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Magnetic microsphere-based mixers for microdroplets

Tamal Roy,' Ashok Sinha,? Sayan Chakraborty,! Ranjan Ganguly,

12 and Ishwar K. Puri®

]Department of Power Engineering, Jadavpur University, Kolkata 700098, India
2Department of Engineering Science and Mechanics, Virginia Polytechnic Institute and State University,

Blacksburg, Virginia 24061, USA

(Received 15 August 2008; accepted 12 December 2008; published online 10 February 2009)

While droplet-based microfluidic systems have several advantages over traditional flow-through
devices, achieving adequate mixing between reagents inside droplet-based reactors remains
challenging. We describe an active mixing approach based on the magnetic stirring of
self-assembled chains of magnetic microspheres within the droplet as these stirrers experience a
rotating magnetic field. We measure the mixing of a water-soluble dye in the droplet in terms of a
dimensional mixing parameter as the field-rpm, fluid viscosity, and microsphere loading are
parametrically varied. These show that the mixing rate has a maximum value at a critical Mason
number that depends upon the operating conditions. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3072602]

I. INTRODUCTION

Microfluidic devices that enable chemical reactions have
a large number of sensor applications such as multistep
chemical synthesis,1 bioanalytical diagnostics,2 DNA
analysis,3 catalytic hydrogenation of alkenes,® acid/base
titrations,” etc. Recent advancements in microfabrication
technology have led to the development of micrototal ana-
lytical systems (,u—TAS),() more popularly known as
laboratory-on-a-chip (LOC) devices. These devices have a
relatively small size and are capable of performing the
sample and reagent handling steps together with analytical
measurements.

Recent developments in producing and manipulating mi-
crodroplets in microfluidic environments have increased the
use of droplet-based reactors for u-TAS applications.8
Droplet-based microfluidic system offers an emerging LOC
tool for the real-time online analysis of nanoliter biological
and chemical agent volumes.”'” The droplets offer an easy
means for compartmentalizing and isolating reactants, reduce
the reagent consumption, and eliminate the possibility for
cross-contamination due to dispersion, which is a major
problem in a continuous flow microchannel. Thus, droplet-
based microfluidic systems offer a promising platform for
massively parallel DNA analysis and real-time molecular de-
tection and recognition.“’13 They also offer the promise of
decoupling a binary yes/no response from the determination
of agent concentration.

Rapid mixing is essential in many microfluidic systems
for proper biochemical analysis,13 sequencing or synthesis of
nucleic acids," and for reproducible biological processes
that involve cell activation,' enzyme reactions,'® and protein
folding.l7 However, at this small length scale, species trans-
port in fluid flow is dominated by molecular diffusion, which
is usually very slow in comparison with the flow residence
time. This is particularly important for bioanalytical applica-

¥ Author to whom correspondence should be addressed. Electronic mail:
ranjan@pe.jusl.ac.in.

1070-6631/2009/21(2)/027101/7/$25.00

21, 027101-1

tions, since large organic molecules or biological cells have
very low diffusivities.

A mixing process is termed active or passive, depending
upon whether it requires supplementary energy input into the
microscale flow (in addition to the pumping work). Passive
devices achieve mixing in a relatively simple manner, e.g.,
through the use of channels that are fabricated based on
elaborate mixing designs..l&l9 Chaotic micromixing can be
induced by passing droplets through a meandering channel in
an immiscible fluid.?° Passive mixers are easier to integrate
into LOC devices, but require relatively large path lengths
and more complicated structures, and can have significantly
lower mixing efficiencies than active systems.

Active devices have been based on rotating magnetic
microbars that stir the ﬂow,21 acoustic cavitation cells,22
electrokinetic instability,23 periodic flow switching,24 and
pneumatically pumped rings.25 Integration of these compo-
nents into u-TAS devices is challenging, since they require
electrical power and their mechanical construction within the
device can be quite complex. These devices can therefore
benefit from a simple “action-from-a-distance” solution that
eliminates complexity and reduces the need to integrate a
power supply and mechanical components into the microfab-
ricated device. We discuss such a solution herein.

We use external magnetic fields to produce action from a
distance at the microscale. The substances or reactants to be
mixed are confined inside microliter-size droplets, effectively
producing a self-contained mixer within the droplet. The
droplets could rest on a substrate, be immersed in an immis-
cible buffer, or even be transported through a microchannel
by an immiscible host fluid.”® Mixing in the droplet is
achieved by dispersing a measured quantity of magnetic mi-
crospheres in the droplet liquid and applying a rotating
field.”” The magnetic beads are 0.5-4 um diameter
polystyrene/silica beads impregnated with superparamag-
netic iron oxide nanoparticles. The beads are commercially
available in different sizes, composition, and propertie:s.28
Magnetic beads self-aggregate to form chains that rotate in

© 2009 American Institute of Physics

mixers

for


http://dx.doi.org/10.1063/1.3072602
http://dx.doi.org/10.1063/1.3072602
borrego
Typewritten Text
Copyright by the AIP Publishing. Roy, Tamal; Sinha, Ashok; Chakraborty, Sayan; et al., "magnetic microsphere-based mixers for microdroplets," Phys. Fluids 21, 027101 (2009); http://dx.doi.org/10.1063/1.3072602


027101-2 Roy et al.

~<—— Microscope
Support

Droplet Superhydrophobic Slide

Magnet N S S [Magnet

e |

\ Turntable

DC Motor

Variable Powero_
Supply

Phys. Fluids 21, 027101 (2009)

0.13

B, = 0.0002x" + 4E-05x + 0.1234
R*=0.9959

0.128

—~ 0.126
=)
= 0.124
0.122
0.12
54 3210 1 2 3 45
X (mm)
()

©

FIG. 1. (Color online) (a) Schematic of the experimental setup. (b) Variation of the magnetic field strength of the component perpendicular to the pole faces
in the region between them. The field gradient is zero at the droplet location (x=0). (c) Self-assembly of magnetic microspheres into chains (500X image)

under the influence of a homogeneous static magnetic field By=0.123 T.

synchronism with the ﬁeld,zg’30

droplet.

Since the beads can be functionalized with a large vari-
ety of antibodies, they can also be used for quick and selec-
tive “tagging” biomolecules or cells’’ within the droplet-
based mixer. After the mixing operation, the beads can be
easily separated out using a magnetic field gradient.32 Thus,
bioanalytical diagnostics involving immunomagnetic separa-
tion can also be performed in such a droplet.

The field induced dynamic chain formation and rotation
of magnetic microspheres due to a rotating magnetic field
has been computationally investigated by several researchers
using the particle dynamics,30’3 3 direct numerical
simulation,34 and lattice Boltzmann methods.” Their results
predicted that the mixing induced by rotating chains of mag-
netic microspheres depends on a dimensionless Mason num-
ber, which represents the ratio of the viscous torque to the
magnetic torque. Although the structure of the predicted ro-
tating magnetic chains has been adequately validated through
experimental measurements, > the corresponding results
for a quantitative evaluation of mixing are absent from lit-
erature. Therefore, we experimentally demonstrate the mix-
ing enhancement in a microliter-size sessile droplet by rotat-
ing chains of magnetic microspheres and quantify the mixing
rate in terms of the half-life of decay of a normalized mixing
index. We investigate the influence of several operating pa-
rameters on the overall mixing rate, e.g., the rotational speed
of the magnetic field, droplet liquid viscosity, and the mag-
netic particle concentration in the liquid.

causing active mixing in the

Il. EXPERIMENTAL CONFIGURATION

The experimental configuration is schematically de-
scribed in Fig. 1(a). A micro- or nanoliter volume water
droplet, impregnated with a measured quantity of magnetic
microspheres (CMAGPS 2.5 Corpuscular Inc., available in a
dense suspension of 25 mg/ml) is deposited on a superhydro-
phobic substrate using a digital microdispenser. The mag-
netic beads are initially homogeneously suspended in the
background liquid by shaking the suspension for 30 min in
an ultrasonic bath (Misonix, 40 kHz) before dispensing. The
polystyrene beads, containing magnetic nanoparticles, have a
mean diameter of ~2.65 wum and a mean magnetization of
20 emu at 10 000 Oe. This corresponds to effective magnetic
susceptibility of x.;=0.019. The droplet-microsphere sus-
pension is subjected to a magnetic field by placing it between
two aligned NdFeB permanent magnets (residual magnetism
of 1.2 T at the pole faces) that are mounted on a variable-
speed turntable. The magnetic field intensity is measured by
a Hall probe digital Gaussmeter (DGM 900, Ferrites India).
All experiments are performed for magnetic field distribution
shown in Fig. 1(b) for a base magnetic field of B,
=0.123 T. As seen in that figure, the field gradient at the
droplet location is nearly zero.

During an experiment, the droplets are first deposited on
the superhydrophobic substrate, following which a chain-
forming time of 10 s is allowed for the microspheres to form
chainlike structure under the influence of the imposed mag-
netic field [as shown in Fig. 1(c)]. A dye is then injected into
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FIG. 2. (a) Rotation of the magnetoresponsive chains as the imposed mag-
netic field rotates at w=5 rpm. Here, the chains are used as localized rotors
or stirrers. (The size of the scale on the left is 10 wm.) (b) Schematic
showing the forces and moments acting on a particle chain, where M"
denotes the driving magnetic moment and the reaction of the resistive mo-
ment MV favors the stirring action within the droplet.

the droplet using a hydrophobic needle and the turntable ro-
tated about its axis at a specified angular speed, which pro-
duces the rotating magnetic field. Care is taken to isolate the
droplet from the convection currents of the surrounding air
so as to prevent shear-induced mixing inside the droplet.
Images are obtained using a microscope-mounted digital
camera (Olympus SP 350) at 25 frames/s. The microscope
(Magnus MSZ-TR zoom stereo trinocular) has a 4 X 10X
optical zoom, while the camera has a 3.5X optical zoom [an
additional 10X objective is fitted when the chain structures
shown in Figs. 1(c) and 2(a) are viewed]. The recorded mov-
ies are subsequently split into color bitmap (RGB)
hue-intensity histograms and their pixel information is ob-
tained by image processing (using Magnus Image Pro and
MATLAB). To eliminate errors induced due to the noise and
shadows in the image, the hue-intensity histogram of a base
reference image is subtracted from all other images.

The extent of mixing (i.e., the homogeneity with which
the dye is distributed across the droplet) is quantified through
a mixing index parameter21

N
C'= \/(1/N)2 [(P=P)*P*], for 0= P =256,
1
(1)

where the mean pixel value P=(1/ N)va P and N denotes the
total number of pixels. Initially, when the dye is relatively
unmixed, the variance of the pixel density is large, and C’
has a correspondingly large value (C;). As mixing
progresses, the hue-intensity distribution becomes more uni-
form so that, for perfect mixing, the value of C approaches a
steady low value (C.). When the mixing index parameter is
normalized as

Phys. Fluids 21, 027101 (2009)

e % @
(Co-C2)
the C versus ¢ curve varies from unity (unmixed state) to
zero (fully mixed state).

Thus, C(7) exhibits a typical exponential time decay that
can be approximated as C(r) ~exp(-t/ 7), where 7 denotes the
characteristic mixing time that is calculated from the hue-
intensity histograms. We compare various magnetic chain in-
duced mixing times with a case for purely diffusive mixing
(i.e., when the magnetic field does not rotate). Parametric
investigations reveal the influence of the rotational speed of
the magnetic field (i.e., the rpm of the turntable), the viscos-
ity of the droplet liquid (by premixing a measured amount of
glycerol) and the particle number density.

lll. RESULTS AND DISCUSSION
A. Behavior of the rotating chains

As soon as the substrate containing the droplet is placed
in the magnetic field, the particles tend to form the chains
[Fig. 1(c)] and when the magnetic field is rotated, these
chains also follow its changing orientation [see Fig. 2(a)].
When this occurs, the chain containing N spherical particles
experiences a magnetic torque M™ and an opposing viscous
drag MV [as illustrated in Fig. 2(b)] such that*®’

_ pop, 3|mPN?
" 47 2(2a)°

" sin(2a), and

3)

, 2N?
M = —Nma nw.
3 In(N/2)

Here « denotes the angle between the rotating field and the
magnetization vector 7 of a particle, N the number of par-
ticles in a chain, u, the relative permeability of the medium,
n the fluid viscosity, and w the angular velocity of the
chains. Two other forces influence the chain integrity. The
tensile force F” acting on the chain arises due to the centrifu-
gal force on the rotating particles (which is negligibly small
as compared to the magnetic and viscous forces for our ex-
periments) promotes chain disintegration. The compressive
force F° occurs due to the magnetic interaction between the
particles and tends to hold the chain together. The response
of a chain to the magnetic force is characterized through the
Mason number’®

In(N/2) M" Mo32wm
a= ————sinQa) = ——5
M lu’rXeff|B0

which compares the magnitudes of the viscous and magnetic
forces. When B;=0.123 T, w=5 rpm, x.=0.019 and 7
=0.0009 in water (i.e., u,= 1) the particle chains in Fig. 2(a)
correspond to Ma=0.003. For these conditions, the micro-
spheres form long unbroken chains that are approximately
10-15 pm (i.e., 5-7 particles) long, which rotate in syn-
chronism with the imposed magnetic field. The value of «
for these chains is observed to be a very small angle, and so
they closely follow the orientation of the imposed rotating
magnetic field, as shown schematically in Fig. 2(a).

: (4)
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FIG. 3. (Color online) (a) Magnetically stirred mixing of a dye in the
laboratory-in-a-droplet arrangement. (b) The corresponding variation of the
mixing parameter C with time shows a nearly exponential decay. The mix-
ing half-life 7, , for this case is 4.6 s (p=1.1 X107 Pas, @=180 rpm). The
white arrow denotes the direction of rotation and the vertical line a length
scale of 1 mm.

B. Quantification of mixing in the droplet

When a water-soluble blue dye is introduced into the
droplet and spurious fluid motion in the droplet (due to the
disturbances caused by ambient air currents) is suppressed,
mixing of the dye occurs solely through molecular diffusion.
However, when the droplet liquid is loaded with magnetic
microspheres and a homogeneous rotating magnetic field is
applied, rotating chains of magnetic microspheres lead to
advective mixing within the droplet. Figure 3(a) shows a
time sequence of images that illustrate the magnetically as-
sisted mixing of a dye inside a 500 nl droplet containing a
10% (by volume) glycerol-in-water mixture (i.e., 7=1.1
X 1073 Pa s). When the mixing index is calculated as per
Egs. (1) and (2), the normalized C vs ¢ curve shown in Fig.
3(b) is obtained.

The initial time =0 denotes the instant when the injector
is completely withdrawn after dye is injected into the drop-
let. In Fig. 3(a), the dye is observed in its most concentrated
form at r=0.04 s. With time, as the droplet is rotated clock-
wise at w=180 rpm, the dye streak rotates in the same di-
rection due to viscous interaction between the rotating chains
and the liquid, and also stretches and diffuses into the host
liquid. The stretching of the dye streak increases with time,
which also enhances diffusion, leading to a nearly homoge-
neous final mixture at r=12 s. The initial variance of the hue

Phys. Fluids 21, 027101 (2009)

C(t)=-0.034t

C()

0.1

FIG. 4. The time variation of the mixing parameter C and the mixing half-
lives t,,, obtained from C-f curves for 7=0.001 55 Pa s. The dotted vertical
lines indicate 7, values with (7.9 s) and without (20.3 s) stirring.

intensity is large and C=1, but with progressive mixing in
the droplet, its value decreases to zero according to the rela-
tion

C(1) = exp(- 0.157). (5)

The half-life of mixing #;, is the time required to attain a
value of C=0.5, i.e.,

t1=0.6932/0.15=4.6 s. (6)

C. Effect of w and » on mixing

Figure 4 presents the C versus ¢ plots for two cases, one
for the purely diffusive mixing (w=0) and the other with a
rotating magnetic field (w=180 rpm) inside a 500 nl droplet
containing a 20% (by vol.) glycerol-in-water water solution
(for which 7=1.55X 107 Pas). The value of 7,,=20.3 s
for the purely diffusive case, and 7.9 s, i.e., 2.6 times faster,
when the field is rotated. Both droplets are produced from
the same initial mixture that has a magnetic microsphere
concentration of 1.0 mg/ml.

Comparing Figs. 3(b) and 4 shows that when o
=180 rpm, the value of ¢, increases from 4.6 s to 7.9 s as
the liquid viscosity increases from 7=1.1X107 to 1.55
X 1073 Pas. This difference is attributed to several compet-
ing factors. While a higher liquid viscosity enhances the mo-
mentum exchange between the rotating chains and the drop-
let fluid, which is favorable for mixing, it also leads to
greater viscous dissipation within the droplet (and conse-
quently a larger momentum transfer to the narrow base
where the droplet is attached to the superhydrophobic sur-
face), which dominates and reduces the mixing rate.

Figure 5(a) presents the variation of ¢;,, when @ and 7
are varied. For pure water (7=0.902X 1073 Pas), the mix-
ing half-life decreases from 17.3 s for purely diffusive mix-
ing to 1.7 s at =210 rpm as per the relation

t1/2=C0+Clw+C2(x)2 (7)

(where ¢, ¢y, and ¢, are constants). The fastest mixing oc-
curs when
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FIG. 5. (a) Variation of f;, with the field rotational speed for different
viscosities of the droplet liquid when the glycerol content in the solution is
varied by volume. The mixing half-life attains a minimum value at a critical
rpm, beyond which it increases again. The error bars represent the variance
of t;/, obtained from ten readings for each operating condition. (b) The same
data presented vs Ma.

Wiy = — %(01/02)- (8)

Similar observations are made for at higher liquid viscosities
(9p=1.1X1073,1.55% 1073 and 2.3 X 10~® Pas) and, as dis-
cussed above, the 7, versus w curves shift upward with
increasing 7. The values of ¢, ¢;, and ¢, are provided in
Table I.

Increasing w provides two competing effects on mixing.
While it increases momentum transfer between the fluid and
the chains, at high enough values of w (and 7) the chains
buckle due to magnetic drag on the particles at the periphery
of a chain, and chain breakdown occurs for large enough
values of .>’ The maximum number Npax of beads that can
be part of a chain decreases as either w or # is increased so
that N, = Ma™2° As the effective chain length is reduced
due to buckling and breakdown, the overall viscous interac-
tion between the chains and the liquid also decreases. Thus,
t1» should first decrease until chain breakdown is initiated

TABLE I. List of the curve-fit constants for Eq. (7).

7 C
(X10° Pas) o c (X10%
0.902 17.08 —0.1503 3.76
1.1 18.24 —0.1628 4.33
1.55 20.57 —0.1392 4.01
2.3 26.62 —0.1786 5.99
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FIG. 6. (a) Variation of the critical rpm as the droplet liquid viscosity is
altered. (b) Variation of the corresponding critical half-life of mixing as a
function of Ma,.

and then increase with increasing w. The constants ¢, ¢y,
and ¢, of Eq. (7) are obtained from polynomial curve fits of
the data presented in Fig. 5(a). Here, ¢, denotes the mixing
time with pure diffusion (w=0), c; is negative (see Table I),
since an increase in the advective velocity leads to a reduc-
tion in the mixing time, and ¢, accounts for the effect of
chain breakdown. The value of ¢, is influenced by several
factors such as the particle-particle interaction (magnetic at-
traction, steric repulsion, and friction) and the viscous force.
The second term in Eq. (7) is proportional to w and therefore
denotes the influence of the advective velocity.

The t,,, versus Ma plots in Fig. 5(b) illustrate the com-
peting effects of w and # and follow the general relation that
is obtained through a rational curve fit,

t1»=(41.97 Ma®-6.602 Ma + 0.5705)/(Ma>
+0.2143 Ma+0.0276). 9)

The mixing half-life initially decreases with increasing Ma to
assume a minimum near Ma=0.1, and then increases as the
value Ma increases. Similar results have been reported by
Calhoun ef al.”> who determined a critical Ma=0.12 through
LB simulations, and Kang et al.** who, through a direct nu-
merical method, also established an optimum Ma=0.002
(equivalent to Ma=0.06 as per our definition), which they
correlated with the occurrence of rotating and corotating
flows caused by alternating chain breakup and reformations
that lead to the fastest mixing. In region A of Fig. 5(b),
mixing is limited by the extent of momentum transfer, while
in region B, it is limited by chain deformation and break-
down.

The location of f;,, minima in Fig. 5(a) is found to shift
toward decreasing w as 7 increases, which is shown by the
dotted line. The minimum value of f, occurs at w
~210 rpm for pure water, while for a 30% glycerol-water
mixture (i.e., 7=2.3X 1073 Pas), it occurs at o=~ 140 rpm.
Figure 6(a) presents a corresponding plot of wg;, as a func-
tion of %, which scales as w;* 7732 For specified values
of x.i and By, Max w7, and the critical Mason number ex-
hibits a weak dependence on the fluid viscosity as Ma;
o °%8 The t,,, minima values (at the w,; conditions) ex-
hibit a linear relationship with respect to Ma_;, as shown in
Fig. 6(b). Thus, while Fig. 5(b) illustrates whether the mix-
ing within the droplet is limited by momentum transfer or by
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FIG. 7. C vs t plots for particle loadings of (a) 1.5 mg/ml and (b)
0.5 mg/ml. The magnetic field is rotated at w=140 rpm in pure water.
Half-lives for mixing are 1.6 s for (a) and 6.9 s for (b). (c) Variation of 7,
with N,. The error bars represent the variance of #,, obtained from ten
readings for each operating condition.

chain breakdown over a wide range of Mason numbers, Fig.
6 shows how the optimum mixing condition varies with
changing fluid viscosity.

D. Effect of particle loading on mixing

The advective motion in the droplet depends on the rela-
tive number of particle chains contained in a unit volume of
the droplet liquid, which is a function of the particle loading
N,. Figures 7(a) and 7(b) present the C versus ¢ relationships
for mixing in pure water (i.e., 7=0.902X 1073 Pas) at w
=140 rpm with a dense (1.5 mg/ml) and a dilute (0.5 mg/ml)
particle loadings, respectively. The value of #, for the
former case is 1.6 s, while that for the latter is 6.9 s. There-
fore, a threefold increase in particle loading improves mixing
by a factor of 4.3. An increase in particle loading can influ-
ence chain formation in two ways. First, enhancing the par-
ticle concentration promotes chain formation and growth
during the initial incubation period. Second, it also leads to
formation of a larger number of chains. Both factors enhance
mixing as shown in Fig. 7(c). The t,,, values decrease sig-
nificantly from 17.7 to 1.6 s as N, increases from 0 to 1.5
mg/ml, and then marginally as it is increased to 2.0 mg/ml.
Higher particle loadings produced dark rotating chain im-
ages, which were difficult to reliably analyze.

IV. CONCLUSIONS

We demonstrate a novel approach to enhance mixing in
micron-sized droplets through magnetic stirring. Magnetic
microspheres, which are added to the droplet form aligned
chains in sifu under the influence of a homogeneous mag-
netic field. When the magnetic field is rotated, the chains also
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rotate synchronously. Viscous interactions between the par-
ticle chains and the liquid induce adjective motion inside the
droplet thereby enhancing mixing, which is otherwise diffu-
sion limited. The mixing of a dye is characterized through a
dimensionless mixing parameter that decays from unity (de-
noting an unmixed state) to zero (denoting a completely
mixed state). The influence of other parameters, e.g., the field
rpm, fluid viscosity and the microsphere number density, on
the half-life of decay for the mixing parameters is also ex-
perimentally determined.

For a specified fluid viscosity, the mixing half-life ini-
tially decreases as the field rpm is increased, but then in-
creases at higher rotational speeds. For a fixed field rpm, the
mixing half-life increases monotonically with the viscosity
of the droplet liquid. The mixing rate increases with the Ma-
son number when Ma<(.1, while for greater M values it
decreases. The value of Ma,;; has a weak dependence on the
fluid viscosity and the critical value of the mixing half-life
varies linearly with Ma_;,.. The mixing rate increases mono-
tonically with particle loading, but this improvement dimin-
ishes at higher particle loadings.
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