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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction 

 

Lab-on-a-chip technology, or micro-Total Analysis Systems (µTAS), is a 

rapidly growing field in recent years. This technology has generated considerable 

excitement because of its potential impact on the field of chemical separations.  Since 

the first reports of micro-Total Analysis Systems (µTAS) [1], there has been an 

increase in the development of microchip-based analytical systems, because µTAS 

can perform the all necessary tasks, such as sample pretreatment, separation, and 

detection, with a single miniature device. Lab chips can be engineered to perform the 

same analyses as conventional scale systems, but because of their small size, the same 

procedures can be conducted with reduced sample and reagent consumption, at lower 

overall cost, and in less time [2].  The field of microfluidics combines the fabrication 

methods of micro- and nanotechnology with fundamental knowledge about the 

behavior of fluids on the microscopic level to give rise to very powerful techniques 

for controlling and measuring micro- and nanoscale chemical reactions and physical 

and biological processes. The use of microfluidic devices to conduct biomedical 

research and create clinically useful technologies could potentially have a number of 

significant advantages. Because the volume of fluid contained within the channels is 

very small, usually on the order of several nanoliters, the necessary quantities of 

reagents and analytes are typically quite small. For assays requiring expensive 

reagents, this is an especially significant advantage. Also, the fabrications techniques 

used to construct microfluidic devices are relatively inexpensive and also are very 

amenable both to the construction of highly elaborate, multiplexed devices and to 

mass production.  The use of microfluidic devices has proven potential to increase 

both the speed and the sensitivity of measurements. The length scales associated with 

lab-on-a-chip devices are of the same order of magnitude as a single cell as well as 

many of other fundamental biological processes, and so these devices are particularly 

well-suited for investigating and manipulating these very processes. Like 

microelectronics, microfluidic technologies enable the fabrication of highly integrated 

devices capable of performing several different functions on a single substrate chip. 
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One long term goal in the field of microfluidics is to create integrated, portable 

clinical diagnostic devices for home and bedside use, thereby eliminating certain 

time-consuming laboratory analysis procedures. 

 

This dissertation focuses on the development and optimization of microchip 

capillary electrophoresis devices fabricated from poly(dimethylsiloxane) (PDMS) and 

other materials for the detection and measurement of carbohydrate and thiol 

compounds for clinical testing applications. The effects of polyelectrolyte multilayer 

(PEM) coatings and polymer structure on separation efficiency and electroosmotic 

flow (EOF) in microchip devices were studied.  Furthermore, Thermoset polyester 

(TPE) microchips were fabricated and used for microchip capillary electrophoresis 

with electrochemical detection (MCE-EC). The surface stability and EOF of native 

and modified TPE were also studied.   

 

1.2 Research objective 

 

The objectives of this dissertation are three-fold. 

1. To develop a fast and sensitive microchip capillary electrophoresis system 

with electrochemical detection for analysis of carbohydrate and thiol comnpounds in 

plasma sample. 

2. To develop the surface modification method for poly(dimethylsiloxane) 

(PDMS)  microchip. 

3. To develop an alternative material for microchip capillary electrophoresis 

with electrochemical detection. 

 

1.3 Scope of  research 

 

 To achieve the research objectives, the following scope was set: 

• The microchip capillary electrophoresis with electrochemical detection 

was developed for the separation and detection of thiol compounds and glucose in 

human blood plasma.  

• The effects of polymer structure on electroosmotic flow and separation 

efficiency was studied using layer-by-layer polyelectrolyte coatings. 
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• An alternative material, Thermoset polyester, was developed for 

applications in microchip capillary electrophoresis with electrochemistry. 

 

 There are five chapters in this dissertation. Chapter I is the introduction. 

Chapter II contains the principles of electroanalytical techniques related to the 

detection and analysis of chemical compounds. The theoretical aspects of microchip 

capillary electrophoresis, potential materials for microchip CE, and polyelectrolyte 

multilayer coatings are also covered in this chapter. Chapter III outlines the 

experiments performed for this dissertation, including the chemicals, instruments, and 

chemical procedures used in this work. Chapter IV contains the results and discussion 

of experiments investigating various elements of MCE-EC methods for measuring 

thiol compound and glucose concentration with a PDMS-based device.  The effect of 

different layer-by-layer polyelectrolyte coatings on the electroosmotic flow and 

separation efficiency of these devices was investigated. Furthermore, The 

characteristic of thermoset polyester was tested as an alternative material for MCE-

EC devices. Finally, Chapter V is the conclusion and future perspectives. 
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CHAPTER II 

THEORY AND LITERATURE SURVEY 

 

2.1 Fundamentals of electrochemistry[3] 

 

Electroanalytical chemistry encompasses a group of quantitative analytical 

methods that are based upon the redox properties of the analyte when it is made part 

of an electrochemical cell.  Electroanalytical methods have certain general advantages 

over other types of procedures.  First, electrochemical measurements are often 

specific for a particular oxidation state of the element.  For example, electrochemical 

methods make possible for the determination of each species in a mixture of cerium 

(III) and cerium(IV), whereas most other analytical methods are able to reveal only 

the total cerium concentration.  Second, electrochemical instrumentation is relatively 

inexpensive.  The third feature of certain electrochemical methods which may be an 

advantage or disadvantage, is that they provide information about activities rather 

than concentrations of chemical species. Ordinarily, in physicological studies, 

activities of ions such as calcium and potassium are of greater significance than 

concentrations. 

 

Up to now, there are various electroanalytical methods that have been used 

for wide range applications.  Figure 2.1 shows the flow diagram of electroanalytical 

methods that are generally used.  These methods are divided into bulk methods and 

interfacial methods which is wider usage than the former ones.   

 

Interfacial methods are the methods in which the reactions occur at the 

interface between the surface of electrode and the thin layer of solution near the 

surfaces.  On the other hand, bulk methods are the methods that reactions occur in the 

bulk of the solution that avoid the interfacial effects. 

 

Static and dynamic methods are the major subgroups of the interfacial 

methods based upon the electrochemical cell being performed in the presence and 

absence of current.  There are a few methods including potentiometric measurement 
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that is the subgroups in the static methods, however, it is quite used until now because 

of their speed and selectivity.   

 

Dynamic interfacial methods, in which the currents play an important role, 

are divided into controlled-potential and constant current methods. The potential of 

the cell in controlled potential methods is controlled while the other variables are 

measured.  The advantages of these methods are high sensitivity and wide dynamic 

range, portability, wide range of working electrode that can be used, low consumption 

of sample volumes, and low limit of detection (LOD).  In the constant-current 

dynamic methods, the current in the cells is held constant while the data are collected. 

 

In this research, the dynamic methods especially voltammetry and 

amperometry were used.  The details of these methods are described as the following 

topics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Schematic diagram of general electroanalytical methods 
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2.1.1 Voltammetry [4-6] 

 

Voltammetry comprises a group of the electroanalytical methods in 

which information about the analyte is derived from the measurement of current as a 

function of applied potential.  It is based on the measurment of a current that develops 

in an electrochemical cell under conditions of complete concentration of polarization 

of working electrode.  In the presence of the electroactive (reducible or oxidizable) 

species, a current will be recorded when the applied potential becomes sufficiently 

negative or positive for it to electrolyze.  The recording result is called a 

voltammogram.  The potential excitation signal is imposed on an electrochemical cell 

containing an electrode.  Three waveforms of most common excitation signals used in 

voltammetry are shown in Figure 2.2.  The classical voltammetric excitation signal is 

a linear scan shown in Figure 2.2a.  The potential applied to the cell of this excitation 

increases linearly as a function of time.  The two pulse excitation signals are shown in 

Figure 2.2b and 2.2c.  The current responses of the pulse type are measured at various 

times during the lifetime of these pulses.   

 

Voltammetry is widely used for the fundamental studies of oxidation and 

reduction processes in various media, adsorption process on electrode surfaces, and 

electron transfer mechanisms at electrode surfaces.  In the mid-1960s, several major 

modifications of classical voltammetric techniques were developed that enhanced the 

sensitivity and selectivity of the method. 
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Figure 2.2 Typical excitation signals for voltammetry [5] 

 

2.1.1.1 Cyclic voltammetry [7-9] 

 

Cyclic voltammetry is the most widely used technique for 

acquiring qualitative information about electrochemical reactions.  The power of 

cyclic voltammetry result from its ability to rapidly provide considerable information 

on the thermodynamics of redox processes, on the kinetics of  heterogeneous electron-

transfer reactions, and on coupled chemical reaction  or adsorption processes.  Cyclic 

voltammetry is often the first experiment performed in an electroanalytical study.  In 

particular, it offers a rapid location of redox potentials of the electroactive species, 

and convenient evaluation of the effect of media upon the redox process. 

 

Cyclic voltammetry consists of scanning linearly the potential of a 

stationary working electrode (in an unstirred solution) using a triangular potential 
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waveform (Figure 2.3a).  The triangular waveform produces the forward and then the 

reverse scan.  Depending on the information sought, single or multiple cycles can be 

used.  During the potential sweep, the potentiostat measures the current resulting from 

applied potential.  The resulting plot of current versus potential (i-E plot) is termed a 

cyclic voltammogram (Figure 2.3b).  The significant parameters in cyclic 

voltammogram are the cathodic peak potential (Epc), the anodic peak potential (Epa), 

the cathodic peak current (ipc), and the anodic peak current (ipa).  The cyclic 

voltammogram is a complicated, time-dependent function of a large number of 

physical and chemical parameters. 

 

 

 

Figure 2.3   Schematic of (a) a potential wave form used in cyclic voltammetry, 

and (b) a cyclic voltammogram [8] 

 

 

 

 

 

a) 

b) 
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2.1.2 Amperometry 

 

Amperometry is one of the controlled-potential electrochemical 

techniques.  A simple potential-time waveform is shown in Figure 2.4.   It is normally 

carried out in stirred or flowing solutions or at working electrode.  The potential of a 

chosen working electrode with respect to a reference electrode is set at a fixed 

potential to detect the change in current response.  At this potential, the electroactive 

species undergo an oxidation or reduction at the electrode 
[7, 8, 10-12]

.  The 

amperometric current is a function of the number of the molecules or ions that have 

been removed by the reaction at the electrode.  Hence, the resultant amperometeric 

signal is directly proportion to the concentration of the analyte. 

 

 

 

 

 

Figure 2.4  A typical waveform employed in amperometry [11] 
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2.1.2.1 Pulse amperometry[13-16] 

 

Pulsed amperometric detection (PAD) is the amperometric 

detection under the control of a multistep potential-time wavefrom. The typical 

waveform for PAD is the triple step waveform. This waveform consists of three 

potential steps, which are detection, cleaning, and reactivation steps. In detection step, 

the oxidation reaction of the electroactive species of analyte interest is occurred. The 

potential applied in this step is called a detection potential (Edet). The time duration 

for the application of this potential is called a detection time (tdet). This time duration 

consists of two timing parameters, namely, delay time (tdel), and integration time (tint). 

The delay time is necessary to overcome the double-layer charging currents. The 

current response is sampled during a short integration time period after a delay of 

delay time. The adsorption of the adsorbed products and/or solution impurities is 

occurred in the step of detection. These adsorbed species are necessary desorbed form 

the electrode surface before the next detection process. The desorption process is 

performed at the oxidation step (cleaning step). In cleaning step, the electrode 

potential is set at the potential value more positive than the detection potential. The 

timing parameter for the application of this potential is oxidation time, toxd, Besides 

the removal of the adsorbed molecule from the electrode surface, the oxide layer is 

also developed in this cleaning step. This oxide layer covering the electrode surface 

can be deactivated the electrode activity, Thus, the electrode activity must be 

regenerated by a subsequent negative potential to reduction potential, Ered,  for a 

duration of reduction time, tred. This last step called the reactivation step. In the last 

step, the oxide film is dissolved form the electrode surface and the active surface is  

ready for the next cycle for PAD waveform. The typical PAD waveform is shown in 

Figure 2.5. From the schematic diagram of PAD waveform displayed in Figure 2.5, 

the PAD waveform parameters can be divided into two categories; potential and 

timing parameters. The overall PAD waveform parameters are Edet, tdet (tdel and tint), 

Eoxd, toxd, Ered, and tred. Therefore, there are seven waveform parameters which the 

optimization must be performed. 
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Figure 2.5  Typical PAD waveform 

 

2.2 Capillary electrophoresis[17, 18] 

 

The electrophoretic separation technique is based on the principle that under 

the influence of an applied field, different species in solution will migrate at different 

velocities from one another. When an external electric field is applied to a solution of 

charged species, each ion moves toward the electrode of opposite charge. The 

velocities of the migrating species depend not only on the electric field, but also on 

the shapes of the species and their environment. Historically, electrophoresis has been 

performed on a support medium such as a semisolid slab gel or in nongel support 

media such as paper or cellulose acetate. The support media provide the physical 

support and mechanical stability for the fluidic buffer system. Capillary 

electrophoresis is emerged as an alternative form of electrophoresis, where the 

capillary wall provides the mechanical stability for the carrier electrolyte. Capillary 

electrophoresis is the collective term which incorporates all of the electrophoretic 

modes that are performed within a capillary. Capillary electrophoresis is a novel 

separation technique, using a separation mechanism completely different to that of 

liquid chromatography. This means it can be used in a variety of situations in which 

liquid chromatography is limited. 

 

Potential 

Time 

Edet 

Eoxd, toxd 

tdet      tint 

Ered, tred 
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The advantages of capillary electrophoresis are it: 

• has very high efficiencies, meaning hundreds of components can be 

separated at the same time 

• requires minute amounts of sample  

• is easily automated  

• can be used quantitatively  

• consumes limited amounts of reagents  

2.2.1 Background theory[19] 

 

Capillary electrophoresis (CE) is similar to chromatography in 

many respects, and most of the words used in chromatography are also found in CE. 

For example resolution and efficiency are common to both techniques and are defined 

in a similar way. However, some of the terminology is different, as illustrated in 

Table 2.1. For example, in chromatography, a column in used to separate the analytes; 

in electrophoresis, a capillary is used. In Chromatography a pump is used to propel 

the sample through the column; in electrophoresis, there is no external pumping 

system, and the sample constituents move as a result of their mobilities in an applied 

potential field and the electroosmotic flow, if present. 

 

Table 2.1 Comaprison of electrophoretic and chromatographic terms[19] 

 

Capillary electrophoresis Chromatography 

 

Electropherogram 

 

Chromatogram 

Applied potential Flow rate 

Carrier electrolyte or buffer Eluent or mobile phase 

Injection mode(hydrostatic or electromigration) Injector 

Migration time Retention time 

Electrophoretic mobility Column capacity factor 

Velocity - 

Electroosmotic flow - 

High-voltage power supply Pump 

Capillary Column 
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2.2.2 Electroosmotic flow 

 

The onset of an electroosmotic flow (EOF) is an important 

phenomenon in CE.   Many materials, including glass, develop a charge at the surface 

when they come into contact with a protic solvent.  For glass, the surface charge 

develops from the protonation or deprotonation of silanol groups (pKa~3.5).  For 

polymers without any proton donating or accepting groups, traces of residual 

unreacted material in the bulk or charged substances adsorbed to the surface can result 

in a surface charge. 

 

Electroosmosis is the process of inducing ionized liquid motion 

adjacent to a stationary charged surface under an applied external electric field.  In 

microchannel systems, the liquid flows under the influence of external electric fields.  

An influential factor of the flow behavior is the zeta potential (ζ ) because it regulates 

the ion mobility,  which is in turn an important factor on the velocity of the analyte.   

The zeta potential is directly proportional to the applied field and the channel 

material.   This flow is governed by a slightly modified the Navier-Stokes equation 

that accounts for the potential distribution in the diffuse-layer, which is in turn 

governed by the Poisson-Boltzmann equation. 

 

 

      Potential distribution term 

( ) EVpVV
t

V
fρµµ −∇+−∇=




 ∇•+
∂
∂ 2

         (Equation 2.1) 

 

In microscales, electroosmosis is a good alternative for controlling 

the flow in micro fluidic systems for biological and chemical analysis
 
because it 

alleviates difficulties associated with the large pressure gradients required in the 

traditional pressure driven flows.  It alse eliminates the moving mechanical 

components such as valves, switches and gates.   

 

In microchannels, the flow moves with low Reynolds numbers and 

laminar flow.   Consequently, species mixing is a slow, diffusion-dominated 
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phenomenon that requires long mixing channels and large retention times to attain a 

homogeneous solution.   When an electric field is applied across the channel, the ions 

in the double layer move towards the electrode of opposite polarity.   This creates 

motion of the fluid near the walls that transfers via viscous forces into convective 

motion of the bulk fluid.   The velocity profile is laminar and parabolic except when 

close to the walls of the channel.   

 

 There are two significant disadvantages of electroosmotic flow.   

First, it is affected by the surface properties.   Second, it requires high voltages to 

obtain appreciable velocities. 

 

Selecting the proper material to construct the channels is also a great 

challenge because it controls the formation of the electrical double layer (EDL) in 

which the excess of positive ions flow and induce the fluid motion.   This section, 

where the excess of positive ions flow, is also known as the Debye length and  it is 

equivalent to the distance from the wall where the electroosmotic potential energy is 

equal to the thermal energy.   The EDL has two distinctive sections, as shown in 

Figure 2.6.   The first is the Stern plane, which is the immobile layer of ions next to 

the solid surface.   Its function is to stabilize the charge of the wall.   The second 

section is the diffusion layer, which is characterized by the zeta potential (ζ) and 

governed by the Poisson-Boltzmann equation. 

 

 Poisson-Boltzmann Equation                    ψκψ 22 =∇
                        (Equation 2.2) 
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Figure 2.6 Double layer potential.   This scheme shows the electric double layer 

formed next to the negative charged solid surface.   The EDL is due to 

the surface potential ψo, applied to the wall of the channel. 
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Figure 2.7 Electroosmotic velocity profile in microchannels.  This is a schematic 

representation of the fluid flow inside a symmetric channel with constant 

electric potential at the walls. 
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The rest of the fluid is dragged along in the capillary, creating a bulk 

flow of liquid in it.   The flow profile will not be parabolic as in hydrodynamic flow, 

where drag from stationary surfaces slows the liquid at the walls.   Instead the flow 

profile is flat.   Flat flow profile gives less band broadening than a parabolic flow 

profile from hydrodynamic flow, see Figure 2.8  

 

 

 

Figure 2.8 Flow profiles and the effect on peak shapes for electroosmotic flow and 

hydrodynamic flow.   

 

2.2.3 Injection scheme 

 

One of the differences between microchip CE and conventional CE 

is the method by which the sample plug is introduced into the capillary. In 

conventional instruments, one end of the capillary is immersed in the sample solution.   

The sample is driven into the capillary by applying a pressure pulse (hydrodynamic 

injection) or using EOF (electrokinetic injection).   For a microchip separation, a very 

short sample plug (<1 mm) needs to be introduced.   To permit this, microchip CE 

devices typically employ a column coupling configuration of channels (Figure 2.9A-

H).   In the cross injector design and double-T in Figure 2.9, A and B are among the 

earliest designs employed in microchip CE [20]. 

 

EOF Hydrodynamic flow 
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Figure 2.9 Examples of sample injector types. A) cross, B) double-T, C) double-L, D) 

double cross, E) triple-T, F) multi-T, G) stacking type, H) π-injector.   

Sample inlet s, waste w and BGE inlet B are indicated [21]. 

 

There are two main types of injection methods used in microchips: 

the gated injection and pinched injection described as follows.     

 

2.2.3.1 Gated injection 

 

Figure 2.10 illustrates the principle of the gated injection.   

The main waste reservoir on the end of the injection channel is set to ground at all 

times.   In pre-injection and run mode, the settings are the same.   Voltages are set so 

that the mobile phase will flow from the buffer reservoir (B) to the waste reservoir 

(W), and the sample will run from the sample reservoir (S) to the sample waste 

reservoir (SW).   To prevent any sample from “bleeding” into the separation channel, 

the voltage on B is set higher than the voltage on S so that some mobile phase will 

always run into the SW reservoir.   

 



18 

 

 

Figure 2.10  Principle of gated injection.   Red stream is the sample, and white stream 

is the mobile phase.   S: Sample, SW: Sample waste, B: Buffer, W: 

Waste [21].   

 

In the injection mode, both B and SW are set to “float”, 

which means that no current will run through either reservoir.   As a result no fluid 

will flow to or from either reservoir.   The voltages on S and W are the same as those 

in the run mode, so a “plug” of sample will flow into the separation channel as long as 

the voltages are in the injection settings.   Typically, the injection mode is switched on 

for 0.1-1 seconds.   The longer the settings are on the injection step, the longer the 

plug is injected into the column.   

 

After the desired amount of analyte has been injected into the 

separation channel, the voltages are changed to the run mode.   The settings in the run 

mode are the same as those in the pre-injection mode.  The sample will flow from S to 

SW as before, and the fresh mobile phase will flow down the separation channel from 

B.   The injected sample plug will flow down the separation channel, where individual 

components will be separated and finally detected.   

 

Gated injection is very simple to perform and it allows for 

injection of as long a plug as thought necessary for injection into the separation 

channel.   That a new sample plug can be injected into the separation channel at any 

time is another advantage of the gated injection.   This means that a new sample can 

          Pre-injection                             Injection                                   Run 
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even be injected into the separation channel before the previous sample reaches the 

detector.   

 

One drawback to the gated injection method is a bias in the 

injection.   The species with the highest electrokinetic velocity are injected at a larger 

extent than those with lower electrokinetic velocities. This means that in regular EOF, 

a sample plug injected into the cation sample plug will be slightly longer than that for 

neutral species and the anion sample plug will be slightly shorter than for neutrals.  

This will lower the limit of detection somewhat for negatively charged species, but 

the effect is usually not large enough to be significant. If the gated injection is also 

used to make a calibration curve for the species, this bias will even out since the same 

bias will apply for the calibration and sample injection. That flows are steered by 

applying electrical potentials to different points on the chip is an advantage of 

electrokinetic injection, which does not require mechanical components. Overall, the 

simple cross and double-T designs are still the most commonly used types owing to 

their simplicity.   For all experiments in this dissertation, a double-T design is used.  

  

2.2.3.2 Pinched injection 

 

Figure 2.11 illustrates the principles of the pinched injection.   

Here, the sample is placed on one of the side-arms of the cross, the mobile phase is 

placed in the top reservoir, and the sample waste is placed on the other side-arm.   The 

waste reservoir needs to be filled with fresh mobile phase.   In the “load position”, 

sample flows from S towards SW, over the cross.   Mobile phase flows from both B 

and W to the SW to prevent bleeding of the sample into the main channel.   The 

sample stream is “pinched” together by the two mobile phase streams.   

 

In the “run position”, the voltages are switched so that the 

mobile phase will flow from B to the cross and towards all three reservoirs.   Most of 

the flow is directed toward the separation column to drive the sample plug forward, 

but some mobile phase flow will also be directed towards S and SW to avoid 

bleeding.   
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The size of the sample plug is determined by the geometry of 

the injection cross, so that its length can never be more than the width of the channels 

at the injection cross.   However, the sample plug can be made smaller.   By 

increasing the buffer flow from B and W, the pinched sample stream at the junction 

becomes narrower, and a shorter plug is injected. 

 

As long as the loading step in the pinched injection is given 

sufficient time, there is no bias in the sample injected, as in the gated injection.   A 

drawback of using the pinched injection is that after each run, the microchip needs to 

be switched to the “load position” and allowed to equilibrate before a new run is 

possible.   Another disadvantage of the pinched injection is that the “load position” 

has a backflow of mobile phase from the W reservoir, which will contain some 

analytes after a few runs.  Therefore, the separation channel will fill up with analytes 

during this backflow.   Since the sample volumes in the channels are very small, a 

sufficiently large volume of the reservoirs will dilute the analytes so much so that they 

should be undetectable when they run back through the detector from the waste 

reservoir.   Care should be taken by regularly changing the buffer in waste reservoirs. 

 

 

Figure 2.11  Principles of pinched injection.   Red stream is the sample, and white 

stream is the mobile phase.   S: Sample, SW: Sample waste, B: Buffer, 

W: Waste [21]. 

 

 

               Load position                             Injection and run position                                 
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2.2.4 Dimension of microfluidic channels 

 

The two main factors defining the microchip are the length of the 

separation channel and the length of the sample plug.   In order to compare different 

designs, a measure to describe the performance is necessary.   Following the 

definitions used in chromatographic separations, the terms, number of theoretical 

plates, plate height and resolution are used.    

 

The plate number N is defined by the spatial variance of a zone σ
2
 

(m
2
) after migrating a distance L (m): 

 

           (Equation 2.3) 

 

In analogy, the plate height H (m) is given by: 

                       (Equation 2.4) 

 

In the ideal case, the broadening of a zone is the result of only 

molecular diffusion in the time interval t (s) before the analyte zone reaches the 

detector.   The spatial variance resulting from the diffusion of an initial infinitely 

small zone with a diffusion coefficient D (m
2
/s) is provided by the Einstein equation: 

 

        (Equation 2.5) 

 

Combining equations 2.5, 2.12 and 2.14 yields the plate number 

under ideal conditions: 

      (Equation 2.6) 

 

This equation forms the basis of microchip CE.   It shows that the 

separation efficiency is independent of the separation channel length under condition 
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that the diffusion solely determines the spatial variance.   The only experimentally 

accessible parameter is the applied voltage V. 

 

The diffusion constant and electrophoretic mobility both involve 

movement through the medium and can be converted into one another: 

 

          (Equation 2.7) 

 

Equations 2.6 and 2.7 demonstrate that the plate number is also not 

affected by the mobility or diffusion constant, since they cancel each other out.   

 

 A more useful parameter to characterize the separation performance 

is the resolution (Rs) between two analyte peaks (see Figure 2.12) that are separated 

by a distance of ∆x (m): 

 

   (Equation 2.8) 

 

To calculate the resolution from experimental data, it is easier to 

measure the width of the peak at half height, w1/2, instead of the variance or the width 

at the baseline (w1, w2 in Figure 2.12).   

 

The equations for plate number, plate height and resolution all 

indicate that the only way to increase the separating performance is to either increase 

the separation voltage or reduce the EOF.   In reality, diffusion is only one of many 

potential sources of dispersion. 
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Figure 2.12   Representation of the resolution in separation science. 

 

Also, the length of the initial sample plug and the size of the 

detection area are not infinitely small.   When these effects are taken into account it is 

possible to define a set of design rules for CE microchips that will provide the best 

performance. 

 

For conventional CE separations, fused silica capillaries ranging in 

length from a few decimeters up to a meter are used.   It is possible to incorporate 

such a length onto a microchip by folding up the channel.   However, the turns that 

are introduced are an additional source of zone broadening [22]. Although the 

dispersion can be kept to a minimum, following a couple of design rules (e.g.   

optimizing the turn radius and using narrow channels in the turns), long channels are 

seldom used. One of the reasons is that the migration time increases due the longer 

migration distance, while the migration velocity decreases due to the lower electrical 

field strength at the same voltage.   This diminishes the benefits of microchip CE as a 

faster alternative to conventional systems.  The separation channels on microchips are 

therefore typically shorter than 10 cm.  The width and depth of the channel also affect 

the performance, but in a more indirect manner. A hydrostatic pressure difference will 

cause a hydrodynamic flow during the separation.  The flow profile has a parabolic 

shape, which produces additional dispersion of the zones.  A pressure difference is 

avoided by filling all fluid compartments to the same height.  However, since the 
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channels are typically very short, the low hydrodynamic resistance can cause 

problems even for small pressure differences. 

 

2.2.5 Factor affecting separation efficiency[19] 

 

In the discussion of separation efficiency thus far, it has been 

assumed that one-dimentional diffusion is the major contributor to peak broadening in 

CE, and other factors tha contribute to the diffusion process have been ignored. In 

reality, the total varience of a zone, once corrections have been made for zone 

velocity and finite detector width, is given by  
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2                         
    (Equation 2.9) 

 

where the right-hand terms represent the contributions of injection, diffusion, 

electromigration, temperature profiles due to Joule heating, electroosmosis, and other 

effects such as interactions between the analytes and the capillary wall, respectively. 

Except for , σi
2  

the variences are directly propotional to the analysis time. 

 

 The first four terms on the right hand side of equation 2.9 

represent effect inherent in the principle of the method and cannot be suppressed to 

zero; however their influence on the separation efficiency can be controlled by 

instrument design and selection of appropriate working condition. Interaction s 

between the analyte and capillary wall is a concern primarily for the analysis of 

biomolecules, and they may be reduced or eliminated by coating capillary wall. Other 

factors in equation 2.9 are injection length, diffusion, electromigration dispersion, 

joule heating, and solute-wall interactions. Two major factors effect in the microchip 

CE; electromigration dispersion and joule heating, were briefly discussed. 

  

2.2.5.1 Electromigration dispersion[19] 

 

Electromigration dispersion (EMD) is, together with the 

diffusion, the most important  source of band broadening.   It originates from the fact 

that the analyte zones change the local electrical conductivity and hence the local 
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electrical field strength.   The migration velocity of a species is therefore a function of 

its concentration.  As a result, the zones develop a triangular shape shown 

schematically in Figure 2.13.   The larger the difference in mobility of the analyte ion 

and the BGE co-ion, the higher the analyte concentration in the sample.   In general, 

the BGE will be optimized to minimize dispersion by selecting a co-ion with a 

mobility close to that of the analytes.   However, for conductivity detection a large 

difference in mobilities is required for optimum sensitivity. Electromigration 

dispersion is therefore an important contributor to the peak broadening. 

 

 

 

Figure 2.13 Electromigration dispersion caused by mismatched analyte and 

electrolyte mobilities [19].    

 

2.2.5.2 Joule heating [19] 

 

The high voltages applied in the microchip CE systems to 

minimized diffusion. However, high power inductions cause excessive band 

broadening because of Joule heating of the liquid inside the channel wall. Thus, a 

compromise is required between band broadening at lower voltage caused by 

diffusion and band broadening at higher voltage caused by Joule heating. 
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Joule of ohmic heating is the name given to the heat 

generation caused by collisions between solute ions and electrolyte ions as a result of 

the conduction of electric currents. It can cause nonuniform temperature gradients and 

local changes in viscosity, both of which lead to zone broadening. Without adequate 

heat dissipation, the heat generated by the use of high separation voltages can rapidly 

evaporate any electrolyte solution.  

 

A simple, practical approach to determine the optimum 

voltage without exceeding the heat removal capacity of the system is to draw an 

Ohm’s law plot, as illustrated in Figure 2.14 [23]. The capillary is filled with the 

BGE, voltage is applied, and the resulting current is recorded. The voltage is then 

varied and the  current recorded at each new voltage. When the current is plotted 

against the applied voltage, a straight line should result. A positive deviation from 

linearity shows that the temperature removal capacity of the system has been 

exceeded. 

 

 

 

Figure 2.14 Ohm’s law plots showing the optimum voltages for different 

papillary temperature using air circulation for tempearturte 

control.(A) No control; (B) 25 °C; (C) 10 °C; (D) 4 °C [19, 23]. 
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2.2.6 Separation modes [19] 

 

In capillary electrophoresis a sample, usually containing charged 

species, is introduced into the end of a capillary that has been filled with a solution of 

buffer (or electrolyte). Under the influence of an electric field,  the detector end, 

where they are visualized. Three distinct separation mechanisms have been developed 

for the separation of analytes by CE. The modes of CE are classified by the different 

separation mechanisms allowing CE techniques to be used for a wide variety of 

substances. These modes include; 

 

− Capillary Zone Electrophoresis (CZE) 

− Micellar electrokinetic chromatography (MEKC) 

− Capillary electrochromatography (CEC) 

− Capillary gel electrophoresis (CGE) 

− Capillary isoelectric focusing (CIEF) 

− Capillary isotachophoresis (CITP) 

 

The first two techniques, CZE and MEKC, used in this research were briefly 

discussed. Figure 2.15 shows the separation mechanism in CZE and MEKC. 

 

 

 

Figure 2.15   Separation mechanism in (a) CZE and (b) MEKC [19]. 
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2.2.6.1 Capillary zone electrophoresis (CZE) 

 

CZE is a widely used mode of electrophoresis because it is 

applicable to separations of cations and anions, but not neutrals, in the same run, and 

it is relatively simple. In CZE, the palillary is filled with a buffer of constant 

composition, and the source and destination vials are filled with the same buffer. The 

order of elution in this method is cations, neutrals and anions. Neutral compounds are 

not separated in CZE. Whereas ions are separated on the basis of their charge-to-size 

ratios. Electrophoresis mobility is depend to same extent on the shape of the ions. The 

method can be used to separate almost any ionized compounds that we are soluble in 

the buffer. 

 

2.2.6.2 Micellar electrokinetic chromatography (MEKC) 

 

MEKC  is a mode of CE similar to CZE, in which surfactants 

(micelles) are added to the buffer system. Micellar solutions can be used to 

solubilized hydrophobic compounds that would otherwise be insoluble in water. In 

MEKC the micelles are used to provide a reversed-phase character to the separation 

mechanism. The solutes are separated based on their interaction with the hydrophobic 

groups on the surface of micelle. The interaction is based on the partitioning of 

solutes between micelles and the run buffer. Although MEKC was originally 

developed for the separation of neutral species by capillary electrophoresis, it has also 

been shown to enhance resolution in the analysis of variety of charged species.  

 

2.3 Microchip capillary electrophoresis [24-27] 

 

Microchip capillary electrophoresis (CE) has appeared over the decades as a 

result of the marriage of chemical analysis and microfabrication techniques from the 

integrated circuit world. The concept of microchip separation is not new, however, 

with the first report of a microfabricated gas chromatography column appearing in 

1979 and the first example of a microfabricated liquid chromatography system 

appearing in 1990. Little excitement was generated over these early developments, 

however, because of the complexity of the operational systems and generally poor 

performance of the devices. Active development of microchip separation technology 
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did not begin until the early 1990s with the seminal work of Manz, Harrison, 

Verpoorte, and Widmer in microchip CE. CE proved to be an excellent match for 

microchip technologies because it easily manipulates volumes at the nanoliter scale, 

required no moving parts, and provides fast, high-resolution separations. 

 

The theory and mechanisms of action for microchip CE are based on 

fundamental knowledge gained in the development of conventional CE. 

 

 

2.4 Material for microchip capillary electrophoresis [24] 

 

The first microchip CE systems were constructed on glass substrates [27, 28]. 

Because glass is a silicon-based compound, many well-known and well-developed 

microfabrication methods were directly adapted from the field of electrical 

engineering. In addition, glass (or quartz) has excellent optical properties, including 

optical transparency over a wide range of useful wavelengths. In addition, glass 

possesses the same surface chemistry as the fused silica capillaries used for 

conventional CE.  Many of the developments in conventional CE can be directly 

applied to the design of glass microchips. Despite the advantages of glass substrates, 

there are also significant disadvantages. First, glass fabrication processes yield only 

one device, and so manufacturing costs are relatively high. Second, glass is fragile 

and easily broken if not handled with extreme care. Third, high-quality glass is 

expensive.  As a result of these disadvantages, a significant amount of attention has 

focused on the fabrication of microchips on polymer substrates. Polymer substrates 

are less expensive and easier to fabricate than glass substrates. Polymer substrates are 

fabricated either through molding procedures or through direct write protocols 

employing ultraviolet lasers, electron beams, or X-rays. Either of these fabrication 

methods provides high throughput and uses lower-cost materials. The major limitation 

of polymer substrates for microchip CE is the poorly understood and poorly 

controlled surface chemistry of these materials. Thus, understanding and controlling 

the surface properties of polymer devices is an important goal. 

 

Poly(dimethylsiloxane) (PDMS) is a polymer which is often used in 

microfluidic applications. It has many advantages over other materials commonly 
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used in microfluidics such as glass or silicon. PDMS is flexible, optically transparent 

to wavelengths > 230 nm, impermeable to water, and non-toxic to cells.  It is, 

however, permeable to gases. It is also inexpensive and an excellent material for soft 

lithographical techniques. PDMS is composed of repeating –OSi(CH3)2- units. Its 

surface is hydrophobic in its unprocessed state due to the methyl groups. This 

property is a considerable drawback in microfluidic applications, because it renders 

the substrate surface difficult to wet with aqueous solvents and prone to trapping air 

bubbles. Hydrophobic surfaces are susceptible to nonspecific binding, especially to 

proteins, which may cause serious problems in biological applications. Treating the 

PDMS structure with an oxygen plasma renders its surfaces hydrophilic and 

eliminates these difficulties associated with hydrophobicity. The mechanism behind 

the change in susceptibility to water is due to an oxidation of the surface, producing 

silanol groups (Si-OH) at the surface. An oxidized PDMS surface will stay 

hydrophilic if kept in contact with water, but if exposed to air for ~30 minutes, 

hydrophobic groups will once again come to dominate the substrate surface’s 

behavior. The capacity to produce hydrophilic silanol surface groups also enables 

irreversible bonding to silicon-based materials, such as glass or other PDMS 

structures. One problem associated with the elastic properties of PDMS is the risk of 

elastic deformation. Because of the material’s elastic nature, it very commonly 

deforms slightly over time.  Also, should the aspect ratio of a PDMS structure stray 

from unity, there is a definite risk of structural collapse. 

 

Polymeric materials have become increasingly used with MCE due to their 

low cost and ease of fabrication.  While PDMS arguably has become the most widely 

used material for MCE-EC due to the simplicity of microelectrode incorporation, 

devices constructed from the material suffer from low separation efficiency, low 

surface stability, and a tendency for analytes sorption.  Other polymers, such as 

poly(methylmethacrylate) (PMMA) and polycarbonate (PC) have higher separation 

efficiencies, but electrode incorporation into these materials requires more elaborate 

fabrication techniques.  In this report, Thermoset Polyester (TPE) was studied as a 

possible alternative material for MCE-EC.  TPE microchips were characterized in 

their native, plasma-oxidized, and polyelectrolyte multilayer-coated (PEM-coated) 

forms.  TPE provides higher separation efficiencies compared to PDMS microchips, 

and still only requires simple fabrication techniques.  In this work, separation 
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efficiencies as high as 295,000 N/m were observed with TPE MCE-EC devices. 

Furthermore, electroosmotic flow was higher and more consistent as a function of pH 

for both native and plasma-treated TPE than for PDMS.  Finally, TPE is also 

amenable to surface modification with simple polyelectrolyte multilayer coatings, 

which offer another means of controlling surface chemistry and surface charge. 

 

Thermoset polyester (TPE) has shown promise as an alternative microchip 

material, because it represents a merger of ease of fabrication and cost effectiveness, 

typical of PDMS, with higher separation efficiencies and increased stability, typical of 

PMMA and PC [29].  A process for fabricating TPE microfluidic devices has been 

previously described by Fiorini et al. [29, 30].  Because fabrication techniques are 

similar to those for PDMS, little or no modification to existing soft lithography 

techniques is needed [31, 32].   

 

2.5 Polyelectrolyte multilayer coatings 

 

Microchip capillary electrophoresis (MCE) has, in recent years, had a major 

impact on the field of chemical separations.  Since the first reports of micro-Total 

analysis systems (µTAS) [1], the development of microchip-based analytical systems 

has increased because µTAS can be engineered to perform the same analyses as 

conventional scale systems, but with reduced sample and reagent consumption, lower 

overall cost, and faster analysis times [2].  During early work on MCE, capillary 

channels were typically fabricated onto glass substrates [33-35]. Although glass has 

several advantages over polymeric substrates for microchip-based separations, 

including chemical stability and high separation efficiency, it also has disadvantages 

such as expensive materials and increased fabrication costs and time. In light of these 

problems, many groups have attempted to develop microchips on polymer substrates 

[2, 29, 36].  Polymeric microchips have difficulties of their own, such as poorly 

defined, highly variable surface chemistry and the potential for sorption of moderately 

hydrophobic analytes.  As a result, many groups have published strategies to control 

the surface chemistry and surface charge of polymeric microfluidic devices [37-44]. 

 

Controlling the surface charge of the capillary wall is very important in both 

conventional and MCE, because surface charge helps dictate electroosmotic flow 
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(EOF) [45, 46].  Thus polymer surface chemistry dictates analyte adsorption and peak 

tailing.  Hydrophobic surfaces result in more extensive tailing than hydrophilic 

surfaces [47, 48].  One polymer in particular, poly(dimethylsiloxane) (PDMS), has 

received a great deal of attention due to the ease of fabrication, which can be 

performed outside a cleanroom, the ease of constructing complex geometries, and the 

relatively inexpensive material costs per chip [49].  In addition, pumps and other 

functional elements can be easily integrated into PDMS devices [50].  Unfortunately, 

there are very few proven methods for controlling the surface chemistry and EOF of 

PDMS substrates, and so the separation efficiencies of microchips made from this 

material are low [49, 51-55].  

 

2.5.1 Successive multiple ionic layer (SMIL) coatings 

 

Successive Multiple Ionic Layer (SMIL) (also referred to as 

polyelectrolyte multilayer) coatings have been introduced as semi-permanent coatings 

for conventional [45, 56, 57] and microchip capillary electrophoresis [54, 58-60].  

Polyelectrolyte multilayers (PEMs) are uniformly thin films formed by layer-by-layer 

deposition of charged polymers, or polyelectrolytes, on a surface and was first 

developed by Decher et al [61, 62].  The mechanisms of formation and charge 

distribution in PEMs have been probed by electrokinetics [45, 54, 62] and 

radiochemical techniques [63, 64].  Alternating adsorption of cationic and anionic 

polyelectrolytes leads to stable coatings that are simple to deposit, can have many 

potential chemistries, and are robust and reproducible [63-65]. 

 

There have been several reports on the use of polyelectrolytes to stabilize 

EOF and/or to control surface adsorption in CE applications.  Maichel et al. and 

Potocek et al. reported that poly(diallyldimethylammonium chloride) (PDADMAC) 

could be used as a replaceable pseudostationary phase in electrokinetic 

chromatography [66, 67].  In this work, PDADMAC served as both a capillary wall 

coating and a stationary phase for electrochromatography. In a separate report, Wang 

and Dubin used PDADMAC to minimize protein adsorption [68].  Chiu et al. used 

polyarginine (PA) as a capillary coating for conventional electrophoretic separations.  

Separation efficiencies of more than 2 million theoretical plates per meter were 

attained with this coating [69].  Katayama et al. used polybrene (PB) and dextran 
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sulfate (DS) in multiple ionic-layer coatings to control EOF as a function of pH [56].  

Cordova et al. investigated the properties of four polycationic polymers as 

noncovalent coatings to address the problem of protein adsorption in conventional CE 

and observed substantial reduction of adsorption and significant improvement in 

separation efficiency and peak shape [70].  Graul and Schlenoff characterized 

adsorbed PEMs composed of PDADMA and poly(styrenesulfonate) (PSS) for 

application in capillary zone electrophoresis [45].  All of these reports, however, 

focused on conventional CE.  Very few published examples address PEM coatings for 

microchip CE devices.  Barker et al. used PEM coatings composed of polystyrene 

(PS) and poly(ethylene terephthalate) glycol (PETG) to control microchip EOF [71, 

72]. Liu et al. previously used polybrene (PB) and dextran sulfate (DS) to control 

EOF as a function of pH in PDMS microchips [54].  None of the aforementioned 

examples, however, investigated the effects of PEM coatings on separation efficiency. 

Furthermore, no systematic studies of the effect of polymer structure on EOF and 

separation efficiency in microchip devices have been performed. 

 

This dissertation reports on several different PEM coatings for PDMS 

microchips that improve flow control and separation efficiency relative to unmodified 

PDMS.  The goal of this study was to determine what effect, if any, polyelectrolyte 

structure and deposition conditions have on separation performance.  In these 

experiments, three cationic polymers, polybrene (PB), poly(ethyleneimine) (PEI), and 

poly(allylamine) hydrochloride (PAH), were used in conjunction with two anionic 

polymers, dextran sulfate (DS), and poly(acrylic acid) (PAA).  These polymers were 

chosen to cover a range of chemical functionality in an effort to determine the effect 

of polymer functional groups on device performance.   

 

2.6 Detection methods compatible with microchip capillary electrophoresis 

 

As MCE devices grow in popularity, more compatible detection methods are 

needed to increase the number of detectable analytes, particularly for point-of-

measurement applications.  Absorbance [73, 74], mass spectrometry [75, 76], laser-

induced fluorescence (LIF) [77-79], electrochemical (EC) techniques [80, 81] and 

other detection methods [82-84] have all been successfully coupled with microchip 

CE.  Most reported microchip CE experiments relied on laser-induced fluorescence 
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(LIF) for detection [85, 86]. Mass spectrometry (MS) also received considerable 

attention to meet the needs of proteomic analysis. Unfortunately, both LIF and MS 

require sophisticated and expensive instrumentation. LIF typically requires either pre- 

or post-capillary sample derivatization to attach fluorophores, so the method is limited 

to fluorescent analytes and their derivatives [87, 88].  Commercially available MS 

systems are not inherently portable.  Furthermore, they are more costly and less 

sensitive than LIF systems. Recently, electrochemical detection (EC) has attracted 

considerable interest for applications in electrophoretic microchip systems [32, 89-

101].  This method offers great promise, because it is highly sensitive, inherently 

miniaturizable in terms of both detection and control instrumentation, low-cost, low-

power, and highly compatible with microfabrication technology.  

  

2.6.1 Electrochemical detection 

 

Electrochemical detection (EC) instrumentation is particularly attractive 

for small molecule analysis, because it is less complex and less expensive than many 

other detection systems, such as laser-induced fluorescence [77, 78] and mass 

spectrometry [75, 76] In addition, its selectivity can be altered from general, through 

the use of conductivity measurements [102, 103] to very specific, through the use of 

potential selection measurements [104, 105].  EC has demonstrated potential for many 

applications and offers mass sensitivity levels similar to those of fluorescence 

detection while not requiring a fluorophore-labeled sample [106-108].  

 

One concern with EC methods is the appropriate choice of substrate 

material and the material’s effect on separation performance.  Glass substrates offer 

the best separation performance among microchip materials, but the high 

temperatures used to bond glass substrates can damage or destroy electrodes.  In 

contrast, polymeric substrates provide lower separation performance, but are more 

amenable to the incorporation of electrodes [104, 107]. In addition, polymeric 

microchips are less expensive to make.  Polymeric substrates, such as 

poly(dimethylsiloxane) (PDMS), poly(methyl-methacrylate) (PMMA), and 

polycarbonate (PC), have been studied for application as substrate materials for MCE 

devices [109-111].  A range of fabrication methods can be applied to polymers, 

including soft lithography [112], casting [113], laser ablation[114], injection 
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molding[115]  and hot embossing [116].  These processes have shown to be easier, 

faster, and simpler than etching channels into glass [27].  Polymeric microchips do 

not require the same high temperatures for bonding as glass does, thereby preventing 

electrode damage.  Unfortunately, for the most part, polymeric CE microchips have 

demonstrated poor separation efficiency [117-119].  While PDMS microchips are 

inexpensively and easily fabricated with soft lithography techniques, their separation 

efficiencies are low and their surface charge is unstable [112, 120, 121].  Several 

methods for chemically modifying the PDMS surface have been demonstrated in an 

effort to address some of these issues, and the attempts have met with varying degrees 

of success [122-124].  Both PMMA and PC have shown higher separation 

efficiencies, better EOF stability, and less analyte absorption into the bulk material, 

but fabricating and sealing these materials are more challenging than using soft 

lithography to make PDMS chips [109, 117]. 

 

The difference in applied voltage between the electrophoretic separation 

and the detection steps has been the main challenge in coupling CE and EC.  

However, this drawback does not apply at the micro scale.  The following three 

strategies have been employed for EC: end-channel, in-channel, and off-channel. 

 

 In end-channel EC, the electrode is placed just outside the separation 

channel, so the electrode must be aligned.  Separation voltage has minimal influence 

on the potential applied to the electrochemical detector, because most of the voltage 

drop occurs across the channel.   

 

For in-channel EC, an isolated the electrode is placed inside the 

separation channel, so an isolated potentiostat is necessary to keep the working 

electrode at the proper voltage. 

 

Recently, Henry’s group reported a simple design in which a microwire 

was used as the in-channel working electrode for MCE-EC [31, 125, 126]. This 

method removes the need to fabricate microelectrodes and simplifies electrode 

alignment [31, 126]. The microwire is aligned perpendicular to the separation channel 

using a channel patterned into the microchip. Furthermore, because the electrode is 

solid metal, it is extremely stable and robust.  Finally, because a large area of the wire 
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is exposed to solution, collection efficiencies are increased, and thus, detection limits 

are lowered. The detection limits for catecholamines, however, were on the order of 

100 nM and thus too high for many important applications. One way to improve EC 

sensitivity is to incorporate a current decoupler into the microchip [127-131]. Current 

decouplers isolate the separation current from the detection current and thus have 

been shown to significantly reduce noise and improve the sensitivity of both 

conventional and microchip CE-EC systems [127, 129-133]. There are two forms of 

microchip decouplers, laser-etched decouplers and Pt or Pd cathodes. Pd [127, 130] 

and, to lesser extent, Pt [129] are used as decouplers, because they efficiently absorb 

the H2 gas formed at the cathode and thus prevent the bubbles from interfering with 

the electrophoretic separation [134]. Lacher et al. [130] published a procedure using a 

Pd thin film microelectrode decoupler. They found 500 mm to be the optimum 

decoupler electrode size and 250 mm to be the optimal spacing between the decoupler 

and working electrodes. The resulting device’s detection limit was 500 nM, partly due 

to the effects of the Pd decoupler. Microfabrication of two different electrode 

materials onto a single substrate to serve as a decoupler and a working electrode 

improves sensitivity, but also increases the microchip’s overall cost and fabrication 

complexity [127, 129, 130, 135]. 

 

2.6.2 Amperometric detection 

 

Amperometry is the most widely reported EC detection method for chip-

based separations [136-144].  A constant potential is applied to the working electrode, 

and the resulting current, which is proportional to the concentration of analytes 

oxidized or reduced, is measured at the electrode surface.  A band platinum detection 

electrode can be fabricated just outside the exit of the separation channel in an 

orientation parallel to the direction of flow using a photolithographlic process[145].  

Wang’s group described a planar, screen-printed carbon line electrode for a microchip 

CE system [146].  The detection electrode was mounted perpendicular to the direction 

of flow, roughly 50 µm away from the capillary outlet.  A flow-onto thick-film 

amperometric detector was reversibly mounted perpendicular to the channel outlet, 

allowing for fast and easy replacement.  The resulting system successfully detected 

nitroaromatic explosives, phenols, nerve agents, etc.  [106].  One major limitation of 

amperometric detection for CE is the need for very precise alignment between the 
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separation channel and the working electrode [147].  Another attractive route is to 

place the detector near the channel exit using electroless deposition and sputtering 

techniques.  Electroless deposition is a simple, low-cost method that obviates the need 

for photolithographic electrode fabrication or careful channel/electrode alignment.   

  

Alternatively the analyte fluid can be channeled through a ring detection 

electrode.  Hilmi and Luong [148] used electroless deposition to prepare on-chip gold 

film electrodes at the capillary outlet.  The detector’s performance was characterized 

using a mixture of nitroarometric explosive compounds.   

 

 

2.7 Biomarkers 

 

Biomarkers are defined as cellular, biochemical, molecular, or genetic 

alterations by which a normal or abnormal biological process can be recognized or 

monitored. Biomarkers are measured in biological media, such as human tissues, 

cells, or fluids. Biomarker research has the potential to impact a wide range of health 

concerns, including early detection of diseases, drug discovery, and improved 

accuracy of monitoring medical interventions. In order for biomarker to be clinically 

useful, biomarker assays must have high predictive accuracy and reproducibility, be 

easily measurable and minimally invasive, and be acceptable to patients and 

physicians [149]. The focus of biomarker research is shifting from methods that can 

analyze one marker at a time to so-called profiling methods, which allow for the 

simultaneous measurement of a collection of markers.  It is believed that marker 

profiles will allow for more statistically stringent differentiation and thus, a better 

classification of patient groups (for example, those with cancer and those without). 

This should improve early detection of diseases while also reducing the number of 

false-positive and false-negative results. Furthermore, better classification of patients 

will diminish the number of subjects needed for clinical trials. Most importantly, it is 

hoped that focused diagnoses will lead to better therapies and earlier intervention 

[150].  

 

It should be noted that a biomarker need not be causally or mechanistically 

involved in a disease’s pathology. Once discovered, however, biomarkers can be used 
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for many purposes, including diagnosis and monitoring of treatment and disease 

recurrence. The challenge, then, is how to discover and validate biomarkers efficiently 

[151]. To meet this challenge, an analytical technique must be able to separate, detect, 

and quantify as many components of a biomixture as possible. Furthermore, 

biomarker assay methods must accommodate normal variations in the 

physicochemical properties of biological samples.  An analytic technique must 

generate reproducible results, and it must be economical in terms time, effort, and 

expense.  Body fluids, such as serum, urine, and cerebrospinal fluids, are the 

biological samples most commonly analyzed for biomarkers. Bodily fluid analysis 

provides a number of advantages over tissue-based analysis.  Fluids are typically 

more accessible, and fluid sampling usually involves less pain for patients. Of course, 

there are certain drawbacks associated with fluid analysis.  First, in order to detect 

tissue-specific biomarkers in body fluids, the target protein must be secreted.  Second, 

the secreted biomarker must be uniquely identified among the multitude of secreted 

proteins from various cell types and organs [152]. 

 

2.7.1 Thiol compounds 

 

Aminothiols are physicologically relevant biological agents and 

metabolites. This work will focus on the detection of homocysteine, cysteine, and 

glutathione. 

 

2.7.1.1 Homocysteine 

 

 

 

Figure 2.16 Structure of homocysteine    

Homocysteine (Hcy) is a blood borne amino acid. Epidemiological 

studies have demonstrated that high concentrations of  homocysteine in blood plasma 
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are related to increased risk of coronary heart disease, stroke, and peripheral vascular 

disease. Other evidence suggests that homocysteine may promote atherosclerosis by 

damaging the inner lining of arteries and promoting blood clots. At the present, 

however, a direct causal link has not yet been established [153, 154]. 

Diet and genetic factors strongly affect plasma homocysteine 

levels. The dietary components with the greatest influence are folic acid and vitamins 

B6 and B12. Folic acid and other B vitamins help degrade homocysteine within the 

body. Several studies have found that higher blood levels of B vitamins are at least 

somewhat related to lower concentrations of homocysteine. Other recent evidence 

showed that low blood levels of folic acid are linked to increased risks of fatal 

coronary heart disease and stroke. Recent findings also suggest that laboratory testing 

of plasma homocysteine levels can improve patient risk assessment. This strategy may 

be particularly useful for patients with a personal or family history of cardiovascular 

disease that lack the well-established risk factors (i.e. smoking, high cholesterol, high 

blood pressure, etc.).   

Clinically, homocysteine is measured using a simple blood test. It 

can be measured at any time of day, and patients do not have to prepare for the blood 

test in any special way. A healthy homocysteine level is lower than 12 µmol/L. A 

level in excess of 12 µmol/L is considered high. While no studies have shown that 

lowering homocysteine levels reduces the risks of strokes, heart attacks, and other 

cardiovascular events, lowering a high homocysteine level removes a proven risk 

factor for heart disease. 

The largest fraction of homocysteine is protein-bound in vivo, 

because the amino acid forms covalent disulfide bonds with thiol-containing protein 

residues (i.e. cysteine). In plasma, 70–80% of total homocysteine is protein-bound, 

and 20–30% exists as either homocysteine dimers or mixed-disulfides. Reduced 

homocysteine is present in only trace amounts. Generally, plasma homocysteine 

levels are reported in terms of total homocysteine (tHcy), which includes all forms of 

homocysteine.  In healthy individuals, the tHcy concentration ranges from 5 to 15 

µM. Plasma tHcy concentrations above the normal range (16–30 µM (moderate), 30–

100 µM (intermediate), > 100 µM (severe)) are referred to as hyperhomocysteinemia. 
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Because current laboratory techniques for measuring tHcy are not sufficiently 

sensitive or selective, clinical tests are unable to provide a mass-balance account of all 

forms of homocysteine in vivo during hyperhomocysteinemia. Thus, there is a need 

for a sufficiently sensitive and selective method for measuring all forms of 

homocysteine in blood plasma. 

 

Several analytical techniques have been applied to measure tHcy in 

human plasma. These methods include liquid chromatography (LC) with 

fluorescence, ultraviolet (UV), or electrochemical (EC) detection, immunoassay, gas 

chromatography-mass spectroscopy (GC-MS), and electrospray-tandem mass 

spectrometry [155-160]. More recently, capillary electrophoresis with laser-induced 

fluorescence (CE-LIF) and CE-UV have been investigated [161-166] . CE has many 

potential advantages for this type of analysis.  It is nondestructive, generates very 

little solvent waste, and is compatible with small-volume samples [167]. Perhaps most 

importantly, CE can be miniaturized into microchip format for high-throughput or 

point-of-care analysis. CE with UV detection is not sufficiently sensitive to detect 

endogenous homocysteine in plasma. The limits of detection (LODs) obtained in our 

laboratories were approximately 50 µM, which is well above healthy physiological 

plasma concentrations (5–15 µM tHcy). CE with LIF detection is much more 

sensitive, but it is necessary to derivatize the thiol with a fluorophore prior to analysis. 

The derivatization process not only is time-consuming and laborious, but also dilutes 

the sample and affects assay sensitivity. CE-EC has been shown to be a sensitive and 

selective technique for identifying a large number of compounds, including thiols 

[168-171]. One advantage of CE-EC is that it can be miniaturized into “lab-on-a-

chip” format for eventual use in a clinical diagnostic setting [169, 172]. 

 

In this dissertation, we report the use of a CE-EC microchip 

equipped with a gold electrode to measure homocysteine concentrations in human 

blood plasma.  
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2.7.1.2 Cysteine 

 

 

 

Figure 2.17  Structure of cysteine    

 

Cysteine is a sulphur-containing amino acid, so it acts an important 

component of the body’s protective antioxidant systems. Antioxidants are responsible 

for “mopping up” damaging substances called free radicals, which are produced both 

during normal metabolic processes and as a result of external insults from chemicals 

or radiation. Free radicals are thought to be linked to the aging process and chronic 

diseases, such as heart disease and arthritis. Cysteine is rarely taken as a dietary 

supplement. Instead, N-acetyl cysteine, a cysteine derivative, is the most frequently 

consumed form of this amino acid. Cysteine may also help strengthen the protective 

lining of the stomach and intestines.  Cysteine’s ability to boost the body’s antioxidant 

defenses, particularly those of the liver, makes it an important detoxifying agent. N-

acetyl cysteine is the medical treatment for paracetamol overdose, and has been 

studied in animals as a possible treatment for heavy metal poisoning from metals such 

as arsenic, cadmium, copper, gold, lead, mercury, and silver. Cysteine may be 

beneficial in cases of certain forms of respiratory disease, because it possesses both 

antioxidant and mucolytic (breaking up mucus) activities.  
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2.7.1.3 Glutathione 

 

 

 

Figure 2.18  Structure of glutathione    

 

Glutathione is a tripeptide composed of the three amino acids cysteine, 

glutamic acid, and glycine. Glutathione is found in every part of the body, especially 

the lungs, intestinal tract, and liver. The body produces and stores the largest amounts 

of GSH in the liver, where it is used to detoxify harmful compounds so that they can 

be removed from the body through the bile. The liver also directly supplies GSH to 

red and white blood cells in the circulation, thereby helping these cells stay healthy 

and maximizing their disease-fighting capabilities. Glutathione also appears to have 

anti-aging effects on the body.  GSH levels decline with age, and a lack of glutathione 

has been shown to leave the body more vulnerable to damage from free radicals, thus 

speeding up cellular oxidation. A glutathione deficiency can have a devastating effect 

on the nervous system and can cause symptoms such as lack of balance and 

coordination, tremors, and other mental disorders. Any illness (even a bad cold), 

chronic disorders such as asthma and rheumatoid arthritis, injury, or heavy exposure 

to pollutants can cause a GSH deficiency. This is because the body uses GSH to 

support white blood cells and to rid the body of toxins. 
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2.7.2 Carbohydrates 

Glucose is by far the most common carbohydrate in living systems and 

can be classified as a monosaccharide, an aldose, a hexose, or a reducing sugar. It is 

also known as dextrose, because it is dextrorotatory, which means that a pure solution 

rotates plane-polarized light to the right. Glucose is also commonly called blood 

sugar, because it circulates in the blood at a concentration of 65-110 mg/mL. Glucose 

is initially synthesized in plants from carbon dioxide in the air and sunlight as an 

energy source.  Glucose is further converted to starch for storage. A blood glucose test 

measures the amount of glucose in one’s blood. Glucose is typically ingested in the 

form of carbohydrate-containing foods, and it is the body’s main energy source. 

Insulin is a hormone that helps your body's cells uptake and utilize glucose. Insulin is 

produced in the pancreas and released into the blood when the blood glucose levels 

rise. 

 

 

Figure 2.19  Structure of glucose   
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CHAPTER III 

EXPERIMENTAL 

 

This chapter has provided the information of instruments and equipments, 

apparatus, chemicals and reagents, and sample preparation employed in this work. 

 

3.1 Instruments and equipments 

 

  The following were the list of instruments utilized in this work. 

 

3.1.1 Analytical balance (AT 200, Mettler or TC 254, Denver Instrument 

Company) was used for weighing chemicals in the preparation of 

standard and reagent solution. 

3.1.2 pH meter (755, Metrohm) was used to measure the pH of prepared 

buffer solutions. 

3.1.3 Milli-Q water system (Millipore ZMQS 5 VOOY, Millipore, USA)     

3.1.4 Homemade high-voltage power supply 

3.1.5 Autolab Potentiostat (PG-30, Methrom) or Potentiostat, CHI812 (CH 

Instrument or CHI660b) was used to record the electrochemical 

response of analytes. 

3.1.6 UV light source (Intella-ray 400) was used to expose the near UV light 

source in the photolithography process. 

3.1.7 Air plasma cleaner (PDG-32G, Harrick plasma cleaner/sterilizer) was 

used to seal 2 pieces of PDMS together. 

3.1.8 Sonicator (USA) 

3.1.9 Auto pipette and tips were obtained from Eppendrof, Germany 

3.1.10 Silicon wafer, 4 in. silicon wafers (Silicon, Boise, ID, USA) 

3.1.11 Microscope (SZ-PT, Olympus, Japan) 

3.1.12 Centrifuge, CENTAURA 2, (Sanyo) 
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3.2 Apparatus for microchip capillary electrophoresis 

 

The details of the integrated CE-EC PDMS microchip system were described 

previously [32]. Briefly, the homemade high voltage power supply had an adjustable 

voltage range between 0 and +4000 V [173]. The microchip had the double-T injector 

(50 µM deep, 50 µm wide, 5.1 cm long separation channel), the working electrode 

channel (50 µM deep x 50 µm wide) and decoupler electrode channel (50 µM deep x 

50 µm wide, 50 µM gap to separation channel). The double-T injector had a volume 

of 250 pL. 

 

 

 

 

Figure 3.1 (A) Schematic of the microchip (50 µm deep, 50 µm wide, 5.1 cm long 

separation channel) showing placement of the electrode alignment 

channels. Working electrode channel (50 µm deep, 50 µm wide). 

Decoupler electrode channel (50 µm deep x 25 µm wide, 50 µm gap to 

separation channel). Double-T injector (50 µm x 50 µm x 100 µm) has a 

volume of 250 pL. Lower right is a photograph showing electrode 

alignment in a completed microchip. Left electrode is Pd microwire while 

the right electrode is the Pt working electrode. (B) Decoupled microchip. 
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Fluorescent image of 1 mM FITC as it passes the decoupler. No sample 

leakage was observed around the Pd microwire. Doted lines indicate the 

outline of the channels in the PDMS [32]. 

 

3.3 Chemicals and reagents 

 

All chemicals were of analytical grade or better and were used without further 

purification. Deionized-distilled water obtained from a Milli-Q-system was used for 

the preparation of chemical and reagent solutions. List of chemicals and their 

suppliers was summarized in Table 3.1  

 

Table 3.1  List of chemical and reagents and their suppliers 

 

Chemicals/Reagents Formular Suppliers Country 

Dopamine hydrochloride C6H11NO2HCl Sigma USA 

Catechol C6H6O2 Sigma USA 

Homocysteine C4H9NO2S Sigma England 

Cysteine C3H7NO2S Sigma USA 

L-Cystine C6H12N2O4S2 Sigma USA 

Glutathione C10H17N3O6S Sigma USA 

N-acetyl-L-cysteine C5H9NO3S Sigma USA 

Dextose C6H12O6 Fisher USA 

N-Tris(hydroxymethyl)methyl-

2-aminoethanesulfonic acid 

(TES) 

C6H15NO6S Sigma USA 

2-morpholinoethanesulfonic 

acid monohydrate (MES) 

C6H13NO4S⋅H2O Sigma USA 

Boric acid H3BO3 Sigma USA 

Trichloroacetic acid (TCA) CCl3COOH Merck Germany 

5-sulfosalicylic acid dihydrate C7H6O6S�2H2O Sigma USA 

Ascorbic Acid C6H8O6 Sigma USA 
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Table 3.1  List of chemical and reagents and their suppliers (Cont.) 

 

Chemicals/Reagents Formular Suppliers Country 

Methanol CH3OH Merck Germany 

Tris(2-carboxy-ethyl) phosphine 

hydrochloride (TCEP) 

C9H15O6P�HCl Sigma USA 

Sodium hydroxide NaOH Fisher USA 

Hydrochloric acid HCl Merck USA 

Potassium Dihydrogen 

Orthophosphate 

KH2PO4 BDH England 

Phosphoric acid H3PO4 Merck USA 

SU-8 2035 photoresist - Micro Chem. USA 

Propylene glycol methyl ether 

acetate 

C6H12O3 Aldrich USA 

4-in. silicon wafer - Silicon Inc. USA 

Silicone elastomer base - Dow Corning 

Corporation 

USA 

Silicone elastomer curing agent - Dow Corning  USA 

TPE mixing resin - TAP Clear-Lite 

Casting Resin 

USA 

Styrene C6H5CH=CH2 Sigma USA 

UV photoinitiator  

(2,2- dimethoxyphenylacetophenone) 

C16H16O3 Sigma USA 

Methyl Ethyl Ketone Peroxide 

(MEKP) 

C4H10O4 Sigma USA 

poly(ethyleneimine), (PEI) (-CH2CH2NH-)n Polysciences, 

Inc. 

USA 

poly(acrylic acid), (PAA) - Polysciences, 

Inc. 

USA 

polyallylamine hydrochloride, 

(PAH) 

[-CH2CH(CH2NH2HCl)-]n 

 

Polysciences, 

Inc. 

USA 
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Table 3.1  List of chemical and reagents and their suppliers (Cont.) 

 

Chemicals/Reagents Formular Suppliers Country 

dextran sulfate, (DS) (C6H9O5SO3Na)n+1 Polysciences, 

Inc. 

USA 

Polybrene, (PB)  Polysciences, 

Inc. 

USA 

Hexamethyldisilazane (HMDS) C6H19NSi2 Sigma USA 

Sodium dodecyl sulfate (SDS) C12H25O4S Na Sigma USA 

Gold 99.9%, diameter 25 µM Au Good fellow England 

Palladium 99.9%, diameter 25 µM Pd  Good fellow England 

 

3.4  Preparation of solutions 

 

Included in the following parts are the preparation procedures for the 

supporting electrolyte and the standard solutions employed in this work. 

 

3.4.1 Preparation of 20 mM TES buffer pH 7.2 

 

TES (1.146 g) was dissolved in deionized water.  The resulting 

solution was adjusted to the required pH with either 0.1 M sodium hydroxide or 0.1 M 

hydrochloric acid and diluted to 250 mL total volume with deionized water in a 

volumetric flask. 

 

3.4.2 Preparation of 20 mM MES buffer pH 6.5 

 

MES (0.4265 g) was dissolved in deionized water.  The resulting 

solution was adjusted to the required pH with either 0.1 M sodium hydroxide or 0.1 M 

phosphoric acid, and was diluted to 250 mL total volume with deionized water in a 

volumetric flask. 
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3.4.3 Preparation of 20 mM boric acid buffer pH 9.4 

 

Boric acid 0.3092 g was dissolved and diluted with deionized water 

and then adjust with 0.1 M sodium hydroxide to the required pH and finally adjust the 

volume with deionized water into 250 mL volumetric flask. 

 

3.4.4 Preparation of 20 mM boric acid with 20 mM SDS buffer pH 9.4 

 

Boric acid (0.3092 g) and SDS (1.1419 g) were diluted with deionized 

water and the resulting mixture was stirred until the all components had dissolved.  

The solution was adjusted to pH 9.4 and diluted to 250 mL total volume with 

deionized water in a volumetric flask. 

 

3.4.5 Preparation of 25 mM potassium dihydrogenorthophosphate      

pH  3.0 

 

Potassium Dihydrogenorthophosphate (0.8506 g) was dissolved in 

deionized water in 250 mL volumetric flask.  The solution was adjusted to pH 3.0 

with 0.1 M hydrochloric acid. 

 

3.4.6 Preparation of stock standard solution of dopamine 

 

The 10 mM dopamine standard solution was prepared by dissolving 

dopamine hydrochloride (0.0190 g) in 10 mL of 0.1 M hydrochloric acid. 

 

3.4.7 Preparation of stock standard solution of catechol 

 

The 10 mM catechol standard solution was prepared by dissolving 

pyrocatechol (0.0110 g) in 10 mL of 0.1 M hydrochloric acid. 

 

3.4.8 Preparation of stock standard solution of carbohydrate 

 

Dextrose (0.0180 g) was dissolved in 10 mL of electrolyte solution 

using a 10 mL volumetric flask.   
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3.4.9 Preparation of stock standard solution of  thiol compounds 

 

The stock standard solution of thiol compounds was prepared by 

dissolving the appropriate amounts of the thiol compounds in 10 mL of 25 mM 

potassium dihydrogen orthophosphate buffer pH 3.0. The weight of each compound is 

given in Table 3.2. 

 

Table 3.2 Weight of thiol compounds for preparation of stock standard 

solution 

 

Thiol compounds Weight (g) 

homocysteine 0.0135 

cysteine 0.0121 

glutathione 0.0307 

L-cystine 0.0238 

N-acetyl-cysteine 0.0632 

 

 

3.4.10 Preparation of carbohydrate and thiol compounds for calibration 

 

Standard solutions of carbohydrate and thiol compounds with various 

concentrations were prepared for calibration purposes.  The appropriate amounts of 

the 10 mM stock standard solutions were dissolved in 20 mM boric acid buffer 

solution in 1000 µL microcentrifuge tube.  

 

3.5  Microchip fabrication 

 

3.5.1 Method for making a mold 

 

Silicon masters were fabricated in accordance with previously 

published techniques [2]. Briefly, SU-8 2035, a negative photoresist, was spin coated 

onto a 100 mm silicon wafer (100.Silicon, Boise, ID, USA) to a thickness of 50 µm. 

A digitally printed mask was used to define channel structures. After exposure and 

development, patterned silicon masters were treated with hexamethyldisilazane 
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(HMDS) by vapor deposition to aid in the removal of both the TPE and the PDMS. 

Vapor deposition was performed by placing the wafer and a small vial containing 500 

mL of HMDS into a crystallization dish.  The dish was then covered with foil and 

placed in a 657°C oven for 4–6 hours. PDMS walls and posts were used to define the 

molding area and to create reservoirs in the TPE devices. 

 

3.5.2 Fabrication of PDMS devices 

 

All experiments were performed using poly(dimethylsiloxane) 

(PDMS) microchips fabricated in accordance with established protocols [54, 174-176]   

Briefly, a silica wafer was cleaned with a dilute solution of HF in water (1:10).  The 

wafer was spin coated with SU-8 2035 negative photoresist, and a master mold was 

fabricated using a digitally printed mask.  Once the master was completed, replica 

molding was used to create channels in PDMS.  In this procedure, a degassed 10:1 

mixture of Sylgard 184 elastomer and curing agent was poured onto both the mold 

master and a blank silica wafer and allowed to cure at 65°C for 2 hr.  The cured 

PDMS was removed from the molds, and reservoirs were punched using a standard 

6mm hole punch [174].  The surfaces of the two pieces of PDMS were cleaned with 

methanol and placed in an air plasma cleaner (Harrick) for 45 s at 18 W.  The two 

pieces of PDMS were then immediately brought into conformal contact to form an 

irreversible seal.  The assembled chip was preconditioned before use each day by 

rinsing it for 30 min with 1 M NaOH. 

 

3.5.3 Fabrication of TPE devices 

 

TPE was prepared by mixing resin (TAP Clear-Lite Casting Resin) 

with additional styrene, UV photoinitiator (2,2- dimethoxyphenylacetophenone), and 

MEKP catalyst, in accordance with published protocols [29]. Approximately 0.2 g of 

photoinitiator was dissolved in 0.5 g of styrene before being added to 20 g of resin. 

Six drops of MEKP catalyst were then added, and the mixture was stirred and 

degassed in a vacuum desiccator. After degassing, the TPE resin was poured onto the 

prepared master mold and either transparency film or a glass microscope slide was 

used to cover the TPE. The cover material was allowed to make contact with the TPE 
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mixture in order to ensure a flat top surface during UV curing. The glass cover slides 

were treated with HMDS to facilitate their removal from the cured TPE. TPE was 

partially cured by UV radiation with a UV flood lamp (364 nm) (Inteli-ray 400) at 

50% power for 100 s.  The TPE was then carefully separated from the mold while still 

slightly soft, and the PDMS posts were removed to expose the reservoirs. Microwire 

electrodes were placed in the designated electrode channels located at the end of the 

separation channel in accordance with previously published work with PDMS 

microchips [31, 32]. Care was taken while inserting the microwires, because TPE is 

easily scratched, torn, or otherwise damaged when not fully cured. Next, a blank, flat 

piece of TPE was prepared in the same manner with a UV exposure of 100 s. The two 

pieces were then placed together to form the microchannels. A final set of four 30-

second UV exposures separated by 90-second cooling periods was applied to bond the 

two pieces together and to complete TPE curing. The chip was placed on a hot plate at 

65°C for 30 min and then transferred to a 120°C hot plate for 90 min for final curing. 

Some microchips were subjected to plasma oxidation to study the effects on EOF. 

Plasma oxidation was performed for 20 min (Harrick plasma cleaner/ sterilizer PDG-

32G, Ithaca, NY, USA) at a 10.5 W power setting. The success rate for microchip 

fabrication was generally greater than 75%. Figure 1 shows a schematic of the 

microchip design and an enlarged picture of the detection electrodes in a fully 

assembled TPE microchip. 

 

3.6 Successive multiple ionic layer (SMIL) coatings or polyelectrolyte 

multilayer (PEM) coatings 

 

Capillaries were coated with polyelectrolyte multilayer coatings (PEMs) in 

accordance with the procedures reported by Dai et al. [177].  One of the following 

cationic polyelectrolytes was used: polybrene (PB), poly(ethyleneimine) (PEI), or 

poly(allylamine) hydrochloride (PAH). The anionic polyelectrolyte was either 

(poly(acrylic acid) (PAA) or dextran sulfate (DS)).  In brief, the channel was rinsed 

with 1.0 M NaOH for 30 min and then filled for 5 min with the cationic 

polyelectrolyte solution.  After rinsing the channel with water for 1 min, the channel 

was coated with the negatively charged polymer for 5 min and then rinsed with water 

for 1 min.  These steps, with the exception of the initial NaOH rinse, were repeated 
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forming alternating layers of anionic and cationic polymers until the desired layer 

thickness was reached. All polyelectrolyte solutions were 3% polyelectrolyte (w/v) in 

either deionzied water or 0.5 M aqueous NaCl.  Rinsing was performed by applying 

vacuum pressure from a water aspirator or laboratory syringe at the channel waste 

outlet. 

 

3.7 Electroosmotic flow measurements 

 

The current monitoring method developed by Huang et al. was used to 

measure EOF [178, 179].  The polarity of the power supply was chosen such that EOF 

operated through a straight channel connecting two reservoirs (reservoirs 1 and 2).  

The channel and reservoir 2 were filled with 20 mM phosphate buffer, while reservoir 

1 was filled with 18 mM phosphate buffer.  When voltage was applied, some of the 18 

mM phosphate buffer in reservoir 1 migrated into the channel and displaced an equal 

volume of 20 mM phosphate buffer.  Consequently, the electrical resistance of the 

fluid in the channel changed, and these changes could be measured by recording the 

separation current, Isep, during the experiment.  A 1.0 kΩ resistor was inserted 

between the electrode in reservoir 2 and electrical ground.  The choice of a 1.0 kΩ 

resistor meant that a 1-µA current change produced a 1-mV drop in potential across 

the resistor.  A multimeter (Fluke, Model 189) was used to monitor the voltage drop 

across the resistor.  The time required for the current to plateau was measured and was 

indicative of the lower-concentration buffer filling the entire separation channel.  

Reservoir 1 was then filled with concentrated buffer, the potential was reapplied, and 

the time to reach a current plateau was measured.  Six to eight consecutive 

measurements were obtained for each experiment.  The time required for the current 

to reach this plateau was used as the neutral marker, and the EOF was calculated from 

the following equation: 

 

                   µEOF = L
2
 /(Vt)                                                   (Equation 3.1) 

 

where L is the length of the separation channel (4.4 cm), V is the total applied 

voltage (900 V), and t is the time (in seconds) required to reach the new current 
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plateau.  This is a modification of the traditional mobility equation [54] that takes into 

account that the total and effective channel lengths are identical.  

  

3.8 Procedures of microchip CE 

 

3.8.1 Microchip CE with amperometric detection 

 

3.8.1.1 Microchip CE layout 

 

The microchip CE system used in this work is depicted in 

figures 3.2 and 3.3. Each system was comprised of a PDMS microchip, a microfluidic 

flow system, a high voltage power supply, and an electrochemical detector. 

 

 

 

Figure 3.2 The microchip capillary electrophoresis with electrochemical detection 

layout. 
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Figure 3.3 The microchip capillary electrophoresis with electrochemical detection 

layout. 

 

3.8.1.2 Electrophoresis procedure 

 

Pinched injection through a double-T injector was employed 

in these experiments [31, 180, 181]. The injection volume was 250 pL. The channels 

were pretreated with sodium hydroxide for at least 30 min in order to give the channel 

walls a net negative charge. The channels and reservoirs were filled with buffer 

solution. Before analysis, the sample and sample waste reservoirs were filled with 

sample solution. The microchip was designed with the two electrode channels 

spanning the separation channel in order to incorporate the decoupler and a working 

electrode [174]. A Pd microwire cathode was placed in the first electrode channel (25 

µm wide) (Figure 3.4). The working electrode was placed downstream in the second 

electrode channel (Figure 3.4). The distance between the two electrodes was fixed at 

250 µm based on previous work by Lacher et al. The fully-assembled microchips 

were allowed to equilibrate for 24 h before use in experiments. This was done to 

allow the EOF of plasma-sealed chips to decrease to a stable level. The typical 

lifetime of these devices is 1–2 weeks, but a new microchip was used every day of 

experimentation. For separations, 800–1500 V was applied across the buffer 

reservoirs while the Pd microwire decoupler was kept at ground. The sample and 

waste reservoirs were held at 450 V for push back. 
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3.8.1.3 Electrochemical detection 

 

Amperometric detection and pulsed amperometric detection 

PAD were used to measure electrochemically-active analytes in accordance with a 

previously published chip design [31, 174]. Amperometry was used to detect 

dopamine, catechol, and ascorbic acid. PAD was used to detect carbohydrates and 

thiols. Both amperometry and PAD were conducted using a commercially available 

potentiostat (CHI812 or CHI660b, CH Instruments or PG-30, Methrom). For 

amperometry, a constant potential of 0.8 V was applied to the working electrode. The 

PAD waveform had a cleaning/oxidation potential of 1.6 V for 0.05 s, a 

reduction/regeneration potential of 20.5 V for 0.025 s, and a detection potential of 0.6 

V for 0.15 s.  

 

Amperometry and PAD experiments were run in a two-

electrode configuration with a Pt wire (1.6 mm diameter) serving as the counter 

electrode in all cases. A gold microwire (25 mm) was placed in the microfluidic 

devices and used as the working electrode. Initial cleaning and conditioning of the Pd 

decoupler was performed by running cyclic voltammetry (CV) from 21.0 to 1.0 V at 

0.1 V/s for 50 cycles. Initial cleaning of the working electrode was performed by 

running CV from 21.0 to 1.0 V at 0.1 V/s until six sweep segments overlapped with 

each other. While conducting amperometry, the working electrode was cleaned every 

15 runs via 20 sweep segments of CV run from 21.0 to 1.0 V at 0.1 V/s whilst buffer 

was flowed over the electrode [174]. 
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Figure 3.4 A photograph showing electrode alignment in a completed microchip. 

 

3.8.1.4 Safety consideration 

 

The high voltage power supply and associated open electrical 

connections should be handled with extreme care to prevent electrical shock.  Metal 

ions can be toxic, irritating, and/or dangerous for the environment and should be 

handled in a fume hood.  Accidental skin or eye contact and accidental inhalation or 

ingestion should be avoided.  The stock solutions must be stored in small, sealed glass 

containers and isolated from any reducing reagents.  These metals are toxic and 

potentially carcinogenic and/or mutagenic, and so special care must be taken to 

dispose of waste solution. 

 

3.8.1.5 Microchip CE optimization conditions 

 

The experimental conditions for microchip CE with 

electrochemical detection were optimized. The operational parameters, including 

separation voltage, injection time, pH of BGE, concentration of BGE, SDS 

concentration, and PAD waveform, were considered. Optimization was performed by 

changing a single variable while holding all other variables constant until the optimal 
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result was achieved. The current response, migration time, resolution, and separation 

efficiency were the optimized outputs.   

 

3.8.1.6 Calibration and linear range  

 

10 mM stock solutions of each analyte were freshly prepared 

and then samples were diluted to final concentrations ranging from 1 pM to 500 µM.  

In these experiments, each concentration of analyte was measured five times.  The 

results were used to plot a calibration curve and to determine the linear detection 

range. 

 

3.8.1.7 Limit of detection  

 

The limit of detection was investigated by testing analyte 

solutions five times each at the optimal potential.  The system detection limit (SDL) 

was defined as the lowest concentration of an analyte, when processed through an 

entire analytical method, produces a signal that is statistically distinct from the signal 

arising from field blanks. 

    

3.8.1.8 Precision 

 

The precision was studied by injecting twenty replicates of 

each analyte solution.  Precision was assessed in terms of the relative standard 

deviation (%RSD) using the following formula: 

 

                           % RSD              =      
standard deviation  x 100  

     Mean 
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3.8.2 Plasma sample analysis 

 

The thiol concentrations of plasma samples are known to 

decrease exponentially over time when the samples are kept at room temperature 

[182].  Unfortunately, routine storage of frozen plasma samples does not prevent thiol 

concentrations from dropping to near 0 within a few weeks.  In contrast, if plasma is 

deproteinized within 1 hour of blood collection, the thiols in the frozen deproteinized 

supernatant remain stable for months.  

 

3.8.2.1 Standard thiol compounds and plasma sample preparation  

 

 Each thiol stock solution was removed from storage 

at –20°C and allowed to warm to room temperature (approx. 20 min). The standard 

solutions were diluted to the desired concentrations in 20 mM boric acid buffer pH 

9.0 with 20 mM SDS and 2.5 mM TCEP. An excess of TCEP was used to ensure 

complete reduction of the thiols. Human plasma samples were obtained from the 

Prasat Neurological Institute. Samples were deprotonized by addition of an equal 

volume of 20 % solution of trichloroacetic acid (TCA) in the buffer that was used to 

prepare the relevant standard solutions.  This mixture was incubated at 4 °C for 30 

min and the centrifuged.  The resulting supernatant was collected and its glucose and 

thiol compound concentrations were assayed using the MCE-EC systems. All plasma 

samples were either analyzed within 2 hours of being drawn or were frozen at –20 °C 

for future studies. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 In this chapter, details will be separated into three parts. The first part contains 

the results and discussion from PDMS microchip experiments in which the 

concentrations of carbohydrate and thiol compounds in human plasma samples were 

measured via MCE-EC. The second part focuses on the modification of PDMS 

microchips with polyelectrolyte coatings to improve flow control and separation 

efficiency. The last part investigates microchips fabricated from TPE rather than 

PDMS.  A similar set of experiments was conducted with these TPE microchips in 

which the concentrations of carbohydrate and thiol compounds in human plasma were 

measured, and the results were compared to those from the PDMS microchip 

experiments. 

 

4.1 PDMS microchip capillary electrophoresis/electrochemistry 

 

4.1.1 Microchip capillary electrophoresis characterization 

 

The amperometric detection was used during characterization of 

microchip CE systems. Dopamine and catechol were chosen as standard analytes to 

demonstrate the microchip CE system’s performance.  

 

A solution of 500 µM dopamine and 500 µM catechol was separated 

on a PDMS microchip (Figure 4.1).  The separation was performed using 20 mM TES 

(pH 7.2) as the background electrolyte (BGE) at the separation potential of 1100 V 

with a 15 s injection. Baseline resolution of two compounds was observed. The 

migration times for dopamine and catechol were 32 and 57 s, respectively. This first 

example demonstrated the basic performance of prepared PDMS microchip systems. 
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Figure 4.1 Electropherogram of the separation of dopamine and catechol.  

Experimental parameters: 500 µM dopamine and 500 µM catechol, 

TES (pH 7.2) running buffer, separation potential 1100 V, detection 

potential 0.8 V, pinched injection time 15 s, working electrode: 25 µm 

Au wire. 

 

4.1.2 Capillary electrophoresis optimization 

 

4.1.2.1 Influence of separation voltage 

 

The separation voltage affects the electric field strength, 

which, in turn, affects the EOF and the migration velocities of the charged particles 

within the capillary and ultimately determines the migration time of the analytes.  The  

electrochemical response was based on the coupling of the electric field for separation 

and the electrochemical detector, so optimizing separation voltage was needed to 

improve detection sensitivity.  In addition, higher separation voltages result in higher 

joule heating.  The same solution of dopamine and catechol was again separated on a 

PDMS microchip using 20 mM TES (pH 7.2) running buffer at a variety of separation 

potentials (Figure 4.2). As the separation potential was increased, the migration times 

decreased. 
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Figure 4.2   Separation of a solution of 500 µM dopamine and 500 µM catechol as 

a function of separation voltage (1000 – 1400 V). Experimental 

conditions: pinched injection time 15 s, detection voltage 0.8 V, BGE 

20 mM TES (pH 7.2). 

 

The effect of separation voltage on the migration time of the 

analytes is shown in Figure 4.3.  The effect of the potential applied to the separation 

channel was studied in the 1000 – 1600 V range (Figure 4.3). Higher separation 

voltage yielded shorter migration times but also increased the baseline noise (e.g. 1.8 

± 0.6 nA at 1500 V for homocysteine) and the formation of bubbles (due to Joule 

heating). Therefore, 1400 V was selected as the optimum separation voltage at which 

the separation of carbohydrate and thiol compounds was achieved in less than 80 s 

with a baseline noise of 0.5 ± 0.1 nA (peak-to-peak). 
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Figure 4.3   Effect of separation voltage on the migration times of 100 µM 

homocysteine (�), glucose (�), cysteine (�), and glutathione (�).  

Experimental conditions:  pinched injection time 15 s, detection voltage 

0.8 V, BGE 20 mM boric acid (pH 9.0). 

 

4.1.2.2 Influence of injection time 

 

After determining the appropriate electrical biasing 

conditions, the length of time required for sample injection was investigated. The 

injection time affects the sample volume, and also affects the peak current and peak 

shape. Injection time was varied between 15 and 25 s, and the aforementioned 

mixture of dopamine and catechol was separated using the optimal conditions for 

analysis (BGE 20 mM TES (pH 7.2), separation potential of 1400 V, detection 

voltage of 0.8 V). The mixture of carbohydrate and thiol compounds was separated 

using the optimal conditions for analysis (BGE 20 mM boric acid (pH 9.0), separation 

potential 1400 V, detection voltage 0.8 V). The injection time affects the sample 

volume, also affects the peak current and peak shape. A significant increase in the 

peak current was observed in the 10 – 15 s range. This can be explained that the 
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double-T injector (see Figure 3.1) is filled in only less than 10 s. If  injection time was 

more than 15 s, the response was increased slightly. For that reason, 15 s was selected 

as the optimal injection time.  

 

 

 

Figure 4.4   Electropherograms of a solution of 500 µM dopamine and 500 µM 

catechol separated with injection times from 15-25 s. Experimental 

conditions:  separation voltage 1400 V, detection voltage 0.8 V, BGE    

20 mM TES (pH 7.2). 

  

  

 



65 

 

 

 

Figure 4.5  Effect of injection time on peak currents of 100 µM homocysteine (�), 

glucose (�), cysteine (�), and glutathione (�).  Experimental conditions:  

separation voltage 1400 V, detection voltage 0.8 V, BGE 20 mM boric 

acid (pH 9.0). 

 

4.1.2.3 Influence of background electrolyte pH 

 

One of the most important variables in CE is the pH of the 

BGE, because pH affects the migration time, the separation of the analytes, and the 

EOF. The effect of running buffer pH on the migration times of glucose and thiol 

compounds was investigated between pH 7.5 and 9.5 using 20 mM boric acid solution 

as the BGE.  Almost all the glucose and thiol compounds were separated over the 

entire pH range tested (Figure 4.6).  More specifically, it was reported the pKa values 

of the selected thiol compounds were around 2.5 (deprotonation of the carboxyl 

group) and 9.0 (deprotonation of the amino group). This implies that at pH > 9.0, both 

the carboxyl group and amino groups were dissociated allowing the separation by the 

electric field. Longer migration times were observed at higher pH values. Therefore, 

in order to maximize the separation of the analytes, pH 9.0 was selected as the 

optimal value and used for all subsequent experiments. 
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Figure 4.6   Effect of BGE pH on the migration times of homocysteine 100 µM (�), 

glucose (�), cysteine (�), and glutathione (�).  Experimental conditions:  

separation voltage 1400 V, pinched injection time 15 s, detection voltage 

0.8 V. 

 

4.1.2.4 Influence of background electrolyte concentration 

 

In order to study the effect of BGE (boric acid) concentration 

on the separation of and detector response to glucose and the thiol compounds, BGEs 

containing 10, 20, and 30 mM boric acid (pH 9.0) were prepared. Higher buffer 

concentrations resulted in longer migration times with no change in migration order 

(Figure 4.7a). Buffer concentration had negligible effects on the migration time of the 

analytes. The peak current of glucose and thiol compounds increased when buffer 

concentrations were increased from 10 to 20 mM, but peak current decreased with 

further increases in buffer concentration (Figures 4.7b).  Separation efficiency and 

analysis time were considered, and 20 mM boric acid was selected as the optimal 

BGE concentration. 
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Figure 4.7   (a) Effect of BGE concentration (boric acid pH 9.0) on the migration 

times of 100 µM homocysteine (�), glucose (�), cysteine (�), and 

glutathione (�).  Experimental conditions:  separation voltage 1400 V, 

pinched injection time 15 s, detection voltage 0.8 V. (b) Effect of BGE 

concentration on peak currents of 100 µM homocysteine (�), glucose 
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(�), cysteine (�), and glutathione (�). Experimental conditions: 

separation voltage 1400 v, pinched injection time 15 s, detection voltage 

0.8 V. 

 

4.1.2.5 Influence of SDS concentration 

 

Using 20 mM boric acid (pH 9.0) running buffer, the effect of 

SDS concentration on the separation of thiol compounds was investigated (Figure 

4.8). Different behavior was observed when the concentration of surfactant was varied 

from 10–30 mM. When SDS concentration was increased from 10 mM to 20 mM, an 

increase in the analysis time was observed. This behavior was attributed to both the 

increase in buffer ionic strength and the increased interaction between the analytes 

and detergent micelles accompanying higher SDS concentrations. At 30 mM SDS, the 

three thiol compounds were separated, but tailing of the homocysteine peak was 

observed. Thus, 20 mM SDS was chosen as the optimal condition with regards to 

analyte resolution. 
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Figure 4.8   Electropherograms of thiol compounds separated using boric acid (pH 

9.0) running buffer containing SDS concentrations from 10 – 30 mM. 

Experimental conditions:  separation voltage 1400 V, pinched injection 

time 15 s, detection voltage 0.8 V. 

 

4.1.2.6 Influence of the PAD wave form 

 

The amperometric detection of carbohydrates and thiol 

compounds at the gold electrode at constant electrode potential was not inadequate, 

because adsorbed reaction products and/or oxide films accumulated at the electrode 

surface.  Pulsed amperometric detection (PAD), in which a three-potential waveform 

is applied to the working electrode, can overcome this problem by ensuring each 

detection step is performed on a fresh electrode surface. Since these potentials directly 

affect the sensitivity, detection limit, and stability, the effect of the PAD waveform on 

the response of the analytes, measured in terms of the peak current, was investigated. 

The effect of detection potential on the peak current (hydrodynamic voltammograms) 

during glucose detection was examined (Figures 4.10 and 4.12).  
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Figure 4.9   Electropherograms of glucose separation using various cleaning 

potentials (Eoxd) between 1.1 V and 1.6 V. Experimental conditions:  

separation potential 1400 V, pinched injection time 15 s, BGE 20 mM 

boric acid with 20 mM SDS (pH 9.0). 

 

The effects of the potential used to clean the electrode 

(oxidation potential) and the potential used to reconstruct the surface (reduction 

potential) were also studied via hydrodynamic voltammetry. Based on these 

experiments, 1.6 was selected as the cleaning potential, and -0.5 V was selected as the 

reconstruction potential. At these potentials, the maximum signal magnitude and 

stability were obtained (Figures 4.9 and 4.11). 
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Figure 4.10   Hydrodynamic voltammograms of peak current during the 

electrophoretic separation of 500 µM glucose (�), homocysteine (�), 

glutathione (�), and cysteine (�) at various cleaning potentials (Eoxd) 

between 1.1 V and 1.6 V. (Same experimental conditions as Figure 4.7) 
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Figure 4.11  Electropherograms for the separation of glucose at various detection 

potentials (Edet) between 0.1 V and 0.9 V. Experimental conditions:  

separation potential 1400 V, pinched injection time15 s, BGE 20 mM 

boric acid with 20 mM SDS (pH 9.0). 
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Figure 4.12   Hydrodynamic voltammograms of peak current during the 

electrophoretic separation of 500 µM glucose(�), homocysteine (�), 

glutathione (�), and cysteine (�)  at various detection potentials (Edet) 

between 0.1 V and 0.9 V. (Same experimental conditions  as Figure 4.9.) 

 

 

Table 4.1 PAD parameters for the detection of glucose and thiol compounds 

 

 Potential applied (V) Time (ms) 

Oxidation + 1.6 0.05 

Reduction -0.5 0.025 

Detection 0.6 0.15 

  

Experimental conditions: separation potential 1400 V, pinched injection time15 s, 

BGE 20 mM boric acid with 20 mM SDS (pH 9.0). 
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4.1.2.7 Linear range and detection limit 

 

Using the optimal conditions for separation (BGE 20 mM 

boric acid (pH 9.0), separation potential 1400 V, and injection time 15 s) and the 

optimized PAD waveform (Table 4.1), glucose and thiol compounds were separated 

and detected within 80 s (Figure 4.17). Under these conditions, linear relationships 

between concentration and peak current were observed for homocysteine, glucose, 

and glutathione.  The LODs were also measured for glucose (3.8 nM),  homocysteine 

(2 nM), cysteine (2 nM), and glutathione (1 pM). The analytical parameters 

(regression equation, corresponding correlation coefficient, linear range, LOD, and 

sensitivity) for each compound are summarized in Table 4.2. 
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Figure 4.13  Linear relationships between peak currents and concentration for a) 

glucose from 0.25 – 62.5 µM, homocysteine from c) 61 – 3900 nM and 

d) 15.6 – 500 µM, and glutathione from e) 1- 400 pM and f) 15 – 500 

nM. Experimental conditions: separation potential 1400 V, pinched 

injection time 15 s, BGE 20 mM boric acid with 20 mM SDS (pH 9.0). 
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Figure 4.14 Electropherogram for the separation of 1 pM glutathione on a PDMS 

microchip. Experimental conditions: separation potential 1400 V, 

pinched injection time 15 s, BGE 20 mM boric acid with 20 mM SDS 

(pH 9.0). 
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Figure 4.15 Electropherogram for the separation of 2 nM homocysteine and 4 nM 

cystine on a PDMS microchip. Experimental conditions: separation 

potential 1400 V, pinched injection time 15 s; BGE 20 mM boric acid 

with 20 mM SDS (pH 9.0). 
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Figure 4.16 Electropherogram for the separation of 3.8 nM glucose on a PDMS 

microchip. Experimental conditions: separation potential 1400 V, 

pinched injection time 15 s, BGE 20 mM boric acid with 20 mM SDS 

(pH 9.0). 

 

4.1.2.8 Precision and accuracy 

 

The precision of this MEC-EC method was evaluated by 

comparing the responses (Ip and tM) of 20 consecutive separations of a mixture of 

glucose and thiol compounds (100 µM each) under the selected optimal conditions. 

The RSDs of the responses and migration times were less than 6 and 2%, respectively 

(data not shown). 
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4.1.2.9 Application 

 

4.1.2.9.1 Determination of glucose and thiol compounds in 

plasma samples 

 

As mentioned in the introduction, most thiols are 

present in human plasma as oxidized species, and thus, accurate measurement of thiol 

concentration in plasma requires disulfide bond reduction. In this work, TCEP was 

employed as the necessary reducing agent. The concentration of TCEP was modified 

to optimized reduction potential (data not show). The established optimal conditions  

(BGE containing 2.5 mM TCEP and 20 mM SDS in 20 mM boric acid buffer (pH 

9.0), separation potential 1400 V, pinched injection time 15 s) were adopted for the 

analysis of thiols in human plasma. An electropherogram of the separation of blank 

plasma spiked with 100 µM glucose and selected thiol compounds under the optimal 

conditions is given in Figure 4.17.  

 

The applicability of the developed MEC-EC method to 

real human plasma samples was tested.  A representative electropherogram is show in 

Figure 4.18a. The sample was subsequently spiked with 250 µM glucose and 

glutathione to confirm the identities of the glucose and glutathione peaks (Figure 

4.18b).  Good resolution of glucose and glutathione was achieved. 
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Figure 4.17  Electropherogram corresponding to the separation of a mixture of 2.5 

mM TCEP, 100 µM homocysteine, 100 µM glucose, and 100 µM 

glutathione. Experimental conditions: separation potential 1400 V, 

pinched injection time 15 s, BGE 20 mM boric acid (pH 9.0) with 20 

mM SDS and 2.5 mM TCEP. 
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Figure 4.18  Electropherogram of the separation of glucose and thiol compounds in 

human plasma. (a) Human plasma sample. (b) Human plasma sample 

spiked with 250 µM glucose and glutathione. Experimental conditions: 

separation potential1400 V, pinched injection time 15 s, BGE 20 mM 

boric acid (pH 9.0) with 20 mM SDS and 2.5 mM TCEP. 



83 

 

4.2 Polyelectrolyte coatings for PDMS microchip electrophoresis 

 

The effect of layer-by-layer polyelectrolyte multilayer (PEM) coatings on the 

velocity and direction of electroosmotic flow (EOF) and on the separation efficiency 

of poly(dimethylsiloxane) (PDMS) microchips was studied using different polymer 

structures and deposition conditions.  EOF was measured as a function of polymer 

structure and number of layers. In one set of experiments, the same anionic polymer 

was used while the cationic polymer was varied.  In another set of experiments, the 

same cationic polymer was used while the anionic polymer was varied.  In cases, the 

direction of EOF reversed with each additional layer of polymer deposited.  The EOF 

magnitude, however, did not vary significantly with the number of layers or the 

polyelectrolyte composition.  Next, different PEM coatings were compared in terms 

of the separation efficiencies of the corresponding PDMS microchips. For native, 

uncoated PDMS microchips, the average separation efficiency was 4105 ± 1540 

theoretical plates. The addition of two layers of polyelectrolyte increased the 

separation efficiency anywhere from 2- to 5-fold, depending on the polymer used. A 

maximum separation efficiency of 12,880 ± 1050 theoretical plates was achieved for a 

six total layer coating of polybrene (cationic) and dextran sulfate polymers. The use of 

polyelectrolyte coatings generated consistent EOF irrespective of the polymer 

structure and improved separation efficiency compared to unmodified PDMS 

microchips. 

 

4.2.1 Polymer coatings 

 

Surface modification with PEMs is attractive because of the wide 

variety of chemistries available for controlling surface properties.  In this study, five 

different polymers, including primary (PAH), secondary (PEI), tertiary (PEI), and 

quaternary (PB) amines, and both strong (DS, sulfate) and weak (PAA, carboxylic 

acid) anions (see Figure 4.19), were studied in an effort to understand how differences 

in polymer chemistry impact overall separation performance.   
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Figure 4.19 Polyelectrolyte structures: (A) poly(allylamine)hydrochloride, PAH (B) 

poly(ethyleneimine), PEI (C) polybrene, PB (D) poly(acrylic acid), PAA 

(E), dextran sulfate, DS. 

 

4.2.2 Effect of polymer coatings 

 

The effect of polymer chemistry on surface charge and EOF 

reproducibility was investigated first.  Two set of experiments were performed, one in 

which the anionic polymer was held constant while the cationic polymer was varied 

and another in which the cationic polymer was held constant while the anionic 

polymer was varied.  In the former set, EOF was measured as a function of number of 

layers, up to 10 layers, for PEMs containing one of the cationic polyelectrolytes, 

polybrene (PB), poly(ethyleneimine) (PEI), or poly(allylamine hydrochloride) (PAH), 

and the anionic polyelectrolyte poly(acrylic acid) (PAA) (Figure 4.20).  In the latter 

set, EOF was similarly measured as a function of number of PEM layers, up to 10 

layers, for both anionic polyelectrolytes and with PEI as the cationic polymer (Figure 

4.21).  For odd numbers of layers, the topmost layer was cationic, while for even 

numbers of layers, the topmost layer was anionic, and the reversal of EOF was 

observed with the addition of each subsequent layer, as anticipated.  When a 

positively charged polyelectrolyte was the topmost layer adsorbed, EOF was the 
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opposite of the desired direction, and when a negatively charged polyelectrolyte was 

the topmost layer adsorbed EOF was in the normal direction (Figures 4.18 and 4.19).  

Notably, the magnitude of the EOF values, while variable for low numbers of layers, 

became relatively constant for higher numbers of layers. For example, the standard 

deviation for all single layer data was 2.9 x10
-5

 cm
2
V

-1
s

-1
 was significantly larger than 

those of the five layer (1.44 x10 
-5

 cm
2
V

-1
s

-1
) and the ten layer (1.11 x10 

-5
 cm

2
V

-1
s

-1
) 

data. This trend was consistent between the two sets of experiments and among films 

deposited in either the absence or the presence of NaCl. The variability in EOF 

observed in films composed from a low number of layers was most likely attributable 

to variations in film structure and to incomplete surface coverage. As the films were 

thickened, the overall consistency of the films improved, and the surface charge 

became more consistent. This data also suggested that a maximum surface charge 

density exists when these polymers are deposited on PDMS, and this conclusion was 

consistent with observations of similar PEM films on other substrates [63, 71]. 

 

The application of NaCl during the polyelectrolyte coating step is 

known to increase film thickness [45, 183].  Nevertheless, no statistically significant 

difference in EOF was observed between polyelectrolyte coatings formed in the 

presence (0.5 M NaCl) or the absence of salt.  The adsorption of polyelectrolytes onto 

a surface of opposite charge is an ion exchange phenomenon in which small salt 

counter ions are replaced by the polymeric ions, thereby maintaining negation of the 

surface charge.  As previously reported [184], deposition with low-concentration salt 

solutions increases the efficiency of polyelectrolytes binding to the surface charge.  In 

the present example, the presence of salt in the deposition solution led to a slight 

reduction in the average EOF (3.40 x 10
-5 

± 1.32 x 10
-5

 cm
2
V

-1
s

-1
) compared to those 

of films deposited without salt, but the difference was not statistically significant.  

The slight reduction in EOF was most likely the result of the salt partially offsetting 

the charged groups of the PEM layer [184].  Because the presence or absence of salt 

had an insignificant effect on EOF, all additional coating experiments were performed 

in the absence of NaCl. 
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Figure 4.20 Electroosmotic flow as a function of number of layers deposited for 

different polyelectrolyte coatings: 3% PB/PAA, 3% PB/PAA with 0.5 

M NaCl, 3% PEI/PAA, 3% PEI/PAA with 0.5 M NaCl, 3% PAH/PAA, 

3% PAH/PAA with 0.5 M NaCl.  EOF was measured with phosphate 

buffer (pH 7.0). 
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Figure 4.21 Electroosmotic flow as a function of number of layers deposited for 

different polyelectrolyte coatings: 3% PEI/PAA, 3% PEI/PAA with 0.5 

M NaCl, 3% PEI/DS, 3% PEI/DS with 0.5 M NaCl. EOF was measured 

with phosphate buffer (pH 7.0). 
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4.2.3 Effect of polymer-coated PDMS on separation efficiency 

 

 In addition to measuring EOF, separation efficiency was also 

measured as functions of film composition and thickness using LIF detection. In all 

cases, the addition of PEMs significantly improved separation efficiency. Separation 

efficiency was assessed by separating sample solutions containing FTPD using a 

native PDMS device and a set of devices each modified with a six-layer coating of 

one of the PEMs tested (Figure 4.22). 

 

 

 

Figure 4.22 Comparison of electropherograms of FTPD separations using (from top 

to bottom) native PDMS device and devices with six-layer coatings of 

either PEI/PAA, PAH/PAA, or PB/DS. 
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4.2.4 Effect of different polymer coatings on separation efficiency 

 

Separation efficiency was measured as a function of even numbers of 

polyelectrolyte layers (up to six layers) for three different coating combinations, 

PB/DS, PEI/PAA, and PAH/PAA (Figure 4.23).  For each polyelectrolyte 

combination, there was a specific number of layers for which the number of 

theoretical plates (N) reached a maximum value.  For PB/DS, six layers maximized 

separation efficiency (N = 12,883 plates), for PEI/PAA, six layers maximized 

separation efficiency (N = 11,402 plates), and for PAH/PAA four layers maximized 

separation efficiency (N = 11,912 plates).  These values represented 2- to 6-fold 

improvements in maximal separation efficiency compared to that of the uncoated 

PDMS system. PB/DS demonstrated the highest separation efficiency, while 

PAH/PAA reached maximum separation efficiency with only four layers.  The 

observed improvement in separation efficiency was most likely attributable to the 

increased hydrophilicity of channel walls, thereby decreasing analyte-wall 

interactions. 
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Figure 4.23 Number of theoretical plates (N) as a function of layer number. A) 

PB/DS alternating layers. B) PEI/PAA alternating layers. C) PAH/PAA 

alternating layers. 

 

4.3 Thermoset polyester microchip electrophoresis/electrochemistry 

 

4.3.1 Electrochemical characteristics of microchip devices 

 

As previously mentioned in section 4.1.1, the microchip CE (MCE) 

systems designed were characterized using amperometric detection techniques. 

Dopamine and catechol were chosen as standard analytes to demonstrate the 

microchip CE systems’ performance. TPE-based microchip CE devices were 

constructed and used to separate a solution of 100 µM dopamine and 100 µM catechol 

(Figure 4.24).  The migration times of dopamine and catechol were 36 and 48 s, 
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respectively. Separation was performed using 20 mM TES (pH 7.2) as the background 

electrolyte (BGE), and the separation potential was set to 1100 V with a 15 s 

injection. Baseline resolution of two compounds was observed, and Figure 4.22, was a 

typical example of the performance of the TPE microchip CE systems. 

 

 

 

Figure 4.24  Electropherogram of the separation of 100 µM dopamine and 100 µM 

catechol on a TPE microchip. Experimental conditions: separation 

potential 1200 V, pinched injection time 15 s, BGE 20 mM TES (pH 

7.2). 

 

4.3.2 Stability study 

 

The EOF values of an uncoated, native TPE device were measured 

over 18 days (Figure 4.25) with the chips stored in water between experiments.  No 

statistical decrease in EOF was observed over the first four days.  Between days 4 and 

18, however, a 55% decrease in EOF from 4.85 ± 0.57 to 2.16 ± 0.53 x 10
-4

 cm
2
/V�s 

(n = 5) was observed. Similar trends in EOF values were measured for microchips 

stored in air. Next, EOF values were measured for plasma-oxidized microchips over a 
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period of 11 days. The EOF of plasma-treated TPE devices was higher and more 

stable over time than unmodified TPE (Figure 4.23). 

 

 

 

Figure 4.25 Day-to-day EOF stability of TPE microchips. EOF measurements are 

given for native TPE devices over an 18-day period(�) and for plasma-

treated TPE devices over an 11 day period (�). EOF was determined 

using the current-monitoring method. Experimental conditions: applied 

field strength 200 V/cm, BGEs 20 mM phosphate (high ionic strength), 

and 18 mM phosphate (low ionic strength). 

 

4.3.3 Effect of pH 

 

The EOF values for MEC devices fabricated from untreated PDMS, 

untreated TPE, and plasma-oxidized TPE were measured as a function of pH and 

compared (Figure 4.26). Comparing untreated TPE and PDMS microchips, the EOF 

values corresponding to the TPE devices were on average 22% higher and were more 

stable across all pH values examined. The EOF values of the plasma oxidized TPE 
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devices were 5.13 ± 0.34, 5.56 ± 0.22, and 5.61 ± 0.35 x 10
-4

 cm
2
/V�s (n = 5) for pH 

4, 7, and 10, respectively, a 38% increase in EOF over PDMS and a 21% increase 

over native TPE, representing a 38% increase in EOF over PDMS and a 21% increase 

over untreated TPE. Chip-to-chip reproducibility of the TPE microchips was also 

established. The RSDs of EOF measurements from five chips were 2.7, 5.1, and 7.1% 

for pH 4, 7, and 10, respectively. Furthermore, small changes in the volume or mass 

of TPE components had little to no effect on the EOF. The stability of the EOF as a 

function of time for both untreated and plasma-oxidized TPE was much better than 

that of PDMS microchips and was similar to those of PMMA and PC [185]. The 

comparison with PDMS is more relevant, however, because TPE and PDMS devices 

are fabricated using similar methods. PDMS lacks stability, because hydrophobic, 

low-molecular weight oligomers diffuse to the surface over time [186-188]. TPE lacks 

this instability.  It is denser, and its starting materials are less hydrophobic. Plasma 

treatment presumably modifies the TPE surface enough to separate reactive acids and 

alcohols. The exact chemical mechanisms by which stabilization is enhanced are 

currently under investigation. 
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Figure 4.26  EOF measured for five microchips made at different times from different 

batches of TPE. Each chip was run multiple times at different pH values 

(4, 7, and 10) to determine the effect of pH effect on reproducibility. 

Other experimental parameters are identical to those described in Figure 

4.22. 

 

4.3.4 Effects of polymer coating  

 

PEM coatings provide a method for controlling the surface chemistry 

of microchip devices [72, 189]. PEM coatings have been shown to be beneficial when 

working with PDMS microchips, because these coatings increase the EOF, surface 

stability, and hydrophilicity of the resulting devices. EOF values were measured for 

untreated TPE, TPE coated with PB, and TPE coated with a bilayer of PB and DS 

over a range of pH values from 3 to 10 (Figure 4.27). The EOF of the untreated TPE 

microchip was consistent across the entire pH range tested with a flow value of (4.08 

± 0.31) × 10
-4

 cm
2
V

–1
�s

–1
 (n = 10). Addition of the PB cationic layer to the TPE 

surface not only reversed the flow as expected, but also significantly reduced the 
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magnitude of the EOF.  Values for the EOF of the PB-treated TPE devices in 

phosphate buffer at the same pH values ranged from -2.69 × 10
-4

 to -1.51 × 10
-4

 

cm
2
V

–1
�s

–1
 (n = 3). Addition of an anionic DS layer to the PB-coated surface resulted 

in EOF magnitudes similar to those of untreated TPE. EOF values between (2.58 ± 

0.43) × 10
-4

 and (4.34 ± 0.83) × 10
-4

 cm
2
V

–1
�s

–1
 were observed for the pH 3 – 10 

range.  

  

Control of surface chemistry through application of a simple and 

effective PEM coating will allow TPE microchips to be used in a variety of ways. 

PEM coatings may be used to reverse, reduce, or even eliminate EOF. Reversal of 

EOF is useful in the separation of anionic species because the flow direction parallels 

anion migration, allowing for a shorter separation time and greater separation 

efficiency, which is to the result of the narrower analyte peaks from reduced 

diffusion. Another benefit of adsorbed PEM coatings is that no additional PEs, such 

as surfactants, need to be added to the BGE as is the case with dynamic coatings. 

Instead, as expected, the polyelectrolytes are strongly bonded to the channel surfaces 

through electrostatic interactions. 
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Figure 4.27  EOF values of untreated TPE (�) modified with a single layer of PB 

(anionic polyelectrolyte) (�) or a double layer of DS (cationic 

polyelectrolyte) and PB (�) for pH values between 3 and 10. Other 

experiment parameters are identical to those described in Figure 4.22. 

 

4.3.5 Microchip characterization and separation efficiency study 

 

Dopamine, catechol, and ascorbic acid were chosen as model analytes 

for the characterization of TPE microfluidic devices.  This choice of compounds 

allowed for a direct performance comparison with the PDMS microchips.  Solutions 

of 1 µM dopamine, 1 µM catechol, and 1 µM ascorbic acid were separated using TPE 

and PDMS microchips (Figure 4.28). Peak tailing and peak width were dramatically 

decreased with TPE devices compared to PDMS devices. The dopamine and catechol 

peaks had skew values of 3.2 and 3.8, respectively, when separated with the PDMS 

microchip but had skew values of only 1.2 and 1.3, respectively, when separated with 

the TPE devices. The larger peak skew values might have been attributable to analyte 

adsorption onto the hydrophobic surface of the PDMS substrate and/or heterogeneous 
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EOF caused by inhomogeneous surface charge.  The exact mechanism, however, 

could not be determined.   

 

The separation efficiencies of the TPE devices are eight-fold higher 

than those of the PDMS devices (Figure 4.29). With TPE devices, separation 

efficiencies of 49,000  2,600, 148,000 ± 4500, and 295,000 ± 12,000 N/m 

(corresponding to 2,940, 8,880, and 17,700 N, respectively) were observed for 

dopamine, catechol, and ascorbic acid separations, respectively.  The respective 

values for separation with the PDMS devices were 18,000 ± 1,200, 24,000 ± 1,400, 

and 42,000 ± 2,100 N/m (corresponding to 1,040, 1,440, and 2,520 N, respectively). 

The higher separation efficiencies observed with the TPE devices can be attributed to 

the increased hydrophilicity of the TPE surface, the increased surface-charge stability, 

and the lack of hydrophobic recovery over time. The increased efficiency allows for a 

complete baseline-resolved separation of all three analytes with the TPE device.  

Furthermore, complete separation is achieved even before dopamine is isolated with 

the PDMS device. The higher separation efficiencies, better peak skews, and faster 

EOFs observed for the TPE microchips will allow for faster and better-resolved 

separation of complex samples. 
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Figure 4.28  Example electropherograms of the separation of 1 µM dopamine, 1 

µM catechol, and 1 µM ascorbic acid with a TPE microchip (top) and 

with a PDMS microchip (bottom). Experimental conditions: applied 

field strengths were 300 and 200 V/cm for the TPE and PDMS 

microchips, respectively, pinched injection time 15 s, BGE 20 mM 

TES pH (7.0). 
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Figure 4.29  Efficiencies of separation of a solution containing 1 µM dopamine, 1 

µM catechol, and 1 µM ascorbic acid with identical TPE (left) and 

PDMS (right) microchips. 

 

4.3.6 Effect of field strength 

 

The effects of applied field strength on migration time and peak shape 

were investigated. The separation of dopamine, catechol, and ascorbic acid with a 

TPE microchip using 20 mM TES (pH 7.0) running buffer was assessed as a function 

of separation potential (Figure 4.30). As expected, increasing the field strength 

decreased migration times. Comparing TPE and PDMS microchips, migration times 

were reduced by 31% with TPE microchips when tested at the same field strengths 

and were reduced by 58% when tested at the higher field strengths that are 

impermissible with the PDMS microchips. In our experiments, TPE was able to 

handle higher field strengths than PDMS without generating bubbles or destroying the 

microchip’s bulk material. The maximum field strength used with the TPE devices 

before failure was 366 V/cm (2,200 V). The exact reason why TPE permits higher 
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applied fields was not determined, but this kind of property is generally attributable to 

improved heat transfer within the substrate material.  The optimal separation potential 

was determined to be 266 V/cm (1,600 V), because it offered the fastest separation 

without sacrificing peak height. 

 

 

 

 

Figure 4.30  Separation of a solution of 1 µM dopamine, 1 µM catechol, and 1 µM 

ascorbic acid with a TPE microchip using a variety of separation 

potentials. The optimal separation potential was determined to be 266 

V/cm (1600 V). Experimental conditions: pinched injection time 15 s, 

BGE 20 mM TES pH (7.0). 

 

4.3.7 Compatibility of TPE for the detection of carbohydrates and thiols 

 

As a final test of the compatibility of TPE with MCE-EC applications, 

PAD detection of carbohydrates and thiols was performed. A solution containing 50 

µM homocysteine, 50 µM cysteine, and 50 µM glutathione was chosen as a model 

analyte. Direct detection has the potential to simplify the quantification of these 

biologically important compounds. A typical electropherogram from the separation of 

these three analytes is shown in Figure 4.31. The separation was performed using 20 
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mM boric acid (pH 9.4) with 2.5 mM TCEP as the BGE at an applied field strength of 

233 V/cm and with a 15 s injection. TCEP was added to the buffer to ensure the thiol 

functionalities remained in their reduced state and were not autooxidized to form 

disulfides. Baseline resolution of all three analytes was observed. These results 

demonstrate the compatibility of the more general PAD mode with TPE microchips. 

 

 

 

Figure 4.31 Electropherogram of the separation of 50 µM homocysteine, 50 µM 

glutathione, and 50 µM cysteine with a TPE microchip. Experimental 

conditions: applied field strength  266 V/cm, pinched injection time 15 s, 

BGE 20 mM boric acid (pH 9.4) with 2.5 mM TCEP.
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CHAPTER V 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The primary aim of this dissertation was to develop an analytical device 

based on microchip CE with electrochemical detection for biomedical applications. 

First, a poly(dimethyl siloxane) (PDMS) MCE-EC device was constructed that was 

capable of separating carbohydrate and thiol compounds in human plasma samples. 

Second, PDMS MCE-EC devices were coated with several different cationic and 

anionic multilayer coatings, and the effects of these modifications on flow control and 

separation efficiency were also studied.  Finally, TPE MCE-EC devices were 

fabricated and proven to be efficacious for the first time.  Untreated and polymer-

modified TPE were studied to compare these materials’ surface stabilities and EOFs.  

Both amperometric detection and pulsed amperometric detection (PAD) were 

employed to demonstrate the compatibility of TPE with different electrochemical 

detection methods. 

 

A new method for the simple, portable, rapid, and inexpensive analysis of 

carbohydrate and thiol compounds in human plasma using microchip capillary 

electrophoresis with electrochemical detection was developed. Electrochemical 

detection coupled with microchip CE enabled selective and sensitive detection of 

electroactive analytes and simplified the electropherograms. Analysis required very 

small samples, produced negligible waste, and was relatively rapid and simple. The 

devices’ detection limits were very low, and the devices were sufficiently sensitive 

over the relevant concentration ranges for carbohydrate and thiol compounds in most 

biological samples. The precision of quantitative analysis was satisfactory.  In 

addition, the whole procedure can be easily automated. 

 

Surface modification of PDMS with layer-by-layer polyelectrolyte multilayer 

coatings stabilized EOF in these microchips and also enhanced separation efficiency.  

For all systems studied, a consistent EOF of 1.13 (±0.45) x 10
-4

 cm
2
V

-1
s

-1
 was 

observed for all devices coated with four or more polyelectrolyte layers, suggesting 

that it may be possible to vary the coating chemistry to affect separation without 

substantially altering EOF. In addition, PEMs significantly improved separation 
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efficiency in all systems tested. For PAH/PAA PEMs, the separation efficiency 

increased most rapidly and exhibited a maximum value after deposition of only four 

layers. The other two systems tested reached similar separation efficiencies, but only 

after six layers of coating had been deposited. In summary, PEMs provided a means 

to control EOF and enhance the separation efficiency of PDMS microchips. 

 

Finally, the ability of TPE to serve as a substrate material for MCE-EC 

devices that perform the separation of several analytes was demonstrated.  Compared 

to PDMS, the EOF values for TPE microchips were more stable over a wide range of 

pH values and over a longer period of time. Chip-to-chip reproducibility of these 

devices was also shown to be very good.  The enhanced separation efficiencies of 

TPE-based microchips compared to those of other chips suggested that increasingly 

complex samples may be studied using chips made from this material. 

 

Future work will focus on the development of microchip CE-EC-based 

methods for measuring other biologically important compounds in vivo. 
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