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Autonomous micro-magnet based systems for highly efficient

magnetic separation

L. F. Zanini,">® N. M. Dempsey,' D. Givord," G. Reyne,? and F. Dumas-Bouchiat’
Unstitut Néel, CNRS and Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France
ZGZELab, Grenoble Université, BP 46, 38402 St. Martin d’ Heres, France

(Received 27 September 2011; accepted 4 November 2011; published online 8 December 2011)

The various forces experienced by magnetic particles pumped through microfluidic channels
placed above a chessboard array of micromagnets were calculated as a function of particle size and
device dimensions. A device incorporating magnetically microstructured hard magnetic NdFeB
films was fabricated. Good agreement was achieved between the calculated and observed distance
over which magnetic particles travel before they are trapped. Using this simple and autonomous
device, mixed solutions of magnetic and non-magnetic micro-particles were separated into two
distinct solutions containing a concentration of up to 99.9% and 94.5% of non-magnetic and
magnetic particles, respectively. © 2011 American Institute of Physics. [d0i:10.1063/1.3664092]

The range of applications for magnetic micro- and nano-
particles is constantly expanding, in particular in medicine
and biology. A number of applications involve particle trap-
ping and deviation, achieved by attracting them to specific
locations under the effect of a magnetic field gradient. The
required magnetic fields and associated field gradients have
been produced using soft magnetic elements polarized by an
external magnetic field,' electromagnets,*® or bulk perma-
nent magnets.”® The field gradients produced by a perma-
nent magnet can be greatly enhanced by reducing its size to
the micro-scale, and gradients as high as 10° T/m have been
recently produced by micro-scale arrays of rare-earth perma-
nent magnets.” Such micro-magnet arrays are autonomous,
having no requirements for a cumbersome external field
source nor power supply, and have been used to attract lipo-
somes containing magnetic nanoparticles'® and to levitate
cells."! In this work, we exploit micro-magnet arrays to sepa-
rate magnetic and non-magnetic particles flowing through a
microfluidic channel.

Magnetic separation exploits the difference in the bal-
ance of forces acting, on the one side, on non-magnetic
objects submitted to gravity (including buoyancy) and vis-
cous forces (neglecting Brownian motion) and on the other
side, on magnetic objects (e.g., magnetic particles), addition-
ally submitted to a magnetic force (Fig. 1(a)). Gravity forces
are expressed as Fo=(4/3) rf,ar, (Ppart = Pmedium) & Where
Ppart 1 the particle mass density, pmedium 1S the medium
mass density, and g is the gravitational acceleration. For a
particle of radius rp,r¢ flowing with velocity vy, in a me-
dium of viscosity n and velocity vgyiq, the drag force is given
by Fg=6 7 1 'part (Vpwia — Vpar)- Consider now such a parti-
cle which has iron oxide nanoparticles embedded in it. In the
presence of a magnetic field H, it is submitted to an addi-
tional force, due to the action of the field on all the constitu-
ent nanoparticles. On one nanoparticle (i), of radius rypg
and volume V), the magnetic force is given by

Fy = poVupyM 5 VH, (1
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where py is the vacuum permeability and Mg; the nanopar-
ticle magnetization given by the Langevin function

M iy = MoL(x(;)) = Mo{coth(x()) — 1/x()}, 2)

with M being the 0 K magnetization and x =y Vi) My H/

kg T, where kg is Boltzmann’s constant and T the tempera-

ture. For the particle as a whole, the average magnetization

is obtained by summing up the moments of all (n)

nanoparticles, and normalizing with respect to the total
Mo 3 P(rup(y)Vapio Lx()

i=1

magnetic volume Vg, i.€., M = , where

Vinag
Vinag = ;P(rnp@-))Vnp(,-) and P(r,p;)) is the probability of a
given nanoparticle to have the radius r,p). The balance of all
forces acting on a particle is thus given by the equation of
dynamics

4/ 3)nr3

artPpar@par /At = Fa + Fg + Fp,. 3)
For the cases considered in this paper, the inertia of the par-
ticles can be neglected due to the time scale of inertial events
compared to other movements of the particles. Thus, the par-
ticles can be considered to move at their limiting velocity
given by vy = F,/6mNrpare,  Vy = Viia + Fmy/OTN pare,
v: = (Fy + Fp.) /6T s, Where Fryy, Fryy, and F, are the
components of the magnetic force along the x, y, and z-axis,
respectively. The displacement of the particles is thus
derived using dx/dt = v.(t), dyldt = vy(t), and dz/dt = v (t).
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FIG. 1. (Color online) (a) Forces acting on magnetic and non-magnetic par-

ticles flowing in a micro-channel integrated above a micromagnet array. (b)
Schematic of a micro-magnet/micro-channel device for magnetic separation.

© 2011 American Institute of Physics
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The magnetic separation device (micro-magnets
+ microfluidic channel) was modeled and optimized, taking
into account the technical constraints concerning micro-
magnet and microfluidic channel fabrication, for two types
of particles, hereafter referred to as “magnetic” since they
contain magnetic nanoparticles (Micro Particles GmbH, ¢
2.8 pm and Sigma Aldrich, ¢ 1.0 um). These particles may
be considered as model elements for future bio-applications,
having a size comparable to certain biological entities (e.g.
cells, bacteria...). For data analysis, the particle magnetiza-
tion at 0 K was taken to be ugM;=0.6 T and in accordance
with the manufacturers’ specifications, it was assumed that
the magnetic nanoparticles account for 30% of the total par-
ticle weight. Fitting of the magnetization curves gave a nano-
particle size of 3.3 nm= 3 nm (standard deviation) for the ¢
2.8 um particles and 3.6 nm=* 3 nm for the ¢ 1 um particles.
Based on these values, an average nanoparticle diameter of
3.5 nm= 3 nm was assumed in the calculations.'?

The micro-magnet arrays considered in the model were
based on our experience in micro-magnet fabrication using
thermo-magnetic patterning (TMP).'? For TMP, we normally
use 5 um-thick NdFeB films with magnetization (uoM, = 1.2
T) initially oriented out of the film plane (oop). A magnetic
field is applied, antiparallel to the orientation of the initial
magnetization at the same time that specific regions of the
film are heated by a nanosecond pulsed laser beam which
irradiates the film through a mask. The magnetization
reverses in the irradiated regions over a depth of about 1.3
pm."? In chessboard-like magnetic arrays fabricated by
TMP, the lateral size of the individual micro-magnets is typi-
cally in the range of 10 ym to 1 mm.

In the calculations, we assumed a unique width of 500
um for the microfluidic channel and considered a maximum
capture length of 10 mm. Two possible channel heights were
considered, 38 um and 76 pm, corresponding to, respectively,
one and two sheets of a dry-film photoresist commonly used
for micro-channel fabrication (DuPont Riston MultiMaster
540). A pre-coating of the magnetic film with a polydimethyl-
siloxane (PDMS) layer of 6 um, to facilitate channel sealing,
was considered. See Fig. 1(b) for a schematic of the complete
device. Particles entering the channel will be distributed all
over the cross-section of the channel and will thus obviously
be captured at different positions above the magnets. How-
ever, the least-favorable x-axis position for magnetic attrac-
tion can be taken as a characteristic parameter of a given
device. A trajectory passing through the center of a row of
squares, where the magnetic force is weakest, and positioned
at the centre of the x-axis of the microfluidic channel, where
the fluid velocity is highest, was considered in the
calculations.

Initial calculations indicated that magnetic structures
with small features (few pm) and large features (several hun-
dreds of um) were the least efficient in trapping particles.
Thus, detailed calculations were performed for chessboard
structures having feature sizes between 50 ym and 200 pm.
Fig. 2(a) shows the simulated trajectories of magnetic par-
ticles flowing in 38 pum-high and 76 pum-high microfluidic
channels, respectively, above three different chessboard
magnetic patterns (50 x 50 pm?, 100 x 100 pm?, and
200 x 200 um?). A constant flow rate of 15 ul/min was con-
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FIG. 2. (Color online) (a) Simulated trajectories of magnetic particles trav-
elling through micro-fluidic channels above arrays of micro-magnets of dif-
ferent size, starting from the top of a 38 um or 76 um thick channel; (b)
schematic of the least-favorable lateral position for attraction considered
here; (c) Magneto-optical image of an array of 100 x 100 um> magnets."
(d,e) Optical images of magnetic particles trapped above such arrays in
38 pum thick channels. Inset (d) : zoom on particles attracted to the zones of
highest magnetic field gradient. The randomly positioned dark specks
observed in (d) are due to cracks in the Ta capping layer which have no
adverse effects on the magnets on the time-scale of these experiments.

sidered. The least-favorable position considered in the simu-
lations, as described above, is schematically represented in
Fig. 2(b). In the case of 38 pum-high channels, both types of
particles, (¢ 1 um and ¢ 2.8 um) are predicted to be captured
by the 100 um chessboard structure within the considered
maximum length of 10 mm. For the same channel height, the
¢ 1 um beads are not captured by either the 50 um or by the
200 um structures. For the case of 76 um-high channels, the
systems with the larger features (100 ym and 200 um) are
predicted to capture the ¢ 2.8 um particles, but not the ¢ 1
um particles. The system with feature dimensions of 50 um
is not suited to capture either of the particles.

The results above show that, among the analyzed config-
urations, the structures which are the most efficient to cap-
ture the considered particles are those having a feature size
of 100 um. The magnetic separation devices were produced
based on these results. Arrays of chessboard-like 100 x 100
,um2 micro-magnets were produced by thermo-magnetic-pat-
terning over an area of 10 x 10 mm? of an out of plane tex-
tured 5 pum thick NdFeB film. In the magneto-optic image of
the chessboard pattern (Fig. 2(c)), the black and yellow
squares represent magnetization pointing out of the film
plane and into the film plane, respectively. A 6 um-thick
layer of PDMS (measured with a DEKTAK 6M profilome-
ter) was spin-coated onto the magnetic film so as to isolate
the film from the flowing solution and to facilitate sealing
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of the microfluidic channel onto the film. Parallelepiped
microfluidic channels (width =500 um, height =38 yum, and
length =15 mm) produced by replica molding were then
sealed onto the PDMS layer above the micro-magnet array.

Solutions containing the magnetic particles were
pumped through the device. The flow rate in the channel was
fixed at 15 pl/min, determined by means of a pressure con-
troller (Fluigent MAESFLO Control System) connected to
the inlet of the channel. Optical images of the trapped par-
ticles are shown in Figures 2(d) (¢ 2.8 um) and 2(e) (¢ 1.0
um). These were obtained after the solutions were pumped
through the channels for 20 s. The particles are trapped at the
bottom of the channel at the interfaces between oppositely
magnetized sections of the film, where the field gradient and
thus the attractive magnetic force is maximum (inset of Fig.
2(d)). The difference in the distance required to trap the par-
ticles is reflected in their distribution along the channel
length. The ¢ 2.8 um particles are trapped at the beginning
of the pattern, over a distance of approximately 600 um (the
simulations in Fig. 2(a) predicted trapping at a distance of
700 pm). For ¢ 1 um particles, trapping occurred over a dis-
tance of a few millimeters, in agreement with the above sim-
ulations (trapping predicted at 7 mm). Unpinning of the
particles can be achieved by increasing the flow rate and thus
the drag force.

The efficiency of the system for separating magnetic
particles from non-magnetic ones was then studied. Two ini-
tial solutions were used, solution A0 containing the ¢ 2.8 um
magnetic particles and ¢ 3.0 um non-magnetic particles
(Sigma Aldrich) and solution BO containing the ¢ 1.0 um
magnetic particles and ¢ 2.0 um non-magnetic particles
(Sigma Aldrich). In both cases, the magnetic particles
counted for approximately 35% of the total number of par-
ticles. These solutions were passed through the channel at a
flow rate of ~15 ul/min and the resulting solutions (Al and
B1) of the non-trapped particles were collected at the outlet.
Distilled water was then passed through the channel at a very
high flow rate (~1000 ul/min) to unpin the trapped particles,
which were then collected at the outlet (A2 and B2). Figure
3 shows the flow cytometry analysis of all solutions. The
measured initial ratios of magnetic to non-magnetic particles
are in agreement with their expected concentrations (A0 and
BO) while the high purity of solutions Al and B1 (99.9% of
non-magnetic particles) confirms that the magnetic particles
are very effectively trapped. The solutions of the trapped
particles are also relatively pure (94.7% and 99.5% for A2
and B2, respectively). The presence of non-magnetic par-
ticles in these solutions is attributed to a steric effect, as the
trapped magnetic particles may block the movement of the
non-magnetic particles along the bottom of the channel. This
effect is less noticeable for solution B, since the barrier cre-
ated by the 1 um magnetic particles is smaller.

To summarize, we have modeled and demonstrated the
efficiency of micro-fluidic systems incorporating high
performance micro-magnets for the selective trapping of mag-
netic particles which are realistic models for cells functional-
ized with superparamagnetic nano-particles. The autonomous
nature of the micro-magnets, which require neither external
magnetic field nor power source, enables the use of such devi-
ces in combination with analytical equipment where sample
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FIG. 3. Cytometric analysis of the starting solutions containing both mag-
netic and non-magnetic particles (solutions A0, BO—first column), those
containing the non-trapped particles (solutions Al, Bl—second column)
and those containing the trapped particles (solutions A2, B2—third column).

space is restricted (e.g., microscopes, spectrometers...). The
stray fields of micro-magnets are essentially restricted to the
region of interest, the micro-fluidic channel, thus undesirable
stray fields in the environment of the device are negligible. In
addition to separating entities as a function of their nature
(magnetic vs. non-magnetic) or as a function of their size/
magnetization if magnetic, such devices can be used for the
controlled positioning of magnetically functionalized enti-
ties.'* Beyond lab-on-chip applications in biology, the micro-
magnet arrays studied here could also be exploited in the
fields of chemistry (e.g., migration-based analytical methods)
and physics (e.g., atom chips).
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