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Abstract

The separation of magnetic materials in microsystems using magnetophore-
sis has increased in popularity. The wide variety and availability of magnetic
beads has fuelled this drive. It is important to know the magnetic charac-
teristics of the microspheres in order to accurately use them in separation
processes integrated on a lab-on-a-chip device.

To investigate the magnetic susceptibility of magnetic microspheres, the
magnetic responsiveness of three types of Dynabeads microspheres were tested
using two different approaches. The magnetophoretic mobility of individual
microspheres is studied using a particle tracking system and the magneti-
zation of each type of Dynabeads microsphere is measured using SQUID
relaxometry. The magnetic beads’ susceptibility is obtained at four different
applied magnetic fields in the range of 38− 70 mT for both the mobility and
SQUID measurements. The susceptibility values in both approaches show a
consistent magnetic field dependence.

Keywords: Magnetic separation, Magnetic beads, Magnetic microspheres,
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1. Introduction

Magnetic separation in microfluidic systems has gained a lot of attention
in recent years due to its promising applications for biomarker detection in
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microfluidic immunoassays. By binding magnetic beads (MBs) to specific
biomarkers, the biological material inherits the magnetic properties of the
magnetic bead (MB) and thus can be separated from the surrounding envi-
ronment with an external magnetic field. This separation technique, based
on magnetophoresis, has been applied in various applications to separate and
isolate cells [1, 2, 3, 4], viruses [5, 6], proteins [7, 8] and DNA [9, 10].

MBs have diverse applications in biomedical analysis. With their small
size, high surface to volume ratio, low cost and ease of functionalization with
biomolecules (e.g. antibodies), MBs have shown to be a very versatile and
promising tool in biomedical analysis [11, 12, 13, 14].

The MBs gain their magnetic properties by encapsulating nanoparticles of
a magnetic compound, such as iron oxide, within a spherical carrier matrix
(e.g. polymer). If the incorporated iron oxide particles have a size in the
order of nanometres, one can observe superparamagnetism; MBs become
instantly magnetized when a magnetic field is applied, but lose their magnetic
moment in response to thermal fluctuation as soon as the magnetic field is
removed [15, 16]. The superparamagnetic nature of MBs is an important
attribute when used in cell separation. For instance, MBs can be freely
distributed throughout a sample to enable interaction with the biological
matter and in a second step easily collected and separated from the sample
by introduction of an external magnetic field [17, 18, 19].

MBs can be made in a variety of diameters and of different materials
depending on the application. A number of different MB types from various
manufacturers are commercially available. However, their different manu-
facturing process as well as the variability in these processes make the MBs
vary significantly with respect to their material properties (e.g. size distribu-
tion, iron content). Such uncertainty in the performance of MBs will hinder
the development of next generation lab-on-a-chip (LOC) devices exploiting
the unique characteristics of magnetophoresis for ultimate sensitivity and
specificity.

The contribution made in this study addresses the fundamental issue of
the suitability of MBs for the next generation of LOC devices, and in par-
ticular performance limitations attributed to the variability of MB magnetic
properties. Continuous magnetic separation (also known as free-flow mag-
netophoresis) is a promising technique that is well suited to LOC devices
for detection of disease biomarkers. In order to design LOC devices based
on continuous separation of antibody-conjugated MBs with high collection
efficiency, discrimination and through-put it is essential to know the mag-
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netic responsiveness of the magnetic microspheres; this is especially true for
devices targeting multiple biomarkers and a mixture of captured cells and
proteins [20]. The magnetic responsiveness, which can be determined by
measuring the MBs magnetic susceptibility [21, 22, 23], is a function of the
local magnetic field. Therefore, knowing the susceptibility of the MBs at var-
ious magnetic field strengths is of great benefit for future magnetic separation
devices in order to optimise their design.

One of the most widely used MBs in magnetic bio-separation to sepa-
rate and immobilize proteins [24, 25], RNA complexes [26] or viruses [27] are
Dynabeads magnetic microspheres. In this study, the magnetic susceptibility
of three different Dynabeads MB types (MyOne, M280 and M270) is mea-
sured using a tracking system as previously reported in [28]. Additionally,
the magnetic susceptibilities are verified using a superconducting quantum
interference device (SQUID).

In order to study the magnetic field dependence of the MBs, their mag-
netic susceptibility is determined at four different magnetic field magnitudes,
ranging between 38 mT and 70 mT, in both measurement methods. Either
method gives a volume averaged susceptibility value at a given externally
applied magnetic field, which can be used in magnetic separation research to
predict the separation efficiency and magnetic microsphere trajectories.

2. Theoretical model

The trajectory of a single MB in a liquid medium under the influence of
an imposed magnetic field gradient is governed by two dominant forces, the
magnetic force and the Stokes’ drag. Therefore, the following equation of
motion can be developed [11]:

mb
dub
dt

= FM + FD (1)

where mb and ub are the mass and velocity of the MB, and FM and FD

are the magnetic force and the Stokes’ drag, respectively. Here, the bold
letters indicate a vector.

The magnetic force, FM , acting on a single domain MB can generally be
expressed as [29]:

FM = (mb(|B|) · ∇)B (2)
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with mb(|B|) the net magnetic moment of the MB for a given applied
magnetic field and ∇|B| the gradient of the magnetic flux density. For MBs,
where the magnetic moment does not vary strongly within the characteristic
dimension of the bead and by assuming that the physical properties of the
bead and the suspending fluid are homogeneous and isotropic, Equation 2
can be written as [30]:

FM = Vb∆χ
∇B2

2µ0

(3)

where Vb is the volume of the MB, µ0 is the magnetic permeability of
free space, B is the magnetic flux density and ∆χ = χb − χf describes the
difference in magnetic susceptibility of the MB (χb) and the surrounding
medium (χf ). The susceptibility of the surrounding medium is often ne-
glected because its value is at least four orders of magnitude smaller than
the susceptibility of the MB [31, 32]. Thus, it is safe to neglect the effect of
the magnetic properties of the suspending medium and simplify Equation 3
by only using χb, the magnetic susceptibility of the MB, instead of ∆χ:

FM = Vbχb
∇B2

2µ0

(4)

The susceptibility of the magnetic microspheres, χb is often assumed to be
independent of the applied magnetic field [13, 21], which might be a justifiable
approximation in weak magnetic fields. In this study, this approximation is
not made and the microspheres’ susceptibility is assumed to be dependent
on the externally applied magnetic field (χb(|B|)).

The drag force, FD, acting upon a spherical object can be expressed
as [33]:

FD = −6πηrub (5)

The parameters η, r and ub are the dynamic viscosity of the suspending
medium, the bead radius and the velocity of the bead, respectively.

For micron-sized beads the terminal velocity is reached in microseconds
and the equation of motion (Equation 1) can be simplified; for the application
considered it is sufficient to assume:

FM = −FD (6)
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Using Equation 4 and Equation 5 in the simplified equation of motion
(Equation 6) one obtains the following equation for the magnetically induced
terminal velocity:

ub =
χbVb
6πηr︸ ︷︷ ︸
νb

· ∇B
2

2µ0︸ ︷︷ ︸
S

(7)

This velocity, ub, also known as the magnetic drift velocity, is the result
of a magnetic force created on the magnetic microsphere by the interaction
with the imposed magnetic energy gradient. An interesting interpretation
of Equation 7 is that it depends on a purely bead related term and a field
related term; it is the product of magnetic microsphere and suspending vis-
cous medium properties, and the applied magnetic field properties. The two
factors of this product, in Equation 7, can be usefully defined as the mag-
netophoretic mobility of the MB, νb, and the magnetophoretic driving force,
S.

3. Material and methods

3.1. Superparamagnetic microspheres

Three different types of Dynabeads were purchased in a liquid buffer
suspension (≈ 0.6 × 108 − 1 × 1010 microspheres/mL) from Thermo Fisher
Scientific (Thermo Fisher Scientific Inc.), as listed in Table 1. All beads
have a common structure incorporating iron oxides (Fe3O4 or γ-Fe2O3) in a
porous host matrix; creating a surface that can be functionalized [34]. The
iron oxide is in the form of a fixed dispersion of nano-sized particles within
the spherical host matrix. The iron oxide particle size is typically in the range
of nanometres, such that their magnetic behaviour is superparamagnetic due
to their single domain state; they are uniformly and randomly distributed in
the host matrix. This multi-phase structure, as well as its superparamagnetic
properties, has been verified by Fonnum et al. [35].

The magnetic microspheres’ diameter was independently measured by
analysing scanning electron microscopy (SEM) images. All MBs are approx-
imately spherical in shape with a highly uniform size distribution, as can be
seen in Figure 1. Their monodispersity provides a consistent diameter with
a tight size distribution with a coefficient of variation of less than 3%, which
is below the stated range of the manufacturer (see Table 1).
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Table 1: Physical characteristics of the Dynabeads’ density, iron content and diameter
(dM ) as stated by the manufacturer [36]. The diameter (dm) was independently measured
for comparison, by analysing scanning electron microscopy (SEM) images, see Figure 1.

Magnetic bead Density Iron content Diameter
type [g/cm3] [wt. %] dM [µm] dm [µm]
MyOne 1.8 26 1.05 1.05± 0.03
M280 1.4 12 2.8 2.79± 0.05
M270 1.6 14 2.8 2.75± 0.07

3.2. Magnetophoresis experiment

To compare the magnetophoretic responsiveness of single MBs, their drift
velocities in a stationary fluid was observed, similar to the work of Häfeli
et. al. [21]. In Ref [21] the MBs were kept at a constant distance from
the magnet; in our study, however, the beads’ velocities were measured
at different distances away from a neodymium-iron boron (NdFeB) mag-
net (42×8×10mm) using an inverted microscope (Leitz Wetzlar, Germany)
with a long working distance 20× objective lens (Comar Optics, Cambridge,
UK) and a CCD camera (µEye Imaging Development Software, Germany).
The trajectories of single MBs moving towards the magnet were observed
in a FastRead 102 microscope counting slide (Immune Systems, UK), which
consists of a set of easy-to-fill fluid observation chambers. Each observation
chamber has a counting grid etched to its surface for easy determination of
viewing location, as depicted in Figure 2.

Prior to the velocity measurements, all three bead types were diluted
in deionized water to a concentration of 0.9 − 1.4 × 105 particles/ml. This
concentration was then confirmed by observing the number of beads on the
counting grid of the observation chamber. Visual inspection of previously
carried out experiments had shown that such low concentrations successfully
avoid bead interactions [37]. The bead solution was placed in an ultrasonic
bath for 10 minutes to break up aggregates and fully suspend the micro-
spheres. A volume of 20 µl of each bead solution was pipetted into an obser-
vation chamber; the liquid solution is drawn into the chamber by capillary
action. Once the bead solution had filled the observation chamber and the
MBs were stationary, an external magnetic field was applied by accurately
positioning the NdFeB magnet adjacent to the observation chamber. The
permanent magnet is attached to a translation stage, which allowed accurate
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(a) MyOne (b) M280

(c) M270

Figure 1: SEM images of the three magnetic bead products manufactured by Dynabeads.
The images were taken using a FEI Quanta 600 SEM. The accelerating voltage was set to
10 kV.

movement of the magnet to different positions, ab, away from the counting
grid as indicated in Figure 2.

The trajectories of single MBs at different distances ab (ab = [10, 12, 14, 16]
mm) from the magnet surface were recorded and analysed off-line using the
freely available software ImageJ with the open source particle tracking plug-
in MTrackJ. MBs were observed moving in the x direction towards the mag-
net over a distance of approximately 55 µm. By measuring the time taken,
the magnetically induced drift velocity, ub, was calculated for each MB type
in Table 1.

In order to obtain magnetic susceptibility, χb, of the MBs, the magni-
tude of the magnetophoretic mobility, νb, was first calculated by dividing
the measured bead velocity, ub, by the magnetophoretic driving force, S (see
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Figure 2: Schematic of the experimental setup used to determine the magnetically induced
velocity of single MBs. Figure is not drawn to scale.

Equation 7). In this study, the magnetophoretic driving force at the various
positions was calculated by measuring the magnetic flux density along the
centre line of the bar magnet with a Hall effect probe (5100 Series Sypris
Test & Measurement F.W.Bell 12/04). The measured points were fitted
with an exponential curve, which was subsequently used to obtain the mag-
netophoretic driving force as a continuous function. The difference between
the measurement and the fitted exponential curve was found to be no more
than 0.6% within the area of interest, which is the region between 10 mm and
16 mm away from the magnet surface where measurements are taken. The
magnetic flux density along the centre line of the bar magnet was also sim-
ulated using ANSYS Maxwell. The magnetic flux density from the ANSYS
simulation and measurement is shown in Figure 3.

The measured flux density is found to reduce from 70mT to 38mT when
the distance, ab, is increased from 10mm to 16mm, and the corresponding
flux gradient changed from 8.3mT/mm to 3.4mT/mm.

3.3. SQUID measurement

In order to obtain independent and consistent magnetic information for
all superparamagnetic microspheres, the magnetization curve for each MB
type was measured using a SQUID measurement system.

The SQUID relaxometry technique has been described in detail in other
literature [38, 39]. A brief explanation is given here. The SQUID sensor
measures the magnetic moment by magnetizing the sample using an applied
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Magnet

Figure 3: Characterization of the magnetic flux density of a N42 Neodymium bar magnet
(42 × 8 × 10 mm). The magnetic flux density is measured along the centre line of the
bar magnet as depicted in the inset, starting at the surface of the magnet to 45 mm
away, with a step size of 0.1 mm. The error bars are calculated by taking the standard
deviation of 14 independent magnetic field measurements at specific distances away from
the magnet surface. The magnetic flux density along the same path is also simulated in
ANSYS Maxwell and compared. Measurement of bead drift velocity is only taken over
the range of 10− 16 mm away from the magnet.

magnetic field pulse capable of providing a range from −5 T to 5 T with a
frequency of 0.5− 4 Hz.

To measure the magnetic response of the different Dynabeads, a mea-
surement sample from the same manufacturer’s batch as the one used in the
magnetophoresis experiment (Section 3.2) was prepared for each MB type.
The samples were made by drying a small amount of each bead solution in an
oven at 65◦C. The dry MB powder was put in a sample holder. The sample
holder was sealed to ensure a fixed sample position and attached to a SQUID
probe. The probe was lowered into the SQUID measurement system (Quan-
tum Design Magnetic Property Measurement System MPMS-XL) where a
magnetic field was applied at a temperature of 300 K.

Hysteresis loops were used to determine the susceptibility of the MB types
by taking the ratio of the sample magnetization and the applied magnetic flux
density. The susceptibility of the MB sample was individually calculated at
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four different magnetic fields over the range of 38− 70 mT, corresponding to
the magnetic flux densities at the four magnet positions (ab = [10, 12, 14, 16]
mm) used in the magnetophoresis experiment described above.

4. Results

4.1. Magnetophoresis results

Figure 4 shows the magnetically induced drift velocity (Figure 4a) and
the derived magnetophoretic mobility (Figure 4b) of the three observed bead
types for the different distances ab away from the magnet.

(a) (b)

Figure 4: Results of the magnetophoresis study, where (a) shows the measured magnetic
drift velocity at various distances away from the magnet and (b) the corresponding calcu-
lated magnetophoretic mobility of the three analysed Dynabeads MB types.

The drift velocity and the magnetic mobility of the MBs appear to be
negatively correlated, with the mobility dependent on the distance from the
magnet (10 − 16 mm). This implies that the mobility is a function of the
externally applied magnetic field.

Based on the measured mobilities and MB diameters dm (Table 1), the
susceptibility of the MBs can be calculated. Table 2 lists the different sus-
ceptibilities at four different magnetic fields, which correspond to the four
magnet positions, ab, used in Figure 4b.

The different magnetic susceptibility values for the various bead types
confirms that the structure of the MBs influences their magnetic responsive-
ness. The increase in susceptibility, when decreasing the applied magnetic
field, which is equivalent to increasing distance from the magnet, is attributed
to the non-linearity of the susceptibility.
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Table 2: Averaged susceptibility of the three types of Dynabeads calculated at four dif-
ferent magnetic flux density, which correspond to the four distances, ab, away from the
magnet. The magnetic flux density values 70 mT, 56 mT, 46 mT, and 38 mT correspond
to the distances ab = 10 mm, ab = 12 mm, ab = 14 mm, ab = 16 mm, respectively. The
susceptibilities are calculated based on the measured magnetically induced velocities of
single MBs. At each magnetic field magnitude the obtained susceptibilities are averaged
and one standard deviation is given. The total number of observations for each bead type
was 46, 248 and 92 for MyOne, M280 and M270, respectively.

Particle
type

χp

70 mT 56 mT 46 mT 38 mT
MyOne 0.34±0.09 0.33±0.08 0.54±0.14 0.58±0.10
M280 0.11±0.02 0.11±0.02 0.13±0.02 0.15±0.03
M270 0.14±0.04 0.19±0.03 0.21±0.06 0.22±0.02

4.2. SQUID results

Figure 5 shows the measured hysteresis loops of the three different types
of Dynabeads. The hysteresis loops give the magnetization of the MB types
at a specific applied magnetic field and incorporate all magnetic properties
(e.g. remanence) of the MB sample.

From these curves (Figure 5) the remanence, MR and magnetic suscepti-
bility of the particle sample, χ, are estimated. In the magnetization study the
subscript b in the susceptibility parameter χ is dropped, because the SQUID
measurement is not done on individual beads but on a sample containing a
large number of beads.

The remanence was observed to be no more than 84 A/m (Figure 5b),
which is a value consistent with the literature; refer to Shevkoplyas et. al. [30]
or Hien et. al. [40]. Magnetic remanence is due to thermally blocked mag-
netic moments of the incorporated iron oxide nano-sized particles [35]. Many
research papers on magnetic separation discard the remanence of the MBs,
because its value is assumed to be significantly smaller than the applied
magnetic field. However, not taking remanence into account may compro-
mise the susceptibility parameter as concluded by Shevkoplyas et. al. [30].
Using all data points along the hysteresis loop to determine the susceptibility
as a function of the applied magnetic field takes all magnetic parameters and
conditions into account, including remanence.

The susceptibility is measured at the four magnetic field magnitudes cor-
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(a) (b)

Figure 5: Magnetization curves of the three different types of Dynabeads when a magnetic
field is applied in the range of (a) ±75 mT and (b) ±6 mT. The magnetization of the MB
types saturate in fields stronger than ≈ 0.5 T (not shown) with a saturation magnetization
of 9.4 Am2/kg, 6.4 Am2/kg and 4.6 Am2/kg for MyOne, M270 and M280 Dynabeads
microspheres, respectively. The curves were measured with a Quantum Design MPMS-XL
SQUID magnetometer at room temperature (300 K).

responding to the data reported in Section 4.1. The susceptibilities at the
various magnetic flux densities at the different distances, ab, away from the
magnet surface are listed in Table 3; the SQUID measured susceptibilities
also show a monotonic increase.

Table 3: Susceptibility values of the analysed MB types measured with a SQUID system
(Quantum Design Magnetic Property Measurement System MPMS-XL). The susceptibil-
ities are measured at four applied magnetic fields, ranging from 38− 70 mT.

Particle
type

χ

70 mT 56 mT 46 mT 38 mT
MyOne 0.22 0.26 0.30 0.34
M280 0.09 0.11 0.13 0.15
M270 0.14 0.16 0.19 0.22

5. Discussion

A clear difference in magnetophoretic mobility can be seen between the
three analysed MB types (see Figure 4b). The M270 beads have the largest
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magnetophoretic mobility, followed by the M280 and MyOne beads. The dif-
ferent magnetophoretic mobilities for the different MB types come from their
different size and iron content (see Table 1). Even though the MyOne beads
have the highest density of iron they exhibit the smallest magnetophoretic
mobility due to their small volume.

The magnetic mobility of three types of Dynabeads was measured in this
study. The variation in mobility within one type of bead at the applied mag-
netic fields cannot be attributed to variation in bead diameter alone because
the measured size distribution is found to be numerically insignificant in
comparison. This conclusion is in contrast to the findings of Xu et al. where
the spread of the different magnetically induced velocities are predominaltely
attibuted to the bead size distribution [41]. The statistical variation in iron
content between single MBs, is not known by the authors and might differ
between different manufactured batches [42]. Due to the complex structure
of the MBs it is unlikely that every bead will exhibit the exact same magnetic
responsiveness. Thus, the observed variation in magnetic mobility reported
in this study is attributed to varying iron content.

The susceptibility for the analysed MB types of the two measurement
methods, magnetophoresis study and SQUID measurements, show similar
trends with decreasing applied magnetic field. The determined susceptibility
values also show a good agreement with values stated by the manufacturer
and in the literature [28, 35, 43, 44, 45, 46, 47]. In the literature the suscep-
tibility ranges between 0.26 and 1.4 for MyOne beads [35, 44], between 0.14
and 0.76 for M280 beads [35, 45, 47] and a value of ≈ 0.17 [44, 46] for the
M270 beads. The susceptibility values in this study are within the range of
values previously published in the literature.

The monotonic increase of susceptibility with decreasing magnetic field
can be seen across all particle types and in both measurement methods (mag-
netophoresis study and SQUID measurements) and is a consequence of a
magnetic field dependent magnetization of the MBs (Equation 2). The mag-
netization curves in Figure 5 reveal that the linear relationship M = χH
between magnetization and applied field is a simplification and might only
be a valid approximation for magnetic fields |B| ≤ 6 mT, based on the obser-
vations in Figure 5b. In addition, the remanence of the MBs may contribute
to the behaviour of the beads at even lower magnetic fields and should not
be neglected as discussed by Shevkoplyas et. al. [30]. At larger magnetic
fields, the data presented in Figure 5a should be considered to account for
the non-linear behaviour of the susceptibility. Many publications in the lit-
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erature [48], however, neglect remanence and the magnetic field dependence
of the susceptibility, leading to modelling errors.

6. Conclusion

The magnetic responsiveness of three different types of Dynabeads were
tested using two different approaches. The magnetophoretic mobility of sin-
gle MBs was studied using a particle tracking system and the magnetization
of the same beads measured using SQUID relaxometry.

The magnetophoretic mobility of individual beads is measured over a
range of 38−70 mT using a permanent magnet. The monotonic reduction in
mobility of the MBs as they approach the permanent magnet is attributed to
a reduction in susceptibility with magnetic field strength. The same negative
correlation between the magnitude of the magnetic field and the susceptibility
of the magnetic microspheres was observed by analysing hysteresis curves of
MB samples, obtained from SQUID measurements. The change in mobility
results from the non-linearity of the magnetic susceptibility with respect to
the applied magnetic field. In cases where the trajectory of a MBs needs
to be determined accurately, the observations in this study conclude that a
constant susceptibility does not lead to accurate calculations and instead the
non-linear behaviour of the susceptibility should be taken into account. A
constant susceptibility can only be assumed when the MBs interact over a
narrow magnetic field regime, but the susceptibility value should still account
for the magnitude of the applied magnetic field.

The consistent values of the susceptibility obtained by the magnetophore-
sis analysis compared to those from the SQUID measurement suggest that
particle tracking is a viable technique for determination of susceptibility of su-
perparamagnetic microspheres over a range of magnetic flux densities. Unlike
average magnetic susceptibility data obtained from SQUID or VSM (Vibrat-
ing Sample Magnetometer), the particle tracking system can characterize the
magnetic properties of single MBs.

The comparison of the three types of Dynabeads also highlights the differ-
ences of their physical properties and made it evident that some MB types are
potentially more suitable for lab-on-a-chip magnetic cell separation than oth-
ers. A high magnetic mobility with a narrow distribution is desirable because
separation time and reproducibility are often limiting factors, especially for
continuous magnetic separation where the interaction of the MBs with the
magnet is time critical. Thus, a high magnetophoretic mobility ensures that
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even at short interaction time the MBs separate. A narrow magnetophoretic
mobility distribution allows for accurate MB trajectory predictions and will
enhance separation efficiency. Dynabeads M270 magnetic microspheres meet
the above criteria and are therefore the best choice for magnetic particle
separation based on this study. The magnetophoretic mobilities and suscep-
tibility values found in this paper will help scientists to predict the motion
of beads more accurately.
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