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Abstract: Dielectrophoresis is an electric force experienced by particles subjected to non-uniform
electric fields. Recently, several technologies have been developed focused on the use of
dielectrophoretic force (DEP) to manipulate and detect cells. On the other hand, there is no
such great development in the field of DEP-based cell discrimination methods. Despite the demand
for methods to differentiate biological cell states, most DEP developed methods have been focused on
differentiation through geometric parameters. The novelty of the present work relies upon the point
that a DEP force cell measurement is used as a discrimination method, capable of detecting heat killed
yeast cells from the alive ones. Thermal treatment is used as an example of different biological state
of cells. It comes from the fact that biological properties have their reflection in the electric properties
of the particle, in this case a yeast cell. To demonstrate such capability of the method, 279 heat-killed
cells were measured and compared with alive cells data from the literature. For each cell, six speeds
were taken at different points in its trajectory inside a variable non-uniform electric field. The electric
parameters in cell wall conductivity, cell membrane conductivity, cell membrane permittivity of
the yeast cell from bibliography explains the DEP experimental force measured. Finally, alive and
heat-treated cells were distinguished based on that measure. Our results can be explained through
the well-known damage of cell structure characteristics of heat-killed cells.
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1. Introduction

Nowadays, the number of technologies centred on the use of dielectrophoretic force (DEP) is
awe-inspiring. These methods have numerous applications in fields such as biochemical analysis [1]
and particles manipulation applications that could be grouped according to the object of control: cells,
nanoparticles and viruses.

In cells manipulation, DEP has been employed for many purposes, such as cell guidance inside
lab-on-a-chip devices [2,3], cell isolation [4] or as a basis for label-free techniques of sorting and
separation of stem cells and their differentiation products [5]. In nanoparticle manipulation, DEP has
been utilized in many DNA-oriented technologies. With applications such as handling [6], trapping [7],
recovering from plasma [8] or cell free circulating DNA (cfc-DNA) isolation [9]. Related to virus
manipulation, DEP is used for capture and separation from soil particles [10] among other applications.

In conjunction with the development of bioinformatics and gene sequencing technologies, many
of these manipulation techniques have been applied in the study of cancer cells [11–13], specifically
circulating tumour cells (CTCs). Furthermore, closely related to the study of CTCs, there is another
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branch of DEP-based technologies devoted to the detection of cancer cells [11,14], viruses [15,16] and
nanoparticles [9,17,18]. The potential of all these DEP-based technologies rely upon their sensitivity,
specificity [11,19–23], cheapness and ease of use [24].

Conversely, over these last two decades, another potential application of DEP has been set aside:
differentiation. In this paper, the term differentiation refers to the activity of determining the nature or
type of particles, generally cells, based on their properties. Due to the fact that the principle employed
is DEP, most of the time electric properties are employed as differentiation features.

One advantage of DEP against other differentiation techniques is that it is the basis of a group
of label-free techniques [2,3,12,24–28]. Nevertheless, an increasing number of works are published
every year in this field. Specifically, DEP-based differentiation has mainly been used to study
nanoparticles [21,24] and cell discrimination [23,25–30].

In previous works [31–33], a method of cell discrimination was developed through direct
measurement of DEP force. This theoretical model is based on Newton’s Second Law, assuming that
the forces involved in a cell in a non-uniform electric field are DEP, viscous friction and the cell’s weight
in the fluid. At this point, it is supposed that the mass by acceleration term is negligible compared with
the other forces involved. Thus, by the measure of the cell velocity in the fluid, a parameter, which
quantifies the force exerted by a potential difference of one volt on the particle (F1) was measured.
This parameter depends on the shape of the particle, the medium viscosity and dielectric features of
the particle and medium.

However, all of these papers [31–33] ground their reasoning on a geometric basis. In other words,
different cell forms involve different polarisation and different drag resistor forces. In [31], the F1
distribution was obtained in a population of (Saccharomyces cerevisiae) yeasts cells and compared
with the radius distribution. In [32], the model is validated for concave particles (red blood cells).
In the third, [33], the same is achieved for single and double yeast cells. All three articles applied
the method that is exposed here, but conversely with which is treated in this article, they all were
geometrically oriented.

Nonetheless, different cells may present similar shapes but differ in other biological features, such
as inner cell structure or cell wall composition. Such features are represented in dielectrophoretic cell
properties and, therefore, are reflected in the cell’s DEP response. In this work, heat-killed yeast cells
are studied. This heat shock supposes changes in conductivities of the cell wall and membrane, and
cell membrane permittivity with respect to the cells of the alive group [33]. These changes provoke a
distinct reaction to DEP force, conferring different measured velocities in cells.

Therefore, these features constitute potential DEP-based criteria for cell differentiation. According
to it, among the biologically-oriented cell discrimination methods there is none based on DEP
measurement through direct application of Newton’s Second Law and Stokes drag force. This article
aims to fill this gap. We demonstrate that, despite being based on geometric cell characteristics [31–33],
this method is valid for the discrimination of different cell biological states.

Moreover, regarding DEP applied to yeast cells, state of the art hinges around microfluidics and cell
manipulation [34–39]. In cell preparations, there is concern about overheating the samples [34,40], and,
as claimed before, most of the newest discrimination methods are built upon geometric principles [35].
Therefore, there is a lack of cell discrimination methods based on biological features of the cell. In this
article the method that has been developed in [31–33] will be used to perform this discrimination.
In particular, it has been applied to discern between cells damaged by heat treatment and the alive
ones [33]. Admittedly, other approaches have been employed to the same problem [41], though none
of them to yeast cells. Consequently, finding yeast cell discrimination methods applicable to determine
biological cell parameters, in this case, the damage caused by heating, reveals itself as an objective
worth pursuing.

In the previous experiment [33], it was verified that this method was sensitive in detecting
variations in cell wall conductivity, cell membrane conductivity, cell membrane permittivity and cell



Sensors 2019, 19, 5304 3 of 14

shape. It was achieved for both single and double cells. These changes in conductivity and permittivity
may be caused by thermal treatments, ultrasounds or the effect of detergents [42–45].

The aim of this work is to demonstrate that these changes, well documented in [43,46], could be
measured through the same technique described in [33]. The ease of performing the treatment and
the abundance of [43,46] were the two main reasons why we decided to perform a thermal treatment
among the three possible alterations mentioned above. In this experiment, the same cell preparation
and the same chamber were used as in the previous assay [33].

2. Theoretical Model

As described above, this work follows the same methodology as previous works [31–33].
In brief, the cellular trajectories are located in the XY plane and only cells with vertical trajectories

along the y-axis were chosen for the measurements (Figure 1). Applying Newton’s Second Law:∑
F = m · a

Fsto − Fg − FDEP = m · a
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Figure 1. Representation of the experimental setup the red dot symbolizes a yeast cell, displacing
along the y-axis, the symmetry axis of the chamber. The electric field is represented by lines between
electrodes. The electric field intensity is increased along the y-axis. F+ represents the force along the
positive direction of y-axis that is the Stokes’ Drag Force (Fsto) and F− the forces along the negative
direction of y-axis that are: the force of gravity (Fg) and the dielectrophoretic force (FDEP). Electrode
dimensions were 5 × 20 × 2 mm3.

The forces exerted over each cell are the followings:
Fg: The effective weight of the particle in the medium (where ρpm is the difference between the

particle’s and medium’s density and ν the volume), owing to the gravitational force (g), is given by the
expression:

Fg = νρpmg

FDEP: The DEP is expressed in terms of the difference between the electrode’s potential V (RMS in
volts) and F

(
→
r
)
, the position in form of a vectorial function [33,47]. The εmp is: εmp = εmRe[ fCM], where

εm is the permittivity of the medium and Re[ fCM] is the real component of the Clausius-Mossotti’s factor.
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FDEP =
3
2
νεmpV2F

(
→
r
)

Fsto: The Stokes’ viscous friction opposes the movement; its expression for a spherical cell is:

Fsto = 6πηRvp

where R is the cellular radius, η is the medium’s dynamic viscosity, and vp represents the particle
velocity [48].

Due to its small value, the mass by acceleration term is considered negligible in relation to the
other force values:

Fsto − Fg − FDEP = 0

Substituting the Fsto, Fg and FDEP results in the following velocity expression along the y axis
(Figure 1):

vp = −1
(
F1,EXV2y−3 + vs

)
(1)

Thus, Equation (1) shows the theoretical model underpinning this article and is deduced in [33].

Where vs =
2R2ρpm g

9η is the sedimentation velocity and

F1,EX = k(ω)F1 (2)

is the experimental measurement of the dielectrophoretic force, k(ω) is a correction factor introduced
to adjust the polarisation of the electrodes [32], F1 is a parameter which combines all the dielectric
properties of the cell, V (RMS in volts) is the difference between the electrodes’ potential, y is the
position along the Y-axis of the chamber. As in [33] y is the axis of symmetry between the two electrodes.
Parallel to the gravity force and originated in the imaginary cut-off point of the two V-shaped electrodes
(Figure 1).

3. Materials and Methods

3.1. Electron Microscopy

To visualise the damage caused in the cells by the thermal treatment, a preparation was made for
electron microscopy using the cryofracture technique. Scanning electron microscopy techniques (SEM)
needs high cell concentrations. With that aim in mind, the samples of viable and non-viable yeast cells
were centrifuged at 2100 rpm for 1 min. Another aliquot of both samples was cryofractured to see the
difference between both samples. Just before visualisation, a thin layer of gold was deposited on the
surface of the cells.

3.2. Measurement of Cell Viability

Cell viability was determined through microscope observation employing methylene blue dye
according to the Pierce Method [49]. A fraction of cellular suspension was mixed with diluted methylene
blue (0.01% methylene blue in 0.3 M of mannitol). The heat-killed yeast cells were blue-dyed and,
conversely, the living cells were not blue-dyed [50]. The dead cells presented a blue-dyed cytoplasm.
At least 1000 cells were observed [49] whether their cytoplasm was blue-dyed or not. An inverted
microscope (Olympus CK40 Tokyo, Japan) was used.

3.3. Dielectrophoretic Device

The dielectrophoretic device [32] was made of two gold plated silver electrodes of 5 × 20 × 2 mm3

positioned at an angle of 53.13◦ and with a minimum separation of 90.9 µm between them. This vertical
plane configuration allowed the cells to displace without contacting the crystals that confine the solution
and avoid being affected by the electric field originated from the electrodes’ edges. Optical fibre was
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used to light the microscope to prevent heating the sample. A sinusoidal, 30 V peak-to-peak, signal
was applied through an AC Tektronix-CFG280 (Beaverton, Oregon, USA). This function generator
is capable of generating a signal from 10 kHz to 10 MHz. The signal was monitored using a digital
Tektronix TDS 320 (Beaverton, Oregon, USA) oscilloscope (100 MHz, 50 Ms/s).

As described in [33], the cells must follow Equation (1). One regression per cell were made.
Therefore, the differences between regressions, depends on:

1. The experiment’s execution: different days, different solutions, etc.
2. All cells in a culture are different (e.g., size, different microenvironments...).
3. Real cells differ from the theoretical model. For example, the number of cells at the electrodes

(distorting the field perception), different speed at the time of measurement.

All the three points have been tackled as in [33]. Firstly, the experiment’s execution and differences
in the preparation between cells turned out to be not statistically relevant through the ANOVA analysis.
The experiment was three-fold repeated. As in the alive ones [33], every time an experiment finishes,
the chamber was dismantled and cleaned.

In the same way, the third point was solved as in [31–33], only those with a linear regression
coefficient higher than 0.98 and a sedimentation velocity located between –3 µm/s and 3 µm/s were used.

In order to compare the values of F1 of this experiment to the ones obtained in [33], the electrodes’
polarisation is to be eliminated. Polarisation of the device electrodes was quantified as described
in [31,48]. This is how the k(ω) factor was measured, needed for F1,EX in the Equation (2) calculation
and replaced in Equation (1).

3.4. Cellular Suspension

A uniform strain (RS-16) of Saccharomyces cerevisiae (yeast cells) was used. To obtain cells in a
similar growing state, the following method was employed: cells were grown in aqueous medium
with 1% of yeast extract, 2% of peptone and 2% of glucose at 28 ◦C in an agitator incubator at 200 rpm.
The cells were collected after 48 h at the end of the exponential-growing phase; the cell population
growth was determined by absorbance at 660 nm. The cell suspension was cleaned and resuspended
three times in 0.3 M mannitol by 2100 rpm centrifugation for 1 min [33].

A Thoma chamber was used to measure the cellular concentration, which was adjusted to
5000 cells/mm3, which is close to the 0.1% imposed by the theoretical model [32]. This concentration is
equivalent to a maximum volume percentage value of 0.075%, which is close to 0.1%, the imposed
theoretical condition. Moreover, because the cellular velocity is high in the measurement area, the
effective cell concentration is lower than the maximum. The suspension was left for an hour to let the
cells reach the laboratory temperature, 24 ◦C.

The heat treatment for non-viable cells was as follows: the aliquot of adjusted cell solution
was placed in the test tube in water at 90 ◦C for 20 min [51]. Afterwards, conductivity of the
medium was determined using a Crison CDTM-523 conductimeter at 3.8 kH and adjusted at 4 mS/m.
Low conductivity was selected to avoid the Joule effect, that could create convection currents; these
currents are able to overshadow the action of DEP [33].

3.5. Experimental Procedure

The cellular suspension was loaded into the disconnected chamber of the device after be sealed
with vacuum grease. From there on, the chamber was positioned vertically in an optical microscope
(Olympus CK40 Tokyo, Japan). Amplitude (15 V) and frequency (0.03, 0.05, 0.075, 0.1, 0.4 and 1 MHz)
on the electrodes were both selected previously. It took a few minutes for the cellular lumps to fall,
after which the cellular movements were recorded on VHS video. One frequency per experiment and
less than five minutes for each experiment.
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In line with our previous work [33], all cells came from the same preparation, and each one was
measured in the same experiment. Each experiment was repeated thrice. The only measured cells
were those which flowed through the y-axis of the dielectrophoretic device [33].

Particle motion was recorded using a 1/2” video-camera (SONY) model SSC-C531, with a sensitive
area of 6.3 × 4.7 mm, corresponding to a resolution of 500 × 582 pixels [32]. The microscope was
focused on the middle Z-axis, middle thickness of the preparation, to eliminate the area near to
the glasses that confined the chamber. A computer-generated reticule was superimposed onto the
recording. It was marked in 9.09 µm increments with a frame counter at a recording speed of 50
frames per second. The visual area of the microscope was 30 divisions in length along the vertical
direction, ranging from the 15th (y = 136.35 µm) to the 45th (y = 409.05 µm), in relation with the
coordinate origin. The recorded experiments were analysed visually, using the frame-advance mode of
the VHS magnetoscope. The division number, being crossed by the cell, and the frame count were
both annotated.

To obtain vs, from taken data, a linear regression from Equation (1) was performed, and at the point
of vp by which the electric field is negligible, the velocity of the particle is equal to vs. This happens
when V2 or y−3 are equal to 0. There was not a different experiment to measure the sedimentation
velocity (vs) of Equation (1).

4. Results

4.1. Electron Microscopy

The heat-killed cells were found to be fractured without any pattern, whereas the control cells
were cleanly split through their compartments, as shown in Figure 2.
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Figure 2. Electron microscopy photographs. Pictures (a,b) have a magnification of 3500×, (c) a
magnification of 5000× and (d–f) of 7000×. Pictures (a,c,e) belong to the alive group and pictures
(b,d,f) belong to the group of heat-killed cells.

4.2. Cell Viability

Cell viability was determined through microscope observation utilising methylene blue dye
according to the Pierce Method [49]. In the alive group, the number of blue-dyed cells was negligible
(more than 95% of non-dyed cells) [33]. Nevertheless, in the group of heat-killed cells, more than 95%
cells were blue-dyed.

4.3. Measurement of the Electrical Properties of the Dielectrophoretic Chamber

According to the theory [32], the electric properties of the chamber were measured to quantify the
electrode’s polarisation. The results obtained are shown in Table 1.

Table 1. Electric properties of the dielectrophoretic chamber.

Parallel resistance (Ω) 3000

Parallel capacitance (F) 1.2× 10−11

Both parameters, parallel resistance and capacitance, depend on the chamber setup. With these
values, k(ω) was calculated from Equation (2) as a function of frequency, results are shown in Figure 3.
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Thanks to k(ω), we can compare F1,EX of live cell data [33] with the results of heat-killed cells
from this experiment. We can also use the data of conductivities and electrical permittivities of yeast
cell compartments found in the literature [46,52].

4.4. Cell DEP Measurements

The cells used in the present work, and those analysed in [33], come from the same solution.
As the only difference between both groups of cells is the thermal treatment that was applied to the
second group, the first group of cells, the cells used in [33], is the alive group to be discussed in this
article. The data of the alive group can be seen in [33].

ANOVA showed that there were no statistically significant differences (p-values < 0.05) among
the three experiments (Figure 4a). Therefore, the three experiments were considered as one (Figure 4b).
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experiment. (b) Results of the three experiences together.

From all 279 cells measured, applying the conditions to select cells that follow the theoretical
model (linear regression coefficient higher than 0.98 and a sedimentation velocity located between
−3 µm/s and 3 µm/s) 88 cells were used, representing 31.5% of the available data. As in the alive
ones, there were no statistically relevant differences between the experiments with heat-killed cells.
The results for each frequency are shown in Table 2.

Table 2. Experimental results of F1,EX for each frequency.

Frequency
(log(Hz))

F1,EX10−18 ( m4

V2(rms)S
) Standard Error

×10−18 Selected Cells Measured Cells

4.699 0.36 0.05 12 21

4.875 0.45 0.04 16 72

5.000 0.61 0.03 29 69

5.602 0.97 0.03 31 64

6.000 0.48 0.04 14 53

In Figure 5, it is shown the experimental data of Table 2 and the theoretical values for heat-killed
cells. Theoretical data come from Equation (1) [33], which used the dielectric and geometric parameters
of heat-killed yeast cell found in [46,52]. These parameters are shown in Table 3.
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(two times the standard error). The blue line represents the theoretical values from Equation (1) with
electric parameter data of [46].

Table 3. Data employed to calculate the theoretical values of F1,EX [46,52].

Conductivities (S/m)

Medium 4 × 10−3

Cell wall 1.1 × 10−2

Cell membrane 0

Cytoplasm 0.008

Relative permittivity

Medium (εm) 77

Cell wall 60

Cell membrane 5.2

Cytoplasm 58

Geometric parameters (m)

Cell radius (R) 3.25 × 10−6

Cell wall thickness 0.25 × 10−6

Cell membrane
thickness 7 × 10−9

5. Discussion

To avoid the effect of electrodes polarization between experiments, F1,EX data from heat-killed
and live yeast cell populations [33] were compared by using the k(ω) factor (Table 1 and Figure 3).
Comparing the results with previous work [33], the F1,EX measured in heat-killed cells was much
lower. In all cases of heat-killed cells, the value of F1,EX is below one. Conversely, in alive cells, the
value ranges from 3 in the case of 100 kHz and single cells, to 6 for double cells beyond the 1000 kHz.
Therefore, the capability of this method to measure changes in alive yeast cells and heat-killed has
been validated.
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As in [33], three experiments were made (Figure 4a and Table 2). Since there was no statistical
difference the three experiments were considered as one (Figure 4b).

In Figure 5, it can be seen that the experimental data obtained in this experiment agrees with
cell electrical and geometrical parameters of Table 3. The behaviour exposed in Figure 5 significantly
differs from the theoretically expected. It is because there exists distinct, possible, conductivity values,
which could make the response vary also. The values taken from bibliography have been acquired
with a different strain or cell treatment [46,52].

As shown in the results section, only 31.5% of the available data were used much less than the 78%
used in [33]. This might be due to the low velocities which were measured with these cells. As the DEP
force (F1,EX) decreases with heat treatment, the cell’s experimental speed also decreases. With a lower
velocity, it takes more time for the cell to reach the end of the chamber. This has two consequences.
First, cells are more susceptible to being influenced by electric or hydraulic effects of the solution’s
microenvironment and second, it increases the uncertainty when taking the measure. This is because
it becomes difficult to pinpoint when the cell has crossed the line of the grid. This result coincides
with the alive cells [33], where the lower the rate, the lower the percentage of cells that met the two
requirements to be used as results.

As explained in [46], with the thermal treatment that was performed, the cell wall conductivity is
increased due to cytoplasm leaks from the inner parts of the cell. This leakage is due to the fact that the
cell membrane breaks. On its way out, cytoplasm is captured by the cell wall mucopolysaccharides,
increasing the cell-wall conductivity. On the other hand, the membrane breakage increases the
cell-membrane conductivity itself. Nonetheless, the method described in this article is not capable of
quantifying such an increase. This is because a huge increment in cell membrane conductivity would
be needed, up to 10−3 S/m, for this effect to be noticed [33]. This value is much higher than the one
proposed by other authors, 10−5 S/m [46]. Likewise, other authors [53,54], through electroporation,
propose values from 10−4 S/m2 to 4.3 × 10−4 S/m2 for the increased membrane conductance originated
after the electroporation. These measures are to be considered because despite electroporation is an
entirely distinct technique from heat treatment, its outcome over the structure of the cell membrane is
almost the same that the one reached through heat treatment. In fact, because they both have the same
effect over the cell’s structure, they both explain the increase in cell membrane conductivity through
the same principle [41].

In Table 3, data of relative permittivity and geometric features of the cell have been taken
from [46,52]. Values of conductivities have been taken from [46]. Therefore, in order to obtain the
theoretical model of the heat-killed cells, it was decided to vary from the alive group model [33] the
values of cytoplasm conductivity and cell wall conductivity. Concretely, cytoplasm conductivity was
changed from 0.6 S/m in alive cells to 0.08 S/m in heat-killed cells. Moreover, cell wall conductivity
was modified from 0.0011 S/m in alive cells to 0.011 S/m in heat-killed cells. Such a variation is very
similar to the one described by [46]. These authors found by electrorotation a change in cytoplasm
conductivity from 0.55 S/m in alive cells to 0.01–0.08 S/m in the heat-killed ones. Additionally, cell wall
conductivity varied from 0.01 S/m in alive cells to 0.03 S/m in the heat-killed ones.

Figure 5 has been obtained with the changes mentioned above introduced into the theoretical
model. We noticed that the curve of heat-killed yeasts for 30 kHz is almost zero. It makes sense
accordingly with the experimental data because, at such frequency, no heat-killed cell could be
measured due to its negligible velocity. Nevertheless, the velocity of alive cells was measured.

However, the thesis and values are supported in other publications. [55] offers a value for cell
membrane conductivity of 1.6 × 10−4 S/m for heat-treated cells and 2.5 × 10−7 S/m for viable cells.
It means an increase of 1.6 × 10−4 S/m approximately, which is closer to the value proposed in this paper
than the one shown in [46]. In addition, other authors [56] explain the phenomenon of the decrease in
cytoplasm conductivity because of a loss of ions. Such a loss is explained by the cell membrane leakage
commented above. This layer behaviour has been studied not only for yeast cells but for Chinese
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hamster ovary cells too [56] in a temperature spectrum ranged from 7 ◦C to 50 ◦C. Surprisingly, the
effect is inverted for low temperatures [57] and cell membrane conductivity is decreased.

As shown in Figure 2 in the SEM photographs without cryofracture, the heat-treated cells suffered
a loss of form (Figure 2b) versus the alive cells (Figure 2a). In the cells subjected to cryofracture, it
can be observed that their rupture is more heterogeneous (Figure 2d,f) in those subjected to thermal
treatment than in those of alive cells (Figure 2c,e), which break more homogeneously, revealing their
cellular compartments. Moreover, the methylene blue according to the Pierce Method corroborated the
hypothesis that the cell membrane is damaged. SEM images do not pretend to bring any conclusion.
They are just a tool to demonstrate that the variations upon the cell wall have been made. Therefore,
changes in cell properties have been reflected through three different approaches: SEM, Pierce Method
and the proposed method in this article.

6. Conclusions

This work has been performed making use of two distinct groups of cells, a group of heat-killed
cells and another group of alive cells. The exposed method in this article is capable of distinguishing
between cells of both groups.

Using Equation (2) is a useful tool to compare experiments with different polarizability electrodes.
Measuring this parameter allows us to quantify the real electric field inside the solution.

The experimental values obtained agree with the ones found in [46,52] and they can be explained
by a decrease in cytoplasm conductivity and an increase in cell wall conductivity. These variations are
due to the formation of pores in the cell wall and membrane, or their breaking. This weakening can be
observed using electron microscopy over the cryofractured sample and methylene blue according to
the Pierce Method.

Therefore, in the present article it is shown that the used experimental method and theoretical
model not only can distinguish cells of different shapes, but also discriminate between cells with
different biological features reflected in their electric parameters. In this case, such biological features
were the damages caused by a heat shock over the cells. Despite the fact that we used the presented
method in our previous publications [31–33], all of those works were based on geometric cell properties.

There are other, more developed, alternatives used for cell discrimination, such as electrorotation.
Nonetheless, it is the first time in which both Stokes’ Drag Force and DEP are combined to distinguish
between biologically differentiated cells. It is the novelty of the studied method, which opens the door
for many future works in which improve the efficiency of the presented one, giving rise to a mature
methodology. Additionally, the advantage of this method over others is that it can be easily automated
and carried out continuously.

Author Contributions: Conceptualisation, writing—original draft G.-D.F.-J.; writing—original draft preparation,
M.R.-C.; writing—review, P.B. and F.J.E.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pethig, R. Review—Where Is Dielectrophoresis (DEP) Going? J. Electrochem. Soc. 2017, 164, 3049–3055.
[CrossRef]

2. Burgarella, S.; Merlo, S.; Dell’Anna, B.; Zarola, G.; Bianchessi, M. A modular micro-fluidic platform for cells
handling by dielectrophoresis. Microelectron. Eng. 2010, 87, 2124–2133. [CrossRef]

3. Burgarella, S.; Bari, M.D. A portable and integrated instrument for cell manipulation by dielectrophoresis:
Microfluidics and Miniaturization. Electrophoresis 2015, 36, 1466–1470. [CrossRef] [PubMed]

4. Jones, P.V.; DeMichele, A.F.; Kemp, L.; Hayes, M.A. Differentiation of Escherichia coli serotypes using DC
gradient insulator dielectrophoresis. Anal. Bioanal. Chem. 2013, 406, 183–192. [CrossRef] [PubMed]

http://dx.doi.org/10.1149/2.0071705jes
http://dx.doi.org/10.1016/j.mee.2010.01.013
http://dx.doi.org/10.1002/elps.201400481
http://www.ncbi.nlm.nih.gov/pubmed/25808778
http://dx.doi.org/10.1007/s00216-013-7437-5
http://www.ncbi.nlm.nih.gov/pubmed/24202194


Sensors 2019, 19, 5304 12 of 14

5. Song, H.; Rosano, J.; Wang, Y.; Garson, C.J.; Prabhakarpandian, B.; Pant, K.; Klarmann, G.J.; Perantoni, A.;
Alvarez, L.M.; Lai, E. Continuous-flow sorting of stem cells and differentiation products based on
dielectrophoresis. Lab. Chip 2015, 15, 1320–1328. [CrossRef] [PubMed]

6. Hyun, C.; Kaur, H.; McNabb, D.S.; Li, J. Dielectrophoretic stretching of DNA tethered to a fiber tip.
Nanotechnology 2015, 26, 125501. [CrossRef]

7. Kumemura, M.; Collard, D.; Sakaki, N.; Yamahata, C.; Hosogi, M.; Hashiguchi, G.; Fujita, H.
Single-DNA-molecule trapping with silicon nanotweezers using pulsed dielectrophoresis. J. Micromech.
Microeng. 2011, 21, 054020. [CrossRef]

8. Manouchehri, S.; Ibsen, S.; Wright, J.; Rassenti, L.; Ghia, E.M.; Widhopf, G.F.; Kipps, T.J.; Heller, M.J.
Dielectrophoretic recovery of DNA from plasma for the identification of chronic lymphocytic leukemia point
mutations. Int. J. Hematol. Oncol. 2016, 5, 27–35. [CrossRef]

9. Sonnenberg, A.; Marciniak, J.Y.; McCanna, J.; Krishnan, R.; Rassenti, L.; Kipps, T.J.; Heller, M.J.
Dielectrophoretic isolation and detection of cfc-DNA nanoparticulate biomarkers and virus from blood:
Nucleic Acids. Electrophoresis 2013, 34, 1076–1084. [CrossRef]

10. Ding, J.; Lawrence, R.M.; Jones, P.V.; Hogue, B.G.; Hayes, M.A. Concentration of Sindbis virus with optimized
gradient insulator-based dielectrophoresis. Analyst 2016, 141, 1997–2008. [CrossRef]

11. Morimoto, A.; Mogami, T.; Watanabe, M.; Lijima, K.; Akiyama, Y.; Katayama, K.; Futami, T.; Yamamoto, N.;
Sawada, T.; Koizumi, F.; et al. High-Density Dielectrophoretic Microwell Array for Detection, Capture, and
Single-Cell Analysis of Rare Tumor Cells in Peripheral Blood. PLoS ONE 2015, 10, e0130418. [CrossRef]
[PubMed]

12. Alshareef, M.; Metrakos, N.; Juarez Perez, E.; Azer, F.; Yang, F.; Yang, X.; Wang, G. Separation of tumor cells
with dielectrophoresis-based microfluidic chip. Biomicrofluidics 2013, 7, 011803. [CrossRef] [PubMed]

13. Mathew, B.; Alazzam, A.; Khashan, S.; Abutayeh, M. Lab-on-chip for liquid biopsy (LoC-LB) based on
dielectrophoresis. Talanta 2017, 64, 608–611. [CrossRef] [PubMed]

14. Kong, T.F.; Shen, X.; Yang, M.; Yang, C. Lab-on-chip microfluidic impedance measurement for laminar flow
ratio sensing and differential conductivity difference detection. Appl. Phys. Lett. 2017, 110, 233501. [CrossRef]

15. Nakano, M.; Obara, R.; Ding, Z.; Suehiro, J. Detection of norovirus and rotavirus by dielectrophoretic
impedance measurement. In Proceedings of the Seventh International Conference on Sensing Technology
(ICST), Wellington, New Zealand, 3–5 December 2013; pp. 374–378.

16. Nakano, M.; Ding, Z.; Suehiro, J. Dielectrophoresis and dielectrophoretic impedance detection of adenovirus
and rotavirus. Jpn. J. Appl. Phys. 2016, 55, 017001. [CrossRef]

17. Heller, M.J.; Krishnan, R.; Sonnenberg, A. Rapid detection of cancer related DNA nanoparticulate biomarkers
and nanoparticles in whole blood. In Proceedings of the SPIE NanoScience + Engineering, San Diego, CA,
USA, 1–5 August 2010; p. 77590P.

18. Sonnenberg, A.; Marciniak, J.Y.; Skowronski, E.A.; Manouchehri, S.; Rassenti, L.; Ghia, E.M.; Widhopf, G.F.;
Kipps, T.J.; Heller, M.J. Dielectrophoretic isolation and detection of cancer-related circulating cell-free DNA
biomarkers from blood and plasma: Nucleic acids. Electrophoresis 2014, 35, 1828–1836. [CrossRef]

19. Henslee, E.A.; Sano, M.B.; Rojas, A.D.; Schmelz, E.M.; Davalos, R.V. Selective concentration of human cancer
cells using contactless dielectrophoresis. Electrophoresis 2011, 32, 2523–2529. [CrossRef]

20. Park, S.; Zhang, Y.; Wang, T.-H.; Yang, S. Continuous dielectrophoretic bacterial separation and concentration
from physiological media of high conductivity. Lab. Chip 2011, 11, 2893. [CrossRef]

21. Cherukulappurath, S.; Lee, S.H.; Campos, A.; Haynes, C.L.; Oh, S.-H. Rapid and Sensitive in Situ SERS
Detection Using Dielectrophoresis. Chem. Mater. 2014, 26, 2445–2452. [CrossRef]

22. Huh, D.; Gu, W.; Kamotani, Y.; Grotberg, J.B.; Takayama, S. Microfluidics for flow cytometric analysis of cells
and particles. Physiol. Meas. 2005, 26, R73–R98. [CrossRef]

23. Yafouz, B.; Kadri, N.A.; Rothan, H.A.; Yusof, R.; Ibrahim, F. Discriminating dengue-infected hepatic cells
(WRL-68) using dielectrophoresis: Microfluidics and Miniaturization. Electrophoresis 2016, 37, 511–518.
[CrossRef] [PubMed]

24. Abd Rahman, N.; Ibrahim, F.; Yafouz, B. Dielectrophoresis for Biomedical Sciences Applications: A Review.
Sensors 2017, 17, 449. [CrossRef] [PubMed]

25. Liang, X.; Graham, K.A.; Johannessen, A.C.; Costea, D.E.; Labeed, F.H. Human oral cancer cells with
increasing tumorigenic abilities exhibit higher effective membrane capacitance. Integr. Biol. 2014, 6, 545–554.
[CrossRef] [PubMed]

http://dx.doi.org/10.1039/C4LC01253D
http://www.ncbi.nlm.nih.gov/pubmed/25589423
http://dx.doi.org/10.1088/0957-4484/26/12/125501
http://dx.doi.org/10.1088/0960-1317/21/5/054020
http://dx.doi.org/10.2217/ijh-2015-0009
http://dx.doi.org/10.1002/elps.201200444
http://dx.doi.org/10.1039/C5AN02430G
http://dx.doi.org/10.1371/journal.pone.0130418
http://www.ncbi.nlm.nih.gov/pubmed/26107884
http://dx.doi.org/10.1063/1.4774312
http://www.ncbi.nlm.nih.gov/pubmed/24403985
http://dx.doi.org/10.1016/j.talanta.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/28107980
http://dx.doi.org/10.1063/1.4984897
http://dx.doi.org/10.7567/JJAP.55.017001
http://dx.doi.org/10.1002/elps.201400016
http://dx.doi.org/10.1002/elps.201100081
http://dx.doi.org/10.1039/c1lc20307j
http://dx.doi.org/10.1021/cm500062b
http://dx.doi.org/10.1088/0967-3334/26/3/R02
http://dx.doi.org/10.1002/elps.201500282
http://www.ncbi.nlm.nih.gov/pubmed/26530354
http://dx.doi.org/10.3390/s17030449
http://www.ncbi.nlm.nih.gov/pubmed/28245552
http://dx.doi.org/10.1039/C3IB40255J
http://www.ncbi.nlm.nih.gov/pubmed/24663430


Sensors 2019, 19, 5304 13 of 14

26. Ismail, A.; Hughes, M.; Mulhall, H.; Oreffo, R.; Labeed, F. Characterization of human skeletal stem and bone
cell populations using dielectrophoresis: Dielectrophoretic properties of skeletal populations. J. Tissue Eng.
Regen. Med. 2015, 9, 162–168. [CrossRef] [PubMed]

27. Shafiee, H.; Jahangir, M.; Inci, F.; Wang, S.; Willenbrecht, R.B.M.; Giguel, F.F.; Tsibris, A.M.N.; Kuritzkes, D.R.;
Demirci, U. Acute On-Chip HIV Detection Through Label-Free Electrical Sensing of Viral Nano-Lysate. Small
2013, 9, 2553–2563. [CrossRef]

28. Manczak, R.; Saada, S.; Provent, T.; Dalmay, C.; Bessette, B.; Begaud, G.; Battu, S.; Blondy, P.; Jauberteau, M.O.;
Baristiran Kaynak, C.; et al. UHF-Dielectrophoresis Crossover Frequency as a New Marker for Discrimination
of Glioblastoma Undifferentiated Cells. IEEE J. Electromagn. RF Microw. Med. Biol. 2019, 3, 191–198. [CrossRef]

29. Flanagan, L.A.; Lu, J.; Wang, L.; Marchenko, S.A.; Jeon, N.L.; Lee, A.P.; Monuki, E.S. Unique Dielectric
Properties Distinguish Stem Cells and Their Differentiated Progeny. Stem Cells 2008, 26, 656–665. [CrossRef]

30. Mishra, P.; Mishra, K.P.; Singh, D.; Ganju, L.; Kumar, B.; Singh, S.B. Advances in Rapid Detection and
Antimicrobial Susceptibility Tests: A Review. Def. Life Sci. J. 2018, 4, 12–20. [CrossRef]

31. Cruz, J.M.; Garcia-Diego, F.-J. Dielectrophoretic force measurements in yeast cells by the Stokes method.
In Proceedings of the IAS’97. Conference Record of the 1997 IEEE Industry Applications Conference
Thirty-Second IAS Annual Meeting, New Orleans, LA, USA, 5–9 October 1997; pp. 2012–2018.

32. Cruz, J.M.; García-Diego, F.-J. Dielectrophoretic motion of oblate spheroidal particles. Measurements of
motion of red blood cells using the Stokes method. J. Phys. Appl. Phys. 1998, 31, 1745–1751. [CrossRef]

33. García-Diego, F.-J.; Rubio-Chavarría, M.; Beltrán, P.; Espinós, F.J. Characterization of Simple and Double
Yeast Cells Using Dielectrophoretic Force Measurement. Sensors 2019, 19, 3813.

34. Md Ali, M.A.; Kayani, A.B.A.; Yeo, L.Y.; Chrimes, A.F.; Ahmad, M.Z.; Ostrikov, K.K.; Majlis, B.Y. Microfluidic
dielectrophoretic cell manipulation towards stable cell contact assemblies. Biomed. Microdevices 2018, 20, 95.
[CrossRef] [PubMed]

35. Huang, K.; Chu, H.K.; Lu, B.; Lai, J.; Cheng, L. Automated Cell Patterning System with a Microchip using
Dielectrophoresis. In Proceedings of the International Conference on Robotics and Automation (ICRA),
Montreal, QC, Canada, 20–24 May 2019; pp. 634–639.

36. Tixier-Mita, A.; Ihida, S.; Shinohara, M.; Eiler, A.C.; Cathcart, G.A.; Faure, P.M.; Kohno, T.; Sakai, Y.; Lévi, T.;
Toshiyoshi, H. 2D Dielectrophoresis using an active matrix array made by thin-film-transistor technology.
IEEJ Trans. Electr. Electron. Eng. 2019, 14, 1280–1288. [CrossRef]

37. Wu, Y.; Ren, Y.; Tao, Y.; Hou, L.; Jiang, H. High-Throughput Separation, Trapping, and Manipulation of
Single Cells and Particy Combined Dielectrophoresis at a Bipolar Electrode Array. Anal. Chem. 2018,
90, 11461–11469. [CrossRef] [PubMed]

38. Lewpiriyawong, N.; Xu, G.; Yang, C. Enhanced cell trapping throughput using DC-biased AC electric field
in a dielectrophoresis-based fluidic device with densely packed silica beads. Electrophoresis 2018, 39, 878–886.
[CrossRef]

39. Zhao, K.; Duncker, L.B.P.; Li, D. Continuous Cell Characterization and Separation by Microfluidic Alternating
Current Dielectrophoresis. Anal. Chem. 2019, 91, 6304–6314. [CrossRef]

40. Luu, Y.; Macreadie, I. Development of Convenient System for Detecting Yeast Cell Stress, Including That of
Amyloid Beta. Int. J. Mol. Sci. 2018, 19, 2136. [CrossRef]

41. Li, H.; Multari, C.; Palego, C.; Ma, X.; Du, X.; Ning, Y.; Buceta, J.; Hwang, J.C.M.; Cheng, X. Differentiation
of live and heat-killed E. coli by microwave impedance spectroscopy. Sensors Actuators B Chem. 2018, 255,
1614–1622. [CrossRef]

42. Duarte, C.; Gudiña, E.J.; Lima, C.F.; Rodrigues, L.R. Effects of biosurfactants on the viability and proliferation
of human breast cancer cells. AMB Express 2014, 4, 40. [CrossRef]

43. Verghese, J.; Abrams, J.; Wang, Y.; Morano, K.A. Biology of the Heat Shock Response and Protein Chaperones:
Budding Yeast (Saccharomyces cerevisiae) as a Model System. Microbiol. Mol. Biol. Rev. 2012, 76, 115–158.
[CrossRef]

44. Guerrero, S.; Lopez-Malo, A.; Alzamora, S.M. Effect of ultrasound on the survival of Saccharomyces
cere¨visiae: influence of temperature, pH and amplitude. Innov. Food Sci. Emerg. Technol. 2001, 2, 31–39.
[CrossRef]

45. Lentacker, I.; De Cock, I.; Deckers, R.; De Smedt, S.C.; Moonen, C.T.W. Understanding ultrasound induced
sonoporation: Definitions and underlying mechanisms. Adv. Drug Deliv. Rev. 2014, 72, 49–64. [CrossRef]
[PubMed]

http://dx.doi.org/10.1002/term.1629
http://www.ncbi.nlm.nih.gov/pubmed/23225773
http://dx.doi.org/10.1002/smll.201202195
http://dx.doi.org/10.1109/JERM.2019.2895539
http://dx.doi.org/10.1634/stemcells.2007-0810
http://dx.doi.org/10.14429/dlsj.4.12572
http://dx.doi.org/10.1088/0022-3727/31/14/020
http://dx.doi.org/10.1007/s10544-018-0341-1
http://www.ncbi.nlm.nih.gov/pubmed/30402766
http://dx.doi.org/10.1002/tee.22979
http://dx.doi.org/10.1021/acs.analchem.8b02628
http://www.ncbi.nlm.nih.gov/pubmed/30192521
http://dx.doi.org/10.1002/elps.201700395
http://dx.doi.org/10.1021/acs.analchem.9b01104
http://dx.doi.org/10.3390/ijms19072136
http://dx.doi.org/10.1016/j.snb.2017.08.179
http://dx.doi.org/10.1186/s13568-014-0040-0
http://dx.doi.org/10.1128/MMBR.05018-11
http://dx.doi.org/10.1016/S1466-8564(01)00020-0
http://dx.doi.org/10.1016/j.addr.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24270006


Sensors 2019, 19, 5304 14 of 14

46. Hölzel, R.; Lamprecht, I. Dielectric properties of yeast cells as determined by electrorotation.
Biochim. Biophys. Acta 1992, 1104, 195–200. [CrossRef]

47. Pohl, H.A. Dielectrophoresis: The Behavior of Neutral Matter in Nonuniform Electric Fields; Cambridge University
Press: Cambridge, UK; New York, NY, USA, 1978.

48. Jones, T.B. Electromechanics of Particles; Cambridge University Press: Cambridge, UK, 1995.
49. Pierce, J.S. For the Analysis Committee. Institute of brewing analysis committee: Measurement of yeast

viability. J. Inst. Brew. 1970, 76, 442–443. [CrossRef]
50. Bonneu, M.; Crouzet, M.; Urdaci, M.; Aigle, M. Direct detection of yeast mutants with reduced viability on

plates by erythrosine B staining. Anal. Biochem. 1991, 193, 225–230. [CrossRef]
51. Talary, M.S.; Pethig, R. Optical technique for measuring the positive and negative dielectrophoretic behaviour

of cells and colloidal suspensions. IEE Proc. Sci. Meas. Technol. 1994, 141, 395–399. [CrossRef]
52. Asami, K.; Yonezawa, T. Dielectric Behavior of Wild-Type Yeast and Vacuole-Deficient Mutant Over a

Frequency Range of 10 kHz to 10 GHz. Biophys. J. 1996, 71, 2192–2200. [CrossRef]
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