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Here we show that dielectrophoretic (DEP) liquid actuation can be used to dispense arrays of nanolitersized droplets loaded with biomolecules. Size-based enrichment of these biomolecules occurs rapidly
and simultaneously with the droplet dispensing. The physical mechanism responsible for the effect
is the positive DEP force directed toward the electrodes that is imposed by the non-uniform electric field
during the very rapid DEP actuated flow before droplet formation. Experiments conducted with
a suspension of lambda DNA (molecular weight: 31.5  103 kDa) and lectin protein (120 kDa)
containing identical molar concentration shows separation of DNA and protein within the nanolitre
sized droplets formed along the electrode. The density ratio of protein to DNA varies smoothly from 1 :
1 in the parent droplet to 3 : 1, favoring the smaller sized protein in the daughter droplet dispensed
furthest from the parent droplet, 2.4 mm from the parent droplet. Experiments conducted with binary
protein solutions containing identical molar concentrations of bovine serum albumin (66 kDa) and
fibrinogen (340 kDa) reveal that enrichment is enhanced as the length of the electrodes is increased.
The density ratio of BSA to fibrinogen varied from 1 : 1 in the parent droplet to 1.97 : 1 at the last
(tenth) droplet, located approximately 4.2 mm from the parent droplet. The entire process, consisting
of droplet dispensing and particle separation, occurs in less than one second.

Introduction
Size-based separation of biomolecules, including DNA and
proteins, is vitally important in life science research and clinical
diagnostics; eventually, it might form a part of established
therapeutic practice. The most commonly used bioseparation
techniques include ultracentrifugation, SDS-PAGE (sodium
dodecyl polyacrylamide gel electrophoresis), 2D gel electrophoresis, chromatographic techniques, and membrane dialysis.
Though these techniques are efficient and reliable, it is difficult
and expensive to scale them down to the dimensions of the
laboratory-on-a-chip. Many new schemes for efficient separation
of biomolecules on the microscale have been proposed and are
now under investigation.1–5 In our technique, a simple, coplanar
electrode structure serves the dual functions of (i) dispensing
nanolitre volume droplets starting from a microlitre volume
parent droplet while (ii) simultaneously and rapidly, separating
the suspended biomolecules based upon their size, aspect ratio,
and dielectric properties. The scheme combines both microfluidic
control and particle manipulation into a single operation that
occurs in less than 1 second. We previously demonstrated size
selective deposition of polystyrene beads of diameters 0.53 mm
and 0.93 mm using this technique.6 In this paper, we report a very
simple-to-implement means to enrich much smaller bioparticles,
specifically proteins and protein/DNA mixtures, based on size.
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The non-uniform electric field generated by the coplanar
electrodes of the droplet dispenser imposes DEP forces simultaneously on both the aqueous liquid and the particles suspended
within it. The liquid dielectrophoretic effect, a classic example of
the so-called ponderomotive force, exploits the tendency of all
dielectric liquids to collect in regions of the strongest electric field
intensity.7 The particles suspended within the liquid also respond
to the non-uniform electric field, moving either towards or away
from the higher electric field, depending upon the relative
permittivities of the particle and suspending medium, 3p and 3m,
respectively. When 3p > 3m, the particles are attracted towards the
stronger electric field; this is called positive DEP. On the other
hand, when 3p < 3m, the particles are repelled from the stronger
electric field and move down the field gradient. This is called
negative DEP. For particles and/or suspension media having
finite electrical conductivity, the DEP force becomes frequencydependent. In fact, the same particle can exhibit positive DEP
over one band of frequencies and negative DEP in another band.
For a spherical particle, this force is8
F~DEP ¼ 2p3m a3 Re½ K VE 2rms

K ðuÞ ¼

3p  3m
3p þ 23m

(1)

(2)

where a is the particle radius, Erms is the magnitude of the
spatially dependent electric field, 3m is the permittivity of the
suspension medium, and K is the complex, frequency-dependent
Clausius–Mossotti factor. K is expressed in terms of complex
permittivities, 3 p and 3 m , both of which depend on the electrical
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frequency u in radians s1 and the electrical conductivities of the
particle and suspension medium, sp and sm, respectively:
3 p ¼ 3p þ sp =ju

and

3 m ¼ 3m þ sm =ju

(3)

In recent years DEP has garnered much interest from the
biomedical research and industrial communities because it offers
unique capabilities to perform nondestructive manipulation and
diagnostic functions on biological particles. Usable DEP effects
are recorded for a wide range of different bioparticles, including
mammalian cells,9,10 bacteria,11,12 viruses,13 yeast,14,15 micronsized polystyrene beads,6,16 DNA,17,18 and proteins.19 While
many practical applications of DEP in cell sorting and processing
are now emerging, success to date has had only a very limited
impact on nanoparticles such as DNA and proteins. The obstacle
here is that nanoscale particles are strongly influenced by thermally-driven, random motion. To regain the advantage for DEP
manipulation, higher field gradients are required to overcome
Brownian motion.

Materials and methods
Fig. 1 shows the co-planar electrode structure used as the DEP
droplet dispenser. The electrodes are patterned in a 2 kÅ thick
aluminium layer evaporatively coated upon borosilicate glass
substrates. The parallel electrode strips are of width 35 mm with
a 25 mm gap between them. The lengths of the two coplanar
structures tested were designed for the formation of six and ten

droplets. The number of droplets formed along an electrode strip
is equal to the structure length divided by the most unstable
wavelength l, which is calculated using Rayleigh’s hydrodynamic
theory for the cylindrical liquid jet.20 The patterned electrode
structures are spin-coated with a 0.5 mm layer of spin-on glass
(Futurrex ICI-200) and then dip-coated with 0.8 mm of the
amorphous fluoropolymer Teflon-AF (DuPont). The dielectric
layer passivates the electrodes, while the Teflon adds hydrophobicity. The resulting decrease in wetting stiction reduces the
voltage required to achieve DEP actuation reliably.

Proteins and DNA
Three different proteins were used in the experiments: (i) fibrinogen (Stokes radius: 10.7 nm) conjugated with Alexa Fluor 647
(excitation wavelength: 650 nm, emission wavelength: 668 nm),
(ii) bovine serum albumin (Stokes radius: 3.35 nm) conjugated
with Alexa Fluor 555 (excitation: 555 nm, emission: 565 nm) and
(iii) lectin PHA-L (Stokes radius 6.9 nm) conjugated with
Alexa Fluor 488 (excitation: 495 nm, emission: 519 nm), all
purchased from Molecular Probes, Inc. In addition, we performed experiments with a much larger biomolecule—lambda
phage DNA (Sigma Aldrich). The lambda DNA, with its large
molecular weight (31.5  103 kDa) and radius of gyration (90
nm) provided a useful contrast with the much smaller proteins.
The DNA was stained with propidium iodide. This agent, which
binds to the DNA by intercalating between the bases, has

Fig. 1 DEP droplet dispenser with three individually addressable electrodes used to actuate liquid and dispense nanolitre-sized droplets. (a) Top view
showing parent droplet manually placed between E1 (grounded) and E2 electrodes before actuation. (b) On application of voltage to E2 and E3,
semicircular liquid finger emerges from parent droplet. (c) After liquid finger reaches the end of the structure, voltage to E2 is switched off, trapping the
liquid finger between E1 and E3. (d) Upon removal of voltage to E3, surface capillary instability rapidly ruptures the liquid finger into regularly spaced
and equally sized sessile droplets along the electrode. (e) Side view of advancing liquid finger depicting velocity profile. Larger molecules, attracted
towards the electrode, on average travel on slower moving streamlines while smaller molecules are swept further along.
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excitation and emission wavelengths of 536 nm and 617 nm,
respectively.
For the suspension medium, 0.1 M HEPES buffer was
prepared by dissolving 2.60 g of HEPES sodium salt (Sigma
Aldrich) in DI water. For the DNA protein separation experiments, suspensions of lectin protein and lambda DNA of identical molar concentration were made in 0.25 mM HEPES buffer
(0.5 mg ml1 Lambda DNA and 0.1 mg ml1 lectin protein). For
the binary protein enrichment experiments, suspensions of BSA
protein and fibrinogen protein of identical molar concentration
were made in 0.25 mM HEPES buffer. The concentrations used
to prepare this solution were 0.1 mg ml1 of BSA and 0.55 mg
ml1 of fibrinogen protein.
Liquid actuation and size selective deposition
To perform an experiment, a parent droplet of the suspension
medium containing protein particles is deposited manually via
micropipette upon the electrodes at the T-junction, as shown in
Fig. 1a. Upon application of sufficient voltage, 340 V rms AC at
a frequency of 100 kHz for our experiments, the DEP force
overcomes surface tension and, within 100 ms, draws liquid out
in the form of a rivulet that is confined by the non-uniform
electric field and moves along the structure, as shown in Fig. 1b.
The rivulet reaches the far end of the electrodes within 1 s, and
then stops, maintaining a stable, electrohydrostatic equilibrium
in the form of a semi-circular cylinder (Fig. 1c). When the voltage
is removed, capillary instability immediately causes the liquid
finger to rupture into approximately uniform, sessile droplets
regularly spaced along the electrodes, as shown in Fig. 1d.
Details of the DEP mechanism and capillary instability are
described elsewhere.7 Droplet spacing and volume are controlled
only by the width of the coplanar electrode pair. In this study, we
were unable to employ the bump structures discussed at length
elsewhere,20,21 because the larger area covered by the opaque,
semicircular electrodes would have diminished the fluorescent
signals to unacceptably low levels, making it very difficult to
obtain reliable, quantitative data on particle concentrations.
To prevent liquid backflow to the parent droplet, one of the
electrode strips is separated into two individually addressable
sections, E2 and E3.20,21 The other electrode, E1, is always
grounded. As shown in Fig. 1, the parent droplet is placed atop
electrodes E1 and E2, just to the left of the small transverse gap
g0 . To initiate an experiment, both E2 and E3 are energized by the
AC voltage. A liquid rivulet protrudes from the parent droplet,
crosses the transverse gap, and extends itself to the end of the
structure. E2 is then connected to the ground, causing the rivulet
to break at the transverse gap. As a result, the entire inventory of
liquid between E3 and E1 is isolated and trapped along E3. When
the voltage to E3 is removed, this confined liquid finger quickly
breaks up into regularly spaced, sessile droplets. By controlling
the liquid inventory and avoiding any backflow to the parent
droplet, this three-electrode structure enhances droplet uniformity. In all actuation experiments reported, an activation voltage
of 340 V rms at 100 kHz was used.
As the suspended biomolecules are carried along by the liquid
flow, they are simultaneously attracted downwards due to positive DEP and thus follow curved trajectories, as depicted in
Fig. 1. It is easy to show that gravity plays no significant role in
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this motion. The elapsed time for the transient finger motion is
less than a second. On the other hand, the gravitational settling
time for a 100 nm particle to drop 45 mm, the distance from the
top of the finger to the substrate surface, is estimated at 103 s.
Thus, our neglect of the influence of gravity on the particle
motion is justified. All liquid actuation experiments are carried
out in a silicone oil bath to minimize wetting stiction and to
ameliorate any Joule heating of the actuated liquid.
Fluorescence Imaging
After each actuation experiment, the substrates, with their
dispensed droplets arrayed along the electrode structure, were
imaged on the stage of an inverted fluorescence microscope
(Nikon Eclipse TE 2000E, Nikon Instruments Inc., Melville,
NY) fitted with a high resolution, cooled CCD camera (QuantEM: 512SC; Photometrics, Tucson, AZ). To obtain quantitative
data, we measured the total fluorescent light and calculated the
visible area producing this light. The quotient of these quantities
provides a measure of particle concentration.

Results
Initial experiments attempted using 0.1 M HEPES buffer to
suspend the three different proteins—BSA, fibrinogen and lectin—were unsuccessful. When voltage was applied, vigorous
bubble formation resembling electrolysis occurred within the
parent droplet. The high conductivity of 0.1 M HEPES buffer,
3.0 S m1, was determined to be responsible. Solving this problem
required a significant reduction of the buffer conductivity
without adversely affecting the proteins themselves. It was found
by experimental trial and error that when the conductivity of the
buffer was reduced to 9.5  104 S m1, achieved by dilution of
the buffer with double distilled DI water to a final concentration
of 0.25 mM, reliable DEP actuation could be obtained. In all
subsequent experiments, proteins and DNA were suspended in
0.25 mM HEPES buffer. The pH of the buffer was near the
physiological value of 7.4, which helps to maintain the essential
structure and stability of the proteins and DNA used in the
experiments.
Fig. 2 shows selected frames from a video of the actuation and
droplet dispensing of 0.25 mM HEPES buffer containing lambda
DNA and lectin protein. The pseudo-colored fluorescence
images of the six nanolitre-sized droplets in Fig. 3 reveal the
differential collection in the droplets dispensed along the structure of the DNA (red fluorescence micrograph) and lectin protein
(green fluorescence micrograph) that occurs as a result of the
DEP actuated flow. The image below the fluorescence image in
Fig. 3 is the overlay of the green and red pseudocolored micrographs. From these images, it is apparent that the larger lambda
DNA molecules (red) are retained preferentially in droplets
closer to the parent droplet, while lectin protein (green) is
transported further along the structure. This visual impression is
supported by the fluorescence density plot presented in Fig. 3d.
The red and green fluorescence densities within each droplet are
obtained by (i) integrating the fluorescence intensity across the
portion of the droplet not obscured by the electrodes, (ii) subtracting out the background intensity, and then dividing by the
visible area. The intensity data have been normalized to the
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Fig. 2 Sequential images of actuation and droplet dispensing of suspension containing lambda DNA and lectin protein in equal concentration. The 2
microlitre parent droplet is deposited at the root of the electrode. (a) Before application of voltage. (b) Liquid finger jumping over the transverse gap g0
upon application of voltage to E2 and E3. (c) Rapid liquid finger extension towards the end of the structure. (d) Linear array of sessile droplets formed
along the electrode after voltage removal.
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shows the bright field and fluorescence images of the ten droplets
dispensed by actuation of the binary protein suspension. The
fluorescence image clearly shows an enhancement of size-based
separation of the two proteins. Fluorescence density of fibrinogen gradually drops from the first droplet to the last, indicating
the stronger positive DEP force acting on this larger protein. The
fluorescence density data for the two proteins plotted in Fig. 5d
confirm this improvement of the separation of the two proteins.
The BSA (green)/fibrinogen (red) density ratio, starting at 1 : 1 in
the parent droplet, rises to 1.97 : 1 at the tenth droplet,
a distance of 4.1 mm from the parent droplet.

Discussion
The significant drop in fluorescence intensity of DNA and
fibrinogen along the coplanar electrodes, shown in Fig. 3 and 5,
respectively, provides evidence that the positive DEP force
attracts the biomolecules downward toward the electrodes.
Because of the significant effect of Brownian motion and the
highly non-uniform electric field to which the particles are subjected, direct calculation of the trajectories is difficult. Nevertheless, we can estimate the threshold field strength (Eth) required
for the DEP force to compete successfully with Brownian
motion. In 1992, Washizu et al. used the assumption of a spherical, conducting particle to propose the following equation for
Eth.19
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
u
Eth ¼ tðkTÞ


2pa3 3m Re½KðuÞ

(4)

,

corresponding parent droplet density. Because the suspension
concentration is maintained below 1 mg ml1, it is justified to
assume that these measured fluorescence intensities are linearly
proportional to the molar concentration of the protein or DNA
biomolecules within droplets.
Moving away from the parent droplet, the absolute fluorescence density of the droplets containing the protein lectin is
reduced at the first droplet, but then very gradually increases
moving further away from the parent droplet. The absolute
fluorescence density of the lambda DNA decreases monotonically in successive droplets. The lectin/DNA density ratio,
starting at 1 : 1 in the parent droplet, reaches 3 : 1 at the sixth
droplet, a distance of 2.4 mm from the parent droplet.
Fig. 4 shows bright field and fluorescence images of the six
nanolitre-sized droplets formed by actuation of a binary protein
solution consisting of BSA and fibrinogen suspended in 0.25 mM
HEPES buffer. The fluorescence and overlaid color images show
the concentration variation of the two proteins from droplet to
droplet along the co-planar electrodes. Fluorescence intensity of
fibrinogen protein molecules drops gradually along the structure,
indicating a size-based depletion of this larger protein. The
fluorescence density data plotted in Fig. 4d confirms this visual
impression. On the other hand, the BSA protein concentration
decreases initially at the first droplet, but then increases moderately but steadily toward the last droplet. The BSA/fibrinogen
density ratio, 1 : 1 in the parent droplet, reaches 1.5 : 1 at the
sixth droplet, situated 2.4 mm from the parent droplet.
To improve separation of the two proteins, we increased the
length of the electrode structure from 2.43 mm to 4.06 mm. This
longer structure accommodates ten droplets instead of six. Fig. 5
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Fig. 3 Re-constructed brightfield (a) and fluorescent (b) images of the
six micro-droplets formed along the electrode by the DEP droplet
dispenser. The dispensed nanolitre-sized droplets are numbered from
left to right, starting from the droplet closest to the parent droplet. The
initial molar concentrations of lambda DNA (31.5  103 kDa) and
lectin (120 kDa) are identical in the parent droplet. (c) Merged twocolor image reveals the differential distribution of the DNA and
protein. The smooth variation of the color from the first to last droplet
indicates that the higher molecular weight DNA (red) is retained more
at the initial droplets while the lectin protein (green) is enriched at the
farthest droplets. (d) Average fluorescence density of green and red
within the droplets quantifies the separation of lambda DNA (red)
and lectin protein (green). The green/red density ratio, 1 : 1 at the parent
droplet, reaches 3 : 1 at the sixth droplet, situated 2.4 mm from
the parent droplet. The fluorescence data is the average of three
experiments.

In eqn (4), k is Boltzmann’s constant, T is temperature in
degrees Kelvin, a is the radius of the particle, and 3m is the
permittivity of the medium. K(u) is the complex Clausius–
Mossotti factor defined in eqn (2) and the threshold electric field
strength, Eth, is measured in V m1. Calculation based on eqn (4)
might be criticized because typical proteins are not spherical;
however, eqn (4) provides reasonable order-of-magnitude estimates for the upper bound on the field strength required to
observe the DEP of important nanoscale bioparticles.
Table 1 summarizes threshold field strength values calculated
using eqn (4) for the four different bioparticles used in the
experiments, using the assumption Re½K ðuÞ z 1.22 Compared
to lambda phage DNA, the values of Eth for the three proteins,
fibrinogen, BSA, and lectin, are much higher. We performed
This journal is ª The Royal Society of Chemistry 2009

Fig. 4 Reconstructed bright field (a) and fluorescence images (b)
obtained using a 2.43 mm long electrode structure to generate six droplets
from a parent droplet containing two proteins BSA (green) and fibrinogen (red). (c) Color change in the merged color image shows differential
settling of the two different proteins. Fluorescence intensity of fibrinogen
protein (red) gradually decreasing from the first droplet to the sixth
droplet shows the size-based settling of the protein by DEP force. The
droplets are numbered from left to right, starting with the droplet closest
to the parent droplet. The molar concentrations of BSA (66 kDa) and
fibrinogen (340 kDa) in the parent droplet are identical. (d) The green/red
density ratio, 1 : 1 at the parent droplet, reaches 1.46 : 1 at the sixth
droplet. Plotted fluorescence data is the average of three experiments.

a finite element field calculation using COMSOL to estimate
the local electric field intensity experienced by the particles within
the liquid finger. Fig. 6 is a logarithmically scaled color plot that
shows the electric field distribution throughout the cross-section
of the liquid finger. Note that the estimated electric field strength
varies from 3.4  106 V m1 near the surface of the substrate
above the electrode strips to 1.1  106 V m1 near the liquid/
liquid interface at the top. Reference to Table 1 shows that
fibrinogen molecules may be expected to experience a DEP force,
because the threshold field strength required for fibrinogen is less
than the electric field within the cross-section of the finger. On the
other hand, any DEP force exerted on the BSA molecules should
be insignificant, as the field strength is less than the calculated
threshold value of Eth. Such differences should favor size selective deposition of these proteins. In DNA and protein separation, a large difference in threshold field strengths is the best way
to achieve efficient enrichment.
Fig. 3, 4, and 5 all reveal an unexpected, though slight increase
in the concentration of the smaller, green-labeled protein (lectinAlexa488 or BSA-Alexa555) along the electrode length. We
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Fig. 6 A COMSOL model color plot in logarithmic scale shows the
distribution of the electric field across the liquid finger cross section.

Fig. 5 Bright field (a) and fluorescence (b) reconstructed images
obtained using a longer electrode structure (4.06 mm) which generates ten
droplets and demonstrates the effect of length on sized-based separation.
The droplets are numbered from left to right, starting with the droplet
closest to the parent droplet. The molar concentrations of BSA (66 kDa)
and fibrinogen (340 kDa) in the parent droplet are identical. (c) The color
variation in the merged color image shows improved separation of the
two proteins compared to corresponding experiments with the shorter
electrodes. (d) Density ratio of green and red reaches 1.97 at the tenth
droplet, approximately 4.2 mm from the parent droplet. Plotted fluorescence data is the average of three experiments.

Table 1 Important properties of test bioparticles including threshold
electric field strength Eth estimated using eqn (4)
Bioparticle

Molecular
weight/kDa

Stokes
radius/nm

Electric field
thresholda Eth/V m1

Fibrinogen
BSA
Lectin
DNA lambda phage

340
66
120
31.5  103

10.7
3.35
6.9
90

8.69 
4.96 
1.68 
3.56 

a

105
106
106
104

Calculated from eqn (4) using Re[K(u)] z 1.

could identify no significant measurement uncertainty in excitation light intensity or camera sensitivity to explain this observation. Assuming no systematic bias leading to such a result, one
is obliged to speculate on possible physical explanations for this
behavior. One possibility is a non-uniform concentration distribution in the parent droplet prior to finger formation. As
depicted in Fig. 2, the rightmost edge of the parent drop is very
close to the high electric field created by the electrode structure.
Thus, immediately upon the application of the AC electric field
before formation of the liquid finger, both molecular species
might experience a DEP force directed from left to right, which
would increase their concentrations right at the leading edge of
the liquid rivulet as it forms. As the rivulet moves and covers the
2324 | Lab Chip, 2009, 9, 2319–2325

electrode structure, new liquid from the parent droplet would be
drawn from the drop interior where the concentration is lower.
This mechanism would of course act on both the smaller (green)
and larger (red) biomolecules; however, the main separation
mechanism—size-dependent downward DEP force within the
moving rivulet—would tend to counteract it for the red-labeled
solute.
A second possible physical explanation for the increase in
green intensity along the electrode length is that the smaller
green-labeled proteins might experience an upward-directed
(negative DEP) force, which would cause these particles to flow
along faster-moving streamlines, thus concentrating toward the
leading edge of the rivulet prior to the drop-forming instability.
However, this explanation seems unlikely based on previously
published estimates for the Clausius–Mossotti factor of proteins
in buffered saline.19,22 In any case, the slight concentration
increase in green (smaller) protein along the electrode structure
does not interfere with for the size-based fractionation of
biomolecular mixtures. In fact, the small increase in the
concentration of the smaller particles actually appears to
enhance the desired effect.
We have demonstrated that the achievable separation of two
proteins BSA and fibrinogen can be improved by increasing the
length of the structure to increase the number of dispensed
droplets. Future effort might be directed to an investigation of
the effect upon separation of increasing the electric field strength.
The obvious way to achieve higher field gradients is simply to
increase the voltage, but this approach may lead to unacceptable
levels of Joule heating and electrical breakdown. A possibly
better approach, taking advantage of the scaling of the DEP
force, would be to reduce the electrode dimensions.

Conclusion
It has been demonstrated that a DEP droplet dispenser can be
used to dispense nanolitre-sized droplets loaded with DNA or
protein molecules while separating these particles based on their
size. The observed separation is due to the size-dependent
This journal is ª The Royal Society of Chemistry 2009

downward directed DEP force exerted on the moving bioparticles
resulting from the non-uniform electric field. Larger molecules are
attracted more strongly than smaller molecules and therefore
collect closer to the parent droplet. The smaller molecules travel
further along the liquid finger and tend to collect near the far end
of the electrode structure. The separation of biomolecules of
differing size, tagged with distinct fluorophores, is easily quantified using simple, two-color fluorescence microscopy. This separation process itself is very rapid, requiring only 1 s. No
expensive chemicals or antibodies are needed, and it should be
possible to integrate the method easily into lab-on-a-chip systems.
Further investigation of the effect of the electric field intensity and
the field gradient on DEP force will be needed to optimize this
technique for practical application in biotechnology.
A serious limitation of the present experiment is that we have
performed all the experiments using opaque, Al electrodes. If the
electrodes were instead fabricated on ITO (indium tin oxide)
coated substrates, then the complete fluorescent signal from each
droplet could be detected. The result would be an increase in the
optical signal strength and more accurate data.
Another potential criticism is that our experiments have been
performed in a silicone oil bath to reduce wetting hysteresis, which
impedes the flow and requires higher voltages, and to reduce
heating and consequent evaporation of the very small droplets.
While many biological investigations are actually performed
using embryo-safe oils, there are obvious advantages to elimination of the need for an oil bath in a laboratory on a chip application. Wang and Jones have shown that DEP droplet-dispensing
structures fabricated on dielectric-coated, <100> silicon wafers
exhibit greatly reduced temperature effects caused by Joule
heating, because Si, a very good thermal conductor, quickly
dissipates any heat. While Si cannot be used because it is opaque
over much of the useable spectrum of fluorescence microscopy,
quartz wafers would be an attractive alternative. Finally, our
experience is that the wetting hysteresis problem can be dealt with
by increased attention to the Teflon-AF coating process.
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