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Introduction

There has been much interest of late in the field of proteomics. Proteins are
responsible for much of what goes on within an organism and creating a map of proteins
would provide valuable scientific information. This process is inherently complex for a
number of reasons. The proteins within a cell are tied directly to the cell's function and
will change as cells age, are affected by disease, or are sampled from different areas of an
organism. The number of proteins within a single sample can number from several
hundred up to 10,0001.
If the protein make-up of humans can be determined, this may be of great import
to the scientific and medical community. The role proteins play in regulating biological
systems may be more fully understood as their expression is correlated to environmental
influences. The absence or presence of a protein, as well as a decrease or increase in
expression, may be closely monitored once baseline levels have been established.
Changes in the proteins detected can be monitored as a disease progresses in order to
establish early diagnostic methods. In order for this to be feasible, however, there must
be accurate, sensitive and time-efficient ways to analyze proteins.
One dimensional separations have been used successfully in many different
analyses, but are not powerful enough to resolve a complex protein sample in many
cases. In order to fully separate these samples, two separation techniques must be
coupled in what is called a two-dimensional (2D) separation. The main attractions of2D
separations are increased peak capacities and increased resolution. Peak capacity is an
important description of any separation as it gives the number of peaks that will fit in the
separation frame, area in a 2D separation. Peak capacity is then expressed as2:
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Ll and L2are the lengths of the two sides and A is the spot area, which is estimated as
a x b. As a and b are the minimal distances between spot centers in the x and y
dimensions, the peak capacity of a 2D separation is approximately equal to the product of
the individual peak capacities. Resolution also increases in a 2D separation as follows:3
Rw

=

J

Rj2

+ R;

(2)

where Rl and R2 are the resolutions determined for the two dimensions independently.
In order to maximize peak capacity and resolution the two separation techniques
must be orthogonal, so that they separate a mixture based on two different
mechanismsl,2,3.If this is not the case, any peaks unresolved in the first dimension will
remain so at the end of the second dimension. If two techniques are not orthogonal and
are used anyway, the results will show a series of peaks falling on a diagonal within the
separation space. Similarly, when the two techniques are only partially orthogonal, that
is some aspects of the separation mechanisms are similar, then a portion of the peaks can
be seen to fall on a diagonal line. As long as only a few peaks follow this pattern the 2D
separation would still be considered successful.
Two-dimensional gel electrophoresis was one of the first 2D techniques
developed. The sample was subjected to isoelectric focusing in one direction and then
analyzed by gel electrophoresis2. More recent work has focused on liquid and capillary
based separations because they have improved run-to-run reproducibilitl, sensitivity and
throughput 1 over gel electrophoresis. Jorgenson has shown that effective 2D separations

can be done with liquid chromatography (LC) and capillary zone electrophoresis
(CZE)5,6.There have also been other capillary separations, including those based on
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capillary isoelectric focusing (CIEF) and CZE, as well as micellar electrokinetic
chromatography (MEKC) followed by CZE or CIEF1.
Another drive in chemical analysis is to decrease both the size of instrumentation
and the amount of time needed to conduct an analysis. A field that realizes these goals is
that of microfluidics, or "lap on a chip." The first report of a miniaturized analytical
device composed of silicon was made 25 years ago, but it wasn't until the 1990s that the
idea of microfluidics really began to take off7. Microfluidic separations have several
advantages over larger techniques. By shrinking the analysis device, systems may
become portable, require fewer chemical reagents, and be able to analyze smaller sample
volumes8,9.The microfabrication of these devices also greatly reduces dead volume,
increasing efficiency and decreasing analysis timelO.
In a separation that produces discrete component zones, diffusion processes lead
to a Gaussian distribution of sample. The standard deviation, (5,is the half-width of the
distribution at its inflection point and is related to time through the following equation2
(j

= (2Dt)Yz

(3)

where D is the diffusion coefficient and t is time. From this it can be seen that a
decreased analysis time reduces peak width. As resolution is inversely related to (5,this
also improves.
Shorter separation distances also reduce thermal diffusion8. This is important
because many microfluidic separation techniques apply an electric field. The electric
field causes current to pass through the electrolyte buffer, creating heat from the frictional
drag of ionic species2. This Joule heating produces a radial temperature gradient within
the capillary, affecting local e1ectroosmotic velocityll. The disparities in velocity lead to
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enhanced molecular diffusion and peak broadening. To avoid this, the excess heat must
be dispersed, mostly through the capillary walls. In a microfluidic device the surface area
to volume ratio is high, thus the effects of Joule heating are reduced!. Therefore, the
higher separation voltages needed to separate components over shorter distances may be
used without an increase in diffusion.
Microfluidic separations have been conducted using many techniques. Versatility
comes from the fact that both hydrodynamic and electrokinetic methods can be used to
move the mobile phase through the channel. Further applications in proteomics will
involve the adaptation of 2D separations to the micron scale in order to combine the
benefits of the two kinds of separations. A number of research groups have already
combined the advantages of microfluidics with the greater separation power of a twodimensional separation.
There are two general designs that can be used in a microfluidic 2D separation. In
the serial method, the first dimension is repeatedly sampled into the second dimension.
Gottschlich et al used open-channel electrochromatography (OCEC) and capillary
electrophoresis (CE) to separate a tryptic digest of f1-caseinon a microfluidic device3.
The Ramsey group showed that a peak capacity of 4200 could be obtained by coupling
MEKC and CE to analyze a bovine serum albumin tryptic digese2. In order to preserve
the first column's resolutionSand ensure a faithful depiction of all the sample
components, a peak should be sampled four times into the second dimension13.
While most work to date has been done coupling two separation methods serially,
there are also a few examples of separations with a parallel second dimension on a
microfluidic device. This type of separation has two main advantages. The entire first
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dimension is sampled, so none of the information in a data peak will be lost. Also, the
first dimension is sampled all at once, so the time for the total analysis may be reduced.
The parallel devices fabricated consist of a single channel as the first dimension and
several parallel channels in which to conduct the second dimension simultaneously. The
device fabricated by Chen et a114is rather complex, consisting of six layers of
po1ydimethy1si1oxane(PDMS). A paper by Becker et al.15described a microfluidic
device with one channel for the first dimension that flowed into 500 parallel channels for
the second dimension.
The purpose of this study is to work towards developing a new type of
microfluidic device for a 2D separation. The devices using a number of parallel channels
produce a more complete picture of a sample than a serial 2D separation. The gaps
between the channels however can lead to band broadening as some of the components
have to travel further than others to reach the channel. For this reason, a new
microfluidic chip design has been
sample

proposed that uses a rectangular

-JL

planar region to conduct the second
buffer
separation. The equipotentia11ines
have already been modeled by
SIMION, and indicate that
dispersion is this region is expected,
as illustrated in Figures 1 and 2.

Figure 1. Dispersion owing to non-uniform
electric fields. The black bands represent a
sample plug moving through the planar
region with increasing time.
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Figure 2. Model of theequipotentiallinesin amicrofluidic devicewith (A)
two electrodes and (B) six electrodes. The electrodes simulated by SIMION
are equivalent to the channels in a microfluidic device with applied voltages.
The analysis mixture will flow from the sample to the waste electrode. The
electrodes labeled 1-4 in B are channels with applied voltages to even out the
field lines. Electrodes 1 and 2 are held at 11 V and the sample electrode is at
10 V. Electrodes 3 and 4 have an applied voltage of -1 V and the waste
electrode is held at 0 V. The equipotential surfaces are at 0.5 V increments.

Based on the SIMION modeling shown in Figure 2, the addition of voltages next to the
sample region may decrease the lateral band broadening. The extent of the dispersion and
the use of applied voltages to prevent this have been investigated.
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Experimental
Reagents
The photoresist developer, MicropositTM MFTM-319 Developer, was purchased

from Rohm and Haas Electronic Materials (Marlborough, MA). Chromium etchant type
1020 and buffered oxide etchant were acquired from Transene Company (Danvers, MA).
Hydrogen peroxide (30%) was purchased from Mallinckrodt (Hazelwood, MO) and the
ammonium hydroxide was from J.T. Baker (Phillipsburg, NJ). The epoxy used to attach
the reservoirs was EPO-TEK 353ND-T from Epoxy Technology (Billeria, MA). Both
the rhodamine B and the sodium tetraborate were acquired from Aldrich (St. Louis, MO).
Sodium hydroxide for cleaning was obtained from Fisher Scientific (Fairlawn, NJ).

Microchip Fabrication
The geometry of the microfluidic device used is shown in Figure 3 and the
dimensions are given in Table 1. The design was drawn in AutoCAD LT (Autodesk, San
Rafael, CA) and made into a positive photomask of chrome on soda-lime glass by HTA
Photomask (San Jose, CA). The pattern was transferred to the substrate by UV flood
exposure for 21 seconds. The substrate consisted of soda lime glass coated with a layer
of chrome and a layer of photoresist AZ 1500 (Telic, Santa Monica, CA). This technique
used a positive photoresist, where the UV light caused the photoresist polymer on the
substrate to depolymerize. The exposed substrate was then developed and the chrome
etched. Channels were etched in the glass using buffered oxide etch and then the width
and depth measured at several points with the Dektak 32 Profiler (Veeco Instruments,
Tucson, AZ). Holes were drilled into the ends of each channel with a sandblaster, after
which the remaining chrome was etched off. Standard wet bonding was used to attach
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the glass piece with the channels to a flat piece of soda-lime glass. The glass to be
bonded was sonicated in a cleaning solution and then hydrolyzed in a hydrogen peroxide,
ammonium hydroxide, and water solution (2:2:1) at 70° C for 15 minutes.
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Figure 3. Diagram of a microfluidic device for two-dimensional separations. A) The
entire fabricated chip. The dashed line at the right end of the planar separation space
indicates the detection region. B) A close up of the highlighted regions of the design
showing the general geometry (not drawn to scale).
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Table I. Chip dimensions for the microfluidic devices fabricated in this study.

Planar region (width x height)
Channel from intersection to planar
regIOn
Distance between channel centers (see
figure 3B)
Distance between channels on ends of
planar region

Dimensions (mm)
Smaller Design
Larger Design
20 x 6
30 x 12
4.5
9
.05

0.1

1.5

1.5

Following the hydrolysis, the glass was sonicated in ultrapure water for ten
minutes. The two glass pieces were clamped together and heated at 90°C for 4 minutes
to bond. The chips were then left in the oven for three to four hours to remove any water
that might remain. The microfluidic devices were annealed together permanently in a
furnace with a temperature program that ramped to a final temperature of 500° C. Glass
reservoirs (1/4 inch outer diameter, 1/8 inch inner diameter, 5/16 inch height) were
adhered to the chip at each hole with epoxy. To cure the epoxy, the chips were baked at
90° C for 45 minutes and at 115° C for 60 minutes. Before use, the channels were
flushed with 1 M NaOH and water.

Chip Operation
Samples were manipulated electrokinetically within the microfluidic device. A
program written in Lab View (National Instruments, Austin, TX) was used to control the
voltages at the electrodes. The program consisted of two parts: injection and sample
flow. The initial part of this project is simply looking at band broadening in the planar
region, so only the sample flow was used in the following work. The desired voltage
levels for the sample and waste reservoirs were added to the program, along with controls
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so that the side potentials could be easily adjusted. The maximum voltage (300 V) was
applied to the electrode placed into the sample reservoir. The electrode in the waste
reservoir (waste 2) was held at ground (0 V). For use, the chip was filled with a 10 mM
sodium borate buffer. The sample, 1mM rhodamine B in sodium borate buffer, was
placed into the sample reservoir and the rest were filled with the buffer.
For the first experiment, electrodes were placed in the sample reservoir at the top
and the reservoir labeled waste 2, at the bottom. The lab view program was run and the
flow of the dye through the planar region monitored. In the second experiment,
electrodes were also placed in reservoirs 1,2,3, and 4. Reservoirs 3 and 4 were held at
ground, the same as waste 2. The voltages at reservoirs 1 and 2 were initially held at half
the maximum voltage applied to the sample. The voltages in the side reservoirs were
then held at 0.1,0.2,0.3,0.4,0.6,0.7,0.8,0.9,

and 1.0 of the maximum voltage. In each

case, dispersion of the dye band in the planar region was observed.
Detection
The rhodamine B was visualized using an X-Cite 120 fluorescence illumination
system from EXFO Life Sciences Group (Mississauga, Ontario, Canada). This system
uses a 120W metal halide lamp that emits light at several wavelengths. Rhodamine B
absorbs light with an absorbance maximum at 552 nm. The light emitted by fluorescence
has an emission maximum at 588 nm. The fluorescing compound can be seen visually
through the microscope objective or imaged onto a charged coupled device (CCD)
camera.
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Results and Discussion

Chip Fabrication and Profiling
The photomask contained four designs, two of the smaller chip and two of the
larger chip. All four were exposed, developed, and etched. After etching, the channel
depths and widths were profiled for the two small designs and one of the larger designs.
The results of this are presented in Table II.

Table II. Channel widths and depths profiled at various places on the three etched
designs.

Sample injection channel:

width
depth

Channel leading to waste 3: width
depth
Depth of three channels
entering the planar region

left
center
rigb.t

Dimension of channel (/lm)
Chip 0 I
Chip 02
41.73
42.81
14.51
14.56

Chip 03
42.45
14.66

43.44
14.68

42.09
14.48

42.09
14.54

13.63
13.51
13.55

13.70
13.67
13.69

14.48
14.50
14.50

Several different areas on each chip were profiled to get a rough idea of how constant the
etching process was, both on a single design and from design to design. Channel widths
varied by 1.7 /lm between locations on a single chip and by 1.4 /lm between the same
spot on separate chips. Some of this variation may have originated from slight
differences in the position of the cursors used to measure width in the Profiler software.
Channel depths were calculated automatically by the software and agreed more closely.
An interesting phenomenon occurred where the three channels entered into the planar
region on the smaller designs. Here, the channel depth averaged 13.63 /lm as opposed to

370

15

the average depth of 14.55 !lm for the rest of the channels. This large difference only

occurred when the three channels were 50 !lm (center to center) apart, suggesting that this
close proximity somehow affected the etching process.
The chips were bonded and then annealed, however chip 04 became unbonded
during the annealing process and so could not be used. Once the reservoirs were glued
on, the chips were cleaned with NaOH and water. After this process, several of the
reservoirs on the chips containing the smaller design let loose. This appeared to be a
result of dried sodium hydroxide around the base that weakened the epoxy. New
reservoirs were attached and the chip was heated to cure the epoxy. Upon the second
heating fluid wouldn't move through either chip. The heating process for setting the
epoxy increased the hydrophobicity of the glass, making it difficult for the water to wet
it. When the sodium hydroxide solution failed to be pulled through by a vacuum,
methanol was attempted without success. It is possible that salts had precipitated from
the glass, effectively clogging the chip.
The chip with the larger design was then used, even though the dimensions were
suspected to be less than optimum. Some bubbles formed in the large planar region when
a reservoir was allowed to go dry, but they were mostly removed by a combination of
different solvents (methanol, 1:1 mixture of methanol and water) and vacuum. Any air
bubbles remained in the planar region were at the far end, away from the first dimension
channel, and would not overly affect the initial experiments. Also, while it is desirable to
store the chips dry to increase their lifetime, it was difficult to dry out the entire planar
region so that it could be easily filled again. Therefore, chips were filled with water and
covered between uses.
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Characterization of Band Dispersion
In the first part ofthis work, a potential difference of 0.3 kV was applied between
the sample and waste 2 reservoirs. This voltage was not strong enough to draw the dye
all the way across the large planar region. The voltage in the sample reservoir was
increased by 0.1 kV intervals up to 0.8 kV. At this voltage the dye could be seen to
migrate all the way down the chip. Without any supporting voltage at the sides of the
mina channel, the rhodamine B could be seen to diffuse widely throughout the planar
region. It lacked a distinct band, but there was a large region that fluoresced. This area
spread well past either of the side channels.
Voltage was then applied to the side channels 1 through 4. When the voltage at
channels 1 and 2 was less than 0.5 of the maximum voltage (0.4 kV), the dispersion of
the dye was not lessened. When the voltage was at half the maximum voltage, then the
band could be seen to be somewhat contained. This was not a strong containment and
did not last far into the planar region. There was, however, a small dark spot at the outer
edge of each side channel. Increasing the voltage applied to these side channels up to the
maximum voltage showed an improvement in decreasing band broadening. When the
voltages applied to 1, 2, equaled that applied to the sample channel, the dye was
contained to an area that did not extend past the side channels in the entrance region. No
images were captured as it was somewhat difficult to tell how well this was working.
The previous test had introduced dye into much of the field of vision and so the extent of
containment could not be discerned. The band appeared to broaden at a short distance
from the channel's exit, but this may have also been due to dye already present. An
illustration of this is shown in Figure 4.
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Further testing is needed to detennine at what point the electric fields aren't

strong enough. For better quality, the first voltages applied to the side channels should be
high and then slowly decreased to see at what point containment is lost. Unfortunately, at
this point the chip became clogged and no more tests could be conducted for the time
being. New microfluidic devices are currently being fabricated, so results should be
obtained before long.

.

Non-fluorescent area

!!II Lightly fluorescent

area

D

area

Highly fluorescent

Figure 4. An illustration of dye flow established within the planar region when the two
side channels are held at the same voltage as the sample channel. The extent of
fluorescence is indicated by shading. While the boundaries between the lightly and
highly fluorescent regions are clearly delineated here, they were vaguer on the actual
chip.

Conclusions
The fabrication of microfluidic devices is a technique that requires some skill.
This skill takes time and practice to develop, as there are a number of tricks that must be
learned along the way. It is also one of the more involved processes that needs to be
done, and has to be completed before any experiments can be conducted. While there
were initial difficulties in fabrication they were eventually overcome and chips were
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produced. The time it took for making the experimental devices, however, limited the
amount of time available in which to collect data.
From the observed behavior of the dye, it seems as if this chip design shows some
promise even though the extent cannot yet be evaluated. Based on the initial
experiments, it has been shown that applied potentials adjacent to the sample flow will
contain band broadening of the dye. However, the extent to which this will curb
dispersion is not yet known. Future work to be done over the next few months will
determine how well this design works and highlight the changes that may need to be
made for improvement.
Future Work
The first thing that needs to be accomplished is the fabrication of more
microfluidic devices. Without these, work cannot progress. This is also necessary, as
flow on the smaller design needs to be determined. The chip design with smaller
dimensions will likely work better, as the dye would have a shorter distance to go and
less time for dispersion into the planar region. The above experiments will then be
repeated on the large chip and done on the small chip so a comparison may be made.
Once flow into and along the planar region has been more fully characterized, a
one-dimensional separation in the planar portion of the microfluidic device will be
conducted. To do this, the sample and waste 2 channels, as well as the region between
them, will be filled with a simple mixture. An electrokinetic separation will then be
carried out between buffer 2 and waste 3 (see Figure 3). The success of this separation
determines the pace at which progress will be made towards the full two-dimensional
separation. If the separation does not work well, it would be hoped that small
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adjustments to the separation conditions would be all that was needed to improve
separation capabilities. If this is not the case, however, some alternate device designs
may be modeled. Once such possibility is
sample

shown in Figure 5. The four channel design is
another attempt to decrease dispersion and
enhance separation capabilities.
The final stage of the project is to
conduct a two-dimensional separation on the

'~
buffer2

~J-

lJC2

waste 3

II

waste 2

microfluidic device. The feasibility of this
directly depends on how well parts one and
two work. While starting with a simple

Figure 5. An alternate chip design
highlighting the area
where the sample will enter and exit
the planar region

mixture, a peptide separation, and ultimately a
tryptic digest of a protein will be attempted. For the first set of experiments, the two
dimensions will both be CEo While of limited analytical use, this is a good starting place.

The cohesion ofthe two separations will be examined and any modifications needed will
be made. If the CE-CE separation goes well, a CE-LC (MEKC) separation will be
attempted to take advantage of the potential of a two-dimensional separation. The start of
work on part three will also require some work on integrating a sensitive detector at the
end of the planar region. At this time, samples are detected by a frame transfer CCD
camera. This will need to be improved for sensitivity and precision if a tryptic digest is
to be carried out.
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