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Electro-orientation of ellipsoidal erythrocytes
Theory and experiment
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ABSTRACT The frequency-dependent orientation of human and llama erythrocytes suspended in isotonic solutions and subjected to
linearly polarized electric fields is examined. Human erythrocytes may be represented as oblate spheroids (3.9:3.9:1.1 um) with two
distinguishable orientations, while the llama cells are approximated as ellipsoids with three distinct axes (4.0:2.0:1.1 um). Under
appropriate experimental conditions, both orientations of the human cells and all three orientations of the llama cells are observed. A
theoretical cell model which accounts for the membrane as a thin confocal layer of ideal capacitance is used to predict the orientational
spectra. The predicted spectra compare favorably in frequency range and orientational sequence with experimental data. Estimates for
cell internal conductivity and permittivity are obtained by adjusting the values of these important parameters to achieve the closest fit of
the theoretical curves to the data. By the use of this method, the internal conductivity of llama erythrocytes is estimated to be 0.26 S/m
(£20%), while the effective internal dielectric constant and conductivity of Euglena gracilis are estimated to be 120 (£10%) and 0.43

S/m (£20%), respectively.

INTRODUCTION

Frequency-dependent orientation of cells was first ob-
served with various protists, erythrocytes, and bacteria
(1). Quantitative observations of orientation versus fre-
quency were made by Griffin (2) on erythrocytes, Grif-
fin and Stowell (3) and Ascoli et al. (4) on Euglena, and
Iglesias et al. (5) on yeast cells. Fomchenkov and Gavri-
lyuk (6, 7) studied both bacteria (E. coli) and human
erythrocytes. All of the cells studied were ellipsoidal or
spheroidal in outline and oriented their short axes paral-
lel to an applied electric field over some range of fre-
quency. No effort was made to distinguish three orienta-
tions of those cells which were ellipsoidal (2).

Several papers utilized a predictive theory for the orien-
tational phenomenon based on an energy minimization
argument (8, 9), accounting for the 8 dispersion of cell
membranes ( 10) by modelling the cell as a lossy dielec-
tric ellipsoid with a thin, insulating outer layer. This
theory was compared to experimental data by several
workers (4, 11) with some success, despite the objection
that such energy arguments are invalid in dissipative me-
dia (12, 13). A second theory of orientation ( 14) derived
the torque on a particle from the effective dipole mo-
ment induced by the applied electric field. Fomchenkov
et al. (15) used Gruzdev’s theory quite successfully to
determine stable orientation of E. coli at a single me-
dium conductivity, including the cell 8 dispersion explic-
itly as formulated by Schwan (10).

In the present work the effective moment-based
theory is extended to orientation spectra of human and
llama erythrocytes and the predictions are compared to
experiment over a range of medium conductivities. Ori-
entation spectra of both cell types are obtained by experi-
ment and for the first time all three possible orientations
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of ellipsoidal cells (llama erythrocytes in this case) are
distinguished. For the theoretical comparison, the cells
are modeled as layered ellipsoids, including the mem-
brane () relaxation implicitly rather than explicitly as
in (15). The effective-moment-based model of fre-
quency-dependent orientation is shown to be successful
in estimating the internal electrical properties of cells.

MATERIALS AND METHODS

Human blood samples obtained from several subjects were treated with
sodium citrate to prevent clotting, while the llama blood samples from
animals at Seneca Park Zoo, Rochester, NY were treated with potas-
sium EDTA. The human erythrocytes were biconcave disks, with semi-
axes averaging 3.9:3.9:1.1 + 0.2 um. The length of the shortest axis was
measured across the wider, edge region of the cells; the actual width
across the “dimpled” region would of course be less. The llama erythro-
cytes, chosen because of their approximate ellipsoidal shape and uni-
form interior composition, had semiaxes of 4.0:2.0:1.1 + 0.2 um, and
were also biconcave, having “dimples” on the sides perpendicular to
their shortest axes. Again the thickness of these cells measured through
the “dimples” is less than the measured short axis. Cells of both types
were suspended in isotonic solutions of calcium chloride (1.2% by
weight ) and sucrose (9.9% by weight), mixed in varying proportions to
obtain suspending media of different conductivities. To 4.3 ml, of each
suspending medium one drop of blood was added, and the conductivi-
ties of the resulting solutions were measured at 20 kHz, 1 MHz and 10
MHz. The average conductivity was used in plotting the data. Standard
deviations were 30% at the lowest conductivity and 15% for all the
others. The greater uncertainty at the lowest conductivity is to be ex-
pected for solutions near the low end of the multimeter’s range.

The orientation chamber, constructed after that in (2), is illustrated
in Fig. 1. A microscope slide with a 0.5 mm deep depression fits in the
center of the chamber. The platinum wire electrodes, 0.13 mm in diam-
eter, stretch across the slide, suspended above the depression, between
screws on one side of the chamber and springs on the other. The screws
maintain wire tension, while notches in the chamber sides determine
the electrode spacing (about 0.5 mm). A few drops of medium with
cells were placed on the slide depression and a coverslip added. With a
microscope focused on the plane of the electrodes, cells could be ob-
served clearly only in the region of most uniform field, free of edge
effects from the slide and coverslip surfaces. The electric signal was
generated by a Fluke 6010A Synthesized Signal Generator (John Fluke
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FIGURE 1 (A) View of platinum-wired orientation chamber from
above. (B) Side view of same chamber, at cross-section B — B’. Here
the window cut in the chamber base can be clearly seen. The wire is
shown above the slide surface for clarity; in reality it rests directly on
the flat of the slide, and is thus suspended above the slide depression.

Manufacturing Co., Inc., Everett, WA) for frequencies up to 10 MHz
and by an HP 608C VHF Signal Generator for frequencies from 10 to
220 MHz. Amplification up to approximately 20 V rms was provided
by an IFI 402 Wideband Laboratory Amplifier (IFI Corporation, Ron-
konkoma, NY); voltage could not be measured above 10 MHz, the
limit of the multimeter. Observations were made with a light micro-
scope.

During the course of each experiment, the orientation chamber was
filled and the electric field applied at one frequency (usually either 1 or
220 MHz), with a field strength just sufficient to orient all the cells. The
frequency was then changed by steps and the cells’ orientations noted
at each step. At least two runs were made at each medium conductivity,
and the results were found to differ very little from sample to sample.

EXPERIMENTAL RESULTS

Orientation observations

The results of the experiments with human and llama
erythrocytes are summarized in Figs. 2 and 3, respec-
tively. Symbols indicate frequencies where orientational
preference was noted. Results in Fig. 2 are from two ex-
periments done on different days with different blood
samples; those in Fig. 3 are from four different trials.
Points are shown side-by-side only near transitions and
where results differed. Two orientations of the human
cells were distinguishable (the a and b axes are identi-
cal), while three unique orientations of the llama cells
were noted. Although not shown in the figures, observa-

tions of both cell species were made at frequencies down
to 10 Hz; only parallel or a orientation was observed
below 1 MHz. At some frequencies, no dominant orien-
tation could be distinguished; for example, where
“mixed” orientation is indicated, some cells oriented in
one direction, others in another; however, no cells were
observed that showed no preferred position. On the
other hand, “uncertain” orientation indicates that many
cells showed no response to the field at all, suggesting
that the electrically induced torque was very weak. The
vertical bars in Fig. 2 are data from (2) for human eryth-
rocytes suspended in glucose/NaCl medium, and indi-
cate the observed region of mixed orientation, with a/b
orientation below and ¢ above. The squares mark the
frequencies at which approximately 90% of the cells ori-
ented the same way. Note the general agreement be-
tween his data and those of this work, further confirming
his observation that the orientation spectra are insensi-
tive to the salt used in the medium. Only one change in
orientation (“turnover’) was observed by Griffin over
the range DC to 400 MHz; the signal generator available
for the present study was limited to 220 MHz and below.
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FIGURE 2 Orientational spectra of human erythrocytes in isotonic so-
lutions of sucrose and CaCl, in varying ratio. Solid lines indicate theo-
retical turnover frequencies, calculated using the confocal model and
the following fluid and particle electrical parameters (from Pauly and
Schwan, 1966): ¢, = 80¢,, o, varied as shown, ¢, = 50¢, 0, = 0.5S/m,
em = 10¢, o, = 0.0, membrane thickness on y axis 0.01 um. Symbols
indicate frequencies where orientational preference was noted experi-
mentally. Vertical bars are data from (2); horizontal bars near the
x-axis indicate the variation in the measured values of medium conduc-
tivity.
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FIGURE 3 Orientational spectra of llama erythrocytes in isotonic solu-
tions of sucrose and CaCl,. Solid lines indicate theoretical turnover
frequencies, calculated using the confocal model and the following
electrical parameters: ¢, = 80¢,, o, varied as shown, ¢, = 52¢,, 0, = 0.26
S/m, e, = 10¢, 0, = 0.0, membrane thickness on y axis = 0.01 um.
Symbols indicate frequencies where orientational preference was noted
experimentally. Horizontal bars near the x-axis indicate the variation
in the measured values of medium conductivity.

At higher frequencies and medium conductivities, es-
pecially with the llama cells, it became impossible to ap-
ply an electric field of magnitude sufficient to orient the
cells without also producing excessive joule heating and
the accompanying fluid convection, which carried the
cells out of view before they could reach a stable orienta-
tion. With llama erythrocytes, convection dominated
over the orientational torque at 100 MHz for medium
conductivity (o,) of 117 mS/m, and affected observa-
tions at frequencies as low as 60 MHz for o, = 165 mS/
m. While present in the experiments with human cells,
convection currents were not a problem except for me-
dium conductivity ¢, = 215 mS/m; no clear observa-
tions could be obtained at higher medium conductivi-
ties.

Other observations

Although the orientational spectra were the main focus
of this study, a few other electric-field-induced phenom-
ena were observed. In the lower frequency range, where
cells always exhibited the a orientation, both species of

erythrocytes tended to form pearl chains at higher elec-
tric field strengths than necessary to confirm orientation.
When the first transition frequency was reached, each
cell in a chain would re-orient individually, but mutual
interactions and/or friction from neighboring cells
shifted these turnovers to higher frequencies than those
observed for isolated cells. For this reason, observations
made on chains were not used to determine transitions.
Chains of human erythrocytes in ¢ orientation look like
stacks of coins and are referred to in the literature as
rouleaux (16); some excellent photomicrographs of
rouleau formation may be found in (17, 18). The llama
cells also formed chains in b orientation, but these were
apparently unstable. Cells in this configuration would
invariably begin to spin about their longest axes at a field
strength only slightly stronger than that necessary to or-
ient them. The spin frequency was dependent on the
field strength. At applied-field frequencies just above the
ato ctransition, the human erythrocytes would also spin
if they were in proximity to each other, and especially if
they were in chains. Both cell species always spun about
the longest axis perpendicular to the field. This phenome-
non, probably akin to the rotation described in (19),
produced a “blinking” effect in the rouleaux. As inter-
particle forces and orienting torques grew weaker at
higher frequencies, a function of cell dielectric proper-
ties, the tendency to form chains diminished. No chains
were observed in either cell species at frequencies 10 to
20 MHz above the a or b to ¢ transition.

ANALYSIS OF DATA
Derivation of torque expression

The orientation phenomenon is caused by an electric-
field-induced torque acting on a non-spherical particle.
This torque can be easily calculated from the effective
dipole moment expression for a homogeneous, lossy di-
electric ellipsoid (14, 20). To extend this method to
erythrocytes, it is essential to account for the 3 dispersion
caused by the capacitive membrane that encloses these
cells. This can be done implicitly, by including the 8
relaxation in the formulation of the cell’s dielectric con-
stant (15), or explicitly, as follows. (See reference 21 for
details.)

Although erythrocytes have a biconcave shape, as a
first approximation a cell can be modeled as a lossy di-
electric ellipsoid surrounded by a thin, insulating shell
(8, 21, 22), and centered at the origin. Both the inner
and outer boundaries of the layer are surfaces of constant
¢ in ellipsoidal coordinates. It should be noted here that
these surfaces are confocal, and as ¢ grows large they ap-
proach spheres in shape; thus the thickness of the layer is
a function of position. Refer to Fig. 4 4, where the layer
thickness is exaggerated to show the variation with posi-
tion clearly. This approximation is used to obtain a
closed-form solution to the problem, with the assump-
tion that since the cell membrane is thin, the variation in
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FIGURE4 (A4)Anellipsoid with an external, confocal layer of different
electrical properties, shown with the shortest (¢) axis perpendicular to
the page. ¢ = dielectric constant (may be complex). The semiaxes of
the external ellipsoid are a, b, and c; a,, b,, and c, are the semiaxes of
the internal ellipsoid; £ is the coordinate of the ellipsoidal surfaces. The
layer thickness, exaggerated for clarity, is specified by the constant K.
(B) The equivalent homogeneous but anisotropic ellipsoid with tensor
permittivity e, semiaxes a, b, and c. The electric fields around both
ellipsoids 4 and B are identical.

thickness required by the model will not introduce a
large error into the results. Laplace’s equation in ellipsoi-
dal coordinates can then be solved for electric potential
in the three regions of the cell interior, insulating mem-
brane, and exterior, with boundary conditions that en-
force continuity of electric potential and normal flux
density at the boundaries between the regions. Finally,
the potential in the external medium can be equated
with that due to a homogeneous but anisotropic ellipsoid
of the same external dimensions, and the resulting equa-
tion can be solved for an expression for the homoge-
neous, anisotropic complex permittivity of the equiva-
lent ellipsoid (Fig. 4 B). This method is clearly detailed
in (21) and we simply present the final expression for the
effective complex anisotropic permittivity of the ellip-
soid here:

— gm+v(g2—gm)(B|k—A0k+l) 1)
= Em T (e — em)(Bix — Ao

where: € = € — jo/w, € is permittivity (F/m), ¢ conduc-
tivity (S/m), w frequency in rad/s, j = {—1, the under-
line denotes a complex quantity,

_ab¢ _ 1
- aoboco s 1k " Alk,
= asbscs « dg

Ag and

2 J, 2+¢)D,
D, = V(& + a?)(£ + b2)(E + c2),

t, = a, b, ¢, for k = x, y, z, respectively, and s = 0, 1.
The integral B,, — A, may be written:

_ bt dt (2)

Bu—du="5"") @+ oD,

where the layer thickness parameter K2 = 2adx = 2bdy =
2céz. If the layer is very thin (K2 < ¢2), then » ~ 1 and,
using the trapezoidal rule, B,, — Ay, ~ K?/2t3=6t/t, =
ox/a, for k = x and so on. With this change, finally,
— 2t ot/t(e ~ em)
M o6 — ) )
To determine stable orientation, the electric-field-in-
duced torque on the ellipsoid is calculated from its di-
pole moment, the kth component of which is given by
(12, 20, 23):

e

Ex — &
€ + (e — €)Ax

4rayb,c
Py = Wagooq[

]EOk (4)
where E, is the component of the applied field in the
k(x, y, or z) direction. The torque T is calculated from:

T = % Re[p X E*] (5)

To determine orientation, only the directions (signs) of
the three torque components are needed. The sign of the
torque about the z axis is equivalent to that of the fre-
quency-dependent term below:

sign [T,]

o« Ex ~ & _ &y " &

Sen [Re[fl +(ex—a)dx &t (£2y - fl)AOy” (6)
and similarly for the other two torque components. For
an isotropic ellipsoid, ¢,, = ¢, = &, and Eq. 6 can be
simplified considerably (20). However, as we have seen,
the layered ellipsoid cell model leads to an anisotropy in
e (Eq. 3) and the final expression of Eq. 6 with ¢,, re-
placed by e, is not apparently factorable. Although at-
tempts to factor Eq. 6 using the computer program
MAXSYMA were unsuccessful, its sign is readily calcu-
lated for specific cases. The frequencies at which the
magnitude of the torque about a non-oriented axis
passes through zero are those at which turnovers will
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occur. (A change in sign of the torque about the axis
parallel to the field will have no effect on orientation.)

Theoretical orientation spectra of
erythrocytes and Euglena gracilis

The electrical properties of human erythrocytes have
been measured as ¢, = 50.1 + 0.4¢y, g, = 0.518 + 0.007
S/m (reference 24). (The permittivity of free space, ¢, =
8.854-07'2 F/m.) The electrical properties of cell mem-
branes vary little between species and even between
classes (10, 25, 26, 27). A representative value of mem-
brane capacitance per unit area is C,, = 9 mF/m?, (or
equivalently, ¢,, = 10¢, and the thickness 6t = 100 A) and
membrane resistance is often negligible. Since the mathe-
matics of the confocal model necessitate a smooth spher-
oid with a membrane of varying thickness, the erythro-
cyte semiaxes were assumed to have the lengths given
above, and the value of 100 A was assumed to be that of
the membrane on the intermediate (b) axis (equal to the
a axis for human erythrocytes). The suspending media
have the properties ¢, = 80¢, and o, ranging from 9 to
215 mS/m. The orientation spectra delineated by the
solid lines in Fig. 2 were calculated using these values in
the equivalent equation to Eq. 6 for sign [ 7] and finding
the zero crossings of this function. The lines, drawn
through theoretical turnover frequencies, delineate the
two regions of a/b and ¢ orientation.

Measured electrical properties of llama cells have not
been published, so estimates were made of certain param-
eters with the generally held assumption that these prop-
erties do not vary widely between mammalian species.
Based upon the findings in (24), we assumed ¢, = 52¢,.
The membrane capacitance was chosen to be the same as
that of human erythrocytes, that is, C,, = 9 uF/cm?. The
cell shape was assumed to be smoothly ellipsoidal, with
dimensions as given above. These choices left only the
internal conductivity g, to be determined. The approach
taken was to adjust o, to achieve a subjective “best fit” of
the theoretical turnover frequency curves to the experi-
mental data. This best fit gave an estimate of o, = 0.26
S/m. Again the lines in Fig. 3 were calculated using Eq. 6
as well as the corresponding equations for sign [ 7,] and
sign [7,], since llama cells have three possible orienta-

‘tions. Uncertainties in solution conductivity measure-
ments as well as the bandwidths of “mixed” orientation
project uncertainties of 20% in ¢, and 10% in e,.

Fig. 5 shows the experimentally obtained orientation
spectra from (4) and (3) for Euglena gracilis. The Eug-
lena were described in (3) as being 65 um long, with an
axis ratio of 5.4:1:1, and in (4) as having semiaxes mea-
suring 30:5:5 um, so the assumption of smooth prolate
spheroidal shape seems reasonable. Data points
surround the region of b/ ¢ orientation, and indicate the
“average” transition frequencies observed. No perpen-
dicular orientation was observed for medium conductiv-
ity greater than 50 mS/m. The various symbols indicate
different solution salts as given in the key; note these
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- = dipole theory
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FIGURE 5 Orientational spectra of Euglena in various salt solutions,
and theoretical predictions from the dipole-based theory. Data points
from the following sources: CaCl2: (3), cells in CaCl, solution; mixed:
(3), suspending medium of 10 g NaCl, 10 g CaCl,, 6 g KCl,and 2 g
MgSO, - TH,0 each per liter before dilution; buffer: (3), suspending
medium KH,PO,-KOH buffer, pH 7; KCI: (3), cells in KCl solution;
Ascoli: (4), suspending medium composition not given. Solid lines
indicate theoretical turnover frequencies calculated using the confocal
model with cell and medium properties: ¢, = 80¢, €; = 120¢,, o, = 0.43
S/m, ¢, = 10¢y, and membrane thickness on y and z axes = 0.01 um.
Cell axis ratio 32.5:6.0:6.0 um.

different salts had no significant effect on orientation.
The curve, calculated as for the human and llama eryth-
rocytes, is drawn through theoretical turnover frequen-
cies, and orientation is predicted to be a outside of them
and b/c inside. The axis ratio was chosen from (3), and
properties of the external medium and cell membrane
were fixed. The internal permittivity and conductivity
were varied to obtain a subjective best fit with the data.
The resulting values of ¢, = 120¢; and ¢, = 0.43 S/m are
the effective values for the combination of cytoplasm and
intact organelles, as the cell model used assumes the cell
interior is homogeneous. These values should not be as-
sumed to relate directly to the actual conductivities and
permittivities of the Euglena cytoplasm and organelle
membranes and interiors; rather a complex relationship
along the lines of Eq. 1 should be expected.

DISCUSSION

Human erythrocytes

The predictive success of the orientational theory devel-
oped above can be tested by comparing its predictions
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with the experimental results for human erythrocytes.
The electrical parameters of these cells are known, so
that the theoretical spectra calculated using those param-
eters in Eqs. 3 and 6 should match the experimental
spectra if the theory is a reasonable model for this sys-
tem. As can be seen in Fig. 2, the agreement between
theory and experiment is quite good at low frequencies.
Heating effects prevented testing of the prediction that
no turnovers should occur at conductivities above 250
mS/m; this is in accord with the theory in that the torque
is expected to be very small when g, is close to o5, so that
high voltages are necessary to align cells. Such high volt-
ages also mean increased conduction and thus increased
joule heating. The presence of the higher frequency turn-
over could not be confirmed because of the 220 MHz
frequency limit on the signal generator. Griffin (2) per-
formed experiments at frequencies of up to 400 MHz,
and reported only the lower turnover, though he did not
give detailed descriptions of cell behavior at frequencies
above 140 MHz. The theory predicts extremely weak
torques at frequencies above that of the high-frequency
turnover, so that the “uncertain’ orientation seen in this
work at high frequencies is expected. Although the
correctness of the predicted high-frequency turnover of
human erythrocytes cannot be assessed, the low-fre-
quency orientational behavior of these cells is ade-
quately predicted by the effective dipole theory. The
model assumptions of smooth spheroidal shape and con-
focal membrane do not seem to affect the results appre-
ciably.

Llama erythrocytes

Orientation theory provides a means of estimating the
unknown cell properties of ¢, and o, from the cells’ orien-
tation spectra, and this was done for llama erythrocytes,
as illustrated in Fig. 3. Note that the general curve shape
and orientation sequence are well matched by the
theory; these properties are not affected by changes in ¢,
and ¢,. The internal conductivity ¢, was chosen to
match the low-frequency spectra best; note that the high-
frequency spectra as well as the results at high ¢, are also
reasonably matched with this approach. Where orienta-
tion appeared uncertain, the theory also predicts very
weak torques (above the high-frequency turnovers and
in media with ¢, = 120 mS/m). The b orientation pre-
dicted at high frequencies was not observed, but the fre-
quency band is narrow enough that it could well be ob-
scured by the variability of individual cells. The observa-
tion of “‘mixed a/b/c” orientation suggests this b region
is indeed present, though possibly at slightly higher fre-
quencies than predicted. Although convective heating
interfered with orientation at frequencies above about
60 MHz, only a orientation was observed at the highest
medium conductivity, consistent with the theory.
There are, however, several discrepancies to be consid-
ered. The first turnover is observed in the least conduc-
tive solution (o, = 9 mS/m) at a frequency much lower

than that predicted. Also in general the higher turn-
over(s) appear to occur up to 100 MHz above the pre-
dicted frequencies. This is quite possibly an experimen-
tal artifact of the weak torque and interfering convection
currents. As with human erythrocytes, observations at
frequencies up to 500 or 1,000 MHz might help to con-
firm the actual higher turnover frequencies. The approx-
imation introduced by the use of the confocal model to
represent the llama cells could also explain the discrep-
ancy between theory and experiment. Modeling the
membrane as a dielectric layer of non-uniform thickness
slightly exaggerates the differences between the cell axes,
and thus changes the widths of the theoretical b and ¢
orientation regions. Finally, the internal conductivity
used in the theoretical cell model (0.26 S/m) is lower
than any measured in other erythrocyte species, but o,
must be set within the range 0.21-0.31 S/ m to match the
experimental data. It would be desirable to measure the
llama erythrocyte internal electrical properties directly
by other means and see if they differ so much from those
of related mammals such as cattle and sheep. Unfortu-
nately this measurement could not be done in this study.

Euglena gracilis

The dipole-based orientation theory provides an explana-
tion of the observed orientation phenomena, not only
for “simple” cells such as erythrocytes but also for more
complicated cells such as Euglena. To illustrate this, the
data from ( 3) and (4 ) are plotted against theoretical turn-
over spectra in Fig. 5. The values of ¢, and ¢, were ad-
justed to obtain a subjective best fit of theory to experi-
ment. Because Euglena has a much more complex inter-
nal structure than mammalian erythrocytes (28), the
values for effective internal permittivity and conductiv-
ity should be expected to differ from those of such cells.
Its thick, highly convoluted pellicle and its membrane-
bounded organelles complicate the cell’s electrical behav-
ior. The model used in this paper assumes a homoge-
neous cell interior, and therefore the values of ¢, = 120¢,
and g, = 0.43 S/m predicted by the theory correspond to
those of an equivalently sized, smooth, homogeneous
particle with a thin insulating outer membrane and the
same externally apparent electrical characteristics as a
FEuglena. The protist’s internal structure and resultant
frequency-dependent effective permittivity and conduc-
tivity may account for the difference in shape between
the dipole theory prediction and the experimental points
of Fig. 5.

Comparison of dipole-based and
energy theories

Fig. 6 shows the theoretical orientation spectra of human
erythrocytes (as in Fig. 2), along with the orientation
spectra predicted using the “energy theory” (9) with
same cell properties. Note that according to the energy
theory, human erythrocytes, and any other particles with
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FIGURE 6 Comparison of the orientation spectra, calculated using the
dipole and energy theories, for human erythrocytes. Cell and medium
properties same as in Fig. 2. The low-frequency region of ¢ orientation
is predicted only by the energy theory; the dipole theory predicts a/b
orientation down to DC.

thin, insulating outer layers and dimensions typical of
biological cells, should orient ¢ axis parallel to the ap-
plied electric field from DC to the mid-radio-frequency
range for any reasonable medium conductivity. The
lower curve continues down and intersects DC at zero
medium conductivity. This prediction arises from the
form of the energy model equations at the low-frequency
limit, where particle and medium electrical properties
cease to affect torque sign. The experimental observa-
tions of this work and others (1-5) plainly contradict
this prediction. The differences between the predictions
of the potential energy and dipole theories are greatest at
low frequencies, and decrease to zero at the high-fre-
quency limit; however, the failure of the potential energy
theory at low frequencies, coupled with the objections in
(13), suggests the dipole theory provides a better expla-
nation of the orientational phenomenon.

Despite some discrepancies between theory and exper-
iment, the induced dipole theory proves to be a useful
predictive tool. The region of turnovers is correctly pre-
dicted, as are the turnover sequence and the approxi-
mate torque magnitude. The orientational behavior of
both the erythrocytes and Fuglena is adequately ex-
plained by the theory, which has proved relatively simple
to apply to these cases. Differences in the internal proper-
ties of human and llama erythrocytes have been found.
These differences should be further examined by other
means, and the theory should be extended to other spe-
cies through more orientation experiments.

CONCLUSIONS

In this paper the dipole-based orientational theory has
been expanded to include biological cells, modeled as
lossy dielectric particles coated with a thin, insulating
layer. The results from this model have been favorably
compared with the experimental orientation spectra of
human and llama erythrocytes. Evidence has been pre-
sented suggesting that llama erythrocytes may have a rel-
atively low internal conductivity (0.26 S/m.) Previously
published orientation spectra of Euglena gracilis have
been used in combination with the dipole-based theory
to estimate the effective internal permittivity and con-
ductivity of these protists. The dipole-based theory devel-
oped herein provides an adequate explanation of the fre-
quency-dependent orientation of biological cells, and
suggests that differences in cell internal electrical proper-
ties may be discerned from differences in their orienta-
tional spectra. Since many cell types are non-spherical,
and since changes in orientation occur over a frequency
range useful for observations of cell electroporation and
electrofusion (29, 30) there is a need to understand the
orientational phenomenon more fully in order to predict
orientation changes when manipulating cells with RF
electric fields. Also, the electrical properties of cells with
complex internal structures (including most cells but
erythrocytes) cannot be measured by homogenizing the
cells, as these structures by their shape, distribution and
composition determine “bulk” cell permittivity and con-
ductivity. Electro-orientation, coupled with the dipole
theory of this paper, provides one means of estimating
these parameters with relative ease.
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