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Abstract
We have used dielectrophoresis to determine the dielectric properties of human chronic myelogeneous leukaemic (K562) cells during apoptosis
(programmed cell death). Our results indicate that K562 cells increase markedly in cytoplasmic conductivity from 0.28 S/m to 0.50 S/m within the
first 4 h following treatment with staurosporine, which then lasts beyond 12 h, whilst cell shrinkage increases the capacitance of the membrane
from 9.7 mF/m2 to 20 mF/m2. After 24 and 48 h of incubation with staurosporine, multiple sub-populations were detected, highlighted by the
dielectric changes that the cell undergoes before death. By comparing these results with those obtained by common apoptosis monitoring
techniques Annexin V and TMRE (tetramethylrhodamine ethylester), it is possible to infer the role of ion efflux in the progress of apoptosis. The
use of dielectrophoresis for monitoring apoptosis offers a number of benefits as it is both rapid and non-invasive. It can also be used in parallel
with other assays in high-throughput screening applications.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Dielectrophoresis; Apoptosis; Cytoplasm; Annexin; TMRE; k562

1. Introduction
Apoptosis is a process that plays a critical role in the
embryonic stage of development and in tissue homeostasis. In
humans, dysfunction of this process has been linked to
pathogenesis of cancer and other diseases [1]. The term was
first described in a landmark paper [2] in which Kerr and
colleagues described the morphological features of cell death,
characterised by nuclear and cytoplasmic shrinkage. The
morphological changes in apoptotic and necrotic cells have
been described [3], where in apoptotic cells the main changes
occur in the nuclear compartment with initial marked condensation in the chromatin. This is accompanied by convolution in
the nuclear and cellular outlines and nuclear fragmentation.
Surface protuberances separate out from the plasma membrane
and then re-seal to form membrane-bound apoptotic bodies that
may or may not contain nuclear fragments. Due to cell
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shrinkage, the cell also loses its normal cell contacts and some
surface elements, such as microvilli and cell–cell junctions, well
before cellular budding and fragmentation take place.
The mitochondrion is central to the apoptotic process, as it
controls the release of multiple death-triggering proteins that
lead to the execution phase of apoptosis, as reviewed by Green
and Reed [4]. In addition to the liberation of pro-apoptotic
factors and activation of the caspase cascade, a typical early
characteristic of apoptosis is mitochondrial membrane permeabilisation followed by dissipation of the mitochondrial
transmembrane potential (Δψm). Disruption of Δψm has been
detected in cells undergoing apoptosis, indicating permeability
transition pore (PT) opening, using assay techniques such as
TMRE. However, the exact relationship (such as cause or
consequence) between Δψm and release of apoptotic factors is
still a matter of debate.
Ion flux across the plasma membrane has also been found to
be a significant part of the apoptotic process. For example,
Khaled and colleagues [5] found that early stress-related events
preceded cell death. Intracellular rise in pH (alkalinisation) took
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place peaking above pH 7.8 2–3 h post interleukin-3
withdrawal, and induced a transient increase in the Δψm. The
authors noticed a sharp decline of ATP during this early period,
and suggested that the rise in the intracellular pH inhibited the
mitochondrial import of ADP, which consequently limits ATP
production. The inhibition of the ADP import into the
mitochondria causes the activation of proton pumps in the
membrane, which consume ATP and pump out protons, raising
Δψm. In cytokine withdrawal-induced apoptosis, intracellular
alkalinisation was observed and was suggested to be mediated
by pH regulator Na+/H+ exchanger (NHE1). Another study [6]
suggested the rise in cytosolic pH to be mediated by the Cl−/
HCO3− anion exchanger, where Cl− ions are moving out in
exchange for HCO3− ions moving in. The ionic influx/efflux
plays an important role in apoptosis and some ions mediate the
change in cell volume. The principal ion is K+, where its
intracellular concentration has been widely reported to be
diminished during the apoptotic process. K+ is pumped out of
the cell and cell shrinkage takes place, and the role of this ion is
pivotal in the cell death programme [7–9]. Also, a transient
increase in intracellular Na+ has been reported prior to the loss
of cell volume [10]. An increased generation of reactive oxygen
species has been reported [11], which leads to the transient
increase in Δψm. At later stages of apoptosis, the Δψm was
found to decrease as the mitochondria depolarises. In these late
stages, massive Ca2+ influx takes place [12], as well as
mitochondrial swelling prior to cell lysis [13].
AC-electrokinetic techniques such as dielectrophoresis
(DEP) and electrorotation (ROT) use the motion of cells in
non-uniform, time-variant electric fields [14–16] to study
dielectric properties of both the membrane and cytoplasm for
a number of biological particles in a cancer setting [17–26]. In
this paper, we examine the use of DEP to shed light on these
findings by looking at the changes in the dielectric properties
over a period of 48 h following induction of apoptosis in K562
cells using staurosporine. A prior study [27] demonstrated the
use of DEP in detecting changes in membrane dielectric
properties of cultured human promyelocytic leukaemia cells
(HL-60) during the early stages of apoptosis after treatment with
the compound genistein. We extended this by examining
changes in both the cytoplasm and membrane over longer
incubation periods with staurosporine, and demonstrate that a
broader range of effects can be observed in multiple
subpopulations simultaneously using DEP.
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The cells were treated with an apoptosis inducing agent (staurosporine) at
1 mM or 2 mM depending on the density of cells and incubation period used.
The incubation period included five time points (4, 8, 12, 24 and 48 h). For the
earlier incubation time points (4 and 8 h), a density of 6 × 105/mL at 1 μM
staurosporine was used. For the later time points (12, 24 and 48 h), a density of
3 × 105/mL at 2 mM was used. This procedure was adopted in order to account
for cell growth encountered in cultures at the longer time points and to have
enough pharmacological exposure to staurosporine.

2.2. DEP experiments
K562 cells were centrifuged at room temperature at 190×g for 5 min. The
pellet was washed and resuspended twice (to ensure removal of culture medium)
in isotonic medium consisting of 8.5% (w/v) sucrose plus 0.3% (w/v) dextrose
buffer [22]. The final conductivity of the medium was adjusted to 5 mS/m using
PBS and the final conductivity, before use, was verified with a conductivity
meter (RS components Ltd, London, UK). The final cell population, depending
on the incubation time point used, was counted using a haemocytometer and
adjusted to approximately 3 × 105 cells/mL (±15%) for DEP measurements.
Signals of 10 Vpk–pk and frequencies between 5 kHz and 20 MHz (at 5
frequencies per decade) were used. The experiments were repeated 4–6 times
with different populations, which were summed prior to modelling. The
experimental set up and electrode arrangement were used as described by
Labeed and colleagues [26], as shown in Fig. 1. Cells were used immediately
after resuspension to minimise the experimentation time; performing experiments in reverse order of frequency indicated that no changes occurred in the
spectrum due to period of time in suspension during the course of the
experiment. Cells were collected at the electrodes for a period of 1 min,;
collection was observed by microscope and video camera/monitor, and cells
were counted as they collected. Since cell repulsion cannot be quantified by this
method, only positive (attractive) dielectrophoresis was observed.

2.3. Flow cytometry
2.3.1. Annexin V assay
In normal viable cells, the phosphatidylserine (PS) molecules are located on
the cytoplasmic surface of the cell membrane. When apoptosis occurs, rapid
alterations in the organisation of the phospholipids can occur leading to the
exposure of PS on the cell surface [28,29]. For these experiments, the rapid
Annexin V-FITC detection kit (CN Biosciences, Beeston, UK) was used in
accordance with the manufacturer's instructions. The assay principle uses FITCconjugate Annexin V to detect PS exposure by flow cytometry. Simultaneously,
propidium iodide (PI) was used to distinguish viable, necrotic or apoptotic cells
in the late terminal stages, as PI is only internalised in cells whose membranes
have become permeable.
A population of around 0.5 × 106 cells in culture media was used for each
experiment. The analysis was performed using a Coulter Epics XL flow

2. Materials and methods
2.1. Cell culture and the induction of apoptosis
Staurosporine (Alexis Corporation, Nottingham, UK) was dissolved in
dimethyl sulfoxide (DMSO), and stored frozen as a 1 mM stock solution and
thawed prior to use. Human chronic myelogenous leukaemia (K562) cells
were cultured under the same conditions described by Labeed and colleagues
[26]. Briefly, cells were grown in 20 mM HEPES modified RPMI-1640
medium supplemented with 10% heat-inactivated foetal calf serum (FCS),
(Invitrogen, Paisley, UK), 2 mM L-glutamine and 100 units/mL penicillinstreptomycin, in a standard cell culture incubator at 5% CO2 and 37 °C. All
cell culture reagents were obtained from Sigma Aldrich (Poole, UK), unless
stated otherwise.

Fig. 1. A schematic representation of the experimental setup used for DEP
measurements. A signal generator was used to supply an AC voltage to the
electrodes. Observations were made using a video camera connected to a
television and video recorder for data collection and analysis.
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cytometer emitting an excitation laser light at 488 nm. Fluorescence was
measured at 518 nm and at 620 nm for FITC and PI detection. Adjustments were
made to minimise overlap between these two measurements.
2.3.2. TMRE (tetramethylrhodamine ethylester) assay
TMRE (Invitrogen, Paisley, UK) is a highly fluorescent permeant
cationic, lipophilic dye. It is used as a fluorescent probe to monitor the
membrane potential of mitochondria, as it accumulates in the negatively
charged mitochondrial matrix according to the Nernst equation potential
[30]. TMRE stock was prepared at a concentration of 1 mM made with
DMSO and stored at −20°C to make a working solution of 10 μM. The
cultured K562 cells, at a density of approximately 2.5 × 105/mL were grown
overnight and then treated with 1 μM staurosporine on the following day.
Cells were exposed to the drug for a number of hours as indicated by the
time points used. After each time point, the cells were centrifuged at 200×g
for 3 min and the pellet was resuspended in a medium containing PBS
supplemented with 2 g/L D-glucose. This was done in order to reproduce
standard cell culture conditions. The cells were then incubated with TMRE
(at a final 100 nM concentration) for 40 min away from light, and again
under the normal cell culture conditions. The cells were centrifuged at
200×g for 3 min, after which the pellet was resuspended in 500 μL of the
PBS medium (with 2 g/L D-glucose). A positive control TMRE sample was
also prepared, which involved following the same procedure described
earlier, except that an uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was added at 10 μM final concentration before adding 100 nM
TMRE to the cells. The cells were then incubated for 3 min at room
temperature in darkened conditions. All samples were then analysed by flow
cytometry. CCCP is a protonophore, which depolarises the mitochondria by
abolishing the proton gradient across the inner mitochondrial membrane
[31,32], producing a leftward shift on the peak with respect to cells with
TMRE but without staurosporine (data not shown). In order to assess the
mitochondrial membrane potential, the shift in the fluorescence peak was
compared with the control cells (with TMRE but not staurosporine) and to
that of positive control cells. The peak shift gives an indication of the
extent of mitochondrial membrane hyperpolarisation or depolarisation
(causing a shift of the peak value up or down, respectively).

3. Results
The three assays were used on cell suspensions following 4,
8, 12, 24 and 48 h of exposure to staurosporine. The
observations using all three indicated that similar patterns of
results were seen for the early (4–12 h) and late (24–48 h)
stages of apoptotic progression. Figs. 2–4 show examples of the
data by all three methods for the control sample prior to
staurosporine treatment, and 4 h and 24 h after initial exposure
respectively. Table 1 summarises the biophysical properties of
K562 before and after treatment with staurosporine, as
determined with best-fit modelling of the collection data using
a single-shell model as described by Labeed and colleagues
[26]. The results shown in these figures, and the parameters
calculated from the data, have been the average of at least 6
experiments. As reported by Broche and colleagues [33], the
cytoplasmic permittivity cannot be reliably determined, but the
frequency at which the collection declines gives a direct
indication of the cytoplasmic conductivity of the cells in the
sample.
After treatment with staurosporine, significant changes
were seen in the cytoplasmic conductivity at different time
points. After 4 h of treatment, the cells were showing signs
of mitochondrial membrane hyperpolarisation, as the cytoplasmic conductivity increased from 0.28 to 0.40 S/m
following staurosporine treatment. Hence, the data were

Fig. 2. The TMRE (A), Annexin-V (B) and DEP spectrum data (C) for the
control sample of cells without staurosporine treatment.

suggestive of an increase in the ionic concentration of the
cytoplasm after 4 h of incubation with staurosporine. The
hyperpolarisation pattern appeared to continue at this
elevated level, with values remaining as high as 0.45 and
0.42 S/m after 8 and 12 h of incubation, respectively. There
was no significant (>5%) change in the specific membrane
capacitance between these time points, with values of 9.0
(±0.3) mF/m2. K562 cells then demonstrated an elevated
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Table 1
DEP results summarising the dielectric parameters measured after different incubation periods with staurosporine
Hours of incubation with
staurosporine

Measured cell
radius (μm)

Cytoplasmic
conductivity
σ (S/m)

Membrane surface
conductance
Ks (pS) ± 20%

Specific membrane
capacitance
Cspec (mF/m2)

0 (control)
4
8
12
24
Population 1
Population 2
Population 3
48
Population 1
Population 2
Population 3

9.0
8.0
7.6
7.6
6.7

0.28 (0.27–0.32)
0.450 (0.40–0.50)
0.450 (0.44–0.46)
0.420 (0.41–.43)

9
12
16
15

9.7 (8.9–10.6)
10.0 (8.0–11.5)
14.9 (14.0–15.9)
14.6 (14.1–15.0)

0.500 (0.400–0.600)
0.030 (0.02–0.040)
0.003 (0.002–0.004)

20
20
20

15.5 (13.3–17.7)
15.5 (13.3–17.7)
15.5 (13.3–17.7)

0.500 (0.400–0.600)
0.04 (0.035–0.045)
0.003 (0.002–0.004)

20
20
20

19.9 (17.7–21.1)
19.9 (17.7–21.1)
19.9 (17.7–21.1)

6.8

The figures in parentheses indicate the range of values over which the model retains a good fit.

specific membrane capacitance (Cspec) at 14.9 mF/m2 after
8 h of incubation. This parameter remained at this level for
the remainder of this study.
After 24 h of incubation with staurosporine, the DEP
results indicated the presence of more than one population
accounting for the different dielectric properties obtained. As
shown in Table 1, each population exhibited a different
cytoplasmic conductivity. Values started from 0.5 S/m, for
population 1 (comprising approximately 16% of the population total), indicating that these cells possessed a high ionic
strength. Population 2 (5% of total) demonstrated a reduced
cytoplasmic conductivity of 0.03 S/m, which might indicate
cells later in the apoptotic process, whilst population 3 (79%
of total) showed a cytoplasmic conductivity of 0.003 S/m,
indicating that the cells are very likely to be very late-stage
apoptotic, or even be necrotic. After 48 h of exposure to
staurosporine, the DEP results indicated that these three cell
populations were again present. At this time point, the ratio
of populations was as follows: population 1, 14% of total;
population 2, 11% of total; population 3, 75% of total. Values
of Cspec were elicited for all three populations as shown in
Table 1.
The annexin V data for K562 at different incubation
periods with staurosporine showed that approximately 87%
of cells were in the viable region before staurosporine
treatment. After 4 h of treatment, the cytogram showed a
slight increase in the expression of PS (corresponding to a
shift in cells to the right of the cytogram) relative to the
control untreated cells, and a general diminution in the
number of cells observed. No significant change was
observed until 24 h after treatment (Fig. 4), when the
presence of 3 populations of varying numbers emerged. The
population analysis was suggestive of a significant number of
cells being in the late apoptotic stage (19%) relative to the
early apoptotic stage (5%). At the 24-h time point,
approximately 52% of the population seemed to be viable.
After 48 h of treatment, the cytogram (not shown) indicated
that 25% of the population were in the late apoptotic/necrotic

stage, compared to 21% in the early apoptotic region and
28% in the viable region.
When using TMRE, it was found that incubating the cells
with staurosporine produced changes in the ΔΨm after 4 h of
exposure, causing the peak to shift slightly to the right (seen in
Fig. 3A) in comparison with the TMRE only treated cells (Fig.
2A), indicating a slight increase in ΔΨm corresponding to a
hyperpolarised state. The data maintained this trend until 24 h
elapsed (Fig. 4A), at which point the data indicated the presence
of more than one population; one of these produced a peak shift
to the right (hyperpolarisation) and the other had a peak that
shifted to the left (depolarisation) relative to the control.
4. Discussion
As outlined previously, there is a high degree of similarity in
the results observed between 4 and 12 h of exposure, and
between 24 and 48 exposure. In order to discuss these effects
separately, we here consider the observations in light of known
effects of early and late apoptosis, respectively.
4.1. Early apoptosis
The DEP results highlighted an increased ionic concentration
in the cytoplasm following 4 h of incubation with staurosporine
relative to untreated cells. This was indicated by a sharp rise in
conductivity from 0.28 S/m to 0.4 S/m, respectively (Table 1).
The increased cytoplasmic conductivity persisted over the first
12 h of incubation. Furthermore, the TMRE assay demonstrated
a slight mitochondrial membrane potential (MMP) hyperpolarisation. This has been reported in several previous studies
[4,11,34]; a recent study [6] showed that Lactacystin-induced
apoptosis in rat retinal pigment epithelial cell line (RPE)-J is
closely associated with an early mitochondrial hyperpolarisation induced by intracellular alkalinisation. We suggest that the
most likely mechanism may involve ionic efflux. Although the
early events triggering apoptosis are still poorly understood
[35], a number of studies have reported a dramatic decrease in
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Fig. 3. The TMRE (A), Annexin-V (B) and DEP spectrum data (C) for cells after
exposure to staurosporine for 4 h. There is a slight shift to the right in the TMRE
data indicating membrane hyperpolarisation, whilst the DEP spectrum remains
at a plateau to higher frequencies indicating increased cytoplasm conductivity.

the intracellular ions during apoptosis, primarily K+ and Na+
[36]. The loss of K+ was reported to be as high as 95% [37],
whilst others have reported K+ levels falling from 150 to 50 mM
in a fibroblast cell line [38], and 35 mM in shrunken apoptotic
thymocytes [39]. The same phenomenon is reported in other cell

Fig. 4. The TMRE (A), Annexin-V (B) and DEP spectrum data (C) for cells
exposed to staurosporine for 24 h. The hyperpolarised cells in the TMRE data are
joined by a depolarised subpopulation, whilst multiple populations are visible in
both the DEP and Annexin-V data. In the Annexin cytograph, the three
populations appear as clusters from low to high along the centre of the image,
with gated regions containing 19%, 5% and 52%, top to bottom. In the DEP
spectrum, the best fit is provided by superimposing three subpopulations (shown
in the side figures) corresponding to different values of cytoplasmic conductivity.
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lines in apoptosis, including lymphocytes [40], lymphoma cells
[7] and in Jurkat cells [41].
The efflux of K+ accompanied by the efflux of Cl− permits
the osmotic movement of water out of the cell, generating a
characteristic loss of cell volume (apoptotic volume decrease,
AVD) [35]. Apoptotic cell shrinkage has also been associated
with a decrease in the intracellular K+ and Na+ [36]. This loss of
cytosolic K+ occurs before cell shrinkage, consistent with a role
for K+ efflux in cell volume reduction, and K+ loss was also
seen before the production of reactive oxygen species [12].
Maeno and colleagues [42] reported an approximate 30% loss in
cell volume in HeLa and U937 cells 4 h after treatment with
staurosporine.
We suggest that the possible mechanism of increase in
cytoplasmic conductivity relates to the loss of cell volume. It
can be noted that the increase in conductivity (which is
proportional to ionic concentration, and hence inversely
proportional to cytoplasmic volume) seen from the DEP data
corresponds closely with the loss of the cell volume as a result
of ionic efflux and water loss; it may be postulated that this
causes the remaining cytosolic ions (particularly those related to
intracellular macromolecules) to become more concentrated
inside the cell, whilst the reduction in volume in line with the
reduction in K+ means that the conductivity component due to
K+ also remains significant.
The DEP results obtained in this study highlight significant
changes in the specific membrane capacitance, which
increased following staurosporine treatment from around
10.0 to 14.9 mF/m2 (for 4 and 12 h following treatment,
respectively). This is consistent with the actual surface area of
the cell being maintained during cell shrinkage, causing a rise
in the net capacitance per unit area when considering the
shrunken cell as a perfect (rather than ruffled) sphere, and the
fact that the cells are known to become significantly more
folded (and less spherical) during apoptosis. The capacitance
remained high up to 12 h after the start of staurosporine
treatment. Generally, the surface conductance did not vary
significantly during this stage of apoptosis.
Interestingly, our results contrast sharply with those of the
previous study of dielectric changes of apoptotic cells by Wang
et al. [27], who reported a significant decrease in the membrane
capacitance during early apoptosis, with a concomitant increase
in the crossover frequency (rather than the decrease seen here).
One possible explanation is that the morphological differences
caused by apoptosis are different in the HL-60 cells used, as
Wang et al. [27] did not describe any change in cell radius
during the apoptotic process, whereas K562 cells show
significant cell shrinkage. This may lead to a smoothing effect
(and reduction in capacitance) in the HL-60s, whilst K562 cells
increase in membrane area relative to cell volume and hence
increase capacitance.
One potentially important factor to consider is that the K+
efflux may increase the ionic content of the medium, causing an
anomalous result by increasing the medium conductivity. We
believe that the experimental protocol of resuspending the cells
into low-conductivity medium immediately before experimentation should have minimised this effect. It is known that the
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calculation of cytoplasmic conductivity is independent of
medium conductivity [33], so that any influence in the results
would be observed in the calculation of the membrane
parameters. However, the increase in membrane capacitance
observed is entirely in line with predictions due to cell
shrinkage, indicating that variation in medium conductivity
during the experiment is unlikely to have occurred.
4.2. Late apoptosis
DEP revealed that after 24 h of incubation with staurosporine, more than one cell population was present; multiple
populations were also seen after 48 h of incubation with
staurosporine. The dielectric parameters extracted from these
populations at the two time points are summarised in Table 1.
After 24 h of treatment, DEP results showed the presence of 3
populations, believed to be dead/necrotic cells where the
cytoplasmic conductivity was very low; a depolarised population with low cytoplasmic conductivity consisting of possibly
late apoptotic cells, and a highly-conductive population that is
still behaving as if in early apoptosis. The cytoplasmic
conductivities of these three populations were 0.003, 0.03 and
0.50 S/m, respectively. Similarly, three populations could also
be observed in the Annexin V assay data. On the other hand,
TMRE data showed the presence of two sub-populations with
the appearance of a subpopulation with depolarised MMP in
addition to the hyperpolarised subpopulation (Fig. 4a). Similar
results were observed for 48 h, except for a shift in cell numbers
towards necrotic cells. The Annexin V data showed similar
results to those observed at 24 h, with a greater population in the
“late apoptotic” group.
Considering the hypothesis proposed earlier for elevated
cytoplasmic conductivity, we would anticipate that those cells
still in early apoptosis form the basis of hyperpolarised
population 1. Population 2 was strongly depolarised, suggesting
cells reaching the end of the apoptotic cycle where the ionic
efflux is over-riding reductions in size and corresponding ion
concentration; it is notable that rather than a “smeared-out”
dispersion, the results strongly indicated a population with
approximately the same value of cytoplasmic conductivity,
indicating that in these cells it is indicative of a distinct
physiological state. The very low conductivity of population 3
is indicative of dead necrotic cells, whose plasma membranes
had ruptured. This trend was observed again at 48 h, where there
was an increase in proportion of cells in late apoptosis and a
decrease in cells in necrosis, possibly indicating that the
necrotic population was undergoing fragmentation at the end of
the apoptotic process. When comparing the numbers of cells
identified in different populations by DEP and flow cytometry,
there are some discrepancies. The most significant difference
was that the proportion of cells in the necrotic stage was
reported as being much higher when assessed by DEP. We
suggest that this may be due to the relatively gentle manner in
which cells are manipulated by DEP; flow cytometry involves
high shear forces which could potentially break up cells in the
final stages of apoptosis, when the apoptotic bodies have been
formed and can easily break off, reducing the cell to small
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fragments whose fluorescence is below the threshold level for
analysis. The second discrepancy was that DEP reported a
greater proportion of cells entering late apoptosis than Annexin
V; this is consistent with the flow cytometric approach being
relatively insensitive to the early onset of apoptosis, with the
cells gradually emerging from a general healthy/early apoptotic
cluster after 24 h. After 48 h, this process was presumably
complete, as the ratio of these populations was much closer.
As in the previous section, the specific membrane
capacitance of the three populations after 48 h treatment
remained elevated, reflecting the folded membrane morphology and size changes; the values are commensurate with the
maintenance of surface area for a given change in radius, and
morphological changes may include membrane folding or
production of apoptotic bodies [43]. This is particularly evident
in the highly elevated value (19.9 mF/m2) in the population
after 48 h.
5. Conclusions
DEP can be used as a rapid, non-invasive technique to detect
early apoptotic changes in cell systems. Furthermore, it can be
used to differentiate between multiple populations on the basis
of their dielectric properties and, therefore, gives an accurate
assessment of key stages within apoptosis. The ability to
perform such an assessment on a population of cells
simultaneously demonstrates the applicability of electrokinetic
assays for apoptosis, particular in a high throughput setting by
parallelising the measurements [44]. Our data indicate that
K562 cells increase in cytoplasmic conductivity within the first
4 h of exposure to staurosporine, an effect that persists beyond
12 h. The Annexin V assay indicated that this occurred
synchronously with early-stage apoptosis. Furthermore, within
this time period, TMRE data pointed to hyperpolarisation in the
MMP.
Although no work exists which directly explains the rise of
cytoplasmic conductivity at this stage of apoptosis, a number of
known events may underlie this observation. The most likely
cause of this effect is cell shrinkage due to water loss triggered
by ion (K+, Cl− ) efflux, resulting in an increase in the
intracellular concentration of the remaining ions. After 24 and
48 h of incubation with staurosporine, multiple populations
were detected by DEP, highlighting the dielectric changes that
the cell undergoes before death or necrosis. The Annexin V
results showed that the majority of cells were identified as being
in the late stages of apoptosis and the TMRE data indicated both
depolarised and hyperpolarised MMP in the population. The
DEP results at these two time points showed cells with elevated,
diminished and depleted cytoplasmic conductivities after 24 h
of exposure to staurosporine. The reduction effect might be
associated with the later stages of apoptosis. However, this
conductivity was significantly higher than the third population
(assumed to be dead cells). Further and closer examination of
our experimental model using pharmacological blockers to
eliminate specific changes seen, and the incorporation of other
apoptosis-inducing compounds, will help to further elucidate
the precise mechanisms underlying these observations.
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