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ABSTRACT 

 

 

MICROCHIP CAPILLARY ELECTROPHORESIS: IMPROVEMENTS USING DETECTION 

GEOMETRY, ON-LINE PRECONCENTRATION AND SURFACE MODIFICATION 

 

Capillary electrophoresis and related microfluidic technologies have been utilized with 

great success for a variety of bioanalytical applications. Microchip capillary electrophoresis 

(MCE) has the advantages of decreased analysis time, integrated sample processing, high 

portability, high throughput, minimal reagent consumption, and low analysis cost. This thesis 

will focus on the optimization of our previous microchip capillary electrophoresis coupled 

electrochemical detection (MCE-ECD) design for improved separation and detection 

performance using detection geometry, on-line preconcentration and surface modification. 

The first effort to improve detection sensitivity and limits of detection (LODs) of our previous 

MCE-ECD system is established by an implementation of a capillary expansion (bubble cell) at 

the detection zone. Bubble cell widths were varied from 1× to 10× the separation channel width 

(50 μm) to investigate the effects of electrode surface area on detection sensitivity, LOD, and 

separation efficiency. Improved detection sensitivity and decreased LODs were obtained with 

increased bubble cell width, and LODs of dopamine and catechol detected in a 5× bubble cell 

were 25 nM and 50 nM respectively. In addition, fluorescent imaging results demonstrate ~8% to 

~12% loss in separation efficiency in 4× and 5× bubble cell, respectively. Another effort for 

enhancing detection sensitivity and reducing LODs involves using field amplified sample 

injection and field amplified sample stacking. Stacking effects were shown for both methods 

using DC amperometric and pulsed amperometric detections. Decreased LODs of dopamine 

were achieved using both on-line sample preconcentration methods. 
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The use of mixed surfactants to affect electroosmotic flow (EOF) and alter separation 

selectivity for electrophoretic separations in poly(dimethylsiloxane) (PDMS) is also presented in 

this thesis. First the effect of surfactant concentration on EOF was studied using the current 

monitoring method for a single anionic surfactant (sodium dodecyl sulfate, SDS), a single 

zwitterionic surfactant (N-tetradecylammonium-N,N-dimethyl-3-ammonio-1-propane sulfonate, 

TDAPS), and a mixed ionic/zwitterionic surfactant system (SDS/TDAPS). SDS increases the 

EOF as reported previously while TDAPS shows an initial increase in EOF followed by a 

reduction in EOF at higher concentrations. The addition of TDAPS to a solution containing SDS 

makes the EOF decrease in a concentration dependent manner. The mixed SDS/TDAPS 

surfactant system allows tuning of the EOF across a range of pH and concentration conditions. 

After establishing EOF behavior, the adsorption/desorption rates were measured and show a 

slower adsorption/desorption rate for TDAPS than SDS. Next, capacitively coupled contactless 

conductivity detection (C
4
D) is introduced for EOF measurements on PDMS microchips as an 

alternative to the current monitoring method to improve measurement reproducibility. EOF 

measurements as a function of the surfactant concentration were performed simultaneously using 

both methods for three nonionic surfactants, (polyoxyethylene (20) sorbitan monolaurate (Tween 

20), polyoxyethylene octyl phenyl ether (Triton X-100), polyethylene glycol, (PEG 400)), mixed 

ionic/nonionic surfactant systems (SDS/Tween 20, SDS/Triton X-100, and SDS/PEG 400) and 

mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20, TDAPS/Triton X-100, and 

TDAPS/PEG 400). EOF for the nonionic surfactants decreases with increasing surfactant 

concentration. The addition of SDS or TDAPS to a nonionic surfactant increases EOF relative to 

the pure nonionic surfactant. Next, separation and electrochemical detection of two groups of 

model analytes were explored using mixed surfactant systems. Similar analyte resolution with 
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greater peak heights was achieved with mixed surfactant systems relative to the single surfactant 

system. Finally, the utility of mixed surfactant systems to achieve improved separation chemistry 

of biologically relevant compounds in complex sample matrixes was demonstrated in two 

applications, which include the detection of catecholamine release from rat pheochromocytoma 

(PC12) cells by stimulation with 80 mM K
+
 and the detection of reduced glutathione (GSH) in 

red blood cells (RBCs) exposed to fly ash suspension as a model environmental oxidant. 
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CHAPTER 1.  INTRODUCTION  

 

 

1.1 DISSERTATION OVERVIEW 

Microchip capillary electrophoresis (MCE) has been established as an important sub-

section of traditional capillary electrophoresis (CE) and has found widespread use in academic 

laboratories and more recently in commercial products.
1-3

 MCE has the advantages of decreased 

analysis time (seconds time scale), integrated sample processing, high portability, high 

throughput, minimal reagent consumption (pL injection volumes), and low analysis cost, which 

make it an attractive separation method, especially for point-of-care applications.
4-6

 However, 

one major limitation of CE and also MCE analyses is the poor concentration sensitivity caused 

by the limited volume of injected samples and the low absorption path-length if UV detection is 

used. Moreover, while MCE provides fast separations, the short separation channels make 

resolving multiple compounds challenging. 

Our ultimate goal is to develop a lab-on-a-chip device for direct, sensitive detection of 

multiple redox markers with highly efficient separation, which has the potential to be used for 

metabolic profiling. The focus of the research contained within this dissertation was on the 

optimization of our previous microchip capillary electrophoresis coupled electrochemical 

detection (MCE-ECD) design for improved separation and detection performance by using 

detection geometry, on-line preconcentration and mixed surfactant pseudo-stationary phase. The 

first part of this thesis focuses on the use of a bubble cell to improve detection sensitivity and 

LODs (Chapter 2). Bubble cell widths were varied from 1× to 10× the separation channel width 

(50 μm) and the effects of electrode surface area on detection sensitivity and LODs were 
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characterized using DC amperometry for the detection of model analytes. The impact of bubble 

cell widths on separation efficiency was examined using fluorescence imaging. The second part 

focuses on the use of two on-line sample preconcentration techniques for further enhancing 

detection sensitivity and reducing LODs. Stacking effects are demonstrated in chapter 3 for both 

FASI (for gated injection) and FASS (for hydrodynamic injection) methods using DC 

amperometric detection and PAD. The third and final part of this project was to explore the 

electroosmotic flow (EOF) and separation behavior of representative anionic, zwitterionic and 

non-ionic surfactants and the different combinations of these surfactants using PDMS 

microchips. EOF measurements were performed as a function of the surfactant concentration 

using both current monitoring and capacitively coupled contactless conductivity detection (C
4
D) 

methods (Chapter 4). Next, separation and electrochemical detection of two groups of model 

analytes were performed using the mixed surfactant systems and are discussed in chapter 5. 

Expanded ability to control EOF and enhanced peak heights and/or analyte resolution was 

achieved in some mixed surfactants relative to single surfactants. Following these, in the same 

chapter, catecholamine release from rat pheochromocytoma (PC12) cells by stimulation with 80 

mM K
+
 and detection of reduced glutathione (GSH) in red blood cells (RBCs) exposed to fly ash 

suspension as a model environmental oxidant using mixed surfactant background electrolytes 

was studied to demonstrate the ability for improved separation chemistry of biologically relevant 

compounds in complex sample matrixes.  

 The rest of this chapter serves as a cursory introduction to these topics and the impetus 

behind research presented in this thesis. More in depth discussions of specific topics and 

techniques are given in the following chapters. 
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1.2 CAPILLARY ELECTROPHORESIS 

 CE is an analytical technique that separates ions based on their electrophoretic mobility 

with the use of an applied voltage. In 1981 Jorgenson and Lukacs
7, 8

 first described the use of a 

fused silica capillary column and aqueous buffer to separate charged compounds, indicating the 

potential of CE as a new analytical separation technique. CE exhibits an ability to produce high 

resolution separation of both charged and non-charged molecules in short analysis time (minutes) 

while using very small sample and reagent volumes (μL). These attractive features make it both 

competitive and a good alternative to the traditional techniques such as high pressure liquid 

chromatography (HPLC) or gas chromatography (GC). 

 

1.2.1 Modes of CE 

 As a rapidly growing separation technique, CE has diverse application areas, including 

food analysis,
9, 10

 pharmaceutical analysis,
11, 12

 bioanalysis,
13

 and environmental pollutants 

analysis.
14, 15

 The versatility of CE is partially originated from its various modes of operation. 

Based on the separation mechanism, the main modes encompassed by CE can be classified as 

follows: capillary zone electrophoresis (CZE) (separating anlytes via their different 

electrophoretic mobilities)
7, 16, 17

 (Figure 1.1A), micellar electrokinetic chromatography (MEKC) 

(separation of compounds based on their partitioning between the background electrolyte (BGE) 

and the micelles that serve as a pseudo-stationary phase)
18, 19

 (Figure 1.1B), capillary gel 

electrophoresis (CGE) (the adaptation of traditional gel electrophoresis into the capillary using 

polymers in solution to create a molecular sieve),
20, 21

 capillary isoelectric focusing (CIEF) (a 

high-resolution technique for protein separation based on differences in isoelectric points (pI),
22

 

capillary isotachophoresis (CITP) (a “moving boundary” electrophoretic technique in which  
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Figure 1.1: (A) Capillary zone electrophoresis. The negatively charged silanols groups on 

capillary walls attract cations from buffer, creating an electric double layer. Once applying a 

voltage, an electroosmotic flow is created causing the bulk flow through the capillary. Based on 

their differing mobilities or velocities, all analytes are carried with buffer solutions towards the 

cathode, in a migration order of cations coming out first, anions the last, while all neutral 

compounds coelute with EOF without any resolution. (B) Micellar electrokinetic 

chromatography with anionic micelle.
23

 During separation, compounds are separated based upon 

their differing affinities for the micelles, which are formed by adding the surfactant to BGE 

above its critical micellar concentration. 
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sample components condense between leading and terminating constituents, producing a steady-

state migrating configuration composed of consecutive sample zones,
24

 and capillary 

electrochromatography (CEC) (an emerging hybrid separation technique that combined 

advantages of both electrophoretic and chromatographic processes for the separation of neutral 

compound mixtures in columns packed with a chromatographic stationary phase).
25, 26

 CZE is the 

most widely used mode because it is applicable to separations of both anions and cations, and 

from small ions to particles. The development of MEKC is a major advancement in CE because 

it has provided a method for separation of electrically neutral compounds. Schematic 

representations of the separation mechanism of CZE and MEKC
23

 are shown in Figure 1.1 since 

these two separation modes were used in the following work. 

 

1.2.2 Electroosmotic Flow and Electrophoretic Mobility 

 EOF plays a vital role in CE and in analytical methods in microfabricated devices based 

on electrophoresis.
27, 28

 EOF is generated at the surface-solution interface in a capillary or 

microfabricated channel, where an electrical double layer is formed by attracting the mobile 

cations from BGE to the negatively charges on the inner wall of the capillary.
16

 Once applying a 

voltage, the cations in the diffuse portion of double layer migrate towards the cathode, carrying 

water with them, and finally resulting in a net flow of bulk BGE moving to the same direction. 

Since the EOF is generally greater than the electrophoretic flow of analytes, all analytes are 

carried with BGE towards the cathode. In the case of the reversed surface charge of the capillary, 

anions associate with the capillary wall and the resulting EOF moves to the opposite way. The 

relative flat flow profile (Figure 1.2) for EOF results in high-efficiency separation with 

significantly less deleterious dispersive effects than the parabolic one encountered in HPLC, 



6 

 

which relies on high pressure pumps to induce flow.
8, 29-31

 The mobility of the EOF (μeof) is 

defined in equation 1.1, and is related to the zeta potential (ζ) (governed by the charge on the 

capillary surface) across the double layer, the viscosity (η) and the dielectric constant (ε) of the 

BGE as shown in equation 1.2. The magnitude of EOF will change due to changes in the 

chemical composition of the surface, changes in the pH and BGE composition, and changes in 

temperature.
29, 32-34

  

     
    

 
  (1.1) 

Here, veof is the linear velocity of EOF, and E is the electrical field strength. 

     
  

    
  (1.2) 

Here r is the capillary radius. 

In normal polarity CZE, charged analytes are separated in the BGE based upon their individual 

electrophoretic mobilities in an applied electrical field. The resulting analyte velocities in this 

field are described by equation 1.3 in which velocity (vep) is equal to the intrinsic electrophoretic 

mobility of an analyte (ep) multiplied by the field strength (E).  

    
 

 
         (1.3) 

Electrophoretic mobility (ep) is governed by the analyte’s charge (q) and frictional coefficient 

(ƒ) as defined by the Stokes equation (1.4). 

                     (1.4)   (1.4) 

This equation describes the frictional coefficient (ƒ) for a spherical particle having a 

hydrodynamic radius r in a solution of viscosity (η). 

In the presence of EOF, a new, apparent velocity (vapp) which is proportional to the sum of both  
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the electrophoretic (ep) and electroosmotic mobilities (eof) is observed and described in  

equation 1.5.  

                          (1.5) 

 

 

Figure 1.2 (A) Plug-like electroosmotic flow through a capillary. (B) Pressure induced parabolic 

flow through a capillary. 

 

1.2.3 EOF measurement methods 

Given the importance of EOF, accurate and precise methods for its measurement are 

useful. Many EOF measurement methods have been reported for CE and its microchip format.
35

 

The neutral marker method is the earliest reported method for measuring EOF in CE,
7, 36

 which 

relies on the injection of an electrically neutral compound followed by recording its migration 

time through capillaries. This method have no interaction with the electrolyte or the capillary 

wall and provides only an average EOF that cannot compensate for the effects of EOF changes 

during the measurement. As an alternative, the fluorescent marker method involves the 

introduction of a fluorescent agent downstream in the EOF direction and monitoring its 

movement at the end of the capillary.
37

 However, this method is less widely used due to the use 

of a bulky fluorescence detection system and the contamination possibility caused by fluorescent 

agent. The average EOF rate can also be measured by weighing the effluent from a capillary with 
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an analytical balance.
38, 39

 A potential difficulty with this method is the mass loss by evaporation; 

therefore, it is not available for operating in microchips because of less liquid mass transmitted 

by EOF. As the most widely used method, the current monitoring method measures the 

electrophoretic current change as an electrolyte of different ionic strength fills the capillary or 

channel (Figure 1.3).
40

 The time required to reach a steady state separation current can then be 

used to calculate EOF. Reported precision for average EOF rates measured by this method in CE 

and microchip CE ranges between 5% and 15%.
40-42

 Based on a similar measurement principle, 

conductivity detection monitors the change in bulk solution conductivity between two electrodes 

when an analyte band passes through the electrode gap.
43

 More reproducible EOF measurements 

(relative standard deviation (RSD) 1.9%) were reported using this method than the current 

monitoring method (RSD 5.9%) by Henry’s group.
44

 

 

 

Figure 1.3 Principle of electroosmotic mobility measurement of the channel wall with the 

current monitoring method.
42
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1.3 MCE-ECD 

 As the interest and use of MCE grows, several types of detection modes have been 

coupled with MCE to monitor analyte separation in these devices, including laser-induced 

fluorescence (LIF),
45, 46

 mass spectrometry (MS),
47, 48

 absorbance,
49

 electrochemical techniques
50, 

51
 and other methods.

52-54
 LIF is the most frequently used mode for MCE due to its inherent high 

sensitivity, low limits of detection (LODs), and relative ease of implementation with MCE 

system.
55-57

 However, most compounds are not naturally fluorescent and must be derivatized 

with a fluorophore to be detected by LIF, which increase the time and complexity of analysis. 

MS has also been employed as a detection mode for miniaturized devices. The primary 

advantage of coupling MS with microchip CE devices is increased throughput of samples.
62, 63 

Unfortunately, commercially available MS systems are costly, not inherently portable, and less 

sensitive than LIF.  

 Electrochemical detection (ECD) is an attractive alternative to optical detection for 

microfludic and lab-on-a-chip applications,
58-60

 because it not only offers detection limit 

comparable to fluorescence, but is also less expensive and complex.
61, 62

 There are several 

advantages of ECD over other detection modes, including the fact that many compounds can be 

detected without derivatization and the ability to miniaturize both the detector and control 

instrumentation. Microelectrodes can be fabricated directly onto the microchip device using 

common photolithographic techniques, producing a fully integrated system. Although 

microelectrodes generate extremely small currents, the background current is reduced even 

further, resulting in an increased signal-to-noise ratio and potentially better LODs.
63, 64

 

Furthermore, based on the electroactivity difference of analytes, ECD has the advantages of 

specificity through redox chemistry, and selectivity through potential control.
65, 66

 By increasing 
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the total number of working electrodes and thus the total number of applied detection potentials, 

MCE-ECD has the potential to meet the goal for increasing the amount of detected analytes in a 

single metabolic profiling analysis.
67

 

 Amperometry is the most extensively reported ECD method to be coupled with MCE due 

to its ease of operation and minimal background-current contributions.
2, 58-60

 It is accomplished 

by applying a constant potential to the working electrode (WE) and measuring the current as a 

function of time as shown in Figure 1.3A. In the conventional three-electrode setup, a reference 

and auxiliary electrode are also present. In some cases, only a working and counter electrode 

may be employed in a two-electrode configuration.
68

 The applied potential facilitates the redox 

reactions of the analytes, while the current output is directly proportional to the number of moles 

of analyte oxidized or reduced at the WE surface.
69

 The optimal potential can be selected by 

constructing a hydrodynamic voltammogram.
69

  However, one drawback to the use of 

amperometry is the fact that electrodes become fouled when they interact with analytes such as 

phenols, thiols or carbohydrates.
70-72

 The accumulation of absorbed carbonaceous material on the 

WE causes an unstable signal.
70, 72

 To overcome problems associated with electrode fouling 

without the need for electrode polishing or pretreatment, a potential waveform referred to as 

pulsed amperometric detection (PAD) is used (Figure 1.3B).
73-75

 In PAD, a larger positive 

potential is first applied to the WE, where an oxide layer is formed on the surface and any 

adsorbed organic material is simultaneously stripped off from the surface. Next, a reducing 

potential is applied to the WE to dissolve the oxide layer. This redox cycle serves to regenerate 

the clean, oxide-free noble metal (typically Pt or Au) surface. Finally, a third potential is applied 

for detection. PAD has been used in combination with HPLC, CE and MCE for quantification of  
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a wide number of analytes in various samples.
76-80

 In this thesis, MCE coupled with DC 

amperometry or PAD is employed to analyze the analyte of interest. 

 

 

Figure 1.4: ECD modes: (A) Amperometric detection, in which a constant potential is applied to 

the working electrode to facilitate the redox reactions of the analytes. (B) PAD, a potential 

waveform is applied to the working electrode. An oxidative cleaning potential (high positive) is 

followed by a reductive potential (negative) to regenerate the clean, oxide-free WE surface 

before a detection potential is applied to analyze the analyte of interest. 

 

 One major issue when utilizing amperometry detection with MCE is the isolation of the 

high-voltage separation field from the detection system since it would interfere with the 

detection system and harm the grounded potentiostat. Three different approaches, which are 

termed end-channel detection,
81-85

 in-channel detection,
86-89

 and off-channel detection,
90-93

 have 

been developed for this purpose and depicted in Figure 1.4. End-channel detection has been 

widely used in conventional and microchip CE,
81-85

 where the WE is placed tens of microns from 

the separation channel and the counter electrode is grounded and placed behind the WE. In this 
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configuration, the WE feels nearly ground potential since the resistance drops dramatically at the 

interface between the narrow separation channel and the big waste reservoir.
2
 However, this 

detection mode suffers from the poor separation efficiency due to serious band broadening and 

decreased detector response due to diffusion.
2
 Significant improvements in detection sensitivity 

can be achieved if the separation current is grounded before reaching the WE by either using in-

channel detection mode equipped with an electrically isolated potentiostat
86, 94

 or simply placing 

a decoupler in front of WE in the off-channel detection mode.
95, 96

 Our group has reported a 

sensitive detection of a wide range of analytes by incorporating a simple Pd microwire decoupler 

with Au pr Pt WEs into a MCE-ECD device.
67, 97, 98

 Recently, surface modification of the WEs 

with nanomaterials, such as carbon nanotubes (CNTs),
99-101

 gold nanoparticles,
102

 and 

nanowires,
103

 have been shown to be another way to improve detection sensitivity and LODs in 

MCE-ECD system. Significant improvements in the performance of MCE-ECD were observed 

using a carbon nanotube (CNT)-modified WE for the detection of several classes of hydrazine, 

phenol, purine, and amino acid compounds.
104

 The broad and significant catalytic activity 

exhibited by the CNT electrode indicates great promise for a wide range of bioanalytical and 

environmental applications. 
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Figure 1.5. Three methods for aligning the working electrode that facilitate isolating the EC 

detector from the separation voltage.
2
 (A1) and (A2) End-channel detection, the working 

electrode is placed at the end of the separation channel either on or off chip. (B) In-channel 

detection, the working electrode is placed in the separation channel. (C) Off-channel detection, 

the working electrode is placed in the separation channel but the separation voltage is isolated 

from the amperometric current through the use of a decoupler. 
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1.4 ON-LINE SAMPLE PRECONCENTRATION METHODS  

 An additional means of improving detection limits in CE and MCE is to employ sample 

preconcentration methods.
105-109

 The most widely adapted approaches for on-line sample 

pretreatment include isotachophoresis (ITP),
110, 111

 sample stacking,
6, 45, 112, 113

 solid phase 

extraction (SPE),
114-116

 and sweeping techniques.
117-120

 Field amplified sample injection (FASI) 

and field amplified sample stacking (FASS) are two widely used sample preconcentration 

techniques in traditional CE, and preconcentration factors from 10 to 1000 have been achieved.
6, 

35, 102, 103
 Compared to ITP which uses a binary buffer system to confine the sample between a 

leading and a terminating BGE, FASI and FASS are more convenient techniques to incorporate 

with electrophoretic analysis because of the simple requirement of the manipulation of just two 

streams, the running and sample BGEs. For both FASI and FASS techniques, a long plug of 

sample, prepared in a low-conductivity BGE, is injected into the separation channel filled with a 

higher-conductivity BGE by either electrokinetic forces or hydrodynamic flow.
45

 Upon the 

application of high voltage, the analytes become stacked at the boundary between the sample 

BGE (low-conductivity) and the running BGE (high-conductivity) due to the higher electric field 

strength and hence faster migration of the analytes in the sample BGE relative to the running 

BGE. The formed thin zone of analytes then moves through the separation channel and separates 

into individually zones according to conventional free zone electrophoresis. The stacking 

mechanism occurs for ionic analytes, with the positively and negatively charged analytes 

stacking up in front of and in back of the sample plug, respectively.
121

  The neutral compounds 

are left in the sample plug and coelute.
121, 122

 Schematic showing FASS of anionic species is in 

Figure 1.5. Theoretically, the amount of sample being stacked is simply proportional to the 

resistivities between the sample buffer and the running buffer. However, the mismatched 
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conductivity at the boundary will generate a laminar flow, causing band broadening. Therefore, 

sample stacking and laminar broadening work against each other to yield a point with the 

optimal stacking effect.  

 

 

Figure 1.6 Schematic showing FASS of anionic species. A long plug of sample prepared in a 

low-conductivity BGE, is injected into separation channel filled with high-conductivity BGE. 

Upon the application of high voltage, anionic analytes become stacked up in the back of the 

sample plug due to the faster migration of analytes in the sample BGE relative to the running 

BGE caused by the high electrical field strength in the sample zone.  

 

1.5 SURFACE MODIFICATION 

 The manipulation of fluids in channels with dimensions of tens of micrometers, 

microfluidics, has emerged as a distinct new field.
123

 As an important characteristic of fluids in 

CE and microchip CE, EOF plays an important role in the analyte separations and microfluidic 
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transport.
27, 28

 EOF control in MCE has proven more challenging than in traditional CE in part 

because of the strong adsorption and surface effects in variety of materials used to make these 

devices. EOF within microfluidic devices made from polymers such as poly(dimethylsiloxane) 

(PDMS),
124

 poly(methyl methacrylate) (PMMA),
125, 126

 polycarbonate,
127

 and polystyrene 

(PS)
127, 128

 can vary widely due to the diversity of the surface-exposed functional groups. In 

addition, because of the low surface charge density, the zeta potential of these materials that 

gives rise to the EOF is much lower than that for the glass-based fluidic chips, thus less than 

optimal for specific separations.
129

 To meet the requirement of microfluidic applications, 

chemical modification of microchannel surface is commonly used to minimize unwanted 

analyte-wall interactions and manipulate EOF. Demonstrated modifiers include inorganic 

anions,
130

 divalent metals,
131

 polyamines,
132

 polyelectrolytes,
133-137

 covalent modifications,
138-140

 

variations in the bonding method,
141

 and the addition of surfactants to the BGE.
41, 142, 143

 

Surface coatings can be divided into three categories, permanent coatings based on 

covalent reactions between the modifying agent and the surface, adsorbed coatings based 

typically on ionic interactions between a polymer and the surface, and dynamic coatings which 

rely on the equilibrium between the modifier in solution and the surface.
144, 145

 While permanent 

coatings have demonstrated remarkable stability and migration time reproducibility, they also 

require longer capillary preparation times and can be susceptible to chemical degradation, 

particularly at alkaline pH.
146

 Adsorbed coatings are attractive because they do not require the 

modifier be present in the solution and tend to be more stable at alkaline pH relative to covalent 

coatings. A successive multiple-ionic-layer approach
147-149

 for adsorbed coatings has been 

applied to both microfluidic PDMS
134

 and thermoset polyester (TPE)
98

 channels. In these studies, 

polyelectrolyte multilayers are created by exposing the surface to the cationic polymer Polybrene 



17 

 

(PB) followed by a layer of dextran sulfate (DS) as the anionic polymer. Unfortunately, most 

adsorbed coatings provide little adjustability of the EOF. Dynamic coatings are the easiest 

surface modification method for both conventional and microchip CE because of their low cost, 

simplicity, and versatility.
144, 150

 In this method, solution-phase modifiers are added to the BGE 

or are applied within a rinsing step prior to analysis, and interact with the capillary surface, 

changing the zeta potential
27, 28

 and therefore the EOF and the separation. Depending on the 

modifying agents’ charges, the EOF can be suppressed, increased, or reversed. Applications of 

single surfactants in dynamic coatings to control EOF in both traditional and microchip CE have 

been published. These surfactants include anionic surfactants (sodium dodecyl sulfate (SDS)),
41, 

151
 cationic surfactants (cetyltrimethylammonium bromide (CTAB),

152, 153
 

tetradecyltrimethylammonium bromide (TTAB),
154

 and didodecyldimethylammonium bromide 

(DDAB)
155

), and zwitterionic surfactants (dodecyldimethyl (2-hydroxy-3-sulfopropyl) 

ammonium (DSB),
156

 N-hexadecyl-N,N-dimethyl-3-ammonio-1-propane sulfonate (HDAPS) 

and N-tetradecyl-N,N-dimethyl-3-ammonio-1-propane sulfonate (TDAPS)
157, 158

). Successful 

applications of nonionic surfactants, such as polyoxyethylene ether (Brij 35), polyoxyethylene 

(20) sorbitan monolaurate (Tween 20), polyoxyethylene octyl phenyl ether (Triton X-100), to 

suppress EOF and minimize surface adsorption of biomolecules in CE and microfluidic system 

have also been reported.
159-162

 Furthermore, mixed surfactant systems represent an interesting 

alternative to single surfactant systems. The use of different combinations of mixed surfactants, 

such as mixed cationic/zwitterionic,
156, 163, 164

 cationic/anionic,
165

 ionic/nonionic,
142

 and 

zwitterionic/nonionic
166

 surfactants, have been discussed for both better control of EOF and 

separation chemistry in fused silica capillaries and glass microchips. Despite these advances, the  
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application of mixed surfactants systems for surface modification on polymeric microdevices has  

been limited. 

 

1.6 IMORPTANT ELECTROCHEMICALLY ACTIVE ANALYTES  

1.6.1 Catecholamines 

 Catecholamines are a group of compounds with a catechol nucleus consisting of benzene 

with two hydroxyl side groups, and a side-chain amine. Three catecholamine compounds, 

dopamine (DA), norepinephrine (NE) and epinephrine (E) are widely distributed in vivo, and are 

important as neurotransmitters and hormones in mammalian species.
167

 As shown in the 

biosynthetic pathway of these compounds (Figure 1.6), tyrosine hydroxylase converts tyrosine to 

L-3,4-dihydroxyphenylalanine (L-DOPA) for the production of catecholamines and DA is 

produced from L-DOPA by DOPA decarboxylase, acting as a precursor of E and NE. The 

production and regulation of catecholamines has a profound effect on the sympathetic and 

parasympathetic nervous system, cardiovascular system, metabolic rate and body temperature.
168

 

Catecholamines have most frequently been determined by using amperometric detection coupled 

with separation methods such as HPLC
169-172

 and CE or microchip CE,
173-176

 since they are easily 

converted into quinone species by electrochemical oxidation. In this thesis, catecholamines, 

catechol (CA), ascorbic acid (AA), and L-DOPA will be used as model analytes in DC 

amperometry experiment and their chemical structures are shown in Figure 1.6. 
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Figure 1.7 The biosynthetic pathway of catecholamines and the chemical structures of 

catecholamines, catechol, ascorbic acid, and L-3,4-dihydroxyphenylalanine (L-DOPA). 

 

1.6.2 Aminothiols 

 Thiols have been of continuing interest for many years because of their clinical, 

biological, and pharmaceutical importance in several biological processes.
177, 178

 A specific group 
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of thiols, the sulfhydryl thiols (R-SH), such as homocysteine (Hcy), cysteine (Cys), and reduced 

glutathione (GSH), are the most often considered in biological analysis. Attention to these 

compounds has come about because of their association with oxidative stress and damage in the 

body. There is also increasing evidence for the involvement of these thiols in metabolic 

regulation, signal transduction and regulation of gene expression.
179-181

 Moreover, oxidants and 

antioxidants are proposed to participate in this redox regulation by shifting the balance between 

reduced and oxidized cellular thiols.
182

 For example, GSH is a key endogenous antioxidant, and 

the ratio of oxidized to reduced GSH has been shown to be an effective measure of oxidative 

stress. As another example, the normal physiological level of plasma Hcy is in the range of 5 

to15 μM, so when present at elevated levels, this compound can be used as an indicator for 

diagnosis of Alzheimer’s,
183

 folate and cobalamin (vitamin B12) deficiency,
184, 185

 and 

cardiovascular diseases.
3
 Cys deficiency is also involved in many syndromes, such as slow 

growth in children, hair depigmentation, edema, lethargy, liver damage, loss of muscle and fat, 

and weakness.
186

 Due to the extensive inter-conversion between these compounds in the 

intracellular sulfur metabolism, various conventional techniques such as HPLC
187-189

 and CE and 

its microchip format
190-192

 separations coupled with different detection methods have been 

employed to determine their concentrations in body fluids. In this thesis, Hcy, Cys, and GSH 

(Figure 1.7) will be used as model analytes to demonstrate the ability of our MCE-PAD system 

to provide resolution of biologically relevant compounds in complex sample matrixes by using 

appropriate mixed surfactants.   
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Figure 1.8 Structures of cysteine (Cys), homocysteine (Hcy) and reduced glutathione (GSH). 
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CHAPTER 2. INCORPORTION OF A BUBBLE CELL IN DETECTION ZONE FOR 

IMPROVING THE DETECTION SENSITIVITY AND LODS OF MCE-ECD

 

 

2.1 INTRODUCTION 

One major limitation of CE and also MCE analyses is the poor concentration sensitivity 

caused by the limited volume of injected samples and the low absorption path-length if UV 

detection is used. To address these issues, z- or u-shaped optical path and multi-reflection cells 

have been employed in traditional CE and MCE.
1-3

 Also bubble-shaped detection cells in which 

the optical path length was increased have been utilized to enhance absorbance detection 

sensitivity and LOD.
4, 5

 Increasing sensitivity for DC amperometry and PAD when coupled with 

MCE requires the isolation of the high-voltage separation field from the detection system in a 

process generally referred as current decoupling as discussed in more detail in Chapter 1. A 

significant improvement in detection sensitivity has been achieved when the separation current 

was grounded by using microfabricated Pd or Pt electrodes as a decoupler before reaching the 

working electrode.
6-8

 Our group has developed a simple integrated Pd microwire decoupler and 

its coupling with DC for a sensitive detection of a wide range of analytes.
9-11

 Based on this 

design, further increase in detection sensitivity will be explored and discussed in this chapter by 

expanding the exposed surface area of WE to the fluid flow in a bubble cell incorporated at the 

detection zone, since ECD is inherently surface derived phenomenon. Similar idea has been used 

to improve the absorbance detection performance in conventional
4
 and microchip CE,

5
 but never 

applied in MCE-ECD field in the range out of our research group. Several our group members  
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have already employed a bubble cell design in their MCE devices to improve the compatibility 

and applicability of contact conductivity detection in MCE.
12, 13

  

Here, one effort on improving detection sensitivity and LODs by an implementation of a 

capillary expansion (bubble cell) at the detection zone is presented. Bubble cell widths were 

varied from 1× to 10× the separation channel width (50 μm) and the effects of electrode surface 

area on detection sensitivity and LODs were characterized for model analytes using DC 

amperometry coupled with MCE. In addition, the impact of bubble cell widths on separation 

efficiency was examined using fluorescent imaging. Improved detection sensitivity and 

decreased LODs were obtained with increased bubble cell width without losing much of 

separation efficiency, and LODs of dopamine and catechol detected in a 5× bubble cell were 25 

nM and 50 nM, respectively. 

 

2.2 EXPERIMENTAL  

2.2.1 Chemicals 

Hydrochloric acid (37%), N-tris[hydroxymethyl]methyl-2-aminoethane-sulfonic acid 

(TES), sodium dodecyl sulfate (SDS), 3,4-dihydroxyphenethylamine (dopamine), catechol, and 

propylene glycol methyl ether acetate were purchased from Sigma-Aldrich (St. Louis, MO). 

Sodium hydroxide and boric acid were purchased from Fisher (Pittsburgh, PA). Fluorescein was 

received from Eastman (Rochester NY, USA). Other reagents used for the fabrication of MCE-

ECD include SU-8 2035 photoresist (Microchem, Newton, MA), Sylgard 184 elastomer and 

curing agent (PDMS) (Dow Corning, Midland, MI), 4-in. silicon wafers (University Wafer, 

South Boston, MA), and microwires made of 99.99% Pd (diameter 25 μm) and 99.99% Au 

(diameter 25 μm) (Goodfellow, Huntingdon, England). Solutions were prepared in 18.2 MΩ 
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water from a Millipore Milli-Q purification system (Milipore Corp., Billerica, MA). 10 mM 

stock solutions of dopamine and catechol were individually prepared weekly in 10 mM HCl. All 

stock solutions were stored at 4ºC. All BGEs were adjusted to their corresponding pH values 

with concentrated NaOH. A 20 mM boric acid buffer at pH 9.2 and a 20 mM TES buffer 

containing 1 mM SDS at pH 7.0 were used as BGEs for fluorescent imaging experiments and 

separations of dopamine and catechol, respectively.  

 

2.2.2 PDMS Microchip Fabrication 

The method used to fabricate PDMS microchips using incorporated microwires for 

detection has been published previously.
9, 14

 Briefly, SU-8 2035, a negative photoresist was spun 

onto a 4-in. silicon wafer to a thickness of 50 μm. The coated wafer was baked at 65 ºC for 3 min 

and 95 ºC for 5 min. A digitally printed mask was used to define channel structures, and the 

system was exposed to a UV light source (364 nm, 400 W) for 9 sec. After exposure and post-

baking at 65 ºC for 2 min and 95 ºC for 6 min, the wafer was developed in propylene glycol 

methyl ether acetate leaving a positive relief patter on the wafer. A degassed PDMS mixture 

(Sylgard 184 elastomer and curing agent (10:1)) was poured onto the resulting wafer and cured 

at 65 ºC for at least 2 h. The cured PDMS was peeled off the master and the reservoirs holes cut 

into the PDMS using a 5 mm diameter biopsy punch (Robbins Instruments, Chatham, NJ). The 

electrode microwires were aligned in pre-designated electrode channels. After plasma treatment 

of the molded and blank PDMS pieces (Harrick PDC-32G Plasma Cleaner/Sterilizer) for 45 s, 

the microchip was assembled to form an irreversible sealing by bringing two pieces into 

conformal contact. Instant adhesive was used to seal the ends of electrode alignment channels 

and glued the electrode leads which consist of insulated 1 mm diameter Cu wire to the assembled 
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device. Electrical contact between the electrode leads and electrodes was achieved using high 

purity silver paint (SPI Supplies, West Chester, PA). The exposed electrical contacts were 

insulated with half-cured PDMS mixture and allowed to dry for 24 hrs before use. Figure 2.1A 

shows a schematic drawing of PDMS microchips (50 μm × 50 μm × 6 cm), which has a double T 

injector with a 625 pL volume
15, 16

 for pinched injection
17

 and a bubble cell in the 

electrochemical detection zone. A bright field image of the silicon mold with a bubble cell width 

5× the separation channel width (50 μm) is shown in Figure 2.1B. Each electrode channel is 50 

μm wide and separated by 125 μm. A 25 μm Pd decoupler and two 25 μm Au working electrodes 

(WEs) are placed in the bubble cell using electrode alignment channels. The rectangular tapers 

connecting the electrode channels and the bubble cell are 20 μm × 56 μm and are shown in the 

red oval.  
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Figure 2.1 (A) Schematic of PDMS microchips (50 μm × 50 μm × 6 cm from buffer to waste 

reservoir) with a double T injector (250 μm, 625 pL) for pinched injection. The sample, buffer 

and sample waste side channels are all 1 cm in length. All reservoirs are 5 mm in diameter. (B) 

Bright field image of silicon mold with a bubble cell width 5× the separation channel width (50 

μm). The gold color seen in this picture is the native color of the SU-8 photoresist when 

photographed. Electrode channels a, b and c are 50 μm wide with 125 μm spacing between the 

channels and used as alignment channels for placing a 25 μm Pd decoupler and two 25 μm Au 

working electrodes (WEs) respectively. 1, 2 and 3 are three positions chosen to measure 

separation efficiencies in the separation channel and the bubble cell detection zone, respectively. 
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2.2.3 MCE-ECD  

Channels and reservoirs were first rinsed with ultra-pure water and then filled with BGE 

for 30 min pretreatment by applying pressure to a reservoir containing the solution. The buffer in 

the sample reservoir was replaced with sample solution prior to running analyses. The 

corresponding positions of sample (SR), sample waste (SW), buffer (BR) and buffer waste (BW) 

reservoirs are shown in Figure 2.1A and equivalent volume of solutions were loaded in all 

reservoirs. Applied voltages were facilitated by a programmable high voltage power supply built 

in-house.
18

 The Pd decoupler was always held at ground in both injection and separation phases 

to prevent exposing the detector electronics to high voltage. Pinched injection was performed by 

applying a high positive potential (450 V) to SR and BR, and a negative potential (–160 V) to 

SW. For its separation, a high positive potential (1,200 V) was applied to BR while SR and SW 

were held at 450 V, allowing only buffer to pass through the separation channel. DC 

amperometric detection was employed (CHI 1010A Electrochemical Analyzer, CH Instruments, 

Austin, TX) in a two-electrode configuration
9
 for the detection of dopamine and catechol. A Pt 

wire (1 mm diameter) in the waste reservoir was acted as both auxiliary and psuedo-reference 

electrode.
9
 Cleaning of Pd decoupler was done initially by running cyclic voltammetry (CV) 

from -1.0 V to 1.0 V at 0.1 V/s for 50 cycles. Two gold working electrodes were cleaned using 

CV by scanning from -0.5 V to 1.8 V at 0.5 V/s for 100 cycles while buffer flowed over the 

electrodes.  
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2.3 RESULTS AND DISCUSSION 

2.3.1 Bubble Cell Design 

A bubble cell design (Figure 2.1A and Figure 2.1B for detection zone details) was tested  

with PDMS microchips using a dual working electrode detection configuration. All microchips 

had one downstream Au WE placed at the exit of the separation channel, with a Pd decoupler 

and an upstream Au WE placed in the channel of the bubble cell. Bubble cell widths changing 

from 1× to 10× the separation channel width (50 μm) were chosen to investigate the effects of 

electrode surface area on detection sensitivity, LODs and separation efficiency at the upstream 

WE. 

 

2.3.2 Characterization of Bubble Cell Design with DC Amperometric Detection 

Dopamine and catechol were chosen as model analytes to characterize the new bubble 

cell design using DC amperometric detection. Figure 2.2A depicts example electropherograms 

for 100 μM dopamine and catechol detected on PDMS microchips at the upstream WE in 1× to 

5× bubble cells. Significant increases in peak heights for both model analytes were observed at 

the upstream WE in the bubble cell as shown in Figure 2.2B. The peak heights of dopamine and 

catechol at the upstream WE increased approximately linearly from 1× to 5× bubble cell width 

(R
2
 = 0.9658, R

2
 = 0.9648, respectively), which can be attributed to the increase in the electrode 

surface area. Figure 2.2B also shows a roughly linear decrease in the noise at the upstream WE 

from 12.99 ± 0.34 pA (n = 4) in a 1× bubble cell to 2.786 ± 0.098 pA (n = 4) in a 5× bubble cell 

(R
2
 = 0.9920). The decrease in noise is a result of a decrease in the resistance of the solution in 

the bubble cell. Lower resistance leads to a decreased voltage drop in the bubble cell, which is 

the major source of noise with ECD. However, when increasing the bubble cell from 5× to 10×, 
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increases in peak heights at the upstream WE were not as significant. These responses are 

probably caused by the increased band broadening produced in larger bubble cells. Furthermore, 

the noise in the bubble cell increased at 8× and 10× relative to 5× since two opposing phenomena 

are at work. As the bubble cell width increases, this source of noise decreases. Meanwhile, more 

noise arising from double-layer capacitance is noted in the bubble cell with larger electrode area. 

The 4× and 5× bubble cells appear to reach a minimum noise value at where these two 

phenomena are balanced. As shown in Table 2.1, approximate four-fold improvement was 

obtained for both analytes as the detection sensitivities of dopamine and catechol increased from 

0.1213 and 0.0798 nA/μM in a 1× bubble cell to 0.4354 and 0.2904 nA/μM in a 5× bubble cell, 

respectively. Meanwhile, the LODs of dopamine and catechol decrease from 0.40 ± 0.01 and 

0.60 ± 0.03 μM in a 1× bubble cell to 0.025 ± 0.002 and 0.050 ± 0.004 μM in a 5× bubble cell, 

respectively, showing a factor of 16 and 12 decreases in the LODs for both analytes (n = 4 and 

S/N = 3). The decreased LODs are the results of increased peak currents and decreased noise in 

the 5× bubble cell. The detection linear ranges for both analytes also correspondingly expanded 

to 0.1 to100 μM. 
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Figure 2.2 (A) Example electropherograms for 100 μM dopamine and catechol detected on 

PDMS microchips at the upstream WE in 1× to 5× bubble cells. (B) Changes in peak heights 

(left Y axis label) of 100 μM dopamine and catechol and noise level (right Y axis label) at the 

upstream WE in 1× to 10× bubble cells. Experimental conditions: separation field strength: 200 

V/cm; pinched injection time: 10 s; BGE: 20 mM TES, 1 mM SDS (pH 7.0); EDet = 1.4 V.  
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Table 2.1 Detection sensitivities, LODs and separation efficiencies of dopamine and catechol 

detected on PDMS microchips at the upstream WE in 1× to 5× bubble cells, respectively. 

Separation efficiency (N in plate) is calculated based on the following equation where tr is the 

migration time of the analyte, and Wh is the half peak width. N = 5.54(tr/Wh)
2
, which will be used 

for all separation efficiency calculations in this thesis. 

Upstream 

WE  

Dopamine Catechol 

Sensitivity  

  (nA/μM) 
 LOD (μM) 

Separation  

efficiency 

    (N/m)  

Sensitivity  

  (nA/μM) 
LOD (μM) 

Separation    

efficiency   

 (N/m)  

Bubble 

cell 1×  
  0.1213 0.40±0.10 

35,370 ± 

1,800  
  0.0798 0.60±0.15 

64,800 ± 

3,100 

Bubble 

cell 2×  
  0.1552 0.20±0.04 

23,100 ± 

14,00 
  0.1533 0.40±0.12 

36,200 ± 

1,700 

Bubble 

cell 3× 
  0.2389 0.10±0.03 

26,500 ± 

1,550 
  0.2034 0.20±0.07 

42,100 ± 

2,000 

Bubble 

cell 4×  
  0.3180 0.05±0.01 

24,700 ± 

1,450 
  0.2236 0.10±0.04 

44,800 ± 

1,950 

Bubble 

cell 5×  
  0.4354 0.025±0.005 

24,100 ± 

1500 
  0.2904 0.05±0.02 

41,860 ± 

2,100 

 

2.3.3 Impact of Bubble Cell Widths on Separation Efficiency 

Next, separation efficiencies were measured as a function of bubble cell width using 

fluorescein. Figure 2.1B shows the three positions chosen to measure separation efficiencies in 

the separation channel and the bubble cell detection zone, respectively. Position 1 was located in 

the separation channel before the bubble cell, while positions 2 and 3 were selected between the 

decoupler and upstream WE and the upstream and downstream WE, respectively. The separation 

efficiencies at positions 2 and 3 relative to position 1 were monitored to determine the effect of 

bubble cell width on separation efficiency. Separation efficiencies were measured using the  
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decoupler and applying 1 V to both upstream and downstream WEs to replicate electrochemical 

experiments. 

As depicted in Figure 2.3, separation efficiencies at positions 2 and 3 relative to position 

1 decrease with increasing bubble cell width. Also, the separation efficiency at position 2 was 

higher than at position 3 for the same bubble cell width. As the bubble cell width increases, the 

velocity of fluid flow at the same position in the bubble cell decreases due to the larger channel  
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Figure 2.3 Separation efficiency comparisons among 1× to 5× bubble cells. Figure 2.1B shows 

three positions chosen in a bubble cell to collect electropherograms of 20 μM fluorescein on each 

PDMS microchip. Experimental conditions: separation field strength: 200 V/cm; pinched 

injection time: 7 s; BGE: 20mM boric acid (pH 9.2). 
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volume. The decrease in fluid velocity causes an increase in the residence time of the analyte, 

resulting in band broadening of the analyte peak and a decrease in separation efficiency. In 

addition, separation efficiency decreases with increasing distance from the decoupler as fluid 

flow in this region is predominantly hydrodynamic. Compared with the 1× bubble cell, the loss 

in separation efficiencies at positions 2 and 3 relative to position 1 are 8.15% (position 2), 12.5% 

(position 3) in a 4× bubble cell, and 11.4% (position 2), 14.3% (position 3) in a 5× bubble cell, 

respectively. Therefore, as a compromise between the loss in separation efficiency and improved 

detection sensitivity as well as detection limit in a large bubble cell, microchips with a 4× bubble 

cell in the detection zone were selected for further experiments performed with sample stacking 

techniques. 

 

2.4 CONCLUSIONS 

Here, a simple implementation of a bubble cell detector for MCE-ECD was described. 

The surface area of WE exposed to the fluid flow entering into the detection zone increases with 

increasing bubble cell width. This ability affords improved detection sensitivity and lower LODs 

for model analytes with ~8% to ~12% loss in separation efficiency in 4× and 5× bubble cell, 

respectively. The lowest LODs of dopamine and catechol detected in a 5× bubble cell were 25 

and 50 nM, showing a 16-fold and 12-fold decrease compared with the straight channel design, 

respectively. Considering the balance between the loss in separation efficiency and improved 

detection sensitivity as well as detection limit in a large bubble cell, microchips with a 4× bubble 

cell in the detection zone were selected for further experiments. 

Besides using the incorporation of a bubble cell at the detection zone for improving 

detection sensitivity and detection limits in our previous MCE-ECD system, some on-line 
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sample preconcentration methods can be also employed for the same purpose since the low 

concentration detection sensitivity in MCE analyses is also caused by the limited volume of 

injected samples. In chapter 3, field amplified sample injection and field amplified sample 

stacking, two methods are investigated for their stacking effects using DC amperometric and 

pulsed amperometric detections in order to achieve a further enhancement in detection 

performance in our MCE-ECD system modified with a 4× bubble cell in the detection zone.  
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CHAPTER 3. FURTHER IMPROVEMENT IN DETECTION PERFORMANCE OF 

MCE-ECD USING FASI OR FASS 

 

 

3.1 INTRODUCTION 

Since the sensitivity and limits of detection achieved in MCE analyses are restricted by 

the small volume of injected samples (for example, 625 pL in the microchip design with a double 

T injector for pinched injection (Figure 2.1A)), an additional means of improving detection 

sensitivity and LODs in MCE-ECD is to employ sample preconcentration methods. Field 

amplified sample injection (FASI) and field amplified sample stacking (FASS) are two widely 

used sample preconcentration techniques in traditional CE, with preconcentration factors from 10 

to 1,000 being achieved.
1-4

 Compared to isotachophoresis (ITP),
5, 6

 FASI and FASS are more 

easily transferred into MCE because of the simple requirement of the manipulation of just two 

streams, the running and sample BGEs. For both methods, sample enrichment is based on the 

velocity change of the analytes between the sample and running BGEs, but subtle differences 

exist in the sample introduction in which electrokinetic and hydrodynamic injection are 

employed in FASI and FASS, respectively. The stacking mechanism occurs for ionic analytes, 

with the positively and negatively charged analytes stacking up in front of and in back of the 

sample plug, respectively,
7
 while the neutral compounds are left in the sample plug and coelute.

7, 

8
 Detection performance is improved by increasing the amount of sample loaded onto the 

capillary and by narrowing the analyte bands in the capillary. The stacking of analytes in narrow 

bands causes reduced peak widths and increased peak heights of analytes, resulting in a greater 

signal-to-noise ratio and lower LODs. On the other hand, higher detection sensitivity can be 
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achieved without losing of separation efficiency due to the larger sample plug stacked with 

reduced analyte peak widths. The first application of FASI in MCE was reported by Jacobson 

and Ramsey,
2
 resulting in no more than ~10-fold detection enhancement due to the pressure-

driven peak broadening effects. To attain further enrichment, one approach made use of an 

additional branch channel, to load a large volume of low-conductivity sample solution, and then 

simultaneously pushed sample buffer out of the separation channel while stacking analytes.
9, 10

 In 

another approach, an additional branch channel and a porous polymer structure was employed to 

stabilize the conductivity gradient boundaries to enhance detection sensitivity up to 1,000-fold.
11, 

12
 However, these sample stacking approaches were limited by more complicated MCE schemes, 

poorly controlled sample injection volumes and laborious analytical procedures. Furthermore, 

most analytes enriched in stacking techniques were detected with optical system or MS.
13-16

 

Shim et al. reported an on-chip electrochemical detection of trace DNA using microchip gel 

electrophoresis with FASI and FASS.
17

 An ~25,000-fold improvement in detection sensitivity 

was achieved when gold nanoparticles were added to the stacking and separation buffers 

containing a hydroxypropyl cellulose matrix as well as a conducting polymer-modified electrode.  

In this chapter, another effort for improving detection sensitivity and LODs using field 

amplified sample injection (FASI) and field amplified sample stacking (FASS) in MCE-ECD 

system is present here. FASS and FASI were employed to perform on-line sample 

preconcentration during the sample injection phase in our MCE-ECD system modified with a 4× 

bubble cell in the detection zone. Stacking effects were characterized for both FASI (for gated 

injection) and FASS (for hydrodynamic injection) methods using DC amperometric detection 

and PAD. A further enhancement in detection performance was obtained for some analytes of 

interests by using these two sample stacking methods. 
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3.2 EXPERIMENTAL  

3.2.1 Chemicals 

Hydrochloric acid (37%), N-tris[hydroxymethyl]methyl-2-aminoethane-sulfonic acid 

(TES), sodium dodecyl sulfate (SDS), 3,4-dihydroxyphenethylamine (dopamine), catechol, 

ascorbic acid, propylene glycol methyl ether acetate, DL-homocysteine (Hcy), and reduced 

glutathione (GSH) were purchased from Sigma-Aldrich (St. Louis, MO). L-tyrosine (Tyr) and L-

cysteine (Cys) were obtained from Fluka (Buchs, Switerland). Sodium hydroxide and boric acid 

were purchased from Fisher (Pittsburgh, PA). Fluorescein was received from Eastman 

(Rochester NY, USA). Other reagents used for the fabrication of MCE-ECD include SU-8 2035 

photoresist (Microchem, Newton, MA), Sylgard 184 elastomer and curing agent (PDMS) (Dow 

Corning, Midland, MI), 4 in. silicon wafers (University Wafer, South Boston, MA), and 

microwires made of 99.99% Pd (diameter 25 μm) and 99.99% Au (diameter 25 μm) 

(Goodfellow, Huntingdon, England). Solutions were prepared in 18.2 MΩ water from a 

Millipore Milli-Q purification system (Milipore Corp., Billerica, MA). 10 mM stock solutions of 

dopamine, catechol, ascorbic acid, Hcy, Cys and GSH were individually prepared weekly in 10 

mM HCl, while 10 mM Tyr solution was prepared in 20 mM NaOH. All stock solutions were 

stored at 4ºC. A 20 mM TES buffer containing 1mM SDS was adjusted to pH 7.0 with 

concentrated NaOH and used as running BGE (high-conductivity) for the separation of 

dopamine, catechol and ascorbic acid. Running BGE was diluted to prepare each sample BGE 

(low-conductivity) for the appropriate stacking factor (SF): 20 mM TES, 1mM SDS (pH 7.0) for 

SF 1; 4 mM TES, 0.2 mM SDS (pH 7.0) for SF 5; 2 mM TES, 0.1mM SDS (pH 7.0) for SF 10; 

and 0.2 mM TES, 0.01mM SDS (pH 7.0) for SF 100. A 20 mM boric acid buffer was adjusted to 

pH 9.2 with concentrated NaOH and used as running BGE for the separation of Tyr, Hcy, Cys 
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and GSH. Again, sample BEGs were prepared for stacking experiments by dilution of running 

BGEs: 20 mM boric acid (pH 9.2) for SF 1; 10 mM boric acid (pH 9.2) for SF 2; 4 mM boric 

acid (pH 9.2) for SF 5; and 2 mM boric acid (pH 9.2) for SF 10. 

 

3.2.2 PDMS microchip fabrication 

The method used to fabricate PDMS microchips using incorporated microwires for 

detection has been published previously.
18, 19

 Figure 3.1A is a schematic drawing of PDMS 

microchips (50 μm × 50 μm × 6 cm) used in stacking experiments. This design has a straight T 

injector suited for gated and hydrodynamic injection modes,
20, 21

 and a 4× bubble cell (its width  

 

 

Figure 3.1 Schematic of PDMS microchips (50 μm × 50 μm × 6 cm from buffer to waste 

reservoir) with a straight T injector for gated and hydrodynamic injections and a 4× bubble cell 

(its width is 4× the separation channel width (50 μm)) in the electrochemical detection zone. The 

sample, buffer and sample waste side channels are all 1 cm in length. All reservoirs are 5 mm in 

diameter. A Pd decoupler and Au working electrode (WE) were placed in the bubble cell using 

electrode alignment channels. Each electrode channel was 50 μm wide and separated by 125 μm.  

Au working electrode (WE) are placed in the bubble cell using electrode alignment channels. 

The rectangular tapers connecting the electrode channels and the bubble cell are 20 μm × 56 μm. 



47 

 

is 4× the separation channel width (50 μm)) in the electrochemical detection zone. Each 

electrode channel is 50 μm wide and separated by 125 μm. A 25 μm Pd decoupler and a 25 μm  

 

3.2.3 MCE-ECD  

Channels and reservoirs were first rinsed with ultra-pure water and then filled with BGE 

for 30 min pretreatment by applying pressure to a reservoir containing the solution. The buffer in 

the sample reservoir was replaced with sample solution prior to running analyses. The 

corresponding positions of sample (SR), sample waste (SW), buffer (BR) and buffer waste (BW) 

reservoirs are shown in Figure 3.1A. For gated injection using FASI technique, equivalent 

volume of sample BGE and running BGE were loaded in SR and other three reservoirs, while for 

hydrodynamic injection using FASS technique, the SR was filled with 80 μL of sample BGE and 

the remaining reservoir were filled with 50 μL of running BGE. Applied voltages were facilitated 

by a programmable high voltage power supply built in-house.
22

 The Pd decoupler was always 

held at ground to isolate the potentiostat from high voltage. As shown in Figure 3.2, in gated 

mode, sample introduction was achieved by applying a high positive potential (1,050 V) to SR 

and keeping floating in BR, while in hydrodynamic mode, both SR and BR were held at 

grounding. Their following separation phases were performed by applying a proper high positive 

potential to BR while keeping voltage settings in all other reservoirs the same as their 

corresponding injection phases. DC amperometric detection and PAD were employed (CHI 

1010A Electrochemical Analyzer, CH Instruments, Austin, TX) in a two-electrode 

configuration.
19

 The former was used for the detection of dopamine, catechol, and ascorbic acid, 

while the latter was used for the detection of Tyr, Hcy, Cys and GSH. A Pt wire (1 mm diameter) 

in the waste reservoir was acted as both auxiliary and psuedo-reference electrode.
19

 Cleaning of 
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Pd decoupler was done initially by running cyclic voltammetry (CV) from -1.0 V to 1.0 V at 0.1 

V/s for 50 cycles. Two gold working electrodes were cleaned using CV by scanning from -0.5 V 

to 1.8 V at 0.5 V/s for 100 cycles while buffer was flowed over the electrodes. 

 

 

Figure 3.2 BGE loading, voltage settings and flow diagrams of gated and hydrodynamic 

injections and their corresponding separation phases. 

 

3.3 RESULTS AND DISCUSSION 

 In both FASI and FASS, the amount of sample being stacked is theoretically proportional 

to the resistivities between the sample BGE (low-conductivity) and the running BGE (high-

conductivity). Since the ratio of resistivities is simply the inverse of the ratio of concentrations, 

in this thesis, stacking factor (SF) was defined as the ratio between the running and sample BGE 

concentrations. SFs of 1, 2, 5, 10, and 100, respectively, were chosen to investigate sample 

stacking effects in MCE-ECD. 
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3.3.1 Stacking Characterization with DC Amperometric Detection 

Dopamine, catechol, and ascorbic acid were chosen as model analytes to characterize the 

stacking effects of FASS and FASI with DC amperometric detection. Figure 3.3A and 3.3B 

compares electropherograms of 50 μM analytes obtained with a straight T injector using FASI 

and FASS, respectively. Electropherograms for each stacking condition have been offset for 

clarity. First, significant sample stacking was achieved for positively charged dopamine when 

using a 5-s gated injection in FASI as evidenced by a significant peak height increase and peak 

width decrease with increasing SF. A similar trend was also observed for dopamine 

preconcentrated by using a 60-s hydrodynamic injection in FASS compared with a 25-s 

hydrodynamic injection under the nonstacking condition. The peak height enhancement of 

dopamine at SF 5, 10, and 100 relative to SF 1 are 2.84-, 3.63-, and 4.28-fold in FASI, and 1.71-, 

2.92-, and 2.21-fold in FASS, respectively. Both FASI and FASS exhibited diminishing sample 

enhancement above a threshold SF. The reason for this behavior can be attributed to a laminar 

back flow inside the capillary generated by the difference in the EOF rate between sample and 

running buffers as noted by others.
7, 23

 The laminar flow disturbs the original plug profile, 

reducing the stacking effectiveness. From these experiments, the lowest detection limit for 

dopamine of 8.02 ± 1.51 and 20.0 ± 3.5 nM (n = 4 and S/N = 3) were achieved with SF 100 in 

FASI and SF 10 in FASS, respectively. As expected, catechol, as a neutral analyte, did not stack 

in either FASI or FASS modes. Here, the broader peak and smaller peak height of catechol 

obtained from the stacking conditions relative to the nonstacking condition were the result of 

bandbroadening caused by a mobility mismatch between sample and running BGEs. Furthermore, 

the negatively charged analyte, ascorbic acid also did not achieve any obvious stacking. The 

smaller observed mobility of this analyte results in a much smaller sample plug volume being  
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Figure 3.3 Example electropherograms for 50 μM dopamine, catechol, and ascorbic acid 

detected on PDMS microchips with 4× bubble cell using FASI (A) and FASS (B) sample 

preconcentration techniques. Experimental conditions: 5-s gated injection in FASI, 25-s or 60-s 

hydrodynamic injection in FASS; separation field strength: 125 V/cm in FASI; 114 V/cm in 

FASS; running BGE: 20mM TES, 1mM SDS (pH 7.0); sample BGE: diluted running BGE with 

SF 1, 5, 10, and 100, respectively; EDet = 1V. (C) Comparisons of detection sensitivity of 

dopamine using FASI and FASS under different stacking factors. 
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injected and stacked than the positively charged analyte dopamine with a higher observed 

mobility. Furthermore, as shown in Figure 3.3 C, both stacking techniques improved detection 

sensitivity for dopamine in most stacking conditions, with a higher enhancement by using FASI 

relative to FASS probably due to a larger sample plug injected into the separation channel in 

gated injection than hydrodynamic injection. 

 

3.3.2 Stacking Characterization with Pulsed Amperometric Detection 

 Several reports have shown the ability to stack negatively charged analytes using FASI 

and FASS.
9, 24, 25

 This was not observed in the above results with ascorbic acid. Therefore, three 

negatively charged amino acids associated with oxidative stress in human disease, Tyr, Hcy, and 

Cys, were chosen as model analytes to further investigate the stacking effects of FASI and FASS 

coupled with pulsed amperometric detection (PAD). Integrating a self-cleaning cycle prior to the 

measurement, PAD has proven to be effective in the detection of a large number biomolecules 

with –OH, –NH2, and –SH functional groups.
26-29

 Example electropherograms of three analytes 

and the stacking effects by the comparison of their peak heights and half-peak widths (HPWs) 

using a 5-s FASI with different SF conditions are shown in Figure 3.4. Of the three analytes, Tyr 

has the highest observed mobility, inducing the longest sample plug injected into the separation 

channel. Therefore, Tyr was easily stacked by FASI, showing an increase in its peak height with 

SF 2 and reaching the largest increase with SF 5. There was no further increase in peak height 

when using SF higher than 5, as a result of the mobility mismatch between sample and running 

BGEs. The increased HPW of Tyr obtained from SF 5 to 10 also confirmed the existence of 

bandbroadening. Hcy, having a lower observed mobility, showed significant increase in peak 

height with SF greater than 2. For Cys with the lowest observed mobility, SF 2 produced 



52 

 

decreased peak heights compared with the nonstacking condition (SF 1); however, higher SFs 

showed improved peak heights. Since stacking and broadening functioned against each other, the 

optimal stacking effect on peak height showed analyte dependency for different SFs. In addition, 

all three analytes produced their smallest HPWs with SF 5. One more thing to note in Figure 

3.4A is that an increasingly large fluctuation in the baseline appeared around 160 s where neutral 

analytes would elute when higher SFs were employed in FASI. 

 

 

Figure 3.4 (A) Example electropherograms for 250 μM Tyr, Hcy, and Cys detected on a PDMS 

microchip with 4× bubble cell using FASI. Experimental conditions: separation field strength: 

125 V/cm in FASI; gated injection time: 5 s; running BGE: 20 mM boric acid (pH 9.2); sample 

BGE: diluted running BGE with SF 1, 2, 5, and 10, respectively; EDet = 1.6 V. (B) Comparisons 

of peaking heights (left y axis) and HPWs (right y axis) of analytes Tyr, Hcy, and Cys using 

different SFs in FASI. 

 

Finally, comparisons of nonstacking, FASI (SF 5) using a 5-s gated injection, and FASS 

(SF 5) using a 25-s hydrodynamic injection were performed. Figure 3.5A and 3.5B shows their 
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example electropherograms and their comparisons on stacking effects in terms of peak heights 

and HPWs of analytes, respectively. Both FASS and FASI showed sample stacking for all four 

analytes. Due to the use of a longer injection time, FASS resulted in a larger increase in peak 

heights while keeping similar HPWs as FASI. Compared to the nonstacking condition, the peak 

heights of Tyr, Hcy, Cys and GSH increased 2.11-, 2.52-, 2.10- and 1.43-fold in FASI, and 2.45-, 

3.23-, 3.76- and 4.67-fold in FASS, respectively. These results indicate that more efficient 

sample stacking occurred for more negatively charged analytes with FASS than with FASI, 

probably due to the decreased sampling bias produced with hydrodynamic injection. The LODs 

for Tyr, Hcy, Cys and GSH were 2.48 ± 0.15 μM, 4.04 ± 0.30 μM, 5.29 ± 0.55 μM, and 15.2 

±1.4 μM in FASI, and 2.52 ± 0.17 μM, 2.13 ± 0.20 μM, 3.26 ± 0.35 μM, and 13.1 ± 1.3 μM in 

FASS, respectively (n = 4 and S/N = 3). Although significant enhancement in peak heights were 

seen when detecting analytes at their relative high concentrations, improved detection limits 

were not achieved using FASI and FASS for these four analytes when compared to their LODs 

under nonstacking conditions (1.12 ± 0.12 μM, 1.05 ± 0.12 μM, 2.23 ± 0.31 μM, and 10.1 ± 1.6 

μM, (n = 4 and S/N = 3) for Tyr, Hcy, Cys and GSH, respectively). The exact reason for this is 

not known at this time but may be a limitation of the increased baseline noise associated with the 

use of the PAD waveform. The methods do, however, increase the sensitivity of the analysis 

relative to nonstacking conditions when detecting the four analytes at the concentration range of 

20 to 500 μM as depicted in Figure 3.5C. 
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Figure 3.5 (A) Example electropherograms for 250 μM Ty, Hcy, Cys and GSH on a PDMS 

microchip with 4× bubble cell under nonstacking (SF 1) and FASI, FASS two stacking 

conditions. Experimental conditions: separation field strength: 5-s gated injection in FASI, 25-s 

hydrodynamic injection in FASS; 125 V/cm in FASI; 114 V/cm in FASS; running BGE: 20 mM 

boric acid (pH 9.2); sample BGE: 20 mM boric acid (pH 9.2) for SF 1, 4 mM boric acid (pH 9.2) 

for SF 5, respectively; EDet = 1.6 V. (B) Comparisons of peaking heights and HPWs of Tyr, Hcy, 

Cys and GSH using nonstacking, FASI and FASS sample preconcentration techniques. (C) 

Comparisons of detection sensitivity of four analytes at the concentration range of 20 to 500 μM 

under nonstacking (SF 1) and FASI, FASS two stacking conditions. 
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3.4 CONCLUSIONS 

In chapter 2, the improved detection sensitivity and LODs were achieved by modification 

our previous MCE-ECD system with an implementation of a capillary expansion (bubble cell) at 

the detection zone. Another effort to enhance the detection performance in MCE analyses 

involves employing some on-line sample preconcentration methods. Compared to other methods, 

FASS and FASI are more convenient techniques to incorporate with MCE analysis due to the 

easy manipulation of just two streams, the running and sample BGEs. Here, I demonstrated that 

FASS and FASI allow sample stacking on our MCE-ECD system with increased peak height, 

decreased HPW and improved detection sensitivity. Using stacking in conjunction with a 4× 

bubble cell, I obtained LODs of 8 and 20 nM for dopamine by using FASI and FASS, 

respectively. However, these stacking techniques did not significantly improve LODs for anionic 

analytes. Further optimization of our current MCE-ECD design may be necessary to enhance the 

stacking impact and improve LOD. This may include using either narrow channel, inversion of 

the applied electric field, or negative pressure for the introduction of large volume of low-

conductivity sample solution. With the use of a bubble cell and sample stacking techniques, the 

improvement obtained on detection sensitivity in MCE-ECD has the potential to reach 

nanomolar detection limits for redox active biological molecules. 

After improving the detection performance of our MCE-ECD system, the next step 

moves to the optimization of its separation performance by surface modification using 

surfactants. To systematically study EOF behaviors of representative single and mixed surfactant 

systems on poly(dimethylsiloxane) (PDMS) microchips, EOF measurements as a function of 

surfactant concentration were performed using both current monitoring and capacitively coupled 

contactless conductivity detection (C
4
D) methods and are described in chapter 4. And then 
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electrophoretic separations and electrochemical detections of some biologically relevant 

compounds will be investigated using BGEs containing appropriate mixed surfactants to explore 

their abilities for a better EOF control and improved separation chemistry. This part of work will 

be discussed in chapter 5. 
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CHAPTER 4. EOF MEASUREMANTS OF SINGLE AND MIXED SURFACTANT 

SYSTEMS USING BOTH CURRENT MONITORING AND C
4
D METHODS

 

 

4.1 INTRODUCTION 

Surface chemistry is of great important in MCE, where surface effects play an increased 

role in comparison to classical CE due to the high surface area-to-volume ratio in miniaturized 

devices.
1, 2

 Motivations for surface manipulation in MCE include control of EOF and reduction 

of analyte-wall interactions in order to obtain a reproducible sample plug during the injection 

process and improve the precision of migration times. The realization of internal surface coatings 

for EOF control in MCE has proven to be more challenging than in classical CE due to variety of 

materials used to make these devices. Glass and fused silica are popular chip materials for 

electrophoresis because of their well-understood surface chemistry, excellent optical properties, 

high insulating properties, and the inertness towards a variety of different solvents.
1
 However, 

these materials suffer some manufacturing issues, making a growing interest in the use of 

alternative materials like different polymers due to the wide choice in microfabrication 

techniques. EOF within microfluidic devices made from polymers such as 

poly(dimethylsiloxane) (PDMS),
3
 poly(methyl methacrylate) (PMMA),

4, 5
 polycarbonate,

6
 and 

polystyrene (PS)
6, 7

 can vary widely due to the diversity of the surface-exposed functional 

groups. In addition, the zeta potential of these materials that gives rise to the EOF is often less 

than optimal for specific separations because of the lower surface charge density of polymeric 

chips as compared to glass-based fluidic chips.
2
 To meet the requirement of microfluidic 

applications, chemical modification of microchannel surface is commonly used to minimize 
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unwanted analyte-wall interactions and manipulate EOF. Permanent,
8, 9

 adsorbed,
10-12

 and 

dynamic coatings,
1, 13

 have been used for surface modification to control EOF in electrophoresis 

as discussed in several review papers.
1, 9, 13, 14

  

As the easiest surface modification method, dynamic coatings have been employed in 

both conventional and microchip CE. Dynamic coatings rely on the equilibrium between the 

solution-phase modifier and the surface, changing the zeta potential,
15, 16

 and therefore the EOF. 

Depending on the modifier’s charges, the EOF can be suppressed, increased, or reversed. The 

most common dynamic coatings rely on ionic surfactants such as sodium dodecyl sulfate (SDS) 

to alter the surface charge of polymeric microchips.
17-19

 The addition of SDS increases the 

EOF
17, 18

 and even improve the electrochemical signal for molecules, such as carbohydrates,
20, 21

 

metabolites,
22

 and catechols.
23

 The improved electrochemical response for these species in the 

presence of surfactants can be attributed to increased solubility of the oxidation product of the 

electrochemical reaction.
23

 In addition, cationic surfactants such as cetyltrimethylammonium 

bromide (CTAB),
24, 25

 tetradecyltrimethylammonium bromide (TTAB),
26

 and 

didodecyldimethylammonium bromide (DDAB)
27

 have been added to reverse the EOF direction 

in microchip CE. Zwitterionic surfactants have also been used in both traditional and microchip 

CE. Lucy’s group first investigated the use of low concentrations of zwitterionic surfactants to 

suppress the EOF and prevent adsorption of cationic proteins on the walls of fused silica 

capillaries for traditional CE.
28, 29

 In particular, the separation of both cationic and anionic 

proteins with efficiencies as high as 1.4 million plates/m was achieved using a capillary coated 

with a double-chained zwitterionic phospholipid, 1, 2-dilauroyl-sn-phophatidylcholine (DLPC).
29

 

Another zwitterionic surfactant, dodecyldimethyl (2-hydroxy-3-sulfopropyl) ammonium (DSB) 

was also used to suppress EOF and prevent analyte absorption for the separation of basic 
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proteins and a mixture of eight inorganic anions. The later separations were achieved in 4.2 min 

with efficiencies of 24, 000 to 1 310, 000 plates/m.
30

 Recently, our group reported the 

application of sulfobetaine zwitterionic surfactants in PDMS microchips for the determination of 

inorganic anions in atmospheric aerosols
31

 and perchlorate in drinking water
32

, in which these 

surfactants suppressed the EOF and influenced separation selectivity. Nonionic surfactants, such 

as polyoxyethylene ether (Brij 35), polyoxyethylene (20) sorbitan monolaurate (Tween 20), 

polyoxyethylene octyl phenyl ether (Triton X-100), have primarily been used for reducing 

analyte-wall interactions, since they create a hydrophilic, and nonionic coating that is highly 

effective at minimizing adsorption.
33, 34

 Successful applications of these nonionic surfactants to 

suppress EOF and minimize surface adsorption of biomolecules in CE and microfluidic system 

have also been reported.
33-36

  

Mixed surfactant systems represent an interesting alternative to single surfactant systems 

for both EOF control and separation chemistry. In Lucy’s work, mixtures of zwitterionic (coco 

(amidopropyl)hydroxyldimethylsulfobetaine (CAS U)) and cationic (TTAB) surfactants were 

used to modify the EOF from nearly zero to -5×10
-4

 cm
2 

V
-1 

s
-1

.
37

 This ability to control EOF was 

employed to fine-tune the separation of inorganic anions
37

 and to separate ammonium isotopes 

through EOF counterbalance.
38

 Similar work has been done using a capillary semi-permanently 

coated with a cationic/zwitterionic mixture of DDAB/DLPC, which allowed the excess 

surfactant to be removed from the buffer prior to separation.
39

 In another example, mixed 

CTAB/SDS cationic/anionic surfactants demonstrated enhanced EOF stability relative to CTAB 

alone for capillary electrophoretic separations of basic proteins.
40

 Alternatively, the separation of 

proteins on PDMS-coated fused silica capillaries and glass microchips was achieved using a 

mixture of charged surfactants and nonionic Brij 35 to control EOF.
41

 Furthermore, mixed 
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zwitterionic (N-tetradecylammonium-N,N-dimethyl-3-ammonio-1-propane sulfonate, TDAPS) 

and nonionic (Tween 20) surfactants were used for the direct determination of bromide and 

nitrate in undiluted seawater.
42

 Despite these advances, the application of mixed surfactants 

systems for surface modification on polymeric microdevices has been limited. Here, we 

specifically address this gap in surface modification strategies. 

In 1998, capacitively coupled contactless conductivity detection (C
4
D) was reported for 

CE by two groups.
43, 44

 Schematic drawing to demonstrate the principle of C
4
D system is shown 

in Figure 4.1. Briefly, two cylindrical electrodes are placed around a fused silica capillary a 

certain distance from each other. An AC voltage is applied to the actuator electrode passing 

current the capillary wall, the detection gap between the electrodes inside the capillary, and back 

to the pick-up electrode. By using suitable amplifier electronics, conductivity changes caused by 

electrolytes passing through the detection region can be monitored. C
4
D has some advantages 

over traditional conductivity, including the ability to isolate the detection electrodes from the 

 

 

Figure 4.1 Principle of a C
4
D system.

49
 (A) Schematic drawing of the sensing electrodes. (B) 

Simplified equivalent circuitry for C
4
D. 
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electric field and the ability to locate the electrodes anywhere along the separation capillary or 

channel. C
4
D has been used with microchip CE for a variety analytes.

45-48
 C

4
D has not to the best 

of our knowledge, been used for EOF measurements but provides an excellent tool for these 

kinds of experiments as will be demonstrated here.  

Here, representative single and mixed surfactant systems were chosen to study their EOF 

behavior with a poly(dimethylsiloxane) (PDMS) substrate. In this Chapter, the effect of 

surfactant concentration on EOF was first studied using the current monitoring method for a 

single anionic surfactant (SDS), a single zwitterionic surfactant (TDAPS), and a mixed 

ionic/zwitterionic surfactant system (SDS/TDAPS). After establishing the EOF behavior, the 

adsorption/desorption kinetics were measured using SDS and TDAPS as model analytes. Next, 

C
4
D was introduced for EOF measurements as an alternative to the current monitoring method. 

EOF measurements as a function of the surfactant concentration were performed simultaneously 

using both methods for three nonionic surfactants (Tween 20, Triton X-100, and polyethylene 

glycol, (PEG 400)), mixed ionic/nonionic surfactant systems (SDS/Tween 20, SDS/Triton X-

100, and SDS/PEG 400) and mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20, 

TDAPS/Triton X-100, and TDAPS/PEG 400).  

 

4.2 EXPERIMENTAL  

4.2.1 Chemicals 

Reagents used for fabrication of microchips include SU-8 2035 photoresist (Microchem, 

Newton, MA), Sylgard 184 elastomer and curing agent (PDMS) (Dow Corning, Midland, MI), 4-

in. silicon wafers (University Wafer, South Boston, MA), and microwires made of 99.99% Pd 

(25 μm) and 99.99% Au (25 μm) (Goodfellow, Huntingdon, England). Aqueous solutions were 
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prepared in 18.2 MΩ*cm water from a Millipore Milli-Q purification system (Milipore Corp., 

Billerica, MA). The BGEs were prepared by weighing the desired amount of N-

tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES; Sigma-Aldrich, St. Louis, MO) or 

boric acid (Fisher, Pittsburgh, PA) and adjusting the pH with 2 M NaOH (Fisher). Sodium 

phosphate buffers at different pH values (4.0, 7.0, and 10.0) were prepared by mixing the 

appropriate amount of Na2HPO4 and NaH2PO4 (Fisher) and used as BGEs in the pH study of 

EOF measurements. Following pH adjustment, surfactant was added to the running BGE to the 

desired concentration. SDS (Aldrich, Milwaukee, WI, USA), TDAPS (Fluka, Buchs, 

Switzerland), N-dodecyl-N,N-dimethyl-3-ammonio-1-propansulfonate (DDAPS), Tween 20, 

PEG 400 (Sigma-Aldrich), and Triton X-100 (FisherBiotech, Fair Lawn, New Jersey) were 

selected as model surfactants for EOF measurements and their chemical structures are shown in 

Figure 4.2. All chemicals were used as received without further purification. 
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Figure 4.2 Chemical structures of the selected surfactants. (A) SDS, (B) TDAPS, (C) DDAPS, 

(D) Tween 20, (E) Triton X-100, (F) PEG 400. 

 

4.2.2 EOF measurements 

PDMS microchips with single straight channels (50 μm × 50 μm × 4.75 cm) connected 

by two reservoirs (5 cm in diameter) were fabricated using previously described methods,
49, 50

 

and employed for all EOF measurements. EOF measurements were performed using only the 

current monitoring method for a single anionic surfactant (SDS), a single zwitterionic surfactant 

(TDAPS), and a mixed SDS/TDAPS system, while both current monitoring and C
4
D methods 

were used for three nonionic surfactants (Tween 20, Triton X-100, and PEG 400), mixed 

ionic/nonionic surfactant systems (SDS/Tween 20, SDS/Triton X-100, and SDS/PEG 400) and 

mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20, TDAPS/Triton X-100, and 

TDAPS/PEG 400). The current monitoring method for EOF measurements was described 
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previously.
51

 Briefly, the first reservoir and the channel were filled higher ionic strength BGE 

(typically 20 mM in BGE concentration) and the second reservoir was filled with lower ionic 

strength BGE (typically 18 mM in BGE concentration). The specific BGEs used in EOF 

measurements are discussed below. Upon application of a high positive voltage in the first 

reservoir, EOF caused the lower ionic strength BGE to displace the higher ionic strength BGE in 

the channel, resulting in an increase in the electrical resistance of the channel. The change in 

separation current under a constant applied voltage difference was monitored using a Fluke 

multimeter (Everett, WA). Once a constant current was obtained, the potential was reversed and 

the above procedure repeated. The time required to reach a current plateau was used to calculate 

EOF based on equation 4.1.  

     
  

  
  (4.1) 

Where, L is the length of the separation channel, V is the total applied voltage, and t is the time in 

seconds required to reach the new current plateau. 

For EOF measurements simultaneously using both current monitoring and C
4
D methods, 

the microchip was set up for a close contact with the C
4
D microfluidic platform by spring screws 

and the detection point was located at the center position between two detection electrodes on the 

platform (Figure 4.3). C
4
D detection was done in the microchip channel 2.0 cm from one BGE 

reservoir. The BGE loading and voltage control in this case is the same as that described in the 

current monitoring method. Separation current and the conductivity signal were measured 

simultaneously using an analog to digital convertor controlled by PowerChrom software (eDAQ, 

Australia). The time to the inflection point (mid-point between the maximum and minimum of 

the transition region) of the conductivity trace was used to calculate EOF for the C
4
D method 

based on 4.2. 
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  (4.2) 

Where, L' is the distance between the starting reservoir and the detection point, and the other 

parameters are the same as those in Equation 4.1. All values in this Chapter are reported as the 

average from four microchips, with six replicates performed on each microchip. Reported 

uncertainties are the standard deviations obtained from the total of 24 measurements. 

 

 

Figure 4.3 Instrument setup for EOF measurements simultaneously using both current 

monitoring and C
4
D methods, which includes a PDMS microchip being placed on a ET121 C

4
D 

microfluidic platform, a laboratory built high-voltage power supply (HVPS) facilitating voltage 

control, and a EA120 C
4
D Amp. as well as a ER280 PowerChrom system for data collecting. 
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4.2.3 Adsorption/desorption rates study 

Adsorption/desorption rates studies were performed in the following way. The initial 

EOF was measured using 20 and 18 mM sodium phosphate buffers at pH 7.0 as BGEs. After 30 

min of consecutive runs, the solutions were replaced with 18 mM and 20 mM phosphate BGEs at 

pH 7.0 containing the corresponding surfactant and the analysis was repeated until a stable EOF 

was reached. Once a stable EOF was reached, the solutions were replaced with the initial BGEs 

without surfactant and the EOF was measured again until a stable value was observed. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Single SDS surfactant system 

 Modification of PDMS surface chemistry to alter the EOF using a single surfactant has 

been reported by several research groups.
52, 53

 In these studies, it was proposed that the surfactant 

molecules interact with the PDMS surface by their hydrophobic tails, while exposing negatively 

charged head groups to the solution, leading to an increase in the zeta potential and a higher 

EOF.
54

 In order to systematically study the effect of mixed surfactants on EOF in PDMS 

microchips, we initially measured the concentration dependent effect of SDS on EOF. EOF 

measurements were performed using the TES BGE at pH 7.0 as shown in Figure 4.4 (inverted 

triangles). As the SDS concentration increased, EOF increased, reaching a plateau above 3.0 mM, 

with its value changing from 3.56 ± 0.10 to 7.13 ± 0.13 ·10
4
 cm

2
 V

-1
 s

-1
 in the range of 0 to 6 mM 

SDS (CMC: 8.1 to 8.4 mM in pure water
55

 and 2.9 to 3.7 mM in 30 mM NaCl
55, 56

 at 25 °C). The 

plateau in EOF at SDS concentrations above 3.0 mM suggests the surface of PDMS microchip 

was fully coated. EOF was also measured in phosphate BGEs at pH 4.0, 7.0, and 10.0 for SDS 

concentrations of 0 to 20 mM to explore pH effects. As depicted in Figure 4.4, the EOF shows a 
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similar trend as a function of SDS concentration as that measured for the pH 7.0 TES BGE. 

Furthermore, the EOF increases as pH increases, consistent with an increased negative charge 

density on the PDMS surface at the higher pH.
17

 It should be noted, however, that the differences 

in EOF as a function of pH might be affected by differences in the ionic strength of the BGEs 

because nothing was done to keep these constant between pHs. The results are also in agreement 

with previous work presented by Harrison’s and Culbertson’s groups.
17, 18
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Figure 4.4 EOF as a function of concentration in TES buffer (20 mM) at pH 7.0 and phosphate 

buffer (20 mM) at pH 4.0, 7.0 and 10.0 for an anionic surfactant SDS. 

 

4.3.2 Single TDAPS surfactant system 

 Zwitterionic surfactants represent an interesting alternative for surface modification in 

polymeric microchips as well as for alternative agents for micellar electrokinetic 

chromatography (MEKC). The impact of these surfactants on EOF in fused silica capillaries has 
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been studied by Lucy’s group,
28, 29

 but their impact on EOF in polymeric microchips has not 

been studied. Here, we measured the impact of 0 to 2 mM TDAPS (CMC: 0.1 to 0.4 mM at 20 to 

25 °C
53

) on EOF for pH 7.0 TES and pH 4.0, 7.0, and 10.0 phosphate BGEs. Figure 4.5A shows 

a similar EOF trend for all four BGEs, in which EOF rapidly increases at low concentrations, and 

after reaching a highest EOF value at 0.1 mM TDAPS, gradually decreases to a nearly constant 

value. Differences in the starting EOF values are the result of differences in the ionic strength of 

the BGEs, the pH effects on surface charge, and the inherent variability of the EOF of PDMS. 

The unique behavior of TDAPS on PDMS can be explained by considering existing models for 

the interaction of surfactants with surfaces. Lucy’s group showed a decreasing EOF trend for 

three sulfobetaine zwitterionic surfactants, N-dodecyl-N,N-dimethyl-3-ammonio-1-

propansulfonate (DDAPS) (Figure 4.6A), N-hexadecyl-N,N-dimethyl-3-ammonio-1-

p r o p a n s u l f o n a t e  ( H D A P S ) ,  a n d  c o c o  ( a m i d o p r o p y l ) h y d r o x y l d i m e t h y l 

sulfobetaine (CAS U) in fused silica capillaries, and a hemimicelle model (Figure 4.6B) was 

proposed for this behavior.
28

 It was believed that the EOF results from the migration of the 

cations associated with the silanols on the surface of fused silica capillary, and the decrease of 

EOF can be attributed to the shielding of the silanols layer from the bulk solution by the 

adsorbed zwitterionic surfactants, leading to the decrease in zeta potential. This model can 

explain the decrease in EOF at higher TDAPS concentrations but does not explain the initial 

increase observed with a PDMS substrate. To verify that the behavior was not unique to TDAPS, 

DDAPS (CMC: 2.2 mM
28

), which has two less carbon chains than TDAPS, was tested as well. A 

similar EOF trend was obtained for DDAPS in PDMS microchips as compared to TDAPS, while 

the highest EOF value was obtained at 2 mM DDAPS (Figure 4.5B). The mechanism for the 

EOF decrease could be from one of several possible behaviors, including bilayer, hemimicelle or 
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full micelle formation. As hypothesized in the inserted panel in Figure 4.5A, the molecules of 

zwitterionic surfactants at their low concentrations may preferentially interact with the PDMS 

surface by their hydrophobic tails rather than their charged headgroups. Two potential results 

could cause an increase in EOF. First, the outermost exposed group of the surfactant is the 

anionic sulfonate functionality which would cause formation of the cationic double layer. Second, 

the larger head group of the zwitterionic surfactant will extend further from the surface resulting 

in a thicker double layer, a larger zeta potential and thus higher EOF. As the TDAPS 

concentration increases, a variety of mechanisms are again possible, ranging from bilayer 

formation to hemimicelle layer formation. The gradual decrease in EOF could also be attributed 

to charge neutralization of adsorbed surfactant molecules in the diffuse part of the double layer. 

The highest EOF was achieved at 0.1 mM of TDAPS which might be evidence of micelle 

formation of TDAPS at this BGE condition. More experiments using zwitterionic surfactants 

with different headgroup functionalities are needed to validate this hypothesis. However, some of 

necessary surfactants are currently not commercially available and synthesis of these molecules 

was outside the scope of the present work. 
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Figure 4.5 (A) EOF as a function of concentration in TES buffer (20 mM) at pH 7.0 and 

phosphate buffer (20 mM) at pH 4.0, 7.0 and 10.0 for a zwitterionic surfactant TDAPS. The 

inserted panel describes the hypothesized surfactant molecule interaction with the PDMS surface. 

(B)  EOF as  a  funct ion  o f  concent ra t ion  in  TES buf fe r  (20  mM) a t  pH 7 .0  

for a zwitterionic surfactant DDAPS. 
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Figure 4.6 (A) EOF as a function of concentration for a zwitterionic surfactant DDAPS in fused 

silica capillary. (B) Proposed hemimicelle model. 

 

4.3.3 Mixed SDS/TDAPS surfactant system 

Mixtures of anionic (SDS) and zwitterionic surfactants (TDAPS) were investigated next. 

EOF was measured at 0 to 20 mM SDS concentrations from while the concentration of TDAPS 

was fixed at 0.1 mM, 0.5 mM, 1.0 mM, or 2.0 mM (Figure 4.7A). In the absence of SDS, the 

EOF values measured for varying concentrations of TDAPS matched the values shown in Figure 
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4.5A.  The addition of SDS caused an increase in EOF for all four TDAPS concentrations with a 

trend similar to that seen with SDS alone. However, the overall magnitude of the EOF was 

dependent on the TDAPS concentration with 0.1 mM TDAPS giving the highest average EOF 

and 2.0 mM giving the lowest. EOF values were similar to or higher than values measured for 

SDS alone. For example, an EOF value of 8.37 ± 0.15 ·10
4
 cm

2
 V

-1
 s

-1
 was produced using a 

mixture of 3.0 mM SDS and 0.1 mM TDAPS, which is 19% higher than that using 3.0 mM SDS 

alone. Hence, it would be advantageous to use these mixed surfactants for separations that 

require high EOF. The SDS/TDAPS ratio was also plotted to show the relative effect (Figure 

4.7B). Except for data obtained at 0.1 mM TDAPS, the observed EOF closely correlates with the 

SDS/TDAPS ratio, irrespective of absolute surfactant concentrations. Monomeric SDS adsorbs 

to the PDMS surface and increases the EOF, whereas TDAPS suppresses the EOF above the 

critical micelle concentration. These results suggest that a desired EOF can be achieved through 

the range presented by simply varying the ratio of anionic and zwitterionic surfactants. 

Additionally, pH effects on the EOF for mixed surfactants in phosphate buffer at pH 4.0, 7.0, and 

10.0 were studied, and the results are shown in Figure 4.8 and 4.9. Similar EOF behaviors as 

those in TES BGE at pH 7.0 can be observed for all three phosphate BGEs with different pH 

values. 
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Figure 4.7 (A) EOF as a function of SDS concentration using TDAPS in TES buffer (20 mM) at 

pH 7.0. (B) EOF as a function of the ratio of SDS/TDAPS concentration in TES buffer (20 mM) 

at pH 7.0. 
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Figure 4.8 EOF as a function of SDS concentration using TDAPS in phosphate buffer (20 mM) 

at (A) pH 4.0, (B) pH 7.0, and (C) pH 10.0. 

 

 

 

 

 

 

 

 



76 

 

Figure 4.9 EOF as a function of the ratio of SDS/TDAPS concentration in phosphate buffer (20 

mM) at (A) pH 4.0, (B) pH 7.0, and (C) pH 10.0. 

 

4.3.4 Adsorption/desorption rates of surfactants 

After establishing EOF behavior, measurements were performed using the current 

monitoring method to evaluate the adsorption and desorption kinetics of SDS and TDAPS. 

Similar studies have been made on PDMS using the separation of a neutral marker for EOF 

measurements.
57

 Figure 4.10 shows the experimental results of adsorption/desorption kinetics of 

SDS (0.8 mM) and TDAPS at concentrations of 0.1 mM, 0.5 mM, and 2.0 mM. The differences 

observed in the initial EOF values likely arise from variability in the native surface charge of 



77 

 

PDMS and/or variations in ionic strength. As can be observed in Figure 4.10, a significant 

increase in the EOF was observed once SDS was added to the BGE, with EOF changing from the 

initial value of 3.5 ·10
4
 cm

2
 V

-1
 s

-1
 for native PDMS to 5.0 ·10

4
 cm

2
 V

-1
 s

-1 
with 0.8 mM SDS. 

The equilibrium was reached in less than 10 min. When BGEs without SDS were reloaded, the 

EOF rapidly decreased to a value of 4.0 ·10
4
 cm

2
 V

-1
 s

-1
, resulting from the desorption of SDS 

from the surface. However, the initial EOF value was never reached even after 40 min, 

suggesting a significant amount of SDS was retained on the surface. Similar behavior was 

observed when 0.1 mM TDAPS was added to the BGE. As can be observed in Figure 4.10, the 

initial EOF increased from 3.2 ·10
4
 cm

2
 V

-1
 s

-1
 to 3.9 ·10

4
 cm

2
 V

-1
 s

-1
, and decreased to a final 

EOF value of 3.7 ·10
4
 cm

2
 V

-1
 s

-1
, showing slower adsorption and desorption kinetics than those 

in 0.8 mM SDS. After 40 min, ~69% of the total EOF change due to TDAPS remained due to 

semi-permanently attached TDAPS on the PDMS surface. When 0.5 mM TDAPS was added to 

the BGE, EOF decreased from 2.9 ·10
4
 cm

2
 V

-1
 s

-1
 to 2.3 ·10

4
 cm

2
 V

-1
 s

-1
, while in the case of 2.0 

mM TDAPS, EOF changed from 3.4 ·10
4
 cm

2
 V

-1
 s

-1 
to 2.6 ·10

4
 cm

2
 V

-1
 s

-1
. Likewise, after 

removing TDAPS from the BGE, EOF did not recover to its initial value. Hence, the PDMS 

channels should be in contact with each solution prior to EOF measurements for at least 40 min 

to minimize kinetic contributions in the adsorption stage. 
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Figure 4.10 Adsorption/desorption experiments of surfactants. The mark* denotes the point 

when the surfactant was added and the arrow denotes the point when the surfactant was removed 

from the solution reservoirs. 

 

4.3.5 EOF measurements by C
4
D and current monitoring methods 

Next, EOF measurements were performed simultaneously using current monitoring and 

C
4
D methods for three nonionic surfactants (Tween 20, Triton X-100, and PEG 400), and mixed 

ionic/nonionic surfactant systems (SDS/Tween 20, SDS/Triton X-100, and SDS/PEG 400) as 

well as mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20, TDAPS/Triton X-

100, and TDAPS/PEG 400). Example traces for current/conductivity signals for EOF 

measurements obtained simultaneously from these two methods are shown in Figure 4.11A. The 

current monitoring method measures the average conductivity along the channel and gives a 
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gradual decrease in the current until a current plateau is reached, indicating total replacement of 

BGE in the channel. The C
4
D measures conductivity at a point along the channel, and thus there 

is a sudden decrease in conductivity when the lower ionic strength BGE reaches detection 

electrodes. To compare the two methods, the EOF reproducibility using 20 mM TES buffer (pH 

7.0) combined with 5, 10, and 18 mM TES buffer (pH 7.0) as the high and low ionic strength 

BGEs, respectively, was established. As shown in Figure 4.11B, while the two methods give 

statistically indistinguishable EOF values, the reproducibility of the C
4
D method is superior to 

that of the current monitoring method as evidenced by the relative standard deviations. The 

current monitoring method gave a relative standard deviation of 1.89%, while the C
4
D detector 

had a relative standard deviation of 1.41%, when using 20 and 18 mM TES BGEs. As the 

difference in ionic strength between the BGEs increased (resulting in the net ionic strength 

decreasing), the EOF increased slightly (from 4.52 ± 0.09 ·10
4
 cm

2
 V

-1
s

-1 
(current monitoring) 

and 4.51 ± 0.06 ·10
4
 cm

2
 V

-1
s

-1 
(C

4
D) when using 20 and 18 mM TES BGEs to 4.65 ± 0.31 10

4
 

cm
2
 V

-1
s

-1 
(current monitoring) and 4.65 ± 0.24 10

4 
cm

2
 V

-1
s

-1 
(C

4
D) when using 20 and 5 mM 

TES BGEs), while the standard deviation increased significantly (6.69% (current monitoring) 

and 5.18% (C
4
D) when using 20 and 5 mM TES BGEs). These results indicate that more precise 

EOF measurements can be made using BGEs with smaller differences in ionic strength in 

accordance with previous reports and with the use of C
4
D.

58
 Based on these results, 20 mM and 

18 mM BGEs (TES buffer at pH 7.0 or boric acid buffer at pH 9.2) were used for all remaining 

EOF measurements.  
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Figure 4.11 (A) EOF measurements using both current monitoring and C
4
D methods. The mark* 

denotes the time point at which the polarity is reversed. Field strength: 200 V/cm; BGE: TES 

buffer (20 mM) at pH 7.0. (B) EOF as a function of difference in ionic strength between the 

BGEs used in both current monitoring and C
4
D methods. 
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4.3.6 Single nonionic surfactant system 

Modification of PDMS surface chemistry using nonionic surfactants has been reported by 

several groups who have suggested that this class of surfactants interacts with the surface 

through their hydrophobic tails, creating an uncharged hydrophilic surface that minimizes protein 

adsorption and reduces EOF.
34, 35

 Here, two molecular nonionic surfactants, Tween 20 (CMC: 

0.08 mM 
33

) and Triton X-100 (CMC: 0.24 mM 
59

), were studied. Measurement of EOF in boric 

acid buffer (pH 9.2) was performed using both C
4
D and current monitoring methods and the 

results are shown in Figure 4.12A. The EOF decreased with increasing surfactant concentration 

most likely as the result of the hydrophobic tail of the nonionic surfactant interacting with the 

PDMS to shield surface charges. As an example, Figure 4.12A shows EOF deceasing for Tween 

20, from 4.30 ± 0.08 ·10
4
 cm

2
 V

-1
s

-1
 at 0 mM to 1.34 ± 0.04 ·10

4
 cm

2
 V

-1
s

-1
 at 5 mM. The results 

are also in agreement with previous work presented by Chen’s group.
34

 The increasing buffer 

viscosity in the presence of nonionic surfactants will also play a role in this behavior but is 

expected to be minimal relative to changes in surface charge. Similar results were found for 

Triton X-100 although the net change in EOF was smaller (4.22 ± 0.13 to 2.05 ± 0.16 ·10
-4

 cm
2 

V
-1 

s
-1

) than Tween 20. The reason for the difference in final EOF values is not known at this 

time but is most likely the result of differences in surfactant packing density on the PDMS 

surface.  
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Figure 4.12 EOF as a function of concentration in boric acid buffer (20 mM) at pH 9.2 for 

nonionic surfactants (A) Tween 20 and Triton X-100, and (B) PEG 400. 
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The use of hydrophilic neutral polymers, such as polyethylene glycol (PEG), poly(vinyl 

pyrrolidone) (PVP), hydroxyethylcellulose (HEC), has been applied for surface modification in 

chip electrophoresis.
1,13

 Successful permanent
60-62

 and dynamic coatings
63, 64

 using PEG to 

suppress EOF have been reported on various materials, including glass and plastic chips. It has 

been reported that the adsorption of PEG on the surface of fused silica capillary via hydrogen 

bonds prevent the dissociation of silanol groups under higher pH.
64 

Here, PEG (with its average 

molecular weight of approximately 400 daltons) was chosen as a starting point to study the EOF 

behavior of this type of polymeric surfactant with PDMS substrate. Measurement of EOF in 

boric acid buffer (pH 9.2) was performed using both C
4
D and current monitoring methods. As 

shown in Figure 4.12B, the presence of PEG 400 in BGE also decreased the EOF with increasing 

concentration, with its value changing from 4.42 ± 0.14 ·10
4
 cm

2
 V

-1
s

-1
 to 1.20 ± 0.09 ·10

4
 cm

2
 

V
-1

s
-1

 in the range of 0 to 500 mM PEG 400 (corresponding to 0 to 18% w/v). However, the 

overall behavior was very different from Tween or Triton surfactants. Instead of causing a rapid 

decrease at the beginning phase and then reaching a plateau in EOF as concentration increased, 

the EOF decreased slowly with PEG, which is desirable for tuning the EOF over a wider range of 

operating conditions. Here, the decrease in EOF might be attributed to two factors. One is the 

noncovalent coating of PEG 400 on the PDMS surface via hydrogen bonds to shield surface 

charges, the other is the significant increase in BGE viscosity as the PEG 400 concentration 

increases.
65

  

 

4.3.7 Mixed anionic/nonionic surfactant systems 

Several groups have reported surface modification using mixed surfactant systems for CE. 

The combination of neutral and charged surfactants together provides a better means to fine tune 
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the EOF on bare silica than individual surfactants, resulting in a larger functional mobility 

window.
66, 67

 Additionally, by employing a mixture of charged surfactants and the nonionic 

surfactant, polyoxyethylene ether (Brij 35), on PDMS-coated fused silica capillaries and glass 

microchips, improved control of the EOF across a larger functional mobility window was 

achieved for protein separations.
41

 Here, mixtures of ionic (SDS) and nonionic surfactants 

(Tween 20, Triton X-100 and PEG 400) were investigated. EOF was measured using both C
4
D 

and current monitoring methods (only C
4
D data is shown for figure clarity) at 0 to 20 mM SDS 

concentrations while the concentration of Tween 20 was fixed at 0.1 mM, 0.5 mM, 1.0 mM, or 

5.0 mM in 20 mM boric acid buffer (pH 9.2) (Figure 4.13A). In the absence of SDS, the EOF 

values measured for varying concentrations of Tween 20 matched the values shown in Figure 

4.12A. The addition of SDS dominated the EOF behavior for all Tween 20 concentrations with 

only small differences in EOF obtained as a function of Tween 20 concentration. For example, 

an EOF value of 5.79 ± 0.16 ·10
4
 cm

2
 V

-1
s

-1 
was measured using a mixture of 3.0 mM SDS and 

1.0 mM Tween 20, which is almost 3.5-fold higher than that using 1.0 mM Tween 20 alone (1.39 

± 0.03 ·10
4
 cm

2
 V

-1
s

-1
). The SDS/Tween 20 ratio was also plotted to show the relative effect 

(Figure 4.14A). A similar EOF trend but a smaller net change in EOF was observed for mixed 

SDS/Triton X-100 system (2.12 ± 0.07 to 6.49 ± 0.23 ·10
4
 cm

2
 V

-1
s

-1
) than mixed SDS/Tween 20 

systems (1.38 ± 0.06 to 6.51 ± 0.22 ·10
4
 cm

2
 V

-1
s

-1
) as shown in Figure 4.13B and 4.14B. The 

fact that the final EOF in both mixtures was statistically identical shows the dominant role of 

SDS in this system. Although the polymeric nonionic surfactant PEG 400 modifies EOF with a 

different mechanism as compared to two molecular nonionic surfactants (Tween 20 and Triton 

X-100), the mixed SDS/PEG 400 surfactant system still exhibited a similar EOF behavior as the 

above two mixed surfactant systems, showing an EOF change from 1.66 ± 0.08 to 6.75 ± 



85 

 

0.16 ·10
4
 cm

2
 V

-1
s

-1
 for increased SDS concentration (Figure 4.13C and 4.14C). These results are 

in agreement with the EOF behavior shown in the mixed SDS/Brij 35 surfactant system in 

previous work presented by Harrison’s groups.
41

 For all three mixed ionic/nonionic surfactant 

systems, the significant increase in EOF as a result of SDS concentration is most likely the result 

of its higher packing density on the surface coupled with a higher affinity for the surfaces.  

 

 

Figure 4.13 EOF as a function of SDS concentration using (A) Tween 20, (B) Triton X-100, and 

(C) PEG 400 in boric acid buffer (20 mM) at pH 9.2.  
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Figure 4.14 EOF as a function of the ratio of (A) SDS/Tween 20, (B) SDS/Triton X-100, and (C) 

SDS/PEG 400 concentration in boric acid buffer (20 mM) at pH 9.2.  

 

4.3.8 Mixed zwitterionic/nonionic surfactant systems 

 Next, the concentration dependent effect of mixtures of zwitterionic (TDAPS) and 

nonionic surfactants (Tween 20, Triton X-100 and PEG 400) on EOF was studied. EOF 

measurements were performed using both C
4
D and current monitoring methods (only C

4
D data 

is shown for figure clarity) at 0 to 4 mM TDAPS concentrations while the concentration of 
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Tween 20 was fixed at 0.1 mM, 0.5 mM, 1 mM, or 5 mM in 20 mM boric acid buffer (pH 9.2) 

(Figure 4.15A). In the absence of TDAPS, the EOF values measured for varying concentrations 

of Tween 20 were consistent with those obtained in pure Tween 20 system. The addition of 

TDAPS caused an increase in EOF for all four Tween 20 concentrations. For example, EOF 

values in the mixture of 0.5 mM TDAPS/2 mM Tween 20 and 4 mM TDAPS/2 mM Tween 20 

are 3.85 ± 0.12 and 4.05 ± 0.13 ·10
4
 cm

2
 V

-1
s

-1
, respectively, which are approximately two-fold 

higher than the 1.36 ± 0.04 ·10
4
 cm

2
 V

-1
s

-1 
obtained using 2.0 mM Tween 20 alone. The overall 

EOF magnitude was dependent on the Tween 20 concentration with 0.1 mM Tween 20 giving 

the highest average EOF and 5 mM giving the lowest. Here, nonionic surfactant Tween 20 would 

more likely adsorb on the hydrophobic PDMS surface than the less hydrophobic zwitterionic 

surfactant TDAPS due to the presence of both cationic and anionic groups in molecules of 

zwitterionic surfactant.
68

 One possible hypothesis to explain the EOF behavior of mixed Tween 

20/TDAPS system is that Tween 20 shields the PDMS surface charge decreasing the EOF, 

whereas the adsorption of TDAPS onto the surface exposed the outermost anionic sulfonate 

group to form a thicker cationic double layer, a larger zeta potential and thus higher EOF. The 

same experiments were performed for the mixed TDAPS/Triton X-100 system, and similar EOF 

behavior with a smaller EOF change (2.03 ± 0.08 to 4.30 ± 0.13 ·10
4
 cm

2
 V

-1
s

-1
) (Figure 4.15B) 

was observed when compared to mixed TDAPS/Tween 20 system (1.37 ± 0.07 to 4.66 ± 

0.15 ·10
4
 cm

2
 V

-1
s

-1
). The TDAPS/(Tween 20 or Triton X-100) ratios were also plotted to show 

the relative effect (Figure 4.16A and 4.16B). These results show that mixtures of zwitterionic 

(TDAPS)/nonionic (Tween 20 or Triton X-100) surfactants give a higher EOF than nonionic 

surfactant alone and thus provide a larger EOF working range relative to single surfactant 

systems. However, as depicted in Figure 4.15C and 4.16C for the mixed TDAPS/PEG 400 
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surfactant system, the addition of TDAPS caused an initial decrease, followed an increase in 

EOF at the lower concentration of PEG 400 (12.5 mM), and then an overall increase at the 

medium or higher concentration of PEG 400 (50 mM and 250 mM). The reason for this behavior 

is not clear at this time but is probably caused by the difference in the interaction mechanism of 

PEG 400 with PDMS substrate as compared to the other two molecular nonionic surfactants and 

the fact that TDAPS is not as strong a surfactant as SDS. Finally, EOF measurements were made 

for the same mixtures using pH 7.0 TES (20 mM) as the BGE since these conditions are common 

for separation of catecholamines (Figure 4.17 and 4.18). The resulting EOF values align very 

closely with the values measured at pH 9.2. The combined results show that a desired EOF can 

be achieved in the operating range provided by the surfactants by adjusting the surfactant ratio. 

This should provide a better control of EOF than is presently possible with single surfactant 

systems. 
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Figure 4.15 EOF as a function of TDAPS concentration using (A) Tween 20, (B) Triton X-100, 

and (C) PEG 400 in boric acid buffer (20 mM) at pH 9.2.  
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Figure 4.16 EOF as a function of the ratio of (A) TDAPS/Tween 20, (B) TDAPS/Triton X-100, 

and (C) TDAPS/PEG 400 concentration in boric acid buffer (20 mM) at pH 9.2.  

 

 

 

 

 

 

 



91 

 

 

Figure 4.17 EOF as a function of TDAPS concentration using (A) Tween 20, (B) Triton X-100, 

and (C) PEG 400 in TES buffer (20 mM) at pH 7.0.  
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Figure 4.18 EOF as a function of the ratio of (A) TDAPS/Tween 20, (B) TDAPS/Triton X-100, 

and (C) TDAPS/PEG 400 concentration in TES buffer (20 mM) at pH 7.0. 

 

4.4 CONCLUSIONS 

Here, the use of mixed ionic/zwitterionic, ionic/nonionic or zwitterionic/nonionic 

surfactants on PDMS microchips to control EOF was reported. EOF measurements as a function 

of the surfactant concentration were first performed using the current monitoring method with 

SDS, TDAPS, and a mixed SDS/TDAPS surfactant system. SDS increased the EOF as reported 

previously while TDAPS showed an initial increase in EOF followed by a reduction above the 
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CMC. pH effects were also studied in these single and mixed surfactant systems, exhibiting the 

expected pH dependence of EOF. With use of these mixed surfactants, higher EOF values and 

expanded EOF working windows were obtained as compared to single surfactants. Also, the 

correlation between EOF and surfactant concentration demonstrated that EOF could be tuned 

over a range of values based on the surfactant ratio. SDS exhibited faster adsorption/desorption 

rate than TDAPS. In all cases, the initial EOF was not fully recovered after removal of the 

surfactant, showing a residual amount of surfactant remaining on the PDMS surface. Next, C
4
D 

was introduced for EOF measurements and provided improved measurement reproducibility 

relative to the current monitoring method. EOF measurements as a function of the surfactant 

concentration were performed simultaneously using both methods for three nonionic surfactants 

(Tween 20, Triton X-100, and PEG 400), mixed ionic/nonionic surfactant systems (SDS/Tween 

20, SDS/Triton X-100, and SDS/PEG 400), and mixed zwitterionic/nonionic surfactant systems 

(TDAPS/Tween 20, TDAPS/Triton X-100, and TDAPS/PEG 400), respectively. EOF for the 

nonionic surfactants decreased with increasing surfactant concentration. Using mixed 

surfactants, higher EOF values and a wider tunable EOF range was obtained as compared to 

BGEs containing a single nonionic surfactant. 
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CHAPTER 5. ELECTROPHORETIC SEPARATIONS IN 

POLY(DIMETHYLSILOXANE) MICROCHIPS USING MIXTED SURFACTANT 

SYSTEMS

 

 

5.1 EXPERIMENTAL  

5.1.1 Chemicals 

 Reagents used for fabrication of microchips include SU-8 2035 photoresist (Microchem, 

Newton, MA), Sylgard 184 elastomer and curing agent (PDMS) (Dow Corning, Midland, MI), 4-

in. silicon wafers (University Wafer, South Boston, MA), and microwires made of 99.99% Pd 

(25 μm) and 99.99% Au (25 μm) (Goodfellow, Huntingdon, England). Aqueous solutions were 

prepared in 18.2 MΩ*cm water from a Millipore Milli-Q purification system (Milipore Corp., 

Billerica, MA). The BGEs were prepared by weighing the desired amount of N-

tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES; Sigma-Aldrich, St. Louis, MO) or 

boric acid (Fisher, Pittsburgh, PA) and adjusting the pH with 2 M NaOH (Fisher). Following pH 

adjustment, surfactant was added to the running BGE to the desired concentration. SDS (Aldrich, 

Milwaukee, WI, USA), TDAPS (Fluka, Buchs, Switzerland), Tween 20, PEG 400 (Sigma-

Aldrich), and Triton X-100 (FisherBiotech, Fair Lawn, New Jersey) were selected for the present 

study. 10-mM stock solutions of dopamine (DA), Norepinephrine (NE), Epinephrine (E), 3,4-

dihydroxy-L-phenylalanine (L-DOPA), catechol (CA), ascorbic acid (AA), DL-homocysteine 

(Hcy), reduced glutathione (GSH) (Sigma-Aldrich), and L-cysteine (Cys) (Fluka) were prepared 

daily in 10 mM HCl, while L-tyrosine (Tyr) (Sigma-Aldrich) was prepared daily in 10 mM 

NaOH. Samples were prepared by dilution of the stock with BGE. All chemicals were used as 
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received without further purification. An industrial incineration ash sample (RTC-CRM012) 

certified for metals was purchased for real sample analysis (LGC Standards, Teddington, UK). 

 

5.1.2 Sample preparation and analysis 

Rat pheochromocytoma (PC12) cells obtained from American Type Culture Collection 

(ATCC, Manassas, VA) were cultured on poly-D-lysine-coated T-25 culture flasks (VWR 

International, Radnor, PA) with F-12 K medium supplemented with 10% fetal bovine serum. 

Cell medium was replaced every 3 days and subcultured as needed. After centrifugation, the 

supernatant was discarded and the cells in the pellet were resuspended in 4 mL phosphate 

buffered saline (PBS) (0.2 M, NaCl (Mallinckrodt, Phillipsburg, NJ) 0.9%, pH 7.4). Cells were 

washed 3× with PBS to remove any residual media prior to analysis. Stimulation of the PC12 

cells was carried out by exposing approximately 1.5 × 10
5
 cells (300 μL) to 80 mM K

+
 (as KCl) 

(300 μL) in PBS at room temperature for 3 min.
1
 The cells were centrifuged at 1000 × g for 5 

min, and 500 μL of supernatant was removed and placed in a fresh microcentrifuge tube for 

analysis. Samples were kept on ice until analysis to prevent analyte degradation. 

The red blood cell (RBC) sample for the detection of reduced GSH was treated according 

to the literature.
2
 Briefly, 10 mL of whole blood was collected from a healthy volunteer in 

heparinized tubes. The sample was centrifuged 1,000 × g for 15 min at 4 °C, and the plasma 

discarded. The remaining erythrocytes were washed 3× with PBS. Aliquots of the erythrocyte 

were then hemolysed (1:1 v/v) in 1 mM Na2H2EDTA (Mallinckrodt) solution with 10% (w/v) 5-

sulfosalicylic acid (Sigma). The mixed solution was centrifuged at 1,000 × g for 10 min at 4 °C. 

The supernatant was collected as hemolysate sample and was 4× diluted in 20 mM boric acid 

buffer (pH 9.2) with an appropriate composition of mixed SDS/TDAPS surfactants. The solution 
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containing GSH was analyzed by MCE-ECD immediately after removing the precipitated 

protein with a 3K microcentrifuge filter. For time studies of GSH in RBCs exposed to fly ash 

with or without H2O2, erythrocytes (6 × 10
6
 cells/mL) collected in the above procedure were 

cultured in six-well plates in an incubator at 37°C, 5% CO, and 99% humidity. RBC suspension 

(10% cells in RPMI1640 media (Sigma-Aldrich) with 1% antibiotic-antimycotic solution (APS) 

(Mediatech, Manassas, VA)) was supplemented with H2O2 (0.5 mM final concentration), fly ash 

(25 μg/mL final concentration) or both, respectively, at 2, 4 and 6 h.  After hemolyzation using 

the same protocols, the supernatant was collected and 2× diluted in 20 mM boric acid buffer (pH 

9.2) with an appropriate composition of mixed SDS/PEG 400 surfactants. The solution 

containing GSH was analyzed by MCE-ECD immediately after removing the precipitated 

protein with a 3K microcentrifuge. 

 

5.1.3 PDMS microchip fabrication 

The method used to fabricate PDMS microchips using incorporated microwires for 

detection has been published previously.
3, 4

 A previously reported design consisting of a straight 

T injector and a bubble cell with its width 4× that of the separation channel width in the detection 

zone
5
 was used and had channel width and depth of 50 μm, respectively (Figure 3.1). The 

microchip used for the detection of DA, NE, E, CA, and L-DOPA had sample and buffer channel 

lengths of 2.0 cm, a sample waste channel length of 4.0 cm, and a separation channel length of 

10.0 cm, while the microchip used for the detection of another two groups of analytes (Group 1: 

DA, CA and AA; Group 2: Tyr, Hcy, Cys and GSH) has sample, sample waste, and buffer 

channel lengths of 0.8 cm, and the separation channel length of 5.0 cm. A Pd decoupler and Au  
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working electrode (WE) were placed in the bubble cell using electrode alignment channels.
4
 

Each electrode channel was 50 μm wide and separated by 125 μm.  

 

5.1.4 MCE-ECD  

A 3-channel (two positives and one negative) laboratory built high-voltage power supply 

was used for all the experiments involving an injection/separation step.
6
 A 10-s hydrodynamic 

injection
7
 was used for the separation of DA, NE, E, CA, and L-DOPA, while a 1-s and 3-s gated 

injections
8
 were employed for the separation of another two groups of analytes (Group 1: DA, 

CA and AA; Group 2: Tyr, Hcy, Cys and GSH), respectively. The Pd decoupler and the sample 

waste reservoir were always held at ground to isolate the potentiostat from high voltage. During 

the hydrodynamic injection, both sample and buffer reservoirs were grounded. Sample 

introduction was achieved by filling the sample reservoir with 80 μL of sample solution and the 

remaining reservoir were filled with 50 μL of buffer solution. The separation was performed by 

applying the high positive potentials of 2,220 V and 1,850 V in sample and buffer reservoirs, 

respectively, resulting in a field strength of 150 V cm
-1

 in 10.0 cm long separation channel. For 

gated injection, equal solution volumes were loaded in all reservoirs, and sample introduction 

was achieved by applying a positive potential of 1,050 V to the sample reservoir while floating 

the buffer reservoir. The separation was performed by applying 900 V to the buffer reservoir 

while keeping voltage settings in all other reservoirs the same as its injection phase, resulting in a 

field strength of 123 V cm
-1

 in 5.0 cm long separation channel. DC amperometric detection and 

pulsed amperometric detection (PAD) were employed (CHI 1010A Electrochemical Analyzer, 

CH Instruments, Austin, TX) in a two-electrode configuration.
4
 The former was used for the 

detection of catecholamines and their related analytes, including DA, NE, E, CA, L-DOPA, and 

ascorbic acid, while the latter was used for the detection of Tyr, Hcy, Cys and GSH. A Pt wire (1 
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mm diameter) in the waste reservoir was acted as both auxiliary and psuedo-reference electrode.
4
 

Cleaning of Pd decoupler was done initially by running cyclic voltammetry (CV) from -1.0 V to 

1.0 V at 0.1 V/s for 50 cycles. Two gold working electrodes were cleaned using CV by scanning 

from -0.5 V to 1.8 V at 0.5 V/s for 100 cycles while buffer was flowed over the electrodes. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Separation applications using mixed SDS/TDAPS surfactant system 

The use of the mixed SDS/TDAPS surfactant system was demonstrated with the 

separation of dopamine (DA), catechol (CA) and ascorbic acid (AA). Separations were 

performed with different mixtures of SDS and TDAPS and compared to the individual surfactant 

systems. Electropherograms for 50 μM analytes under these buffer conditions are shown in 

Figure 5.1, with calculated EOF values of 7.22 ± 0.31, 8.20 ± 0.32, 6.17 ± 0.26, 8.75 ± 0.37, 8.00 

± 0.31, 7.74 ± 0.32 and 7.17 ± 0.33 ·10
-4 

cm
2
 V

-1
 s

-1
 (n = 3) corresponding to the 

electropherograms from bottom to top, respectively. Shorter migration times (37.4 ± 1.3 to 39.7 

± 1.4, 46.9 ± 2.0 to 58.2 ± 2.1, and 60.5 ± 2.4 to 77.2 ± 3.5 s, n = 3) and higher peak heights (8.6 

± 0.8 to 12.0 ± 0.8, 4.6  ± 0.4 to 5.0 ± 0.5, and 1.1 ± 0.2 to 1.3 ± 0.3 nA, n = 3) were obtained for 

DA, CA, and AA, respectively, in the four mixed SDS/TDAPS surfactant systems as compared 

to the TES buffer with 0.1 mM TDAPS (Migration time of 46.9 ± 1.8, 62.3 ± 2.6, and 88.1 ± 2.6 

s and peak heights of 8.0 ± 0.7, 2.5 ± 0.3, and 0.6 ± 0.1 nA (n = 3) for three analytes, 

respectively). Differences in the relative migration times here with respect to the EOF results 

discussed above are likely due to differences in the interaction of the analytes with the surfactant. 

Furthermore, differences in peak height may be the result of variation in injection volume in 

addition to improvements due to the increased solubility of the oxidized products of the 



102 

 

electrochemical reaction.
9
 A significant improvement in the resolution (R = 4.16 ± 0.08, 4.32 ± 

0.09, 5.88 ± 0.11, and 9.39 ± 0.15 (n = 3) for 0.5 mM SDS mixed with 0.1, 0.5, 1.0, and 2.0 mM 

TDAPS, respectively) between DA and CA was also achieved by using mixed surfactants as 

compared to the resolution (R = 1.37 ± 0.05, n = 3) of these two analytes in TES buffer with 1.0 

mM SDS. However, the resolution for all analytes obtained using 0.1 mM TDAPS were still 

higher than those in mixed surfactant systems due to the much slower EOF with the TDAPS 

surfactant as compared to the mixed surfactant systems. Although clear separation can be 

obtained using TES buffer with SDS concentrations lower than 1.0 mM, mixed SDS/TDAPS 

surfactant system may provide a faster analysis time than single surfactant system with the same 

SDS concentration, while still keeping comparable or even better analyte resolution. As the 

TDAPS concentration increased in the surfactant mixtures, analytes resolution was enhanced, 

and the best results were achieved using a mixture of 0.5 mM SDS and 2.0 mM TDAPS among 

four tested mixed surfactant systems. In addition, the highest separation efficiencies of 150,000 ± 

8,100, 200,000 ± 12,000, and 170,000 ± 20,000 plates/m (n = 3) (corresponding to 7,300 ± 380, 

9,700 ± 550, and 8,000 ± 950 plates) were also obtained for dopamine, catechol and ascorbic 

acid, respectively, using the same SDS and TDAPS ratio. Comparisons of resolution and 

separation efficiency calculated form peak information in electropherograms under different 

conditions is shown in Figure 5.2 and Table 5.1. Furthermore, comparable or lower LODs were 

observed in mixed surfactant systems relative to individual surfactants, with an example LODs 

of dopamine, catechol and ascorbic acid at 60 ± 15 nM, 150 ± 42 nM, and 600 ± 180 nM, using a 

mixture of 0.5 mM SDS and 2.0 mM TDAPS, as compared to LODs of these analytes at 80 ± 19 

nM, 150 ± 30 nM, and 550 ± 150 nM using 0.5 mM SDS or 120 ± 25 nM, 250 ± 50 nM, and 

1,000 ± 360 nM (n = 3, S/N = 3) using 2.0 mM TDAPS, respectively. 
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Figure 5.1 Example electropherograms for 50 μM dopamine, catechol, and ascorbic acid in 20 

mM TES buffer at pH 7.0 with various surfactant conditions. Field strength: 123 V/cm, 1-s gated 

injection; detection: DC Amp., Edet = 1.2 V. 
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Figure 5.2 Comparisons of resolution results of dopamine, catechol and ascorbic acid calculated 

form peak information in electropherograms under different conditions. Resolution (R) is 

calculated based on the following equation where t1, t2 are the migration time of two analytes, 

respectively, and Wh1, Wh2 are the half peak widths of two analytes in seconds, respectively. R = 

[2ln(2)]
0.5

(t2—t1)/(Wh1+Wh2), which will be used for all resolution calculations in this thesis. 
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Table 5.1 Comparisons of separation efficiency results of dopamine, catechol and ascorbic acid 

under different surfactant conditions. 

 Separation efficiency (plates/m) (number in plates) 

Dopamine Catechol Ascorbic acid 

0.5 mM SDS 70,720 ± 4,000 

(3,360 ± 190) 

130,930 ± 8,400 

(6,220 ± 400) 

102,400 ± 9,100 

(4,860 ± 430) 

1 mM SDS 42,320 ± 3,200 

(2,010 ± 150) 

69,250 ± 7,000 

(3,290 ± 330) 

80,210 ± 6,400 

(3,810 ± 300) 

1 mM TDAPS 215,400 ± 9,100 

(10,230 ± 430) 

195,370 ± 8,000 

(9,280 ± 380) 

132,630 ± 15,000 

(6,300 ± 710) 

0.5 mM SDS 

0.1 mM TDAPS 

42,130 ± 3,000 

(2,000 ± 140) 

133,050 ± 5,900 

(6,320 ± 280) 

106,480 ± 6,800 

(5,060 ± 320) 

0.5 mM SDS 

0.5 mM TDAPS 

46,740 ± 3,000 

(2,220 ± 140) 

123,160 ± 7,200 

(5,850 ± 340) 

99770 ± 6,100 

(4,740 ± 290) 

0.5 mM SDS 

1 mM TDAPS 

59,790 ± 5,890 

(2,840 ± 280) 

133,260 ± 9890 

(6,330 ± 470) 

122,530 ± 9,050 

(5,820 ± 430) 

0.5 mM SDS 

2 mM TDAPS 

153,900 ± 8,000 

(7,310 ± 380) 

203,510 ± 11,600 

(9,670 ± 550) 

168,420 ± 20,000 

(8,000 ± 950) 

 

Next, the mixed SDS/TDAPS surfactant system was employed for the separation of 

Tyrosine (Tyr) and three aminothiols (Homocysteine (Hcy), Cysteine (Cys) and reduced 

glutathione (GSH)). Electropherograms for 200 μM Tyr, Hcy, and Cys as well as 600 μM GSH 

as a function of SDS/TDAPS ratio are shown in Figure 5.3. The calculated EOF values for the 

electropherograms from bottom to top under different buffer conditions are 7.87 ± 0.32, 6.73 ± 

0.27, 6.27 ± 0.28, 5.72 ± 0.23, 4.86 ± 0.19, and 3.95 ± 0.20 ·10
-4 

cm
2
 V

-1
 s

-1 
(n = 3), respectively. 

Longer migration times (79.3 ± 2.8 to 124.5 ± 4.1, 88.5 ± 2.9 to 149.5 ± 7.2, 107.8 ± 3.3 to 226.8 

± 10.2, and 116.3 ± 4.1 to 268.8 ± 11.5 s, n = 3) were obtained for Tyr, Hcy, and Cys and GSH, 

respectively, using mixed SDS/TDAPS surfactant system than single SDS surfactant (0.1 mM) 

system (75.3 ± 2.4, 86.3 ± 2.6, 100.3 ± 3.4, and 108.0 ± 3.9 s (n = 3) for four analytes, 

respectively) due to the decreased EOF. The separation of four analytes using a single TDAPS 

surfactant (2 mM) was also performed but produced much longer migration times (160.3 ± 7.7, 
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210.6 ± 9.1, 280.3 ± 13.7, and 340.8 ± 18.1 s (n = 3) for four analytes, respectively) and broader 

analyte peaks relative to the mixed surfactant system. A clear baseline resolution was achieved 

for four analytes using the same BGE with 0.1 mM SDS and 0.5 mM TDAPS, with separation 

efficiencies of Tyr, Hcy, Cys, and GSH of 56,000 ± 2,600, 82,000 ± 4,400, 120,000 ± 7,100, and 

92,000 ± 6,500 plates/m (n = 3) (corresponding to 2,700 ± 120, 4,000 ± 210, 5,800 ± 340, 4,400 

± 310 plates), respectively, while separations using only SDS resulted in co-migration. Under 

this surfactant condition, LODs of Tyr, Hcy, Cys, and GSH are 4.5 ± 1.2 μM, 4.3 ± 1.4 μM, 5.6 

± 1.9 μM, and 15.8 ± 4.8 μM, (n = 3 and S/N = 3), respectively. Additionally, analyte resolution 

improved with the increase of relative TDAPS concentration. Comparisons of resolution and 

separation efficiency for these four analytes under different conditions are shown in Figure 5.4 

and Table 5.2. 
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Figure 5.3 Example electropherograms for 200 μM Tyr, Hcy, Cys and 600 μM GSH in 20 mM 

boric acid buffer at pH 9.2 with various surfactant conditions (mixed SDS/TDAPS system). 

Experimental conditions: separation field strength: 123 V/cm, 3-s gated injection; detection: 

PAD, Edet = 1.6 V. 
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Figure 5.4 Comparison of resolution results of Tyr, Hcy, Cys and GSH calculated from peak 

information in electropherograms under different surfactant conditions 
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Table 5.2. Comparisons of separation efficiency results of Tyr, Hcy, Cys and GSH under 

different surfactant conditions. 

 

5.2.2 Separation and detection of GSH in human RBCs 

Glutathione is the most abundant intracellular non-enzymatic component of the 

antioxidant system found in healthy RBCs, existing mainly in its reduced form, and is important 

as a diagnostic marker of oxidative stress.
10, 11

 To demonstrate the ability of the mixed 

SDS/TDAPS surfactant system to improve separations in real samples, the determination of GSH 

in human RBCs was performed using PAD with 0.1 mM SDS and 0.5 mM TDAPS in 20 mM 

boric acid buffer at pH 9.2. Electropherograms of this analysis are given in Figure 5.5. A main 

analyte peak, eluting at 131.2 s, corresponded to the GSH in the hemolysate was confirmed by 

spiking with 100 μM reduced GSH. Here, the analyte peak of Cys was not observed since it is 

present at low levels in erythrocyte hemolysate samples.
12, 13

 The concentration of GSH in the 4x 

diluted hemolysate sample was determined by standard addition to be 379 ± 52 μM (n = 3), 

which corresponded to a concentration of 1.52 ± 0.21 mM GSH in RBCs. The recovery under 

  Separation efficiency (plates/m) (number in plates) 

Ty Hcy Cys GSH 

0.1 mM SDS,  

2 mM TDAPS 

52,630 ± 4,210 

(2,500 ± 200) 

50,950 ± 3,370 

(2,420 ± 160) 

101,260 ± 9,050 

(4,810 ± 430) 

127,160 ± 9,680 

(6,040 ± 460) 

0.1 mM SDS,  

1 mM TDAPS 

59,160 ± 3,160 

(2,810 ± 150) 

69,680 ± 4,210 

(3,310 ± 200) 

99,160 ± 5,470 

(4,710 ± 260) 

100,840 ± 7,160 

(4,790 ± 340) 

0.1 mM SDS,  

0.5 mM TDAPS 

56,440 ± 2,600 

(2,680 ± 120) 

81,680 ± 4,400 

(3,880 ± 210) 

121,270 ± 7,100 

(5,760 ± 340) 

91,570 ± 6,500 

(4,350 ± 340) 

0.5 mM SDS 43,360 ± 1,900 

(2,060 ± 90) 

61,680 ± 3,160 

(2,930 ± 150) 

104,210 ± 6,740 

(4,950 ± 320) 

67,380 ± 4,420 

(3,200 ± 210) 

1 mM SDS N/A 
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this condition for GSH in the RBCs was between 90.2% and 96.4%, and the measured GSH 

concentration was within the normal reference interval.
12-15

 

 

0 50 100 150 200

 RBCs lysate sample diluted 4x  

 RBCs lysate sample diluted 4x

         + 100 M GSH

t (s)

20 nA

 

Figure 5.5 Electropherograms of 4× diluted hemolysate samples of RBCs without and with the 

standard solution containing 100 μM GSH. BGE: 20 mM Boric acid, 0.1 mM SDS, 0.5 mM 

TDAPS, pH 9.2. Experimental conditions: separation field strength: 123 V/cm, 3-s gated 

injection; Detection: PAD, Edet = 1.6 V. 

 

5.2.3 Separation applications using mixed SDS/nonionic surfactant systems 

 Next, the BGEs containing mixed surfactants SDS/(Tween 20, Triton X-100, or PEG 

400) were employed for the separation of Tyr and three aminothiols (Hcy, Cys and GSH) as part 

of a study aimed at measuring changes in GSH concentration in the presence of environmental 
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oxidants. Electropherograms for 50 μM Tyr, Hcy, and Cys as well as 150 μM GSH using various 

mixed surfactant compositions are shown in Figure 5.6, 5.7 and 5.8 for mixed SDS/PEG 400, 

SDS/Tween 20, and SDS/Triton X-100 systems, respectively. As depicted in Figure 5.6, the 

longest (106.3 ± 3.8, 127.5 ± 4.1, 173.0 ± 6.9, and  223.0 ± 9.9 s, n = 3) and shortest (65.8 ± 2.2, 

73.5 ± 2.3, 86.3 ± 2.8, and 95.75 ± 3.0 s, n = 3) migration times were obtained for Tyr, Hcy, and 

Cys and GSH, using PEG 400 (2 mM) and SDS (1 mM) alone, respectively. Clear baseline 

separations were achieved for these four analytes with their migration times increasing as the 

SDS/PEG 400 ratio decreased. Additionally, analyte resolution improved as PEG 400 

concentration increased, which is expected when reducing the electroosmotic flow. Among the 

tested mixtures of SDS and PEG, the mixture containing 2 mM SDS and 2 mM PEG 400 

produced the greatest peak heights (23.2 ± 1.9, 22.1 ± 1.8, 30.5 ± 2.7, and 21.5 ± 1.5 nA, n = 3) 

for 50 μM Tyr, Hcy, and Cys as well as 150 μM GSH respectively, with their separation 

efficiencies of 50,000 ± 2,200, 50,000 ± 2,000, 80,000 ± 4,400, and 53,000 ± 2,600 plates/m (n = 

3) (corresponding to 2,500 ± 110, 2,500 ± 100, 4,000 ± 220, 2,600 ± 130 plates), respectively. 

Resolution between adjacent analytes were 1.69 ± 0.10 (Tyr/Hcy), 2.39 ± 0.17 (Hcy/Cys), and 

1.80 ± 0.12 (Cys/GSH) (n = 3). Under this surfactant condition, LODs of Tyr, Hcy, Cys, and 

GSH are 2.5 ± 0.7, 2.5 ± 0.6, 1.5 ± 0.4, and 10.0 ± 2.8 μM (n = 3 and S/N = 3), respectively. 

Similar separation performance was observed for another two mixed SDS/nonionic surfactant 

systems, with the migration times of four analytes increasing as a decrease in the SDS/(Tween 20 

or Triton X-100) ratio. To compare these mixed surfactant systems, normalized peak area ratios 

of four analytes in three specific mixed SDS/nonionic surfactant conditions are shown in Figure 

5.9. Here, the peak area of each analyte was normalized according to its corresponding sample 

injection volume based on EOF calculation and compared with that obtained using the 0.5 mM 
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SDS, 0.5 mM TDAPS BGE to get the final normalized peak area ratio. Larger normalized peak 

areas were realized for SDS/PEG mixtures compared to those in the SDS/TDAPS system, with 

the exception of some Triton X-100 results. The detailed mechanism underlying this single 

enhancement is still unclear. Considering the best combination of peak areas, migration times 

and resolution, the surfactant mixture containing 2 mM SDS and 2 mM PEG 400 was selected 

for detection of GSH in RBCs. 
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Figure 5.6 Example electropherograms for 50 μM Tyr, Hcy, Cys and 150 μM GSH in 20 mM 

boric acid buffer at pH 9.2 with various surfactant conditions (mixed SDS/PEG 400 system). 

Experimental conditions: separation field strength: 123 V/cm; 3-s gated injection; Detection: 

PAD, Edet = 1.6 V. 
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Figure 5.7 Example electropherograms for 50 μM Tyr, Hcy, Cys and 150 μM GSH in 20 mM 

boric acid buffer at pH 9.2 with various surfactant conditions (mixed SDS/Tween 20 system). 

Experimental conditions: separation field strength: 123 V/cm; 3-s gated injection; Detection: 

PAD, Edet = 1.6 V. 
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Figure 5.8 Example electropherograms for 50 μM Tyr, Hcy, Cys and 150 μM GSH in 20 mM 

boric acid buffer at pH 9.2 with various surfactant conditions (mixed SDS/Triton X-100 system). 

Experimental conditions: separation field strength: 123 V/cm; 3-s gated injection; Detection: 

PAD, Edet = 1.6 V. 
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Figure 5.9 Normalized peak area ratios of four analytes in three specific mixed SDS/nonionic 

surfactant (Tween 20, Triton X-100, or PEG 400) conditions. 

 

5.2.4 Time study of GSH in RBCs exposed to fly ash suspension/H2O2  

 Here, GSH was measured as an indicator of fly ash-induced oxidative stress. Similar 

studies on mammals indicate that fly ash can promote production of reactive oxygen species at 

physiological conditions.
16

 Here, time studies of GSH concentration in human RBCs exposed to 

fly ash suspension with or without H2O2 at 2, 4 and 6 hrs, respectively are shown in Figure 5.10. 

H2O2 was added to induce Fenton chemistry from transition metals associated with the fly ash  
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Figure 5.10 Time study of GSH concentration in RBCs exposed to fly ash suspension with or 

without H2O2. 

 

particles.
17

 The determination of GSH in RBCs under each exposure condition was performed 

using PAD with 2 mM SDS and 2 mM PEG 400 in 20 mM boric acid buffer at pH 9.2. As shown 

in Figure 5.10, significant decreases in GSH concentrations in RBCs exposed to 25 μg/mL fly 

ash suspension with or without 0.25 mM H2O2 for 2 h (40.2 ± 4.1 μM and 63.1 ± 4.5 μM, n = 3, 

respectively) were obtained when compared with the control experiment at the same time period 

(82.3 ± 6.8 μM, n = 3). Similar behavior was observed for time studies at 4 h and 6 h with further 

decreases in GSH concentrations due to the extended exposure time. The results of this study 

demonstrates that fly ash both with and without the present H2O2 can cause cellular glutathione 

levels to decrease, indicative of oxidative stress. Furthermore, this result clearly shows the ability 

of the mixed surfactant system to provide resolution of GSH in the complex cell lysate media. 
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5.2.5 Separation application using mixed TDAPS/Tween 20 surfactant system 

 The use of mixed TDAPS/Tween 20 surfactant system was also demonstrated for the 

separation of the neurotransmitters DA, NE, E, and their metabolic precursors L-DOPA and CA. 

Separations of 20 μM DA, NE, E and 40 μM CA and L-DOPA in 20 mM TES pH 7.0 buffer 

with various surfactant concentrations were performed (Figure 5.11). The combination of 0.5 

mM Tween 20 and 0.5 mM TDAPS gave the longest migration times, while the mixture of 5 μM 

SDS and 2 mM TDAPS gave the shortest separation times. As the TDAPS/Tween 20 ratio 

increases, the migration times of DA, NE and E became faster, in agreement with the EOF trend 

shown in Figure 4.15. This result suggests that electrophoretic mobility and electroosmotic flow 

are the dominant forces dictating migration time for this set of analytes. However, CA and L-

DOPA co-migrated in BGEs without surfactant or BGEs containing Tween 20/TDAPS mixtures 

with low TDAPS concentration (0.5 mM). A baseline separation was obtained for CA and L-

DOPA when using TDAPS alone or mixed surfactant systems containing TDAPS concentrations 

≥2 mM. Here, the EOF without surfactant was very similar to that in the BGE with 2 mM 

TDAPS/0.5 mM Tween 20 mixture as evidenced by the similarity of migration times for DA, NE 

and E. As the concentration of TDAPS increased from 2 to 4 mM in the presence of 0.5 mM 

Tween 20, however, the migration time for CA and L-DOPA increased as did the separation 

between NE and CA peaks. The slower CA and L-DOPA migration can be attributed to 

interactions between these two analytes and micelles formed from the surfactant mixture. 

Furthermore, the resolution between CA and L-DOPA also increased ((2 mM TDAPS/0.5 mM 

Tween 20: 1.29 ± 0.07, 4 mM TDAPS/0.5 mM Tween 20: 1.46 ± 0.08). Determining the exact 

nature of the interaction and the composition of the micelles are beyond the scope of the current 

work, however, some insight can be gained from prior work on mixed micelles. First, the 
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increase in migration time for both CA and L-DOPA suggest an apparent negative charge to the 

micelle that would result from surface exposed sulfate groups on TDAPS. The cationic amine 

functionality of TDAPS would be buried in the micelle and therefore not contribute to the 

apparent mobility. The charge is supported by the fact that both CA and L-DOPA, which are 

neutral at pH 7.0, migrate slower than the electroosmotic flow based on their co-migration in the 

surfactant free electropherogram of Figure 5.11. Second, prior work on the separation of cationic 

amines using mixtures of SDS and Tween 20 showed that increases in the Tween concentration 

relative to the TDAPS reduced the overall interaction.
18

 In the results shown here, it is 

reasonable to conclude based on this prior work that Tween 20 moderates the interaction 

between the analytes and TDAPS and thus increasing the TDAPS concentrations results in 

greater retention by the micelles.  

The resolution between analytes for all surfactant systems was compared (Figure 5.12). 

The mixture of 0.5 mM TDAPS and 0.5 mM Tween 20 gave the highest resolution of 1.27 ± 

0.07 and 1.10 ± 0.05 (n = 3) for DA/NE and NE/E, respectively, due to the slow EOF in this 

surfactant system. Unfortunately, CA and L-DOPA co-migrated in this BGE. The highest 

resolution where all compounds were partially resolved (DA/NE: 1.18 ± 0.05, NE/E: 0.98 ± 0.05, 

and CA/L-DOPA: 2.34 ± 0.09, n = 3) was obtained for the BGE containing only 2 mM TDAPS. 

However, the resolution (DA/NE: 1.08 ± 0.06, NE/E: 0.94 ± 0.05, and CA/L-DOPA: 1.46 ± 

0.08, n = 3) obtained for the BGE with 4 mM TDAPS/0.5 mM Tween 20 mixture was 

statistically identical to the 0.5 mM TDAPS/0.5 mM Tween BGE but provided significantly 

higher peaks as shown in the Figure 5.11 

The 4 mM TDAPS/0.5 mM Tween 20 BGE gave peak heights of 1.28 ± 0.11 nA for DA, 

1.17 ± 0.12 nA for NE, 1.33 ± 0.12 nA for E, 0.66 ± 0.05 nA for CA, and 1.21± 0.13 nA for L-
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DOPA (n = 3), while the mixed 0.5 mM Tween 20/0.5 mM TDAPS surfactants gave the 

significantly lower peak heights (DA: 0.66 ± 0.06 nA, NE: 0.54 ± 0.06 nA, E: 0.57 ± 0.05 nA, 

CA and L-DOPA: 0.31± 0.03 nA, n = 3). Differences in peak height are unlikely to be the result 

of differences in injection volume because hydrodynamic injection was used and the solution 

viscosities are all similar. The exact mechanism is not clear at this point, however, may be the 

result of enhanced solubility of the oxidized products in the 4.0 mM TDAPS/0.5 mM Tween 20 

BGE. Prior work has shown similar results with pure alkyl sulfate BGEs.
19

 Considering both 

peak height and analyte resolution the BGE composed of 4 mM TDAPS and 0.5 mM Tween 20 

was chosen for the analysis of catecholamines released from PC12 cells. The separation 

efficiencies for 20 μM DA, NE, E and 40 μM CA and L-DOPA under this separation condition 

were 182,000 ± 8,500, 139,000 ± 7,500, 223,000 ± 12,000, 160,000 ± 9,500, and 141,000 ± 

11,000 plates/m (n = 3) (corresponding to 18,200 ± 850, 13,900 ± 750, 22,300 ± 1,200, 16,000 ± 

950, and 14,100 ± 1,100 plates). The LODs using this mixed surfactant system were 1.5 ± 0.1 

μM, 1.5 ± 0.1 μM, 1.2 ± 0.1 μM, 3.5 ± 0.3 μM, and 2.5 ± 0.2 μM (n = 3, and S/N = 3) for DA, 

NE, E, CA and L-DOPA, respectively. Additional reductions in the concentration detection limit 

could be achieved by increasing the injection time, adjusting the channel dimensions, and/or 

application of sample stacking techniques. 
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Figure 5.11 Example electropherograms for 20 μM DA, NE, E and 40 μM CA and L-DOPA in 

20 mM TES buffer at pH 7.0 as a function of surfactant composition. Experimental conditions: 

separation field strength: 150 V/cm; 10-s hydrodynamic injection; Detection: DC Amp., Edet = 

1.2 V. 
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Figure 5.12 The resolutions between analytes for all tested surfactant systems.  

 

5.2.6 Catecholamine release from PC12 cells by stimulation with 80 mM K
+
 

Due to their role in the brain, neurotransmitters (catecholamines: DA, NE, and E) are of 

considerable interest.
20

 Rat pheochromocytoma (PC12) cells have been used as a model for the 

developing sympathetic nerve since this clone cell line exhibits many of the physiological 

properties of sympathetic ganglion neurons.
21, 22

 The NE/DA ratio in PC12 cells varies from 
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0.003 to 0.53, 
23, 24

 with no detectable level of E. Electropherograms of catecholamine release 

from a PC12 cell population by stimulation with 80 mM K
+
 as well as the same sample spiked 

with standards using a BGE composed of 0.5 mM Tween 20 and 4 mM TDAPS are shown in 

Figure 5.13. The only detectable catecholamine released from these PC12 cells is DA according 

to its migration time and the increased peak height observed on addition of standards. NE may 

also be present here but is below our detection limit. The analyte concentration was determined 

to be 4.96 ± 0.25 μM (n = 3) in 2× diluted sample, corresponding to 9.92 ± 0.53 μM (64.42 ± 

3.41 pM/cell) DA released from PC12 cells (1.54 х 10
5
 cells). The recovery of DA from spiking 

with standards is 96.3 ± 5.4%. Ewing’s group reported that PC12 cell vesicles contain an average 

catecholamine concentration of 110 mM and release just 0.06% of this concentration, or 67 μM 

(190 zmol/vesicles), during exocytotic events.
25, 26

 Another publication by Martin’s group 

indicated that 20–160 μM DA (153–1230 pM/cell) following calcium stimulation was released 

from PC12 cells.
27

 While the amount of catecholamine detected here is lower than previously 

published, it was in agreement with results (58.3 pM/cell) for carbon paste electrodes modified 

with multi-walled carbon nanotubes. 
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Figure 5.13 Electropherograms of catecholamine release from PC12 cells by stimulation with 80 

mM K
+
 in 2× diluted sample and with the standard solution containing 5 μM DA, NE, E and 10 

μM CA and L-DOPA. BGE: 20 mM TES, 0.5 mM Tween 20, 4 mM TDAPS, pH 7.0. 

Experimental conditions: separation field strength: 150 V/cm; 10-s Hydrodynamic injection; 

Detection: DC Amp., Edet = 1.2 V. 

 

5.3 CONCLUSIONS 

The use of three mixed surfactant systems (ionic/zwitterionic, ionic/nonionic and 

zwitterionic/nonionic) on PDMS microchips to control EOF and improve separation was 

reported. First, electrophoretic separation and electrochemical detection of two groups of model 

analytes (Group 1: DA, CA and AA; Group 2: Tyr, Hcy, Cys and GSH) using mixtures of SDS 
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and TDAPS surfactants was performed. Faster analysis times and/or improved resolutions for 

some model analytes were achieved in these mixed surfactants relative to the single surfactant 

system. By using the optimal mixed SDS/TDAPS surfactant composition, the concentration of 

GSH in RBCs was determined to be 1.45 ± 0.08 mM, which is in the normal reference interval 

for this analyte. Next, separation and electrochemical detection of two groups of model analytes 

(Group 1: DA, NE, E, CA and L-DOPA; Group 2: Tyr, Hcy, Cys and GSH) were explored using 

mixed zwitterionic/nonionic and ionic/nonionic surfactant systems, respectively, and compared 

with the above mixed SDS/TDAPS surfactants. Analyte resolution was maintained and peak 

height was increased in mixed surfactant BGEs containing the nonionic surfactant relative to the 

single surfactant system. Finally, by using a mixed surfactants composed of 0.5 mM Tween 20 

and 4 mM TDAPS, the catecholamine released from PC12 cells by stimulation with 80 mM K
+
 

was determined as DA at a concentration of 64.42 ± 3.41 pM/cell, with a recovery of 96.3 ± 

5.4%. GSH in RBCs exposed to fly ash suspension with or without H2O2 using the mixed 

surfactants with 2 mM SDS and 2 mM PEG 400 was also determined. The results of time study 

demonstrated that both fly ash constituents and H2O2 exposures caused cellular glutathione levels 

to decrease, with potential to allow oxidative stress. 
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

 

 

6.1 DISSERTATION SUMMARY 

The focus of this dissertation has been the development of a microchip capillary 

electrophoresis coupled electrochemical detection (MCE-ECD) device based on our previous 

design with improved separation and detection performance using detection geometry, on-line 

preconcentration and surface modification. 

The first milestone toward the overall project goal was to improve the detection 

sensitivity and detection limits (LODs) of our previous MCE-ECD system. The first effort for 

this purpose was established by an implementation of a capillary expansion (bubble cell) at the 

detection zone. Bubble cell widths were varied from 1× to 10× the separation channel width (50 

μm) to investigate the effects of electrode surface area on detection sensitivity, LOD, and 

separation efficiency. Improved detection sensitivity and decreased LODs were obtained with 

increased bubble cell width, and LODs of dopamine and catechol detected in a 5× bubble cell 

were 25 nM and 50 nM, respectively. In addition, fluorescent imaging results demonstrate ~8% 

to ~12% loss in separation efficiency in 4× and 5× bubble cell, respectively. Considering the 

balance between the loss in separation efficiency and improved detection sensitivity as well as 

detection limit in a large bubble cell, microchips with a 4× bubble cell in the detection zone were 

selected for further experiments performed with sample stacking techniques or surface 

modification using mixed surfactants. The second effort for enhancing detection sensitivity and 

reducing the LOD involves using field amplified sample injection and field amplified sample 

stacking. Stacking effects were shown for both methods using amperometric detection and 
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pulsed amperometric detection (PAD) with increased peak height, decreased HPW and improved 

detection sensitivity. Using stacking in conjunction with a 4× bubble cell, LODs of 8 and 20 nM 

for dopamine by using FASI and FASS were obtained respectively. However, these stacking 

techniques did not significantly improve LODs for anionic analytes. The work presented in this 

part was published in Electrophoresis in 2009.
1
 

The second milestone toward the overall goal of this project was to improve the 

separation performance of our MCE-ECD device in poly(dimethylsiloxane) (PDMS) substrate by 

performing surface modification using mixed surfactants. Mixed surfactant systems represent an 

interesting alternative to single surfactant systems and their abilities for better control of EOF 

and separation chemistry are presented in this thesis. Representative single and mixed surfactant 

systems were chosen to study their EOF behavior with a PDMS substrate. These surfactants 

included a single anionic surfactant (sodium dodecyl sulfate, SDS), a single zwitterionic 

surfactant (N-tetradecylammonium-N, N-dimethyl-3-ammonio-1-propane sulfonate, TDAPS), 

three nonionic surfactants, (polyoxyethylene (20) sorbitan monolaurate (Tween 20), 

polyoxyethylene octyl phenyl ether (Triton X-100), polyethylene glycol, (PEG 400)), and three 

mixed surfactant systems: ionic/zwitterionic (SDS/TDAPS), ionic/nonionic (SDS/Tween 20, 

SDS/Triton X-100, and SDS/PEG 400) and zwitterionic/nonionic (TDAPS/Tween 20, 

TDAPS/Triton X-100, and TDAPS/PEG 400). EOF measurements as a function of the surfactant 

concentration were first performed using the current monitoring method with SDS, TDAPS, and 

a mixed SDS/TDAPS surfactant system. SDS increased the EOF as reported previously while 

TDAPS showed an initial increase in EOF followed by a reduction in EOF at higher 

concentrations. The mixed SDS/TDAPS surfactant system allowed tuning of the EOF across a 

range of pH and concentration conditions, with higher EOF values and expanded EOF windows 
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as compared to a single surfactant. Also, the correlation between EOF and surfactant 

concentration demonstrated that EOF could be tuned over a range of values based on the 

surfactant ratio. In addition, SDS exhibited faster adsorption/desorption rates than TDAPS. In all 

cases, the initial EOF was not fully recovered after removal of the surfactant, showing a residual 

amount of surfactant remaining on the PDMS surface. After establishing EOF behavior, 

separation and electrochemical detection of model analytes using mixtures of these two types of 

surfactants were performed. Faster analysis times and/or improved resolution for some model 

analytes were achieved in mixed surfactants relative to the single surfactant system. By using the 

optimal mixed SDS/TDAPS surfactant composition, the concentration of GSH in RBCs was 

determined to be 1.45 ± 0.08 mM, which is in the normal reference interval for this analyte. 

Next, capacitively coupled contactless conductivity detection (C
4
D) was introduced for EOF 

measurements on PDMS microchips as an alternative to the current monitoring method to 

improve measurement reproducibility. EOF measurements as a function of the surfactant 

concentration were performed simultaneously using both methods for three nonionic surfactants 

(Tween 20, Triton X-100, PEG 400), mixed ionic/nonionic surfactant systems (SDS/Tween 20, 

SDS/Triton X-100, and SDS/PEG 400) and mixed zwitterionic/nonionic surfactant systems 

(TDAPS/Tween 20, TDAPS/Triton X-100, and TDAPS/PEG 400). EOF for the nonionic 

surfactants decreased with increasing surfactant concentration. Using mixed surfactants, higher 

EOF values and a wider tunable EOF range was obtained as compared to BGEs containing a 

single nonionic surfactant. Next, separation and electrochemical detection of two groups of 

model analytes (catecholamines and aminothiols) were explored using the mixed surfactant 

systems. Analyte resolution was maintained and peak height was increased in mixed surfactant 

BGEs containing the nonionic surfactant relative to the single surfactant system. Finally, the 
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utility of these two mixed surfactant systems for analysis of biologically relevant compounds in 

complex sample matrixes was demonstrated in two applications. By using a mixed surfactants 

composed of 0.5 mM Tween 20 and 4 mM TDAPS, the catecholamine released from rat 

pheochromocytoma (PC12) cells by stimulation with 80 mM K
+
 was determined as dopamine at 

a concentration of 9.92 ± 0.53 μM (corresponding to 64.42 ± 3.41 pM/cell), with a recovery of 

96.3 ± 5.4%. Reduced glutathione (GSH) in red blood cells (RBCS) exposed to fly ash 

suspension with or without H2O2 was also determined using the BGE containing mixed 

surfactants with 2 mM SDS and 2 mM PEG 400. The results of time study demonstrated that 

both fly ash constituents and H2O2 exposures caused cellular glutathione levels to decrease, with 

potentials to induce oxidative stress while also showing the potential of mixed surfactant system 

to provide reproducible results in complex samples. Part of this work was published in 

Electrophoresis in 2012
2
 and the remaining work has been submitted to Electrophoresis. 

 

6.2 FUTURE DIRECTIONS 

The future of this project lies in a few main areas. The first is to further enhance the 

stacking impact and improve LOD. The second is to expand the abilities in EOF control and 

improve separation chemistry by exploring the EOF behaviors of different mixed surfactant 

systems with different polymeric substrate materials. By integrating these changes with other 

improvements developed in our group, the ultimate project goal would be to develop a lab-on-a-

chip device for direct metabolic profiling of multiple redox markers with highly efficient 

separation as well as sensitive detection reaching detection limit at nM.  

For the optimization of stacking conditions in field amplified sample injection and field 

amplified sample stacking on MCE-ECD system, the next logical step may include using either 



131 

 

narrow channel, inversion of the applied electric field, or negative pressure for the introduction 

of large volume of low-conductivity sample solution. Additionally, other on-line sample 

preconcentration methods, such as solid phase extraction (SPE), can be tested for the 

compatibility with electrochemical detection. The LODs of catecholamines and amionthiols 

tested in our current MCE-ECD system are not low enough for the detection of analyte of 

interest with low concentrations in complex biological samples. The use of chemically modified 

electrodes, such as carbon paste electrodes (CPEs) modified with multi-walled carbon nanotubes 

(MWCNT) or cobalt phthalocyanine (CoPC) can selectively enhance the detection of specific 

analytes in a complex mixture.
3
 The integration of both stacking techniques and chemically 

modified electrodes on our current MCE-ECD system will has the potential for a further decrease 

in LOD to reach detection limit at nM. 

Besides the mixed anionic/zwitterionic, anionic/nonionic, zwitterionic/nonionic systems 

(EOF working window is approximately 1to 8 ·10
4
 cm

2
 V

-1
s

-1
) discussed in this thesis, our group 

also studied the EOF behavior of another type of mixed surfactant systems (cationic 

(cetyltrimethylammonium bromide (CTAB) or tetraadecyltrimethylammonium bromide 

(TTAB)/zwitterionic (N-cetyl-N,N-dimethylammonium-1-propane-3-sulfonate (CDAPS) or 

TDAPS) and explored the utility of these systems in the separation of several cations commonly 

found in atmospheric aerosols. The results demonstrated the EOF can be tuned over a broad 

range (for example: -3 to 3 ·10
4
 cm

2
 V

-1
s

-1
) based on the ratio of surfactant. It is worthy of testing 

the different combinations of cationic and nonionic surfactant in our future work for studing their 

EOF behavior. Numerous polymers have been used as substrate materials for MCE, including 

PDMS,
4
 poly(methyl methacrylate) (PMMA),

5, 6
 polycarbonate (PC),

7
 thermoset polyester 

(TPE)
8, 9

, and cyclic olefin copolymer (COC).
10

 As compared to the long time and high cost 
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consumed in the fabrication of glass chips, most polymeric microchips can be fabricated outside 

a cleanroom environment and have a wide choice in microfabrication techniques. PDMS is the 

most popular used polymeric material due to its low cost, good optical clarity and elasticity,
11

 

while it suffer poor separation performance as a result of the hydrophobicity of the bulk 

materials and a fast hydrophobic recovery (< 30 min) of the microchannel surface.
12-14

 In 

contrast with PDMS, PMMA and PC give better separation efficiencies, a more uniform surface 

charge and a resistance to adsorbing hydrophobic materials.
6, 7

 TPE has shown promise as a 

merger between the ease of fabrication and cost effectiveness of PDMS with the higher 

separation efficiencies (~100, 000 N/m for neutral compounds) and increased stability of PMMA 

and PC.
8
 EOF within microfluidic devices made from polymers can vary widely due to the 

diversity of the surface-exposed functional groups. In addition, the zeta potential of these 

materials that gives rise to the EOF is often less than optimal for a specific separation. Our 

current results demonstrate the usefulness of mixed micellar surfactant systems to affect EOF 

and achieve better resolution of biologically relevant compounds in complex sample matrixes. 

Therefore, it would be necessary to further explore the EOF behaviors with other polymeric 

substrate modified by either single or mixed surfactant systems. These improvements will enable 

our MCE-ECD device to have a potential for analysis of a variety of biomolecules with different 

mobilities in complex biofluids. 
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