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Abstract

In this work, results and data are reported on key aspects of
sample processing protocols performed on-chip in a digital
microfluidic lab-on-a-chip. We report the results of experi-
ments on aspects of sample processing, including on-chip
preconcentration and dilution, on-chip sample injection or
dispensing, and sample mixing. It is shown that high speed
transport and mixing of analytes and reagents can be
performed using biological solutions without system
contamination.

Introduction

In recent years, a major research effort has been directed
towards the miniaturization of biomedical laboratory
instrumentation with a view towards creating highly integrated
and automated “lab-on-a-chip” systems.  Such systems
critically depend on the ability to manipulate minute quantities
of liquids rapidly and automatically. However, two major
issues have generally limited the use of pTAS chips in any real
biochemistry applications: 1) There is a lack of on-chip pre-
treatment methods for collected samples. Sample processing is
typically performed via standard laboratory protocols in 96-
well plates. The resulting pretreated samples must then be
transferred to the uTAS chip for rapid assaying and detection.
Sample transfer is slow and mechanically difficult. 2) Because
the physical dimensions of a 96-well plate and the chip are
significantly different, there is no rapid mechanical transfer
method available. A robot can do reformatted sample transfer
one sample at a time. However, no translation platform exists
for routing biological fluids in parallel between two
incompatible platforms, particularly a 96-well plate format and
the much smaller uTAS chip format. Without such a
reformatting capability, pTAS systems have to be fully
integrated, self-contained, and run accepted protocols.
Otherwise, they will be incompatible with standard robotic
instruments and well-plate formats. However, no such fully
integrated systems have been demonstrated, and acceptance of
UTAS chips in biochemical applications has been
impeded.Thus, off-chip sample processing and sample transfer
are significant bottlenecks in chemical analysis and
biochemical protocols that could greatly benefit from the
throughput and reduced volumes possible with pTAS
platforms. The purpose of this work is to present new results
and data on key aspects of general purpose sample processing
protocols performed on-chip in a digital microfluidic format.

Microfluidic systems based upon manipulation of discrete
microdroplets within open structures are a promising
alternative to conventional continuous flow systems. A
number of methods for manipulating microdroplets have
been proposed including dielectrophoresis [1], structured
surfaces [2], thermocapillary [3,4], electrostatic [5,6],
electrochemical [7] and photochemical effects [8]. In
particular, direct manipulation of droplets by electrical
control through electrowetting, first reported in Ref. [6],
forms the basis of the work reported here.

We report the results of experiments on key aspects of
sample processing, including on-chip preconcentration and
dilution, sample injection or dispensing, and sample
mixing using an electrowetting platform.

Digital Microfluidic Chips

A cross-section of an electrowetting metal-insulator-
solution transport (MIST) device is shown in Fig. 1. A
droplet is contained between two glass plates. An
electrode pattern is etched on the bottom plate, which is
then covered with a hydrophobzed insulator. The top plate
is a metal ground plane and is also hydrophobized.
Application of a gate voltage to an electrode above a
threshold voltage initiates a contact angle change in the
droplet, causing it to wet the area above the electrode.
Sequential clock voltages applied to electrodes cause
droplet transport at velocities up to 12 cm/sec. For 5 nano-
liter droplets, a clock signal exceeding 1kHz has been
tested [9]. The filler fluid is silicone oil.

Fig. 1. Cross-section of electrowetting MIST device

The ability to electronically manipulate droplets in an
electrowetting MIST device enables a new framework for
on-chip dilution where the dilution ratio is controlled by
multiple hierarchies of binary mixing phases that form a
desired dilution by an interpolating serial dilution method



[10]. The mixing of a unit sample droplet of concentration C
and a unit buffer droplet, results in a droplet with twice the unit
volume, and a concentration of C/2. Splitting this larger drop,
results in two unit droplets of concentration C/2. Continuing
this step in a recursive manner using the diluted droplet as the
sample, an exponential dilution of 2" can be obtained in N
steps. This two-fold dilution step can be extended to two
droplets of different concentrations C1 and C2. This would
result in two unit droplets with an interpolated concentration of
(C1+C2)/2  each. By cascading the exponential and
interpolating dilution in a serial fashion, arbitrary dilution
factors can be obtained. This scheme of obtaining the desired
dilution ratio is referred to as interpolating serial dilution.
Figure 2 shows the different dilution factors possible. To
realize the dilution factors in Fig. 2, it is essential that the
electrowetting chip handle parallel droplet mixing and splitting
operations, storage of the inter-

mediate mixtures, and the routing of the sample and buffer
droplets to the mixing area.
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Fig. 2. The number of droplet dilution factors possible in a
binary interpolation architecture and the number of cycles of
binary dilution required for each.

To assess the limitations on the number of serial dilution steps,
assay detection methods demonstrated by Srinivasan [11] were
used to evaluate the reproducibility of 1:2" on-chip dilution by
first diluting a sample droplet with droplets of buffer solution
in a 1:2"" ratio, then mixing the intermediate product with a
reagent droplet to achieve additional 2-fold dilution. The actual
dilution ratio was estimated by comparing the output of an
optical detector with the reference of a spectrophotometer. The
primary sources of error that contributed to the inaccuracies in
dilution were: 1) droplet volume variation in dispensing and
splitting operations, and 2) inadequate mixing. The presence of
insoluble chemicals in the droplet can also lead to
concentration variations during dispensing and splitting.

Droplet dispensing — generating droplets of reproducible
volumes is critical in controlling the accuracy of dilution.
On-chip dispensing is performed by extending a liquid
column from a reservoir by activating a series of electrodes
adjacent to the reservoir. The electrodes are
activated/deactivated to pinchoff a droplet, as shown.

Droplet volume accuracy and reproducibility depend on
several system parameters. These parameters include the
aspect ratio of the channel gap to electrode pitch in Fig. 1,
droplet/oil interfacial tension, liquid volume in the
reservoir, number of pinchoff electrodes in Fig. 3, the
actuation voltage, and the control sequence applied to the
electrodes. From data generated in experiments, droplet
volume variation was found to be less than +3% [12].
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Fig. 3. Droplets of 0.1M KCI solution with 0.01% Triton-
X dispensed from on-chip reservoirs of 4mm diameter into
the channel comprising 750um pitch electrodes with
100um channel gap.

Droplet splitting - Splitting of a larger droplet into two
smaller identical ones is highly sensitive to the volume of
the larger droplet and timing of the switching sequence.
The reproducibility of the volume in droplet splitting was
tested over a range of droplet volumes (1.2ul-3.2ul), on
electrowetting chips with an electrode pitch of L=1.5mm
and gap of H=140um. The variation of volume (calculated
as the volume after splitting divided by the total volume)
was less than 7%. Since the two split droplets are
approximately the same size, there is little pressure
difference between the two halves, unlike the dispensing
process shown in Fig. 3. Thus, the split droplets’ volumes
will be sensitive to the initial position of the merged
droplet and insulator surface properties. Other factors are
discussed in Ref. 13.



Error Analysis in Dilution

The interpolating serial dilution architecture was tested for
dilution factors of 2, 4 and 8. Figure 4 plots the inverse of the
absorbance (1/concentration) as a function of the dilution
factor. The straight lines in the plots correspond to the
absorbance expected in the case of ideal dilution without any
errors. ‘A’ (delta) represents the measured absorbance data.
‘x” (cross) corresponds to the expected absorbance, with a
correction factor applied to account for volume variations.
The volume variation is calculated by using the area of the
droplet, obtained by processing the images captured before
merging and after splitting. The deviation of the dilution
factor from the ideal is ~15% for a dilution factor of 4 and
~25% for a dilution factor of 8. There is good agreement
between the corrected dilution factor and the measured
values, which shows that most of the error (~80%) in dilution
is contributed by volume variations. The errors also increase
with the number of mixing and splitting cycles as expected.
Tighter tolerances are required on droplet splitting to reduce
the dilution errors.
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Fig.4. Measured inverse diluent concentrations versus
dilution factor and corrected values based on accounting for
volume variations.
Mixing

Mixing of analytes and reagents in microfluidic devices is a
critical step in realizing uTAS. Mixing in these systems can
either be used for pre-processing, sample dilution, or for
reactions between samples and reagents in particular ratios.
The ability to mix liquids rapidly while utilizing minimum
area greatly improves the throughput of such systems.
Linear array mixing and 2D mixing was performed on chip
and the results of various mixing approaches using property-
matched liquids were compared. Flow image analysis from
top and side views was used to quantify the results. Mixing
times for various 2xn electrode mixing algorithms are shown
in Fig. 5. 95% mixing of sub-ul droplets was performed in
2.8 sec. When the results of electrowetting droplet mixing
are compared with previous data of the liquid volume/mixing
time ratio vs. mixer area, enhancements of over 100x have
been measured, as shown in Fig. 6, which ignores other
factors in mixing.

Mixing Times for Various 2xn Mixers
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Fig. 5. Mixing times for droplet mixers.
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Fig. 6. Volume/mixing times vs. mixer area for
numerous mixers showing high rate for 2x4 droplet
mixers

Biofouling

Sample processing must not contaminate the surfaces of
the WTAS chip. This is particularly important if
electrodes are reused, which greatly conserves chip area.
We have demonstrated that concentrated biological
solutions (10mg/ml BSA) can be transported in a
silicone oil medium without surface contamination or
without loss of their contents. Also, a 1.5ul droplet of
whole blood was transported 25,000 times across the
same Teflon surface without detectable contamination
[14]. Optical imaging of droplet cross-sections and
capacitance vs. time data support the belief that a thin
layer of oil beneath the droplets isolates the droplet
solutions from the transport surfaces at modest actuation
voltages.  Transport in an air medium results in
immediate hydrophobic surface contamination. Carry-
over between droplets during electrowetting transport
was evaluated by alternately transporting DNA-



containing and DNA-free droplets across a series of common
electrodes (see Fig. 7) to determine whether DNA could be
transferred between the two droplets. The DNA-containing
droplet was 2.0 uL of allele 2 control solution and the DNA-
free droplet was 2.0 uL of Tris-EDTA buffer. The two
droplets were then programmed to oscillate simultaneously
back-and-forth across the five closest electrodes with a three
electrode separation maintained between the droplets at all
times. There was an opportunity each cycle for DNA
transfer from the DNA-containing to the DNA-free droplet
through contamination of the chip surfaces. The intersecting
flow protocol was run for 40,000 times. Each of the droplets
were then extracted and added to a DNA-free PCR cocktail.
Along with a control the samples were amplified in
commercial real-time thermocycler (Cepheid Smartcycler).
The results shown in Figure 8 indicate that there was not
substantial cross-contamination between the droplets.
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Fig. 7. Photomicrograph of droplet flow during cross-
contamination experiment of DNA.
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Fig. 8. PCR results of a control drop and a buffer droplet
showing not detectable cross-contamination.

Conclusions

It has been demonstrated that high speed mixing of analytes
and reagents can be performed using biological solutions
without system contamination. A multiplexed assay chip
with on-chip sample processing has been fabricated in a two-
level metal process, as shown in Fig. 9, to demonstrate the
principles discussed in this paper.
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Fig. 9. Multiplexed assay uTAS with on-chip sample
processing and 4-phase bus clocking.
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