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Abstract

The dielectric properties of normal erythrocytes were compared to those of cells infected with the malarial parasite
Plasmodium falciparum. Normal cells provided stable electrorotation spectra which, when analyzed by a single-shelled
oblate spheroid dielectric model, gave a specific capacitance value of 12"1.2 mFrm2 for the plasma membrane, a
cytoplasmic permittivity of 57"5.4 and a cytoplasmic conductivity of 0.52"0.05 Srm. By contrast, parasitized cells
exhibited electrorotation spectra with a time-dependency that suggested significant net ion outflux via the plasma membrane
and it was not possible to derive reliable cell parameter values in this case. To overcome this problem, cell membrane
dielectric properties were instead determined from dielectrophoretic crossover frequency measurements made as a function
of the cell suspending medium conductivity. The crossover frequency for normal cells depended linearly on the suspension
conductivity above 20 mSrm and analysis according to the single-shelled oblate spheroid dielectric model yielded values of
11.8 mFrm2 and 271 Srm2, respectively, for the specific capacitance and conductance of the plasma membrane.
Unexpectedly, the crossover frequency characteristics of parasitized cells at high suspending medium conductivities were
non-linear. This effect was analyzed in terms of possible dependencies of the cell membrane capacitance, conductance or
shape on the suspension medium conductivity, and we concluded that variations in the membrane conductance were most
likely responsible for the observed non-linearity. According to this model, parasitized cells had a specific membrane
capacitance of 9"2 mFrm2 and a specific membrane conductance of 1130 Srm2 that increased with increasing cell
suspending medium conductivity. Such conductivity changes in parasitized cells are discussed in terms of previously
observed parasite-associated membrane pores. Finally, we conclude that the large differences between the dielectrophoretic
crossover characteristics of normal and parasitized cells should allow straightforward sorting of these cell types by
dielectrophoretic methods.
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1. Introduction

It is well established that erythrocytes that have
become infected with malarial merozoites experience
a number of fundamental changes to their plasma
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membrane properties as the parasites develop inside
w x1–3 . Morphologically, electron microscopic investi-
gations have revealed electron-dense knobs protrud-
ing from the plasma membrane surface of infected
cells and caveola–vesicle complexes along their bor-

w xders 4–6 . On the molecular scale, parasitization
results in significant changes in the membrane phos-

w xpholipid composition 7–10 , some normal surface
w xproteins are suppressed 11 while new proteins are

w xexpressed 4,12,13 , and the composition of the gly-
w xcocalyx is altered 14,15 . A number of modifications

to the biophysical properties of the erythrocyte mem-
brane also occur, including a decrease in its net

w x w xnegative charge 16 and an increase in rigidity 17 ,
factors that may play a role in the adherence of
infected cells to capillary beds in the target organs of
malaria patients. Despite the enhanced overall rigid-
ity, the local fluidity of membrane lipids is increased
w x7,18,19 , and membrane permeability to water and to
a variety of ionic and neutral substances rises sharply
to meet the increasing demand for essential nutrients
and for the elimination of waste metabolites of the

w xdeveloping parasite 3,20–23 .
Not surprisingly, such extensive changes in the

composition, morphology and permeability of the
erythrocyte membrane produce corresponding alter-
ations in the electrical and dielectric properties of

w xinfected cells. Thus, Aceti et al. 24 reported that
Plasmodium falciparum-infected human erythrocytes
exhibit an increased plasma membrane electrical con-
ductivity in the frequency range 10 kHz–100 MHz
when examined in bulk suspension. The interpreta-
tion of such bulk suspension measurements in terms
of the underlying cell biological changes, particularly
for mixtures of cells in different stages of para-
sitemia, is difficult, however. We and others have
demonstrated that the AC electrokinetic techniques of

Ž . Ž .electrorotation ROT and dielectrophoresis DEP
permit non-invasive dielectric measurements to be

w xmade on individual cells 25–28 , revealing the
plasma membrane capacitance and conductance as
well as morphological data with single cell discrimi-

w xnation 29,30 . Such measurements permit the true
dielectric dispersion widths to be derived and their
subcellular origins to be probed without the con-
founding effects of population distributions that are
inherent in bulk measurements. Furthermore, single
cell measurements provide the opportunity for the

dielectric characterization of different cell types
within a cell mixture and the dielectric properties
derived for each type can then be exploited for
selectively manipulating target cell subpopulations
using AC electrokinetics. Using this approach, we

w xrecently demonstrated that leukemia 31 and
w xmetastatic breast cancer 32 cells could be separated

from human blood using dielectrophoretic principles
on the basis of such differential electrical character-
istics and others have applied these principles to the

w xseparation of non-viable from viable yeast cells 33 ,
Žand to the enrichment of human hemopoietic CD34

. w xq cells 34 .
The possibility of characterizing individual malar-

ial cells, selectively manipulating them in mixtures
with normal cells, and separating them has obvious
research and diagnostic implications. Therefore, we
have applied AC electrokinetic methods to investi-
gate the dielectric properties of human erythrocytes
infected with P. falciparum to test the feasibility of
dielectrophoretic methods for discriminating between
parasitized and healthy cells. We show here that P.
falciparum-infected red cells exhibit a non-linear DEP
crossover frequency response to increasing cell sus-
pension conductivity. We discuss this response in
terms of changes in cell membrane conductance,
capacitance and shape. We conclude that the most
plausible explanation for the nonlinear response is
that parasitized cells contain membrane pores whose
conductivity is dependent upon the extracellular ion
concentration. Our results indicate that the dielec-
trophoretic discrimination and separation of para-
sitized erythrocytes from blood should be feasible.

2. Materials and methods

2.1. Blood cells

Ž .Human blood group ‘O’ was collected from
healthy donors into sterile bags containing citrate
phosphate dextrose as anticoagulant. Aliquots of 50
ml were transferred aseptically into screw-capped
bottles, stored at 48C, and used within three weeks of
collection. Prior to use, an aliquot of 10 ml of the
blood was transferred to a sterile screw-capped cen-

Ž .trifuge tube and centrifuged 800=g, 10 min to
remove the plasma and buffy coat. The packed red
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cell fraction was then twice washed in phosphate-
Ž .buffered saline pH 7.2 and cells were finally sus-

pended at 50% hematocrit in RPMI 1640 medium
containing 10% human serum as a stock for parasite
cultivation.

2.2. Serum

Ž .Blood type A, B, O or AB was collected from
healthy donors into sterile bags lacking anticoagulant.
After clotting completely overnight at 48C, the serum

Ž .was separated by centrifugation 800=g, 20 min
and transferred to a sterile bag using a closed system
procedure. Serum was inactivated for 30 min at 568C
and stored in sterile tubes at y208C in aliquots of
10–20 ml.

2.3. Plasmodium falciparum cultures

w xChloroquine-resistant strain T9r94 35 , a gift from
Dr. P. Tan-Ariya of the Microbiology Department,
Faculty of Science, Mahidol University, Bangkok,
was grown in continuous culture using a complete
RPMI 1640 medium containing 1 mM L-glutamine,

Ž . Ž0.18% wrv NaHCO and 10% human serum pH3
.7.4 . Cultures were maintained in 4-ml aliquots in 60

Žmm Petri plates in a candle jar 80% N q13%2
.O q7% CO at 378C using the methods of Trager2 2

w xand Jensen 36 . The culture medium was changed
every 24 h. Parasitemia was determined every 48–96
h by counting Giemsa-stained thin smears.

When parasitemia reached 6–8%, the Petri plates
were pooled and the cells were recovered by centrifu-

Ž . Žgation 500=g, 10 min , washed once in PBS pH
.7.2 , and resuspended in complete medium at 50%

hematocrit. Enough of this suspension was mixed
with the fresh erythrocyte stock to yield a parasitemia
of 0.5–1%. This suspension was then diluted with
complete medium to yield a hematocrit of 6–8% and
the culture was split between new Petri plates. In this
way, the line was carried without parasitemia ever
exceeding 10%.

To provide parasitized cells for dielectric measure-
ments, ring stage synchronization of cultures was first
accomplished using a slight modification of the

w xmethod of Lambros and Vanderberg 37 . Briefly, a
culture at 5–8% parasitemia was harvested by cen-

Ž .trifugation 500=g, 10 min . The cells were then

Ž . Žresuspended in 5% wrv D-sorbitol Sigma Chemi-
.cal Co. , incubated at 378C for 20 min, centrifuged

Ž . Ž500=g, 10 min , and washed twice in PBS pH
.7.2 to remove the sorbitol. The resulting parasitized

cells, now synchronized at ring stage, were then
diluted with complete medium to 2% hematocrit and
cultured with a change of medium every 12 h. After
5–6 days, parasitemia reached 30–40% as deter-
mined from Giemsa-stained thin smears. These pro-
cedures together with the physical properties and
morphology of parasitized erythrocytes are described

w xand illustrated in detail in reference 38 . The culture
was then harvested to provide a sample for dielectric
measurements in which a large proportion of the cells
were parasitized.

( )2.4. Electrorotation ROT and conÕentional dielec-
( )trophoretic DEP measurements

For ROT measurements, erythrocyte cultures ex-
hibiting 30–40% parasitemia were diluted with 24

Ž . Ž .parts of medium a 8.5% wrv sucroseq0.3% wrv
dextrose solution to yield a suspension containing
approximately 5P105 cellsrml at a conductivity of
56 mSrm. Approximately 100 ml of this suspension
was sealed into a 1-mm deep chamber consisting of
an ‘O’-ring waxed to the surface of a microscope

w xslide supporting a polynomial electrode 39 . A cov-
erslip was pressed in place to seal the top. Four sine
signals in phase quadrature were applied to the poly-
nomial electrode to provide a rotating electrical field

w xusing the principles described earlier 29 . Cell rota-
tion induced by the applied rotating field was mea-
sured by stopwatch with the aid of video microscopy
as a function of the applied rotating field frequency
over the range 1 kHz to 100 MHz. A large video
monitor coupled to =400 optics made it possible to
identify the parasitized and normal cells without re-
course to staining or other identification techniques.
Only those cells close to the center of the electrode

Ž w x.geometry where the electric field is uniform 40
were measured to ensure that negligible lateral mo-
tions occurred so that the cells did not experience
significant changes in their local electrical field
strength in the course of the ROT determinations.
Approximately 20 parasitized cells and 20 normal
cells were timed at 4 points per decade of the fre-
quency range studied. The diameter of each cell,
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calibrated against a stage micrometer, was deter-
mined from its image on the TV monitor.

DEP crossover frequency measurements were con-
ducted with the same polynomial electrode geometry

Žand chamber but for these studies only two out of
.phase signals were used to generate an inhomoge-

neous, standing electrical field distribution between
the electrode pole tips. Cells that were about 10

Ždiameters away from the electrode edges where the
w x.field becomes very inhomogeneous 40 were mea-

sured. The electrical field was applied at a trial
Ž .frequency typically 20 kHz and as soon as it was

determined whether the resulting DEP force was
inducing cell motion towards or away from the clos-

Žest electrode edge typically observation was for only
.about 1 s , the field was removed. The frequency was

increased or decreased according to whether the cell
Ž .moved away from the electrode edge negative DEP

Ž .or towards it positive DEP until the DEP
crossover-frequency, the frequency at which the DEP
force was zero, was determined. Signals of 3–5 V
Ž .peak–peak were normally employed on the 400-mm
Ž .pole tip to pole tip electrodes, with voltages up to 8

Ž .volts peak–peak occasionally being applied for
measurements very close to the crossover frequency
where DEP-induced motion was slow. Measurements
were taken for cell suspending medium conductivities
in the range 1 to 75 mSrm. Suspension conductivi-
ties were adjusted to target values with KCl and

Žmeasured using a digital conductivity meter Cole-
.Palmer Model 1481-61 . For each suspension conduc-

tivity a fresh sample of the parasite culture was taken
and diluted and at least ten cells were measured.
Finally, the repeatability of the experiment was veri-
fied by performing the measurements on at least three
occasions on different culture passages.

2.5. Analysis of ROT data

In our experiments erythrocytes rested with their
discoid faces parallel to the chamber bottom and, for
the purpose of analyzing electrorotation experiments,
these can be approximated as single shelled oblate
spheroids of radially-symmetric radius r rotating

Ž .about a minor axis half-length c lying normal to the
chamber bottom. A detailed analysis of electrorota-
tion for this case has been provided by Kakutani et al.
w x41 . Here we use that model to analyze the ROT data

and adapt it for analysis of DEP crossover measure-
ments. The complex polarizability at angular fre-
quency v along the major axes of the oblate spheroid

w xcan be written 41
) )yp s

m v sV 1Ž . Ž .a c 0
) ) )y A qŽ .p s 0 p s

) )where and are the effective complex permit-s p

tivities of the suspending medium and of the ellip-
soidal cell in the x–y plane, respectively, and V is ac

volume term. The depolarization parameter A , from0 p

just outside the membrane to infinity, is a constant
w xfor a given cell geometry 41

1 1
2 22 2 2p r p y1 arctan p y1 y1Ž . Ž .0 0 0

A s where0 p 22 p y1Ž .0

r
p s 2Ž .0 c

Ž .The complex permittivity of the particle in Eq. 1
w xis 41

) ) )q y A qÕ 1yAŽ . Ž .M I M 1 p 0 p
) )s 3Ž .p M

) ) )q y A yÕAŽ . Ž .M I M 1 p 0 p

where ) and ) are the complex permittivities ofM I

the cell membrane and interior, respectively, A is1p

the depolarization factor integrated from just inside
2 wŽ .2Ž .xthe membrane to infinity, nsr cr rqd cqd

is the volume ratio of the cell exterior to interior and
d is the membrane thickness. In the case of erythro-
cytes, d is approximately three orders of magnitude
less that r and c, and we may make the approxima-

Ž .tion that A sA so that Eq. 3 reduces to1p 0 p

° ) ) ¶1 a yŽ .I M
q

) )

Õ qaŽ .I M
) )~ •s , 4Ž .

) )p M 1 a yŽ .I M
y

) )¢ ß
Õ qaŽ .I M

Ž . Ž . Ž .where as 1yA rA . Eq. 1 and Eq. 4 differ0 p 0 p

from the case of a single shelled spherical model
w x42,43 only by the introduction of geometrical con-
stants so that a minor adaption of the numerical
optimization approach applied by us previously
w x29,30 for analyzing ROT data of spherical cells
could be used to derive values for the membrane and
interior dielectric parameters of erythrocytes through
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Ž .a MATLAB The Math Workshop implementation.
In this analysis it was assumed that p srrcs2 for0

Ž .the erythrocytes whence A s0.236 and as3.24 .0 p
Ž . w Ž .xThe ROT rate is given by R v syhP Im m va

where the parameter h took into account the applied
electrical field strength and rotational drag as de-

w x.scribed previously 30 .

2.6. Analysis of DEP data

To analyze the DEP crossover frequency data, we
note that the time-averaged DEP force is zero when
the real part of its polarization is zero. Setting

w Ž .x Ž .Re m v s0 in Eq. 1 and rearranging, we obtaina

the crossover frequency
1
2

1 y 1yA s qA s s ysŽ .Ž .0 p s 0 p p s p
f s ,co ½ 52p 1yA qA yŽ .Ž .0 p s 0 p p s p

5Ž .

Ž .where and s are the real permittivity and con-
ductivity of the particle and its suspending medium
Ž .as denoted by the subscripts p or s , respectively.
For a sphere csr and A assumes the value 1r30 p

so that this expression reduces to the simpler form
w xused by us previously 44 and also corresponds to

that for the cutoff frequency for the dielectrophoretic
w xlevitation of spheres 45 . Because our DEP crossover

experiments were confined to frequencies well below
the Maxwell–Wagner dispersion frequency and be-
cause the cell interior can be assumed to be much
more conductive than the membrane we can also
assume that )

<

). Under these conditions andM I
Ž .using a first order expansion for 1rn , Eq. 4 simpli-

fies to

rc
) )s Pp m2cqr daŽ .

whence

br br
s PC and s s PG , 6Ž .p spmem p spmema a

c
where bs , and C and G are thespmem spmem2cqrŽ .

Ž .specific per unit area capacitance and conductance
of the membrane, respectively. Substitution into Eq.
Ž .5 finally yields the expression for the crossover

frequency of the oblate spherical cell in terms of its
membrane electrical characteristics:

A br0 p
rP f s s y Gco s spmem½ ž /2p bC Aspmem 0 p

=

1
21yA br0 p

s q G 7Ž .s spmem 5ž /A A0 p 0 p

In the case of a sphere, A sbs1r3 and the0 p

expression reduces to that used previously to analyze
w xthe DEP crossover frequency of spherical cells 44 .

Ž .For other cell geometries Eq. 7 differs from the
expression for the spherical case only by the intro-
duction of geometrical constants. If C , Sspmem spmem

and rrc are independent of the suspending medium
conductivity s then a plot of f Pr versus s wills co s

have a slope
1
2A 1yAŽ .0 p 0 p

2p bCspmem

when s 4s and an intercept derived by extrap-s mem

olating the linear region of the plot back to the ss

axis

brG 1y2 AŽ .spmem o p
.

2 A 1yAŽ .op op

Alternatively an optimization algorithm can be used
Ž .to fit Eq. 7 directly to the crossover frequency data.

Thus the specific cell membrane capacitance and
conductance can be readily estimated from DEP
crossover characteristics of oblate cells providing the
cell geometry is known. Finally, we note that while
the extrapolated intercept on the s axis will alwayss

assume a positive value if the cell dielectric proper-
ties and geometry remain constant, non-linearity can
occur and a negative intercept on the s axis will nos

longer be forbidden in more complex cases where
C , s or rrc depend on s .spmem mem s

3. Results

( )3.1. Electrorotation ROT measurements

Typical ROT spectra are shown in Fig. 1 for
normal erythrocytes and for erythrocytes containing
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Fig. 1. Electrorotation spectra for single erythrocytes. While the
Ž .spectrum shown for the normal erythrocyte ` is typical and

was stable for at least 40 min, spectra for cells infected with the
malarial parasite Plasmodium falciparum exhibited great variabil-
ity and changed over the 10–20-min period needed to measure a

Ž .spectrum. The example spectrum for a parasitized cell v shows
Ž .a slight shift in frequency of the antifield negative-going rota-

tion peak but a serious depression of the cofield peak compared
with the spectra for normal cells. Note that the ordinate units
have not been corrected for the field in the locality of each cell
but instead reflect the voltage applied to the quadripolar polyno-
mial electrodes.

parasites. Spectra for different uninfected cells were
found to be almost identical, indicating a reasonably
high degree of homogeneity within the normal ery-
throcyte population. Furthermore, by measuring the
same uninfected cells several times it was possible to
show that their dielectric properties remained essen-
tially constant over a period of 45 min or more under
our measurement conditions. The spectral shape for
uninfected cells was similar to that observed previ-

w xously for erythrocytes 32 , with cell rotation occur-
ring counter to the sense of the applied rotating field
Ž .antifield rotation below 5 MHz and in the same

Ž .sense as the field cofield rotation above that fre-
quency at a suspension conductivity of 56 mSrm.
Peak rotation rates for the normal cells occurred at

Ž260 kHz anti-field peak where the cell rotation is
.contrary to the field direction and approximately 40

ŽMHz co-field peak where the cell rotates in the same
.sense as the field .

The characteristic shape of the ROT spectra ob-
served for the normal cells is well described by the
single shell dielectric model that regards the cell as a
homogeneously conductive cytoplasm surrounded by

w xa single, thin, dielectric membrane 41–43 . We
therefore applied the same non-linear parameter opti-

w xmization methods that we reported earlier 29 to fit
the single-shell oblate-spheroid dielectric model to
the ROT spectrum of Fig. 1 for normal erythrocytes.
This analysis yielded values of 12"1.2 mFrm2 for

Žthe plasma membrane specific capacitance in good
w x.agreement with the value reported by others 46,47 ,

0.52"0.05 Srm for the cytoplasmic conductivity,
and 57"5.4 for the internal relative permittivity of
the uninfected cells. Our recent analysis of the accu-
racy of dielectric data obtained from such ROT mea-
surements shows that under these circumstances the
membrane conductivity cannot be accurately deter-

Ž .mined and no value will be given here, therefore
while other parameters are accurate to within the

w xgiven error limits at a 90% confidence level 30 .
In contrast to the relatively high degree of homo-

geneity observed for uninfected erythrocytes, those
containing parasites exhibited a high degree of vari-
ability. All showed deviations from the ROT spectra
characteristic of healthy cells and, in general, the
peak counter-field rotation rate, which occurred at
about 260 kHz for uninfected cells, was shifted in
frequency by around 50 kHz and its height was only
30% to 50% of that seen for normal cells. Most
dramatically, the cofield rotation peak was initially
only 10% to 30% of that characteristic of normal
cells and diminished in magnitude and frequency
with time over a period of 10–20 min. In extreme
cases, it almost disappeared. It was difficult to make
ROT spectral measurements on the parasitized cells
because of these changes with time.

w xIt is well-established 29,41–43 that the antifield
and cofield rotation peak heights and positions are
determined by the electrical properties of the plasma
membrane and cell interior, respectively. The anti-
field peak characteristics depend on the plasma mem-

Žbrane capacitance which reflects the membrane
thickness, composition and morphological complexity
w x. Ž29 and the membrane conductance which reflects
the transposition of charge carriers across the mem-
brane through membrane channels, pores and defects
under the influence of the applied a.c. electrical

.field . The magnitude and characteristic frequency of
the higher frequency cofield peak, on the other hand,
are indicative of the effective dielectric permittivity

Žof the cell interior which reflects the combined
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properties of the cytoplasmic water and of intra-
.cellular barriers to charge movement and of the

Žeffective cell interior conductivity which is domi-
.nated by the electrical mobility of ionic species . The

changes in the cofield peak observed with time in our
ROT experiments on parasitized erythrocytes were
consistent with a drop in cytoplasmic conductivity
most likely resulting from net ion outflux from the
cytoplasm. This suggested to us that parasitized cells
possessed a much higher membrane conductivity than
normal erythrocytes.

Unfortunately, a limitation of the ROT method is
that only four model parameters may be accurately
determined from spectra consisting of two peaks
when the local electrical field strength and the fric-

w xtional resistance to rotation are unknown 30 . This
presents no difficulty in the interpretation of the ROT
spectra of cells such as the normal erythrocytes that

Žhave plasma membranes of low conductivity see for
w x.example Ref. 29 , but in the present case it limited

the accuracy with the membrane parameters of the
infected cells could be deduced. For this reason, as
well as the instability of the ROT data of parasitized
cells during measurement, the alternative electroki-
netic method of measuring cell DEP crossover fre-
quencies as a function of the suspending medium
conductivity was used to further characterize the
differences between uninfected and infected erythro-
cytes.

( )3.2. Dielectrophoretic DEP measurements

Unlike ROT measurements for which parameters
are derived on a single-cell basis, several cells can be
investigated and a plot derived from which dielectric
data can be deduced by this DEP method. Neverthe-
less, cells can be individually selected so that specific

Ž .subpopulations in our case, parasitized cells in a
mixture can still be targeted for measurement. The
method also offers the advantage that measurements
on each cell can be completed within about 1 min so
that the extent of net ion outflux from the cytoplasm
to the supporting medium is limited compared to
ROT spectral measurements. Finally, the technique
works well for determining both the membrane ca-
pacitance and conductance even when the membrane
conductance is high.

Fig. 2 shows the DEP crossover frequency times

Fig. 2. Dielectrophoretic crossover frequency characteristics of
Ž .normal human erythrocytes ` and of human erythrocytes

Ž .infected with the malarial parasite Plasmodium falciparum v

as a function of the cell suspension conductivity. Points reflect
the means and error bars the standard deviations; the number of

Ž .samples, n, was 5F nF12 in each case. Best fits of Eq. 7 , as
discussed in detail in the text, are shown.

the cell radius plotted for normal and parasitized cells
as a function of the suspending medium conductivity.
While uninfected cells exhibited a linear dependency
and a small mean coefficient of variance of 0.05,
parasitized cells showed a non linear dependency
and, depending upon the medium conductivity, a
coefficient of variance up to 0.5 indicative of hetero-

Ž .Fig. 3. Dependence of the radius of normal ` and parasitized
Ž .v human erythrocytes on the cell suspension conductivity.
Solutions were maintained at physiological tonicity with 8.5%
sucroseq0.3% dextrose. Points reflect the means and error bars
the standard deviations; the number of samples, n, was 5F nF12
in each case. The empirical fits shown are quadratic.
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geneity. Such heterogeneity was not unexpected,
however, since the parasite cultures were asyn-
chronous with respect to parasite phase when they
were examined.

As shown in Fig. 3, the radius of parasitized cells
was found to be significantly higher than for normal
cells and the radius of both normal and parasitized
cells was a weak function of the suspending medium
conductivity, increasing by about 10% as the medium
conductivity was increased from 7 to 22 mSrm and
decreasing slightly thereafter. This radius response
was almost certainly not osmotic in origin since
initially it was counter to that expected for increasing
suspending medium tonicity and, in any case, the
tonicity variation due to adjustment of the suspension
conductivity was only 1% at most.

4. Discussion

4.1. Cell electrorotation

Normal erythrocytes behaved in ROT experiments
Ž .see Fig. 1 as other mammalian cell types for which

w xwe and others have reported data 29–32 . Their ROT
spectrum can be readily understood in terms of the
single-shell dielectric model in which the cell is
approximated as a homogeneous, conductive, aque-
ous cytoplasm surrounded by a thin, dielectric mem-

w xbrane 41–43 . In earlier studies we demonstrated
that the ROT method is useful for sensitively detect-
ing changes in the dielectric properties of cells such
as those accompanying induced differentiation of

w xFriend murine erythroleukemia 29 . Similar analysis
techniques adapted to the oblate spheroid geometry
of the cells were applied here to study the uninfected
erythrocytes and dielectric properties of single cells
were obtained to an accuracy of 10% with a 90%

w xconfidence level 30 . The derived mean specific
capacitance value of 10"1.0 mFrm2 is in agree-
ment with previous determinations on bulk erythro-

w xcyte suspensions 46,47 and is consistent with the
value expected for a cell with a smooth plasma

w xmembrane 29 .
ROT spectra of parasitized erythrocytes were sig-

nificantly different from those of uninfected cells and
exhibited great variability from one cell to another.
Because the spectra of parasitized cells altered during

the course of measurement, parameters derived from
quantitative analyses of the data were suspect. Never-
theless, simulations using the single shell dielectric
model allowed us to deduce that the observed spec-

Žtral shapes could have resulted from a large )1500
2.Srm cell membrane conductance in infected cells

coupled with a steadily falling cytoplasmic conduc-
tivity. In view of the earlier bulk cell suspension

w xdielectric studies by Aceti et al. 24 and the known
erythrocyte membrane permeability increases towards
a variety of molecules following malaria infection
w x2,3,20,21 , such a finding is not surprising. The large
conductance and associated ion loss rate over-
whelmed the ROT technique, however this in itself is
of interest because it suggests that ROT might be
able to probe more subtle parasitization events such
as initial merozoite entry into erythrocytes and early
parasite-induced membrane alterations. Since ROT is
ideal for the non-invasive study of viable cells, such
events might be resolvable in real time.

4.2. Dielectrophoretic crossoÕer of normal cells

To better understand the dielectric changes in ery-
throcytes accompanying parasitization events, we re-
sorted to using the DEP crossover method. Because
only one frequency point was required for each cell
for this technique as compared to an entire frequency
spectrum comprising 20 points for the ROT method,
the amount of time spent on each cell in a DEP
crossover measurement was about 1 min compared to
20 min for a ROT measurement. Cells could there-
fore be measured quickly following suspension in
low conductivity medium during crossover frequency
measurements and cytoplasmic ion loss was very
much less of a problem than in the ROT case.
Unfortunately, this speed advantage of the DEP
method came at the expense of not being able to
derive dielectric parameters for each individual cell,
however.

Fig. 2 shows that the product of the DEP crossover
frequency and cell radius f Pr of uninfected erythro-c

cytes depended linearly on the suspending medium
conductivity s in a fashion that was consistent withs

a single shell dielectric model having constant mem-
Ž .brane specific capacitance C and conductancespmem

Ž . Ž .G values and a fit of Eq. 7 to the data withspmem

rrcs2 yielded values of 11.8 mFrm2 and 271
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Srm2, respectively, for these parameters. It is impor-
tant not to confuse membrane conductance parameter
G derived here with the trans-membrane conduc-spmem

tance parameter G measured by electrophysiolog-tmem

ical techniques such as patch-clamping. G re-spmem

flects the contributions of all processes that influence
the effective medium conductivity in the vicinity of
the cell. Thus in addition to the well-known electro-
physiological term G , which describes the con-tmem

ductivity through the cell membrane, an additional
conductivity contribution K that lies tangential tomem

the membrane surface and which represents conduc-
w xtivity around the cell also contributes to 48 Gspmem

so that

2 Kmem
G sG q . 8Ž .spmem tm em 2ž /r

It follows that the trans-membrane conductance
G cannot be derived unambiguously from thetmem

dielectrophoresis data presented here. Furthermore,
when the cell diameter becomes small, as is the case
for erythrocytes, the contribution from K maymem

become much larger than G . Assuming a value oftmem

1 mSrm for G , as typically observed for mam-tmem

malian cells by patch-clamping techniques, a value of
K s5.4P10y10 S is obtained. This tangentialmem

conductivity contribution arises from the high con-
centration of counterions in the charge double layer

w xassociated with the cell surface charge 49 and from
the enhanced mobility of charge carriers such as

w xprotons associated with the glycocalyx 50,51 . Al-
though this conductivity value is very small, the very
small size of erythrocytes works through the square

Ž .law dependency on cell radius in Eq. 8 to allow its
contribution to swamp that of G .tmem

4.3. Dielectrophoretic crossoÕer of parasitized cells

In striking contrast to normal erythrocytes, the
non-linear crossover frequency response of para-
sitized cells did not fit a simple model. Instead, the
data shows that the membrane capacitance, conduc-
tance or cell geometry for these cells must have
altered as a function of the suspending medium con-
ductivity, and we shall now consider these possibili-
ties.

4.3.1. Variable cell specific conductance, Gspmem

Since we suspected from our ROT observations
and simulations that the membrane conductance of
the parasitized cells was significantly altered com-
pared with healthy erythrocytes, we first investigated
whether variations in G could account for thespmem

observed crossover frequency characteristics. Linear
and quadratic dependencies of membrane conduc-
tance as a function of suspension conductivity did not
fit the experimental data, however a good fit over the
suspension conductivity range examined was ob-
tained when the membrane specific conductance var-
ied according to

yss
rPG ss qs 1yexp 9Ž .spmem 0 s ž /ž /sk

This empirical relationship engenders the essential
characteristics that the membrane conductance of the

Ž .parasitized cells was small rs when the suspend-0
Ž .ing medium conductivity s was small but rose ass

s increased. The solid line through the data pointss
Ž .for parasitized cells in Fig. 2 shows a fit of Eq. 9

with s and s having values of 4.25 mSrm and 580 k

mSrm, respectively. The membrane specific capaci-
tance is then derived as 9 mFrm2 and the membrane
specific conductance, G , at a suspension mediumspmem

conductivity of s s5 mSrm is found to be 1130s

Srm2, almost 4-times that found for normal erythro-
cytes, and rises with increasing suspension conductiv-
ity. The variation of membrane conductance that
provides the fit shown in Fig. 2 is illustrated as the

Ž .solid curve in Fig. 4 left-hand ordinate , where it can
be seen that an increase of a factor of ten occurs over
the range of suspension conductivities studied here.

Ž .While Eq. 9 suggests that the membrane conduc-
tance increases indefinitely with increasing suspen-
sion conductivity, it seems more likely that it would
saturate at some upper limit. Therefore we consider

Ž .that Eq. 9 is probably only useful for the suspension
conductivity range studied here.

It follows that the crossover frequency data ob-
served here for parasitized cells can be explained in
terms of changes in the membrane specific conduc-
tance with suspension conductivity. While it is not
clear whether such increased conductance would have
arisen from a change in transmembrane specific con-
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Fig. 4. Possible interpretations of the non-linearities of the dielec-
trophoretic crossover characteristics of parasitized cells observed
in Fig. 2. The experimental data can be accurately modelled if the

Žspecific membrane conductance left-hand ordinate and solid
. Žcurve or the specific membrane capacitance right-hand ordinate

.and dashed line of the parasitized cells is allowed to vary with
the cell suspension conductivity as shown.

ductance G or in tangential membrane conductiv-tmem

ity K , the apparent rapid ion outflux from themem

cytoplasm during ROT experiments and evidence that
the erythrocyte membrane becomes highly permeable
to a variety of solutes during parasite development
w x20,21,52 together suggest that the transmembrane
component would most likely be involved. If this is
the case then the transmembrane conductance of the
parasitized cells G is more than 3 orders oftmem

magnitude larger than for a typical mammalian cell
and dominates G , indicating that the permeabil-spmem

ity of the membrane of late-stage parasitized cells to
ions under our experimental conditions is extremely
large.

4.3.2. Variable cell specific capacitance, Cspmem

A possible alternative explanation for the crossover
frequency data for parasitized cells is that the specific
membrane conductance remains fixed but its specific
capacitance alters with suspension conductivity. In
this case, the required variation in C , follows aspmem

simpler linear relationship

C sC qk Ps 10Ž .spmem spmem0 c s

The corresponding relationship between C andspmem

the suspension conductivity is shown by the broken
Ž .line in Fig. 4 right hand ordinate where C andspmem0

k have the values 5.7 mFrm2 and 0.063c
Ž 2. Ž .mFrm r Srm , respectively. From this it can be
seen that the specific membrane capacitance would
have to increase from 6 mFrm2 at a suspension
conductivity of 5 mSrm to 9.9 mFrm2 at the highest
value for which measurements were made to fit the
crossover frequency data. The membrane specific
conductance would remain constant at 1000 mSrm2.

Variations in C could be brought about byspmem

changes in membrane thickness and dielectric com-
position. However, the extent of such changes for
typical biological membranes are limited to approxi-
mately 15%, too small to account for the required
variation here, and in any case it is hard to see how
these membrane parameters could have responded
immediately to changes in the cell suspension con-
ductivity. Larger changes in cell membrane specific
capacitance can be induced by alterations in mem-

w xbrane surface morphology 29 comprising ruffles,
folds, microvilli, blebs and other features that con-
tribute to a larger membrane area than is needed to
cover a smooth cell. Such increased membrane area
results in a correspondingly higher measured specific
capacitance value and changes in membrane capaci-
tance by up to 40% have been attributed to such
alterations induced by chemical or physical agents
w x29,44 . A variation of some 10% in the radius of
parasitized cells was observed here as the suspension

Ž .conductivity was increased Fig. 3 . Although this
might have been paralleled by changes in membrane
conformation, such a 10% change radius is not only
too small to provide for the almost twofold change
needed in membrane capacitance but also too com-
plex in terms of its dependence on suspension con-
ductivity to provide a linear dependence of C .spmem

We also note that an identical radius response oc-
curred in uninfected erythrocytes which exhibited a
linear crossover frequency characteristic. Finally, the
value of 6 mFrm2 required at small suspension
conductivities seems anomalously low for the ery-
throcyte plasma membrane capacitance since it is
generally accepted that biological membranes have
capacitances above 8 mFrm2. These factors lead us
to conclude that changes in membrane specific capac-
itance did not account for the observed non-linearities
in the DEP crossover behavior even though the re-
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quired dependency with suspension conductivity is
simple in form.

4.3.3. Variable cell shape
Throughout the analysis it has been assumed that

the erythrocytes can be described by a single shell,
oblate spherical dielectric model with a constant mi-
nor to major axis ratio rrc of 2. It is certainly
conceivable that small alterations in rrc could have
occurred as a function of the medium conductivity.
To test whether such changes could have accounted
for the non-linearities in the DEP crossover character-
istics of parasitized cells, we investigated the extent
of rrc variations that would be needed to account
for the experimental data. Fig. 5 shows our experi-
mental DEP crossover data for the parasitized cells
plotted with a family of simulated crossover charac-
teristics for the range rrcs1.25 to rrcs6 for the
conditions G s1200 mSrm and C s10spmem spmem

mFrm2. It can be deduced from the manner in which
the experimental data overlays the simulated charac-
teristic curves that the factor rrc would have had to
vary from 5.5 to 1.3 over the suspension conductivity
range 5 mSrm to 55 mSrm in order to account for
the experimental findings. No changes in cell appear-

Fig. 5. Non-linearity of the dielectrophoretic crossover data for
parasitized cells could also be accounted for by variations in the
cell geometry. Each dotted characteristic represents a simulated
cell response for a different major to minor axis ratio rrc of the
erythrocytes. However, inspection of the disposition of the exper-

Ž .imental data B with respect to the simulated characteristic lines
reveals that the axis ratio would need to vary from 5.5 to 1.3 over
the suspension conductivity range studied for this mechanism to
account for the non-linearity observed.

ance were observed over this range except for the
Ž10% variation in cell diameter already discussed Fig.

.3 . Since it is implausible that the cell thickness could
have changed by a factor of more than 4 without any
significant alteration in cell diameter or appearance,
this mechanism can be ruled out as an explanation for
the non-linearities of the DEP crossover character-
istics.

Thus while the observed non-linear crossover fre-
quency characteristics of parasitized cells could in
principle be explained by dependencies of specific
membrane conductance, capacitance or shape, the
most likely origin is a variation in the membrane
conductance. The very high membrane conductance
we project at 56 mSrm2 almost certainly arises from
the transmembrane component of conductance since
ions were rapidly depleted from the cytoplasm during
ROT measurements at this conductivity value.

We therefore conclude that infected cells had a
Žvery high transmembrane conductance as high as

3 2.f10 Srm that depended on the suspending
medium characteristics. This dependency suggests
that the conductivity of the parasitized cell mem-
branes probably does not arise from indiscriminate
perforations or disruptions of the plasma membrane
but instead is mediated by modifiable pores. As
already indicated it is well established that parasites
strongly modify the transport properties of their host
cells for a variety of both charged and neutral molec-

w x w xular species 20,21,52 . Kutner et al. 20 have shown
that these permeation pathways begin to appear about
6 h after infection of the erythrocyte, that they exhibit
selectivity towards a range of solutes, that the en-
thalpy of activation for each solute is not a function
of the total permeability of the membrane, and that
parasite protein synthesis is a prerequisite for the
permeation to occur. All of these observations are
consistent with the hypothesis that the permeation
arises from protein channels that are synthesized by
the parasite, probably for the purpose of controlling
solute exchange by the host cell.

The mechanism by which membrane pores in the
infected cells could be affected by changes in the
suspending medium conductivity is unclear, however
we note that the extracellular conductivity was ma-
nipulated in our experiments by adjusting the concen-
tration of KCl in the suspension. This manipulation
would have altered not only the external ion comple-
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ment and extent of the charge double layer at the
membrane surface but also the ratio of cytoplasmic to
extraerythrocytic ions and might have influenced the
erythrocyte transmembrane potential. The superlin-
ear–linear form of the membrane conductance found

Ž Ž ..for the infected cells Eq. 9 suggests that the ability
of ions to cross the membrane barrier was influenced
by one of these parameters. It is well known that
membrane conformation as well as membrane chan-
nel activities tend to be strongly ion dependent and
cellular metabolic activities may also have been mod-

w xified. Kirk et al. 52 have shown that the transport of
a wide range of solutes into erythrocytes infected
with P. falciparum including monovalent ions, neu-
tral amino acids, and sugars was associated with a
single, anion-selective pathway that had some simi-
larities to chloride channels in other cell types. Our
observations seem to be compatible with such an
ion-channel interpretation. If the increased cell mem-
brane conductance observed by us in parasitized cells
can indeed be attributed to pores, our observations
would represent the first time ion-channel activities
have been directly observed by dielectrophoresis.

Finally, we have demonstrated previously that dif-
ferences in the dielectric properties of different cell
types can be exploited for the purpose of cell separa-

w xtions 31–34 . The data presented here clearly show
that dielectric differences between malarially-parasi-
tized erythrocytes and their healthy counterparts are
larger than those previously exploited for separating

w x w xhuman breast cancer cells 32 , leukemia cells 31
w xand hemopoietic stem cells 34 from whole blood.

We therefore suggest that it should prove possible to
separate parasitized cells from whole blood using
dielectrophoresis. This may have important diagnos-
tic and research implications. Finally, the differences
in cell membrane conductivity in cells from our
cultures of high parasitemia were so large as to make
it difficult to measure cell dielectric properties by
electrorotation. We therefore suggest that electrorota-
tion may prove to be a useful tool for investigating
parasite entry into erythrocytes and for studying the
earliest stages of parasite growth with high sensitiv-
ity. Such measurements may lead to new insights into
parasite development and to a better understanding of
the membrane permeation process. In particular, ROT
might permit investigations in real time of the effects
of anti malarial agents on the permeation pathway.
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