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We use micrometer-sized fluidic channels to confine and measure
electrophoresis of freely suspended individual microtubules. We
measure orientation-dependent velocities of microtubules and the
electro-osmotic flow mobility in our channels to infer the aniso-
tropic electrophoretic mobility of microtubules under physiological
conditions. We discuss the difference between electrophoresis and
purely hydrodynamic motion and its implications for interpreting
mobility measurements. We show that the mobility anisotropy is
a factor of 0.83, clearly different from the well known anisotropy
factor of 0.5 in Stokes drag coefficients for cylindrical objects. We
also show that the velocity is independent of microtubule length,
which would be different for hydrodynamic motion. We demon-
strate that the electric force on the counterions has important
consequences for the interpretation of electrophoresis experi-
ments and that ignoring this can lead to an underestimation of the
effective charge by orders of magnitude. From the electrophoresis
measurements, we calculate an effective surface-charge density of
�36.7 � 0.4 mC/m2 for microtubules. Electrophoretic measure-
ments of subtilisin-digested microtubules, which have the nega-
tively charged C termini on the outer surface removed, show a 24%
decrease in mobility and, correspondingly, in surface charge, but
no change in anisotropy.

The electrophoretic mobility of molecules is a fundamental
property, that relates a molecule’s velocity to an external electric

field. In ensemble electrophoresis measurements, such as gel elec-
trophoresis or dynamic light scattering, the differences between
individual molecules are obscured. To overcome this limitation,
individual molecules can be made visible by fluorescent labeling,
and their electrophoretic motion can be imaged using fluorescence
microscopy (1), provided that the motion of the molecules is
confined within the focal plane of the objective. Microfabricated
slit-like fluidic channels form an excellent system to confine and
observe the electrophoretic motion of individual fluorescently
labeled biomolecules, such as microtubules (2), actin filaments, or
virus particles (3).

Here, we present measurements of the electrophoretic mobility
of individual microtubules in micrometer-sized fluidic channels.
Microtubules are stiff cylindrical biopolymers with a diameter of 25
nm and lengths of several micrometers. Their high persistence
length (�1–5 mm) makes them a good model system for other
rod-like particles such as very short DNA molecules or tobacco
mosaic viruses. The electrophoretic mobility of cylindrical colloidal
particles was predicted long ago to be anisotropic (4), which was
only recently confirmed experimentally (2).

Here, we present an extensive study of the microtubule aniso-
tropic mobility. This is not only interesting from a fundamental
colloid science point of view. The mobility also determines the force
that is applied, for example, in bionanotechnological applications,
where electric fields bend and steer microtubules (2) or actin
filaments (5) that are propelled by molecular motors. Finally, the
mobility of a biomolecule is a measure of its effective charge.

We start with a brief summary of the theoretical framework of
electrophoresis. This reiterates some original work from 1933 (6),
because electrophoretic experiments are often incompletely inter-
preted, neglecting the effect of the counterions. We show that this
has led to orders-of-magnitude underestimates for the effective

charge. Combined with measurements of the electrophoretic mo-
bility of individual microtubules, we aim to give a compact theo-
retical description and experimental demonstration of the differ-
ences between electrophoretic and purely hydrodynamic motion.

Theoretical Framework
The charge of a colloidal particle in an electrolyte is screened by
counterions that are organized in a double layer structure. The first
layer of ions is confined to the surface in the Stern layer, whereas
the diffuse layer reflects a balance between electrostatic attraction
and entropic repulsion and is described by Poisson–Boltzmann
theory. As a result, the space charge density � decays exponentially
with the Debye length �D��kbT�/�izi

2e2ni, where kb is Boltzmann’s
constant, T is temperature, � is the solvent’s dielectric constant, and
e is the electron charge. The summation runs over all ion species i
with valence zi and number density ni.

The presence of the counterions makes electrophoretic motion
markedly different from purely hydrodynamic motion caused by
nonelectric forces. The main difference is that an electric field
exerts force both on the object and on the surrounding fluid via the
counter ions, the so-called retardation effect, whereas in gravita-
tional or magnetic sedimentation of colloids, the externally applied
force acts only on the object. This difference has been pointed out
by several authors (4, 6, 7), but despite this, force balance in
electrophoresis is often incompletely stated in terms of the electric
force on the particle and Stokes hydrodynamic friction (3, 8, 9),
thereby neglecting the retardation effect.

In the following, we first demonstrate the importance of the
retardation effect by comparing the fluid motion around a sphere
both in electrophoretic and hydrodynamic motion (6). Then, we
describe the electrophoresis of cylinders while allowing for a
deformation of the ionic double layer by the external field, the
so-called relaxation effect.

Fluid Motion Around a Sphere. Following Henry’s (6) key arguments,
we solve the fluid velocity u around a spherical insulating particle
of radius R, and uniformly distributed charge Q [detailed steps are
given in supporting information (SI) Appendix]. The particle moves
with velocity v by an electric field E (Fig. 1b). It is assumed that
inertial terms can be neglected and that the potential due to the
external electric field, V, can be superimposed on the potential in
the double layer �. Implicit in this assumption is that the ionic
double layer is not distorted. By imposing a velocity �v on the
system, the particle is at rest and the fluid at infinity moves with �v.
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