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Concurrent DNA Preconcentration and Separation in Bipolar Electrode-Based Microfluidic Device
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Abstract

This paper presents a bipolar electrode (BPE) device in a microfluidic dual-channel design for concurrent
preconcentration and separation of composite DNA containing samples. The novelty of the present effort
relies on the combination of BPE-induced ion concentration polarization (ICP) and end-labeled free-
solution electrophoresis (ELFSE). The ion concentration polarization effect arising from the faradaic
reaction on the BPE is utilized to exert opposing electrophoretic and electroosmotic forces on the DNA
samples. Meanwhile, end-labeled free-solution electrophoresis alters the mass-charge ratio to enable
simultaneous DNA separation in free solution. The microfluidic device was fabricated using standard and
soft lithography techniques to form gold-on-glass electrode capped with a PDMS microfluidic channel.
Experimental testing with various DNA samples was carried out over a range of applied electric field.
Concentration ratios up to 285X within 5 minutes for a 102-mer DNA, and concurrent preconcentration
and free-solution separation of binary mixture of free and bound 102-mer DNA within 6 minutes was
demonstrated. The effect of applied electric field was also interrogated with respect to pertinent
performance metrics of preconcentration and separation.
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1 Introduction

Microfluidic technology holds great promise for numerous applications in biology, medicine, and
chemistry due to their salient advantages, such as low sample volume, fast analysis time, automated
processing, and high integrity [1-3]. On-chip analysis [4-6] is one of the key realizations of molecular
biology that has been actively studied on integrated microfluidic platforms in the past decade. Despite its
merits in integration and automation, traditional microfluidic DNA electrophoresis suffers from several
inherent drawbacks, one of which is the need for sieving matrix to overcome the free-draining properties
of DNA, leading to prolonged operation, high cost, and low efficiency. To address this issue, end-labeled
free-solution electrophoresis (ELFSE) is one of the techniques that has been developed to separate DNA
in free solution [7]. In ELFSE, a drag-tag is attached at one end of the DNAs to increase their mass, while
keeping the total charge almost unchanged. As a result, the mass-charge ratio of the tag-attached DNA is
modified, effecting the separation of unattached and tag-attached DNAs [8] or DNAs of different sizes [9-
12]. For example, Ren et al. employed ELFSE for the separation and sequencing of single stranded DNA
(ssDNA) by using a natural protein, streptavidin, as the drag-tag and the results showed successful
sequencing of DNAs [9]. Meagher et al. used a genetically engineered protein polymer as the drag-tag to
sequence DNA fractions, which demonstrated markedly enhanced resolution than that obtained using
natural protein drag-tag [12]. Similar results reported by Won et al. have confirmed the feasibility of
ELFSE for free solution DNA separation and sequencing up to 233 bases by virtue of engineered protein
polymer [11]. Comb-like water soluble copolymers have been synthesized and utilized for ELFSE-based
DNA separation, and salient separation of ssDNA up to 150 bases achieved [10].

Another drawback of the existing microfluidic DNA electrophoresis separation is the low sensitivity due
to the trace amount of DNA available for analysis. In addition to nucleic acid amplification, on-chip
preconcentration techniques have been developed to tackle this challenge, including field-amplified
sample stacking (FASS) [13, 14], isoelectric focusing (IEF) [15-17], solid-phase extraction (SPE) [18,
19], isotachophoresis (ITP) [20, 21], and temperature gradient focusing (TGF) [22, 23]. FASS relies on
the change of electrophoretic velocity near the interface between the low and high concentration buffer.
IEF utilizes a pH gradient to focus different molecules according to their isoelectric points. SPE employs
an appropriate solid phase to enrich and purify samples through its tunable interactions with
biomolecules. ITP concentrates molecular samples in the region between the leading and trailing buffers.
TGF generates a temperature gradient, giving rise to an electrophoretic velocity gradient in microchannel
to concentrate molecular sample. Despite successful demonstrations, these techniques normally entail
either complex fabrication or operating protocols or additional immobilized phase.

As an alternative method, ion concentration polarization (ICP) has been extensively investigated and
exploited to concentrate various biomolecules. Typically, a micro-nanofluidic junction is utilized to form
ICP, which creates an ion depletion layer in front of the junction region due to the extension of the electric
double layer (EDL) and the ion-selective nature of the nanostructures [24]. The depletion region then can
be utilized to exclude and enrich charged molecules. In general, the micro-nanofluidic junction is
constructed by fabricating nanofluidic channel [25, 26] or using polymeric nanostructures such as photo-
patterned gel [27, 28] and ion-selective membrane/polymer [29-34] on a microfluidic platform. Recently,
the Crooks group proposed an even simpler preconcentration method termed “faradaic ICP” using bipolar
electrode (BPE) [35-45]. In contrast to the traditional ICP, this method harnesses faradaic reaction on the
surface of the BPE to form an extended, enhanced electric field gradient for biomolecular
preconcentration. The homogeneous faradaic reaction adds OH and H" to the local solution and increases
the conductivity close to the poles of the BPE when an external, high electric field is applied across the
microchannel. This forms a strong electric field gradient, generating an exclusive depletion zone near the
edge of the BPE and exerting exclusive force on ions and molecules [39]. Experimental and numerical
investigation demonstrated successful preconcentration of negatively charged fluorescence tracer
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BODIPY disulfonate in a straight microchannel with a single BPE strip [35, 36]. Perdue et al. investigated
the effect of current and electric field on the concentration enrichment using continuous and
discontinuous BPEs. Their results revealed that enrichment occurs at an appreciable faradaic reaction rate,
where the faradaic current is coincident with that of concentration enrichment [38]. Laws et al.
demonstrated simultaneous concentration and separation of three anionic analytes based on their different
charges in a PDMS microchannel with a strip of BPE within 200 s [37]. Anand et al. measured the
evolution of both the electric field gradient and the enriched molecular band in BPE preconcentration, and
pointed out that the enrichment is affected by the gradient. More rapid enrichment was achieved at higher
buffer concentration and higher electric fields [40]. Sheridan et al. presented a method to enrich cationic
analyte by coating the microchannel with a positively charged polymer to reverse the direction of
electroosmotic flow [45]. Recently Anand et al. also reported a new dual-channel configuration to
concentrate charged molecules using BPE, which was similar to the traditional ICP except that an
electrode strip instead of the micro-nanofluidic junction was employed. Higher enrichment ratio was
observed in the dual-channel configuration than by the traditional ICP [41]. Such a dual-channel BPE
configuration was further used to separate and enrich both anions and cations by virtue of generating
multiple ion depletion zones [44].

In this paper, we present a simple microfluidic device to concurrently concentrate and separate DNAs by
combining dual-channel BPE and end-labeled free-solution electrophoresis (ELFSE). The device relies on
the faradaic ICP formed in front of the BPE edge to impose exclusive forces on DNA molecules against
carrying electroosmotic flow (EOF) for sample preconcentration. The concurrent DNA separation is
enabled by ELFSE, in which a protein drag tag is attached at one end of the DNA to vary its mass-charge
ratio. The development represents an original contribution to the microfluidic DNA analysis research that
can be used as a simple, generic platform for simultaneous DNA preconcentration and separation for
genomic analysis.

2 Methods and Materials

2.1 Design and Fabrication

The principle and design of the microfluidic BPE device is shown in Figure la. It consists of dual
microchannels, in which the top channel is used for loading the buffer solution and the bottom channel for
loading the DNA samples. The width of both microchannels is 100 um and the gap between them is also
100 um. A single straight electrode with a width of 100 pm located on the floor of the microchannels
intersects both microchannels and serves as BPE to provide electric connection between channels. For
experimental testing, DNA samples and buffers are loaded from the sample and buffer inlet, respectively.
Different voltages are applied at the four reservoirs to generate the electric field. To continuously
concentrate and separate DNAs, a high voltage V; and a low voltage V, are applied at the sample inlet
reservoir and outlet reservoir, respectively, with the inlet and outlet reservoirs of the buffer channel
grounded (V;=V,=0). Such an electric setting provides a tangential electroosmotic flow (EOF) moving
from right to left (pink arrow) and continuously drives the DNAs from the inlet reservoir towards the
intersection between the BPE and the microchannel. Given the voltage drop between the sample channel
and the buffer channel, the faradaic reaction will take place at the surface of the BPE, and an ion
depletion zone will form upstream of the BPE to exert an exclusive force on the negatively charged
DNAs (from left to the right, as shown in the green arrow in Figure 1a) [41]. As a result, the DNAs will
be accumulated and enriched, giving rise to a region with enriched DNAs therein. Meanwhile for
molecules with different mass-charge ratios, such as DNAs with or without end-labeled tags, they can be
separated along the channel due to the different strengths of the exclusive forces they experience as
shown in Figure la, in which the blue and red bands represent the DNAs with or without tags having
different mass-charge ratio. Therefore, the concurrent concentration and separation of different DNAs can
be achieved.
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Figure 1. (a) Schematic of dual-channel microfluidic BPE device. The top channel is used to load the buffer and
the bottom channel is used to load the DNA containing samples. A single bipolar electrode (BPE), located at the
floor of the channels, intersects both channels; and (b) The assembled device with an enlarged view of the BPE-
microchannel junction. The electrode is fabricated using standard lithography with chrome/gold on glass. The
fluidic channels are made out of PDMS using soft lithography.

The device comprises a hybrid PDMS/glass structure and consists of two complimentary layers: (1) a
PDMS layer with microfluidic channels; and (2) a BPE fabricated on a glass substrate. The PDMS layer
was fabricated using the soft lithography techniques and the patterned gold (with chromium as the
adhesion layer) BPE was fabricated using the standard lithography techniques [46]. The height of the
microchannel in the PDMS layer is about 5 pm. Both PDMS layer and the glass/BPE substrate were
bonded together using O, plasma cleaning, followed by heating at 95°C for 20 minutes on a hot plate.
Figure 1b shows the assembled device with an enlarged view of the BPE-microchannel junction.

2.2 Materials and Experimental Protocol

A customized 102-mer biotinylated DNA (sequence: 5'-(DyLight547)-AGC AAA ATT TAC CTT GTG
TTA CGC TTA GGC AAA TTT ATT TAT TTT TAC TAT GAT CTG GGC GGC GGC AAA CTA
GGC CTT GGC CAC GTG AGC GAA AAA GAT GCG-(BioTEG)-3") labeled with fluorescence
DyLight547 was used in the experiments for demonstration. Note that the DNA allows attachment of a
streptavidin molecule onto the biotin label at the 3'-end for separation. A mixture of the biotinylated DNA
without streptavidin (free DNA) and the DNA with streptavidin bound at its 3' end (bound DNA) were
used for the concurrent preconcentration and separation. These DNA samples were prepared in 5 mM
Tris-HCI buffer solution.

The experimental protocol is given as follows: First the fabricated device was treated using 1% BSA for 5
minutes, followed by sequential washing using 100 mM, 10 mM and 5 mM Tris-HCI buffer for 5-10
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minutes. Then 5 mM Tris-HCI buffer was loaded into both sample and buffer reservoirs to fill the
channels. Finally DNA sample was loaded into the channel through the sample inlet. Meanwhile DC
voltages were applied between the reservoirs using a high-voltage power supply (HVS-3000D, Labsmith
Corp, Livermore, CA, USA). The preconcentration and separation of DNAs were observed using Nikon
TE-2000E epi-fluorescence inverted microscope and the time-lapse images were recorded using a digital
camera (CoolSNAP HQ?2, Photometrics, Tucson, AZ, USA). Three independent measurements were
taken under the same test condition to ensure reproducibility and statistical significance of the
experiments.

3 Results and Discussion

In this section, DNA preconcentration results will be first presented, followed by the demonstration of the
concurrent preconcentration and separation of two DNAs (with or without the streptavidin drag-tag).
Finally the effect of the electric field on DNA preconcentration and separation will be discussed using the
parametric tests.

3.1 DNA Preconcentration

The 102-mer biotinylated DNA without streptavidin (free DNA) with a 50 nM initial concentration was
first examined to demonstrate the preconcentration functionality of our device. The voltage difference V
across the sample channel (V,; =V;-V,) was 40 V. Figure 2a illustrates the fluorescence visualization
snapshots at different time points (#=0, 1, 2, 3, 4, 5 min). As can be seen, the DNA gets continuously
accumulated and enriched. Further, the exclusion zone indicated by the edge of the DNA band in the
sample channel propagated outwards from the BPE due to the dynamic equilibration process of faradaic
ICP. The enrichment of DNA and propagation of the exclusion zone was also confirmed by the plot of the
fluorescence intensity along the microchannel (as shown in Figure 2b as well as in Movie_l in the
supplementary document). The maximum intensity gradually increased from O to 4800 A.U. in 5 minutes.
The preconcentration performance of the device was quantitatively characterized by calculating the
concentration ratio (defined as the ratio of the enriched concentration, average along the cross-section,
to the initial concentration) at different times. As shown in Figure 2c the concentration ratio increased to

285X within 5 minutes, yielding an average concentration speed of 57X/min.
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Figure 2. Preconcentration performance of the dual-channel microfluidic BPE device: (a) Fluorescence images at
different times points; (b) Fluorescence intensity plot along the length of the channel; and (c) Concentration ratio
Vvs. time.
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3.2 Concurrent Concentration and Separation of DNA Mixture

In this section, we present the experimental results of concurrent concentration and separation of the DNA
mixture, which consists of the biotinylated DNA without streptavidin (free DNA) and the DNA with
streptavidin bound at its 3'-end (bound DNA). The latter was formed by conjugating free DNA to
streptavidin. To allow effective conjugation with streptavidin, 100 nM free DNA was incubated with 100
nM streptavidin in equal volume for 30 minutes. The streptavidin attached DNA (bound DNA) was then
mixed with free DNA to obtain the mixture sample. The initial concentration of both the bound DNA and
the free DNA was 25 nM. To achieve a higher electric field gradient for efficient separation, we increased
the voltage difference V, across the sample channel from 40 V (used in single DNA preconcentration) to
60 V. Figure 3a illustrates the snapshots at different time points. The movement, concurrent
preconcentration and separation of the DNAs in the mixture sample can be clearly observed along with
continuously growing separation resolution (see Movie_2 in the supplementary document). Note that the
free DNA moves faster away from the edge of the BPE, whereas the bound DNA migrates slowly due to
the drag imposed by the streptavidin molecule (that counteracts the exclusive force and slows down the
movement). Again, the DNA bands propagated outwards from the edge of the BPE. Note that the
movement of the bands may fluctuate due to the dynamic equilibration process of the ICP. In addition to
the enrichment of both DNAs, the spacing between the two bands becomes wider as the time elapses,
indicating continuously enhanced separation with time. Two saliently resolved DNA bands corresponding
to the free DNA and bound DNA were observed at t = 6 min (Figure 3a), confirmed by the fluorescence
intensity plot along the channel length as shown in Figure 3b.
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Figure 3. Concurrent concentration and separation of the free DNA and the bound DNA in the present dual-
channel microfluidic BPE device: (a) Fluorescence images at different times points; and (b) Fluorescence intensity
along the channel

To quantitatively evaluate the device performance, metrics of both the concentration ratio and the
separation resolution were calculated from the fluorescence intensity plots. The separation resolution is an
important indicator widely used to characterize various separation devices, and is defined as [47]:

SR=2(In2)Ad /(W,, +W,,) (1)
where Ad, Wy, and W), are the distance between the two band peaks, the band width of the bound DNA
and the free DNA, respectively, which are calculated as the average values along the channel width.
Higher concentration ratio and separation resolution represent better performance. Figure 4a shows that
the concentration ratio for both bound DNA and free DNA increases with the time. The concentration
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ratio at 6 min approximately reached 600X and 500X for the bound and free DNA, yielding an average
concentration speed of 100X/min and 83X/min, respectively. We also hypothesize that the higher
concentration ratio and the longer equilibration process of the bound DNA can be potentially attributed to
the mass of streptavidin added onto the DNA sample that causes lower diffusivity and lower
electrophoretic mobility of the bound DNA in contrast to the free DNA. We noticed that DNA enrichment
factor and speed here was larger than that in the previous single DNA preconcentration demonstration due
to the usage of a higher voltage difference V,; across the sample channel. Figure 4b also depicts that the
separation resolution also increased from 0.49 to 1.17 as the time elapses, confirming a clear separation

between both DNAS after 6 mins.
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Figure 4. Quantitative performance analysis of the dual-channel microfluidic BPE: (a) Concentration ratio vs.
time. The concentration speed for bound DNA is lower due to the larger size; and (b) Separation resolution vs.
time.
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Figure 5. Effect of the applied electrical potential difference across the sample channel on (a) Concentration ratio;
and (b) Separation resolution.

Among all the operating parameters, the difference in the applied electric potential (Vg =V,-V5) between
the sample inlet and the sample outlet plays the most critical role, and hence, was extensively investigated
in the present study. Four different values of the electric potential difference V=30V, 40 V, 60 V and
80 V were investigated. The initial concentration of both the bound and free DNA was roughly set at 25
nM. Figure 5a illustrates that the concentration ratios of both DNAs grow with the electric field strength,
which can be attributed to the stronger exclusive force on them and the faster EOF, both enhancing the
concentration performance within a short period of time. The final concentration ratio of the bound DNA
after 6 mins was about 160X, 230X, 630X, 860X, respectively, for V ;=30 V, 40 V, 60 V and 80 V,
corresponding to the average concentration speed of 27X/min, 38X/min, 105X/min and 138X/min.
Similarly the final concentration ratio of the free DNA after 6 mins was about 100X, 140X, 410X, 500X,
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corresponding to the average concentration speed of 17X/min, 27X/min, 68X/min and 83 X/s,
respectively. Figure 5b shows that the separation resolution also grew from 0.68 to 1.49 as a result of V;
increase from 30 V to 80 V, resulting in enhanced resolution. However, it should be pointed out that there
is an upper limit of the applied electric potential to avoid drastic electrolysis near BPE.

4 Conclusion

In this paper we presented a novel microfluidic BPE device for concurrent DNA preconcentration and
separation. The device relies on the faradaic ICP phenomenon to harness opposing electrophoretic forces
and electroosmotic flow acting on the DNAs at the junction of the microchannel and BPE, as well as the
end-labeled free solution electrophoresis to vary the mass-charge ratio for molecular separation.
Extensive experiments were carried out to demonstrate the device and quantitatively characterize its
performance. Key findings are summarized as below:

Q) The dual-channel microfluidic BPE device effectively concentrated 102-mer biotinylated DNA
with 50 nM initial concentration. Concentration ratio of 285X was achieved in 5 mins, yielding an
average concentration speed of 17 X/min.

2 The concurrent concentration and separation of biotinylated DNAs using streptavidin as the drag
tag was successfully accomplished. Concentration ratios of 600X and 500X for bound DNA and free
DNA were obtained within 6 mins when the potential difference V,;; was 60 V, leading to an average
concentration speed of 100X/min and 83X/min, respectively.

3) The investigation on the effect of electric potential indicated that subject to practical constraints
(e.g., in particular, electrolysis complication) large electric potential and stronger field allow for higher
concentration ratio and separation performance.

Our studies firmly establish the feasibility of the BPE based microfluidic device for concurrent molecule
preconcentration and separation, which would significantly contribute the microTAS community, in
particular, genomics and proteomics. By carefully engineering drag-tags, desired behavior of ELFSE can
be tuned to achieve a practical BPE device for specific applications. On the other hand our device may
also benefit from the development in the area of label free enrichment monitoring [42] and
electrochemical gated delivery [48], among others.
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