad. Sei. 103, 198 (1977).
[10] R. Pethig, Dielectric and Electronic Properties o f
Biological Materials, John Wiley and Sons, Chichester,
New York, Brisbane, Toronto 1979.

915
[11] E. Jeltsch and U. Zimmermann, Bioelectrochem. Bioenerg. 6,349 (1979).
[12] W. Almers, Rev. Physiol. Biochem. Pharmacol 82,
96 (1978).
[13] H.-H. Hub, H. Ringsdorf, and U. Zimmermann,
Angew. Chem. 94,151; Int. Ed. 21, 134 (1982).
[14] S. McLaughlin and M. Poo, Biophys. J. 34,85 (1981).
[15] M. Poo, Ann. Rev. Biophys. Bioeng. 10,245 (1981).
[16] U. Zimmermann, Biochim. Biophys. Acta, in press.
[17] U. Zimmermann and J. Vienken, J. Membrane Biol.
67,158 (1982).
[18] H. A. Pohl, Research Note 98, Oklahoma State
University (1979).
[19] H. A Pohl, Research Note 111, Oklahoma State
University, (1980).
[20] E. E. Lafon and H. A. Pohl, J. Biol. Phys. 9, 209
(1981).

