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Abstract

An important enabling factor for realising integrated micro fluidic analysis instruments for medical
diagnostics purposes is front-end sample preparation. Dielectrophoresis is a method that offers great
potential for cell discrimination and isolation for sample processing, and here we have applied it to
the problem of isolating malaria-infected cells from blood. During development of the malarial
pathogen, Plasmodium falciparum, increases occur in the ionic permeability of the plasma membrane
of infected erythrocytes. When challenged by suspension in a low conductivity medium, infected
cells lose internal ions while uninfected cells retain them. The resultant dielectric differences between
infected and uninfected cells were exploited by dielectrophoretic manipulation in spatially
inhomogeneous, travelling electrical fields produced by two types of microelectrode arrays.
Parasitised cells of ring form or later stage from cultures and clinical specimens were isolated by
steric dielectric field-flow-fractionation, focused at the centre of a spiral electrode array, and
identified and counted. The dielectrophoretic methods require only a few micro litres of blood, and
should be applicable to the production of small, low-cost automated devices for assessing parasite
concentrations with potential applicability to drug sensitivity studies and the diagnosis of malaria.
By simple adjustment of the electrical field parameters, other cell subpopulations that characterise
disease, such as residual cancer cells in blood, can be similarly isolated and analysed.

Introduction

Although great progress has been made in the development of micro fluidic molecular analysis
methods, the immediate applicability of such methods is limited by the absence of adequate
methods to prepare samples. Indeed, sample preparation is a key requirement for the realisation
of widely useful labon-a-chip devices. Several laboratories have studied a number of
dielectrophoretic techniques for cell manipulation and separation and it appears that
dielectrophoresis may provide an ideal tool for interfacing clinical samples to the micro fluidic
domain.1=15 In the present study, we have applied dielectrophoresis to malaria, which is
estimated to infect between 300 and 500 million people worldwide and to Kill between 1.5 and
2.7 million annually.16 The definitive diagnostic indicator of malaria is the presence of
parasitised erythrocytes in the blood.”:18 Microscopic inspection of thick and thin blood
smears for parasitised cells after Wright-Giemsa staining remains the most commonly applied
malaria detection method because it demands no more than a microscope, staining supplies,
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and a trained technician.1” Several alternative detection methods, such as those using
immunological dipsticks and the polymerase chain reaction, are now available.19-24 However,
because malaria is most prevalent in rural areas of developing countries, reusable diagnostic
instruments that are small, robust and automatic, that are objective rather than subjective, that
do not depend upon trained technicians, and that offer very low cost per test would be of great
benefit. Such automated devices would, in addition, enable more rapid and cost effective testing
of the efficacy and modes of action of antimalarial drugs in the laboratory and thereby facilitate
basic malaria research. Micro fluidic approaches would seem to be ideal for these applications.

Here, we report a new approach to the isolation of malaria-parasitised cells that not only can
meet these needs but also is applicable for other diseases characterised by the presence of
abnormal cells in the blood. Cells having dissimilar dielectric properties will tend to move to
a position of minimum dielectric energy if their suspending medium is subjected to an
inhomogeneous electrical field. The energy gradient away from this minimum, which is called
the dielectrophoretic (DEP) force,2-29 is comprised of two components, Fpep = Flev + Firavs
that arise from interactions of field-induced charge polarization in the cells with field
inhomogeneneity and field travel, respectively. Fje, is a force component that acts to attract or
repel cells to or from electrode edges, while Fyy carries cells parallel to electrode surfaces.
The DEP force can be approximated in terms of dipolar effects as

Fop=vemRe (fo,) VEZ  +venIm (f,) (E% Ve, + E2 Vo, + E Vo,

(1)

where the first and second terms correspond to Fje, and Fyy,y, respectively, V is the particle
volume, ¢, is the electrical permittivity of the suspending medium, and E2 and ¢y (X = X, Y,
z) are the magnitude and phase of each field component in a Cartesian co-ordinate frame.
21-29 The Claussius-Mossotti charge polarization factor for a spherical particle, given by

Jew= (&" cett — €" medium) / (6" cel1 +2€" medium) 2)

approximates the electrical polarization of the cell with respect to its suspending medium.
Normal erythrocytes have been modelled using an oblate spheroid model, but as explained
previously, this spherical approximation is appropriate for parasitised cell populations in which
considerable cell geometry variations occur.30 e* o and €*megium are the complex
permittivities of the cell and its medium, respectively.31:32 These take the form *, = &, -
ioy/2nf where gy is the real dielectric permittivity (dielectric constant), oy is the conductivity,
f is the frequency of the applied electrical field, and i = (-1)1 The real and imaginary
components of fon, Re[fem] and Im[fepml, couple with the spatial inhomogeneity and travelling
components of the applied electrical field to create the DEP forces. These forces depend not
only on the geometrical configuration and excitation scheme of the electrode array but also on
the dielectric properties of the cell and of its suspending medium.

To manipulate cells, DEP forces are typically produced by applying alternating (AC) electric
fields of 10 kHz to 100 MHz in frequency to microfabricated electrode arrays. Fields in this
frequency range obviate electrochemical effects that are potentially deleterious to cells33 as
well as electroconvective effects that can confound cell separations.3* The polarizability factor,
fom, of cells depends on their specific membrane capacitance and conductivity properties and
their internal conductivities. Therefore, the magnitude, direction and frequency dependencies
of cellular DEP responses depend on the composition, conformation and barrier function of
the cell plasma membranes.3°:36 Because cells of different types and of different physiological
and pathologic states have unique morphological and structural properties, it is possible to
discriminate between them and differentially manipulate them by exploiting their DEP AC
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field frequency dependencies.1+3:4:37-40 We and others have shown that the electrical
conductivity of erythrocyte membranes increases sharply when they become hosts to malarial
parasites,30:41 an effect that may be related to the introduction of new membrane permeation
pathways*2-48 to membrane peroxidation damage,*?-51 and to changes in membrane
fluidity®2-55 following infection. In the present study, these properties were exploited in order
to permit the discrimination and isolation of parasitised cells from uninfected cells.

Experimental

Micro fluidic chambers were made by sandwiching a 100 mm thick, moulded silicon-rubber
gasket, having a slot in the centre to form a fluid channel, between 50 mm x 25 mm glass slides.
Tubes through the chamber tops at opposite ends of the fluid channel allowed sample injection,
perfusion with cell-free suspending medium, or flushing. Electrodes on the bottom glass slide
were produced photolithographically of 0.2um thick gold over a 0.1um titanium seed layer.

To exploit the cellular differences between infected and uninfected cells for detecting malaria
by DEP, we used two microelectrode designs. The first was an interdigitated array (Fig. 1A)
that was energised by a single-phase sinusoidal generator operated within the frequency range
1 kHz to 5 MHz and up to 5 V peak-to-peak. This design trapped cells having a positive
(attractive) DEP response at the electrode tips and repelled cells having a negative (repulsive)
DEP response to bay regions between the electrode tips where they were free to be swept away
by flow of suspending medium.

The second electrode design (Fig. 1C) employed a spiral array®® of four parallel electrodes
energised by a quadrature phase sinusoidal generator operating in the frequency range 1 kHz
to 15 MHz at up to 5 V peak-to-peak. As shown in Fig. 1C, this design produced both Fje, and
Firav DEP force components. Because of the planar nature of the electrodes the Fjo, DEP force
component resulted from electrical field inhomogeneities in the vertical dimension and acted
either towards or away from high field regions of the electrode plane. At frequencies for which
Fev Was attractive, cells were trapped at electrode edges on the electrode plane; when Fye, was
repulsive, cells were levitated above the electrode plane to a height at which Fy,, was balanced
by the sedimentation force, mg. Because the quadrature phase excitation also produced a
travelling component of the field, a horizontal Fy.,, DEP force component acted on cells paralle
to the electrode plane towards or away from the center of the spiral. The velocity with which
cells moved in response to F,, Was limited by Stokes drag.>’ Fsiores. While cells levitated by
Fiev could be moved by Firay, cells trapped by Fjey could not be moved in this way.

Cell samples from erythrocyte cultures infected with a drugresistant strain of the most common
and lethal malarial pathogen, Plasmodium falciparum, and from residual blood samples from
a small number of malaria patients were studied. The cultured chloroquine-resistant P.
falciparum strain T9/94 RC17 was derived by dilution- and subsequent micromanipulation-
cloning of isolate T9 from a patient in Mae Sod, Tak Province, Thailand, by Dr Sodsri
Thaithong of the WHO Collaboratory Centre for Biological Characterization of Malarial
Parasites, Chulalongkorn University, Bangkok, Thailand. Parasites were cultured in normal
(group ~O") erythrocytes in human serum-supplemented-RPMI 1640 medium under a 95% air/
5% CO, atmosphere at 37 °C using the methods of Trager and Jensen.>8 Percent parasitemia
was determined from Giemsa-stained thin smears and maintained between 1% and 5% during
culture.

In preparation for DEP analysis, cell cultures were diluted 100-fold with an isotonic buffer of
8.5% sucrose + 0.3% dextrose adjusted with RPMI 1640 medium to target conductivities
between 20 and 55 mS m™1 and a cell concentration of 107 ml, then incubated for 10 min.
Samples were pre-stained with 25 pg mI-1 3,3'-dihexyloxacarbocyanine iodide (DiOCg (3)), a
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cationic membrane-permeable potentiometric probe (Molecular Probes, Eugene, OR, USA),
which accumulated in parasites as a result of their trans-membrane potential, rendering them
easily detectable by fluorescence microscopy.>9-61

Fig. 2 shows the effects of the Fe, DEP force on normal and parasitised erythrocytes in one
field from a total of approximately 5 x 108 erythrocytes injected into a chamber containing an
interdigitated electrode excited by an applied AC field of 5 V., at 200 kHz. The frequency is
slightly above the frequency at which normal cells were trapped, but not enough to pack the
normal cells so that the parasitised cells were entrapped. The normal erythrocytes and
peripheral blood mononuclear cells were trapped by positive dielectrophoresis in the
inhomogeneous, high field regions between facing, rounded, electrode tips while the
parasitised cells were repelled into the gaps. Under these conditions, more than 99.5% of
normal erythrocytes were trapped while 90% of parasitised cells remained free to move, which
allowed the parasitised cell fraction to be concentrated and washed from the chamber by fluid
flow. The relative concentration of parasitised to normal cells was increased between 50- and
200-fold by this process. For example, if the starting proportion of parasitised cells was 0.01%,
then a final concentration of approximately 2% parasitised cells could be achieved by this
trapping method.

Fig. 3 shows a field of erythrocytes containing approximately 5% parasitised cells on a spiral
electrode array under the same suspending medium and staining conditions used for the
interdigitated array experiment of Fig. 2. Approximately 2000 erythrocytes settled onto the 2
mm? spiral, a portion of which is shown in Fig. 3. Application of four-phase excitation to the
arms of the spiral electrode elements of 3 V, , at 2 MHz caused normal erythrocytes to be
strongly trapped at the electrode edges while the parasitised cells were levitated and carried
towards the centre of the spiral by the travelling field. While the cell capacity of the spiral
electrode is limited compared with that of the interdigitated array, which is fully scaleable,
approximately 90% of the parasitised cells and < 0.1% of the normal cells focused to the centre.
Thus, aconcentration factor of ~ 1000 fold was achieved. The reason that a higher concentration
can be achieved with the spiral configuration than with the interdigitated system is that cells
on the spiral array are discriminated by both their DEP attractive and DEP travelling wave
properties (see Fig. 4). These properties depend on the real and imaginary parts of the cell
dielectric responses, respectively, and are functions of the membrane capacitance, membrane
conductivity, and internal conductivity of the cell. Optimum collection of cells by travelling
wave DEP occurs when the cells are close to the electrodes plane and the out-of-phase
component of cell polarisation is high. The combined result of falling levitation height and
falling out-of-phase polarisation compensated one another over a fairly wide range of
frequencies for parasitised cells, and collections were performed at 2 MHz, well above
frequencies where normal erythrocytes or any other cell types could move.

Owing to their much larger volumes and higher membrane capacitance values compared with
erythrocytes, lymphocytes and other peripheral blood mononuclear cells exhibited positive
dielectrophoretic responses and were trapped at frequencies below 100 kHz. Therefore, these
cells neither emerged from the interdigitated electrode, nor collected at the centre of the spiral
under our operating conditions. For this reason, mononuclear cells do not confound the
effective isolation of malaria.

Discussion

In order to rationalise the cell collection behaviour in terms of cellular properties, the DEP
levitation and trapping responses of normal and parasitised cells were measured as a function
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of applied field frequency and compared with data for the smallest mononuclear blood cells,
i.e., T-lymphocytes,® see Fig. 4. The frequency-dependent cell collection responses were
analysed using shell models31:62 in which cells were approximated as one or more concentric
shells each having uniform dielectric properties, with the results shown schematically in Fig.
5. Although oblate spheroid shell models83-65 have been used to approximate normal discoid
erythrocytes, the simpler spherical models shown in Fig. 5 were used because of wide variations
in the observed sizes and shapes of infected cells, and in the interior location and stage of
parasites rendered any geometric model approximate. An iterative algorithm was used to
determine the best model parameters by minimizing an error squared cost function® for given
suspension medium properties, mean cell radii, and an assumed thickness of 4.5 nm for all
membranes. The electric field distribution used in the analysis was calculated previously for a
parallel electrode array.8:7+9 The cell parameters shown in Fig. 5 derived from the analysis
revealed that the contrasting behaviour of normal and parasitised cells arose primarily from
differences in the ability to retain cytoplasmic ions and, to a much lesser extent, small dielectric
contributions from the parasites. Normal cells were able to maintain a high cytoplasmic
conductivity when placed in the low conductivity, isotonic suspending medium, but the
cytoplasmic conductivity of parasitised cells fell to that of the medium after just 10 min. The
observed dielectric differences between normal and parasitised cells were orders of magnitude
greater than could be accounted for by the use of spherical rather than oblate spheroid models.
For comparison, the dielectric parameters derived from the numerical analysis for normal and
parasitised cells are shown in Fig. 5 alongside the experimental data.

The mechanism of ion loss in parasitised cells may involve erythrocytic membrane pores
expressed by the parasites,*2-48 as well as lipid peroxidation,#9->1 and fluidity changes known
to occur in host cell membranes after infection.22-% All stages of parasitised cells, with the
single exception of the marginal form (a very early stage of infection in which the parasite
adheres closely to the cell periphery), lost ions and were amenable to DEP separation.
Parasitised cells in the peripheral blood of P. falciparum malaria patients are primarily of ring
stage and, therefore, it is highly significant to diagnostic applications that this form was
collected by the DEP methods.

The spiral array method is immediately applicable to anti malaria drug testing since most
cultures used for this purpose have parasitemias of 0.1-10%. The potential for application to
clinical diagnosis is supported by preliminary results from untreated malaria patients in
Thailand. Using blood samples with parasitemias ranging from 0.1% to 9.4%, collection of
parasitised cells by the spiral method was consistent with our results for cultured samples and
the number of parasites collected was proportional to the degree of infection. To detect lower
levels of parasitemia and to achieve a sensitivity of 20 parasites per 10 erythrocytes, the
interdigitated DEP array, which is scaleable to any required number of cells, would be used to
perform pre-concentration of the parasitised cells which would then be further concentrated
and analysed on the spiral electrode. Using micro fabrication techniques this could be achieved
with a single device having a footprint no larger than a microscope slide. The samples analysed
here on the interdigitated array constituted the equivalent of ~ 1 uL of blood, so that a single
drop of blood ( ~ 25 uL) is more that sufficient for a specimen. We reused the spiral and
interdigitated electrodes for several months, demonstrating that although inexpensive, they are
also durable and easily cleaned. The necessary electronics are straightforward and have been
assembled on a single 50 mm x 50 mm board powered from a 9 V transistor battery. It is our
goal to replace the microscope by an opto-electronic sensor for detecting cells collected in the
centre of the spiral. This implies that the method is adaptable to a handheld, reusable instrument,
operable by untrained personnel, at low cost per specimen, featuring objective discrimination
of the degree of infection based upon the definitive indicator of malaria, namely the direct
enumeration of parasitised cells. This sets the method apart from the accepted Wright-Giemsa
staining method that is subjective and requires a skilled technician. Also, it is distinct from
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several new approaches for detection of malaria that can be vulnerable to limitations such as
non-quantitative indication of infection and interferences by extraneous agents including
residual malaria antibodies and rheumatoid factors.17:20-24

In previous studies we demonstrated that it is possible to discriminate between normal and
transformed cells of the same genotype by dielectrophoresis. The basis for cell separation in
that case was predominantly membrane capacitance resulting from changes in membrane
morphology rather than ion loss. Either mechanism provides adequate changes in cell dielectric
responses to allow cell discrimination and separation. Thus, although the focus of this article
is malaria, the methods are potentially applicable to other clinical problems including the
detection of residual breast cancer and leukaemia cells in blood, and the detection of cells
associated with other pathologies such as bacteria in blood and yeast in urine.

Finally, the micro scale methods shown here represent a first successful approach to taking
large numbers of human cells and isolating and concentrating those having diagnostic value
that are present at concentrations below 1 in > 10° using a single micro device under electronic
control. This DEP sample preparation capability is potentially of great value to the next
generation of diagnostic devices because it will allow the incorporation, within a single device,
of a front-end that executes cell preparation steps followed by chip-scale molecular analysis,
e.g., by gene-chip, capillary electrophoresis or chip-scale PCR methods. Integration and
automation of these functionalities within a single device under electronic control without the
need for human intervention will free molecular diagnostic procedures from the current bonds
of clinical infrastructure and make them available at the point of care throughout the world.
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Fig. 1.

(A) The interdigitated electrode array, of 500 mm? active area, was comprised of 124 parallel
elements having fingers with a characteristic dimension of 100 um. Alternate elements were
connected to bus lines on opposite edges of the chamber. The volume of the interdigitated
section of the array was 50 uL. (B) Chamber construction for the DEP measurements. (C) The
spiral microelectrode array, of 2 mm? area, was comprised of 5 complete turns of four parallel
spiral elements 20 um in width and spacing. For clarity only one-and-a-half turns of the spiral
array is shown in (B). The active volume of sample above the spiral was 0.2 pL. (D) A cross-
section of part of the spiral array showing the dielectrophoretic, gravitational and
hydrodynamic forces acting on cells on the spiral electrode.
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Fig. 2.

Views of a culture of strain T9/94 RC17 P. falciparum-infected erythrocytes containing
approximately 1.1% parasitised cells suspended in 8.5% sucrose + 0.3% dextrose suspending
medium on an interdigitated electrode with an applied field of 5 V_, at 200 kHz.
Approximately 5 x 106 erythrocytes were injected into the chamber. Both low-level bright field
and epifluorescence illumination were provided. (A) Cells containing parasites exhibited a
green fluorescence due to uptake of the potentiometric dye DiOCg (3) into the parasite interior
from the suspending medium and show brightly in the figure. (B) A magnified view under
epifluorescence illumination confirmed that 95% of parasitised cells were repelled from the
high field regions and could be washed free by flowing suspending medium.
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Fig. 3.

Erythrocytes containing approximately 5% parasitised cells on a spiral electrode array under
the same suspending medium and staining conditions used in Fig. 2. Both low-level bright field
and epifluorescence illumination were provided. (A) Prior to the application of a travelling
electrical field, parasitised cells (arrows) were spread throughout the sample. (B) Application
of four phase signals to the spiral electrode elements (3 Vy.p, 2 MHZz) caused normal
erythrocytes to be trapped at the electrode edges while parasitised cells were levitated and
carried towards the centre of the spiral by the travelling field.
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Fig. 4.

(A) The frequency response of cell levitation above the spiral electrode array was measured
by microscope for (o) normal and (m) parasitised erythrocytes for stationary electrical fields
(the signals applied to the four arms of the spiral electrode were phased at 0°, 180°, 0°, and
180°, respectively, so that there was no travelling wave component). (B) The frequency
dependence of the cell lateral velocity induced by travelling wave DEP when four-phase
excitation was established on the spiral electrode. Parasitised cells exhibited a range of
frequency responses revealing a large variance in their dielectric characteristics, possibly
reflecting inter-cell variations and different stages of parasite development. The solid lines
show the levitation and translation behaviours predicted on the basis of the mean cellular
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dielectric parameters derived in Fig. 5. Spectra for T-lymphocytes (----) calculated from electro
rotation data® (Yang et al., 1999) are shown for comparison.
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Fig. 5.

Mean dielectric parameters for normal and parasitised cells derived from iterative fitting of
shell models as described in the text. Parasitised cells had a very low internal conductivity
compared with normal erythrocytes, an indication they had suffered almost complete loss of
ions to the low-conductivity suspending medium. The much higher membrane conductivity of
parasitised cells compared with normal cells reflects the lowering of membrane barrier function
that accounted for this loss. Despite the ion leakage out of their host cells, the parasites retained
their internal ions as reflected by their high internal conductivity.
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