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a b s t r a c t

The changes in the dielectric properties of cells that occur during their exposure to various lethal environ-
mental stresses were measured using both dielectric spectroscopy and dielectrophoresis. It is shown that
the dielectric properties of both dying and dead yeast cells were strongly dependent on the method used
to induce cell death. Methods which directly affected the membrane permeability, and consequently the
membrane conductivity and internal conductivity, resulted in large changes in the suspension capacitance
and dielectrophoretic behaviour, whilst methods which affected the cell interior but had little effect on
the cell membrane resulted in few or no changes in the dielectric properties of the cells. The findings
indicate that, depending on the method by which cell death is induced, dielectric spectroscopy may not
Dielectric spectroscopy
Dielectrophoresis
Viability
Stress
T

always be able to observe differences between viable and non-viable cells, and that dielectrophoresis will
not always be able to separate viable from non-viable cells.

© 2008 Elsevier Inc. All rights reserved.
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. Introduction

Cell death is accompanied by many changes in the cell [1–3].
any of these changes can affect the electrical properties of the

tructures of which a biological cell is composed, which in turn
ead to changes in the frequency-dependent dielectric properties
f the cells [4–8]. A review of cell death, the changes that occur
n the dielectric properties during cell death by different environ-

ental stresses, and different methods to measure them, has been
iven elsewhere [1]. Of the techniques that are available, dielec-
ric spectroscopy measurements on suspensions are somewhat less
ensitive compared to electrokinetic techniques such as dielec-

rophoresis or electro-rotation [9]. However, the method is very
imple, and – unlike electrokinetic measurements – gives an on-
ine and real-time signal which can be obtained directly in growth

edium without risk of contamination. For electrokinetic exper-
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ments, in contrast, the cells usually have to be resuspended in
so-osmotic sugar solutions, and measurement of spectra can be
ime-consuming.

Dielectric spectroscopy, and in particular capacitance measure-
ents, has found practical and commercial use in the on-line

nd real-time measurement of “viable” biomass [10–12]. How-
ver, to date there has been no systematic investigation of what is
eant by “viable” biomass in dielectrics, even for the baker’s yeast

accharomyces cerevisiae that is most commonly studied. Dielec-
rophoresis, the movement of particles in non-uniform electric
elds, on the other hand has been used to separate “viable” from
non-viable” cells, including cells of baker’s yeast [13–15,5]. How-
ver, to date there has been no systematic investigation of changes
n the dielectrophoretic behaviour that occur when a yeast cell is
illed by different methods. In this paper we will attempt to address
his by studying the capacitance and dielectrophoretic behaviour
f yeast suspensions exposed to different (lethal) environmental
tresses, concentrating on thermal and toxic stress.

. Materials and methods
.1. Cells

Fresh baker’s yeast (S. cerevisiae) was purchased every week from St. Andrews
akery in Manchester. The yeast was stored at 4 ◦C and used within 1 week. The
umber of live cells (as determined using methylene blue staining) was over 99%
ells at the start of each experiment.

http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
mailto:g.h.markx@hw.ac.uk
dx.doi.org/10.1016/j.enzmictec.2008.09.006
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.2. Chemicals

The chemicals to which the cells were exposed in the experiments investigat-
ng the effect of toxic chemicals were chosen on the basis of differences in their
ction against cells. Iso-octanol was chosen because it is well known that long-
hain aliphatic alcohols affect the dielectric properties of cells through a solvent-like
ffect [16–18]. Glutaraldehyde was chosen because of its ability to crosslink mem-
rane components. Cycloheximide was chosen on the basis that it is an inhibitor of
rotein synthesis and its effect is mainly intracellular [19]. Finally, Virkon, a regis-
ered trademark of Dupont, was chosen because it has a double action: it oxidises
he cell contents, and also has a detergent action. All chemicals were supplied by
igma–Aldrich, and of the highest purity.

.3. Capacitance measurements

An Aber Instruments 220 Biomass Monitor was used to measure the dielectric
roperties (capacitance and conductivity) of the suspension. For yeast, a capacitance
ignal of 1 pF corresponds to approximately 108 cells ml−1 (2.5 g fresh yeast l−1). In
he experiment investigating cell death by heat a 19 mm diameter annular probe
as used; in all other experiments a 25 mm diameter four-pin probe was used.
oth systems rely on a 4-electrode system to reduced electrode polarisation effects
20,21]. The annular probe is a new design which has a higher signal-to-noise ratio
han the standard four-pin probe and is easier to handle in an industrial environment
22]. A magnetic stirrer was used to keep the cell suspension homogeneous. Data
ere obtained from the Biomass Monitor using a PC with Labview.

In the experiments in which cell death by heat was studied 100 g baker’s yeast
as suspended in a 30 mM KCl solution (conductivity 5 mS cm−1 at 400 kHz) to make

20 ml of cell suspension. 300 ml 30 mM KCl solution (conductivity 5 mS cm−1 at
00 kHz) was preheated to the desired temperature using a magnetic stirring heater,
nd 25 ml of prepared yeast suspension quickly added whilst continuously measur-
ng the suspension capacitance. Capacitance measurements were performed at a
ingle frequency of 400 kHz without filtering or automatic compensation for elec-
rode polarisation. 400 kHz is on the low-frequency plateau, but high enough not to
e significantly influenced by electrode polarisation.

In the experiments in which cell death by toxic agents was studied 75 g baker’s
east was suspended in 100 ml of deionised water, and the volume was then adjusted
o 200 ml. Following this, the conductivity of the suspension was adjusted to around
mS cm−1 (at 400 kHz) by the addition of potassium chloride. Following this, the
esired amount of the toxic agent was added to the suspension, and the dielectric
roperties of the yeast suspension were monitored in time. Frequency spectra in
he range 100 kHz to 20 MHz were acquired for 60 s, averaged and stored in the
omputer. A typical spectrum, with 25 logarithmically spaced datapoints, took 11 s to
cquire. When the experiment had finished the difference between the capacitance
t 370 kHz and 10 MHz was determined as a function of time. Again, no filtering was
sed and no automatic compensation for electrode polarisation.

.4. Dielectrophoretic measurements

To measure the dielectrophoretic properties of cells dying by heat exposure,
50 g baker’s yeast was suspended in water to make 200 ml of cell suspension.
00 ml of an approximately 30 mM aqueous KCl solution (conductivity 5 mS cm−1

t 400 kHz) was preheated to the desired temperature using a magnetic stirring
eater, and the yeast suspension quickly added whilst continuously measuring the

uspension capacitance. Samples were taken from the suspension and mixed with
.5 ml of deionised water in an eppendorf. This was then centrifuged at 9000 × g
or 5 min (Minispin Plus from Eppendorf). After centrifugation the supernatant was
iscarded and the cells were resuspended in fresh deionised water. This cycle was
epeated 5 times to reduce the conductivity of the suspending medium to a value
f 0.6 �S cm−1, as determined using a Jenway 4010 conductivity meter.

o
i
a
c
a

Fig. 1. Capacitance at 400 kHz of a Saccharomyces cerevisiae suspension as
Technology 43 (2008) 523–530

To measure the dielectrophoretic properties of cells dying by exposure to toxic
hemicals, samples were taken during the capacitance measurements described
reviously. The samples were prepared in the same way as described for the cells
xposed to high temperatures.

Microelectrodes of the interdigitated alternately castellated design with charac-
eristic size of 50 �m were fabricated using photolithography from indium tin oxide
ITO) coated microscope slides (Delta Technologies, USA), as described by Flores-
odriguez and Markx [23]. A dilute sample of yeast cells suspended in deionised
ater was placed on the slide with microelectrodes and covered with a micro-

cope cover slip. A Thurlby-Thandar TG120 function generator was used to apply
ignals of 0–20 V peak-to-peak (Vpk-pk) within the frequency range 0.1–20 MHz to
he electrodes. The dielectrophoretic behaviour of the cells was monitored at 200×

agnification with a microscope (Nikon E600), fitted with a digital camera (Nikon,
oolpix 4500), and the frequency at which the dielectrophoretic behaviour turned

rom positive to negative determined.

. Results and discussion

.1. Capacitance measurements

.1.1. Effect of thermal stress on the capacitance of suspensions of
. cerevisiae

In the first set of experiments, the effect of temperature on cell
eath was studied. Fig. 1 shows the change in the capacitance at
00 kHz as a function of time when yeast cells (S. cerevisiae) were
ubjected to different temperatures. At all temperatures (except
0 ◦C) the capacitance signal declined and then stabilised at around
.2 pF cm−1. At 60 ◦C a slow decline is seen at first, followed by
faster decline. A slow decline followed by a faster decline (not

hown) in the capacitance was also observed at a temperature of
0 ◦C around 10 h after the start of the experiment; the capacitance
gain stabilised at a value of around 6.2 pF cm−1. The increase in
he decline in the capacitance in time is interesting, and indicates
n acceleration in the physical decline of the integrity of the cells’
tructures. A potential explanation of the observed behaviour is that
t 50–60 ◦C the time-dependent denaturation of proteins leads to
progressively increasing destabilisation of the cell membrane.

The curves allow one to estimate death rates. The rate of cell
eath is often assumed to be proportional to the concentration of
iable cells [24]. Making the additional assumptions that cell sus-
ensions only consist of medium, dead and live cells, and that the
ontribution of dead and live cells to the total capacitance is pro-
ortional to their concentration, it is straightforward to show that
he change in the capacitance during cell death can be described by
n exponential decline from a high starting capacitance (at which
ll cells are alive) to a low plateau (at which all cells are dead).
xponential curves were fitted to the data, and an Arrhenius plot

f the death rates is shown in Fig. 2. Arrhenius plots are useful for
nvestigation of temperature effects on chemical reactions, but can
lso be used to effect to analyse the effect of temperature on more
omplex biological systems [24]. The data indicate that the mech-
nism by which the cells are disrupted changes with temperature.

a function of time when subjected to heat at different temperatures.



P.M. Patel et al. / Enzyme and Microbial Technology 43 (2008) 523–530 525

ifferen

H
i
s

v
t
e
m
t
fi
t
i
i

3
o

d
t
c
b
t
c
A
l
t

F
f
c

t
r
c
w
h
t
a
a
m
d
b
t
e
p
l
b
s
m
t

o

Fig. 2. Arrhenius plot of the death rates of baker’s yeast at d

owever, the final capacitance values obtained were very similar,
ndicating that the dielectric properties of heat-killed cells are very
imilar, irrespective of the temperature at which they were killed.

Although no samples were taken here to determine the cell
iability, in previous (unpublished) experiments samples were
aken, and the cell viability determined using methylene blue. The
xperiments showed that the cell viability, as determined using
ethylene blue staining, dropped very quickly, much quicker than

he suspension capacitance. These experiments confirmed previous
ndings [6] that capacitance measurements are relatively insensi-
ive to changes in membrane permeability, and that very significant
njury to the cell membrane is needed before they result in a drop
n the capacitance.

.1.2. Effects of chemical stress on the capacitance of suspensions
f S. cerevisiae

In the next set of experiments the exposure of yeast cells to
ifferent chemicals was explored. Fig. 3 shows how the capaci-
ance of a yeast suspension changes when subjected to different
oncentrations of iso-octanol. An initial rise in the capacitance can
e seen, followed by a decline. Cells subjected to a lower concen-

ration of iso-octanol (0.5%, 1% and 2%) start dying (lysing) later
ompared to cells subjected to higher concentrations (3% and 4%).
higher iso-octanol concentration decreases the time taken for cell

ysis. The capacitance then stabilises to a value higher than that of
he medium, indicating that the dead cells have a residual capaci-

ig. 3. Change in the capacitance of Saccharomyces cerevisiae suspensions as a
unction of time when subjected to varying iso-octanol concentrations in the con-
entration range 0–4% (v/v).

t
w
t
(
w
s
c

F
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t temperatures, as measured using dielectric spectroscopy.

ance. As the cell membrane ruptures, the cytoplasmic ions are also
eleased into the suspending medium, giving a rise in the medium
onductance. This kind of behaviour has previously been reported
ith n-octanol [6,17], and other solvents such as phenol, benzalde-

yde, and others [18,19]. The initial increase has been attributed to
he fact that the solvent partitions into the cell plasma membrane
nd increases its area [25], leading to an increase in r and/or Cm,
nd hence �C [6,17]. After a threshold level of partitioning into the
embrane, cell lysis takes place, causing the capacitance to start

ecreasing [6,17]. However, recent results of modelling performed
y Asami [26], investigating the effect of the presence pores on
he dielectric properties of biological cells, point to an alternative
xplanation. He found that the introduction of one or several small
ores in the cell membrane induced an additional �-dispersion-

ike response at low frequencies. Pores of a similar nature may have
een formed here during the early stages after the addition of the
olvent. Asami’s modelling also showed that even despite extensive
embrane loss a cell can still make a considerable contribution to

he dielectric properties of a suspension.
It was observed that the capacitance in the case of 0.5% iso-

ctanol did not fall as much as at higher concentrations. To study
his in more detail another set of experiments was conducted in
hich lower concentrations of iso-octanol were used. Fig. 4 shows

he capacitance vs. time at different concentrations of iso-octanol

0.0% (blank), 0.2%, 0.4%, 0.6% and 0.8%). The figure shows that,
hen lower iso-octanol concentrations were used, the capacitance

tabilised to different values. The actual value depended on the
oncentration used. This was different from the situation in which

ig. 4. Change in the capacitance of suspension of S. cerevisiae vs. time when sub-
ecting to varying iso-octanol concentrations in the range 0–1% (v/v).
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cells killed with cycloheximide and glutaraldehyde stay mainly
ig. 5. Change in the capacitance with respect to time for Saccharomyces cere-
isiae cells treated with glutaraldehyde followed by different concentrations of
so-octanol.

igher concentrations were used, as the capacitance then stabilised
o a similar value. This suggests that at lower concentrations the cell

embrane did not become completely ruptured.
To investigate whether rupture of the membrane plays a role in

he observed effects of iso-octanol on the cell dielectric properties,
n the next set of experiment cells were subjected to glutaraldehyde
rst and then to iso-octanol. Glutaraldehyde crosslinks proteins,
nd is used for fixing the cells before electron microscopy. It
an therefore be expected that adding glutaraldehyde strengthens
embranes.
Yeast was suspended in a KCl solution, and total of 1% (v/v)

lutaraldehyde was added to the yeast cell suspension. A small
apid drop in the capacitance occurred, after which the capacitance
ecame constant (see also later Fig. 6). When the capacitance had
een stable for 15 min iso-octanol was added at different concen-
rations. Fig. 5 shows the observed changes in the capacitance in
ime.

The rise in the capacitance due to partitioning of iso-octanol into
he membrane was observed to be quicker when the cells were
retreated with glutaraldehyde. After the initial rise the capaci-
ance value at first got stabilised and then started falling. This fall
n the capacitance is slower after pretreatment with glutaraldehyde
han without pretreatment, and the capacitance value at which the
apacitance finally stabilises appears to be higher. The observed
ffects may be explained by the fact that glutaraldehyde reacts
ith and crosslinks membrane proteins. The experiments confirm

hat membrane rupture plays a role in the observed changes in the
ielectric properties of cells, as a crosslinked membrane will not be
ble to expand as much, and is stronger.

.1.3. Comparison of different toxic agents
Different toxic agents have different action mechanisms, and

an therefore be expected to have different effects on the dielectric
roperties of different cells. Already discussed were the effects of
he solvent iso-octanol, which appears to make holes and solubilise
he membrane, and glutaraldehyde, which crosslinks and stabilises
t. To further investigate the effect of different toxic agents, the
ffects of cycloheximide and Virkon were studied. Cycloheximide
nhibits protein synthesis in eukaryotes. Its action mechanism is
herefore mainly internal. Virkon is a disinfectant which action is

omplex, but has at least two action mechanisms: it contains potas-
ium persulfate which is involved in oxidising cell components such
s proteins, nucleic acids and lipids, and also has a detergent action
hich solubilises the membrane and denatures proteins.

i
c
f
d

ig. 6. Comparison of the change in the capacitance of Saccharomyces cerevisiae
uspensions as the cells are killed by different methods.

Fig. 6 shows the change in the capacitance that occurs in yeast
uspensions when cells are killed with different methods. Addition
f cycloheximide, at a high concentration of 500 mg l−1, had little
r no effect on the dielectric properties of yeast cells. Virkon was
dded as a powder to a yeast cell suspension at different concen-
rations. Virkon contains a lot of salts, and a large change in the
onductivity could be observed immediately after the addition of
irkon (data not included). Initially a small rise in the capacitance
as observed after the addition of Virkon, after which the capaci-

ance declined. The effects of the other agents have been discussed
reviously. The data clearly show that different methods of killing
ells lead to different responses by the cells, and that the capac-
tance values at which the capacitance stabilises when cells are
ead are different. This indicates that the dielectric properties of
ells killed by different methods are different.

.1.4. Investigation of the dielectrophoretic behaviour of cells
illed by different environmental stresses

Capacitance measurements mainly give information on the
roperties of the cell membrane [1]. As shown in the appendix,
easurement of the higher crossover frequency (>1 MHz) of yeast

ells suspended in low conductivity media can be used to estimate
he internal cell conductivity, which in turn is an indirect measure
f the permeability of the cell membrane. To investigate this in more
etail, yeast cells were exposed to high temperatures and various
oxic agents. Samples were taken, and the crossover frequencies
etermined.

Fig. 7 shows the dielectrophoretic behaviour of cells treated with
ifferent concentrations of iso-octanol at different frequencies. It
an clearly be seen that subjecting the cells to different concentra-
ions of iso-octanol elicits different dielectrophoretic behaviours,
ecoming predominantly negative in the frequency range studied
s the iso-octanol concentration is increased. Crossover frequen-
ies of cells treated with different concentrations of chemicals
re shown in Table 1. Also shown are estimates of the internal
ell conductivities, based on the measured crossover frequencies.
n a separate experiment with a self-built frequency generator

hich could generate signals in the frequency range 20–100 MHz
t was shown that intact, live cells had a crossover frequency
etween 40 and 50 MHz, corresponding to an interior conductivity
f 0.21 ± 0.03 S m−1. The data confirm our previous findings that
ntact, with little change in the internal conductivity. The data for
ells killed with heat confirms our previous finding that little dif-
erence exists in the dielectric properties between cells killed at
ifferent temperatures. Cells killed with iso-octanol have a lower
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ig. 7. Comparison of the dielectrophoretic movement of viable yeast cells and yeas
nternal conductivity than cells killed with heat; this ties in with our
revious findings that the residual capacitance of cells killed with

so-octanol is slightly lower than that of cells killed with heat, indi-
ating a lower membrane capacitance and hence higher membrane
ermeability.The capacitance data obtained with glutaraldehyde

f
i
s
t
t

able 1
rossover frequencies and cell interior conductivities of yeast cells exposed to different en

nvironmental stress condition

ycloheximide (500 mg l−1)

lutaraldehyde (% v/v) 1

eat (temperature in ◦C)

60
70
80
90

so-octanol (% v/v)

0
0.2
0.4
0.5
0.6
0.8
1
2
3
4

lutaraldehyde 0.5% (v/v) followed by
iso-octanol at different concentrations (% v/v)

0.2
0.4
0.6
0.8
subjected to different concentrations of iso-octanol at different frequencies.
ollowed by iso-octanol indicate that the relation between capac-
tance, membrane permeability and residual conductivity is not a
imple one. The cells that were first treated with glutaraldehyde and
hen with iso-octanol had a larger residual capacitance than cells
hat were not treated with glutaraldehyde before their exposure to

vironmental stress conditions.

Crossover frequency (MHz) Cell interior conductivities (S m−1)

>20 >0.09

>20 >0.09

5 ± 1 0.0213 ± 0.0066
3 ± 1 0.0120 ± 0.0066
3 ± 1 0.0120 ± 0.0066
3 ± 1 0.0120 ± 0.0066

>20 >0.09
>20 >0.09

4.5 ± 0.5 0.0190 ± 0.0033
3.5 ± 0.5 0.0143 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033
2.5 ± 0.5 0.0097 ± 0.0033

2.5 ± 0.5 0.0097 ± 0.0033
1.95 ± 0.05 0.0071 ± 0.0003
1.8 ± 0.05 0.0064 ± 0.0003
1.65 ± 0.15 0.0057 ± 0.0010
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so-octanol. However, their internal conductivity is lower. The data
ndicate that either the membranes stay more intact, but are more
ermeable, or that the cells have become more permeable dur-

ng their preparation for the dielectrophoresis experiments (which
nvolved centrifugation as well as copious washing in deionised
ater).

. Conclusions

The experiments show that the dielectric spectroscopy is a
seful method for investigating cell death, but that the response
btained depends on the method by which cell death occurs. When
method is used to kill the cells which has an intracellular action
echanism (e.g. cycloheximide) or stabilises the cell membrane

e.g. glutaraldehyde) the change in the cells’ dielectric properties is
mall, and the dielectric properties of dead cells are similar to that of
ive cells. When a method is used which involves the solubilisation
f the membrane, such as the addition of (iso)octanol, the capaci-
ance stabilises at a low value, indicating a large change in the cell
ielectric properties. Heating affects the cell membrane indirectly
nd has an intermediate effect, whilst the effect of Virkon, who has
oth an oxidising and a detergent-like effect, is also intermediate.

The results obtained with dielectrophoresis support these find-
ngs. Methods of killing cells which result in large changes in the
apacitance also cause large chances in the high-frequency dielec-
rophoretic behaviour. This is because the changes in the membrane
ermeability which cause the capacitance to become low also allow
he ions to escape from the cell. The resulting low internal conduc-
ivity is the main cause of the large change in the high-frequency
ielectrophoretic behaviour observed. Factors which do not affect
he cell membrane do not change the internal conductivity, and
herefore do not lead to changes in the high-frequency dielec-
rophoretic behaviour.

The results indicate that non-viable cells in a suspension make
significant contribution to the overall capacitance of the suspen-

ion. The extent of this contribution depends on the method by
hich the cell was killed, but in some extreme cases the dielec-

ric properties of “non-viable cells” can be the same as those
f “viable” cells. Thus, the statement that dielectric spectroscopy
an be used to measure the level of “viable” biomass should
e used with extreme caution, as it depends on the method by
hich the cells were killed. Although additional information can

e obtained about cell properties using the whole frequency spec-
rum rather than measuring at one or two datapoints [27–29],
ven the most advanced multifrequency scanning dielectric spec-
roscopy and modelling techniques will not be able to determine
he ratio of viable to non-viable cells in a suspension if there
s little or no difference between the dielectric properties of
iable cells and those of non-viable cells. Similarly, the ability of
ielectrophoresis to separate “viable” from “non-viable” cells also
epends on the method by which the cells were rendered non-
iable. If the method by which the cell is rendered non-viable leads
o an increase in the membrane conductivity and consequently

reduction in the internal conductivity, the cells can be sepa-
ated. If not, non-viable cells are essentially non-distinguishable
rom viable cells, and their dielectrophoretic separation is not
ossible.
cknowledgements
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ppendix A. Measurement of the internal conductivity of
east cells using dielectrophoresis

Theory
Dielectrophoresis is the movement of particles in non-uniform

lectric fields. The dielectrophoretic force is the result of the inter-
ction of the non-uniform electric field with the charges of the net
ipole induced in the particle. If the particle is less polarisable than
he medium, the dipole aligns against the field and the particle is
epelled from regions of high electric field; if the particle is more
olarisable than the medium the opposite happens, and the par-
icle is attracted to the regions of high electric field strength. The
orce is dependent on the induced dipole, and is unaffected by the
irection of the electric field, responding only to the field gradient.
ince the alignment of the field is irrelevant, the dielectrophoretic
orce can be generated in by DC as well as AC electric fields.

The dielectrophoretic behaviour of biological cells is fre-
uency dependent, and the same cell can show positive and
egative dielectrophoresis in different frequency ranges. The
rossover frequency is the frequency at which the dielectrophoretic
ehaviour changes from positive dielectrophoresis to negative
ielectrophoresis. Dielectrophoretic spectra of cells without a cell
all (i.e. all animal cells) typically have two crossover frequencies.

he lower crossover frequency has been used to obtain informa-
ion about the properties of the cell membrane of animal cells [30].
he higher crossover frequency is dependent on the permittivity
nd conductivity of the cytoplasm. The relation between the higher
rossover frequency and the dielectric properties of the cell can be
escribed by the following equation [30]:

crossover = 1
2�ε0

√
(�i−�e)(�i+2�e)
(εi−εe)(εi+εe) (1)

here, fcrossover is the crossover frequency; ε0 is the permittivity of
acuum; �i is the internal conductivity; �e is the external conduc-
ivity; εi is the internal permittivity; εe is the external permittivity.

This relation has previously been used to determine the internal
onductivity of mammalian cells [31]. Yeast cells, however, have a
ell wall. It can therefore not automatically be concluded that the
ame relation holds for the yeast cells.

To investigate this, the effects of cell interior conductivity, the
ell membrane conductivity, cell wall conductivity and suspen-
ion medium conductivity on the dielectrophoretic behaviour of
east cell were investigated by calculating the real part of the
lausius-Mossotti factor. The model, written in Matlab, was based
n the multishell model as described by Huang et al. [32]; the
alues for the parameters used were also taken from the same
aper. Unless stated otherwise, the medium conductivity was
.6 �S cm−1. Results of the modelling are shown in Fig. 8.

Fig. 8A shows the effect of changing the interior conductivity.
t can be seen that as the cell interior conductivity decreases, the
rossover frequency also decreases. Cell membrane conductivity
ften increases as the cell loses viability. This is because cell death
s often accompanied by disruption of the membrane. Fig. 8B shows
ow the cell membrane conductivity affects the Clausius-Mossotti

actor. It can be observed that a change in the cell membrane con-
uctivity does not affect the higher crossover frequency. Fig. 8C
hows the effect of the cell wall conductivity on the Clausius-
ossotti factor. It can be seen that the cell wall conductivity has a
inimal effect on the higher crossover frequency. The effect of the
edium conductivity is shown in Fig. 8D. The higher crossover fre-
uency can be seen to be little affected by the suspending medium
onductivity until very high medium conductivity values (over
.06 S m−1) are reached.

The modelling indicates that for yeast cells the cell interior con-
uctivity has a strong effect on the higher crossover frequency,
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ig. 8. Calculated real part of the Clausius-Mossotti factor of yeast cells as a function
arameter was increased or decreased. (A) The cell interior conductivity was decreas
onductivity was exponentially increased from 2.4 × 10−7 to 8.3 × 10−4 S m−1. (C) T
he suspending medium conductivity was exponentially increased from 6 × 10−5 to
nd that other factors have relatively little effect. Eq. (1) indicates
hat, for low medium conductivities (0.5�e � �i), a linear corre-
ation should exist between the crossover frequency and the cell
nterior conductivity. In order to explore whether this is also the

ig. 9. Crossover frequencies at different cell interior conductivity values. The con-
uctivity of the external medium was 0.6 �S cm−1.

c
f
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R

quency for different parameter values. The arrow indicates the direction in which a
m 0.2 to 0.01 S m−1 with a stepwise decrement of 0.01 S m−1. (B) The cell membrane
l wall conductivity was exponentially increased from 1.4 × 10−2 to 0.54 S m−1. (D)
m−1.

ase for yeast cells which have a wall, the high-frequency crossover
requency was calculated for yeast using the multishell model
nd plotted as a function of the cell interior conductivity. The
esults, shown in Fig. 9, show there is an excellent linear correlation
etween the cell interior conductivity and the crossover frequency
or yeast cells under such conditions.

eferences

[1] Patel PM, Markx GH. Dielectric measurement of cell death. Enz Microb Technol
2008;43:463–70.

[2] Kell DB, Kaprelyants AS, Weichart DH, Harwood CR, Barer MR. Viability and
activity in readily culturable bacteria: a review and discussion of the practical
issues. Antonie van Leeuwenhoek 1998;73:169–87.

[3] Schwartz SM, Bennett MR. Death by any other name. Am J Pathol
1995;147:229–34.

[4] Ratanachoo K, Gascoyne PRC, Ruchirawat M. Detection of cellular responses
to toxicants by dielectrophoresis. Biochim Biophys Acta - Biomembr
2002;1564:449–58.

[5] Markx GH, Talary MS, Pethig R. Separation of viable and non-viable yeast using
dielectrophoresis. J Biotechnol 1994;32:29–37.

[6] Davey CL, Markx GH, Kell DB. On the dielectric method of monitoring cellular

viability. Pure Appl Chem 1993;65:1921–6.

[7] Dalton C, Goater AD, Drysdale J, Pethig R. Parasite viability by electrorotation.
Coll Surf A - Phys Eng Asp 2002;195:263–8.

[8] Morita S, Umakoshi H, Kuboi RJ. Characterization and on-line monitoring
of cell disruption and lysis using dielectric measurement. Biosci Bioeng
1999;88:78–84.



5 robial

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

30 P.M. Patel et al. / Enzyme and Mic

[9] Gascoyne PRC, Becker FF, Wang XB. Numerical analysis of the influence of
experimental conditions on the accuracy of dielectric parameters derived
from electrorotation measurements. Bioelectrochem Bioenerg 1995;36:
115–25.

10] Carvell JP, Dowd JE. On-line measurements and control of viable cell den-
sity in cell culture manufacturing processes using radio-frequency impedance.
Cytotechnology 2006;50:35–48.

11] Asami K. Characterization of biological cells by dielectric spectroscopy. J Non
Cryst Solids 2002;305:268–77.

12] Kell DB, Markx GH, Davey CL, Todd RW. Real-time monitoring of cellular
biomass: methods and applications. Trends Anal Chem 1990;9:190–4.

13] Pohl HA. Dielectrophoresis. Cambridge: Cambridge University Press; 1978.
14] Markx GH, Pethig R. Dielectrophoretic separation of cells: continuous separa-

tion. Biotechnol Bioeng 1995;45:337–43.
15] Oblak J, Krizaj D, Amon S, Macek-Lebar A, Miklavcic D. Feasibility study for

cell electroporation detection and separation by means of dielectrophoresis.
Bioelectrochemistry 2007;71:164–71.

16] Stoicheva NG, Davey CL, Markx GH, Kell DB. Dielectric spectroscopy: a rapid
method for the determination of solvent biocompatibility during biotransfor-
mations. Biocatalysis 1989;2:245–55.

17] Tileva FP, Yotova LK, Markx GH. Dielectric measurement of the resistance of
Trichosporon cutaneum against toxic chemicals. African Journal of Microbiology
Research 2007;1:117–20.

18] Markx GH, Kell DB. The use of dielectric permittivity for the control of the
biomass level during biotransformations of toxic substrates in continuous cul-
ture. Biotechnol Prog 1995;11:64–70.
19] Soares EV, Vroman A, Mortier J, Rijsbrack K, Mota M. Carbohydrate carbon
sources induce loss of flocculation of an ale-brewing yeast strain. J Appl Microb
2004;96:1117–23.

20] Kell DB, Davey CL, Todd RW. Real-time measurement of cellular biomass using
dielectric spectroscopy. In: Greenshields RN, editor. Biotechnology Interna-
tional. 2nd Edition London: Grosvenor Press; 1992. p. 294–7.

[

[

Technology 43 (2008) 523–530

21] Harris CM, Todd RW, Bungard SJ, Lovitt RW, Morrs JG, Kell DB. Dielectric per-
mittivity of microbial suspensions at radio frequencies: a novel method for the
real-time estimation of microbial biomass. Enz Microb Technol 1987;9:181–6.

22] Ferreira AP, Vieira LM, Cardoso JP, Menezes JC. Evaluation of a new annular
capacitance probe for biomass monitoring in industrial pilot-scale fermenta-
tions. J Biotechnol 2005;116:403–9.

23] Flores-Rodriguez N, Markx GH. Flow-through devices for the AC electroki-
netic construction of microstructured materials. J Micromech Microeng
2006;16:349–55.

24] Sinclair CG, Kristiansen B, Bu’Lock JD, editors. Fermentation Kinetics and Mod-
elling. Milton Keynes: Open University Press; 1987.

25] Seeman P. Membrane actions of anesthetics and tranquillizers. Pharmacol Rev
1972;24:583–655.

26] Asami K. Effects of membrane disruption on dielectric properties of biological
cells. J Phys D: Appl Phys 2006;39:4656–63.

27] Ansorge S, Esteban G, Schmid G. On-line monitoring of infected Sf-9 insect cell
cultures by scanning permittivity measurements and comparison with off-line
biovolume measurements. Cytotechnology 2007;55:115–24.

28] Cannizzaro C, Gugerli R, Marison I, Stockar U. On-line biomass monitoring of
CHO perfusion culture with scanning dielectric spectroscopy. Biotechnol Bio-
eng 2003;84:597–610.

29] Carvell J, Bhat A, Patel PM, Markx GH. Recent developments in using scanning
radio-frequency impedance measurements on cell culture processes. Biopro-
cess J 2007;4:24–7.

30] Gimsa J, Marszalek P, Loewe U, Tsong TY. Dielectrophoresis and electrorotation
of neurospora slime and murine myeloma cells. Biophys J 1991;60:749–60.
31] Labeed FH, Coley HM, Hughes MP. Differences in the biophysical properties of
membrane and cytoplasm of apoptotic cells revealed using dielectrophoresis.
Biochim Biophys Acta –Gen Subj 2006;1760:922–9.

32] Huang Y, Hölzel R, Pethig R, Wang XB. Differences in the AC electrodynamics
of viable and non-viable yeast-cells determined through combined dielec-
trophoresis and electrorotation studies. Phys Med Biol 1992;37:1499–517.


	A comparative study of cell death using electrical capacitance measurements and dielectrophoresis
	Introduction
	Materials and methods
	Cells
	Chemicals
	Capacitance measurements
	Dielectrophoretic measurements

	Results and discussion
	Capacitance measurements
	Effect of thermal stress on the capacitance of suspensions of S. cerevisiae
	Effects of chemical stress on the capacitance of suspensions of S. cerevisiae
	Comparison of different toxic agents
	Investigation of the dielectrophoretic behaviour of cells killed by different environmental stresses


	Conclusions
	Acknowledgements
	Measurement of the internal conductivity of yeast cells using dielectrophoresis
	References


