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DNA analysis on microfabricated electrophoretic
devices with bubble cells

Microfluidic devices with bubble cells have been fabricated on poly(methyl methacry-
late) (PMMA) plates and have been employed for the analysis of DNA using polyethyl-
ene oxide (PEO) solutions. First, the separation channel was fabricated using a wire-
imprinting method. Then, wires with greater sizes or a razor blade glued in a polycar-
bonate plate was used to fabricate bubble cells, with sizes of 190–650 �m. The
improvements in resolution and sensitivity have been achieved for large DNA (� 603
base pair, bp) using such devices, which depend on the geometry of the bubble cell.
The main contributor for optimal resolution is mainly due to DNA migration at lower
electric field strengths inside the bubble cell. On the other hand, slight losses of resolu-
tion for small DNA fragments have been found mainly due to diffusion, supported by
the loss of resolution when separating two small solutes. With a bubble cell of 75 �m
(width)�500 �m (depth), the sensitivity improvement up to 17-fold has been achieved
for the 271 bp fragment in the separation of �X-174/HaeIII DNA restriction fragments.
We have also found that a microfluidic device with a bubble cell of 360 �m�360 �m is
appropriate for DNA analysis. Such a device has been used for separating DNA rang-
ing from 8 to 2176 bp and polymerase chain reaction (PCR) products amplified after
30 cycles, with rapidity and improvements in the sensitivity as well as resolution.
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1 Introduction

Although the human genome sequence had been
reported in 2001 [1, 2], it will not end the demand for
developing new techniques for DNA analysis. In order to
interpret the function of DNA sequence on a genomic
scale, much more information from any other organisms
is required. For example, so-called single nucleotide poly-
morphorism (SNP) has gained increasing attention in this
regard, especially information about sequence variations
in humans [3]. To exploit the wealth of genetic information,
the concept of micrototal analysis systems (�-TAS) has
been proposed. These include systems based on highly
functional architectures for bioanalysis such as DNA array
and protein chips [4, 5], as well as separations (so-called
lab-on-a-chip) [6–8]. Although the former provides a vast
of information in one run cycle based on specific interac-
tions, difficulty for making such a highly functional archi-
tecture, a needs to know certain information in advance,

and suffering from a highly reading-error rate are pro-
blems [4]. Owing to its simplicity and high resolving
power, the latter, especially one with electrokinetic driving
forces, has gained more attraction in analytical science
[9, 10].

The advantages of microfluidic electrophoretic devices
over slab gels for DNA separation and sequencing include
rapidity, capability of the production of high-density
microchannels, significant reduction of reagent used,
and integration of sequencing functions. Such devices
are commonly fabricated in glass, quartz, and polymer
substrates [11–17]. Although the chemistry of the first
two is well understood and they are optical transparent
to visible lights, a more sophisticated photolithography
process is generally needed. For this reason, it is not as
attractive as polymer substrates, such as polycarbonate
(PC) [14, 15], and PMMA [16, 17], that are easily fabri-
cated by printing, laser ablation, and plasma etching and
have a greater potential to make disposable devices on a
cost-effective basis. From a practical point of view, meth-
ods or devices allowing hand-free, quick, and simple
chemical and biochemical analysis are also essential.
Currently, several excellent new systems allowing the per-
formance of PCR and analysis of the products on chips
have been developed, with advantages of rapidity and
high throughput [18–20]. Despite these very promising
developments, the properties of the supported material,
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injection, fluid handling, sensitivity, resolution, and overall
cost still somehow limit a wider distribution of these
devices in an academic and industrial environment. For
example, owing to an extremely small injection volume
(pL) and a short optical length, the sensitivity and repro-
ducibility are not excellent. Thus, more sophisticated
injection and detection systems, greater amounts of
DNA templates, and/or more PCR cycles are generally
needed when compared to capillary electrophoresis (CE)
that is currently more popular for DNA separations. It is
also difficult to achieve single-base resolution and long
read lengths of DNA sequences by using microfluidic
devices [21, 22].

To make microfluidic electrophoretic devices more
attractive for the analysis of DNA, the sensitivity and
efficiency are two most important issues. The use of
suitable polymer solutions and coated microchannel is
essential to achieve high resolving power [23–27]. To
minimize band broadening that causes the loss of reso-
lution and to improve quantitative reproducibility, new
injection schemes have been demonstrated [28, 29].
Because of a short separation length, the analysis of
DNA is somehow limited, which has been partially over-
come by the use of turns of microchannels fabricated
on small chips [30–32]. However, turns noticeably
degrade the band shape and overall separation effi-
ciency and a more sophisticated technique is required
to incorporate turns in channels to facilitate wafer-scale
integration. Regarding sensitivity, the development of
new detection systems based on laser-induced fluores-
cence in conjunction with the use of intercalators with
high quantum yields has been demonstrated effective
[33–35]. To further improve the sensitivity, on-line mem-
brane concentration has been applied, with a 70-fold
improvement in the sensitivity for the 199 bp PCR prod-
uct [36]. A large cross injector has been employed for
increasing the injection volume, resulting in 5 to 10-fold
improvements in sensitivity [37, 38]. Besides, an inte-
grated electrochemical detection system has been
developed and tested with success for the analysis of
PCR products [39].

In this report, we conducted DNA separations on micro-
fabricated CE channels with bubble cells made by print-
ing methods. With increasing the optical length, bubble
cells have been demonstrated in improving sensitivity up
to several tens-fold for the analysis of small solutes in CE
[40–42]. One drawback of the use of bubble cells stems
from the dispersion of electric field strengths and path
length differences between molecules traveling along the
central and outer parts, leading to loss of efficiency. The
loss of efficiency is profound as the size of bubble cells
increases. Another reason for making a limited size of the

bubble cell comes from the size of a capillary. As a result,
the improvement in the sensitivity is limited. As the geom-
etry of the separation system affects the distribution of
the electric field, thereby varying the electrophorteic
mobility of DNA [43], it should have significant impacts
on the resolution and sensitivity for DNA separations. To
explore these impacts, the separation of DNA was con-
ducted on plastic microfluidic devices with bubble cells
of various sizes.

2 Materials and methods

2.1 Equipment

The basic design of the separation system is similar to
Simpson’s design [44]. Briefly, a high-voltage power sup-
ply from Bertan (Hicksville, NY, USA) was used to drive
electrophoresis. The entire detection system was
enclosed in a black box with a high-voltage interlock
and the high-voltage end of the separation system was
put in a laboratory-made plexiglass box for safety. A
4.0 mW He-Ne laser with 543.6 nm output from Uni-
phase (Mantence, CA, USA) was used for excitation.
The light was collected with a 20�objective (numerical
aperture = 0.25). One RG 610 cutoff filter was used to
block scattered light before the emitted light reached
the photomultiplier tube (Hamamatsu R928). The ampli-
fied currents were transferred directly through a 10 k�
resistor to a 24 bit A/D interface at 10 Hz (Borwin,
JMBS Developments, Le Fontanil, France) and stored in
a personal computer.

2.2 Chemicals

Wires (75 �m, 190 and 360 �m in diameter) used to fab-
ricate microchannels and bubble cells were obtained
from Omega (Stanford, CT, USA). Sulforhodamine B
(SRB), Sulforhodamine 101 (SR101), all chemicals used
for preparing buffer solutions, PEO (Mr = 8 000 000), and
polyvinylpyrrolidone (Mr = 1 300 000) were purchased
from Aldrich (Milwaukee, WI, USA). Ethidium bromide
(EtBr) was obtained from Molecular Probes (Eugene,
OR, USA). TB buffer containing 200 mM tris(hydroxy-
methyl)aminomethane (Tris) was adjusted with boric
acid to pH 9.0. �X 174 RF DNA-HaeIII digest was pur-
chased from Pharmacia Biotech (Uppsala, Sweden).
DNA markers V (pBR 322/HaeIII digest) and VI (pBR
328/Bg1I digest & pBR 328/Hinfl digest) were purchased
from Boehringer Mannheim GmbH (Mannheim, Ger-
many). Equal volumes of DNA markers V and VI were
mixed and used in this study.
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2.3 Preparation of PEO solutions

Certain amounts of PEO were gradually added into
200 mM TB buffer, pH 9.0, in a beaker stirring in a water
bath at 85 to 90�C. During the addition of PEO, a magnetic
stirring rod was used to produce a well homogeneous
suspension. After addition was complete, the suspension
was stirred for at least one more hour. Finally, polymer
solutions were degassed with a vacuum system in an
ultrasonic tank. Polymer solutions stored in a refrigerator
at 4�C were usable for at least three days.

2.4 DNA extraction and PCR products

The blood sample was from a normal male. Human geno-
mic DNA from buffy coat was extracted using the QIAamp
DNA blood mini kit in accordance with manufacturer’s
instructions. Amplification of the DNA sample was con-
ducted as suggested by the manufacturers. Briefly,
22.5 �L PCR master mix component was prepared by
mixing 17.45 �L sterile water, 2.50 �L STR 10� buffer,
0.05 �L Taq polymerase (5 u/�L), and 2.50 �L TH01 10�
primer pairs (5’-GTGGGCTGAAAAGCTCCCGATTAT-3’
and 5’-ATTCAAAGGGTATCTGGGCTCTGG-3’). To the
PCR master mix, 2.5 �L of human genomic DNA (25 ng)
was added. PCR was conducted as: initial incubation at
96�C for 2 min, cycling for first 10 cycles at 94�C for 1 min,
at 64�C for 1 min, and at 70�C for 1.5 min, and cycling for
the last 20 cycles, respectively, at 90�C for 1 min, at 64�C
for 1 min, and at 70�C for 1.5 min.

2.5 Microfabrication

A wire imprinting method was used to fabricate the
separation microchannels with bubble cells [45]. First, a
75 �m wire and a PMMA plastic plate clamped between
two clean glass slides (the left side of Fig. 1A) was placed
in the oven for 10 min at 110�C. Then, the assembly was
set at room temperature and thus the microchannel was
formed. Next, a different size of wire (0.5 cm with 360 �m)
put on the top of the 75 �m microchannel was clamped
between two clean glass slides (the right side of Fig. 1A)
and placed in the oven for 5 min at 110�C. Prior to sealing,
two holes of 3 mm in diameter used as buffer reservoirs
and a hole of 0.8 mm in diameter used to allow injection
were drilled. Two pieces of PMMA plastics were sealed in
the oven for 10 min at 110�C. A representative fabricated
microchannel with a bubble cell is shown in Fig. 1B. Simi-
larly, the microfabrication of a bubble cell with a similar
width to that of the microchannel was performed using a
PC plate that was put between a PMMA plastic plate and
a glass side (Fig. 1C). To make a bubble cell with a depth
of 500 �m, a razor blade was glued to the PC plate and

Figure 1. Microfabrication process of bubble cells using
imprinted techniques. (A) Microfabrication of a micro-
channel of 75 �m�75 �m with a bubble cell of
360 �m�360 �m and (B) the product. (C) Assembly for
making a bubble cell of 75 �m�500 �m.

has an open part of 500 �m above the PC surface. The
polycarbonate chosen was due to its high softening tem-
perature (150�C). In order to reduce the variation of elec-
troosmotic flow (EOF) and the interaction with DNA, the
microchannels were coated with 5% polyvinylpyrrolidone
at room temperature for 5 min.

2.6 Separation

Filling the microchannel with PEO solution was conducted
by pressure injection. Hydrodynamic injection of the DNA
samples with concentrations ranging from 0.1 to 30 �g/mL
was conducted by dipping a 30 cm capillary of 50 �m ID at
10 cm height for 5 s. With such a small capillary, the repro-
ducibility of the fluorescence intensity for the 603 bp frag-
ment was less than 3.0% in five consecutive runs. After the
injection, the open part of the injection point was covered
with a piece of tape (Scotch type 810, 3M) in order to pre-
vent the formation of bubbles. The separation was con-
ducted at 255, 750 or 1500 V. After each run, PEO solution
was pushed out by pressure means and the microchannel
was refilled with fresh PEO solution.
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3 Results and discussion

3.1 Impact of bubble cells on DNA separation

The electropherograms depicted in Figs. 2A–C clearly
show increases in the sensitivity in the presence of a bub-
ble cell, simply due to the increase in the optical length. In
addition, at the same applied voltage (Figs. 2A and B) the
resolution between any two DNA fragments larger than
603 bp increased in the presence of the bubble cell, but
at the expense of a longer separation time. The changes
in the migration time were greater for the large DNA frag-
ments, especially those larger than 603 bp, than for small
ones. We inferred that these were due to the impact of
electric field strength on the electrophoretic mobility of
DNA, depending on the sizes of the separation channel
and the bubble cell according to Eq. (1) [41]:

E1/E2 = K (r2
2/r1

2) (1)

Figure 2. Separations of 30 �g/mL�X 174 RF DNA-HaeIII
digest in the absence or presence of a bubble cell using
1.5% PEO prepared in 200 mM TB containing 10 �g/mL
EtBr, pH 9.0. The separations were conducted at (A), (B)
750 V, and (C) 1500 V. (A) No bubble cell; (B), (C) with bub-
ble cell of 360 �m�360 �m. Length of the microchannel,
4.2 cm; effective length of the microchannel, 2.4 cm (near
the middle of the bubble cell if present); length of the bub-
ble cell, 0.5 cm. Hydrodynamic injections were conducted
by dipping the DNA sample with a capillary of 50 �m ID.

where E1, E2, r2, and r1 represent the electric field strength
and the radius of the separation channel and the bubble
cell, respectively. It is important to note that Eq. (1) could
not precisely express the distribution of the electric field
strength inside the system, especially when the depth and
width of the bubble cell are different. However, it does
simply show the decrease in the electric field strength
with increasing the size of the channel. As a result, DNA
slowed down when entering the bubble cell, leading to a
long migration time. Because the limited separation size,
revealed by a large comigration peak of fragments larger
than this limit in the electropherogram, decreases with
increasing electric fields, resolution between any two
adjacent large DNA fragments increased in the presence
of the bubble cell. Figure 2C shows that the resolution
was better for the large DNA pairs, with a shorter separa-
tion time, when compared to that shown in Fig. 2A. The
results suggest that the resolution (except that for small
DNA pairs) and sensitivity can be optimized at a shorter
time when conducting DNA analysis at higher applied
voltages in the presence of bubble cells.

3.2 Effect of microchannel geometry

To further explore the impact of electric field strength on
DNA separation, we performed the DNA separations in
the presence of bubble cells with different widths and
depths, ranging from 190 to 650 �m at the same applied
voltages. Table 1 clearly shows that the resolution be-
tween any two DNA fragments smaller than 603 bp
decreased, while that for any adjacent large DNA pairs
increased in the presence of the bubble cell (width and
depth both � 360 �m). The changes in the resolution and
migration time increased with increasing the size of the
bubble cell, supporting our suggestion addressed above.
Because electric field has a less effect on small DNA frag-
ments [46], it is obvious that the loss of resolution was
mainly due to diffusion, supported by the decrease in
resolution with increases in the size of the bubble cell.
When using a microfluidic device with a cell of
650 �m�650 �m, the resolution lost mainly due to diffu-
sion and the two large DNA fragments (1078 and 1353 bp)
were not detected in the time course of the separation
because the electric field strength inside the bubble cell
was extremely low. For comparison, the results obtained
from the separations at different applied voltages were
also listed in Table 1. At 255 V, the large DNA fragments
were resolved without a bubble cell at the expense of a
long separation time, supporting the impact of the electric
field on DNA migration. It is important to note that all the
DNA fragments were resolved in 4 min at 1500 V when
using a bubble cell of 360 �m�360 �m. To further show
the feature of this device, we performed the separation of
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Table 1. Effect of width and depth of bubble cells on resolution

Base pairs Resolution
Width (�m)�depth (�m)

75�75a) 75�75b) 75�500a) 190�190a) 360�360a) 650�650a) 360�360c)

72 / 118 2.8 4.4 1.4 2.1 2.2 0.6 1.7
118 / 194 8.1 8.7 8.7 7.1 5.9 1.5 3.0
194 / 234 4.9 4.4 5.0 3.5 3.3 0.9 1.9
234 / 281 4.2 3.1 4.4 3.3 3.1 0.4 1.8
281 / 271 1.2 0.9 1.4 1.3 1.0 0 0.5
271 / 310 3.1 2.2 3.8 3.0 2.8 0.4 1.7
310 / 603 14.3 10.0 11.6 10.4 13.5 3.1 8.2
603 / 872 3.0 4.9 5.2 2.8 6.1 2.1 4.2
872 / 1078 0.8 2.1 2.0 1.1 3.2 – 2.2

1078 / 1353 0.4 1.2 1.0 0.6 2.6 – 1.6
S.W. (min)d) 1.93 � 4.27 2.90 � 13.02 2.63 � 10.50 2.02 � 5.80 2.13 � 9.09 5.96 � 33.61e) 1.30 � 3.69

a) Applied voltage, 750 V
b) Applied voltage, 255 V
c) Applied voltage, 1500 V
d) Separation window is between the migration time for 72 bp and 1353 bp.
e) The last peak is 872 bp.

Figure 3. Separation of a sample containing 25 �g/mL
DNA markers V and VI in the presence of a bubble cell of
360 �m�360 �m using 2.0% PEO prepared in 200 mM TB
containing 10 �g/mL EtBr, pH 9.0. Other conditions were
as in Fig. 2.

the sample containing DNA markers V and VI. Figure 3
shows that the separation was complete in 15 min, with
the efficiency up to 5.1�105 plates/m (394 bp fragment).
Compared to the result shown in our previous studies in
CE [47–49], the resolution result is not impressed. This is
likely due to a shorter separation length and DNA not
migrating against EOF.

Next, we compared the resolution results obtained at dif-
ferent detection points, before (2.1 cm from the injection
point) and inside (2.3 and 2.6 cm from the injection point)

Figure 4. The average migration velocity of the DNA frag-
ments vs. base pair. Other conditions were as in Fig. 2.

the bubble cells with both depths and widths of 190 and
360 �m, respectively. For small DNA fragments, Table 2
shows that the resolution decreased with increasing the
travel length inside the bubble cells, while opposite
results for large DNA fragments. This again supported
that diffusion and electric field both affected resolution
with varying degrees for different sizes of DNA fragments.
To clearly show the impact of electric field strength on
DNA migration, we plotted their average velocities
obtained in three different regions: (1) from the injection
point to the point at 2.1 cm, (2) 2.1 to 2.3 cm, and (3) 2.3
to 2.6 cm against their sizes. Figure 4 apparently shows
the order of the migration velocity in regions 1–3 in the
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Table 2. Resolution values at different detection points

Detection
point (mm)

Resolution

190 �m�190 �m 360 �m�360 �m

21a) 23b) 26b) 21a) 23b) 26b)

DNA (bp)

72 / 118 2.1 2.1 1.8 1.8 1.5 2.3
118 / 194 8.9 6.4 6.5 4.7 4.4 6.3
194 / 234 4.9 3.1 3.7 2.9 2.8 3.5
234 / 281 4.4 2.2 3.1 2.2 2.5 3.2
281 / 271 1.3 0.7 1.1 0.7 0.8 1.1
271 / 310 3.6 2.0 2.6 2.4 2.3 3.2
310 / 603 13.0 8.0 11.2 8.7 9.4 17.0
603 / 872 2.1 2.1 4.3 1.5 2.9 8.5
872 / 1078 – 1.2 1.6 0.6 1.3 4.2

1078 / 1353 – – 0.9 0.8 1.2 3.7
S.W. (min) 1.37�

2.44
1.52�

3.33
2.03�

5.31
1.32�

2.44
1.88�

6.44
2.94�

15.34

a) Before the bubble cell
b) Detection point was inside the bubble cell.

presence of the bubble cells is: 1 � 2 � 3, which indi-
cated gradual decreases in the electric field strength
inside the bubble cell. Slight variations of the migration
velocity in region 1 using the three devices are possibly
due to nonuniform distribution of the electric field in the
presence of the bubble cell. The migration velocity in the
same regions decreased with increasing the size of the
bubble cell, supporting the decrease in electric field
with increasing the bubble size. The trends of the aver-
age velocity vs. the base pair with and without the bub-
ble cells are similar, but with higher separation limits (the
curve becomes flat at this point) in the presence of the
bubble cells. To further support the role of electric field
played in improving the resolution for large DNA frag-
ments, we performed the separation of two small anionic
fluorophores, SRB and SR101. Table 3 shows that the
loss of resolution between these two solutes increased
with the traveling distance inside the bubble cells, similar
to that observed for the small DNA fragments. The peak
width increased as the solutes migrated further inside

the bubble cell, indicating that diffusion was the main
reason for the loss of resolution. Because the migration
velocity for small solutes is proportional to the magnitude
of the electric field if the effect of Joule heating is
ignored, the change in the velocity inside the bubble
cells should provide some information about the distribu-
tion of the electric field. The results clearly implied that
the electric field strength decreased with increasing the
size of the bubble cell and gradually decreased from the
entrance of the bubble cell to the exit.

3.3 Sensitivity

Owing to a small injection volume, a short optical path
length, and highly fluorescent background from plastic
substrates, poor concentration sensitivity is problematic
and the improvement in sensitivity has been an important
issue when using microfluidic devices. To minimize the
fluorescent background, a He-Ne laser with 543 nm out-
put has commonly been used to excite DNA intercalated
with EtBr and the use of plastic substances such as PC
and PMMA to make microfluidic devices has been found
useful. Table 4 shows up to 17-fold improvements in the
sensitivity when using a device with a bubble cell of
75 �m�500 �m. It is interesting to note that such a device
provided greater improvements in the sensitivity, espe-
cially for the small DNA fragment (smaller than 310 bp),
than ones with bubble cells of the widths wider than that
of the separation channels. This is quite reasonable sim-
ply because diffusion in the horizontal direction was
small, supported by sharper peak profiles when using
the device with a bubble cell of 75 �m�500 �m. However,
when a high efficiency is required for the separation of
large DNA fragments, a bubble cell of 360�360 �m
should be favored (Table 2). These results suggested that
the geometry of the bubble cell plays a significant role in
determining the improvement of sensitivity and resolu-
tion. To this end, we should point out that the limits of
detection (LODs) for the DNA marker were 0.5 and
0.1 �g/mL on the basis of the peak height for the 72 bp

Table 3. Comparison of resolution, peak width, migration time, and velocity of SRB and SR101 at different detection points

Width (�m)�depth (�m)

Resolution Peak width (min) Migration time (min) (RSD%)a) Velocity (cm/s)

190�190 360�360 190�190 360�360 190�190 360�360 190�190 360�360

SRB/SR101 SRB/SR101 SRB SR101 SRB SR101 SRB SR101 SRB SR101 SRB SR101 SRB SR101

21 mm 1.6 1.8 0.2 0.3 0.2 0.3 1.8 (1.75) 2.2 (1.85) 2.5 (1.55) 2.9 (1.42) 1.9 1.6 1.4 1.2
23 mm 1.4 1.5 0.3 0.3 0.5 0.7 2.3 (2.35) 2.7 (1.99) 3.8 (2.00) 4.7 (1.78) 1.7 1.4 1.0 0.8
26 mm 1.2 1.4 0.5 0.8 1.2 1.5 3.7 (2.75) 4.5 (2.33) 7.0 (1.55) 8.9 (1.43) 1.2 1.0 0.6 0.5

a) n = 3
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Table 4. Effect of the width and depth of the bubble cell
on sensitivity improvement

DNA
(bp)

Sensitivity improvementa) (RSD%)b)

190 �m�
190 �m

360 �m�
360 �m

75 �m�
500 �m

72 2.4 (4.25) 3.8 (4.00) 13.7 (3.85)
118 2.0 (5.21) 5.0 (4.95) 13.9 (4.86)
194 1.2 (3.25) 4.3 (3.15) 14.0 (2.95)
234 1.2 (4.60) 4.5 (4.40) 15.7 (4.00)
281 0.8 (3.70) 4.0 (3.50) 13.3 (3.10)
271 1.6 (4.95) 4.6 (4.70) 17.0 (3.85)
310 2.6 (3.00) 4.1 (2.95) 14.2 (2.73)
603 3.0 (4.11) 5.3 (3.56) 11.9 (2.89)
872 NR.c) 7.4 (2.85) 14.5 (2.68)

1078 NR.c) 7.6 (2.77) 11.8 (2.50)
1353 NR.c) 9.2 (3.00) 17.7 (2.93)

a) Compared to that using a microfluidic device without a
bubble cell

b) n = 3
c) The last three peaks were not resolved.

fragment when using the microfluidic devices with the
bubble cells of 360 �m�360 �m and 75 �m�500 �m,
respectively, which are lower than most reported results
[13, 50–53].

3.4 PCR products

The analysis of PCR products is of considerable impor-
tance in the medical realm and forensics, which has dri-
ven greater efforts toward developing electrophoretic
separations of DNA in microfluidic channels on plastic
substrates because they are low costly and hold poten-
tial for disposable analysis tool [54, 55]. With a sen-
sitivity improvement, the device with a bubble cell of
360 �m�360 �m was used to analyze the original and
diluted (40 times) PCR products after 30 cycles; the
results are shown in Fig. 5. The two peaks in each electro-
pherogram correspond to THO1 (191 and 194 bp frag-
ments) that has been one of common primers used in for-
ensics. It is important to point out that the two peaks were
not separated and detected in the absence of the bubble
cell. When compared to Fig. 5A, a better resolution is
shown in Fig. 5B, mainly because a decrease in the var-
iance of the sample injection when using a small amount
of the DNA sample. As mentioned above that the resolu-
tion improvement was greater for large DNA fragments,
this device should have a high potential for forensics if
expanded to four microchannels for high-throughput
analysis.

Figure 5. Separation of PCR products (THO1) using a
microchannel with a bubble cell of 360�m�360�m. Injec-
tion of (A) original and (B) diluted (40 times) PCR products
after 30 cycles. Other conditions were as in Fig. 2.

4 Concluding remarks

Microfluidic channels with bubble cells on PMMA have
been made by simple printing methods and tested for
DNA separation, with improvements in the sensitivity up
to 17-fold. The sensitivity improvement depends on the
geometry of the bubble cell that affects diffusion and the
distribution of the electric field. In terms of sensitivity, a
bubble cell with a width similar to that of the separation
channels is suggested. However, a bubble cell with a dif-
ferent depth and width from that of the separation chan-
nel is appropriate for the separation of large DNA on the
basis of improvements in resolution, mainly due to a
greater decrease in the electric field inside the bubble
cells. To the best of our knowledge, for the first time, this
report shows the improvement in sensitivity and resolu-
tion for large DNA fragments without significant loss of
resolution for small ones by conducting DNA separation
on microfluidic devices with bubble cells. With such fea-
tures, our efforts will make toward high-throughput DNA
analysis using similar devices with a number of micro-
channels. As shown the geometry of the bubble cell plays
a significant role in determining resolution and sensitivity,
we should be able to further optimize the conditions for
DNA separation and sequencing by fabricating micro-
channels with different shapes of cells, especially the
one with much deeper depths but narrower widths. To
achieve this goal, it is extremely important to monitor
migration of DNA in the separation channel and bubble
cell using a CCD, which is not available in this lab in this
stage. This will also allow us to gain more insight of the
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changes in electric field strengths related to the geometry
of bubble cells, and the effect of electric field on DNA
migration.
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