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ABSTRACT
Microchip electrophoresis (MCE) is a promising analytical tool started more than
two decades. With the characteristics of short analysis time, trace level sample, highthroughput and easily integration, lots of efforts have been done with the transportation of
the applications from capillary to microfabricated devices. However, with the complex
designs on microchip rather than a single straight capillary channel, the strategies and
approaches have to be figured out under the challenges of sample introduction, the
improvement of separation conditions and the detection, for instance.
In miniaturized microchip, the separation channel is reduced to several
centimeters or less, fast and quality separation is the priority in a very short effective
distance. Compared with the results of incomplete separation of three fluorescent dyes in
DC field, we modify the applied electric field by adding a short time of backward voltage
to form a pulsed electric field which is inspired from the method of increasing the
residence time of analytes by control the bulk flow velocity in a capillary (Kar &
Dasgupta, 1999). The results show that the mixture is separated efficiently with three
peaks in short distance. After the optimization of the condition of the pulsed field, the
highest resolution can reach to 1.28 and 0.94 between two adjacent peaks. A longer
traveling time in pulsed field is not caused the large decreasing of signal-to-noise ratio
(SNR) in pulsed field as well.
Moreover, miniaturized analytical devices suffer from poor detection due to the
small volume and low concentration sample. Therefore, an on-line sample pre-
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concentration through stacking anion species using electrophoretic method is also
investigated. There are almost 4-fold increase on signal intensity in both DC and pulsed
field with sample stacking over the cases without sample stacking. In the meanwhile, the
comparison of sample stacking between DC and pulsed field is made. The results
illustrate that the SNR in pulsed field is 25% higher than the one in DC field.
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CHAPTER 1
INTRODUCTION
1.1 General electrophoresis
The increasing demands of rapid and efficient analytical systems for separation,
identification and quantification are still attracting huge attentions in many fields. In
1807, the electrokinetic (EK) phenomenon was first observed by Reuss, who noticed that
clay particles migrated in water under constant electric field. In 1937, Arne Tiselius
designed a new apparatus for electrophoretic analysis of charged colloidal mixtures
(Tiselius, 1937). Since then, electro-osmosis and electrophoresis has been studied as two
common electrokinetic effects. Nowadays, there are many types of analytical techniques
for options including liquid and gas chromatography, extraction, mass spectrometry and
electrophoresis. Capillary electrophoresis (CE), as one typical application of
electrophoresis, is widely used in laboratory which is applicable for analytes ranging
from small ions to large biomolecules such as DNA and protein (Carle & Olson, 1984;
Gao, Yin, & Fang, 2004; Han & Singh, 2004; Perez-Ruiz, Martinez-Lozano, Sanz, &
Bravo, 1998; J. Zhang, Das, & Fan, 2008). With the advantages of its high theoretical
plate number, short analysis time and small reagents consumption, many capillary-based
varieties of techniques are also being developed and playing an important role, for
instance, in the completion of the human genome project and some other fields including
clinical diagnosis, environmental analysis, agriculture, forensics, explosives and food
analysis (Cifuentes, 2006; Pumera, 2006; Verpoorte, 2002). Meanwhile, as the emerging
1

of microfabricated devices, CE on microchip may lead to the new trend in analytical
techniques.
1.2 Microfluidics
Microfluidics is not only the science of manipulating and controlling the fluids,
usually in the range of microliter (10-6) to picoliter (10-12) in networks of channels with
the dimensions from tens to hundreds of micrometers small amounts of fluids, but also a
technology of manufacturing miniaturized devices(Whitesides, 2006). The applications of
microfluidics exist more than expected. In cell biology, for example, microfluidic device
could help the study of cell attachment (Lu et al., 2004) or cytoskeleton (Takayama et al.,
2003). In droplet microfluidics, it can be an important tool of encapsulation for drug
delivery. There are some other fields which are also combined such as optics and
electrochemistry. There is no doubt that to take the advantage of microfluidics in
electrophoresis will experience many benefits.
1.2.1 Micro-total analysis system
The concept of micro-total analysis system (μ-TAS), also known as “Lab-on-aChip” (LOC) was introduced by Manz (Manz, Graber, & Widmer, 1990). Capillary
electrophoresis on microchips or microchip electrophoresis (MCE) has drawn a great
interests and shown the huge potential to lead the next revolution in chemical analysis
(Yin & Wang, 2005). Compare with the early separation system designed by Hjerten, the
large space was necessary because of the connection between large size of power supply
and detection equipment and the carriage with a long capillary immersed in the electrode
vessels (Jacobson, Hergenroder, Koutny, Warmack, & Ramsey, 1994). The later work
then started to use smaller size capillary for the reason of eliminating convection issues
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and simplifying the instruments system. It was until the advent of microfabricated device,
researcher realized the potential capability of miniaturized system in analysis. Especially
the first microfluidic chip was successfully fabricated and completed the separation using
a planar glass substrate (Harrison, Manz, Fan, Luedi, & Widmer, 1992). It accelerated the
possibility of executing separation in an integrated device. Based on the design of the
microchip, it may easily cope with hundreds of samples simultaneously in a matter of
minutes or less (Ríos, Zougagh, & Avila, 2012). Thus, so many publications have done to
combine the current techniques to microfluidic platform.
1.2.2 Miniaturized system
Miniaturization is an avoidable step for many aspects in modern society such as
the computer, cell phone and electronic chip. The concept of μ-TAS provides the
possibility to integrate several discrete processes into a simple designed device. These
include sample preparation, reagent mixing, sample injection, separation and detection
(Reyes, Iossifidis, Auroux, & Manz, 2002). It offers so many advantages. The less
reagent consumption makes it possible for the very precious and rare analyte. Small scale
of channel size will not only reduce the analysis time but also enhance the duration of
high voltage (Tabuchi, Kuramitsu, Nakamura, & Baba, 2003). Moreover, the geometric
pattern of multiple channels allows to carry out parallel experiments at the same time
(Dunsmoor, Sanders, Ferrance, & Et Al., 2001). Many conventional applications start to
transfer onto microchip platform (Nuchtavorn et al., 2013). Since the characteristics of
capillary are common to the microchannel, the introduction of CE to microchip is fit it
very well. Chan et al. designed a system where a liquid chromatography was plated into a
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microchip to separate two dyes and biopolymers (Chan, Danquah, Agyei, Hartley, &
Zhu, 2014).
1.2.3 Problems
Several advantages of miniaturization are mentioned, but there are some typical
intrinsic drawbacks that MCE is also inherited from CE. One major problem is the
limitation of detection (LOD) (Colyer, Mangru, & Harrison, 1997). According to BeerLambert law (Beckers & Bocek, 2000):
=
Where

is the absorbance (AU),

(1)

is the molar absorptivity (dm3mol-1cm-1), is the

concentration of the species, and is the optical path length (cm). Since the depth of the
microchannel is very short (it is only 50 µm in our microchip) and the sample at trace
level contributes to the concentration in order of 10-6 M, it is not difficult to get a
conclusion that an improvement of sensitive detection is needed. Currently, there are
many detection methods which can be coupled with MCE including laser-induced
fluorescence (LIF), electrochemical detection (ECD) and pulsed amperometric detection
(PAD) (G. Chen, Lin, & Wang, 2006; Vickers & Henry, 2005).
Sample pre-concentration is another technique to enhance the detection sensitivity
(Karlinsey, 2012). The purpose is to concentrate low concentration sample prior to
analysis. Instead of off-line sample preparation, the sample in the integrated system can
be detect right after the preparation which attributes less chance of the contamination
during the process of transfer. Here are three most representative methods: fieldamplified sample stacking (FASS), isotachophoresis (ITP) and solid phase extraction
(SPE) (Bharadwaj & Santiago, 2005; Herrera-Herrera et al., 2011; Lee & Mems, 2011).
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1.3 Microchip-based platform
As the development of microfabricated technology, a variety of materials are used
to produce size-reduced microchip in the range of several centimeters shown in Figure
1.1. The common materials include quartz, glass and some polymers such as
polydimethylsiloxane (PDMS)， polymethylmethacrylate (PMMA) and cycloolefin
polymer (COP) (Kim, Cho, Lee, & Kim, 2005; Köhler et al., 2012). The simple design of
microchip is the cross geometry which consists of two straight microchannels to form an
intersection. There are four reservoirs on each end of the microchannel as the function of
container of loading sample and buffer. Thus, the next question is how to control the fluid
flowing in the channel efficiently.

Figure 1. 1 A microfluidic chip performing the electrophoresis.

1.3.1 Electrokinetic control
To have a high performance of separation efficiency on microchip, the
introduction of sample is the fundamental step which must be steady and repeatable for
each run. In conventional CE, the sample could be introduced into capillary by placing
the inlet into a sample vial via capillary action, pressure, siphoning, gravity or
electrokinetically. Considering the extra pump instrument needed to connect with the
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microchip and hard volume control with pressure in a micrometer channel, EK injections
are predominant way as it can easily generate flow motion by setting the potential to each
reservoir. Sometimes the sample loading and injection are performed by combination of
pressure driven and EK forces (Karlinsey, Monahan, Marchiarullo, Ferrance, & Landers,
2005; L. Zhang, Yin, & Fang, 2006).
Despite an electrophoretic bias was reported during the pinched injection that the
neutral species were injected more than anionic species with fixed amount of volume in
the area of the intersection (Jean P. Alarie, Jacobson, & Michael Ramsey, 2001), this bias
can be overcome by implementing gated injection or having longer injection time. And
several researchers developed some new designs to avoid the bias during sample injection
(Bharadwaj, Santiago, & Mohammadi, 2002; Shultz-Lockyear, Colyer, Fan, Roy, &
Harrison, 1999). The details about the operation of EK gated injection will be discussed
in chapter 2.
1.3.2 Electroosmotic flow
Electroosmotic flow (EOF) is playing an important role when the channel size
comes to the level of micrometer or nanometer. It is the special force to drive the motion
of the entire liquid filled in the channel under the electric field as shown in Figure 1.2.
In CE, due to the dissociation of silanol group (Si-OH), the inner wall of a
capillary becomes a negatively charged surface where a bunch of the cations are attracted
to form the electric double layer (EDL). The first layer is called Stern layer where the
cations are absorbed tightly from the liquid. Meanwhile, the second layer consists of
positive ions compensated to surface charges via Coulomb force, which are not rigidly
held but tend to move around out of the first layer and extend to bulk flow gradually. It is
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called “diffusion layer”. Beyond the EDL, the number of cations is equal to the one of
anions. Once an electric field is applied, only the cations in diffusion layer start to move
toward the cathode and the bulk flow then is dragged along with them in the same
direction. This phenomenon is electroosmotic flow. It also can be generated on different
material in MCE (Nuchtavorn, Suntornsuk, Lunte, & Suntornsuk, 2015).

Figure 1. 2 Schematic drawing of the electroosmotic flow (EOF) in microchannel where
EDL formed on the surface.

Furthermore, an important character of EOF is the profile pattern which is flat,
compared with parabolic profile caused by pressure. The profile or “plug flow” caused by
EOF is preferred because of its uniform distribution of driving force along the channel,
which could minimize the band broadening (Haswell, 1997).
1.3.3 Visualization
The total length of a microchip is designed to several centimeters compared with
the traditional capillary as well as the diameter of the channel can be 50 µm or less. Then,
the separation time is further reduced than the one in CE. Jacobson reported that a binary
mixture was separated in glass microchip for sub-millisecond (Jacobson, Culbertson,
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Daler, & Ramsey, 1998). Since the process in capillary is invisible, there is less
opportunity can be handled when an unexpected situation occurred. However, it is
possible to observe the whole separation process in microchip under the microscope and
record using CCD camera. For example, the research of enhancing the sensitivity of
sample injection, the stacked analyte can be easily visualized under camera (Wuethrich &
Quirino, 2017). Especially, the process of injection is whether successfully completed or
the performance of the separation is occurred which can be observed. Therefore, based on
the real time observation, it provides the evidence for the optimization of the condition of
sample injection and separation (Ueda et al., 2001).
1.3.3 Challenges
The length of channel required to separate two analytes in CE is directly
proportional to the initial length of the sample. The big change platform from long
capillaries to short length microchannels on a microchip brings some benefits as well as
challenges. In general, the size of a microchip down to several centimeters which allow
the ultra-small sample plugs and short separation path to be able to have fast analysis and
separation with less diffusion. But what application is exactly fit for it? In fact, it depends
on the application. It is critical to know that the real advantage of EK injection is the
flexibility based on the pattern of the chip, voltage range, desired sample size and the
target analytes. A decent example is the analysis of single cell in microfluidic devices
(Breadmore, 2012; P. Chen et al., 2010; W. H. Huang, Ai, Wang, & Cheng, 2008). If the
selectivity of the mixture is constant, short path length is reasonable because the
resolution is proportional to the square root of the migration length when no other
parameter is considered (Dolník, Liu, & Jovanovich, 2000).
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However, the short separation length raises an issue of the injection of the sample
length. If the sample plugs are too broad which may cause an incomplete separation but a
gain in sensitivity; shorter plugs may result in the limitation of detection (Bruin, 2000).
The length of the plug can be adjusted by programmed power supply or pressure (Blas,
Delaunay, & Rocca, 2008; Ermakov, Jacobson, & Ramsey, 2000; Palmer, Burgi, Munro,
& Landers, 2001). Also, the separation voltage can be modified based on the mobility of
the analytes (Blas, Delaunay, Ferrigno, & Rocca, 2007). An important reference of
sample length injected into channel and the appropriate separation voltage has to be
studied before fabricating and performing the separation on a miniaturized microchip
(McDonald et al., 2000).
1.4 Application of Pulsed field
The application of pulsed field can date back to the paper reported by Schwartz
that large yeast chromosome DNA up to 2000 kb can be separated in gel electrophoresis
whereas large DNA usually stay and move together at constant electric field (Schwartz &
Cantor, 1984). Birrer showed that the pulsed field could influence the migration pattern
of large DNA molecules in the sieving matrix (Birrer, Simon, & Lai, 1990). On the
contrary to the long time gel preparation and separation, pulsed field gel electrophoresis
has also carried out on microchip (Backhouse, Gajdal, Pilarski, & Crabtree, 2003; Lin,
Wang, & Fu, 2008). Another application of pulsed field was introduced in the field of
food analysis. For example, it can be used to break down cell membrane and more
information is covered in this review (Soliva-Fortuny, Balasa, Knorr, & Martín-Belloso,
2009).
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As mentioned above, knowing that in a miniaturized microchip the length of
separation channel is becoming an important parameter. Taking advantage of short
separation length to acquire high separation efficiency and resolution is the key for any
application in a microchip. In traditional method, usually one way to enhance the
resolution is that to have a longer separation length (Kutter, 2000). However, it may not
be a practical way to extend to the desirable length in current equipment. Even though it
is applicable, it will be a challenge to provide proper voltage or pressure to maintain the
steady migration of analytes across the whole length because of the gradient induced by
concentration, pH or pressure (Bharadwaj & Santiago, 2005; Sinton, Ren, Xuan, & Li,
2003). Moreover, a large-size apparatus goes against the conception of miniaturization.
The other one is to increase the electric field strength. But extremely high voltage will not
only result in Joule heating effect but also breaking down the material. And high voltage
will create fast EOF which may result in poorly separation between two similar analytes.
Either one seems not quite a good strategy for separation and resolution if the effective
separation length is limited. Therefore, a simple and effective method needs to be seeking
that an electric field with appropriate recycle period could slow down the migration speed
to meet the request for extending the residence time. The different mass-to-charge ratio of
the analytes under pulsed field also give a chance to complete the separation. This
method will not introduce additional instruments to current system which is favorable.
1.5 Objective of thesis
Microfluidic electrophoresis separation now has been a powerful alternate method
because there are many advantages over conventional analytical applications. The
improvement and optimization are always being exploring in the application of analytical

10

technique. In CE, the polymer solution replaces the traditional slab gel as a sieving matrix
provide much more accuracy selective and time-saving separation. Surface modification
of the capillary is often used to suppress EOF which may have effect on electrophoretic
separation and avoid the reaction between the channel surface and the sample (Buchholz,
Huiberts, Stein, & Barron, 2002; Llopis, Osiri, & Soper, 2007). Moreover, the control of
the bulk flow by reducing the velocity of EOF is another approach to extend the
residence time of the analytes in order to improve the resolution (Kar & Dasgupta, 1999).
These approaches are also suitable for microfabricated devices (Barker, Ross, Tarlov,
Gaitan, & Locascio, 2000; Belder & Ludwig, 2003; Liu & Lee, 2006).
As the unique feature of miniaturization, there is a need to complete the analysis
on a small microchip with short separation channel. In this study, we carry out the
electrophoretic separation of a dye mixture on an untreated microchip which is made of
cyclic olefin polymer (Roy, Das, & Yue, 2013). An incomplete separation is observed
under DC field. Therefore, a simple and effective solution needs to be looking for.
Considering the feasibility and simplicity, the modification of high-power supply without
introducing extra instruments is considered as a substitute. Then we come up with an idea
of using pulsed field offering proper time ratio which could achieve better separation.
Thus, the aim of this study is to find an optimal condition to enhance the separation in a
short effective separation length on a microchip. Both DC and pulsed field are used as the
separation voltage and compared. The performance of the pulsed field is evaluated.
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CHAPTER 2
THEORY
2.1 Microchip electrophoresis
Microchip electrophoresis (MCE) is a highly integrated system. It consists of a
high voltage supply, microchip, light source, microscope and coupled charged digital
camera. The automation of individual steps includes sample introduction, sample
injection, separation and detection. The miniaturized instruments could function in a
manner of reduction of space and volumes, analysis and reaction time and sensitive
detection. Here, we perform the free solution electrophoresis to solve the separation
problem in a fixed separation length about 4 mm on a microchip (Figure 2.1) and propose
a method to modify the voltage scheme to improve the resolution as well.

Figure 2. 1 The field observation via CCD camera with the separation distance of 4 mm
from the intersection.
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2.2 Pulsed electric field
In DC field, the separation voltage is only in one direction from left to right
(Figure 2.1). On the contrary, a square wave form pulsed electric field is applied to drive
the sample for separation shown in Figure 2.2. It consists of forward and backward
voltages which are represented as Vf and Vb respectively. Tf is denoted as the duration of
the time for forward voltage, and Tb is the pulse time for backward voltage.

Figure 2. 2 Schematic of the square wave pulsed electric field for separation. Vf and Vb
are the forward and backward voltage which are in opposite direction. Tf and Tb are the
pulse duration for each, respectively.

2.2.1 Pulse ratio
An obvious character of pulsed field is the distribution of time for one recycle. In
DC field, if the separation can be achieved, to improve the separation, either very high
voltage or long separation channel are needed. However, the separation channel is not
long enough on a microchip which may cause an incomplete separation. It is meaningful
to complete the separation by finding a method in aspect of increasing the residence time.
Without any additional parts, modification of voltage scheme is the easiest way to extend
the residence time for the analytes. Another purpose is to reduce the observed mobility
due to their different charge-to-mass ratio. After several periods, the accumulation of the
13

velocity difference will make the mixture separated. For example, Tf is 100ms and Tb is
50ms, the ratio will be 2:1. Make sure that the Tf cannot be too long because there will be
no difference with DC field if the sample already passes by the detection point, but the
period is not finished.
2.2.2 Voltage value
To apply the pulsed field, only a proper time of Vb is added to voltage program.
Then the difference between voltage scheme can be easily compared. In Figure 2.2, we
notice that the value of the Vf is always higher than Vb. The reason for this arrangement
is to make sure that the sample plug could still move to the BW smoothly and there is not
sample flowing back when the backward electric field is on after the sample injection. It
is the same idea for setting the time that Tf is longer than Tb.
2.3 Migration velocity
As mentioned above, EOF is an important feature when the size of the channel is
down to micro- or nano-meter. The microchip regarded as the miniaturized version of
capillary shares the same mechanism in CE. The basic principle of electrophoresis can be
defined as different migration velocity of the species presented by their charges under the
electric field. In practical situation, the effective electrophoretic separation is affected by
two parameters: the electrophoretic mobility of each analyte and the mobility of the EOF.
The electrophoretic mobility (

) is the response of individual ionic motion in

the electric field. There are two forces, electrostatic and friction force, which are in
equilibrium:
= −6

(2)
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Noticing that the

is proportional to the charge ( ), and inversely proportional

to the radius ( ) and the viscosity ( ) of the circumstance which can be written as the
following equation (3):
=

(3)

!

Therefore, the migration velocity is expressed as the result of the electrophoretic
mobility times the electric field strength shown in equation 4:
=

(4)

We can conclude that the charge or the size could have different selectivity of the
analytes which provides the fundamental mechanism for electrophoretic separation.
The other one is EOF as mentioned early which is influencing the bulk flow
velocity in the channel. The electroosmotic mobility (
=
Where is dielectric constant and

"#$%

=

&'

( !

) is described in equation 5:
(5)

is the value of zeta potential. Compared with the

electrophoretic mobility of analytes, EOF is playing a dominant role on an uncoated
channel surface. Accordingly, the observed mobility (

) should be the sum of the ion’s

electrophoretic mobility and the mobility of the EOF, since the EOF is barely eliminated
(Dolnik & Liu, 2005):
=

+

(6)

From the equation 6 (Milanova, Chambers, Bahga, & Santiago, 2011), cations move
toward the cathode in the same direction of EOF flow; anions move toward the anode in
the opposite to the EOF flow and the neutral analytes move as the same speed as the EOF
which is used to identify the velocity of the EOF experimentally. Due to the EOF
existence, all analytes can move in the same direction but with different velocity.
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However, strong EOF could result in some problems such as loss of resolution, bad
separation efficiency and absorption (Belder, Deege, Kohler, & Ludwig, 2002; Hu et al.,
2003), surface modification can suppress and stabilize EOF. Of course, the application of
pulsed field used to decrease the EOF is the approach to improve the separation in this
research.
2.4 Stacking mechanism
Sample at the trace level will bring a lot of technique difficulties in detection.
Two solutions could be set about overcoming the poor acquisition of the signal among
the background noise. One is to develop sensitive detection methods; the other one is to
stack analytes in concentration by utilizing the electrophoretic methods before detection
(Giordano, Burgi, Hart, & Terray, 2012). A basic principle of anion species sample
stacking is illustrated in the Figure 2.3.

Figure 2. 3 Scheme of anion species stacking mechanism in microchannel.

When T = 0, a plug of sample prepared with low conductivity solution (i.e. DI
water) is surrounded by high conductivity background electrolyte (BGE) the separation
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channel. After the electric field applied, the low conductivity sample will experience the
enhanced electric field and move rapidly. Once they cross the boundary into high
conductivity buffer, the anion species will slow down and stack. This mode is common
used for stacking in CE and MCE.
2.5 Measurements
2.5.1 Resolution
Resolution (*) can be defined as separation of centers over bolus width which is a
simple way to characterize the separation of two analytes. It can be defined by using
theoretical plates number in CE. Here, the resolution can be calculated in equation 2 since
the two peaks are following the Gaussian distribution:
* = 1.18 × (01 − 02 )/(

2

+

1)

Where 01 − 02 is the time difference between two peaks,

(7)
is the peak width at the half

height. Based on the equation 2, the improvement of resolution can result from the
increasing the residence time between two analytes or short sample plug with fast
separation could reduce the band width caused by diffusion.
2.5.2 Signal-to-noise ratio
In the fluorescence detection, signal-to-noise ratio (SNR) is the parameter to show
the fluorescent intensity during the separation process. The microchip is placed on the
stage of the microscope. Under the 4X lens, the field with around four millimeters long
channel can be monitored. The detection point is picked up at any location along the
channel where the signal intensity is plotted on the axis of time scale. The SNR is defined
as the peak intensity above the mean noise level (5) over the twice of the standard
deviation of background noise ( ) in equation 7 (Bharadwaj et al., 2002):
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67* = 592

(8)

Then the SNR can be evaluated with DC and pulsed field based on the electropherogram
in each situation.
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CHAPTER 3
EXPERIMENTIAL MATERIAL AND METHOD
This chapter describes the setup and experimental procedures that shows the
connection of the system and the capability of miniaturization for a planar microfluidics
chip in the performance of separation. Gated injection is used to create sample plug to
separation channel. The separation conditions are investigated and compared by applying
continuous and pulsed electric field.
3.1 Chemicals and reagents
There are three dyes used in this research: 50 µM rhodamine B (RB) with
molecular weight 479.02 is neutral (0) which are purchased from Fluka. Two negatively
charged dyes are fluorescein sodium salt (FL) (-2) from Sigma-Aldrich and 2,7Dichlorofluorescein (DCF) (-1) Acros Organics with the concentration of 20 µM and 75
µM with the molecular weight 376.28 and 401.20, respectively. 1M solution of Sodium
hydroxide (NaOH) from Merck is prepared to rinse and clean the microchip before or
after the experiments. 1 mM sodium chloride (NaCl) and 0.5 mM HEPES buffer (pH =
7.5) are prepared and diluted with DI water. Then flushing with DI water right way to
avoid the damage of the channel surface. Ethanol (sigma) is used to dissolve the powder
of DCF and diluted with DI water. The RB and FL are soluble and prepared with DI
water directly. All buffer and solutions are filtered through a cellulose syringe filter with
0.2 µm pore size before use. All chemicals are used without further treatment.
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3.2 Experimental setup
The setup in this experimental study is shown as Figure 3.1. A microchip is
placed on the stage of the microscope. There are four reservoirs where each of them is
covered with a female Luer interface holder lid. And four holders can stabilize the
electrodes. A high voltage sequencer 448LC 6000 (Labsmith, USA) connected with four
platinum electrodes to each reservoir provides the programmed voltage through high
voltage cables. An inverted epifluorescence microscope (Olympus IX70) coupled with a
CCD camera under 4X lens is used to monitor the microchannel and record images
sequence. A 4 mm length of the separation channel can be observed for separation. A
light source (X-Cite 120 illuminator, EXFO) provides blue light to excite the fluorescent
samples. The images sequence is further processing using Origin software to get the
electropherograms.

Figure 3. 1 The experimental setup of microchip electrophoresis.
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3.3 Microchip introduction
A commercial microchip made with cyclic olefin polymer (zeonor) was purchased
from Microfluidic Chipshop (Germany) as shown in Figure 3.2.

Figure 3. 2 Schematic layout and dimensions of the microchip. The total length 87 mm
from B to BW; 5 mm from S and SW to the intersection. The depth and width of the
channel are 50 µm.

The layout of microchannel consists of two straight channels to form a cross
intersection. There are four reservoirs which are sample (S), sample waste (SW), buffer
(B) and buffer waste (BW), respectively. The channel is 50 µm in both depth and width.
The total length from B to BW is 87 mm and it is 10 mm from S to SW.
To produce a cheap, durable and functional microchip is still in progress. Now
several materials have been studied and used for fabrication as a substrate, such as fused
quartz (Jacobson, Moore, & Ramsey, 1995), glass (F.-C. Huang, Liao, & Lee, 2006), and
some polymers (Duffy, McDonald, Schueller, & Whitesides, 1998; Hu et al., 2003; Jena
& Yue, 2012; Kim et al., 2005; Wang et al., 2002). The characteristics of these materials
will have different surface properties which may heavily cause the various consequences
of the separation efficiency (McDonald et al., 2000). In some cases of biomolecular
analysis, the interaction between sample and wall and the surface heterogeneity may
result in the loss of sample and poor electrophoretic separation. Therefore, it is essential
to understand the performance of a new chip. The popular approach is the surface

21

modification which aims to avoid the absorption from the wall and to suppress the EOF
to reduce the band broadening due to nonuniform surface charges.
3.4 Voltage control
The applied voltage has a great impact on migration time and the quality of the
separation. Even the small size channel has an advantage of quick heat dissipation,
extremely high voltage is not encouraged. A doable voltage needs to be compatible with
the concentration and composition of analytes, the material of chip and the separation
length of the microchannel. Then, Table 3.1 shows the voltage setting applied into MCE
based on the situation in our research.
The value of the voltage of four reservoirs for each step can be easily set with the
software in the computer which is connected to the high voltage sequencer. There are two
ways to change the steps either pressing the button on the panel by manual or switching
automatically by giving the desired time in software. Since the time to wait for the
sample loading of each experiment is different, we choose to manually switch the loading
step to the next and the rest of steps will be completed automatically.
In DC field, only one direction of the electric field is on which is forward in the
Table 3.1. For the accuracy, the company suggest that the voltage is better crossing the
zero. The value of 1500 V, 2500 V and 3500 V are programmed on the reservoir of B and
BW. As mentioned above, one period of the puled field consists of a proper time of
forward and backward voltage. Because the separation length is limited, longer Tf will
drive the sample flow as the same way as it goes in DC field during the process of sample
migration.
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Table 3. 1 Programmed voltage setting for four reservoirs using gated injection method in
three steps of separation under DC field (1500 V, 2500 V and 3500 V); 800 V backward
voltage added for pulsed field. (Unit: V)

3.5 sample injection methods
For the electrophoresis on a microchip, sample injection is one of the most critical
steps to achieve efficient and sensitive analysis. In contrast to capillary, multiple channels
are designed to complete the job instead of one. EK sample injections are widely used
because of no external devices added into the system and the easy flow motion
generation. In one review paper, several current injection modes are summarized (Blas et
al., 2008). With the geometry of two orthogonal channels, the common modes include
floating, dynamic, pinched, and gated injection. At the same time, the designs such as
“double T” or more complicated patterns are also examined to confine the shape of the
sample plug. (Gong, Wehmeyer, Stalcup, Limbach, & Heineman, 2007) There are two
main injection methods described here: pinched and gated injection. The manner of the
injection mode depends heavily on the requirement of the application.
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3.5.1 Gated injection
In this study, the injection mode we have been using is gated injection. In general,
it includes three independent steps: loading, gating and dispensing in Figure 3.3.

Figure 3. 3 The process of gated injection in steps of (a) loading, (b) gating, and (c)
dispensing. The gated time is 300 ms.

A volume of 12 µL sample is pipetted into S reservoir. The other three fill with DI
water before loading the sample. In loading step, the voltage directs the sample flow from
S to SW and ensure that no sample is running into B and BW. For the horizontal channel,
higher voltage applied on the end of BW, due to the long distance from the intersection,
is against the one from B side to form a stable loading shape in Figure 3.3a. The sample
volume around the intersection could be adjusted by balancing the voltage between B and
BW (Jean Pierre Alarie, Jacobson, Culbertson, & Ramsey, 2000). In the gating step, the
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sample needs to make 90 degree turn into separation channel in Figure 3.3b. One
advantage of this injection is that the length of the sample plug can be changed based on
the demands since the gating time is easily setting via the HVS software. To have a pull
back after injection, the voltage on the S in dispensing step is smaller than in loading
step. According, a reliable separation is achieved (Figure 3.3c).
Gated injection is very convenience to create a sample plug with desired length.
Another advantage is the ability to inject multiple plugs at the same run which means that
the second plug can be injected before the previous one is not reached to the detector yet
(Büttgenbach & Wilke, 2005). The gating time in this experiment is 300 ms, and the
voltage setting is as seen in Table 3.1.
3.5.2 Pinched injection
In pinched mode, there are usually two steps: a loading step and a dispensing step.
After the sample is flowing steadily from S to SW, the voltage switches to the dispensing
step for separation. The plug size using pinched mode is usually smaller than gated mode,
but it fits for the quantity analysis since a precise volume control in loading step is
determined by the intersection. Meanwhile, the detection limits of the significant low
amount of analyte is obvious, but it allows a highly efficient separation. Therefore, a
careful consideration between sensitivity and efficiency has to be made before
implementing the injection method in analysis of diverse species (Jin, Anderson, &
Kennedy, 2013).
3.6 Procedure of sample stacking
The same microchip is used in the experiment of sample stacking. The low
conductivity samples are prepared within DI water. The high conductivity buffer is mixed
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with 1 mM NaCl and 0.5 mM HEPES with pH 7.5. A gated injection is to create the
sample plug. A sample mixture containing RB (0) and FL (-2) is to illustrate the anionic
analyte stacking phenomenon.
The microchip first is rinsed with 1 mM NaOH for three times. Then flush with
DI water at least three times. The HEPES buffer is loading into the channel with the
syringe and 12 µL sample are added into sample reservoir.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Effect of DC field
4.1.1 Adjustment of DC field
In the beginning, four different electric field strength are employing to separate
the mixture with the voltage 1000 V, 1500 V, 2500 V and 3500 V. However, the sample
is keep leaking into separation channel in the situation of 1000 V shown in Figure 4.1. In
gating step, a large potential difference between S and BW needs to apply in order to
complete the 90-degree turn across the whole channel.

Figure 4. 1 Sample is leaking into separation channel after the sample injection is done
under the separation voltage of 1000 V.

When it switches to the separation voltage, the voltage on the S is from 300 V but
the B is 500 V which may not create a strong pull back. The other three cases are 1000 V,
2000 V and 3000 V on the S reservoir which can strongly push the sample away
(Oleschuk & Harrison, 2003).
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4.1.2 Measurement of EOF
The velocity of EOF can be measured by using fluorescent neutral marker since
the mobility of neutral species is equal to EOF (Milanova et al., 2011; Preisler & Yeung,
1996). One of the samples we are using is rhodamine B (RB), though we can roughly
know the velocity of EOF under the different DC field.

Figure 4. 2 The migration velocity of the neutral dye RB from 1mm to 3 mm under the
DC field of 1500 V, 2500 V and 3500 V.

The Figure 4.2 draws the lines of the migration speed of the three. The distance to
calculate the velocity is from 1000 µm to 3000 µm where the RB is moving through. We
can clearly see that the high voltage results in fast mobility of analytes. In short migration
pathway, the mixture may not have enough time for separation due to the close mobility.
Therefore, the application of pulsed field to increase the residence time by the
modification of EOF is examined.
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4.2 Comparison of DC and pulsed field
4.2.1 Separation of DC and pulsed field
The mixture is made of fluorescein sodium (FL), dichlorofluorescein (DCF) and
RB. First, the sample is carrying out under DC electric field with 1500 V, 2500 V and
3500 V. Then we repeat every step to run the pulsed field separation which only the
backward voltage of 800 V is added in dispensing step. In pulsed field, the time
distribution is 100 ms: 50 ms for forward voltage (Vf) and backward voltage (Vb) for
each situation. The electropherograms is plotted in Figure 4.3. All the three bands in DC
field are narrower as expected when they pass by the detection point because higher
electric field strength creates high speed of EOF that results in short analysis time.
However, only 1500 V shows the separation of the mixture with three peaks in Figure
4.3a. In Figure 4.3b and 4.3c, just two peaks are observed: one peak is RB; the other one
is the mixture of FL and DCF. It is reasonable that the separation of neutral and
negatively charged dye should be easy (Jacobson et al., 1998; L. Zhang et al., 2006). But
the two negatively charged dyes are not yet separated because of the high EOF.
On the contrary, the mixture in pulsed field is travelling slower relatively because
of adding 50 ms backward voltage. From the Figure 4.3, all three conditions under pulsed
field shows the separation with three identified peaks, even the diffusion is introduced
due to the longer traveling time. But this diffusion is not critical to affect the results
considering the priority of separation in a short distance. The fact is showing that the
pulsed field could enhance the separation between two close charged analytes which DC
field could not. One reason is that the application of pulsed field increases the residence
time for each analyte. But it is not simply only because that the pulse electrophoresis has
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longer separation time. If so, we just need to reduce the electric field strength or voltage
for the DC field separation. Then the second one is the accumulation of the momentum.
Each analyte has its own mobility under the same electric field, but higher EOF make the
of each

Figure 4. 3 The electropherogram of DC and pulsed electric field under (a)1500 V and
1500 V, 800 V; (b) 2500 V and 2500 V, 800 V; (c) 3500 V and 3500 V, 800 V. The time
distribution is 100 ms and 50 ms for Tf and Tb in pulsed field, respectively.
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analyte experience less different in DC field. However, because the sample in pulsed
field experiences the process of start and stop, with the different molecular weight of
each analyte the larger one will have big inertial force with its own response time. When
the direction of the electric field is changed, it shows the weaker response and still moves
forward. On the contrary, the other two analytes with light molecular weight have quicker
response and slow down during the time of the change of the electric field. Meanwhile,
some molecules response fast and some slow which is depending on their size and
geometry according to the equation 9:
=

:;
>< ̅

(9)

Where :; is drag force, < ̅ is frictional drag coefficient which is changed with the shape of
molecules. Then the interval of reaction time and the different inertia eventually results in
the separation of each analyte with their own migration velocity through the alternating
electric field. These are the two main possible reasons that the separation enhancement
can be achieved under pulsed field.
4.2.2 SNR
The SNR for the three parallel groups above is calculated. Figure 4.3 shows that
pulsed field can separate the mixture more efficient over DC field in the short effective
distance. To measure the SNR, three locations are selected where the plug moves around
to the downstream of 2 mm along the separation channel. At each location, the signal of
the plug can be measured which the highest one is plotted in Figure 4.4. Under the
condition of 1500 V in DC field in Figure 4.4a, the sample moves all the way in 3.36 s.
And the SNR is decreased by 50%. Compared with DC field, the sample in pulsed field
needs 6.5 s to move but the SNR is decreased by 45%. The Figure 4.4b-c shows the SNR
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drop in the other two cases of DC field and pulsed field with the same condition in Figure
4.3. Because of the increasing voltage, the time for sample traveling is shorten to 2.3 s
and 1.68 s in DC field with SNR drop percentage of 33% and 67%. And there are 6.3 s
and 4.2 s in pulsed field with SNR drop percentage of 7% and 65%, respectively.
The SNR decrease less under the pulsed field in Figure 4.4b in the same migration
distance. The DC field in three cases brings more than 50% reduction of the SNR. In
general, the applied electric field could increase the diffusion rate which will cause the
decreasing of the SNR (You, Be, & In, 2011). In pulsed field, since the backward voltage
is added, the migration velocity is slowing down that the sample will take longer time
from one location to another. Due to the long migration time, the diffusion and dispersion
time of the plug is increased. Hence, the extended residence time will contribute to the
drop of the SNR. If the SNR in pulsed field is dropped too much, this may not be good
for the detection. However, the results show that the longer time caused by the
application of pulsed field is not the main contribution to the reduction of SNR compared
with high diffusion rate created by constant electric field. Moreover, the low
concentration, large surface to volume ratio and the mismatch of the electroosmotic
mobility between the sample and buffer may result in dilution inside the channel where
an internal circulation is generated (Sinton, Ren, Xuan, et al., 2003).
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Figure 4. 4 Comparison of SNR decreasing trend between DC field and pulsed field (a)
SNR drop 50% in 3.36 s with DC and 45% in 6.5 s with pulsed field; (b) SNR drop 33%
in 2.3 s with DC and 7% in 6.3 s with pulsed field; (c) SNR drop 67% in 1.68 s with DC
and 65% in 4.2 s with pulsed field.
4.3 Optimize the pulsed field of 1500 V
4.3.1 Examine the limited condition of Vb and Tb
In CE and MCE, high power supply is required for manipulating sample injection
and separation electrokinetically (Blanes et al., 2012). In the previous experiments, we
verify that the pulsed field can complete the separation with higher SNR over DC field.
However, from the electropherogram in Figure 4.3, the distributions of the peaks are not
in regulation (Sinton, Ren, & Li, 2003), even the three peaks can be identified. Then, it is
necessary to explore the working range for Vb and Tb. An example is investigated that Vf
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is 1500 V, but Vb is set to 1200 V with time distribution 300 ms (Tf) and 100 ms (Tb) in
Table 4.1.
Table 4. 1 Separation voltage settings for pulsed field in Figure 4.5. (Unit: V)

Figure 4. 5 Sample pulg movement under pulsed field Vf : Vb = 1500 V : 1200 V; Tf : Tb
= 300 ms : 100 ms. Five consecutive images with an interval time of 0.2 s (Fps 4.72 Hz)
under CCD.
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The plug is still moving downstream to BW. The five images of the video
sequences are showing in Figure 4.5. The plug first is moving forward when Vf is on
(Figure 4.5 a-b), and when the direction of electric field changes with Vb on where the
plug in Figure 4.5c moves back a little bit. Figure 4.5c-d shows the repeated movement
caused by the pulsed field. However, there is no separation occurred under this situation
after the sample mixture moves to the edge of the field. We conclude that keep increasing
the Vb and Tb may not work well for separation because less time the analytes are taken
to migrate with the small voltage difference between Vf and Vb. Also, the longer Tb
pushes the sample plug moving back too much that each analyte could not migrate
steadily based on its own mobility.
4.3.2 Separation of pulsed field
In the three level of migration speed among 1500 V, 2500 V and 3500 V, 1500 V
has a relatively slow migration velocity. If a longer time of Vf is provided, a higher
average moving speed may give the chance for separation and minimize the diffusion as
well. Accordingly, the Vf 1500 V is remained and the Tf is adjusted to 300 ms instead of
100 ms. Vb and Tb keep the same as 800 V and 50 ms in Table. The electropherogram is
shown in Figure 4.6 at two locations of 2.3 mm and 3.3 mm.
As can be seen in Figure 4.6 three analytes are separated in around 15 s at the
distance of 2.3 mm. The first peak (RB) is narrow because its migration velocity is faster
when passing by the detection point. The other two negatively charged dyes is slower
passing by with much wider band. At the location 3.3 mm, a baseline separation of three
analytes is achieved.
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Figure 4. 6 Electropherograms of pulsed field separation at the detection points 2.3 mm
and 3.3 mm. Voltage condition Vf : Vb = 1500 V : 800 V; Tf : Tb = 300 ms : 50 ms.
Table 4. 2 Separation voltage settings for pulsed field in Figure 4.6. (Unit: V)

The neutral dye first passes through the detection point. The second peak is DCF
with the charge of negative one and the last one is FL with negative two. The resolution
(R) is calculated between two adjancent peaks at each location in Table 4.3. At a distance
of 2.3 mm, R is 1.06 between RB and DCF which is increased to 1.28 at the distance of
3.3 mm. For two negatively charged sample, R is from 0.59 to 0.94 which is almost reach
to baseline separation.
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Table 4. 3 Resolution between two adjacent peaks for the pulsed field separation of 1500
V. Peaks from left to right are rhodamine B (RB), 2,7-Dichlorofluorescein (DCF) and
fluorescein (FL) at the detection points of 2.3 mm and 3.3 mm.

In the Figure 4.6, the reason for the wider bands of two negative dyes compared
with the nuetral one is the different velocity passing by the detection point. Based on the
requirement of the research, the sample size injected into separation channel may vary.
For example, large volume sample stacking method could improve the dection
sensitivity, in other word, it will reduce the effective separatioin length which my sacrify
the resolution (Sueyoshi, Kitagawa, & Otsuka, 2008). Since our main focus is not
diffusion, the purpose of the experiment is to verify that better separation could be
achieved by changing the parameter of the pulsed field.
4.3.3 Same time separation between DC and pulsed field
It is well-known that the longer separation length increases the separation
efficiency (Molho et al., 2001). During the same time, the sample in DC field will
migrate longer than pulsed field. Then, we compare the separation efficiency for the same
traveling time. The aim is to eliminate the bias that the better separation is caused by

37

longer separation time in pulsed field. Because the analytes in the DC field move fast, the
dection point for DC field is at 4.2 mm. The detection point for pulsed field is 1.9 mm.
Figure 4.7 is the electropherogram of separation under DC and pulsed field during the
same migration time. The arrows indicate the peak for each analyte.
The first peak in pulsed field is high because the detection point is close to
intersection where the concentration of the injected sample plug is not decreased yet. In
DC field, the whole plug quickly moves to the detection point where the negatively
charged dyes are not quite separated that results in the high peak for FL.

Figure 4. 7 Separation between pulsed and DC field with the same migration time. The
detection points are 1.8 mm and 4.2 mm away from the intersection, respectively. The
arrows show the peaks.
4.4 Optimize pulsed field of 2500 V
In the case of 2500 V voltage separation, Vb = 600 V is employed. Two sets of
time ratio (Tr) are investigated. One is with Tf = 100 ms and Tb = 50 ms (Tr = 2:1); the
other one is with Tf = 200 ms and Tb = 50 ms (Tr = 4:1). The applied voltage is shown in
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Table 4.4. The electropherograms of separation are presented in Figure 4.8 at the distance
of 3 mm away from the intersection for both cases.
Figure 4.8 clearly shows the difference of the migration time in around 12 s and
16 s under the two pulsed time schemes. Longer Tf will result in faster movement that
less diffusion contributes to the band broadening. The wider

(peak width at the half

height of the peak) may cause the loss of the resolution. From the Table 4.5, it proves that
the resolution between DCF and FL with Tr = 4:1 is higher than the one with Tr = 2:1 as
expected.

Figure 4. 8 Pulsed field separation under Tr = 2:1 and Tr = 4:1 at detection point of 3 mm
along the channel. Separation voltage: Vf = 2500 V; Vb = 600 V.
Table 4. 4 Separation voltage settings for pulsed field in Figure 4.8. (Unit: V)
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Table 4. 5 Resolution of the analysis for the pulsed field separation of voltage 2500 V.

4.5 Optimize pulsed field of 3500 V
The attempt of optimization of 3500 V is employed with the condition shown in
Table 4.6.
Table 4. 6 Separation voltage settings for pulsed field in Figure 4.9. (Unit: V)

For the voltage of 3500 V, three identified peaks are still available in Figure 4.9.
However, the whole separation process is very fast in around 5 s even the Vb is applied.
The quick average migration velocity does not allow the analytes to have enough
residence time for the improvement of the resolution. Meanwhile, the large external
electric field creates high velocity to form a parabolic flow patter. Then the sample will
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dilute due to the combination of diffusion, Taylor dispersion and convection, which also
can be the explaination of fast decreasing of SNR in Figure 4.4c.

Figure 4. 9 Separation of pulsed field with condition Vf : Vb = 1500 V : 800 V; Tf : Tb =
300 ms : 50 ms.

4.6 Sample stacking
In the case of sample stacking, the analytes used are 13 µM FL (-2) and 15 µM
RB (0). As mentioned above, this stacking mode is to concentrate anion species by
manipulating the conductivity difference between sample and buffer. Figure 4.10 shows
the separation of two fluorescent dyes under DC and puled field. Also, the method of
sample stacking is compared with the two situations. In pulsed field (Figure 4.10a-b), the
fluorescent intensity of RB in both figures is very close, but there are almost 4-fold
enrichment of the intensity for FL.
Compared with the case of sample stacking, the FL highest intensity is 40.3 in
pulsed field and 32.3 in DC field. There are 25% increasing with the application of
pulsed field. And, we can see the two peaks but there is only one peak in DC. The
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possible reason may be that small volume of RB is injected into separation channel and it
is diluted by the dispersion. Another one is that blue light is not the best excitation source
for RB, the low concentration with small volume make it difficult to detect (Sinton, Ren,
Xuan, et al., 2003).

(a)

(b)

(c)

(d)

Figure 4. 10 Electropherogram on the separation of two dyes under pulsed field: (a)
without stacking; (b)with stacking and under DC field: (c) without stacking and (d)with
stacking. The arrows indicate peaks from left (RB) to right (FL).
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CHAPTER 5
CONCLUSION
MCE has shown the capability of being the alternative analytical system with
many outstanding performances compared with the traditional CE. Fast, money
economic, high throughput and easily integrated multiple steps in one system are already
demonstrated as the features in the way to the μ-TAS. Many applications in CE have
been transferred to a microchip. Numerous approaches are studied to overcome the
problems occurring in miniaturized system. For example, the injection process and
sample stacking are quite different in the operation in capillary because of the change of
geometry. The great efforts on the fundamental study of MCE are still necessary to work
on.
The modification of EOF is an approach which was studied to improve the poorly
separation in CE. Due to the short effective separation length in miniaturized microchip,
the idea of using pulsed field in one aspect is to increase the residence time that the
sample can experience longer migration time than DC field. Another aspect is to take
advantage of charge-to-mass ratio of the charged analytes by changing the direction of
electric field where the analyte will have different reaction time in the way of migration.
Eventually, each analyte could be separated with the interval time on their own average
velocity.
In our experiments, three different levels of DC voltage first apply to the
microchannel as the comparison. The lowest voltage shows the separation of the three
43

analytes. In contrast, all three pulsed field can complete the separation. To improve the
resolution, different pulsed time on each level are investigated. The pulsed field with
forward voltage 1500 V and 2500 V gives the better results than 3500 V, which is
examined that higher voltage with larger EOF and short separation time may tradeoff the
difference of electrophoretic mobility. Also, the SNR in longer separation time for pulsed
field will not drop as much as the one in DC field in this domain. In the case of sample
stacking, the pulsed field not only shows the ability of separation but a higher SNR over
DC field which could be considered as a general power supply option in the area of
separation. To the best of our knowledge, this is the first time to apply pulsed field to
reach better separation in a size-limited microchip with short effective separation length.
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