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ABSTRACT

Red blood cell (RBC) aggregation, and specifically linear Rouleaux
formation of human erythrocytes affects the rheology of microcir-
culation and has been widely studied in order to quantify flow ab-
normality in pathological conditions. Rouleaux form through side-
by-side adhesion of a considerable number of erythrocytes and may
reach a roll length of 50 µm and more. This compares to the 2.2 µm
in thickness of common RBC’s. Increased aggregation of RBC’s may
be an important factor in the development of vascular diseases
and microcirculation impairment. Dielectric properties of cell sus-
pensions or of undiluted whole blood are strongly related i.e. to the
geometrical structure of particles. Electrophoretic measurements or
Rouleaux in various suspending media have the potential of size-
characterization and spatial separation of cell subpopulations. In
the present paper we show, that the electrophoretic force on RBC
aggregations of different size, exposed to an electric field of varia-
ble frequency, provides a means for a spatial separation and sor-
ting of Rouleaux with different “stack number” of aggregated erythro-
cytes. In particular is the field-flow-fractionation technique a suitable
tool, where the differential positioning of particles within a suspen-
sion flow velocity profile is established by the action of correspon-
ding dielectrophoretic forces.

Key Words:
Human erythrocytes, Rouleaux, Dielectrophoresis, Force effects, Sor-
ting and separation.

RESUMEN

La agregación de glóbulos rojos (RBC), y específicamente la for-
mación de Rouleaux lineares de eritrocitos afecta la reología de la
microcirculación y ha sido ampliamente estudiada para cuantifi-
car anormalidades de flujo en condiciones patológicas. Los
Rouleaux se forman por adhesión, por contacto de un número con-
siderable de eritrocitos y pueden alcanzar una longitud de rollo de
50 µm o más. Esto se compara al grosor común de 2.2 µm de los
RBC´s comunes. La agregación aumentada de RBC´s puede ser
un factor importante en el desarrollo de enfermedades vasculares
y alteraciones de la microcirculación. Las propiedades dieléctricas
de suspensiones celulares o de sangre sin diluir están estrechamente
relacionadas con la estructura geométrica de las partículas. Medi-
ciones electroforéticas de Rouleaux en varios medios de suspen-
sión tienen el potencial de caracterizar el tamaño y la separación
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INTRODUCTION

Erythrocyte aggregation and the formation of lin-
ear Rouleaux has been widely investigated, and its
importance in the rheology of blood circulation is
well established1-4. The acting aggregation forces
have been studied5-7, and measurable effects of
zero gravity under space condition on the human
erythrocyte Rouleaux formation were detected8.
Observation show, that human and horse RBC’s form
stable Rouleaux, whereas bovine RBC’s do not ag-
gregate in plasma9. A controlled formation of eryth-
rocytes doublets by electrofusion has been report-
ed recently10. The size of such “coin stacks” is of
clinical relevance11,12, stimulating interest in their
analysis and manipulation. Methods based on di-
electric properties of dispersed systems are widely
used to investigate the kinetics of RBC aggregation
and break-up13,14.

The spatial separation of polarizable particles
and biological cells by dielectrophoresis has been
demonstrated by a number of research groups.
This includes a range of microorganisms15-17, mam-
malian cells18-20, and microscopic polystyrene and
latex spheres21,22. Combined electrophoretic and
dielectrophoretic forces are applied to trap and
manipulate single particles of DNA on special mi-
croelectrodes23-25. The advancement and use of
microelectronics technologies in bioelectronic anal-
ysis devices is leading to efficient and effective
methods for the direct manipulation, separation
and sorting of submicron particles on high integrat-
ed semiconductor chips26-29.

The dielectric properties of a particle, suspend-
ed in a conductive medium, and exposed to an
electric field of special characteristics determine
the direction of movement and the acting abso-
lute force on it. The knowledge of the internal elec-

tric field strength is a basic aspect of the study of
many biological effects. The shape of the sample
has a strong impact on it. Spherical and ellipsoi-
dal cells models are frequently used due to the
fact that linearly polarized electric plane waves
generate a uniform local field distribution acces-
sible by closed analytical solutions of the Laplace
equation30-32.

However same biological cells, including eryth-
rocytes, deviate form the ellipsoidal form, and in
order to account for these special shaped cells,
more satisfactory cell models with shapes close to
disks or cylinders33-35 have been considered.

Rouleaux of erythrocytes, often quoted as lin-
ear “coin stacks” translate into a cylindrical cell
model. Characterized by an integer number of sin-
gle cell heights, the aggregation of three or more
cells changes the cell geometry in an ellipsoidal
model from oblate to prolate. The local field and
the induced dipole moment is thus affected con-
siderably.

In this paper we show, that the multiplicity of eryth-
rocyte cell aggregates can be followed up by di-
electrophoresis, and a size-selective separation can
be achieved, given correct medium permittivity and
conductivity, as well as frequency and amplitude
of the applied electric field. While the approxima-
tion of larger erythrocyte Rouleaux as general spher-
ical ellipsoids might be sufficient, an approxima-
tion procedure for dielectric bodies of short cylindric
shape is described by us and applied on stacks of
erythrocytes with variable height-to-radius relation.

DIELECTROPHORETIC FORCE

The movement of an object caused by a spatially
non-uniform electric field, is often called dielectro-
phoresis (DEP). It is different from the well-known

espacial de sub-poblaciones celulares. En el presente trabajo
mostramos que la fuerza electroforética en agregaciones RBC de
diferente tamaño, expuestas a un campo eléctrico de frecuencia
variable, provee un medio para la separación espacial y la clasifi-
cación de Rouleaux con diferente “número de stack” de eritrocitos
agregados. En particular, la técnica de fraccionamiento del flujo
de campo es una herramienta adecuada, donde el posiciona-
miento diferencial de las partículas en suspensión dentro del perfil
de velocidad de flujo es establecido por la acción de las fuerzas
dielectroforéticas correspondientes.

Palabras clave:
Eritrocitos humanos, Rouleaux, dielectroforesis, efectos de fuerza,
separación y clasificación.
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phenomenon of electrophoresis, because DEP only
arises, when the object has a different tendency to
become electrically polarized relative to its sur-
rounding medium. Positive DEP means, the object
will be pulled towards higher electrical field regions,
if its polarizability is higher than that of the suspend-
ing medium. Conversely it will be repelled towards
weak field regions, if its polarizability is lower. Ob-
jects can thus be trapped by positive DEP, or con-
centrated in a focal point by negative DEP, or even
levitate in a moving medium. Different subpopula-
tions of particles can be moved apart from each
other and spatially separated in three dimensions,
given the application of appropriate field and sus-
pending medium conditions27,35.

Dielectrophoretic forces are caused by the in-
teraction of non uniform electric fields with dielec-
tric objects, which are suspended and free to move
in a conductive medium. In inhomogeneous A.C.
fields, the time averaged force < >, which is act-
ing on a homogeneous dielectric particle, can be
expressed by

                 (1)

where  is the induced dipole moment,  is the
gradient of the complex conjugate of the external
field, and Re denotes the real part of the scalar
product. The induced dipole moment  is propor-
tional to the particle volume V, the acting external
electric field E = E0 • ejwt of circular frequency w,
and the permittivity e0em of the medium surround-
ing the dielectric object.

The time-averaged force acting on a homoge-
neous ellipsoidal particle is given by

� �     (2)

with

              (3)

the component in x-direction of the Classius-Mos-
sotti factor. e*p is the complex permittivity of the
particle, and nx is the Lorentz depolarization factor
in this direction, parallel to the external field. The
Classius-Mossotti factor is a measure of the effec-

tive polarizability of the particle, and depends for
nx strongly on the geometrical shape of the ellip-
soidal object. With e the permittivity and s the elec-
trical conductivity of any dielectric medium, the
complex permittivity e* is defined as

e* = e0e - J (s/w)                         (4)

being j the imaginary unit (-1)1/2.
Consequently, the Classius-Mossotti factor de-

pends on the frequency of the applied field, be-
sides the dielectric properties of particle and me-
dium. When only frequency dependencies are the
aim of the study, it is sufficient to consider K(w) as
the only frequency-dependant part of the induced
dipole moment. Variations of this factor give rise to
the dielectrophoretic force described in (2), which
is unique to a special particle type. This concerns
not only intrinsic dielectric properties, but also the
geometrical shape via the depolarization factors
and the size via the volume contained in the in-
duced dipole moment.

Shape and size variation of the particles affect
K(w) and modify V, which leads to readily achiev-
able dielectrophoretic separations protocols. The
design and geometry of the microelectrodes used
to generate and control the non-uniform electric
fields is of course an important factor to be con-
sidered.

From expression (3) follow two special cases of
practical importance: at the one hand sphere-
shaped particles with nx = ny = nz = 1/3, yielding

  (5)

and at the other hand long cylinder-shaped par-
ticles with nx = 0, (ny = nz = 0.5)

   (6)

where l is the length, and r is the radius of the cylin-
der. It is clear, that the applicability of expressions
(5, 6) has to be verified with respect to the particle
shape in any practical approach. For instance is
the herpes simplex virus, HSV-1, a spherical envel-
oped particle, whereas the tobacco mosaic virus,
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TMV, is a 280 nm-long protein tube of 18 nm diam-
eter (long cylinder).

HUMAN ERYTHROCYTE ROULEAUX

The calculation of force effects on biological cells
starts commonly with a solution of the Laplace
equation under quite restrictive conditions. In order
to arrive at closed expressions, and ellipsoidal cell
model with a confocal shell as commonly assumed,
as only such a geometry exhibits a constant local
field. Normal human erythrocytes are non-nucleat-
ed biconcave disk-shaped cells of about 7.5 µm in
diameter with edges that are thicker than the cen-
ter part (Figure 1). Indeed, they resemble an ob-
late ellipsoid only in a crude approach. The deter-
mination of the induced dipole moment for such a
structure in field direction will be possible only to a
certain approximation, e.g., of a very short circular
cylinder (flat disk) of radius R and half length L with
L/R<<1.

The aggregation of disk-shaped objects to col-
umns has a clear effect on the local field and the
induced dipole moment. While the depolarization
factor in direction of the Rouleaux (cylinder) axis par-
allel to the external electric field takes a value close
to 0 for L/R>>1, leading to expression (6), for a disk-
shaped body, this value is closer to 1.

In linearly polarized A.C. fields, particles are ori-
ented along their axis of highest polarization. A long
cylinder will line up with its symmetry axis along the
field, while a circular disk lines up along its radius.
The orientation of a cube-like object (cylinder with
L/R = 1) results uncertain, though (Figure 2).

It is important to remember, that the side-by-side
aggregation of individual erythrocytes generates
columns of length l = s ( d with d the thickness of a
single cell (d = 2.2 µm) and stack number s = 1, 2,
3, … . While single or double erythrocytes orient
themselves along the radius on the mayor axis,
aggregations of more than three erythrocytes re-
sults in cylinder-shaped structures with L > R. De-
pending on the number s, the axis ratio of the Rou-
leaux, L/R, the depolarization factor and the
induced dipole moment change correspondingly,
and so does the dielectrophoretic force acting on
any of the Rouleaux. For the sake of simplicity, only
electric effects are considered here, although hy-
drodynamic friction or motions induced by temper-
ature fields are not without importance, particularly
at elevated medium conductivities.

In order to arrive at quantifying expressions of the
DEP force (expression (1), we have to determine the
size dependent polarization of cylinder-shaped
Rouleaux. This is in the context of the present paper
a tedious endeavor, and we will restrict ourselves
to a sketchy description of the result in the follow-
ing chapter.

DIPOLE MOMENT OF A CYLINDER-SHAPED (NON-
ELLIPSOIDAL) DIELECTRIC BODY

The common approach for the determination of
the induced polarization in order to arrive at expres-
sions related to force actions or a special dielectric
object is the assumption of an ellipsoid with half-
axis a, b, c as substituting body shape. In this so-
called Laplace model, a homogeneous ellipsoid

Figure 1. (a) Transverse sec-
tion of an erythrocyte with
radius R and thickness d.
(b) Rouleaux of erythrocy-
te formed through side-by-
side adhesion of single
RBC’s.
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always exhibits a constant local (internal) field. In-
tegration over this field leads to the induced polar-
ization and thus to expressions related to force ac-
tions on the special object. But already in such
important cases as for a cube or a short cylinder is
it difficult to calculate the depolarization factors.
But even then is the best shape of it to be used,
and the next approximation step, not a straightfor-
ward choice. This chapter deals with an approxi-
mation procedure for the calculation of the inter-
nal (local) field  in a material body of general
shape, as e.g. a cylinder shaped rouleaux having
a dielectric constant e*p, which is brought into a giv-
en field 0( ), acting inside a suspending medium
of dielectric permittivity e*m.

The problem can be formulated as follows: The
local field i( ) causes a polarization =e0(e*p –e*m) i
of the rouleaux. On an surface element D  of the
dielectric body, this polarization generates a po-
larization charge Dq=spol •DF =  •D   which by
virtue of the Coulomb law, together with the unper-
turbed field 0( ), produces the local field such that

    (7)

The integration is carried out over the surface of
the dielectric body; D  points outward, and 12

combines the origin 1 with the integration element
at 2. The relation between 0( ) and i( ) is sup-
posed by us to be linear, thus

  (8)

In general, a( ) is a tensor, as the directions of i

and 0 are not necessarily parallel.
Exact solutions with a constant a are known for

the sphere, the infinitesimal thin wire (needle), and
the infinitesimal extended disk (sheet). When our
approach is applied here, already the first approx-
imation step gives the exact solution, as it should,
when a( )=a1 = constant.

The polarization of a prolate spheroid (Figure 3a)
results with expression (8) and the axis relation q2=b2/
(a2-b2) in

  (9)

For an oblate ellipsoid one gets instead

  (10)

and consequently with q ®¥  (or a = b) we have
for the sphere-shaped dielectric

                         ,

yielding the known expression for the polarization
vector

                 (11)

It is easy to recognize, that K(w) = 3(e*p –e*m) / (e*p

+2e*m), the Classius-Mossotti factor, is in accord with
expressions (2, 5).

The full application of the approximation proce-
dure for a cube or short cylinder requires several

Figure 2. Schematic presentation of erythrocyte Rouleaux of length 2L = S × d. Direction of maximum polarization is x. For s
= 1, 2, 3 the radius R of the cell aggregation aligns with the external field. d is the thickness of a single erythrocyte, R its radius.

X
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2R

2L

2R

2L

X



19Ramírez A y cols. Dielectrophoretic field-fractionation of Rouleaux formed of human erythrocytes

edigraphic.com

steps and leads to a somewhat unhandy but more
exact result. It will not be carried out here, and only
the final result of the dipole moment of a cylinder
of radius R and half-length L (see Figure 3b) is given
in expression (12).

 (12)

In the case of human erythrocyte Rouleaux the only
parameter which varies is L. We will use the symbol
S as the stacking number of erythrocytes, forming
Rouleaux of half-length L = S × (½d), where d =
1.1 mm, half the thickness of a single erythrocyte.

Corresponding to the tendency, the dielectric
bodies align its axis of maximum polarization with
the external field, cell aggregates up to a stack-
ing number S = 3 will have the direction of the
single cell radius parallel to the external field, while
for S ³ 4, the cylinder axis aligns with the field (see
Figure 2).

DIELECTROPHORETIC FORCE AND DISCUSSION

The frequency response of the DEP force on linear
arrangements of erythrocyte “coin stacks” is gov-
erned by expressions (2), (14) and the correspond-
ing Classius-Mossotti factor, which is related to a by

K(w) = a • (e*p –e*m)                    (13)

In the limiting cases of a long cylinder (needle) and
a sphere, with a =1/e*m and a = 3/(e*p –e*m), re-
spectively, the relations (5, 6) are of course repro-
duced. In the following calculus the Rouleaux are

approximated to solid homogeneous cylinders of
length 2L = s × d (Figure 2) with a relative permittiv-
ity ep = 50 and conductivity sp = 0.5 S/m30.

Using these parameters, a plot of the frequency
variation of the polarization factor, estimated from
expression (13) was calculated as a function of fre-
quency and Rouleaux-length parameter s at differ-
ent aqueous medium conductivities sm between
0.001 and 0.1 S/n. The results for the dielectrophoret-
ic force, which is proportional to S × Re[K(ω)], are
shown in the following figures.

The medium conductivity sm is an essential pro-
cess parameter, as it can be seen in Figures 4 and
5, where sm = 0.1 S/m and 0.001 S/m, respectively.

The force on rouleaux, characterized by the
stack-parameter S of erythrocytes, is expectedly
quite different for different Rouleaux length. It de-
pends also in the conductivity of the suspending
medium, being larger in lower conductive liquids.
Comparing e.g. the Rouleaux with S = 10 in the
two media shows a DEP force almost twice as high
in the sm = 0.1 S/m. As shown in Figures 4(b) and
5(b) with more detail, the difference in the critical
frequencies (defined as frequencies, where the DEP
force passes through zero, S × Re[K(ω)] = 0) of rou-
leaux, formed of say 7 or 8 erythrocytes is about 4
MHz, a technical value easy to control under ex-
perimental conditions. A certain “crowding” of
curves is seen with s = 1, 2 and s = 3, 4 in Figure
4(b), or with s = 2, 3 in Figure 5(b), which is a conse-
quence of the reorientation of very short Rouleaux.
The tendency to align the major particle axis with
the external field has been demonstrated in Figure
2. By comparing Figures 4(b) and 5(b) the “crowd-
ing” between determined Rouleaux lengths can be
relieved by choosing suspending media of differ-
ent conductivity.

Figure 3. (a) Prolate ellipsoid; and (b) dielectric cylinder of diameter 2R and length 2L.
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We have not included in our study the effect of
size- and shape dependent friction, which the par-
ticles might suffer in its movement. The friction fac-
tor of a sphere, a disk, a cube or a cylinder de-
pends in a complicated way on geometrical and
hydrodynamic conditions of the rheological system.
While for a sphere-like particle the friction factor is
known to be proportional to the sphere radius R,
other cases a re not so straight-forward. At any rate,
the friction force counteracts and thus diminishes
the DEP force on the considered particle.

25

20

15

10

5

0

-5
10 100 1000

S=10 S=15 S=30 S=100

S=9

S=8

S=7

S=6

S=5

S=4
S=3

S=2
S=1

S·
Re

{K
(

)}
ω

Frequency [MHz]

0.05

0.03

0.01

-0.01

-0.03

-0.05
70 90 120

S·
Re

{K
(

)}
ω

Frequency [MHz]
80 100 110

S=100 S=10

S=9

S=8

S=30 S=15 S=1 S=7 S=6 S=2 S=5 S=4 S=3

Figure 4. (a) Plot of the real part
of the Classius-Mossoti factor ti-
mes the erythrocyte stack num-
ber s, against the A.C. field fre-
quency. The stack number s is a
size parameter, meaning s = 1
a single erythrocyte, and s > 2 a
linear cell aggregation of two or
more erythrocytes. The conduc-
tivities and relative permittivities of
the internal cell and the external
medium are taken as 0.5 and 0.1
S×m-1, as well as 50 and 80, res-
pectively17,30. Particle dimensions
are 2R = 7.5 mm, 2L = s×2.2 mm
with s = 1, 2, 3, … characterizing
the linear side-by-side adhesion
of erythrocytes.
(b) Detail of the frequency region
around the crossing through the
line S×[Re K(ω)]=0. The “crowding”
of the curves belonging to S = 1,
2, 3, 4 is a consequence of the
reorientation of very short rouleaux
as described in the text.

In conclusion, existing microelectrode arrays for
batch and continuous separation of microorgan-
isms and cell should allow to achieve separation
and sorting of a population of erythrocyte rouleaux.
It is shown in this work, that the induced dipole
moment in erythrocyte rouleaux of different level
of aggregation causes a dielectrophoretic force
effect, which is different in magnitude for different
rouleaux lengths. Additionally exist frequency win-
dows, where this force is negative for one subpop-
ulation, while it is positive for an other, providing
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for a means of separation. In particular should di-
electrophoretic field-flow-fractionation methods
be suitable, where a differential positioning of par-
ticles within a suspension flow velocity profile is es-
tablished by the action of corresponding dielec-
trophoretic forces.
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