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We developed an optical tweezers setup to study the electrophoretic motion of colloids in an
external electric field. The setup is based on standard components for illumination and video
detection. Our video based optical tracking of the colloid motion has a time resolution of 0.2 ms,
resulting in a bandwidth of 2.5 kHz. This enables calibration of the optical tweezers by Brownian
motion without applying a quadrant photodetector. We demonstrate that our system has a spatial
resolution of 0.5 nm and a force sensitivity of 20 fN using a Fourier algorithm to detect periodic
oscillations of the trapped colloid caused by an external ac field. The electrophoretic mobility and
zeta potential of a single colloid can be extracted in aqueous solution avoiding screening effects
common for usual bulk measurements. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2884147�

INTRODUCTION

Properties of colloidal dispersions have been studied in-
tensively for decades. A fundamental understanding is of
great importance in many fields of work, e.g., to analyze
complex transport mechanisms in living organisms or to ex-
amine rheological phenomena of condensed matter. Colloidal
dispersions find wide spread industrial applications as coat-
ings, aerosols, ceramics, and drugs. Crucial for their proper-
ties are the size and charge of the colloids, both can be varied
over a broad range, and thus the intercolloidal interactions
can be adjusted. This makes colloidal dispersions an excel-
lent model system to investigate fundamental issues in con-
densed matter physics.

The surface charge determines the colloids characteris-
tics. However, it is not directly accessible in experiments.
Investigations of electrorheological phenomena are based on
two other quantities, the electrophoretic mobility � and the
associated zeta potential �.1,2

Several methods are available for studying the
mobility of colloidal dispersions. Microscopic visual
microelectrophoresis2 was a widespread technique until the
1980s and is based on the direct observation of individual
particles moving in a dc electric field. Due to the Tyndall
effect it is not the particle that is seen, but a bright dot on a
dark background.2 The difficulties in determining the posi-
tion and direction of the colloids strongly limit the accuracy
of this visual method.

Another one is dynamic light scattering, which is today
available in commercial “Zetasizers” �Malvern, Herrenberg,
Germany�. In this measurement technique moving particles
are illuminated by intersecting laser beams.3 As the fre-
quency shift of the scattered light is proportional to the par-
ticle velocity, the average electrophoretic mobility of the

bulk solution can be calculated from the velocity distribution
function.

A noninvasive way to investigate microscopic objects in
a fluidic suspension are optical tweezers.4 Taking advantage
of their properties, optical tweezers are ideal tools to carry
out experiments with micrometer-sized objects in materials
research, biological sciences, and soft matter physics.5–7 The
idea behind optical tweezers is the application of a strongly
focused laser beam to trap a small dielectric particle, allow-
ing its manipulation in three dimensions. Their unique ability
to hold and study single particles in a suitable medium with-
out mechanical contact enables exciting new experiments in
microrheology.8,9 For instance, optical tweezers allow de-
tailed examinations of the electrophoretic mobility of col-
loids within nanometer accuracy. In comparison to the well-
established Zetasizer measurements this techniques gives
insights to single particles effects that are not screened by
many body interactions of a bulk solution.

The first part of this paper describes the optical tweezer
setup including our self-assembled fluidic cell and the pe-
ripheral electronic devices. The movement of the bead is
observed with video position detection. As we will show, the
use of standard equipment is sufficient to perform position
tracking of our colloids at 2.5 kHz bandwidth. At the current
status of our experiments, we are able to measure with a
temporal resolution of 0.2 ms and to determine the position
of the colloid within a standard deviation of ��0.5 nm.

In the second part we discuss the drag force method and
calibration via analyzing the power spectrum of the Brown-
ian motion in the trap. The latter one requires a high band-
width to obtain the typical Lorentzian shape10,11 and to pro-
vide reliable results. We verify that high-speed video position
detection of the colloid is suitable for power spectra analysis.
In contrast to quadrant photodiode based detection systems
no voltage-to-meter conversion is necessary.

In the last part we show results from single-colloid-a�Electronic mail: keyser@physik.uni-leipzig.de.
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electrophoresis experiments observing a 2.23 �m polysty-
rene bead in an environment of fixed ionic strength. After we
apply an alternating electric field of known strength and fre-
quency, we can capture the oscillations of the colloid. Due to
the high spatial resolution of our video detection system, we
are able to determine the position of the trapped bead within
subnanometer precision. From this we derive the electro-
phoretic characteristics as the mobility � and the �-potential
of the colloid.

THE OPTICAL TWEEZERS SETUP

The optical tweezer setup �Fig. 1� is build around an
inverted microscope �Axiovert 200, Carl Zeiss, Jena, Ger-
many�, which is designed for epiIllumination fluorescence
microscopy. The optical trap is formed by a tightly focused
diode pumped neodymium doped yttrium aluminum garnet
laser beam �1064 nm 1 W, LCS-DTL 322, Laser 2000,
Wessling, Germany�, which is directed to the microscopy by
the base port. At the chosen wavelength absorption and heat-
ing is reduced to a small magnitude, which is important as
most of our experiments are carried out in water-based
solvents.12

We use a closed-loop system �photodiode, personal com-
puter �PC� with NI-PCI 6120 DAQ, National Instruments,
München, Germany� to monitor and control the power of the
laser before the beam is coupled into the microscope. A
quarter-wave plate is employed to generate circular polarized
light excluding effects due to reflection differences between
the p- and s-part of the laser light. The beam is expanded,
coupled into the back aperture of the water-immersion mi-
croscope objective �Olympus UPlanApo/IR, 60�, 1.20 W�,
and strongly focused to the trap center within the sample cell
�Fig. 1�.

Our sample cell is mounted on a XYZ piezonanoposi-
tioning stage �P-562.3, Physik Instrumente, Karlsruhe, Ger-
many�, which allows multiaxis motion with nanometer reso-
lution. The position is controlled using a multichannel digital
piezocontroller �E-710.3, Physik Instrumente, Karlsruhe,
Germany� connected to a PC via the general purpose inter-
face bus �GPIB� interface.

All measurements are carried out in a self-assembled
fluidic cell that consists of a microscope slide at the top
�thickness d=1 mm� and a cover slip at the bottom �d
�150 �m� separated by a micromachined Poly�methyl
methacrylate� �PMMA� spacer �d=1 mm�. We use UV-
sensitive glue to adhere all three parts. The inner shape of the
PMMA spacer defines the fluidic geometry for our experi-
ments �Fig. 1�. The main channel has a rectangular shape and
is 30 mm long and 300 �m wide. Due to this design we
obtain a linear electric field distribution, which results in a
constant electric force within the channel. This was verified
by finite-element calculations and experiments using the op-
tical trap �not shown�. The small-sized cross section of the
channel leads to a high resistance, which exceeds all other
resistors in the system �e.g., potential drop at double layer of
electrodes� by at least a factor of 20. This guarantees that
almost 100% of the applied electrical potential drops along
the channel. Two holes drilled in the upper microscope slide
connect the cell to a silicon/poly�tetrafluoroethene� �PTFE�
tubing system flushing electrolytes and colloids into the
PMMA channel. The flow is controlled by a custom-built
syringe pump. As we want to perform single-colloid electro-
phoresis, we continue flushing the cell after a bead was
trapped to ensure that no other colloids are left in the cell.
Two cylindrical Pt wires �d=0.2 mm� connected to a func-
tion generator are embedded in the PMMA keyways serving
as electrodes to apply an electric field �Fig. 1�. A property of
Pt electrodes is that gas bubbling due to electrochemical re-
actions is suppressed.13,14 This is important in order to real-
ize long-term measurements without disturbance and to ac-
quire reliable data.

The electric field is generated by a GPIB controlled
function generator �HP33120A, Hewlett Packard, Böblingen,
Germany� and amplified by a factor of 12.6 employing a
custom-built electronic device. As the HP33120A allows
measurements with different waveforms in a wide frequency
range �100 �Hz–15 MHz� and at amplitudes varying from
50 mVp.p. to 10 Vp.p. �volt peak to peak�, it is an optimal
signal source for our electrophoretic experiments. The ac sig-
nal is recorded with an analog to digital converter card
�NI-PCI 6120 DAQ, National Instruments, München, Ger-
many� using an equal bandwidth as our video detection
system.

The movement of the bead in the optical trap is observed
via high-speed video position detection.15–17 For illuminating
our sample cell we use a standard 150 W cold-light source
�LQ 1700, Linos, Göttingen, Germany�. At the current status
of our experiments, we are able to perform online position
tracking of our colloids with a temporal resolution of 0.2 ms.
Two reasons enable us to measure with such a high temporal
resolution: First, the video system is based on a complemen-
tary metal oxide semiconductor �CMOS� image sensor
�MC1310 monochrome CMOS camera, Unterschleissheim,
Germany and high performance camera link NI PCIe-1429,
National Instruments, München, Germany�, which is
mounted to the left side port of our microscope. Compared to
charge coupled device techniques CMOS allows high-speed
image capture at a convenient signal-to-noise ratio.

At full resolution of 1280�1024 pixel our camera has a

FIG. 1. �Color online� Sketch of fluidic cell and optical tweezer setup
�not to scale�, the dimensions of the PMMA cell: outer boundaries 76�26
�1 mm3, channel length: 30 mm, channel width: 300 �m. The glass slides
covering top and bottom are not shown.
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specification of 500 frames /s. With a reduced region of in-
terest �RoI�, frame rates of more than 10.000 frames /s are
possible. Due to the finite size of our colloids �2 �m at a
system magnification of 0.2 �m /pixel�, we are able to limit
the RoI to 100�100 pixel. This increases our frame rate to
5000 frames /s, which is sufficient for almost all feasible
measurements.

The second reason for obtaining high-speed video posi-
tion detection is the online analysis using a cross-correlation
based centroid-finding algorithm.18–20 As the huge amount of
video data is not stored in the computer, this eliminates the
resource-limiting bottleneck between the CPU, the random
accessible memory, and the hard disk.

TRAP CALIBRATION–STIFFNESS DETERMINATION

Before force measurements can be done, the optical trap
needs to be calibrated. In this paper we focus on the drag
force method and calibration via analyzing the power spec-
trum of the Brownian motion of a bead in the trap.10,11 The
drag force method is based on Stokes law,

F = 6��rv , �1�

where F is the viscous force, � is the viscosity of the me-
dium, r the radius of the bead, and v its velocity relative to
the surrounding solution. When the stage is moved a trapped
colloid will experience a Stokes force and be displaced from
its equilibrium position. This leads to a counteracting linear
force �according to Hooke’s law� arising from the harmonic
potential at the center of the trap,

F = − ktrapx , �2�

where F is the force, ktrap is the force constant, and x the
measured amplitude of the displacement. By balancing both
equations the trap stiffness can be calculated easily. In prac-
tice, we move the optical trap to 50 �m above the cell sur-
face and use the piezostage to exert a force on the bead and
measure the distance from the trap center. Using Eq. �1� we
compute the force with the bead radius and the viscosity of
the electrolyte for several velocities and deduce the trap stiff-
ness with Eq. �2�.

We measured the trapping strength for different laser
powers, obtaining a linear dependency �Fig. 2�. In order to
improve the reliability of our results the whole procedure is
repeated several times. Statistics show that we are able to
calibrate our optical tweezers within an accuracy of �5%.

As the drag force measurements are relatively slow and
therefore just need a small bandwidth, video based position
detection systems were limited to this calibration method.
Due to the high temporal resolution of 0.2 ms of our setup,
we can verify the drag force calibration by analyzing the
Brownian motion of the trapped bead. Originally this method
was only accessible for imaging position detection systems
using a quadrant photodiode �QPD�.4,16,17 The thermal fluc-
tuations S�f� of a colloid in an optical trap can be described
by a Lorentzian profile given by11

S�f� =
kBT

	�2�fc
2 + f2�

, �3�

where kB is the Boltzmann constant, T is the temperature,
and 	 is the drag coefficient for a sphere with radius r mov-
ing in a viscous medium with viscosity �,

	 = 6��r , �4�

and fc is the characteristic frequency,

fc =
ktrap

2�	
. �5�

The characteristic frequency fc separates the bead fluctuation
spectrum in two parts. For f 
 fc the bead feels the confine-
ment of the trap and the power spectral density �PSD� is
constant, whereas at higher frequencies the power spectrum
decays as 1 / f2, which is characteristic for free diffusion. The
bead moves freely for short times.11 In Fig. 3 we show for
different laser powers PL that our high-speed video detection
system enables us to measure power spectra with high accu-
racy. The characteristic frequency is determined from an
arctan least-squares fit after numerically integrating the
Lorentzian profile. This procedure offers superior accuracy
than fitting the PSD directly. From the characteristic fre-
quency we calculate the trap stiffness using Eq. �5�.

An advantage of the video based fluctuation analysis is
the simplified calibration. When applying a QPD the power
spectral density is obtained from the voltage output propor-
tional to the bead position. As the displacement cannot be
measured directly a secondary calibration is necessary. This
calibration factor, the detector sensitivity, depends on several
quantities, e.g., the signal amplification and the laser
intensity.10,21 In our high-speed video detection system this
factor is not important as the well-known system magnifica-
tion enables us to measure the bead position directly in
nanometers.

Comparison of both calibration methods, the drag force
measurements and analyzing of the Brownian motion of a
trapped bead, yields equal results. The characteristic frequen-

FIG. 2. �Color online� Trap stiffness �ktrap� and corner frequency �fc� as a
function of the laser power. Calibration was performed by the drag force
method with a polystyrene �PS� colloid of d=2.23 �m in de-ionized water.
The maximum error is indicated by the symbol size. The line shows a linear
fit through our data.
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cies fc shown in Fig. 3 for laser powers PL=0.1 W, PL

=0.2 W, and PL=0.4 W fit well with the ones calculated
from the trap stiffness ktrap in Fig. 2. In fact, the discrepancy
is less than 5%, revealing the potential of our video detection
system.

MEASUREMENTS

Once the trap stiffness is determined we are able to per-
form electrophoretic measurements.2,9,10,16,17 All experiments
are carried out in the above-described fluidic cell with elec-
trolytes of fixed ionic strength, valence, and pH value. After
a colloid is trapped in the middle of the channel, the nanopo-
sitioning stage moves the optical trap to a level of 50 �m
above the lower cover slip. The applied potential on the two
Pt electrodes excites an electric field, which induces oscillat-
ing displacements of the bead. At electric field strengths of
E=63 V /cm the sinusoidal response can be seen visually
�Fig. 4�.

In long-term measurements these parameters lead to
electrochemical reactions as the electrolysis of water. There-
fore we perform our experiments at much smaller field
strengths �E�8 V /cm� without loosing resolution. The in-
crease in electrochemical stability leads to a decrease in the
amplitude of the oscillating bead, which gives rise to a dif-
ferent analysis method, as simple fit routines do not provide
reliable results. A very powerful tool to extract information
from a noisy signal is the Fourier algorithm. To ensure com-
plete control on our data, we implemented a Fourier trans-
form algorithm by ourselves using C��. The source code
was compiled in a dynamic link library interfacing our
LABVIEW data acquisition tool.

The mathematical properties of Fourier transformation
can be exploited to increase the signal-to-noise ratio dramati-
cally as it averages the number of samples in the resulting
spectrum. This, in conjunction with the fact that we know the
frequency of the externally applied electric fields, yields in a
spatial resolution of 0.5 nm or 20 fN �ktrap=0.042 pN /nm,
f =80 Hz�.

Figure 5 summarizes measurements on a single 2.23 �m
polysterene �PS� colloid stabilized by sulfate groups �Micro-
particles, Berlin, Germany�.22 The amplitude and force of the
oscillating bead were captured at electric field strengths be-
tween 0.5 and 8 V /cm. The whole experiment was per-
formed in 10−3M KCL+10−4M Tris solution. Trishydroxym-
ethylaminomethane �Tris� is a buffer used to stabilize the
electrolyte at a pH value of 7. At the end of each sequence
we repeated the measurement at E=4.1 V /cm to exclude
hysteresis effects. The graph shown in Fig. 5 highlights the
typical linear dependency of amplitude and force of the os-
cillating bead on the electric field. Generally the correlation
coefficient was �0.99. As we explain below, we can use the
gradient of the experimental data to derive important electro-
phoretic characteristics of the colloid.

The electrophoretic mobility � as one quantity of inter-
est is associated with the magnitude of the drift velocity vdrift

and the electric field E by2

FIG. 3. �Color online� Power spectral density �PSD� of the Brownian mo-
tion of a PS colloid �d=2.23 �m, de-ionized water� as a function of fre-
quency. We use the power spectra analysis to verify the drag force calibra-
tion for different laser powers �PL=0.1 W �fc=157 Hz�, PL=0.2 W
�fc=327 Hz�, PL=0.4 W �fc=621 Hz��.

FIG. 4. Amplitude and force as a function of time of a 2.23 �m PS colloid
moving in an ac field of E=63 V /cm at f =20 Hz in de-ionized water.

FIG. 5. �Color online� Amplitude and force as a function of the electric field
of a negatively charged 2.23 �m PS colloid in 10−3M KCL+10−4M Tris
at a frequency of f =80 Hz. We calculate the electrophoretic mobility
�=−�2.34�0.2��10−8 m2 /V s from the slope of the linear fit �closed line�
of our experimental data �Eq. �9��. The �-potential is obtained from the
Helmholtz–Smoluchowski equation to ��−33 mV.
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� =
vdrift

E
. �6�

The effective velocity veff of the colloid consists of a Stokes
term �1� and drift term �6�,

veff =
F

6��r
+ �E . �7�

For the sake of simplicity no vectorial representation of the
quantities is given. Using the fact that the colloid oscillates at
a frequency f with an amplitude a, the average value veff of
one period is given by

veff = 4af . �8�

Substituting F from Eq. �2� leads to a relation between the
electrophoretic mobility �, the electric field E, and the am-
plitude of the colloidal oscillations a,

��� = �4f +
ktrap

6��r
�m , �9�

where m=a /E is the slope of the linear fit of Fig. 5.
The electrophoretic mobility is related to the �-potential

by the well-known Helmholtz–Smoluchowski equation,1

� =
r0

�
� , �10�

where r is the relative permittivity and 0 is the permittivity
of free space.23 Smoluchowski’s theory is valid for particles
with curvature radius exceeding the Debye length �−1,2

�a � 1, �11�

where � is defined as

� =	
e2Zi
2ni

r0kBT
, �12�

with e the elementary charge, Zi the charge number, and
ni the number concentration of each ionic species in the
solvent.

For our experiments we used a negatively charged
2.23 �m PS colloid oscillating in 10−3M KCL electrolyte
solution buffered with 10−4M Tris at an external frequency of
f =80 Hz. The polarity of the colloid determines the negative
sign of the mobility and the �-potential. From the data shown
in Fig. 5 and Eqs. �9� and �10� we can calculate the electro-
phoretic mobility to �=−�2.34�0.2��10−8 m2 /V s and the
�-potential to ��−33 mV. As the whole system is very sen-
sitive even to minor impurities, several control measure-
ments were carried out showing results within the experi-
mental error. Gutsche et al. measured the pair interaction
potential between a single pair of colloids applying the
Derjaguin-Landau-Verwey-Overbeek theory.8 Using a for-
mula derived by Crocker and Grier6 they obtain a �-potential
of ��−31 mV �surface charge of approximately 220.000�.
This value is in good agreement with our data with a devia-
tion less than 8%.

DISCUSSION

An alternative to video position detection is to image the
motion of a trapped bead directly onto a quadrant

photodiode.10 This technique reaches bandwidths exceeding
100 kHz and a spatial resolution up to 0.1 nm. However,
because of the ease of use and the straightforward calibration
video position detection has been widely adopted, but was
typically limited by 5 nm resolution and a frame rate of
60 Hz.16 Recently different approaches were developed in-
creasing the performance. Biancaniello and Crocker16 de-
scribed an optical tweezer setup based on laser illumination
and a CMOS position detector. Due to the high frame rate all
images are firstly buffered in the random access memory of
the camera and transferred to the computer after the mea-
surement. This procedure allows studying the motion of par-
ticles offline within an accuracy of 1 nm and 10 kHz band-
width, but demand great experimental skill to overcome
technical problems, e.g., interferences due to coherent laser
illumination.

Keen et al.17 compared high-speed cameras and QPD to
measure displacements in optical tweezers. Using standard
equipment they achieve 2 kHz bandwidth and a spatial res-
olution of 5 nm for video detection.

In our experiments we consequently overcome the de-
scribed problems and speed limiting bottlenecks of high-
speed video detection. Although we just use standard Köhler
illumination with a cold-light source, we are able to measure
with 2.5 kHz bandwidth avoiding coherence effects �interfer-
ence and speckle� of laser illumination. The high perfor-
mance camera link interface in combination with our self-
implemented Fourier position-tracking algorithm enables us
to locate a trapped bead with a spatial resolution down to
0.5 nm �at fixed external frequency�, which is a decade better
as reported elsewhere for video position tracking.4,17 The
high performance of our optical tweezers setup gives rise to
a variety of experiments, e.g., measuring the mobility of
single colloids in various media or studies of DNA-protein
interactions with a force clamp based on video detection.

CONCLUSION

In the present work we introduced an optical tweezer
setup for studying the motion of charged colloids with sub-
nanometer resolution. Using only standard components for
illumination and video detection, we achieve a temporal res-
olution of 0.2 ms. This high-speed position tracking allows
calibration of the optical trap by power spectrum analysis of
the Brownian motion of the colloid. The results are in excel-
lent agreement with calibration based on Stokes drag force.
With the calibrated trap we are able to detect electrophoretic
movements in an periodic electrical field down to 0.5 nm
which results in a force resolution of 20 fN implementing a
Fourier algorithm. In future we plan to study single-colloid
electrophoresis in environments of varying ionic strengths,
pH value, and valence. We expect a deeper understanding of
fundamental phenomena in colloid science, e.g., charge
inversion24 and the interaction of electric and hydrodynamic
friction.25
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