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Abstract
A microfluidic method to manipulate small drops of water is studied on two different superhydrophobic surfaces. Using this digital

magnetofluidic method, water drops containing paramagnetic carbonyl-iron microparticles were displaced on silicon nanowire (Si NW) and low-

density polyethylene (LDPE) superhydrophobic surfaces using magnetic fields. Horizontal, vertical, or upside-down drop movement is made

possible by the action of capillary forces induced by paramagnetic particles aligning and following a magnetic field, indicating that three-

dimensional digital microfluidics is possible. Also, both Si NW and LDPE superhydrophobic surfaces combine surface chemistry with nano and

microscale surface roughness to make drop movement possible. Si NW superhydrophobic surfaces were prepared using vapor–liquid–solid growth

systems followed by coating with a perfluorinated hydrocarbon. LDPE superhydrophobic surfaces were prepared by growing polyethylene crystals

on a polyethylene substrate through careful rate control.
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1. Introduction

Technological advances are bringing closer to reality

decentralized ‘‘near-patient’’ or ‘‘point-of-care’’ testing for a

wide spectrum of analytes [1], to provide fast quantitative

results at the bedside, the physician’s office, emergency-rooms,

or for home self-testing. Early detection can have a profound

impact on treatment outcomes and mitigation of damage for a

number of illnesses. Points of care systems are viewed as

integrated systems that can make state-of-the-art technology

platforms accessible to a large population pool [2]. However,
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the vast majority of medical diagnostics is still conducted in

clinical laboratories and with the use of large equipment. Many

hurdles need to be overcome before new analytical tools can be

widely accepted in medical practice [3]. Microfluidics provides

the ability to analyze small volumes of sample and minimize

costly reagent consumption, automate sample preparation, and

reduce processing time, but it is still fraught with challenges.

These challenges include developing low-cost fluidic chip

manufacturing methods, providing good interfaces to the

macro-world, minimizing non-specific analyte/wall interac-

tions (due to the high surface-to-volume ratio associated with

microfluidics), developing materials that accommodate the

optical readout phases of the assay, and complete integration of

peripheral components to produce autonomous systems

appropriate for point-of-care testing [4].

mailto:tony.garcia@asu.edu
http://dx.doi.org/10.1016/j.apsusc.2007.07.121


Fig. 1. Sequence of frames from a video of a 30 mL water drop moving from

left to right on a silicon nanowire superhydrophobic surface with an iron particle

concentration of 5% by the action of a permanent magnet below the surface.
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Since microfluidics holds promise as a key component in the

next generation of point of care diagnostic devices, it is useful

to review the major formats being developed. Two basic

paradigms in microfluidics are continuous flow [5] and digital

microfluidics [6] where fluid is handled in unit-sized packets.

Most digital microfluidics systems place drops in an immiscible

liquid environment. Actuation mechanisms include electro-

wetting [7,8] and magnetic manipulation of aqueous droplets

suspended in silicone oil filled microchannels driven by

magnetic microparticles [9]. Rectified motion of drops in air

(on gradient sources induced by vibration) has also been

investigated [10]. There is no doubt that this area of research is

still expanding with an eye towards simplicity, versatility, and

integration with the latest sensing and detection technology.

With these ideas in mind, our research group has also been

developing a new method to manipulate discrete drops of

aqueous and biological fluids.

We recently reported a novel method to displace, coalesce,

split, and analyze paramagnetic particle-containing aqueous

drops in air using flat, non-patterned silicon nanowire super-

hydrophobic surfaces with the only driving force being magnetic

fields [11]. Discrete magnetic microfluidics, or digital magneto-

fluidics, is a technique in which aqueous and biological fluids

drops can be moved in air over a superhydrophobic surface by

magnetic force. Briefly, aqueous and biological fluid drops with

iron microparticle concentrations of approximately 5% can be

moved on a silicon nanowire (Si NW) superhydrophobic surface

via magnetic forces (Fig. 1). Iron microparticles were coated with

polyxiloxane in order to prevent oxidation in aqueous environ-

ments as described in Ref. [12], and then added to the drops. Si

NW superhydrophobic surfaces were created by a CVD process

[13–15], followed by chemical coating with a fluorinated

hydrocarbon. Basic drop handling operations through digital

magnetofluidics with biological fluids drops, such as bovine

serum albumin solutions, plasma, and serum have also been

demonstrated [16]. This technique has been successfully coupled

to electrochemical detection methods for quantitative dopamine

and glucose analyses [17]. The digital magnetofluidic format has

a number of advantages since sample droplets can be simply

handled individually in air while maintaining minimal contact

with the surface (Fig. 2a) thus drastically reducing wall

interactions.
Fig. 2. Silicon nanowire superhydrophobic surface. (a) Water drop showing a static co

rolling off the surface. (b) Top view SEM of the nanowire surface. On the SEM image

covering the surface. The nanowire grow conditions were 460 8C, 1 Torr, 18 min,
In this study, we report observations of digital magneto-

fluidics on another superhydrophobic surface based on

crystallization of low-density polyethylene (LDPE). Since

LDPE and Si NW surfaces have very different morphologies

and chemistries, it is important to compare and contrast how

drops can be moved on these surfaces through the action of

digital magnetofluidics.

2. Experimental

2.1. Si nanowire superhydrophobic surfaces

Si(1 0 0) n-type wafers used for silicon nanowire growth

were degreased by rinsing in acetone for 10 min followed by a

methanol rinse for another 10 min. They were then etched with

a 10:1 buffered 48% HF solution for 10 min to remove the oxide
ntact angle higher that 1708. The drop is held by the pipette tip to prevent it from

it is possible to distinguish the gold-capped nanowires with different directions

and the nanowire average length was 2.5 mm.
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layer and dried under flowing nitrogen. A 2 nm gold film was

thermally evaporated onto hydrogen terminated Si(1 0 0)

substrates in a vacuum of 10�7 Torr at room temperature to

create gold nanodots. Silicon nanowires were grown on the gold

nanodots via catalytic vapor–liquid–solid (VLS) growth in a

quartz lamp heated, low-pressure chemical vapor deposition

(LPCVD) system. The wafer was supported by a SiC-coated

graphite susceptor. The wafer was annealed first in hydrogen

(3000 SCCM) at the growth temperature for 30 min, followed

by outgassing, and at 570 8C for 5 min to promote the formation

of Au–Si eutectic droplets. A hydrogen atmosphere with 5%

SiH4 was introduced at a flow rate of 400 SCCM. Nanowires

were grown under 2.5 W RF plasma conditions at a temperature

and pressure of 460 8C and 1.0 Torr for 20 min. A Hitachi-S-

4700-II field emission scanning electron microscope was used

to obtain high-resolution images from which length and

thickness of the nanowires were determined. A 10 keVelectron

beam and 6 mm working distance were used to obtain images in

low energy secondary electron imaging mode.

Fig. 2b shows a top view SEM image of the Si NW surface

grown under plasma conditions at 460 8C. Silicon nanowires

predominantly grow in h1 1 0i and h1 1 1i orientations. When

viewed from above, the h1 1 0i oriented nanowires are at a 458
angle with respect to both the horizontal and vertical axes,

while the h1 1 1i oriented nanowires are parallel to the

horizontal and vertical axes. The average length of the

nanowires is 2.5 mm.

The Si NW surface was cleaned in a UV ozone cleaner for

30 min. The sample was immediately rinsed with DI water and

heated at 140 8C for 10–15 min to dry the surface. Cleaned Si

NW surfaces were incubated in a 0.1% aliquot of 1H, 1H, 2H,

2H-perfluorooctyltrichlorosilane (PFOS) solution in double-

distilled toluene for 30 min, then twice-rinsed with toluene.

Then, the sample was dried at 140 8C for 15 min and stored in a

Petri dish at room temperature.

2.2. Low-density polyethylene superhydrophobic surfaces

Superhydrophobic LDPE surfaces were prepared by

adapting the method of Lu et al. [18]. LDPE was chosen as

the substrate for its inherent hydrophobicity, low cost, and

flexibility. A 1.59 mm thick commercial-grade LDPE sheet was

purchased from McMaster-Carr (Los Angeles, CA). LDPE

crystals were grown from LDPE pellets (Sigma–Aldrich, St.

Louis, MO) with a melt index of 2.50 g/min at 190 8C. The

pellets were dissolved in xylene (isomers plus ethylbenzene,

reagent grade, Sigma–Aldrich) and methyl ethyl ketone (MEK)

(reagent grade, J. T. Baker, Phillipsburg, NJ). The LDPE sheet

was cut into 61 mm � 99 mm rectangles to fit into an

aluminum solvent-casting fixture. The rectangular samples

were lightly abraded and cleaned with acetone before being

clamped on the fixture. The LDPE pellets, xylene, and MEK

were used without additional preparation. Xylene solvent and

LDPE pellets (at a concentration of 30 mg/mL) were placed in a

flask and immersed in a water bath at 92 8C. After the LDPE

had fully dissolved (approximately 35 min), MEK (a non-

solvent for LDPE) was added to the flask at a ratio of 55:45
xylene:MEK. The addition of a non-solvent to the solvent-

plastic solution was shown by Erbil et al. [19] to increase

surface roughness and aqueous drop contact angle for solvent-

cast polypropylene. Our research has shown that a similar result

is achieved for solvent-cast LDPE using MEK as the non-

solvent. The addition of the MEK caused the solution to

immediately turn cloudy due to crystallization, but after several

minutes of gentle swirling the solution cleared. At this point the

water bath temperature was decreased to 80 8C and the solution

was held at that temperature for an additional 90 min to

promote controlled crystallization. Next, 5 mL of solution was

carefully withdrawn and pipetted into the fixture (resulting in a

surface concentration on the LDPE sheet of 0.090 mL of

solution/cm2, or 2.7 mg of crystals/cm2). The fixture was gently

rocked to level the solution, and then placed in an enclosed box

and kept in a fume hood to dry overnight.

2.3. Magnetic movement

Aqueous drops containing paramagnetic iron particles (6–

9 mm, Fluka) were pipetted onto the Si NW and LDPE

superhydrophobic surfaces. The iron particles were coated with

polysiloxane to prevent oxidation as described in Ref. [12].

Drop movement was accomplished by displacing a cylindrical

NdFeB bar magnet, which the drop being positioned directly

below the superhydrophobic surface (for horizontal movement)

(Fig. 4a) or on the opposite face of the surface (for vertical and

upside-down movement) (Fig. 4b–c).

2.4. Static contact angle measurements

Contact angle measurements of water drops on both silicon

nanowire and low-density polyethylene super hydrophobic

surfaces were made by the sessile drop method, adjusting the

drop volume from the top of the drop, with a Ramé-Hart

(Mountain Lakes, NJ) NRL Contact Angle Goniometer, model

100-00.

3. Results and discussion

One major goal of our research is to find ways to manipulate

biological fluids without the use of a container or channels. Our

early studies were designed specifically with the intent of

carefully controlling surface properties in order to generate

droplet movement. With that goal in mind, Silicon nanowire (Si

NW) superhydrophobic surfaces were prepared using vapor–

liquid–solid (VLS) growth systems to create high aspect ratio

nanowires of various diameters, spacing, and lengths. The

nanowire substrates were rendered hydrophobic by covalently

applying a perfluorinated hydrocarbon coating to the entire

surface. This combination of topography and hydrophobic

coating resulted in surfaces where drop contact angles

measurements gave advancing contact angles close to 1808
(Fig. 2a), with no detectable difference between advancing and

receding contact angles. The Si NW superhydrophobic surfaces

are macroscopically smooth, however, they exhibit multi-

dimensional, random roughness at a small scale (Fig. 2b). The



Fig. 3. Low-density polyethylene surfaces (LDPE). (a) Water drop on LDPE superhydrophobic surface, showing a static contact angle of approximately 1508. (b) Top

view SEM of 50�magnified image shows that the polyethylene crystals do not cover the surface homogeneously, however, the sample is still superhydrophobic. (c)

Top view SEM of 1500� magnified image shows the floral-like low-density polyethylene structures that cover the polyethylene slab, making the surface

superhydrophobic by a combination of multidimensional surface roughness and the intrinsic hydrophobicity of polyethylene.
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smallest feature length scale is about 20 nm which corresponds

to the nanowire diameters. The next largest length scale is the

separation distance between nanowires, which ranged from 60

to100 nm. The largest roughness length scale is represented by

the nanowire height, of approximately 2 mm. These different

feature/roughness lengthy scales give rise to the mechanism for

water repellency in Lotus leaf-like structures which is the

presence of air pockets underneath the liquid [20,21].

Si NW superhydrophobic surfaces have shown to be

excellent substrates for movement of drops even for solutions

with protein concentrations similar to those found in blood. We

have also observed that drops of whole blood, serum, plasma,

urine, and saliva are repelled by Si NW superhydrophobic

surfaces. While this surface shows excellent promise as a

platform for biological fluid microfluidics, we are interested in

broadening the types of materials that could support digital

magnetofluidics. For this reason, most recently, we have shifted

our attention to the use of low-density polyethylene (LDPE)

superhydrophobic surfaces. LDPE is intrinsically hydrophobic,

and a more commercially relevant material. Polymer surfaces

are in general attractive because of their flexibility and the ease

in which complex structures can be formed. Through solvent

crystallization, LDPE superhydrophobic surfaces can be made

very quickly and inexpensively in large slabs.

Contact angles on LDPE superhydrophobic surfaces are

approximately 1488 when measured on a static drop, 1528 for
Fig. 4. Sequence of frames from a video showing movement of water drops in three-d

left on a horizontal surface. (b) Drop moving upwards along a vertical surface. (c) Dro

siloxane-coated, iron microparticles. On the right of all frames a pendant drop fro
an advancing drop and 1388 for a receding drop. LDPE solvent

crystallization produces floral-like structures with multidimen-

sional roughness. Macroscopically, LDPE superhydrophobic

surfaces appear very rough. The largest feature length scale

(approximately 100 mm) is due to cracks that appear between

the crystallized areas (Fig. 3b). At the complex floral structure

level, features of 1 and 10 mm are also found, and significant

roughness at the nanoscale-level should also be present.

The mechanism for water repellency of superhydrophobic

surfaces is given by Wenzel’s law [22], cos Q* = r cos Q;

where Q* is the resulting contact angle for a surface with a

given roughness parameter r, and the contact angle Q is the

value measured for a smooth surface. The value of r is the ratio

of the real surface area divided by the projected flat surface area

[20]. From values of water on pristine low-density polyethylene

films of 938 [23] and an estimated Wenzel contact angle of

1478, r can be estimated as approximately 16 for the LDPE

surfaces.

Drops of sizes up to 4 ml, with iron-microparticle

concentration of 5% can be moved through digital microfluidics

in three-dimensions (Fig. 4). Up to now, digital microfluidics

systems have been confined to motion in a 2-D channel or a 2-D

surface. Yet, 3-D movement is important because more

compact devices can be fabricated and more sophisticated

subsystems for detection and processing would be possible.

Three-dimensional motion may also allow for more flexibility
imensions, on a low-density polyethylene surface. (a) Drop moving from right to

p moving from left to right on an upside-down surface. All drops contain 5 wt.%

m a pipette tip is shown as a gravity reference.
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when employing multiple sensor elements since they do not

have to be integrated with the substrate as would be the case for

a planar configuration. We are currently involved in studies to

thoroughly investigate the movement of drops on each type of

surface. At this point, several qualitative observations can be

made. First, Si NW superhydrophobic surfaces provide very

little resistance to movement; and thus drops can be moved on

these surfaces at the speeds of up to 7 cm/s [11]. Secondly,

LDPE surfaces provide higher resistance to movement and

drops can be moved only when higher concentrations of

magnetic particles are added (5–10%) or smaller drops are

used. Thirdly, LDPE superhydrophobic surfaces are more

robust than Si NW surfaces and continue to give consistent

performance over repetitive drop movement cycles. Finally,

superparamagnetic particles do not seem to get caught in the

LDPE surface features, whereas there is visual and contact

angle evidence indicating that they become embedded in Si

NW surfaces.

At this point, we also believe that the LDPE surfaces can be

better designed to reach the same performance characteristics

seen in the Si NW surfaces. Erbil et al. [19] note that

polypropylene superhydrophobic surfaces can yield higher

contact angles. Also, better control of LDPE crystal growth [18]

should also increase contact angles. It is hypothesized that a

higher contact angle will result in easier drop movement with

plastic surfaces requiring lower concentrations of magnetic

particles.

4. Conclusions

Superhydrophobic surfaces created by LDPE crystalliza-

tion can be used in digital magnetofluidics. While their

performance does not quite match Si NW surfaces, improve-

ments in crystal structure or a switch to polypropylene could

lead to plastic superhdyrophobic surfaces that rival silicon

nanowire performance. The strength of Si NW surfaces in this

application is due to dense, high aspect ratio structures which

yield very high contact angles and avoid receding angle

pinning spots. Overall, Si NW surfaces provide a lower

resistance to drop movement using magnetic particles, and

larger drops or lower concentrations of paramagnetic particles

are sufficient for these surfaces. Interestingly, capillary forces

in digital magnetofluidics are strong enough to allow drop

movement vertically and upside-down on superhydrophobic

surfaces for drops volumes up to 4 ml on low-density

polyethylene surfaces. This demonstration of 3-D microfluidic

movement opens the door for more compact devices and an

expanded array of sensing elements.
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