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Abstract—In order to predict the motion of biological cells in response to non-uniform elec-
tric fields (dielectrophoresis or DEP), the dielectric properties of live and permeabilised cells
are assessed on the basis of multi-shell models. The predictions are compared with experi-
mental results where separation of such cells was achieved at either of two widely-separated
field frequencies. After description of permittivity-enhanced media and also of a thermo-
convective device for cell separation, some results from combinations of these techniques to
DEP-mediated cell and particle separations are presented.

I. INTRODUCTION

The use of dielectrophoresis (DEP) to distinguish, and to attempt to separate, living from
dead cells is not new [1]. However, significant improvements to the technique were made
when negative dielectrophoresis was introduced for biological work [2,3]: to a large de-
gree this was only possible by the design and use of microfabricated electrodes [4,5].
Arrays of such electrodes are usually produced lithographically and are therefore planar:
used alone in a static fluid they are capable only of micro-scale, in situ, separations. In
order to separate larger numbers of cells and deliver them as a product stream, it is neces-
sary that the DEP can be combined with some form of fluid motion, e.g. as in free-flow
DEP [6]. The present work describes some factors that can contribute to the successful
operation of a DEP-based cell separator.

II. DIELECTROPHORESIS (DEP)

A. General Theory
The time-averaged dielectrophoretic (DEP) force [7] exerted by a non-uniform dipolar
field of r.m.s. strength E on a particle of radius a is given by:
F=27d¢, Ué(u) VE? (1)
The divergence of £ indicates that DEP can only operate in a non-uniform field. U/, (@)>

the real part of the complex and frequency-dependent Clausius-Mossotti factor U*(w) de-
termines the sign of the DEP force. Positive or negative values of force imply attraction
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or repulsion of particles to/from the regions of higher field. The direction reflects the
relative polarizabilities of the particle and medium:

* & ’ - & ’
Ver = 5520,

u " ()
where for both particles (p) and medium (m), relative permittivities (¢) and conductivities
(0) are related by:

E =& — ] /
wE 3)

where & is the absolute permittivity of vacuum, j=V(-1) and w=2xf where fis the cyclic
field frequency. Results using electrorotation [3, 7-9] are mentioned below: this single-
particle technique is the “complement” of dielectrophoresis in that the torque induced by
a rotating electric field is proportional to the imaginary part of U*(w) .

When comparing and contrasting DEP under different conditions, Eq. 1 makes it clear
that the effects of varying the medium or the field frequency can be taken into account by
considering the product &, U, (@)- Equation (2) leads to the prediction that U (@) Will be in
the range 1.0 (+ve DEP) to -0.5 (-ve DEP). Hence, in water, the product &,,U, () can be
expected to be in the range 78 to -39. However, aqueous solutions of highly polar solutes
with permittivity values of above 300 are possible [10,11] in which case &,U, (w) MAy
range from 300 to -150. Further, when operating in the high frequency region where con-
ductivities have little influence, if ¢, is slightly less than ¢, (giving weakly negative
DEP), then a doubling of ¢,, will have the advantage of increasing the magnitude of U @)
many times over.

B. Frequency Regions of DEP Change

In practice it is found that biological cells show strongly frequency-dependent DEP,
often changing from negative to positive and back again as the frequency is raised from 1
kHz to 100 MHz. These changes are a consequence of:

1) the strong frequency-dependence of the dielectric properties of intact cells [12]: this
dependence is largely a consequence of the structure of the cells, in particular the isola-
tion of regions of high conductivity from each other by well-insulating membranes, and,

2) the change, for typical salt solutions, of the properties of the suspension from pre-
dominantly conductive at low frequencies to predominantly capacitive as the frequency is
raised. For non-dispersive media where o,, and g, are both frequency-independent, the
dividing line between these regions is the frequency fj that gives conductive and capaci-
tive currents of equal magnitude:

o =2nfyeney 4).

Typical laboratory single-distilled water (conductivity 0.1 mS/m) has f; = 23 kHz; a
0.8 mM solution of KCl in water (conductivity of 13 mS/m) has f;= 2.9 MHz. The latter
is closely related to the change-over frequency from positive to negative DEP for the
permeabilised cells in Fig. 2. This is the same relationship as for the electrorotation maxi-
mum (Eq. 10 of Ref. [8]) of a conductive particle in a conductive dielectric medium.
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III. MODELLING OF THE DEP RESPONSE OF CELLS

For this work, yeast cells were modelled in a medium having a conductivity similar to
that of 1 mM KCI solution in order to enable comparison with available data. Calcula-
tions were done for two different medium permittivities and two sorts of cells. Cells were
modelled as either healthy controls having functional membranes and high internal con-
ductivities, or else as permeabilised such that their internal conductivities reduced to val-
ues close to that of the medium. In a typical yeast culture, some permeabilised cells will
always be present, and such cells show themselves to be permeable by taking up stains
such as methylene blue.

Fig. 1. The 5-phase concentric-shell model used to simulate control and permeabilised yeast cells. The nucleus
and other smaller organelles are neglected in the presence of the large vacuole. Both the vacuole and cyto-
plasm are surrounded by relatively insulating but very thin membranes (red): these loose their isolating proper-
ties when permeabilised, causing the previously highly salt-bearing interior to drop in conductivity. The out-
ermost shell represents the cell wall, which is porous and has properties close to those of the surrounding me-
dium.

Parameters used to model control yeast cells: Vacuole: radius 2.5 um, ¢ =0.8 S/m, ¢ =75;

Cytoplasm: thickness 0.5 pm, o = 0.4 S/m, ¢ = 50; Wall: thickness 0.16 um, o = 0.02 S/m, ¢ = 0.75 &;
Membranes: thickness 3.5 nm, £ = 3 (0.008 mF/m?), ¢ = 10 nS/m (plasmamembrane), 10 uS/m (vacuole).
Permeabilised cells are assigned membrane ¢ = 0.01 S/m, and both vacuole and cytoplasm o = 0.04 S/m.

The effective dielectric properties of a concentric-shelled particle, usually taken as a fair
approximation even for non-spherical cells, can be calculated using successive applica-
tions of the effective homogenous sphere method [13]. In the case of yeast, the 5 shells
shown in Fig. 1 (vacuole, vacuole membrane, cytoplasm, plasmamembrane, cell wall)
were included. The complexity beyond that of a single-membrane model is required be-
cause of the large size of the vacuole, and also because of the significant contribution that
the cell wall of micro-organisms can make to the dielectric response. In cases where the
cell wall contains high concentrations of charged groups and counter-ions, as is the case
with many gram-positive bacteria [14], it can act as a conductive screen and effectively
dominate the dielectric properties. In yeast cell walls there is less charge, but electro-
rotation measurements have shown that the wall still makes a significant difference to the
electrokinetic properties of living yeasts in low-conductivity media [15], and determines
the response of cells permeabilised with detergents or broken open mechanically [16].

The legend to Fig. 1 gives the parameters used in the models and the calculated spectra
are given in Fig. 2. The data for live cells (intact membranes, high internal conductivity)
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are shown by continuous lines, whereas the data for cells with degraded membranes (and
therefore low internal conductivity) are shown by interrupted lines. Blue traces show the
response predicted for unmodified aqueous media (permittivity of 78), whereas red traces
indicate the responses in a medium of increased permittivity (permittivity of 155).

The unbroken traces between 0.1 — 10 MHz indicate the strong positive DEP response
typical of cells having a highly conductive interior surrounded by an insulating mem-
brane. The asymmetry of these peaks reflects the influence [17] of a large internal struc-
ture - the vacuole - in these cells. It is apparent that in normal aqueous media (relative
permittivity of 78) both live and dead cells exhibit considerable but opposite responses at
10 kHz, so that DEP-mediated separation should be very easy. At 100 MHz and above
the responses are reversed although that of the permeabilised cells is weak, so that clean
separation may not be possible. However, the situation changes if the medium permittiv-
ity is approximately doubled to 155. This causes, besides a general increase in the DEP
force, a much more significant increase in the negative DEP force so that a frequency
(10 MHz) can be found that gives substantial but opposite responses for the two types of
cells. It is also important to note that negative DEP can be selected for either cell sort by
choice of frequency.

Model yeast cells, whole and permeabilised
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Fig. 2. Computed frequency spectra of the the product &, U «, of whole yeast cells (solid lines), and of cells
with non-functional (permeabilised) membranes (interrupted lines). Blue traces (close to zero response above
100 MHz) were calculated for ¢, = 78, whereas red traces (having a response of -40 units above I00MHz) were
calculated for ¢,=155. Medium conductivity assigned as 13 mS/m.
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IV. ENHANCED-PERMITTIVITY MEDIA

Values of permittivity above about 80 are not usual in models of aqueous systems, how-
ever high concentrations of zwitterionic (doubly, but oppositely, charged) molecules can
achieve values of 300 or more. Some are useable in biological DEP if their side effects of
increased viscosity, osmotic strength and electrical losses at higher frequencies [18,19]
are not detrimental. The low-frequency conductivity of such solutions can be very low, if
the opposite charges are exactly balanced. Some representative data is given in Fig. 3,
including also values for the viscosity of these solutions because these values determine
the drag on particles held in a DEP trap when they are subjected to a fluid flow. The in-
crease in permittivity is almost linear with zwitterion concentration, even up to values of
3 M (mole/liter) or more in some cases. However, viscosity increases at a quadratic or
higher rate, so that the viscosity-normalised permittivity increase exhibits a maximum,
usually at a concentration of 1 M or below. These normalizations are of direct relevance
to positive DEP which usually scales almost linearly with the medium permittivity: Sec-
tion ITA explained why negative DEP scales more rapidly with permittivity.
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Fig. 3. Permittivity (¢) and viscosity () data of a series of solutions made from four different zwitterions. The
data are normalized as follows: (dotted blue lines) permittivity data divided by that of water; (dashed green
lines) viscosity data divided by that of water; solid red lines) permittivity ratio divided by the viscosity ratio.
Abbreviations: €¢ACA, g-aminocaproic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
GlyGly, glycylglycine; GlyGlyGly, glycylglycylglycine. The useful range of the last peptide is restricted by its
limited solubility; by contrast, HEPES has a much higher solubility, but its solutions have higher viscosity.

V. DEP-MEDIATED CELL SEPARATION

Experimental verification of the above modeling is shown in Fig. 4, which shows the
results when a mixture of control and permeabilised yeast cells is allowed to sediment
from a dilute suspension onto an array of structured (modified “castellated”), parallel
micro-electrodes on a glass substrate.
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Fig.4. Demonstration of the frequency-mediated reversal of DEP behaviors of yeast cells which had not
taken up methylene-blue and those that had, the latter indicating that their membranes had become permeable.
Most cells are doublets, i.e. cells just before division: these were harvested from a rapidly-growing culture. The
aqueous medium, which had a permittivity of 155, contained 1M g-amino caproic acid, 2.4 pg/ml methylene
blue and a pH-buffer (2.5mM HEPES, 50% as Na salt), total conductivity 19 mS/m. The electrodes (dark) were
of planar interdigitated design and had a feature size of 20 pm (electrode pitch 60 pm). Voltage: 0.6 V pk
between adjacent electrodes. Left) using a field frequency of 10 kHz. Right) using 10 MHz.

Between and just above such structured electrodes, the field is highly non-uniform, giv-
ing rise to pronounced field maxima and minima: the latter can, in combination with
gravity, form trapping regions for cells under negative DEP. Dye uptake gives intense
staining in many cases, although the dimensions of the cells appear unchanged. As ex-
pected (methylene blue is used as an indicator for permeabilised cells), the dyed cells
follow the predictions made in Fig. 2 for permeabilised cells. At 10 kHz they exhibit
positive DEP and consequently are attracted to the electrode extremities where the field is
strongest, but at 10 MHz they are repelled by negative DEP into the field minima in the
electrode recesses. This latter effect was definite only in the enhanced-permittivity me-
dium: in unmodified aqueous media negative DEP in this higher-frequency region was
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either absent or else too weak to be useable. The control cells show the opposite behavior
to that of the permeabilised ones at both frequencies, again as predicted by the modeled
spectra.

VI. CELL SEPARATION USING DEP AND CONVECTION

A. The Lev-vection concentrator

When voltage is applied between adjacent electrodes in an array such as shown in Fig. 3
in a conductive medium, then heat will be generated. Even though the temperature rise
may be just a few degrees, a convection cell can easily be generated above it if the ge-
ometry encourages this: a large electrode array (3-10 mm diameter) with a comparable
depth of liquid is required [19, 20]. Such an arrangement is shown in Fig. 5.
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Fig. 5. The production and use of a convection cell by the heat developed just above an electrically energised
array of planar microelectrodes. The circulation concentrates suspended (subsequently levitated) micro-
particles to a predictable region just above the centre of the electrode array. Cells follow the combined forces
due to the circulation and gravity, except close to the array, where either negative DEP causes them to form a
thin “raft” or positive DEP will entrain them in the inter-electrode space. The liquid paraffin is required to keep
the liquid free of contaminating cells, and also to prevent evaporation in long runs. Typical voltages, for the
apparatus and media discussed here, are 1.5 — 3.0V peak if a cell raft is required. Higher voltages, up to 10V
peak, will give much faster circulation [20] which will re-disperse the rafted cells.

B. Example of a cell separation using lev-vection

The above apparatus can be used to concentrate a number — be it small or large - of cells
to a pre-determined central position, and then hold them in stable levitation. The levita-
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tion height, for cells showing negative DEP, can be controlled by adjusting frequency
(Fig. 2) and/or voltage (Fig 6), whilst the convection speed can be adjusted with the volt-
age (at a given conductivity) [20]. Heat dissipation by convection is efficient, so the me-
dium may be more conductive than is usual for DEP work. Therefore a full culture broth
may be used, hence growth and division of cells can be observed whilst they are slightly
levitated and held in single-cell traps such as in Fig 4 (left) [21]. This technique allows
small colonies (clones) of cells to be grown in isolation from each other.

Using higher fields than applied in Fig. 4 or shown in Fig. 6, it was possible to levitate
the methylene-blue stained cells out of the field traps whilst trapping the non-stained
control cells on the electrodes. The result, using a large number of stained and non-
stained cells, is shown in Fig. 7. Good separation of the stained cells (the blue “raft”,
containing thousands of cells, prominent in the upper panel) from the unstained controls
is apparent. The latter are trapped in zig-zag chains directly between the electrodes, visi-
ble in the further magnified and contrast-enhanced lower panel.
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Levitation of control yeast cells
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Fig. 6. Levitation heights for control (unstained) cells in field traps as in Fig. 4 (left panel). Two different
conductivities were used: 17.4 mS/m (solid red symbols) and 37.4 mS/m (hollow blue symbols). Field fre-
quencies of 9-36 kHz were applied. Each symbol represents data from a single cell, which was measured over
the full range of voltage. No consistent differences between conductivities or frequencies were detected, so a
cubic fit was made to the entire data set (black line). Individual cells could not be followed at voltages above
1.2V because they escaped from the traps to become subject to the convective cell (see Fig. 7). Abbreviation:
¢ACA, g-aminocaproic acid.
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Fig. 7. Result of a lev-vection run using the apparatus of Fig. 5 to separate cells using a high permittivity
medium and a 10 MHz field. Upper panel: the convection-cell centered, levitated raft of blue-dyed cells result-
ing from the uptake of methylene blue: this raft was formed at equilibrium between negative DEP and gravity
some 50 um above the electrodes (2.0V peak applied). Lower panel: magnified and contrast-enhanced section
from the upper right part of the above image, showing zig-zag chains of control (undyed) cells held in place by
positive DEP.

C. Other characterization, levitation and separation work using high permittivities

There are reports of the use of enhanced permittivity media to enhance particle levitation
heights and the elution performance of a DEP-based flow-through separator [3, 22], as
well as to characterise the DEP behavior of ferroelectric particles (barium titanate) [23].
Enhanced negative DEP was observed both with polymer microparticles and yeast cells.
The flow-through separators used both castellated and plain interdigitated electrodes
(negative DEP traps can also be formed above plain electrodes if the flow is across, not
parallel to, the electrodes). As can be seen from Fig. 8, in the presence of 0.27 M or 0.67
M concentrations of zwitterions, the flow rate needed to dislodge the microparticles from
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the traps formed by the electric field pattern between the interdigitated castellated elec-
trodes was increased by 40% - 100% compared with the flow rate needed to achieve this
in water. This is a significant result, because the higher density and the higher viscosity
(see Fig. 3) of these relatively concentrated solutions would have tended to decrease the
flow rate required. Hence the dielectrophoretic effect of these materials was dominant in
this case, and indicates that they can be used to increase the utility of this separation tech-
nique. For example, the lower fields required to give particle retention at a given flow
rate will permit the use of higher salt concentrations than otherwise possible before ther-
mal disturbance becomes too great.
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Fig. 8. Illustration of the ability of enhanced-permittivity media to increase the performance of a DEP-flow
particle separation device (data redrawn from Ref. [22]). Abbreviations: ¢ACA, e-aminocaproic acid; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

VII. CONCLUSION

The dielectrophoretic behavior of the yeast cells used here appears to be adequately pre-
dicted by a spherical shell model. Cell separations based on such predictions can use both
positive and negative dielectrophoresis to make the separation as distinct as possible.
Media with enhanced permittivity can help by increasing the DEP force available, espe-
cially in the case of negative DEP carried out at the higher frequencies (above the con-
ductivity-dominated regime). The balance between DEP trapping forces and liquid drag
in a flow separation system can also be favorably affected by the use of increased permit-
tivity media.
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