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ABSTRACT 

Capillary electrophoresis (CE) commences as a promising technique for analyzing a variety of 

biological substances and has been used in bioanalytical and biopharmaceutical applications. 

Flow-gated CE has numerous advantages over conventional and microchip CE. It has the 

advantage of fresh background electrolyte, improved separation efficiency, and PDMS flow-gate 

is easy for visual troubleshooting. However, it fails to have enough sensitivity in numerous 

valuable applications. The goal of the present research is to enhance the detection sensitivity in 

flow-gated CE for the measurement of amino neurotransmitters by using an integrated 

microfluidic system to perform in vitro and in vivo analysis of biological samples. This 

dissertation focuses on the development of novel methods to enhance the signal sensitivity for 

the detection of important molecular components in biological samples using laser-induced 

fluorescence detection. First, an efficient tagging strategy was developed to tag amino acids by 

taking advantage of the fast kinetics of the derivatization of primary amines with o-

phthalaldehyde (OPA) in the presence of a highly fluorescent thiol. Experimental results show 

that this strategy was capable of performing rapid fluorescent derivatization, thus providing 

detection sensitivity, reproducibility, accuracy, and robustness. Second, an on-line sample 

preconcentration technique based on vacuum-assisted electrokinetic supercharging (EKS) was 

developed for flow-gated CE to enhance the signal sensitivity of low abundant amino 

neurotransmitters, such as gamma-aminobutyric acid (GABA), glutamate and aspartate. The 

developed vacuum-assisted EKS technique was used to determine the GABA concentration in 

cerebrospinal fluid (CSF) samples by using the one-point standard addition method. Both 

techniques are anticipated to be valuable for in vivo measurements of neurotransmitters in 

neuroscience research and drug development. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction of Capillary Electrophoresis  

The concept of electrophoresis was known as a separation technique that was first used and 

developed by Tiselius for separating protein mixtures in 1937 [1]. However, the initial work in 

open tube electrophoresis was done by Hjerten in 1967 [2]. Before 1980, there were no clear 

theory or publications on capillary electrophoresis (CE) [3-8]. In 1981, Jorgenson and Lukacs 

proposed a comprehensible theory about the operational parameters and the resolution [9]. The 

importance and the potential of CE as an analytical technique led many researchers to develop 

different modes of CE [10]. CE is an analytical technique that separates ions based on their 

charge-to-size ratios with the usage of an applied voltage [11]. The capillaries having internal 

diameters < 100 µm generate low amounts of heat, which allows the use of high voltage for the 

separation of analytes with short migration times and high separation efficiency. Over the past 30 

years, CE has become a powerful method of choice to analyze small volumes of samples based 

on electrophoretic separations [12-18]. With the utilization of small internal diameter capillaries, 

CE is able to separate small and large molecules in complex biological samples, including amino 

acids, proteins, peptides, DNAs, and most recently glycans. Different modes of CE include 

capillary zone electrophoresis (CZE) [19, 20], capillary isoelectric focusing (CIEF) [21, 22], 

capillary isotachophoresis [23-25], micellar electrokinetic chromatography (MEKC) [26, 27], 

and capillary gel electrophoresis (CGE) [28, 29]. CE has entered the pharmaceutical industry as a 

capable technique for the separation of chiral compounds because its separation efficiency is 

greater than that of HPLC or GC, which sometimes lacks resolution and speed [30, 31]. Even in 

the medical field, CE has emerged as an important technique because of its high-speed analysis 

[32, 33]. Recently, CE has been used as a promising technique to study proteomics as it has some 
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advantages over the slab-gel electrophoresis [34, 35]. CE is also used in single cell analysis, 

separation of lipids and fatty acids, and in online monitoring of biologically active analytes [36-

38]. 

Conventional electrophoresis methods such as CZE, CIEF, MEKC, and CGE are precise 

and reproducible. However, the future development of CE in different industries has been linked 

to advances in microchip technology for its promise of high-throughput, low-cost analyses [39]. 

The initial work to transfer CE to microchip was performed by Manz et al. [40]. Reducing the 

length of separation capillary from decimeters to centimeters has several advantages such as 

smaller sizes, reduced consumption of reagents & analytes, ease of integration with other 

devices, and rapid analysis. Microchip CE requires a small volume of samples and reagents, and 

the separation of analytes can be observed in less than a minute or seconds. A broad range of 

molecules in different samples can be analyzed by using this technology such as food analysis 

[41], chiral analysis [42], analysis of explosives [43], and many other biological and biomedical 

samples [44-46]. Microfluidic devices are prepared using the microfabrication process, which 

consists of four major steps: film deposition, photolithography, etching, and bonding. Glass 

microchips are widely used because they are optically transparent to the UV and visible spectra, 

compatible with many solvents and the stability for high temperature applications. However, 

glass chips are expensive to fabricate and may not viable substrate for some applications. Hence, 

the rapid prototyping techniques using poly(dimethylsiloxane) (PDMS) and other varieties of 

polymers have emerged for the fabrication of microchips. 

 In general, these polymers are classified into three main categories [47]. The first 

category is of thermoplastics such as polymethyl methacrylate (PMMA), polycarbonate (PC), 
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and polyimide (PI). The second are thermoset polymers, which include phenol formaldehyde and 

vinyl esters. The third and most popular category is elastomeric polymers which consist of 

weakly cross-linked polymer chains. This polymer is most accepted because of its flexibility and 

elastic nature after polymerization [48]. The best example for this polymer is microdevices made 

with the PDMS fabrication process, and these devices have been used in electrophoresis and 

many other applications [49]. The PDMS fabrication process was first introduced by Whitesides 

and coworkers [50]. However, there are some limitations for microchip CE such as high-cost 

microfabrication, non-specific adsorption of analytes on the wall, and sample bias in injection 

[51]. Flow-gated CE emerged as an alternative technique by solving some problems with 

conventional CE or MCE. In 1993, Lemmon and Jorgenson reported a transverse flow-gating 

interface for coupling liquid chromatography to CE [52]. Flow-gated CE takes the format of the 

microchip by using a single-cross configuration for rapid flow-gating injection. It carries out CE 

separations by using a silica capillary as the separation tube. Previously, our research group 

reported the usage of PDMS interfaces for flow gating, reagent mixing, and tubing connection in 

flow-gated CE [53]. More details of flow-gated CE are explained in the subsequent section 1.3.  

1.2 Principles of Capillary Electrophoresis  

1.2.1 Basic Instrument 

A schematic diagram of a basic CE instrument is shown in Figure 1.1. A typical CE 

instrument contains four major components: a separation capillary, a high voltage power supply, 

two buffer vials, and a detector. CE instruments can be custom-built in research laboratories and 

automated by using different software interfaces such as LabVIEW. A polymer (polyimide) 

coated fused silica capillary is used as the separation capillary because it has advantages of 

flexibility (mechanical support), inner-surface stability, and availability of different internal 
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diameters ranging from 5 to 100 µm ID. The separation capillary is usually conditioned with 

sodium hydroxide, washed with water, and subsequently filled with a separation buffer, which is 

also called as background electrolyte (BGE). Samples can be injected into the separation 

capillary from the opposite end, relative to the detector, using two injection modes. The first one 

is hydrodynamic injection (HDI), and the second one is electrokinetic injection (EKI). For 

separations, both ends of the capillary are placed inside the two separation buffer vials, and the 

sample separation is achieved by applying a high voltage via platinum electrodes placed in the 

separation buffer vials. Analytes are separated based on their charge-to-size ratios. 

 

Figure 1.1. Basic schematic diagram of a capillary electrophoresis instrument. 

There are different detectors available, which can be coupled with CE for the detection of 

analytes. The most widely used detection is ultraviolet (UV) absorption, and laser-induced 

fluorescence (LIF). The other available detectors are capacitively coupled contactless 

conductivity detectors (C4D), mass spectrometry (MS), and refractive detectors.  
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1.2.2 Modes of Capillary Electrophoresis 

Capillary electrophoresis (CE) also diversifies in the same way as that of the standard gel 

electrophoretic technique, which separates molecules as they migrate through a slab gel matrix 

[54]. CE is an analytical separation technique that separates ions based on the differences of 

charge-to-size ratios with the use of an applied voltage. The major modes of the CE mechanisms 

are illustrated in Figure 1.2. Among all modes of CE, CZE is the most commonly used mode. 

Positive and negative charged ions/molecules can be separated and detected by using CZE 

because the electroosmotic flow (EOF) can carry them to the detector downstream. However, 

neutral molecules cannot be separated using the CZE method because of the same migration 

times. On the other hand, the MEKC method is able to separate both neutral and charged species 

in a solution by the addition of surfactants to the BGE as shown in Figure 1.2(c). In ITP, leading 

(L) and terminating (T) electrolytes are utilized to create a voltage gradient during separation. 

These buffers must be selected in such a way that the leading electrolyte mobility is faster than 

solutes, and the terminating electrolyte mobility is lower than the solutes. The illustration of this 

process is shown in Figure 1.2(b).  
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Figure 1.2. Schematic representation of major CE modes. (a) Capillary zone electrophoresis 
(CZE). (b) Isotachophoresis (ITP). Where T represents terminating electrolyte, and L represents 
leading electrolyte. (c) Micellar electrokinetic chromatography (MEKC); ‘t’ represents time 
where, t= 0 and t > 0 means before and after applying the separation voltage, respectively.  

 

1.2.3 Capillary Electrophoresis Theory 

In normal capillary zone electrophoresis, analytes are separated in BGE based on their individual 

electrophoretic mobilities. The electrophoretic mobility (μep, cm2/V. s) can be approximated 

from Debye–Huckel–Henry theory [55]. 

µep =	
!

"ph#
               (1.1) 

+ -

+ -

t=0

t>0
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+ -
L

+ -
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where q is the charge on the analyte, η is the viscosity of the buffer, and r is the Stokes’ radius of 

the analyte. The resulting electrophoretic velocity can be defined by Equation 1.2 in which 

electrophoretic velocity (vep) is equal to the intrinsic electrophoretic mobility of an analyte (μep) 

multiplied by the field strength (E) [56]. 

vep	=	!$𝐸 =
!

"ph#
	𝐸 =			µep E                    (1.2) 

From Equation 1.1, it is important to note that µep is directly proportional to the charge of the 

analyte and inversely proportional to both the viscosity of the buffer and the radius of the 

analyte. There is an additional factor in aqueous solution, and it can affect the overall separation 

speed, quality, and efficiency, etc. It is called “electroosmotic flow” (EOF). The velocity of EOF 

can be represented as [56, 57], 

veof = $ ez
%ph
% E                  (1.3) 

where e is the dielectric constant, h is the solution viscosity, E is the electric field strength, and z 

is the zeta potential. Therefore, electroosmotic mobility (µeo) can be expressed as Equation 1.4, 

and it is directly proportional to the zeta potential. 

µeo = $ ez
%ph
%             (1.4) 

The two velocities associated with CE result in the apparent velocity as the sum of the 

electrophoretic velocity and the velocity generated by the electroosmotic flow (Equation 1.5). 
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Similarly, the apparent mobility of a given molecule is the sum of both the electrophoretic 

mobility and the electroosmotic mobility, as given by Equation 1.6.  

vapp=	µapp· E = E (µep+	µeo)    (1.5) 

µapp =	µep +	µeo         (1.6) 

Where µapp is the apparent mobility, µep is the electrophoretic mobility, and µeo is the 

electroosmotic mobility.  

1.3 Basics of Flow-Gated CE 

Tang et al. introduced the term “flow-gated capillary electrophoresis” in the year of 2013 

[58]. As shown in Figure 1.3, flow-gated CE consists of a flow gate, a fused silica separation 

capillary with the inlet inserted into a transverse flow gate, a sample supply capillary inserted 

into the transverse flow gate from the opposite side of the separation capillary, and a buffer 

gating flow line. The separation buffer flow serves as the gating flow to prevent analytes from 

entering the separation capillary. 
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Figure 1.3. The basic setup of a flow-gated capillary electrophoresis instrument [59, 60]. HV, 
high voltage. 

Flow-gated CE uses syringe pumps to deliver samples and BGE solutions. It is different 

from the microchip CE that uses a series of voltage configurations to control flows. Flow-gated 

CE is controlled by a LabVIEW program to define gating flow on and off sequences as shown in 

Figure 1.4a, to apply voltages, to monitor current inside the separation capillary, and to record 

electropherograms. The gating flow is on to prevent the sample flow from entering the separation 

capillary. During sample injection, the gating flow is turned off, which allows the sample 

solution to accumulate at the gap between the two ends of the sample delivery and separation 

capillaries. Then, by using the electrokinetic injection process, a small amount of sample can be 

injected into the separation capillary. Before applying a separation voltage, the gating flow is 

turned on to flush the sample solution away from the separation capillary inlet. A typical voltage 

program sequence for sample injection and separation is shown in Figure 1.4b. 
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Figure 1.4. (a) Gating flow on and off sequence. (b) Voltage program sequence for sample 
injection and separation. A = accumulation of samples at the flow gate, I = injection, R = rinsing 
of the sample, and S = separation [60]. 

 

There are numerous advantages for flow-gated CE over microchip CE. (a) The internal 

diameter of the separation capillary can be minimized down to 2 µm. (b) The replacement of the 

capillary is easy and affordable. (c) The fresh BGE enhances the stability of EOF. In the 

following chapters, polydimethylsiloxane (PDMS) was used to prepare flow-gating interfaces 

[53, 61]. The transparency of PDMS allows monitoring air bubble formation or any other issues 

in the cross section.  

1.4 Sensitivity Enhancement Techniques for CE 

CE is a powerful separation technique; however, the detection sensitivity is often 

considered as one of the major cited limitations. The sensitivity enhancement can be achieved by 

increasing the number of analytes injected into the capillary, and/or by improving the sensitivity 

of the detector. Certain development in sensitivity enhancement techniques is summarized in 

Figure 1.5. 
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Figure 1.5. Flow chart represents different approaches to enhance the sensitivity for capillary 
electrophoresis (CE). 

1.4.1 Improvements in Detection  

In optical detection, the absorbance of the light passing through a specific analyte plug 

majorly depends on the light path length of the solution, and it is expressed according to the 

Lamberts-Beers law [62]. In CE, the light pathlength is usually short as defined by the diameter 

of the separation capillary, which encourages researchers to make the light pathlength longer, 

thus improving the detection sensitivity.  
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1.4.1.1 Light Pathlength  

The inside diameter of a silica capillary as the optical detection window is increased by 

three to five folds with respect to the original inside diameter. It can be etched by using 

hydrofluoric acid. Nowadays, such capillaries are commercially available, provided by several 

companies such as Agilent and Hewlett-Packard. Several applications have been described for 

the analysis of drugs by using bubble cells as shown in Figure 1.6 to improve the detection 

sensitivity with UV absorbance detection [63, 64]. It can be combined with other sensitive 

enhancement techniques such as sample stacking and LIF [65]. 

Several other approaches have been attempted to extend the effective light pathlength of 

the capillary. U and Z shaped capillary are popular to elongate the light pathlength. A capillary is 

bent in a few millimeters parallel to the light path to enhance the sensitivity [66, 67].  

 

Figure 1.6. A typical detection window of an extended light path capillary ("bubble" cell in a 
capillary). Retrieved from [68]. 

 
1.4.1.2 Laser Induced Fluorescence Detection (LIF) 

CE-LIF is one of the most sensitive detection methods compared to others. In 1985, Zare 

and coworkers introduced the LIF detection method by using a helium-cadmium laser to excite 
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the sample analytes [69]. An argon-ion laser emitting 488 nm can be used for CE-LIF 

instruments that are commercially available with several manufacturers. The advantages of using 

lasers include a monochromatic light that allows an optimal excitation selectivity and the parallel 

beam that is easy to be focused on the capillary to enhance the irradiation in the detection cell. 

Table 1.1 shows the limits of detection (LODs) for some common detectors used in CE.  

Table 1.1. Limit of detection ranges for different detection methods [70]. 

Detection method Limit of Detection (M) 
UV-Vis Absorption 10-5 - 10-8 

LIF 10-9 - 10-13 
Refractive 10-5 - 10-7 

Conductivity 10-5 - 10-7 
Mass Spectrometry 10-8 - 10-9 

Among these methods, LIF is the most sensitive detection for low concentrations of analytes. 

There are tremendous applications of CE-LIF in the analysis of biologically active species such 

as amino acids, proteins, and peptides [71-73]. CE-LIF detection is a promising and reliable 

technique to provide highly sensitive and specific analysis for low abundant biological samples 

[74]. The first and foremost requirement for the analyte to be detected with LIF is that it needs to 

be fluorescent upon excitation. However, most analytes are not natively fluorescent. Therefore, 

fluorescent tagging of analytes via physical interaction or chemical reaction is required before 

using LIF detection.  

Chemical derivatization is used as one of the tools for sensitivity enhancement for 

fluorescence and absorbance detection. As mentioned earlier, derivatization before CE-LIF 

analysis includes tagging analytes with fluorescent agents, fluorogenic reactions, and the 

formation of chelating complexes for the determination of inorganic ions [75]. On-capillary and 
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pre-column derivatization modes are usually chosen as a promising experimental technique to 

quickly improve sensitivity in UV-Vis absorbance detection [76, 77]. The induced advantages by 

derivatization are to improve the charge-to-size ratios of analytes, thus enabling chiral 

separations. There are some novel derivatization reagents developed [78] in recent years, and 

each has its limitations with respect to the functional groups that are derivatized. The most 

common and widely used technique focuses on the derivatization of the primary amine 

functional groups [79]. The on-line derivatization technique is advantageous for real-time in-

vitro or in-vivo analysis when using microdialysis sampling, and on-line derivatization with fast 

reaction kinetics is preferred. 

 The available strategies for derivatizing the analytes include pre-capillary derivatization, 

on-line derivatization, on-capillary derivatization, and post-capillary derivatization. LIF reagents 

selected in derivatization depend on the functional groups of the analytes. Numerous labeling 

reagents are commercially available for derivatizing specific functional groups on analyte 

molecules. According to their reaction kinetics, these reagents can be classified to be used in 

various derivatization procedures (pre-, on-, and post-capillary or on-line) [78, 79]. For 

derivatization of a primary amine group, o-phthaldialdehyde (OPA) [80], naphthalene 

dicarboxaldehyde (NDA) [81, 82], 3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde (CBQCA) 

[72, 83], and 5-furoylquinoline-3-carboxaldehyde (FQ) [84-86] are available. 4-fluoro-7-nitro-

2,1,3-benzoxadiazole (NBD-F) [87-89], 9-fluorenylmethyl chloroformate (FMOC) [90, 91], and 

fluorescein isothiocyanate (FITC) [92, 93] can be used to derivatize primary or secondary amine 

functional groups. For hydroxy groups, naphthyl isocyanate and anthroylnitrile can do the work, 

and for carbonyl groups, (3-Aminopropyl)triethoxysilane (APTS) [94-96] can be used. Each 

reagent has its optimal excitation and emission λ values.  
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Light absorbing chelating reagents (metallochromic reagents) are used to enhance the 

sensitivity. Metallochromic reagents may have good molar absorptivity in the visible range with 

detection limits of 10-7 M. 

Additional techniques have also been developed to enhance the detection sensitivity in 

CE-LIF by using various fluorescence detection techniques such as on-column fluorescence 

detection [97], post-column sheath flow detection using a sheath flow cuvette [98, 99], and 

indirect on-column fluorescence detection [100]. 

1.4.1.3 Mass Spectrometry (MS) Detection  

Mass spectrometry (MS) is a very promising detection technique in the qualitative assay 

for identifying metabolites in biological fluids, and it is emerging as a detection method for CE 

[101-105]. The first CE-MS coupling was reported by Olivares et al. [106]. Subsequently, many 

researchers tried a variety of ionization techniques and coupling methods with CE [107]. In CE-

MS, CZE separates analytes based on charge-to-size ratio, and then MS is used as the second 

dimension to separate analytes based on the mass-to-charge ratio. The most popular ionization 

technique used in CE-MS is electrospray ionization (ESI) because ESI can generate multi 

charged ions, and it is very helpful to analyze larger molecules such as proteins and glycans 

[108].  

However, coupling CE with ESI-MS is challenging compared with liquid 

chromatography. The major challenge is the low mass flow of CE, which makes it difficult to 

generate ESI [109]. So, a makeup flow is often used, and tapered sprayers are fabricated to 

enable ESI at low-flow rate. CE and ESI both are electrical driven methods and while coupling 
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current may differ by several-fold magnitude [110]. This restriction causes limited use of CE-MS 

in laboratories, and further, MS instruments are quite expensive. 

1.4.1.4 Electrochemical Detector (ECD) 

 The electrochemical detector is highly sensitive, and it can be coupled with CE. CE-ECD is a 

very powerful instrument to detect electroactive compounds [111, 112]. In addition, conductivity 

detection can be used to detect non-electroactive compounds. Gas et al. introduced a contactless 

conductivity detector to the electrophoretic separation technique [113]. Two stainless steel tubes 

around the capillary act as electrodes that distance each other. The advantages of contactless 

conductivity detection are on-capillary detection, fewer wire connections, and integration with 

other detectors such as UV, LIF, and MS. 

Capacitively coupled contactless conductivity detector (C4D) for CE was introduced in 

1998 and became a popular way to perform conductivity detection [114, 115]. The major 

advantage of C4D is that it can be used for inorganic and organic ions no matter whether they are 

UV active or inactive. C4D contains two electrodes named as actuator and pickup electrodes, and 

the measurement of differences between the conductivity of a sample and the BGE zones can be 

done using these two electrodes. CE-C4D is more suitable for the detection of small ions such as 

sulfate, nitrates, and nitrites. CE-C4D can be used in the pharmaceutical and biological analysis 

[116-118]. 

1.4.2 Electrophoretic Methods  

Electrophoretic preconcentration methods are straight forward compared to the other 

sensitivity enhancement techniques because most of these methods do not require much 

instrumental modification. As mentioned earlier in the CE theory section, analytes migrate in the 
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electric field according to their mobilities. Most of these electrophoretic methods are based on 

varying the velocity (𝑣) of the analyte due to some changes in the variables such as the field 

strength and/or the effective charges on molecules. The most common approaches for sample 

preconcentration are based on changes in electric field strength. 

1.4.2.1 Sample Stacking 

Field amplified sample stacking/injection (FASS / FASI) is a widely known technique in 

capillary electrophoresis. Burgi and Chien introduced and described the mechanism of sample 

stacking in detail [119-122]. It can be operated in many different ways, essentially by injecting 

the sample plug with buffer concentration less than the background buffer (BGE). Ideally, the 

difference between the sample buffer and BGE is by a factor of 10 or greater. There are other 

mechanisms such as pH [123] and viscosity [124] changes, which have also been used for 

generating two regions with different analyte mobilities.  

As a result, a discontinuous electrolyte system is generated in the two regions. Due to the 

low ionic strength in the sample buffer, the electric field is higher compared with the background 

buffer. Equation 1.2 shows that electrophoretic velocities are directly proportional to the field 

strength, so the analyte migration is faster in the sample buffer in comparison to the migration in 

separation buffer. Thus, the analyte migrates faster out of the sample buffer and slows down 

when entering into the separation buffer (BGE), getting concentrated at the boundaries of sample 

buffer and the BGE. This process is schematically illustrated in Figure 1.7. If the conductivity of 

the sample buffer increases, the efficiency of the FASS method decreases. 
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Figure 1.7. Schematic representation of field amplified sample stacking (a) after sample 
injection and separation voltage applied; (b) after stacking is finished. 

 

In CE there are two injection modes for introducing a sample into the separation 

capillary. The first one is a hydrodynamic injection (also called hydrostatic, pressure, or gravity 

injection), and the second one is electrokinetic injection. In the latter method, the electroosmotic 

flow acts as a pump for injecting a small sample plug into the separation capillary. However, 

during electrokinetic injection, the boundary between the sample and BGE might be disrupted 

because of the movement of the ions from BGE to the sample zone. Chien and Burgi introduced 

the injection of a water plug before electrokinetic sample injection, which minimizes the 

boundary disruption and achieves a thousand-fold sensitivity enhancement. The FASI method 

has been applied for the analysis of drugs in biological samples, and 1000-fold sensitivity 

enhancement was achieved [125-127]. FASS and FASI are the first choices among all 

enhancement techniques because of their ease to connect with different modes of CE such as 

CZE [128-130], MEKC [131], CGE [132], CEC [133], and microchip electrophoresis [127]. This 
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approach provides a great sensitivity enhancement in CE without disturbing other features of CE 

such as short analysis time and small sample volumes.  

1.4.2.2  Transient Isotachophoresis (t-ITP)  

Transient isotachophoresis is a powerful stacking method useful for the analysis of high-

ionic strength samples. In this method, a sample plug is injected between a leading electrolyte 

and a terminating electrolyte. In general, a high-mobility ion is used as the leading electrolyte, 

and a low-mobility ion is used as the terminating electrolyte as schematically illustrated in Figure 

1.8. t-ITP often can be considered as a concentration and purification method. When a high 

separation voltage is applied, an electric field strength gradient is established across the sample 

zone between the leading and terminating electrolyte boundaries. As the electric field strength is 

inversely proportional to the mobility of the ion [134], a high field strength is generated across 

the low ion mobility zone and a low field strength is generated in the high ion mobility zone. 

Thus, at equilibrium, ions adjust their concentration to move at the same velocity as leading ions. 

Sometimes a separation buffer serves as a leading electrolyte in the CZE mode. 

Transient ITP is easy to couple with CZE, and it can be done in the same capillary [135-

137]. By using this technique, 10-1000-fold signal enhancement can be achieved. In single 

capillary ITP preconcentration, the sample contains the leading (or terminating) electrolyte, and 

the separation buffer (BGE) acts as terminating (or leading) electrolyte. This method is 

theoretically and experimentally well explained in the 1990s [125, 138, 139].  
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Figure 1.8. Schematic representation of transient isotachophoresis (t-ITP). 

 

1.4.2.3 Sweeping 

Sweeping is an online concentration technique where analytes are masked with a pseudo 

phase such as micelles. Neutral molecules can be efficiently concentrated using this method, and 

it is especially convenient in the MEKC mode [140, 141]. The sample solution is prepared 

devoid of micelles and has conductivity similar to the BGE. A long sample plug is injected 

through hydrodynamic injection (Figure 1.9a). When a separation voltage is applied, the micelles 

enter the sample zone and collect analytes at the front end of the entering micellar zone until the 

front end reaches the boundary between the sample zone and the BGE (Figure 1.9b-c). The 

pseudo phase can be micelles or other complexation reagents such as borate. Recently, our group 

has demonstrated the selective sample preconcentration of catecholamines such as dopamine 

(DA) and norepinephrine (NE) by taking advantage of borate complexation [142]. Sweeping is 
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generally performed from a single boundary, but Sanuki et al. demonstrated double sweeping by 

keeping cationic micelles on one side of the sample plug and anionic micelles on the other [143]. 

 

 

Figure 1.9. Schematic illustration of the principle of sweeping under suppressed EOF 
conditions. The sample solution is completely free of surfactants, and BGE is a micellar solution. 
(a) Sample injection; (b) Sweeping; (c) MEKC separation [11].  

1.4.3 Solid-phase Extraction 

Solid-phase extraction (SPE) can be used in combination with CE as an off-line, on-line, 

in-line modes for enhancing the sample preconcentration [144-147]. The off-line SPE 

preconcentration is tedious and time-consuming. On-line and in-line SPE-CE modes can be 

accomplished with a minimum amount of sample handling steps and the prospect of automation. 

Many of these on-line SPE-CE preconcentration methods use a valve or a T-shaped tube [148] to 

couple preconcentration columns to a CE capillary. Over the past few years, researchers have 

developed different fritless packed bed capillaries for in-line SPE-CE [149, 150]. The in-line 

SPE-CE has been used in biomedical, pharmaceutical, environmental, and food applications 

[151]. In the upcoming years, SPE is expected to be connected with flow-gated CE for sample 

preconcentration by preserving its fast analysis.  
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1.5 Summary and Conclusion 

Capillary electrophoresis (CE) is a powerful technique that further advances to MCE, but 

the low detection sensitivity is a major limitation for advanced applications. To overcome the 

limitation, different approaches have been developed, e.g. improvements in detectors and sample 

preconcentration. Chemical derivatization is used as one of the routes for sensitivity 

enhancement with fluorescence and absorbance detection. This chapter has briefly introduced the 

principle of CE and flow-gated CE, major LIF reagents, as well as major sample 

preconcentration methods including sample stacking, t-ITP, sweeping, and SPE.  

Flow-gated CE as a hybrid of the microchip and conventional CE has been used in 

numerous bioanalytical applications because of its ease to couple with online sample 

pretreatment procedures such as microdialysis, analyte derivatization, sample cleanup, and 

enrichment via solid-phase extraction, as well as 2D separation coupled with HPLC or CE. 

However, similar to the other electrophoresis, it also faces the limitation of sensitivity. The 

following chapters will focus on the development of novel methods, including new derivatization 

strategies and online preconcentration methods, to improve the detection sensitivity in flow-

gated CE. 
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CHAPTER 2: SYNTHESIS OF 2-[(5-FLUORESCEINYL) 
AMINOCARBONYL] ETHYL MERCAPTAN (FACE-SH) AS 

A FLUORESENT TAG 

2.1  Introduction 

Derivatization is required for optical detection of amino acids when analyzed either by 

using CE or HPLC because of their non-chromophore nature. This strategy has been popularly 

used in the analysis of biological and food samples [152]. Several fluorogenic labeling reactions 

have been reported for the derivatization of amino acids via primary amine groups, and these 

reagents include naphthalene dicarboxaldehyde (NDA) [153] and o-phthaldialdehyde (OPA) 

[154, 155]. The rate of derivatization depends on the reaction properties of the reagents used. In 

this context, OPA and thiol reaction with primary amines in a basic solution is a well-known, and 

it was first reported by Roth [156]. Different thiols such as b-mercaptoethanol (BME) [8, 157], 

dithiothreitol (DTT) [158], and N-acetyl-L-cysteine (NAC) [159, 160] have been used together 

with OPA to derivatize amines. OPA reaction with primary amines in the presence of thiol is 

fast, and the formed isoindoles are fluorescent with an optimal excitation wavelength at ~340 

nm. However, this wavelength lies in the ultraviolet range, while UV lasers are expensive. 

Adversely, many materials and molecules have strong absorption in the UV range, generating 

high background signals. Besides, the quantum yields of these products are relatively low 

(between 0.33 to 0.47) [8, 161].  

Derivatization using fluorescent labels is one of the ways to enhance detection sensitivity. 

The most commonly used fluorescent labels are fluorescein isothiocyanate (FITC) and 

carboxyfluorescein succinimidyl ester (CFSE) [162, 163]. However, these fluorescent labels may 

have slow reaction kinetics with analytes of interest even though they show high quantum yield. 

A few other labeling reagents have emerged as alternatives of FITC and CFSC. 5-(4,6-Dichloro-
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s-triazin-2-ylamino)fluorescein (DTAF) has been used to derivatize primary amines at 40-50 °C 

to have labeling completion in 1 hour [163, 164], 6-oxy-(N-succinimidylacetate)-9-(2-

methoxycarbonyl)fluorescein (SAMF) with primary amines at 30 °C in 6 min [165], and 5-((2-

(and-3)-S-(aceylmercapto)succinoyl)amino)fluorescein (SAMSA-F) and OPA with primary 

amines at room temperature in 10 s [166]. However, DTAF and SAMF might not be suited for 

on-line derivatization when reaction time is a limitation for high-throughput analysis. Although 

SAMSA-F together with OPA may react quickly with primary amines, it has two isomers, which 

may complicate the electropherogram.  

 We have developed a new reaction scheme as shown in Figure 2.1 to derivatize amino 

acids by taking advantage of the favorable kinetics of the reaction involving OPA, primary 

amines, and fluorescent thiol.  

 

Figure 2.1. Derivatization scheme for primary amines with OPA/ FACE-SH.  

In this reaction (Figure 2.1), we selected 2-[(5-fluoresceinyl)aminocarbonyl]ethyl mercaptan 

(FACE-SH) as the fluorophore with the optimal excitation at 488 nm and emission at 520 nm. 

This chapter will focus on the synthesis, purification, and characterization of FACE-SH. The 

objective is to obtain a large amount of pure FACE-SH that can be used for the derivatization of 

amino neurotransmitters.   
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2.2 Experimental  

2.2.1 Chemicals and Reagents 

5-Aminofluorescein, 3-(Tritylthio)propionic acid, Acetonitrile, N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI), N,N-Diisopropylethylamine 

( i-Pr2NEt), and orthophosphoric acid were purchased from Fisher Scientific (Chicago, IL, USA). 

2-(5-fluoresceinyl)aminocarbonyl ethyl mercaptan (FACE-SH) was ordered from Toronto 

Research Chemicals (TRC) (Toronto, ON, Canada). Fused silica capillaries were purchased from 

Polymicro Technologies (Phoenix, AZ, USA). 

The commercial FACE-SH stock solution at 10.0 mM was prepared in dimethyl 

sulfoxide (DMSO), and the working FACE-SH was prepared by diluting the stock solution to the 

desired concentration with acetonitrile (ACN). The stock borate buffer was prepared by 

dissolving tetraborate (Na2B4O7·10H2O, 100.0 mM) in DI water. 5-Aminofluorescein (50 mg) 

and 3-(Tritylthio)propionic acid (15 mg) were taken in two 10-mL volumetric flasks and diluted 

up to the mark with acetonitrile. The test solution (for system suitability) was prepared in 

acetonitrile in a 5 mL volumetric flask by taking equal amounts (1 mL each ) of 5-

Aminofluorescein (5000 ppm), FACE-SH (1500 ppm), 3-(Tritylthio)propionic acid (1500 ppm), 

and Trityl protected FACE-SH (Compound-1) (3000 ppm).  

2.2.2 Synthetic Reaction Scheme for FACE-SH 

Step 1: Synthesis of N-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-

3-(tritylthio)propenamide (compound-1) 
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Figure 2.2. Step-1: Synthesis of trityl protected FACE-SH using coupling reaction with 5-
aminofluorescein and 3-(tritylthio)propionic acid. Step-2: The synthesis of FACE-SH by 
deprotection of the trityl group. 

Method: Compound-1 was synthesized by general amide coupling strategy using EDCI coupling 

agent and an additive HOBt (to minimize racemization) as shown in Figure 2.2 and described in 

references [167, 168]. A mixture of 3-(Tritylthio) propionic acid (0.2206 g, 0.633 mmol), N-(3-
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Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI) (0.1433 g, 0.747 mmol) and 

Hydroxybenzotriazole (HOBt) (0.1148 g, 0.8496 mmol) in dimethylfromamide (DMF, 2 mL) 

taken in 25 mL round bottom flask was stirred for 30 minutes in order to activate the acid. Then, 

5-Aminofluorescein (0.2 g, 0.5758 mmol) and N,N-Diisopropylethylamine (DIPEA) (0.2233 g, 

1.725 mmol) dissolved in DMF (3 mL) were to the activated acid. The reaction mixture was 

stirred at 25 °C overnight. After completion of the reaction, the reaction mixture was treated with 

dilute HCl (4%) (2 x 5 mL) to precipitate the product. The precipitate was taken in water (5 ml) 

and the product was extracted into ethyl acetate (10 ml) by liquid-liquid extraction in a 

separatory funnel. Aqueous phase was washed again with ethyl acetate (10 ml). Whole of the 

organic phase was combined and dried in a rotavapor under vacuum. A yellow colored puffy 

compound was obtained, which was confirmed by mass spectrometry and NMR. Compound-1 

residue was purified using column chromatography on silica gel. Mobile phase used for column 

chromatography was ethyl acetate and hexane in the ratio of 1:1 v/v. 

Step 2: Deprotection of trityl group to form FACE-SH  

Method: The cleavage or deprotection of the trityl group was performed according to the 

method from the article written by Kemp et al. [169]. Compound-1 (0.2 g) was placed in a 25 

mL round bottom flask and the deprotection was performed in trifluoroacetic acid for 1 hour 

using 2 equivalents of triethyl silane as the scavenger. The formed reaction residue was dissolved 

in water (3 mL) and washed with ether 5 mL for twice. The identity and purity of the compound 

were determined with HPLC, and results were compared with the commercial FACE-SH.  

2.2.3 Instrumentation 

A Varian Prostar HPLC (manual injection) system was used to determine the purity of 

the synthesized FACE-SH by using Phenomenex Hypersil ODS column with 250 x 4.6 mm, and 
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5 µM ID. Flow-gated CE was controlled by a LabVIEW program. The flow gate and other 

interfaces in the CE system were fabricated with poly(dimethylsiloxane) (PDMS) as described 

earlier [59, 61]. After conducting several experiments, the following conditions were finalized. 

Mobile Phase A: 100% water with pH adjusted to 3.0 by using orthophosphoric acid; Mobile 

Phase B: 100% Acetonitrile.  

Chromatographic conditions: Flow rate: 1.0 mL/min; UV absorption detection wavelength: 

230 nm; injection volume: 20 µL; column: Phenomenex Hypersil ODS 5 µm C18 250 x 4.6 mm; 

column temperature: ambient; sample diluent: HPLC grade acetonitrile; and run time: 45 min. 

Gradient elution conditions: 

Time (Min) % Mobile Phase A % Mobile Phase B 
0.0 70 30 
5.0 70 30 
30.0 15 85 
40.0 15 85 
42.0 70 30 
45.0 70 30 

 

2.3 Results and Discussion 

2.3.1 Analysis of FACE-SH Using CE and HPLC Methods 

Commercial FACE-SH was tested with flow-gated CE to see what peaks would be 

observed after electrophoretic separation thus estimating its purity. A typical electropherogram 

was shown in Figure 2.3. As can be seen, multiple peaks were observed in the electropherogram 

other than the significant peak of FACE-SH. Compared with the purity of 94% provided the 

manufacturer based on HPLC results, is different from the results shown in our in-house 

developed HPLC purity method.  
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Figure 2.3. The electropherogram of 50 μM FACE-SH. Injection at -5 kV × 0.5 s and separation 
at -25 kV; BGE: 20 mM tetraborate buffer, pH 10.6. 

System suitability (SST) was performed by separating a mixture composed of three commercial 

compounds: 5-Aminofluorescein (FL amine), FACE-SH, 3-(Tritylthio)propionic acid, and Trityl 

protected FACE-SH (Compound-1). A typical chromatogram is shown in Figure 2.4, which 

presents multiple peaks as indicated. The retention times of the eluted compounds were recorded 

and summarized in the table below. 

Compounds  Retention time 
5-Aminofluorescein (FL amine) ~ 12 mins 

FL thiol or FACE-SH ~ 20 mins 
3-(Tritylthio)propionic acid ~ 29 mins 

Compound-1 (Trityl FL thiol) ~ 33 mins 
 

The results indicate that the developed HPLC method could be used for monitoring the synthetic 

process of FACE-SH.  
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Commercial FACE-SH was tested with the HPLC method as demonstrated for system 

suitability, and a typical chromatogram is shown in Figure 2.5. The purity of the compound is 

estimated to be less than the reported value by the manufacturer. As the cost of the highly pure 

FACE-SH is exceptionally high (1 mg costs approx. USD 1000), it triggered the idea of 

synthesizing FACE-SH by using commercially available starting materials 5-Aminofluorescein 

and 3-(tritylthio)propionic acid. The two significant reactions were shown in Figure 2.2. The first 

step is the preparation of trityl protected FACE-SH; and the second step is the deprotection of the 

trityl group, which generates FACE-SH. Refer to the Experimental section for the synthesis of 

compound-1 and FACE-SH experimental conditions  

2.3.2 Characterization of Compound-1 (Trityl protected FACE-SH) 

The trityl protected FACE-SH compound (Compound-1) was prepared as per Step-1 in 

Figure 2.2, and the yellowish compound was qualitatively analyzed using mass spectrometry and 

NMR. Figure 2.6 shows that the m/z value of 676 (677-1) matches the molecular weight of 

Compound-1. The purity of the trityl protected FACE-SH was analyzed with the above 

mentioned HPLC method and a typical chromatogram is shown in Figure 2.7.  
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Figure 2.5. C
hrom

atogram
 of com

m
ercial FA

C
E - SH

. The s am
ple solution w

as prepared by diluting the required am
ount from

 the 
stock solution prepared in D

M
SO

. C
hrom

atographic conditions w
ere the sam

e as in Figure 2.4 .  
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Figure 2.6. Mass spectrum of the solid yellow mixture containing trityl protected FACE-SH 
Compound-1.  

 

Trityl protected FACE-SH 
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Figure 2.7. H
PLC

 chrom
atogram

 of 1000 ppm
 trityl protected FA

C
E-SH

. C
hrom

atographic conditions w
ere the sam

e as described 
in section 2.2.3.  
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The 1H NMR spectrum (Figure 2.8) matches well with the literature [170] showing two 

characteristic triplets in the aliphatic region (2.5-3 ppm) corresponding to protons of two CH2 

groups, two sets of peaks in the aromatic region, one corresponding to protons of trityl, 

benzofuran (7-8 ppm) and the other for protons of xanthene (6.4-7 ppm). The integration value 

of each proton is 2.2, and the ethyl acetate solvent peaks were represented as ‘x’ in Figure 2.8.  

When the 1H NMR spectrum (Figure 2.9) of Compound-1 was compared with the starting 

material 5-aminofluorescein [171], it has two new peaks at 2.5 and 2.7 ppm corresponding to 

protons of two CH2 groups from 3-(tritylthio)propionic acid. The absence of the acid proton (10-

11 ppm) and the presence of several new aromatic protons (7-8 ppm) conform the formation of 

an amide bond in the final product (Compound-1). 

2.3.3 Characterization of Synthesized FACE-SH  

Figure 2.9 shows the purity of the deprotected FACE-SH, and the retention time of 

FACE-SH was 20 min, which exactly matches the retention time of the standard FACE-SH peak 

as shown in the system suitability chromatogram (Figure 2.4), which confirms the formation of 

FACE-SH by deprotecting the trityl group. The impurity profiles were observed from both 

synthesized (Figure 2.9) and commercial (Figure 2.5) FACE-SH chromatograms. The purity of 

the synthesized FACE-SH (60%) before fine purification was not better than that of commercial 

FACE-SH (94%) due to the formation of some major impurities at 12.0, 24.2, 32.9, and 34.4 

mins, respectively. Additional purification procedures such as HPLC should be performed to 

obtain purer product. Note that the significant impurity peak at 16.1 min (Figure 2.5) in the 

commercial sample was not observed in the synthesized FACE-SH chromatogram.  
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Figure 2. 9. H
PLC

 chrom
atogram

 of 1000 ppm
 synthesized FA

C
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hrom

atographic conditions w
ere the sam

e as those in Figure 2.4.  
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2.4 Concluding Remarks 

A synthetic route has been used to synthesize the FACE-SH compound. The structure 

confirmation of Compound-1 was carried out by using ESI-MS and NMR. The synthesis of 

FACE-SH was successful and confirmed by the HPLC retention times of the standard sample. 

An HPLC method was used to estimate the purity of the FACE-SH compound using a simple 

mobile phases gradient program (45 mins). However, the purity of the synthesized FACE-SH 

was only 60 %, which might be due to the lack of fine purification procedures such as HPLC. As 

the purity of the commercially purchased FACE-SH is much better than the synthesized 

compound, the following experiments used commercial FACE-SH to develop analytical 

techniques for measuring amino neurotransmitters in cerebrospinal fluid (CSF) as described in 

next chapter. 
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CHAPTER 3: RAPID LABELLING OF AMINO 
NEUROTRANSMITTERS WITH A FLUORESCENT THIOL 

IN THE PRESENCE OF O-PHTHALALDEHYDE 

Note: Most contents in this chapter have been published in Electrophoresis 2016, 38, 
507-512.  

3.1 Introduction 

Flow-gated capillary electrophoresis (CE) coupled with laser-induced fluorescence (LIF) 

detection is very useful for the analysis of biological samples such as amino acids in 

cerebrospinal fluid (CSF). Flow-gated or microchip CE combined with microdialysis, has been 

used in the neuroscience field [38, 44]. It allows researchers to monitor and quantify small 

molecules in biological samples such as CSF in the brain [88, 172-177]. The advantages of flow-

gated CE include rapid separation, small amounts of sample consumption, and ease of 

integration. However, CE may not be sensitive enough for some applications. To improve the 

sensitivity, derivatization of analytes with a fluorophore or with a fluorogenic reagent is a 

common strategy for the sensitive LIF detection.  

For on-line monitoring, a major requirement for in-vitro or in vivo analysis using 

microdialysis is to have fast derivatization reaction kinetics. There are several fluorescent 

derivatization reagents available for labeling primary amines [88, 162-165, 178]; however, the 

majority of these reagents take a long time to finish the derivatization reaction. Instead, o-

phthalaldehyde (OPA) can quickly derivatize (<1 minute) analytes having primary amine groups 

in the presence of a thiol [179-183], normally β-mercaptoethanol (BME), with the reaction as 

shown in Figure 3.1 [183-185]. The isoindole products have optimal emission at ~455 nm with 

the excitation at ~340 nm. This reaction has been used to derivatize many compounds such as 

amino acids and peptides with the limits of detection (LODs) of ~100 nM [186-188]. The 
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drawback of this reaction includes the instability of products, low fluorescence quantum yield, 

and UV laser for excitation. These UV lasers are expensive compared with visible lasers.  

 

Figure 3.1. General reaction of primary amines with OPA/ β-ME. R = any group. 

 

Fluorophores carrying isothiocyanate (ITC) or succinimidyl ester (SE) groups are the 

most commonly used reagents to derivatize primary amines [93, 189]. These fluorophores may 

be highly fluorescent, but the reaction kinetics is not favorable for on-line derivatization when 

coupled with on-line microdialysis. Hapuarachchi and Aspinwall have used (5-((2-(and-3)- S-

(acetylmercapto)succinoyl)amino)fluorescein) (SAMSA-F) to label amino compounds in the 

presence of OPA, in which the LODs of involved analytes were lowered to less than 2 nM while 

preserving the fast reaction kinetics (< 10 s). However, SAMSA-F has two isomers that 

correspondingly generate two derivative isomers for each analyte, thus complicating 

electropherograms. Therefore, a different fluorescent thiol with a defined structure may improve 

the detectability of analytes by cleaning extra peaks in an electropherogram. 

To achieve fast reaction kinetics with high quantum yield, we report a strategy using 2-

[(5-fluoresceinyl)aminocarbonyl]ethyl mercaptan (FACE-SH) to derivatize compounds with 

primary amine groups. Not surprisingly, the reaction kinetics was rapid so that on-line 

derivatization was achieved in a reasonable time period; high quantum yield of fluorescein was 
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able to enhance the detection sensitivity; and simplified electropherograms were observed for 

resolving multiple amino compounds. Additionally, TCEP (Tris(2-carboxyethyl)phosphine) was 

proposed to mix with the derivatization mixture to prevent dimerization of FACE-SH, which 

would otherwise decrease the effective amount of FACE-SH for the derivatization reaction. 

Finally, this method was applied to the detection of amino acid neurotransmitters in 

cerebrospinal fluid (CSF) via in vitro microdialysis coupled with on-line derivatization and rapid 

electrophoretic separations. 

3.2 Materials and Methods 

3.2.1 Chemicals 

Amino acids, dopamine hydrochloride (DA), D/L-norepinephrine hydrochloride (NE), 

sodium tetraborate, polyimide resin, and TCEP were purchased from Sigma (St. Louis, MO, 

USA). OPA was purchased from MP Biomedicals (OH, USA). Dimethylformamide (DMF), 

sodium hydroxide, tetrasodium salt of ethylenediaminetetraacetic acid (EDTA), and chemicals 

(NaCl, KCl, MgSO4, CaCl2, and Na2HPO4) for preparing artificial cerebrospinal fluid (aCSF) 

were purchased from Fisher Scientific (Chicago, IL, USA). FACE-SH was ordered from Toronto 

Research Chemicals (Toronto, ON, Canada). Cerebrospinal fluid (CSF) collected from the 

striatum of Sprague Dawley rats was purchased from BioreclamationIVT (Long Island, NY, 

USA). Fused silica capillaries were purchased from Polymicro Technologies (Phoenix, AZ, 

USA). 

The FACE-SH stock solution at 10.0 mM was prepared in anhydrous DMF and stored at 

-20 ℃, and the 1.0 mM of FACE-SH solution was prepared by diluting the stock solution with 

deionized (DI) water and methanol in the ratio of 1:1 (v/v) on a daily basis. The stock solution of 

OPA at 50.0 mM was prepared in 10% methanol in water by volume. The stock solution of 
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TCEP at 50.0 mM was prepared in DI water. Borate buffer was prepared by dissolving 

tetraborate (Na2B4O7·10H2O, 100.0 mM) in DI water, and its pH was adjusted to desired values 

using 1.0-M NaOH. The stock solution of EDTA at 100.0 mM was prepared in DI water without 

pH adjustment. DA and NE stock solutions at 10.0 mM each were respectively prepared in 20 

mM HCl solutions with pH 2.5 on a weekly basis, and they were stored in a refrigerator. Amine 

solutions (arginine, glutamine, gamma-aminobutyric acid (GABA), serine, alanine, taurine, 

glycine, glutamine, glutamate, and aspartate) at 10 mM were prepared in DI water and were 

diluted to appropriate concentrations with aCSF. The aCSF consisted of 145.0 mM NaCl, 2.7 

mM KCl, 1.0 mM MgSO4, 1.2 mM CaCl2, and 2.0 mM Na2HPO4, and its pH was adjusted to 7.4 

with NaOH [190]. 

A stock solution of 100 µM BSA protein was prepared in DI water. Derivatization 

reaction was carried out by off-line mixing of 10 µL of 2 mM FACE-SH, 5 µL of 50 mM TCEP, 

10 µL of 100 mM tetraborate buffer (pH 10.6), 10 µL of 50 mM OPA, and 10 µL of sample 

solution with various concentrations of BSA protein. For a blank electropherogram (Figure 

3.11a), 10 µL of water was added in place of the BSA solution. The final concentrations were 

365 µM, 4.5 mM, and 9 mM of FACE-SH, TCEP, and OPA, respectively. BSA samples were 

directly added to the derivatization solution without any complicated denaturation steps. 

3.2.2 Instrumentation 

The custom-built detection system has been described elsewhere [59, 191], and an image 

is shown in Figure 3.2. Briefly, a 491-nm laser (Cobolt Inc., San Jose, CA, USA) beam was 

spectroscopically filtered through an interference bandpass filter at 492 ± 5 nM and then focused 

on the separation capillary through a 100x oil-immersion objective with the numerical aperture 

of 1.3 (Carl Zeiss Microscopy, Thornwood, NY, USA). The fluorescence was collected by using 
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the same objective and then passed to a photomultiplier tube (PMT) with the part #R11540 

(Hamamatsu Photonics, Japan) after emission filtration with a bandpass filter (520 ± 18 nm). The 

current signal generated by the PMT was pre-amplified and then converted to voltages by an 

SR570 current preamplifier (Stanford Research Systems, Sunnyvale, CA, USA). Voltage signals 

were finally recorded by a LabVIEW program. 

 

Figure 3.2. Image of the flow-gated CE instrumental system.  

For on-line mixing, a 4-syringe pump as shown in Figure 3.2 (Chemyx Inc., Stafford, TX, 

USA) was used to supply sample and derivatization reagents through two gastight Hamilton 

syringes (Reno, Nevada, USA). The flow gate and other interfaces were fabricated with 

poly(dimethylsiloxane) (PDMS) as described earlier [59, 61]. Sample injection and separation 

were performed by applying a negative voltage on the capillary outlet reservoir, while the inlet 

side was grounded, with a high-voltage power supply (Model CZE1000R) purchased from 

Spellman High Voltage Electronics Corporation (Hauppauge, NY, USA). A LabVIEW program 

controlled this process.  
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3.2.3 General Experimental Conditions 

The separation capillary was 10 µm in ID and 360 µm in OD. It was 17.0 cm in total 

length and 10.0 cm in effective length. Fresh separation buffer was supplied via a 50-mL plastic 

syringe powered by a syringe pump. The gating flow of the separation buffer was controlled with 

a 3-way solenoid pinch valve purchased from Cole-Parmer (Vernon Hills, IL, USA). Two 

solutions were prepared separately for off-line or on-line mixing at 50/50 by volume: (a) 

derivatization reagents, consisting of 600 µM of FACE-SH, 5.0 mM TCEP, 10.0 mM OPA, 10.0 

mM EDTA, 20.0 mM tetraborate buffer at pH 10.6, and 10% organic solvent (9% methanol plus 

1% DMF), unless otherwise stated; (b) sample, aCSF with amino compounds dissolved, or CSF 

for microdialysis sampling. For condition optimization, off-line mixing was performed by 

pipetting samples and derivatization reagents to be mixed in a centrifuge tube. A silica capillary 

with 100 µm in ID and 15.0 cm in length was used for on-line mixing and derivatization. Other 

capillaries were 40 µm in ID for fluid transport. Unless otherwise stated, the separation buffer 

consisted of 20.0 mM tetraborate at pH 10.6. 

3.2.4 Microdialysis Sampling and On-line Derivatization  

A schematic diagram of the microdialysis sampling and on-line derivatization system is shown in 

Figure 3.3. The microdialysis probe was made with two side-by-side 40 μm ID × 100 μm OD 

fused-silica capillaries with 3-10 mm in length difference at the ends, held in place by a 250 μm 

ID x 360 μm OD capillary sleeve. The two capillaries were then inserted into a 1-cm length of 

200-μm diameter dialysis hollow fiber tubing that was already sealed at one end with polyimide 

resin. The dialysis fiber was made of regenerated cellulose and had 13-kDa molecular mass 

cutoff (Spectrum Laboratories, Rancho Dominguez, CA). Polyimide was used to coat the outside 

of the dialysis tubing except for the sampling region.  
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 Microdialysis was performed by inserting the probe into the sample vial containing CSF 

samples. The dialysate was mixed on-line with FACE-SH/OPA derivatization reagents using a 

PDMS T-interface mixer as shown in Figure 3.3. After that, the mixture was pumped to the flow 

gate during which the mixture could react in a capillary with 100 µm ID and 15 cm in length.  

 

Figure 3.3. Schematic diagram of the setup for microdialysis sampling and on-line 
derivatization. The sample was labeled using FACE-SH/OPA; aCSF = artificial cerebrospinal 
fluid.    

 
3.3 Results and Discussion  

3.3.1 Characterization of FACE-SH with CE 

 
 FACE-SH used in this chapter was a commercial product with the purity of ~94% 

determined by HPLC (provided by the manufacturer). The stock solution of FACE-SH was 

prepared in anhydrous DMF to prevent oxidation in long-term storage. To estimate its purity, a 

FACE-SH standard sample at 50 µM in tetraborate buffer (20 mM) at pH 10.6 was examined on 

the flow-gated CE system.  
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 As shown in Figure 3.4b-i, two major peaks were observed, and the first peak was 

assigned to disulfides (FACE-S-S-FACE), and the second was for sulfides (FACE-S-). The 

disulfide peak was increasing while the sulfide peak was decreasing with time when sequential 

injections and separations were performed (see Figure 3.4a), which indicates that sulfides were 

being oxidized to disulfides continuously. Moreover, this oxidation reaction was kinetically fast, 

which was demonstrated by the rapid decrease of the sulfide peak as seen in Figure 3.4a. 

However, the fluorescence intensity of disulfides was not proportional to their concentration in 

terms of fluorescein associated with disulfides, which indicates there was a fluorescence 

quenching effect when disulfides were produced. Besides, several small unknown peaks were 

also observed as seen in Figure 3.4b-i, which were attributed to impurities in the FACE-SH dye. 

Among these peaks, one unknown peak (Unknown 1 in Figure 3.4b-i) was increasing with time, 

which was presumably regarded as another disulfide compound produced by FACE-SH and a 

thiol impurity. FACE-SH, like other thiol compounds, tends to be oxidized to form disulfides by 

molecular oxygen dissolved in aqueous solutions [192]. This oxidization can be favorable under 

the catalysis of some metal ions such as Cu2+, Fe3+, and Ni2+ in a basic solution [192]. The pH 

used here was 10.6 because the derivatization scheme involving a thiol, OPA, and primary 

amines required a basic pH [186]. The conversion of FACE-SH to disulfides would reduce the 

effective amount of FACE-SH for the derivatization of amines in the presence of OPA and thus 

should be prevented. 
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Figure 3.4. (a) Oxidation of FACE-SH and formation of FACE-S-S-FACE with time. The first 
injection occurred in 2 minutes since the sample got ready. 50 μM of FACE-SH was dissolved in 
20 mM of tetraborate buffer at pH 10.6. (b-i) The electropherogram of No. 15 injection without 
TCEP, and (b-ii) 50 μM of FACE-SH with 1.0 mM of TCEP. Injection at -5 kV × 0.5 s and 
separation at -25 kV. 

3.3.2 Effect of TCEP on Reducing Disulfide 

Generally, both TCEP (tris(2-carboxyethyl)phosphine) and DTT (Dithiothreitol) are used 

as strong reducing agents to split the disulfide bond. However, TCEP was chosen as the reducing 

agent instead of DTT, because DTT contains a thiol group which can react with OPA to form 
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unwanted products. Figure 3.5 shows the TCEP concentration effect on the peak sizes of the 

disulfide and the sulfide. The results show that 1.0 mM of TCEP was enough to reduce the 

disulfide to the sulfide. 

 

Figure 3.5. Effect of TCEP concentration on peak heights of the disulfide and the sulfide. 50.0 
µM FL-SH in 20 mM tetraborate pH 10.6 was used as the sample. (a) Decreasing of the FACE-
S-S-FACE peak height, and (b) Increasing of the FACE-SH peak height. 

3.3.3 Buffer pH Effect on Migration of FACE-SH 

Initial trials were attempted to separate derivatized amino acids by using three separation 

buffers including tetraborate (pH 9.2), phosphate buffer (pH 9.1), and carbonate buffer (pH 9.0) 

at various concentrations. The results show that 10 amino acids were separated except Gly and 

Tyr with 20 mM tetraborate buffer (pH 9.2) with 10% methanol. Figure 3.6 shows a typical 

electropherogram obtained by on-line mixing of the10 amino acids at 2 µM each and the 

derivatization reagents containing 50 µM FACE-SH, 0.5 mM TCEP, and OPA (o-

Phthalaldehyde) in 20 mM tetraborate buffer (pH 10.0). For complete derivatization of amines at 

low concentrations such as in a sub-nanomolar range, high concentrations of OPA and FACE-SH 

are preferred kinetically and dynamically. However, FACE-SH is highly fluorescent, and it 
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appears as a huge peak in the electropherogram if a high concentration is used. Therefore, its 

location in an electropherogram should be away from the analyte peaks of interest. 

 

Figure 3.6. A typical electropherogram of 10 amino acids. On-line mixing was used to derivatize 
10 amino acids at 2.0 µM each by the derivatization reagent mixture composed of 50 µM FACE-
SH, 0.5 mM OPA, 0.5 mM TCEP in 20 mM borate buffer at pH 10.0. BGE: 20 mM tetraborate 
buffer (pH 9.2) having 10 % methanol. Injection at -5 kV × 0.5 s and separation at -25 kV. 

 A series of experiments with the separation buffer at different pH values was performed 

to adjust the location of FACE-SH along the time axis. As shown in Figure 3.7, FACE-SH peak 

moved backward along the time axis relative to other amino acid peaks, and pH higher than 10 

shifted FACE-SH peaks between glycine and glutamate peaks. A further increase in pH had 

changed the FACE-SH position very slightly relative to other peaks. The shift of FACE-SH peak 

was attributed to the ionization of the sulfhydryl group with the increase in pH, and a higher pH 

favored sulfide anions. The total charge on single FACE-S- molecules was -3, including -2 on the 

fluorescein group at pH 10.6 [193]. Most derivatives of amino acids also held -3 charges, but 

their sizes were larger than FACE-S-; and arginine derivative held -2, while glutamate and 

aspartate -4, which were reflected on the order of their migration times as demonstrated in Figure 
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3.6. Therefore, pH 10.6 with 20.0 mM of tetraborate buffer was chosen as the background 

electrolyte for further experiments. 

 

Figure 3.7. FACE-SH peak shift with pH along the time axis. Derivatization reagents contained 
50 µM of FACE-SH, 2 mM of TCEP, 2 mM of OPA, 10 mM of EDTA, and 20 mM of 
tetraborate, pH 10.6; Sample consisted of arginine, glutamine, glycine, glutamate, and aspartate 
at 2 µM each. Off-line derivatization was performed by mixing the derivatization reagents and 
the sample at 1:1 ratio by volume. Separation buffer contained 20 mM of tetraborate with pH 
adjusted using NaOH. Injection at -5 kV × 0.5 s and separation at -25 kV. 

3.3.4 Cysteine Effect on Amino Acid Derivatization 

Biological fluids (plasma, urine, and CSF) contain thiol-bearing compounds such as 

cysteine, homocysteine, and glutathione [194, 195]. These thiols may compete with FACE-SH 

for the amino acids in the derivatization mixture. The typical level of free cysteine in human 

blood plasma is in the range of 40-80 µM while only a trace level (<1.0 µM) exists in CSF [195-

197]. To test the effect of cysteine on the derivatization of FACE-SH, a series of experiments 
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was performed using various concentrations of cysteine added to the derivatization mixture. As 

shown in Figure 3.8a, the presence of cysteine up to 100 µM did not affect the sizes of Glu and 

Asp for unknown reasons. 

On the other hand, cysteine was also derivatized by FACE-SH and OPA via the amine 

groups, thus showing multiple peaks as seen in Figure 3.8b and the decreased peak of FACE-SH 

shown in Figure 3.8a-i. These peaks were presumably attributed to the chain derivatives 

involving cysteine which had bifunctional groups: -SH and –NH2. However, these peaks were 

relatively small even at the cysteine concentration of 100 µM (Figure 3.8b), and thus the trace 

amount of cysteine in CSF would fairly affect the detection of amino acid neurotransmitters 

based on the present derivatization strategy. The adverse effect when the sample contains a large 

concentration of cysteine would be the interfering peaks associated with cysteine. 
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Figure 3.8. Electropherograms showing Cysteine effect on amino acid derivatization with 
FACE-SH and OPA. (b) is the zoom-in graph of (a). U=unknown. Concentrations of FACE-SH, 
Glu, and Asp were 50 µM, 10 µM, and 10 µM, respectively. The separation buffer was 20-mM 
tetraborate at pH 10.6. Other conditions were the same as in Figure 3.6. 
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3.3.5 On-line Mixing and Derivatization 

The derivatization reagents included OPA, FACE-SH, TCEP, and EDTA; and the sample 

was dissolved in aCSF. Two micro-syringes were used to respectively deliver the reagents and 

the sample to mix at a PDMS T-interface, and the derivatization was occurring in a capillary at 

100 µm in ID and 15 cm in length. It allowed >1.5 min for the reaction to complete at a total 

flow rate of 600 nL/min. A typical electropherogram is shown in Figure 3.9b. As can be seen, the 

selected amines were labeled with fluorophores and separated. It is essential to point out that a 

total of 22 µM of amines were mixed with 50 µM of FACE-SH and 5.0 mM of OPA (before 

mixing), and the remaining FACE-SH generated a large peak (over-range) as seen in Figure 

3.9b. On the other hand, Figure 3.9a demonstrates a typical electropherogram that was obtained 

with the same conditions as Figure 3.9b except no amino compounds added. Comparing Figure 

3.9b to Figure 3.9a, additional peaks, although small, were observed in Figure 3.9b, which were 

attributed to byproducts in the derivatization process. 

The derivatization scheme was intended to improve the detection sensitivity associated 

with OPA/BME while preserving its favorable reaction kinetics. Limits of detection (LODs) 

were determined for DA, NE, Glu, and Asp to be below 0.5 nM at 3-fold S/N with standards 

dissolved in aCSF, which was favored by a low concentration of FACE-SH (such as 10 µM). As 

can be seen in Figure 3.9, byproducts and impurities in the FACE-SH dye produced numerous 

interfering peaks, and the broad range of these interferences also elevated the background signal. 

For the CSF sample, a high total concentration of amino compounds required a large 

concentration of FACE-SH to ensure complete derivatization of specific analytes. Consequently, 

the background interferences increased proportionally with the increase of the FACE-SH 

concentration. Therefore, 600 µM of FACE-SH generated LODs of below 5 nM for DA, NE, 
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Glu, and Asp, which are still much lower than typical 100 nM obtained with the OPA/BME 

scheme [187]. 

 

Figure 3.9. Comparison of electropherograms with and without amino compounds. (a) A typical 
electropherogram of FACE-SH (50 µM) plus OPA (5 mM); (b) A typical electropherogram of 
FACE-SH (50 µM) and OPA (5 mM) plus 11 amino acids at 2 µM each. Derivatization reagents: 
50 µM of FACE-SH, 5 mM OPA, 2 mM TCEP and 10 mM EDTA in 20 mM tetraborate at pH 
10.6. Sample: amino compounds dissolved in aCSF. On-line mixing at 1/1. Injection at -5 kV x 
0.5 s and separation at -25 kV. 1-norepinephrine, 2-dopamine, 3-glutamine, 4-GABA, 5-serine, 
6-alanine, and 7-taurine & glycine. 

3.3.6 Different Concentrations of Amino Acids and Calibration Curve 

 A series of experiments with various concentrations of amino acids was performed using 

the on-line mixing derivatization, and typical electropherograms are shown in Figure 3.10a, 

where Arg, DA, and NE peaks were also shown in magnified images. The peak sizes were 

directly proportional to the concentrations of the amino acids. For calculating detection limits 

(LOD), DA concentrations from 5 nM to 200 nM were selected for on-line mixing and 

derivatization. As shown in Figure 3.10b, DA peaks increased with the increase in concentrations 

from 5 nM to 200 nM. The calibration curve equation was determined to be H = 0.0015C + 
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0.0006 in terms of peak height H versus DA concentration C in nanomolar and with the squared 

correlation coefficient R2= 0.9999, which shows excellent linearity with on-line derivatization. 

 

Figure 3.10. (a) Electropherograms showing Arg, NE, and DA peak increase with increasing the 
concentrations of amino acids. The insets show the magnified peaks of Arg, NE, and DA, 
respectively. (b) Electropherogram of different concentrations of DA peak from 5 nm to 200 nm, 
which includes a blank electropherogram. Derivatization reagents contained 50 µM of FACE-
SH, 2 mM of TCEP, 2 mM of OPA, 10 mM of EDTA, and 20 mM of tetraborate, pH 10.6; 
Separation buffer was 20 mM of tetraborate pH 10.6. Injection at -5 kV × 0.5 s and separation at 
-25 kV.  

3.3.7 Analysis of CSF Sample via In-vitro Microdialysis 

 
To demonstrate the capability of the derivatization scheme, in vitro microdialysis was 

coupled with on-line derivatization for analyzing CSF and its spiking. A microdialysis probe at 
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3.5 mm in active length and 200 µm in OD was prepared according to the reference [190] and 

was immersed in CSF first, and then its spiking contained in centrifuge tubes. The perfusate of 

aCSF was pumped at 300 nL/min, and the dialysate was mixed with derivatization reagents. 

Typical electropherograms are shown in Figure 3.11a, which presented the increases of Glu and 

Asp peaks after spiking. In this series of experiments, the original 600 µM of FACE-SH was 

used and the remaining FACE-SH after derivatization left a large peak, which indicates the 600 

µM was more than enough to derivatize amines sampled through the microdialysis probe. In 

addition, numerous other amines were also observed in the electropherogram (not identified), 

which demonstrates the capability of this derivatization scheme for simultaneously measuring 

multiple analytes. Figure 3.11b shows the peak size variations of Glu and Asp in the CSF sample 

and its spiking. The probe was maintained in the spiked sample for 10 minutes, and then 

manually moved back to the CSF sample in a short time (~10 s). As can be seen, the increase in 

peak size exactly reflected the concentration difference, and the temporal resolution was less 

than 50 s. This in vitro demonstration mimicked the in vivo application of other derivatization 

methods in neurotransmitter monitoring in the rat brain [88, 188]. 
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Figure 3.11. (a) Electropherograms obtained via in vitro microdialysis of CSF and its spiking. 
The sample spiking was prepared using 100 µM of Glu and 50 µM of Asp in aCSF 
(sample/aCSF = 90/10 by volume). The CSF sample was diluted with the same volume as the 
spiking. (b) Peak height variations after spiking for Glu and Asp, respectively. The microdialysis 
probe was initially immersed in CSF, and then moved to the spiked sample for 10 min, and 
finally moved the probe back to the CSF. On-line mixing was performed by mixing the 
derivatization reagents (FACE-SH 600 µM, 5 mM TCEP, 10 mM OPA, and 10 mM of EDTA) 
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and the sample at 1:1 ratio by volume using two branches. Injection at -5 kV x 0.5 s, and 
separation at -27 kV. 
 
3.3.8 Derivatization of Bovine Serum Albumin (BSA) Protein 

 FACE-SH/OPA derivatization reagents can be used to fluorescently label proteins, which 

was demonstrated by using bovine serum albumin (BSA) as a test protein. The molecular weight 

of the BSA protein is 66.5 kDa, and it consists of 583 amino acids. The standard BSA protein 

was dissolved in water without any denaturation steps, and BSA solutions at various 

concentrations were directly added to the derivatization solution. The mixture was then kept 

under room temperature for five minutes. The sample mixture was analyzed by using the flow-

gated CE system. Typical electropherograms were shown in Figure 3.12. As the concentration of 

the BSA increased, the peak height of the BSA also increased. The broad BSA peaks are 

presumably due to the multiple labels on a single protein molecule and the non-specific 

adsorption of proteins on capillary walls. This non-specific protein adsorption might be reduced 

by coating the surface of the capillary with different polymers such as poly(vinyl alcohol), and 

poly(alkylene glycol), etc. [198]. The results indicate that the derivatization reaction of the BSA 

protein sample may be used to determine proteins using CE-LIF. The protein fluorescent labeling 

strategy might be used for protein fluorescence imaging when rapid derivatization is essential.  
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Figure 3.12. Comparison of electropherograms with and without BSA proteins. A typical 
electropherograms obtained by using off-line mixing of FACE-SH (365 µM), TCEP (4.5 mM), 
tetraborate buffer (pH 10.6, 18 mM), and OPA (9 mM) plus various concentrations of BSA 
proteins. (a) 0; (b) 9 µM; (c) 18 µM; and (d) 36 µM. Injection at -5 kV x 0.5 s and separation at -
25 kV. 

3.4 Concluding Remarks 

A similar derivation approach for amino compounds using a fluorescent thiol (SAMSA-

F) and OPA has been reported [199], but SAMA-F has two isomers which complicate the 

electropherogram. Here, FACE-SH is a promising fluorescent thiol commercially available. 

Although its oxidation by oxygen would cause the loss of effective FACE-SH, TCEP could 

efficiently reduce disulfides to FACE-SH, thus preserving these reactive thiol molecules. The 

derivatization scheme has been coupled with in vitro microdialysis and on-line derivatization so 

that it could be potentially used for in vivo neurotransmitter measurements. Similar to the 

reported method [199], the reaction kinetics was fast, and the detection sensitivity was 

significantly improved relative to the OPA/BME scheme. However, some impurities in the thiol 

dye and byproducts generated during derivatization may interfere with the detection of some 

amino compounds of interest. Despite these limitations, the fluorophore-tagging with the present 
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approach is fast and sensitive, which would be valuable in specific analytical situations. For 

example, the OPA/FACE-SH scheme could be potentially applied to fast on-chip labeling of 

proteins retained on a solid phase [200]. 
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CHAPTER 4: VACUUM-ASSISTED ELECTROKINETIC 
SUPERCHARGING IN FLOW-GATED CAPILLARY 

ELECTROPHORESIS FOR RAPID ANALYSIS OF HIGH-
SALT CEREBROSPINAL FLUID SAMPLES 

Note: Most contents in this chapter have been published in Analytical Methods 2020, 
12, 25-32.  

4.1 Introduction 

Capillary electrophoresis (CE) is a widely utilized analytical separation technique 

because of its eminence over other separation techniques. It may include high separation 

efficiency, short separation time, and small requirements of sample or chemical amounts [201]. 

However, the most sited limitation of CE for not being popular in industries is its poor 

sensitivity. On the other hand, flow-gated CE takes the configuration of a single-cross microchip 

that is widely used for rapid and efficient electrophoretic separations [60, 202, 203], but flow-

gated CE utilizes a silica capillary as the separation channel that can be replaced with a new one 

if the channel gets clogged or damaged [60]. The silica capillary used in conventional CE has 

tremendous stability in electrophoretic separations. Nevertheless, like conventional and 

microchip CE, flow-gated CE also suffers from low detection sensitivity even when a sensitive 

detection method such as laser-induced fluorescence (LIF) is used [132, 204]. To expand its 

applicability, sample preconcentration using on-line or off-line strategies may be performed to 

enhance the detection sensitivity; and the on-line method is often preferred due to its simplicity 

and convenience in coupling with electrophoretic separations with minimal instrument 

modification [132, 205]. 

Numerous on-line sample preconcentration strategies have been developed for 

conventional and microchip CE [204, 206-208]. Such methodologies are mainly based on 

differing electrophoretic velocities of analytes in the sample plug and at the background 
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electrolytes (BGE) boundary by creating uneven distribution of electric field strength, via 

varying the charges carried by analytes, or through the combination of the two parameters [206]. 

The discontinuity of the electric field can be simply created by using sample and running buffers 

with different electrical conductivities [206]; alternatively, the low conductivity of the sample 

media may be electrophoretically generated by dissolving high concentrations of salts such as 

NaCl in the sample solution [209, 210]. To vary effective charges on analytes, complexing 

surfactants, and dynamic pH junctions have been adopted to achieve sweeping and selective 

preconcentration of pH sensitive analytes, respectively [123, 191, 193, 211, 212]. Among these 

technologies, several techniques are capable of enriching high-salt samples via micellar 

sweeping [140], dynamic pH junction [213] or transient isotachophoresis [214, 215]. However, 

the signal enhancement for biological samples is often limited due to the complexity of the 

sample matrix when directly being analyzed by CE. 

To enhance on-line preconcentration efficiency, the combination of two or more 

strategies has been utilized to obtain significant signal enhancement [216-219]. Quirino and 

Terabe developed a process to conduct cation-selective exhaustive injection and sweeping, which 

achieved a million-fold signal enhancement [220]. The same research group later reported a 

procedure to perform anion-selective exhaustive injection and sweeping, which obtained up to 

6,000-fold sensitivity enhancement [221]. Both methods took advantage of field-amplified 

sample injection (FASI) to inject a diluted sample to form a long, concentrated sample plug 

followed by sweeping with anionic or cationic surfactants, respectively. Electrokinetic 

supercharging (EKS) [219] combining electrokinetic injection and transient isotachophoresis has 

been reported to easily produce up to a thousand folds in detection enhancement [222, 223]. 
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Further efforts have been made to improve injection techniques for EKS, and up to 100,0000 

folds in detection enhancement have been reported [224-226] 

This chapter reports a vacuum-assisted EKS strategy in flow-gated CE to perform on-line 

preconcentration of biological samples containing primary amines fluorogenically derivatized 

with NDA in the presence of cyanide. A short sample plug was hydrodynamically introduced 

into the capillary, and then a reversed-polarity voltage was applied to perform EKS with the 

vacuum maintained to elongate the injection duration. Finally, a normal-polarity voltage was 

applied to conduct separation when the concentrated plug arrived at the inlet tip of the capillary. 

The signal enhancement up to 100 folds for glutamate in artificial cerebrospinal fluid (aCSF) was 

achieved, and the technique lowered the limits of detection to below 0.1 nM for most of the 

involved analytes. This technique was finally applied to the quantitation of γ-Aminobutyric acid 

(GABA) by using the one-point standard addition method based on the integrated flow-gated CE 

system with alternate injections [227]. The technique was simple to use and would be applied to 

the direct analyses of biological samples on flow-gated CE. 

4.2 Materials and Methods 

4.2.1 Chemicals and Solutions  

Amino acids and sodium dodecyl sulfate (SDS) were ordered from Sigma (St. Louis, 

MO, USA). Potassium cyanide (KCN), sodium hydroxide, sodium chloride, boric acid, and 

sodium tetraborate were purchased from Fisher Scientific (Chicago, IL, USA). 2,3-

Naphthalenedicarboxaldehyde (NDA) was ordered from AnaSpec, INC. (Fremont, CA, USA). 

Hydroxypropyl-beta-cyclodextrin (HP-b-CD), dimethylformamide (DMF), 

ethylenediaminetetraacetate (EDTA) were purchased from ACROS (New Jersey, USA). 

Cerebrospinal fluid (CSF) collected from the striatum of Sprague Dawley rats was purchased 
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from BioreclamationIVT (Long Island, NY, USA). Fused silica capillaries were purchased from 

Polymicro Technologies (Phoenix, AZ, USA). 

The NDA stock solution at 50.0 mM was prepared in anhydrous DMF and stored at 4 ℃, 

and the 12.5 mM of NDA solution was prepared by diluting the stock solution with acetonitrile 

(ACN) on a daily basis. The stock solutions of amino acids (10 mM) were prepared in deionized 

(DI) water and were diluted to appropriate concentrations with artificial cerebrospinal fluid 

(aCSF). The stock solution of KCN at 50 mM was prepared in DI water. The stock tetraborate 

buffer (pH 9.2) at 100 mM was prepared in DI water without further pH adjustment. The stock 

solutions of 200 mM sodium dodecyl sulfate (SDS) and 50 mM hydroxypropyl-β-cyclodextrin 

(HP-b-CD) were prepared in DI water. Unless otherwise stated, the separation BGE consisted of 

40 mM tetraborate, 50 mM SDS, and 3.5 mM HP-b-CD, which was prepared by mixing 

appropriate volumes of their stock solutions to achieve final concentrations. The aCSF consisted 

of 145.0 mM NaCl, 2.7 mM KCl, 1.0 mM MgSO4, 1.2 mM CaCl2, and 2.0 mM Na2HPO4, and 

its pH was adjusted to 7.4 with HCl solution [190, 228]. 

4.2.2 Instrumentation 

As shown in Figure 4.1, the integrated custom-built flow-gated CE system was used with 

some modifications [59-61, 191, 229, 230]. Briefly, a 442-nm laser beam was spectroscopically 

filtered through an interference bandpass filter at 442 ± 5 nM and then focused on the separation 

capillary through a 40x oil-immersion objective with the numerical aperture of 1.3. The 

fluorescence was collected by using the same objective and then to be detected by a 

photomultiplier tube (PMT) after spectral filtration with a bandpass filter (485 ± 10 nm). The 

current signal from the PMT was pre-amplified and then converted to voltages by an SR570 

current preamplifier (Stanford Research Systems, Sunnyvale, CA, USA). Voltage signals were 
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finally recorded by a LabVIEW program. For two-branch sample injection, a 4-syringe pump 

(Chemyx Inc., Stafford, TX, USA) was used to supply sample and spiked sample through two 

gastight Hamilton syringes (Reno, Nevada, USA). The flow gate, micro switch, and other 

interfaces were fabricated with poly(dimethyl siloxane) (PDMS) as described earlier [59, 230]. 

For hydrodynamic injection, a vacuum pump was connected to a gastight reservoir (Model C360 

purchased from Labsmith Inc.) [231]. The high voltage was applied to the reservoir while 

grounding the inlet side of the separation capillary. A high-voltage power supply (Model 

CZE1000R) was modified to enable the automatic polarity reversal by re-wiring the toggle 

switch. The whole process, including alternate sample flow switching, gating flow switching, 

and voltage polarity reversal, was controlled via a LabVIEW program.  

 

Figure 4.1. Schematic diagram of the integrated flow-gated CE system. 

4.2.3 General Experimental Conditions 

The separation capillary was 10 µm in ID and 360 µm in OD. It was 12.0 cm effective 

and 20.0 cm in total (12/20). Fresh separation buffer was supplied via a 50-mL plastic syringe 

powered by a syringe pump. The gating flow of the separation buffer was controlled with a 3-
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way solenoid pinch valve purchased from Cole-Parmer (Vernon Hills, IL, USA). Sample 

derivatization was performed offline by pipetting three solutions to be mixed in a centrifuge 

tube: 40 μL of 12.5 mM, 20 μL of the sample in aCSF, or CSF, and 40 μL of 12.5 mM KCN in 

30.0 mM boric acid and 5.0 mM EDTA (pH 9.2). The derivatization mixture was allowed to 

react under room temperature in dark for 5-15 min. 

4.3 Results and Discussion  

4.3.1 Hydrodynamic Flow Rate Measurements 

 Two injection modes can be used for injecting the sample into the separation capillary; 

one is the electrokinetic injection, and the second is the hydrodynamic injection. The advantage 

of the electrokinetic method is the convenience of operation with an applied voltage. Still, the 

drawback may include the injection bias for charged molecules and the failure of injection if 

charged analytes are dissolved in a lower conductivity buffer than the separation buffer when the 

EOF and the analyte electrophoresis are in opposite directions.  

 Recently, Opekar and Tuma introduced a hydrodynamic injection method for flow-gated 

CE [231]. A vacuum is generated on the outlet side by using a gas-tight reservoir as shown in 

Figure 4.1. Flow rates in a small-diameter capillary (10 µm ID and 17 cm long) were measured 

by using the flow-gated CE system. Various vacuum pressures were applied to the waste 

reservoir after a sample plug of 10 µM fluorescein (FL) was introduced into the capillary. The 

travel time of the FL plug was recorded along the effective length of 10 cm. Table 4.1 

summarizes the travel times of FL peaks at various vacuum magnitudes. The results were plotted 

in Figure 4.2 showing linearity with a regression coefficient (R2) of 0.9998.  
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Table 4.1. Flow rates measured at different vacuum pressures. 

Vacuum (bar) Travel Time (s) Flow rate 
(cm/s) 

-0.8 71.98 0.14 
-0.7 82.58 0.12 
-0.6 94.4 0.11 
-0.5 111.64 0.09 
-0.4 136.66 0.07 
-0.3 172.36 0.06 
-0.2 240.12 0.04 
-0.1 393.46 0.03 

 

 

Figure 4.2. Flow rate versus different vacuum pressures in a capillary with 10 µm ID, 17 cm in 
total length, and 10 cm in effective length. The testing sample was 10 µM FL, and the fluid was 
20 mM tetraborate buffer at room temperature. 
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 The pressure difference of 80 kPa (i.e. 0.8 bar) for 0.5 s was able to introduce a sufficient 

sample plug (0.68 mm in length) for separation. Flow rates in various capillary diameters were 

measured by applying a vacuum of -0.8 bar to the outlet of each capillary via a gas-tight 

reservoir, and the results are plotted in Figure 4.3. As shown, the flow rates are proportional to 

the squared capillary diameter, which is in good agreement with the theoretical formula of 

Equation 4.1 [232]. 

𝑣 = ∆"##

$%&'
    (4.1) 

Where DP is the pressure difference applied between the inlet and the outlet of the capillary, h is 

the dynamic viscosity of the fluid, L is the total capillary length, d is the capillary inner diameter, 

and n is the linear flow velocity. The injection length can be adjusted by varying the injection 

time and/or the vacuum magnitude for a specific capillary. 

 

Figure 4.3. Flow rate versus capillary diameter under a vacuum of -0.8 bar. Capillary lengths 
were 17 cm long. The testing liquid was 20 mM tetraborate buffer at room temperature. 

As a summary, out of the four con!gurations of "ow-gating
interfaces, the transverse interface has advantages: easy to
fabricate, simple to assemble, rapid to !lling the gap, and
"exible to manipulate. For these reasons, the transverse "ow-
gating interface dominates in "ow-gated CE systems coupled
with various sample pre-treatment procedures.

4. Injection methods
Electrokinetic and hydrodynamic methods can be used for
sample injection into the separation capillary, out of which the
electrokinetic method has been preferably employed in most
applications. The procedures (AIRS, Fig. 1) include the pause of
the gating "ow, the accumulation of the sample at the capillary
inlet, a voltage pulse for electrokinetic injection, and the rinsing
of the sample by the gating "ow before applying a separation
voltage. To reduce sample dilution, a narrow gap between the two
capillary tips is essential for optimal detection sensitivity;
however, a greater gating "ow rate is required to generate e!ective
"ow gating of the sample from entering the inlet of the separation
capillary. The advantage of the electrokinetic method is the
convenience of operation with an applied voltage, but the draw-
back may include the injection bias for charged molecules and
the failure of injection if charged analytes are dissolved in a lower
conductivity bu!er than the separation bu!er when the EOF and
the analyte electrophoresis are in opposite directions.

Recently, a hydrodynamic injection method for "ow-gated
CE has been demonstrated by Opekar and Tuma.39 Due to the
multiple openings from the cross center, it is inconvenient to
apply a pressure on the inlet side. Alternatively, a vacuum is
generated on the outlet side by using a gas-tight reservoir as
shown in Fig. 10. The operating procedure (AIRS, Fig. 1) is the
same as that for electrokinetic injection except that the sample
introduction is via suction enabled by temporarily opening the
solenoid valve-controlled vacuum to the reservoir. As demon-
strated, a pressure di!erence of 45 kPa across the capillary (25
mm ID and 16.5 cm long) for 0.5 s was able to generate su"cient
signal magnitude and separation e"ciency.39

Our laboratory has tested the performance of the hydrody-
namic injection strategy by introducing samples into a capillary
with a smaller diameter (10 mm ID and 17 cm long). The pres-
sure di!erence of 80 kPa for 0.5 s was able to introduce a su"-
cient sample plug (0.68 mm in length) for separation
(unpublished). We also measured the "ow rates in various
capillary diameters when a vacuum of !80 kPa was applied to
the outlet of each capillary via a gas-tight reservoir, and the
results are plotted in Fig. 11. As can be seen, the "ow rates are
proportional to the squared capillary diameter, which is in good
agreement with the theoretical formula of eqn (1).16

n " DPd2

32hL
(1)

where DP is the pressure di!erence applied between the inlet
and the outlet of the capillary, h is the dynamic viscosity of the
"uid, L is the total capillary length, d is the capillary diameter,
and n is the linear "ow velocity. The injection length can be
adjusted by varying the injection time and/or the vacuum
magnitude for a speci!c capillary.

The availability of the hydrodynamic injection for "ow-gated
CE is expected to promote the broader application of "ow-gated
CE when a non-biased injection is preferred or when a low-
conductivity sample is required, for example, for online
sample preconcentration by sample stacking.40,41 On the other
hand, a pressure can be similarly applied to the outlet of the
capillary via a gas-tight reservoir when a counter pressure is
required for speci!c separation procedures.42

5. Applications
5.1 In vivo monitoring by coupling with microdialysis

Microdialysis is a sampling technique that uses a semiperme-
able membrane !ber to selectively collect molecular species
below the molecular weight cut-o! (MWCO).14 Microdialysis
probes are usually prepared by using a membrane !ber to

Fig. 10 Schematic of the hydrodynamic injection coupled with !ow-
gated CE. Reproduced from ref. 39 with permission.

Fig. 11 Flow rate versus capillary diameter under a vacuum of !80
kPa. Capillary lengths were 17 cm long. The testing liquid was 20 mM
tetraborate bu"er at room temperature.
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The availability of the hydrodynamic injection for flow-gated CE is expected to endorse the 

broader application of flow-gated CE when a non-biased injection is preferred or when a low 

conductivity sample is required for on-line sample preconcentration. On the other hand, a 

pressure can be similarly applied to the outlet of the capillary via a gas-tight reservoir when a 

counter pressure is required for specific separation procedures such as electrokinetic 

supercharging (EKS). 

4.3.2 Process of Vacuum-assisted EKS 

 EKS in flow-gated CE includes the following four steps as shown in Figure 4.4A. (a) 

Sample accumulation at the cross-section. The gating flow was switched off while keeping the 

sample flowing. Sample solution displaced BGE at the inlet region of the separation capillary 

(Figure 4.4C-i). (b) Sample plug injection. A vacuum (-0.80 atm) was applied to the outlet 

reservoir, and a sample plug was pulled into the capillary (Figure 4.4C-i). (c) Vacuum-assisted 

EKS. A positive voltage was applied to the outlet reservoir while maintaining the vacuum at -

0.80 atm; and simultaneously, negatively charged analytes were injected and concentrated at the 

conductivity boundary. The sample buffer plug was pushed out of the capillary until the 

concentrated sample reached the capillary tip (Figure 4.4 C-ii and Figure 4.4C-iii). During the 

whole process, the sample solution was continuously supplied to the cross-section of the flow 

gate via a syringe pump, which ensured that the inlet of the capillary was immersed in the sample 

solution. (d) Polarity reversal for separation. The gating flow was switched on to flush the 

sample solution in the cross region, followed by applying a negative voltage at the outlet 

reservoir (Figure 4.4C-iv). The concentrated sample plug was separated and detected by LIF. 
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Figure 4.4. A. Schematic diagram showing the EKS process in flow-gated CE. B. Time 
sequence for the experimental procedure. Sample accumulation 0-2 s plug injection 2-12 s, EKS 
12-18.5 s, and separation after 18.5 s. C. Fluorescence images demonstrating the process. (i) 
Sample accumulation and plug injection by a vacuum; (ii) EKS without fluorescence observed; 
(iii) EKS with concentrated plug coming in view; and (iv) separation after polarity reversal. 
Capillary ID 20 µm and fluorescein 20 µM was used for this demo. 

4.3.3 Condition Optimization 

 To successfully achieve the on-line sample preconcentration and separation of high-salt 

samples such as CSF, multiple parameters need to be optimized for the vacuum-assisted EKS 

process described above. These parameters include (1) separation conditions for resolving 

multiple analytes; (2) Sample plug length injected by the vacuum; (3) EKS pushing back time 

and voltage; and (4) conductivity (relative to BGE) of the sample media. These optimizations are 

described below. 

4.3.3.1  Separation Buffer 

 
The separation of multiple NDA-derivatized amino acids has been optimized and 

reported in a previous article [233]. Minor modification was made to have the BGE consisting of 
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40 mM tetraborate (pH 9.2), 50 mM SDS, with different concentrations of HP-b-CD. The typical 

overlay electropherograms were shown in Figure 4.5. This BGE system allowed the separation 

of numerous amino acids based on micellar electrokinetic chromatography (MEKC). HP-β-CD 

in the separation buffer increased from 0 mM to 4 mM. As can be seen in Figure 4.5, the higher 

the HP-β-CD concentration shorter the migration times because HP-β-CD decreases the 

electrophoretic mobilities. The concentration of 3.5 mM HP-β-CD in BGE separates all 21 

amino acids with the best resolution. Final BGE was chosen as 40 mM of tetraborate, pH 9.2, 

and 60 mM of SDS, 3.5 mM of HP-β-CD. 

 
 

Figure 4.5. Comparison of typical electropherograms obtained from 21 amino acids at 2 µM 
each with different concentrations of β-Cyclodextrin in 40 mM of tetraborate, pH 9.2, and 50 
mM of SDS. Injection at -5 kV for 0.5 s; separation at -22 kV. Peaks: 1 Ser, 2 Asn, 3 Thr, 4 Gln, 
5 His, 6 PEA, 7 Glu, 8 Gly, 9 Cit, 10 Ala, 11 Asp, 12 Tyr, 13 GABA, 14 Tau, 15 Val, 16 Met, 17 
Ile, 18 Trp, 19 Leu, 20 Phe, and 21 Arg. 
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Figure 4.6a shows a typical electropherogram of amino acids at 5.0 µM each under the 

normal injection at -0.80 atm for 0.3 s, and Figure 4.6b demonstrates the separation of these 

amino acids but at 50-fold lower concentrations (0.10 µM each) after the vacuum-assisted EKS 

process as depicted in Figure 4.4. It was noticed that the migration of species was faster after the 

EKS process than that obtained at the normal injection, although both plugs started from the 

capillary tip. The elevated electroosmotic flow (EOF) after the EKS process was presumably 

attributed to the slight decrease in the ionic strength of the BGE in the capillary. During the EKS 

step, anions in the injected plug and from the flow gate cross region would be rapidly injected 

and concentrated at the BGE boundary, while cations in the BGE would also be induced to the 

boundary, thus maintaining the neutrality in charge. This procedure is expected to lower the ionic 

strength, which favors a faster EOF. Due to the variation of EOF, the separation of Peaks 7 and 8 

was observed in Figure 4.6b, while Peaks 2 and 3 overlapped as shown in Figure 4.6b.  

 

 
Figure 4.6. Typical electropherograms showing the separation of 20 amino acids. (a) Normal 
injection under -0.80 atm for 0.3 s for amino acids at 5.0 µM each with the sample media 
containing 50 mM tetraborate. (b) Vacuum-assisted EKS of 0.10-µM amino acids each. Sample 
plug injection at -0.80 atm for 10 s, EKS at 15 kV and -0.80 atm for 6.5 s. BGE: 40 mM of 
tetraborate pH 9.2, 60 mM of SDS, and 3.5 mM HP-b-CD. Separation at -25 kV. Peaks: 1 Ser, 2 
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Asn, 3 Thr, 4 Gln, 5 His, 6 PEA, 7 Glu, 8 Gly, 9 Cit, 10 Ala, 11 Asp, 12 Tyr, 13 GABA, 14 Tau, 
15 Val, 16 Met, 17 Ile, 18 Trp, 19 Leu, 20 Phe, and 21 Arg. 
 
4.3.3.2 Sample Media 

4.3.3.2.1 Buffer 

It has been reported that pH between 9 to10 favors the derivatization of primary amines 

with NDA in the presence of cyanide [234]. Sample stacking or FASI for CE requires a low 

conductivity of the sample media, thus increasing the electric field strength relative to that of 

BGE. To minimize the salt content, buffer components and their concentrations should be 

appropriately selected. For the fluorogenic derivatization of amino acids with NDA, KCN is 

often required at a concentration in millimolar [203], which unavoidably increases the 

conductivity of the sample media. In addition, EDTA was needed to complex magnesium and 

calcium ions present in CSF to prevent cationic interaction with the capillary surface. It was 

tested that 5-mM of KCN and 2-mM of EDTA tetrasodium dissolved in deionized water 

generated pH 10.5, which was further adjusted to pH 9.5 by using boric acid to have a final 

concentration of 12.0 mM in the derivatization mixture.  

4.3.3.2.2 NaCl Salt 

The derivatization media also serves as the sample media for the vacuum-assisted EKS 

process. To study the salt effect on the EKS results, various concentrations of NaCl were added 

to the sample media, and the optimal concentration and separation results were obtained for each 

NaCl concentration as shown in Figure 4.7. 
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Figure 4.7. NaCl effect on EKS concentration results. Each electropherogram was obtained at 
the optimized sample plug injection length and EKS duration. Other conditions and peak 
identities are the same as seen in Fig. 2b caption. 

 
As can be seen, NaCl above a specific concentration was required to facilitate both the 

separation efficiency and the vacuum-assisted EKS results. On the other hand, broad peaks and 

poor separation were observed without or with low NaCl concentrations. These results were 

presumably attributed to electrokinetic supercharging (EKS) effect for which 𝐶𝑙! served as the 

leading electrolyte. During the EKS process, 𝐶𝑙!  rapidly migrated to the plug boundary and 

accumulated there, followed by the accumulation of NDA-amino acid derivatives. 

Simultaneously, 𝑁𝑎"  might be depleted in the sample plug. 𝐶𝑙!  has high electrophoretic 

mobility, thus migrating quickly in a relatively high electric field. However, low concentrations 

of 𝐶𝑙! in the sample media might not effectively build a leading electrolyte plug that was critical 

to profile the concentrated analytes. On the other hand, a high level of 𝐶𝑙! was able to establish a 
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stable plug for sample concentration based on EKS. Figure 4.7 also shows that signals decreased 

with the further increase of NaCl concentrations in the sample derivatization mixture, which was 

attributed to reduced FASI efficiency due to the increase in the conductivity of the sample media. 

Biological fluids such as CSF contain high concentrations of salt, mainly in the form of 

NaCl. For example, CSF may have NaCl concentrations of around 150 mM. This high level of 

NaCl might adversely affect the EKS results if directly analyzed, as discussed above. To reduce 

the salt effect, dilution of CSF may be performed, and the sample preconcentration based on 

such dilution could compensate for the dilution effect on detection sensitivity. After mixing with 

derivatization reagents (NDA and KCN), there would be 20%-50% CSF that results in more than 

30 mM of NaCl and other salts in the derivatization mixture [228]. To study the salt effect on the 

EKS effectiveness, the mixing ratio of NDA, KCN, and aCSF sample (three solutions) was 

adjusted to compare the optimal EKS results. Figure 4.8 shows typical electropherograms of 

three mixing ratios by varying the sample volumes. The results indicate that the peak heights of 

individual components were comparable although (a), (b) and (c) contained 1/3, 1/5, and 1/6 

fraction (volume) of aCSF sample containing the same concentrations of analytes, respectively. 

The improved EKS results at lower salt levels in sample media actually compensated for the 

lower levels of analytes in derivatization mixtures. Based on these results, 2:2:1 mixing ratio in 

volume was adopted for NDA, KCN, and aCSF sample, respectively. The resulting mixture 

contained 5.0 mM NDA, 5.0 mM KCN, 12.0 mM boric acid, 2.0 mM EDTA, 50% (volume) 

acetonitrile, and 20% aCSF. The mixture had the conductivity of 2.5 mS at room temperature 

versus 6.6 mS in conductivity of the separation buffer, which results in the conductivity ratio of 

2.6.  
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Figure 4.8. Effect of mixing ratio on signal enhancement. Mixing ratios of 3 different solutions: 
NDA, KCN/EDTA, and aCSF sample. (a) 2:2:2 (v/v/v), (c) 2:2:1, (b) 2:2:[1+1] and [1+1] 
indicate sample one volume of aCSF sample was diluted with one volume of DI water. 1 Ser, 2 
Asn, 3 Gln, 4 His, 5 Glu, 6 Gly, 7 Ala, 8 Asp, 9 GABA, 10 Val, 11 Met, 12 Ile, 13 Leu. Other 
conditions are the same as in Fig. 2b. 

 
A high conductivity difference between the sample and the BGE favors the conventional 

sample stacking, and the 2.6-fold ratio of the BGE conductivity relative to the sample media 

might not efficiently promote FASI. However, the sample mixture contained NaCl at 29 mM, 

and KCN at 5.0 mM. Under an electric field, the anions of Cl! and CN! as well as the cations of 

Na" and K" could rapidly migrate towards the anode and the cathode, respectively. Chloride 

anions would accumulate at the boundary of the sample and BGE, would serve as the leading 

electrolyte during the EKS step (Figure 4.4 A-C). This process simultaneously generated a low-

conductivity plug in the capillary, which might enhance the FASI efficiency. Negatively charged 

analytes and chloride in the flow gate region would be continuously driven into the capillary and 

piled up at the boundary. The piled region expanded with time as shown in Figure 4.4C-iii 

because the concentrated region would have conductivity no greater than that of the BGE. This 

phenomenon managed the maximum concentrations of the salts as well as the concentrated 
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analytes. Therefore, there was an optimal condition for the best EKS results that depend on the 

sample plug length and the EKS duration, which was explained in section 4.3.2.2.4.  

 
4.3.3.2.3 Organic Solvent 

To increase the difference in conductivity between sample and buffer plugs, various 

volumes of organic solvent (acetonitrile) was added to the derivatization mixture to study the 

optimal EKS results. As shown in Figure 4.9, a larger volume fraction up to 65% (v/v) of 

acetonitrile could improve peak sizes, which was presumably attributed to the lower conductivity 

and/or lower viscosity of the sample plug injected into the capillary. However, an excess amount 

of acetonitrile may not tolerate the solubility of salts; therefore, a 50% acetonitrile volume 

fraction was used for the derivatization mixture. The presence of 50% organic solvent was also 

used to ensure the solubility of NDA in the derivatization mixture. 

 

Figure 4.9. Effect of organic solvents on EKS. Injection at -0.8 bar for 6 seconds and push back 
at -10 kV for 11 s (EKS); separation at -22 kV. BGE: 40 mM of tetraborate, 50 mM of SDS, and 
2 mM of β-CD. Peaks: 1 Ser, 2 Asn, 3 Gln, 4 His, 5 Glu, 6 Gly, 7 Ala, 8 Asp, 9 GABA, 10 Val, 
11 Met, 12 Ile, 13 Leu.  
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4.3.3.2.4 Sample Plug Length on EKS Results 

The analytes in the sample media were injected into the separation capillary by applying 

a vacuum via the gastight reservoir. The injected plug length was manipulated by using the 

combination of the vacuum magnitude and the time duration. This plug served as the low-

conductivity buffer that carried a higher electric field when a voltage was applied across the 

whole capillary. To conduct simple sample stacking in CE, a sample plug was injected into the 

separation capillary and a voltage was applied across the capillary, but both stacking, and 

separation failed as shown in Figure 4.10a. This failure was presumably attributed to the small 

difference in the conductivities of the sample media and the BGE; and the small amount of 

chloride in the sample plug was insufficient to act as the leading electrolyte for EKS. On the 

other hand, the vacuum-assisted EKS process not only enhanced the signal but also ensured the 

separation of multiple components in the sample as shown in Figure 4.10b. High separation 

efficiency was achieved at or above 300,000 theoretical plates for most of the analytes. 

 

Figure 4.10. Comparison of electropherograms with EKS and without. (a) Sample plug injection 
at -0.80 atm for 3.0 s (0.36 mm) followed by direct separation. (b) Sample plug injection at -0.80 
atm for 3.0 s (0.36 mm) followed by EKS.  
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During the vacuum-assisted EKS process, negatively charged analytes were injected and 

concentrated at the buffer boundary when a voltage at the reversed polarity was applied across 

the capillary. The selective injection of anions depends on the greater electrophoretic velocities 

in the sample plug than the bulk electroosmotic flow (EOF). The FASI amounts of analytes with 

many respects are determined by the electric field strength and the time duration. To 

experimentally optimize the sample plug length, various hydrodynamic injection times were used 

to drag different sample plug lengths into the separation capillary while maintaining -0.80 atm on 

the waste reservoir. Figure 4.11 shows the comparison of the electropherograms obtained with 

different sample plug lengths at their optimal EKS conditions. As can be seen, peak heights 

increased until reaching a maximum with the increase of the sample plug length. The peak height 

plateau was presumably due to the maximum achievable concentration of the concentrated salts 

at the plug boundary. Afterward, the salt region extended together with the concentrated analytes 

zone as observed in Figure 4.4C-iii. However, a large sample plug length might impair the 

concentration results due to the diffusion of the sample plug at the boundary. Therefore, a sample 

plug length of approximately 1.2 mm (-0.80 atm for 10 s) was used as the optimal sample plug. 

Note that the vacuum at -0.80 atm was maintained during the EKS process, which 

allowed a high voltage of 15 kV applied to pump out the sample media plug and to inject anions 

rapidly. The timing of the EKS could be observed by monitoring the current change, and the 

actual timing should be optimized by using various EKS periods. 
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Figure 4.11. Comparison of peak heights obtained at various sample plug lengths injected under 
-0.80 atm for various times as indicated. Electropherograms were obtained at optimal EKS 
conditions of 15.0 kV for 1.5, 3.5, 6.0, 9.0, and 12 s, respectively. 

 
4.3.4 Enhancement Factors 

Table 4.2 summarizes the enhancement factors estimated by comparing the peak heights 

obtained at EKS conditions to those at the normal injection, respectively. To perform EKS, a 

diluted sample containing 21 amino acids at 100 nM each was used, and the results were 

obtained at the optimal conditions: sample plug injection at -0.80 atm for 10 s followed by the 

EKS step at -15 kV for 6.5 s while maintaining -0.80 atm at the outlet of the separation capillary. 

For the normal injection, analytes at 5.0 µM each were derivatized, with 50-mM tetraborate 

added to match the conductivity of the separation buffer. Sample injection was performed by 

using -0.80 atm for 0.3 s. Typical electropherograms are shown in Figure 4.6. As can be seen in 

Table 4.2, glutamate (92 fold) and aspartate (101 fold) were preconcentrated more than the other 

(38-63 fold) because both carry -2 charges while the other only have -1 charge; and Arginine 
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peak was not observed in the EKS electropherogram because it might be pushed out of the 

capillary during the EKS step due to its neutrality after derivatization.  

Table 4.2. Enhancement factors for standard amino acids. 

Peak # Amino Acids Enhancement 
Factor 

1 Ser 47 
2&3 Thr&Asn - 

4 Gln 45 
5 His 50 
6 PEA 50 
7 Glu 92 
8 Gly 38 
9 Cit 51 
10 Ala 60 
11 Asp 101 
12 Tyr 40 
13 GABA 51 
14 Tau 53 
15 Val 52 
16 Met 51 
17 Ile 53 

18&19 Trp&Leu - 
20 Phe 63 

 
4.3.5 Determination of GABA in CSF Using One-point Standard Addition 

To demonstrate the application of the on-line preconcentration technique, GABA in CSF 

from rat striatum was determined by using the one-pointed standard addition method reported 

before [230]. Briefly, a micro switch was coupled with the flow-gated CE system (Figure 4.1.) to 

enable alternate injections of the sample and its standard addition. Based on the peak height or 

peak area ratios, the levels of the analytes were determined. To reduce the interferences from the 

complex composition of CSF [235], the CSF sample was diluted by 5 fold with aCSF, and 

derivatization mixing was at 2:2:1 (volume) for NDA, KCN, and sample, respectively. Figure 
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4.12 shows typical electropherograms of the CSF sample at 5-fold dilution and its standard 

addition of GABA at 200 nM. The determined concentration of GABA in the diluted CSF was 

55.5 ± 3.7 nM by the one-point standard addition method, and the corresponding concentration 

in CSF was obtained to be 277 ± 18 nM, which agrees with the reported basal GABA 

concentrations of 270 ± 40 nM in the extracellular space of the rat striatum [236, 237]. 

 

Figure 4.12. Typical electropherograms of CSF (5-fold dilution) and its standard addition of 
GABA (200 nM). 

It should be addressed that the dilution of the CSF sample was performed to reduce the 

background signal due to the complexity of CSF. Otherwise, the separation of GABA from other 

species became smeared. Fortunately, the sample preconcentration technique enabled the 

detection sensitivity that generated clear and well-resolved peaks as shown in the Figure 4.12 

insert. Although GABA could be detected without sample preconcentration needed, it often had 

difficulty due to the lower levels of GABA relative to other amino species in CSF samples [237]. 

To determine low levels of GABA in CSF or other biological fluids, the reported technique, with 

a detection limit to be below 0.1 nM, would demonstrate better capabilities than currently 

available techniques.  
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Figure 4.13. Peak height comparison between alternate injections of CSF sample (diluted 5 folds 
with aCSF) and the same sample spiked with 200 nM GABA. The sample flow rate was 
maintained at 1.0 µL/min. 

The one-point standard addition method may determine unknown concentrations of 

species in samples accurately when using alternate injections in flow-gated CE [230, 233]. The 

flow rate set by the sample syringe pump was maintained at 1.0 µL/min to rinse the common 

capillary completely, thus eliminating the sample cross contamination through the micro-switch. 

The %RSD of average ratios between two consecutive injections was 2.6 (Figure 4.13). 

4.3.6 Demonstration of Electrokinetic Supercharging-Capillary Zone Electrophoresis 
(EKS-CZE) Method  

Electrokinetic supercharging-CZE (EKS-CZE) is a combination of the tITP and FASI. 

Applying the EKS method in flow-gated CE might broaden the applications of flow-gated CE in 

analyzing small concentration containing food or biological samples. The time sequence for the 

experiment was shown in Figure 4.14, which demonstrates four steps: (i) sample accumulation at 

the cross-section during 0-2 s; (ii) sample plug was injected using the electrokinetic injection by 

applying a voltage of -10 kV for 5 s; (iii) electrokinetic supercharging (EKS) by applying 10 kV 

at the reversed polarity; and (iv) separation by apply -25 kV. 

Sample injection
Peak height of 

GABA Ratio

Inj-1 0.119268 4.47

Inj-2 0.533668 4.29
Inj-3 0.124522 4.34
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Inj-5 0.117538 4.54
Inj-6 0.53418 4.49
Inj-7 0.118843 4.52
Inj-8 0.537423 4.43
Inj-9 0.121391 4.41
Inj-10 0.53492 4.68
Inj-11 0.114401

Average 4.5
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SD 0.11
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Figure 4.14. Time sequence for the experimental procedure. (i) Sample accumulation 0-2 s, (ii) 
Plug injection 2-7 s, (iii) EKS 7-12 s, and (iv) Separation after 12 s. 

4.3.6.1 Effect of Organic Solvent on EKS-CZE 

The conductivity difference between the sample and the BGE was increased by adding 

organic solvent (acetonitrile) to the derivatization mixture to obtain the optimal EKS results. As 

shown in Figure 4.15b, the addition of a volume fraction up to 30% (v/v) of acetonitrile 

improved the peak sizes, which was presumably attributed to the lower conductivity and/or lower 

viscosity of the sample plug injected into the capillary, which is an essential factor for FASI. As 

comparison, the peaks were shorter when void of organic solvents in the sample mixture as 

shown in Figure 4.15a.  
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Figure 4.15. Typical electropherograms obtained with the EKS-CZE procedure. Amino acids 
were 0.5 µM each derivatized with NDA (2 mM) in the presence of KCN (2 mM) and EDTA (2 
mM). (a) Without organic solvent in the sample plug. (b) With 30 % acetonitrile in the sample 
plug; Sample plug injection at -10 kV for 5 s, EKS at 10 kV for 5 s. BGE: 50 mM tetraborate pH 
9.2. Separation at -25 kV.  

4.3.6.2 Effect of Background Electrolyte Concentration on EKS-CZE 

A high conductivity difference between the sample and the BGE favors the sample 

preconcentration in the FASI method. Figure 4.16 shows that the peak height slightly increased 

as the concentration of tetraborate (as BGE) increased from 20 mM to 50 mM. However, a 

further higher concertation of BGE at 70 mM lowered the peak heights of the amino acids. This 

might be due to the decrease in EOF which made peaks shorter but broader. 50 mM tetraborate 

pH 9.2 was chosen as the BGE to have a conductivity ratio of 2.8 between the BGE 

(conductivity 6.46 mS) and the sample mixture (conductivity 2.30 mS) containing KCN (2 mM), 

and 30 % acetonitrile at pH 10.5 maintained by KCN, and aCSF voided. Further experiments 

may be needed to clarify the EKS-CZE mechanism. It is not certainly clear about what the 

leading electrolyte was during the EKS process, which resulted in the increase of the peak by up 

to two thousand folds for ASP.  

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70

Fl
uo

re
sc

en
ce

 (a
.u

.)

Migration time (s)

(b)

(a)

1.Gln

1 2

2.Gly

3.Glu

3
4

4.Asp



  

 86 

 

Figure 4.16. Comparison of peak heights obtained at various concentrations of tetraborate at pH 
9.2 as BGE. Amino acids were 0.5 µM each derivatized with NDA (2 mM) in the presence of 
KCN (2 mM), with 30% acetonitrile in derivatization mixture. CE conditions were the same as 
Figure 4.15.  

 
4.3.6.3 Enhancement Factors 

Figure 4.17a shows a typical electropherogram of amino acids at 5.0 µM each under the 

normal injection at -5kV for 0.5 s, and Figure 4.17b demonstrates the peaks of these four amino 

acids obtained with the EKS procedure. Table 4.3 summarizes the enhancement factors estimated 

by comparing the peak heights obtained under the EKS conditions relative to those at the normal 

electrokinetic injection (Figure 4.15b). The preliminary experimental results show that up to 

2,000 folds in signal enhancement were achieved for Aspartate. Enhancement factors could be 

improved further by the optimization of conditions such as buffer, organic solvent, and salt 

concentration in the sample solution. The EKS technique might broaden the application 
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capability of flow-gated CE in the detection of low levels of analytes such as herbicides in waste 

water [238] and catecholamines in biological fluids [191]. 

 

Figure 4.17. Typical electropherograms of NDA-derivatized amino acids. (a) Normal 
electrokinetic injection at -5 kV for 0.5 s of amino acids at 5.0 µM each derivatized with NDA (2 
mM) in presence of KCN (2 mM), EDTA (2 mM) containing 50.0 mM tetraborate. (b) EKS-CZE 
with the derivatization mixture of 0.01 µM amino acids each plus NDA (2 mM), KCN (2 mM), 
and 30 % acetonitrile at pH 10.5. Sample plug injection at -10 kV for 5 s, EKS at 10 kV for 5 s. 
BGE: 50 mM tetraborate pH 9.2. Separation at -25 kV. Total capillary length was 17 cm (10 µm 
ID) and the effective length was 10 cm.   

Table 4.3 Enhancement factors for four amino acids 

Peak # Amino acids Enhancement 
factors 

1 Gln 850 
2 Gly 1530 
3 Glu 1670 
4 Asp 2100 

4.4 Conclusions 

 The sequential procedures in the operation of flow-gated CE allow fresh sample 

accumulation in the cross region, rapid hydrodynamic sample injections, and rapid separations 

with polarity switching. These properties associated with flow-gated CE facilitate the on-line 

sample preconcentration by decreasing the diffusional expansion of plugs or boundaries. As 
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such, the better signal enhancement could be achieved in flow-gated CE compared with 

conventional CE. 

 The presence of high-salt contents in the sample solution increases the conductivity of the 

sample plug, thus adversely affecting the FASI efficiency. Fortunately, 𝑁𝑎"and 𝐶𝑙! have greater 

mobilities that enable the rapid migration of these ions thus generating a low-conductivity region 

for FASI and serves as the leading electrolyte ion transient isotachophoresis. However, the 

concentrated 𝐶𝑙! region expands, thus preventing the further concentration of anionic analytes. 

Therefore, the present technique only generated limited enhancement factors in the range of 38-

100-fold, with higher enhancement for more charged species (e.g., Glu and Asp). On the other 

hand, the technique was able to simultaneously concentrate numerous analytes while maintaining 

the separation efficiency. 

 To demonstrate the application of the developed sample preconcentration method, GABA 

in CSF was determined by using the one-point standard addition method. Alternate injections of 

the sample and its standard addition were enabled by integrating the microfabricated PDMS 

switch with the flow-gated CE system. The alternate injection technique avoids the usage of an 

internal standard as well as the high dependence of long-term experimental reproducibility. 

Therefore, the measurement accuracy was secured. The instrumental setup and technologies are 

expected to be useful in the quantitative analysis of high-salt samples such as urine and blood 

plasma. 

The initial experiments by using the EKS method obtained the enhancement factors of 

850 to 2000 folds for selected amino acids. The results show that the more negatively charged 

analytes such as Glu and Asp could be favorably injected during the EKS process. Further 

experiments are needed to clarify the preconcentration principle, and it might be one of the ways 
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previously reported for the t-ITP process [239]. Additional experimental optimization should be 

performed by using different BGEs to obtain optimal results and to investigate the EKS-CZE 

mechanism.  
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CHAPTER 5: OVERALL CONCLUSION AND FUTURE 
DIRECTIONS  

5.1 Overall Conclusion 

Flow-gated capillary electrophoresis (CE) coupled with laser-induced fluorescence (LIF) 

is a powerful tool for in-vivo and in-vitro studies of biological dynamics and kinetics by coupling 

with microdialysis [173, 240] or low-flow push-pull perfusion [241, 242]. It has also been 

coupled with LC for 2D separations [52]. This dissertation presents the methods to improve the 

detection sensitivity in flow-gated CE for the rapid measurement of neurotransmitters.  

The first approach takes advantage of the rapid fluorescent derivatization, and it is 

valuable for high-throughput analysis. The reaction scheme is based on the reaction between 

primary amines and o-phthalaldehyde in the presence of a fluorescent thiol, 2-((5-

fluoresceinyl)aminocarbonyl)ethyl mercaptan (FACE-SH). The operational conditions were 

optimized, including the separation buffer, derivatization conditions, and on-line mixing. The 

derivatization reaction completes within less than 30 s, so it is suited for time-essential 

applications with the sensitive LIF detection. The technique was demonstrated by in-vitro 

monitoring neurotransmitters in CSF, which obtained 45 s temporal resolution. It is anticipated 

that this fluorophore tagging strategy would be valuable for the on-chip labeling of proteins 

retained on solid support.  

Further to enhance detection sensitivity in flow-gated CE, a novel vacuum-assisted 

electrokinetic supercharging (EKS) method was developed for the on-line preconcentration of 

high-salt CSF samples in flow-gated CE. The basic procedures include three major steps. First, a 

sample plug was hydrodynamically injected under a vacuum; second, a voltage with the reversed 

polarity was applied to perform EKS with the assistance of a vacuum during the sample plug 
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push-out; and finally, a normal-polarity voltage was applied for separation. Naphthalene-2,3-

dicarboxaldehyde (NDA) derivatization of primary amines in the presence of cyanide was 

chosen to demonstrate the EKS method. The optimal sample medium included 20% CSF (in 

volume, or aCSF), 50% acetonitrile, 12.0 mM borate, 5.0 mM KCN, 5.0 mM NDA, and 2.0 mM 

EDTA; and the separation buffer was composed of 40.0 tetraborate pH 9.2, 50.0 mM SDS, and 

3.5 mM hydroxypropyl-b-cyclodextrin. The enhancement factors for a series of amines were in 

the range of 30–100 folds and the detection limits were estimated to be below 0.10 nM. The 

developed method was coupled with alternate injections to determine γ-aminobutyric acid 

(GABA) in CSF from rat brain striatum by using the one-point standard addition method. The 

results demonstrate the detection sensitivity and measurement accuracy for high-salt CSF 

samples. 

5.2 Future Directions  

  In vivo measurements of neurotransmitters would be a direction for future work by using 

the developed techniques, as some essential neurotransmitters such as catecholamines exist at 

low levels in brain. Another direction would be monitoring of chemicals released by cultured 

cells or tissues.  

The vacuum-assisted EKS may be applied to the analysis of other biological samples such as 

blood plasma to detect biomarkers for disease diagnosis. The EKS method in flow-gated CE can 

be used to analyze low abundant inorganic and organic ions by coupling with a C4D detector. 
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