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COMMUNICATION
Diamagnetic repulsion of particles for multilaminar flow assays†
Mark D. Tarn, Luke T. Elders, Sally A. Peyman‡ and Nicole Pamme*

We demonstrate diamagnetic repulsion forces for performing
continuous multilaminar flow assays on particles based on their
intrinsic properties and with a simple setup. The platform could be
applied to sandwich assays on polystyrene particles, and to cellbased assays via their suspension in biologically benign magnetic
media.
Functionalised microparticles are immensely popular for
1
performing a variety of biochemical procedures, and as such
2
have been employed extensively in microfluidics for a range
3-5
6
of processes including separations,
biosensing
and
7-9
immunoassays. On-chip immunoassays in particular have
benefitted from their small size, high surface-to-volume ratio,
and the ability to manipulate them within the well-defined and
well-controlled environment of microfluidic structures. Often,
such assays are performed by trapping functionalised particles
within a microchannel, before consecutively flushing reagent and
washing over the particle plug or individual particles and
monitoring the response. However, this requires multiple steps
that result in time-consuming processes and the use of
relatively large volumes of reagents, and either the manual
changing of solutions or the incorporation of more complex
valving technologies.
In recent years, multilaminar flow reactions and assays have
become very popular methods of performing particle- based
10
reactions. Here, multiple laminar streams of alternating
reagent and washing buffer solutions are generated across a
microfluidic
chamber,
through
which
functionalised
microparticles are deflected in order to perform reactions. A
number of forces can be applied in order to manipulate the
particles across the chamber, including
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acoustic,
optical, dielectrophoretic, and inertial forces,
17, 18
19
biomolecular motors,
pinched
flow, hydrodynamic
20
21-23
6, 24-28
Magnetic forces
have
filtration, and physical objects.
arguably been the most successful particle manipulation method
in multilaminar flow systems, with functionalised magnetic
particles being deflected across laminar reagent streams via
29-35
DNA
permanent magnets for applications including assays,
36, 37
38, 39
40,
hybridisation,
DNA extraction,
oligonucleotide capture,
41
42-45
and particle coating.
However, while magnetic forces
provide simplicity and excellent control they require the use of
24, 25
which can be very expensive, or
magnetic microparticles,
25, 28
the labelling of cells with a magnetic tag.
An alternative
approach would be to employ the use of diamagnetic repulsion
forces, which have thus far not been demonstrated for
multilaminar flow reaction processes.
Diamagnetism is an intrinsic property of all materials, but is
masked by any other magnetic properties that the material may
have (e.g. ferromagnetism, paramagnetism). Materials that
only exhibit diamagnetic properties have a magnetic
susceptibility (χ) less than zero, as opposed to the other types
of magnetism where χ is greater than zero. For example,
nearly all biological cells are diamagnetic, as are most polymers
unless specifically manufactured to be otherwise, and so they
are each susceptible to repulsion from magnetic fields.
However, the repulsion forces are actually very weak, and so
are typically not encountered in normal conditions. The
magnetic forces (Fmag) applied to a material, in this case a
microparticle, are dependent on a number of factors, as shown
in Equation (1):

(1)
f10

χp is the magnetic susceptibility of a microparticle, χm is the
magnetic susceptibility of the medium that the microparticle is
suspended within, V is the volume of the microparticle, B is the
magnetic flux density of the magnetic field, and µ0 is the
-7
-1
permeability of free space (4π x 10 H m ). The equation
shows how, when a diamagnetic particle (χp < 0) is suspended
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Fig. 1 Principle of multilaminar flow-based reactions via
diamagnetic repulsion of particles. Here, laminar flow streams
of paramagnetic washing solution and fluorescently labelled
biotin (also in paramagnetic solution) are generated across a

the technique. Streams of magnetic washing solution and
fluorescently labelled biotin in magnetic solution are generated
across a microfluidic chamber via a flow focusing channel, into
which streptavidin-functionalised polymer particles, also
suspended in magnetic solution are introduced. As the particles
traverse the chamber, they are deflected laterally via repulsion
from a permanent magnet, thereby passing through the biotin
reagent stream and into the washing stream where the success
of the reaction can be determined via fluorescence.
Firstly, the ability to perform simple bioassays was assessed
by attempting the streptavidin-biotin binding reaction in both
types of magnetic media: paramagnetic
solution and ferrofluid. 10 µm diameter polystyrene particles

-6

-3

polymer

(χp = -8.21 x 10 , ρ = 1050 kg m ) functionalised with

particles suspended in paramagnetic solution are introduced
into a flow focusing region of the chip, whereupon they are
repelled by a permanent magnet through the biotin reagent
stream and into a washing stream, enabling a one-step
multilaminar flow reaction with detection achieved via
fluorescence. Biotin diffusion is shown as a light green cone.

streptavidin groups (Micromer Streptavidin) were purchased
from Micromod Partikeltechnologie (Germany), while
fluorescently labelled biotin (biotin-4-fluorescein, λem = 494 nm,
λex = 521 nm) was purchased from Molecular Probes (Life
Technologies, UK). An aqueous paramagnetic solution of 0.79
M manganese(II) chloride (Sigma-Aldrich, UK) was prepared,

microfluidic

chamber.

Streptavidin-functionalised

-4

-3

-1

giving a 10 % w/v MnCl2 (χm = 1.46 x 10 , η = 1.31 x 10 kg m
-1

-3

in a magnetic medium (χm > 0), the difference in magnetic

s , ρ = 1083 kg m at 20 °C) that had previously yielded
optimum diamagnetic repulsion behaviour in our microfluidic

susceptibility (χp – χm) is negative, resulting in a negative Fmag

devices.

force that indicates repulsion from the magnetic field.
Suspending a diamagnetic particle in a magnetic medium is most
easily achieved via two methods: (i) an aqueous solution of
2+
3+ 46-48
dissolved paramagnetic ions (e.g. Mn or Gd ),
and (ii)
using an aqueous-based ferrofluid consisting of a colloidal
49, 50
suspension of iron oxide nanoparticles.
The ability to combine the benefits of magnetic forces with
the manipulation of diamagnetic materials based on their

surfactant (Sigma-Aldrich) in order to prevent particles
sticking. Aqueous-based ferrofluid (EMG 507) was purchased
from Ferrotec (USA) and diluted 0.01x in purified water with
the addition of 0.01 % w/v Tween20. A 0.01x dilution of
ferrofluid has been shown to give suitable diamagnetic repulsion
responses in microfluidic devices while allowing
66, 75, 78
visualisation of particles and cells.
7
6.5 µL of stock streptavidin particle suspension (4.6 x 10

intrinsic properties has, in recent years, resulted in some use

particles mL ) was diluted in 1000 µL of 0.79 M MnCl

of diamagnetic repulsion as a label free manipulation force in
microfluidic platforms. The small dimensions of the channels,

final concentration of approximately 3 x 10 particles mL .
Separately, a solution of biotin-4-fluorescein -1was dissolved in

and the close proximity that can be attained between the

0.79 M MnCl2 to a concentration of 1 µg mL

permanent magnets to the channels, means that diamagnetic
particles and cells can easily be handled within microfluidic
devices. Applications that have been demonstrated using this
47, 48, 51-58
47, 59technique have included the trapping,
focussing,
62
47, 63-73
and deflection
of particles, cells, and droplets.
Continuous flow processes have been performed using on-chip
diamagnetic repulsion, but have largely consisted particle and
46, 64, 69-71, 74
cell separations in paramagnetic solutions
and
66, 73, 75-78
ferrofluids.
Previously, we have demonstrated how
immunoassays could be performed on functionalised polymer
particles that have been trapped as a plug in paramagnetic
44, 47
solution in a microchannel.
Here, for the first time, we investigate the potential of
diamagnetic repulsion for performing multilaminar flow-based
reactions in both paramagnetic solutions and ferrofluid. Fig. 1
demonstrates the basic principle of the multilaminar flow

47, 63

The solution also contained 0.01 % w/v Tween20

-1

5

2

to a
-1

(1.55 µM). 200

process in paramagnetic solution, in which a streptavidin-
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µL of the particle suspension was added to 200 µL of
the
fluorescently labelled biotin solution in an Eppendorf tube (1.5
mL, VWR, UK) and mixed on a vortexer, then allowed to
incubate for 20 min on a rotator. Eppendorf tubes containing
the fluorescently labelled biotin were wrapped in aluminium
foil to protect them from light. The particles were then
collected as a plug by centrifuging for 5 min at 5000 rpm,
and the supernatant removed. The particles were washed by
biotin binding reaction is performed as a proof-of-concept of

re- suspending them in MnCl2 solution, vortexing the tube, and
performing centrifugation again. This washing process was
repeated twice more in MnCl2, then a portion of the solution
added to a microscope slide and viewed under an inverted
fluorescence microscope (TE-2000, Nikon, UK). The particles
clearly showed an increase in their fluorescence intensity
compared to unreacted particles, indicating that the
streptavidin-biotin assay was successful, and thus a viable
option for multilaminar flow studies. This also reiterated
47, 51
previous results in which assays were performed in MnCl2.
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Fig. 2 (a) CAD design of the microfluidic device, featuring a
reaction chamber fed by 10 inlet channels, including a flow
focussing section for the introduction of reagents and
functionalised polymer particles, and with 9 outlet channels.
(b) Photograph of the glass device with interfaced tubing and
a 20 mm Ø x 5 mm NdFeB magnet placed on the chip, next to
the chamber.
Attempts were made to repeat the above process in 0.01x
diluted EMG 507 ferrofluid, but upon attempting to dissolve the
biotin-4-fluorescein in the solution the ferrofluid began to form
clumps that settled to the bottom of the vial after several
minutes. Clearly, the presence of the fluorescently labelled
biotin caused the magnetic nanoparticles, which in this case were
stabilised by anionic surfactant, to agglomerate and drop out of
suspension, and this effect is shown in Fig. S1 in the ESI.
Therefore, despite its potential for offering greater diamagnetic
repulsion forces, the aqueous ferrofluid was clearly unsuitable
for performing multilaminar flow reactions, at least for this
particular reagent. Therefore, based on the off- chip tests in
MnCl2 and ferrofluid, subsequent on-chip experiments were
performed in paramagnetic 0.79 M MnCl2 solution.
The microfluidic device employed for these multilaminar flow
tests was fabricated in B270 glass (Telic, CA, USA) to a
depth of 20 µm using standard photolithography and wet
79
etching techniques. The chip design is shown in Fig. 2a. It
featured an 8 mm x 5.2 mm reaction chamber supported by 17
square posts (200 µm x 200 µm each), with a total of 10 inlet
channels including the flow focussing structure. This flow
focussing part consisted of two reagent (fluorescently labelled
biotin) inlet channels fed by a single access hole, which
diverged around a single particle inlet channel. These channels
were 240 µm wide at the access hole, then tapered to a width
of 120 µm at the chamber entrance. The remaining 8 inlet
channels, used for the introduction of 0.79 M MnCl2 washing

solution, each had an initial width of 240 µm wide, before
splitting into parallel channels of 120 µm width at the chamber
entrance. The outlet system also consisted of 9 outlet channels
which (240 µm width), 8 of which split into parallel channels
(120 µm width) at the exit of the chamber, with the remaining
channel tapering to 120 µm width at the chamber. 400 µm
diameter access holes were drilled into the glass plate, and the
etched plate thermally bonded with a glass top plate. This chip
design was not originally envisaged for this type of experiment,
hence the large number of MnCl2 washing channels, but it was
adapted for the purpose since it featured the flow focussing
region that would allow narrow streams of reagent to be
introduced alongside a suspension of particles.
The chip was interfaced to a syringe pump (Pump PHD
22/2000 with a 10-syringe rack, Harvard Apparatus, UK) and to
30
a waste vial as described previously. Briefly, fused silica
capillaries (150 µm ID, 363 µm OD, CM Scientific, UK) were glued
into the access holes of the chip using Araldite Rapid epoxy resin
(RS Components, UK). The outlet capillaries were connected a
waste vial using a combination of PTFE tubing (0.3 mm ID, 1.8
mm OD, Sigma-Aldrich, UK) and Tygon tubing (1 mm ID, 1.8
mm OD, Cole-Parmer, UK). The chip was placed on the inverted
fluorescence microscope (Nikon) fitted with a CCD camera
(Retiga-EXL), with Image-Pro Plus 6 software used to capture
images. Images were then analysed using ImageJ software
(http://imagej.nih.gov/ij/).
The laminar flow regime of the microfluidic device was first
tested by introducing alternating streams of red and yellow
printer ink into the chip (see Fig. S2 in the ESI). The flow streams
in the reaction chamber near the bottom of the image were
diverted slightly from a linear path due to higher flow
resistances in the longer middle channels. This caused flow to
be directed towards the shorter exit channels near to the edge
of the chip. However, the laminar flow streams in the region of
the chamber where the particles and reagent stream would be
introduced (near the top of the image) were sufficiently stable.
The on-chip streptavidin-biotin assay was carried out by
placing a cylindrical 20 mm Ø x 5 mm neodymium-iron-boron
(NdFeB) magnet (Magnet Sales, UK) on top of the glass chip,
next to the reaction chamber (Fig. 2b). The magnetic field
generated across the chamber was simulated using Finite
Element Method Magnetics (FEMM 4.2) software, based on a
magnetic flux density (B) at the magnet surface that had been
calculated to be approximately 275 mT. The resulting
simulations are shown in Fig. S3 in the ESI. From these, the
average value of B in the region of the chamber where the
particles would be present was 307 mT, with a gradient (∇B) of
-1
2
-1
48 mT mm , yielding a (B·∇)B value of 14.7 T m . However,
given that FEMM is a two-dimensional modelling software,
these values were only an estimate since the cylindrical shape
of the magnet could not be accounted for.
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Fig. 3 (a) Schematic of the device and setup used for the diamagnetic repulsion-based streptavidin-biotin assay. All solutions
contained paramagnetic MnCl2 solution. (b) A streptavidin-functionalised polymer particle (highlighted) immediately prior to entering
a stream of fluorescently labelled biotin. The repulsion effect forced the diamagnetic particles against the side wall of the inlet
channel. (c) The same particle as it entered the fluorescently labelled biotin reagent stream, immediately showing an increase in
fluorescence intensity. (d) Deflection of a reacted particle out of the biotin stream and into a washing stream. (e) Particle having
fully exited the reagent stream, allowing its analysis by fluorescence.
The chip was flushed consecutively with ethanol, water,

were on the same syringe pump as the 1 mL syringes (at 1 µL

and 0.79 MnCl2 solution. Next, a 250 µL glass syringe (SGE,

-1
-1
h-1 ), this yielded flow rates of 0.33 µL h and 0.52 µL h for the

Sigma-Aldrich, UK) was filled with streptavidin-functionalised
5
-1
particle suspension (3 x 10 particles mL ) and connected to
the particle inlet, while a 100 µL glass syringe (SGE) was filled

biotin and particle suspension, respectively.
The relatively low flow rate of the biotin-4-fluorescein
reagent solution compared to the particle input rate and the

-1

with a solution of biotin-4-fluorescein (10 µg mL ) in 0.79 M

MnCl2 washing solution allowed a narrow stream of solution to

MnCl2 and connected to the reagent inlet. Eight 1 mL plastic
syringes (BD Plastipak) were filled with 0.79 M MnCl2 washing
solution (Fig. 2a) and connected to the remaining inlet
-1
capillaries. A flow rate of 1 µL h was applied via the syringe
pump, relative to the 1 mL syringes containing washing solution.
Since the 100 µL (biotin reagent) and 250 µL (particle
suspension) glass syringes, having smaller inner diameters,

be generated. Furthermore, by applying a higher flow rate of
the washing solution, the biotin stream was forced in the ydirection towards the side wall of the chamber, towards the
magnet, thus attempting to constrain the stream against the
wall. These were important actions since the diamagnetic
repulsion forces (Fmag) on the particles would be small, estimated
to be ~1 pN using Equation 1, based on the particle and media
properties and the magnetic field simulations (Fig S3 in the
ESI). Therefore, the shorter the distance (in the y- direction)
that the particles were required travel to traverse the reagent
stream the better. This was particularly important since at such
low flow rates the diffusion of biotin reagent becomes greater,
hence the stream was contricted against the wall to try to limit
the diffusion distance of the biotin across the chamber, and to
reduce the distance over which a particle must travel to reach
the washing stream. As the streptavidin- functionalised particles
entered the flow focussing region (Fig. 3), they were pushed
towards the lower edge (in the y- direction) of the particle
inlet channel via repulsion from the magnet (Fig. 3b), entering
the reagent stream and immediately exhibiting an increase in
fluorescence intensity (Fig. 3c) as the biotin-4-fluorescein
became bound to the streptavidin groups on the particle
surfaces. As they then entered the chamber they were further
deflected in the y-direction, away from the magnet and out of
the biotin stream (Fig. 3d). The particle

Fig. 4 Fluorescence intensities of the streptavidin- functionalised
polystyrene particles before and after passing through the
biotin-4-fluorescein reagent stream, demonstrating a clear
increase in intensity that indicates successful binding events (n
= 13).
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trajectories were similar to those that had been observed in
47
previous experiments under similar conditions.
The particles continued to be repelled from the magnet as
they passed through the chamber, until they had fully entered
the MnCl2 washing streams, where any unbound reagent was
washed from the particle surface (Fig. 3e). The fluorescence
intensities of the particles were measured in this washing
stream and compared to the intensities prior to entering the
biotin-4-fluorescein stream, and these are shown in Fig. 4. The
polystyrene particles exhibit a degree of autofluorescence,
hence the non-zero intensity on the plot prior to the reaction.
The results show a clear increase in fluorescence after crossing
the reagent stream into the washing stream, indicating
successful binding of the biotin to the streptavidin-coated
particles.
Thus, we have demonstrated a proof-of-principle
streptavidin-biotin assay via diamagnetic repulsion. This initial
work represents a first step towards the development of a more
bespoke diamagnetic multiflow reaction platform that would
incorporate a number of features to optimise and improve the
system. One concern of such a platform is the diffusion of the
reagent at the low flow rates currently employed due to the
weak magnetic forces employed: in order for this system to be
viable for performing immunoassays or other reactions, it must
be possible to deflect the particles further than the reagent can
diffuse to ensure complete washing. For example, based on a
biotin-4-fluorescein hydrodynamic radius of 0.63 nm
(determined from its diffusion
29, 80
coefficient in water
), which would yield a diffusion
coefficient of 2.6 x 10

-10

2 -1
m s in the 0.79 M MnCl 2 medium at

the applied flow rate, we calculated the diffusion distance of
the reagent to be 419 µm in the y-direction as it flowed
through the chamber. On the other hand, the magnetically
induced velocity of the diamagnetic particles (estimated as being
-1 63, 81
4.3 µm s )
would result in a deflection distance of 1794
µm; much greater than the extent of reagent diffusion and so
ensuring that the particles would fully enter the washing
stream. Bearing in mind that most biomolecules used in
processes such as immunoassays are much larger than the
reagent used here, the effect of diffusion would therefore be
less in such systems. While the current system is clearly
suitable for one-step reactions, performing a two-step reaction
with the requisite extra reagent and washing streams would
require further optimisation and enhancement of the particle
repulsion in order to deflect them through multiple streams.

Conclusions
We have demonstrated a proof-of-principle binding assay for
performing multilaminar flow assays and reactions on particles
based on their intrinsic properties by diamagnetic repulsion,
simply by using an inexpensive permanent magnet and a
paramagnetic medium. These initial experiments demonstrate
the potential of the technique for deflecting particles through
multiple laminar streams of reagents and washing solutions,
though the migration distances achieved here limited the
technique to only one reaction step. However, this could be

greatly improved and optimised by employing more
3+
paramagnetic solutions, such as those containing Gd salts that
2+
46, 54, 59, 74
have a higher magnetic susceptibility than Mn salts.
While ferrofluid was found to be unsuitable for preparation of
the reagent solution here, different types of reagents may be
more amenable to being dissolved in ferrofluid without
destabilising the colloidal system of magnetic nanoparticles,
thereby enabling much greater repulsion forces.
The magnetic field could be more finely tuned, for example
by incorporation of magnetisable microstructures into the chip,
which has been used to great effect for the diamagnetic
74
separation of live cells. These improvements could allow
much greater Fmag forces that would be employed with a view
to multi-step reactions such as sandwich immunoassays, the
concept of which is shown in Fig. S4 in the ESI. Furthermore,
reactions and assays on living cells could also be achieved by
using paramagnetic media prepared from gadolinium(III)
diethylenetriaminepentaacetic acid (Gd-DTPA), a magnetic
resonance imaging (MRI) contrast agent that has been shown
to allow diamagnetic repulsion of cells while maintaining their
54, 59, 74
viability.
With this in mind, further investigation of this
technique could lead to a simple but powerful method for
particle and cell based reactions with minimal apparatus
required.
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