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In this review we present a unified approach for single cell dielectric spectroscopy. Impedance

spectroscopy and dielectrophoretic cell sorting, current microtechnologies applied in electrical analysis

of single cells are discussed based on their closely related physical principles. In addition, examples of
microfluidic devices will be presented: a microfabricated flow cytometer for single cell discrimination
based on impedance analysis and a miniaturized continuous dielectrophoretic cell sorter, both using the
concept of liquid electrodes. Using the experimental results obtained from both microdevices, we give
a comparative overview over the dielectrophoretic sorting and impedance spectroscopy.

1. Introduction

In the past two decades the development of new micro-technol-
ogies for biological and chemical analysis has become a major
area of interest. Label-free and non-invasive techniques are
particularly promising in the analysis of primary materials of
limited availability and complex composition.

Electrical analysis of biological cells has drawn special atten-
tion in this field. The know-how on recording and processing of
electronic signals, the readily available technology for minia-
turization and on chip integration, and the possibility to avoid
cell labelling make it a very attractive, powerful and competitive
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method in areas such as disease diagnosis,'= food safety,* envi-
ronmental monitoring,® drug screening®® as well as in cellular
biology® and neuroscience.'®*

Impedance spectroscopy is a powerful tool for label-free
analysis and characterization of biological cells,"**® providing
information on membrane capacitance and resistance and cyto-
plasm conductivity and permittivity.’*2*> The first cytometer
capable of measuring the electrical properties of single cells was
developed by Coulter."® It measures a change in DC resistance
when a cell passes through a small orifice connecting two
otherwise electrically isolated fluid filled chambers. Currently,
numerous novel approaches for dielectric measurement of indi-
vidual single cells at high speed have been developed as a result of
the technological advances in microfluidics, microelectronics and
electrophysiology. Flow impedance measurement of cells in
miniaturized devices offers many advantages over conventional
techniques, such as high sensitivity, sample size reduction, inte-
gration of reference measurement electrodes, the use of sheath
flow or dielectrophoretic forces for cell centring and the possi-
bility of in situ implementation of cell sorting.*® The first
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microfluidic device with integrated electrodes showed the
potential for discriminating single erythrocytes from leuko-
cytes.** Since then different designs of micro-cytometers have
been fabricated capable of measuring the optical and/or electrical
properties of single particles.*23-3

Cell sorting based on dielectrophoresis (DEP),***” also makes
use of the distinctive dielectric properties of cells. DEP is the
force arising on a dielectric particle subjected to a non-uniform
electric field. DEP-based methods are suitable and potentially
powerful for the integration on chip of continuous-flow separa-
tion since they directly yield sorted populations. We have
recently developed an equilibrium-based continuous cell sorter
based on dielectrophoresis.***° In this case, the dielectric prop-
erties of the cells can be reconstructed from the position of the
particle stream after the active element. DEP-based manipula-
tions are non-invasive and prevent cell damage when limited to
reasonable electric field strengths.*! In general, integrated sample
separation and analysis are potentially less time consuming, less
invasive and more sensitive than conventional tests. In addition
to our equilibrium-based sorting device, numerous examples of
cell sorter microdevices based on dielectrophoresis have been
reported in the literature; major techniques are stop-flow frac-
tionation,*** field-flow fractionation (FFF),*5° electrodeless
dielectrophoresis®’=* or traveling wave dielectrophoresis.5¢5®

The scope of this paper is to give a comprehensive and detailed
overview of the developments achieved in dielectric flow cytom-
etry at our laboratory, and in particular the comparison of
impedance spectroscopy and dielectrophoretic sorting. We first
discuss the theory and background of the two techniques, focusing
on the common physical basis. Next, we present two different
microdevices developed at our laboratory, a microfabricated flow
cytometer for single cell discrimination based on impedance
analysis and a miniaturized continuous dielectrophoretic cell
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sorter. Using the experimental results obtained within both
microdevices for the detection and separation of Babesia bovis
infected red blood cells as an experimental example, we give
a comparative overview over the two techniques. Further appli-
cations of impedance spectroscopy developed at our laboratory
include characterisation of red blood cells and ghosts cells,
monitoring of cell changes upon fixation as well as cell counting
after dielectrophoretic separation. Applications of the equilib-
rium dielectrophoretic sorter include separation of viable from
non-viable cells as well as synchronization of a yeast cell culture.

2. Theory

Biological cells, in impedance measurements or dielectric sorting,
can be modeled as dielectric particles that get polarized in the
presence of an electric field. Interfacial polarization occurs when
a heterogeneous dielectric system, e.g. a biological cell in
a physiological solution, is subjected to an electric field.**** The
polarization, defined as the dipole moment per unit volume, p, is
related to the effective permittivity of the system & and the electric
field E, according to:

p=¢E ¢y

For a homogeneous medium in an AC electric field with
angular frequency w, the effective permittivity will have both
a real part and imaginary part, reflecting charge storage in and
out of phase with the electric field respectively:

~ g,
m = &n— " ; 2
g g /J )

In the upper kHz and lower MHz range and near-physiolog-
ical solutions typically used in impedance spectroscopy, the real
part is mainly due to the movement of bound charges, whereas
the imaginary part arises from the electrical current carried by
the mobile charges.

In the presence of suspended particles, in our case biological
cells, the effective permittivity is given by the Maxwell-Garnett
mixing equation:

o T 2e¢efou(w) .

8—8,11‘m~8m'(1+3'¢'fCM(‘U)) (3)
where ¢ is the volume fraction occupied by the cells, and fcp(w)
is the Clausius—Mossotti factor, characterizing the cells’ dielec-
tric response. The approximation in eqn (3) indicates that at low
volume fractions, the cells contribute an essentially additive
dipole moment, given by:

Ap = E-Dé = 3-¢-ferr i @

In impedance spectroscopy, we quantify the change in ¢ arising
from this additional dipole moment. The impedance is related
inversely to the complex permittivity of a sample:

(1 =3¢feu) (©)

K K

JWE  jwé,

k being the geometric cell constant of the measurement volume. Since

the impedance of the medium alone is given by Z, = %, we have
JCL) m

for the relative impedance change due to the presence of a cell:
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= —3¢+feu (6)

In dielectric sorting, we quantify the force acting on the
particles, which for spherical particles is given by:
37 >
Fpgp = (P+V)E) = eV *Re(fer) V| Epl @)
where V = 47/31% is the volume of a spherical particle with radius
r. Eqn (7) shows that dielectrophoresis depends on the induced
dipole moment P = pV.

Both impedance measurements and the dielectrophoretic force
are governed by the Clausius—Mossotti factor fc,,. The Clau-
sius—Mossotti factor quantifies the dipole moment induced in
a suspended particle relative to the dipole moment that would be
induced in an equivalent volume of suspension medium. It fully
characterizes the particle’s dielectric response, and can be
expressed as follows:

= J’;g’" )

fCM (w) 8}’ + 2 * g‘m

It follows from eqn (7) that it is the difference in complex
permittivity between the particles or cells (§,) and the medium
(,,) that is responsible for the appearance of an additional net
induced dipole in the presence of particles.

The real part of the Clausius—Mossotti factor fc,, is bounded
by —0.5 and 1 according to whether the medium polarizability or
the particle polarizability dominates in eqn (8). So taking the
force on highly polarisable particle with dimensions identical to
the cell as a reference force Fj, we can normalize the DEP force:

FDEP
Fy

Re(fcm) ©)

An important difference between impedance measurements
and dielectrophoresis is highlighted by eqn (9) as compared to
eqn (6): Classical dielectrophoresis can be used to determine the
real part of the Clausius—-Mossotti factor only, whereas imped-
ance measurements also yield phase information and therefore
both the real and imaginary part of the Clausius—Mossotti factor.

If the particle is a homogeneous sphere, eqn (2) and eqn (8) can
directly be employed to calculate f,,. Biological cells however
are not homogeneous spheres, the high contrast of conductivity
between cytoplasm and the isolating membrane makes it neces-
sary to consider at least a core-shell model. To obtain the
effective complex permittivity of such a compound particle,
a mixing equation is needed:*

Einner — Einner

Tinner Eimmer + 2Eimmer
<r)* Bimer — Fouter

Tinner Eimner + 2&outer
where royuer 1S the radius of the entire particle (shell + core) and
Finner designates the radius of the core. &, and &;,,., designate
the complex permittivities of the shell and core respectively.

The theoretical relation between the complex permittivity, the
real part of the Clausius—Mossotti factor, the physical DEP force

and the impedance curve of a cell suspension is shown in
comparison in Fig. 1. In the low frequency range, the cell

(10)

Eeffective = Eouter *

cell suspension

I
MQ 7 medium (@)
|Z]
100kQ |
10° 1 MHz 1GHz (b)
lel / €0
10° f
r
10° -
1MHz 1GHz ()
0.4r
Re(fcm) o —_—
R Frequency
1 kHz 1 MHz 1 GH; (d)
weak
high field strength nDEP nDEP
pDEP
low field strength

Fig. 1 Impedance, complex permittivity, Clausius-Mossotti factor and
dielectrophoretic force in comparison. The complex permittivity of the
medium and the red blood cell modeled as a single shell spherical particle
are both frequency dependent, but not in an identical way (Fig. 1b); the
presence of the cells is also reflected in the impedance (Fig. la). The
Clausius—Mossotti factor governs impedance, complex permittivity and
dielectrophoretic behaviour. Its real value, relevant for the dielec-
trophoresis, changes from negative to positive and back to negative
values for the frequency range considered (c). As a consequence, the
dielectrophoretic force in an inhomogeneous field, as shown in part (d),
changes from nDEP to pDEP and back to nDEP over the frequency
range considered. The model parameters are: g, = 60 mS m~', &, = 78 &o;
the red blood cell is modeled with a single shell model, that is cytoplasm +
membrane. The cytoplasmic conductivity and permittivity are 310 mS
m~' and 59 &, whereas the membrane is assumed to be 4.5 nm thick, of
a conductivity of 1 uS m~" and a permittivity of 4.44 ¢,. The red blood cell
parameters are taken from ref. 74 whereas the medium conductivity
corresponds to the low-conductivity buffer typically used in cell sorting
experiments (60 mS m~"). For the impedance curve, a volume fraction of
30% for the red blood cells is assumed.

membrane acts as an efficient insulator, and the current is forced
to flow around the cell. The complex permittivity for the cell is
lower than the one for the medium, the impedance is essentially
the same as the one of a completely isolating particle of the same
shape, giving rise to a negative Clausius—Mossotti factor and
hence to nDEP forces, repulsing the cell from the high field
strength region. With increasing frequency, capacitive current
flow across the cell membrane becomes more and more efficient
compared with ohmic flow around the cell, and the difference
between cell and medium permittivity diminishes. When the
frequency of the excitation signal is increased above a first cross-
over frequency (in Fig. 1 about 400 kHz) the current flow
through the cell becomes higher than through equivalent regions
of surrounding medium, since in this case the medium is chosen
to be substantially less conductive than the cell interior.
Accordingly, the real part of the Clausius—Mossotti factor
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becomes positive and attraction of the cells to high field strength
regions by pDEP takes place. Since the electric current in this
high frequency region probes the cell interior, we can use a high
frequency signal to probe the intracellular space and therefore to
discriminate between different cell types or different physiolog-
ical states of the same cell type or to detect the presence of
intracellular parasite.

Towards the GHz frequency range, capacitive current flow by
bulk reorientation of the aqueous solution becomes more effi-
cient than conductive current flow. The complex permittivity
then reaches the plateau value between B and & dispersion in
terms of the dielectric relaxation theory.** Since the macromo-
lecular constituents of the cell interior reorient somewhat less
easily with the field cycles than the free water molecules, the
permittivity of the cells in this region is somewhat less than the
one of the medium. So above a second cross-over frequency of
about 90 MHz for the model prediction in Fig. 1, we enter again
in a nDEP regime.

Impedance changes due to the presence of a particle and die-
lectrophoretic phenomena are both due to the induced dipoles.
In the case of the impedance measurement, the induced dipole is
detected via its electric field, superimposing itself on the primary
applied voltage or current. In dielectrophoresis, the induced
dipole experiences a force in the inhomogeneous field, leading to
particle displacement. The analogy between impedance
measurements and dielectrophoretic forces also has a useful
consequence in practice: the complex permittivities can be
obtained from equivalent electrical circuits. Discrete models are
more intuitive than the Maxwell-Garnett mixing equation or the
multi-shell recursion relation, and are therefore helpful in inter-
preting the electric behaviour of cells and other particles.
Moreover, discrete models involving only a few capacitive and
resistive elements can give very good approximations to the
Maxwell-Garnett mixing equation.®

Fig. 2 shows a discrete electric equivalent model of a biological
cell in suspension. The principal current paths through and
around a cell, as well as the associated impedance formulas are
shown. The highlighted current paths are particularly important
in the region of the B dispersion:** when going from low to high

[ ek
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%T R T T
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frequency, we enter the § dispersion when capacitive current flow
through the cell membrane becomes important compared to
resistive current flow around the cell; at that moment, the current
also starts to probe efficiently the cell interior, in particular its
conductance.

Whereas considering the cell and its immediate surroundings
as shown in Fig. 2 is enough to model the dielectrophoretic
response, in impedance spectroscopy we would also have to
consider the limited capacity of microelectrodes to couple
current into a solution, that is, we have to add the electrical
double layer impedance of the microelectrodes. The formulae
indicated in Fig. 2 approximate the Maxwell-Garnett mixing
equation (eqn (3)) and the single-shell model for the cell (eqn
(10)) and they are adapted from ref. 65. The exact development
for the single-shell equivalent model and for the general model
shown in Fig. 2 can be found in the ESI(S1 and S27).

3. Impedance spectroscopy in a micro flow cytometer

The impedance spectroscopy approach is particularly suited to
operate at the micrometre scale, which permits the analysis of
single cell dielectric properties. In our laboratory, a new cyto-
logical tool based on the micro Coulter particle counter (LCPC)
principle was developed aiming at diagnostic applications for cell
counting and separation in hematology, oncology or toxicology.
The device measures the spectral impedance of individual cells or
particles and allows screening rates over 100 samples s~' on
a single-cell basis. The device is based on the concept of liquid
electrodes: large metal electrodes are situated in lateral cham-
bers. The electric field is then conducted to the main measure-
ment channel by comparatively narrow access channels. This
ensures a homogeneous distribution of the field strength and
hence sensitivity across the channel height, while still allowing for
a planar fabrication strategy. A laminar liquid flow carries the
suspended particles through the measurement area. Each parti-
cle’s impedance signal is recorded by a differential pair of
microelectrodes using the cell surrounding media as a reference
(Fig. 3a). The micromachined chip and processing electronic
circuit allow simultaneous impedance measurements at multiple

_ d Kee
T Grem

Fig. 2 Discrete electric equivalent circuit model of a biological cell in suspension, taking into account cell membrane, cytoplasmic conductivity o, and
permittivity ¢,, medium conductivity o and permittivity ¢, and electrical double layer impedance of the miroelectrodes. The main current paths through
and around the cell and the associated impedance formulas are shown. The current paths that are particularly important in the B-dispersion region are

highlighted.
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Fig. 3 (a) Schematic of the microfluidic flow cytometer device and cell detection principle; the detection and reference volumes are inherently switched
as the cell passes through each. Z is the impedance of the solution-filled channel of complex conductivity ¢l and €l. Z is the impedance with a cell
present. AZ is defined as the impedance difference between these two states AZ = Z — Z,. (b) Illustration of the effect of changing different model
parameters on the impedance. The calculations are carried out without taking the electrode interfacial impedance into account. The model parameters
are identical to the ones used for Fig. 1, except for the variations for the individual panel. In general, in order to illustrate the changes in the absolute
value of |Z| due to each parameter, large variations of the corresponding parameter were used, whereas for the sensitivity curve shown in the lower part
of the individual panels, small variations were used. In panel 1, the volume fraction ¢ is varied from 20% to 40%; the sensitivity curve is obtained as [AZ/
Z|/¢ for ¢ = 1%. In panel 2, for the |Z|-curve the membrane conductivity was changed by a factor of 10 and 0.1, whereas for the sensitivity curve it was
changed by 1%; the sensitivity is defined as |[AZ/Z|/¢ divided by the relative change of the membrane resistivity (i.e. 0.01). In panel 3, for the | Z|-curve the
membrane capacitance was changed by a factor of 2 and 0.5, whereas for the sensitivity curve it was changed by 1%; the sensitivity is defined as |AZ/Z]/¢
divided by the relative change of the capacitance (i.e. 0.01).). In panel 4, for the |Z]-curve the cytosol resistivity was changed by a factor of 2 and 0.5,
whereas for the sensitivity curve it was changed by 1%; the sensitivity is defined as [AZ/Z|/¢ divided by the relative change of the cytosol resistance (i.e.

0.01).

frequencies, typically ranging from 100 kHz to 15 MHz. Inter-
rogating the cell simultaneously at different frequencies of
interest can thus bring a wealth of information which is presently
available only with slower or more expensive instruments.
Although other electrode configurations, e.g. top and bottom, or
up- and downstream electrode geometries, give a somewhat
higher relative impedance change (as shown by FEM simula-
tions'*) the design described here was preferred due to simplicity
in the microfabrication steps and the robustness of large elec-
trodes located relatively far away from the flowing cells.

The liquid electrode strategy solves several problems
commonly encountered when downscaling the microfluidic
channels and embedding microelectrodes. First, small electrodes
imply small electrode double layer capacitance and hence high
electrode interfacial impedance, in particular at low frequency.
This typically limits of the useful frequency range to 100 kHz and
above, thus placing stringent constraints on the detection tech-
nique as well as the signalling amplification. With liquid elec-
trodes, we could detect the passage of cells down to 0.1 kHz
without special precaution. Second, microelectrodes on the size
scale of single cells are easily damaged by electrochemical reac-
tions or deposition of cell debris, whereas the large metal patches
used in the liquid electrodes are essentially immune to these
problems. And third, since the field in the measurement region is
horizontal and perpendicular to the flow, hydrodynamic
focusing can be used to ensure passage of the cells in the center of
the channel only. In this way, the influence of the cell trajectory
with respect to the electrodes is eliminated, and cell size together

with the dielectric properties becomes the main factor deter-
mining signal amplitude rather than the exact cell trajectory. The
differential detection principle based on two closely placed
detection volumes, one serving as a reference, has been previ-
ously established in our group for microchip flow cytometry.*23
This approach considerably reduces noise and drift, and gives an
accurate particle speed measurement.

Fig. 3b shows that different changes in the cell’s electrical
characteristics lead to different changes in the impedance spec-
trum. An increase in volume fraction essentially increases the
signal proportionally, and hence leads to a signal increase across
the entire spectrum (panel 1). Specific changes to membrane
resistance, capacitance or cytosol resistance are seen in progres-
sively higher frequency regions, as shown by the panels 2 to 4 in
ascending order, although it must be said that at all but very low
medium conductivities, the sensitivity to membrane resistance
changes is very small.

With this microfabricated flow cytometer the detection of
Babesia bovis infected red blood cells using impedance spec-
troscopy was achieved. The cellular modifications caused by the
intracellular parasite result in a shift in impedance, as illustrated
in Fig. 4. This can be seen directly from the scatterplots obtained
by plotting imaginary vs. real signal components both measured
at a frequency of 8.7 MHz (Fig. 4b for an infected sample, Fig. 4d
for a non-infected control sample). The phase angle distribution
is widened due to the appearance of additional populations upon
infection (Fig. 4a vs. Fig. 4c). These additional populations
correspond to dead red blood cells, referred to also as ghosts, for
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Fig. 4 Analysis of histograms yields detection of parasitized cell subpopulation. Histogram of cell counts of signal phases (a) and scattergram (b)
displayed for B.bovis infected cells. The same graphs for a negative control of healthy bovine erythrocytes (c, d) are displayed beneath. Regions A-C
mark the locations of identified subpopulations of ghost RBCs, uninfected RBCs and parasitized RBCs, respectively. The peak for the parasitised RBC
subpopulation which is indicated by the arrow in the histogram (a) appears between —30° and 0° while no peak in that region appears in the histogram of
the negative control (c). The population peak of the uninfected RBCs in both histograms is located at a signal phase between —55° and —30°. At phases
lower than about —55°, a third peak due to ghost cells can be identified in histogram (a). The angle direction is indicated in (a) and (b).

the more negative phase angles, and to infected cells for
a majority of the most positive phase angles, as confirmed by
comparison with heat killed red blood cells and fluorescent
labelling of infected cells. These changes at high frequency
indicate a variation of the dielectric properties of the cytoplasm,
and potentially the cell membrane capacitance due to the intra-
cellular parasite (cf. Fig. 3b, panels 3 and 4), and cell death due to
the infection for other cells. No obvious changes in the imped-
ance measurements at lower frequency range (10 kHz to 1 MHz)
were observed, indicating little change in cell size and shape.
B. bovis infected samples contained parasitized cells as well as
uninfected cells. Interestingly, although a majority of signals in
the “pRBC” region is indeed due to infected cells, there is also
a substantial phase shift for the non-infected cells in the same
direction. In practice, this facilitates detection of infection, but
would make actual separation of a sample into infected and non-
infected cells more difficult.

The results presented show that a rapid cell-by-cell detection
with microlitre amounts of reagents is possible, providing an
easy, cheap and quick diagnostic test by exploiting the changes in
the dielectric properties produced by the parasites. The method
focused primarily in the direct dielectric detection of the para-
sitized cells without the use of a label; and although detailed
extraction of model parameters concerning the internal and
membrane permittivities and conductivities can be done, it is not
needed for the detection of the infection.

4. Dielectric cytometry in a continuous cell sorting
microdevice

The continuous cell sorting microdevice is based on the opposi-
tion of a combination of several dielectrophoretic forces at
multiple frequencies that discriminates between cell types
according to their dielectric properties, such as the membrane
permittivity and the cytoplasm conductivity. The device also

makes use of liquid electrodes to ensure an homogeneous field
strength across the channel height. The fields are generated by an
array of liquid electrodes located in both sidewalls of a main flow
channel (Fig. 5a). Cells with different dielectric response perceive
different force magnitudes and are therefore continuously
focused to different equilibrium positions in the flow channel
(Fig. 5b), thus avoiding again the need of cell labelling as
a discriminating factor.

For cell sorting purposes, we use two low-frequency signals (in
the range 50 kHz to 150 kHz), one from each side that focus the
cells towards the channel midline, where the force potential
minimum is located. For the actual separation we superimpose
a high frequency signal (typically in the MHz range) from one of
the electrodes array. The strategy is based on the results obtained
by impedance measurements: at low frequency, all cells experi-
ence a similar, repulsive force, so that they can be focused
towards the channel midline. The high frequency signal probes
cell membrane capacitance and cell interior, and should therefore
shift the equilibrium position for cells of different dielectric
response.

The equilibrium-based separation method can also be used for
flow cytometry applications in order to characterize the dielectric
properties of biological samples. When using signals of two
different frequencies, the equilibrium position depends on the
ratio of the forces at the two frequencies (Fig. 5Sb), which we term
opacity.®® In general terms, the sorting structure translates the
differences in the dielectric response, into a difference in lateral
position.

Like impedance spectroscopy, the dielectrophoretic force is
sensitive to different cellular changes in different frequency
windows (Fig. S5c). Since both techniques are fundamentally
dependent on the Clausius—Mossotti factor, they are generally
sensitive to identical changes in similar frequency windows.

We also applied the dielectrophoretic sorting method to the
isolation on chip of Babesia bovis infected RBCs. Due to the
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Fig. 5 (a) Schematic drawing of the cell sorting device. (b) Cell sorting principle by multiple frequency dielectrophoresis; the illustration shows a case
where signals at two frequencies applied from the two liquid electrode arrays are sufficient to differentiate the cells. In many practical cases, include
sorting of infected and non-infected red blood cells, we use a total of three different frequencies so that on one side, a linear combination of signals at
frequencies is acting. This allows to take advantage of the sensitivity of the high frequency signals while ensuring a total nDEP force to avoid cells being
drawn into the electrodes. (c) Illustration of the influence on the different model parameters on the dielectrophoretic force. The changes for each panel
are identical to the changes used for Fig. 3c; for the dimensionless sensitivity, eqn (9) is used for panel 1. For panels 2-4, the change in the real part of the
Clausius—Mossotti factor (¢f. eqn (9)) is divided by the relative change of the concerned parameter, to obtain a sensitivity value that is to a first
approximation independent of the actual relative parameter change. Erms = 20 V, |[Erms]® in the channel midline as calculated from the conformal

mapping, particle radius = 2.7 um.

infection, ion loss through the cell membrane occurs and this
gives a lower intracellular conductivity for the infected cells. Also
the presence of the parasite itself inside the cell has an influence
blocking the current flow. When sorting infected from non-
infected red blood cells we observe a lower pDEP force for the
infected cells, in agreement with the impedance measurements
revealing a more resistive electrical behaviour. Fig. 6 shows the
histogram of a separation obtained by applying a combination of
signals at 90 KHz and 4MHz and a 60 KHz signal at the other
side. Rather than a clean separation, an effect of enrichment of
infected cells on one side of the channel and a population almost
free of infected cells on the other side is observed, achieving

(a) Opacity
35 -3

a final infection rate of 50% in the enriched sample. This rivals
with the best available results in the literature on isolation of
B. bovis infected cells by label-free techniques.®’

Our separation method brings novelty and improved perfor-
mances compared to the state-of-the-art of continuous-flow
DEP-based cell separation for lab-on-a-chip application. The
equilibrium-based sorting implies that the output positions of the
particles are independent of their initial positions, upstream from
the electrode array, and thus prevents resorting to a focusing step
prior to separation, such as a sheath flow. Moreover, the cells
quickly reach the equilibrium position and remain on the equi-
librium line thanks to the laminar flow. Therefore, the cell

(b)
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Fig. 6 Enrichment of red blood cells parasitized by B. bovis. The high frequency signal causes pDEP for all cells but pDEP is stronger for non-infected
than for infected cells. The low frequency signals are 9.0 Vrms at 90 kHz from the left and 6.8 Vrms at 60 kHz acting from the right. In Fig. 6B, we add

a high frequency signal of 4.7 Vrms at 4 MHz to the 90 kHz signal.
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deviation imparted by the DEP-forces becomes independent of
the flow velocity. Moreover, since the dielectrophoretic force
exerted on the cells is perpendicular to the flow direction this
facilitates the observation and consequently the cell position
readout that is assigned to the cells’ dielectric properties.

We provide an easy-to-use microchip that achieves a separa-
tion efficiency exceeding the performances of the other DEP-
based methods for continuous sorting reported so far.

5. Conclusions and discussion

The experimental detection of B. bovis infected red blood cells
and their enrichment by dielectrophoretic sorting illustrate the
differences and similarities of the two techniques. Both yield an
estimate of the induced dipole moment and hence the electrical
changes occurring upon infection, but both have their limitations
and advantages. We shall discuss some of these advantages and
limitations here, a more complete list can be found in Table 1. In
both cases, a simple planar fabrication technology based on
liquid electrodes is used to obtain reliably operating, robust
chips. Clearly, the dielectrophoretic sorting requires less expen-
sive and complicated periphery, and automatically yields sorted,
or at least enriched populations without the need for real time
activation systems. It is enough to produce the required set of
electrical signals in the kHz to MHz range and couple them into
the chip. In impedance spectroscopy, similar input signals are
required, but there is an additional stage of analogical and then
digital signal amplification and treatment; in order to obtain
sorting, sophisticated real-time data-treatment and actuation is
needed.®®

On the other hand, impedance spectroscopy enables rapid and
convenient data acquisition; moreover it offers additional
information since it is also phase sensitive. Classical dielec-
trophoresis as used in our equilibrium-based continuous sorter
only yields information on the real part of the Clausius—Mossotti
factor, whereas impedance spectroscopy yields both the real and
imaginary part. The phase information acquired at a single
frequency may be the most sensitive measure of a change in
dielectric properties. Indeed, this is the case with the B. bovis
infected red blood cells, which is why in Fig. 4 we report real and
imaginary components at 8.7 MHz rather than a combination at
multiple frequencies. In other cases, combinations of signals at
different frequencies yield a more sensitive description of the
cells; the important point in impedance spectroscopy is that we
have the freedom to choose among phase and magnitude infor-
mation of different frequency channels to obtain the most
sensitive measure of the system under study.

In equilibrium-based dielectrophoretic sorting, on the other
hand, we obtain the opacity as a measure of the relative response
of the cell at two different frequencies. More precisely, we obtain
the ratio of the real parts of the Clausius—Mossotti factor at the
low and high frequency. We do not have the freedom to observe
the imaginary parts at the two frequencies, the phase, or more
exotic combinations of different channels. However, since phase
and amplitude information are related by the Kramers—Kronig
relations, it is generally possible to obtain a sensitive measure-
ment using suitably chosen frequencies. For instance, for the
enrichment of B. bovis infected cells, we use the low frequency
signal as a normalization for cell size, while the high frequency-
signal actually probes the cell interior and detects conductivity

Table 1 Dielectric cytometry: Impedance Flow cytometer vs. Dielectrophoretic Cell sorting”

Properties Impedance flow cytometer Dielectrophoretic Sorting
Method Impedance spectroscopy Dielectrophoresis
Measure at multiple frequencies Multiple frequencies
(100KHz to 15MHz) Equilibrium positions
Measures AZ Measures Ax
Real and imaginary part of Real part of foum
impedance
Electrical

Electric-field form
well defined)

Electrode surface ++ Large area

Electrode material Platinum
Sensitivity +++
Efficiency +++
Reproducibility +
Optical

in situ visualization +

Real time monitoring ++
Others

Microfabrication
Sample volume
Sample pre-treatment Not needed
Cell handling +

Flow control and particle speed
Medium conductivity

Throughput ++
Integration +++
Disposability +++
Cost ++

¢ +++: high or excellent; ++: medium or good; +: low or poor.

+++ (vertical equipotential surface,

+++ (simple technology)
Small, dilution of samples

Needs to be precise
+++ (physiological media)

+++ (vertical equipotential surface,
well defined)

++ Large area

Platinum

+++

+++

+++

+++
+++

+++ (simple technology)
Small

Not needed

+++

Independent to a large extent
+ (low K)

+++ (high), parallelization
+++

+++

++
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changes due to the presence of the parasite. The resistive and
capacitive changes responsible for the phase shift in impedance
spectroscopy then lead to an altered force ratio between high and
low frequency. In addition, if needed, it would be possible to use
travelling-wave dielectrophoresis®” or electrorotation® to esti-
mate the imaginary component of the cell polarization.

Both the impedance spectroscopy microdevices and the equi-
librium dielectrophoretic sorter are application-ready. We have
successfully used the impedance spectroscopy approach to
characterize red blood cells, ghosts, and different types of white
blood cells in addition to the detection of B. bovis infection,
whereas the equilibrium dielectrophoretic sorter has made its
proof not only in enrichment of B. bovis infected red blood cells,
but also in the separation of viable and non-viable yeast cells as
well as the synchronization of a yeast cell culture.”” In essence,
the two techniques represent flow-through whole-cell patch-
clamping: we obtain an electrical characterization of the cells
during the short period they spend in the measurement volume.
The difference is that impedance spectroscopy allows complete
and rapid data acquisition, while the equilibrium-based sorter
yields sorted populations.

Finally, for future developments, the equilibrium dielec-
trophoretic sorting principle in particular has interesting
perspectives in high-throughput applications: since no signal
processing is required for the sorting process per se, potentially
large scale parallelization should be possible.

6. Outlook

The on chip impedance and dielectrophoretic force spectroscopy
technique presented here is a ready-to-use tool in point-of-care
diagnosis applications for cell counting and separation in fields
as hematology, oncology and toxicology. Moreover, the tech-
nique is label-free and non-invasive, avoiding any cell modifi-
cation and allowing further studies on the sample, which is of
great interest in areas such as immunology and in stem cell
differentiation studies. As the dielectric properties of cells are
sensitive to external stimuli such as drug exposure and bacterial
or viral infections, the technology is also very suitable for cell
cycle analysis, apoptosis and toxicity/viability studies. Imped-
ance spectroscopy flow cytometry can be a valuable alternative to
conventional fluorescence-activated cell sorter (FACS) as has
been proved for whole-cell analyses,* and also for discrimination
of various cell line types, such as undifferentiated mouse fibro-
blasts 3T3-L1 and adipocytes on the one hand, or human
monocytes and in vitro differentiated dendritic cells and macro-
phages on the other hand.”™”?

Moreover, for those applications in which no specific cell
markers are known or where fluorescent labels fail, impedance
spectroscopy could be an option. Since it is a label free technique,
costs of assays as well as the time needed for sample preparation
get significantly reduced and therefore this technique can assist in
different cell analyses performed today by the FACS instrument.
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