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Abstract

We have developed novel protein gel electrophoresis techniques, sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
and isoelectric focusing (IEF) in short microchannels (∼millimeters) that take less than a minute. A photopatterning technique was used
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0 000–200 000) was separated in less than 30 s in less than 2 mm of channel length. Crosslinked polyacrylamide gel, patterne
sing UV light, provides higher sieving power and sample stacking effect, therefore yielding faster and higher-resolution separatio

EF of proteins was also achieved in a microchannel, and several proteins were focussed within tens of seconds in mm-length c
esolution in IEF is independent of separation distance, focusing in ultra-short channels results in not only faster separation bu
oncentrated bands potentially allowing detection of low-concentration species.
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. Introduction

Miniaturization of gel electrophoresis, widely used in
iomolecule analysis, has attracted much attention as it holds

he promise of significantly reducing the analysis time and
he amounts of sample needed, and has the potential to be
utomated and portable. A microchip-based fluidic architec-

ure may also be easier to interface with a mass spectrometer.

The IEF and SDS–PAGE separations in microchip
ported to date use relatively long (a few cm) channels, m
their combination result in a chip that is several cm by
eral cm. This significantly reduces the yield of chips and
results in longer analysis time. Separations of SDS-c
protein on a microchip reported to date[8–10] use liquid
gel, and generally require relatively long (∼5 cm) channel
The liquid sieving gel has an advantage that it can be
number of articles have appeared on performing IEF[1–7]
nd SDS-capillary gel electrophoresis (CGE)[8–10] in mi-

ily replaced after each runs, but at the same time it makes
the integration into a higher level system more challenging
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crochips. Also, protein two-dimensional separation devices,
with variety of separation combinations, were demonstrated
recently[11–15].
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as it can flow and diffuse into other channels. The u
solid polyacrylamide gel in a channel has been demons
for DNA separation[16] and has several advantages
liquid sieving material. Solid, crosslinked gel does not
with or diffuse into other regions of the channel. In addi
solid gels have better sieving power than liquid gels, w
allows faster separation within a short channel length
terned gel structures can also be used for other purpos
molecular sieving, such as sample stacking and mol
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manipulation. It is also possible to do a multiplexing, where
different gels can be run in different channels of a single chip
at the same time.

In IEF, the resolution of separation does not depend on the
length of the channel for a given applied voltage. Therefore,
in a shorter IEF channel, higher electric field would result in
faster focusing and more concentrated peaks (and possibly
more sensitive detection), while the Joule heating due to the
higher current would be effectively prevented in a microchip.
In addition, the entire IEF channel (with several millimetre
length) could be easily imaged instantly by a simple optics
without the need for mobilizing peaks or scanning optics over
the entire capillary or column[1,7]. This could lead to a much
faster and more sensitive protein analysis based on their pI
values—valuable protein information that is readily available
from the public protein database.

In this paper, we report microchip-based SDS–PAGE
protein separation, as well as microchip-based IEF protein
separation, using very short channels, and demonstrate their
advantages over conventional capillary gel separation or
microchip protein separation using liquid gel. We have devel-
oped photopolymerization techniques to pattern a polyacryl-
amide gel for SDS–PAGE in a channel using a ultraviolet
(UV) lamp and photomask. Compared with separations by
liquid sieving gels, faster separation speed, higher separation
r dary,
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Fig. 1. Layout for the microchip for: (a) SDS–PAGE and (b) IEF. The inset
in (a) shows the typical sample loading and launching potential values.

Fig. 1 shows the device layout for SDS–PAGE experi-
ment. The depth of the microchannel for SDS–PAGE was
27�m, with 1–3 cm long separation channel. Glass mi-
crochip was coated by 3-(trimethoxysilyl)propyl acrylate in
an acidic environment, followed by the photo-polymerization
process of acrylamide monomer (∼5%) on the surface of
the channel[19]. Then, sieving gel is formed by patterned
UV exposure in the channel, for up to 10 min. A mix-
ture of 12% acrylamide/bis-acrylamide solution in 0.375 M
Tris–Cl buffer (pH 8.6) with 0.1% of SDS and 0.2% of 2,2′-
azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (Wako,
Richmond, VA, USA) was prepared and introduced into the
channel. Upon UV light (350 nm) exposure (UVP high in-
tensity UV lamp B-100AP), this chemical turned into poly-
acrylamide gel within the channel. The exposure was done
at about 5 cm distance from the lamp, and the intensity of
the UV light is estimated to be about 20 mW/cm2. Only the
separation channel region (not the sample loading region)
was exposed by blocking the UV light with an optical mask.
The length of the channel was 1–3 cm, and the gel was poly-
merised over the entire length of the channel. However, only
a small distance (2–4 mm) was needed to get complete sepa-
ration of protein bands. After the polymerisation, unexposed
section of the microchannel was flushed with 0.375 M Tris–Cl
buffer containing 0.1% SDS. The same solution was used as
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esolution due to the sample stacking at the gel boun
ower separation potential, and smaller overall chip size
emonstrated. Isoelectric focusing of proteins were ach
ithin less than a minute in a short microchannel (∼4 mm).
he small size of the separation system in this work als
ilitates detection of separated protein bands, since pr
ands can be detected quickly by a whole-field imaging t
ique without the need of eluting the peaks. These advan
an be considered favorably in designing future integra
ortable protein separation system.

. Experimental

To demonstrate SDS–PAGE and IEF in a short c
el, several straight microchannels with different len
4 mm–3 cm) were fabricated on poly(dimethylsiloxa
PDMS) for IEF and glass substrates for separate IEF
DS–PAGE. Detailed fabrication procedures for PDMS[17]
nd glass[18] microchip have been reported previously.

nverted microscope (IX-70, Olympus, Melville, NY, US
as used as an experimental platform, and a cooled ch
oupled device (CCD) camera (CoolSNAP HQ, Roper
ntific, Trenton, NJ, USA) connected to the microscope
sed as an imaging and detection device. A 100 W me

amp was used as a light source, and the fluorescenc
er cubes for blue (∼480 nm) and green (∼520 nm) excita
ion were used to detect protein molecules. The images
he camera was digitized and analyzed by an imaging
are (Image-Pro Plus, Media Cybernetics, Silver Sp
D, USA) to generate electropherograms.
sample buffer and buffers for other reservoirs. A comm
ially available fluorescence-labeled protein marker sa
product number F-3526, Sigma, St. Louis, MO, USA)
sed as a sample. The final total protein concentration i
ample reservoir was about∼10 mg/ml. The protein samp
as introduced into the loading region of the channel by
lying a negative potential to the sample reservoir. Load

aunching and separation of protein bands were moni
nd recorded in real time by the cooled CCD camera.

For IEF experiment, two naturally-fluorescent prote
enhanced green fluorescent protein (EGFP, BD Bioscie
alo Alto, CA, USA) andR-phycoerythrin (Molecula
robes, Eugene, OR, USA) and one labeled protein (car
nhydrase II, Sigma) were used. Carbonic anhydrase I
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labeled by rhodamine–maleimide, which binds to the cys-
teine residue of the protein. Carbonic anhydrase at a concen-
tration of 0.1 mM was reacted with 20-fold molar excess of
rhodamine–maleimide at pH 7.0 for 12 h at 4◦C. The excess
rhodamine–maleimide was separated from labeled protein
by size exclusion chromatography. Commercially available
carrier ampholytes [cIEF ampholytes (pH 3–10), Beckman
Coulter, Fullerton, CA, USA] was used for the experiment
at the concentration of 2%. Proteins were added to the car-
rier ampholytes mixture to make the final concentration of
∼1�g/ml for each protein species. 40 mM phosphoric acid
and 20 mM sodium hydroxide solutions were used as anolyte
and catholyte, respectively. For the experiment in PDMS mi-
crochannel, 1% methylcellulose solution was first introduced
into the microchannel to coat the surface, just before the ex-
periment for about 5 min. In addition, as a dynamic coating
agent, methylcellulose was added to carrier ampholytes mix-
ture, as well as catholyte and anolyte, at 0.5–1% concentra-
tion.

3. Results and discussion

For miniaturized SDS–PAGE on a chip, a microchip fab-
ricated on a glass substrate was first coated with polyacryl-
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Fig. 2. SDS–PAGE separation of six proteins in 12% gel (acrylamide:bis-
acrylamide = 37.5:1), also containing 0.1% SDS and 0.2% photoinitiator.
This picture was taken 26 s after the launching, and the electric field was
170 V/cm. Both channels contain the same concentration gels, but the dif-
ference in the location of gel boundary in the two channel yields slightly dif-
ferent peak locations. The gel buffer was 0.375 M Tris–Cl (pH 8.6) with 0.1%
SDS. Six proteins are myosin (Mr 205 000), beta-galactosidase (116 000),
bovine serum albumin (66 000), alcohol dehydrogenase (39 000), carbonic
anhydrase (29 000), and trypsin inhibitor (20 100). The rightmost band in
the channel is due to the Bromophenol blue dye added to the sample. The
width of dye band is much larger than other protein bands, suggesting no
stacking effect for small dye molecules.

ied the electric field applied to the gel from 34 V/cm up to
170 V/cm, and electrophoresis ran at higher fields yielded
faster separation result without significant changes in sep-
aration resolution. It has been reported, from the thin layer
electrophoresis experiment, that fields up to 89 V/cm does not
affect the mobility of SDS–protein complexes[20]. Since our
channel was much thinner (∼27�m) compared to the case
of the thin-layer electrophoresis (∼180�m), it is less prone
to gel heating problem. However, we occasionally observed
the bubble generation in the gel solution when the field was
increased over 200 V/cm.

One has to note that the concentration of the acrylamide
gel used in this experiment is 12%, and such concentration is
typically used for separating low-molecular weight proteins
amide to reduce electroosmotic flow, then polyacrylamide
is formed in a microchannel as a sieving matrix. Comm
cially available fluorescently-labeled protein marker sam
was used, with protein concentration of roughly 10–100�M
for each species. The concentration used here is by no m
the detection limit of the fluorescence detection, and it is w
known that fluorescence detection could be used to de
the proteins at much lower concentrations. However, the
ficiency of separation using the photopolymerized gel can
clearly demonstrated.Fig. 2is the picture of the microchanne
filled with solid polyacrylamide gel while protein samples a
being separated. The left edge of the image roughly coinc
with the beginning of gel in the channel. This fluorescen
image was taken 26 s after launching the sample from
loading area. Six protein peaks are well separated in b
channels, within the channel distance less than 2 mm.
plate number of the separation was between 300 and
which is comparable to the plate number (∼1000) of slab
gel SDS–PAGE, which is remarkable considering the sh
length of the gel channel. The plate number per length
calculated to be 1.5–4× 105 plates/m.

Ability to pattern crosslinked gels in channels also allo
us to take advantage of stacking effects analogous to
gel electrophoresis. The initial peak launched at the sam
injection cross region has a width of about∼250�m. How-
ever, upon entering the crosslinked polyacrylamide gel p
tein samples are retarded and stacked into a narrower
(10–20�m), leading to improved resolution and detecti
limits. Also, the applied field in the gel is about an ord
of magnitude higher than typical electric field values in st
dard slab gel SDS–PAGE, allowing faster separation. We
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Fig. 3. The plot of mobility vs. electric field. They-axis is log(µ/µdye),
whereµ is the mobility of the proteins, whileµdye is the mobility of the dye
(Bromophenol blue) molecule.

in conventional slab SDS–PAGE. Protein samples were re-
tarded significantly in the gel, which stacked the protein band
into narrower one and enhancing the separation resolution.
However, protein peaks were still mobilized through the gel
and were not completely stuck in the gel matrix, mainly be-
cause of higher driving electric field.Fig. 3shows the relation
between the measured mobility and the length of proteins
separated at various electric field conditions. According to
the Ogston model of sieving[21], logµ should be propor-
tional toR2 (R: the radius of gyration of polymer molecule),
andR2 ∼ N (length of the polymer) if one can assume SDS-
coated proteins as ideal polymers. Therefore, the logµ versus
N graph should be linear. The graph inFig. 3 shows signif-
icant deviation from linear behavior, and may suggest that
the mobility of longer proteins are higher than the values that
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the Ogston model would have predicted. This means that
SDS-coated proteins in higher density acrylamide gels are
not well characterized by Ogston model. Rather, high elec-
tric field could have caused conformation change of proteins
in the gel, therefore allowing them to migrate much easier via
Reptation mechanism[22]. Similar dynamic transition (be-
tween Ogston and Reptation models) in polymer dynamics
has been well established in the DNA electrophoresis[23,24].

In addition to the well-known advantages of miniaturized
separation systems, polyacrylamide gel would be easier to
connect with other sample preparation or separation systems
than liquid sieving matrix, since there is no concern of mixing
and diluting the liquid sieving matrix when the separation
channel is connected with other fluidic components. It is also
possible to pattern polymer gel matrix with diverse properties
within the microfluidic channel, and use the patterned gel as
a nanoporous material to filter or manipulate biomolecules in
the system.

IEF separation of protein samples has been achieved in
a microfluidic channel as short as 4 mm typically within
∼45 s. InFig. 4, three proteins were focused within a mi-
crochannel made out of PDMS. EGFP andR-phycoerythrin
are naturally fluorescent proteins, while carbonic anhydrase
II proteins were visualized by cysteine-specific labeling
(rhodamine–maleimide). To visualize all three peaks at once,
m tion
w ally.
T otein
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o

both
i tion
r . The
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[
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ig. 4. Isoelectric focusing in 4 mm channel. Electric field was
rhodamine–maleimide), whileR-phycoerythrin and EGFP are natura
ure for a dynamic coating. The image was taken 30 s after applying th
espectively, and pH gradient was established within 4 mm channel
ntire 4 mm channel, multiple fluorescence images taken at different
designated with arrows) for the carbonic anhydrase II protein are cha
V/cm. Carbonic anhydrase II was labeled by cysteine-specific
rescent. One percent methylcellulose was added to carrier ampho
tric field. Wider channel regions at both ends are filled with catholytelyte,
ualize all three peaks (with different fluorescence wavelengths) ashe

ion wavelengths were combined into a single image electronically. Tho peaks
mers.

ultiple fluorescence images taken at different excita
avelengths were merged into a single image electronic
he two peaks observed for the carbonic anhydrase II pr
re charge isomers of the same protein, as observed
usly[25].

Miniaturized IEF channel provide several advantages
n analytical and practical point of view. In IEF, the separa
esolution does not depend of the length of the channel
ocused peak widthσ can be given as the following equati
26].

=
√

D(dx/d(pH))

E(dµ/d(pH))
∼ L√

V
(1)
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whereD is the diffusion constant of the protein,E (=V/L, L is
the channel length) the electric field,µ the mobility of the pro-
tein, and dx/d(pH) (∼L) the reciprocal of the pH gradient. The
separation resolutionRs is given as∼d/σ, whered is the sep-
aration distance in the microchannel between the two peaks
of interest. Sinced scales as∼L, Rs is only proportional to
V1/2, independent of the length of the channelL. Therefore,
the IEF separation resolution is not sacrificed (at the same
potentialV) even with decreasing channel lengthL. How-
ever, the time it takes to achieve focusing is decreased, be-
cause of higher field and shorter migration length for proteins.
Fig. 4 was achieved 30 s after applying the potential, much
shorter time compared with∼45 min in conventional cap-
illary IEF, as well as other short-channel IEF demonstrated
[1,3–7]. Higher field strength also means more concentrated
focusing bands, which could allow more sensitive detection
of the peaks. This would be especially useful in the detection
of low-concentration species in the sample. A whole-column
detection of the microchannel IEF can be easily achieved
with simple microscope optics, eliminating the need of spe-
cialized optics (as in previous works[1,3–6]) or mobilizing
peaks in the capillary (as in conventional capillary IEF).

4. Concluding remarks
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