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Abstract: A dielectrophoretic microdevice has been
used to characterize the dielectrical properties of two
kinds of bacteria suspensions. Escherichia coli with
the double mutation (hha-hns) can be distinguished
from reference suspensions of E.coli strain 5K.
Moreover, bacteria separation in a mixed suspension
has been achieved by dielectrophoresis.

Introduction

Infectious diseases are human illnesses caused by
viruses, bacteria, parasites, fungi and other microbes.
They may be spread by direct contact with an infected
person or animal, by ingesting contaminated food or
water, by insects, or by contact with contaminated
surroundings like animal  droppings or even
contaminated air. Societal costs of infectious diseases
are staggering. In the United States, the yearly price tags
of bacteria infectious diseases are $30 hillion for
intestinal infections and $1 billion for salmonella[1].

Conventional bacteria inspection methods, such as
the colony counting technique, are well established and
reliable. However, they cannot provide a fast diagnosis
in case of emergency because they require rather long
times for bacteriaincubation (typically afew days).

A reliable, faster aternative can be based on AC-
electrokinetic techniques, such as dielectrophresis
(DEP) and €lectrorotation (ROT), which have widely
been used for handling, separation and characterization
of particles and biological samples (such as latex beads,
yeasts, bacteriaor DNA) [2-5].

When a dielectric particle is placed under the
influence of an AC field, a dipole moment is induced
within the particle [6,7]. In the case of a non uniform
field the polarized particle experiences a trandational
force, known as a dielectrophoretic force. This force
depends on the relationship between the dielectric
properties of the particle and the surrounding medium,
and on the magnitude and frequency of the applied
electric field. For spherical particles the time-averaged
DEP forceis[8]:

2

Fop = 277°¢,€, Re[K(0)|V|E,

rms

@D

where r is the particle radius, ¢, is the permittivity of
free space, ¢, is the real part of the permittivity of the
suspending medium and E,,,, is the r.m.s. electric field.
The factor K(w) (the Clausius-Mossotti factor) depends

on the complex permittivites of both the particle and the
medium and is a measure of the effective polarizability
of the particle. In the case of spherical particles this
factor is given by:
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where the indices p and m refer to the particle and the
medium, respectively. ¢ and ¢ are, respectively, the
permittivity and the conductivity of the dielectric, w is

the angular frequency of the applied filed (=271

and j= V-1 . From this, two situations can be defined
depending on the sign of the real part of the Clausius-
Mossotti factor: when Re[K(w)]>0 the particles move to
aregion of a maximum electric field, defining a positive
dielectrophoresis situation (p-DEP). Conversely, when
Re[K(w)]<0, a negative dielectrophoresis situation (n-
DEP) is produced and particles are repelled from these
regions. Typically, for spherical particles, Re[K(w)] has
avauein therange from-0.5to 1.

Conventional dielectrophoresis (c-DEP)
measurements consist of determine the crossover
frequencies (frequencies at which the dielectrophoresis
force is null), at different values of medium
conductivity. Studying the evolution of the crossover
frequencies with the medium conductivity, it is possible
to compare and distinguish cells with different dielectric
properties.

In this work, we present some results concerning the
characterisation and separation of bacteria suspensions
by conventional dielectrophoresis. In particular, we are
able to distinguish between genetically modified
bacteria (Escherichia coli hha-hns with and without
conjugative plasmid R27, which makes the bacteria
antibiotic resistant) and non-modified bacteria
(Escherichia coli strain 5K).

Materials and M ethods

Dielectrophoretic forces can be obtained using a
microdevice which consists of a pair of electrodesin a
U- and T-shape that allows the generation of an
inhomogeneous electric field [9]. The terminals of these
electrodes are connected to a signal generator (Agilent
33250A for low frequencies or HP8657A for high
frequencies) which generates AC signals of 6 - 10 V
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peak-to-peak with a variable frequency in the 10 kHz -
200 MHz range.

Bacteria suspensions of Escherichia coli in distilled
water have been used as biologica samples for the
dielectrophoresis experiments. Comparison has been
made between Escherichia coli strain 5K [10] and the
double hha-hns mutant with and without plasmid R27
(strain 5K hha-hns). Escherichia coli cells were grown
a 37°C in LB agar medium for 24 h. The double
mutants with plasmid R27 are also grown at 37°C in LB
agar medium with added tetracycline 15 pg/m for 24 h,
they are then centrifugated and resuspended in distilled
water to obtain the desired concentration. Sample
conductivity was controlled by progressively adding
aliquots of NaCl to the sample solution, and measured
with a conductivity-meter (Corning conductivity meter
441). Finally, particle movement and manipulation were
observed using a Nikon Eclipse L150 reflectance
microscope fitted with a digital camera. Images were
recorded using a personal computer via an image
acquisition card.

A multi-shell model has been used in order to
describe the dielectric behaviour of the bacteria
suspensions, as shown in Figure 1. A 2-shell elipsoidal
model with a cylindrical section, which consists on an
inner cytoplasm surrounded by a membrane and a cell
wall, has been adapted from Fihr's model parameters
obtained by electrorotation [11]. The model considers
the dielectric parameters (complex permittivity) of the
surrounding medium and the different layers that make
up the cell, as well as the surface conductance of the cell
due to the double layer at the interface with the medium
[12,13].

Considering the bacteria as spheroid with a
cylindrical cross-section implies some variations in the
Clausius-Mossoti  factor expression, producing new
values for Re[K(w)] which can be outside the -0.5 to 1
range.

| dvmll

. At
(= 1 A
- v Emem  Smem j/

Oyall Evall / T%m

=3

Figure 1: Diagram of the ellipsoid 2-shell model
considered for the bacteria.

A sensitivity study of model parameters has been
completed in order to determine the influence of these
parameters on the evolution of the real part of the
Clausius-Mossotti factor with the frequency of the
applied field. Studying a medium conductivity range
from 1uScm™ to 1200pS-cm™, two frequency regions
can be defined, as shown in Figure 2. The first region,
below 10 MHz, is governed by the dielectric parameters
of the cell membrane, and a a certain medium
conductivities, a first crossover frequency is observed

(fcl). At higher frequencies, above 10 MHz, a second
region is defined which mainly depends on the dielectric
parameters of the cytoplasm but also includes that of the
cell membrane, and a second crossover frequency is
observed (fc2).
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Figure 2: Evolution of the real part of the Clausius-
Mossoti factor with the frequency of the applied field,
for different medium conductivities, considering 2-shell
model for bacteria.

Results

A comparison of the evolution of the crossover
frequencies with the medium conductivity has been
made using the 3 bacteria suspensions. For the medium
conductivity in the range 1uS-cm™* to 1200uS-cm?, two
frequency regions can be defined. As the model predicts
a first crossover frequencies (fcl) are observed, below
10MHz, for medium conductivities higher than
500uS-cm™. The second crossover frequencies (fc2) are
observed in the high frequency range, 10 MHz - 200
MHz, for all the medium conductivities studied.

The experimental results have been compared with
data calculated using a 2-layer electrical model for the
bacteria [11]. Figure 3 shows that differences exist
between the crossover frequencies, at a given medium
conductivity, when comparing the 5K strain with the
E.coli double mutant bacteria, with and without the
conjugative plasmid R27.

At high frequencies, bacteria separation by c-DEP
has been achieved using a suspension with a 50/50
mixed population of E.coli strain 5K and of hha-hns
double mutants, (Figure 4). Initially, both kinds of
bacteria were trapped at the electrode edges under a p-
DEP situation by applying an AC signal of 8V peak-to-
peak at 10MHz. Once the bacteria were locally trapped,
the frequency was switched to 80MHz and a local
separation of the E.coli strain 5K and the double mutant
bacteria occurs. When the stationary stage is reached,
the E.coli strain 5K remained trapped at the electrodes
by p-DEP while the hha-hns double mutant bacteria
were repelled by n-DEP.
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Figure 3: Evolution of the crossover frequency with the
medium conductivity, for the 3 bacteria suspensions:
(top) in the low frequency region; (bottom) in the high
frequency region.

Discussion

The 2 shell model descried above has been adjusted
to the data obtained from c-DEP measurements. From
this adjustment it is possible to qualitatively describe the
relative variations in the dielectric parameters of the
model to compare the results for the different kinds of
bacteria. The geometric parameters, the relative
permittivity of the surrounding medium and the
conductance at the bacteria surface have been fixed to
decrease the number of degrees of freedom. As a first
step, the model has been adjusted to fit the data obtained
from the 5K E.coli bacteria strain, which is then used as
a reference. Then variations on the model parameters
have been studied in order to correlate the experimental
data from the hha-hns double mutant bacteria.

From this study, it has been observed that there is a
significant decrement in the cytoplasm conductivity of
the double mutant, hha-hns, with and without
conjugative plasmid R27, with respect that of the E.coli
5K. Moreover, the relative permittivity of the cytoplasm
maintains its value for al the cases with only a small
decrement with respect to the E.coli 5K value. A
significant increment in the values of the rest of the
dielectric parameters is observed when compared to the
E.coli 5K case.

This characterization makesi it is possible to define a
conductivity medium region where it is possible to
separate the double mutant bacteria from the non
modified ones. However, the differences due to the
presence of the conjugative plasmid R27 are not as clear
as in the case of the mutant and non mutant
comparative.

Figure 4: Bacteria separation by DEP: (top) both types
of bacteria are trapped around the electrodes by p-DEP
at 10MHz. (bottom) E.coli strain 5K is trapped at the
electrodes by p-DEP whereas the hha-hns double
mutants with plasmid R27 are repelled by n-DEP at
80MHz.

Conclusions and Future Work

The potential of conventional dielectrophoresis for
the identification of differencesin bacteria suspension at
the level of genetic modification (double mutation) has
been proven. This creates the possibility of
distinguishing and separating such biological systems,
advantageous for applications in the food industry and
biomedical fields. Differences due to the conjugative
plasmid must be comprehensively studied in order to
examine the possibility of distinguishing bacteria with
and without antibiotic resistance, which can be of
interest for clinical analysis.

For the future, a microfluidic system is being
developed for the containment of the different types of
bacteria in different reservoirs which have previoudy
been analysed and separated by DEP.
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