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Abstract

Magnetic fields can be used to control the movement of aqueous drops on non-patterned, silicon nanowire superhydrophobic surfaces.
Drops of aqueous and biological fluids are controlled by introducing magnetizable carbonyl iron microparticles into the liquid. Key
elements of operations such as movement, coalescence, and splitting of water and biological fluid drops, as well as electrochemical
measurement of an analyte are demonstrated. Superhydrophobic surfaces were prepared using vapor-liquid—solid (VLS) growth systems
followed by coating with a perfluorinated hydrocarbon molecule. Drops were made from aqueous and biological fluid suspensions with
magnetizable microparticle concentrations ranging from 0.1 to 10 wt%.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Early detection can have a profound impact on
treatment outcomes and mitigation of damage for a variety
of illnesses including cancer, cardiovascular discase,
Alzheimer’s and Parkinson’s diseases. One of the barriers
to early detection is a platform needed to run tests in a
timely fashion. Molecular diagnostic technologies are an
important facet of rapid testing. Encompassing the
complete range of molecular diagnostics are the user
friendly and simpler, rapid, point-of-care technologies for
specific disease markers and, on the other end of the
spectrum, sophisticated strategies to detect the presence
and concentration of a wide range of molecules using the
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so-called “omic’™ analyses (e.g. genomic, proteomic). Both
approaches can benefit from tools that can manipulate
small amounts of biological fluid samples, separate
components within these samples, and run a series of
analyses that create a “profile” of the sample being tested.

Towards the goal of developing equipment platforms
that work with small amounts of biological fluid samples,
our research laboratories have been studying how to
control the properties of a surface so that biological fluids
can be handled without the use of a container. In recent
years, many researchers have concentrated their attention
on actuation of liquid contact angle changes by chemical
modification of the surface [1,2] or by using external
stimuli, such as light [3] or electric fields [4]. A major goal
in this area has been to control phenomena related to
wetting, such as capillary rise and fall and the movement of
liquid drops along surfaces using gradients. For instance,
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wettability gradients induced by a chemical reaction at the
substrate underneath the drop have been reported [5-7].
Thermal gradients controlled by a laser beam have also
been used to move droplets at low speeds [8], while
asymmetric lateral vibration induced a net inertial force
that displaces drops [9]. There have been studies on the
dynamics of drops rolling over an inclined superhydro-
phobic surface through the action of gravity [10,11]. Also,
the movement of emulsion droplets stabilized by carbonyl
iron microparticles in an oil-water system were recently
investigated [12]. Although drop dynamic behavior on a
superhydrophobic surface is interesting from a scientific
and technological point of view, little is known about
aqueous drops moving on a level, non-patterned super-
hydrophobic surface by mechanisms different from gravity.
Several technologies can benefit from key advances in this
field, such as superhydrophobic surfaces capable of self-
cleaning by the action of a rolling drop [13,14] or
microfluidic devices that take advantage of new effects
and of better performance derived from manipulating
fluids at small scales [15]. In contrast to these efforts, our
approach has been to control aqueous drops rather than
simply having them be repelled by the surface. Droplet or
“Digital” microfluidics is an alternative paradigm to
channel-based techniques where fluid is processed in unit-
sized packets, which are transported, stored, mixed,
reacted, or analyzed in a discrete manner [16]. This concept
has already been demonstrated using electrowetting arrays
for droplet transportation without the use of pumps or
valves [16—18]. In our case, we have developed a method
for moving drops of biological fluids using magnetic fields.
A notable difference in our overall approach is that we are
using an open drop format (using a sample holder with
controlled humidity) so that an array of detection systems
can be used and drop movement can be conducted very
rapidly due to low frictional and viscous resistance to flow.
Control over humidity can also allow us to concentrate the
drop after a dilution or drop-combining step.

In this paper, we report on a novel method to displace,
coalesce and split carbonyl iron microparticle-containing
drops of water or biological fluids on flat, nonpatterned,
silicon nanowire, superhydrophobic surfaces with the only
driving force being the use of magnetic fields. Because of
the similarity it bears with digital microfluidics by
electrowetting, we have named this phenomena digital
magnetofluidics.

2. Experimental methods

Superhydrophobic surfaces were prepared using a
vapor—liquid—solid (VLS) growth process to create high
aspect ratio silicon nanowires [19]. Briefly, gold nanodots
are formed by vapor deposition onto a Si surface and used
to catalyze the growth of Si nanowires in a low pressure
chemical vapor deposition system. In these experiments,
the surfaces contained nanowires exhibiting multi-dimen-
sional, random roughness with diameters ranging from 20

to 50nm and with a height of approximately 2 um. The
separation distance between nanowires was from 60 to
100nm. The nanowire substrates were rendered hydro-
phobic by covalently applying a perfluorinated hydrocar-
bon (1H,1H, 2H, 2H-perfluorooctyltrichlorosilane) coating
to the entire surface. This combination of nanoscale
topography and hydrophobic coating resulted in surfaces
where drop contact angles approached 180°.

We used carbonyl iron particles (Sigma-Aldrich Inc., St
Louis, MO) with sizes ranging from 6 to 9um. These
microparticles exhibit high magnetic saturation and are
commonly used in experimental studies and technological
applications on magneto-rheological fluids [20]. In simple
terms, when an external magnetic field H is applied, a net
magnetic dipole moment aligned with the external field is
induced in the particles. This magnetic moment is m = (4m/3)
@M, with M = yH, where M is the magnetization of the
particle, « is its radius, and y is the magnetic susceptibility.
Therefore, the induced magnetic dipoles of the micro-
particles align with the external magnetic field lines,
causing the formation of clusters. These particles are
usually regarded as paramagnetic or superparamagnetic,
because their magnetization curve (M—H curve) has a small
or null hysteresis, little or no magnetic remanence, and
their magnetic response is linear for applied magnetic fields
of small intensity [12].

For this study, carbonyl iron microparticles were coated
with polysiloxane following the procedure described by Pu
et al. [21] to prevent oxidation. Iron—polysiloxane composites
were prepared by hydrolysis—condensation polymerization
of tetraethylorthosilicate (Sigma-Aldrich Inc., St. Louis,
MO). Iron particles (20g) were added to a mixture of
tetraorthosilicate (40ml) and ethyl alcohol (160ml) and
stirred. Next, 10ml of ammonium hydroxide (25wt%:;
Sigma-Aldrich Inc., St. Louis, MO) was slowly added to
the mixture, which was then stirred for 24h at room
temperature. Coated particles were washed three times with
ethyl alcohol, four times with deionised water, and dried at
60 °C in a vacuum oven for 24 h. Fig. 1(a) shows a SEM
image of polysiloxane-coated carbonyl iron microparticles
Based on this and other images, the particle coating was
estimated to be 60 nm in thickness. Fig. 1(b) shows the field
dependent magnetization of the samples, characterized at
300K using a quantum design vibrating sample magnet-
ometer (VSM). This magnetometer was equipped for the
physical property measurement system (PPMS) with an
applied magnetic field of 10kOe in order to reach
saturation values. Both uncoated and the coated micro-
particles exhibited negligible hysteresis as described by
others using iron carbonyl particles [21]. Notably, the
polysiloxane coating only slightly affected the magnetic
properties of the particles, reducing the magnetic satura-
tion value of the carbonyl iron microparticles from
approximately 225 to 191emu/g and increasing the
coercive force from approximately 1.3 Oe for the uncoated
microparticles to 6.5 Oe for the polysiloxane-coated micro-
particles. The change in microparticle magnetic properties,
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Fig. 1. (a) SEM image showing the polysiloxane-coated carbonyl iron microparticles. (b) Magnetization curve for both uncoated and polysiloxane-coated

carbonyl iron microparticles.

Fig. 2. Still frames from a video showing the movement of a 20 pl water drop containing 2% carbonyl iron particles. The drop moves from left to right by
the action of a permanent magnet that is manually displaced below the surface and reaches a maximum speed of about 2cm/s.

also, did not visibly affect the magnetically-controlled drop
movement observed in this study.

Drops (20 ul) from several biological fluids, containing
2% polysiloxane-coated iron particles were pipetted onto
the superhydrophobic silicon nanowire surface and ob-
served. These fluids included deionised water supplemented
with 8% bovine serum albumin (BSA; Rockland Immu-
nochemicals Inc., Gilbertsville, PA), fetal bovine serum
(VWR, West Chester, PA), and whole bovine blood
supplemented with the anti-coagulant, K;zEDTA (Innova-
tive Research Inc., Southield, MI). A NdFeB cylindrical
(6.44 mm diameter and 12.7 mm length) rare earth magnet
(Magcraft, NSN0718/N40) with residual flux density (Br)
of 12800 Gauss, coercive force (Hcb) of 11900 0e, and
maximum energy product (BHmax) of 40 MGOe, was
positioned directly below the superhydrophobic surface
and moved by hand. The directed movement of these drops
was recorded using an Optura 20 Canon digital camcorder
(Canon, Lake Success, NY). Snapshots from the videos
were analyzed to obtain an approximate value of the
maximum drop velocity. Static and dynamic contact angles
were determined using the contact angle tool in Image J
(National Institutes of Health, http://rsb.info.nih.gov/ij).

3. Results and discussion

Initial studies were conducted with deionised water.
Drops containing a suspension of coated carbonyl iron
microparticles were added to the superhydrophobic surface
and directed to move by a NdFeB magnet. In this study,
drop movement was studied as a function of size and

particle concentration. Drops followed the magnet motion
with particle concentrations as small as 0.1% in weight,
and along a 2 cm linear path at speeds up to 7cm/s, and in
a circular path. Fig. 2 shows still images from a typical
video, where a paper grid with boxes of a tenth of an inch
in width is given as a reference. Water drops moved
effortlessly and responded quickly to magnet displacement.
After observing this phenomenon, one could argue that the
drop is sliding across the surface. However, it could also be
argued that the particles are moving over the surface of the
water drop in a “‘tank-treading” like motion, or in a better
analogy, as a pet hamster would move when placed inside
of a plastic play ball. When a small piece of Styrofoam is
placed on top of a water drop, the Styrofoam remains
virtually motionless as the drop moves across the super-
hydrophobic nanowire surface. Thus we conclude that the
water drop slides along the surface due to the combined
effects of a superhydrophobic surface and the very low
amount of contact area between the rounded water drop
and the nanowire surface. A first order analysis of this type
of drop motion is derived below.

When the magnet is displaced, the clusters follow the
magnet motion, sliding inside the drop, until they arrive at
the contact line. When the more advanced cluster arrives at
the contact line, the competition between capillary force
and magnetic force causes the cluster to start climbing
along the drop surface as depicted in Fig. 3. The magnetic
force acts along the cluster axis, while the capillary force
acts along the normal to the drop surface. The vertical
component of the magnetic force will then deform the drop
surface at the contact line towards the superhydrophobic
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drop surface

Fig. 3. A schematic force diagram illustrating that the vertical component
of the magnetic force F,, deforms the drop surface at the contact line
towards the superhydrophobic surface. This results in an increase in the
advancing contact angle based on the relationship 0, = t—o,.

surface. Hence, o, (2, = n—6,) decreases and the advancing
contact angle, 0,, increases. Consequently, the magnetic
force builds a difference between the contact angles at the
advancing and the receding parts of the contact line. This
contact angle difference opposes the drop motion with a
force that can be expressed as 2yrJ [22], where y is the
surface tension, r = Rcos (6.—m/2) is the radius of the
circle of contact between the drop and the superhydro-
phobic surface with R being the radius of the drop, and
J = cos 0,—cos 0, where 0, is the receding contact angle. At
equilibrium, the total horizontal force balance on the drop
can be written as follows:

nyD

F™sin 0 — —————
cos (o — o)

sin o, —2yR cos (OC - g)
x(cos 0, —cos 0;) =0,

where F™ is the modulus of the magnetic force on the
cluster, « is the angle that the magnetic force forms with the
vertical axis, and D is the diameter of the cluster. For
completeness, the vertical force balance reads:

nyD

F™cos ¢ ——————
cos (o — o)

cos o, = 0.

If there is no difference between the advancing and
receding contact angles, the force balance equations simply
state that the system would be in equilibrium provided
o = o, Instead, when a contact angle difference is
produced, the capillary force that opposes the contact line
motion introduces a threshold that can only be overcome
when the inclination of the clusters, «, is larger than the
advancing contact angle, «,. This is precisely what would
happen in the situation depicted in Fig. 3, where the
vertical components of magnetic and capillary force
compensate, while the magnetic force horizontal compo-
nent is visibly higher than the corresponding capillary
component. When this excess magnetic force horizontal
component is higher than the contact angle difference term,
drop motion will occur. From this point of view, large

values of o would be more convenient in order to overcome
the opposing force due to the contact angle difference.

It may be possible that the first cluster arriving at the
contact line would not be able to overcome the capillary
retention force. Then the magnet displacement with respect
to the drop will keep increasing, making the first cluster
climb along the drop surface and driving more clusters to
the contact line. Due to the magnetic field spatial structure,
the clusters arriving at the contact line would have a larger
inclination, which will then create a comparatively stronger
contribution to the horizontal component of the magnetic
force than the vertical component. Consequently, the
advancing contact angle would be slightly perturbed, while
the horizontal force will increase significantly and drop
motion will occur. This is precisely what happens in our
experiments, as shown in Fig. 2, where the contact angle
difference and the inclination of the clusters can be
appreciated.

A full numerical check of the above expressions is not
possible, however, because precise values concerning the
size and the number of the clusters would be needed. This
possibility is precluded by the lens effect of the drop
surface. Nevertheless, calculations based on the actual
measured values of the angular variables of the problem
(0.~ 147°, 0,~160°, 0,~136°, and a~44°) show that the
order of magnitude of the magnetic force modulus needed
to balance the capillary and retention forces is within the
range achievable in our experimental setup.

Another interesting aspect is the role of the magnet
velocity in the initiation of drop motion. Actually, the
magnet displacement entrains the cluster structure in its
motion. Before the threshold condition for drop motion is
achieved, the drop is standing and the clusters move
through it with possibly large velocities. In order to make
some estimations, the clusters appearing in the experiments
can be approximated as circular cylinders of, say, diameter
D = 100 pm. These clusters may move within the standing
drop at speeds V up to 10 cm/s. These values (D = 100 pm,
V'=0.1m/s, and using the density and the viscosity of
water) yield a Reynolds number: Re = pVD/u~10. This
means that inertial effects of the fluid may be important at
these high magnet speeds.

Finally, the sliding motion of the drops deserves some
comments. Fluid drops surrounded by another fluid can
show multiple types of motion depending on drop shape,
drop size, and viscosity contrast. For instance, slipping,
sliding, rolling, and tank-treading motions have been
described [23] in the case of drops slowly moving under
gravity body force on inclined plates. In such a case, the
shape of the drop is controlled by the Bond number,
Bo = ApgR?/y, where Ap is the density difference between
both fluids, ¢ is the acceleration due to gravity, and R is the
radius of the drop. Low Bo values correspond to drops
with virtually undeformed spherical shape, medium Bo
values correspond to drops considerably flattened in
contact with the plate, and high Bo values correspond to
pancake shaped drops. It is known [23] that flattened and
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pancake drops with higher viscosities than the surrounding
fluid should exhibit a sliding motion. In the experiments
reported here, we are dealing with flattened water drops in
air (e.g. a high viscosity contrast condition). Therefore,
sliding motion should be expected. Nevertheless, a caveat is
in order here. Namely, the above mentioned analysis [23]
pertains to Stokes flow induced by a gravity body force and
with buoyancy as the drop deforming force. However, in
our experiments motion is caused by forces applied to the
drop surface; the deformation of the drop is due to this
same surface force, not to flow.

Drop motion experiments with an aqueous solution of
BSA and serum were also conducted. Both of these
biological fluids were moved, though differences in contact
angles and in motion were observed. Table 1 shows that
while the static advancing angle is very similar for water,
BSA solution, and serum, the dynamic angles are very
different. Before we conducted these experiments, we
studied the behavior of these solutions as well as saliva,
urine, plasma, and whole blood on superhydrophobic
surfaces without magnetic particles. Our overall conclusion
from those experiments is that viscous biological fluid
drops have a high contact angle on superhdyrophobic
surfaces, but sometimes do not roll off the surface. Our
preliminary hypothesis to explain this behavior is that
viscoelastic fluids create a higher amount of friction than

Table 1

Comparison of contact angles for water and biological solutions for drops
controlled on a superhydrophobic surface using paramagnetic particles
and an external magnetic field

Fluid Average static Average dynamic Average dynamic
advancing angle advancing angle  receding angle

Distilled 142 149 137

water

BSA solution 146 112 101

Serum 137 92 83

water presumably due to their ability to deform around the
tops of the nanowires. When we move drops of BSA
solution or serum using magnetic particles under the
influence of a magnetic field, they appear to move more
sluggishly than water.

Coalescence and/or splitting of drops are also steps with
practical utility in microfluidics. We have achieved
coalescence of two drops as seen in Fig. 4 by moving two
particle-laden BSA-containing drops towards each other
using two magnets. The resulting coalesced drop can also
be moved with the magnet. Drop splitting can also be
achieved for a drop with a higher concentration of
paramagnetic particles (5%), by means of two magnets
that are placed below the superhydrophobic surface. As
seen in Fig. 5, by placing two magnets with poles oriented
in the same direction under one BSA containing drop and
progressively separating the two magnets, the drop was
deformed until it split. In this Fig., the resultant drops are
unequal in size. Interestingly, when water drops are split
the resultant drops appear nearly identical in size. In
general, we have observed that it is more difficult to create
two drops of equal sizes in BSA solution than with water,
possibly due to the viscoelastic properties of the BSA
solution.

After establishing the ability to move, coalesce, and split
drops, we have conducted some simple experiments to
show that we can use electrochemical techniques to analyze
the contents of a drop. Fig. 6 shows a sequence of still
images from a video where a drop is moved to a
microelectrode system for dopamine analysis in aqueous
solution. Measurements can be taken to determine the
dopamine concentration of a drop. We have initiated
experiments to automate the system to include wash and
rinse steps in order to rapidly and accurately measure the
concentration in more than one drop. At this juncture, we
have observed that the drop coating protects the iron
particles from any unwanted reactions that would cause a
false reading or create impurities within the drop. It is

Fig. 5. A sequence of still frames from a video where an albumin drop is split by the action of two bar magnets being separated underneath the

superhydrophobic surface.
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Fig. 6. A sequence of still frames from a video showing a dopamine aqueous solution drop being moved towards an electrode by the action of a magnet,

and pulled away from the electrode after the measurement is completed.

fortuitous that the use of a magnetic field to move the drop
also serves to pin the drop on the surface, thus preventing
capillary action from wicking the drop up the microelec-
trode assembly.

4. Conclusions

The combination of a superhydrophobic surface and
paramagnetic particles controlled by a magnetic field can
be used to move, coalesce, and split drops of water and
biological fluids. Visual observations of water drop move-
ment indicate that drops slide along the superhydrophobic
nanowire surface. Drop movement is due to the formation
of particle chains under the influence of a magnetic field,
which press against the surface of the drop and overcome
capillary and surface friction forces. Because biological
fluids contain biopolymers that make the solution viscoe-
lastic, dynamic contact angles are lower for these solutions
and hence, they move more sluggishly. Employing two
independent magnetic fields allows for useful drop manip-
ulation such as coalescence and splitting. This system of
drop control is also amenable to analytical techniques such
as clectrochemistry, and suggests that digital magneto-
fluidics is a promising new method for rapid detection and
analysis in diagnostic applications.
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