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ABSTRACT In this study we report on an experimental method based on dielectrophoretic analysis to identify changes in four
Escherichia coli isogenic strains that differed exclusively in one mutant allele. The dielectrophoretic properties of wild-type cells
were compared to those of hns, hha, and hha hns mutant derivatives. The hns and hha genes code respectively for the global
regulators Hha and H-NS. The Hha and H-NS proteins modulate gene expression in Escherichia coli and other Gram negative
bacteria. Mutations in either hha or hns genes result in a pleiotropic phenotype. A two-shell prolate ellipsoidal model has been
used to fit the experimental data, obtained from dielectrophoresis measurements, and to study the differences in the dielectric
properties of the bacterial strains. The experimental results show that the mutant genotype can be predicted from the
dielectrophoretic analysis of the corresponding cultures, opening the way to the development of microdevices for specific
identification. Therefore, this study shows that dielectrophoresis can be a valuable tool to study bacterial populations which,
although apparently homogeneous, may present phenotypic variability.

INTRODUCTION

Dielectrophoresis is a phenomenon, first detailed in the early

1950s, which explains the translational motion of noncharged

dielectric particles brought about by the application of

nonuniform electric fields (1). Depending on the electrode

configuration and geometry used to produce the AC electric

field, as well as themagnitude and phase variations of the field

between the different electrodes, we can define different AC-

electrokinetic methods such as common dielectrophoresis

(DEP), electrorotation, or traveling-wave dielectrophoresis.

Dielectrophoresis has been used to selectively trap, manip-

ulate, and separate particles in liquids (2–5). Dielectropho-

retic devices have also been widely used for biological

applications, where the effect of dielectrophoretic forces on

both eukaryotic and prokaryotic cells has been examined.

Examples of applications include differentiation between

viable and nonviable cells (2,3,6–8), separation and/or

characterization of different types of cells (9–14), and analysis

of infected cells (15) or of cells exposed to drugs or toxins

(16–18). Dielectrophoresis has also been used to study and

manipulate biomolecules such as DNA and proteins (19,20).

To date, dielectrophoresis has not been combined with

approaches such as bacterial genetics. Here, we have ex-

amined whether dielectrophoresis can be used to distinguish

between wild-type bacterial cells and their mutant derivatives

with a modified phenotype. As a specific model we have

studied the dielectrophoretic properties of wild-type cells

from Escherichia coli and mutant derivatives lacking either

one or both of the global regulators H-NS and Hha. H-NS and

Hha proteins belong to the family of bacterial nucleoid-

associated proteins (21,22). Both proteins interact to modu-

late gene expression, and mutants lacking one, or both, of

these regulators show altered levels of different proteins (23–

25). Sowewill first present the phenomenological description

of the dielectrophoresis using E. coli bacterial strains and the
relation between the main parameters of the dielectric model

of these bacteria and the experimental results.

DEP fundamentals

When a dielectric particle is placed under the influence of an

applied AC field, a dipole moment is induced within the

particle. If the field is inhomogeneous the polarized particle

experiences a translational force, known as the dielectropho-

retic force (1), whose magnitude and direction depends on

the electrical properties of the particle and its surrounding

medium. This force also depends on the magnitude and

frequency of the applied electric field.

For spherical particles, the time-averaged DEP force is (26)

FDEP ¼ 2pr
3e0emRe½KðvÞ�=jErmsj2; (1)

where r is the particle radius, e0 is the permittivity of free

space, em is the real part of the permittivity of the suspending

medium, and Erms is the root mean-square electric field. The

factor K(v) (the Clausius-Mossotti factor) depends on the

complex permittivity 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

KðvÞ ¼ ðe�p � e�mÞ
ðe�p 1 2e�mÞ

; e�i
ði¼p;mÞ

¼ ei � j
si

e0v
; (2)

where the indices p and m refer to the particle and the

medium, respectively. The values e and s are, respectively,
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the permittivity and the conductivity of the dielectric, v is the

angular frequency of the applied field (v ¼ 2pf), and

j ¼ ffiffiffiffiffiffiffi�1
p

. Two different experimental conditions can be

established. When Re[K(v)] . 0, the particles move toward

regions where the maximum electric fields occur and the

phenomenon is called positive dielectrophoresis (p-DEP).

Alternatively, when the particle polarizability is low enough

that Re[K(v)] becomes negative, i.e., Re[K(v)], 0, then the

particles move toward regions with minimum electric fields.

This case is called negative dielectrophoresis (n-DEP). For

spherical particles, the interval range of Re[K(v)] is between
�0.5 and 1.

Conventional dielectrophoresis (DEP) experiments consist

of visually monitoring the cell response to changes in the

frequency of the applied electric field, to determine the

crossover frequencies (which correspond to the frequencies

where the dielectrophoresis force is null). The values of these

crossover frequencies depend on the medium conductivity

and on the properties of the dielectric cells. Consequently, this

allows cellswith different dielectric properties to be compared

and identified. The main purpose of this article is to demon-

strate that, by using the dielectrophoresis technique, it is pos-

sible to distinguish between different mutant bacterial strains,

when compared with the wild-type strain. A qualitative

explanation of the experimental results is given by consid-

ering a dielectric model, which can also be interpreted from a

biological point of view. This work could lead to microfluidic

DEP separation devices that are able to identify and separate

bacterial cells of different strains exhibiting subtle differ-

ences.

Dielectric bacterial cell model
and dielectrophoresis simulation

One of the earliest models to explain the electrical response of

cells was proposed by Hoeber, who demonstrated that the cell

could be described as a sphere of highly conducting cytoplasm

surrounded by an insulating membrane. Schwan used a

combination of the Maxwell and Wagner theories to describe,

dielectrically, the dispersion of biological cells suspended in an

electrolyte (27). If one considers one sphere contained inside

another, this process can be repeated many times to model

different cell structures (6,8,28–32). Therefore, multishelled

systems, where the cytoplasm is bounded by membranes of

finite thickness, are required tomodel the dielectric response of

cells. Each interface, separating the different dielectric layers,

introduces a Maxwell-Wagner relaxation process.

Optical and atomic force microscopy images reveal that

the E. coli bacteria cells have an ellipsoid shape with a

cylindrical section (rod-shaped) as shown in Fig. 1. How-

ever, there is no analytical description for rod-shaped sys-

tems. Therefore, a prolate ellipsoid-of-revolution multi-shell

model has been used to describe the dielectric properties of

the bacteria in suspension. A two-shell model consisting of

cytoplasm surrounded by a membrane and a cell wall has

been adapted (31,32), as shown in the schematic diagram in

Fig. 1. The model includes permittivity and conductivity

parameters for the suspending medium and for all of the

shells that make up the cell. As the polarization factor used in

the DEP force definition (Eq. 1), and hence the Clausius-

Mossotti factor (Eq. 2), is valid only for spherical particles, it

is necessary to modify this factor taking into account the

ellipsoidal shape of the cells (26,32,33). This consideration

defines the three components for this factor for the three

possible axes of polarization that in the case of homogeneous

ellipsoids are expressed as

KiðvÞ ¼ 1

3

ðe�p � e�mÞ
e�m 1Aiðe�p � e�mÞ

; (3)

where Ai is a component of the depolarization factor along

any one of the three axes of the ellipsoid (i ¼ x, y, z). For a
prolate spheroid this component, at the direction of its major

axis, is given by

Ax ¼ 1� e
2

2e
3 log

11 e

1� e

� �
� 2e

� �
; (4)

where

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b

a

� �2
s

(5)

is the eccentricity, and a and b are the major and minor axes

of the ellipsoid, respectively. Due to the symmetry of the

ellipsoid of revolution, the components of the depolarization

factor at the two other axes of the prolate ellipsoid (i ¼ y, z)
have the same value, given as

Az ¼ Ay ¼ ð1� AxÞ=2: (6)

However, when amultishell system is considered, the com-

plexity of the Clausius-Mossotti factor is increased. Huang

and co-workers provided a complete analytical expression to

calculate this factor for a prolate spheroid with a single shell

(31,32), which can be extended to multiple layers. A detailed

calculation of the Clausius-Mossotti factor for a two-shell

prolate ellipsoid of revolution is given in Appendix A.

The real part of the Clausius-Mossotti factor was modeled

with respect to the frequency of the applied field, using Eq.

A11. This was completed along the three directions of polar-

ization, at different medium conductivities. For this purpose,

the dielectric parameters for E. coli bacterial cells obtained
from electrorotation measurements by Mietchen et al. (34)

were used. In terms of electrical impedance, and in the

simple electrical model, the cell wall and the cytoplasmic

membrane are mainly considered as insulating layers, and

the cytoplasm as a conductive layer. We can therefore model

the cell as a double capacitor in series with a resistor. This

means that the cell has a characteristic relaxation time that

depends on the dielectric properties of the multishell system,
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and which determines the frequency threshold at which the

system depends on the properties of the cytoplasm or the cell

membrane (i.e., the cell wall and cytoplasmic membrane

properties).

Fig. 2 A shows that a first crossover frequency (fc1) can be
found in the 500 kHz–10 MHz frequency range, for certain

medium conductivities (up to 5.5 � 10�2 S � m�1). A second

crossover frequency (fc2) is found in the 55–110 MHz

frequency range for all the medium conductivities consid-

ered in this simulation (i.e., 10�3 S � m�1 to 0.4 S � m�1). As

the medium conductivity increases, the values of fc1 and fc2
tend to converge on one another, until a certain conductivity

value (;0.4 S � m�1) is reached where the cells are confined

to the n-DEP regime. At high conductivities (beyond 0.15

S � m�1), the value of the real part of the Clausius-Mossotti

factor decreases rapidly at frequencies within the p-DEP re-

gime and therefore, under these medium conductivity condi-

tions, the DEP force will be very weak. This will severely

hinder the observation of the crossover frequencies.

Fig. 2 B summarizes the influence of each parameter of the

two-shell ellipsoidal model used on the evolution of the real

part of the Clausius-Mossotti factor. At the low frequency

range (1–100 kHz), the main contributions are due to the

cytoplasmic membrane conductivity (smem) and, to a lesser

degree, the cell wall conductivity (swall). When the fre-

quency increases (100 kHz–10 MHz), changes in the real

part of the Clausius-Mossotti factor are also related with the

cytoplasmic membrane permittivity (emem). Finally, in

the high frequency range (10 MHz–1 GHz), the influence

of the cytoplasm becomes more important, mainly due to the

cytoplasm conductivity (scyto). However, there is still sig-

nificant influence from the cytoplasmic membrane and cell

wall permittivities (emem and ewall).
Therefore, the cell wall and cytoplasmic membrane dielec-

tric parameters can be considered to influence the whole

frequency range analyzed, especially at frequencies,10MHz,

whereas the cytoplasm parameters became significant at high

frequencies.

MATERIALS AND METHODS

Experimental setup

Complementary pairs of electrodes (in U- and T-configurations), polarized

with the aforementioned AC signals, are used to generate the inhomoge-

neous electric field necessary to produce the DEP forces (Fig. 3) (35,36). The

integrated DEP electrode devices have been fabricated on (100)-oriented,

100-mm diameter p-type silicon wafers with a resistivity of 4–40 V � cm.

The castellated microelectrodes are produced by deposition of 150 nm of Pt

onto a 30 nm Ti layer, after which the wafer was diced and cleaned. Typical

dimensions of the internal U-shaped area of the DEPmicroelectrodes are 703
70 mm2. Note that the DEP microelectrodes are in contact with the liquid

solution, but there are no electrolysis effects because the applied electric

field is alternating and of relatively high frequency.

FIGURE 1 Diagramof the ellipsoidmultishellmodel con-

sidered for E. coli cells (left) and an atomic-force microscopy

topography image of a single Escherichia coli cell (right).
Geometrical parameters considered: a ¼ 3/2 mm; b ¼ a/2

mm; dmem¼ 8nm; anddwall¼ 50nm(although, in the present

cell model, the shells represented by layers between two

different surfaces of confocal ellipsoids have nonuniform

thickness all over the cell surfaces, the values of dmem and

dwall, are approximate to a constant value).

FIGURE 2 (A) Evolution of the real part of the Clausius-Mossotti factor

with changes in the medium conductivity (in S �m�1); fc1 and fc2 refer to the

crossover frequencies. (B) Sensitivity study of the two-shell model

parameters on the real part of the Clausius-Mossotti factor (see text for

the definitions of the model parameters). A decrease in the dielectric

parameters in each case produces the changes in the modeled plot as

indicated by arrows in the different frequency regions.
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To allow the devices to be immersed in a liquid solution during mea-

surements, theywere glued to a printed circuit board and electrical connection

was made by wire-bonding. The electrical contacts were insulated using an

epoxy resin (EPO-TEK No. H70E-2LC, Epoxy Technology, Billerica, MA).

Two function generators (Agilent model No. 33250A for low frequencies

or model No. HP8657A for high frequencies; Agilent, Santa Clara, CA)

were used to provide AC signals, of 6–10 V peak-to-peak with a variable

frequency in the 10 kHz–200 MHz range, necessary to produce the DEP

force. Sample conductivity was monitored using a conductivity meter

(Corning conductivity meter, model No. 441; Corning, NY), while progres-

sively adding aliquots of NaCl to the sample solution. All the experiments

were carried out at room temperature (22–25�C). Finally, cell trapping and

release during DEP experiments were observed using a Nikon Eclipse model

No. L150 reflectance microscope fitted with a digital camera (Nikon, Tokyo,

Japan). Images were recorded using a personal computer with an image

acquisition card. The crossover frequencies were determined by optical

observation of the cell behavior at the frequency regions where there is a

transition from one DEP regime to other (from p-DEP to n-DEP or from

n-DEP to p-DEP) until no predominant DEP force was observed (frequency

where the DEP forces were null).

Biological samples

The different bacterial strains used in this study are listed in Table 1. The

different strains were grown in Luria Bertani medium (10 g/l NaCl, 10 g/l

tryptone, 5 g/l yeast extract). Antibiotics were used at the following concen-

trations: kanamycin (25 mg/ml); ampicillin (50 mg/ml); cloramphenicol

(50 mg/ml); and tetracycline (15 mg/ml). Overnight liquid cultures were centri-

fuged (4000 rpm), washed, and resuspended in distilled water. Samples were

then used for the dielectrophoretic studies while progressively increasing the

medium conductivity with NaCl.

RESULTS AND DISCUSSION

A comparison of the evolution of the crossover frequencies

measured at different medium conductivities has been

exhaustively determined for the four bacterial suspensions

investigated here. As previously stated, the high medium

conductivities hinder the observation of the crossover fre-

quency. Therefore, the experimental medium conductivities

were restricted into a range where n-DEP and p-DEP regimes

were clearly observable. In the conductivity range, between

10�3 S �m�1 and 0.13 S �m�1, two frequency regions where

DEP forces are null were observed. The first region, from 10

kHz to 10 MHz, a first DEP crossover frequency is observed

(fc1) that is governed by the dielectric parameters of the cell

membrane. At higher frequencies, from 10MHz to 200MHz,

a second DEP crossover frequency (fc2) is seen that mainly

depends on the dielectric parameters of the cytoplasm.

The experimental values obtained and their evolutions

with the media conductivity have been fitted using the two-

layer dielectric model defined in the previous section. All the

experiments showed a clear separation between the cross-

over frequency values for the parental E. coli 5K strain and

the different mutant strains, when studying the evolution of

the first crossover frequency (fc1) at the low frequency range.

All the mutant derivatives showed similar fc1 values (Fig. 4).
However, when the high frequency region was examined,

differences in the crossover frequency values did not follow

the same pattern. Second crossover frequency values (fc2) of
the parental E. coli and the hha mutant derivative could not

be distinguished. In contrast, fc2 values for the hns mutant

and double hha hns mutant were much lower compared with

the other two strains (Fig. 4). The hns and double mutant hha
hns mutants can be readily differentiated from wild-type

cells both at the low and high frequency regions. However,

FIGURE 3 Optical microscopy image of a pair of electrodes in U- and

T-configurations for cell handling by DEP.

TABLE 1 Genotype and phenotype description of the bacterial

strains used in this work

Strain Genotype Phenotype Reference

5K F�, hdsR, hdsM,

thr, thi, leu, lacZ

Wild-type strain (37)

Hha-3 5K hhaTTn5phoA Hha� mutant (38)

5K hns 5K hnsTampR H-NS� mutant (25)

Hha-3 hns Hha3 hnsTampR Double Hha�

H-NS� mutant

(25)

FIGURE 4 Evolution of crossover frequencies, fc1 and fc2, with changes

in the medium conductivity (symbols correspond to experimental data; solid
lines correspond to the fitted two-layer model; dashed lines correspond to

the predicted evolution of the crossover frequencies using the dielectric

parameters obtained from each fitting into the model).
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hha mutants can only be distinguished from wild-type cells

at the low frequency region.

The fitting using the two-layered ellipsoidal model for

bacteria includes eight dielectric parameters (i.e., six vari-

able, the conductivities and relative permittivities of each of

the layers plus the cytoplasm; and two fixed, the conductivity

and relative permittivity of the surrounding medium), and

four geometric parameters (the width and length of the

cytoplasm, the thickness of cytoplasmic membrane, and the

thickness of the cell wall). In this context, it would be very

difficult to quantitatively pinpoint the change in the dielectric

parameters obtained from the fitting of the available ex-

perimental data for the different bacterial strains. In our case

(isogenic derivatives of the same strain, differing only in one

or two mutant alleles), it can be assumed that the four

geometric parameters are similar, and thus they can be fixed

(a ¼ 3/2 mm, b ¼ a/2, dmem ¼ 8 nm, and dwall ¼ 50 nm). In

addition, from the dielectric parameters, the relative permit-

tivity of the surrounding medium can also be considered as

constant in the different experiments (em ¼ 80 � e0). Finally,
the medium conductivity is a known value taken from the

conductivity-meter readings.

The experimental data consists of two sets of crossover

frequencies (fc1 and fc2) obtained at different medium

conductivities. Using a nonlinear least-squares fit (MatLab,

The MathWorks, Natick, MA), the fitting procedure modifies

the dielectric parameters of the two-shell model considered

(Eq. A11) to try to match the crossover frequencies of the

real part of the Clausius-Mossotti factor with the experi-

mental results measured for each strain. The first step was to

fit the experimental crossover frequencies obtained from the

E. coli 5K strain, which were used to define our reference set

of dielectric parameters. Initial values were based on the

dielectric parameters obtained by Mietchen et al. (34). Table

2 compares these initial values with those obtained from our

fitting procedure. From this comparison it is observed that

scyto, ecyto, emem, and ewall values adapt fairly well to those

given by Mietchen and co-workers, whereas smem and swall

values were significantly different. Nevertheless, it should be

pointed out that different E. coli strains may significantly

differ in their cell envelope composition (e.g., through the

protein composition of the cytoplasmic membrane or the

lipopolysaccharide composition in the outer membrane).

Therefore, as the goal of our study is to compare values from

strain 5K and the different mutant derivatives, we further

consider the different values from our fitting.

A sensitivity study of the dielectric parameters of the two-

shell model was carried out to determine which parameters

could be considered as the main variables for the fitting and

which ones could be kept fixed when comparing the experi-

mental data for the different strains. For this purpose we

varied each parameter of the model to examine whether it

produced the observed modifications in the crossover fre-

quencies. Each time we have initialized the fitting with the

parameters obtained for our E. coli strain 5K cells. For

instance, in Fig. 4, given a medium conductivity of 0.1

S � m�1, the maximum relative differences on the crossover

frequencies, comparing the different strains, are 65% and 36%

for fc1 and fc2, respectively. Fig. 5 summarizes this study.

The first crossover frequency, fc1, strongly depends on the
cytoplasmic membrane parameters (smem and emem) and to a

lesser degree on the cell wall conductivity (swall), whereas

fc2 mainly depends on the cytoplasm conductivity (scyto).

Next, the influence of the cell envelope properties (emem and

ewall) on fc2 is examined. In Fig. 5 E, we observe that a

decrease in emem implies a decrease in fc2, but this change
also induces an increase in fc1 (Fig. 5 B) that can only be

compensated with an increment in smem (Fig. 5 A), which is

contradictory because the cytoplasmic membrane will

become more conductive and insulating at the same time.

Therefore, only increases in emem will be considered for the

adjustment, and consequently no great influence on fc2 is

expected. On the other hand, Fig. 5 F shows that a large

change in ewall (close to 85%) is needed to achieve the

desired change in fc2, but again, if we assume that an

increment in the cell wall conductivity is needed to fit fc1
(i.e., the cell wall becomes more conductive), then a decrease

in the cell wall permittivity (i.e., the cell wall becomes more

insulating) is nonsensical. The rest of the cases, which do

not appear in this graph, have null or very little effect on the

variation of the crossover frequencies.

Taking these points into consideration, we decided to fix

the cytoplasm (ecyto) and cell wall (ewall) permittivities, and

vary the other dielectric parameters of the model (emem,

smem, swall, and scyto) to correlate the experimental data

from the double and single mutant derivatives. The dielectric

parameters were initialized to the values obtained from the

fitting to the E. coli 5K strain. The best fitting results for

these parameters, which adjust to the experimental data, are

shown in Table 3.

From this fitting analysis we can conclude that all the mu-

tant derivatives display similar envelope dielectric properties,

TABLE 2 Comparison of the dielectric parameter values from Mietchen et al. (34) adjustments to electrorotation data for E. coli and

the two-shell prolate ellipsoidal model adjusted for E. coli strain 5K (relative variation in brackets)

Source scyto (S � m�1) smem (1e-6 S � m�1) swall (1e-3 S � m�1) ecyto/e0 emem/e0 ewall/e0

Mietchen et al. 0.50 1 7 50 8 77

E. coli 5K fitting 0.48 (4%) 259 (2.6e4%) 58 (728%) 49.8 (0.4%) 9.8 (22%) 78 (1.3%)

Geometrical parameters: a ¼ 3/2 mm; b ¼ a/2 mm; dmem ¼ 8 nm; and dwall ¼ 50 nm. Dielectric medium parameters: em ¼ 80 � e0; and sm the different

measured medium conductivity points in the 10�3–0.13 S � m�1 range.
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with higher values than those from the parental 5K strain

(see relative variations in Table 3). These results suggest that

the cell envelopes of both the single and double mutants are

more conductive than those of the E. coli 5K. On the other

hand, the different mutant strains do not follow the same

behavior with respect to the cytoplasmic conductivity. When

compared with the parental 5K strain, the cytoplasmic con-

ductivity of both the hns and double hha hns mutants were

significantly lower. In contrast, the value of the hhamutant is

similar to that of the 5K strain. The cytoplasms of the double

mutant and the single hns mutant are therefore less con-

ductive than the cytoplasm of the E. coli 5K strain and the

single hha mutant.

From our previous knowledge of the properties of hha and
hns mutants, the above dielectrophoretic data can be inter-

preted in the following way. The H-NS protein plays a role in

modulating bacterial gene expression. Expression of;5% of

the E. coli genes is affected in hns mutants (39). The Hha

protein interacts with the H-NS to modulate gene expression

(23,24), but most likely the Hha is required to participate in

only a subset of the genes modulated by H-NS. Examples of

the genes modulated by both the Hha and H-NS are the toxin

a-hemolysin (24,40) and the outer membrane protein OmpA

(our unpublished results). Most likely, coregulation by H-NS

and Hha of genes encoding for cell envelope proteins, such

as OmpA, results in drastic alterations in the cell envelope in

FIGURE 5 Sensitivity study of the

relative variation in the dielectric pa-

rameters of the two-shell model. (A–C)

fc1; and (D–F) fc2. The evolution of the
crossover frequencies or the zeros of the

real part of Clausius-Mossotti factor

(from Eq. A11) were studied changing

each one of the six dielectric parameters

from the different layers of the two-

shell model (ecyto, scyto, emem, smem,

ewall, swall). Geometrical parameters

were fixed to a ¼ 3/2 mm; b ¼ a/2
mm; dmem ¼ 8 nm; and dwall ¼ 50 nm.

Only the cases that can produce a

change on fc1 or fc2 comparable to

the changes observed experimentally

are here presented.
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both hns and hha cells. Thus, both hha and hnsmutants show

similar alterations in the dielectric properties of the respec-

tive cell envelopes and the double hha hns mutant as well.

With respect to the cytoplasm, it should be considered that

H-NS is an abundant protein, ;20,000 copies/cell (21),

whereas Hha is less abundant (41). In addition to modulating

gene expression, H-NS plays a role structuring the bacterial

nucleoid. Alterations in chromosomal DNA structure that

occur in hns might account for the change in the dielectric

properties of the cytoplasm. This is not the case for hha
mutants. Changes in the dielectric properties of the cyto-

plasm of the double hha hns mutant will probably be ex-

clusively caused by the hns mutation.

These results show that E. coli 5K, Hha-3, and 5K-hns
strains can be identified using dielectrophoretic experiments.

Therefore, this experimental technique can be used to de-

velop microfluidic devices to identify small differences in

homogeneous bacterial populations. In different pathogenic

Gram negative microorganisms, subtle changes in envelope

components occur (antigenic or phase variations) (42). It

appears interesting to use dielectrophoresis to better charac-

terize and define the antigenic variation processes that occur

in some of these pathogens.

CONCLUSIONS

Dielectrophoresis has been used to identify subtle changes in

bacteria cell conformation, due to mutations, that affect the

global modulators Hha and H-NS. A dielectric model has been

adapted to fit the experimental data of the different bacterial

strains. The experimental results show that it is possible to

identify, and consequently would be possible to separate, the

different mutant strains from the wild-type E. coli 5K strain.

Moreover, these results allow microfluidic devices to be

designed, incorporating dielectrophoretic microelectrodes,

which could be able to identify and separate cells from ap-

parently homogeneous populations that nevertheless include

bacterial strains exhibiting subtle phenotypic differences.

APPENDIX A

Taking the dielectric two-shell model for a bacteria with a prolate ellipsoidal

shape, as shown in Fig. 1, the Clausius-Mossotti factor can be defined in

three steps by considering the relationship between each of the neighboring

layers, using the analytical expressions provided by Huang et al. (31,32).

Beginning with the two inner layers (the cytoplasm and the cytoplasmic

membrane), the effective dipole factor of these two layers can be defined as

X1;iðvÞ ¼ 1

3

ðe�cyto � e�memÞ
e�mem 1A1;iðe�cyto � e�memÞ

; (A1)

where Ai is the component of the depolarization factor along the three axes of

the ellipsoid (i ¼ x, y, z). For a prolate spheroid of revolution, this factor

along the direction of its major axis is given by

A1;x ¼ 1� e
2

1

2e
3

1

log
11 e1
1� e1

� �
� 2e1

� �
(A2)

and

e1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b

a

� �2
s

: (A3)

As Ax 1 Ay 1Az ¼ 1, and due to the rotational symmetry of the cell, the

other two components of the depolarization factor have the same value and

are defined as

A1;z ¼ A1;y ¼ ð1� A1;xÞ=2: (A4)

Once the effective dipole moment has been defined for the two inner layers,

the influence of the next outer layer is considered and the effective dipole

moment for the whole particle is given by

X2;iðvÞ ¼
1

3

ðe�mem�e�wallÞ13X1;ir1½e�mem1A2;iðe�wall�e�memÞ�
½e�wall1A2;iðe�mem�e�wallÞ�13X1;ir1A2;ið1�A2;iÞðe�mem�e�wallÞ

;

(A5)

where (i ¼ x, y, z). Again the components of the depolarization factor are

defined as in Eq. A2 and Eq. A4 but the eccentricity changes to

e2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b1 dmem

a1 dmem

� �2
s

: (A6)

Approximating the thickness of the coating layer as a constant (28), then

the volume ratio between these layers is given by

r1 ¼
a � b2

ða1 dmemÞ � ðb1 dmemÞ2
: (A7)

Finally the Clausius-Mossotti factor can be expressed considering the

relationship with the surrounding medium as

KiðvÞ ¼
1

3

ðe�wall � e�mÞ1 3X2;ir2½e�wall 1A3;iðe�m � e�wallÞ�
½e�m 1A3;iðe�wall � e�mÞ�1 3X2;ir2A3;ið1� A3;iÞðe�wall � e�mÞ

;

(A8)

TABLE 3 Results from the two-shell model adjustment for the different bacteria strains compared with the E. coli strain 5K case

(relative variation in brackets)

Strain scyto (S � m�1) smem (1e-6 S � m�1) swall (1e-3 S � m�1) emem/e0

E. coli 5K 0.48 259 58 10

Hha-3 hns 0.33 (33%) 441 (70%) 70 (21%) 25 (150%)

Hha-3 0.48 (0%) 498 (92%) 67 (15%) 18 (80%)

5K hns 0.31 (35%) 400 (54%) 89 (53%) 18 (80%)

Geometrical parameters: a ¼ 3/2 mm; b ¼ a/2 mm; dmem ¼ 8 nm; and dwall ¼ 50 nm. Dielectric medium parameters: em ¼ 80 � e0; and sm the different

measured medium conductivity points in the 10�3–0.13 S � m�1 range.
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where X2 is defined in Eq. A5 taking into account the relationship with the

inner layers of the cell, and A3 and r2 are expressed following the same

procedure as before. Therefore, on this occasion, the eccentricity is

described for the whole cell as

e3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b1 dmem 1 dwall

a1 dmem 1 dwall

� �2
s

; (A9)

and considering the same assumptions as above, the volume ratio is

r2 ¼
ða1 dmemÞ � ðb1 dmemÞ2

ða1 dmem 1 dwallÞ � ðb1 dmem 1 dwallÞ2
: (A10)

In addition, as the dielectrophoretic force at the crossover frequencies is null,

no assumptions of preferential orientation of the cells can be considered,

because the cells are randomly oriented (this is not the case under the p-DEP

or n-DEP regimes). Therefore, using Eq. A8, the Clausius-Mossotti factor

can be calculated along the three axes of polarization of the two-shell prolate

spheroid of revolution considered to describe the cells. Finally, the DEP

behavior can be described using the average of the real part of the Clausius-

Mossotti factor for the three possible axes of polarization:

Re½KðvÞ� ¼ 1

3
+

i¼x;y;z

Re½KiðvÞ�: (A11)
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