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Abstract. The interaction of human red blood cells
(RBCs) with diethylenetriamine-pentaacetic acid
(DTPA) or its Gd-complex (Magnevist, a widely used
clinical magnetic resonance contrast agent containing
free DTPA ligands) led to the following, obviously in-
terrelated phenomena. (i) Both compounds protected
erythrocytes against electrohemolysis in isotonic solu-
tions caused by a high-intensity DC electric field pulse.
(ii) The inhibition of electrohemolysis was observed only
when cells were electropulsed in low-conductivity solu-
tions. (iii) The uptake of Gd-DTPA by electropulsed
RBCs was relatively low. (iv) (Gd-) DTPA reduced
markedly deformability of erythrocytes, as revealed by
the electrodeformation experiments using high-fre-
quency electric fields. Taken together, the results indi-
cate that (Gd-) DTPA produce stiffer erythrocytes that
are more resistant to electric field exposure. The ob-
served effects of the chelating agents on the mechanical
properties and the electropermeabilization of RBCs must
have an origin in molecular changes of the bilayer or
membrane-coupled cytoskeleton, which, in turn, appear
to result from an alteration of the ionic equilibrium (e.g.,
Ca2+ sequestration) in the vicinity of the cell membrane.
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Introduction

Chelation of the Gd3+ ions with diethylenetriamine-
pentaacetic acid (DTPA), an EDTA derivative, results in

a stable, strongly paramagnetic complex that is widely
used as a magnetic resonance (MR) contrast agent for
diagnostic purposes. After intravenous administration,
Gd-DTPA (Magnevist) and other conventional low-
molecular-weight MR contrast agents pass rapidly out of
the intravascular space and equilibrate with the surround-
ing tissues prior to renal excretion. The extremely hy-
drophilic Gd-DTPA does not permeate plasma mem-
branes of cells and serves, therefore, as an efficient
marker of the extracellular water and the blood-brain
barrier function. However, due to its short intravascular
residence time and unfavorable MR-contrast distribution,
Gd-DTPA is less useful for tissue perfusion and mi-
crovessel studies [4, 12].

The ultimate aim of the present study is the produc-
tion of a strictly intravascular (blood pool) MR contrast
agent by loading red blood cells (RBCs) with Gd-DTPA.
This should not only increase the time interval available
for MR angiography after contrast agent injection but
also reduce the undesirable paramagnetic doping of the
nonvascular space. Other blood pool contrast agents
where the paramagnetic moiety is linked to macromol-
ecules, e.g., Gd-DTPA-polylysine, -dextran, -albumin
[40], have certain limitations such as immunogenecity,
trapping by the liver and spleen, etc. In contrast, autolo-
gous RBCs or lymphocytes bearing a paramagneticum
would be an ideal blood pool MR contrast agent because
of their perfect biocompatibility.

A promising approach for the introduction of Gd-
chelates into living cells is electropermeabilization [for
reviewsee30, 51]. This field technique has gained wide
acceptance as the most reliable and reproducible single-
step method of loading normally impermeant xenomol-
ecules such as drugs, proteins, plasmids etc., into the cell
interior [13, 49]. Electropermeabilization is based on the
reversible electric breakdown of cell membranes, thatCorrespondence to:U. Zimmermann
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occurs when the induced transmembrane potential ex-
ceeds 1V (at room temperature). A single (or a train of)
high-intensity, short-duration electric field pulse(s) is re-
quired to induce reversible breakdown of the plasma
membrane that causes a temporal loss of membrane im-
permeability. Such field-treated cells restore their origi-
nal membrane integrity (reseal) within minutes or hours
depending on the temperature. Besides the field pulse
parameters (intensity, duration), the degree of electroper-
meabilization and, therefore, the quantity of the en-
trapped (or released) compound is strongly influenced by
the pulse medium composition (Ca2+, EDTA) [50] and
conductivity [9, 43].

In this study we found that human RBCs electro-
pulsed in Magnevist-containing media tolerated higher
field strengths than control cells did. The strong protec-
tive effect of Magnevist against electrohemolysis was
most likely due to the presence of free DTPA ligands,
whose excess in Magnevist solution is necessary to guar-
antee complete coordination of the highly toxic free Gd3+

ions [12, 15]. We also found that the deformability of
erythrocytes treated with (Gd-) DTPA (without electro-
pulsing) decreased markedly whereas their electrical
properties remained unchanged, as revealed by the elec-
trodeformation and electrorotation experiments using
high-frequency linear and rotating electric fields. The
results presented here indicate that treatment with che-
lating agents stiffens erythrocytes, which, in turn, renders
these cells more resistant to electric field exposure.

Materials and Methods

CELLS

Blood samples (3–5 drops) were withdrawn from apparently healthy
male donors and suspended in 10 mL DPBS (Dulbecco’s phosphate
buffered saline containing (in mM): 137 NaCl, 2.7 KCl, 1.5 KH2PO4,
8.1 Na2HPO4, pH 6.6 seebelow). The red blood cells (RBCs) were
washed with DPBS and pelleted by centrifugation (10 min, 650 ×g).
The cells were kept in DPBS at 4°C and used on the day of collection.

CHEMICALS AND ELECTROMANIPULATION MEDIA

Stock solutions of inositol (Sigma, I-5125), KCl (analytical grade,
Sigma) and diethylenetriamine-N,N,N8,N9,N9-pentaacetic acid (DTPA,
Sigma, D-6518) were prepared in double distilled water. Gd-DTPA
(Magnevist) was purchased from Schering AG (Berlin, Germany).
The osmolality of all stock solutions was adjusted to 280–300 mOsm.
All solutions contained 1.15 mM phosphate buffer (K2HPO4/KH2PO4)
and 100mM CaCl2 to stabilize the cell membrane [24, 50]. To reduce
cell crenation, a pH of 6.6 was used in all experiments [18].

For electropermeabilization and dielectric measurements, the
stock solutions of inositol, of KCl and DTPA (or Magnevist) were
mixed to produce the desired conductivity and concentration of DTPA
(or Magnevist). Conductivity and osmolality of the solutions were
measured by means of a conductometer (Knick GmbH, Berlin, Ger-

many) and a cryoscope (Osmomat 030, Gonotec GmbH, Berlin, Ger-
many).

ELECTROPERMEABILIZATION OFCELLS

Electrohemolysis

Ten minutes before electropermeabilization, the cells were transferred
into isotonic pulse media of different compositions and conductivities.
The final density was 2–3 × 106 cells per ml. The cells were subjected
to a single exponentially decaying pulse of 4 kV/cm strength and a
decay time constant of 20msec (at 22–24°C) by using a commercial
electroporator (Biojet MI, Biomed, Theres, Germany). The discharge
chamber (volume 1.1 ml) consisted of two flat stainless-steel electrodes
(0.6 cm apart). As an indicator of the electropermeabilization process
the field-induced hemoglobin (Hb) release from the cells was used.
Ten minutes after field application, the samples were centrifuged (650
× g, 10 min), and the absorbance spectra of the supernatants in the
wavelength range from 350 to 700 nm were measured by using a
Perkin-Elmer Lambda 2 UV/VIS spectrophotometer (U¨ berlinger, Ger-
many). The 415 nm absorbance of the samples was used to quantitate
Hb in the supernatants. Absorbance values for 100% Hb release were
obtained by the addition of saponin (0.2%; Merck No. 7695).

Electroinjection of Gd-DTPA

The mean amount of Gd per cell taken up by the erythrocytes electro-
pulsed in the presence of Magnevist was determined as follows. Ten
minutes before field exposure, RBCs (108 cells/ml) were suspended in
pulse media containing 20 mM Magnevist. Conductivity of the pulse
media was 1.3–1.4 mS/cm at 22°C. The cells were then subjected to
one electrical pulse of various intensities from 2 to 7 kV/cm (duration
20 or 40msec) at 4°C or at 22°C. After electrical treatment the cells
were kept at 4°C (or 22°C) for the following 10 min and then trans-
ferred into a centrifuge tube containing 10 ml DPBS at room tempera-
ture. The cells were incubated for 15 min in this solution, then washed
three times with 10 ml DPBS (400 ×g, 10 min). About 10ml of the
peletted (packed) erythrocytes was diluted in 250ml of DPBS, and 10
ml of this suspension was used for cell counting and volume determi-
nation by means of an electronic cell counter CASY1 (Scha¨rfe System,
Reutlingen, Germany). The remaining cells were lysed with 6% nitric
acid, and Gd concentration in these samples was determined using an
inductively coupled plasma emission spectroscope (ICP-OES, JY 70
Plus, Jobin Yvon, France).

ELECTRODEFORMATION ANDELECTROROTATION

A computer-controlled pulse generator HP 8130A (Hewlett-Packard,
Boeblingen, Germany) was used to feed the electrodes of two different
microchambers which were used for electrodeformation and electroro-
tation measurements. The deformation chamber consisted of a planar
array of 20 parallel interdigitated microelectrodes. The electrode fin-
gers (made of platinum) were 0.5mm thick, 33mm wide and 1 mm
long. The gap between neighboring electrodes was 46mm. Electroro-
tation spectra were measured in a microstructured four-electrode cham-
ber, which was arranged as a planar array of circular electrodes (made
of gold) of 60 mm diameter, 1mm thickness and 300mm electrode
spacing. Both microstructures were kindly supplied by G. Fuhr (Hum-
boldt University, Berlin) [14, 18]. The adjacent electrodes of the cham-
bers were driven with two 180° phase shifted (deformation) or four 90°
phase shifted (rotation) rectangular signals from the pulse generator
with frequencies from 1 kHz up to 300 MHz for AC and up to 150 MHz
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for rotating fields. The electrodeformation and rotation responses of
RBCs were observed by using a microscope (BX50, Olympus, Ham-
burg, Germany) equipped with a CCD camera (SSC-M370CE, Sony,
Cologne, Germany). The video camera was connected to a monitor
and to a personal computer equipped with a video digitizing board and
an image capture software “Screen Machine II” (Fast Electronics, Mu-
nich, Germany).

Typically, 50 ml of cell suspension (1–3 × 105 cells/ml) was
pipetted into the microchambers and a coverslip was gently placed over
it. For electrodeformation measurements, cells were given to settle for
about 1 min, and a 40 MHz field of 0.4 kV/cm was then applied for
5–10 sec to direct cells to the electrode edges by positive dielectro-
phoresis. In contrast, electrorotation measurements were performed
only on lone cells near the center of the four-electrode chamber. The
electrodeformation and rotation spectra were monitored by decreasing
the field frequency in steps (5–10 points per decade of frequency start-
ing at 250 MHz) while the field strength was kept constant. In elec-
trorotation experiments, 1 to 4 revolutions of the cell were timed with
a stopwatch at each field frequency. The electrodeformation spec-
tra, that is the relative deformation [strain4 (l − l0)/l0] as a function of
field frequency, were evaluated from the sequences of about 20 images
of the same cell sample (usually 10–12 cells). The field strength de-
pendence of the deformation was measured at a frequency of 10 MHz
by increasing the applied voltage from 0 to 9.6VPP (0–2.1 kV/cm) in
1V steps. For each erythrocyte, its maximal original length (l0, with-
out field) and its maximal length (l, after field application) in the
direction parallel to the field lines at various frequencies (or strengths)
were determined using a commercial image measurement software
“SigmaScan” (Jandel GmbH, Erkrath, Germany). The rotation and de-
formation spectra were fitted on the basis of the single-shell model
using theMathematicasoftware. The spectra were corrected by the
scaling factors,x (4 «« ? «0 ? E2/2h) and a (seeAppendix), that ac-
count for the local field strength and frictional force experienced by an
individual cell (rotation), and for the elastic cell properties (deforma-
tion), respectively.

Results

EFFECT OFDTPA AND MAGNEVIST

ON ELECTROPERMEABILIZATION

Electrohemolysis

Human RBCs were exposed to one electric pulse of 4
kV/cm (duration 20msec) in media of the same conduc-
tivity but containing various concentrations of DTPA or
Gd-DTPA. The field strength of 4 kV/cm is nearly twice
as high as the critical intensity required to reach the
breakdown voltage at membrane sites located in field
direction (assuming an average cell radius of 3–4mm;
see[50]. To exclude the conductivity effect on electro-
hemolysis, the conductivity of all pulse media used in
this experiment was adjusted to the same value of 2.4–
2.7 mS/cm. The percentage of electrohemolysis was
used to quantitate membrane permeabilization. In con-
trol experiments, DTPA- (Magnevist-) free pulse media
containing KCl were used.

Figure 1 shows the effects of increasing concentra-
tions of DTPA and Magnevist on electrohemolysis. The

addition of 1 mM Magnevist or 2.5–5 mM DTPA had no
effect on electrohemolysis, i.e., the percentage of elec-
trohemolysis in these samples (78–94%) was similar to
that observed in control cells (78–90%). The increase of
Magnevist concentration in pulse medium from 1 to 20
mM reduced gradually the degree of electrohemolysis
from 78% to a minimum value of 24%. The percentage
of electrohemolysis in more concentrated Magnevist so-
lutions (20–40 mM) remained unchanged (24–26%). The
effect of DTPA on electrohemolysis was similar to that
of Magnevist. Thus, the increase of DTPA concentration
from 5 to 10 mM caused a decrease of electrohemolysis
from 90 to about 55%. Measurements at DTPA concen-
trations greater than 10 mM were not performed because
conductivity of such solutions exceeds the value of 2.4–
2.7 mS/cm (see above).

As already mentioned, the degree of electroperme-
abilization of mammalian cells depends sensitively on
the conductivity of the suspending medium. Therefore,
the effect of Magnevist on electrohemolysis was studied
using electromanipulation media of various conductivi-
ties (but of the same tonicity and Gd-DTPA concentra-
tion, Fig. 2). At high, nearly physiological conductivi-
ties, i.e., atse > 5 mS/cm, the electrohemolysis was
negligible (5–9%) in both control and Magnevist treated
RBC samples (Fig. 2, open circles and squares, respec-
tively). For control cells, the electrohemolysis grew
markedly from 9% (5 mS/cm) to 96% (2 mS/cm) with
decreasing conductivity. By contrast, the decrease of
conductivity from 5 to 2 mS/cm caused only a slight rise

Fig. 1. Dependence of the electrohemolysis of human erythrocytes (in
percentage) on the concentration of DTPA (open triangles) and Gd-
DTPA (Magnevist, open squares). The cells were exposed at 22–24°C
to one electrical pulse (20msec) of 4 kV/cm in isotonic media (280
mosmol/kg). The conductivity of the pulse media containing 0–40 mM

Magnevist or 0–10 mM DTPA was adjusted to 2.4–2.7 mS/cm by
addition of appropriate amounts of KCl. The released hemoglobin was
determined spectrophotometrically in the supernatants 10 min after
field application. The electrohemolysis decreased significantly when
the concentrations of Magnevist and DTPA were equal (or greater) 3
mM (P < 0.02) and 7.5 mM (P < 0.05), respectively. The hemolysis
without field treatment did not exceed 3–5% (solid symbols). The data
points are the means of 3–4 independent measurements; the bars rep-
resent the standard error (SE).
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of Hb-release from 5 to 24% if 10 mM Magnevist had
been added to the pulse medium. It is clearly seen, that
although the conductivity dependence of the electrohe-
molysis in Magnevist-treated cell samples is qualita-
tively similar to that of control cells, Magnevist sup-
presses the electrohemolysis in the 1–2 mS/cm conduc-
tivity range by a factor of 3–4. The hemolysis without
field exposure was negligible (less than 5%) in both con-
trol and Magnevist (or DTPA) treated cell samples (Figs.
1 and 2, solid symbols). The results shown in Figs. 1 and
2 suggest that both Magnevist and DTPA increase mark-
edly the resistivity of human RBCs against electric field
pulses.

Electro-uptake of Gd-DTPA

The mean intracellular concentration of Gd (Gdi) in the
erythrocytes electropulsed in the presence of 20 mM

Magnevist was determined by means of the atomic emis-
sion spectroscopy. In this series of experiments, RBC
samples were exposed to one electric pulse of 20–40
msec duration at 20°C or at 4°C. The field strength was
varied from 2 to 7 kV/cm in steps of 1 kV/cm. At room
temperature, the maximumGdi value of about 100mM in
a mean surviving cell was obtained after treatment with
an electric pulse of 3 kV/cm intensity and 40msec du-
ration. The percentage of surviving cells in this experi-

ment was about 50%, as revealed by cell counting 30 min
after field exposure. At 4°C, stronger electric fields had
to be used to achieve detectable loading of RBCs with
Gd-DTPA, e.g., a somewhat higherGdi (≈ 150mM) con-
centration was obtained with a pulse of 7 kV/cm strength
and 40msec duration, albeit at the expense of cell vi-
ability (85% cell loss). The observation that the influx of
Gd-DTPA into electropulsed erythrocytes was relatively
low is consistent with our finding that (Gd-) DTPA pro-
tects RBCs against electropermeabilization (seethe Hb-
efflux data shown in Figs. 1 and 2).

POSSIBLE MECHANISMS OF INCREASED

ELECTRORESISTIVITY OFRBCS

There are at least three plausible explanations for the
(Gd-) DTPA mediated resistivity of erythrocytes to elec-
tric field exposure and for the low electrouptake of Gd-
DTPA:

(i) Shape and related size transformations of eryth-
rocytes. Thus, it is well known that RBCs may undergo
dramatic shape changes within minutes when chemical
composition of the suspending medium is changed [16,
19]. A possible decrease of cell radius would reduce the
induced membrane voltage and, therefore, suppress the
electrosensitivity of erythrocytes (Vg 4 1.5 ? a ? E ? cos
a, seeAppendix). This is also because cell size depen-
dence is an important factor determining what proportion
of the cell surface will be permeabilized by a pulse of
given field strength.

(ii) Changes in the electrical properties of the plasma
membrane and cytosol. Thus, the diffusion-driven ion
loss from the cytosol of erythrocytes suspended in low-
conductive media would decrease the internal conduc-
tivity si, which in turn will affect the electrosensitivity of
RBCs, e.g., via slower rate of membrane chargingtm and
reduced electrodeformation forceFDEF (Table) [43].

(iii) Alteration of cell deformability. It is well
known that mechanical stability of RBCs is closely re-
lated to their deformability, which is very sensitive to
various physicochemical factors, such as drugs, medium
composition, cytosolic calcium concentration etc. [33,
34, 38]. Thus, treatment with several classes of chemi-
cals has been reported not only to affect red cell deform-
ability but also to protect these cells against freeze-thaw
and osmotic stresses [3, 29].

To distinguish between these three possibilities, the
following experiments were carried out: (i) measure-
ments of cell size transformations by means of an elec-
tronic cell counter system; (ii) measurements of the me-
chanical and (iii) electrical properties of RBCs by means
of the electrodeformation and electrorotation techniques,
which employ high frequency, linear and rotating electric
fields, respectively.

Fig. 2. Effect of Magnevist (10 mM) on the electrohemolysis of human
RBCs exposed at 22–24°C to one electrical pulse (20msec) of 4 kV/cm
in isotonic media of various conductivities. At conductivities higher
than 5 mS/cm, the electrohemolysis was negligible (less than 10%). In
Magnevist-free pulse media (open circles), the electrohemolysis grew
rapidly with decreasing conductivity and achieves 95–98% at about 2
mS/cm. In the presence of Magnevist (open squares), the cells become
much more resistant to electropulsing, i.e., the maximum value of
electrohemolysis was 27% at the lowest conductivity of 1 mS/cm. The
solid symbols represent the hemolysis data of cells without electric
field exposure. The curves show the theoretical relationship between
the cytosolic polarization of the cellUint 4 (si − se)/(si + 2se) (see
Table) and the medium conductivity,se (the curves are normalized to
the data points obtained atse 4 2 mS/cm. For further explanation,see
Appendix).
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EFFECTS OFDTPA AND MAGNEVIST ON CELL SIZE

Measurements of the cell size were performed 10–20
min after the erythrocytes (about 20ml) had been sus-
pended in 10 ml of one of the three media at room
temperature: (i) control (KCl-inositol), (ii) 10 mM Mag-
nevist, and (iii) 5 mM DTPA. Conductivity and osmo-
lality of these solutions had been adjusted to 1.23 mS/cm
and 286–291 mOsm, respectively. The mean radii for
about 2 × 103 cells were evaluated automatically from
electronic size histograms by using a single-particle ana-
lyzer (data not shown).

We found that the mean “electronic” radius,a, for
control cells was 3.1–3.15mm. The erythrocytes treated
with Magnevist or DTPA were somewhat larger:a 4
3.25–3.35mm anda 4 3.15–3.2mm, respectively. This
means that changes in the cell radius were not respon-
sible for the observed reduction of electrohemolysis in
media containing (Gd-) DTPA (seeFigs. 1 and 2), be-
cause it is well known that larger cells are more sensitive
to electropulsing than smaller ones [8].

EFFECTS OF(Gd-) DTPA ON ELECTRODEFORMATION

RESPONSE OFRBCS TO AC-FIELDS

The microphotographs (Fig. 3) show the electrodeforma-
tion responses of control (Fig. 3A) and Magnevist-treated
erythrocytes (Fig. 3C) subjected to a 10 MHz electric
field of 1.74 kV/cm at the conductivity of 1.1 mS/cm.
At this field strength, the maximum steady-state defor-

mation response to the AC field was reached within a
time interval of less than 1 sec, which is in accordance
with the data reported earlier [11, 28]. Upon switching
off the field, both control (Fig. 3B) and Magnevist-
treated cells (Fig. 3D) assumed elastically their original
shape. Note that the deformation of most control cells
was accompanied by the formation of a “tip” at the cell
pole facing the distant electrode (Fig. 3A).

The deformation data from several measurements of
control, Magnevist- and DTPA-treated cell samples are
summarized in the histograms shown in Fig. 4. Despite
the very broad populational distributions of the indi-
vidual cell elongation values (coefficients of variation
CV > 50%), comparison of the mean relative deforma-
tions shows that Magnevist (and DTPA) caused a sig-
nificant decrease (P < 0.001 in both cases) in the elec-
trodeformation response of RBCs. Magnevist and
DTPA reduced the mean relative elongation from 0.52
(control) to 0.23 and 0.37, respectively (Fig. 4).

It must be noted, that the reduction of the electro-
deformation response caused by (Gd-) DTPA (Figs. 3
and 4) does not necessarily mean that these compounds
decreased deformability of RBCs. A possible cause for
the observed behavior could also be a decrease of the
cytosolic conductivity (at a fixedse), because the electric
stretching force at MHz frequencies and, therefore, the
resulting elongation response of cells depend strongly on
the conductivities of both suspending medium and cyto-
sol (se andsi, seeAppendix). The external conductivity
was not responsible for the observed effects of (Gd-)
DTPA on cell deformation response, because all sus-

Table. Summary of some parameters important for the electropermeabilization and electromechanical responses of cells

Time scale;
frequency
range

Relaxation times;
characteristic frequencies

Cell polarizability,
U* (Clausius-
Mosotti function)

Vg (time);
Vg (frequency)

Time constants§;
characteristic
frequencies

Re (U*)§;
Deformation

U* =
«*C − «*e

«*C + 2«*e

1.5 ? a ? E ? (1
− exp(−t/tm))

1.5 ? a ? E ? (1
+ (2p f tm)2)−0.5

se < si se 4 si se < si se 4 si

t < ti

f > fc2
Uh =

«i − «e

«i + 2«e

∼0 <<2.8 nsec
>58 MHz

<<1 nsec
>150 MHz

−0.04 −0.04

t ≈ ti

f ≈ fc2
ti =

1

2pfc2
=

«i + 2«e

si + 2se

∼0 2.8 nsec
58 MHz

1 nsec
150 MHz

ti < t < tm

fc1 < f < fc2
Uint =

si − se

si + 2se

∼0 16 nsec
10 MHz

16 nsec
10 MHz

+0.57 −0.01

t ≈ tm

f ≈ fc1
tm =

1

2pfc1
= aCmS 1

si
+

1

2se
D ↑ 0.23msec

0.7 MHz
0.1msec
1.6 MHz

t > tm

f < fc1
U1 =

a ? Gm − se

a ? Gm + 2se

Vg 4 1.5 ? a ? E >>0.23msec
<0.7 MHz

>>0.1msec
<1.6 MHz

−0.50 −0.50

The complex permittivities of homogeneous dielectrics and cells are given by«* 4 « − j ? s/(2pf) and«*C 4 aC*m«*i /(aC*m + «*i ), respectively.
§ The numeric values were calculated for two external conductivitiesse of 1 and 5 mS/cm using the cell parameters given in the legend to Fig. A1.
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pending media used in this series of deformation experi-
ments had nearly the same conductivity of 1 mS/cm (see
Figs. 3–6). To evaluate the electrical properties of the
cytosol of RBCs suspended in control and (Gd-) DTPA
containing media, measurements of electrorotation and
electrodeformation spectra have been performed over a
wide frequency range.

ELECTRODEFORMATION AND ELECTROROTATIONSPECTRA

Changes in the cytosolic conductivitysi of RBCs can be
directly detected by studying their electrodeformation
and electrorotation spectra, becausesi exerts significant
influence on the electromechanical responses of cells in
the frequency range between 10 and 100 MHz. In addi-
tion to the si value, quantitative data on the electrical
properties of the plasma membrane can also be extracted

from the interrelated electrodeformation and rotation
spectra by using an appropriate theoretical model (see
Appendix).

As pointed out elsewhere [43], the cellular param-
eters can be determined much more accurately from elec-
trorotation than from deformation spectra, because a
much broader frequency range is available for electroro-
tation measurements. Figure 5B shows the rotation spec-
tra of control and Gd-DTPA-treated RBCs obtained at
the conductivity of 1 mS/cm. The rotation spectrum of
DTPA-treated erythrocytes (data not shown) was closely
similar to that of control cells. We found that neither
Magnevist nor DTPA caused any significant changes in
the position of the “cytosolic” cofield rotational peak of
erythrocytes: the peak frequenciesfc2 (±SD) were 66 ± 4,
62 ± 7 and 59 ± 3 MHz for control, Magnevist and DTPA
treated cells, respectively. As with the cofield peak, the
low-frequency “plasma-membrane” peak was also not

Fig. 3. Electrodeformation response of human RBCs to an AC electric field (10 MHz) of 1.74 kV/cm (A andC, elongation parallel to the field lines).
The experiments were performed in isotonic media of different composition (A andB: KCl-inositol; andC andD: 10 mM Magnevist-inositol), but
of the same conductivity (se ≈ 1 mS/cm). Upon removal of the electric field, the erythrocytes resumed elastically their original shape (B andD).
Note that although the magnitudes of the electric forces acting on the cells were equal for both cell samples, the elongation of control cells (A) was
almost twice as high as that of the erythrocytes treated with Magnevist (C).
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affected by (Gd-) DTPA. A somewhat slower rotation
speed in the presence of Magnevist can be explained by
increased friction between the cell and glass surfaces,
which might have been due to an alteration of the mem-
brane surface charge or surface morphology [39]. The
cellular electrical properties extracted from the rotation
spectra by using the single-shell model are given in the
legend to Fig. 5. The electrorotation measurements
clearly showed that (Gd-) DTPA did not cause any sig-
nificant changes in the electrical properties of erythro-
cytes.

This conclusion is also supported by the frequency
dependences of the electrodeformation response shown
in Fig. 5A. As with the rotation spectra, the electrode-
formation spectra of control, Magnevist and DTPA
treated erythrocytes could be fitted quite accurately on
the basis of the single-shell model by using the electrical
parameters extracted from the rotation spectra. To fit the
theoretical spectra to the electrodeformation data only a
scaling factora (Appendix) for correction of cell elas-
ticity was introduced. Taken together, the electrodefor-
mation and rotation data (Figs. 3–5) reveal marked
changes in the elastic properties of RBCs produced by
DTPA and Magnevist, whereas no significant alterations
of their electrical properties were found.

The fact that treatment with (Gd-) DTPA did not
cause any significant changes in the electrical cell prop-

erties also means thatnoneof the electrical and mechani-
cal parameters relevant for electropermeabilization (i.e.,
the induced membrane voltageVg, the time constant of
membrane chargingtm, the stretching forceFDEF and the
time constant of the cytosol polarizationti, seeTable)
were affected by these compounds.

CHANGES IN CELL ELASTICITY INDUCED BY (Gd-) DTPA

To quantitate the effects of DTPA and Magnevist on the
elasticity of RBCs, we studied the field-strength depen-
dence of the elastic strains of control cells and those

Fig. 4. Distribution of relative deformation values of erythrocytes ex-
posed to an AC field (10 MHz) of 1.74 kV/cm: control cells (white
bars;n 4 349 cells), cells in the presence of 5 mM DTPA (gray bars;
n 4 247) and 10 mM Magnevist (black bars;n 4 190), respectively.
For each erythrocyte within the cell samples, its original length (l0,
without field) and its maximal length (l, after field application) in the
direction parallel to the field lines were determined. Note that in all cell
samples the electrodeformation response given by the relative cell de-
formation, (l − l 0)/l0 4 Dl/l0, is subject to a large variability, i.e., the
coefficients of variation (CV4 SD/mean, given in percentage) are
48% (control), 58% (DTPA-) and 74% (Magnevist-treated cells). De-
spite this large variability, the meanDl/l0 values for cells treated with
DTPA and Magnevist (0.37 and 0.23, respectively) are significantly
lower than the value obtained on control erythrocytes (Dl/l0 4 0.52,P
< 0.001).

Fig. 5. Electrodeformation (A) and electrorotation (B) spectra of eryth-
rocytes measured in isotonic media of similar conductivity (1.05 ± 0.15
mS/cm) but of different composition: control cells (circles), cells in the
presence of 5 mM DTPA (triangles) and 10 mM Magnevist (squares).
(A) In electrodeformation experiments, the cells were exposed to linear
AC fields at a constant field strength of 1.74 kV/cm. The field fre-
quency was decreased in steps from 250 MHz (5 points per decade of
frequency). Each spectrum is the mean (±SE) obtained from about 70
cells in 6 independent experiments. The electrodeformation response
could be measured accurately only in the frequency range of positive
dielectrophoresis (about 800 kHz − 100 MHz), whereas for electroro-
tation experiments a much broader frequency range from about 10 kHz
to 150 MHz was available (B). The rotation spectra are normalized to
the field strength of 100 V/cm and represent the mean ±SD from at least
6 cells. The rotation spectrum of DTPA-treated cells (not shown) was
similar to that of control cells. The various curves inA andB show best
fits of the single-shell dielectric model (seeAppendix) to the experi-
mental points using following fitting parameters:«e 4 80 ? «0, «i 4

(70–75)? «0, se 4 0.8–1.1 mS/cm,si 4 3–5 mS/cm,Cm 4 0.7–1
mF/cm2, Gm 4 100–200 mS/cm2, a 4 3.3–4.5mm. Note that Mag-
nevist and DTPA did not alter significantly the electrorotation behavior
of RBCs, but reduced markedly the electrodeformation response of
these cells.
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suspended in DTPA (or Magnevist) containing media.
These measurements were performed by varying the
field strength from 0.2 to 2.1 kV/cm in steps of 0.2
kV/cm at a fixed frequency of 10 MHz. The conductiv-
ity of the three solutions was adjusted to the same value
of 1 mS/cm. For relatively small deformations, the qua-
dratic dependence of the electrodeformation response on
the field strength predicted by the theory was observed in
the three cell samples (Fig. 6). The departure from the
quadratic behavior at higher field strengths was mainly
due to the inhomogeneity of the field produced in the
planar interdigitated microstructure used in this study.

The decreased deformation responses of cells treated
with DTPA and Magnevist obviously reflect a decrease
in cell elasticity. This is because under the experimental
conditions used here, the electric stretching force (FDEF

~ Uint ? E2, whereUint 4 (si − se)/(si + 2se) seeTable)
depends only on the applied field strength, whereas other
parameters determining the electric force remained un-
changed (si, seeabove) or kept constant (se). Therefore,
the relative changes in cell elasticity produced by (Gd-)
DTPA can be calculated from the slopes of the lines
fitted to the data. For the relative deformations less than
0.2, DTPA (5 mM) and Magnevist (10 mM) reduced the
elastic modulus of RBCs to about 75 and 40% of the
control value, respectively.

Discussion

RED CELL DEFORMABILITY

Cell deformability, which is controlled by the viscoelas-
tic properties of the plasma membrane and membrane-

attached cytoskeleton, is usually not taken into account
in the studies of electropermeabilization of mammalian
cells. However, this cell parameter becomes significant
in view of the recent findings that the electrodeformation
force on the cell membrane (caused by the electrical
Maxwell stress) is responsible for the enhanced elec-
tropermeabilization of cells in low-conductivity media
by both DC-pulsing [43] and AC electric fields [28].
This strongly conductivity-dependent force develops
very quickly (within a few nanoseconds upon field ap-
plication) due to the polarization of the highly conduc-
tive cytosol. The electric force precedes and accompa-
nies membrane charging up to its breakdown that occurs
in the microsecond range (in low-conductivity media,see
Appendix).

There is a great body of evidence in the literature
indicating that little modifications in the ionic environ-
ment (e.g., treatment with DTPA, Ca2+ sequestration, pH
shifts, etc.) can produce dramatic changes in deformabil-
ity of erythrocytes, which, in turn, is closely related to
shape and mechanical stability of these cells [3, 16, 34,
38, 42]. Several experimental approaches have been de-
veloped to study red cell deformability. Thus, the aver-
age viscoelastic properties of a large number of cells can
be studied using suspension methods, such as filtration
[27], viscosimetry [10] and ektacytometry [29]. In con-
trast, experimental techniques based on the microscopic
observation of individual RBCs allow the quantitative
determination of cellular mechanical properties with a
single-cell resolution. These techniques are: deforma-
tion using optical tweezers [6], micropipette aspiration
[42], and deformation in a high frequency electric field
using conventional electrodes [24, 28]. The electric
fields produced within planar interdigitated microelec-
trodes employed in the present study provides a new
method of studying the deformation response of RBCs
stressed by a well-defined, unidirectional electric force.
The scaling down of the electrodes allows useful fields to
be imposed in more conductive (nearly physiological)
media with moderate heat production, which was impos-
sible before in the conventional electrode systems.

EFFECT OFCHELATING AGENTS ON RBC DEFORMABILITY

EDTA is widely used as anticoagulant in hemorheologi-
cal and other blood related studies. As pointed out else-
where [48], EDTA concentration in blood samples is one
of the most critical parameters for rheological tests. In
common with (Gd-) DTPA studied here (Figs. 3–6),
EDTA has also been reported to reduce deformability of
human erythrocytes, which was revealed by the conduc-
tometric microfiltration technique [27]. Our finding that
Gd-DTPA reduces erythrocyte deformability also agrees
with the recent observation that loading of human and rat
RBCs with Magnevist (using the osmotic pulse tech-
nique) increases markedly the shear rigidity of these cells
[22].

Fig. 6. Dependence of the relative cell deformation,Dl/l0, on the quad-
rate of the applied field strength,E2, at a fixed frequency of 10 MHz in
media of the same conductivities (0.85 ± 0.15 mS/cm) but of different
compositions (seeFig. 5). Each symbol represents the mean ±SE from
120–280 cells in 8–14 independent measurements. From the linear fits
to the data obtained at low field strengths (<1.3 kV/cm) the mean
elasticities of the RBC samples were estimated. At higher field
strengths, deviations of the experimental deformation response from
the theoretical function occurred in all cell samples. Upon switching off
the field, the deformed cells relaxed to their original shape within about
1 sec (solid symbols).
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A very broad distribution of the individual cell elas-
ticities observed in this study (Fig. 4, CV≈ 50% for
control) is in good agreement with the results obtained
by means of two different microfiltration methods [5,
27]. The increased variability in the cell deformation
responses after treatment with (Gd-) DTPA (Fig. 4, CV
4 58–74%) suggests a high degree of heterogeneity in
the sensitivity of individual cells to the chelating agents.

The molecular mechanisms underlying the observed
rigidifying effect of chelating agents (EDTA, DTPA) on
RBCs remain to be elucidated. It is interesting to note
that other ligands (e.g., antibodies against some red cell
surface markers) and calcium antagonists have also been
reported to stiffen human erythrocytes [1, 7, 37]. Al-
though EDTA does not cross the intact membrane of
erythrocytes, it binds to the external membrane surface
and can remove 90% of the membrane bound calcium
[21]. It is also well known that many cell functions (e.g.,
activity of membrane enzymes, RBC shape, membrane
flexibility and fusion [25, 35, 47]) are sensitively regu-
lated by the concentration of Ca2+ at the cell surface and
can therefore be altered by chelation of membrane cal-
cium. Furthermore, pronounced (but reversible) changes
induced by EDTA in the erythrocyte membrane mor-
phology have been revealed by the scanning electron
microscopy. Thus, after exposure to EDTA, the entire
RBC surface was found to be covered with several hun-
dreds of long, thin membrane extrusions, which, how-
ever, can be fully abolished by some di- and trivalent
cations (Ca2+, La3+) at concentrations of about 100mM

[39]. The effects of EDTA-like compounds (mediated
by Ca2+ sequestration) may also be due to changes in the
membrane-cytoskeleton assembly which is delicately
controled by the membrane surface charge, membrane
lipid asymmetry and other membrane parameters [20, 25,
35].

CHELATING AGENTS, Ca2+
AND ELECTROSENSITIVITY

OF CELLS

The presence of small amounts (about 0.1 mM and less)
of di- and trivalent cations, such as Ca2+, Mg2+ or Zn2+

added to the medium, or Al3+ solubilized from the elec-
trodes during field application, are beneficial for mem-
brane stabilization of electropermeabilized cells and pro-
toplasts [13, 32, 44]. Medium supplementation with 0.1
mM calcium acetate accelerates the resealing of the elec-
trically permeabilized plasma membrane and improves
the survival of electroporated mouse myeloma cells [9].
Divalent cations are also known to greatly reduce cell
lysis caused by irreversible electric breakdown and to
increase the yield of viable cell hybrids obtained by elec-
trofusion [36, 46].

It could therefore be expected that chelating com-
pounds, such as EDTA and its derivatives EGTA, DTPA
etc., would reverse the membrane-stabilizing effect of

divalent cations, i.e., render cells more sensitive to elec-
tric field exposure. In practice, however, it was found
that EDTA added in 10–30 mM concentrations reduces
markedly the percentage of electrohemolysis of human
red blood cells and shifts the onset of hemoglobin release
to higher field strengths [31, 41]. The mechanisms in-
volving secondary osmotic effects (e.g., a field-strength
dependent reflection coefficient of the cell membrane
[41]) or functional alteration of transport enzymes [31]
can only in part explain the observed strong protection
effect of EDTA against electrohemolysis. Other param-
eters (e.g., red cell deformability) cannot be excluded as
possible candidates because of the complexity of the
breakdown event and the following secondary processes.
It is also interesting to note that in about 40% of the work
on electropermeabilization, the pulse media were supple-
mented with EDTA, EGTA and other chelating com-
pounds despite the detrimental effects of incorporated
ligands on the intracellular pH, Ca2+ and ATP levels (for
discussionsee[50]). In agreement with the earlier ob-
servations that EDTA suppresses electrohemolysis [31,
52], we also found that (Gd-) DTPA increased markedly
the electroresistivity of human erythrocytes (Figs. 1
and 2).

The strong effects of various chelating agents on red
cell deformability and electrosensitivity reported here
and in the literature suggest that the increased cell stiff-
ness might be the key parameter responsible for the elec-
troprotection of erythrocytes by EDTA-like compounds.
Further support for the deformability hypothesis comes
from the observation that (Gd-) DTPA protected cells
against hemolysis only if electropulsing was performed
in low conductivity media (Fig. 2), that is under condi-
tions where electrodeformation force (FDEF) is opera-
tional during the electric breakdown (see Appendix,
Table). In addition, it is possible that the red blood cell
viability has also benefited from the chelator mediated
membrane stiffness during the secondary stages follow-
ing the membrane permeabilization by electric break-
down. Finally, the findings presented here might be of
general importance for electromanipulation of cells
(transfection, fusion, etc.) because cell deformability
[45] as well as cell electrosensitivity [8] are reported to
be cell cycle dependent.

Conclusions

We have presented evidence for a strong correlation be-
tween the ability of erythrocytes to withstand electric
field exposure and the rigitity of these cells, as indicated
by electropermeabilization and electrodeformation mea-
surements using DC pulsing and high-frequency electric
fields. Our results also show that relatively small alter-
ations of membrane stiffness produced by EDTA-like
ligands can lead to dramatic changes in the degree of cell
membrane electropermeabilization by DC electric
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pulses. This finding might have far-reaching implica-
tions for genetic manipulations of cells by electric field
techniques because chemical facilitators are conceivable
which modify cell deformability or alter the dependence
of electrodeformation on medium conductivity. It is also
evident from the present study that detailed information
not only on the electrical but also on the mechanical
properties of cells is essential for a better understanding
and control of biophysical parameters involved in elec-
tropermeabilization (and electrofusion), and for further
improvement of the present electromanipulation proto-
cols. In addition, the results can explain many conflict-
ing data in the literature (for review,see[51]) because
variations of the ingredients of the pulse media (e.g.,
divalent cations, chelating agents etc.) may greatly influ-
ence deformability of cells and thus the uptake rate of
xenomolecules as well as the release of intracellular sol-
utes. This has to be taken into account when RBCs or
lymphocytes are used as carrier systems for MR contrast
agent because a reduction in deformability may lead to a
rapid clearance of such manipulated cells from the blood
circulation. Strategies to overcome the DTPA-induced
deformability changes would be the replacement of this
chelating agent by other ligands (e.g., albumin) or by
incorporation of compounds into the membrane of the
Gd-DTPA-treated RBCs or lymphocytes which compen-
sate the diminished deformability of the cells.
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Appendix

An electric fieldE (alternating, rotating or DC pulsing) imposed on a
freely suspended cell induces a dipole momentm within the cell and
also charges the plasma membrane [14, 18, 23, 50]. The induced dipole
m and the voltage dropVg across the plasma membrane arise from the
charges that accumulate at the two membrane interfaces. Due to the
layered structure of the cell, its dipole moment depends on time or field
frequency in a quite complicated manner (Figs. A1 and A2). The elec-
trostatic interaction of the cell dipolem with the applied field results in
a variety of electromechanical phenomena (e.g., electrorotation, ROT
[2], and electrodeformation, DEF [43], etc.), whereas the induced volt-
ageVg can lead to membrane permeabilization via the electric break-
down mechanism ifVg exceeds 1 V [50].

For modelling the frequency spectra ofVg, DEF and ROT, the
erythrocyte is usually viewed as a conductive sphere (the cytoplasm)
with radiusa, conductivitysi, and permittivity«i, which is covered by
a layer (the plasma membrane) of thicknessd << a, conductivitysm <<
si, permittivity «m, and area-specific conductanceGm 4 sm/d and
capacitanceCm 4 «m/d. The cell is suspended in an aqueous medium
with permittivity «e 4 80 ? «0 and conductivityse. In alternating or
rotating electric fields (the frequency domain), the dipole is a function
of the complex cell polarizability, which is described by the frequency-
dependent Clausius-Mosotti functionU*: m 4 4p ? a3 ? «e ? E ? U*
(seeTable). The DEF and ROT responses are proportional to the real
and imaginary parts of the Clausius-Mosotti function, respectively. For
relatively small cell deformations, the following relation holds between
the elastic strain (Dl/l0), E andU* [43]:

Dl

l0
~ a ? E2 ? Re~U* ! (1)

where the scaling factora accounts for the elastic cell properties. Posi-
tive and negative values of the strain (i.e., of Re(U*)) indicate cell
elongation and compression, respectively.

In a rotating field, the steady state electroroation speed (V) of a
cell suspended in a medium of viscosityh is given by [14, 17, 23]:

V = −
«e«0 E2

2h
Im~U* ! (2)

Fig. A1A andC compares the frequency spectra of the three parameters
Vg, DEF and ROT at two different conductivities of the medium. The
two rotational peaks with the characteristic frequenciesfc2 (polarization
of the cytoplasm) andfc1 (plasma membrane charging) and the corre-
sponding dispersions in the DEF andVg spectra are caused by two
Maxwell-Wagner relaxation effects at the inner and outer boundaries of
the plasma membrane, respectively. Note that maximum membrane
charging (Vg) is achieved only in the low frequency range (f < fc1) and
both dispersions move toward higher frequencies with increasing me-
dium conductivity (for numeric values offc1 and fc2 seeTable). Note,
that the field strength of 1 kV/cm assumed for these calculations is not
sufficient to induce the critical membrane voltage of 1 V. There are
three frequency regions where ROT is negligible and, therefore, sim-
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plified expressions for the polarizabilityU* can be derived for the
low, intermediate and high frequency ranges (Ul, Uint andUh, Table).
DEF is independent ofse at high frequencies (Uh ≈ −0.04) and low
frequencies (Ul ≈ −0.5, compression), but it depends strongly onse at
intermediate frequencies (Uint). Within this frequency range, cell
stretching (positive values ofUint) occurs only in low-conductivity
media (Fig. A1A, se < si), whereas at higher conductivities,se $ si,
the stretching force vanishes (Fig. A1C).

The induced interfacial charges, the corresponding dipole mo-
ment,m, and the resulting deformation forces,Fd, are illustrated in Fig.
A2. The field distribution around a model cell, calculated for two
conductivities and three frequency regions (for detailssee[43]), are
also shown. In the low frequency range, the induced dipole momentm

is anti-parallel to the fieldE, resulting in compression, and nearly
independent ofse (Fig. A2A). At intermediate frequencies, the con-
ductivities of cytosol and suspending medium are the main determi-
nants of the resulting deformation responses (Uint, Table). Forse < si,
the induced dipole is parallel to the external field, resulting in elonga-
tion (Fig. A2B). Forse 4 si, no deformation forces appear (Fig. A2D).
In the high frequency range, the dipole (Uh) is negligible and indepen-
dent of conductivities (Fig. A2C).

In response to an applied DC electric field,Vg grows mono-
exponentially with time (Table, Fig. A1B and D solid lines). In con-
trast, the temporal polarization response of cellsm(t), given by DEF4

U(t), is more complex, as shown in Fig. A1B andD (dashed lines) for
two different external conductivities. After application of a DC-field
pulse, the magnitude and the direction of the induced dipole momentm

is given first byUh, then byUint and finally by Ul. Note that under
low conductivity conditions, the dipolem changes twice its sign as a
function of time (Fig. A1B, dashed line), which means that transitions
from cell compression to cell elongation force occur upon field appli-
cation. It is obvious that in the case ofse < si (dashed curve in Fig.
A1B) the elongation force reaches its maximum value about 1 nsec
after pulse administration, which is much faster than the charging
process of the membrane given byVg (tm 4 0.23 msec). If se ≈ si,
the elongation force does not appear (dashed curve in Fig. A1D).
Calculations show that the field strength of 4 kV/cm, as used in the
electrohemolysis experiments, will induce breakdown of the mem-
brane 42 nsec (se 4 1 mS/cm) or 18 nsec (se 4 5 mS/cm) after
the field pulse application. This means that electric breakdown of
the cell membrane occurs within the time scale where the transient
stretching force is operational. The response to this transient force has

Fig. A1. Theoretical, frequency and time domain plots of the induced membrane potential (Vg, solid lines), deformation force (DEF, dashed lines)
and cell rotation (ROT, dotted lines) in low (A and B, se 4 1 mS/cm) and highly (C and D, se 4 5 mS/cm) conductive media. The cell is
approximated by the single-shell model with the following parameters:a 4 4 mm, Cm 4 0.8mF/cm2, Gm 4 10 mS/cm2, «i 4 70«0, si 4 5 mS/cm,
«e 4 80«0. The applied field strength was assumed to be 1 kV/cm. In the frequency domain (A andC), the electrodeformation and rotation responses
are represented by the real and imaginary parts of the cell polarizabilityU*, respectively. The curves in the time domain (B andD, response to a
step-function electric field) were calculated from the frequency spectra (A and C) using standard transformation methods. The time constant of
membrane chargingtm is related tofc1 as:tm 4 (2 ? p ? fc1)

−1 (seeTable), wherefc1 is the characteristic frequency of antifield rotation. The time
constant of the cytosolic polarization is given byti 4 (2 ? p ? fc2)

−1, wherefc2 is the characteristic frequency of cofield rotation. The parameters
U1, Uint andUh represent the effective cell polarizabilities at very low, intermediate and very high frequencies, respectively. For further explanations,
seetext.
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to be distinguished from the steady-state deformation of erythrocytes
upon application of aconstantforce. The time constant of RBC elon-
gation in response to a constant force is of the order of 0.1–1 sec [11,
28].

It was pointed out elsewhere [43] that (i) transient electrodefor-
mation force (elongation/compression) precedes and accompanies
membrane charging in response to pulsed DC electric field and that (ii)

under conditions which leads to cell elongation (that isse < si, Fig.
A1B) the transient stretching force can affect the enlargement of the
electroleaks generated via electric breakdown at the membrane sites
oriented in field direction. This transient stretching force on the cell
membrane might be responsible for the enhanced electropermeabiliza-
tion of mammalian cells under low conductivity conditions reported
here (Fig. 2) and in the literature [9, 26, 43].

Fig. A2. The diagrams show the electric field
distributions, the induced interfacial charges, the
corresponding induced-dipole moments,m, and the
deformation forces,Fd, acting on a spherical cell
exposed to homogeneous AC fields of various
frequencies and conductivities. The field lines
(arrows) and the dipole moments were calculated
as described elsewhere [43], for a cell suspended
in low andhigh-conductivitysolutions (se < si

andse ≈ si, respectively). In the low-frequency
region (A), the induced dipole,m, is oriented in
the direction opposite to the field for both cases,
i.e., se < si andse ≈ si. Note thatm is
proportional toU1 4 −0.5. At the intermediate
frequencies the dipole (m ~ Uint) is large and it is
oriented in the direction of the field ifse < si (B).
In contrast, ifse ≈ si (D) the dipole in the MHz
range becomes negligible. In the high-frequency
range (C), the induced dipole (m ~ Uh) is also
negligible, because«i is close to«e. Note that the
interaction of the local electric field with the
induced charges leads to the occurrence of
deformation forces (Fd). For further explanation,
seetext.
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