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A B S T R A C T

The movement of magnetic beads due to a magnetic field gradient is of great interest in different application
fields. In this report we present a technique based on a magnetic tweezers setup to measure the velocity factor of
magnetically actuated individual superparamagnetic beads in a fluidic environment. Several beads can be
tracked simultaneously in order to gain and improve statistics. Furthermore we show our results for different
beads with hydrodynamic diameters between 200 and 1000 nm from diverse manufacturers. These measurement
data can, for example, be used to determine design parameters for a magnetic separation system, like maximum
flow rate and minimum separation time, or to select suitable beads for fixed experimental requirements.

1. Introduction

In modern bioanalytical and biomedical applications, magnetic
beads are widely used [1,2]. They can be detected with a variety of
different sensors, based for example on giant magnetoresistance (GMR),
atomic magnetometers (AM), superconducting quantum interference
devices (SQUIDS) and techniques like frequency mixing and nuclear
magnetic resonance (NMR). In these techniques, the beads usually act
as labels. They can also be used as handles [3], for example to clean a
solution [4,5] or to deliver substances to a specific target [6]. In [7], it
was shown that they can be used to enhance the adeno-associated viral
vector delivery in human neural stem cell infection. Furthermore, they
are used in sample preparation and isolation techniques [8–10], like
immunomagnetic separation (IMS) [11]. Their use as handles and labels
can also be combined. In such an application, they can first be used to
enhance the sample concentration and then to measure it. With this
combination, also smaller concentrations can be detected, and a bigger
volume can be scanned instead of a smaller subsample.

Therefore the magnetophoretic velocity of different magnetic beads
is of great interest in different application fields. Other groups have, for
example, measured the magnetophoretic velocity of magnetic particles
by observing the leading edge of the collection of particles placed inside
a tube filled with glycerol [12] or by measuring the turbidity of a
suspension containing particles [13,14]. It has been shown that co-
operative effects can happen, which lead to a much bigger velocity of
particles in highly concentrated samples than in lower ones [15–17].
Because of this, it is very important to know the bead’s characteristics at

a concentration which fits the later application. A three-dimensional
vector model describing how three individual beads interact with each
other in a static fluid in a uniform magnetic field is presented in [18]. In
[19], the motion of magnetic beads in excised tissue due to a magnetic
field was investigated by placing the tissue above a magnet and the
magnetic beads on top of it. Afterwards the tissue has been sliced to
measure the distance they have moved within a given time. In [20] a
microscope consisting of two poles which is generated by two pairs of
permanent magnets has been used to measure the magnetophoretic
mobility of different cells bound to one type of a paramagnetic carrier.
Other works analysed magnetic glass microspheres with diameters in
the range of 2–11 µm [21] and magnetic beads (1–5 µm) [22].

In this report, we present a technique and measurement results of
the determination of the magnetophoretic velocity of different com-
mercially available magnetic beads in a fluidic environment. Because
we observe the velocity of individual beads, we are able to show the
deviations within one bead type as well. Furthermore, we can make
sure that we just analyse individual beads and not clustered ones.
Because of this, we can use this technique to measure the velocity in
low concentration situations, for instance during the removal of pa-
thogens from a drinking water sample and subsequent detection of the
pathogen amount with the help of magnetic beads.

2. Method

To measure the magnetic mobility of different magnetic beads from
different suppliers, we have developed and implemented a
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methodology, which is described in the following.

2.1. Theory

A magnetic momentm in a magnetic field B experiences a magnetic
force Fmag

=F m B( · )·mag (1)

The beads in this study are superparamagnetic. As long as the
magnetic field is small enough that the beads are still in their linear
regime of their magnetization curve, the induced magnetic moment m
is proportional to the magnetic field B and can be expressed as

=m V B
µ
b

0 (2)

In our experiment, the beads are not always in the linear magneti-
zation region, but always below saturation.Vb is the volume of the bead,
its effective magnetic susceptibility and µ0 the vacuum permeability.
By using these two formulas, the magnetic force can be expressed as

[10]

=F V B
2µ

| |mag
b

0

2
(3)

It can be seen that the force on a bead is proportional to the gradient
of the squared absolute value of the magnetic field.

As the bead is moving in a fluidic environment, its movement will
lead to a frictional drag force. In the case of spherical beads under la-
minar conditions, this force can be expressed with the Stokes law

=F R v6drag hydr (4)

Here, v denotes the bead’s velocity, the viscosity of the sur-
rounding liquid, and Rhydr the bead’s hydrodynamic radius.

In a system where only Fmag and Fdrag are affecting a bead’s vertical
movement, the resultant velocity of the bead due to the magnetic field
gradient can be expressed as

=v V
R

B
12 µ

| |b

hydr0

2

(5)

The proportionality constant between B| |2 and v in Eq. (5) is the
so called bead factor fb divided by the viscosity η:

=f V
R12 µb

b

hydr0 (6)

Thus, the velocity of a bead becomes simply

=v
f

B| |b 2
(7)

For our measurements, we additionally defined a velocity factor
which denotes the change of the velocity Δv of a bead due to a changing
current ΔI in our magnetic tweezers setup.

=f v
Iv (8)

Beads in a liquid environment will also experience Brownian mo-
tion. Their lateral displacement in two dimensions can be described as
follows [18]

=r k T
R

t(t) 2
3D

B

hydr

2
2

(9)

Here, kB is the Boltzmann constant, T the absolute temperature in
Kelvin, and t the time scale of observation. This formula shows that the
displacement due to Brownian motion scales with the inverse square
root of the viscosity, therefore it will get smaller when the viscosity of
the surrounding media becomes larger.

A higher viscosity will therefore lead to a lower velocity of the
beads, which facilitates optical tracking of the beads’ trajectories be-
cause they can be traced in a higher number of frames, and their dis-
placement due to Brownian motion will become smaller. Also, with a
higher viscosity, the sedimentation of the beads due to gravity will be
reduced.

2.2. Setup

For measuring the bead movement, we decided to use a magnetic
tweezers setup. We modified the setup which is described in detail in
[23] to be used with only 2 tips. Because we need a magnetic field
gradient in one straight direction, two tips are sufficient. We can easily
change the magnetic gradient by applying different currents over the
coils. Both coils have 750 windings and a resistance of 5.5 Ω. In prin-
ciple, it possible to generate a magnetic field gradient with just one tip
connected to an electromagnet, but then the field lines will focus to-
wards the tip edge in a star-shaped manner. Therefore, we use two tips
where the second one is supplied with a current which is half as big as
the other’s. With this technique, we generate a magnetic gradient which
exhibits quasi-parallel magnetic field lines in the center area between
the tips. Because both tips have a different current, we move the point
where no gradient is acting on the bead away from the centre between
both tips. The coils are placed on a magnetic yoke, which directs the
magnetic field towards the sample holder. The sample solution is placed
inside a fluidic cell with two tips which do not directly contact the yoke.
On top of a glass cover slip, the 2 magnetic tips made of VACOFLUX®50
foil (Vacuumschmelze GmbH & Co. KG, Germany) are glued with a
distance of about 2mm. On top of these, a glass ring is fixed to hold the
liquid during the measurement. This cell is fixed with a 3D-printed

Fig. 1. Left: Picture of the setup to measure the velocity factor of different magnetic beads by microscopic optical image tracking. The setup consists of two
electromagnets fixed on a yoke, which directs the magnetic field towards the fluidic cell. In the fluidic cell, two tips are fixed which genereate a magnetic field
gradient with quasi-parallel field lines in the middle between them. Right: Sketch of the fluidic cell with its tips, the field of view during measurements with the
microscope and magnetic field lines (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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holder on top of the yoke. The whole setup is shown in Fig. 1.
The sample is illuminated from the bottom with a custom-built light

source via an optical fiber. Because the viscosity depends on the tem-
perature, we took care to limit the heat contribution from our light
emitting diode (LED) to a tolerable value. The light-source consists of a
3Watt cool white LED (SparkFun Electronics, Inc, COM-13105) which
is connected to constant current source (up to 330mA, SparkFun
Electronics, Inc, COM-13716). This source is powered with a 12 V
power supply. A small program on the PC and the microcontroller
(Pololu A-Star 32U4 Micro) allows the operator to adjust the light in-
tensity. The LED is fixed on top of a heatsink and has a custom-made
casing to direct the light emitted by the light source to the optical fibre.

With the help of this magnetic tweezers setup and optical image
processing of the magnetic tweezers microscope videos, the trajectories
of individual beads at different magnetic gradients were tracked. The
bead speeds are determined, the velocity factor (Eq. (8)) and the bead
factor (see Eq. (6)), a bead property independent of fluid viscosity and
field gradient, is calculated. Care is taken that only individual beads are
tracked in order to exclude cooperative effects like chain formation.
From the tracking of multiple individual beads, statistics of one bead
type is obtained within one measurement run. The measurements were
performed with an optical resolution of 0.198 µm/pixel.

2.3. Sample preparation

The study was performed with magnetic beads produced by dif-
ferent manufacturers. The beads had a hydrodynamic diameter in the
size range of 200–1000 nm. An overview of the measured beads is given
in Table 1. Due to their size, all of these beads can be optically observed
with a light microscope.

The preparation of the sample solution was always done according
to the following recipe. First the beads inside their original sample
containers where vortexed to get a homogeneous bead concentration in
the sample. Then 30 µl of this bead solution was added to 3ml
Diethylene glycol (DEG, Diethylene glycol BioUltra, Sigma-Aldrich).
Afterwards, the suspension was mixed, again with a vortexer. It needs
to be taken into account that because of the higher viscosity of DEG, the
vortexing time needed to get a homogeneous concentration is longer
than in an aqueous solution. The concentration was chosen such that it
is high enough to detect multiple beads during one measurement run,
and at the same time low enough so that the beads are not affected too
much by the field deformations resulting from other beads inside the
sample and that the chance of forming clusters of beads is reduced. At a
temperature of 298.15 K, DEG has a viscosity of 26.812mPa·s while
water has only 0.981mPa·s according to [24]. Therefore, the measured
velocity and the lateral displacement due to Brownian motion will be
about a factor of 27 smaller than in water, according to Eqs. (5) and (9).

3. Measurement and data processing

About 200 µl of the bead suspension was pipetted into the fluidic
cell. Videos of the bead movements were recorded at 6 different cur-
rents over the coil which correspond to different magnetic gradients.
For each bead type, the same field gradients were used. After the
measurements, the recorded videos were processed. Just beads which
fulfil the following conditions are selected for tracking. The beads need
to move due to the magnetic field gradient, they should be freely
moving, should not cluster with other beads, and should be visible in
several video frames to get a proper tracking with sufficient frame
statistics.

With the position of each bead in each frame and the time stamps of
each frame, we calculated the frame-to-frame velocities of each bead
and determined its mean velocity. Because we have many beads at the
same time, we can also calculate the mean velocity of all tracked beads
and their standard deviation. An example plot of the velocity as a
function of the current for bead type “Mono Mag Streptavidin”, pro-
duced by Ocean NanoTech LLC. with a hydrodynamic diameter of
1000 nm, is shown in Fig. 2. Additionally a linear fit, which considers
the standard deviation, is added. We can see that in this case, the
measurement points can be described quite well with a linear function
(R2: 0.98) and a slope of 237.6 ± 13.8 µm/As. This slope is now called
the velocity factor.

Following this method, the velocity factors of different beads from
the following companies have been determined within this research:
Chemical GmbH, micromod Partikeltechnologie GmbH, microParticles

Table 1
Overview of the measured beads. Listed are the bead type, manufacturer and the hydrodynamic diameter, as stated by the manufacturer. The determined velocity
factor, its standard deviation and the R-squared is given.

Bead name Manufacturer Hydrodynamic diameter [nm] Velocity factor [µm/As] Standard deviation [µm/As] R2 (COD)

FluidMAG-SA 200 nm Chemicell 200 305.4 23.8 0.98
ScreenMag SA 500 nm Chemicell 500 232.4 13.9 0.99
SiMAG-SA 1000 nm Chemicell 1000 158.9 22.1 0.93
beadMAG 1000 nm Chemicell 1000 174.8 20.2 0.95
nanomag-CLD SA 200 nm Micromod 300 60.7 16.9 0.93
nanomag-CLD SA 500 nm Micromod 500 260.3 26.7 0.96
nanomag-D SA 500 nm Micromod 500 266.5 91.3 0.68
PS-MAG-SA-S1978 microParticles 360 126.9 16.7 0.94
PS-MAG-SA-S1979-1 microParticles 536 385.1 51.8 0.93
Mono Mag SA 500 nm Ocean NanoTech 500 58.7 33.3 0.44
Mono Mag SA 1000 nm Ocean NanoTech 1000 237.6 13.8 0.98
Hi-Sur SA 1000 nm Ocean NanoTech 1000 269.5 28.8 0.96

Fig. 2. Velocity of the bead Mono Mag Streptavidin 1000 nm in respect to the
current at the electromagnet. A linear fit is added to determine the bead’s ve-
locity factor (slope).
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GmbH, and Ocean NanoTech, LLC. All these beads are listed together
with their hydrodynamic diameter and their determined velocity factor
together with its standard deviation in Table 1. The hydrodynamic
diameter was taken from the datasheet provided by the manufacturers.

To estimate the magnetic field gradient in our setup, we also mea-
sured the magnetic beads Dynabeads M-280 and M-450 from Thermo
Fisher Scientific. Their velocity factors were found as 22.9 and
111.8 µm/As, respectively. Additional information about the beads
which was needed for our analysis was taken from [25] and is listed in
Table 2.

Here, the mass susceptibility χm of the beads is given. The effective
susceptibility of the whole bead is given as

= m (10)

Taking the total (hydrodynamic) volume of a spherical bead,
=V Rhydr hydr

4
3

3, the bead factor (Eq. (6)) becomes

=f
R

µ9b
hydr

2

0 (11)

For Dynabeads M-280 beads with Rhydr=1.4 µm and an effective
susceptibility of = = 0.756m , the bead factor becomes

=f 1.3·10b
Am
T

7 .
For M-280, an average velocity of 4.59 µm/s was found when ap-

plying a current of 0.2 A.
Using the identity =v B| |f 2b and calculating the factor of M-280

beads in DEG (viscosity η=26.8·10−3 Pa·s) to = 4.9·10f A·m
Pa·s·T

6b , it is
concluded that the magnetic field gradient in the magnetic tweezers
setup is about =B| | 1T

m
2 2

at 0.2 A current.
To verify this, we performed the same calculations with the velocity

of M-450 beads of 22.36 µm/s at 0.2 A and also got a magnetic field
gradient of about =B| | 1T

m
2 2

.
Using this magnetic field gradient, we can also calculate the bead

factor (which is a characteristics of the bead type, independent of the

experimental setup) for each bead as

=
B

ff I
| | vb 2 (12)

with = = 0.2I
B

A Am
T| |

0.2

1T
m

2 2 2 for our setup.

Using the results of this work, the velocity of a specific bead at a
given magnetic field gradient and a viscous medium can be calculated
by using Eq. (7). In Fig. 3, this velocity is shown for all measured beads
as a function of their hydrodynamic size, as given by the manufacturer.
For the calculation of the velocities of different beads, the specifications
of our setup (beads in DEG and a current of 0.2 A, which results in a
magnetic field gradient of about 1 T/m2) where used. In addition, the
bead factor is given for each bead.

It can be seen that there is a factor of about 6.6 between the slowest
and the fastest bead. At a hydrodynamic diameter of 500 nm, the
measured values for the two beads from micromod which differ in their
shell (dextran and cross-linked dextran) and their Magnetite content
(75–80% vs 80–90%) have quite similar velocity factors, but their
standard deviation varies much more. If you compare their velocities
with the one from Ocean NanoTech “Mono Mag SA 500 nm”, there is a
factor of about 4.5 among them. While all the beads of Chemicell show
a decreasing velocity with increasing hydrodynamic diameter, all the
beads from the companies micromod Partikeltechnologie GmbH,
microParticles GmbH and Ocean NanoTech, LLC. exhibit the inverse
behaviour. With an increase in bead size, also their velocities increase.
This behaviour is consistent with previously reported results for other
magnetic beads like for magnetic glass microspheres with diameters in
the range of 2–11 µm [21] or for other beads (1–5 µm) [22].

These measurement data can, for example, be used to determine
design parameters for a magnetic separation system, like maximum
flow rate and minimum separation time, or to select suitable beads for
fixed experimental requirements.

Table 2
Properties of the magnetic beads Dynabeads M-280 and M-450 from Thermo Fisher Scientific according to [25].

Parameter Dynabeads M-280 (Thermo Fisher Scientific) Dynabeads M-450 (Thermo Fisher Scientific)

Hydrodynamic radius Rhydr [µm] 1.4 2.2
Density ρ [g/cm3] 1.4 1.6
Mass susceptibility χm [m3/kg] 54× 10−5 102×10−5

Fig. 3. Plot of velocity and bead factor, depending on
the hydrodynamic diameter of the bead as provided
by the manufacturer. The velocities are calculated for
beads moving in DEG and a magnetic field gradient
of 1 T2/m. The different manufacturers are color-
coded while the different bead types from one man-
ufacturer are marked with different symbols. For
each bead type, also the standard deviation of the
velocity factors are given. Manufacturers: Chemicell
(black), micromod (red), microParticles (green), and
Ocean NanoTech (blue). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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