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Abstract

Although dielectrophoresis (DEP) has great potential for addressing clinical cell isolation
problems based on cell dielectric differences, a biological basis for predicting the DEP behavior of
cells has been lacking. Here, the dielectric properties of the NCI-60 panel of tumor cell types have
been measured by dielectrophoretic (DEP) field-flow fractionation, correlated with the exterior
morphologies of the cells during growth, and compared with the dielectric and morphological
characteristics of the subpopulations of peripheral blood. In agreement with earlier findings, cell
total capacitance varied with both cell size and plasma membrane folding and the dielectric
properties of the NCI-60 cell types in suspension reflected the plasma membrane area and volume
of the cells at their growth sites. Therefore, the behavior of cells in DEP-based manipulations is
largely determined by their exterior morphological characteristics prior to release into suspension.
As a consequence, DEP is able to discriminate between cells of similar size having different
morphological origins, offering a significant advantage over size-based filtering for isolating
circulating tumor cells, for example. The findings provide a framework for anticipating cell
dielectric behavior on the basis of structure-function relationships and suggest that DEP should be
widely applicable as a surface marker-independent method for sorting cells.
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1 Introduction

Dielectrophoresis (DEP) has been widely used for the determination of cell dielectric
characteristics and is applicable to the manipulation, separation and isolation of target cells
from mixtures in suspension. Recently, the applications of DEP have been reviewed
comprehensively by Pethig [1]. DEP methods have been shown to have potential for
identifying and isolating stem cells [2], platelets [3], white blood cells [4],pancreatic b-cells
[5], osteoblasts [6, 7], prostate tumor initiating cells[8], oral cancer cells[9, 10],
melanoma[11], colorectal cancer cells[12], and circulating tumor cells (CTCs) from
blood[13-17]. Despite the potential applications based on these findings, the dielectric
differences that enable discrimination between different cell types do not have a well-
founded biological basis that can act as a predictor of cell behavior in DEP separation
applications. This stands in contrast to cell isolation methods such as antibody-based
approaches that target cell-surface proteins that mark specific cell types in terms of
identified structure-function relationships. Without a similar understanding, the reliability of
DEP as a mode of cell discrimination is hard to anticipate. For example, the extent to which
DEP will be applicable to the important problem of CTC isolation in different types of
cancer is unclear. In this article, we apply DEP-field field flow fractionation (DEP-FFF) as
an analytical tool to characterize the dielectric properties of the entire NCI-60 panel of cells
[18-22]. This set of cell types is representative of a wide range of cancers derived from
different organs and includes those of diverse morphological types. We show that the
dielectric properties of different cell types in suspension, including the subpopulations of
peripheral blood cells, correlate closely with cell morphological characteristics that derive
directly from structure-function relationships appropriate to cell type and site of origin. We
thereby establish a framework for predicting the behavior of cells in DEP applications.

2 Materials and Methods
2.1 Cell culture

NCI-60 cells were cultured to 50-70% confluence in RPMI (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS) (GIBCO, Grand Island, NY). Just prior to harvest, cells
were photographed using phase contrast microscopy. Adherent cultures were harvested by
rinsing with calcium- and magnesium-free Hank's buffered saline solution and incubated at
37°C for 5 minutes with Trypsin/EDTA followed by sharp tapping, and neutralization with
RPMI+10% fetal bovine serum (FBS). Non-adherent cell cultures were spun down from
culture and suspended directly in RPMI + 10% FBS. Cells were counted to ensure >98%
viability by trypan blue dye exclusion and suspended at ~10° cell/mL in RPMI + 10% FBS
in conical tubes for DEP analysis. In supplementary experiments, non-adherent cultures
were exposed to trypsin/EDTA and their properties in subsequent experiments were
compared to those of untrypsinized cells to verify that trypsinization did not impact the data
upon which conclusions of this study are based.

Cell line identities were confirmed by short tandem repeat DNA fingerprinting in the
University of Texas M.D. Anderson Cell Core facility.

2.2 Dielectrophoretic field-flow fractionation (DEP-FFF)

DEP-FFF is a chromatographic method in which cell elution times reflect the positions of
cells in a hydrodynamic flow profile under the control of sedimentation, DEP and
hydrodynamic lift forces, Fsep, Fpepand Frpy, respectively. To characterize the
biophysical properties of each cell type in the NCI-60 panel, elution profiles were measured
using the apparatus and methods described earlier under three conditions chosen to allow
Fsep, Fpepand Frp; to be disentangled from one another [23-25]. Cell elution times were
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measured using a laser light-scatter detector (PC2400D, ChemTrac Systems, Norcross, GA).
Cell size reported for a cell by laser light scattering can be considered to be a mean value
averaged over its surface. Cell radius values used in the later DEP analysis were taken to be
the average of the cell sizes reported for the eluting cell populations.

For our analysis, the DEP-FFF buffer consisted of an aqueous solution of 9.5% sucrose
(S7903, Sigma-Aldich, St Louis, MO), 0.1 mg/mL dextrose (S73418-1, Fisher, Fair Lawn,
NJ), 0.1% pluronic F68 (P1300, Sigma-Aldich, St Louis, MO), 0.1% bovine serum albumin
(A7906, Sigma-Aldich, St Louis, MO), 1 mM phosphate buffer pH 7.0, 0.1 mM CaAcetate,
0.5 mM MgAcetate and 100 units/mL catalase (C30, Sigma-Aldich, St Louis, MO) adjusted
to a conductivity of 30 mS/m with KCI.

2.3 Cell exterior morphology

Previous work on harvested cells in suspension established that cell plasma membrane
surface area, as estimated from electron micrographs of the fixed cells, was a key
determining factor of their dielectric properties [26, 27]. The NCI-60 panel includes cell
lines that grow in culture with strikingly different exterior morphologies including those of
spherical, lymphoblastic-like, epithelial-like, fibroblastic-like, dendritic-like and mixed
appearances. Therefore, this panel is ideal for testing whether the exterior morphology of
cells prior to detachment from their growth environment is also a significant determinant of
their dielectric behavior. Forty of the NCI-60 lines were photographed just prior to harvest
and the variety of cell morphologies observed is illustrated in Fig. 1. The complexity of the
exterior morphological diversity, as well as the distribution of morphologies for cells within
each photograph, made it impractical to use an image analysis algorithm to score the cell
morphological properties. Instead, we defined a visual scoring system based on easily
identified external morphological characteristics that contributed to enhanced surface area
relative to smooth spherical cells. These characteristics were cell flattening (spreading) on
the surface of the culture flask (F), cell elongation or the presence of long dendritic
projections (P), and cell membrane roughening associated with ruffles, folds and microvilli
that contributed to specularity of the cell surface and margins (R). To provide a scoring
guide that related each characteristic to cell membrane area, Matlab was used to generate
bodies of identical volume for which these morphological characteristics contributed a
surface area 1.5, 2.0 and 3.0 times that of a smooth sphere (see Fig. 2). Each author analyzed
the cell photographs independently and scored each morphological characteristic on a scale
of 1 to 3. A membrane area morphological score M= (F+ P+ R)/3 was then calculated for
each photograph to estimate the extent to which cell exterior morphology increased cell
surface area compared with perfectly smooth, spherical cells. On this scale, M=1
corresponds to a smooth, round cell with no spreading or surface projections while M= 3
corresponds to a highly flattened cell with extensive projections and striking surface
roughness.

3 Results and Discussion

Density p, hydrodynamic flexibility parameters @ and crossover frequency f,, were derived
by measuring DEP-FFF elution profiles for each of the NCI-60 cell types and analyzing
these data as detailed earlier [23, 24, 28]. The parameters obtained from our analysis
together with the visual cell morphological analysis are shown in Table 1. Results for blood
cells were taken from the literature where the dielectric data were measured by
electrorotation (ROT) or by DEP crossover frequency methods (DCO). A number of cell
types in Table 1 were measured by ROT and/or DCO as well as by DEP-FFF and good
agreement in derived cell dielectric properties was found for these different methods.
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The magnitude and direction of the DEP force imposed on an intact cell suspended in a
medium having a conductivity much lower than that of its cytoplasm by an inhomogeneous
alternating AC electric field of frequency Ffmay be approximated as

2 2
_ 3. f - fco 2
F . p=2nese0r (f—2+2fw2) VE* )

where ris the cell radius, V£2 is the gradient of the mean squared field strength, eqeg is the
electric permittivity of the suspending medium, and 7o is the cell crossover frequency,
which is proportional to the rate at which the plasma membrane capacitance can be charged
in the ionic milieu of the suspending medium in response to an applied electric field. The
DEP force is null and changes direction when the applied electric field frequency is fco. At
DEP frequencies well below 1 MHz, a spherical mammalian cell under these conditions has
a crossover frequency that may be approximated by the expression

Os

Jeo V21 Coe. P

where oy is the medium conductivity [27, 29, 30]. We and others have shown that Ce, the
capacitance per unit area of the cell plasma membrane, varies substantially between different
cell types[31], cells in different states of differentiation[26, 27, 32], in different stages of the
cell cycle[33, 34] and following exposure of cells to apoptosis-inducing agents[35, 36] and
to toxicants[36, 37]. By correlating cell dielectric measurements with membrane features
revealed by electron microscopy, we showed early on that these differences in Cp;e; Were
related to differences in membrane area associated with cell size and with surface features
such as ruffles, folds and microvilli [26, 33]. This finding was consistent with the
interpretation of electrophysiological measurements of cell capacitance where Cy,;is used to
infer the total area of the cell plasma membrane[38]. Smooth plasma membrane has a
capacitance of Gy ~ 9 mF.m=2 [39] but features such as membrane folds, ruffles and
microvilli cause the area to increase by an effective folding factor ¢ = 1 compared to that of
a smooth, spherical cell. Then ¢ is the ratio of the actual cell membrane surface area to that
of an ideal, smooth sphere of the same radius and a measure of how wrinkled the cell
surface is in suspension. The effective capacitance per unit area of the cell may then be
written Cppem = ¢ Cp and the total capacitance of the cell is Cyyr= 47 ¢ Cy [26]. It follows
that our early work drew attention to two cell variables that determine DEP properties of
viable cells in suspension, namely the radius, 7, which is different for different cell types,
and the membrane folding factor, ¢, which is also known to vary from one cell type to
another independently of radius. The goal of this article is to examine the biological basis
for these cell differences to better understand the applicability of DEP to research and
clinical problems. To accomplish this, we employed the NCI-60 panel of cell types[20, 22],
which represents a diverse range of cancers from different organs, of primary versus
metastatic origin, of epithelial versus mesenchymal character, and of vastly different
doubling times, metabolic rates, and degrees of differentiation.

Using Egn. 2, we can express the cell membrane folding factor and total capacitance in
terms of the DEP crossover frequency as

-1
¢~ O'S(Z% b/ rwao) and (3a)

Con ¥ 22 051 foo™) (3D)
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The DEP crossover frequencies and corresponding cell capacitances and membrane folding
factors calculated according to these expressions for the NCI-60 cell lines and for the cell
subpopulations of peripheral blood are given in Table 1. The relationships between these
derived parameters and cell size are plotted in Fig. 3. The slope of the regression line in Fig.
3A shows that the cell total capacitance tends to vary as /22, indicating that the cell plasma
membrane area bears a fractal dimensional relationship to cell size. Earlier, we found a
similar fractal relationship for a different set of 26 cell lines [23] and also showed that the
dielectric frequency spectrum of single cells is consistent with fractal membrane
morphology [40]. Fractal relationships are common when transport through surfaces
supports biological functions that are distributed through volumes such as in the alveoli of
lungs [41, 42] and the capillary beds of organs [42]. The plasma membrane surface area of a
single cell must similarly provide transmembrane flux to support homeostasis within the
entire cell volume, requiring the surface to volume ratio to deviate from that of a smooth
sphere and leading to the fractal relationship seen in Fig. 3A between cell membrane area
(as manifested in cell capacitance) and cell size. Nevertheless, it is also apparent from Fig.
3A that membrane capacitance values for any given cell size span a wide range (see dashed
upper and lower bounds), indicating that cell radius is not the sole driver of membrane area.

While the exterior morphology of each cell type in the NCI-60 panel may be different, we
can state in general that any cell has a plasma membrane area A and a volume V'that may
deviate substantially from the corresponding parameters of a smooth sphere. If the cell has
an exterior morphology that deviates significantly from that of a sphere then the area A
needed to enclose the cell volume will be significantly greater than that needed to enclose a
spherical cell of the same volume V. Once the cell is released into suspension during harvest
or shedding from its tissue of origin, however, the anchorage points that maintain its
conformation at the site of origin will be broken and tension in the cytoskeleton will tends to
round the cell into a (wrinkled) sphere. If the cell membrane area and volume are conserved

during this transition, the radius of the rounded cell will become ,— w fto conserve cell
volume and the plasma membrane will assume a folding factor ¢ = Al(4r - ) to conserve
cell membrane area. Eliminating 7 between these expressions gives

¢=(3- Var- V)% CAL @

We can then rewrite the cell crossover frequency according to Egn. 2 in a novel way in
terms of the cell volume and area as

®

1
12 x/ir oy V3

fc”z( Co A

T

As already indicated, our previous studies established that the crossover frequency of cells
in suspension is inversely proportional to the total cell surface area including that associated
with membrane-rich features such as microvilli, ruffles and folds [2, 26, 43]. Eqn. 4 and 5 go
a step further by suggesting that these membrane-rich surface features can be understood in
terms of conservation of cell plasma membrane area during release into suspension. Eqn. 5
shows that, in general, the crossover frequency of any cell can be defined in terms of the

morphological length parameter ﬁg

The rich variety of cell morphologies within the NCI-60 panel allowed us to examine the
relationships in Eqn. 4 and 5. The M scores were obtained by examining the cell exterior
morphologies prior to release into suspension in order to provide a visual estimate of the
relative membrane areas of the cells at their growth sites in comparison to smooth spheres
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(M= 1) of similar volume. We stained some of the cell lines in culture with CellMask
orange fluorescent plasma membrane stain (C10045, Molecular Probes, Life Technologies)
and green-fluorescent calcein-AM viable cell stain (L-3224, Molecular Probes, Life
Technologies) and this allowed us to visualize by fluorescent microscopy the fate of the cell
membranes and the cytoplasmic contents during harvest. Cells were found to retain
essentially all of their membrane while showing no obvious leakage of cytoplasmic
fluorescence during release, suggesting that the cell membrane area and cell volume were
conserved. Under these circumstances, the membrane folding factors ¢ derived from DEP-
FFF should correlate with the M scores. Fig. 4, shows that the expected correlation between
¢ and Mexists, demonstrating clearly that the DEP properties of the various cell types
depended not only on cell radius after release into suspension but also on the exterior
morphology of the cell types at their site of origin prior to release.

The results in Fig. 3 and 4 may be considered in terms of the source of the different cell
types. Blood cells are usually in the resting GO phase of the growth cycle and are adapted to
travelling through small capillary vessels of the circulatory system while being suspended in
nutrient-rich plasma. Their small size, spherical, relatively smooth membrane morphology
and small membrane folding factors represent structures that are appropriate for these
functions. Peripheral blood cell subpopulations (red circles) lay clustered nearest to the
origins of Fig. 4 and 3B and these cell characteristics lead to crossover frequencies mostly in
excess of 100 kHz in our DEP eluate buffer of 30 mS.m™1 conductivity. Leukemia cells
(yellow circles) are similarly suited to travelling through capillary vessels while being
suspended in nutrient-rich plasma. However, these cells have a tendency to be outside the
resting GO phase of the cell division cycle and exhibit a slightly larger size and membrane
morphological complexity. As a result, these cells tend to have slightly lower crossover
frequencies than the normal, resting peripheral blood cells in Fig. 3. Finally, solid cancer
cell types are adapted to close coordination, spreading and contact with neighboring cells
and retain varying degrees of the morphological characteristics of differentiated tissue. Fig.
4 and 3b show that while the membrane morphological complexities of cells of solid cancer
origin vary over a wide range, they are much greater than the variations seen in normal
blood cell types. The larger size and greater membrane folding of solid tumor types result in
crossover frequencies that are much lower than those of the blood cell subpopulations.

These results show that the dielectric properties of suspended cells depend on membrane
morphology at the cells’ native growth sites. This finding has great significance to the
application of DEP to cell separation and isolation problems because it allows the properties
of cells to be anticipated in terms of cell structure-function relationships. We showed earlier
that cancer cells have lower crossover frequencies than peripheral blood cells and the data
presented here reinforces this by demonstrating that all solid tumor types in the NCI-60
panel also exhibit DEP crossover frequencies that are distinct from those of peripheral blood
cell subpopulations and would permit them to be isolated from blood.

Our results also show that, while cell size clearly does contribute significantly to dielectric
differences between different cell types soon after harvest, cell membrane morphology can
also vary significantly among cells of the same size. For example, in Fig. 3A cells of radius
close to 8.7 um include a leukemia with a cell capacitance of 11.7 pF, prostate, ovary and
kidney lines having capacitances near 20 pF, and non-small cell lung, breast and central
nervous system cancers having capacitances near 30 pF - roughly a three-fold range in cell
capacitance among cells of similar size. These different clusters of cell types may be
distinguished and isolated from one another by DEP.

This disconnect between cell size and cell dielectric properties has potential importance for
the isolation of circulating tumor cells. Tumor cells that have been released and remain in
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suspension undergo remodeling whereby membrane and cytoplasm are shed over a period of
hours without loss of cell viability [23]. This process eventually leads the cancer cells to
reach the same diameter as monocytes or granulocytes and causes CTCs to exhibit dramatic
pleomorphism. Yet, because of the fundamentally different initial exterior morphology
characteristics of cancer and blood cell types, the capacitance of the cancer cells remains
higher than that of blood cells during shedding so that the cancer cells can still be isolated
from blood by DEP[23] even when their size is comparable to blood cells. Small, remodeled
cancer cells of this type cannot be isolated from blood by size-based filtering.

Our results provide a biological rationale for the plasma membrane-associated dielectric
differences between different cell types and suggest the possibility of additional analysis.
The membrane morphology at the site of origin of cells must reflect their gene expression
profiles and future work may allow cell dielectric differences to be related to specific
patterns of gene expression. For example, cell size is known to be affected by the mTOR
pathway[44] and a variety of cell adhesion[45] and cytoskeletal[46] proteins are known to
influence cell adhesion and spreading. The current clinical method[47, 48] of isolating CTCs
employs EpCAM cell surface protein that is associated with cell-cell adhesion at the site of
origin of CTCs of epithelial phenotype. Even though DEP does not depend on cell surface
markers, its ability to discriminate between cell types nevertheless appears to build broadly
on this concept of cell properties associated with the site of origin.

4 Concluding remarks

We have presented dielectric data for the NCI-60 panel of cells and compared them with
similar data for normal peripheral blood cells. The results confirm our earlier findings that
the dielectric properties of cells in suspension correlate not only with size but also with
membrane morphology. We show further that these cell properties in suspension can be
explained by the conservation of cell volume and membrane area during the release of cells
into suspension from their sites of origin. Our findings thereby provide a rationale for
anticipating the dielectric properties of cells in suspension based on their native structure-
function relationships. This allows us to understand earlier results, and additional ones
presented here, showing that cancer cells have consistently lower DEP crossover frequencies
than peripheral blood cells. As a consequence of the conservation of cell properties, DEP is
able to discriminate between cells of similar size having different morphological origins and
is therefore able to isolate cancer cells from blood cells of the same size. This suggests that
DEP offers significant advantages over size-based filtering for isolating circulating tumor
cells.
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Figure 1.

Micrographs showing typical morphological variations amongst the NCI-60 panel of
cultured cell lines and illustrating the surface spreading, projections and roughness features
used in this work as indicators of increased cell surface area compared with a perfectly
smooth, spherical cell. MOLT4 (an acute lymphoblastic leukemia) shows a spherical
exterior morphology with little cell flattening, no projections and relatively smooth cell
surface appearance. This is as close to a smooth, spherical reference cell type of minimal
surface area as was found in the NCI-60 panel. NCI-H226 (a non-small lung cancer)
exhibits cell flattening resulting from cell spreading on the surface of the culture flask with
projections and membrane surface roughness also apparent in some cells. SKMEL28 (a
melanoma) demonstrates marked dendritic projections with minor flattening and occasional
cell surface roughness. HCT116 (a colon cancer) shows marked surface roughness, with
minor flattening and projections. In general, cell lines in the NCI-60 panel show
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combinations of these morphological traits that contribute to different, increased cell surface
areas compared with smooth, spherical spheres.
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Figure 2.
Simulated cell surfaces showing how exterior morphological differences can contribute to an

increased cell membrane area compared with the smooth reference sphere having identical
volume shown at top left. Cells having surface areas 1.5, 2.0 and 3.0 times that of the
reference sphere are shown. In the left hand panel, the effect of cell flattening is illustrated
using oblate spheroids as models. The circular bodies simulate the appearance of cells
viewed from above while the gauge lines show how thick the model cells would be if
viewed from the side. In the center panel, cells having dendritic projections are modeled as
Gaussian probability curves that have been rotated in space to create solid bodies. Surface
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areas and volumes can be easily solved explicitly for these shapes. In the right hand panel,
cell surface roughness is simulated by adding noise at three scale lengths (0.1 x radius, 0.4 x
radius and 1.6 x radius) to represent microvilli, ruffles and folds on the cell surface. These
simulations were made in MATLAB using distortions of the sphere function and the surface
areas were computed by summing the areas of all facets on the resulting bodies.
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(A) Dependency of total capacitance on cell radius, , for the NCI-60 and blood cell types.
Three broad clusters comprising the blood cell types (red), the leukemia cell types (yellow),
and all other cell types are apparent. The slope of this log-log plot shows that cell
capacitance varies as /2-°, consistent with a fractal relationship between cell surface area and
cell volume. (B) Cell capacitance data for the NCI-60 and blood cell types expressed as the
dependency of the plasma membrane folding factor, ¢, on cell radius. Loci corresponding to
constant DEP crossover frequencies based on Eqn. 2 are shown. The plasma membrane
folding factor tends to increase with increasing cell size.
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Figure 4.

Relationship between the membrane folding factors of the NCI-60 cell types as measured by
DEP-FFF in cell suspension and the cell exterior morphologies in culture just prior to
harvest as judged by visual estimates of the combination of spreading, elongation and
surface roughness (see text and Fig. 1 and 2). Blood cell types are plotted based on DEP-
derived folding factors with estimates of their morphological scores based on microographs
in the literature.
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