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Magnetism and microﬂuidics are two key elements for the development of inexpensive and reliable tools
dedicated to high-throughput biological analysis and providing a large panel of applications in domains ranging
from fundamental biology to medical diagnostics. In this work, we introduce a simple protocol, relying on
injection molding and reversible bonding for fabrication of magnetic cell trapping and sorting devices using only
standard soft-lithography equipment. Magnetic strips or grids made of Polydimethylsiloxane (PDMS) doped
with hard (NdFeB) or soft (carbonyl iron) magnetic powders were integrated at the bottom of whole PDMS
chips. Preliminary results show the eﬀective deviation/trapping of magnetic beads or magnetically-labeled
bacteria as the sample ﬂows through the microchannel, proving the potential of this rapid prototyping approach
for easy fabrication of magnetic cell sorters.

1. Introduction
Microﬂuidic devices have been under intensive development during
the past twenty years due to a number of advantages over conventional
macro scale equipment, including low cost, low power consumption,
small footprint, reduced sample volumes and decreased analysis times.
Microﬂuidic technology holds great promise in the ﬁelds of life science
and health care, providing new tools for single cell analysis, environmental monitoring and point-of-care diagnostics, among other applications. These ﬁelds share a common need for trapping and separation
methods allowing speciﬁc and continuous isolation of cells or biomolecules from complex samples for further analysis. In this context, a
large variety of microﬂuidic devices using diﬀerent force ﬁelds (magnetic [1,2], acoustic [3], electric [4], optical [5]) or passive mechanisms
allowed by careful design of the microchannel [6] have been described
in the literature.
Magnetism oﬀers many advantages for cell isolation, including
great selectivity thanks to the use of superparamagnetic microbeads or
nanoparticles conjugated speciﬁcally to target cells through antibody–
antigen binding ([7,8]) or magnetic in situ hybridization (probe-based
cell ﬁshing [9]). Moreover, magnetic forces can attract cells over a
broad spatial range and allow simultaneous manipulation of many
magnetic targets, which make them suitable for high throughput cell
separation. Another advantage of magnetic cell manipulation com-
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pared to concurrent approaches such as dielectrophoresis is the low
impact of pH, ionic strength or temperature on magnetic interactions
[10].
Integration of microscale magnetic structures inside the microﬂuidic device enables to control the local distribution of the magnetic ﬁeld
while addressing the need for portability and compactness. Moreover,
downscaling magnetic ﬂux sources produces high ﬁeld gradients
essential for generating strong attractive forces on weakly labeled cells.
Micro-electromagnets can be used to tune the ﬁeld intensity but the
magnetic ﬁeld strength is limited to weak values due to heating issues
[11]. Another widely adopted approach consists in integrating ferromagnetic microstructures (such are nickel strips [12–15] or nickel
posts [16]) inside the microﬂuidic channel or in its vicinity [17] and
using an external ﬁeld to magnetize them. As a more compact
alternative, permanently magnetized micropatterned hard magnetic
materials were used to create the magnetic ﬁeld, thereby suppressing
the need for an external ﬁeld source [18,19]. The above-mentioned
approaches generally enable to achieve high resolution and reproducibility, but they rely on techniques which are relatively expensive, time
consuming, or require expertise, like electroplating, sputtering or
thermal evaporation. Micro-magnetic imprinting has been recently
introduced as a new approach to fabricate composite magnetic ﬁeld
sources based on hard or soft magnetic micro-powders and a non
magnetic matrix such as PDMS [20]. This simple and cost-eﬀective
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and the thin PDMS layer were bound together (step 3) using air
plasma treatment (Expanded Plasma Cleaner, Harrick Plasma). The
closed device thereby obtained was then used as a mold for
magnetic PDMS injection.
b) Magnetic PDMS preparation and injection:
Soft and hard micromagnet arrays were obtained using carbonyl
iron and NdFeB powders (MQFP-B) provided by Sigma and
Magnequench International Inc., respectively. The PDMS prepolymer was prepared following the procedure described above (10:1 wt
ratio of base to curing agent) and thoroughly mixed using a metal
spatula with the soft or hard powder at mass ratios of 75% and 66%,
respectively. The homogenized mixture was poured into a 1 ml
syringe with a ﬂat needle at its extremity to facilitate magnetic
polymer injection.
c) Whole device assembly:
After injection, the slide was placed on a hotplate for 2 min at
120 °C and ﬁnally baked for 2 h in an oven at 80 °C. After cooling
down to room temperature, the ﬁlled PDMS mold was detached
from the glass slide, thanks to the reversible bonding between the
glass slide and the thin PDMS layer (step 5), and cut into pieces in
order to obtain small PDMS ﬂat slabs enclosing magnetic strips
(width ranging from 50 to 200 µm and thickness of 50 µm). At this
stage, NdFeB composite micromagnets were permanently magnetized using a compact in-house developed pulsed magnetic ﬁeld
system producing a ﬁeld of 6 T, uniform over a few mm. A Magneto
Optic Indicator Film (MOIF) was subsequently placed above the
magnetic structures to reveal the magnetized state of the doped
PDMS (Figs. 4C, D). Afterwards, each PDMS block was pressed
against a glass slide (strips at the bottom) and covered with freshly
prepared PDMS (10:1) before curing in an oven for 2 h at 80 °C
(step 6). The larger PDMS slab thereby obtained was irreversibly
bonded to a PDMS cap obtained by replica molding and containing
a double-Y-channel feature (width of 400 µm and height of 50 µm)
to form the microﬂuidic chip (step 7).

process nevertheless requires the fabrication of a micro-scaled magnetic template.
Magnetic composite polymers (M-CPs) may oﬀer a low-cost alternative to conventional microfabrication approaches [21], bringing
numerous advantages such as greater accessibility to non-specialists,
bio-compatibility, ﬂexibility, ease of fabrication and ease of integration
with microﬂuidic components thanks to compatibility with the undoped polymer.
Integration of PDMS composites in microﬂuidic devices is typically
achieved by combining PDMS casting with the doctor blade approach
[22–24], which consists in ﬁlling the recessed area of a master mold
with doped PDMS before removing the excess with a soft blade.
However, proper control of the ﬁnal surface cleanliness is challenging
and may require additional process steps involving sacriﬁcial layers.
Injection of magnetic or conductive ﬂuids or composites into a side
channel adjacent to the main microﬂuidic channel has been reported in
several studies [25–28]. Yet, this design imposes a minimum distance
between the sample channel and the magnetic material, which may
result in decreased magnetic forces.
In this paper, we introduce a simple protocol to fabricate magnetic
trapping and sorting devices using only standard soft-lithography
equipment. The technique combining injection of M-CP with reversible
bonding of PDMS enables to level the magnetic microstructures with
the surface of a ﬂat PDMS slab. First, a continuous-ﬂow magnetic cell
sorter was fabricated using simple carbonyl iron-doped PDMS strips
integrated at the bottom of a whole PDMS chip with two inlets and two
outlets. This classic design enables the deviation of magnetic beads or
magnetically labeled cells from one ﬂow path to another when placing a
magnet under the chip [12]. Then, we demonstrate that the same
fabrication process can be used to produce permanent micromagnet
arrays using PDMS doped with NdFeB particles.
2. Materials and methods
2.1. Magnetic cell sorter fabrication

2.2. Magnetic PDMS characterization
The fabrication of a magnetic cell sorter involves three main stages
(Fig.1):

4 mm cubes of Fe and NdFeB-doped PDMS were prepared with
powder contents of 75 and 66 wt% respectively. The sample magnetic
moment (A.m2) was measured as a function of applied ﬁeld using an
extraction magnetometer and the mass and density of each sample
were determined so as to plot magnetization in T.

a) Fabrication of a PDMS mold for magnetic polymer injection:
A network of parallel injection channels (width ranging from 50
to 200 µm) with a single input and single output was fabricated by
replica molding using a SU-8 master mold. Brieﬂy, a 50 µm thick
layer of negative photoresist (SU-8 2035, MicroChem) was spincoated onto a glass slide (75 mm×25 mm) by spinning at 500 rpm
for 10 s, followed by 2000 rpm for 1 min. The coated slide was then
soft baked on a hotplate at 65 °C for 2 min 30 s and baked again at
95 °C for 8 min, before being exposed for 12 s to UV light through a
plastic photomask (exposure system KLOE UV-KUB, irradiance
=25 mW/cm2). Post exposure baking was then performed on a hot
plate at 65 °C for 1 min 30 s followed by 6 min 30 s at 95 °C.
Finally, the photoresist layer was developed by immersion in
Propylene glycol monomethyl ether acetate (PGMEA, SigmaAldrich) on a rotary shaker for 4 min. The slide was rinsed with
2-propanol, and dried under a nitrogen stream (step 1). PDMS was
prepared using the Sylgard 184 Elastomer Kit (Neyco). After mixing
the silicone base and the curing agent in a weight ratio of 10:1, the
PDMS prepolymer was degassed in vacuum in order to remove
trapped air bubbles. The prepolymer was then poured onto the SU8 master and cured in an oven at 80 °C for 2 h (step 2). Once cured,
the PDMS replica was peeled oﬀ and access holes were punched in
the PDMS with a 1 mm puncher.
A thin PDMS layer (~1 µm [29]) was deposited onto a glass slide
by spin coating a 10% w/w PDMS prepolymer /heptane mixture at
4500 rpm for 1 min. The sample was then allowed to cure in an
oven at 80 °C for 2 h. Afterwards, the PDMS microchannel network

2.3. Magnetic beads
The test objects used in the trapping and sorting experiments were
10 µm-sized magnetic micro-beads based on polystyrene (Sigma) and
1 µm-sized streptavidin coated micro-beads (Sigma) conjugated to
ﬂuorescent Atto 550-labeled biotin.
2.4. Bacteria culture and labelling
Escherichia coli (DSM-No. 6897) were cultivated following the
provider's recommendations (DSMZ, Germany): in Luria Bertani broth
until exponential growth phase (OD=0.8). Cells were then harvested by
centrifugation and labeled with 50 nm streptavidin coated superparamagnetic beads (Miltenyi Biotec), using biotinylated polyribonucleotidic probes obtained by in vitro transcription, as described by Pivetal
et al. [9].
2.5. Microscopy
A Nikon LV150 optical microscope was used to observe magnetic
bead trapping/deviation. Fluorescence imaging was also performed
using a Zeiss Axio Imager equipped with a DsRed ﬁlter. SEM
observations were performed using a JEOL 7401 F.
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Fig. 1. A. Schematic diagram of the magnetic cell sorter fabrication process. B. Illustration of step 4: injection of the magnetic PDMS in a PDMS mold reversibly bonded to a glass slide.

2.6. Flow control setup
A NE-4000 Multi-Phaser Double Syringe pump was used to control
the ﬂow rates. For this purpose, syringe needles were connected to
PTFE tubing (1/32″ ID ×1/16′′ OD) directly inserted into the PDMS
port holes of diameter 1.25 mm.
3. Results and discussion
The aim of this paper is to propose a simple and cost eﬀective
approach that can be used for the fabrication of microﬂuidic platforms
enabling cell trapping or sorting based on magnetic interactions. The
technique is based on the use of carbonyl-iron or NdFeB particles
distributed in a PDMS matrix so as to obtain a composite magnetic
elastomer. We demonstrate how PDMS magnetic composites (M-CP)
can be micropatterned by performing M-CP injection in a microﬂuidic
channel reversibly bonded onto a glass slide and how the magnetic
microstructures thereby obtained can be integrated inside a microﬂuidic chip to provide a ready-to-use trapping or sorting device. In this
study, two types of micropowders, namely Carbonyl Iron and NdFeB
particles were mixed with PDMS to enable the fabrication of both soft
and hard magnetic devices. Soft magnetic materials need to be
magnetized during use, and have the advantage that the attractive
force they exert on a target object can be tuned by varying the strength

Fig. 3. Identiﬁcation of forces at play. Beads are ﬁrst trapped above the magnetic strip
provided the in-plane magnetic force component Fm⊥ is larger than the perpendicular
component of the drag force F′d⊥ . Then the parallel component F′d drags the beads along
the strip. Note that while the bead accelerates in the strip direction, it also experiences a
force opposite to its motion Fd′ ′. This force will compensate F′d only when the stationary
regime will be reached.

of the external magnetic ﬁeld used to magnetize them. Hard magnetic
materials only need to be magnetized once, and thus don’t require an
external ﬁeld during operation, making them particularly suited for the
fabrication of compact devices.
Our purpose was to integrate tilted magnetic strips made of

Fig. 2. A. Picture of an autonomous magnetic device integrating NdFeB strips. The inset is a zoomed image showing two laminar streams ﬂowing side-by-side within the microﬂuidic
channel. B. A schematic depicting the working principle of the sorting device.
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Fig. 4. Cross view (A) and top view (B) of a PDMS ﬂat slab with embedded soft magnetic strips. Optical images made using polarized light of a NdFeB-doped PDMS sample half covered
with a Magneto-optic imaging ﬁlm (MOIF): C - before magnetization; D – after magnetization. In the former we see the native magnetic domain structure of the MOIF, in the later, we
see how the stray magnetic ﬁeld from the underlying magnetized sample has modiﬁed the domain structure of the MOIF. E. Strips integrated at the bottom of the microﬂuidic chip. All
scale bars are 100 µm.

Carbonyl Iron or NdFeB-PDMS composites in a ﬂat PDMS slab
constituting the bottom of a double-Y-channel microﬂuidic chip, so
as to obtain a continuous-ﬂow cell sorter (Fig. 2).
Brieﬂy, the sample containing magnetically-labeled targets is
introduced via an inlet of the chip, while a bead-free buﬀer is
introduced via the second inlet at the same ﬂow rate. Magnetic beads
are trapped and deviated along magnetic rails, thereby transferred
from the sample ﬂow path to the buﬀer one, which guides them to the
outlet opposite to the sample inlet. Conversely, non-magnetic beads do
not interact with the strips and follow the direction of ﬂuid ﬂow
towards the facing outlet.
The main forces acting on the magnetic targets are described in
Fig. 3. A spherical bead of volume Vb and magnetization Mb
experiences a magnetic force which can be expressed as:
Fm=μ 0 (Vb Mb. ∇) H a . In this equation, Ha refers to the applied magnetic
ﬁeld at the center of the bead which is treated as an equivalent point
with a magnetic dipole moment meff =Vb Mb . The vertical component of
this force (Fmz) pulls the bead towards the surface of the magnetic
strips. In a carrier ﬂuid of viscosity η, a bead of radius r is also
submitted to ﬂuidic Stokes' drag, which can be expressed as
Fd =6πηr (v′−v′′)=Fd′−Fd′ ′, where v′ and v′ ′denote the respective velocities
of the ﬂuid and bead. As regards the in-plane forces applied to the
bead, it should be noted that trapping of magnetic beads along the rail
is possible only in the case where the magnetic force component
perpendicular to the rail Fm⊥ is larger than the perpendicular component of the drag force F′d⊥ . Proper guidance of the particle along the rail
is then ensured by the parallel component F′d .
The developed fabrication approach (Fig. 1) aims at obtaining
magnetic strips leveled with the PDMS slab surface. For this purpose,
we used a reversible bonding technique previously reported by our
team [8,30]. The method consists here in coating the surface of a glass
slide with a very thin PDMS layer (1–2 µm), acting as an interface layer
for air plasma bonding of a microﬂuidic channel network, deﬁning an
injection mold for the M-CP. This technique leads to irreversible
bonding between the PDMS layer and the PDMS channel, but, after
injection and curing of the PDMS magnetic composite, the resulting
PDMS block embedding magnetic strips can be easily pulled oﬀ the

glass slide and sealed with a PDMS cap to close the device. It should be
noted that the PDMS magnetic composite had to be heated up on a hot
plate directly after injection to allow rapid curing and avoid the
formation of M-CP clusters during the curing process. At the end of
the process, the distance separating the strips from the bottom of the
separation microchannel was less than 2 µm, which allowed magnetic
interactions between the magnetic strips and the target magnetic beads
to be maximized. The maximum magnetic powder / PDMS wt% that
could be reached for injection was slightly lower for the NdFeB powder
(66% vs 75% for the CI powder) and injection became diﬃcult in both
cases for channel widths and heights smaller than 50 µm. The
processes employed for soft and hard device fabrication were identical,
except that a magnetization step was added before ﬁnal sealing of the
device in the case where hard material was employed (Fig. 4). With the
design based on soft magnetic microstructures, a bulk permanent
NdFeB magnet (remanent magnetization ≈1.3 T, energy density
≈320 kJ/m3) of size 3×1×0.5 cm (magnetization pointing upward)
was placed perpendicularly to the channel direction, 2 mm below the
magnetic strips.
Carbonyl iron particles are spherical and highly polydisperse with
rather smooth surfaces, as revealed by SEM observations (Fig. 5). Their
saturated magnetization is equal to 200 emu/g [31]. MQFP-B NdFeB
hard powder is composed of crushed melt-spun ribbon of irregular
shape and average size 5 µm. The residual induction Br is equal to
0.8 T, according to the datasheet. Both PDMS M-CPs were characterized using an extraction magnetometer (Fig. 6). In the case of CI-PDMS
(weight ratio=3), a (mass) saturated magnetization of 161 emu/g was
obtained, which is consistent with the previous ﬁnding of Li et al. [31].
The volume magnetization was also plotted in A/ m according to the
applied ﬁeld value, by deducing the sample volume from its mass and
density (data not shown). The slope of the curve indicates an apparent
susceptibility value of 1.23, which gives a relative permeability of 2.23.
As regards NdFeB-PDMS, the measured remanent magnetization was
found equal to ∼54 emu/g. The volume remanent magnetization
deduced from sample volume measurement was found equal to ∼0.2 T.
Based on these results, the magnetic ﬁelds and ﬁeld gradients
obtained with soft and hard magnetic microstructures were calculated
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Fig. 5. SEM images of carbonyl iron particles (A) and NdFeB powder (B).

Fig. 6. A. Magnetization curve of a CI-doped PDMS sample (75 wt% carbonyl iron powder) B. Magnetization curve of a NdFeB-doped PDMS sample (66 wt% NdFeB powder).

Fig. 7. Induction B and induction gradient dB/dz calculated 2 µm above the magnetic strips made with soft (A.) or (B.) hard magnetic particles. The simulations were performed for 8
strips of width 100 µm. 1-D plots were obtained for a cut line corresponding to the middle of the strips. In the case of soft magnetic strips, we observe a bias due to the stray magnetic
ﬁeld of the bulk magnet placed underneath (≈145 mT).

shape of particles composing M-CP were not taken into account.
Batch trapping experiments were performed above CI-PDMS and
NdFeB-PDMS strips (Fig. 8). In both cases, ﬂuorescence observations
showed that 1 µm-sized superparamagnetic beads or E.coli bacteria
labeled by in-situ magnetic hybridization were successfully attracted to
the strip surface. While no magnetic bead was observed between the
strips, a few bacteria (∼10%) remained untrapped, which is probably

with Matlab (Fig. 7) using a computational model described in [32]. As
expected, the magnetic ﬁeld values are higher in the soft material case
due to the presence of the external magnet, which can be an asset as it
will help to magnetize the target objects. In both cases, high ﬁeld
gradient values were obtained, up to 1.3×104 T/m in the case of
NdFeB-PDMS strips. It should be noted that such values are probably
underestimated, because local inhomogeneities linked to the size and
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Fig. 8. Fluorescence imaging of 1 µm-sized superparamagnetic beads trapped above soft (A) or hard (B) magnetic strips. Trapping of magnetically-labeled bacteria above CI (C) or
NdFeB (D) strips. All scale bars are 100 µm.

Fig. 9. A. Deviation of 10 µm-sized magnetic beads from one ﬂow path to another above an array of soft strips (dark ﬁeld imaging). B. Same observations performed with 1 µm-sized
superparamagnetic beads or (C.) magnetically-labeled bacteria with NdFeB magnetic microstructures (ﬂuorescence imaging). All scale bars are 100 µm.

Preliminary results also show that the proposed micro-patterning
approach could be applied to the fabrication of magnetic grids using a
bi-dimensional microchannel network for M-CP injection (Fig. 10A and
B). Note that the stray ﬁeld is maximum above holes in a magnetic
surface (Fig. 10C and D). Thus in such a grid-like structure, magnetically-labeled bacteria and superparamagnetic beads are trapped at the
edges of non-magnetic PDMS areas (Fig. 10E and F).

due to the fact that they were unlabeled or too weakly labeled. We also
checked that unlabeled bacteria cells were randomly dispersed on the
PDMS slab surface.
Continuous-ﬂow bead trapping and deviation were also achieved
with both designs, under rather high ﬂow rates (up to 50 µl/min when
10 µm-sized magnetic beads were studied), as shown in Fig. 9.
However, even at very high ﬂow rates ( > 500 µl/min), most bacteria
remained trapped on the magnetic strips, probably due to adsorption
problems which could be limited by bovine serum albumin pretreatment of the microsystem. As expected, the experimental set-up was
more convenient with the hard magnetic version of the device, since the
magnetic ﬁeld sources were fully integrated in this case. In the future,
the cm-sized magnet placed under the device of the soft magnetic
version could be replaced by an electromagnet, so as to simplify ﬁeld
strength tuning.

4. Conclusions
We have presented a new technique to fabricate ﬂat PDMS blocks
with embedded magnetic microstructures leveled with the surface,
using a combination of M-CP injection and reversible bonding. This
rapid prototyping approach enables to fabricate disposable magnetic
microdevices, which can be either tunable or autonomous using soft or
311
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Fig. 10. A. Illustration of the potential of the technique for the fabrication of magnetic grids. B. Picture of the magnetic grid obtained after 2D injection. C. Induction B (T) calculated
2 µm above a grid of hard magnetic particles. D. Magneto-optic imaging of a grid obtained using the hard magnetic powder. Magnetically-labeled bacteria (E.) and 1 µm-sized
superparamagnetic beads (F.) trapped around square zones corresponding to undoped PDMS areas. Scale bars: 100 µm.
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hard magnetic material, respectively. We have demonstrated bead
trapping and deviation under continuous ﬂow, which could be useful
for biological applications involving medium exchange or cell sorting.
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speciﬁc bacterial cells from a complex sample using magnetic in-situ
hybridization [9]. Other designs including 2D magnetic arrays will be
further investigated and the magnetic ﬁeld simulations will also be
supplemented by on-going analysis of ﬂuid-bead transport so as to
obtain bead trajectories.
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