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ABSTRACT 

 The work in this dissertation presents methods developed for the measurement of small 

molecules in islets of Langerhans, including reactive oxygen species and amino acids. Reactive 

oxygen species were measured using fluorescence imaging. The conditions of dye loading, 

incubation, and imaging were optimized to develop a robust and reproducible protocol to 

measure these species using the fluorescent dye, 2’,7’-dichlorodihydrofluorescein diacetate 

(H2DCF-DA). The protocol that was developed minimized photobleaching and leakage of 

H2DCF from murine islets and utilized a normalization procedure to further reduce experimental 

variability. The method allowed for ~25 min of DCF measurement in living islets. We used the 

developed protocol to compare DCF fluorescence from batches of islets incubated in varying 

glucose concentrations and observed ~1.5-fold higher fluorescence signals in 3 vs. 20 mM 

glucose. The presence of diazoxide increased DCF fluorescence at all glucose concentrations 

tested while addition of 30 mM K
+
, to increase [Ca

2+
]i, reduced the fluorescence by ~15%. With 

the developed protocol, all experimental methods tested to increase [Ca
2+

]i resulted in a decrease 

in DCF fluorescence, potentially indicating involvement of ROS in intracellular signaling 

cascades. 

 To characterize the potential roles that amino acids may play in islet physiology, 

derivatization of amino acids in high-salt buffers commonly used in islet experiments with 

naphthalene-2,3-dicarboxaldehyde and micellar electrokinetic chromatography separation 

conditions were optimized. The optimized conditions used D-norvaline as the internal standard 

and allowed quantification of 14 amino acids with limit of detections ranging from 0.2 nM to 7 

nM. The relative standard deviations (RSDs) of the migration times were 0.04% – 0.54% and the 

RSDs of the peak areas were 0.2% – 5.8% for the various amino acids. The effects of glucose 



 xii 

and 2,4-dinitrophenol on amino acid secretions from islets were tested and a suppressive effect 

of glucose on gamma-aminobutyric acid release was observed, likely acting through adenosine 

triphosphate inactivation of glutamate decarboxylase. 

 To understand the secretion dynamics of these amino acids, a microfluidic system was 

developed to perform online monitoring of the secretion profiles of amino acids from 2 – 5 islets.  

The device contained an islet chamber with the ability to perfuse stimulants, and an amino acid 

measurement system with derivatization and electrophoretic separation integrated on a single 

microchip. The setup was optimized to allow -15 kV to be applied to the device for high 

efficiency and rapid separations of derivatized amino acids. The compositions of the 

derivatization and separation buffers were optimized to prevent precipitations in the channels, 

which allowed continuous monitoring of secretion for over 2 hours.  With this method, 10 amino 

acids were resolved with limits of detection ranging from 1 – 20 nM. When murine islets were 

perfused with 3 mM glucose, the secretion rates of 9 amino acids were measured and ranged 

from 30 to 400 fmol islet
-1

 min
-1

. As the glucose concentration was increased to 20 mM, the 

dynamic changes of amino acids were monitored. The biological relevance of the amino acid 

secretions was verified using 2,4-dinitrophenol as an inhibitor of the proton motive force. The 

microfluidic system was also used to measure dynamic changes of amino acid release from 

human islets, which showed different release profiles compared to their murine counterparts. 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Introduction 

 

1.1.1 Islets of Langerhans 

 Islets of Langerhans constitute the endocrine region of the pancreas and are responsible 

for maintaining glucose homeostasis through the regulation of hormone release. Humans have 

around one million islets in total, with each islet containing several thousands of cells, most of 

which are α-cells and β-cells [1,2]. The relative population of these cells varies from islet to 

islet, from individual to individual, and from species to species (Figure 1.1). Glucagon is 

released from α-cells during times of fasting and acts to raise glucose levels by triggering 

gluconeogenesis [3]. Insulin is secreted from β-cells in response to an elevated glucose 

concentration, which results in the uptake of glucose by the liver, fat, and muscle cells [4]. To 

coordinate hormone secretion, these cells communicate with each other through paracrine and 

autocrine signals [5]. In diabetics, glucose homeostasis is impaired, resulting in elevated blood 

glucose levels [6]. These elevated glucose levels will ultimately lead to chronic problems in 

many tissue types via multiple pathways, one being the production of reactive oxygen species 

(ROS) [7]. 

 

1.1.2 Functions of small molecules in islets of Langerhans 

 In addition to peptide hormones, islets also generate and release many small molecules, 

such as ROS [8-11] and amino acids [12,13], respectively. Whereas the role of peptide hormones 
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is well established, the function of these small molecules from islets is not, but they have been 

hypothesized to play a critical role in cell functionality [13-19].  

 

 

Figure 1.1 Confocal images of islets of Langerhans. Human islets (A) and Mouse islets (B) 

were immunostained for insulin (red), glucagon (green), and somatostatin (blue). Scale bar = 50 

µm. (C) Alignment of endocrine cells along blood vessels in human islets stained as in (A). Scale 

bar = 10 µm. Reprinted with permission from [5]. Copyright (2016) Elsevier. 
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 1.1.2.1 Reactive oxygen species 

 ROS are chemically reactive molecules containing oxygen, which include 

superoxide (O2
−
), hydrogen peroxide (H2O2), and hydroxyl free radicals (

•
OH) (Figure 1.2). In 

pancreatic β-cells, a major source of ROS occurs during oxidative phosphorylation. O2
−
 is 

generated by single electron reduction of molecular oxygen at the inner mitochondrial 

membrane, mainly as a byproduct of protein complexes I and III [8-11]. The resulting O2
− 

is then 

converted to less reactive H2O2 by superoxide dismutase (SOD) and further detoxified by 

catalase and glutathione peroxidases (GPxs) [20]. However, β-cells show low expression of 

antioxidant enzymes such as SOD and GPxs and therefore have a lower antioxidant capacity 

compared with other tissues [7]. This lower antioxidant capacity may be a potential route for 

oxidative damage, and it may also be useful because ROS have been shown to potentiate 

glucose-stimulated insulin secretion (GSIS) [13-17]. The hypothesized result is that prolonged 

levels of high glucose will induce oxidative stress and ultimately result in beta-cell failure [21]. 

Other sources of ROS include changes in membrane potential and intracellular Ca
2+

 that occur 

during glucose metabolism [22, 23]. 

 

 

Figure 1.2 Reactive oxygen species. The reaction leading to the generation of reactive oxygen 

species. 
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 1.1.2.2 Amino acids 

 Islet α- and β-cells compose more than 90% of the islet and are responsible for 

the release of glucagon and insulin, respectively. These peptides help regulate glucose 

homeostasis and are also known to act on neighboring cells in a paracrine manner [24]. Similar 

paracrine effects have been proposed for some of the amino acids released from islets, such as 

glutamate (Glu) and gamma-aminobutyric acid (GABA) [5,13], which are major excitatory and 

inhibitory neurotransmitters, respectively, in the central nervous system [25, 26]. Glutaminase, 

the enzyme responsible for converting glutamine (Gln) to Glu, has been detected in α-cells of the 

pancreas, as well as the intrapancreatic ganglia that innervate the islets [18]. Combined with the 

detection of ionotropic Glu receptor subtypes in islets, it has been hypothesized that Glu secreted 

from α-cells or the ganglia may modify insulin secretion [18]. Glutamate decarboxylase (GAD) 

and GABA have been found in β-cells [27]; GABA has been shown to inhibit glucagon secretion 

from α-cells by acting on GABAA receptors [28]. Therefore, these two small molecules have 

been proposed to work as paracrine signaling molecules within the islet to help coordinate the 

release of hormone secretion in islets [5,13, 18, 19] (Figure 1.3). Besides these two, other amino 

acids, such as Gln, leucine (Leu), alanine (Ala), and arginine (Arg), have been shown to 

stimulate or potentiate GSIS [29-32]. 

 

1.2 Experimental techniques 

 

 To measure these small molecules, various analytical methods were developed and 

optimized to suit the analyte of interest. The major techniques that these methods are based on 
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are discussed in this section; fluorescence imaging was used to measure ROS, CE/MEKC-LIF 

was used to separate and detect the derivatized amino acids, and microfluidics was utilized to 

culture the islets and monitor the secretion profiles of amino acids. 

 

1.2.1 Fluorescence imaging 

 Fluorescence imaging is performed by using fluorescent dyes or proteins as labels to 

visualize molecular processes or structures. This technique has become an essential tool in 

biology and biomedical sciences, which allows a wide range of experimental observations 

including molecular interactions in cells and tissues, the location and dynamics of gene 

expression, and protein expression [33-36]. 

 The basic principle of fluorescence imaging is that the specimen is irradiated with an 

external light source, such as a laser with specific wavelength or a lamp with band of 

wavelengths, which excites the fluorophores in the specimen, causing them to emit light of 

longer wavelengths. This emitted light is then separated from the excitation light using a spectral 

emission filter. A typical fluorescence microscope is composed of an excitation light source, the 

excitation filter, the dichroic beamsplitter, and the emission filter (Figure 1.4), which are selected 

based on the spectral excitation and emission wavelengths of the fluorophore. The most 

commonly used fluorescence microscope is the epifluorescence microscope (Fligure 1.4), where 

excitation of the fluorophore and detection of the fluorescence are done through the same light 

path. As shown in Figure 1.4, sometimes, a neutral density filter is used to reduce the power of 

the excitation light to minimize photobleaching. 
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Figure 1.3 Schematic diagram depicting putative paracrine and autocrine signals of small 

molecules in human islets. Arrows indicate the origin and target of a particular paracrine signal. 

(Black: excitatory signaling; white: inhibitory signaling). Reprinted with permission from [5]. 

Copyright (2016) Elsevier. 

 

 

 To perform fluorescence imaging, the sample must be fluorescent, which means a 

fluorescent marker has to be introduced, unless a sample is intrinsically fluorescent. In the case 

of biological samples, there are several ways of labeling, which include using fluorescent dyes 

that are directly uptaken by the cell [37,38], immunofluorescence [39], and expression of a 

fluorescent protein [40]. Moreover, using multiple fluorescence labeling, several target 

molecules can be identified simultaneously [41]. 
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Figure 1.4 Schematic of an epifluorescence microscope. The excitation light is filtered by an 

excitation filter and directed to the objective by a dichroic mirror and is focused on the specimen 

through the objective lens. The emission light is focused onto the detector by the same objective 

and filtered by the emission filter prior to detection.  

 

 

1.2.2 CE/MEKC-LIF 

 Capillary electrophoresis (CE) is a separation technique which separates analytes based 

on their charge to size ratios [42]. Fused silica capillaries are most commonly used on 

commercial CE instruments. Once filled with running buffers, an electric double layer will be 

formed against the capillary wall and under the influence of an electric field, the electroosmotic 

flow (EOF) will form which drives the bulk fluid from one inlet to the other. The velocity of the 

analyte ion is determined by the EOF velocity of the running buffer and the electrophoretic 
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velocity of the analyte, both are proportional to the applied electric field. For the sample 

containing a mixture of different ions, their EOF velocity will be the same for all ions, but their 

electrophoretic velocity is directly proportional to their charge to size ratios.  

 Micellar electrokinetic chromatography (MEKC) is a modification of conventional CE, 

which is simply done by adding surfactant into the separation buffer [43]. Once the concentration 

of the surfactant passes the critical micelle concentration, stable micelles will form in the 

separation buffer (Figure 1.5). These micelles work as a pseudo-stationary phase so that the 

analytes are separated not only by their charge to size ratios but also by their differential 

partitioning between micelles and the surrounding aqueous buffer solution. Therefore, for those 

analytes that have no charges (neutral analytes) or similar electrophoretic mobilities, this added 

separation mechanism helps improve the separation resolution. 

 

1.2.3 Microfluidics 

 Microfluidics has its own unique advantages in monitoring secretion profiles from live 

cells, such as fast analysis speed, less sample consumption, increased detection efficiency, and 

its ability of on-chip cell culturing and online sampling. With rapid advances in microfluidics 

[44,45], microchip electrophoresis (MCE) has drawn great interests of researchers since its first 

introduction by Manz and coworkers [46]. Compared to commercial CE, MCE allows the 

integration of cell culturing, cell secretion sampling, and sample derivatization, separation, and 

detection on one single device. 

 There are various materials that have been used to fabricate microfluidic devices [47], 

such as glass, poly-dimethylsiloxane (PDMS), poly-(methyl methacrylate), silicon, 
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polycarbonate, and cyclic olefin copolymer. Glass and PDMS are the most commonly used 

materials due to their optical transmission in the visible domain and chemical stability. 

 

Figure 1.5 Schematic of the separation mechanism of MEKC. Once the surfactant 

concentration passed the critical micelle concentration, stable micelles form. Based on the 

different partition coefficients of the analytes with the micelle, the analytes will migrate at 

different velocities as they are travelling through the capillary. The analyte with the largest 

partition coefficient will be detected the last.  

 

 

 In literature, there have been various methods developed for the measurement of amino 

acids and other primary amines on microfluidic devices [48-55], which include various sample 

introduction, injection, and detection techniques. For the introduction of biological samples, 

most of the devices only allow offline sampling, meaning the sample was prepared off chip and 

was transferred to the microchip manually before the measurement. For online sampling, 

microdialysis is an invasive sampling technique that has been largely used for continuous 

measurement of analytes located in the extracellular fluid of tissues. It has been used as a 

sampling method for the analysis of amino acids secreted from brain cells on microfluidics [55]. 
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On chip cell culturing is another option for performing online sampling. By culturing the cells on 

the microchip, the secretions can be sampled continuously with the downstream measurement, 

and thus, it allows the monitoring of secretion dynamics from the cells. However, culturing cells 

on chip requires temperature control and the use of high salt culturing media. Working with high 

salt solutions on microfluidic devices is a common challenge for analysis of cellular secretions, 

therefore, additional problems such as precipitations, or electrokinetic injection failure, need to 

be overcome during method optimization [56-59].  

 To perform electrophoresis on microfluidic devices, an efficient sample injection method 

is required. Compared to the injection on commercial instruments, MCE uses the same 

mechanism, which includes electrokinetic injection and pressure injection [60]. However, by 

changing the microchannel designs (T-shape, offset design, cross design), various transforms can 

be achieved for the injection on MCE. For example, pressure injection can be achieved with 

hydrostatic injection [61] or off-ship pumping [62]; electrokinetic injection can be done with 

floating injection [63], pinched injection [64], or flow-gated injection [50,59,65]. To monitor the 

secretion profiles of amino acids from cell secretions, flow-gated injection is an ideal method, 

since the sample is continuously pumped by EOF and can be injected anytime to the separation 

channel by controlling the voltage on the gate electrode.  

 The detection methods on microfluidic devices are composed of optical detection, 

electrochemical detection, conductivity detection, and mass spectrometry (MS) detection. For the 

analysis of amino acids, depending on whether labeling the amino acids or not, different 

detection techniques have been used. Conductivity detection [66] and MS [51,67] detection have 

been used for measuring unlabeled amino acids, since these techniques do not require 
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derivatization, which makes the sample preparation simple and without producing byproduct 

from the labeling. However, the sensitivity of these methods is usually lower than the labeled 

amino acids. By derivatizing the amino acids with either a fluorescent or an electrochemical 

reactive tag, the derivatives can be measured by either fluorescence detection [55] or 

electrochemical detection [53].  

 

1.3 Dissertation overview 

 

 Islets of Langerhans are the endocrine region of the pancreas that are responsible for 

maintaining glucose homeostasis through the regulation of peptides release.  However, it is not 

only glucose that controls the hormones released from this endocrine “mini-organ” [68-71]. 

Multiple small molecules, including amino acids, acetylcholine, and ATP, have been shown to 

modulate hormone secretion from islets. In addition, other small molecules such as ROS have 

been speculated to play critical roles is islets physiology. ROS may cause severe damage to the 

cell once generated in a large amount. In islet β-cells, since they have a lower antioxidant 

capacity compared to other tissues, they are more susceptible to oxidative stress. The goals of the 

research presented in this dissertation include measurement of ROS in islets of Langerhans, 

optimization of the derivatization and separation conditions for the measurement of amino acids 

from islets secretions, and monitoring the secretion dynamics of amino acids from islet. 

 Chapter 2 describes the development of a robust and reproducible protocol for measuring 

intracellular ROS in islets of Langerhans using fluorescence imaging. The optimizations of the 

incubation and detection conditions were performed to maintain the stability of the fluorescent 
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dye, and the effects of glucose and intracellular Ca
2+

 on ROS generation were tested. In chapter 

3, the derivatization and separation conditions were optimized for the measurement of amino 

acids released from groups of islets on the commercial instrument. The secretion levels of 14 

amino acids were successfully quantified at both low and high glucose concentrations. Chapter 4 

demonstrates the development of a microfluidic device for measuring the secretion dynamic of 

amino acids from islets of Langerhans. The chip design and buffer composition were optimized 

to solve discharge and precipitation problems, which resulted from applying a high voltage and 

using high salt buffers. With the optimized conditions, the secretion dynamics of amino acids 

from both mouse and human islets were observed.  In Chapter 5, the investigation of a MS 

compatible buffer, ammonium perfluorooctanoate (APFO), was tested on the commercial CE 

instrument to test its separation performance for non-labeled amino acids. Finally, summaries 

and ideas for future directions are described in Chapter 6. 
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CHAPTER 2 

MEASUREMENT OF DCF FLUORESCENCE AS A MEASURE OF 

REACTIVE OXYGEN SPECIES IN MURINE ISLETS OF LANGERHANS 

 
2.1 Introduction 

 

 Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen, 

and include superoxide (O2
-
), hydrogen peroxide (H2O2), and hydroxyl free radicals (OH). A 

major source of O2
-
 occurs at protein complexes I and III during oxidative phosphorylation 

[9,11,72,73]. O2
-
 can then be converted to H2O2 by superoxide dismutase (SOD), which can then 

be broken down by catalase and glutathione peroxidase (GPx) [74,75]. ROS can also be 

produced from other sources; one example being NADPH oxidase, which catalyzes the reduction 

of molecular oxygen to O2
- 
[76,77]. Pancreatic β-cells, located in islets of Langerhans, are the 

cells responsible for secretion of insulin in response to elevated glucose levels. These cells show 

weak expression of antioxidant enzymes such as SOD and GPxs, indicating a lower antioxidant 

capacity compared with other tissues [78,79]. This lower antioxidant capacity may be a potential 

route for oxidative damage, and it may also be useful because ROS have been shown to 

potentiate glucose-stimulated insulin secretion (GSIS) [10, 14-17]. 

 To help unravel the roles of ROS in b-cell physiology, robust methods to measure ROS in 

living islets are required. In general, the most suitable methods for live cell measurements are 

fluorescence-based where the fluorescence of the indicator is influenced by the presence of ROS. 

One of the most popular indicators is 2-,7-dichlorodihydrofluorescein diacetate (H2DCF-DA) 

[80], which is cell permeable until cleaved by intracellular esterases forming the anion, H2DCF. 
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This dye shows low fluorescence in its reduced state, but is highly fluorescent in its oxidized 

state (DCF). Its drawbacks are that it is sensitive to photobleaching and can leak out of the cell 

because of its low charge state. 

 Due to the lack of a standard protocol for measuring ROS levels using H2DCF-DA in 

living murine islets of Langerhans, we set out to develop a robust and reproducible method. 

Once the method was developed, we evaluated the glucose-dependence of DCF fluorescence, the 

time course over which the fluorescence levels change in response to a glucose challenge, and 

the effects of pharmacological agents that affect glucose metabolism and intracellular [Ca
2+

] 

([Ca
2+

]i). The results showed an inverse relationship between DCF intensity and [Ca
2+

]i so that a 

decrease in DCF fluorescence was observed with increasing glucose concentration. 

 

2.2 Materials and methods 

 

2.2.1 Chemicals and reagents 

 Sodium chloride, sodium phosphate dibasic, potassium chloride, potassium phosphate 

monobasic, tricine, magnesium chloride, calcium chloride, bovine serum albumin (BSA), and 

penicillin–streptomycin were purchased from Sigma-Aldrich (Saint Louis, MO). H2DCF-DA 

was obtained from Life Technologies (Carlsbad, CA). Dextrose and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were from Fisher Scientific (Pittsburgh, PA). Diazoxide 

was from Spectrum Chemical (Gardena, CA). Mn(III)tetrakis(4-benzoic acid) porphyrin chloride 

(Mn-TBaP) was obtained from Cayman Chemical (Ann Arbor, Michigan). Cosmic Calf Serum 

(CCS) was from HyClone Laboratories (South Logan, Utah). Sodium hydroxide was purchased 
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from EMD Chemicals (San Diego, CA). Collagenase P was purchased from Roche Diagnostics 

(Indianapolis, IN). RPMI 1640 was from Mediatech (Manassas, VA). H2O2 was from Avantor 

Performance Materials (Center Valley, PA). Ethanol was from Koptec (King of Prussia, PA). 

Gentamicin was from Lonza (Walkersville, MD). All solutions were made with ultrapure 

deionized water (NANOpure® Diamond system, Barnstead International, Dubuque, IA). 

 

2.2.2 Isolation of islets of Langerhans 

 All experiments were performed under guidelines approved by the Florida State 

University Animal Care and Use Committee, protocol #1235. Islets were isolated by collagenase 

digestion of the pancreas from male mice as previously described [81]. Briefly, mice were 

sacrificed by cervical dislocation and a 0.86 mg mL
-1

 solution of collagenase was injected into 

the pancreas through the pancreatic duct. The pancreas was collected and incubated in 5 mL of 

the collagenase solution at 37 ˚C for 8 min with shaking every 2 min. A centrifuge and a 100 µm 

nylon filter were used to filter the islets from the exocrine tissue. After washing with Hanks' 

balanced salt solution, the islets were hand-picked under a microscope to ensure high purity of 

the preparation and cultured in RPMI 1640 medium containing 11 mM glucose, 10% CCS, 100 

units mL
-1

 penicillin, 100 µg mL
-1

 streptomycin, and 10 µg mL
-1

 gentamicin at 37 ˚C in the 

presence of 5% CO2. Islets were used within 5 days after isolation. 

 

2.2.3 Experimental protocol 

 Before incubation, H2DCF-DA stock solution was made by dissolving 100 mg of the 

powder into anhydrous dimethyl sulfoxide, which was then diluted to 0.5 mM and stored as 100 



 

 

 

 

16 

µL aliquots in a -20 ˚C freezer. The stock solution and aliquots were made in the dark and with 

nitrogen flushing to avoid light and air that may cause degradation of the dye. For each 

experiment, a new aliquot was used and any remaining was discarded. Each batch of aliquots 

was used within 2 months.  

 All of the dye incubation steps described below were performed in the dark. Islets were 

first transferred from the culture media to the experimental buffer, which consisted of balanced 

salt solution (BSS, 125 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 2.4 mM CaCl2, and 25 mM 

tricine) with either 3, 11, or 20 mM glucose and placed back in the incubator at 37 ˚C in the 

presence of 5% CO2 for 30 min. After that time, H2DCF-DA was added into the dish to a final 

concentration of 20 µM and the dish was placed back in the incubator for another 30 min. 

Finally, islets were quickly rinsed with dye-free experimental buffer containing the same 

concentration of glucose in which they were previously incubated. After this time, the islets were 

transferred into a 2 mL chamber (P35G-1.5-14-C, MatTek, Ashland, MA) that was mounted on a 

heating element (TC-E35x15, Bioscience Tools, San Diego, CA). The imaging buffer was the 

same as the experimental buffer and was pre-warmed to 37 ˚C and maintained at this temperature 

while imaging. In some experiments, 250 µM diazoxide and/or 30 mM K
+
 was added to the 

experimental buffer, and images were acquired as described below. 

 To perform the time course measurements, one batch of islets, consisting of 5–9 islets, 

was transferred from the culture media to the experimental buffer (BSS) containing 3 mM 

glucose. They were then incubated in 3 mM glucose for 30 min followed by dye loading for an 

additional 30 min. After that time, islets were rinsed with fresh BSS and transferred into 

experimental buffer that contained 20 mM glucose and a fluorescence image was recorded every 
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5 min. Another set of experiments was performed in an opposite manner, incubating islets in 20 

mM glucose and imaging in 3 mM glucose. 

 Positive controls were performed by adding H2O2 to a final concentration of 100 µM to 

the islet chamber that contained the experimental buffer and measuring the resulting 

fluorescence. A negative control was conducted by adding Mn-TBaP to a final concentration of 

10 µM during all incubation steps. To test the effect of [Ca
2+

] on DCF fluorescence, 20 µM 

H2DCF-DA and 100 µM H2O2 were added into the imaging chamber containing the 

experimental buffer but without islets and the fluorescence measured. The [Ca
2+

] was then 

increased to 500 nM and the fluorescence measured again. 

 

2.2.4 Fluorescence detection 

 The fluorescence of DCF was measured on the stage of a Nikon Eclipse Ti microscope. 

Light from a xenon arc lamp was first passed through a 0.8 neutral density filter and an 

excitation filter (482 ± 35 nm). This light was then reflected by a 510 nm dichroic mirror, and 

into the back of a 10X, 0.5 NA objective. Emission light passed through the same objective and 

was filtered by a bandpass filter (536 ± 40 nm) prior to collection by a charge-coupled device 

(Photometrics Cascade TC253, Roper Scientific, Tucson, AZ). All of the filters were combined 

onto a single filter set (FITC-3540B-NTE), which was purchased from Nikon Instruments Inc. 

(Melville, NY). Three fluorescent images were taken, once every 10 s, for each group of islets at 

each condition and were acquired directly after bringing the islets to the imaging chamber. Up to 

9 islets were imaged at one time and 10–30 were tested for each condition. 
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2.2.5 Data analysis 

All DCF fluorescence intensities were background subtracted and normalized to the 

background-subtracted 3 mM glucose value. Results are shown as mean ± S.E. for the indicated 

number of islets. A two-tailed Student's t-test was performed between groups and results deemed 

significant at p < 0.05. 

 

2.3 Results and discussions 

 

 The conventional pathway of GSIS involves glycolysis and oxidative phosphorylation 

increasing the ATP/ADP ratio. This increased ratio then closes K
+

ATP channels, resulting in 

depolarization of the plasma membrane. In response, voltage dependent Ca
2+

 channels open, 

increasing [Ca
2+

]i, resulting in insulin secreted from beta cell granules. Using H2DCF-DA, the 

amounts of ROS measured from islets incubated in 3 mM glucose has been observed to be both 

lower [16,20] and higher [82-84] compared to islets incubated at elevated glucose levels. Due to 

these discrepancies, we set out to develop a robust analytical procedure for the use of H2DCF-

DA in living murine islets. 

 

2.3.1 Fluorescence normalization and protocol 

 In murine islets, the fluorescence intensity of DCF decreased rapidly, especially during 

the first 10 min of fluorescence imaging. These results were observed regardless whether the 

images were acquired continuously or in intervals ranging from 1–10 min using minimal light 

intensity as measured out of the microscope objective (2 mW). This decrease in fluorescence was 
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attributed to both photobleaching and dye leakage. To minimize these effects, the optimized 

protocol consisted of performing all experimental steps, consisting of both incubation and 

measurement steps, in the dark, and limiting the time from rinsing to measurement of DCF 

fluorescence to 1 min. Another source of error in the fluorescence measurements was found to be 

due to day-to-day differences in experimental conditions such as lamp intensity and dye 

concentration. To account for these variations, the average background-subtracted DCF 

fluorescence intensity from a batch of islets incubated in 3 mM glucose was measured at the start 

of each day. Experiments were then performed throughout the day to measure DCF fluorescence 

under different experimental conditions. The results of these experiments were normalized by 

dividing the background-subtracted intensities of each islet to the average background-subtracted 

intensity of islets incubated in 3 mM glucose. This normalization gave the 3 mM glucose a 

normalized intensity of 1.0 for all experiments. 

Under these conditions, the fluorescence stability of DCF was tested by measuring 

fluorescence at 5 min intervals in a batch of 9 islets at a constant glucose concentration over time 

(Figure 2.1). It was observed that the fluorescence was stable over the first 25 min, and after that 

time, a significant decrease was observed in the measured fluorescence intensity.  

A potential problem in comparing DCF fluorescence from islets incubated under different 

glucose conditions is glucose dependent dye uptake. The positive control was used to test this 

effect by comparing the H2O2-induced fluorescence from islets that were exposed to different 

glucose concentrations. In this way, the fluorescence recorded is expected to be proportional to 

the intracellular [DCF]. As shown in Figure 2.2A, islets incubated in different glucose 

concentrations showed similar fluorescence intensities (p > 0.05), which indicated that the dye 
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concentrations were equal and dye loading was independent of glucose concentration. In a 

different set of experiments, Mn-TBaP was added during all incubation steps to scavenge free 

radicals [85] for a negative control. The normalized fluorescence from islets in the presence of 

Mn-TBaP (Figure 2.2B) showed a signal similar to the background at all glucose concentrations 

tested indicating that DCF fluorescence was sensitive to ROS. 

 

 
 

Figure 2.1 Stability of DCF fluorescence. The average normalized DCF fluorescence is shown 

when 9 islets were incubated in 20mM glucose. Fluorescence images were acquired every 5 min. 

*: p < 0.05 compared to 0 min. 
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Figure 2.2 Control experiments for DCF. For all plots, the average and normalized 

fluorescence intensities are shown where N represents the number of islets tested for each 

condition. (A) A positive control was performed by adding 100 µM H2O2 to islets incubated in 

different glucose concentrations as shown under the graph. The average normalized fluorescence 

intensity of islets incubated in 3 mM glucose without H2O2 is shown as a reference. (B) The 

negative control was performed by incubating islets at different glucose concentrations with Mn-

TBaP during all incubation and imaging steps. The resulting fluorescence intensities were similar 

to background levels (not shown). The average normalized fluorescence intensity of islets 

incubated in 3 mM glucose without Mn-TBaP is shown as a reference. 
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2.3.2 Effects of constant glucose concentrations on ROS generation 

 With the developed protocol, the glucose-dependence of ROS formation in murine islets 

of Langerhans was investigated. Groups of islets were incubated for a total of 60 min in one of 

three glucose concentrations: 3, 11, or 20 mM (Figure 2.3A). An inverse relationship between 

the average normalized fluorescence intensity of DCF and glucose concentration was observed 

(Figure 2.3B). The signal at 20mM glucose was 75% of the signal at 3 mM glucose, and 11 mM 

glucose produced a value between the two other concentrations, significantly different than both 

(p < 0.05 compared to 3 mM, p < 0.02 compared to 20 mM). These results are representative of 

islets taken from 10 mice and across a time span of 2 months. It was noticed that as the dye 

became older, the fluorescence intensity was reduced compared to when the dye was new. 

However, the daily normalization procedure improved the intra-day reproducibility to < 5% RSD 

and inter-day reproducibility to < 10% RSD. 

 

2.3.3 Time course measurement 

 Because the developed protocol allowed stable measurements to be made during the first 

25 min of the experiment (Figure 2.1), the dynamics of DCF fluorescence when islets were 

exposed to a changing glucose concentration were investigated. The average fluorescence of 

DCF decreased by 6% within 5 min when the glucose concentration was increased from 3 to 20 

mM (n = 10, Figure 2.4A). After 25 min, the signal had decreased to 33% of the original signal. 

When the DCF fluorescence was measured as the glucose concentration decreased from 20 to 3 

mM, a 39% increase in the fluorescence signal was observed within the first 15 min (Figure 
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2.4B). The net results of these experiments were similar to those obtained by incubating different 

batches of islets at constant 3, 11 or 20mM glucose concentrations (Figure 2.3).  

 

 
 

Figure 2.3 Effects of glucose concentration on DCF fluorescence in islets. (A) Images of 

islets at (a) 3 mM glucose, (b) 11 mM glucose, (c) 20 mM glucose. (B) An average of 

normalized fluorescence intensities from islets incubated at different glucose concentrations 

tested is shown. N represents the number of islets tested at each condition. *: p < 0.05 compared 

with 3 mM glucose, **: p < 0.02 compared with 11 mM glucose. 
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 As the glucose concentration increases, the measured DCF fluorescence decreases. These 

results are similar to those observed elsewhere, which used H2DCF-DA [82,83] or other 

techniques [84] to measure ROS levels. 

 

2.3.4 The effect of intracellular Ca
2+

 on ROS formation 

Among the various factors that can contribute to ROS formation, [Ca
2+

]i plays an 

important role and its potential effects are complicated. Increases in [Ca
2+

]i are essential for 

GSIS, but increases in this cation will also affect mitochondrial membrane potential, and 

therefore, ROS levels. As [Ca
2+

]i rises, the flux of Ca
2+

 into the mitochondria also rises where it 

can lead to hyperpolarization of the mitochondrial membrane potential via activation of enzymes 

involved in the TCA cycle, and it can also lead to mitochondrial membrane depolarization 

because of the net increase of Ca
2+

 ions [86-88]. These results would have differing effects on 

the amount of ROS generated. 

To help delineate the mechanism of how GSIS reduces DCF fluorescence, diazoxide was 

used. Diazoxide clamps K
+

ATP channels open ensuring the plasma membrane does not become 

depolarized during GSIS and maintains [Ca
2+

]i at basal levels [89]. As a result, by measuring 

DCF fluorescence in the presence of diazoxide, the effect of [Ca
2+

]i on ROS production during 

oxidative phosphorylation may be indirectly tested.  

As shown in Figure 2.5, the fluorescence of DCF increased in the presence of diazoxide 

at all glucose concentrations tested (p < 0.001 vs. 11 and 20 mM glucose alone). This indicates 

that reduction of [Ca
2+

]i, which will be observed in the presence of diazoxide, results in increased 

DCF levels. 



 

 

 

 

25 

 
Figure 2.4 Time course measurements. The average normalized fluorescence from 10 islets is 

shown. (A) Islets were incubated in 3 mM glucose for 60 min and imaged in 20 mM glucose at 

the times indicated at the bottom. *: p < 0.05 compared with 0 min. (B) A separate group of 

islets were incubated in 20 mM glucose for 60 min and imaged in 3 mM glucose at the times 

indicated below the plot. *: p < 0.05 compared with 0 min. 
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Figure 2.5 Effects of diazoxide on DCF fluorescence. Fluorescence images were acquired from 

islets under different conditions as indicated below the plot. A “+” indicates the presence of 

either 250 µM diazoxide or 30 mM K
+
. 

 

 

A control experiment indicated that in the absence of islets, the fluorescence of DCF 

itself was insensitive to high Ca
2+

 levels, although this experiment was performed on the 

uncleaved dye. In some experiments, 30 mM K
+
 was added to islets exposed to diazoxide. High 

levels of K
+
 depolarize the plasma membrane independent of metabolic factors causing [Ca

2+
]i 

levels to rise. In islets incubated in either 11 or 20 mM glucose, the fluorescence of DCF 

decreased 13% when K
+
 was added (p < 0.05 compared to diazoxide alone) but not to the levels 

observed in the absence of diazoxide. 

These results could be interpreted as the consumption of ROS, in part, via Ca
2+

-

dependent processes that occur during GSIS. Because Ca
2+

-dependent processes would be 

inactive at low [Ca
2+

]i, the ROS levels would not be consumed and therefore increase as 
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indicated by higher DCF fluorescence. Application of K
+
 would increase [Ca

2+
]i and re-activate 

the Ca
2+

-dependent processes to an extent leading to a depletion of ROS. More experimental 

evidence, such as simultaneous measurement of NADH, [Ca
2+

]i, mitochondrial membrane 

potential, and DCF would need to be acquired to confirm this hypothesis. 

 

2.4 Conclusions 

 

 The method described here provides a stable and reproducible protocol for measuring 

ROS in murine islets of Langerhans using H2DCF-DA at both constant and dynamic glucose 

levels. The results indicated that low glucose levels induced a higher DCF fluorescence and that 

these results were inversely proportional to the expected [Ca
2+

]i. The results observed in the 

presence of glucose and diazoxide both may indicate that ROS are potentially used in 

intracellular signaling cascades. 
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CHAPTER 3 

MICELLAR ELECTROKINETIC CHROMATOGRAPHY METHOD FOR 

MEASURING AMINO ACID SECRETIONS FROM ISLETS OF 

LANGERHANS 
 

3.1 Introduction 

 

 Islets of Langerhans constitute the endocrine portion of the pancreas and are responsible 

for helping to maintain glucose homeostasis through regulated secretion of numerous factors, 

most notably, peptide hormones [90]. In addition to hormones, islets also release many small 

molecules [5,12,13]. Whereas the role of peptide hormones is well established, the role of small 

molecule secretion from islets is not, but they have been hypothesized to play a critical role in 

cell functionality [5,12,13].  

As discussed in the introduction, section 1.1.2.2, amino acids such as glutamate (Glu) and 

gamma-aminobutyric acid (GABA) have been proposed to work as paracrine signaling 

molecules within the islet to help coordinate the release of hormones in islets [5,13,18,19]. 

Besides these two, other amino acids, such as Gln, leucine (Leu), alanine (Ala), and arginine 

(Arg), have been shown to stimulate or potentiate glucose-stimulated insulin secretion [29-32]. 

To characterize the potential roles that these small molecules may play in islet physiology, 

methods to measure their release with high sensitivity are required. 

There have been several approaches taken for detection of amino acids [91-93]. The most 

common approaches used for separation of amino acids are HPLC and CE. Compared to HPLC, 

CE offers advantages such as faster analysis speeds and higher separation efficiencies. Coupled 

with laser induced fluorescence (LIF) detection, low mass detection limits are also achieved, 
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which enable measurements of time-resolved samples [94, 95]. Because most amino acids are 

not natively fluorescent, detection by LIF requires covalent modification of the analytes with a 

fluorescent tag. Currently, there are several commercially available labeling reagents such as 

naphthalene-2,3-dicarboxaldehyde (NDA) [96, 97], o-phthaldialdehyde [55, 98], and 4-fluoro-7-

nitro-2,1,3-benzoxadiazole [99]. NDA reacts quickly with primary amines in the presence of 

cyanide (or another nucleophile) to produce stable (cyano-benz(f)-isoindole) derivatives that 

have fluorescence quantum yields ranging from 0.5 to 0.8 [96]. This labeling scheme has been 

successfully used to measure amino acids by CE-LIF with limit of detections (LODs) reported 

from 2 to 100 nM [94, 95]. 

In this work, we developed an optimized derivatization and separation protocol to 

measure amino acids that were released from islets of Langerhans into high-salt buffers that are 

compatible with cell culture. An internal standard, D-norvaline (D-Nva), was added to the amino 

acid mixtures and used to normalize injection volume variations. This method allowed the 

quantification of 14 amino acids with LOD ranging from 0.2 to 7 nM. The relative standard 

deviations (RSDs) of the migration times were 0.04–0.54% and the RSDs of peak areas were 

0.2– 5.8%, indicating the robustness and stability of this protocol. The effects of glucose on 

amino acid secretions from islets were tested, and the suppressive effect of glucose on GABA 

release was observed, similar to what has been observed elsewhere [100-102]. The method 

described here also has the potential for characterizing secretions from other tissue samples for 

understanding the role amino acids may play as signaling molecules. 
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3.2 Materials and methods 

 

3.2.1 Chemicals and reagents 

 Dextrose, sodium phosphatemonobasic, sodium tetraborate, and HEPES were from 

Fisher Scientific (Pittsburgh, PA). Cosmic Calf Serum was from HyClone Laboratories (South 

Logan, UT). Sodium hydroxide (NaOH) was purchased from EMD Chemicals (San Diego, CA). 

ACN was from Avantor Performance Materials (Center Valley, PA). Collagenase P was obtained 

from Roche Diagnostics (Indianapolis, IN). RPMI 1640 was from Mediatech (Manassas, VA). 

Gentamicin was from Lonza (Walkersville, MD). All other chemicals were from Sigma-Aldrich 

(St. Louis, MO) unless otherwise noted. All solutions were made with ultrapure DI water 

(NANOpure Diamond system, Barnstead International, Dubuque, IA). 

 

3.2.2 Amino acid derivatization 

 Stock solutions of serine (Ser), threonine (Thr), asparagine (Asn), Gln, glycine (Gly), 

Ala, histidine (His), Glu, aspartate (Asp), tyrosine (Tyr), GABA, valine (Val), methionine (Met), 

isoleucine (Ile), Leu, phenylalanine (Phe), tryptophan (Trp), and Arg were made in DI water and 

diluted to working concentrations using a balanced salt solution (BSS) containing 125 mM NaCl, 

5.9 mM KCl, 1.2 mM MgCl2, 2.4 mM CaCl2, and 25 mM HEPES at pH 7.4. The concentrations 

of the amino acids in the calibration solutions ranged from 5 to 2000 nM in BSS. A 5 mM NDA 

solution was prepared in a 50:50 (v:v) mixture of acetonitrile (ACN) and 15 mM borate buffer at 

pH 9.0, and a 20 mM cyanide solution was prepared in 15 mM borate buffer at pH 9.0. For each 

derivatization reaction, 90 µL of BSS containing the standards or islet secretions were mixed 
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with 10 µL of 10 mM internal standard, D-Nva, in BSS, 10 µL of 5 mM NDA, and 10 µL of 20 

mM cyanide. The mixture of the 18 amino acids and the internal standard was then kept in the 

sample tray of the CE instrument where the derivatization temperature was controlled. 

Derivatization conditions were optimized by testing different reaction times and temperatures, 

ranging from 5 to 120 min and 25 to 55 ˚C, respectively. 

 

3.2.3 CE-LIF instrument operation 

 CE experiments were performed on a 25 or 50 µm id, 30 or 60 cm (20 or 50 cm effective) 

length of fused-silica capillary (Polymicro Technologies, Phoenix, AZ) using a Beckman P/ACE 

MDQ system (Beckman-Coulter, Fullerton, CA) equipped with an LIF module. A 100 mW, 450 

nm laser diode (AixiZ, Houston, TX) was used as the excitation source with a 480 ± 20 nm 

bandpass filter prior to detection. Data were acquired at 4 Hz. 

At the start of each day, the capillary was rinsed with 1 M NaOH, 0.1 M NaOH, and DI 

water for 15 min at 50 psi. The capillary was then conditioned with run buffer for 15 min at 50 

psi. Between analyses, the capillary was rinsed with 0.1 M NaOH followed by the run buffer, 

each for 10 min at 50 psi. After derivatization, samples were pressure injected at 1 psi for 15 s, 

followed by a wait step in DI water for 6 s to remove excess sample from the outside of the 

capillary. The capillary was then moved to the separation buffer vials to commence 

electrophoresis using the optimized separation conditions described in Section 3.3.2. 
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3.2.4 Isolation and incubation of islets of Langerhans 

 All experiments were performed under guidelines approved by the Florida State 

University Animal Care and Use Committee, protocol #1235. Islets were obtained by digesting 

the pancreas from 20 to 40 g male CD-1 mice with collagenase as previously described [103]. 

Isolated islets were cultured in RPMI 1640 media (Mediatech) containing 11 mM glucose, 10% 

serum, 100 units/mL penicillin, 100 µg/mL streptomycin, and 10 µg/mL gentamicin at 37 ˚C in 

the presence of 5% CO2. Islets were used within 5 days after isolation.  

 Prior to experiments, 25 islets were picked from the culture media, rinsed in the 

incubation buffer (BSS with either 3 or 20 mM glucose) four times (2 mL each), and then 

incubated in 120 µL of BSS containing either 3 or 20 mM glucose, with or without 100 µM 2,4-

dinitrophenol (DNP). After 1 h of incubation, 90 µL of the BSS containing the secretions was 

collected and derivatized. A control experiment was performed by derivatization of 90 µL BSS 

with either 3 or 20 mM glucose. 

 

3.2.5 Data analysis 

 Electropherograms were analyzed using 32Karat
TM

 software. For quantification, peak 

areas were background subtracted and normalized by the background subtracted peak area of D-

Nva. Calibration curves were obtained by plotting the normalized peak areas of each amino acid 

against its concentration. Regression equations were calculated by the least-squares linear 

regression method. Throughout the manuscript, the concentrations of amino acids given are those 

of the amino acids in the BSS prior to the addition of derivatization reagents. LOD was 

determined as the concentration of amino acid that produced a signal three times the standard 
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deviation of the peak area from a background sample injection, which contained only derivatized 

D-Nva in BSS. Each secretion sample was injected three times and results are presented as mean 

± S.E.M. for three replicate runs. A two-tailed Student’s t-test was used to compare different 

derivatization or incubation conditions. A one-tailed Student’s t-test was used to compare the 

effects of glucose or DNP on amino acid secretion. A p-value < 0.05 was considered to be 

statistically significant. Percent recoveries of Glu, Gln, and GABA were calculated by spiking in 

1 µM standards into islet secretions. 

 

3.3 Results and discussions 

 

3.3.1 Optimization of derivatization conditions 

 The measurement of amino acid neurotransmitters by CE-LIF has been performed for 

decades with many different conditions utilized and applied to either method development, in 

vitro, or in vivo applications [104-108]. We thought to modify these well-established procedures 

to make them amenable to measurement of amino acid release from islets of Langerhans. 

A mixture of 18 amino acids plus the internal standard (1 µM each before derivatization) 

was used to optimize derivatization conditions with NDA. Before the separation conditions were 

optimized, only Ser, Glu, Gln, Val, Ile, Leu, GABA, and D-Nva were baseline resolved; 

therefore, the peak areas of these amino acids were chosen to optimize the derivatization 

conditions. To minimize dilution, a small relative volume of the NDA, cyanide, and internal 

standard was required and a volumetric ratio of 9:1:1:1 (sample:NDA:cyanide:D-Nva) was 

chosen. However, this produced a solution that was 83% BSS, which is a high ionic strength 
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solution. A high conductivity sample can lead to band broadening due to antistacking [109], but 

with optimized injection conditions of 15 s at 1 psi (1.86 nL plug volume on a 50 cm effective 

length capillary), no substantial broadening was observed. 

To optimize derivatization time of the amino acids with NDA, the 9:1:1:1 mixture was 

stored in the sample tray of the CE instrument and the reaction was allowed to proceed for 5, 10, 

20, 60, and 120 min at 25 ˚C (n = 3 for each time point). The resulting solutions were then 

injected and separated with the average peak area in the resulting electropherograms shown as a 

function of reaction time in Figure 3.1A. At a reaction temperature of 25 ˚C, the average peak 

areas of most amino acids increased during the first 20 min. After 20 min, the areas reached a 

plateau, indicating the reaction was complete. As a result, 20 min was chosen as the optimum 

reaction time. To test the effects of temperature on the derivatization reaction, the reaction time 

was fixed at 20 min while reaction temperatures from 25 to 55 ˚C were tested. As can be seen in 

Figure 3.1B, the average peak areas were similar at different temperatures tested (n = 3 for each 

temperature), indicating no effect of temperature at these conditions. The optimized 

derivatization temperature was set at 25 ˚C to minimize evaporation. 

 

3.3.2 Optimization of separation conditions 

After derivatization, the amino acids have similar electrophoretic mobilities making 

separation by conventional CE difficult. To overcome this problem, MEKC is often used. 

Sodium dodecyl sulfate (SDS) is a common buffer additive in MEKC separations for NDA-

labeled amino acids, and its concentration has also been optimized [94, 108]. However, because 

of the high concentration of salt in the sample, optimization of buffer composition, 
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concentration, and pH, as well as capillary dimensions, was performed to resolve the largest 

number of amino acids as possible. 

 

 
 

Figure 3.1 Optimization of derivatization conditions. (A) Derivatization times were tested by 

mixing a solution containing 1 mM each of Ser, Gln, Glu, GABA, Met, Ile, Leu, and D-Nva with  
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Figure 3.1 - continued 

5 mM NDA and 20 mM cyanide and allowing the reaction to proceed for 5, 10, 20, 60, and 120 

min. The average peak areas from the resulting peaks in the electropherogram are plotted versus 

the derivatization time. Each time period was performed in triplicate and the mean value is 

plotted with error bars corresponding to ±1 standard deviation. (B) The effect of the 

derivatization temperatures on the resulting peak areas is shown using the same reaction 

conditions as in (A) with a 20 min derivatization time. Each temperature point was performed in 

triplicate and the average peak area is shown with error bars corresponding to ±1 standard 

deviation. 

 

 

Using a series of derivatized amino acids, the effects of capillary length and id on the 

resolution were tested using a separation buffer of 15 mM phosphate at pH 8 with 30 mM SDS. 

Using a mixture of ten amino acids with the internal standard, separation lengths of 20 and 50 cm 

were tested. The shorter separation length allowed a faster separation, but failed to achieve 

baseline resolution of many of the compounds. After determining that the 50 cm length was 

ideal, an additional eight amino acids were added to the mixture, and the optimum capillary id 

was tested. The capillary conditions that allowed the largest number of amino acids to be 

baseline resolved were found to be 50 cm separation length with a 25 µm id.  

Once the capillary dimensions were optimized, the effect of buffer composition on the 

separation and resolution of a mixture of 19 amino acids was examined. The buffers tested were 

15 mM phosphate (pH 8) with 30 mM SDS; 15 mM phosphate (pH 8) with 30 mM SDS and 5 

mM hydroxypropyl-β-cyclodextrin (HP-β-CD); 75 mM borate (pH 9) with 70 mM SDS; 20 mM 

borate (pH 9) with 30 mM SDS. Resolution of the most amino acids was achieved with the 15 

mM phosphate buffer containing 30 mM SDS. Interestingly, addition of HP-β-CD was not as 

effective as what has been observed with o-phthaldialdehydederivatized compounds in this 
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buffer [110]. Table 3.1 summarizes the resulting separations from the optimization of capillary 

dimensions and buffers. 

Once the optimum buffer composition was determined, the pH and concentration of 

phosphate, and separation temperature and voltage, were optimized. Figure 3.2A illustrates the 

effect of buffer pH on the separation of the 19 amino acid mixture. The pH of the buffers tested 

was as follows: 8.0, 8.3, 8.7, and 9.1. A noticeable tailing of the peaks occurred at the lower pH 

values. We are unsure of the cause of this broadening, but it decreased when the buffer 

concentration was optimized. While the resolution of the 19 amino acids was similar for most 

peaks in this pH range, a higher resolution of peak 6 from peaks 5 and 7 was observed at pH 8.3, 

and as a result, this pH was chosen as the optimum. The phosphate concentration was then 

optimized with a constant 30 mM SDS concentration. As demonstrated in Figure 3.2B, 25 mM 

phosphate yielded the best resolution for peaks 5–7 as well as 16–18 and was chosen as the 

optimum. 

Table 3.1 A summary of the resulting separations from optimization of capillary 

dimensions and buffers. 

 

 # of peaks 

detected / # 

injected 

# of peaks 

baseline 

resolved 

Effective capillary length (cm) 

20 

50 

 

9/11 

11/11 

 

4 

9 

Capillary id (mm) 

50 

25 

 

16/19 

18/19 

 

12 

15 

Separation buffer 

15 mM phosphate, 30 mM SDS 

15 mM phosphate, 30 mM SDS, 5 mM HP-β-CD 

75 mM borate, 70 mM SDS 

20 mM borate, 30 mM SDS 

 

18/19 

15/19 

6/19 

12/19 

 

15 

9 

4 

9 
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Figure 3.2 Optimization of separation conditions. In all electropherograms, a 19 amino acid 

mixture was separated using 29 kV and the peaks are numbered as the following: 1 = Ser,  
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Figure 3.2 - continued 

2 = Thr, 3 = Asn, 4 = Gln, 5 = Gly, 6 = Ala, 7 = His, 8 = Glu, 9 = Tyr, 10 = Asp, 11 = GABA, 12 

= Val, 13 = Met, 14 D-Nva, 15 = Ile, 16 = Leu, 17 = Trp, 18 = Phe, and 19 = Arg. (A) The 

separation of these 19 amino acids (1 µM each prior to derivatization) with a separation buffer of 

15 mM phosphate, 30 mM SDS, at pH 8.0, 8.3, 8.7, and 9.1 is shown. (B) The effect of 

phosphate concentration was examined by using 15, 20, 25, and 30 mM phosphate. All buffers 

contained 30 mM SDS at pH 8.3. (C) Using 25 mM phosphate at pH 8.3 with 30 mM SDS, 

separation temperatures of 15, 20, and 25 ˚C were examined. All electropherograms are plotted 

with relative fluorescence units (RFU) on the y-axis and the electropherograms are offset for 

clarity. 

 

 

 After determining the optimum buffer concentration and pH, the effects of temperature 

and voltage on resolution were examined. Three separation temperatures were tested: 15, 20, and 

25 ˚C. As can be seen in Figure 3.2C, at 15 ˚C, the resolution of peaks 2 and 3 was better than at 

20 or 25 ˚C, while the resolution of the other peaks was worse. The resolution of peaks 9 and 10 

was better at 20 ˚C than at 25 ˚C, but peaks 7 and 8, 13 and 14, and 16–18 were not resolved. As 

a consequence, the optimum temperature was determined to be 25 ˚C. Furthermore, by testing a 

series of separation voltages ranging from 20 to 29 kV, the best resolution was achieved at 29 kV 

(current was 10 µA). 

 

3.3.3 Reproducibility, calibration curves, and detection limits 

 Using the optimized derivatization and separation conditions, the separation of 18 

standard amino acids plus D-Nva is shown in blue in Figure 3.3. Of these analytes, 15 were 

baseline resolved allowing accurate quantitation. There were two groups of amino acids that 

were not resolved, which included Thr and Asn in one group and Tyr and Asp in the other. A 

blank electropherogram that contained D-Nva is shown in red in Figure 3.3 and it can be seen 

that it is relatively clean helping to obtain high S/N of the standards. 
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 Three repetitive injections of the derivatized amino acid mixture with D-Nva (1 µM each) 

were performed and the RSDs of migration times were between 0.04 and 0.54% (Table 3.2). The 

intraday RSDs of peak areas were 0.2–5.8% after normalizationwith D-Nva. The normalization 

did not affect the intraday peak area RSD (1%), but it reduced the interday peak area RSD from 

28 to 12%, which allowed a better comparison of the data collected from different experimental 

days. 

  

 
Figure 3.3 Optimized electropherograms of standard amino acid mixtures. The blue 

electropherogram was obtained after derivatization of a 1µM amino acid mixture using the 

optimized conditions. Peak identities are the same as described in Figure 3.2. The red 

electropherogramwas obtainedwhen a background BSS solution containing D-Nva was 

derivatized. In both cases, optimized separation conditions were used, which were a 25 mM 

phosphate separation buffer, pH 8.3, containing 30 mM SDS with a 29 kV separation voltage, 

and a separation temperature of 25 ˚C. 
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Table 3.2  Reproducibility and LODs with the optimized protocol. 

Migration time and peak area precisions were determined using 1 µM amino acid mixtures 

performed in triplicate.  LODs were calculated as the concentration required to increase the peak 

area of a blank solution by an amount greater than three times the standard deviation of the peak 

area of a background solution. 

 

 

Normalized calibration curves were obtained for the 14 amino acids that were resolved, 

including Ser, Gln, Gly, His, Ala, Glu, GABA, Val, Met, Ile, Leu, Trp, Phe, and Arg, by 

separating standard solutions with concentrations of 0, 5, 10, 50, 100, 500, 1000, and 2000 nM. 

Amino 

acid 

Migration Time 

RSD (%) 

Peak area RSD 

(%) 
r

2
 of calibration LOD (nM) 

Ser 0.54 0.2 0.9965 7 

Gln 0.48 1.8 0.9983 5 

Gly 0.42 2.3 0.9991 1 

His 0.25 5.7 0.9994 6 

Ala 0.42 1.2 0.9983 5 

Glu 0.32 2.4 0.9963 5 

GABA 0.16 3.3 0.9991 3 

Val 0.15 3.3 0.9965 2 

Met 0.042 2.4 0.9998 2 

Ile 0.063 1.6 0.9984 0.2 

Leu 0.14 0.9 0.9996 0.5 

Trp 0.15 5.8 0.9985 0.4 

Phe 0.15 1.5 0.9999 0.4 

Arg 0.33 1.0 0.9994 2 
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Least-squares linear regression indicated good linearity of the plots as the regression coefficients 

(r
2
) ranged from 0.9965 to 0.9999 (Table 3.2). The LOD of each amino acid was determined 

from the calibration curve and ranged from 0.2 to 7 nM. We attribute the low LODs to the use of 

NDA as labeling reagent, which produces stable derivatives with high quantum efficiency; 

optimization of derivatization conditions, which ensured the completion of the reaction and less 

dilution from the labeling reagent buffers; and optimization of separation conditions with respect 

to resolution of the amino acids from each other and from background peaks, increasing the S/N 

for each analyte. 

 

3.3.4 Amino acids secreted from islets of Langerhans 

 Once the calibration curves and LODs were determined, separation and quantification of 

the amino acid secretions from islet samples were attempted. Islets were incubated in BSS with 3 

or 20 mM glucose for 1 h and the supernatant was taken and analyzed using the optimized 

derivatization and separation protocols. Representative electrophoregrams of the separation of 

amino acids secreted from islets incubated with 3 and 20 mM glucose are shown in Figure 3.4. 

As can be seen, the electrophoregrams from the islet samples are similar to those obtained for the 

standard mixture of amino acids. Hormones secreted from islets, such as insulin or glucagon, 

were never detected probably due to inefficient derivatization resulting from their large size. 

Peaks from the islet sample were identified by spiking in amino acid standards. Recoveries were 

calculated for Gln, Glu, and GABA and were found to be 87–106%. 
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Figure 3.4 Representative electropherograms of islet secretions. Secretions from 25 islets 

incubated in BSS with 3 or 20 mM glucose were derivatized and separated according to the 

optimized procedures. The blue (bottom) and red (top) traces were the electropherograms 

obtained when islets were incubated in 3 and 20 mM glucose, respectively. Peak identities are 

the same as described in Figure 3.2. 

 

 

Ser, Gln, Gly, His, Ala, Glu, GABA, Val, Met, Ile, Leu, Trp, Phe, and Arg were all 

detected in islet secretions, while peaks corresponding to the non-resolved amino acids (Thr or 

Asn and Tyr or Asp) were also observed. The amounts of each of these released at 3 and 20 mM 

glucose are summarized in Figure 3.5 and values are provided in Table 3.3. While Glu is thought 

to be released from α-cells [18], we did not detect a significantly different Glu level from islets 

incubated in 3 or 20 mM glucose. This result may be due to several reasons, e.g. it may be 

uptaken by the islets during the course of the incubation, or Glu may not be released unless the 

glucose level is decreased from 20 to 3 mM similar to glucagon release from α-cells. More 

experiments will be required to understand the different secretion mechanisms of Glu.  
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Table 3.3 Secretory levels of amino acids at different glucose levels. 

The secretion amounts are given in pmol islet
-1

 and are provided as the mean ± SEM from three 

experiments where 25 islets were incubated for 1 hour at the glucose level shown. 

 

 Ala and Gln showed a statistically significant increase in release when the glucose 

concentration was increased to 20 mM. The release of Gly, Val, Met, Leu, Ile, Trp, Phe, Arg, and 

GABA was statistically lower in the presence of 20 mM glucose compared to 3 mM glucose. 

While further experiments will need to be performed to delineate the roles that many of these 

amino acids play in islet physiology, the suppressive effect of glucose on GABA release was in 

Amino acid 3 mM glucose  20 mM glucose  

Ser 3.4 ± 0.2 2.8 ± 0.3 

Gln 2.3 ± 0.2 2.7 ± 0.1 

Gly 8.3 ± 0.7 5.7 ± 0.2 

His 2.5 ± 0.6 1.5 ± 0.3 

Ala 3.6 ± 0.2 6.0 ± 0.5 

Glu 1.0 ± 0.1 0.9 ± 0.1 

GABA 0.44 ± 0.05 0.21 ± 0.04 

Val 3.5 ± 0.3 2.3 ± 0.4 

Met 1.2 ± 0.1 0.75 ± 0.02 

Ile 1.6 ± 0.1 0.7 ± 0.1 

Leu 6.0 ± 0.4 3.4 ± 0.2 

Trp 0.54 ± 0.04 0.30 ± 0.01 

Phe 2.1 ± 0.1 1.5 ± 0.1 

Arg 13.2 ± 0.8 9.2 ± 0.2 
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agreement with previous reports using various methods [100-102]. One hypothesis for this 

suppression is that the high glucose level increases intracellular adenosine triphosphate (ATP) 

due to glycolysis and oxidative phosphorylation. This increased ATP inhibits the activity of 

GAD, reducing GABA synthesis [101,102]. 

 

 
Figure 3.5 Effect of glucose and DNP on secretion amounts. The secretory amounts of the 14 

amino acids are summarized. Amounts measured after 1-h incubation in 3 mM glucose are 

shown in black, in 20 mM glucose in red, and in 20 mM glucose with DNP in green. The average 

of three replicate trials is shown with error bars corresponding to ± S.E.M. Significance was 

determined using a one-tailed t-test with: *p < 0.05 compared to 3 mM glucose, or **p < 0.05 

compared to 20 mM glucose without DNP. Inset shows a zoomed in view of the amount of 

GABA detected at the indicated conditions. 

 

 

To test if our method could be used to investigate the effect of intracellular ATP on 

GABA secretion, a pharmacological agent, DNP, was added to batches of islets incubated in 

either 3 or 20 mM glucose. DNP inhibits ATP production in cells by interrupting the proton 

gradient across mitochondria, which collapses the proton motive force that the cell uses to 
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produce most of its ATP [111]. As illustrated in Figure 3.5, at 20 mM glucose in the presence of 

100 µM DNP (green bars), the secretion amounts of Gly, His, GABA, and Arg increased, 

whereas the level of Glu decreased, compared to 20 mM glucose without DNP (red bars). 

When specifically looking at the effect of DNP on GABA secretion (Figure 3.5, inset), at 

20 mM glucose, the amount of GABA released was increased in the presence of DNP as the drug 

inhibited intracellular ATP production, which removed the inhibition on GAD. These results are 

similar to another report using HPLC coupled with fluorescence detection to measure the effect 

of glucose and DNP on GABA secretion [101]. 

 

3.4 Conclusions 

 

 We have developed an optimized derivatization and separation condition for 

quantification of multiple amino acids secreted from islets of Langerhans. The optimized method 

derivatized the amino acids in the high-salt buffer used for cellular measurements with little 

dilution allowing the measurement of 14 amino acids with low LOD. Secretion amounts of 

amino acids from islets incubated in 3 or 20 mM glucose, with or without the addition of DNP, 

were successfully quantified. The effect of glucose on GABA secretion was measured and the 

potential role that ATP plays was tested by the addition of DNP to the incubation buffer.  

This method will be useful in delineating the roles that these secreted amino acids play in 

regulating islet physiology. Even though blood contains many amino acids at high 

concentrations, the local concentrations of the secreted amino acids could be higher than the 

blood concentrations allowing them to act in paracrine manner to cells within the islet or to 
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intrapancreatic ganglia. However, further experiments, such as simultaneously measuring amino 

acid secretion with insulin release, will be required to determine the temporal relationship of the 

amino acid secretion profiles with respect to hormone release. In addition to islet studies, this 

method has a great potential for characterizing amino acid secretions from other tissue samples 

with other biological applications. 
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CHAPTER 4 

MICROFLUIDIC DEVICE FOR THE MEASUREMENT OF AMINO ACID 

SECRETION DYNAMICS FROM MURINE AND HUMAN ISLETS OF 

LANGERHANS 
 

4.1 Introduction 

 

 Islets of Langerhans are the endocrine tissue of the pancreas and through the regulated 

secretion of hormones, are responsible for glucose homeostasis. However, it is not only glucose 

that controls the hormones released from this endocrine “mini-organ” [68-71]. Multiple small 

molecules, including amino acids [5,13], acetylcholine [5,13,112,113], and ATP [5,114,115], 

have been shown to modulate hormone secretion from islets. In vivo, these small molecules may 

be produced via regulated release from autonomic axons and/or from various cells within the 

islet, and are hypothesized to act in either neuro-, auto-, or paracrine roles to coordinate islet 

hormone secretion. Examples include gamma-aminobutyric acid (GABA) [5,13,19,116] and L-

glutamate (Glu)
 
[5,13, 117,118] secreted from endocrine cells, acting as auto- or paracrine 

signals in islets, while D-alanine has been speculated as a cell-cell signaling molecule [119].
 
To 

help further identify the roles of these and other islet-secreted amino acids, it is important to 

develop methods that can monitor their secretion dynamics with high sensitivity and temporal 

resolution.  

 The common approaches for the analysis of primary amines are to derivatize them with 

an electroactive or fluorescent tag, followed by separation with liquid chromatography or 

capillary electrophoresis (CE) [55,99,120,121,122]. We have previously optimized the 
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derivatization and separation conditions for the measurement of 18 amino acids (quantitation of 

14) released from mouse islets of Langerhans on a commercial CE instrument coupled with laser 

induced fluorescence (LIF) detection [123]. Although the measurements on the commercial 

instrument were sensitive and reproducible, it was not readily adaptable to online monitoring.  

 To achieve monitoring, microfluidic devices are ideal platforms where integration of cell 

culture, sample derivatization, and separation can be done on a single device [48]. Even though 

various microfluidic platforms have been developed for online measurements of amino acids or 

other primary aminies [48-54], these systems are not suitable for maintaining living islets, which 

is necessary for measurement of secretion dynamics. Two challenges for performing 

measurements on live islets are the necessity of high salt buffers for maintaining islet viability, 

and the integration of a perfusion system so that dynamic changes in the secreted factors can be 

recorded while altering the stimulant concentration. 

 In this report, we developed a microfluidic system to integrate islet perfusion, amino acid 

derivatization, sample injection, separation, and detection on one device. The design of the 

system was optimized to remit discharges from the application of the high separation voltage (-

15 kV), which was necessary to achieve rapid and high efficiency separations of amino acids. A 

major challenge encountered was precipitations of the high salt sample buffer with the 

derivatization and separation buffers on chip. Therefore, the buffer compositions were optimized 

to prevent precipitation, while maintaining high separation efficiencies. With this method, 10 

amino acids from a mixture of 18 could be resolved and quantified with limits of detections 

(LODs) ranging from 1 – 20 nM. A gravity-driven perfusion system was used to stimulate islets 

with 3 and 20 mM glucose, while the secretion rates of 9 amino acids under changing glucose 
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concentrations were obtained. This device was applied to monitor amino acid secretions from 

murine and human islets of Langerhans, and could be applied to other cell types with minimal 

modifications. 

 

4.2 Materials and methods 

 

4.2.1 Chemicals and reagents 

 Sodium hydroxide (NaOH), ammonium hydroxide, bovine serum albumin and 

ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate were purchased from EMD 

Chemicals (San Diego, CA).  Sodium phosphate monobasic, sodium tetraborate, dextrose, and 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were from Fisher Scientific 

(Pittsburgh, PA).  Acetonitrile (ACN), sulfuric acid, nitric acid, hydrofluoric acid, and hydrogen 

peroxide were obtained from Avantor Performance Materials (Center Valley, PA).  Naphthalene-

2,3-dicarboxaldehyde (NDA) was from Life Technologies (Carlsbad, CA).  Cosmic Calf Serum 

was from Hyclone Laboratories (South Logan, UT).  Collagenase P was from Roche Diagnostics 

(Indianapolis, IN).  RPMI 1640 was purchased from Mediatech (Manassas, VA).  Gentamicin 

was from Lonza (Walkersville, MD).  All other chemicals were from Sigma-Aldrich (St. Louis, 

MO) unless otherwise stated.  All buffers were prepared using ultrapure DI water (NANOpure 

Diamond system, Barnstead International, Dubuque, IA) and filtered using 0.2 mm nylon syringe 

filters (Pall Corporation, Port Washington, NY). 
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4.2.2 Microchip fabrication 

 The double layer microfluidic devices were fabricated in glass by conventional 

photolithography and wet etching using methods that have been previously described [56]. The 

design contained two layers: the electroosmotic flow (EOF) layer was etched to a depth of 5 µm, 

and the perfusion layer was etched to a depth of 30 µm.  Channel dimensions were verified using 

a portable surface roughness tester (Mitutoyo, Aurora, IL).  The access holes were fabricated 

using diamond-tipped drill bits and were 600 µm in diameter for EOF channels and the islet 

chamber, and 1.2 mm in diameter for perfusion channels.  Reservoirs (IDEX Health & Science, 

Oak harbor, WA) were bonded to the top of the access holes at 150 ˚C for 30 min using bonding 

films (3M, St. Paul, MN). 

 

4.2.3 Perfusion system 

 A gravity-driven flow system was used to deliver solutions through the perfusion 

channels to the islet chamber, as previously described [56]. A balanced salt solution (BSS, 

composed of 125 mM NaCl, 2.4 mM CaCl2, 1.2 mM MgCl2, 5.9 mM KCl and 25 mM HEPES, 

adjusted to pH 7.40) was used as the perfusion solution to culture islets on chip.  BSS containing 

3 or 20 mM glucose were held within two 60 mL plastic syringes and were delivered to the 

perfusion inlets on the microchip through Tygon tubings (0.76 mm o.d., 0.25 mm i.d., Cole-

Parmer, Vernon Hills, IL), which were connected to the perfusion inlet reservoirs via fingertight 

fittings (IDEX Health & Science, Oak Harbor, WA).  The flow rate was calibrated as described 

previously using 10 µM atto-425 [56].
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4.2.4 Pancreatic islets isolation and culture 

 Pancreatic islet isolations were performed under guidelines approved by the Florida State 

University Animal Care and Use Committee, protocol #1235.  Mouse pancreatic islets were 

obtained from 20-40 g male CD-1 mice (Charles River Laboratories Internal, Inc., Wilmington, 

MA) as previously described [103]. Isolated mouse islets were cultured in RPMI 1640 media 

containing 10% cosmic calf serum, 100 units mL
-1

 penicillin, 100 mg mL
-1

 streptomycin, 10 mg 

mL
-1

 gentamicin, and 11 mM glucose at 37 ˚C with 5% CO2.  Human islets from a single donor 

were obtained from Prodo Laboratories, Inc. (Irvine, CA), and were recovered and cultured as 

specified by the manufacturer.  The female donor had a body mass index of 23.5 with no history 

of diabetes. 

 

4.2.5 Derivatization of amino acids 

 1 mM of L-serine (Ser), L-threonine (Thr), L-asparagine (Asn), L-glutamine (Gln), 

glycine (Gly), L-alanine (Ala), L-histidine (His), Glu, L-aspartate (Asp), L-tyrosine (Tyr), 

GABA, L-valine (Val), L-methionine (Met), L-isoleucine (Ile), L-leucine (Leu), L-phenylalanine 

(Phe), L-tryptophan (Trp) and L-arginine (Arg) were dissolved in DI water as stock solutions and 

were diluted to working concentrations with BSS.  In the calibration solutions, the concentrations 

of the amino acids ranged from 10 to 1000 nM.  NDA and CN
-
 were used as the derivatization 

reagents.  NDA (1 mM) was dissolved in a 1:4 (v:v) mixture of ACN : 15 mM borate with 20 

mM EDTA at pH 9.20. CN
-
 (20 mM) was prepared in 15 mM borate buffer with 20 mM EDTA 

at pH 9.20.  Prior to derivatization, the internal standard, D-norvaline (D-Nva), was added to the 

cyanide solution at a concentration of 1 mM.  For online derivatization, 90 mL of the amino 
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acids standard and the derivatization reagents were placed into the corresponding reservoirs on 

chip. 

 

4.2.6 Detection and microfluidic chip operation 

 The microfluidic experiment set up was enclosed in a home-built dry chamber, which 

consisted of a plastic box with doors and side windows for access to the power outlet and 

perfusion system, a dry air source connected to the chamber through Tygon tubing, and a 

dehumidifier and hygrometer that were placed inside the box.  All experiments were performed 

on the stage of a Nikon Eclipse TS-100F inverted epifluorescence microscope (NIikon 

Instruments, Inc., Melville, NY).  The excitation source of the LIF detection system was a 100 

mW, 450 nm laser diode (AixiZ, Houston, TX), which was directed into the microscope via a 1.8 

m fiber bundle with a 25.4 mm collimating lens (CeramOptec, East Longmeadow, NY).  The 

collimated light was then reflected by a 458 nm dichroic beamsplitter (Semrock, Rochester, NY) 

into a 40X, 0.6 NA, long working distance objective (Nikon Instruments, Inc.).  The emission 

light was collected through the same objective and filtered by a 480/40 nm band-pass filter 

(Semrock) and a 457 nm laser notch filter (Chroma Technology Corp., Bellows Falls, VT) prior 

to the detection by a photomultiplier tube (PMT) (Photon Technology International, Inc., 

Birmingham, NJ).  Sample injection and data collection were controlled using a LabView 

program (National Instruments, Austin, TX) written in-house.  

 During all experiments, the EOF reservoirs were covered with plastic caps that had 

platinum electrodes inserted in the center to make electrical connections with the solutions in the 

reservoirs.  The islet chamber, NDA, and CN
-
 reservoirs were held at ground and a -15 kV 
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voltage was applied to the separation waste reservoir via a high voltage power supply (Glassman 

High Voltage, Inc., High Bridge, NJ) through the course of the experiment.  The gate reservoir 

was switched between ground and float during separation and injection, respectively, via a 

computer-controlled high voltage relay.  Sample injection time was 1 s, applied at either 160 or 

170 s intervals, depending on the migration time of the last peak.  A current meter (Omega 

Engineering, Inc., Stamford, CT) was connected between the islet chamber electrode and the 

ground to monitor the current through the islet chamber. 

 

4.2.7 Experimental protocol 

 At the beginning of each day and between analyses, microfluidic devices were 

conditioned with 1 M NaOH, DI water, and experimental buffers for 30 min.  After experiments, 

devices were rinsed with DI water until the current was zero.  For the perfusion system, the 

Tygon tubings were flushed with ethanol, DI water, and the perfusion solution before connecting 

to the microchip to eliminate bubbles in the perfusion system. 

 After conditioning, the amino acid standards or BSS, 1 mM NDA, and 20 mM CN
-
 were 

placed in the islet chamber, NDA, and CN
-
 reservoirs, respectively, and the separation buffer, 35 

mM phosphate and 30 mM SDS at pH 8.30, was placed in the gate and separation waste 

reservoirs.  The temperature in the islet chamber was maintained at 37 ˚C by attaching a 

thermofoil heater (Omega Engineering, Inc., Stamford, CT) underneath the device with the edge 

next to the chamber.  A thermocouple sensor was placed on top of the device the same distance 

away from the heater to verify the temperature in the chamber. 
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 Prior to islet experiments, 2 to 5 islets were picked from the culture media, rinsed with 

BSS containing 3 or 20 mM glucose (4 x 2 mL), and then loaded into the islet chamber that had 

been filled with pre-warmed BSS containing 3 or 20 mM glucose.  The perfusion flow was 

closed while loading and was resumed afterwards.  Since the heater also covered the end of the 

perfusion mixing channel, the solution was heated before it entered the islet chamber. 

 

4.2.8 Optimization of channel lengths 

The flow rates in the three reagent channels (BSS, NDA, and CN-) were optimized to 

achieve a mixing ratio of 1:1:1. Due to the EOF mobility difference of all 3 buffers, the electric 

field of the 3 channels must be modified to offset the mobility differences to obtain equal flow 

rates from each channel. The EOF mobilities of the 3 reagent solutions were measured on a 

commercial CE instrument (Beckman MDQ, Beckman Coulter, Inc., Brea CA) under the same 

conditions. A neutral marker, BODIPY 493/505, was utilized to calculate the EOF velocity of 

each buffer. The velocity ratio of BSS : NDA buffer (15 mM borate, 20 mM EDTA with 50% 

ACN) : CN- buffer (15 mM borate, 20 mM EDTA) was determined to be 1.5:1.2:1. With this 

ratio, the electric fields of the three reagent channels were optimized by changing the length ratio 

of the three channels to 0.67:0.83:1. 

 

4.2.9 Data analysis 

 Electrophoregrams were analyzed using Origin 9.0 (OriginLab Corporation, 

Northampton, MA).  Peak areas of the amino acids and the background were integrated, and 

normalized by the peak area of D-Nva.  The normalized background signal was then subtracted 
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from the normalized amino acids signal.  Three electrophoregrams were averaged for each 

calibration point and results are presented as mean ± S.D.  Calibration curves were produced by 

fitting a least-squares linear regression to the plot of the normalized peak areas of each amino 

acid against its concentration.  Throughout the manuscript, the concentrations of the amino acids 

are referred to the concentrations in the BSS prior to derivatization.  Based on the calibration 

curve, LOD was calculated as the concentration of amino acid that would produce a signal three 

times the standard deviation of the background signal.  The secretion amount of each amino acid 

was quantified based on its calibration curve and converted to rate by normalization to the 

perfusion flow rate. 

 

4.3 Results and discussion 

 

 To understand how amino acid secretions are used to communicate within and between 

islets, a method to monitor the dynamic release of these small molecules is required.  We 

previously optimized a CE-LIF method for the measurement of amino acid secretions from 

mouse islets [123], but this method did not allow dynamic measurements.  There have been 

various methods developed for online measurement of amino acids or other primary amines 

using microfluidic devices [48-54]; however, these methods are not suitable for monitoring the 

secretion of amino acids from islets because they were not designed for culturing islets on chip, 

which requires the temperature to be maintained at 37 ˚C, and the use of a high salt buffer that 

mimics the physiological conditions.  Working with high salt solutions is a common challenge 

for analysis of cellular secretions, therefore, additional problems such as precipitations, or 
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electrokinetic injection failure, need to be overcome during method optimization [56-59]. 

Furthermore, a perfusion system that is capable of delivering a changing concentration of 

stimulants is also required to monitor the dynamic response of the islets under stimulation.  As a 

result, we sought to develop a method that would allow monitoring of multiple amino acids from 

pancreatic islets upon glucose stimulation. 

 

4.3.1 Set up and chip design optimization 

 For resolution of the multiple amino acids expected in the sample, a 10 cm separation 

channel was used.  To minimize the separation time and maximize peak efficiency, a high 

separation voltage was required.  Although the exposed area of the connections between the 

wires and the electrodes were coated with epoxy, a significant number of discharges from the 

high voltage electrode were observed as the voltage was raised above -8 kV.  To reduce these 

discharges, the humidity of the air around the microfluidic device was reduced by enclosing the 

microscope and high voltage system in a chamber, while a dehumidifier and dry air source 

maintained the humidity inside at ~ 25%.  In addition, to cut off all possible grounding sources 

near the high voltage electrode, the XY positioning stage that the microfluidic device was placed 

on was floated using Teflon screws to attach it to the microscope stage.  Finally, all metal 

surfaces that were grounded on the microscope were coated with an insulation spray (Sprayon, 

Cleveland, OH).  

 After these changes to the setup, the microfluidic channel design was optimized to 

maximize the distance between the high voltage at the separation waste reservoir, and the ground 

electrodes in the sample and gate reservoirs.  As shown in Figure 4.1A, the initial design had the 
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gate reservoir 1.5 cm from the separation waste reservoir. This short distance resulted in 

discharge at -8 kV applied voltage.  A second design (Figure 4.1B) was utilized to increase the 

distance between the gate and separation waste reservoirs by minimizing the distance between 

the gate and grounded sample reservoirs (~1 cm).  However, during injections, when the voltage 

on the gate reservoir floated, a discharge formed between the gate and sample reservoirs.  The 

final design (Figure 4.1C) had the gate reservoir at the center of the device, and the separation 

waste and sample reservoirs were on opposite sides of the chip.  In this way, the distances 

between the separation waste, gate, and sample reservoirs were maximized.  Using these 

modifications to the microfluidic setup and channel design resulted in no discharges observed 

when applying -15 kV to the separation waste reservoir. 

 Proper valving at the injection cross occurs when the electric field ratio of the mixing 

channel to the waste channel, rm/w, is 0.4 – 0.75 [124]. Based on this value, the channel lengths of 

the mixing, gate, and waste channels were adjusted while a 10 cm separation channel was 

maintained.  As shown in Figure 4.1C, the optimized lengths of the mixing, gate, and waste 

channels were 14, 6, and 13 cm, respectively.  The rm/w was 0.66 and the electric potential in the 

separation channel was 7700 volts (770 V cm
-1

) with -15 kV was applied at the separation waste 

reservoir. 

 

4.3.2 Precipitations on chip 

 To measure secretion from live islets, they must remain viable over the course of the 

experiment.  To maintain physiological temperature and salt conditions, a thermofoil heater was 

applied underneath the chip to maintain the islet chamber at 37 ˚C, while BSS was used as the 
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sample buffer.  Taking advantage of the optimized derivatization and separation conditions from 

the previous report [123], the same derivatization scheme using NDA was tested on chip. 

 

 

Figure 4.1. Microfluidic device designs.  All designs tested had three grounded sample 

reservoirs (islet, CN-, and NDA), a separation waste reservoir where –HV was applied, and a 

gate reservoir where the voltage was alternated between ground and float.  (A) The initial chip 

design was 6.5 X 3 cm and the distance between the gate and separation waste was 1.5 cm. (B) 

The second iteration of the device design used an enlarged chip with a dimension of 10 X 2.5 

cm.  The distance between the gate and the grounded islet chamber was 1 cm. (C) The final 

channel design had an overall dimension of 12.5 X 2.5 cm.  The distances between the gate and 

separation waste reservoir, and between the gate and islet chamber, were 4 and 3.5 cm, 

respectively.  The perfusion channels (magenta) were etched ~ 30 µm deep and ~ 100 µm wide 

on the bottom layer.  The EOF (blue) channels were etched on the top layer and were ~ 5 x 20 

µm (depth x width).  A thermofoil heater (yellow region) was placed underneath the device with 

the edge next to the islet chamber to maintain the temperature of the chamber at 37 ˚C. 
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Initial experiments were used to test how a pre-derivatized amino acid sample would 

separate.  However, using the volume ratios of the reagents from the previous report [123], 

precipitates were readily formed in both the mixing channel and the injection cross where the 

sample met the phosphate separation buffer.  These were likely from precipitation of Ca
2+

 in the 

BSS with borate in the amino acid sample and Ca
2+

 in the BSS with phosphate in the separation 

buffer, respectively [59,125]. To reduce the effective Ca
2+

 concentration in the derivatized 

sample, EDTA was added to the NDA and CN
-
 buffers, and the ratio of BSS:NDA:CN

-
 was 

modified from 10:1:1 to 1:1:1, reducing the percentage of BSS from 83 to 33%.  The EDTA 

concentration was also optimized and 20 mM was found to be the minimum concentration for 

reducing precipitations.  After making these changes, precipitations were no longer observed in 

either the mixing channel or the injection cross.  

 After optimization of the buffers in the pre-derivatized sample, on-chip derivatizations 

were performed by first optimizing the reagent channel lengths to produce 1:1:1 mixing of the 

BSS:NDA:CN
-
 as described in section 4.2.8. Once the desired reagent channel lengths were 

found, online derivatization was performed and precipitation was observed at the reagent mixing 

cross ~30 min after mixing was started.  The precipitation was determined to be due to the ACN 

in the NDA solution, since no precipitation was seen when ACN was omitted.  However, 

because ACN helps dissolve NDA, we could not exclude it from the solution.  By lowering the 

NDA concentration from 5 to 1 mM, which was still in excess for the reaction, the ACN 

percentage could be reduced from 50 to 20% with no precipitates formed.   

After changing the NDA buffer composition, the channel lengths were again optimized 

using the method described in the Supplementary Information to ensure 1:1:1 mixing from the 
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sample reagents.  The final ratio of lengths for the BSS:NDA:CN
-
 channels was 0.67:0.71:1, as 

shown in Figure 4.1C.  After all of these optimizations, the BSS percentage in the derivatization 

reaction, EDTA in the reagent buffer, reduction of the ACN percentage, and the three sample 

channel lengths, on-line experiments could be performed for over 2 h without observation of any 

precipitates. 

 

4.3.3 Characterization of the microfluidic system 

 Once the microfluidic device design was optimized and precipitations minimized, on-

chip derivatizations were performed.  The derivatization time in the optimized device was ~2.5 

min, which was much shorter than the 20 min allowed for the offline derivatization.  However, 

peak intensities and limits of detection of all amino acids were suitable for monitoring (vide 

infra).  The shorter reaction time may be attributed to the faster mass transfer within the 

microchannel, less mixing time required for a small volume, and/or heating part of the mixing 

channel with the thermofoil heater.  

  The phosphate concentration in the separation buffer was optimized for the resolution of 

the largest number of amino acids in the shortest amount of time.  Three concentrations were 

tested, and the resolution was found to increase with higher phosphate concentration (Figure 

4.2).  However, the separation times also increased with phosphate concentration, which 

hindered rapid monitoring.  Therefore, a phosphate concentration of 35 mM was chosen, which 

allowed 18 amino acids to be separated within 170 s. 
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Figure 4.2 Optimization of separation buffer concentration. Three phosphate concentrations 

were tested for resolving the most amino acids in the shortest amount of time: 25 mM (bottom 

electropherogram, black), 35 mM (middle electropherogram, red), and 45 mM (top 

electropherogram, blue). All buffers were at pH 8.30 and contained 30 mM SDS. The separation 

resolution was improved as the phosphate concentration increased from 25 to 45 mM; however, 

due to the increased the separation times with increased phosphate concentrations, 35 mM was 

chosen as optimal. 

 

 

 In order to continuously provide fresh media to the islets and be able to change the 

concentration of stimulants, a gravity-driven perfusion system was used.  Two perfusion 

solutions, such as BSS with high and low glucose, were introduced through the two perfusion 

inlets (magenta channels in Figure 4.1C).  After mixing to homogeneity, the solution was heated 

as it traversed a region above the thermofoil and delivered to the islet chamber.  The flow rate in 

the perfusion mixing channel was measured at 0.2 mL min
-1

, which allowed the ~300 nL islet 

chamber to be flushed in 1.5 min.  Using this system, the delay and response times of the entire 
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device were also measured [56], and are reported as multiples of the separation time.  Both the 

fastest, Ser, and slowest, Arg, amino acids had delay times of 340 s (2 separations), and the 

response time was 170 s (1 separation).  These times were evident in the experiments where 

islets were stimulated with glucose, and are discussed in more detail below. 

 

4.3.4 Chip performance, standards and LODs 

 Once the perfusion system was characterized, 18 standard amino acids were derivatized 

and separated using the optimized protocol.  Figure 4.3 shows the separation of these 18 amino 

acids.  Ten of the amino acids were resolved with the others overlapped with background peaks 

that saturated the detector.  The presence of these background peaks was attributed to EDTA in 

the reagent buffer since none of these peaks were observed when it was omitted.  Among the 

resolved peaks, the signal of GABA was relatively higher than the others, which may be due to a 

faster derivatization time for GABA [123]. Peaks were identified by migration times and spiking 

of amino acid standards. 

 Calibration curves of the 10 resolved amino acids were obtained by separating standard 

amino acid solutions with concentrations of 0, 10, 50, 100, 500 and 1000 nM.   The RSDs of the 

migration times of these amino acids were between 2.7 and 8.0%, and the RSDs of the peak 

areas were between 3.0 and 15.5% (Table 4.1).  Least-squares linear regression analysis 

indicated good linearity with regression coefficients (r
2
) ranging from 0.9864 to 0.9996.  The 

LODs of these amino acids were between 1 and 20 nM (Table 4.1). 
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Figure 4.3 Separation of 18 standard amino acid mixtures with on-chip derivatization.  

Amino acid concentrations were 800 nM each (before derivatization), whereas the concentration 

of the internal standard, D-Nva, was 1 µM.  Peak identities are labeled in red.  Unlabeled peaks 

are from background, or overlap of background peaks with the standards.  The separation buffer 

was 35 mM phosphate, 30 mM SDS, at pH 8.3.  Separation was performed with -15 kV applied 

at the separation waste reservoir, 10 cm separation length, 1 s injection, and 170 s separation. 

 

 

4.3.5 Measurements of the secretion dynamics of amino acids from mouse islets of 

Langerhans 

 After obtaining calibration curves, this system was applied to monitor amino acid 

secretions from mouse islets in response to a change in glucose from 3 to 20 mM. Initially, the 

islets were perfused with 3 mM glucose and after ~8 min (3 runs), the glucose concentration was 

increased to 20 mM.  Figure 4.4 shows two representative electrophoregrams from the separation 

of amino acids released from 4 mouse islets at 3 (bottom electropherogram in black) and 20 mM 
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glucose (top electropherogram in red).  As can be seen, the separation of the islet secretions was 

similar to that of the standard amino acids, but with extra peaks present in the islet sample.  

 

Table 4.1 Reproducibility and LODs with optimized protocol. 

 

Migration time and peak area precisions were determined by separating 800 nM amino acid 

mixtures in triplicate.  LOD was calculated as the concentration of amino acid that would 

produce a signal three times the standard deviation of the background signal. 

 

 

These extra peaks may have been other primary amines released from the islets, but were not 

identified.  Ser, Asn, Thr, Gln, His, Ala, Glu, GABA, Val, Met, Ile, Leu, Trp, Phe, and Arg were 

all detected in the islet secretions.  However, Asn, Thr, Ala, Glu, Leu, and Trp occasionally co-

migrated with the background peaks, or with each other, which made it difficult to quantify their 
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secretory levels.  As a result, only the concentrations of Ser, Gln, His, GABA, Val, Met, Ile, Phe, 

and Arg were quantified. 

 

 

Figure 4.4 Representative electropherograms of murine islet secretions. Secretions from 4 

mouse islets were derivatized and separated using the optimized protocol described in Figure 4.3, 

but with 160 s separation time.  The two electropherograms were obtained from the same group 

of islets, which were perfused with 3 (bottom) and 20 mM (top) glucose.  The concentration of 

D-Nva was 1 µM prior to derivatization. 

 

 

 At 3 mM glucose, the secretion rates of these 9 amino acids ranged from 30 to 400 fmol 

islet
-1

 min
-1

. Figure 4.5 shows the secretion rates as a function of time, where the amino acids 

secreted at lower values (Ser, Gln, GABA, Met, and Ile) are shown in closed symbols and 

correspond to the left y-axis, and those that were released at higher levels (His, Val, Phe, and 

Arg) are shown in open symbols and correspond to the right y-axis.  



 

 

 

 

67 

 

Figure 4.5 Monitoring of secretion profiles from murine islets.  Secretions from 4 mouse 

islets were measured and the secretion rates of Ser (■), Gln (●), GABA (◊), Met (▲), and Ile 

(▼) were plotted on the left y-axis.  The secretion rates of His (□), Val (○), Phe (◇), and Arg (☆) 

were plotted on the right y-axis.  The concentration of the perfused glucose level is shown on the 

top of the graph.  Initially, 3 mM glucose was delivered to the islets, after 8 min, it was switched 

to 20 mM.  The separation conditions were those described in Figure 4.3 but with 160 s 

separation time. 

 

 

The perfusion solution changed at the beginning of run 4 (~8 min experimental time) to 

deliver a glucose concentration of 20 mM to the islets. As described earlier, the delay time of the 

system was 340 s, or 2 separations. This lengthy delay time is why the changes in the amino acid 

levels were not observed until 2 runs after the glucose level changed (~13 min experimental 

time).  The secretion rates of the 9 amino acids that were quantified decreased with increased 

glucose levels.  Since Leu and Trp were poorly resolved and were higher than the linear range of 

the PMT, another experiment was performed with 2 islets in the perfusion chamber.  However, 
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quantification of these two amino acids was still difficult, but an obvious change in their relative 

peak heights was observed when the glucose concentration increased (Figure 4.6), and indicated 

that Leu increased with 20 mM glucose. 

 

 

Figure 4.6. Electropherograms of Leu, Trp, and Phe under changing glucose 

concentrations. Secretions were measured from 2 murine islets when the perfused glucose 

concentration was switched from 3 to 20 mM at t = 0 s.  Changes in the relative peak heights of 

Leu and Trp were observed as the glucose concentration was increased over time.  The 

separation conditions were the same as those described in Figure 4.3. 

 

 

Although the mechanisms of how amino acid secretions and glucose are related remain 

obscure, the suppressive effect of glucose on GABA secretion was in agreement with previous 

reports [100-102,123]. The suppression is hypothesized to result from inhibition of glutamic acid 

decarboxylase (GAD) [101,102], the enzyme required for GABA synthesis, by the elevated 
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intracellular ATP levels resulting from glycolysis and oxidative phosphorylation.  To test this 

hypothesis, 2,4-dinitrophenol (DNP) was added to the perfusion media with 20 mM glucose.  At 

the elevated glucose concentration, the ATP concentration will be increased, but with DNP 

added, the proton motive force for ATP production will collapse and the activity of GAD will be 

increased, leading to an increase in GABA release.  Figure 4.7 illustrates the effect of DNP on 

amino acid secretion using 5 islets in the islet chamber.  Initially, the glucose level was 20 mM, 

after ~ 8.5 min (at the beginning of run 4), the perfusion solution was switched from 20 mM 

glucose to 20 mM glucose with 100 mM DNP, and the change in secretion rates were detected in 

approximately 2 runs.  Once the DNP was delivered to the islets, the secretion rates of GABA, 

His, Met, and Arg were increased, whereas Ser and Gln were decreased.  The increased GABA 

release with the addition of DNP at high glucose was similar to other reports [123.101], which 

indirectly confirms the ability of this system to measure physiological changes in amino acid 

secretions. 

 

4.3.6 Human islets 

Once the developed system proved to be applicable for monitoring physiologically 

relevant changes in amino acid secretions from mouse islets, amino acids secretions from human 

islets in response to glucose stimulations were measured.  Figure 4.8 shows the separation of 

amino acids released from 4 human islets at 3 mM glucose.  Compared to the electropherograms 

from mouse islets (Figure 3 top), there were several differences in the relative amounts of some 

of the amino acids, including Gln and several unidentified peaks.  The secretion rates of Ser, Gln, 

His, Val, Met, Ile, Phe, and Arg were quantified, and their dynamic changes under glucose 
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stimulation were monitored (Figure 4.9).  In this experiment, there were several differences 

compared to mouse islets, including the increase of His and Phe in response to 20 mM glucose 

and the relative unchanging amounts of Ser and Ile.  These variations between mouse and human 

islets may be due to many factors that are different between mouse and human islets, one of 

which could be their differences in cell composition [126]. However, more experiments from 

other donors are required to draw a conclusion on their secretory levels. 

 

 

Figure 4.7 Effect of DNP on the secretion dynamics of amino acids from murine islets.  

Secretions from 5 mouse islets were measured and the secretion rates of Ser (■), Gln (●), GABA 

(◊), Met (▲), and Ile (▼) were plotted on the left y-axis.  The secretion rates of His (□), Val (○), 

Phe (◇), and Arg (☆) were plotted on the right y-axis.  The perfused glucose concentration was 

maintained at a constant 20 mM and 100 µM DNP was delivered to the islets at 8.5 min.  The 

separation conditions were similar to those described in Figure 4.3. 
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Figure 4.8 Separation of amino acids secreted from human islets.  Four human islets from a 

non-diabetic donor were loaded into the islet chamber and perfused with glucose.  Derivatization 

and separation were performed under the same conditions as described in Figure 4.3.  Shown is 

the secretion profile of the islets under stimulation with 3 mM glucose. 

 

 

4.4 Conclusions 

 

 In this report, a microfluidic platform is presented that allows on-chip perfusion 

integrated with a method for monitoring amino acid secretions.  With this system, it is possible to 

monitor the secretion of multiple amino acids released from islets in response to glucose 

challenges.  The changes in amino acid secretions are physiologically relevant, as evidenced by 

changes in response to an uncoupler of oxidative phosphorylation, DNP.  While this system 
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allows changes of amino acid secretions to be measured every ~2 min, the system could be 

improved for higher temporal monitoring in the future by increasing the sampling frequency of 

the separation system.  This may be achieved through the use of parallel separation channels, 

overlapped injections, or by further modifications of the channel geometry.  Finally, although 

only mouse and human islets were tested here, this method is applicable to measure the release 

of amino acids, or other primary amines, from other cell types. 

 

 

Figure 4.9. Simultaneous monitoring of the secretion profiles of 8 amino acids from human 

islets of Langerhans. Secretions from 4 human islets were measured as the glucose 

concentration changed from 3 to 20 mM. The secretion rates of Ser (■), Ile (▼), Met (▲), Phe 

(◊), and Val (●) were plotted on the left y-axis. The secretion rates of His (□), Gln (○), and Arg 

(☆) were plotted on the right y-axis. The perfused glucose concentration is shown on the top of 

the graph. The separation conditions were the same as those described in Figure 4.3. 
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CHAPTER 5 

INVESTIGATION OF MS COMPATIBLE BUFFER FOR THE 

SEPARATION OF NON-LABELED AMINO ACIDS WITH UV 

DETECTION 

 

5.1 Introduction 

 

 Capillary electrophoresis – mass spectrometry (CE-MS) has emerged as a powerful 

analytical tool for the analysis of complex biological samples with limited quantities. It combines 

advantages of both CE and MS which can provide high separation efficiency and molecular mass 

information [127]. Richard D. Smith and coworkers at Pacific Northwest National Laboratory 

developed the original interface between capillary zone electrophoresis and mass spectrometry in 

1987 [128]. Since then, various interfaces based on different ionization methods have been 

developed, but the most used ionization technique is electrospray ionization (ESI). To achieve a 

stable spray for ESI, the conventional CE separation buffers such as borate and phosphate or the 

use of SDS as in MEKC separation are not allowed.  Recently, the use of ammonium 

perfluorooctanoate (APFO) as a volatile surfactant in MEKC-ESI-MS has shown to be 

successful [129-131]. Therefore, we sought to test its performance in the separation of amino 

acids. However, with MS detection, amino acids derivatization is not required. As a result, 

before developing the interface between CE and MS, the separation and detection of these non-

labeled amino acids was performed on a commercial CE instrument with UV detection.  
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5.2 Experimental methods 

 

5.2.1 Sample preparation 

 Due to the low UV absorptivity of most of the natural amino acids, the concentrations of 

the amino acids standards need to be high enough to be detectable by UV detection. Among the 

20 natural amino acids and GABA, 9 amino acids with high solubilities were chosen as the 

standards to test the performance of APFO. Stock solutions of alanine (1M), arginine (800 mM), 

cysteine (1M), glycine (2M), phenylalanine (150 mM), lysine (1M), tryptophan (50 mM), proline 

(1M), GABA (2 M), and 3 neurotransmitters including dopamine (100 mM), L-3,4-

dihydroxyphenylalanine (L-dopa) (200 mM), and 5-Hydroxytryptophan (5-HTP) (50 mM) were 

prepared in DI water and diluted 100 times with the separation buffer before experiments.  

 APFO separation buffer was prepared by dissolving 150 mM perfluorooctanoic acid  

(Sigma) in DI water and the pH adjusted to 9.0 with ammonium hydroxide (NH4OH) (14.8M). 

This separation buffer was made fresh every day before running experiments. 

 

5.2.2 CE-UV instrument operation 

 CE experiments were performed on a 75 µm id, 90 cm (80 cm effective) length of fused-

silica capillary (Polymicro Technologies, Phoenix, AZ) using a Beckman PA800 system 

(Beckman-Coulter, Fullerton, CA) equipped with an UV module. Detection was performed at a 

wavelength of 214 nm.  

At the start of each day, the capillary was rinsed with 5M NH4OH, DI water, and 

separation buffer for 15 min at 50 psi. Between analyses, the capillary was rinsed with 5 M 



 

 

 

 

75 

NH4OH followed by the run buffer, each for 10 min at 50 psi. Samples were pressure injected at 

0.5 psi for 5 s, followed by a wait step in DI water for 6 s to remove excess sample from the 

outside of the capillary. The capillary was then moved to separation buffer vials to commence 

electrophoresis using separation voltage of 25 kV and at separation temperature of 25 ˚C. 

 

5.3 Results and discussion 

 

5.3.1 Using APFO as separation buffer 

 To test the performance of APFO as the separation buffer, 1 µL of each stock amino acid 

sample, including Ala, Arg, Cys, Gly, Phe, Lys, Trp, GABA, and Pro, were taken and mixed and 

diluted with 91 µL of the APFO buffer. The background buffer was prepared by dissolving 9 µL 

of DI water into 91 µL of the APFO buffer. As shown in Figure 5.1, the red trace is the 

background signal, at ~9.8 min, there was a sharp baseline increase in the signal, the exact reason 

for this step was unclear, but since it was shown in both background and amino acid sample, it 

can be baseline subtracted during data analysis. From the black trace, there were 9 peaks 

observed from the sample containing 9 amino acids, which indicated a good separation. 

However, some of the peaks were not baseline resolved and the peak shapes were not very good, 

especially the last two, which could be related to the baseline changing.  

 While testing the reproducibility of this buffer, it was found that the freshness and the 

temperature of the buffer have huge effects on the current. Even with the same buffer, for three 

replicate runs, sometimes the migration times for the same peak shifts from run to run, making it 
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difficult to identify the peaks. However, using “constant current” mode improved the 

reproducibility. 

 

 

Figure 5.1 Separation of 9 amino acids using APFO buffer. The 9 amino acids are: Ala (10 

mM), Arg (8 mM), Cys (10 mM), Gly (20 mM), Phe (1.5 mM), Lys (10 mM), Trp (0.5 mM), 

GABA (20 mM), Pro (10 mM). Separation conditions: 25 kV, 25 ˚C with a separation buffer of 

150 mM APFO at pH 9.0, 80 cm effective separation length, 0.5 psi, 5 s injection. The red trace 

is the background signal, which represents the DI water sample. 

 

 

5.3.2 Separation of Amino acids and neurotransmitter amines 

 After testing the separation performance of APFO for amino acids, 3 neurotransmitters, 

dopamine, L-dopa, and 5-HTP were added to the amino acids sample and their separation is 
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shown in Figure 5.2. Compared to the one without neurotransmitters (black), the red trace shows 

some extra peaks present in the electropherogram, between 15 to 18 min. Therefore, even though 

we did not identify these peaks, we did observe a good separation for both amino acids and 

neurotransmitters, which illustrate the application of using this APFO buffer for the 

measurement of amino acids or even neurotransmitters by CE-ESI-MS is promising. 

 

Figure 5.2 Separation of amino acids and neurotransmitter amines using APFO buffer. The 

black trace represents the separation of 9 amino acids which is the same as Figure 5.1. The red 

trace shows the electropherogram for the separation of 8 amino acids (similar to the black trace 

except without Cys). Separation conditions are the same as described in Figure 5.1. 
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5.4 Conclusions 

 

 Using UV detection, the use of APFO as the MEKC separation buffer for amino acids 

separation is promising. Since APFO is a MS compatible buffer, once the interface of CE-MS is 

successfully developed, this separation protocol can be transferred directly on the CE-MS 

system.  
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CHAPTER 6 

SUMMARY AND FUTURE STUDIES 

 

6.1 Summary 

 

 A quantitative and reproducible protocol to measure intracellular reactive oxygen species 

from islets of Langerhans was developed. The optimization of the dye loading and detection 

conditions were performed to allow the dye intensity to be stable for 25 min. With this protocol, 

the effect of glucose and intracellular [Ca
2+

] on ROS formation were tested. Another method to 

measure amino acids secretions from islets was developed on a commercial CE-LIF system and 

the derivatization and separation conditions were optimized with low LODs achieved (0.2-7 

nM). Transfer of this method to a microfluidic device was realized with optimizations of the 

device design and buffer compositions. The secretion profiles of 9 amino acids from islets were 

monitored at changing glucose concentrations. The future work contains improving the temporal 

resolution of the microfluidic system and using MS as the detection method for MCE.  

 

6.2 Future directions 

 

6.2.1 Improving temporal resolution for the amino acids measurement on the microfluidic 

device 

 Currently, the temporal resolution for the measurement of amino acid secretions on 

microfluidic devices is limited by the separation time, which is ~2.5 min. However, amino acids 
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such as GABA have been hypothesized to be able to co-secrete with insulin [19], in a pulsatile 

form with period ~5min. If we can improve the temporal resolution of our measurement to less 

than 1 min, we may be able to test this hypothesis.  

 To achieve that, there are several parts that can be modified. First of all, a higher voltage 

applied at the waste reservoir will raise the electric potential in all channels, which will increase 

the EOF velocity and reduce the separation time. However, additional care such as: totally 

floating the microscope to cut off the possible grounding source, further increasing the distance 

between the gate and the waste reservoirs and the distance between the gate and the other three 

sample reservoirs are required. Secondly, as can be seen from the current separation 

electropherogram (Figure 4.3), the first sample peak came out at around 50 s and there was only 

one background peak, appearing at ~ 27 s, was detected before the first sample peak. As a 

consequence, overlapping injection can be utilized to reduce the separation time. By performing 

overlapping injections, the next injection will be started before the last peak comes out from the 

current separation. Therefore, by controlling the cutoff time, the first 50 s can be used for the 

detection of the later peaks from the previous run, and thus, ideally the separation time can be 

reduced by 50 s.  

 In addition, other buffer systems can be tested. For the separation buffer, compared to 

phosphate, the EOF velocities of borate, tricine, and HEPES at the same concentration are faster, 

which potentially give rise to shorter separation time. However, their separation performance in 

terms of resolution and efficiency need to be taken in account during optimization. For the 

derivatization buffer, currently, EDTA was required to minimize the precipitation problem of 

BSS with borate. However, due to the presence of EDTA, there were a few background peaks in 
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the electropherograms that co-migrate with some of the sample amino acids, which interfere with 

the quantification of those amino acids. Therefore, other buffers such as tricine or HEPES can be 

tested which may possibly eliminate the use of EDTA.  

 

6.2.2 MS detection 

 As described in Chapter 5, detection by mass spectrometry can provide additional 

advantages such as no requirement of labeling which makes the measurements simple and no 

interference arising from the byproducts, and more identification power that is intrinsic to MS 

detection. 

 In Chapter 5, we have investigated the separation performance of the MS compatible 

buffer, APFO, which showed a good separation of amino acids standard and some 

neurotransmitters. However, that test was done using UV detection. The next step is to build up 

the interface between the CE and MS. We have obtained the tubings and adapters to modify the 

commercial CE instrument to be compatible with external detector. But how to interface the 

electrospray voltage with the CE separation voltage and the MS ground plate is still a challenge. 
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APPENDIX A 

DEVELOPMENT OF PDMS MICROFLUIDIC DEVICES FOR TRAPPING 

ISLETS AND DELIVERING GRADIENT CONCENTRATION OF 

STIMULANT TO ISLETS 

 

 A multichamber microfluidic device was designed to culture multiple islets on a single 

device. With one chamber, no matter how many islets were put in, all of them will sense the 

same glucose concentration that is being delivered to that chamber. However, with a device that 

has multiple chambers along the main channel, the glucose concentration being delivered to each 

chamber is different. As shown in equation 1, Cin and Cout are the input and output amplitudes, f 

and fc are the input and cutoff frequencies. So by changing fc, the output amplitude can be 

controlled. Since fc is inversely proportional to the channel length, as shown in equation 2, where 

V, D, and L represents linear velocity, diffusion coefficient, and channel length, respectively 

[132]. 

 

 

 Figure A.1 shows the multichamber chip design, which has 16 islet culture chambers 

with diameters of ~250 µm (Figure A.1 inset). The main serpentine channel is ~180 µm wide 
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and the chamber outlet channels are ~ 70 µm wide. The side channels that connect the chamber 

outlet channels are ~ 300 µm wide. With this design, the glucose amplitude at each chamber is 

attenuated as it travels through the main channel. As a result, when giving a glucose 

concentration in a sinusoidal waveform from the inlet, the responses from each islet to the 

different amplitudes can be analyzed at the same time. 

 

 

Figure A.1 Multichamber device design. 16 chambers were designed on top of each wave crest 

and trough of the serpentine. Channel dimensions are: main channel, ~180 µm wide; side 

channel, ~300 µm wide; islet chamber, ~250 µm in diameter; chamber outlet channel, ~70 µm 

wide. The channel depth is ~200 µm. 

 

 

 To be able to load the islets from the inlet of the main channel and allow them to travel 

through the main channel, the channel depth needs to be at least 150 µm, which is the average 

diameter of the islets. However, to fabricate a PDMS device with such depth, conventional 

protocols for preparing the mask will not fulfill the requirement since the SU-8 coating will not 

be uniform with the conventional coating protocol. As a consequence, the fabrication of the SU-8 
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mask was performed following a guideline for creating ultra-thick films with SU-8 2000. The 

guideline is as follows: 

 In order to generate these ultra-thick films with good uniformity, a multi-coating process 

and a soft bake step between coats are required. The basic idea is to use a lower spinning speed 

at the beginning to slowly build up the thickness, and then for the second coat, use a higher spin 

speed to achieve a considerably more uniform film. 

Coating process with SU-8 2075 obtained from MicroChem: 

1
st
 Coat:          Dispense : ~5 mL on the center of the 4 inch silicon wafer 

                Spread: 500 rpm for 10 s at an acceleration rate of 139 rpm/s (code 001) 

              Spin: 1000 rpm for 30 s at an acceleration of 278 rpm/s (code 002) 

              Softbake: on the hotplate bake ~ 60 min at 100 ˚C, cool down slowly 

2
nd

 Coat:         Dispense : ~5 mL on the center of the 4 inch silicon wafer 

                Spread: 500 rpm for 10 s at an acceleration rate of 139 rpm/s (code 001) 

              Spin: 3000 rpm for 30 s at an acceleration of 278 rpm/s (code 002) 

              Softbake: on the hotplate bake ~ 20 min at 100 ˚C, cool down slowly 

After these coating are processed, the rest of the steps are the same as the conventional 

guidelines, including exposure, post exposure bake, develop, and hard bake. Based on these 

instructions, the mask depth was measured to be ~ 200 µm.  

 After fabricated the PDMS devices, 2 islets were loaded from the main channel inlet. 

Figure A.2 shows the image of one islet chamber with one of the islet near the chamber. 

However, this islet never went in the chamber, whenever there was a flow, it just kept going 

through the main channel. We have modified the chip dimensions including the chamber 
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diameter, the chamber outlet channel width, and the side channel width, to try to change the 

relative resistances of the main channel to the side channel, but none of these modifications 

helped. 

 

 

Figure A.2 Image of an islet-trapping chamber with one islet near the chamber. The 

diameter of the islet is ~200 µm.  

 

 

 The reasons that this design failed to trap the islets could be that the islets are too big to 

be trapped on the side of the channel, since their momentum will drag the islets to the direction 

of the main flow. Researchers have used similar design to trap COS-1 cells [133], which are 

much smaller than the islet since each islet is composed of thousands of cells. Moreover, a cell 
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suspension of 1 million cells/ mL was delivered from the inlet and the trapping efficiency was 

still only ~80%. Since it is impractical to have an islet suspension that is comparable to the cell 

suspension, the potential for this design to successfully trap the islets is very small. However, 

other major modifications to the channel design could be possible solutions, such as changing the 

islets trapping chamber from the top of each wave crest and trough of the serpentine to the 

middle, as described by Silva et al [134]. 
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APPENDIX B 

ENTRAINMENT OF ISLETS USING STOCHASTIC RESONANCE 

 

 Stochastic resonance is a phenomenon where a signal that is normally too weak to be 

detected by a sensor, can be boosted by adding white noise to the signal, which contains a wide 

spectrum of frequencies. A simple example of stochastic resonance consists of a threshold and a 

subthreshold sinusoidal signal with added Gaussian noise [135]. When the added signal passes 

the threshold, a response signal will be detected on the detector.  

 Stochastic resonance has been shown to be able to induce intracellular Ca
2+ 

oscillations in 

hepatocytes [136,137]. Therefore, we hypothesized that the intracellular Ca
2+

 in pancreatic islets 

could potentially be entrained using stochastic resonance. As shown in Figure B.1, if the 

threshold is 10 mM for the islets to respond on the intracellular Ca
2+

 level, at low glucose (<10 

mM), there will be no response from the islets. But when the noise are added on the original 

signal and hit the threshold to stimulate Ca
2+

 influx, intracellular Ca
2+

 will shoot up and thus be 

detected by the fluorescence imaging. 

 The intracellular Ca
2+

 imaging experiment was performed on an epifluorescence 

microscope. The buffer preparation, islets isolation, microfluidic device design, fabrication, and 

fluorescence measurement conditions were the same as described before [138]. The ratio of 

F340/F380 is proportional to the [Ca
2+

]i. The applied glucose profile was generated in excel. The 

random noise with different amplitude was also created in excel. The random noise was then 

manually manipulated to achieve the desired noise duration time that passed the threshold. 
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Figure B.1 Hypothesis of stochastic resonance entrained islets response. The applied glucose 

concentration consists of a constant 3 mM from 0-10 min, followed by a constant 6 mM from 10-

20 min, and then a sinusoidal waveform with 5 min period and 1 mM amplitude from 20-35 min, 

and random noises added on top of the sinewave with different amplitudes, ranging from 1 to 3 

mM. If the threshold for the islets to response is 10 mM, then only when the combined glucose 

passes 10 mM, a response from the islets will be detected (red curve). 

 

 

 To test the glucose threshold for the islets to raise their [Ca
2+

]i, glucose step changes were 

applied to the islets and their [Ca
2+

]i was monitored simultaneously. Figure B.2 shows the results 

of the threshold measurement of a group of 6 islets. As can be seen, at 9 mM glucose, 4 islets 

started to respond and at 10 mM glucose, all of the 6 responded immediately. Therefore, 9 mM 

was found to be the threshold for the [Ca
2+

]i response for this group of islets. 
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Figure B.2 Test of intracellular Ca
2+

 respond threshold. 6 islets were tested. Glucose was 

applied from with steps of 3 mM, 7 mM, 8 mM, 9 mM, and 10 mM (shown by the light blue 

trace). Each islet’s response in their intracellular Ca
2+

 level is represented by one colored curve. 

F340/F380 was used to indicated [Ca
2+

]i. 

 

 

 After obtaining the threshold, a glucose pulse was applied to the same batch of islets, as 

shown in Figure B.3. The glucose was started with 3 mM, then changed to 8 mM after 3 min. 

Starting from 8 min, the 10 mM glucose pulses were applied every 2 min and the durations of the 

pulses were 5s, 10s, 15s, 20s, 25s… From Figure B.3, it can be seen that, the islets responded 

after applying a 10mM glucose pulse with a duration of 20 s. The same experiments were 
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repeated for another batch of islets and the results are shown in Figure B.4, Figure B.5, and 

Figure B.6. 

 

 

Figure B.3 Islets response to glucose pulses with different duration times. For the islets with 

9 mM threshold, base glucose level was set at 8 mM, and the pulses reach 10 mM for different 

period of time, which was applied in the order of 5 s, 10 s, 15 s, 20 s, 25 s… 
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Figure B.4 Intracellular Ca
2+

 respond threshold. 5 islets were tested. Glucose was applied 

from with steps of 5 mM, 6 mM, 7 mM, and 8 mM (shown by the orange trace). Each islet’s 

response in their intracellular Ca
2+

 level is represented by one colored curve. F340/F380 was 

used to indicated [Ca
2+

]i. 

 

 

 The [Ca
2+

]i response threshold was found to be at 6 mM glucose from Figure B.4. 

Therefore, the glucose base level was set at 5 mM, and the 9 mM glucose pulses with the same 

frequency as Figure B.3 were applied and the results are shown in Figure B.5, which shows that 

the islets responded with a 25 s pulse duration. Another group of islets from the same batch was 

tested with 13 mM glucose pulses (Figure B.6). With this glucose level, the islets responded with 

a 20 s pulse duration. 
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Figure B.5 Responses of islets to glucose pulses with different duration times. For the islets 

with 6 mM threshold, base glucose level was set at 5 mM, and the pulses reach 9 mM for 

different period of time, which was applied in the order of 5 s, 10 s, 15 s, 20 s, 25 s… 

 

 

 Due to the diffusion effect, while glucose was traveling from the perfusion channel to the 

islet chamber, the duration of the pulses were increased compared to the exact duration time 

applied from the program, therefore, fluorescein was used to test this diffusion effect, and it was 

found that a 20 s pulse applied at the perfusion inlets became 30 s at the islet chamber. This 

demonstrated that the actual minimum pulse duration required for the islets to respond was 30 s. 
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Figure B.6 Responses of a group of 6 islets to glucose pulses with different duration times. 

For the islets with 6 mM threshold, base glucose level was set at 5 mM, and the pulses reach 13 

mM for different period of time, which was applied in the order of 5 s, 10 s, 15 s, 20 s, 25 s… 

 

 

 To entrain the islets by using stochastic resonance, a random noise was used to impose it 

on a regular sinusoidal wave. The amplitude of the wave was set to be right below the threshold, 

and thus, with the added noise, it can pass the threshold and trigger the islets response. The 

random noise was generated in excel, but the duration of the noise that passes the threshold 

cannot be controlled from excel. So the manipulation of the generated noise was performed by 

manually change the noise value where it passes the threshold to have at least 30 s duration. 

 Figure B.7 shows the response of 5 islets with the Ca
2+

 response threshold at 8 mM, all of 

the 5 islets responded when the glucose level passed 8 mM with a duration time of 1.5 min. 
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When the glucose level came back down to below 8 mM, the islets stopped responding, and 

when another pulse passed 8 mM with 2.5 min duration time, the islets responded again. In 

another experiment (Figure B.8), another group of islets with the same threshold value was tested 

but with different pulse duration times that pass the threshold.  From left to right, the pulses 

passed 8 mM are with durations of 30 s, 30 s, 30 s, 36 s, 72 s, and 72 s. As we can see, with the 

first 30 s pulse, 3 out of 5 islets started to respond, and later, each islet responded to the glucose 

pulse in its own frequency. 

 

Figure B.7 Islets response to a manually created stochastic resonance signal. 5 islets with 

response threshold of 8 mM were tested. Glucose was applied at constant 6 mM from 0-5 min, 

followed by a sinewave with 5 min period and 1 mM amplitude, and with noises added to the top 

of the sinewave. Glucose changing rate is 20 s. 
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Figure B.8 Islets response to another manually created stochastic resonance signal. 6 islets 

with response threshold of 8 mM were tested. Glucose was applied at constant 6 mM from 0-5 

min, followed by a sinewave with 5 min period and 1 mM amplitude, and with noises added to 

the top of the sinewave. Glucose changing rate is 6 s. 

 

 

 These results show that the islets can be entrained by glucose pulses that pass their 

response thresholds with minimum of 30 s duration time. The manually created stochastic 

resonance signals were able to entrain the islets. 
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APPENDIX C 

FLORIDA STATE ANIMAL CARE AND USE COMMITTEE APPROVAL 

LETTER 

 

 

 
 

ANIMAL CARE AND USE COMMITTEE [ACUC] 

101 BIOMEDICAL RESEARCH FACILITY 

TALLAHASSEE, FL 32306-4341 

TELEPHONE: 644-4262   FAX: 644-5570 

MAIL CODE: 4341 

 

 

February 10, 2016 

 

The Graduate School 

Florida State University 

 

To Whom It May Concern: 

 

Concerning the thesis/dissertation submitted to the Graduate School by: 

 

Graduate Student: Xue Wang 

Thesis/Dissertation Title: Measurement of small molecules in islets of Langerhans  
Department: Chemistry and Biochemistry 

Major Professor:   Michael G. Roper 

 

The above named graduate student has provided assurance to the FSU Animal Care and Use Committee 

that all animal procedures utilized in the work resulting in this thesis/dissertation are described in FSU 

ACUC Protocol(s): 

 

Protocol 

Number 

Title Date ACUC 

Approval 

1003 Procurement of islets of Langerhans January 25, 2010 

1235 Procurement of islets of Langerhans December 13, 2012 

1519 Procurement of islets of Langerhans May 28, 2015 

 

The Animal Care and Use Committee has confirmed that this student was included as a project member 

during the period covering their thesis/dissertation work.  This institution has an Animal Welfare 

Assurance on file with the Office for Laboratory Animal Welfare.  The Assurance Number is A3854-01. 

 

Sincerely, 

 

Attending Veterinarian 

FSU Animal Care and Use Committee 

 

KMH/kjj 

 

cc: Xue Wang  

 Dr. Michael G. Roper 
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APPENDIX D 

ABBREVIATIONS USED IN THE TEXT 

 

[Ca
2+

]i  intracellular [Ca
2+

] 

5-HTP  5-Hydroxytryptophan 

ACN  acetonitrile 

Ala  alanine 

APFO  ammonium perfluorooctanoate 

Arg  arginine 

Asn  asparagine 

Asp  aspartate 

ATP  adenosine triphosphate 

BSA  bovine serum albumin 

BSS  balanced salt solution 

CCS  Cosmic Calf Serum 

CE  capillary electrophoresis 

D-Nva  D-norvaline 

DNP  2,4-dinitrophenol 

EDTA  ethylenediaminetetraacetic acid 

EOF  electroosmotic flow 

ESI  electrospray ionization 

GABA  gamma-aminobutyric acid 
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GAD  glutamate decarboxylase 

Gln  glutamine 

Glu  glutamate 

Gly  glycine 

GPxs  glutathione peroxidases 

GSIS  glucose-stimulated insulin secretion 

H2DCF-DA 2-,7-dichlorodihydrofluorescein diacetate 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

His  histidine 

HP-β-CD hydroxypropyl-β-cyclodextrin 

Ile  isoleucine 

L-dopa  L-3,4-dihydroxyphenylalanine 

Leu  leucine 

LIF  laser induced fluorescence 

LOD  limit of detection 

MCE  microchip electrophoresis 

MEKC  micellar electrokinetic chromatography 

Met  methionine 

Mn-TBaP Mn(III)tetrakis(4-benzoic acid) porphyrin chloride 

MS  mass spectrometry 

NDA  naphthalene-2,3-dicarboxaldehyde 

PDMS  poly-dimethylsiloxane 
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Phe  phenylalanine 

r
2  

regression coefficients 

ROS  reactive oxygen species 

RSD  relative standard deviation 

SDS  sodium dodecyl sulfate 

Ser  serine 

SOD  superoxide dismutase 

Thr  threonine 

Trp  tryptophan 

Tyr  tyrosine 

Val  valine 
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Summary 

 Analytical chemist with 7 years of experience in microfluidics and separation science. Expertise in 

analytical method development and optimization, microchip design and fabrication, CE and HPLC 

operation and troubleshooting, and biological sample analysis. 
 

Highlights 

• Microfluidics/Droplet microfluidics 

• HPLC/ CE/ CEC/ MEKC/ MALDI-
MS/ FTIR/ UV-VIS 

• Microchip fabrication/ Capillary 
monolithic column fabrication 

• Lithography/ Spin coating/ HF 
etching 

• Fluorescence microscopy/ Confocal 
microscopy/ Cell imaging 

• Animal surgery for isolation of mouse 
pancreatic islets/ Cell culturing 

• Origin/ COMSOL/ LabVIEW/ Adobe 
 illustrator/ Photoshop/ AutoCAD 

• Profilometer/ SEM

Education 
Florida State University Expected April, 2016!
Ph.D.: Analytical Chemistry! Tallahassee, FL, USA!
GPA 3.85/4.00 

Xiamen University 2011!
Bachelor of Science: Chemistry! Xiamen, Fujian, China!
GPA 3.74/4.00!
Recipient of State Scholarship of China!
Recipient of Merit Student Award of Fujian Province 

Research Experience 

Florida State University Sep. 2011 to Current!
Research assistant - Prof. Michael Roper's Laboratory! Tallahassee, FL!
Separation and quantification of amino acids secreted from islets of 
Langerhans 

• Developed a MEKC-LIF method to measure multiple amino acids secreted from islets 
using a commercial CE instrument 

• Developed a microfluidic device that is capable of culturing islets on chip, sampling the 
secretions, derivatizing the amino acids, and performing fast separations to measure the 
secretion!dynamics 

Measurement of intracellular reactive oxygen species in islets of Langerhans 

using!fluorescence imaging  

• Optimized the dye loading and incubation conditions to maintain the stability of the 
fluorescent dye and the viability of the islets 

• Fabricated PDMS-glass microfluidic device to perform online perfusion and on chip 
culturing of islets 

Investigation of the secretion dynamics of insulin from islets of Langerhans by!
fluorescence imaging of intracellular Ca2+ using a microfluidic perfusion system 

• Fabricated PDMS-glass microfluidic device to perform online perfusion and on chip 
culturing of islets 

• Developed a microfluidic system to mimic the liver-pancreas feedback loop that 
regulates insulin oscillation (Worked in a team) 

Method development for the detection of peptide hormones secreted from islets 

• Optimized the separation conditions of insulin, amylin, glucagon and somatostatin on a 
commercial HPLC instrument 

• Performed microchip immunoassay to monitor hormone secretion profiles from islets on 
a microfluidic electrophoresis systems (Worked in a team) 
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• Achieved quantification of insulin release by performing competitive immunoassay on a 
microfluidic device (Worked in a team) 

Xiamen University Sep. 2009 to June 2011!
Research Assistant! Xiamen, Fujian!
Development of droplet based interface to couple HPLC with MALDI-MS 

• Packed C18 capillary liquid chromatography columns and tested their separation 
performance on a commercial HPLC system 

• Fabricated PDMS microchips with a T – junction design to generate water/oil droplet 
• Achieved the coupling of HPLC to MALDI-MS using droplet microfluidics 

Preparation of monolithic columns based on in-situ emulsion polymerization 

• Prepared a new type of polystyrene-divinylbenzene capillary monolithic column based 
on in-situ emulsion polymerization!strategy 

• Evaluated separation performance of the monolithic column on the HPLC 
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Presentations 

1. Wang, X.; Roper, M. G. Measurement of small molecules in islets of Langerhans. 
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