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Abstract

Human peripheral blood T-lymphocytes, normally resting at the G0 phase, were stimulated with phytohemagglutinin
(PHA) and interleukin-2 (IL-2) to induce the cell division cycle. The cells were examined at 24-h intervals for up to 96 h by
flow cytometry to determine cell cycle distributions and by electrorotation to determine dielectric properties. The average
membrane specific capacitance was found to vary from 12 ( þ 1.5) mF/m2 prior to stimulation to 10 ( þ 1.5) and 16 ( þ 3.5)
mF/m2 at 24 and 48 h after stimulation, respectively, and to remain unchanged up to 96 h after stimulation. Scanning
electron microscopy studies of the cells revealed an increased complexity in cell membrane morphology following
stimulation, suggesting that the observed change in the membrane capacitance was dominated by the alteration of cell surface
structures. The average electrical conductivity of the cell interior decreased from V1.1 S/m prior to stimulation to V0.8 S/m
at 24 h after stimulation and showed little change thereafter. The average dielectric permittivity of the cell interior remained
almost unchanged throughout the course of the cell stimulation. The percentage of T-lymphocytes in the S and G2/M phases
increased from V4% prior to stimulation to V11 and V34% at 24 and 48 h after stimulation, respectively. The large change
in membrane specific capacitance between the 24 and 48 h time period coincided with the large alteration in the cell cycle
distribution where the S and G2/M populations increased by V23%. These data, together with an analysis of the variation of
the membrane capacitance during the cell cycle based on the cell cycle-dependent membrane lipid accumulation, show that
there is a correlation between membrane capacitance and cell cycle phases that reflects alterations in the cell plasma
membrane. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrorotation (ROT), the spinning of cells in a
rotating electric ¢eld, has been widely employed as a
method to characterize dielectric properties of indi-
vidual cells [1^13]. We and others have reported

ROT investigations of many cell types, such as rabbit
oocytes [2], murine lymphocytes [3], yeast [4,5], hu-
man erythrocytes [11^13], and a number of cancer
cell lines [6^8,10,14,15]. These studies have revealed
that cells of di¡erent types and cells in di¡erent phys-
iological states possess unique, e¡ective dielectric
properties that are determined by cell structures
and compositions. This ¢nding has led to the concept
of a cell dielectric phenotype, the relationship be-
tween the frequency dependency of the cell electro-
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kinetic properties and cellular structure and function.
Novel dielectrophoresis based methods of cell manip-
ulation and separation are being developed to exploit
the di¡erences in the dielectric phenotypes between
di¡erent cell types [14^17].

Dielectric characterization of lymphocytes has
been undertaken by several groups [3,18^20]. Using
dielectric impedance measurement of cell suspension,
Surowiec et al. [19] and Asami et al. [20] derived
dielectric parameters of mouse and human peripheral
blood lymphocytes, respectively. For example, a
membrane speci¢c capacitance of 8.6 mF/m2 was de-
termined for mouse lymphocytes. Ziervogel et al. [18]
applied ROT to study human T-lymphocytes and
demonstrated qualitatively that ROT spectra allowed
the discrimination between unstimulated and stimu-
lated human lymphocytes. A study of electrical prop-
erties of mouse T- and B-lymphocytes after the mi-
togenic stimulation was conducted by Arnold and his
co-workers [3] using the ROT method. The mem-
brane speci¢c capacitance was found to increase
from 7.6 mF/m2 prior to stimulation to 13.5 mF/
m2 at 72 h after stimulation. To increase our under-
standing of the biological factors that in£uence the
cell dielectric properties, we measured the ROT spec-
tra and cell cycle distribution of human peripheral
blood T-lymphocytes following their mitogenic stim-
ulation and investigated the possible correlation be-
tween cell dielectric properties and phases in the cell
division cycle.

2. Materials and methods

2.1. T-lymphocyte preparation and stimulation

Human T-lymphocytes were isolated from bu¡y
bags (Gulf Coast Blood Bank, Houston, TX) as de-
scribed previously [21,22]. Brie£y, mononuclear cells
were separated from bu¡y bags by density gradient
centrifugation through Histopaque 1077 medium
(Sigma Chemical, St. Louis, MO) in which the
mononuclear cells were harvested after centrifugation
from the interface between plasma and the medium.
T-lymphocytes were then collected by rosetting
mononuclear cells with neuraminidase- (Calbiochem,
La Jolla, CA) treated sheep erythrocytes for 20 h,
followed by centrifugation through the Histopaque

medium. The pelleted cells were subsequently treated
with lysing solution consisting of 8.26 g/l NH4Cl,
1.0 g/l KHCO3, and 0.037 g/l EDTA tetra sodium
(Sigma) for 5 min at 4³C to lyse the sheep erythro-
cytes. Puri¢ed T-lymphocytes were then recovered in
RPMI 1640 medium containing 10% fetal bovine se-
rum (FBS), 1 mM glutamine, 20 mM HEPES bu¡er,
and penicillin^streptomycin antibiotics for 3 h. In
order to stimulate the T-lymphocytes to proliferate
in vitro, 0.5% rehydrated phytohemagglutinin (PHA)
(Gibco BRL, Gaithersburg, MD) and 1.70 ng/ml
(17.0 U/ml) human recombinant interleukin-2 (IL-
2) (Gibco BRL) in RPMI 1640 medium were used
[23]. Cells were harvested at 24-h intervals up to 96 h
for study either by £ow cytometry to determine the
cell cycle kinetics or by ROT to determine their di-
electric properties.

2.2. Immunophenotyping

Immunophenotyping of the puri¢ed T-lymphocyte
population was performed on a FACS analyzer (Bec-
ton Dickinson, San Jose, CA) on the basis of the
T-cell associated marker CD3, B-cell antigen CD20,
and monocyte-related antigen CD14. Aliquots of 106

cells suspended in 100 Wl RPMI 1640 containing 2%
FBS were incubated in the dark on ice for 45 min in
the presence of 10 Wl of FITC-conjugated CD anti-
bodies (Dako, Carpinteria, CA) or IgG1 or IgG2a

negative controls (Dako). Cells were then washed
and resuspended at a concentration of 106/ml in
RPMI 1640. The green £uorescence (510^550 nm)
of FITC was then detected with the FACS analyzer
using excitation at 490 þ 10 nm from a doped mer-
cury-arc lamp. Percentages of CD3�, CD20�, and
CD14� cells were determined.

2.3. Cell cycle analysis

Propidium iodide (PI) (Sigma) was used to quan-
tify cellular DNA contents and to determine the dis-
tribution of cells in G0/G1, S, and G2/M phases. 106

cells in 100 Wl phosphate-bu¡ered saline (PBS) were
¢xed on ice in 1 ml 70% ethanol for 1 h. The cells
were harvested, resuspended at a concentration of
106/ml in RPMI 1640, and then incubated at 37³C
for 30 min in the presence of 40 Wg/ml PI and 100 Wg/
ml RNase A (Boehringer Mannheim, Indianapolis,
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IN). Finally, cells were analyzed on the FACS ana-
lyzer for Coulter volume and DNA content. Histo-
grams of DNA content revealed that the cell phase
distribution and contour plots of DNA content ver-
sus Coulter volume indicated the relationship be-
tween the cell growth phase and size.

2.4. Scanning electron microscopy (SEM)

Resting and stimulated T-lymphocytes were
washed once with RPMI 1640 medium without se-
rum, and the harvested cells were resuspended in
isotonic sucrose solution (8.75% w/w) for 15 min so
that cells examined by SEM would be in a similar
state to those in ROT measurements. The cells were
then ¢xed in modi¢ed Karnovsky's ¢xative (pH 7.5,
adjusted to an osmolality of 295 mosmol/kg with
sucrose solution) at 37³C for at least 30 min. The
cells were then washed in 100 mM sodium cacodylate
bu¡er (pH 7.3, adjusted with HCl) and stored in the
same bu¡er in the refrigerator overnight. The cells
were then post-¢xed, rinsed, prepared, and examined
on a Hitachi Model S520 scanning electron micro-
scope as described previously [7,10].

2.5. Electrorotation measurements and data analysis

Our routine ROT procedure was used for cell di-
electric characterization [7,8,10,14,15]. Brie£y, cells
suspended at a concentration of 5U104/ml in isoton-
ic 8.5% (w/w) sucrose plus 0.3% (w/w) dextrose
bu¡er adjusted to a conductivity of 56 mS/m with
RPMI medium were allowed to sediment onto the
glass substrate of a 400-Wm polynomial electrode
[4,24]. A rotating electric ¢eld between 1 kHz and
100 MHz was established by applying four sinusoidal
signals (0.92 V RMS) in phase quadrature to the four
poles of the electrode array. Rotation rates of indi-
vidual cells located between the electrode tips were
timed at four points per decade of frequency using a
stopwatch.

ROT spectra were measured for about 10 T-lym-
phocytes at 24-h intervals for up to 96 h after stim-
ulation, and the spectra were then analyzed to derive
cell dielectric parameters. For the cells at 48, 72, and
96 h after stimulation, a wide spread in cell size dis-
tribution was observed. A deliberate choice of the
larger cells for the ROT measurement was made so

that we could measure cells that had responded to
mitogenic stimulation and were in the S and G2/M
phases of the cell cycle. To verify the reproducibility
of the results, three sets of T-lymphocyte stimulation
experiments were conducted.

It is well established that the cell rotation rate
depends on the imaginary part of the polarization
factor, Im(fCM), and is given by (e.g. [1,7,10]),

RROT � 3
Omk2V2

2R
Im�f CM� �1�

In this equation, R is the medium dynamic
viscosity, k is a constant relating to the electrode
geometry and the cell position inside the electrode
chamber, V is the applied voltage, and Om is the
dielectric permittivity of the suspending medium.
The polarization factor (Clausius-Mosotti) f CM �
�O�ceff3O�m�=�O�ceff � 2O�m� depends on the complex per-
mittivities of the cell and its suspending medium. In
this work, the single-shell dielectric model [1,4,7], in
which a cell is considered to be a conducting sphere
(cell interior) surrounded by a poorly conducting
shell (cell membrane), was used to characterize the
cell dielectric properties. In this case, the e¡ective
complex permittivity O�ceff of a cell is given by

O�ceff � O�mem

r
r3d

� �
3 � 2

O�int3O�mem

O�int � 2O�mem

� �
r

r3d

� �
33

O�int3O�mem

O�int � 2O�mem

� � �2�

where r is the cell radius; d is the membrane thick-
ness ( = 4.5 nm) and O�mem and O�int are complex per-
mittivities of plasma membrane and cytoplasm, re-
spectively. In each O� � O3jc=g, g is the angular
frequency, c and O are the electrical conductivity
and permittivity, respectively. In this single shell
model, the four dielectric parameters used to charac-
terize cells are the membrane speci¢c capacitance
(Cmem = Omem/d) and conductance (Gmem =cmem/d)
and the cell interior conductivity (cint) and permit-
tivity (Oint). An optimization algorithm was used to
determine the best ¢t of Eqs. 1 and 2 to experimental
data and thereby to provide estimates for the param-
eters of Cmem, cint; Oint. The e¡ect of the membrane
conductance (Gmem) on ROT spectra was made neg-
ligibly small by choosing a moderately high suspen-
sion-conductivity of 56 mS/m for ROT measurement
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so that variations in Gmem among di¡erent cells
would have little in£uence on measured ROT re-
sponses [25]. As typical Gmem values for viable mam-
malian cells were found to lie between 20 and 200
S/m2 (including the case for activated murine T-lym-
phocytes [3]), Gmem was ¢xed at 100 S/m2 for the
optimization.

3. Results

3.1. Immunophenotyping

In order to determine the percentage of T-, and B-
lymphocytes, and monocytes in the puri¢ed T-cell
population, immunotyping based on cell surface anti-

Fig. 1. Contour plot of FITC £uorescence vs. volume for: (A) T-, (B) B-lymphocyte and (C) monocyte typing with CD3, CD20,
and CD14 markers, respectively, and (D) IgG1 negative control of CD3 and CD20 typing. Over 95% of the cells exhibited CD3�,
whereas 6 5% exhibited CD20� or CD14�, indicating that the majority of the cell population is T-lymphocytes.
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gens was performed using a FACS analyzer. Fig.
1A^C shows contour plots of FITC £uorescence vs.
volume for typing T-, B-lymphocytes and monocytes
with FITC-labeled CD3, CD20, and CD14 antibod-
ies, respectively. Over 95% of the cells presented pos-
itive for the T-cell antigen CD3 with 6 5% of the
cells being CD20� or CD14�. The IgG1 negative
control of CD3 and CD20 typing, shown in Fig.
1D demonstrates that 6 3% of the cells exhibited
IgG1

�, indicating that little non-speci¢c binding oc-
curred.

3.2. Cell cycle analysis

Following the mitogenic stimulation, the cell cycle
distribution of T-lymphocytes was determined by
measuring cell DNA contents with the FACS ana-
lyzer. Fig. 2 shows typical PI £uorescence histograms
for T-lymphocytes harvested at 0, 24, and 48 h after
stimulation, illustrating that the S and G2/M popu-
lations increased with time. The time dependency of
the cell cycle distribution is summarized in Table 1.

As expected, the percentage of cells in G0/G1 phase
decreased with time after stimulation as more cells
entered S and G2/M phases of the division cycle. For
example, prior to stimulation, V95% of the cells
were in G0/G1 phase. At 48 h after stimulation and
thereafter, more than one-third of the cells were in S
and G2/M phases, leaving V65% of the cells in
G0/G1. The largest changes in cell cycle distribution
occurred between 24 and 48 h after cell activation
when S and G2/M populations increased from V11
to V34%. Only a small change (6 2% for each
phase) was observed for the cell cycle distribution
at 48^96 h after stimulation.

Another indicator that cells had left the G0 resting
state and had entered the cell division cycle was the
observation that the mean Coulter volume of the
cells increased by more than 150% at 48 h after stim-
ulation (data not shown).

Fig. 2. DNA histogram of T-lymphocytes at: (A) 0, (B) 24,
and (C) 48 h after mitogenic stimulation as determined from
the FACS analyzer.

Fig. 3. Typical ROT spectra of T-lymphocytes at 0, 24, 48, 72,
and 96 h after mitogenic stimulation. The cells were suspended
in an isotonic sucrose/dextrose medium having an electric con-
ductivity of 56 mS/m.
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3.3. Electrorotation spectra

Typical ROT spectra for T-lymphocytes after the
PHA/IL-2-induced mitogenic stimulation are shown
in Fig. 3. The general features of ROT spectra of

biological cells have been described previously [1].
Here, for T-lymphocytes, the anti¢eld peak of ROT
spectra shifted towards lower frequencies following
the cell stimulation. For example, while the anti¢eld
peak rotation for a cell prior to stimulation occurred
at V500 kHz, by 96 h after stimulation the peak
frequency fell to V100 kHz for a cell. There was
no signi¢cant change in the co¢eld ROT peak fre-
quency after stimulation.

3.4. Dielectric parameters for T-lymphocytes

An optimization algorithm was applied to deter-
mine the cell dielectric parameters from measured
ROT spectra. Despite the fact that cells contained
a membrane-enclosed nucleus, for which a three-shell
model [4] would be more appropriate, a single-shell
model was used for the analysis of ROT spectra.
This choice was made because the e¡ect of the cell
nucleus are relatively small on the ROT spectra
under our experimental condition, as evidenced by
small di¡erences observed between the ROT spectra
of single-shell and three-shell particles when the inner
sphere volume is less than 50% of the total volume
[8]. Furthermore, as shown earlier, the measured

Table 1
Cell cycle distribution for T-lymphocytes as a function of the
time after mitogenic stimulation

Time (h) G0/G1 S G2/M

0 95.2 þ 0.9 2.6 þ 2.7 2.2 þ 1.8
24 89.5 þ 0.2 5.5 þ 3.2 5.0 þ 2.8
48 66.1 þ 5.1 17.3 þ 2.3 16.6 þ 4.8
72 65.3 þ 2.5 17.4 þ 0.7 17.3 þ 1.8
96 63.4 þ 7.3 18.7 þ 4.2 18.0 þ 2.2

The results are the mean and standard deviation of three sepa-
rate sets of experiments.

6

Fig. 4. Time dependency of membrane speci¢c capacitance, in-
ternal conductivity and permittivity for human T-lymphocytes
after mitogenic stimulation. Error bars indicate the standard de-
viations for all the cells from each sample. It is important to
note that, for the cells studied at 24^96 h after stimulation by
ROT, a deliberate choice was made to measure the large cells
in the heterogeneous population so that we could measure cells
that had responded to mitogenic stimulation and were in the S
and G2/M phases of the division cycle.
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Fig. 5. Scanning electron micrographs of human T-lymphocytes at: (A) 0, (B) 24, (C) 48, and (D) 72 h after mitogenic stimulation.
Bar length: 6 Wm.
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ROT spectra alone are not su¤cient to provide ac-
curate estimates of the dielectric parameters of a
three-shell model [8,25].

The dielectric parameters derived from ROT meas-
urements are summarized in Table 2 for three sets of
T-lymphocyte stimulation experiments. Since the re-
sults were similar for the three sets of experiments,
only the derived data for the ¢rst set is shown in Fig.
4 in the form of time dependency of membrane ca-
pacitance, internal conductivity and permittivity after
cell stimulation. The average speci¢c capacitance de-
creased from 12 to 10 mF/m2 (V15%) during the
¢rst 24 h following stimulation. Between 24 and 48
h, the capacitance value increased sharply from 10 to
16 mF/m2 (V60%), and remained relatively constant
thereafter. The average internal conductivity de-
creased from V1.1 to 0.8 S/m at 24 h after stimula-
tion and remained at that value thereafter. The aver-
age internal permittivity (65^78) remained more or
less unchanged throughout the course of the activa-
tion.

3.5. SEM studies

Fig. 5 shows representative scanning electron mi-
crographs of T-lymphocytes prior to stimulation and
at 24, 48, and 72 h after stimulation. Several ¢ndings

are evident in these pictures. Prior to stimulation,
T-lymphocytes appeared to be homogeneous in
both size (V6 Wm in diameter) and surface morphol-
ogy. Cells exhibited some short (6 0.2 Wm) microvilli
with a surface density less than 2 microvilli/Wm2. At
24 h after stimulation, some cells increased in size (to
V7 Wm in diameter) but with no signi¢cant di¡er-
ence in their surface morphology. At 48 h after stim-
ulation, however, SEM revealed that large changes
occurred in both cell size and surface morphology.
There was a large range in size distribution, with cells
showing diameters from 7 to 11 Wm. Some cells (typ-
ically larger ones) exhibited extensive microvilli (up
to 3 Wm in length and 5 microvilli/Wm2 in density);
others displayed morphology consistent with that
seen prior to stimulation. Such a heterogeneous dis-
tribution of size and surface characteristics also was
observed for the cells at 72 and 96 h after stimula-
tion.

4. Discussion

4.1. Membrane capacitance

The membrane speci¢c capacitance Cmem found
here for unstimulated human T-lymphocytes

Table 2
Speci¢c membrane capacitance, total capacitance, internal conductivity, and permittivity for human T-lymphocytes as a function of
the time after mitogenic stimulation.

Time (h) n Radius (Wm) Cmem (mF/m2) Ctotal (pF) cint (S/m) Oint

0 6 3.03 þ 0.15 12.1 þ 1.5 1.40 þ 0.31 1.06 þ 0.14 74.0 þ 5.3
24 11 3.65 þ 0.33 10.5 þ 02.0 2.04 þ 0.59 0.87 þ 0.16 79.0 þ 14.0
48 14 4.54 þ 0.63 16.1 þ 3.1 4.03 þ 0.97 0.82 þ 0.16 64.0 þ 11.8
72 12 4.75 þ 0.56 15.4 þ 2.9 3.99 þ 1.34 0.81 þ 0.14 70.0 þ 9.5
96 12 4.69 þ 0.65 15.7 þ 2.8 4.45 þ 1.19 0.86 þ 0.08 68.2 þ 11.4

0 8 3.04 þ 0.26 12.1 þ 1.4 1.32 þ 0.32 1.11 þ 0.14 71.8 þ 9.7
24 8 3.92 þ 0.30 9.8 þ 1.6 1.70 þ 0.36 0.85 þ 0.15 74.5 þ 7.0
48 11 4.94 þ 0.63 1.54 þ 3.5 4.02 þ 1.18 0.84 þ 0.19 75.7 þ 13.3
72 8 5.40 þ 0.54 14.9 þ 2.9 4.78 þ 1.28 0.83 þ 0.11 72.4 þ 12.1
96 8 5.50 þ 0.67 16.2 þ 2.0 6.79 þ 1.14 0.83 þ 0.11 73.2 þ 9.2

0 8 3.04 þ 0.39 11.7 þ 1.6 1.42 þ 0.42 1.14 þ 0.17 66.0 þ 14.2
24 11 3.77 þ 0.41 9.6 þ 0.7 1.49 þ 0.22 0.79 þ 0.13 78.0 þ 7.0
48 8 4.85 þ 0.82 16.7 þ 4.1 4.59 þ 0.88 0.77 þ 0.23 69.1 þ 13.6
72 10 5.39 þ 0.62 16.5 þ 2.1 6.10 þ 1.50 0.77 þ 0.2 74.0 þ 13
96 10 5.11 þ 0.63 15.3 þ 2.6 5.05 þ 1.03 0.88 þ 0.14 72.0 þ 13.2

Results are means and standard deviations for n cells from each sample.
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(12 mF/m2) is in an excellent agreement with the
value (12.1 þ 1.4 mF/m2) reported by Arnold and
co-workers using ROT on T-lymphocytes that had
been separated electrophoretically from human
blood (Arnold's results were brie£y described in
[3]). These Cmem values for human T-lymphocytes
are somewhat larger than those for various animal
leukocytes reported elsewhere in the literature
[3,20,26]. For example, values of 7.6, 8.6, and
9.1 mF/m2 were reported for mouse T-lymphocytes
[3], mouse splenocytes [20], and mixed rabbit leuko-
cytes [26], respectively. These di¡erences in mem-
brane speci¢c capacitances suggest that there are
structural and compositional di¡erences between
the lymphocytes of di¡erent species.

In agreement with the earlier ¢nding [3] that Cmem

increased for mouse lymphocytes after mitogenic
stimulation, we observed that Cmem for human
T-lymphocytes increased from 12 mF/m2 at G0 to
16 mF/m2 at 48 h after stimulation. It is important
to note that Cmem is a parameter that re£ects a sur-
face property per unit area [2,3,6,7,10], and the in-
crease in Cmem after stimulation is not the result of
the change in cell size. In fact, the increase in size as
cells entered the cell division cycle after stimulation
would have caused a reduction in Cmem if the total
membrane capacitance were conserved.

We and others [2,3,6,7,10] have analyzed the phys-
ical factors that can a¡ect the speci¢c membrane
capacitance and have concluded that an important
factor determining Cmem is the membrane surface
con¢guration. Membrane features such as microvilli,
ru¥es, folds, and blebs increase the total membrane
capacitance (Ctotal = OmemA/d, Omem is the average di-
electric permittivity of membrane, A and d are mem-
brane area and thickness, respectively) and the spe-
ci¢c Cmem value (Cmem = Ctotal/(Z D2), D is the
average cell diameter). As evidenced from the SEM
studies (Fig. 5), T-lymphocytes after stimulation dis-
played increased surface complexity in terms of mi-
crovilli size and density. We believe that these
changes in surface morphology are the main cause
for the increase in membrane speci¢c capacitance
[6,7,10].

It also is interesting to note that the average cell
total capacitance, re£ecting the overall membrane
surface area, increased from V1.4 pF to as high as
6.8 pF. Thus, the total membrane area for a T-lym-
phocyte increased more than four times after stimu-
lation as a result of both increased size and surface
complexity.

4.2. Internal conductivity

As shown in Table 2, cell internal conductivity
dropped from 1.1 to V0.8 S/m at 24 h after stimu-
lation, consistent with a qualitative assessment de-
scribed in previously [18], which showed that the
stimulated lymphocytes possess lower internal con-
ductivity than unstimulated cells. This change coin-
cided with a reduction in the membrane speci¢c ca-
pacitance (from 12 to 10 mF/m2) and preceded the
large increase in Cmem that occurred 24^48 h after

Fig. 6. Dependency of membrane speci¢c capacitance on the
cell cycle. C0, A0 and V0 refer to the membrane speci¢c capaci-
tance, the membrane area and the cell volume at the start-point
of G1 phase, respectively. The analysis is based the assumption
that the cell continuously increases its volume throughout the
cycle, and the doubling of the membrane area only takes place
in the S phase. The duration for G1, S, and G2/M phases is as-
sumed to be 50, 30 and 20%, respectively, of the total cycle pe-
riod. It is worthwhile to note that the change in membrane spe-
ci¢c capacitance does depend on the relative duration of the
G1, S and G2/M phases.
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stimulation. This timing suggests that during entry to
the cell division cycle, signi¢cant biological events
occur within the T-lymphocyte interior prior to the
net accumulation of the cell membrane. During the
¢rst 24 h following the stimulation, some cells left the
G0 phase to enter G1 phase. These cells increased
their volume and cytoplasmic space [27]. As a result,
the volume ratio of the nucleus to the whole cell
decreased. These changes occurred in G1 phase,
ahead of the S phase-dependent net accumulation
of phospholipid in the membrane [28,29]. ROT spec-
tra of cells exhibiting such changes in their cell inte-
rior were simulated using a three-shell model and
were then ¢tted with a single-shell model. It was
observed that, depending on the dielectric parameters
used in the simulation, the derived internal conduc-
tivity using a single-shell model for the cells with a
larger nucleus to cell volume ratio was 5^10% bigger
than that for the cells having a smaller ratio. There-
fore, the change in volume fraction of the nucleus in
the cells after stimulation was probably at least par-
tially responsible for the apparent change in internal
conductivity.

4.3. Plasma membrane changes during the cell division
cycle

First, we will present a general consideration of the
dependency of membrane speci¢c capacitance on the
phase of the cell division cycle for a cell. A basic
assumption for this analysis is that to double its vol-
ume, the cell continuously grows throughout the cell
division cycle. It is now generally accepted that dur-
ing G1 phase there is a rapid synthesis and degrada-
tion of phospholipids [28,29]. Phospholipid metabo-
lism is so rapid that some cells may turn over 75% of
the total lipids during G1 phase. However, there is no
net accumulation of phospholipids [28,29]. If we take
non-accumulation of membrane lipids as an indica-
tion that there is no net increase in the overall plas-
ma membrane, then the increase in cell size would
lead to a smoothing of the membrane features and,
therefore, a resultant decrease in the membrane spe-
ci¢c capacitance. If we assume that G1 occupies 50%
of the division cycle, then Cmem would drop by 24%
at the G1/S phase boundary as a result of increases in
cell volume and corresponding smoothing of the ex-
isting plasma membrane.

It also has been established that there is coordina-
tion between S phase DNA synthesis and net mem-
brane phospholipid accumulation [28,29]. During S
phase, membrane lipid turnover ceases, and the cells
double their membrane phospholipid content in
preparation for cell division. If we take this increase
in phospholipids as an indicator for the increase in
cell membrane area, then the total membrane capaci-
tance should increase two-fold by the end of S phase.
If we assume that S phase occupies 30% of the cell
division cycle, taking into account the increase in cell
size, the speci¢c membrane capacitance Cmem should
then increase by 77% during S phase.

As cells enter the G2/M phases, there is a cessation
of phospholipid metabolism where both synthesis
and degradation of membrane lipid components
reach their minim [28,29]. Therefore, we can assume
that there is no net increase in plasma membrane
area in G2/M phases. However, because cells contin-
ue to grow in G2/M prior to the division, Cmem

should fall from its value at the S/G2 boundary. If
the G2/M phase occupies 20% of the cell division
cycle, then the membrane capacitance Cmem should
decrease by approximately 7% due to cell volume
increases during the G2/M phase. A schematic repre-
sentation of the dependency of the membrane speci¢c
capacitance based on the above assumptions is
shown in Fig. 6.

4.4. Relationship between cell cycle and cell dielectric
parameters

The initial 24 h after stimulation was characterized
by many T-lymphocytes leaving the G0 to enter the
G1 phase. As determined from the FACS analyzer,
90% of cells were in G0/G1 phase at this time. The
average capacitance of these cells was V15% less
than that of the cells prior to stimulation, as ex-
pected from the above discussion that cells going
through the G1 phase will exhibit an decrease in
Cmem. Between 24 and 48 h after stimulation, the
percentage of cells in the S and G2/M phases in-
creased signi¢cantly from V11 to V34%. Because
the ROT measurements were made on the larger size
cells, we can assume that most of them were in the S
and G2/M phases and thus these cells would be ex-
pected to have higher Cmem values, accounting for
the observed large speci¢c capacitance values. The
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above interpretation also applies to the large Cmem

values for the cells at 72 and 96 h after stimulation.
At 48^96 h after stimulation, cells exhibiting larger

capacitance values tended to have smaller internal
conductivities, suggesting an inherent relationship
between the derived dielectric parameters. Such an
inherent relationship may re£ect that both the mem-
brane capacitance and the internal conductivity are
dependent on the phases of the cell division cycle.

These ¢ndings are signi¢cant from a practical
point of view because dielectric di¡erences between
cells in di¡erent phases of the cell division cycle
could be exploited for selective cell manipulation by
dielectrophoresis. For example, by choosing the sus-
pension conductivity and the frequency of the ap-
plied electric ¢eld, cells at the S and G2/M phases,
having larger size and membrane speci¢c capaci-
tance, can be made to exhibit positive dielectropho-
resis, whereas those at the G1 phase can be made to
exhibit negative dielectrophoresis. This o¡ers the
possibility to separate the cells in the G1 phase
from those in the S and G2/M phase using a dielec-
trophoretic retention method [14,15]. Alternatively,
cells in di¡erent phases of the division cycle may be
made to experience di¡erential negative dielectropho-
retic forces, therefore may be separated with dielec-
trophoretic-¢eld-£ow-fractionation technique [30,31].
Research is currently being conducted to separate the
cells according to the cell cycle distribution using
dielectrophoresis.
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