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Abstract: Open-surface digital microfluidics refers to droplet manipulations in an open surface. Different chemi-

cal/biological reaction protocols can easily be demonstrated in the same device by reprogramming the order of droplet 

manipulations. While continuous-flow or liquid-plug microfluidics within microchannels have inherently limited pro-

grammability, there is no limit of reprogrammability in open-surface digital microfluidics. Three different mechanisms for 

droplet manipulations are addressed in this mini-review: electrowetting-on-dielectric, magnetofluidics and wire-guide 

manipulations. Brief theories of surface tension and work of adhesion are addressed. Potential applications are addressed 

as well as their complications. 

INTRODUCTION  

 “Lab-on-a-chip” literally refers to a chemical or biologi-
cal “lab” on a semiconductor “chip,” where biological fluids 
flow through a miniaturized circuit (= a network of micro-
channels; Fig. 1 top). Therefore, microfabrication (for chip 
fabrication) and microfluidics (a liquid flow within micro-
channels) are considered as the two fundamental bases in 
building lab-on-a-chip. In a semiconductor chip, the circuitry 
can be reprogrammed to perform a different set of instruc-
tions. Similar attempts have been made in lab-on-a-chip to 
reprogram the reaction protocol. Microvalves and micro-
pumps have been used for lab-on-a-chip in an attempt to 
simulate this reprogrammability. These “moving” compo-
nents could be incorporated into lab-on-a-chip by utilizing 
piezoelectric components, which are very difficult to fabri-
cate and operate [1]. Therefore, an alternative way in achiev-
ing reprogrammability has emerged: the use of discrete liq-
uid plugs instead of a continuous liquid flow through micro-
channels [2-4] (Fig. 1 middle). These “plugs” are generally 
small in volume so that they can be considered as “droplets” 
or “microdrops.” These droplets within microchannels have 
many advantages over continuous flows. Each droplet serves 
as a small chemical or biological reactor, where a series of 
different, individual reactions can be made. Very small mi-
crodrops can be created in order to confine a single cell 
within it (i.e. single cell analysis) [5]. 

 However, these droplets within microchannels are not 
ultimate media since their movements are still restricted
within microchannels. Droplets should move around in an 
open surface to maximize the reprogrammability of a micro-
fluidic device (Fig. 1 bottom). 

 This new concept has often been coined as “digital” mi-
crofluidics. Since the manipulations of discrete liquid plugs 
are often referred as digital microfluidics, I will make a dis-
tinction by referring this new concept as “open-surface” digi-
tal microfluidics. Researchers at Duke University define 
digital microfluidics as follows: “Digital microfluidics is an  
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alternative technology for lab-on-a-chip systems based upon 
micromanipulation of discrete droplets. Microfluidic pro- 
cessing is performed on unit-sized packets of fluid which are 
transported, stored, mixed, reacted, or analyzed in a discrete 
manner using a standard set of basic instructions [6].” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Top: Continous liquid flows through microchannels. 

Sample (bottom inlet) is gradually mixed with diluent (top inlet) to 

achieve serial dilutions. No reprogrammability. Middle: Discrete 

liquid plugs or droplets within microchannels. Limited reprogramm- 

ability. Bottom: Droplets on an open surface. Merging, splitting and 
mixing (by rotation) are shown. Maximum reprogrammability. 

 Examples of complex chemical/biological procedures 
include: (1) serial dilution, (2) potentiometric or conducto- 
metric titration, (3) chemical synthesis, (4) enzyme-linked 
immunosorbent assay (ELISA), (5) polymerase chain reac- 
tion (PCR) and (6) single cell analysis. Like a set of instruc- 
tions for a microprocessor, these procedures can be built up 
step-by-step in reprogrammable lab-on-a-chip. In a way, 
digital microfluidics is analogous to traditional bench-top 
protocols while continuous-flow microfluidics is analogous 

Fig. (1). Top: Continous liquid flows through microchannels. 

Sample (bottom inlet) is gradually mixed with diluent (top inlet) to 



Open-Surface Digital Microfluidics The Open Biotechnology Journal, 2008, Volume 2    95 

to flow-injection analyses (in much smaller volumes and 
with higher level of automation). 

BASIC MANIPULATIONS 

Basic Droplet Manipulations: Transport, Merging, Split- 

ting and Creation 

 In order to fully perform chemical/biolgical reactions in 
digital microfluidics, the following droplet manipulations 
should be demonstrated [7]. Primarily, we should be able to 
move droplets (transport). Secondly, we should be able to 
merge droplets to simulate addition of liquids and split them 
to simulate taking aliquots (merging and splitting). Finally, 
we should be able to create droplets from either inlets or 
small reservoirs (creation) (Fig. 2). This creation can be 
made manually by using micro-pipettes when the volume of 
droplets is larger than 1 L. Nanoliter drops should be 
created automatically within digital microfluidics. 

Mixing and Heating 

 Since we do not have a magnetic stirrer, sonicator, or 
vortex mixer, we should be able to have certain mechanism 
to achieve mixing for a merged droplet. Molecules may 
spontaneously diffuse to the other side of a merged droplet 
towards complete mixing; however, this diffusional mixing 
is inappropriate for biomolecules (their very high molecular 
weights make their diffusivity very low). Turbulent mixing 
seems to be the best solution in achieving mixing, and one 
such attempt was made possible by rotating a droplet 
clockwise then by counterclockwise [8] (Fig. 2). 

 Some chemical/biological reactions require heating for 
incubating cells at certain optimum temperature, denatura- 
tion of nucleic acids, and most notably, PCR. This heating 
may be achieved by placing a metal electrode in a certain 
area of an open surface and applying electricity to it. The 
passage of an electric current through a conductor releases 
heat, which is known as Joule heating (Fig. 2). 

 Fig. (2) also illustrates optical detection using a backsca- 
ttering/reflection probe, which will be discussed later in this 
review. 

 

 

 

 

 

 

 

Fig. (2). Transport, merging, mixing, heating and optical detection 
of droplets. 

 Once these basic manipulations are made possible, one 
can control the movement of droplets using a pre-defined 
computer program through a digital interface. Alternatively, 
the movements can be controlled in real time from an 
external computer (direct commands). Fig. (3) illustrates one 
of such possible confugurations, where a droplet follows the 

stylus movement in a handheld computer through wireless 
connection. 

 

 

 

 

 

 

 

 

Fig. (3). Droplet manipulation using wireless connection and a 
handheld computer (PDA; personal digital assistant). 

ACTUATION METHODS 

Contact Angle and Surface Tension 

  Whether we are able to manipulate a droplet or not 
depends primarily on the work of adhesion Wa, defined by 
Young-Dupré equation Wa = L (1 + cos ), where L is liquid 
surface tension and  is contact angle, as defined in Fig. (4) 
[9]. Young-Dupré equation tells us how much work should 
be provided to overcome Wa of a droplet to a surface, which 
is primarily a function of  ( L is constant if the liquid is 
mostly water). 

 

 

 

 

 

 
 

Fig. (4). Contact angle and surface tensions. 

Electrowetting-On-Dielectric (EWOD) 

 EWOD for digital microfluidics has been extensively 
studied by a group of scientists at University of California, 
Los Angeles (UCLA; most notably Chang-Jin Kim) and 
Duke University (most notably Richard B. Fair). In EWOD, 
droplets move on a chip surface through electrical 
modification of the surface hydrophobicity [10, 11]. A Si 
wafer is etched into patterned 2-D grids, and two dielectric 
layers (silicon dioxide and Teflon) are added to insulate 
electricity thus preventing the electrolysis of water. Applying 
an electrical voltage to one of the electrodes causes the 
surface tension between solid and liquid SL to decrease, thus 
lowering  [12]. Theoretically, the contact angle can be 
decreased as low as 0° as long as high voltage is applied. 
Practically, however, the contact angle can only be decreased 
down to 80° from the initial 115° (that of Teflon), due to 
contact angle saturation and dielectric breakdown [12]. This 
35° decrease still sufficiently enables the droplet to be 
attracted to the electricity-charged electrode (Fig. 5). 

 Since the voltage is applied to one of the electrodes, a 
ground electrode becomes necessary. This can be achieved in 
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two different ways, namely, by a network of guide wires or 
by a conductor cover slide, typically indium tin oxide (ITO) 
[2, 13], as shown in Fig. (6). 

 

 

 

 

 

 

 

 

 

Fig. (5). Electrowetting-on-dielectric (EWOD) and magnetofluidics. 

 

 

 

 

 

 

 

Fig. (6). Ground electrodes for EWOD. Left: a network of guide 
wires; Right: a conductor cover slide.  

 Moving, merging, splitting, creation, and mixing of drop- 
lets have all been demonstrated [7, 8]. Contact angle satura- 
tion and the choice of dielectric layers have been studied [12, 
14]. The use of biomolecules within droplets was also inves- 
tigated [15]. The use of nonaqueous solvents was attempted 
[16]. For biological assays with EWOD, refer to the Appli- 
cations section. 

Magnetofluidics 

 Digital magnetofluidics has demonstrated by a research 
team from Universidad Nacional de Educación a Distancia 
(UNED; most notably Miguel A. Rubio) and Arizona State 
University (ASU; most notably Antonio A. Garcia). In mag- 
netofluidics, droplets move on a chip surface through the use 
of magnetic fields. This is achieved by adding superpara- 
magnetic particles to a droplet placed on a superhydrophobic 
surface with a moving magnet bar underneath [17] (Fig. 4). 
Since the magnetic force between magnetic particles and a 
magnet bar is very weak, a superhydrophobic surface (whose 
 is close to 150° or higher) is needed in order to minimize 

both the contact area and the work of adhesion for a droplet 
(the latter is often defined as “frictional force”). Recently, 
however, simple perfluorinated surface (  = 115°) has also 
successfully been used with the help of stronger magnetic 
beads and emersion of an aqueous droplet into silicone or 
mineral oil [18]. Due to its simplicity, many different 
biological assays have been demonstrated with this setup, in 
spite of its relatively short history. For biological assays with 
magnetofluidics, refer to the Applications section. 

Wire-Guide Manipulations 

 In EWOD, fabrication of a robust dielectric layer is re-
quired to prevent the electrolysis of water and subsequent 
device failure [12]. In magnetofluidics, paramagnetic parti-
cles should be designed not to interfere with biological reac-
tions, a capability that has not been confirmed yet. In both 
cases, external electric or magnetic fields may affect the be-
havior of biomolecules, and, consequently, bioanalysis and 
biorecognition. 

 A simpler method for manipulating droplets on a flat 
surface is needed to minimize the complications described 
above. A clean, metal wire (  < 10°) may be inserted into a 
droplet to guide its movement on a surface. However, the Wa 
of a droplet to a metal wire is simply too small to overcome 
the Wa to a flat surface due to the small contact area between 
the droplet and wire. Since Wa = L (1 + cos ), a very large  
may make this movement possible. We have recently dem-
onstrated such droplet manipulations on a superhydrophobic 
surface [19]. 

 A superhydrophobic surface was used in both magneto- 
fluidics and wire-guide manipulations, that are made from a 
nanocoatings of a fluoropolymer on standard glass micro-
scope slides and are currently available commercially. These 
nanocoatings create surface air pockets and put a droplet in 
metastable Fakir state. These air pockets are considered to be 
completely non-polar (i.e. hydrophobic), increasing  as high 
as 150° [20]. 

Surfance Tension and the Work of Adhesion 

 From Wa = L (1 + cos ), the adhesive energy is a sole 
function of  for the same type of liquid and its contact area. 
The higher  is, the lower Wa becomes. In case of EWOD,  
changes from 115° (that of Teflon) to 80° (with voltage) [12, 
15], L = 73 mJ m

-2
 for water, and typical area of an electrode 

is 1 mm
2
 with typical droplet volume of 0.4 μL. Wa can ac-

cordingly be calculated as 42 nJ with no voltage applied and 
86 nJ with voltage applied (Table 1). The energy with volt-
age applied is approximately twice that with no voltage ap-
plied. Therefore, a proper contact area to the actuated elec-
trode can make the droplet movement possible. This situa-
tion is schematically illustrated in Fig. (7 top). 

 In magnetofluidics, it is difficult to calculate the exact 
magnetic energy between paramagnetic particles and a mag- 
netic bar as shown in Fig. (7 bottom left). Since magneto- 
fluidics has not been successful with conventional plastic 
surfaces such as Teflon (  = 115°), we can assume such 
magnetic energy is generally too weak to overcome the work 
of adhesion for many conventional surfaces. 

 In wire-guide droplet manipulations, the contact area of a 
droplet to a metal wire is much smaller than that to a surface, 
as shown in Fig. (7 bottom right). Therefore, a large contact 
angle difference between a metal wire and a surface is 
required. We have recently demonstrated such manipulations 
of 10 L drops using a clean metal wire (   10°, 0.5 mm 
OD, inserted into a droplet by 2 mm, contact area = 0.39 
mm

2
) and a superhydrophobic surface (  = 145°, contact area 

= 2.0 mm
2
). Note that the contact area between a droplet and 

a superhydrophobic surface is considerably small, compared 
to that on a polystyrene (PS) surface (  = 90°, contact area =  
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10.5 mm
2
) and a Teflon surface (  = 115°, contact area = 6.9 

mm
2
) for the same 10 L droplet. Wa was calculated as 57 nJ 

to a metal wire and 26 nJ to a superhydrophobic surface, 
enabling for a droplet to move with a metal wire. Such dem-
onstration was not possible with other plastic surfaces due to 
their large Wa, 290 nJ (Teflon) and 750 nJ (PS), both are 
larger than that to a metal wire (57 nJ). 
 

Table 1. Work of Adhesion [Wa = L (1 + cos )] for EWOD 

and Wire-Guide Manipulations. L = 73 mJ m
-2

, 

Droplet Volume = 0.4 μL for EWOD and 10 μL for 

Wire-Guide 

EWOD  Cont. area Wa 

No voltage 115° 1.0 mm2 42 nJ 

Voltage applied 80° 1.0 mm2 86 nJ 

Wire-Guide  Cont. area Wa 

Metal wire 10° 0.39 mm2 57 nJ 

Superhydrophobic 145° 2.0 mm2 26 nJ 

Teflon 115° 6.9 mm2 290 nJ 

PS 90° 10.5 mm2 750 nJ 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Wa for EWOD (top), magnetofluidics (bottom left) and 
wire-guide manipulations (bottom right). 

Detection: Electrochemical Versus Optical 

 Regardless of whether reactions are chemical or biologi- 
cal, all end products need to be quantified to generate tangi- 
ble results. This is a biosensor topic, so we can think of all 
possible biosensing modalities: electrochemical, optical, 
piezoelectric and thermal. Of course the first two (electro- 
chemical and optical) are the most popular, since the other 
two (piezoelectric and thermal) are too complex to be imple- 
mented in digital microfluidics. Electrochemical sensing 
involves with oxidation/reduction cycles of a substrate (e.g. 
hydrogen peroxide; H2O2) with an enzyme (e.g. horseradish 
peroxidase; HRP). This cycle consumes or produces elec- 
trons that can be detected with amperometry (electric current) 
or potentiometry (electric voltage). Therefore it becomes 
necessary to have an acting electrode with a reference 
electrode. This is relatively easy to accomplish in EWOD, 
since acting and ground electrodes already exist. In case of 

magnetofluidics and wire-guide manipulations, a droplet 
should make a contact to both electrodes to detect electric 
current, voltage or resistance. This two-electrode contact is 
generally difficult to achieve, since the contact area of a 
droplet to a surface is relatively small for a superhydro- 
phobic surface (   150°). Additionally, the use of a cover 
slide similar to that in EWOD may not be a good solution, 
since the work of adhesion will be increased twice by 
additional contact of a droplet to a cover slide. 

 Optical detection is a good alternative for the droplet 
manipulations on a superhydrophobic surface. Molecules lab- 
elled with fluorescent dyes or quantum dots can be detected 
with a photodiode (PD), Avalanche photodiode (APD), 
photomultiplier tube (PMT), charge-coupled device (CCD), 
or complementary metal-oxide-semiconductor (CMOS). Our 
group has also demonstrated the use of optical fibers and a 
miniature spectrometer (essentially a one-dimensional array 
of CCD) for quantifying latex immunoagglutination assays 
in microchannel devices [21-23]. We have recently demons- 
trated the use of a backscattering/reflection probe for wire-
guide droplet manipulations, which is essentially a core-shell 
bundle of optical fibers attached to a miniature spectrometer 
[19]. Light is delivered through the core fiber towards a 
droplet and any scattered, reflected or emitted light is 
collected to the shell-side fiber bundles. The distance and 
location of a probe from a droplet should be optimized such 
that the maximum optical signal is attained. This optimiza- 
tion may be achieved through computer-controlled position- 
ing stages with stepping motors (Fig. 8). 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (8). Maximizing the optical signal from a droplet using a 

backscattering/reflection probe and computer-controlled positioning 

stages.  

 In EWOD, a transparent cover slide is preferred over a 
network of guide wires (refer to Fig. 6) for optical detection. 
A backscattering probe may be located on top of a cover 
slide. If the bottom substrate is also transparent, incident 
light may be delievered to the bottom, while detection is 
made at the top. ITO is probably the most popular conductor 
material that is optically transparent [13]. 

APPLICATIONS 

Titrations 

 Titration is one of the most popular chemical analyses, 
and modern titrations are performed using a potentiometer 
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(including a pH meter) or a conductometer. Titrant should 
continously be added to an analyte, which makes its 
demonstration in microfluidic devices rare, especially in the 
continuous-flow condition. Serial dilutions of an analyte 
with a titrant is required, which may be possible in digital 
microfluidics. We propose one possible protocol in digital 
microfluidics for potentiometric/conductometric titrations in 
Fig. (9). Two drops are created from analyte and titrant 
reservoirs, followed by splitting into halves. One each of the 
split drops are merged, mixed, and split again. One of the 
split-merged drop is sent to the detection site to record its pH 
or conductivity, where the other is merged with an analyte or 
a titrant to make a different dilution. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Proposed protocol for a potentiometric or conductometric 
titration in digital microfluidics. 

Glucose Sensing 

 Glucose sensing is probably the most-studied topic in 
biosensors. Consequently there have already been a few 
attempts of glucose sensing in digital microfluidics in both 
EWOD [24] and magnetofluidics [25]. Glucose is quantified 
by detecting its oxidation byproduct, hydrogen peroxide. 
Both electrochemical and optical detections are possible in 
quantifying this hydrogen peroxide. Electrochemincal detec- 
tion was demonstrated in magnetofluidics by inserting two 
adjacent electrodes into a droplet, for 2-20 mM glucose [25]. 
Optical detection was demonstrated in EWOD using a light 
emitting diode (LED) and a photodiode (PD), for 20-100 mg 
dL

-1
 glucose [24]. Such detections are very likely to be 

demonstrated in wire-guide manipulations, although no such 
attempts have been made yet. 

Immunoassays 

 The immunoassay utilizes the binding of antigens to an-
tibodies towards detection of a given molecule or organism, 
and is one of the most popular methods in clinical diagnos-
tics and environmental monitoring. A wide variety of immu-
noassay protocols are currently available for laboratory-
based analyses. These include enzyme linked immunosorb-
ent assay (ELISA, the most popular) and particle agglutina-
tion. Many commercial kits for immunoassays, for example 
ELISA, require the antibody (or antigen) to be immobilized 
on a fixed surface so that the unbound molecules can easily  
 

be washed away. Although a little rare, ELISA was at-
tempted in magnetofluidics platform, for detecting 0.6 ng 
mL

-1
 (or 6 pg in a 10 μL droplet) antibodies conjugated with 

HRP [26]. 

 

 

 

 

 

 

 

 

 

Fig. (10). Optical detection of glucose in EWOD (left) and electro- 

chemical detection of glucose in magnetofluidics (right). 

 There have been other attempts in utilizing micro- or 
nanoparticles in assaying biomolecules with no fixed-surface 
immobilization. Latex immunoagglutination assays, also 
known as latex agglutination tests, is such an attempt. In a 
latex immunoagglutination assay, antigen-antibody binding 
causes microparticles (also known as latex beads or micro-
spheres) to be agglutinated to form a doublet or a larger clus-
ter. This agglutination can be visualized or quantified 
through light scattering detection. Typical diameters of mi-
croparticles range from 100 nm to 10 μm [27]. Latex immu-
noagglutination assays have been demonstrated in wire-
guide manipulations for antibody (detection limit = 50 pg 
mL

-1
 or 0.5 pg for a 10 μL droplet), virus (bovine viral diar-

rhea virus; BVDV; detection limit = 2.5 TCID50 mL
-1

 or 
0.025 TCID50 for a 10 μL droplet) and bacterium (Es-
cherichia coli; detection limit = 85 CFU mL

-1
 or <1 CFU for 

a 10 μL droplet) by merging two droplets each containing 
antibody-conjugated microparticles and target molecules 
(Fig. 11 top) [19]. 

 Although not an immunoassay, mass spectrometry of 
protein has also been demonstrated in an EWOD platform 
[28]. 

Polymerase Chain Reaction 

 Although antibody-based immunoassays are simple yet 
very sensitive, their specificity has always been questioned. 
Depending on many factors, especially antibody quality, an 
immunoassay result may become false-positive. Sequencing 
nucleic acids (DNA or RNA) of a target would be an ulti- 
mate alternative in improving specificity, at the cost of in- 
creased difficulty and inferior sensitivity. Polymerase chain 
reaction (PCR) has probably eliminated these complications, 
by easily amplifying the amount of target nucleic acid 
sequence. Conseuqenly, a few papers have been published 
for PCR demonstrations in both EWOD [29] and magneto- 
fluidics [30,31] (Fig. 11 bottom). For both cases, aqueous 
droplets were immersed in silicone or mineral oil to prevent 
possible evaporation upon heating. A thermocycler chamber 
was used for the most of these demonstrations, similar to the 
PCR demonstrations in liquig-plug type microfluidics [32]. 
Pipper et al. [31], however, attempted this thremocycling by 
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moving a droplet over a temperature gradient, rather than 
changing the temperature of a single location (i.e. chamber). 

 

 

 

 

 

 

 

Fig. (11). Demonstration of latex immunoagglutination assay (top) 
and PCR (bottom) in digital microfluidics.  

Single Cell Analysis 

 There have been a few attempts to confine a single cell in 
a liquid drop within a microchannel, although not on an open 
surface. Droplets are separated by oil, providing miniature, 
isolated reaction compartments. Creation of nano-, pico-, or 
even femtoliter drops makes this miniature compartment 
similar to natural environment, and makes the concentration 
of signaling proteins relatively high. E. coli were identified 
with fluorescence [33], and photolysis of mouse mast cells 
and B lymphocytes were attempted [34] in liquid-plug 
microfluidics.  

 Single cell analysis has not yet been demonstrated in 
open-surface digital microfluidics (EWOD, magnetofluidics 
or wire-guide manipulations). Obviously, the enhanced 
reprogrammability is an advantage for analysing single cells 
on open-surface digital microfluidics. Since very small 
volume is required, droplets should be immersed in oil to 
prevent possible evaporation. 

COMPLICATIONS 

Evaporation 

 Since droplets have a small volume, they can evaporate 
relatively quickly upon exposure to air (especially for nano- 
or picoliter drops required for single cell analysis). Evapo- 
ration is also a serious issue in PCR demonstration due to the 
need for high temperature heating of the droplet. To prevent 
this evaporation, droplets have been immersed in silicone or 
mineral oil [29,30,31]; however, oil immersion is not always 
beneficial due to the following complications: (1) fast drop- 
let transport is not possible (required for turbulent mixing) 
and (2) proximity optical detection is difficult due to the 
possible interference by oil. 

Biofouling and Contact Line Pinning 

  Over time, many biomolecules that have hydrophobic 
surfaces irreversibly adsorb to not only the air-liquid inter- 
face (oil-liquid interface in case of oil immersion) but also to 
the liquid-solid interface, through hydrophobic interactions. 
We have to recall that the droplets in digital microfluidics 
are always exposed to strongly hydrophobic surfaces, e.g. 
air, oil, Teflon, perfluorinated or superhydrophobic surfaces. 
This “passive” adsorption (biofouling) makes  lower by at 
least 15-20° [15]. The more serious problem is, however, 
that biofouling is concentrated at the three-phase borderline 

(contact line) which causes the contact line to become 
pinned. Since the contact line should be able to move around 
freely for droplet manipulations, this contact line pinning 
eventually undermines the overall performance of droplet 
manipulations. 

 Making the surface hydrophilic, i.e. modifying the sur- 
face with polyethylene glycol (PEG), is not an option for 
digital microfluidics, as the surfaces should be made hydro- 
phobic for EWOD, magnetofluidics and wire-guide manipu- 
lations. Two approaches have suggested by Yoon and Garrell 
[15]: (1) Minimize the contact time for passive adsorption, 
since passive biofouling is relatively slow (occurs over 
several minutes). (2) Cause the protein molecules to be 
repelled from the bottom surface through adjustment of the 
medium pH and the surface charge of the bottom substrate. 
The net charge of a protein molecule changes from positive 
to negative as the medium pH passes through the isoelectric 
point (pI) of a protein. 

Electrolysis 

 Electrolysis is solely an EWOD problem. Although there 
is a dielectric layer that can insulate an electric current, this 
layer can be broken down (dielectric breakdown) upon 
repeated exposure to electric voltage. Once this failure 
happens, electric current flows from the acting to the ground 
electrodes, and water electrolysis follows, generating oxygen 
and hydrogen gases. Since electrolysis of pure water is 
known to be very slow, electrolysis is not a big problem in 
manipulating pure water drops in EWOD. However, addition 
of buffer or protein molecules to the water dramatically 
increases the extent of electrolysis in EWOD. 

 The only solution to prevent electrolysis is to make the 
dielectric layer as robust as possible. Spin coating of thick 
Teflon has proven to be the worst in preventing dielectric 
breakdown. Chemical vapor deposition (CVD) of silicon 
dioxide together with Teflon coating was demonstrated to be 
a little better. The best solution was oxidizing the top layer 
of silicon wafer into silicon dioxide (thermal oxidation) 
together with hydrophobic Teflon coating [12]. 

Effects of Electrical and Magnetic Fields 

 Since electric voltage is being applied to each electrode 
in EWOD, all biomolecules within a droplet are exposed to 
the electric field. Depending on the medium pH, the net 
charge of protein molecules may be varied from positive to 
negative, depending on the isoelectric point of the proteins. 
If these electrostatic interactions are not properly controlled, 
protein molecules may adsorb to the bottom surface and es- 
pecially to the three-phase borderline, leading to biofouling 
and contact line pinning and eventually no movement of 
droplets. 

 In magnetofluidics, biomolecules are exposed to mag- 
netic field. Since many biomolecules are neither ferro- nor 
paramagentic, the possibility of biofouling and contact line 
pinning due to magnetic force is very low. The only concern 
is the possible interaction between biomolecules and para- 
magnetic particles, where the particles are attracted to and 
move around the bottom surface. To the best of my know- 
ledge, no systematic studies have been reported in address- 
ing these issues.  
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microparticles

target
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agglutinated particles

target
sequence

PCR
mixture

PCR products
sequence mixture

94°C 72°C 50°C
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 In wire-guide manipulations, there are obviously no 
effects of electric/magnetic fields. 

CONCLUSION 

 There are many advantages in manipulating droplets on 
an open surface, in comparison to a microchannel. A wide 
range of established chemical or biological protocols can be 
demonstrated without any restrictions on an open-surface 
digital microfluidic platform. This is still a very young disci-
pline; EWOD manipulation is less than 7 years old; magne-
tofluidics less than 2 years; and wire-guide manipulation has 
just emerged. A new kind of manipulation may emerge soon 
as well. It is likely that scientists and engineers will be at-
tracted to the fact that many established chemical or biologi-
cal protocols are still waiting to be tested in these new plat-
forms. 
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