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a b s t r a c t
This paper presents a microchip that isolates and enriches target-binding single-stranded DNA (ssDNA)
from a randomized DNA mixture using a combination of solid-phase extraction and electrophoresis.
Strands of ssDNA in a randomized mixture are captured via speciﬁc binding onto target-functionalized
microbeads in a microchamber. The strands are further separated from impurities and enriched onchip via electrophoresis. The microchip consists of two microchambers that are connected by a channel
ﬁlled with agarose gel. In the isolation chamber, beads functionalized with human immunoglobulin E
(IgE) are retained by a weir structure. An integrated heater elevates the temperature in the chamber to
elute desired ssDNA from the beads, and electrophoretic transport of the DNA through the gel to the
second chamber is accomplished by applying an electric potential difference between the two chambers.
Experimental results show that ssDNA expressing binding afﬁnity to IgE was captured and enriched from
a sample of ssDNA with random sequences, demonstrating the potential of the microchip to enhance the
sensitivity of ssDNA detection methods in dilute and complex biological samples.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
In bioanalytical assays, analytes of interest are often present
in minute quantities and are contaminated with impurities. Thus,
sample preparation steps prior to analysis are essential for improving the resolution of detection results [1–3]. In particular, isolation
and enrichment of DNA molecules within dilute and complex
samples can enable clinical detection of DNA markers linked to disease and synthetic selection of analyte-speciﬁc molecules such as
aptamers [4,5].
Microchip-based devices for sample enrichment have salient
advantages over conventional technology, such as reduced sample consumption and shortened assay times. Consequently, many
enrichment techniques have been implemented in microﬂuidic devices to separate and enrich low-concentration biological
molecules from complex samples [6–8]. For example, solid-phase
extraction (SPE) methods have been employed in microﬂuidic
devices to capture target analytes on a solid phase (e.g., microbeads)
while impurities in the sample solution are discarded [9–11].
Similarly, electrophoretic methods are utilized within microchips
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to effectively concentrate charged molecules (e.g., DNA and protein molecules) by applying an electric ﬁeld [12,13]. Liquid–liquid
extraction (LLE) also has been used for sample preconcentration
on microchips by allowing analytes in an aqueous solution to be
extracted into a smaller volume of a water-immiscible solution
[14–16].
However, existing devices are limited in their inability to isolate analytes speciﬁcally from sample solutions. For example, SPE
devices typically employ hydrophobic or electrostatic interactions
between analytes and the solid phase, which are inherently nonspeciﬁc [17–19]. Additionally, electrophoresis devices separate
molecules based on mass-to-charge ratio, thus requiring additional
processes to isolate analytes of interest from a solution [20–22].
The limited choice of biocompatible solvents for the extraction of
biomolecules [23] and the extraction of nonspeciﬁc molecules [24]
are the main drawbacks of LLE devices. In addition, many existing microﬂuidic enrichment devices do not effectively separate
enriched products from raw samples, contaminating the product
solution [13,25].
Seeking to address these issues, we report on a microchip
that effectively isolates and enriches single-stranded DNA (ssDNA)
molecules that bind to human immunoglobulin E (IgE) protein
using a combination of SPE and electrophoresis methods. In our
device, ssDNA molecules are isolated via speciﬁc capture onto
microbeads functionalized with IgE in a microchamber and are
electrophoretically enriched in the other chamber. The two chambers (isolation and enrichment chambers) are connected by a
microchannel that is ﬁlled with agarose gel. Each chamber has an

184

J. Kim et al. / Sensors and Actuators A 195 (2013) 183–190

Fig. 1. An illustration of isolation and enrichment of ssDNA in a microchip: (a) incubation of arget-functionalized beads with ssDNA mixture, (b) wash of the loosely bound
ssDNA from the beads, (c) elution of strongly bound ssDNA from the beads by heating, and (d) electrophoretic ransport of the eluted ssDNA to the enrichment chamber.

inlet and an outlet for sample solutions and an inlet for microbeads
and a platinum (Pt) wire electrode. In the isolation chamber,
microbeads are introduced and retained by a weir structure during
the capture of ssDNA strands. The resistive heater integrated under
the chamber provides heat to elute strongly bound ssDNA strands
from the beads. The gel in the microchannel blocks ﬂows of undesirable samples across the two chambers while only ssDNA strands
can be transported with an applied potential difference. Results
show that ssDNA strands that bind to human IgE were captured
from a mixture of random ssDNA using IgE-coated beads and then
released by heat in the isolation chamber. The IgE-binding ssDNA
were enriched by repeatedly transporting them to the enrichment
chamber via electrophoresis. As a result, our microchip can enhance
the sensitivity of ssDNA detection in dilute and complex biological
samples.
2. Principle, design, and fabrication
2.1. Principle
The isolation and enrichment processes for nucleic acids in a
microﬂuidic chip are schematically shown in Fig. 1. A random
pool of nucleic acids is introduced to the target-functionalized
microbeads placed in the isolation chamber (Fig. 1a). Following
capture of ssDNA by the beads, wash buffer is ﬂushed through the
chamber to remove weakly bound ssDNA (Fig. 1b). Strongly bound
ssDNA is then eluted from the beads by heating the chamber to
57 ◦ C (Fig. 1c). The eluted strands are transported to the enrichment chamber by applying an electric ﬁeld along the channel that
is ﬁlled with solidiﬁed agarose gel. In our device, the gel-ﬁlled channel prevents the mixing of the different solutions between the two
chambers while allowing only the electrophoretic transport of the
isolated ssDNA molecules (Fig. 1d). These steps are repeated with
additional samples of ssDNA with random sequences to enrich the
IgE-binding ssDNA molecules in the enrichment chamber.

gel through an inlet. An additional length of channel (length:
0.6 mm, width: 0.4 mm, height: 40 m) thermally insulates the
solidiﬁed gel from the heated chambers during the thermal elution. Supplementary inlets are used to ﬁll these additional channel
areas with buffer. An electric ﬁeld is formed across the microchannel by a potential difference applied via Pt wire electrodes that are
inserted into the microchambers through the Pt wire inlets.
2.3. Fabrication
The microchip was fabricated from a polydimethylsiloxane
(PDMS) microﬂuidic layer bonded onto a glass substrate patterned
with a resistive heater and sensor using conventional microfabrication techniques such as lithography (Fig. 3). To prepare an SU-8
mold for the PDMS layer, a silicon wafer was cleaned by soaking in
piranha solution (a mixture of 98% sulfuric acid and 30% hydrogen
peroxide, 3:1, v/v) for 1 h. The wafer was then rinsed in deionized
water and baked on a hotplate at 180 ◦ C for 15 min. Layers of SU-8
photoresist were spin-coated on the silicon wafer, exposed to
ultraviolet light through photomasks, and baked to deﬁne a mold
for generating PDMS microchannels (Fig. 3a–c). PDMS pre-polymer
(Sylgard 184, Dow Corning) was then spread onto the SU-8 mold,
baked at 75 ◦ C for 1 h on a hotplate, and peeled off from the mold
(Fig. 3d). In the meantime, chrome (thickness: 5 nm) and gold
(thickness: 100 nm) layers were consecutively deposited on a
piranha cleaned glass substrate using a thermal evaporator (Auto
306, BOC Edwards). After the metal layers were patterned using
positive photolithography (Fig. 3e–h), they were passivated with
silicon dioxide (thickness: 1 m) using plasma-enhanced chemical

2.2. Design
As shown in Fig. 2, the microchip consists of two microchambers (depth: 200 m, volume: 5 L) for isolation and enrichment
connected by a microchannel (length: 7 mm, width: 1 mm, height:
300 m). A weir structure (height: 40 m) in the isolation chamber retains microbeads (diameter: 100 m) in that chamber during
the isolation and enrichment processes. The resistive heater and
temperature sensor integrated on the glass substrate controls the
temperature in the isolation chamber during the thermal elution of
ssDNA from the beads. The connecting channel is ﬁlled with agarose

Fig. 2. Schematic of the microchip for ssDNA isolation and enrichment.
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Fig. 5. A schematic of experimental setup.

Fig. 3. Fabrication process for the microchip. (a-b) UV exposures on the 1st and 2nd
SU-8 photoresist layers. (c) SU-8 mold developed in developer. (d) Casting PDMS
layer using the SU-8 mold. (e) UV exposure on the positive photoresist on Au/Cr
bilayer on a glass substrate. (f) Developing the photoresist. (g) Etching the Au/Cr
bilayer in etchants to realize the resistive heater. (h) Removing the photoresist
residue on the heater. (i) Deposition of SiO2 on the heater using PECVD. (j) Packaged
microchip with tubing and microchannel ﬁlled with agarose gel.

vapor deposition (Fig. 3i). After punching access holes for inlets
and outlets in the PDMS layer, it was bonded to the glass substrate
following oxygen plasma treatment of the bonding surfaces.
Inlet and outlet ports were connected to plastic tubes for sample
handling. Molten agarose gel was injected using a micropipette
to ﬁll the microchannel through the gel inlet and was allowed to
solidify (Fig. 3j). The fabricated microchip is shown in Fig. 4.
3. Experimental
3.1. Materials
To prepare IgE-functionalized microbeads, 200 L of solution
containing NHS-activated microbeads (mean diameter: ∼100 m,
GE Healthcare) was washed 3 times with 1× PBS buffer modiﬁed to contain 1 mM of Mg2+ ions (8.1 mM Na2 HPO4 , 1.1 mM
KH2 PO4 , 138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2 , pH 7.4) [26] by

centrifugation. Then the beads were incubated with 200 L of
0.1 M human myeloma IgE (Athens Research & Technology) for
5 h at room temperature. After incubation, excess IgE molecules
were discarded by washing the beads with fresh PBS buffer. To
reduce nonspeciﬁc binding of ssDNA molecules to the beads, the
surfaces that were not conjugated with IgE were passivated by
incubating the beads in 0.1 M Tris–HCl buffer for 1 h. The IgEfunctionalized beads were stored in PBS buffer at 4 ◦ C before use. A
ﬂuorescently labeled ssDNA library having random sequences (87mer, 5 -GCC TGT TGT GAG CCT CCT GTC GAA – 40 random bases –
TTG AGC GTT TAT TCT TGT CTC CC-3 ), IgE-speciﬁc ssDNA aptamer
D17.4 (78-mer, KD = 10 nM, 5 -GCC TGT TGT GAG CCT CCT GTC GAA
GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CTT GAG CGT TTA
TTC TTG TCT CCC-3 ) [26], and forward (5 -GCC TGT TGT GAG CCT
CCT GTC GAA-3 ) and reverse (5 -GGG AGA CAA GAA TAA ACG CTC
AA-3 ) primers were purchased from Integrated DNA Technologies.
To isolate ssDNA having higher afﬁnity to IgE, a mixture of random
ssDNA and aptamer D17.4 (1000:1, mole ratio) was used throughout the experiment to increase competition for IgE binding sites
[27]. The random ssDNA solution was prepared by mixing 1 L of a
100 M random ssDNA library and 1 L of 0.1 M aptamer D17.4
in 98 L of 1× PBS buffer. The running buffer for electrophoretic
transport of ssDNA in the microchannel and for a slab-gel electrophoresis was 0.5× TBE buffer (44.5 mM Tris base, 44.5 mM boric
acid, 1.25 mM EDTA, pH 8.3). Three percent agarose gel (Difco
Laboratories) for electrophoresis was prepared by dissolving 0.3
grams of agarose in 100 mL of 0.5× TBE buffer on a hotplate.
3.2. Experimental setup
A schematic of the experimental setup is illustrated in Fig. 5.
The sample solutions including the ssDNA mixture and buffers
were introduced into the microchambers using a syringe pump (NE
300, Harvard Apparatus). The temperature in the isolation chamber during the thermal elution process was maintained at 57 ◦ C
via the resistive heater and sensor connected with a power supply
(E3631A, Agilent Technologies) and a multimeter (34410A, Agilent
Technologies), respectively, that are controlled by a LabVIEWbased PID module on a computer. The Pt electrodes were connected
to the power supply to apply a potential difference between the two
chambers to induce electrophoretic transport of ssDNA strands. The
transport of ssDNA through the gel-ﬁlled channel was monitored
at the center of the channel using a ﬂuorescence microscope (LSM
510, Zeiss).
3.3. Experimental procedure

Fig. 4. Photograph of the microchip with the chambers and channel ﬁlled with blue
ink for visualization (scale bar: 1 cm).

Isolation and enrichment of desired ssDNA molecules in a
randomized ssDNA mixture was carried out as follows. The IgEfunctionalized microbeads were loaded in the isolation chamber
using a syringe through a bead inlet to ﬁll approximately 30% of the
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chamber volume (∼3 × 104 beads). After loading, the beads were
washed for 5 min with 1× PBS buffer at a ﬂow rate of 40 L/min
using a syringe pump. The random ssDNA mixture (100 L) was
introduced to the chamber through the inlet at a ﬂow rate of
20 L/min and collected from the outlet in 3 separate plastic tubes
(∼33 L/tube). PBS buffer was injected to the chamber at 40 L/min
to wash weakly bound DNA strands from the IgE-beads, and the
waste solution was collected in 10 separate tubes at the outlet
(∼33 L/tube). The two chambers were ﬁlled with 0.5× TBE buffer
and then the isolation chamber was heated at 57 ◦ C for 5 min via
the resistive heater to elute strongly bound DNA strands from the
beads.
As the thermal elution was occurring, Pt-wire electrodes were
inserted into the chambers and a potential difference of approximately 50 V (i.e., an electric ﬁeld of 25 V/cm) was applied for 25 min.
The DNA strands were then electrophoretically transported to the
enrichment chamber through the gel-ﬁlled channel. To investigate
the single round of isolation and enrichment of ssDNA, the two
chambers were ﬂushed with PBS buffer as eluents were collected
in plastic tubes (∼33 L/tube). For multiple rounds of DNA enrichment, the beads in the isolation chamber were discarded and the
chamber was thoroughly washed with PBS buffer prior to the next
round of the isolation and enrichment processes to remove undesired DNA molecules that might remain. Fresh IgE-functionalized
beads were then introduced in the isolation chamber for the next
round of DNA isolation and enrichment.
To analyze the results from the experiment, representative
eluent samples from each step were ampliﬁed by polymerase
chain reaction (PCR) using a thermal cycler (Mastercycler Personal,
Eppendorf). The PCR procedure included denaturation of DNA at
95 ◦ C for 3 min followed by 20 cycles of ampliﬁcation. Each cycle
consisted of denaturation at 95 ◦ C for 15 s, annealing at 59 ◦ C for
30 s, and extension at 72 ◦ C for 45 s. Following the ampliﬁcation,
7 L of PCR product was mixed with 7 L of 2× DNA loading dye
containing bromophenol blue and xylene cyanol (Thermo Scientiﬁc) and loaded into each lane of a 3% agarose gel. Electrophoresis
was then carried out at 100 V for 30 min in 0.5× TBE buffer using a
slab gel apparatus (Mupid-exU, Advance). The gel was then stained
with ethidium bromide in deionized water for 5 min. The bands
in the gel representing the concentration of DNA in each eluent
sample were visualized using a UV illuminator (AlphaImager 3400,
Alpha Innotech). A ﬂuorescence microscope was used to monitor the electrophoretic transport of ssDNA through the gel-ﬁlled
channel. The intensities of gel-bands and ﬂuorescence from images
obtained were analyzed using the ImageJ software (National Institutes of Health freeware).
4. Results and discussion
This section presents experimental results from isolation and
enrichment of IgE-binding DNA strands in a microchip. The investigation of the capture of IgE-binding nucleic acids from a sample
of DNA with random sequences in the isolation chamber will ﬁrst
be discussed. Then studies on electrophoretic transport of the DNA
through the gel-ﬁlled channel will be presented. Finally, the enrichment of IgE-binding DNA in the microchip will be discussed.
4.1. Isolation of IgE-binding ssDNA from a randomized DNA
sample
We ﬁrst investigated the isolation of IgE-binding ssDNA from the
randomized ssDNA mixture in the isolation chamber. IgE isolation
was effected by exposing the chamber to samples of randomized
DNA and then washing with pure buffer to remove unbound DNA.
These buffer samples containing residual DNA were collected

Fig. 6. (a) Gel electropherogram of ampliﬁed eluents obtained during the isolation
process. (b) Bar graph depicting band intensity for lanes I1–E1. Lane L: 10 bp ladder;
Lane P: positive control; Lane N: negative control; Lane I1: incubation 1; Lane W1:
wash 1; Lane W5: wash W5; Lane W10: wash 10; Lane E1: elution 1; and Lane EC:
ampliﬁed eluent from enrichment chamber.

following washing, and were ampliﬁed with PCR and visualized
with slab gel electrophoresis to determine the effectiveness of the
isolation procedure. Fig. 6a shows a gel electropherogram of the PCR
products of eluents collected during the isolation process. In the gel
image, bands in lanes L, P, and N represent a 10 base pair (bp) DNA
ladder, positive control (a PCR reaction in which template DNA consisted of 100 pmole random ssDNA and 0.1 pmol D17.4 aptamer)
and negative control (a PCR reaction excluding template DNA),
respectively. Additional bands represent ampliﬁed samples of eluent collected during incubation (lane I1), washing (lanes W1–W10),
elution (lane E1), and buffer used to wash the enrichment chamber
after the ssDNA isolation process (lane EC). Note that the numbers
after the abbreviations of each process represent the order in
which eluent samples were collected. For example, “5” in “W5”
means the 5th eluent sample collected during the washing step.
The upper and lower bands seen in lanes P and I1–E1 represent ampliﬁed samples of the 87 bp random ssDNA and 78 bp D17.4
aptamer, respectively. The upper bands are brighter than the lower
bands as a result of the 1000:1 molar ratio of random ssDNA to
D17.4 aptamer in the DNA mixture used for the isolation experiment. No bands are seen in lane N, indicating that the reagents
used during the experiment were not contaminated by undesired
DNA molecules. In addition, no bands are seen in lane EC, indicating
that the gel-ﬁlled microchannel effectively prevented contamination of the enrichment chamber with unwanted ssDNA from the
isolation chamber during the capture of the target-speciﬁc strands.
A bar graph depicting the band intensity of the 87-mer random
ssDNA (the upper band) from lane I1 to lane E1 is plotted to show
the progress of the isolation of IgE-binding ssDNA (Fig. 6b). The signiﬁcant concentration of DNA that did not bind to the IgE-coated
microbeads during the incubation step is indicated by the high band
intensity in lane I1. The decreasing intensity of the bands from lanes
W1 to W10 indicates that as washing continued, loosely bound
ssDNA molecules were removed from the bead surfaces, increasing the stringency of the isolation of target-speciﬁc ssDNA. The
increased band intensity in lane E1 indicates that strongly bound
ssDNA molecules were eluted from the bead surface by heating
at 57 ◦ C. In addition, no damage was observed to the agarose gel
in the electrophoresis channel, indicating that the channel length
between the microchamber and the gel-ﬁlled channel was large
enough to prevent thermal degradation of the gel during elution of
DNA.
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Fig. 8. Electrophoresis of the ssDNA through the gel-ﬁlled microchannel using different electrolytes. Lane L: 10 bp ladder and Lane P: positive control. Lanes PBS and
TBE: eluents collected from the enrichment chamber after electrophoresis using 1×
PBS buffer and 0.5× TBE buffer, respectively.

Fig. 7. (a) Gel electropherogram of ampliﬁed eluents obtained during the control
experiment. (b) Bar graph depicting band intensity for lanes I1–E1. Lane L: 10 bp
ladder; Lane P: positive control; Lane N: negative control; Lane I1: incubation 1;
Lane W1: wash 1; Lane W5: wash 5; Lane W10: wash 10; Lane E1: elution 1; and
Lane EC: ampliﬁed eluent from enrichment chamber.

To verify that the isolated ssDNA strands in the previous experiment were speciﬁcally bound to IgE, we repeated the experiment
using fresh NHS beads with no protein coupled to the surfaces. The
gel image (Fig. 7a) and bar graph (Fig. 7b) show bright bands during incubation and earlier washing steps (lanes I1–W5) and no band
during later washing and elution steps (lanes W10–E1). This indicates that ssDNA were very weakly bound on the NHS bead surfaces

and removed by stringent washings. Hence, the 87-mer ssDNA collected in the previous experiment shown in Fig. 6 are mostly likely
IgE-binding ssDNA isolated from the random mixture. Similar to the
previous experiment, no band seen in lane EC indicates that the gel
in the channel prevented the undesired ssDNA from entering the
enrichment chamber.
4.2. Electrophoretic transport of ssDNA through a gel-ﬁlled
microchannel
We tested 1× PBS and 0.5× TBE buffers as possible electrolytes
for the electrophoretic transport of DNA through the gel-ﬁlled
microchannel. PBS buffer is a strong electrolyte (electrical conductivity: 15 mS/cm [28,29]), and as it is commonly used for other
steps in the process its use in electrophoresis would simplify the
enrichment process. Alternatively, TBE buffer (approximate electri-

Fig. 9. Electrophoretic transport of ﬂuorescently labeled ssDNA through the gel under an electric ﬁeld of 25 V/cm at different times: (a) t = 0 min, (b) t = 10 min, (c) t = 20 min,
and (d) ﬂuorescence intensity as a function of time monitored at the center of the gel-ﬁlled channel (scale bar: 100 m).
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cal conductivity: 350 S/cm [30]) is normally used as an electrolyte
in gel electrophoresis applications [31].
As shown in Fig. 8, when PBS was used as the electrophoresis buffer, no band was visible in corresponding lane, indicating
that DNA strands were not transported to the enrichment chamber. However, when using TBE buffer, DNA strands migrated to the
enrichment chamber effectively, as indicated by a distinctly visible
band seen in lane TBE. This can be explained by noting that although
PBS has a much higher conductivity than TBE, the salt ions (i.e., Na+
and Mg2+ ) present in PBS buffer shield DNA strands and neutralize their negative charges, preventing them from migrating toward
the anode (i.e., enrichment chamber) [32,33]. As a result, we chose
to use 0.5× TBE buffer for electrophoretic transport of DNA in our
microchip.
We then investigated the time required to electrophoretically
transport ssDNA from the isolation to enrichment chambers. The
ﬂuorescence micrographs obtained during electrophoretic transport of ﬂuorescently labeled ssDNA strands at different times
monitored at the center of the gel-ﬁlled channel are shown in
Fig. 9a–c. The peak in the ﬂuorescence intensity proﬁle at 10 min
indicates that the ssDNA were migrating at a speed of approximately 1 mm/min through the gel-ﬁlled channel (Fig. 9d). As
the distance between the two chambers is approximately 20 mm,
at least 20 min was required to electrophoretically transport the
ssDNA to the enrichment chamber.
We assessed the efﬁciency of the electrophoretic transport of
DNA in our microchip by comparing the electrophoretic mobility of DNA obtained in our experiment with reported values in
the literature. The measured DNA velocity (V = 1.7 × 10−3 cm/s)
is related to the applied electric ﬁeld (E = 25 V/cm) by the equation V = E, where  is the electrophoretic mobility of the DNA.
The electrophoretic mobility in our chip was hence calculated
to be  = 6.67 × 10−5 cm2 /Vs. This is lower than reported values (2 × 10−4 cm2 /Vs) in the literature [34,35], which could be
attributed to a non-uniform electric ﬁeld distribution imposed by
geometrical constraints such as microbeads and the weir structure
[36,37].

Fig. 10. Gel electropherogram of eluents obtained from the isolation and enrichment chambers after one round of isolation and enrichment experiment. Lane L:
10 bp ladder; Lane P: positive control; Lane N: negative control; Lanes I1–I3: incubations 1–3; and Lanes W1–W10: washes 1–10. Lanes EC1–EC3 and IC1–IC3: eluents
1–3 from the enrichment chamber and the isolation chamber, respectively, collected
after completed processes.

electrophoretic transport. A gel electropherogram of ampliﬁed
eluents collected after 1 round (lane 1), 2 rounds (lane 2), and 3
rounds (lane 3) of enrichment in the microchip is shown in Fig. 11a.
As shown in Fig. 11b, with an increasing number of enrichments
a higher concentration of DNA was detected in the enrichment
chamber. The intensities of the bands for 2 and 3 rounds increase
by approximately 72.1% and 153.3%, respectively, compared to the
band intensity for 1 round. For a given number of rounds, experiments were performed in triplicate, which allowed calculation of
standard deviations to assess the repeatability of DNA enrichment.
These standard deviations were found to be 5.50, 5.04, and 6.02
for 1, 2, and 3 rounds of enrichment, respectively. The low standard deviations relative to the mean values indicate consistency
in DNA enrichment using our device. With the device repeatability
determined from these experiments, no intermediate band intensity from round to round was measured in multi-round enrichment
experiments. In addition, no damage to the gel-ﬁlled microchannel
was observed after the multiple rounds of enrichment. This indicates that further rounds of electrophoresis can be conducted to
continue enriching IgE-binding ssDNA strands in the microchamber.

4.3. Enrichment of IgE-binding ssDNA
We next performed an entire round of isolation and enrichment of IgE-binding ssDNA in a single microchip. Random ssDNA
library was exposed to IgE-coated beads, weakly bound strands
were washed away, and aptamer candidates were thermally eluted
and electrophoretically transported to the enrichment chamber. To
analyze the results of the experiment, we collected eluent from
each step (i.e., incubation: I, washing: W, elution: E) as well as the
buffer used to wash the two chambers (i.e., isolation chamber: IC,
elution chamber: EC) after the processes were completed. These
eluents were then chemically ampliﬁed using PCR and visualized
using slab gel electrophoresis. The electropherogram visualizing
the ampliﬁed eluents is shown in Fig. 10. DNA that did not bind
to IgE during the incubation process is indicated by the bands in
lanes I1–I3. As expected, these bands display high levels of ﬂuorescent intensity, as most of the random DNA did not bind to
IgE. The decrease in band intensity from lane W1 to W10 indicates
that ssDNA strands having low binding afﬁnity to IgE were gradually removed as the beads were continuously washed with buffer.
The bright band in lane EC1 and dimmer band in lane IC1 indicate that the majority of the thermally eluted ssDNA having high
binding afﬁnities to IgE were electrophoretically transported to the
enrichment chamber.
To investigate the ability of the developed microchip to
enrich IgE-binding DNA, multiple rounds of ssDNA enrichment
were performed on a single chip. In this experiment, the isolated IgE-binding ssDNA strands were repetitively enriched via

Fig. 11. (a) Gel electropherogram of eluents obtained from the enrichment chamber
following PCR ampliﬁcation. (b) Bar graph depicting band intensities of the eluents.
Lane L: 10 bp ladder; Lanes 1–3: eluents from the enrichment chamber after 1, 2,
and 3 enrichment processes, respectively. Error bars denote standard deviation of
three independent experiments.
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5. Conclusions
We have presented a microﬂuidic chip that isolates and enriches
ssDNA molecules from a randomized pool using IgE-functionalized
microbeads. The developed microchip consists of two chambers (i.e., isolation and enrichment chambers) connected by a
microchannel ﬁlled with agarose gel. A weir structure integrated
into the isolation chamber retains target-functionalized beads during the isolation of target speciﬁc DNA strands. The resistive heater
under the isolation chamber provides heat to elute strongly bound
DNA strands from the beads. The gel in the microchannel prevents
unwanted nucleic acids from contaminating the other chamber,
while allowing DNA strands to be transported using an applied
potential difference between the chambers.
Experimental results obtained using the chip have shown
that ssDNA that strongly bind to IgE were captured by IgEfunctionalized beads in the isolation chamber. The isolated ssDNA
were then electrophoretically transported through the gel-ﬁlled
channel at a speed of approximately 1 mm/min to the enrichment
chamber. The IgE-binding ssDNA were repetitively enriched in the
chamber by increasing the number of the isolation and enrichment processes. During the multiple rounds of enrichment, the
gel-ﬁlled channel effectively blocked ﬂows of unwanted samples
across the two chambers without having thermal damage. Experiments demonstrated that ssDNA that strongly bound to human
IgE can be repeatedly isolated and enriched using a combination of solid-phase extraction and electrophoresis methods in our
microchip. Thus, our device enables more efﬁcient isolation and
enrichment of nucleic acids than allowed by existing devices that
use either solid-phase extraction or electrophoresis only. As such,
our device can be potentially used for isolation of protein-binding
nucleic acids such as aptamers.
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