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1

This paper reports the use of a recent composite material, noted hereafter i-PDMS,
made of carbonyl iron microparticles mixed in a PolyDiMethylSiloxane (PDMS)
matrix, for magnetophoretic functions such as capture and separation of magnetic
species. We demonstrated that this composite which combine the advantages of
both components, can locally generate high gradients of magnetic field when
placed between two permanent magnets. After evaluating the magnetic susceptibil-
ity of the material as a function of the doping ratio, we investigated the molding re-
solution offered by i-PDMS to obtain microstructures of various sizes and shapes.
Then, we implemented 500 um i-PDMS microstructures in a microfluidic channel
and studied the influence of flow rate on the deviation and trapping of superpara-
magnetic beads flowing at the neighborhood of the composite material. We charac-
terized the attraction of the magnetic composite by measuring the distance from the
i-PDMS microstructure, at which the beads are either deviated or captured. Finally,
we demonstrated the interest of i-PDMS to perform magnetophoretic functions in
microsystems for biological applications by performing capture of magnetically
labeled cells. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894497]

. INTRODUCTION

It is now well established that for numerous analysis and diagnosis performed on biological
material — typically blood — trapping and separation functions are very important in microsys-
tems."? Among other techniques involving various external stresses such as dielectrophoretic,>*
acoustic,”® optical,”® and hydrodynamic forces,”'® the use of magnetophoresis in microsys-
tems''™'® has been successfully demonstrated to isolate natively magnetic biological species —
for example, deoxygenated red blood cells'*™'7 — or magnetically labeled cells,'®*2* or DNA,*
from non magnetic ones. Indeed, using a hard magnetism approximation, when placed in a
magnetic field gradient (V-B) a magnetic microparticle which magnetic moment is considered
uniform, experiences a magnetic force F,,, expressed as follows:

Fmag = —AIC(B : V)Ba (D

where Ay =y, — x represents the difference in magnetic susceptibilities, between the particle
(3p) and the surrounding fluid (yy), r is the radius of the particle, and py=4mn x 1077 Hm ™! the
vacuum permeability. According to Equation (1), paramagnetic (Ay > 0) and diamagnetic (Ay < 0)
species are therefore, respectively, attracted and repelled by high gradients of magnetic field.

In microsystem, the dominant competing force acting on particles is the hydrodynamic
drag force F 4, defined by Stokes’ law (Equation (2)),

Fdrag = 67‘”’"(vf - Up)v (2)
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where 5 is the viscosity, v, is the velocity of the particle, and vy is the velocity of the suspend-
ing medium.

In order to isolate the magnetic species from the remaining solution, the magnetic force
acting on these particles must be greater than the drag force. Controlling the magnetic field dis-
tribution on the micrometer scale is a challenge. Actually, magnetophoretic separators imple-
menting permanent magnets or electromagnets®® — characterized by centimeter to millimeter
scale dimensions — at the vicinity of the microfluidic chamber, generate high magnetic field
gradients mainly located at the neighbourhood of the magnet edges, and therefore, the magnetic
force associated within the channel is small, on the typical scale of biological cells (tens of
um). More recently, it has been shown that magnetophoretic separators using High Gradient
Magnetic Separation (HGMS) method can be used to separate biocomponents either based on
their intrinsic magnetic properties or using magnetically labeled cells.'>'®'**7 Moreover,
researchers have focused on the generation of high local and controlled magnetic field gradients
to overcome the low magnetic forces exerted on biological materials because of their natively
small magnetic susceptibilities.

Therefore, several techniques have been reported in the literature to achieve the generation
of such controlled and very well located gradients. The injection of some ferromagnetic suspen-
sion into a side channel apart from the separation channel have been reported to generate mag-
netic field gradients sufficient to achieve separation of magnetic beads or cells.”® However, the
flow rate enabling cell capture is relatively low: 6 ul/h. The use of micromagnets located within
the channel has been reported to allow the capture of magnetic particles’® and magnetically la-
beled bacterial cells*® thus at a high technological cost. The introduction of ferromagnetic thin
wires'*?132 or microstructures'>*** mainly made of Nickel, inside the system is the most
common method to create controlled local gradient for blood cells sorting and capture.
Although these soft ferromagnetic structures allow the control of the magnetic field distribution
on the micrometer scale, they are obtained by time-consuming electroplating techniques.
Moreover, the heterogeneous integration of metallic materials in PDMS systems can generate
leakage issues during operation. However, as previously demonstrated with carbon doped
PDMS,*> PDMS composite materials present many advantages over metallic microstructures for
the fabrication of active microfluidic devices. Indeed, we have shown that this material, com-
bining properties of both compounds, allows the easy and fast integration of metallic micro-
structures using soft-lithography approach while preserving O, plasma bonding properties of
PDMS substrate and avoiding cumbersome alignment procedure. One recent publication reports
the isolation of tumors cells from leukocytes, using a microsystem based on self assembled
NdFeB-PDMS composite.”® The authors report a very high capture efficiency of magnetically
labeled leucocytes, leading to an enrichment of the population of tumor cells by a factor of
>10°. However, despite these very good results, the use of permanent magnets does not allow
the easy and rapid release of the targeted cells, which can be a difficulty for subsequent
analysis.

The objective of this paper is therefore to evaluate another PDMS composite — Carbonyl
Iron-PDMS, noted hereafter i-PDMS — to generate local gradients of magnetic field and then
to carry out magnetophoresis based manipulations (capture or separation) in a microfluidic for-
mat. This material is composed of a PDMS matrix doped with carbonyl iron microparticles that
give to this composite soft ferromagnetic property as already shown in previous papers.”’*° In
past studies, authors demonstrated that this material can form magnetically actuated membranes®®
to achieve micropumps®® and mixing functions®’ in MEMS. However, to the best of our knowl-
edge, no study was reported on the use of this material in magnetophoresis based microfluidic
functions such as trapping and separation of magnetic species. We aim at demonstrating that
i-PDMS composite is suitable to generate high gradients of magnetic field and can be used for
magnetophoretic applications such as HGMS. We first report the preparation and characterization
of i-PDMS with various doping ratios. Shape of the microstructures as well as the position of the
permanent magnets relative to the structures was optimised numerically. Then, 500 um i-PDMS
diamond microstructures integrated along a PDMS microfluidic channel were evaluated for mag-
netophoresis functions. Trapping capacities of this material are demonstrated with quantitative
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measurements of the behavior of superparamagnetic microbeads flowing in the microsystem as a
function of flow rate. The separation of para- and diamagnetic species is illustrated. Finally, we
have highlighted that i-PDMS is suitable to perform magnetophoretic functions for biological
applications by showing the capture of magnetically labeled cells.

Il. EXPERIMENTAL
A. Preparation of i-PDMS

Carbonyl iron microparticles (dry powder, 7 um diameter, 97% Fe basis) (Sigma-Aldrich)
and PDMS mixture (10/1 w/w of monomer and curing agent, respectively) (Sylgard from
Samaro) were thoroughly mixed in a mortar (around 4 min) until obtaining an homogeneous
material prior to polymer reticulation. Different carbonyl iron concentrations ranging from 50%
to 83% w/w were tested. The homogeneity of the different composites prepared has been veri-
fied by SEM (Tescan SEMFEG Mira3) observations of slices of material.

B. Fabrication and preparation of the microsystem

The different microfluidic structures were prepared using soft lithography approaches based
on the replication of masters as reported elsewhere.*' For the integration of i-PDMS microstruc-
tures into PDMS channels, this replication was operated in two steps using first the composite
and then conventional PDMS, as reported previously.>> The master was fabricated through
standard photolithography method (Figure 1(a)). Briefly, SU8-2035 (Chimie Tech Service) was
spin-coated on glass substrate in order to obtain 45 and 36 um thick masters. Then, i-PDMS
was first molded in the dedicated area of the system and after cleaning the eventual i-PDMS
smears, the composite was baked in the same conditions as pure PDMS (75°C for 60 min).
Then, conventional PDMS was poured over the whole master and baked (75°C for 60 min).
Due to the good binding of i-PDMS and PDMS, when the PDMS slab was peeled off the mas-
ter, i-PDMS microstructures remained bound to PDMS. After microscopic observations of the
mold, we are confident that no i-PDMS microstructures were left on it. The inlets and outlets
were then punched prior to sealing of the PDMS slab to a pre-cut glass substrate by O,-plasma
activation (40s, Pp, = 900 mTorr).

a)su-s—_A
Glass —> EEEnEn E
substrate Glass-PDMS plasma bonding
LU iy \
~, EEEEgE F
iPDMS — SRR _25cm.
oullet
00000' r
PDVS——> I EnEn
: ¢
b) £ o Plexiglas support

o e I

FIG. 1. (a) Fabrication process of microsystems integrating i-PDMS microstructures: (A) SU-8 spin-coating on a glass sub-
strate, (B) SU-8 photolithography and development, (C) i-PDMS deposition and curing, (D) pouring of PDMS and curing,
(E) Demolding of the system and punching of the inlets and outlets, (F) side view, and (G) top view of the final microsys-
tem. (b) Schematic side view of the experimental setup presenting the optimized configuration of the permanent magnets
regarding to the microsystem. (c) Picture of the microchannel mounted with the magnets. The close-up allows distinguish-
ing the i-PDMS diamond-like microstructures.
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C. Preparation of the magnetic microparticle suspension

Different magnetic species were tested in the microsystem. 12 um in diameter superpara-
magnetic microparticles — consisting of magnetite in a polystyrene copolymerisate as or-
ganic matrix (density 1.2g/cm®, y,,=8.44 x 107> corresponding to a magnetization of
0.56 emu/g for a magnetic field of 1000 0e) — and 10 um in diameter diamagnetic fluores-
cent microparticles, respectively, purchased from Kisker and Sigma-Aldrich. These particles
were suspended at a concentration around 160 beads/ul in filtered Phosphate Buffered Saline
(PBS) (Invitrogen) with 3.6% w/w dextran (Mw =2 X 10° Leuconostoc spp., from Sigma
Life Science). Dextran was used to reduce the sedimentation of the particles during the time
of the experiment.

D. Cell magnetic labeling

Human breast cancer cells (GFP MDA-MB-231) were labeled with a stable suspension
of maghemite nanoparticles coated with negatively charged citrate molecules (magnetic di-
ameter of 8.3nm and hydrodynamic diameter of 35nm) provided by C. Ménager
(Laboratoire PESCA, UMR7195, Université Paris 6, France). Confluent cells were incubated
for 2h with a suspension of the negatively charged maghemite nanoparticles ([Fe] =10 mM)
in RPMI culture medium containing 5 mM of sodium citrate (free citrates are used as coun-
terions to stabilize the nanoparticle suspension), followed by a chase period of 1h in supple-
mented culture medium. Cells were then detached using trypsin, resuspended in supple-
mented culture medium to the desired concentration (~6 x 10° cells/ml), and injected in the
microsystem.

E. Experimental setup

The microsystem was then placed on a custom-made Plexiglas support developed in order
to secure the position of the two permanent magnets (Nd/Fe/Br 25 x 10 x 5mm® 1,2 T at the
pole, polarization in the longest dimension) used to generate the external magnetic field, regard-
ing the microfluidic channel in the optimized configuration. The experimental setup is presented
on Figures 1(b) and 1(c). The relative positions of magnets and microchannel were optimized
by numerical simulations. Before introducing the magnetic species, the microsystem was passi-
vated with filtered 2% Bovine Serum Albumin (BSA) (Sigma-Aldrich) in PBS to avoid any
non-specific adsorption of the particles onto the microchannel walls. The microsystem was then
rinsed with filtered PBS. A syringe pump (Harvard Apparatus) was used to inject the beads sus-
pension in the microsystem. Videomicroscopy techniques involving an inverted epifluorescent
microscope (Leica DMI4000B) and a camera (Leica DFC340 FX) allowed us to observe the
behavior of superpara- and diamagnetic beads in the microsystem. Image J® was used to per-
form image analysis and to retrieve beads trajectories.

IIl. RESULTS AND DISCUSSION
A. i-PDMS characterization

We first evaluated the influence of doping ratio (50%, 75%, and 83% w/w) on the structur-
ability and magnetic properties of i-PDMS. We found (INL and Institut Néel, unpublished
results) that the magnetization M of i-PDMS composites, as a function of the magnetic field
applied H, increases with the doping ratio as previously reported by Li er al.’’ These curves
were exploited in order to calculate the magnetic relative permittivity u, as a function of the
doping ratio. Indeed, this parameter directly traduces the capacity of the material to generate
magnetic field gradient. p,., was calculated using Equations (3) and (4),

M=y,H, 3

e =14 Yy )
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where M is the resulting magnetization of the composite — converted into A/m, taking into
account the density of the material (measured as described in the Appendix) — under the
applied magnetic field H (also expressed in A/m) and y,, is the magnetic susceptibility of the
material.

We report the evolution of the relative magnetic permittivity of the composite versus the
doping concentration in Figure 2. The results show that y, increases with the carbonyl iron con-
centration. Indeed, u, increases from 1.45 to 2.28 when the doping ratio is increased from 50%
to 83% w/w. This value is typically of the same order of magnitude than relative permitivity of
other magnetic composites.”® The values of u, for i-PDMS are to be compared with a value of
1, of 6.02, expected for 100% carbonyl iron powder (from the magnetization curve obtained on
pure carbonyl iron particles and the associated density value given by the manufacturer). From
our previous experience with other PDMS composites,® we expect that further increasing the
doping ratio would drastically increase the viscosity of i-PDMS and therefore reduce the ability
of the material to be processed by replication techniques. Despite its low p, value, the i-PDMS
is efficient for magnetic separation as demonstrated below. In the future, we plan to increase
the 1, by choosing other doping materials or by adding nanoparticles instead of microparticles.

We studied the effect of doping ratio on structurability of the composite by replication
approaches. Several geometric shapes (squares-, disks-, and diamonds-like shapes with various
angles) were replicated using soft lithography techniques*' and resultant i-PDMS structures
were characterized by SEM observations (see Figure 3). Satisfactory replication was observed
for all doping ratio. In order to maximize the magnetic susceptibility while keeping replication
capacity, we selected a doping ratio of 83% w/w, corresponding to a magnetic relative permit-
tivity of 2.28. For this doping, we evaluated the minimal resolution that our replication
approach could attain. We managed to obtain microstructures down to 50 um (typical dimension
of the geometric shape: side for squares, diameter for disks and smallest diagonal for diamonds)
that exhibit fine shapes and good angle resolutions as illustrated in Figures 3(a)-3(c). Below
this limit, the shapes were recognizable but the definition of the angles were not judged satis-
factory and the edges were less smooth (Figures 3(d)-3(f)).

B. Application to the generation of magnetic field gradient for HGMS

We aim at highlighting the ability of this composite material to be used to perform separa-
tion of magnetic species via trapping. Indeed, in order to trap a superparamagnetic particle
flowing in the microfluidic system, the magnetic force has to overcome the drag force exerted
by the surrounding fluid on the object, i.e., F 4 > F4qe. As the magnetic susceptibility and the

3 1 1 I I I I

N
T

Relavtive permitivity p,

0 20 40 60 80 100
Doping ratio (% w/w)

o

FIG. 2. Relative magnetic permittivity of the composite materials p, versus the doping ratio.
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FIG. 3. SEM images of various 83% w/w i-PDMS microstructures. From (a)—(c) characteristic dimension was 50 um,
whereas from (e)—(f) characteristic dimension was 25 um.

radius of the particle are intrinsic parameters of the species to isolate, the only way to maxi-
mize the magnetic force is either to reduce the magnetic susceptibility of the surrounding me-
dium'” or to maximize |(B-V)B|. We chose here to implement microstructures of i-PDMS
inside a fluidic microsystem to demonstrate the ability of this composite material to induce suf-
ficiently high magnetic field gradients to perform separation of magnetic species via trapping.
For that purpose, we considered a microfluidic channel with a respective width and height of
I mm and 50 um, containing 83% w/w i-PDMS microstructures. The magnetic field was pro-
duced by applying two permanent magnets facing each other, hence generating a magnetic field
as uniform as possible, so that gradients can only be attributed to the presence of i-PDMS
microstructures.

1. Configuration of the microsystem

2D computer simulations were performed with ComSol Multiphysics 4.2a® in order to deter-
mine the optimum configuration of the microfluidic system to maximize |(B - V)B| generated by
i-PDMS microstructures, under uniform magnetic field (|B| computed to be roughly 206.7 mT).
We have evaluated the influence of (i) the position of the permanent magnets regarding the
microfluidic channel — as defined in Figure 4(a), D, the distance between the two magnets and
d, the vertical position of the channel regarding the middle of the magnets are investigated —
and (ii) the shape of the i-PDMS microstructures to maximize the gradient generated.

First, the microchannel with a single 500 um i-PDMS microstructure was centered between
the two permanent magnets, as illustrated in Figure 4(a), for d =0mm and the effect of the dis-
tance D between the two magnets was investigated. The optimum position of the magnets is
expected to generate a high |(B - V)B| term in order to maximize the associated magnetic force.
We have first simulated a microchannel without i-PDMS structures and checked that the mag-
netic field generated by the two permanent magnets is nearly uniform and therefore considered
constant (data not shown here) for d =0. Then an i-PDMS microstructure is added to the sys-
tem. As expected, |(B - V)B| increases as D is decreased (Figure 4(b)). However, for practical
reasons, we choose to fix the inter-magnet distance at 10 mm. Indeed, the attraction force between
the magnets is so important when they are too close that it becomes difficult to handle and posi-
tion them on each side of the microfluidic device. Then, we studied the influence of the vertical
alignment of the microchannel regarding the magnet height for D= 10mm. |(B - V)B| is maxi-
mized in the channel for d=0 as presented in Figure 4(c). Therefore, the optimum configuration
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FIG. 4. (a) Schematic representation and definition of the different parameters: D is the distance between the two perma-
nent magnets — the microchannel being in the middle — and d is the vertical shift of the channel position regarding half
the magnets height. (b) Evolution of the |(B-V)B| term across the channel width as D is varied, for d=0mm. (c)
Evolution of the |(B - V)B| term across the channel width as d is varied, for D = 10 mm.

of the setup is chosen to be the microchannel centered horizontally and vertically compared to
the two magnets which are spaced 10 mm from each other.

We also studied the effect of the i-PDMS microstructure shape on the gradient of magnetic
field generated. Various shapes such as 500 um disks, squares, and diamonds (typical size is,
respectively, diameter, side, and diagonal) were simulated at the center of the microchannel
with the optimum configuration determined previously (D=10mm and d=O0mm). The
|(B - V)B| term generated by the microstructures was calculated for each shape using the rela-
tive permittivity u, of the 83% w/w i-PDMS determined previously from the magnetization
curves and the measurement of the material density (see the Appendix).

As presented in Figure 5(a), the results show that the diamond-like i-PDMS structure
exhibits the highest magnetic field gradients at the tip. When looking at the vicinity of the
microstructure, 10 um away from the composite (see Figure 5(b)), it appears that the diamond-
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FIG. 5. (a) Evolution of |(B-V)B| along the red line on the surface representation (top images) as a function of the
i-PDMS microstructure shape. (b) |(B - V)B| along the y-direction (top) 10 um and (bottom) 50 um away from the i-PDMS
microstructure — as defined on the sketches on the right — according to the shape.
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like shape generates |(B - V)B| values twice as high as the square-like one. |(B - V)B| is still
higher for the diamond-like at 50 um away from the structure. Therefore, for the rest of the
study, the diamond-like microstructure has been selected to demonstrate the capability of i-
PDMS to concentrate the magnetic streamlines in a microsystem.

2. Characterization of magnetic trapping

The 1 mm wide microfluidic channel integrating a line of 20 diamond-like microstructures
made of 83% w/w i-PDMS was prepared according to the protocol described in Sec. II. A sy-
ringe pump is used to apply the flow and inject the magnetic species to separate. The whole
setup was placed under an inverted microscope in order to perform videomicroscopic recordings
of the particles behavior as they flowed through the system.

We first highlighted the actual distribution of magnetic field lines by injecting a suspension
of 12 um superparamagnetic microparticles (y,,=8.44 x 107?) in PBS solution at 160 beads/ul
and at a flow rate of 50 ul/h. As illustrated in Figure 6, the superparamagnetic microbeads were
trapped around the composite microstructures highlighting the generation of gradients of mag-
netic field. Those results demonstrate the concentration of magnetic field lines around the
i-PDMS hence generating gradients inducing a magnetic force on the superparamagnetic beads.

It can be noticed that the apparent geometry of the microstructure is modified during the
experiment by the aggregation of superparamagnetic particles (Figure 6(a)). This can lead to a
decrease of the capture efficiency of the system — due to (i) an increase in the distance
between flowing beads and the region of high magnetic gradients and (ii) a slight decrease of
the channel section inducing a rise of the drag force — up to the saturation where beads tend
to roll on the trapped particles and get released in the circulation. In the rest of the manuscript,
the measurements were performed with little coverage of the posts, to ensure to be independent
of this change in geometry. One advantage of our composite material is the possibility to
reverse the trapping and to release the particles from the structures. As a matter of fact, by
removing the permanent magnets and applying a flow, the superparamagnetic particles were

Removal of the

- DRQ i After few
permanent magnets  Rincing by PBS injection

minutes of flow

c) 60 d) 60
400~ 400
E 200 ' 200
2 of =
>.200+ = =>.200
400" sy | 400 i
69%00 500 0 500 1000 %boo 500 0 500 1000
X (Hm) X (pm)

FIG. 6. (a) Capture of superparamagnetic beads suspended in PBS, on several i-PDMS microstructures. The close-up
allows distinguishing the amount of beads trapped on a single structure. (b) Emphasize of the reversibility of the capture:
the beads can be detached and collected by rinsing after removal of the magnets. Trajectories — extracted from videomi-
croscopic observations — of superparamagnetic microparticles, suspended in 3.6% w/w dextran in PBS, flowing at 50 ul/h
(c) in absence and (d) in presence of the permanent magnets. The flow is from left to right.
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allowed to freely flow off the structure, as illustrated in Figure 6(b). This indicates no residual
magnetization of our material after removal of the external magnetic field.

In order to study into details the performances of the trapping of magnetic species by i-PDMS
structures, we focused on the behavior of superparamagnetic particles as they flowed at the vicinity
of the first diamond structure. However, it was difficult to carry out characterization experiments as
microparticles sedimentation occurred within 10 min in the syringe. To attenuate that effect, we
suspended superparamagnetic particles in a solution of polymer (dextran at 3.6% w/w in PBS, i.e.,
n ~ 10 mPa s) to increase the viscosity of the surrounding fluid, despite the fact that it increases the
drag force F4,, by a factor 10 (see Equation (2)), and hence impacts the conditions where
F 4 > F 4. This induces a reduction of the capture efficiency. However, we verified experimen-
tally that in a suspension containing 3.6% w/w dextran in PBS, superparamagnetic particles flown
through the microsystem at 50 ul/h were still captured on the i-PDMS microstructures in presence
of the magnet (Figure 6(c)) whereas the trajectories were symmetrical in absence of the permanent
magnets (Figure 6(d)). It was verified that in absence of the two permanent magnets, or when
injecting diamagnetic microparticles, no trapping on the i-PDMS occurred. We also checked that in
presence of the magnets but with pure PDMS microstructures within the channel, the particles were
following the stream lines and showed no attraction towards neither the PDMS microstructures nor
towards the channel walls, hence showing that any eventual gradient of magnetic field induced by
the two permanent magnets is not strong enough to perturb beads trajectories and can therefore be
neglected (see Figure 11 in the Appendix). In the rest of this paper, we will thus consider a situation
unfavorable regarding the trapping. One should keep in mind that if working with magnetic species
suspended in non-viscous media, the actual capture and deviation efficiencies would be higher than
those reported here.

3. Effect of the flow rate on the magnetic trapping

We then investigated the influence of the flow rate on the ability of the i-PDMS micro-
structures to trap superparamagnetic microbeads. Three different flow rates are studied: 50, 200,
and 500 pl/h, which considering a 45 um high and 1 mm wide microchannel, correspond to typi-
cal flow speed of 0.3, 1.2, and 3.1 mm/s, respectively, far from the structure. One may note that
for a given flow rate, as particles flow past the i-PDMS microstructure and thus undergo a
stronger magnetic force, they accelerate due to the reduction (from 1mm to 500 um) of the
apparent width of the channel, therefore leading to the doubling of the drag force experienced
by the cells. Videomicroscopic recordings of the particles behavior were performed at the vicin-
ity of the first diamond-like shaped microstructure, hence allowing the extraction of several
parameters such as bead positions and their velocities. Figure 7(a) reports a time lapse of video-
microscopic images: actual capture and deviation events can be observed on the i-PDMS post
already covered with captured superparamagnetic beads. The deviation of the microbeads as
they flow close to the i-PDMS structure is measured versus the applied flow, according to the
methodology described in Figure 7(a). The positions Y; and Y, of the beads in the channel are
measured, respectively, at x=—500um and x=+4500um — position corresponding to the
equidistance between the first and the second microstructure — from the center of the
diamond-like shaped structure. Therefore, we performed the study of the deviation of the
microbeads AY =Y — Y, as a function of their position Y prior to the composite post.

The results are presented in Figure 7(b), in presence and in absence of the two permanent
magnets, for a typical flow rate of 200 ul/h. In absence of external magnetic field, the super-
paramagnetic microbeads follow the stream lines as verified with 1 pum fluorescent non-
magnetic carboxylate microbeads. When a magnetic field is applied, the magnetic particles are
affected by the gradient generated by the i-PDMS structures; hence allowing the observation of
capture or strong deviation of the beads according to their initial position Y, in the channel.
However, superparamagnetic particles flowing close to channel walls tend to exhibit the same
behavior in absence or in presence of magnetic field, hence traducing the fact that magnetic
particles are not affected by the magnetic force when flowing far from the i-PDMS microstruc-
ture. This suggests that there is a critical distance above which the objects are not sensitive to
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FIG. 7. (a) Z-stack projection of videomicroscopic images representing superparamagnetic particles flowing at the vicinity
of an i-PDMS microstructure in presence of an external magnetic field. Y-positions of the beads are measured at two differ-
ent locations 500 um, respectively, upstream and downstream of the center of the structure, allowing calculating the devia-
tion of the bead AY =Y, — Y. (b) Evolution of the deviation AY of the beads versus their position upstream of the
microstructure, with and without external magnetic field. The beads are flowing at 200 ul/h. The curves are guide for the
eyes. We defined W, guence (light grey) and Wy (dark grey) as the portion of the channel width where the beads are
deviated and captured, respectively. (c) Evolution of W;,4ence and W0, as a function of the flow rate Q. The curves are
guides for the eyes.

the ability of the composite posts to concentrate magnetic streamlines. Below this critical dis-
tance, the behavior of particles starts to differ when in presence or in absence of the permanent
magnets. These results are consistent with the results obtained via numerical simulations (see
Figure 5(b)) showing that for a diamond-like i-PDMS microstructure, |(B-V)B| decreases
roughly from a factor 7 (1300 to 175 T> m™ "), respectively, 10 and 50 um away from the post.
Indeed, for Y, ranging from —325 to 325 um, the superparamagnetic beads tend to get deviated
towards the microstructure in presence of an external magnetic field. This zone where beads are
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affected by the gradients of magnetic field generated by the i-PDMS post is defined as the influ-
ence window (with a width W;,4,.,.. €xpressed as a percentage of the total channel width w).
When looking at the behavior of particles flowing at the direct proximity of the structure
(=150 um < Y, < 150 um), we observed that they get trapped on the i-PDMS posts. This sec-
ond area is defined as the capture window (with a width W ,,.. expressed as a percentage of
the total channel width w) associated with the structure.

In order to evaluate the capture efficiency of the system, one approach would be to count
the number of particules captured by the i-PDMS post regarding the total number of particules
flown in the device. However, despite the increase of the viscosity of the suspending fluid, the
beads tend to sediment in the syringe during the experiment, leading to a non uniform distribu-
tion of the particles in the channel width. As the magnetic force undergone by the particles
depends on their position regarding the i-PDMS structure, this phenomenon could impact any
estimation of the capture efficiency; for example, if the beads tend to enter the channel close to
the walls, the capture efficiency would be artificially low. The capture window W .., high-
lights the proportion of the channel width in which particles are captured on the i-PDMS micro-
structured. Therefore, assuming a uniform distribution of particles in the channel, the capture
efficiency of our microsystem is directly traduced by the value of W g

By repeating these measurements for different flow rates, we studied the influence of the flow
rate on the size of the influence and capture windows; the results are summarized on Figure 7(c).
Capture and deviation are favored at low flow rate conditions since the capture and deviation win-
dows represents, respectively, 70% and 90% of the channel width at 50 ul/h. When the flow rate is
increased, we observed a reduction of both the capture and influence windows. Indeed, the drag
force F 4,y described by Equation (2) varies linearly with the speed contribution (vy — vp). As
(vr — vp) rises, the drag force increases hence diminishing the contribution of the magnetic force to
the resultant total force exerted on the bead. As a consequence, at high flow rate less beads get
trapped on the i-PDMS microstructure; however, they tend to be deviated towards the microstruc-
ture and thus towards the center of the channel. Typically, at 500 ul/h, the deviation window tends
to completely prevail over the capture one. This focusing phenomenon can be exploited in a multi-
structure configuration, as demonstrated in Sec. III B 4.

We would like to remind the reader that the results presented here are obtained in unfavor-
able conditions as the viscosity of the suspending medium has been increased (roughly 10 times
higher than water viscosity) in order to attenuate the beads sedimentation in the syringe during
the time of the experiment. Therefore, it is difficult to compare our results in terms of capture
efficiency to those reported in the literature, as most of the published experiments have been
performed in aqueous medium, with a viscosity comparable to that of water. However, we try
to estimate the equivalent performances of our system in water-like medium. Considering the
same magnetic conditions (meaning F,,, constant), we can reduce the viscosity of the sur-
rounding medium by a factor of 10 — to reach that of water — while increasing the flow speed
of the same amount without changing the drag force and thus the capture efficiency. As we
report here 70% capture efficiency at 50 ul/h and for # =10 X #,,4se,» We can assume that 70%
capture efficiency would be achieved with our setup at 500 ul/h for 7 =1 mPa s; such flow rate
are comparable to those reported in the literature.’*** In order to increase further the perform-
ances of our system, work should be done on the optimization of the size of the i-PDMS micro-
structures, as well as the arrangement of multiple structures.

4. Influence of multiple structures

Indeed, the addition of several diamond-like i-PDMS microstructures along the channel
(h=36 um) can be used to cumulate the effects of capture and deviation of superparamagnetic
species (see Figure 8). A bead, flowing at 50 ul/h along the channel, initially outside of the cap-
ture window of the first i-PDMS microstructure (for example, the green solid diamond of
Figure 8(a)) is deviated until it is captured on the third structure.

At each composite microstructure, the magnetic force deviates the bead until the cumulated
effect results in the bead capture. When measured after one, two, and three i-PDMS
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FIG. 8. (a) Trajectories of superparamagnetic microbeads flowing at 50 ul/h along a line of i-PDMS structures implemented
in a 36 um high microfluidic system. (b) Evolution of W 4. and Wi,g,ence as a function of the number of i-PDMS struc-
tures considered. Q =50 uLL/h and h =36 um.

microstructures, the capture and influence windows are increased. For example, the capture
window increases from 47% for the first structure, to 71% after the third structure at 50 ul/h (as
reported in Figure 8(b)). The trapping efficiency is thus enhanced with multiple structures at
relatively low flow rate. In addition, considering the tendency of the particles to get deviated
by one i-PDMS microstructure without being trapped on the post at higher flow rate (i.e., the
influence window prevails), using multiple structures at high flow rate would lead to the focal-
ization of beads towards the microsctructures, and therefore towards the center of the channel.
Such approach would be suitable for continuous separation of magnetic species in flow.

5. Separation between two populations of beads of different magnetic properties

We also demonstrated the use of this material to perform HGMS of two populations of
microparticles differing by their magnetic properties. A mixture of superpara- and fluorescently
labeled diamagnetic particles, prepared with respective proportions of (1/4 superpara/dia), is
injected in the microsystem at 50 ul/h. As illustrated on Figure 9, we were able to extract the
superparamagnetic species using i-PDMS microstructures. As highlighted by the absence of
fluorescent signal from the captured objects, the fluorescent diamagnetic particles flow freely
past the i-PDMS structure, whereas the superparamagnetic beads are trapped on the composite,
hence resulting in their isolation.

Flow direction Flow direction Flow direction
— —_— —

FIG. 9. (a) Bright field and (b) fluorescence z-stack projection of videomicroscopic images representing a mixture of super-
paramagnetic and fluorescently labeled diamagnetic particles flowing at 50 ul/h in the channel. (c¢) Overlay of the two previ-
ous pictures. Only superparamagnetic beads (black arrows) are captured, as highlighted by the absence of fluorescent signal
on the i-PDMS microstructure.
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FIG. 10. Bright field images of magnetically labeled cells captured on a i-PDMS microstructure. The last image is an over-
lay of a bright field and a fluorescent images of the microstructure. The cells accumulate on the composite material, upon
cell injections, in presence of the two permanent magnets. Injections induce flow from left to right.

C. Application with biological species

Finally, we demonstrate the potential of i-PDMS to perform magnetophoretic functions in
microsystems for biological applications. GFP transfected MDA-MB-231 cells (human breast can-
cer cells) are magnetically labeled by incubation with maghemite nanoparticles (from PECSA Lab,
largely used as magnetic labeling agent*?*) according to the protocol described in Sec. II. Then, the
cells suspended in culture medium are injected in the microsystem thanks to a micropipette, in pres-
ence of the two permanent magnets, at a concentration of 6.5 x 10° cells/ml. Several injections are
performed and pictures of the i-PDMS microstructures are recorded after each injection. As illus-
trated on Figure 10, cells are captured on the composite material and accumulated according to the
different injections.

The typical magnetic susceptibility acquired by the cells upon magnetic labelization has
been estimated to Y. =3.6 £ 1.6 X 1073, which is equivalent to an average uptake of 2.3 £ 1,
1 pg of iron per cell (protocol detailed in the Appendix). One should notice that the typical
magnetic susceptibility of the cells is of the same order of magnitude than the one of the super-
paramagnetic particles used previously in this study (factor 2.3).

IV. CONCLUSION

In this paper, we have demonstrated that i-PDMS, a carbonyl iron doped PDMS material is
suitable for magnetophoretic functions in microsystem such as capture and separation of mag-
netic species. The composite material combines properties of both compounds and allows easy
and fast integration of 3D metalic microstructures using soft lithography approach while pre-
serving O, plasma bounding properties of PDMS substrate and avoiding cumbersome alignment
procedure. We have reported that an optimum doping ratio of 83% w/w of carbonyl iron in
PDMS yields to a composite material with satisfactory relative magnetic susceptibility while
keeping its ability to be structured by soft lithography techniques. We have then implemented
500 um diamond-like shaped i-PDMS microstructures in a 1 mm wide microfluidic channel
according to a configuration which have been optimized by numerical simulations. We have
demonstrated the generation of magnetic field gradients, when i-PDMS structures are placed
between two permanent magnets. The dynamical study of superparamagnetic particles flowing
at the vicinity of such microstructures points out two types of behavior according to their initial
position: either beads are captured or they are deviated towards the composite, i.e., the center
of the channel. We have shown that by removing the permanent magnets, the magnetic particles
can be released in the surrounding medium, hence taking advantage in doping PDMS with soft
magnetic microparticles to capture in a reversible way the magnetic species. This can be a criti-
cal issue as capture, rinsing, and release steps of species of interest are often required for fur-
ther analysis or detection. We have also confirmed that flow rate affects the capture efficiency
as particles tend to be deviated instead of captured upon increase of the flow rate. Even if at
high flow rate or high viscosity, the magnetic trapping is not favored on a single microstructure
(the magnetic force cannot overcome the drag force), it is still possible to increase the trapping
efficiency by using multiple structures, taking advantage of the magnetic deviation of the
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particles in the vicinity of each magnetic structures. Moreover, combining multiple structures
and high flow rate injection should allow to focus the magnetic species at the center of the
microchannel, favouring a continuous separation of the species of interest. Finally, through the
separation of particles with different magnetic properties, we have demonstrated that i-PDMS
hold promise for new potential applications in HGMS and magnetophoretic functions in micro-
fluidic systems, in particular for biological and medical applications as illustrated here by the
capture of magnetically labeled cancer cells. In order to increase further the performances of
our system, work should be done on the optimization of the size of the i-PDMS microstruc-
tures, as well as the arrangement of multiple structures.
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APPENDIX: COMPLEMENTARY INFORMATION

1. Measurement of composite density

The density g, of the composite for various doping ratio was measured with a pycnometer, at
room temperature and atmospheric pressure, using deionised water (¢ = 1 g/cm?) as the reference
material. For each carbonyl iron concentration, 80 um thick i-PDMS pieces (3 mm by 3 mm) were
prepared and their mass m, was measured. The composite was then introduced in the pycnometer
pre-filled with deionised water, as well as a magnetic stirrer bar which is used to get rid of all the
bubbles eventually trapped when introducing the sample in the water. The volume of water is
adjusted in order to reach the close-fitting ground glass stopper. The pycnometer is first put on a
magnetic stirrer to remove the biggest air bubbles (roughly 1h), and then put in a sonic bath to
remove the finest ones (2 h minimum is required). Finally, the mass m; of the gauged pycnometer
containing the deionised water, the stirrer bar and the i-PDMS sample, is measured. The same
measurement is conducted without the sample and allows estimating m,, the mass of the pycnom-
eter containing the deionised water and the stirrer bar. The density of the composite is determined
by using the following equation:

oy = mg/(my +my —my).o. (A1)

TABLE I. Table of i-PDMS density according to the carbonyl iron concentration.

Carbonyl iron doping ratio (%) Density o (g/cm3)
0 0.965"

50 1.64

75 2.43

83 3.65

100 7.86°

“Value for pure PDMS from the literature (Ref. 44).
"Value for pure carbonyl iron microparticles given by manufacturer (see www.sigmaaldrich.com).
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FIG. 11. (a) Trajectories of superparamagnetic microparticles, suspended in 3.6% w/w dextran in PBS, flowing at 50 ul/h,
at the vicinity of pure PDMS microstructures, in presence of the permanent magnets. The flow is from left to right.
(b) Evolution of the deviation AY of the beads versus their position upstream of the microstructure Yy, for a pure PDMS
microstructure with external magnetic field (solid squares) and for a i-PDMS microstructure without the permanent mag-
nets (open circles). The beads are flowing at 50 ul/h. The curve is a guide for the eyes.

One may note that during the preparation of i-PDMS samples, microscopic bubbles may have
been trapped in the composite which may lead to a slight underestimation of the materials density.
The obtained density values of i-PDMS according to the doping ratio are presented in Table I.

The density measurements are then used to convert the magnetization value M measured
on the composites into the appropriate unit (A/m). Then, knowing the applied magnetic field H
(in A/m), the magnetic susceptibility y,, of the material is calculated from Equation (3). Finally,
the magnetic relative permittivity u, is obtained from Equation (4).

2. Effect of the magnetic field gradient generated by the external magnets

We have verified that the presence of the two permanent magnets, located on each side of the
microfluidic chamber implementing pure PDMS microstructures, does not induce any perturba-
tions to the superparamagnetic particles behavior. We have recorded the trajectories of the beads
flowing at 50 ul/h in a device where all the microstructures are made of pure PDMS, in presence
of the permanent magnets. The trajectories are presented in Figure 11(a). These results analysed in
regard with Figure 6(c) show no particular behavior of the superparamagnetic particles, i.e. they
undergo no attraction towards neither the PDMS microstructures nor towards the channel walls.
To confirm these results, we have measured the deviation of the microbeads as they flow close to
the PDMS structure, according to the methodology described in Figure 7(a). Briefly, the
positions Y; and Y of the beads in the channel are measured, respectively, at x = —500 um and
x = +500 um — position corresponding to the equidistance between the first and the second micro-
structure — from the center of the diamond-like shaped structure. The deviation of the microbeads
AY =Y — Y is measured as a function of their position Y prior to the post. The deviation of the
beads flowing at 50 ul/h in the neighborhood of a pure PMDS microstructure, in presence of the two
permanent magnets are reported in Figure 11(b), as well as deviation of superparamagnetic particles
flowing around i-PDMS posts, without the permanent magnets. In both cases, the beads follow the
same streamlines, as highlighted by the two sets of data which collapse on the same curve. This
highlights that any eventual gradient of magnetic field induced by the two permanent magnets is not
strong enough to perturb beads trajectories and can therefore be neglected.

3. Quantification of iron uptake within cells for magnetic labeling

Immediately after labeling, a part of the magnetically labeled cells were used to quantify their
iron content, using a magnetophoresis method.*’ Briefly, we measure the velocity of labeled cells
attracted towards one single Ne/Fe/Br permanent magnet placed 5mm from a microchannel
(width = 1000 ym and height = 100 um, Figure 12(a)), knowing the magnetic field gradient (con-
sidered uniform over the field of view) generated by the magnet. The iron content of each visual-
ized cell is calculated from the balance of magnetic F,,,, and viscous F 4., forces, respectively,
defined in Equations (1) and (2).

The magnetic gradient along the y-direction was calibrated with the 12 um superparamagnetic
beads used previously. Beads were dispersed in a mixture of glycerol and water 71/29 w/w
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FIG. 12. (a) Schematic representation of the setup. (b) Z-stack projection of videomicroscopic images representing super-
paramagnetic particles attracted towards the permanant magnet which is located 4.5 mm away from the lower wall. (c)
Histogram of the measured iron content per cell.

(viscosity n=22.5 x 103Pa s) and introduced in the microchannel. In absence of flow, their
y-velocity was measured as they moved towards the magnet with constant velocity (see
Figure 12(b)). The magnetic force F,,, was thus precisely counterbalanced by the viscous force:
Fgr4g = F 4, showing that the magnetic force experienced by each bead was 6.1 = 2.5pN.
According to Equation (1), this magnetic force was created by the magnetic gradient acting on the
superparamagnetic beads. Measuring the drag force and knowing the size and magnetic suscepti-
bility of the superparamagnetic beads, we could thus directly derive the magnetic field gradient
along the y-axis in the field of view: |(B - V)B| = 1 £ 0.4 T?/m, which is of the same order of
magnitude as the value computed by numerical simulation in the same configuration
(|(B-V)B| =0.7T?/m).

Knowing |(B - V)B| in the setup, the mean magnetic susceptibility (or equivalent iron con-
tent) for each labeled cell can be computed from y-velocity measurements, again from the bal-
anced of magnetic and viscous forces. This measurement was repeated for 107 cells and they were
found to be loaded with an iron content of 2.3 = 1.1 pg/cells (see Figure 12(c)), corresponding to a
magnetic susceptibility y,,=3.6 = 1.6 x 107>,
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