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a b s t r a c t

Magnetic microspheres (MMS) are useful tools for a variety of medical and pharmaceutical applica-

tions. Typically, commercially manufactured MMS exhibit broad size distributions. This polydispersity

is problematic for many applications. Since the direct synthesis of monodisperse MMS is often fraught

with technical challenges, there is considerable interest in and need associated with the development

of techniques for size-dependent fractionation of MMS. In this study we demonstrated continuous size-

dependent fractionation of sub-micron scale particles driven by secondary (Dean effect) flows in curved

microfluidic channels. Our goal was to demonstrate that such techniques can be applied to MMS

containing superparamagnetic nanoparticles. To achieve this goal, we developed and tested a

microfluidic chip for continuous MMS fractionation. Our data address two key areas. First, the densities

of MMS are typically in the range 1.5–2.5 g/cm3, and thus they tend be non-neutrally buoyant. Our data

demonstrate that efficient size-dependent fractionation of MMS entrained in water (density 1 g/cm3)

is possible and is not significantly influenced by the density mismatch. In this context we show

that a mixture comprising two different monodisperse MMS components can be separated into its

constituent parts with 100% and 88% success for the larger and smaller particles, respectively. Similarly,

we show that a suspension of polydisperse MMS can be separated into streams containing particles

with different mean diameters. Second, our data demonstrate that efficient size-dependent fractiona-

tion of MMS is not impeded by magnetic interactions between particles, even under application of

homogeneous magnetic fields as large as 35 kA/m. The chip is thus suitable for the separation of

different particle fractions in a continuous process and the size fractions can be chosen simply by

adjusting the flow velocity of the carrier fluid. These facts open the door to size dependent fractionation

of MMS.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic microspheres (MMS) are being used for a variety of
medical and pharmaceutical applications. They are essential for
magnetic drug targeting [1] and typically consist of a polymeric
matrix material, e.g., albumin, chitosan, and biodegradable polymers
poly(lactic acid) (PLA) or poly(lactide-co-glycolide) (PLGA), which
enclose a magnetic core, e.g., magnetite or maghemite. The MMS can
also enclose a pharmaceutical agent, e.g., chemotherapeutic drugs
or blood clot dissolving agents [2,3] and are often coated with
(receptor) targeting agents, e.g., antibodies, peptides, and/or with
ll rights reserved.
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agents improving their stability and blood circulation time, e.g.,
polyethylene glycols. After injection into the blood stream of
animals and humans, MMS can be magnetically guided to a target
area where the pharmaceutical agent acts on the target cells or
disease after controlled release [4].

Typical MMS used for drug delivery have diameters in the
range 0.1–10 mm and exhibit a lognormal size distribution [5]. In
order to steer MMS effectively for drug targeting, they must be as
large as possible (assuming a constant concentration of magnetic
material in the MMS) because the magnetic force on an MMS is
directly proportional to the volume of the magnetic material in
the MMS [6]. However, there is an absolute upper limit on size of
5 mm, above which the risk of clogging (embolizing) blood
capillaries is high, leading to thrombosis and significant risk of
mortality for the patient [7]. Furthermore, uniform MMS size
distributions are essential for the design of predictable drug
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release profiles for drug-containing MMS, since release kinetics
are in general a function of the particle surface-to-volume
ratio [8]. Thus, in order to guarantee optimal clinical magnetic
targeting and defined drug release, MMS with uniform and
consistent particle sizes are necessary.

One way to obtain appropriate particles is to directly synthe-
size monodisperse MMS. Some types of commercially available
MMS show a relatively narrow size distribution but these parti-
cles are not biocompatible, a precondition for magnetic drug
targeting. Preparing monosized particles can be technically chal-
lenging. A different route to obtaining such particles is to prepare
batches of MMS with broad size distributions, and subsequently
apply size dependent fractionation techniques to obtain MMS
with the desired parameters.

Size dependent fractionation of magnetic particles is possible
and has previously been reported. Methods include gravitational
forces [9,10] and centrifugation [9,10], magnetic forces [11–14],
or changing the repulsion forces between single particles by
varying the zeta potential of the particles, which is controlled
by means of a variation of the pH of the sample [15]. All of these
methods suffer from the problem that they are suitable only for
batch processing of limited sample volumes. The implication is
that the quantity of fractionated material produced per batch is
relatively low and thus these methods tend to be suitable only for
the processing of analytical quantities.

To overcome this drawback several microfluidic methods for
continuous fractionation of microparticles have been developed.
The majority of these use filtration [16,17], gravity forces [18],
sound pressure [19], optical forces [20], and magnetic forces
[21–24] for the classification of magnetic particles. Comprehen-
sive reviews about recent developments in this field are given by
Pamme [25] and Adams and Soh [26].

An additional method that can be applied to the fractionation
of particles is the Dean effect [27,28], an established flow
phenomenon. The Dean effect occurs in a curved channel—a
secondary flow is formed that consists of two counter rotating
vortices as shown in Fig. 1. Recent research has shown that if
particles are present in the flow, particles above a distinct size
migrate toward the inner wall of the bend. This separation
principle in curved channels has been demonstrated by several
authors, who were able to focus particles of certain size to a
streamline [29] or to remove fluorescent beads from human
plasma [30] or filtered water [31]. Other authors have demon-
strated the suitability of this method for the separation of
particles into different size ranges, and have performed numerical
simulations that replicate their experimental results [32,33].

Our aim was the development, construction, and testing of a
microfluidic chip for the size dependent fractionation of magnetic
microspheres (MMS). The previous work described above involves
particles with densities similar to that of water (1 g/cm3) to
obtain neutrally buoyant behavior. MMS have a density of about
twice that of water and clearly exhibit non-neutrally buoyant
behavior. As previous work did not indicate whether fractionation
of non-neutrally buoyant particles is possible using the
Dean effect, one key task of our study was an experimental
Fig. 1. In a curved channel two counter rotating Dean vortices (secondary flow)

develop perpendicular to the main flow (primary flow) direction.
investigation of the influence of particle density on the fractiona-
tion process.

Beyond this, it is of practical interest to explore the question of
whether or not magnetically induced agglomeration might be a
problem for the fractionation of MMS via the Dean effect. For this
purpose, we intentionally exposed our microfluidic chip (while
the fractionation process was underway) to a homogeneous
magnetic field as well as to a magnetic field gradient. MMS tend
to form agglomerates in strong magnetic fields and field gradients
leading to the formation of large clusters and chains which might
compromise Dean effect fractionation. Here, we investigate this
aggregation behavior and verify that fractionation based on the
Dean effect is indeed feasible under the influence of reasonably
strong magnetic fields. This observation is quite significant in that
it opens the door for combining flow-based fractionation pro-
cesses with intentionally-applied magnetic forces in further
investigations.
2. Fundamentals

The flow-fractionation principles upon which the design of our
chip is based are the Dean effect [27,28] and lift forces [34]. When
a fluid flows through a curvilinear channel, a secondary flow in
the form of two counter-rotating vortices develops across the
channel; these are known as Dean vortices (see Fig. 1). If the fluid
contains a suspension of particles, the secondary flow causes
particle transport to occur across the channel (i.e., perpendicular
to the primary flow) driven by Dean vortices.

The strength of the Dean flow is characterized by the dimen-
sionless Dean number

De ¼
rvf Dh

Zf

ffiffiffiffiffiffi
Dh

2r

r
ð1Þ

with

Dh ¼
4A

P
, ð2Þ

where r is the density of the fluid, vf is the mean fluid velocity
along the channel, Zf is the dynamic viscosity of the fluid, r is the
radius of curvature of the channel, and Dh is its hydraulic
diameter which is related to the cross sectional area A and the
wetted perimeter P of the channel. A larger Dean number causes
stronger Dean vortices.

In addition to particle transport caused by secondary flow, lift
forces act on the particles. Wall-induced inertial lift forces (FWL)
push particles away from walls [35] while shear-induced inertial
lift forces (FSL) associated with the primary flow drive particles
away from the center of the microchannel [34]. The former (FWL)
dominate when particles are close to walls and the latter (FSL)
dominate when particles are further away. The strength and
direction of the net lift force (FNL) [32] varies across the micro-
channel cross-section and is a function of particle size. For
straight channels, particles entrained in the flow tend to aggre-
gate at various equilibrium positions that depend on geometry.
These equilibrium positions correspond to lines or surfaces
(parallel to the axis of the channel) along which FNL¼0. For
example, in a square or rectangular channel, particles tend to
aggregate and flow along lines that are situated a short distance
away from the midpoint of each face. In a cylindrical channel,
they flow along sheets at a fixed distance from the wall [36]. The
precise location of these lines or surfaces depends on particle size.
When curvature is introduced, Dean vortices are established and
impose an additional drag force (perpendicular to the primary
flow) that can modify or destroy lines or surfaces of stable
equilibrium. For example, in a square or rectangular channel that



in

oo

io

4 mm

Fig. 3. (a) Schematic and (b) photograph showing the geometric layout of the

fractionation system, including the positions of the inlet (in), the outer outlet (oo),

and the inner outlet (io) ports. In (b) the connection tubing was removed for better

visibility of the chip.
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is curved as shown in Fig. 1, the additional fluid circulation
associated with Dean flow sweeps particles located near either
the top or the bottom surfaces of the channel toward the inner
wall. Similarly, there is a tendency for the secondary flow to
destabilize the line of equilibrium near the outer wall that is
observed for straight channels. That is, any particle that wanders
away from the precise location at which the drag and lift forces
cancel becomes entrained in the secondary flow and is pulled
away. The only line of stable equilibrium that survives the
introduction of curvature is the one located near the inner wall
of the channel. Here, the tendency of the secondary flow is to
drive particles toward the midpoint of the wall from above and
below. While it is true that the secondary flow also tries to sweep
particles away from this line of equilibrium along the transverse
midline of the channel, this drag is opposed by the shear-induced
lift force associated with the primary flow; the net result is simply
a shift in the position of the line of equilibrium relative to the
wall. Thus, for a given combination of channel geometry, flow
rate, and particle diameter a single line of equilibrium close to the
midpoint of the inner wall exists. Along this line, all cross-channel
forces acting on these particles are in balance. Particles thus tend
to accumulate at this equilibrium position and are transported
along an apparent streamline of the primary flow (Fig. 2). Particle
entrainment along streamlines in curved microchannels has been
reported previously for Dean numbers ranging from 0.48 to 1.49
[30] and from 0.23 to 0.94 [32].

In the present investigation we developed and tested a micro-
fluidic chip in which particles of a certain size are constrained to
flow along a streamline at an equilibrium position close to the
inner wall of a curved channel, and then separated the flow into
two fractions: an inner fraction (containing the particles trapped
at the equilibrium position) and an outer fraction containing the
remaining particles. The net result is two fluid streams containing
particles with different characteristic dimensions.
3. Materials and methods

3.1. Design and preparation of the chip

Fig. 3 shows the layout of the microfluidic system for MMS size
fractionation using the Dean effect. It comprises an inlet port
located near the center of the spiral, the spiral structure itself, a
1:1 splitter at the outer periphery of the spiral, and two outlet
ports. The splitter separates the flow into two streams which are
extracted via the outlet ports. These are referred to as the ‘‘inner
outlet’’ (io) and ‘‘outer outlet’’ (oo) ports based on their position
relative to the spiral structure.

To design a chip suitable for size dependent fractionation of
MMS with diameters in the range 1–15 mm dispersed in water, a
Fig. 2. Cross-section of the channel: starting from (a) an initially random particle

distribution across the channel particles and (b) accumulated at an equilibrium

position near the inner wall of the spiral structure. At this point the combined

effects of lift and Dean drag forces acting perpendicular to the primary flow (out of

the page) are balanced.
minimum channel length, suitable radius of curvature, and
appropriate cross-sectional channel dimensions have to be deter-
mined. Assuming a flow rate in the range 10–50 mL/min (suitable
for PDMS chips) and taking into account Eqs. (1) and (2), a
hydraulic diameter of 150 mm and a spiral radius of curvature
less then 8 mm yield a Dean number of order 0.5, which gives
conditions under which apparent focusing of particles along
streamlines has been observed by other groups [30,32].

The minimum length L required for a curved microchannel to
produce significant size fractionation via the Dean effect is given
by

L¼
3p Zf

2rvf

LC

d

� �3

ð3Þ

where d is the MMS diameter, and LC is a characteristic length (for
a channel with a rectangular cross-section, it is the shortest
dimension). We selected the channel height LC¼60 mm as a
convenient size for channel fabrication and thus L was deter-
mined to be at least 100 mm.

On the basis of these estimates, a set of designs for spirals with
different dimensions were obtained. The channel length in these
designs varied from 70 to 180 mm (4–6 turns), the radius of
curvature varied from 3 to 6 mm, and the hydraulic diameter
varied from 75 to 100 mm. Prototype microfluidic chips based on
this set of designs were manufactured and tested to find a
combination of dimensions suitable for further investigation of
Dean effect-based particle fractionation. On the basis of these
preliminary experiments that were conducted for flow rates in
the range 10–50 mL/min, we selected a 5-turn spiral structure
with an outer diameter of approximately 6 mm and a 100 mm
wide by 60 mm high rectangular channel as being suitable for the
fractionation of MMS with diameters ranging from 2 to 12 mm.

The microfluidic chips were made from polydimethylsiloxane
(PDMS). The channel structure including the spiral, the inlet and
the two outlets was first designed and drawn (Fig. 3) using
CleWin4 (PhoeniX Software, Enschede, The Netherlands) and then
printed on a high resolution (20,000 dpi) transparency mask
(CAD/Art Services, Bandon, USA). A mould was fabricated from
this transparency mask using a permanent epoxy negative photo-
resist (SU-8 2075, Microchem, Newton, USA). This structure then
served as a mold for creating a PDMS (Sylgard 184, Dow Corning,
Midland, MI, USA) cast. After curing, the PDMS was removed from
the mould, inlet holes were punched at each of the three ports,
and the piece was attached to a glass microscope slide (both
surfaces were prepared in advance with a plasma surface activa-
tion). Finally, a 0.5 mm (inner diameter) polymer tubing was
connected to each of the three ports simply by wedging the
tubing into the holes.
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3.2. Fractionation of microspheres

For evaluating the performance of the chip, MMS consisting of
a styrene–maleic acid copolymer matrix encapsulating 50% by
mass magnetite cores (MMS density¼1.85 g/cm3) were used.
Their mean diameters were 2, 4, 5, 6, 8, 10, and 12 mm (Micro-
mers-M, micromod Partikeltechnologie, Rostock, Germany) with
relatively narrow size distribution. This set of MMS sizes allows
the investigation of the separation behavior of the chip with
respect to the removal of MMS larger or smaller than the desired
size (5 mm). Specially prepared MMS with a broad size distribu-
tion consisting of maghemite cores (50% by mass, MMS density¼
2.25 g/cm3) in a silica matrix and silanol groups on the surface
showing a mean diameter of 3.5672.82 mm (SiMAG-Silanol,
chemicell, Berlin, Germany) were also used.

Micromers-M MMS with a diameter of 5 mm and a density of
1.85 g/cm3 and non-magnetic microspheres with the same size
and a density of 1.1 g/cm3 (Micromers-plain, micromod Partikel-
technologie, Rostock, Germany) were used for the investigation of
the influence of density on the fractionation process.

Aqueous suspensions of MMS in concentrations of 0.5% by
mass were filled in a disposable syringe and pumped into the
microfluidic channel by means of a BS-8000 syringe pump
(Braintree Scientific, Braintree, MA, USA) with flow rates varying
from 5–80 mL/min. The fractions obtained at the inner and outer
outlets were collected and characterized. Experiments were
carried out using a high-speed camera (Phantom Miro 4, Vision
Research, Wayne, NJ, USA) attached to a microscope (Eclipse
TE2000-U, Nikon, Melville, NY, USA).

The following MMS suspensions of different size and composi-
tion were tested in the chip:
A.
 MMS with a narrow size distribution and a diameter of 6 mm
or 10 mm. The total amount of MMS extracted at the inner and
the outer outlets was determined by means of a haemocyt-
ometer (Hausser Scientific, Horsham, PA, USA), and was studied
as a function of flow rate.
B.
 A mixture of 2 mm and 12 mm diameter particles with narrow
size distributions. Samples collected from the two outlets were
characterized by static light scattering (Mastersizer 2000,
Malvern Instruments, Malvern, UK) to determine separation
efficiency as a function of flow rate.
C.
 Polydisperse MMS with a mean diameter of 3.5 mm. Samples
extracted from the outlets were characterized by static light
scattering to determine mean particle diameters and distribu-
tions as a function of flow rate.
D.
 Non-magnetic and magnetic microspheres with the same
diameter (5 mm) but different densities (1.1 and 1.85 g/cm3).
To study the influence of particle density on fractionation
efficiency, a 1:1 mixture of these particles was fractionated
and the resulting distribution of magnetic versus non-
magnetic components extracted from each outlet was determined
by vibrating sample magnetometry (VSM, Micromag 3900,
Princeton Measurement Corporation, Princeton, NJ, USA).

We confirmed that size dependent scattering intensity does
not distort the obtained volume-weighted size distributions by
comparing the sum of peak areas for small or large MMS in both
fractions to the ratio of the number of large particles to small
particles in the original sample as well as to the expected ratio
calculated from the known particle concentration in the stock
dispersions.

For the investigation of the influence of magnetic fields and/or
magnetic field gradients on Dean fractionation, both a permanent
magnet and a Helmholtz coil were used. The simplest way to
investigate the influence of an inhomogeneous magnetic field
(i.e., involving field gradients) on the functioning of the chip is to
expose the chip to a magnetic field generated by a permanent
magnet. For this, a permanent magnet (NdFeB 38, 5�5�11 mm3,
axially magnetized) was placed in the plane of the spiral with the
magnetic field gradient aligned in radial direction. By changing
the distance between the magnet and the chip inlet, magnetic
field strengths ranging from 5.5 to 50 kA/m (or magnetic flux
density gradients between 1.5 and 20 T/m) were realised at the
inlet of the chip. To investigate the influence of a spatially
homogenous magnetic field (no field gradient) on the operation
of the fractionation process, the chip was placed between a pair of
coils (in a Helmholtz configuration) which generate field strengths
up to 35 kA/m. Here it was of particular interest to determine
whether or not the homogeneous magnetic field leads to an
agglomeration of particles which could influence or disrupt
particle movement in the secondary flow. The homogeneous field
was applied both in plane and perpendicular to the spiral
structure to examine effects related to anisotropy. In both con-
figurations the agglomeration behavior of the MMS and the
formation of Dean flow induced MMS streams were observed by
means of a microscope.
4. Results and discussion

4.1. Monodisperse MMS

For experiments involving monodisperse MMS with 6 mm or
10 mm diameters, it was observed that particles were distributed
homogeneously across the channel at low (5 mL/min) flow rates
(Fig. 4a). With increasing flow velocity, a migration of the
particles near the inner wall of the spiral was observed. For flow
rates higher than 50 mL/min, a clear zone of high particle con-
centration was observed (Fig. 4b). All of the particles moved near
the inner wall and thus towards the inner outlet and none were
found in the outer fraction.

Fig. 5 shows the relative distribution of MMS collected from
the inner and the outer outlets during these experiments. It is
evident that the number of small- and large-diameter particles
extracted from the inner and outer outlets are nearly the same at
flow rates of order 5 mL/min. At flow rates of 80 mL/min, 94.3% of
the 6 mm-diameter MMS and 99.5% of the 10 mm-diameter MMS
were found in the inner fraction. This demonstrates that the
microfluidic fractionation chip is able to recover nearly all
monodisperse MMS from dilute MMS dispersions in continuous
operation. As seen in Fig. 4b the enrichment of particles near the
inner wall is already completed in the fourth winding; the
percentage of particles in the inner fraction can therefore not be
further increased by using a longer channel.

Because of the 1:1 splitter geometry and the fact that particles
move to the inner wall, the concentration of particles extracted
from the inner outlet is nearly double that of the initial concen-
tration. Further increases in concentration could be achieved by
reintroducing the output from the inner outlet into another
microfluidic spiral (or a series of spirals). In each pass through
the fractionation system the concentration of MMS would double.
By repeating this process several times or cascading several
identical spiral structures an enrichment of very dilute suspen-
sions of micron-scale particles can be achieved. A larger concen-
tration factor per chip can be achieved using an asymmetric
splitter at the end of the spiral. For example: a 4-fold increase in
concentration could be achieved by designing the splitter such
that the cross section of the inner outlet channel is 1/3 that of the
outer outlet channel. Clearly one still needs to ensure that the
flow rate in the outer outlet channel is 3 times that in the inner
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Fig. 6. Distribution of 2 mm and 12 mm particle streams observed at a flow rate of

40 mL/min. All 12 mm particles were found in the inner fraction while more than

50% of the 2 mm particles moved toward the outer outlet.

Fig. 4. Photographic picture of the microfluidic spiral containing 10 mm diameter particles with a narrow size distribution (a) at low flow rates (5 mL/min) and (b) at high

(50 mL/min) flow rates.
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outlet channel and that the inner channel is wide enough to
transport all of the entrained particles.

4.2. Bimodal mixture of monodisperse MMS

As the flow rate through the spiral was increased it was
observed that the number of 12 mm MMS found in the sample
collected from the inner outlet increased (Fig. 6). Fig. 7a shows
the composition of a mixture nominally consisting of 2 mm and
12 mm diameter MMS, as determined by static light scattering. A
bimodal distribution is clearly visible, with peaks at 2.05 mm and
12.33 mm. A complete elimination of 12 mm MMS from the outer
sample was achieved for flow rates of 50 mL/min (Fig. 7b) or
higher, while at the same time only a small amount of the 2 mm
MMS was found in the inner sample (Fig. 7c). This experiment
demonstrates the concentration of one particle size from a
bimodal particle mix.

Looking at this more closely (Fig. 8), the distribution of larger
(12 mm) and smaller (2 mm) MMS reveals that the larger particles
are equally likely to exit via the two outlets at low flow rates. As
the flow rate increases, more and more of the larger diameter
MMS move to the inner outlet. At flow rates above 40 mL/min all
of the 12 mm MMS appear at the inner outlet (Fig. 8a). The 2 mm
diameter particles also start out with equal probabilities for
exiting via the two outlets at low flow rates but then increasingly
shift toward the outer outlet at higher flow rates. At a flow rate of
60 mL/min about 90% of the smaller MMS are found in the outer
sample (Fig. 8b). A further improvement of the separation can be
expected for higher flow rates. However, due to technical reasons
it is complicated to increase the flow rates above 60 mL/min in the
current device. Flow rates higher than 60 mL/min usually led to
leakage at the inlet tubing due to the associated high pressure at
the chip inlet.

Under the conditions we have examined to date, the complete
separation of a bimodal particle mixture into its constituent
components has not been possible. We have observed that it is
possible to extract samples from the outer outlet that are
absolutely free of the larger diameter particles, but samples
extracted from the inner outlet always contain some smaller
diameter particles (with minimum concentrations of approxi-
mately 10%). This incomplete separation might be overcome
using an asymmetric splitter. One might also consider running
the sample through the fractionation system (or through a chain
of fractionation systems) multiple times. After three iterations the
proportion of smaller diameter particles collected at the inner
outlet should nominally be lower than 0.1% of the total; after five
passes this would be reduced to less than 0.001%.
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4.3. MMS with a broad size distribution

When a polydisperse suspension of MMS with a broad size
distribution is sent through the microfluidic separator, it is
expected that larger diameter MMS will move towards the inner
fraction. As a consequence the average MMS diameter in the outer
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fraction will be lower than the mean diameter of particles in the
initial sample. This expectation was confirmed through experi-
mentation. The initial sample used for these experiments was
analyzed and found to have a mean MMS diameter of 3.56 mm
and a standard deviation of 72.82 mm.

Fig. 9 shows that, even at relatively low flow rates, a slight
shift of mean particle diameter relative to the initial sample is
observed at the two outlets. At a flow rate of 10 mL/min the MMS
in the inner fraction exhibit a mean diameter of 3.6172.53 mm,
while those in the outer fraction exhibit a mean diameter of
3.4772.45 mm. This shift in mean diameter continues to increase
with increasing flow rate. At 60 mL/min the mean particle
diameters extracted from the inner and outer outlets were
4.2173.09 mm and 2.7471.90 mm, respectively.

Usually, a size dependent fractionation is accompanied by a
narrowing of the size distribution. However, in our experiments
the size distribution during this fractionation changed only
slightly. A narrowing of the size distribution can be achieved by
consecutive separation runs of the fraction with the desired MMS
diameter. This way smaller and larger MMS can be removed from
the fraction with the desired mean MMS size which leads to a
narrowing of the size distribution.
4.4. Non-magnetic and magnetic microspheres of the same size

In an effort to explore the potential role of density and/or
magnetic interactions, we injected a suspension containing equal
numbers of non-magnetic (density¼1.10 g/cm3) and magnetic
(density¼1.85 g/cm3) microspheres with the same characteristic
size (5 mm). No discernable (differential) fractionation effect was
observed for all investigated flow rates. The obtained fractions
from inner and outer outlet show the same solid content and the
same magnetization (Table 1). That is, the proportion of magnetic
MMS extracted at both outlets was equal to 50% (within the
measurement error) for each flow rate at which observations
were made. In other words, the samples extracted from both
outlets contain the same amount of magnetic and non-magnetic
particles; no enrichment of either the magnetic or the non-
magnetic component occurred.

These results demonstrate for the first time that the role of
density (and magnetic interactions) in determining the equilibrium
location of particle streamlines in the fluid are insignificant relative
to particle size. The implication is that these fractionation methods
ought to be useful for simultaneous separation of neutrally-buoyant
and non-neutrally-buoyant particles. Certainly caution is warranted:
the range of densities explored in this experiment was relatively
small (1.10–2.25 g/cm3); future investigations probing a broader
range of density would be worthwhile.
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Table 1
Distribution of MMS in the samples extracted from the two

outlets, as a function of the flow rate. The initial mixture contained

equal amounts of magnetic and non-magnetic 5 mm microspheres.

Flow rate Inner sample Outer sample

[mL/min] [%] [%]

5 49.5 50.5

10 50.6 49.4

20 49.2 50.8

40 51.5 48.5

60 51.8 48.2
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Tests were also conducted to investigate the robustness of the
Dean-effect fractionation process under influence of a strong
uniform magnetic field and a strong magnetic field gradient. As
expected, it was observed that proper functioning of the chip was
degraded by application of magnetic field gradients. The particle
clusters formed in the inlet tubing and at the inlet port are
attracted by the magnet toward the channel walls. Due to the
large port diameter, the flow in this region is not fast enough for
the hydrodynamic forces to overcome the magnetic forces and
flush away the agglomerates. As a result, agglomerates grow in
size with every new injected particle until the passage is blocked
completely. When the magnetic field gradient is removed the
clusters break apart and all of the MMS are flushed through the
spiral. Even weak magnetic field gradients in the order of 1.5 T/m
(at field strengths in the order of 5.5 kA/m) were sufficient to
totally block the channel. In contrast to this, when a spatially
homogeneous magnetic field of the same strength was applied, no
influence on the fractionation process was observed. Even for
relatively strong magnetic fields (in the order of 35 kA/m) only a
slight tendency of the MMS to form agglomerates (caused by
attractive magnetic particle–particle interactions) was observed
in the inlet port where the flow velocity is relatively low. These
agglomerates (clusters and chains) were broken apart by high
Stokes forces once the particles entered the spiral channel, where
the velocity of the carrier liquid can be as high as 3 m/s. Note that
since the magnetic cores of the MMS used in this study are
embedded in a polymer matrix, they do not come into direct
contact with each other. The magnetic attraction between the
MMS thus tends to be relatively weak. We conclude that this
particle separation system can tolerate strong homogeneous
magnetic fields, but that the presence of even relatively minor
magnetic field gradients at the inlet of the chip must be prevented
if they are applied in random directions.
5. Conclusions

We have developed a microfluidic chip that enables the
complete recovery of particles from highly diluted particle dis-
persions. It is able to separate particles showing a bimodal
particle size distribution into distinct size fractions based on
Dean flow combined with lift forces acting on the particles in a
curved microchannel. For a particle suspension with a broad size
distribution the chip is able to separate fractions containing
particles of different sizes in a continuous process. The size
fractions can be chosen simply by adjusting the flow velocity of
the carrier fluid.

In the experiments MMS suspension flow rates of 0.3–4.8 mL/h
were used for the fractionation, yielding a throughput of
1.5–24 mg MMS per hour for continuous operation. This fractionation
method is easily scalable as it is possible to run hundreds of these
devices in parallel in order to increase the throughput.

Our experimental investigation proved that the particle den-
sity has no influence on the investigated effect and a size
dependent fractionation of non-neutrally buoyant particles by
means of the presented microfluidic chip is possible.

Furthermore, we showed that this particle separation system
can tolerate strong homogeneous magnetic fields. Clusters and
chains formed in the inlet are eliminated in the channel due to the
high flow velocity of the sample. In contrast, the chip is very
sensitive to magnetic gradients because the attracting force acting
on the particles led to the formation of clusters which are
restrained in the inlet and this can cause an occlusion of the
chip; this occurred already at very low magnetic gradients.

This separation method can be used to extract particles above
a particular size (collected in the inner phase) or to remove
particles above a particular size (sample collected in the outer
phase). A suspension of particles with a narrow size distribution
can be achieved through a sequence of separation steps. This
method is therefore adequate for the high-throughput fractiona-
tion of a sample of polydisperse MMS to achieve MMS with a
narrow size distribution, as required for magnetic drug targeting.
Theoretically, the Dean effect is also suitable for the fractionation
of objects much smaller than 1 mm (e.g., nanoparticles) but the
realization of the necessary flow rate in the downscaled channels
would be very challenging due to the associated high flow
resistance that would require very high pressures.
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