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Abstract 

When considering the measurement of release events from cells, it can be done at 

levels as small as the single cell and performed in systems increasingly larger and more 

complex up to in vivo studies. Though in vitro systems lack the physiological relevance 

of in vivo, their simple and controlled environment is highly advantageous in preliminary 

mechanistic studies. In spite of this, there exists a serious gap in our ability to perform in 

vitro measurements on a wide array of analytes within a meaningful time frame. While 

electrochemical techniques are unparalleled in their ability to temporally resolve minute 

signals in biological systems, there is only a small class of targets which are suitable for 

this type of analysis. When analyzing non-electroactive analytes, measurements are often 

plagued by slow temporal responses (5+ minutes). Fluorescent imaging offers 

opportunities to monitor faster dynamics of non-electroactive analytes, but the target 

analyte must be either natively fluorescent or labeled, which can result in nonspecific 

binding and cytotoxicity. In both of these cases fast dynamics can be observed, but the 

array of analytes is small and only a few can be monitored simultaneously.  

In this work, a novel in vitro sampling platform is described which is capable of 

simultaneously monitoring approximately 15 non-electroactive analytes with 20 second 

temporal resolution. Cells were cultured on the surface of a microdialysis probe coupled 

with an analytical system for analysis. Small molecules released from the cells upon 

stimulation diffuse across the porous membrane because of the close proximity. A high-

speed CE, built in house, enabled analysis of the collected dialysate. The ability of our 

platform to detect basal and stimulated release of amines was confirmed by transferring 

the probe between artificial cerebrospinal fluid (aCSF) and a potassium-spiked (100 mM 
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K
+
-aCSF) stimulant solution. A variety of cell models were tested for compatibility with 

the in vitro-microdialysis platform, both single cell type and co-cultures were initiated. 

Adherence of viable cells was confirmed by labeling cells with either fluorescein 

diacetate (FDA) or specific antibody labelling, followed by imaging under a microscope. 

As a step towards continuously monitoring the change of non-electroactive analytes 

released from cultured cells, microdialysis was coupled directly to micro free flow 

electrophoresis (µFFE) device instead of the high-speed CE instrument.     



vii 

 

Table of Contents 

 

Acknowledgements ............................................................................................................ i 

Dedication ......................................................................................................................... iv 

Abstract ...............................................................................................................................v 

Table of Contents ............................................................................................................ vii 

List of Figures .....................................................................................................................x 

List of Tables ....................................................................................................................xv 

List of Abbreviations ..................................................................................................... xvi 

 

Chapter 1: Introduction ....................................................................................................1 

 1.1 Introduction to Microdialysis Sampling ............................................................2 

  1.1.1 Traditional Applications .....................................................................2 

  1.1.2 Design and Function ...........................................................................3 

  1.1.3 Recovery, Resolution, and Limitations ...............................................4 

 1.2 Microdialysis Analysis.......................................................................................9 

  1.2.1 Coupling to an Analytical System ......................................................9 

  1.2.2 Derivatization and Detection of Analytes .........................................12 

 1.3 Astrocytes ........................................................................................................15 

  1.3.1 Physiological Model .........................................................................15 

  1.3.2 Techniques Used to Study Astrocytes ..............................................17 

 1.4 Scope of Thesis ................................................................................................19 

 

Chapter 2: Monitoring Neurochemical Release from Astrocytes Using  in Vitro-

Microdialysis Coupled with CE ......................................................................................20 

 2.1 Summary ..........................................................................................................21 

 2.2 Introduction ......................................................................................................23 

 2.3 Materials and Methods .....................................................................................25 

  2.3.1 Chemicals and Reagents ...................................................................25 

  2.3.2 In Vitro-Microdialysis .......................................................................26 

  2.3.3 Online CE-LIF Instrumentation ........................................................27 



viii 

 

  2.3.4 Imaging .............................................................................................30 

 2.4 Results and Discussion ....................................................................................30 

  2.4.1 Cell Coverage on Probe Surface .......................................................30 

  2.4.2 High-Speed CE Analysis ..................................................................33 

  2.4.3 Dynamics of Small Molecule Amine Release from Astrocytes .......36 

 2.5 Conclusions ......................................................................................................41 

 

Chapter 3: Characterization of the in Vitro-Microdialysis Sampling Platform ........42 

 3.1 Summary ..........................................................................................................43 

 3.2 Introduction ......................................................................................................44 

 3.3 Materials and Methods .....................................................................................46 

  3.3.1 Chemicals and Reagents ...................................................................46 

  3.3.2 Cell Viability in Buffer Systems .......................................................47 

  3.3.3 Online CE-LIF Assays for Varying Parameters ...............................48 

 3.4 Results and Discussion ....................................................................................50 

  3.4.1 Cell Survival in Buffer Systems .......................................................50 

  3.4.2 Effects of Cell Media on CE Analysis ..............................................53 

  3.4.3 Temperature Dependence of Stimulation Response .........................54 

  3.4.4 Sampling Environment .....................................................................58 

 3.5 Conclusions ......................................................................................................62 

 

Chapter 4: Biological Models for in Vitro-Microdialysis .............................................64 

 4.1 Summary ..........................................................................................................65 

 4.2 Introduction ......................................................................................................66 

 4.3 Materials and Methods .....................................................................................67 

  4.3.1 Chemicals and Reagents ...................................................................67 

  4.3.2 Cell Line Establishment and Culturing .............................................68 

  4.3.3 Co-Culture Propagation on Probe Surface ........................................70 

  4.3.4 Imaging .............................................................................................71 

 4.4 Results and Discussion ....................................................................................72 

  4.4.1 Cell Line Models for In Vitro-Microdialysis ....................................72 



ix 

 

  4.4.2 Mast Cell Co-Culture Models ...........................................................77 

  4.4.3 Astrocyte/Neuron Co-Culture ...........................................................86 

 4.5 Conclusions ......................................................................................................89 

 4.6 Acknowledgements ..........................................................................................90 

 

Chapter 5: Monitoring Glutamate and Aspartate Continuously Using Microdialysis 

and Micro Free Flow Electrophoresis (µFFE) ..............................................................91 

 5.1 Summary ..........................................................................................................92 

 5.2 Introduction ......................................................................................................93 

 5.3 Materials and Methods .....................................................................................95 

  5.3.1 Chemicals and Reagents ...................................................................95 

  5.3.2 Device Fabrication ............................................................................95 

  5.3.3 Interfacing Microdialysis and µFFE .................................................97 

  5.3.4 Device Operation ..............................................................................99 

 5.4 Results and Discussion ..................................................................................100 

  5.4.1 Separation Optimization .................................................................100 

  5.4.2 Isoelectric Focusing ........................................................................103 

  5.4.3 Backpressure and Flow Regulation ................................................105 

 5.5 Conclusions ....................................................................................................108 

 5.6 Acknowledgements ........................................................................................108 

 

Chapter 6: Summary and Future Outlook ..................................................................109 

 6.1 Summary ........................................................................................................110 

 6.2 Future Outlook ...............................................................................................113 

 

References…. ..................................................................................................................116 

   

  



x 

 

List of Figures 

Figure 1.1 Schematic of a microdialysis probe. Inlet and outlet capillaries are 

joined together in a porous membrane, across which molecules can 

diffuse in accordance with a concentration gradient....................................3 

Figure 1.2 Relative and absolute recoveries for a microdialysis probe, plotted 

as a function of flow rate. Image adapted from reference 21 ......................5 

Figure 1.3 Cross-sectional view of polycarbonate flow gate interface, used to 

segment a continuous stream of dialysate into discrete injection 

plugs ...........................................................................................................10 

Figure 1.4 Reaction scheme detailing the nucleophilic reaction of NBD-F 

with primary and/or secondary amines. The fluorescent amine 

derivatives are detectable with 488 nm excitation. A by-product of 

the reaction, produced by hydrolysis of NBD-F, is also illustrated ...........14 

Figure 2.1 Schematic of online CE system coupled to the in vitro-

microdialysis sampling platform. Illustration details the 

connectivity of the probe to a reaction cross for derivatization, the 

flow gated interface for performing CE injections, and the optics 

for LIF detection ........................................................................................27 

Figure 2.2 Series of fluorescent images depicting the propagation of astrocyte 

cells across the surface of a microdialysis probe. Viable cells were 

labeled with fluorescein diacetate (FDA) and imaged at time points 

ranging from only 3 days in culture to 3 weeks in culture.........................31 

Figure 2.3 Performance capabilities of the high-speed CE system are 

presented. An electropherogram is shown for standards run at 

concentrations as low as 500 nm. An additional electropherogram 

shows that 15 amino acids can be resolved and identified from a 

probe with cultured astrocytes on the surface. A peak area vs. time 

plot depicts the temporal response of an in vitro-microdialysis 

probe subjected to a K
+
-stimulation  ..........................................................34 

Figure 2.4 Online microdialysis-CE analysis of fluorescently labeled small 

molecule amines released from astrocyte cells. An 

electropherogram (A) and peak area vs. time plot (B) show the 

increase in release of amino acids in response to a 2 minute 

administered K
+
-stimulation ......................................................................37 



xi 

 

Figure 2.5 Bar graph showing the average percent increase in relative 

abundance of several amino acids following a 2 minute 

administered K
+
-stimulation (N=4). Glycine demonstrated the 

largest increase in abundance with response to the stimulation, 

though marked increases were also observed for taurine, serine, 

alanine, and histidine/methionine ..............................................................39 

Figure 3.1 Cell survival in various buffer systems is presented in a plot of cell 

count from a suspension of cells (cells/mL) vs. time. After two 

hours had passed, cell survival in every buffer system dropped 

significantly. Half-lives ranged from 32.7 minutes (aCSF) to 119.5 

minutes (HEPES-buffered aCSF). .............................................................51 

Figure 3.2 Cell survival of adhered cells in aCSF after (A) 30 minutes and (B) 

120 minutes is compared with survival in PO4-buffered aCSF after 

(C) 30 minutes and (D) 120 minutes. There was no significant 

degree of cell death (indicated by an increase in dark debris from 

Trypan Blue stain) in aCSF after 2 hours when compared with 

buffered versions of the solution ................................................................52 

Figure 3.3 The clearance of cell medium from a microdialysis probe after it 

has been removed from culture is shown in an electropherogram 

(A) and a peak area vs. time plot (B) which illustrates the time it 

takes for clearance to be achieved (10 minutes).  ......................................53 

Figure 3.4 Time course plot of an experiment designed to determine the 

temperature dependence of K
+
-stimulated amino acid release. Peak 

areas for phenylalanine and glycine are plotted as a function of 

time. Basal and stimulated release levels can be seen in two 

temperature regions: 37ºC and room temperature .....................................56 

Figure 3.5 Peak area vs. time plots are shown for serine (A) and taurine (B) at 

both 37ºC and room temperature. Basal amino acid release is lower 

at room temperature. The increase in abundance of amino acids in 

response to a K
+
-stimulation appears larger at room temperature, 

though absolute levels acquired at 37ºC remain higher .............................57 

Figure 3.6 Plots depict an approximation of how analyte concentration 

increases or decreases as a function of radial distance away from 

an in vivo (A) microdialysis and an in vitro (B) microdialysis 

probe. In vivo, analyte concentration falls in the near vicinity of the 

probe in a region referred to as a depletion zone. In vitro, it is 

hypothesized that the opposite is true. Due to cells cultured at the 



xii 

 

surface of the probe, analyte concentration is likely very high 

immediately next to the probe (an enrichment zone) and falls 

dramatically as distance away from the probe increases  ..........................59 

Figure 3.7 Bar graph depicting the dependence of observed signal intensity on 

the size of the container in which in vitro-microdialysis is 

performed. K
+
-stimulations were performed on in vitro 

microdialysis probes in containers of three different sizes (0.7, 1.5, 

and 150 mL). The percent increase in relative abundance for 

glycine, taurine, and alanine is presented for each size. For the 

majority of analytes, the percent increase in relative abundance 

after a stimulation was much higher in smaller containers and 

dropped dramatically as the size of the environment was increased  ........60 

Figure 3.8 The peak area of alanine is plotted as a function of time, showing 

the time course of an administered K
+
-stimulation in three different 

environment sizes (0.7, 1.5, and 150 mL). The observed response 

appeared larger in magnitude and longer in duration in the smallest 

environment ...............................................................................................61 

Figure 4.1 Brightfield and fluorescence images depicting 3T3 fibroblasts, 

RBL-2HC mast cells, and C8-D1A astrocytes adhered to the 

surface of microdialysis probe membranes................................................75 

Figure 4.2 Series of images showing RBL-2HC mast cells adhered to both the 

flask wall and the microdialysis probe. The focal point was varied 

allowing identification of cells on the different surfaces ...........................76 

Figure 4.3 3D composite images of RBL-2HC mast cells and C8-D1A 

astrocyte cells across the curved microdialysis membrane surface. 

Composites were created from z-stack images collected under GFP 

filter settings with a confocal fluorescence microscope ............................77 

Figure 4.4 In vitro-microdialysis schematic for physically barricaded co-

culture models. Cells are able to communicate chemically due to 

transport of small molecules through the porous membrane, which 

simultaneously serves to block the cell types from physical contact .........79 

Figure 4.5 Brightfield and fluorescence images collected 24 hours after a 3T3 

fibroblast cell suspension was perfused through a microdialysis 

probe. No cells were distinguishable on the interior surface of the 

probe due to high levels of background scatter .........................................80 



xiii 

 

Figure 4.6 Series of images captured before and during the flow-through 

injection of FDA labeled 3T3 fibroblast cells into a microdialysis 

probe. Within several minutes a large cloud of cell debris could be 

seen entering the probe lumen, though intact cell bodies were not 

detected ......................................................................................................81 

Figure 4.7 Fluorescent images of RBL-astrocyte co-culture after specific 

antibody labeling of cell nuclei with DAPI (blue, both cells) and 

GFAP (green, astrocyte-specific). 3D composites are used to 

illustrate coverage of cells around the curvature of the sampling 

region .........................................................................................................85 

Figure 4.8 Fluorescent images of astrocyte-neuron co-culture after specific 

antibody labeling of cell nuclei with DAPI (blue, both cells), 

GFAP (green, astrocyte-specific), and neurofilament (red, neuron-

specific). DAPI stained nuclei showed cell coverage, regardless of 

type, across the sampling region. Specific labels for both astrocytes 

and neurons enabled identification of areas where both cells are co-

localized .....................................................................................................88 

Figure 5.1 Image of a completed micro free flow electrophoresis (µFFE) 

device detailing the inlet capillary (i), run buffer inlets (ii.a-b), 

electrodes (iii), and buffer outlets (iv) .......................................................96 

Figure 5.2 Schematic diagram of in vitro-microdialysis coupled online to a 

µFFE device. Illustration details the connectivity of the probe to a 

reaction cross for derivatization, after which the reaction capillary 

is fed directly into the µFFE device ...........................................................98 

Figure 5.3 Separation schematic within a µFFE device. Sample is introduced 

through the capillary inlet (i) at the top of the device. Application 

of a positive voltage on the left electrode (ii), while the right 

electrode is held at ground, produces an electric field across the 

separation channel (iii). This causes lateral deflection of analytes 

by size and charge across the separation channel. LIF detection is 

performed near the exit of the channel ......................................................99 

Figure 5.4 A µFFE separation of glutamate spiked (black) and aspartate 

spiked (gray) amino acid standard solutions using acetate run 

buffer. Separation lacked baseline resolution of analytes from each 

other and from a labeling reaction byproduct peak .................................101 



xiv 

 

Figure 5.5 Electropherograms of glutamate spiked samples run with CAPS 

buffer. Triton X-100 was used initially (A) to reduce bubble 

formation but resulted in the co-elution of analytes, possibly as a 

result of micelle formation. Methanol was used as an alternate 

additive (B), resulting in better separation of the analytes, with 

baseline resolution from the labeling byproduct peak .............................102 

Figure 5.6 Electropherogram of offline-reacted glutamate and aspartate 

separated using isoelectric focusing (IEF) in a µFFE device. 

Glutamate (left) and aspartate (right) are nearly baseline resolved 

after little optimization .............................................................................105 

Figure 5.7 Fluorescence intensity is plotted as a function of time to illustrate 

how quickly the microdialysis-µFFE system could detect changes 

between fluorescent and non-fluorescent sample streams. Proper 

functioning of the system can be confirmed by immediate changes 

in signal intensity (B) when switching between fluorescent and 

non-fluorescent injection streams. Change in signal intensity varied 

from 150-480 ms. When system backpressure was high, the signal 

did not change immediately as anticipated (A). .......................................106 

 

 

 

  



xv 

 

List of Tables 

Table 4.1 Summary of cell information for models employed with in vitro-

microdialysis: 3T3 fibroblasts, RBL-2HC fibroblasts, C8-D1A 

astrocytes, HCN-1A astrocytes, and human adipocytes ............................73 

Table 5.1 Isoelectric points for aspartic acid, glutamic acid, and several other 

amino acids. The pI difference between glutamic acid and aspartic 

acid is shown to be 0.45, implying their ability to resolve under 

previously described isoelectric focusing (IEF) conditions in a 

micro free flow electrophoresis (µFFE) device .......................................104 

 

  



xvi 

 

List of Abbreviations 

µFFE  Micro Free Flow Electrophoresis 

µFFIEF Micro Free Flow Isoelectric Focusing 

µFFZE  Micro Free Flow Zone Electrophoresis 

aCSF  Artificial Cerebrospinal Fluid 

ADME  Adsorption, distribution, metabolism, and excretion 

ASM  Airway Smooth Muscle 

ATCC  American Type Culture Collection 

BME  Basal Medium Eagle 

BSA  Bovine Serum Albumin 

Ca
+
  Calcium 

CAPS  N-Cyclohexyl-3-Aminopropanesulfonic Acid 

CCD  Charge Coupled Device 

CE  Capillary Electrophoresis 

CNS  Central Nervous System 

CZE  Capillary Zone Electrophoresis 

DAAO  D-Amino Acid Oxidase 

DAPI  4’,6-Diamidino-2-Phenylindole 

DI  Deionized 

DMEM Dulbecco’s Modified Eagle Medium 

DSU  Disk Scanning Unit 

EDTA  Ethylenediaminetetraacetate 

FBS  Fetal Bovine Serum 

FDA  Fluorescein Diacetate 

FFE  Free Flow Electrophoresis 



xvii 

 

FITC  Fluorescein Isothiocyanate 

FMOC  Fluorenylmethyloxycarbonyl 

GFAP  Glial Fibrillary Acidic Protein 

GFP  Green Fluorescent Protein 

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid 

HP-β-CD Hydroxypropyl-β-cyclodextrin 

HPLC  High Performance Liquid Chromatography 

HRP  Horse Radish Peroxidase 

IEF  Isoelectric Focusing 

IgE  Immunoglobulin E 

K
+
  Potassium 

LC  Liquid Chromatography 

LIF  Laser Induced Fluorescence 

LOD  Limit of Detection 

MS  Mass Spectrometry 

MWCO Molecular Weight Cutoff 

NBD-F 7-Fluoro-4-Nitrobenzo-2-Oxa-1,3-Diazole 

NDA  2,3-Naphthalenedicarboxaldehyde 

OPA  O-Phthalaldehyde 

PBS  Phosphate-Buffered Saline 

PMT  Photomultiplier Tube 

PTFE  Polytetrafluoroethylene 

RFU  Relative Fluorescence Units 

SEC  Size Exclusion Chromatography 

T25  Tissue Culture Flasks sized 25 cm
2
 



xviii 

 

TRIS  2-Amino-2-hydroxymethyl-propane-1,3-diol 

VRAC  Volume Regulated Anion Channels 

 

  

 

 

 

 

 



1 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 
 

  



2 

 

1.1 Introduction to Microdialysis Sampling 

 
1.1.1 Traditional Applications  

 

Microdialysis is one of the most commonly employed sampling techniques for in 

vivo analysis, and has been used to sample chemicals in the brain for several decades. A 

Web of Science search indicated that nearly 600 articles were published in 2014 alone 

with microdialysis in the title, keyword, or abstract. Although microdialysis has found 

widespread application, it is particularly useful in the neurosciences for monitoring 

chemical changes in the brain and has been applied in studies ranging from but not 

limited to pharmacology
1, 2

, pharmacokinetics of absorption, distribution, metabolism,  

excretion (ADME)
3-5

,  toxicology
6, 7

, and drug delivery
8-10

.  

Traditionally, microdialysis samples are collected by fractions and followed by 

offline analysis, giving rise to temporal resolutions on the order of 10-30 minutes.  

Temporal resolution can be dramatically improved by coupling probes directly with an 

online analytical separation.
11

  The improved temporal resolution of online analysis is 

necessary to monitor chemical events which occur on fast time scales.
12

 When 

microdialysis is coupled directly to an analytical separation, the temporal resolution is 

primarily determined by the analysis time, sample volume requirements, and detection 

limits of the instrument as well as lateral diffusion through system tubing. The small 

sample volume requirement and fast analysis times of capillary electrophoresis (CE) 

make it an ideal analytical separation for online analysis with microdialysis sampling. 

Coupling microdialysis with CE has achieved sampling rates as fast as 5-10 seconds and 

temporal resolutions on the order of 10-30   seconds.
13, 14

  The ability to monitor such a 

diverse field of analytes at these time scales is unparalleled and has allowed 
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neuroscientists to monitor chemical changes in the 

brain caused by both pharmacological and sensory 

inputs, gaining new insights into brain function.
15

    

Despite the success of microdialysis for in vivo 

analysis it has rarely been adopted for in vitro 

sampling. When employed in vitro, microdialysis is 

often used merely to calibrate in vivo results, not to 

make unique biological measurements. There have 

been previous reports of in vitro microdialysis methods 

which describe either insertion of probes into a fluid 

containing cell suspensions
16

 or into a small volume 

chamber containing tissue slices
17-19

.  In both cases, 

dilution of the analytes into the bulk fluid resulted in 

relatively long sampling times with temporal 

resolutions ranging from 10-20 minutes.
16, 17, 20

     

  

1.1.2 Design and Function 

A microdialysis probe (Figure 1.1) is comprised of three basic components: an 

inlet capillary, an outlet capillary, and a piece of hollow fiber dialysis tubing.  The 

dialysis tubing is porous and acts as a membrane across which small molecules can 

diffuse. Tubing with different molecular weight cutoff (MWCO) values can be selected 

based on the application. Fluid, referred to as the perfusate, is pushed through the inlet 

capillary into the dialysis tubing. Small molecules diffuse across a defined area of the 

membrane known as the sampling region. The flow of perfusate drives solution to exit 

Figure 1.1. Schematic of a 

microdialysis probe. Perfusate 

flows through the inlet 

capillary (A) into the dialysis 

tubing. Analytes diffuse 

across membrane and exits 

the probe through the outlet 

capillary (B) as a continuous 

stream of dialysate.  
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the probe membrane through the outlet capillary. This outlet stream, which now contains 

analyte, is referred to as dialysate. Small molecule analytes diffuse across the membrane 

according to a concentration gradient.  Continuous recovery and/or delivery of small 

molecules is possible without removal of fluid from the extracellular space. This unique 

property enables microdialysis to continuously monitor chemical dynamics in nearly any 

tissue, organ, or biological matrix.
21

    

 

1.1.3 Recovery, Resolution, and Limitations 

The suitability of microdialysis for nearly any aqueous sample has led to its 

widespread use in the field. However, the inability to achieve absolute quantification of 

analytes has continued to be a fundamental limitation of the technique. Microdialysis 

probes are typically perfused at flow rates between 0.1-1 μL/min. At these rates, 

equilibrium is not established across the membrane and the concentration of the collected 

analyte ends up being some fraction of the actual concentration in the surrounding 

extracellular matrix.
11

 Thus, careful distinction must be made with respect to what the 

measured signal actually represents.  

Assuming the concentration of analyte outside the probe lumen is proportional to 

the concentration in the dialysate, the external concentration can be determined based on 

the recovery for a particular set of experimental parameters. This recovery may be used 

as absolute recovery, defined as the total amount of analyte that enters the perfusion 

medium per unit time, or as relative recovery, defined as the concentration of analyte in 

the perfusion medium relative to the extracellular concentration.
22

 These recoveries are 

particularly sensitive to the flow rate of the perfusion fluid through the microdialysis 
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probe such that the absolute 

recovery increases with higher 

flow rates, while relative 

recovery decreases. This 

relationship is depicted in 

Figure 1.2.
21

 

Several mathematical 

expressions have been 

developed to better explain the 

dynamics of microdialysis 

recovery. Though extraction efficiency and relative recovery are often used 

interchangeably, they present a subtle difference. The extraction efficiency is defined as 

the ratio between gain of analyte in a dialysate and the loss of analyte from the 

surrounding matrix:  

𝐸𝐸 =
C𝑑− 𝐶𝑖

C𝑒−𝐶𝑖
                                         (1.1) 

where Cd is the concentration of analyte in the dialysate, Ci is the concentration in the 

perfusion fluid, Ce is the concentration in the surrounding matrix. When performing 

microdialysis in the recovery mode, essentially Ci=0, the extraction efficiency becomes 

identical to the relative recovery. A widely accepted mathematical expression for relative 

recovery as a function of resistance to solute movement at a steady state was developed 

by Bungay et al., 
23

 

 

Figure 1.2. Relative and absolute recoveries for a 

microdialysis probe, plotted as a function of flow 

rate. Adapted from Reference 21.  
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RR =
C𝑑

C𝑒
= 1 − exp

(
1

𝑄𝑑(𝑅𝑑+𝑅𝑚+𝑅𝑒)
)
                 (1.2) 

where Qd is the perfusion flow rate, and Rd,m,e is the resistance to solute movement in the 

dialysate, membrane, and tissue/solution, respectively. Re is dependent on diffusion 

through the sample matrix to the probe and will become almost negligible in vitro due 

both to a decrease in diffusional barriers and the possibility of increased convective 

motion by stirring.
24

 Rd and Rm are independent of the environment surrounding the 

probe and depend, rather, on the properties of the probe and dialysate. Variables affecting 

these parameters include membrane radius, length, and material; diffusion coefficient of 

analyte across the membrane; diffusion of analyte within the dialysis membrane; flow 

properties of dialysate through the membrane; and chemical interactions between the 

analyte and membrane.
24, 25

 Under the conditions of our in vitro-microdialysis model, 

these variables will remain essentially unchanged over time and a steady state will be 

reached. This allows extraction and recovery ratios of microdialysis probes to be 

measured directly when experiments are carried out in solution.
26-28

 

When quantitation of the analyte is desired, the relative recovery of the probe 

must be determined. For in vitro studies, the probe can be calibrated by immersing the 

membrane in various solutions with known concentrations of analyte and comparing the 

obtained signal to that resulting from direct introduction of the same concentration of 

analytes into an analysis system, sans microdialysis.
29-31

 However, due to the fact that in 

vitro relative recovery differs significantly from those obtained in vivo, this style of 

calibration is inadequate for the majority of microdialysis studies.
32, 33

 Probe recoveries in 

vivo are characteristically lower than those obtained in vitro. This is likely due to a 
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variety of mechanisms regarding the complexity of the tissue and extracellular matrix 

including an undefined and tortuous path that the analyte travels to reach the probe 

membrane, as well as the existence of release/uptake mechanisms along the way.
34

  

  In an attempt to address the difficulties described above, several methods have 

been developed and employed for in vivo probe calibration including variation of 

perfusion flow rate
33

 (also referred to as “zero flow”),
35

 no-net-flux,
36

 and retrodialysis.
37, 

38
  The method of no-net-flux relies on altering the concentration gradient between the 

probe lumen and the extracellular matrix by varying the concentration of the analyte 

present in the perfusion fluid. A change in the concentration perfusing the membrane will 

result in a corresponding change in net increase of the concentration of the dialysate.
36

 

Though this is the most often employed method of in vivo probe calibration,
21

 it is not 

always of practical utility due to the extended period of time it takes to reach steady-state 

conditions.   

Despite the many advances in methodology to address the difficulties with 

quantitation of microdialysis sampling, factors remain which further limit the capabilities 

of this technique. The most often cited drawbacks to microdialysis sampling are the 

spatial and temporal resolutions that can be achieved. Spatial resolution is only a serious 

factor for in vivo microdialysis studies when, due to implantation of the probe, damage is 

done to surrounding tissue.
39

 Furthermore, the specificity for which the probe samples 

from a particular region is limited by the size of the sampling region (1-5 mm). When 

probes are operated at slightly higher flower rates to accommodate increased absolute 

recovery (1-10 μL/min), compounds from an area directly around the probe are removed 
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at a more rapid rate inducing a concentration gradient that can extend for several 

millimeters away from the probe, further decreasing spatial resolution.
32

  

Temporal resolution is a factor for both in vitro and in vivo studies, as well as for 

both online and offline coupling of microdialysis to an analytical system. The overall 

temporal resolution is determined by a number of factors pertaining to both the rate of 

perfusion through the microdialysis probe and the capabilities of the analytical system. 

With regards to the analytical system, if analysis can be performed faster than the 

observed dynamics take to entirely change, it is possible to detect a change in abundance 

as a function of time. In this case, the temporal resolution corresponds to the time it takes 

to go from 10-90% of maximum signal intensity; for fast changes, this resolution depends 

on the rate of diffusion across the membrane.
21

 With regards to the microdialysis probe, 

using a slower perfusion rate increases the efficiency of the probe but results in longer 

sampling times. Longer sampling times correspond to decreasing temporal resolution. 

Ultimately, the trade-offs between flow rate of the perfusion fluid, the concentration 

detection limit and sample volume requirement of the analytical system will most 

strongly dictate the temporal resolution that can be achieved for the experiment.
11

 An 

additional factor contributing to the temporal resolution of the system is longitudinal 

diffusion.
40

 This can occur within extended pieces of tubing connecting the probe with 

the analytical system. In a system where there must be additional tubing (to perform 

online derivatization, for example), the speed at which dialysate is carried through the 

tubing must be considered. Shorter tubing lengths and faster speeds will both minimize 

the effect of longitudinal diffusion, so balancing these with the physical requirements of 

the system is important in enhancing temporal resolution.   
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1.2 Microdialysis Analysis 

1.2.1 Coupling to an Analytical System 

An article search demonstrated that upwards of one thousand or more papers 

employing microdialysis are cited each year, in spite of the limitations described above. 

This is indicative of the utility of this sampling technique and demonstrates the 

continuing need to develop methods which improve the capabilities of microdialysis 

analysis. The most critical factor in analysis of microdialysis samples is coupling the 

probe to an appropriate analytical system such as CE,
32

 LC,
5, 41, 42

 MS,
43, 44

 biosensors,
45-

47
 immunoassays,

48
 and microchip electrophoresis.

49, 50
 Coupling the probe to an 

appropriate system can be accomplished using either offline fraction collection or online 

analysis. Performing a separation on an analytical system requires discrete sample 

injections but microdialysis is a continuous sampling technique. Consequently, an 

interface must be employed which collects dialysate for a specified period of time to 

produce a sample plug. Early studies relied on offline methods since effective interface 

schemes were only beginning to be developed.
51-53

   

Jorgenson and Lemmo presented a transverse flow gating interface using steel 

plates in the early 1990s. Briefly, screws held the steel plates in place with a 

polytetrafluoroethylene (PTFE) spacer between them, forming a flow channel. Fused 

silica connection tubing was introduced into the interface and aligned opposite the CE 

separation capillary by a distance defined by the spacer (typically 50-75μm). Two 

additional ports allowed electrophoresis buffer to flow through the channel during a 

separation. Though the interface was originally developed for the coupling of size 

exclusion chromatography (SEC) with capillary zone electrophoresis (CZE), it 
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demonstrated the utility of using low microdialysis flow rates (~80nl/min) while retaining 

sampling times around one minute.
32, 54

 Shortly after the development of the steel plate 

interface, the Kennedy lab employed this design to couple microdialysis and CZE.
32

 This 

early design was successful in coupling microdialysis to high-speed online analysis, but 

the design suffered from operational difficulties and lack of reproducibility.  

In 1997, Jorgenson and Hooker 

designed a more routine and reproducible 

interface for micro-HPLC and CZE.
55

 This 

new flow gating model (Figure 1.3) was 

constructed from a chemically inert, clear, 

polycarbonate polymer allowing for 

visualization of the region between the 

capillaries. Alignment of the capillaries was 

more routine than with the steel plate design 

and the interface was relatively easy to 

machine. The utility of this design for 

coupling microdialysis with high-speed 

analytical techniques, particularly CE, was 

demonstrated by its immediate and 

widespread application.
11, 14, 56, 57

   

The inception of efficient interfacing schemes for coupling microdialysis 

sampling to analysis systems brought an increase in studies employing online analysis 

versus offline fraction collection.  Online analysis allows data output to be collected in 

Figure 1.3. Cross-sectional view of 

polycarbonate flow gate interface. 

Continuous dialysate flow enters through 

the reaction capillary (A) which is 

aligned with the CE separation capillary 

(E). Buffer flows across the alignment 

cross (C) from a buffer reservoir (B) into 

waste (D). When this crossflow is 

stopped, sample accumulates in the gap 

space prior to a voltage-controlled 

injection. 
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near-real time which is highly advantageous when monitoring events which occur on fast 

time scales.
12

 Furthermore, when microdialysis is coupled online to an analytical system, 

the temporal resolution is primarily determined by the analysis time, sample volume 

requirements, and detection limits of the instrument. Thus, using high-speed techniques 

with small sample volume requirements permits sampling rates as fast as 5-10 seconds 

and temporal resolutions on the order of 10-30 seconds.
13, 14

  When offline fraction 

collection is employed, the temporal resolution becomes dependent on the time required 

to collect enough volume for analysis. This can be on the order of 5-10 minutes and is 

considered to be a fundamental limitation to the method.
21

 Additionally, the handling of 

such small sample volumes for offline analysis can be difficult. 

Despite the apparent advantages of online coupling over offline fraction 

collection, there are situations where a specific method is more appropriate. For example, 

if a technique requiring longer analysis times must be employed, such as LC, the 

temporal resolution would be limited to the chromatographic analysis time.
58

 In this case, 

an offline approach would be advantageous. Physical constraints to an online method 

may also contribute to complicated set-ups, unsatisfactory levels of diffusion through 

system tubing, and/or a temporal resolution better than 20 seconds is needed to see a 

particular signal. For these reasons, labs have recently began developing methods to 

segment the dialysate stream into a series of aqueous “plugs” created when mixed with 

immiscible oil. As the analyte travels from the probe membrane to an offline fraction 

collector
12

 or online analysis system,
59

 the effects of zone broadening caused by flow and 

diffusion of analyte are limited. Improvements of temporal resolutions down to 2 seconds 

were reported.
59
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The development of flow gated technology has provided a mechanism for 

converting the continuous stream of dialysate into discrete sample plugs of finite volume 

and demonstrated the utility of pairing microdialysis with CE. The small sample volume 

requirement and fast analysis times of CE make it an ideal analytical system for online 

coupling with microdialysis sampling. Furthermore, probe efficiency can be increased by 

employing lower flow rates of dialysate which maintain compatibility with CE injection 

volumes (1-10nL).
11

 A further advantage of online analysis is that it allows for online 

derivatization of analytes, making them amenable to sensitive detection methods such as 

LIF.
14, 57, 60, 61

  

 

1.2.2 Derivatization and Detection of Analytes 

Sampling from a biological matrix using microdialysis inherently results in a 

small mass recovery of the analyte. Thus, the sensitivity requirements of the detection 

scheme become extremely important. The limit of detection corresponds to the smallest 

amount of analyte that produces a signal significantly different than the blank. In 

practice, this is three times the standard deviation in the baseline. The most sensitive 

detection limits for CE separations, while maintaining applicability to a wide array of 

analytes, are achieved using LIF.
62

 Most of the analytes analyzed by microdialysis-CE 

are not natively fluorescent, so they must be derivatized to be made detectable. A 

fluorescent labeling reagent can be chosen to selectively form a covalent bond with a 

particular moiety for the analyte(s) of interest. This both reduces possible interferences 

from unwanted signals and generates a single, fully-tagged class of analytes resulting in 
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sharper peaks with improved efficiencies, higher plate counts, and lower limits of 

detection.
63

  

The fluorescence labeling reagents o-phthalaldehyde (OPA) and 2,3-

naphthalenedicarboxaldehyde (NDA) are particularly well suited for use with a 

microdialysis-CE assay because they are compatible with the system conditions; both 

react efficiently within 1 minute, at room temperature, under basic conditions, and in an 

aqueous environment.
64

 Originally, OPA was the most commonly used and most 

frequently referred to labeling reagent for microdialysis-CE methods.
65

 However, 

derivatization with OPA is prone to instability and photobleaching and has poorer limits 

of detection than other common reagents.
66

  Early work in our lab sought to identify 

alternative reagents that could replace OPA for detection of neuroamines using 

microdialysis-CE. 7-Fluoro-4-Nitrobenzo-2-Oxa-1,3-Diazole (NBD-F) was selected as a 

viable labeling reagent for our analyses because it reacts efficiently with primary and 

secondary amines, has an optimum excitation wavelength compatible with common 488 

nm lasers, and has been previously used in similar assays.
67

   

The reaction of NBD-F with the primary amine of an amino acid is depicted in 

Figure 1.4. Despite the advances made in both ease and efficiency of fluorescent 

derivatization, it is not without difficulties. For example, a significant drawback to the 

NBD-F labeling scheme is the formation of large amounts of hydrolysis product. Others 

have reported significant falls in temporal resolution due to band broadening which 

occurs during the derivatization process.
14, 28, 60
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Derivatization can be accomplished at several positions within the analytical setup 

and is classified by whether the reaction occurs before (pre-column), during (on-column), 

or after (post-column) the separation. On-column and post-column derivatization 

methods are inevitably conducted online.
64

 Online derivatization methods are most 

frequently employed when the analytical system is coupled to microdialysis sampling. 

The low flow rates used with microdialysis-CE requires a derivatization procedure 

suitable for small sample volumes, high sensitivity, and short analysis time.
65

  Online 

derivatization occurs by mixing the dialysate stream with the labeling reagent using a 

reaction cross or T-junction prior to sample injection for CE analysis. The speed with 

which this derivatization can be executed and its small volume compatibility make it an 

ideal method with respect to the requirements above.  

The detection limits of microdialysis-CE-LIF systems have been further improved 

using a sheath-flow cuvette. In this setup, off-column detection is achieved as a buffer 

stream is used to ensheath the analyte upon elution from the capillary.
68

 The optical 

properties of the sheath-flow cause a dramatic decrease in background signal due to a 

Figure 1.4. The nucleophilic reaction of NBD-F (A) with amines (B). The fluorescent 

amine derivatives (C) are detectable using our LIF detection scheme with 488 nm 

excitation. A by-product (D) is produced by hydrolysis of NBD-F.  
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reduction in the contributions from both scattered excitation light and fluorescence of 

impurities found in fused silica capillaries. It has been demonstrated that on-column 

detection results in a 100 fold increase in background when compared to detection with a 

sheath-flow cuvette.
69

   

 

1.3 Astrocytes 

1.3.1 Physiological Model 

Astrocytes were originally believed to be support cells in the brain, not involved 

in brain function, but over the past several decades research has shown that they play a 

much more significant role. Studies have implicated astrocyte involvement in blood flow 

regulation,
70

 pathogenesis of Alzheimer’s disease,
71

 maintaining ionic and metabolic 

stability in CNS,
72

 glial-neuronal communication,
73

 and synaptic modulation.
74

 In light of 

the conclusive evidence for astrocytic functionality, major debates have ignited within the 

neuroscience community regarding the interpretation of results, the underlying 

mechanisms, and the relevance to normal brain activity. Of particular interest is if and 

how astrocytes engage with neurons by the Ca
2+

-dependent release of glutamate through 

exocytosis.  

In the early 1990s, it was demonstrated that cultured astrocytes were capable of 

propagating glutamate-induced waves of Ca
2+ 

between adjacent cells, suggesting that 

astrocytes could be involved in a functionally relevant signaling system in the brain.
75

 

Shortly thereafter, Parpura et al. used several stimuli (bradykinin, micropipettes, 

photostimulation) to raise the internal Ca
2+ 

levels of cultured astrocytes. Upon 

stimulation, an increase in glutamate release was observed, demonstrating the ability of 
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astrocytes to release glutamate through a Ca
2+

-dependent mechanism.
76

 Astrocyte-neuron 

co-cultures were also investigated to determine whether the triggered release of glutamate 

then communicated with neurons. Increases in the Ca
2+

 levels of adjacent neurons were 

observed and inhibited by D-glutamylglycine, an antagonist for excitatory amino acid 

receptors. The authors were the first to conclusively state that astrocytes demonstrated the 

ability to regulate neuronal Ca
2+

 levels through the Ca
2+

-dependent release of glutamate.  

These pioneering experiments provided the first insights to individual release 

events in astrocytes and were a turning point in research pertaining to astrocytic 

functionality, fueling a series of responding studies. It is important to note that early 

experiments were performed in cell culture and the physiological relevance of the results 

has long been in question. Often the results obtained in vitro did not correspond to what 

was observed in comparable studies performed in vivo. Porter and McCarthy were the 

first to discover similar signaling phenomena in situ when they used 

immunocytochemistry to demonstrate astrocytic responses to glutamate released from 

neuronal terminals in tissue slices.
77

 The observation of glial-neuronal signaling in non-

cultured cells provided a compelling physiological context for previously obtained in 

vitro results. Within the last decade several more studies conducted in vivo have indicated 

direct evidence for astrocytic Ca
2+

-elevations in response to triggered neuronal activity.
78

 

The suggestion of Ca
2+

 transients in astrocytes following transmitter release from nearby 

nerve terminals, and the ability of these fluctuations to trigger the release of glutamate, 

implies that astrocytes do play an active role in synaptic modulation.
74

  

Despite the fact that in situ models can produce results which differ significantly 

from what is observed in vivo, astrocytic function has primarily been studied using tissue 
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slices and cell cultures. Consequently, many findings pertaining to astrocytic function are 

attacked for physiological irrelevance. One such finding is that astrocytes, which are 

relatively inactive in an intact brain, display dynamic activity in culture. Similarly, the 

potentiation of long-range Ca
2+

 waves has been reported in many other cultured cell 

types. Taken together these results imply that the observed events are more a property of 

cells in culture than physiologically relevant astrocytes.
79

 Though the benefit of using 

tissue slices as a more physiologically relevant model seems obvious, the validity of these 

models is also debated. In situ models lack the characteristics of  intact circuits such as 

normal synaptic activity, metabolic functionality, and long range modulatory signals.
70

  

 

1.3.2 Techniques Used to Study Astrocytes 

Studies pertaining to astrocytic function in the brain have been primarily 

conducted using fluorescence microscopy,
80-82

 electrochemical/physiological 

techniques,
72, 83-85

 and immuno-cytochemistry.
86, 87

 The discrepancies detailed above are 

primarily due to the limitations of these techniques. Though very high spatial and 

temporal resolutions have been reported for electrochemical methods, the number of 

molecules which are suitable for analysis is hugely limited. Furthermore, these 

techniques have been criticized for difficulties in simultaneously monitoring multiple 

compounds and causing electrical interferences which alter the signal.
88

 While imaging 

techniques afford the ability to monitor analytes simultaneously with high temporal 

resolution (averaging of collected frames allows visualization at sampling frequencies 

around 1 Hz), the field of suitable analytes is again limited and spatial resolution is 
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sacrificed due to light diffraction and optical distortions in the excitation and detection 

modes.
89

  

The gold standard in characterizing uptake/release events of neuroactive 

molecules in astrocytes requires the introduction of radiolabeled amino acids into 

cultured cells, stimulating a release event, and detecting the signal released into the bulk 

culture medium. Typically, fractions of medium are collected and analyzed every 1-10 

minutes. Despite claims that these techniques have effectively characterized the 

mechanisms of release, there are still gaps in understanding the events. The temporal 

resolution is limited by the frequency of fraction collection, so only gradual increases in 

released analyte are able to be monitored. Mechanistic information regarding fast release 

events is lost. Furthermore, the magnitude of the signal is decreased upon dilution into 

the bulk medium.  

Recently, more desirable temporal resolution has been achieved with enzymatic 

bioassays. For example, the exocytotic release of D-serine was characterized using a D-

amino acid oxidase (DAAO) and horseradish peroxidase (HRP)/luminol assay where 

emitted photons were counted on a 32-ms-interval and detection down to pM 

concentrations was reported.
90

 Though enzymatic assays offer powerful detection on fast 

timescales, the utility of these methods is limited to a small subset of particular analytes 

which are proper substrates for the enzyme.  Additionally, the reactions are technically 

difficult and can be easily complicated by coupling reactions.   
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1.4 Scope of Thesis 

 When considering a highly dynamic process, such as release events from cells, the 

speed at which chemical changes can be monitored is of great importance.  While 

fluorescent imaging offers impressive spatiotemporal resolution with high contrast 

images, the target analyte must be either natively fluorescent or labeled, which can result 

in nonspecific binding and cytotoxicity.
91

 Similarly, electrochemical techniques are 

unparalleled in their ability to temporally resolve minute signals in biological systems, 

but there is only a small class of targets which are suitable for this type of analysis.
92

 In 

both of these cases fast dynamics can be observed, but the array of analytes is small and 

only a few can be monitored simultaneously. In this work, we describe a novel technique, 

in vitro-microdialysis, capable of monitoring fast release events of a wide array of non-

electroactive analytes from cultured cells.  

 Chapter 2 describes the development of our technique, in vitro-microdialysis, 

which when coupled with high-speed CE is capable of resolving a wide array of non-

electroactive analytes with a temporal resolution of 20 seconds. This demonstrated a 

proof of concept for the technique. Chapter 3 discusses further characterization of the 

developed technique, illustrating if and how the observed signal intensity is dependent on 

or independent of a variety of parameters. Chapter 4 presents a variety of alternative 

physiological models to demonstrate the wide-spread applicability of this technique as an 

in vitro sampling platform. Chapter 5 describes progress towards coupling in vitro-

microdialysis probes to a microfluidic device capable of continuous separations. Chapter 

6 gives a summary of the work and presents opportunities for future direction of in vitro-

microdialysis.    
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Chapter 2 

Monitoring Neurochemical Release from Astrocytes Using in Vitro-  

Microdialysis Coupled with CE 
 

 

 

 

 

 

 

 

 

 

 

“Hogerton, A.L and M. T. Bowser.  Anal. Chem. 2013,  85 (19), 9070–9077.” 

 

Reproduced with permission 
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2.1 Summary 

 Cell-based assays have long been used to obtain biochemical information while 

avoiding the inherent complications of in vivo systems such as metabolism, transport, 

uptake/release mechanisms, tortuosity, and  interferences. Though many advances to 

classic in vitro methods have been made, analysis is still primarily limited to either fast 

detection of electrochemically active events or time-delayed measurements of non-

electroactive species with poor temporal resolution. Thus, there remains an analytical 

challenge in monitoring fast dynamics of non-electroactive molecules in vitro. We have 

developed an alternative in vitro sampling platform by culturing astrocyte cells directly 

onto a microdialysis probe coupled with an online high-speed capillary electrophoresis 

(CE) instrument. This model offers an alternative in vitro approach to conventional cell 

culture, capable of measuring the fast release events of small non-electroactive 

neurochemicals from astrocyte cells. Immortalized astrocytic cell clones, C8-D1A, were 

cultured in direct contact with the porous membrane of a microdialysis probe. Small 

molecules released from the cells upon stimulation diffuse across the porous membrane 

because of the close proximity. A high-speed CE, built in house, enabled near-real time 

analysis of the collected dialysate. Dynamic changes in the relative abundance of analytes 

in response to stimulation were monitored with 20 second temporal resolution.  The 

ability of our platform to detect basal and stimulated release of amines was confirmed by 

transferring the probe between artificial cerebrospinal fluid (aCSF) and a potassium-

spiked (100 mM K
+
-aCSF) stimulant solution. Upon stimulation, there are marked and 

varied increases in the relative abundance of several analytes. Glycine demonstrated the 

largest percent increase in relative abundance (700%), followed by taurine (185%) and 
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serine (215%). Amino acids such as phenylalanine, which are not known to have any 

participation in cellular swelling mechanisms, were unaffected by the stimulation. To the 

best of our knowledge, release events of non-electroactive compounds in culture have not 

previously been observed on this time scale.  

  



23 

 

2.2 Introduction 

The traditional approach for measuring release from cells is by making ensemble 

biochemical measurements from a large cell population and analyzing them with an 

analytical technique such as high-performance liquid chromatography (HPLC) or CE. 

Sampling from the bulk medium results in low temporal resolution and an inability to 

resolve the fast kinetics of cell secretion, detect trace amounts of released molecules, or 

reveal functions of cell membrane domains.
93

 The emergence of micro- and 

nanotechnologies holds promise in resolving fast cell dynamics, but the current platforms 

still depend almost exclusively on electrochemical detection. There remains a gap 

between in vitro techniques that are able to make fast measurements but only with a 

limited set of analytes and techniques that are compatible with a larger range of analytes 

but are limited to slower time scales.  In this work, an alternative in vitro sampling 

method was developed by culturing cells in direct contact with a microdialysis probe. The 

proximity of cells to the porous dialysis membrane enables diffusion of small molecules 

released from the cells across the membrane. These analytes, now present in the dialysate 

fluid, can be analyzed by directly coupling the microdialysis probe to a high-speed CE 

for fast analysis and sensitive LIF detection.  

As a test case, a line of immortalized astrocyte cells were selected for their 

robustness, adherent properties, well-documented release responses to stimuli, and 

current interest in the neuroscience community. Astrocytes are the most abundant glial 

cell in the central nervous system (CNS) and they have been increasingly implicated in 

involvement with blood flow regulation
70

, pathogenesis of Alzheimer’s disease
71

, 

maintaining ionic and metabolic stability in CNS
72

, glial-neuronal communication
73

, and 
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synaptic modulation
74

. A series of studies in the late 1990s were the foundation for a new 

model of synaptic function, one in which astrocytes affect activity at the synapse by the 

calcium-dependent release of small neuroactive molecules known as “gliotransmitters.”  

Over the past twelve years, hundreds of publications have reported on astrocytic 

influence in synaptic communication, and at present many neuroscience textbooks now 

include sections on glial-neuronal signaling.
94

 Though the idea that astrocytes play an 

active role in brain function is ubiquitously accepted, there is still plenty of debate and 

skepticism regarding astrocytic transmitter release.
95, 96

 In large part, the inability to 

reconcile these observations is attributable to a lack of experimental techniques, and 

further demonstrates the need for an analytical method capable of monitoring fast release 

dynamics for a wide array of analytes that are non-electroactive.   

This work reports the successful development of a novel in vitro sampling 

technique capable of resolving non-electroactive analytes on a sub-minute time scale. 

Astrocyte cells were cultured on the surface of a microdialysis probe and analyte release 

was monitored with online high-speed CE. A high-potassium stimulation was 

administered to depolarize the cells and changes in the relative abundances of nearly a 

dozen amino acids were observed with 20 second temporal resolution. Imaging was used 

to confirm that a confluent monolayer of cells was achieved over the sampling region. 

This platform is well-suited as a model for studying fast dynamics in cell-based systems 

and offers utility in diagnostic, pharmacological, and drug discovery studies pertaining to 

neurological and metabolic diseases.    
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2.3 Materials and Methods 

2.3.1 Chemicals and Reagents 

Reagents. Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum 

(FBS) were purchased from Invitrogen Molecular Probes (Eugene, OR). Trypsin solution 

(10×, 5 g/L trypsin, 2 g/L EDTA·4NA, 8.5 g/L NaCl), phosphate-buffered saline (PBS), 

and all amino acid standards were purchased from Sigma-Aldrich (St. Louis, MO). 

Sodium tetraborate decahydrate was purchased from Fisher Scientific (Pittsburgh, PA).  

Buffers and Solutions. All solutions were prepared in deionized water (Milli-Q, 

18.2 MΩ; Millipore, Bedford, MA) and filtered (0.22 µm) unless otherwise described. 

Sheath flow buffer contained 100 mM borate adjusted to pH 10.5. CE Separation buffer 

contained 100 mM borate/20 mM hydroxypropyl-β-cyclodextrin (HP-β-CD, 

pharmaceutical grade, 5.5 degree substitution, lot H4F110P, Cargill, Cedar Rapids, IA) 

and was also adjusted to pH 10.5. Artificial cerebral spinal fluid (aCSF) was prepared 

with NaCl (145 mM), KCl (2.7 mM), MgSO4 (1.0 mM), and CaCl2 (1.2 mM). High-K
+
 

aCSF solutions were prepared with NaCl (45 mM), KCl (102.7 mM), MgSO4 (1.0 mM), 

and CaCl2 (1.2 mM). Derivatization solution was prepared fresh daily by dissolving 40 

mM NBD-F (TCI America, Portland, OR) in methanol and diluting 1:1 with 500 µM HCl 

yielding a final solution of 20 mM NBD-F/250 µM HCl in 50% methanol which was 

degassed under vacuum for 2 minutes. Fluorescein diacetate (FDA; Sigma-Aldrich Co, 

St. Louis, MO) stock solution was prepared by dissolving 1 mg/mL in fresh acetone and 

was stored in a glass culture tube, covered with tinfoil, in a refrigerator. 
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2.3.2 In Vitro-Microdialysis 

Microdialysis probes were built in-house according to the side-by-side 

geometry
97

. Briefly, were inserted into a 200 µm i.d. piece of hollow fiber dialysis tubing 

made from regenerated cellulose (13 kD MWCO, Spectrum Laboratories, Rancho 

Dominiquez, CA), a stretchy material allowing both capillaries to fit snugly inside.  The 

capillaries were staggered by 1 cm to create a sampling region which was sealed using 

polyimide resin (Alltech, Deerfield, IL). Prior to introduction into cell culture, probes 

were conditioned by perfusion of ethanol (60 µL/hr for 30 min) then aCSF (60 µL/hr for 

45 min) and sprayed with a 70% ethanol solution.  

Type-1 astrocyte cell clones, C8-D1A, were obtained (CRL-2541, ATCC, 

Manassas, VA) in a 1 mL frozen vial. These astrocytic clones were originally collected 

from 8 day old mouse cerebella after spontaneous transformation (no addition of 

carcinogens or oncogenic viruses) and are considered to be an immortalized line since 

they were maintained for more than 100 generations after cloning.
98

 Confluent monolayer 

cultures were sustained in 25 cm
2
 tissue culture flasks (T25) containing 9 mL of high 

glucose DMEM supplemented with 10% fetal bovine serum and 110 μL gentamicin. 

Cultures were kept at 37°C in an incubator and were passaged using a ratio of 1:6 every 

3-4 days with 0.25% trypsin/0.03% EDTA solution.  

Monolayers of cells were grown directly on the surface of microdialysis 

membranes by serially seeding suspensions of cells into a flask containing several probes. 

To accelerate the time it takes for cells to differentiate across the entire sampling region, 

this process is performed with 5 passages of cells, resulting in an in-culture time of 

approximately 2-3 weeks. 
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2.3.3 Online CE-LIF Instrumentation 

A schematic of the in vitro-

microdialysis sampling platform 

coupled online to a high-speed CE-LIF 

instrument is shown in Figure 2.1. The 

labeling assay has been previously 

reported
67

 and  here is presented with 

slight modifications.  

Derivatization Reaction. 

Microdialysis probes were perfused 

with aCSF at a rate of 25 µL/hr with a 

microsyringe pump (Harvard Apparatus 

Inc., Holliston, MA, USA). Dialysate 

was transported in a 40 µm i.d. × 360 

µm o.d. fused silica capillary to a 250 

µm  i.d. stainless steel cross (Valco 

Instruments Co. Inc, Houston, TX) 

where it was mixed with a 5 uL/hr 

stream of borate buffer and a 5 uL/hr 

stream of derivitization solution. The 

labeling reaction progressed as it traveled through a 90 cm capillary of 75 µm i.d. × 360 

µm o.d. dimensions. The rate of the reaction was accelerated by heating a 66 cm portion 

of this capillary to 80ºC by passing the capillary through tubing that was circulated with 

Figure 2.1. Schematic of online CE system 

coupled to the in vitro-microdialysis 

platform. Either aCSF or stimulant-spiked 

aCSF can be perfused into the probe. Cells 

are cultured onto the surface of the 

microdialysis membrane. Small molecules 

released by the cells will diffuse across the 

sampling region of the dialysis membrane 

and be transported to the reaction cross in 

the dialysate. 7-Fluoro-4-Nitrobenzo-2-

Oxa-1,3-Diazole (NBD-F) is used to 

fluorescently label primary and secondary 

amines. Injections onto the separation 

capillary are made by stopping buffer flow 

through the flow gate (FG) interface. 

Analytes are excited by the 488 line of 

diode pumped solid-state laser and detected 

with a PMT. 
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water from a heating bath (NESLAB EX-7 Digital one heating bath circulator, Thermo, 

Newington, NH). The length of the reaction capillary and flow rates of solutions resulted 

in a 5 minute reaction time allowing the reaction to go to completion. 

High-Speed Capillary Electrophoresis. A flow gated interface
55

 was used to 

segment the continuous stream of labeled dialysate into discrete injection plugs onto a 6.5 

cm CE separation capillary with 5 µm i.d. × 360 µm o.d. The reaction and separation 

capillaries were coaxially aligned in the vertical channels of the flow gate with a 50 µm 

gap between them. A syringe pump (Pump 22 syringe pump, Harvard Apparatus, 

Holliston, MA) flowing at 40 mL/hr was used to push separation buffer across the gap 

between capillaries in the horizontal channels of the flow gate or into a waste reservoir. 

The flow stream was controlled using a pneumatically actuated 10 port valve (C2-3000A, 

Valco Instruments Co. Inc., Houston, TX). Injections were performed by stopping buffer 

flow through the flow gate while no voltage was applied, allowing a sample plug to form. 

Sample was drawn into the capillary by applying a voltage of 16-18 kV. Separations were 

conducted by increasing the voltage to 18-20 kV and resuming buffer flow through the 

flow gate. Injections were controlled using a LabView program designed in house. 

Detection Scheme. LIF detection was achieved using the 488 nm line of a diode 

pumped solid-state laser (Coherent, Santa Clara, CA) at a power of 60 mW. The laser 

beam was in line with a 10× beam expander (Edmund Optica, Barrington, NJ) and a 1× 

lens used to focus the beam just below the tip of the separation capillary in the sheath 

flow cuvette. Fluorescence emission was collected at 90° with a photomultiplier tube 

(PMT R1477, Hamamatsu Corp., Bridgewater, NJ) after being filtered through spatial 

and bandpass filters (543.5 ± 10 nm). Current was amplified, filtered with a 10 ms rise 
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time, and recorded using a data acquisition card (National instruments Corp., Austin, 

TX). Cutter Analysis 7.0
99

 was used to analyze data.  

Measuring Release Dynamics from Astrocytes. Microdialysis probes cultured with 

a monolayer of astrocytes were transferred from culture flasks to 1.5 mL eppendorf tubes 

containing aCSF held at 37ºC using a dry bath incubator (Fisher Scientific, Pittsburgh, 

PA). Probes were perfused with aCSF for 10 minutes prior to online coupling with CE, 

allowing interferences from the cell growth medium to be cleared from the interior lumen 

of the probe prior to analysis. Basal amino acid levels were recorded while the probe 

remained in a solution of aCSF. Amino acid release was stimulated by transferring the 

probe to a solution of high-K
+
 aCSF for a duration of 2 minutes followed by returning the 

probe to the original aCSF solution. Several stimulations could be performed on a single 

probe at intervals of at least 20 minutes, allowing for stimulated release to return to basal 

levels before subsequent stimulations. 

Bulk Measurements. Stimulation experiments were performed on cells cultured in 

bulk as a point of comparison. Briefly, cells were cultured in a T25 flask until a 

confluency of approximately 75%. Cells were then washed with PBS (3× 5mL) and aCSF 

was added to the flask (10 mL). After 10 minutes, an aliquot was removed and analyzed 

using microdialysis-CE. aCSF was then removed and replaced with high-K
+ 

aCSF. 

Again, an aliquot was removed after 10 minutes and the stimulation solution was 

replaced with aCSF. Process was then repeated.  
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2.3.4 Imaging 

Medium was removed from the culture flask and cells were rinsed three times 

with PBS. The final PBS rinse was left in the flask. 2 µL of FDA stock solution was 

added for each 1 mL of PBS for a final amount of 2 ug/mL FDA. The solution was 

incubated for 15 minutes at 37ºC. Cells were imaged immediately on a Nikon A1R-MP 

multi-photon confocal microscope connected to an upright FN1 microscope with a 

PlanApo LWD 25× water-immersion objective (Nikon Instruments Inc, Melville, NY).  

 

2.4 Results and Discussion 

2.4.1 Cell Coverage on Probe Surface 

Two key issues that must be addressed with the in vitro-microdialysis platform is 

the extent of surface cell coverage across the sampling region and the viability of the 

cells growing on the probe.  To determine if a significant number of active cells were 

present, viable cells were labeled with FDA and imaged over the sampling region of a 

microdialysis probe using confocal microscopy (see Figure 2.2). As a non-fluorescent 

precursor, FDA, is often used for assessing cell viability since it only generates a 

fluorescent signal once it has been taken up by mammalian cells and the acetate groups 

are removed by active intracellular enzymes.
100
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Figure 2.2. Astrocyte clones (C8-D1A) were cultured in direct contact with the porous 

membrane of microdialysis probes. Viable cells were labeled with FDA and imaged 

over the surface of the sampling region (A). To visualize how surface coverage 

increased with time and number of passages, probes were oriented according to (B) 

and imaged using confocal microscopy. After 3 days in culture and with 1 passage of 

cells seeded onto the membrane surface (C) only a small patch of cells was observed. 

A second passage of cells was seeded and imaged after 1 week in culture (D), resulting 

in a noticeable increase in cell coverage. The serial-seeding of cell passages continued 

and images were collected after 2 weeks in culture with 4 passages of cells (E) and 3 

weeks in culture with 5 passages of cells (F).  
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The C8-D1A astrocytic clones adhered easily to the regenerated cellulose 

membrane, with no special surface treatment or handling necessary to incorporate cells 

onto the probe.  Although transfer was straightforward it was noticed that the astrocytes 

did propagate at a slower rate on the probe surface than in bulk culture. To increase the 

rate of cell incorporation onto the surface, multiple passages of cells were sequentially 

seeded onto a probe over several weeks. A confluent monolayer of cells was reproducibly 

achieved when 5 passages of cells were seeded over a three week time period. A time-

progression series of images were collected by imaging probes at four time points during 

the culture process: 3 days in culture with 1 passage of cells seeded on (Figure 2.2 C), 1 

week in culture with 2 passages of cells (2.2 D), 2 weeks in culture with 4 passages of 

cells (2.2 E), and 3 weeks in culture with 5 passages of cells (2.2 F). Probe surfaces for 

each of the presented images are oriented in the same axial direction, as demonstrated in 

Figure 2.2 B.   

As shown in the time-progression images presented in Figures 2.2 C-F, the 

surface area of cell coverage increased as more passages of cells were seeded onto the 

probe. After a few days in culture with one passage of cells (2.2 C) only a small patch of 

cells adhered to the membrane. Though these cells demonstrated some propagation, it 

was at a slower rate than in the culture flask. After an additional week in culture and two 

more passages, cell coverage over the membrane began to spread, reaching 

approximately 50-60% confluency (2.2 D). The trend of increased coverage further 

passages continued (2.2 D-E) and complete coverage was achieved at approximately 3 

weeks in culture. At this point, cells began to form a thick monolayer over the sampling 

region resulting in a tissue-like surface visible to the naked eye.   
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Fibrous astrocytes are characterized by processes which extend out from the cell 

body. At low density there are typically 2-4 processes which are short and thick. As the 

cells become more confluent, processes become longer, thinner, and more numerous.
98

 

This trend can be visualized in Figure 2. At lower densities, the cell bodies appeared 

prominently with only a few processes extending out. As more cells adhered to the 

surface of the probe membrane, individual cell bodies became difficult to visualize under 

the reach of neighboring projections. Observed cell bodies were typically 30 µm in 

diameter, with processes ranging from 50-80 µm in length. The size and morphology of 

the observed cells were consistent with previous descriptions
98

, suggesting that culturing 

cells on the surface of the membrane did not alter cell physiology and function. 

Careful attention was necessary to prevent bacterial contamination of the probes 

during their preparation. In particular, the glue and resin used in probe construction are 

not able to withstand autoclaving.  To limit contamination, newly fabricated probes were 

sprayed with ethanol (70%) and stored in a clean hood. Prior to use probes were 

conditioned with autoclaved aCSF using autoclaved syringes and capillaries. These steps 

successfully minimized bacteria growth and enabled probes to be kept in cell cultures for 

several weeks. 

 

2.4.2 High-Speed CE Analysis 

Analyte peaks were visually identifiable at concentrations as low as 500 nM (see 

Figure 2.3A). At this concentration, several amino acids including glycine and taurine 

were still easily distinguished from baseline levels. A calibration was performed daily 

before stimulation experiments by preparing serially diluted amino acid standards ranging 
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in concentration from 10 uM to 100 nM. Actual limits of detection varied from 100-250 

nM. Figure 2.3B plots the area of a glycine peak against time as the probe was moved 

between standard solutions of known concentrations.  This plot shows how the signal 

Figure 2.3. (A) Electropherograms from the online microdialysis-CE analysis of a 

series of amino acid standards.  Detection limits were typically between 100-250 nM. 

(B) Change in intensity of the glycine peak as the probe is moved between standard 

solutions of different concentrations.  Note that the probe was returned to aCSF 

between each standard solution.  (C) Electropherogram from an online microdialysis-

CE analysis of K
+
 stimulated release from a probe cultured with astrocytes.  Identified 

peaks include: (1) glutamate, (2) arginine,  (3) lysine, (4) tyrosine/phenylalanine,(5) 

leucine/isoleucine, (6) valine,  (7) histidine/methionine, (8) taurine, (9) alanine, (10) 

threonine/glutamine, (11) glycine, (12) asparagine, (13) L-serine, (14) D-serine, and 

(15)PEA.  (D) The temporal response of the in vitro-microdialysis CE instrument 

during a 2 min. stimulation of astrocytes cultured onto the probe surface with high K
+
 

aCSF. Injections were made every 20 seconds, and in this time the signal increased 

from 10-90% of intensity. Glycine (▲) and phenylalanine (●) are presented to contrast 

the rapid increase in abundance of glycine in response to a depolarizing stimulation, 

with the insignificant change observed for phenylalanine.   
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responds to analyte concentration as well as the temporal response of the instrument.  

Note that probe was returned to aCSF between standard solutions to allow the signal to 

return to baseline. Concentrations reached their highest values within 1-2 CE separations 

corresponding to a temporal response of 20-40 seconds. 

Figure 2.3C shows an electropherogram from the online CE analysis of 

potassium-stimulated release from a confluent layer of C8-D1A astrocyte cells cultured 

on the surface of a microdialysis probe.  The astrocytes released many small molecule 

amines at concentrations well above the limits of detection of the CE-LIF instrument.  

Peaks were identified using the double-dialysis method,
101

 where 10 µL of dialysate was 

collected over a 15 minute period from a probe coated with cells placed in a high-K
+
 

aCSF solution.  A second, bare surface microdialysis probe was moved between the 

collected dialysate (diluted to 300 µL with DI water) and solutions containing small 

molecule amine standards to confirm the CE migration times of individual analytes.  A 

hydrolysis byproduct of the NBD-F labeling reaction was observed from 8-9 seconds. 

Despite this interference, 15 small molecule amines released from the astrocytes were 

resolved and identified in a 20 second separation window. Among the identified analytes, 

several are of particular importance to astrocyte physiology including: glycine, taurine, 

D- and L-serine, alanine, and glutamate. Significant drift in analytes with longer 

migration times prevented reliable measurement of glutamate in several probes. It should 

be noted that C8-D1A astrocytic cell clones do not contain GABA
102

, so it is not included 

in this analysis. 

Figure 2.3D demonstrates the temporal response of the instrument when using a 

cell coated probe.  In this experiment a cell coated probe is moved from aCSF to high-K
+
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aCSF, stimulating a rapid increase in glycine release.  Note that the observed temporal 

response of the instrument is even faster than when bare surface probes are moved 

between standard solutions (Figure 2.3B).  It is hypothesized that the close proximity of 

the cells to the probe enhances diffusion to the membrane surface, resulting in the 

observed improvement in temporal resolution.  Overall the temporal resolution of the in 

vitro-microdialysis CE system was determined to be 20 seconds and limited by the CE 

separation time. 

 

2.4.3 Dynamics of Small Molecule Amine Release from Astrocytes 

Astrocytes are known to have a high K
+
 permeability, which is important in 

regulating extracellular K
+
, a necessary action for maintaining neuronal excitability.

103
 A 

physiologically interesting consequence of this permeability is that an abundance of 

extracellular potassium, typically a consequence of action potential generation in nearby 

neurons, can elicit a number of responses in astrocyte cells. Two release mechanisms are 

expected to be triggered by excess extracellular potassium: cellular swelling and transport 

reversal. Cellular swelling via volume regulated anion channels (VRACs) is induced by 

the entrance of extracellular K
+
 and Cl

-
 ions. To recover, the cell opens VRACs which 

release amino acid transmitters such as glutamate, glycine, GABA, aspartate, and taurine 

into the extracellular region.
104, 105

  Transport reversal is second K
+
-dependent release 

event observed in astrocytes. To control the abundance of excitatory amino acids in the 

extracellular space, astrocytes express Na
+
-dependent amino acid transporters. Under 

normal conditions, these transporters rely on Na
+
 and K

+
 gradients to uptake amino acids 

into the cell. Raising extracellular levels of K
+
, perturbs this gradient and causes a 
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reversal of these transporters.
106, 107

 

Triggering either of these mechanisms 

is expected to induce in an increased 

release of small molecule amino acids 

from astrocytes.  

To demonstrate the ability of 

the online in vitro-microdialysis CE 

platform to detect fast release events, 

we exposed astrocyte cells cultured 

onto the surface of a microdialysis 

probe to high-K
+
 levels. Stimulations 

were administered for 2 minutes and 

were performed by simply transferring 

the probe from an aCSF solution to a 

vial containing high-K
+ 

aCSF. As 

demonstrated in Figure 2.4 A, 

electropherograms collected during 

high-K
+
 exposure (red) show a 

noticeable increase in the abundance of 

amino acids when compared to those 

collected during basal release (black). 

Figure 2.4 B demonstrates the time 

course of the stimulations and the 

Figure 2.4. Online microdialysis-CE analysis 

of fluorescently labeled small molecule 

amines released from C8-D1A astrocyte 

cells. Electropherograms (A) were collected 

both before (black) and during (red) a 2 

minute K+ stimulation. Traces have been 

offset for clarity. Peak area was plotted as a 

function of time to demonstrate the time-

course of stimulation experiments (B). For 

the experiment presented here, the percent 

increase in the relative abundance of amino 

acids ranged from 11 percent (phenylalanine, 

●) to 370 percent (glycine, ▲).  
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subsequent increases in the relative abundance of monitored amino acids. While glycine 

increases rapidly in response to high-K
+
, many amino acids were unperturbed. 

Phenylalanine is shown as a point of comparison. It should be noted that levels quickly 

returned to baseline after clearance of the high-K
+
 aCSF.  Astrocytes responded to 

multiple stimulations with high-K
+
 (see Figure 2.4 B), suggesting continued viability of 

the cells on the probe over periods of several hours. The increased response of amino acid 

release to the second stimulation in Figure 2.4 B is attributed to biological variability. In 

other experiments, the first stimulation demonstrated a larger response than later 

stimulations (data not shown) which indicates that the increased effect seen here is not a 

result of previously released analyte accumulated in or near the probe membrane.  

Astrocytes cultured onto three different probes were each administered  two high 

K
+
 stimulations to assess reproducibility. The average percent increase in the relative 

abundance of several key amino acids is plotted in Figure 2.5. It is important to note that 

several amino acids were much more responsive to the potassium stimulation than others. 

Glycine demonstrated the largest percent increase in relative abundance (700%), 

followed by taurine (185%) and serine (215%). Instrumental variability day-to-day 

prevented us from reproducibly achieving complete resolution between D- and L- serine, 

so the areas were taken together for this analysis. Our results are in agreement with a 

previous study which reported a 94% increase in the evoked release of taurine from Type 

1 astrocytes with a 50 mM high-K
+
 stimulation.

108
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To demonstrate the utility of 

the developed method, a comparable 

stimulation experiment was performed 

in a bulk cell culture (Figure 2.5, 

black). Here, aliquots of aCSF were 

removed at 10 minute intervals before, 

during, and after exposure to high-K
+ 

aCSF. Dilution of the analyte into the 

bulk fluid both prevented collection at 

increased frequency and caused 

several analytes to fall below the LOD 

of the instrument (*). This result 

illustrates the advantages that in vitro-

microdialysis offers over traditional 

methods. Changes in the relative 

abundance of analytes can be observed 

for more analytes at lower 

concentrations with significantly improved temporal resolution.  

The large, yet variable responses among analytes is exciting for several reasons. 

First, the non-uniform increases across the different analytes supports the premise that the 

observed changes are biological in origin, not artifacts of the instrument. Second, the 

amino acids which are more greatly affected by exposure to high-K
+
 are in agreement 

with previous reports on astrocyte physiology. Several different studies have concluded 

Figure 2.5. The increase in the relative 

abundance of amino acids after a 2 minute 

K+ stimulation using both the developed in 

vitro-microdialysis platform (gray, n=4) and 

a traditional bulk assay (black, n=1) for a 

control. When monitoring changes with in 

vitro-microdialysis, glycine consistently 

demonstrates the largest increase in 

abundance with response to the stimulus, 

though marked increases are also observed 

for taurine, serine, alanine, and 

histidine/methionine. Observed changes 

during bulk analysis were significantly 

lower, due to dilution, with several analytes 

below the LOD (denoted with *).  
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that depolarized astrocytes release taurine
109

 and serine
110

 from VRACs, while glycine 

release may be occur via transport reversal
111

. Amino acids such as phenylalanine, which 

are not known to have any participation in cellular swelling mechanisms, were unaffected 

by the stimulation.  

There are several factors which likely contribute to the dramatic responses 

observed using our system. First, the cell line was chosen to induce a large signal. C8-

D1A astrocyte clones are a designated Type 1 astrocytic cell line. This type of cell has 

higher concentrations of glutamine and alanine (4×) and glutamate, asparagine, serine, 

and threonine (2×) when compared to Type 2 astrocytes.
108

 It has also been demonstrated 

that these cell clones synthesize taurine and glycine, resulting in high endogenous levels 

of these particular amino acids.
102

  Furthermore, both the close proximity of the cells to 

the microdialysis membrane and the high temporal resolution of the online CE instrument 

allow us to more efficiently capture and analyze released analytes in comparison to bulk 

methods.  Lastly, a strong stimulation was administered. Depolarization of astrocyte cells 

is often performed by exposing cells to a hypoosmotic medium containing depleted  NaCl 

concentrations, as opposed to increased potassium.
105, 109

 It has been reported that 

hypoosmotic media induces less intense release patterns than a similar isosmotic medium 

in which an K
+
 is used to replace an equimolar amount of Na

+
.
112

 It is likely that the 100 

mM K
+
 isosmotic stimulation evoked a significantly larger response due to strength and 

osmolality. Again, this stimulation was intended to induce a dramatic and predictable 

response as a means of validating the online in vitro-microdialysis CE method. 
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2.5 Conclusions 

The model proposed here offers an alternative microdialysis approach where cells 

are cultured directly onto the surface of the porous membrane.  Culturing cells directly 

onto the probe surface allowed efficient recovery of released analytes, eliminating the 

dilution that limits the sensitivity and temporal response of traditional bulk in vitro 

assays.  Integration with online, high-speed CE allowed the benefits of this efficient 

recovery to be realized, resulting in low nM detection limits and a 20 second temporal 

response for a number of important neurochemicals.  Detection of cellular release was 

demonstrated using immortalized C8-D1A astrocyte cells.  Dynamic changes in release 

were stimulated by exposure to extracellular potassium. Depolarization induced an 

increase in the overall relative abundance of several amino acids; most notably, glycine, 

but also taurine, serine, alanine, and histidine/methionine.  These results are in agreement 

with previous reports of astrocyte physiology and serve as a validation for this method.   
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Chapter 3 

Characterization of the in Vitro-Microdialysis 

Sampling Platform 
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3.1 Summary 

 In this work, a variety of parameters affecting the efficacy and accuracy of in 

vitro-microdialysis were investigated. Cell medium used to maintain cells prior to 

analysis, was fully perfused from the probe after a duration of 10 minutes, minimizing 

any effects on the intensity and duration of the observed signal. Upon removal from cell 

medium, it was initially unclear whether the cells were properly sustained in the solution 

of artificial cerebrospinal fluid (aCSF) previously used to analyze basal release. A study 

was performed characterizing cell survival in several buffered-aCSF solutions. No 

significant increase in cell death was observed in a simple aCSF solution, when compared 

with the buffered systems, for up to two hours. Several parameters influencing the 

microdialysis environment, specifically temperature and size of the containment, were 

also investigated. Both were found to have a substantial effect on signal intensity and 

release dynamics. When compared to basal and release levels collected at 37ºC, 

transferring a probe to a solution maintained at room temperature lowered the signal 

intensity, demonstrating a need to perform experiments at biological temperatures. 

Microdialysis was performed in several sized containments: 0.7 and 1.5 mL eppendorf 

tubes as well as a 150 mL beaker. Signal intensity appeared larger in the smaller 

environments, indicating that diffusion back towards the probe may be occurring, a 

finding further supported by a prolonged duration of stimulated release in smaller 

containers. However, sample-to-sample variability and high standard deviations 

contribute to a lack of statistical significance for this result.  
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3.2 Introduction 

 The widespread application of microdialysis for in vivo sampling has been 

established. The relatively small size of the probe limits disruption to surrounding tissue 

while the molecular weight cut-off (MWCO) serves as a built-in cleanup of the sample.
113

  

Aqueous perfusate is pushed through the probe continuously, resulting in no net-loss of 

fluid across the membrane. This allows microdialysis to be performed within living 

biological systems. In Chapter 2, a new sampling platform was discussed detailing the 

use of microdialysis as an in vitro technique by culturing cells on the surface of the 

microdialysis probe. High-K
+
 stimulations were performed on cell-cultured probes to 

demonstrate the ability to monitor dynamic analyte changes with temporal resolution of 

20 seconds. While initial work proved promising, further characterization of the 

parameters influencing both the well-being of the cells during experimentation and the 

sampling process was required.   

 Cultured cells must be maintained under a common set of conditions to ensure 

health. Though these conditions can vary depending on the cell line, several parameters 

remain fairly constant. For example, mammalian cells are often kept in an incubator set to 

37ºC and 5% CO2. In addition to the temperature and gas composition of their 

environment, the health and longevity of cultured cells is heavily dependent on the 

composition of the fluid (termed “cell growth medium”) in which they live. The 

recommended medium for maintaining the C8-D1A cultured astrocyte cells initially used 

for in vitro-microdialysis is Dulbecco’s Modified Eagle’s Medium (DMEM), a variation 

of Basal Medium Eagle (BME) that contains a four-fold higher concentration of amino 

acids and vitamins. In the process of culturing cells on the microdialysis membrane, 
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probes were subsequently immersed in this fluid for approximately 3 weeks. Since this 

medium contains high concentrations of analytes of interest, the extent to which cell 

growth medium can influence the observed amino acid levels during experimentation 

must be identified. Of additional interest is how long cells could survive (and maintain 

physiological functions) once removed from their life sustaining medium.   

  In addition to determining the effects of the fluid in and around the probe, it is 

necessary to better understand how the sampling dynamics are influenced by the cell 

barrier at the sampling surface. Long-standing difficulties with accurately determining 

recovery, and the inability to effectively perform calibrations, continue to complicate the 

interpretation of microdialysis experiments. Through the early 90’s, in vitro microdialysis 

was often used to calibrate in vivo results; however, this was found to inaccurately 

represent the results because (i) the diffusion resistance encountered in tissue is not the 

same as that found in an in vitro reference medium and (ii) in tissue the various active 

and passive clearance processes, which are absent in vitro, bring another uncontrollable 

factor when comparing in vitro with in vivo microdialysis.
114

 Essentially, the added 

complexities of in vivo systems (including analyte metabolism, uptake and release, and 

tissue tortuosity) has too much of an effect on the observed signal to be compared with 

results obtained in the absence of these factors.  

 Because our experiments aren’t performed in vivo, variables that we previously 

didn’t have access to are now available. Specifically, we’re interested in variables that are 

easy to manipulate and control: temperature and size of environment. By identifying the 

effects of these new parameters at our disposable, we will be able to better understand the 



46 

 

dynamics of in vitro-microdialysis sampling and design more specific and biologically-

relevant experiments in the future.  

 

3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

 Reagents. Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum 

(FBS) were purchased from Invitrogen Molecular Probes (Eugene, OR). Trypsin solution 

(10×, 5 g/L trypsin, 2 g/L EDTA·4NA, 8.5 g/L NaCl), phosphate-buffered saline (PBS), 

and all amino acid standards were purchased from Sigma-Aldrich (St. Louis, MO). 

Sodium tetraborate decahydrate was purchased from Fisher Scientific (Pittsburgh, PA).  

  Buffers and Solutions. All solutions were prepared in deionized water (Milli-Q, 

18.2 MΩ; Millipore, Bedford, MA) and filtered (0.22 µm) unless otherwise described. 

Sheath flow buffer contained 100 mM borate adjusted to pH 10.5. CE Separation buffer 

contained 100 mM borate/20 mM hydroxypropyl-β-cyclodextrin (HP-β-CD, 

pharmaceutical grade, 5.5 degree substitution, lot H4F110P, Cargill, Cedar Rapids, IA) 

and was also adjusted to pH 10.5. TRIS buffer contained TRIS (12.5 mM), glucose (5.6 

mM), CaCl2 (1.5 mM), MgCl2 (1.4 mM), NaCl (150 mM), KCl (4.2 mM) and was pH 

adjusted to between 7.0-7.5.  Artificial cerebral spinal fluid (aCSF) was prepared with 

NaCl (145 mM), KCl (2.7 mM), MgSO4 (1.0 mM), and CaCl2 (1.2 mM). High-K
+
 aCSF 

solutions were prepared with NaCl (45 mM), KCl (102.7 mM), MgSO4 (1.0 mM), and 

CaCl2 (1.2 mM). Phosphate-buffered aCSF was prepared with KH2PO4 (1.5 mM), 

Na2HPO4 (8.1 mM), and glucose (10 mM) in aCSF and pH adjusted to between 7.0-7.5. 

HEPES (Alfa Aesar, Heysham, Lancashire, UK) –buffered aCSF was prepared with 

Na2HPO4 (1.25 mM), glucose (10 mM), and HEPES (10 mM) in aCSF and pH adjusted 
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to between 7.0-7.5. Derivatization solution was prepared fresh daily by dissolving 40 mM 

NBD-F (TCI America, Portland, OR) in methanol and diluting 1:1 with 500 µM HCl 

yielding a final solution of 20 mM NBD-F/250 µM HCl in 50% methanol which was 

degassed under vacuum for 2 minutes. Trypan Blue (Thermo Scientific, Waltham, MA) 

was prepared to 0.4% in PBS.  

 

3.3.2 Cell Viability in Buffer Systems 

 Cells in suspension. Confluent monolayer cultures of C8-D1A astrocyte clones 

(CRL-2541, ATCC, Manassas, VA) were sustained in 25 cm
2
 tissue culture flasks (T25) 

containing 9 mL of high glucose DMEM supplemented with 10% fetal bovine serum and 

110 μL gentamicin. Cultures were kept at 37°C in an incubator and were cleaved from 

the flask wall using 0.25% trypsin/0.03% EDTA solution. A 1:1 solution of trypsin cell 

suspension and cell medium (DMEM) was centrifuged (Sorvall ST 16R, Thermo 

Scientific, Waltham, MA) for 10 minutes at 1000 relative centrifugal force (rcf). The 

solution was decanted and the resulting cell pellet re-suspended in PBS (4 mL) and split 

into 4× 1mL aliquots in 1.5 mL eppendorf tubes. Eppendorf tubes were centrifuged using 

the same parameters (10 minutes, 1000 rcf) and the resulting pellets re-suspended in the 

desired buffer system (1 mL): 1) aCSF, 2) TRIS, 3) PO4-buffered aCSF, or 4) HEPES-

buffered aCSF.  

Immediately upon addition of the buffer, (time, T=0), 100 µL of cell suspension 

was removed from each eppendorf tube and mixed with 100 µL of Trypan Blue. The 

resulting mixture was then carefully pipetted into a hemocytometer. Cells were counted 

under magnification. After 30 minutes had passed, T=30, 100 µL of cell suspension was 

again removed from each tube and mixed with 100 µL of Trypan Blue. Each of the 
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solutions were counted under magnification with a hemocytometer. This process was 

repeated again at 60 and 120 minute intervals (T=60 & T=120). 

 Adhered monolayer of cells. Confluent monolayer cultures of C8-D1A astrocyte 

clones were sustained in 25 cm
2
 tissue culture flasks (T25) containing 9 mL of high 

glucose DMEM supplemented with 10% fetal bovine serum and 110 μL gentamicin. 

Cultures were cleaved from the flask wall using 0.25% trypsin/0.03% EDTA solution. 

Cells were plated onto a 96-well plate (Corning Inc., Corning, New York) to measure cell 

survival in different buffer systems while adhered to a surface. Cells were sustained in 

DMEM for several days until they grew to confluency. At that point, DMEM was 

removed and replaced with a buffer of interest. The buffer systems investigated were: 1) 

aCSF, 2) TRIS, 3) PO4-buffered aCSF, 4) HEPES-buffered aCSF, 5) control – cell 

medium, and 6) negative control- no cells present. At T=0, immediately after the medium 

was replaced with buffer, 100 µL of Trypan Blue was added. These wells were then 

imaged with an inverted confocal microscope (Olympus IX81 inverted microscope 

equipped with an Olympus DSU confocal unit). This process was repeated at T=30, 

T=60, and T=120 time intervals. Cells were plated and counted in triplicate for each 

condition and time point. Cell counting was performed by counting cells in a 

manufactured grid over the image similar to a hemocytometer.  

 

3.3.3 Online CE-LIF Assays for Varying Parameters  

 The instrumentation for all online CE-LIF experiments is identical to that 

described in Section 2.3.3. The following variations describe different experimental 

approaches performed on the same instrument.   
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 Temperature Dependence. Microdialysis probes cultured with a monolayer of 

astrocytes were transferred from culture flasks to a 1.5 mL eppendorf tube containing 

aCSF held at 37ºC using a dry bath incubator. Probes were perfused with aCSF for 10 

minutes prior to online coupling with CE, allowing interferences from the cell growth 

medium to be cleared from the interior lumen of the probe prior to analysis. Basal amino 

acid levels were recorded while the probe remained in a solution of aCSF. Amino acid 

release was stimulated by transferring the probe to a solution of high-K
+
 aCSF (also 

maintained at 37ºC) for a duration of 2 minutes followed by returning the probe to the 

original 37ºC aCSF solution. The probe remained in this solution for 5 minutes allowing 

the stimulated release levels to return to baseline. At this point, the probe was transferred 

to a 1.5 mL eppendorf tube containing aCSF held at room temperature. The probe 

remained in this solution for 5 minutes allowing the cells to adjust prior to administering 

another 2 minute high-K
+
 aCSF (maintained at room temperature). The probe was then 

transferred back to the room temperature aCSF for 5 minutes. This cycle can be repeated 

once per probe.  

Sampling Environment. Microdialysis probes cultured with a monolayer of 

astrocytes were transferred from culture flasks to either a 0.7 mL eppendorf tube, 1.5 mL 

eppendorf tube, or 150 mL glass beaker containing aCSF held at 37ºC. For eppendorf 

tubes, this was achieved using a dry bath incubator. The beaker temperature was 

maintained using a carefully controlled hotplate. Probes were perfused with aCSF for 10 

minutes prior to online coupling with CE, allowing interferences from the cell growth 

medium to be cleared from the interior lumen of the probe prior to analysis. Basal amino 

acid levels were recorded while the probe remained in a solution of aCSF. Amino acid 
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release was stimulated by transferring the probe to a solution of high-K
+
 aCSF for a 

duration of 2 minutes followed by returning the probe to the original aCSF solution. 

Several stimulations could be performed on a single probe at intervals of at least 20 

minutes, allowing for stimulated release to return to basal levels before subsequent 

stimulations.  

   

3.4 Results and Discussion 

3.4.1 Cell Survival in Buffer Systems 

 The methodology described to perform in vitro-microdialysis in Chapter 2 

incorporated the use of artificial cerebrospinal fluid (aCSF) for all stimulation 

experiments. Basal measurements were collected in aCSF and stimulations were 

performed in a potassium-spiked aCSF variant. The performed experiments varied in 

length from approximately 30-120 minutes, at which point the cells typically appeared to 

become exhausted, indicated by a decrease in the basal release of amino acids. In an 

attempt to prolong the viability of cells in in vitro-microdialysis experiments, several 

aCSF buffer systems were investigated: aCSF, PO4-buffered aCSF, HEPES-buffered 

aCSF, and TRIS.  

Initially, the viability of cells in the different buffer systems was tested over a two 

hour period using a Trypan Blue assay in a suspension of cells. Trypan Blue is a dye-

exclusion viability assay in which live cells (with intact cell membranes) are 

impenetrable to the dye and appear normal, whereas dead cells are penetrated and appear 

dark blue. After exposing cells to Trypan Blue, dead cells can be easily visualized and 

counted under magnification using a hemocytometer. Figure 3.1 illustrates cell survival 

(in suspension) for the different buffer systems over a two hour time period. After two 
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hours had passed, cell survival in every buffer system appeared to have dropped 

significantly. Half-life calculations were performed, and aCSF was found to have the 

shortest half-life (32.7 minutes) while HEPES-buffered aCSF was found to have the 

longest (119.5 minutes). Phosphate-buffered aCSF and TRIS had nearly identical half-

lives around 95 minutes. This was a surprising result since other reports demonstrate 

prolonged cell health in similar buffered systems.
8
 It was hypothesized that the cells were 

adsorbing to the interior surface of the eppendorf tubes, leading to decreased numbers of 

viable cells remaining in suspension. The experiment was redesigned to investigate to the 

longevity of cells in each buffer system while adhered to a well plate surface. Figure 3.2 

(A) and (B) shows cells survival in aCSF after 30 and 120 minutes, respectively. Again, 

Trypan Blue was used to visualize the ratio of live to dead cells. Live cells appear to have 

Figure 3.1. Cell survival in various buffer systems is shown by plotting cell count from a 

suspension of cells (cells/mL) as a function of time. HEPES- and PO
4
-buffered aCSF 

solutions demonstrate the smallest degree of change over the course of the experiment. 

Initial cell counts were lower than in TRIS and aCSF solutions (insignificant) yet they 

contained higher counts than aCSF after 2 hours had elapsed. Standard deviation error 

bars are included. 

TRIS 

aCSF 

PO
4
 aCSF 

HEPES aCSF 
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white/translucent cell bodies whereas dead cells appear as dark circles or debris. For both 

buffer systems, there is only a small amount of cell death occurring between 30 and 120 

minutes.  A one-tailed, unpaired statistical p-test was used to determine whether the 

degree of cell death was significant. P-values of 0.146 and 0.246 were obtained for the 

aCSF (A,B) and PO4-buffered aCSF (C,D) systems, respectively. These values indicate 

that even when employing a confidence interval as low as 90%, the difference in cell 

abundance between the two time points is insignificant. Data is not shown for the other 

buffered systems as they all demonstrated the same trend: there was no significant change 

in the ratio of live to dead cells after two hours had elapsed. For remaining experiments, 

aCSF was used exclusively as the basal-condition sampling matrix.  

Figure 3.2. Cell survival in aCSF after (A) 30 minutes and (B) 120 minutes and in PO4-

buffered aCSF after (C) 30 minutes and  (D) 120 minutes. Cell counting was performed 

by manufacturing a hemocytometer-like grid which was placed over images collected on 

an Olympus IX81 inverted microscope. There was no significant degree of cell death 

(indicated by an increase in dark debris) in aCSF after 2 hours when compared with cells 

sustained in the other buffer systems.   
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3.4.2 Effects of Cell Media on CE 

Analysis 

 In order to maintain healthy 

cell cultures, cell medium contains a 

large quantity of amino acids in 

addition to other small molecules, 

biomolecules, and antibiotics. The 

permeability of the membrane, 

combined with the extended time the 

probes spent in culture, enables 

diffusion of small molecules from the 

medium into the probe lumen. When 

probes were removed from culture to 

be used in an experiment, cell 

medium remained in the probe. It was 

unknown whether medium could 

simply be pumped from the probe or 

if small molecules adsorbed to the 

interior surface. It was important to 

determine if the peaks observed in 

the electropherograms were the result 

of analyte release from cells or 

merely contamination from the 

Figure 3.3. (A) Electropherograms 

collected immediately after an astrocyte 

cultured probe was removed from the  

medium (top) and after 30 minutes of 

perfusion with aCSF (bottom). Top trace 

was offset for clarity.  (B) Peak area of 

glycine (▲) plotted as a function of time to 

demonstrate the time course of medium 

clearance from the astrocyte coated probe 

after removal from culture. Medium is 

cleared and baseline values are established 

after approximately 10 minutes. All 

subsequent experiments were performed 

after 30 minutes of perfusion with aCSF to 

minimize medium interference.  
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medium.  To determine the influence of the medium on signal intensity, probes (with 

cells cultured onto the surface) were connected to the online CE system immediately after 

removal from the culture flask and electropherograms were recorded from the onset of 

perfusion. The speed at which the intense medium signal clears provides important 

information regarding how small molecules within the medium interact with the probe. A 

fast and dramatic drop in signal intensity is expected if medium can be quickly pumped 

out of the probe, whereas an extended decrease would be expected if small molecules 

adsorbed to the surface were slowly desorbed.   

Figure 3.3A compares electropherograms recorded during initial perfusion (top 

trace) of the probe with those recorded after 30 minutes (bottom trace). The magnitude of 

signal is extremely high during initial perfusion, suggesting significant medium 

contamination.    Figure 3.3B plots the area of the glycine peak over time to demonstrate 

the time course of medium effects.  Elevated levels are present for approximately 10 

minutes before falling rapidly and stabilizing to baseline levels.  This trend was 

monitored daily and was highly reproducible. The fast and dramatic change implies there 

is little to no adsorption of small molecules to the probe surface that remains after 10 

minutes. All subsequent experiments involving astrocytes were conducted after the probe 

had been perfused for 30 minutes, allowing for elimination of medium contamination. 

 

3.4.3 Temperature Dependence of Stimulation Response 

 Several studies investigating the release of amino acid neurotransmitters in vivo 

have found that, depending on the brain region, the rate and magnitude of release is a 

temperature dependent process.
115-117

 The temperature dependent release of taurine, for 
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example, was attributed to its hypothalamic location. In this region, taurine is thought to 

be released from intracellular stores through transporters and voltage sensitive channels, 

as opposed to exocytosis.
118, 119

 However, a study investigating hypothalamaic and 

cerebellar astrocytes found that both cell types demonstrated a temperature-dependence 

efflux model under basal and stimulated conditions.
120

 Some have hypothesized that a 

decreased release observed at low temperatures may serve to protect astrocytes from 

thermally induced osmotic changes, while others argue that it may occur in response to 

changes in the fluidity of membrane constituents thereby affecting diffusion   

processes.
120, 121

    

 Our initial interest was simply to determine whether or not it’s necessary to 

perform experiments at 37ºC. If no difference was observed between basal and stimulated 

levels collected at 37ºC and room temperature, experiments could be performed with 

more ease and simplicity at room temperature without jeopardizing physiology of the 

cells. Figure 3.4 shows the peak areas of two amino acids (glycine and phenylalanine) 

throughout the time course of a temperature-dependence experiment. Shaded areas 

(B&D) denote when the probe was in room-temperature solutions while other areas (A, 

C, and D) were maintained at 37ºC. Red bars near the top of the graph denote 

administration of a 100 mM K
+
 stimulation by transferring the probe to a K

+
-spiked 

solution of aCSF (also held at the corresponding temperature). Note that for both of the 

observed amino acids, the basal release drops almost instantaneously to being placed in a 

room temperature solution (A to B and C to D).  

Likewise, an almost instantaneous increase in basal release is observed with 

transfer back into a 37ºC environment (B to C). One possible explanation for this fast and 
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dramatic change is that the metabolism of the cell is extremely temperature  

dependent.
122-124

 By lowering the temperature of the surrounding environment, 

metabolism is suppressed, and a drop in the release of amino acids is observed. After four 

stimulations and three temperature transfers, cells become unresponsive to the K
+
 

stimulation. This is attributed to an exhaustion of the cells (D and E).   

Figure 3.4. Peak areas for phenylalanine (gray) and glycine (black) plotted as a function 

of time during a temperature-changing experiment. Probes were initially in a solution of 

aCSF maintained at 37ºC (A) and given a K
+
-stim (red bar). After allowing elevated 

levels to return to baseline, the probe was moved to a room-temperature solution of aCSF 

(B). Another K
+
-spike was administered. This process was repeated, thus, shaded areas 

(B&D) represent when the probe was at room-temperature while other areas (A, C, & D) 

were maintained at 37ºC. Red bars denote when the probe was exposed to a K
+
-spiked 

solution of aCSF. The subsequent response of phenylalanine and glycine can be traced at 

the bottom. Phenylalanine demonstrates no increase in abundance with response to the 

K
+
-stimulation, whereas glycine shows a repeated response in sections A, B, and C. The 

lack of response from either amino acid in section D signifies exhaustion of the cells.    
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The dependence of amino acid release on temperature observed in Figure 3.4 was an 

anticipated result. More surprising is how the magnitude of the stimulated release was 

influenced. It was previously discussed that at lower temperatures, release of amino acids 

tends to be suppressed in cerebellar astrocytes.
120

 We found that while this is true with 

regards to the amount of amino acid released at basal levels, there is actually an increase 

in the magnitude of release stimulated by high K
+
. Figure 3.5 shows the peak area 

responses for serine (A) and taurine (B) to a K
+
-stimulation at both room (◊) temperature 

and 37ºC (▲). With regards to the temporal dynamics of release, there does not appear to 

be a significant dependence on temperature. Under both conditions, stimulated release 

reaches maximum magnitude within 1-2 separations and declines after approximately the 

same time. The primary difference lies in the magnitude of release. At room temperature, 

there is a greater increase in the abundance of amino acid in response to the K
+
-

Figure 3.5. Peak area versus time for serine (A) and taurine (B) in response to a K
+
-

stimulation at both room (◊) temperature and 37ºC (▲). 

A B 
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stimulation. Our primary theory is that though basal release is significantly suppressed at 

the lower temperature, the stimulation response is not. Therefore, the magnitude of 

release appears larger though the overall amount of analyte is still much lower at room 

temperature.   

 

3.4.4 Sampling Environment 

 The recovery, resolution, and limitations of microdialysis sampling were 

introduced in Section 1.1.3. In a recent review, several neuroscience researchers 

identified key limitations of microdialysis: the limited time resolution capabilities 

(identified as an absolute minimum of approximately 1 minute, though often closer to 

10), the invasive nature of the technique which will ultimately always damage the tissue 

to some extent, and the generation of a depletion zone in which all solutes capable of 

crossing the probe membrane fall in concentration disproportionately to the surrounding 

area as they are sampled.
23, 125

 The depletion zone is generated in vivo by removal of low 

molecular weight analytes from the area immediately surrounding the microdialysis 

probe, diffusing across the membrane barrier and being transported away in the dialysate. 

Figure 3.6A illustrates this depletion by plotting the approximate analyte concentration as 

a function of distance away from the in vivo probe. If a depletion zone exists while 

conducting experiments in vivo, it could have ramifications influencing the physiological 

dynamics of the target mechanism. Some have argued that by perfusing the brain with 

artificial cerebrospinal fluid (aCSF), which is free of neurotransmitters, an artificial 

neurotransmitter concentration gradient is formed which enables the detection of 

neurotransmitter changes in the implanted area.
110

 Others believe there is little to no 
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effect brought about by this depletion zone. In one study, the effect of a microdialysis-

induced depletion of all low molecular weight materials around the microdialysis probe 

was found not to effect the estimation of extracellular dopamine.
126

   

Unlike the depletion zone formed during in vivo experimentation, it is likely that 

the opposite occurs in vitro. As a result of culturing cells immediately on the probe 

surface, the concentration of released analytes will be high in the area immediately 

surrounding the probe and drop in abundance as distance away from the probe increases 

(Figure 3.6B). It is hypothesized that this enrichment zone around the in vitro probe 

increases the observed signal in smaller containers –where random motion of analytes 

will result in diffusion back towards the probe as opposed to diffusing away.   

Figure 3.7 illustrates the empirical relationship between the size of the sampling 

environment and the magnitude of observed release. In the largest environment, a 150 

Figure 3.6. Approximate analyte concentration plotted as a function of distance away 

from an in vivo probe (A).  Adapted from reference 23. Hypothesized analyte 

concentration plotted as a function of distance away from an in vitro probe with cells 

cultured on the membrane surface (B).  

A B 

In Vivo In Vitro 
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mL beaker (grey), the magnitude 

of release appears much lower 

for all of the amino acids. This 

phenomena is likely not due to 

an actual decrease in stimulation 

response, but rather to a more 

complete dissipation of released 

analytes into the bulk 

surrounding fluid. The opposite 

is true in the smaller 

environment, 0.7 mL eppendorf 

tube (white). The increase in 

abundance of analyte in 

response to the K
+ 

stimulation 

appears dramatically higher in 

the smaller environment for all 

amino acids except taurine, where there is no significant difference between the 0.7 mL 

and 1.5 mL sized environments. This observed increase in smaller environments is 

attributable to a containment of the enrichment zone depicted in Figure 3.6B, an effect in 

which analytes that would normally dissipate into the surrounding matrix are ultimately 

sampled due to the close proximity to the probe. It should be noted that with both glycine 

and taurine, there are large standard deviations. Though it cannot be said for certain why 

this is, it likely stems from biological variability between the probes. A one-tailed, 

Figure 3.7. K
+ 

stimulations were performed on in 

vitro-microdialysis probes in three different sized 

environments: 0.7 mL eppendorf tube (white), 1.5 

mL eppendorf tube (black), and a 150 mL beaker 

(grey). For the majority of released analytes, the 

percent increase in relative abundance after a 

stimulation was much higher in smaller containers 

and dropped dramatically as the size of the 

environment was increased. The only amino acid 

which did not follow this trend was Taurine. 

Standard deviation error bars are included. 

Experiment was performed in triplicate (N=3).   
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unpaired, p-test was performed on each of the data sets to determine whether the large 

percent increase in relative abundance depicted in the smaller containers was 

significantly higher than those obtained in 150 mL. The high standard deviations in 

glycine and taurine contributed to an overall insignificance of the change (p-values of 

0.151 and 0.407, respectively). A p-value of less than 0.05 is necessary to claim the 

difference is significant with a 95% confidence interval and less than 0.1 with a 90% 

confidence interval. The decrease in alanine, which follows the same trend but exhibits 

smaller variability between trials, is a statistically significant change with a p-value of 

0.061.   

To illustrate how the 

size of the sampling matrix 

influences the temporal 

dynamics of sampling, the 

baselines of 3 different 

stimulations (each performed 

in a different size container) 

are plotted for Alanine 

(Figure 3.8).     As the volume 

gets larger the observed 

magnitude of release is 

diminished when compared to 

the smaller volume. The 

duration of stimulated release 

Figure 3.8. Baseline plots for the peak area of 

Alanine in response to a K
+ 

stimulation performed in 

a 0.7 mL eppendorf tube (white), 1.5 mL eppendorf 

tube (black), and 150 mL beaker (grey). Peak areas 

have been normalized to an initial basal value of 100. 
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also demonstrates a dependence on container size, increasing with decreasing volume of 

the container. In the smaller environment (white) the stimulation evokes a much wider 

span of release than in the larger environment (gray). This trend is supports the 

hypothesis that there is some degree of diffusion back towards the probe in smaller 

containers that would dissipate in larger environments. This causes a perceived increase 

in the span over which analytes are being released at elevated levels.  

 

3.5 Conclusions 

 Variables affecting the performance and accuracy of in vitro-microdialysis have 

been investigated.  To confirm that cells were maintaining maximum viability over the 

longest period of time, they were exposed to several buffer systems and analyzed using 

Trypan Blue viability assay. Both cell suspensions and adhered monolayers were used, 

demonstrating that aCSF was suitable for keeping the cells alive for several hours. Effects 

of the cell-sustaining media were ruled out as influencing the signal intensity during 

stimulation experiments. Technique parameters, such as temperature dependence and size 

of the sampling environment, were also studied to determine their impact on signal 

intensity and duration. It was found that high-K
+ 

stimulated release of amino acids from 

the cultured astrocytes was a temperature dependent process, with significantly larger 

basal and stimulated release levels at 37ºC when compared to room temperature. The size 

of the container also had a marked influence on signal dynamics. In smaller 

environments, diffusion of analytes back towards the probe results in heightened signal 

intensity and prolonged release patterns under stimulation. Through these dynamics, 

Taurine seemed to behave differently than the other amino acids indicating perhaps a 
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different mechanism of release. Future work could focus on probing these more specific 

biological pathways.  
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Chapter 4 

Biological Models for in Vitro-Microdialysis 
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4.1 Summary 

 In this work, a variety of new cell models were tested for compatibility with in-

vitro microdialysis. Though immortalized astrocyte cells were employed in initial studies 

to develop and characterize this new sampling platform, it was believed that the model 

would be amenable to nearly any other adherent cell line of interest. Three types of cell 

lines have been successfully cultured over the sampling region of the microdialysis 

probe: 3T3 fibroblasts (ATCC CCL-92), RBL-2HC fibroblasts (ATCC CRL-2256), and 

C8-D1A astrocytes (ATCC CRL-2541). These cell types were individually cultured and 

confirmed with imaging after a viability assay employing fluorescein diacetate (FDA).  

Several co-cultures were also established on the probe. These include: 3T3-RBL, 

RBL-astrocyte, and astrocyte-neuron models. Presence of both cell types was confirmed 

using specific antibody labeling in conjunction with fluorescence confocal microscopy. 

Efforts to initiate a co-culture across the membrane barrier (one cell type internal, the 

other external), so that cells could be in chemical, but not physical, contact, were 

unsuccessful. Thus, co-cultures were established as two cell-types in physical contact on 

the external probe surface. One cell type that was unable to adhere to the microdialysis 

probe was a line of primary adipocyte cells obtained from human fat tissue. It is believed 

that these cells failed to adhere because of the large cell body size. Release of analytes 

from one cell type, mast cell model RBLs, were analyzed by coupling the in vitro-

microdialysis probe online to a high-speed CE instrument (data not shown). The analyte 

fingerprint was different than those previously obtained with astrocytes, demonstrating 

the utility of in vitro-microdialysis for studying a variety of models.  
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4.2 Introduction 

 Chapters 2 and 3 described the development and characterization of in vitro-

microdialysis coupled with high-speed capillary electrophoresis (CE) for the fast analysis 

of non-electroactive analytes released from cells in culture. In these initial stages, the 

platform was exclusively used to analyze release events from astrocyte cells, a central 

nervous system (CNS) cell primarily selected for its robustness and ease of handling. 

Astrocytes also proved to be an interesting model from a physiological stand-point 

because, as described in Section 1.3, though they are now believed to play a significant 

role in brain function, there is still relatively little known about them. The literature gaps 

surrounding astrocytes are largely due to the fact that they communicate primarily with 

non-electroactive molecules which are more difficult to measure on small and fast scales.  

The ability of in vitro-microdialysis to monitor non-electroactive analytes with sub-

minute temporal resolution makes it a useful tool to identify fast release dynamics that 

are lost with previous techniques.  

Though we have, until now, focused on the utility of in vitro-microdialysis with 

the astrocyte model, it is amenable to a wide variety of other physiological models. Mast 

cells, basophil granule-containing cells found in connective tissue, are important in 

allergic and inflammatory responses such as asthma, mastocytosis, and autoimmune 

diseases.
127

 Because of difficulties stemming from isolation and culture of degranulating 

cells, many mast cell studies employ an immortalized cell line that closely resembles 

mast cells to represent the inflammation response. Among the most common is a 

continuous rat cell line, RBL-2H3. Like mast cells, RBLs have high affinity 

immunoglobulin E (IgE) receptors and, as a result, these cells have been extensively used 
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for studying IgE and receptor interactions, signaling pathways for degranulation, and to 

test mast cell stabilizers.
128

 Additionally, one of the primary analytes released from RBL 

cells in the inflammation response is histamine, an amino acid neurotransmitter, making 

this cell type another physiologically interesting model for in vitro-microdialysis 

analysis.  

The goal of this work was to identify additional cell models, such as RBLs, that 

are compatible with the in vitro-microdialysis sampling platform. Compatibility was 

assessed based on two primary factors: adherence to the probe membrane and 

propagation across the sampling region surface, both of which were confirmed by 

imaging viable cells across sampling region. For single cell type models, the fluorescein 

diacetate (FDA) viability assay was used, while co-cultures required specific antibody 

labeling. Each of the explored models have unanswered questions regarding release 

pathways and/or communication mechanisms that in vitro-microdialysis could possibly 

elucidate. However, these biological experiments are beyond the scope of this work so 

they are presented only as a basis for experimental design and offered as a route for 

future study.   

 

4.3 Materials and Methods 

4.3.1 Chemicals and Reagents 

Reagents. Dulbecco’s modified Eagle medium (DMEM), alpha-MEM, fetal 

bovine serum (FBS), penicillin-streptomycin (10,000 U/mL), and gentamicin (10 mg/ml 

liquid) were purchased from Invitrogen Molecular Probes (Eugene, OR). Trypsin solution 

(10×, 5 g/L trypsin, 2 g/L EDTA·4NA, 8.5 g/L NaCl), phosphate-buffered saline (PBS), 

bovine serum albumin (BSA), and Triton X-100 were purchased from Sigma-Aldrich (St. 
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Louis, MO). Neurofilament-L Rabbit mAb Alexa Fluor 594 conjugate (Product #8743), 

GFAP Mouse mAb Alexa Fluor 488 conjugate (Product #3655), DAPI (Product #4083), 

and normal goat serum were purchased from Cell Signaling Technology (Danvers, MA). 

Formaldehyde (16%, methanol free) was purchased from Polysciences, Inc. (Warrington, 

PA). 

Buffers and Solutions. Fluorescein diacetate (FDA; Sigma-Aldrich Co, St. Louis, 

MO) stock solution was prepared by dissolving 1 mg/mL in fresh acetone and was stored 

in a glass culture tube, covered with tinfoil, in a refrigerator. All solutions were prepared 

in deionized water (Milli-Q, 18.2 MΩ; Millipore, Bedford, MA) and filtered (0.22 µm) 

unless otherwise described.  

 

4.3.2 Cell Line Establishment and Culturing 

Type-1 astrocyte cell clones, C8-D1A, were obtained (CRL-2541, ATCC, 

Manassas, VA) in a 1 mL frozen vial. These astrocytic clones were originally collected 

from 8 day old mouse cerebella after spontaneous transformation (no addition of 

carcinogens or oncogenic viruses) and are considered to be an immortalized line since 

they were maintained for more than 100 generations after cloning.
98

 Confluent monolayer 

cultures were sustained in 25 cm
2
 tissue culture flasks (T25) containing 9 mL of high 

glucose DMEM supplemented with 10% fetal bovine serum and 110 μL gentamicin. 

Cultures were kept at 37°C in an incubator and were passaged using a ratio of 1:6 every 

3-4 days with 0.25% trypsin/0.03% EDTA solution.  

A line of contact inhibited fibroblasts, 3T3, had been previously purchased (CCL-

92, ATCC, Manassas, VA) and established by colleagues in the lab of Dr. Christy 

Haynes. Cultures were initiated from a vial of cryopreserved cells (1×10
6
 cells/mL, in 
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DMEM + 10% DMSO). Confluent monolayers were sustained in T25 culture flasks 

containing 9 mL of high glucose DMEM supplemented with 10% fetal bovine serum and 

110 μL gentamicin. Cultures were kept at 37°C in an incubator and were passaged using 

a ratio of 1:6 every 2 days with 0.25% trypsin/0.03% EDTA solution.  

A line of basophil fibroblasts, RBL-2HC, had been previously purchased (CRL-

2256, ATCC, Manassas, VA) and established by colleagues in the lab of Dr. Christy 

Haynes. Cultures were initiated from a vial of cryopreserved cells (1×10
6
 cells/mL, in 

DMEM + 10% DMSO). Confluent monolayers were sustained in T25 culture flasks 

containing 9 mL of high glucose DMEM supplemented with 10% fetal bovine serum and 

110 μL gentamicin. Cultures were kept at 37°C in an incubator and were passaged using 

a ratio of 1:6 every 3-4 days with 0.25% trypsin/0.03% EDTA solution.  

Neuronal cells, HCN-1A, were purchased (CRL-10442, ATCC, Manassas, VA) 

and received in a 1 mL frozen vial. The neuronal clones were originally obtained from 

the cortical tissue of an 18-month-old female suffering from unilateral megalencephaly, a 

condition characterized by the overgrowth of all or part of the cerebral hemispheres.
129

 

Confluent monolayer cultures were sustained in T25 culture flasks containing 9 mL of 

high glucose DMEM supplemented with 10% fetal bovine serum and 110 μL gentamicin. 

Cultures were kept at 37°C in an incubator. HCN-1A cells are reported to double every 

96-120 hours and will need to be passaged every 3-4 days at a ratio of 1:3.
130

 Cells only 

remain viable for up to 2 passages after cryo-preservation.  

Human pre-adipocytes were obtained by the Kirkland lab (Mayo clinic, 

Rochester, MN) from patients undergoing gastric bypass surgery. Confluent monolayers 

were sustained in T25 culture flasks containing 9 mL of alpha-MEM supplemented with 
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fetal bovine serum (10%) and penicillin-streptomycin (1%). Cultures were kept at 37°C 

in an incubator and were passaged using a ratio of 1:4 every 3-4 days with 1× trypsin.  

 

4.3.3 Co-Culture Propagation on Probe Surface 

Exterior surface. Monolayers of cells were grown directly on the surface of 

microdialysis membranes by serially seeding suspensions of cells into a flask containing 

several probes. To accelerate the time it takes for cells to propagate across the entire 

sampling region, this process was performed with 5 passages of cells, resulting in a 

culturing time of approximately 2-3 weeks. If only one cell type was desired, probes were 

removed at this stage for imaging analysis. To initiate a co-culture, a second cell type was 

seeded directly onto probes already containing a confluent monolayer of the base cell 

type. This second cell layer was seeded on 3 times, so the probes remained in culture an 

additional 1-2 weeks. Base cell type for each co-culture model was determined by 

preferential adherence to the probe and/or physiological properties (i.e. astrocytes 

outnumber neurons 9:1 in the brain
131

, therefore, astrocytes were used as the base cell).  

Flow-through injection method for interior co-culture. Two syringes (500 µL, 

Hamilton, Reno, NV) were equipped with unions and 40 µm i.d. × 360  µm o.d. fused 

silica capillaries (Polymicro Technologies, Phoenix, AZ). One contained TRIS and the 

other a 3T3 cell suspension (1×10
5
 cells/mL in DMEM). The probe was perfused with 

TRIS at a rate of 40 µL/hr for approximately 10 minutes using a microsyringe pump 

(Harvard Apparatus Inc., Holliston, MA, USA). At this point, the inlet of the probe was 

switched to the cell suspension (also flowing at 40 µL/hr) for a 2 minute duration, after 

which TRIS was reconnected. The cell-containing probe was then transferred 
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immediately to a T25 culture flask with DMEM and placed in an incubator held at 37ºC 

until ready for imaging.  

 

4.3.4 Imaging 

 Single cell type. Medium was removed from the culture flask and cells were 

rinsed three times with PBS. The final PBS rinse was left in the flask. 2 µL of FDA stock 

solution was added for each 1 mL of PBS for a final amount of 2 ug/mL FDA. The 

solution was incubated for 15 minutes at 37ºC. Cells were imaged immediately on an 

Olympus IX81 inverted microscope equipped with a DSU confocal unit (Olympus, 

Allentown, PA).  

 Co-Culture. Probes with an established co-culture on the exterior of the probe 

surface were removed from medium and fixed in a solution of formaldehyde (4% in PBS) 

for 15 minutes. Fixative was aspirated and the probes were rinsed three times in PBS for 

5 minutes. After the final PBS rinse was aspirated, nonspecific binding was blocked by 

incubation in a blocking buffer (1× PBS/ 5% normal goat serum / 0.3% Triton X-100) for 

60 minutes. While probes were incubating in blocking buffer, primary antibody was 

prepared in antibody dilution buffer (1× PBS / 1% BSA / 0.3% Triton X-100).  Primary 

antibody (100 µL aliquot) and DAPI (2.5 µL of 5 mg/mL stock) were added to 10 mL of 

antibody dilution buffer. Blocking solution was aspirated, the prepared antibody dilution 

buffer was added, and probes were incubated overnight at 4ºC. Cells were rinsed three 

times with PBS (5 min) to remove antibody buffer. The final rinse was left in the flask for 

imaging. Cells were imaged on a Nikon A1R-MP multi-photon confocal microscope 

connected to an upright FN1 microscope with a PlanApo LWD 25× water-immersion 

objective (Nikon Instruments Inc, Melville, NY). 
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4.4 Results and Discussion 

4.4.1 Cell Line Models for In Vitro-Microdialysis 

 The utility of in vitro-microdialysis as tool for monitoring release of non-

electroactive analytes from cell culture is contingent on the ability to culture cells on the 

surface of the microdialysis membrane. Initial work, presented in Chapters 2 & 3, 

focused exclusively on culturing an immortalized line of astrocytic cell clones, C8-D1A. 

In order to prove that cells were adhering to the probe, covering the surface area of the 

sampling region, and retaining physiological viability, a series of images was collected 

over 3 weeks using a fluorescence confocal microscope depicting an increase in cell 

density across the membrane (Figure 2.2). In vitro-microdialysis probes produced by 

culturing cells on the membrane surface were then successfully used to monitor release of 

amino acids in response to a K
+
-stimulation with 20 second temporal resolution.   

 To establish that in vitro-microdialysis is amenable to a variety of additional 

physiological models, several different cell lines were cultured on the surface of the 

probe. When cells adhered, probes were subjected to the same viability imaging 

experiments previously performed on C8-D1A cells. Information for the types of cells 

cultured on microdialysis probes can be found in Table 4.1. The first three cell types 

(3T3, RBL-2HC, and C8-D1A) were employed both as single cell-type cultures on the 

microdialysis surface and in co-culture models. The human neuron line (HCN-1A) was 

only employed as the second cell-type in a co-culture model. Independent growth on the 

probe was never attempted due to the inability to propagate and the fragility of the cells. 

Recent findings suggest that neuron cultures are actually more stable and present 
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enhanced synaptic function when co-cultured with glia cells as opposed to 

individually.
132

  

The last cell type in Table 4.1, human adipocytes, were a primary line of cells 

obtained during human gastric bypass by Dr. James Kirkland’s lab at the Mayo Clinic in 

Rochester, MN. Rachel Harstad, a colleague in the lab of Dr. Michael Bowser, attempted 

to culture these cells on microdialysis probes as an alternate model for in vitro-

microdialysis. Of all the cells described above, this was the only cell line which failed to 

be cultured on the membrane surface of the probe (unpublished data). It’s believed that 

the incompatibility of these cells with the in vitro-microdialysis model is due to the large 

size of the cell body. Even in the pre-differentiated state, prior to accumulation of lipids, 

the cell body is approximately 100 µm in diameter. This is significantly larger than the 

cell body size of other attempted models (which range from 20-30 µm) and is half the 

Table 4.1. Summary of cell information for models employed with in vitro-microdialysis. 

Cell Name Organism Tissue Type Morphology Properties 

3T3 Mouse Embryo Fibroblast Fibroblast Adherent 

RBL-2HC Rat 
Peripheral 

Blood 
Basophil Fibroblast Adherent 

C8-D1A Mouse 
Brain, 

cerebellum 
Astrocyte Neuronal Adherent 

HCN-1A Human 
Brain, 

cortical 
Neuron Neuronal Adherent 

--- Human Fat Adipocyte 
Pre-

differentiated 
Adherent 
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diameter of the probe membrane (200 µm). This line of human adipocytes was 

successfully cultured on a flat membrane surface of the same material, regenerated 

cellulose, which is further evidence that the failure of adipocytes to adhere to the 

microdialysis probe was a size-based issue (unpublished data). Currently, size is the only 

determinant influencing whether a line of adherent cells can be cultured on the surface of 

the microdialysis probe.  

For the three cell-types that did adhere to the microdialysis probe (3T3, RBL-

2HC, and C8-D1A) initial experiments sought to assess whether cells on the membrane 

surface were not only adhered but retained physiological viability. To test this, an FDA 

imaging assay was used. As discussed in Chapter 2, FDA is a non-fluorescent precursor 

and is often used for assessing cell viability since it only generates a fluorescent signal 

once it has been taken up by mammalian cells and the acetate groups are removed by 

active intracellular enzymes.
100
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Figure 4.1 shows a series of images depicting three cell types adhered to the 

microdialysis membrane surface. All three cell types, 3T3 (A-B), RBL-2HC (C-D), and 

C8-D1A (E-F), exhibit fluorescence on the membrane surface, indicating the presence of 

live-cells.   

Adherence to the membrane, as opposed to the flask wall, was confirmed by 

varying the focal point at the time of imaging. This is more clearly illustrated in Figure 

4.2, which uses a brightfield image and two fluorescent images of the same RBL-2HC 

cells at different focal planes. Here, a brightfield image exposes cells both on the 

Figure 4.1. Images depicting 3T3 (A-B), RBL-2HC (C-D), and C8-D1A (E-F) cells on the 

surface of microdialysis probe membranes. Grayscale images on the left were collected in 

brightfield, while black-and-white images on the right were collected through a green 

fluorescence filter cube (ex. filter: 460-500 nm with 505 nm dichroic; em. filter: 520-600 

nm). Fluorescent cells indicate viability via uptake of FDA. White scale bars are sized to 

100 µm.  
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membrane surface and flask wall (A) while fluorescent images are collected in varying 

focal planes between the top of the membrane surface (B) and the flask wall (C). It is 

using this method that cells were initially confirmed to be adhering to the probe.   

It should be noted that while these initial imaging experiments were important in 

establishing the ability of a cell line to adhere to the microdialysis probe, they were not 

designed to illustrate coverage across the sampling region. These probes were imaged 

after approximately 1 week in culture on a basic microscope. The purpose was to 

determine whether or not a cell line simply appeared to adhere to the surface, upon which 

further experimentation could progress.   

To more clearly illustrate coverage cross the sampling region, probes with RBL-

2HC and C8-D1A cells were imaged by collecting z-stack images with GFP filter settings 

on a confocal fluorescence microscope. Combining these images into a 3D composite 

allows cells to be visualized around the curvature of the sampling region (Figure 4.3).  

 A                   B                   C 

Figure 4.2. Series of images depicting RBL-2HC adhered to both the flask wall and the 

microdialysis probe. All cells, despite location of adherence, can be visualized using 

brightfield filter settings (A). In green fluorescence settings, the focal point was varied 

to focus on cells adhered to the top surface of the membrane (B) and down to the flask 

wall (C). White scale bar is representative of 100 µm.  
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Both RBL-2HC (A) and C8-D1A (B) cells demonstrate the ability of healthy, viable cells 

to grow around the membrane surface of a microdialysis probe. Complete coverage of the 

sampling region (with approximately 80% confluency and higher) can be achieved by 

serially seeding the cells onto the probes in culture over a span of 3 weeks. The 

successful propagation of both cell types across the probe surface is an important finding 

because it implies the applicability of this platform for a variety cell models.  

 

4.4.2 Mast Cell Co-Culture Models 

Two co-culture models employing RBL cells as a model for mast cell physiology 

were explored: RBL-3T3 co-culture and RBL-astrocyte co-culture. Both models, given 

further experimentation, could provide biological insights not currently observable with 

alternative techniques. Though these biological implications will be discussed as 

Figure 4.3. 3D composite images of RBL-2HC (A) and C8-D1A (B) cells across the 

curved microdialysis membrane surface. Composites were created from z-stack images 

collected under GFP filter settings with a confocal fluorescence microscope.  
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evidence for why certain models were selected, the biological questions they are 

structured to answer are beyond the scope of this work which was to identify a method 

for establishing and characterizing different types of co-cultures on microdialysis probe 

surfaces. 

RBL-3T3 Fibroblast. Asthma is a chronic lung disease that causes inflammation 

and narrowing of airways. Mast cells are known to play an important role in the 

immunopathology of asthma through the release of cytokines and proteases.
133

 Mast cells 

are able to permeate structures in asthmatic airways, such as the airway smooth muscle 

(ASM), where they reside in a highly activated state.
134

 In this way, there is interaction 

between mast cells and airway smooth muscles in an asthmatic state. There are several 

ways researchers have hypothesized that this cell-cell interaction between ASM and mast 

cells influences asthmatic events. One explanation is that ASM provides the correct 

microenvironment for the differentiation and activation of mast cells.
135

  It has also been 

discovered that mast-cells produce histamine, prostaglandin D2, and cysteinyl 

leukotrienes, all of which are spasmogens of airway smooth muscle.
136

 Taken together, 

these studies demonstrate that the infiltration of mast cells into ASM is a functionally 

important process, though specific mechanisms remain unclear.  

One fundamental question still unanswered is whether physical contact between 

ASM and mast cells is a necessary component of this interaction, or if chemical contact is 

all that is required for the interactions to take place. In vitro-microdialysis offers a unique 

approach to address this question. In addition to culturing a single cell type monolayer on 

the exterior surface of the probe membrane, an alternate cell type could be cultured on the 

interior surface of the membrane. This design would allow the cells to be in chemical 
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contact, via the porous dialysis membrane, while remaining physically separated by the 

barrier (Figure 4.4).       

 Due to the inherent 

difficulties of establishing a 

cell culture on the interior of 

a microdialysis probe, the 

initial model for a physically-

separated co-culture model 

required simplicity. 3T3 

fibroblasts (ATCC, CCL-92) 

were used as a simplified 

model for ASM physiology. 

It has been demonstrated that 

when cultured with ASM 

cells, 3T3’s improve the 

survival rate of ASM in culture and promote the physiology of ASM models. Recent 

studies confirm that ASM-3T3 microtissues behave in a highly physiological manner and 

compare favorably to other models of ASM contraction.
137

  They are, thus, a suitable 

platform for assessing ASM function in health and disease. In a similar manner, RBL-

2H3 cells which are a very robust and easy cell line to work with were employed as a 

mast cell model. 

 The cell body size of 3T3s is slightly smaller than RBLs so they were selected as 

the interior cell. Since both cell types had already previously been cultured on the surface 

Figure 4.4. In vitro-microdialysis schematic for 

physically barricaded co-culture models. Here, the 

interior cell (light grey) represents 3T3 fibroblasts 

and the exterior cell (dark grey) represents RBL-2HC 

cells. Cells are able to communicate chemically due 

to transport of small molecules through the porous 

membrane, which simultaneously serves to block the 

cell types from physical contact.   
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of a microdialysis probe, the difficulty with this approach was establishing a monolayer 

of 3T3s adhered on the interior surface of the membrane. A flow-through method was 

developed where a suspension of 3T3 cells was pumped into the inlet of an already 

constructed and conditioned probe. In an attempt to prevent cells from adhering in the 

inlet and outlet of the probe, a segmented flow-injection was performed whereby TRIS 

was pumped through the probe before and after the cell suspension (Section 4.3.3). 

Probes were imaged after 24 hours using the FDA viability assay to look for live-cells 

adhered to the interior 

probe membrane (Figure 

4.5). An intense 

background fluorescent 

signal from scatter across 

the capillary made it 

difficult to distinguish any 

cells adhered to the surface. 

However, cells that would 

have adhered to the 

membrane surface should 

still have been visualized and they were not.   

To test whether viable cells could successfully be introduced into the probe lumen 

via the syringe pump, a solution of FDA labeled cells in suspension was pumped into a 

probe while under a microscope. The stream of cell-containing perfusate could then be 

visualized in real time as it exited the inlet capillary within the membrane interior. 

A                B       

Figure 4.5. Brightfield (A) and fluorescent (B) images 

collected 24 hours after a 3T3 cell suspension was 

perfused through a microdialysis probe. Due to the 

intense background fluorescence of the capillary, it is 

difficult to distinguish any cells on the surface. White 

scale bar is representative of 100 µm.  
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Several time-progressed images from this experiment were compiled and are presented in 

Figure 4.6. Prior to the cell suspension reaching the probe lumen (A) no cells and/or 

debris are visible. Within a minute of the suspension reaching the probe (B) a small 

number of particles could be visualized exiting the capillary and sticking to the lower 

edge of it. Within several minutes (C) a large cloud of particles was seen entering the 

probe lumen. With reference to the scale bar (100 µm) the observed particles are too 

small to be considered intact cells. Though the interior diameter of the union and 

capillary (40 µm) is large enough to accommodate intact cell bodies, it is believed that 

cells are ruptured during the process of forcing the suspension out of the syringe and into 

the union.  

An alternative approach to flowing cells into the interior surface of a 

microdialysis membrane would be to grow cells inside the probe membrane prior to final 

construction of the probe. This is in contrast to the flow-through method which involved 

pushing cells into a completed and conditioned probe. There are several hurdles with this 

A                  B                 C 

Figure 4.6. Series of images captured before (A) and during (B-C) the flow-through 

injection of FDA labeled 3T3 cells into a microdialysis probe. Within a minute of 

pumping the cell suspension into the probe (B) a few small particles were visualized 

exiting the capillary. Within several minutes (C) a large cloud of cell debris could be seen 

entering the probe lumen. White scale bar represents 100 µm.  
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approach that need to be addressed such as bacteria prevention during the post-cell-

growth probe construction and ensuring cells do not also get on the exterior of the 

membrane during the culture phase. Though this route has not yet been attempted, it 

offers potential and is proposed here as an option for future work.  

The inherent difficulties of producing a physically barricaded co-culture, with one 

cell-type on the interior surface of a microdialysis probe, prevented further pursuit of this 

model. Instead, an alternative RBL co-culture model was explored with astrocytes. Here, 

the cells would not need to be physically separated from each other in order to answer 

biologically relevant questions, so a simpler co-culture scheme could be employed. 

RBL-Astrocyte. It has been reported that the viability of mast cells in vitro can 

actually be supported, if not improved, by co-culturing with astrocytes.
138

 Recent findings 

reported that when co-cultured in the presence of astrocytes, mast cells demonstrated 

time-dependent increases in the release of histamine and leukotrienes as well as 

intracellular Ca
2+

 levels and cytokine production.
139

 The release of these mediators is 

believed to result in the activation of both mast cells and astrocytes, leading to a cascade 

of inflammatory agents exchanged between the cells. The initialization of this process 

appears to be dependent on activation through CD40-CD40L, a process requiring 

physical contact.
17

 For this reason, a mast cell-astrocyte co-culture model where both cell 

types were cultured on the exterior of the probe could be useful in further elucidating the 

mechanism of communication and activation between these cells.   

To establish the co-culture on the microdialysis probe, a confluent monolayer of 

astrocytes was grown as the base layer prior to seeding RBL-2HC basophils onto them as 

a mast cell alternative. It is currently unclear whether or not using RBLs as the base layer 
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would influence the physiology of the model. The co-activation between these cells has 

been reported in both the thalamus and perivascular sites, but it is unclear which cell type 

predominates.
17

 It would be beneficial for future experiments, focusing on targeting 

biological pathways, to investigate the co-culture in both orientations. For our purposes, 

astrocytes were selected as the base cell because of their tendency to reach greater 

confluency across the sampling region.  

After several weeks in culture, a specific antibody labeling scheme was developed 

to illustrate the presence/coverage of both cells. DAPI (4’, 6-diamidino-2-phenylindole) 

was selected as a generic nucleus stain, allowing the cell body of any cell type to be 

visualized. An astrocyte-specific antibody label targeting glial fibrillary acidic protein 

(GFAP) was employed to aid in the exclusive visualization of astrocytic cell membranes. 

Cells were fixed and labeled directly on the microdialysis probe and imaged with 

confocal microscopy (Figure 4.7). By using these two labels in conjunction with one 

another, astrocytes could be identified by locating areas where a DAPI stained nucleus 

was surrounded by a green-stained membrane (4.7 A.i) while mast cells could be 

identified by locating areas where a DAPI stained-nucleus was not surrounded by green-

strained membranes (4.7 A.ii). Coverage of cells across the sampling region was 

confirmed by overlaying the fluorescent images with a brightfield scan (4.7 B) and by 

rotating a 3D composite image in space (4.7 C-D) to visualize adherence of cells around 

the curvature of the membrane.  

Though coverage of the cells is high (100% confluency) it was difficult to 

conclusively identify which cells were astrocytes and which cells were RBLs. There was 

a high amount of green fluorescence present along the probe surface either because there 
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were too many astrocytes, the layer of astrocytes was too thick, or the green signal had 

too much noise. This, in combination with no specific antibody label for the RBL cells, 

makes it nearly impossible to articulate the ratio/distribution of cell types. To better 

determine the ratio of cells in the co-culture a better labeling scheme would need to be 

employed that enables the specific labeling of RBLs as well as astrocytes. Additionally, 

probes could be removed from astrocyte culture and a smaller amount of GFAP antibody 

could be used to reduce background noise in the green fluorescence channel. Lastly, the 

experiment could be repeated with RBLs as the base cell to see if and how the cell 

coverage of each cell is dependent on the layering. 
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 A                             B 
    

 C                              D 
    

i 

ii 

Figure 4.7. Fluorescent images of RBL-astrocyte co-culture after specific antibody 

labeling of cell nuclei with DAPI (blue, both cells) and GFAP (green, astrocyte-

specific). Astrocytes are identified as areas where both green and blue fluorescence 

are co-localized (A.i) while RBLs are identified as areas where only a blue nucleus 

is seen without a surrounding green membrane (A.ii). Cells can be visualized on the 

probe by overlaying fluorescent and brightfield channels (B). The growth of cells 

along the curvature of the probe (C) and down the sampling region (D) are more 

clearly illustrated with 3D composites composed from z-stack images collected 

with a fluorescence confocal microscope. 
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4.4.3 Astrocyte/Neuron Co-Culture 

The past decade has seen a burgeoning in the literature pertaining to astrocyte-

mediated neuron function.
140-143

 The ability of in vitro-microdialysis to monitor dynamic 

changes of non-electroactive analytes on a sub-minute time scale could provide insights 

to a variety of communication mechanisms between these two cells. For example, one of 

the mechanisms by which astrocytes have been shown to interact with neurons is through 

the efflux of astrocytic intracellular Ca
2+

 into gap junctions, where it is then taken up by 

neurons.
144-146

 These junctions are believed to control the conduction of Ca
2+ 

waves 

through astrocytes and neurons. Since elevated levels of extracellular Ca
2+

 are associated 

with increased transmitter release, it is believed that experiments employing gap junction 

blockers should result in a decrease in the relative abundance of transmitters from basal 

values.  

Though this experiment is difficult to perform via traditional methods, the set-up 

would be quite simple for in vitro-microdialysis. A pharmacological blockage of gap 

junctions in the neuron-astrocyte co-culture could be performed by exposing the probe to 

a solution containing one of several gap junction inhibitors (octanol, sodium propionate, 

and halothane) previously been used for this purpose.
147

 How the abundance of 

transmitters responds could then be monitored with high-speed capillary electrophoresis, 

offering temporal insights to this pathway which are currently unknown. Though the 

purpose of this work was not to answer these types of questions, it is offered to 

demonstrate the applicability of in vitro-microdialysis to biologically pertinent models 

and as a suggestion for future work.  

The inability of mature neurons to divide and propagate makes them difficult to 

culture from immortalized lines. Typically, primary cell cultures are employed. However, 
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several immortalized neuron lines are available for purchase through the American Type 

Culture Collection (ATCC) which remain viable for approximately 2 passages after cryo-

preservation. The HCN-1A neuron line has been frequently employed to model neuronal 

networks in immortalized culture and was employed in the described co-culture model.  

The co-culture was initiated as a confluent monolayer of C8-D1A astrocyte cells, 

maintained as detailed in previous sections. When the HCN-1A neuron culture reached 

confluency, neurons were subsequently plated onto the astrocyte culture with the same 

seeding density used for passaging (1:3 split ratio, approximately 1×10
6
 cells/25 cm

2
). 

Astrocytes were selected as the base cell for a variety of reasons. First, they simply 

outnumber neurons by large numbers in brain tissue. Though the exact ratio can change 

depending on the brain region, it is most often estimated that astrocytes outnumber 

neurons by a  10:1 ratio.
15

 Second, it has been demonstrated that astrocyte promote 

neuron survival, synapse formation, and plasticity.
20

 Therefore, by having them as the 

base cell, astrocytes can better support neuron function once they are introduced.  

When the culture reached maturity, fluorescence confocal microscopy was used to 

classify the cell types by morphology and immunoreactivity, as well as assess the 

coverage of confluent co-cultured monolayers in the flask and on a probe (Figure 4.8). 

The nuclei of both cells were stained with a DAPI nucleus stain (4.8 A) enabling 

identification of all cells across the sampling region. Astrocytes were labeled with an 

astrocyte-specific GFAP antibody label (green) while neurons were labeled with a 

neuron-specific neurofilament antibody label (red). Both labels were detected using 

fluorescence confocal microscopy (4.8 B), enabling identification of areas where neurons 
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adhered to the base layer of astrocytes. Cell coverage across the sampling region (4.8 C) 

and around the curvature of the membrane surface (4.8 D) was also visualized.   

 

A                                 B
     

Figure 4.8. Fluorescent images of astrocyte-neuron co-culture after specific antibody 

labeling of cell nuclei with DAPI (blue, both cells), GFAP (green, astrocyte-specific), 

and neurofilament (red, neuron-specific). DAPI stained nuclei show cell coverage, 

regardless of cell type, across the sampling region (A). Using specific labels for both 

astrocytes and neurons enables identification of areas where both cells are co-localized 

(B). The growth of cells along down the sampling region (C) and around the curvature 

of the probe (D) are clearly illustrated with 3D composites composed from z-stack 

images collected with a fluorescence confocal microscope. 

C                                 D 
   



89 

 

These images demonstrate, for the first time, that a co-culture of two cell types 

can be cultured and confirmed by specific antibody labeling on the surface of an in vitro-

microdialysis probe. It is especially important that neurons, which are notoriously 

difficult to sustain in culture, were confirmed on the probe surface. This result represents 

not just the utility of in vitro-microdialysis for neuroscientific applications between 

astrocytes and neurons, but holds promise for many other co-culture models of adherent 

cell lines.  

 

4.5 Conclusions  

 This work established the applicability of in vitro-microdialysis for a variety of 

alternative physiological models. Several different cell types were cultured as individual 

monolayers on the surface of the microdialysis membrane: 3T3 fibroblasts, RBL-2HC 

basophils, C8-D1A astrocytes. Adherence of viable cells was confirmed by labeling cells 

with FDA, an often employed viability assay, and imaging them under a microscope. The 

only cell type which failed to adhere was a primary line of human adipocytes. Failure of 

these cells to adhere to the probe was likely due to the large size of the adipocytes (cell 

bodies upwards of 100 µm, which is nearly half the outer diameter of the microdialysis 

membrane). To date, large cell body size is the only known attribute of an adherent cell 

line that limits compatibility with in vitro-microdialysis. Several co-culture models were 

also explored. Attempts to establish a physically blocked co-culture, by culturing cells on 

the interior and exterior of the membrane, were unsuccessful due to difficulties flowing 

and growing cells inside of the probe structure. Successful co-culture platforms were 

developed by culturing both cell types in contact with one another on the exterior surface 



90 

 

of the probe. This was done successfully for two different models: RBL-astrocyte and 

astrocyte-neuron, both of which were confirmed by specific antibody labeling.     
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Chapter 5 

Monitoring Glutamate and Aspartate Continuously Using  

Microdialysis and Micro Free Flow Electrophoresis (µFFE) 
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5.1 Summary 

 Microdialysis was coupled directly to a micro free flow electrophoresis (µFFE) 

device as a step towards continuously monitoring the dynamics of non-electroactive 

analytes release from cultured cells. Microdialysis and µFFE are continuous techniques, 

so direct coupling does not require segmentation of a continuous dialysate stream into 

discrete injections. A mismatch in common operating flow-rates of the two techniques 

led to serious backpressure issues within the separation device, hampering efforts to 

successfully apply this technique to in vitro-microdialysis probes. Here, traditional bare 

microdialysis probes were used with amino acid standards to optimize the separation 

conditions for aspartate and glutamate. Two separation modes were employed in the 

microfluidic device: zone electrophoresis (µFFZE, which will throughout this chapter be 

referred to simply as µFFE) and isoelectric focusing (µFFIEF). Both modes ultimately 

enabled separation of aspartate and glutamate from other amino acids and by-products of 

the labeling reaction, while achieving resolution between aspartate and glutamate. 

Though further optimization and characterization work is required, µFFIEF appears to 

offer better resolution of the analytes and it is suggested as the route for future in vitro-

microdialysis work with micro free flow electrophoresis.  
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5.2 Introduction 

 The advantages of microdialysis have been well documented in the literature for 

decades.
4, 10, 100

 The small size of the probe sampling region, relative ease and 

customizability of probe construction, continuous flow, and aqueous compatibility make 

it an almost ideal tool for in vivo and in situ measurements. However, microdialysis is 

still fundamentally limited by several physical constraints; one of the most often cited is 

the limited time resolution. Traditionally, the majority of microdialysis experiments were 

performed by collecting fractions of bulk fluid containing the desired analytes. This 

offline methodology results in temporal responses of upwards of 10 minutes.
108

 Since in 

vivo dynamics occur on a significantly faster timescale than these measurements allow, 

efforts in the past decade have focused on improving the time limitations of 

microdialysis.  

 Temporal resolution can be dramatically improved by coupling probes directly 

with an online analytical separation.
11

  When microdialysis is coupled directly to an 

analytical separation, the temporal resolution is primarily determined by the analysis 

time, sample volume requirements, and detection limits of the instrument as well as 

longitudinal diffusion through system tubing. The small sample volume requirement and 

fast analysis times of capillary electrophoresis (CE) make it an ideal analytical separation 

for online analysis with microdialysis sampling. Coupling to high-speed CE has brought 

analysis times down to the sub-minute timescale.
111

 More recently, the development of 

flow-segmented plugs has brought temporal resolution down to 0.1-2 seconds.
148

 This 

technique, however, depends on the difficult task of collecting and storing nanoliter sized 

fractions of aqueous sample. 
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 Microdialysis is a continuous sampling technique, therefore, it’s analysis by the 

majority of analytical techniques requires mechanisms to segment the continuous stream 

into discrete injection plugs. Though progress has been made, as demonstrated by the 

impressive achievement of sub-second temporal resolution using specialized flow-

segmented plugs, they still result in the very challenging aspect of handling said 

fractions. This work describes an alternative route of fast analysis for microdialysis 

samples. A microdialysis probe is connected to a capillary that is fed directly into the 

inlet channel of a micro free flow electrophoresis (µFFE) device, a microfluidic chip 

which conducts electrophoretic separations continuously in a planar channel, allowing 

continuous analysis of microdialysis samples.  

Free flow electrophoresis is separation technique in which analytes are separated 

continuously in an electric field applied perpendicular to a pressure-driven buffer flow.
149

 

The technique found widespread use for sample clean-up devices, separation of cells and 

subcellular particles, and preparative methods.
150-152

 The first µFFE device was 

developed in 1994; made from silicon, the dimensions of separation channel are 

comparable to what is still  used  today (10 mm width × 50 mm length × 50 µm 

depth).
153, 154

 The miniaturization of the device minimizes the high amounts of joule 

heating exhibited in other FFE devices, requires smaller amounts of reagent and sample, 

and decreases analyte residence time.
155

 Another key advantage to this design is the 

integration of an online detection system, allowing separations to be monitored in real 

time.
156

 By coupling the in vitro-microdialysis probe to a fabricated µFFE device,  

temporal response is limited to the exposure time of a charge-coupled device (CCD) 

camera, 100 ms.  
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5.3 Materials and Methods 

5.3.1 Chemicals and Reagents 

Reagents. Amino acid standards were purchased from Sigma-Aldrich (St. Louis, 

MO). Sodium tetraborate decahydrate was purchased from Fisher Scientific (Pittsburgh, 

PA). Carrier ampholytes (30% solution, pH range: 2.5-5.0) were purchased from GE 

Healthcare Life Sciences (Pittsburgh, PA).  

Buffers and Solutions. All solutions were prepared in deionized water (Milli-Q, 

18.2 MΩ; Millipore, Bedford, MA) and filtered (0.22 µm) unless otherwise described. 

Borate run buffer contained borate (100 mM) and was adjusted to pH 10.5. Acetate run 

buffer contained acetate (50 mM), Triton X-100 (300 µM), and was adjusted to pH 4.0. 

HEPES run buffer contained HEPES (25 mM), Triton X-100 (300 µM), and was adjusted 

to pH 7.0. CAPS run buffer contained CAPS (25 µM), either Triton X-100 (300 µM) or 

methanol (20%), and was adjusted to pH 10.0.   Derivatization solution was prepared 

fresh daily by dissolving 40 mM NBD-F (TCI America, Portland, OR) in methanol and 

diluting 1:1 with 500 µM HCl yielding a final solution of 20 mM NBD-F/250 µM HCl in 

50% methanol which was degassed under vacuum for 2 minutes. Artificial cerebral spinal 

fluid (aCSF) was prepared with NaCl (145 mM), KCl (2.7 mM), MgSO4 (1.0 mM), and 

CaCl2 (1.2 mM). 

 

5.3.2 Device Fabrication 

 The design of this device was conceived by Dr. Nic Frost and all fabrication steps 

for this work were performed by Matthew Geiger, both colleagues in the lab of Dr. 

Michael Bowser. The fabrication process is similar to previously described         

devices
18, 157, 158

, and is discussed here briefly. Photolithography was used in a three-step 
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succession to etch (1) an 85 µm capillary channel, (2) 30 µm deep electrode channels, 

and (3) a 10 µm deep separation bed into two 1.1 mm borofloat glass wafers (Precision 

Glass & Optics, Santa Ana, CA). When combined, these mirror-image wafers form a 

capillary channel (125 µm deep, ~250 µm wide), electrode channels (40 µm), and a 

separation channel (10 µm deep, 1 cm wide, 2.5 cm long). To make the electrodes, a 

Temescal electron beam evaporator was used to deposit a 150 nm thick layer of Ti then a 

150 nm thick layer of Au to one of the wafers. Unwanted Ti and Au were removed with 

another photolithography step. Access holes (1 

mm) were drilled into the second wafer and a 90 

nm thick layer of amorphous silicon was 

deposited. A Karl Suss SB-6 wafer bonder 

(Munich, Germany) was used to align and 

anodically bond the wafers (900 V, 3 h, 450ºC, 5 

µbar).  Nanoports (Upchurch Scientific, Oak 

Harbor, WA) were attached over the access 

holes using epoxy rings. Lead wires were 

connected to the electrodes using a conductive 

silver epoxy. A fused silica capillary (20 µm i.d., 

150 µm o.d., Polymicro Technologies, Phoenix, 

AZ) was inserted while the device was heated on a hot plate to ~150ºC and under 

vacuum. After insertion, the capillary was bonded in place by pulling Crystalbond 509 

through the remaining space between the capillary and the channel. Residual amorphous 

silicon was removed from the channels by perfusing the chip with NaOH (1 M).  

i 

ii.a 

iii 

iv 

ii.b 

iii 

Figure 5.1. An image of a micro 

free flow electrophoresis device 

detailing the inlet capillary (i), run 

buffer inlets (ii.a-b), electrodes (iii), 

and buffer outlets (iv).  
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 The image of a completed device is shown in Figure 5.1. The inlet capillary (i) is 

inserted into the device through a narrow capillary channel. Buffer inlets (ii.a-b) are 

attached at the top of the device in a slightly deeper section of the mask leading down to 

the electrodes (iii). At the bottom of the device, buffer exits through several outlet 

streams (iv).  

 

5.3.3 Interfacing Microdialysis and µFFE 

 Offline. Amino acid standards ranging in concentration from 10-40 µM were 

reacted with NBD-F (5 mM) in a 1:1:1 solution of methanol, Borate (100 mM, pH 10.5), 

and aCSF. The solution was mixed for 1 minute on a vortex, degassed, and heated at 

80ºC for 5 minutes. This offline derivatization solution was pumped at a rate of 25 µL/hr 

into a carrier capillary with a microsyringe pump (Harvard Apparatus Inc., Holliston, 

MA, USA). The carrier capillary (40 µm i.d. × 360 µm o.d.) transported the labelled 

amines to the inlet capillary (20 µm i.d. × 360 µm o.d.) of the µFFE device.    

 Online. A schematic diagram of in vitro-microdialysis coupled online to a µFFE 

device is presented in Figure 5.2. Briefly, microdialysis probes were perfused with aCSF 

at a rate of 25 µL/hr with a microsyringe pump. Dialysate was transported in a 40 µm i.d. 

× 360 µm o.d. fused silica capillary to a 250 µm  i.d. stainless steel cross (Valco 

Instruments Co. Inc, Houston, TX) where it was mixed with a 5 µL/hr stream of borate 

buffer and a 5 µL/hr stream of derivitization solution. The labeling reaction progressed as 

it traveled through a 90 cm capillary of 75 µm i.d. × 360 µm o.d. dimensions. The rate of 

the reaction was accelerated by heating a 66 cm portion of this capillary to 80ºC by 

passing the capillary through tubing that was circulated with water from a heating bath 

(NESLAB EX-7 Digital one heating bath circulator, Thermo, Newington, NH). The 
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length of the reaction capillary and flow rates of solutions resulted in a 5 minute reaction 

time allowing the reaction to go to completion. The reaction capillary was connected to 

the µFFE inlet capillary via a home-built capillary connector (PTFE tubing, Grace 

Davison Discovery Science, Deerfield, IL).  

Figure 5.2. The schematic diagram of in vitro-microdialysis coupled online 

to a micro free flow electrophoresis (µFFE) device. Small molecules 

diffuse across the sampling region of the dialysis membrane and are 

transported to the reaction cross in the dialysate. 7-Fluoro-4-Nitrobenzo-2-

Oxa-1,3-Diazole (NBD-F) is used to fluorescently label primary and 

secondary amines. The reaction takes place in a heated reaction capillary. 

Injections into the µFFE device are performed continuously by streaming 

the fluorescently labeled dialysate directly into inlet capillary of the device 

through a capillary connector. Laser induced fluorescence (LIF) detection 

is implemented at the near the bottom of the separation channel.  
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5.3.4 Device Operation 

 Micro Free Flow Zone Electrophoresis. Separation buffer was pumped into the 

µFFE device at a total rate of 0.5 mL/min, corresponding to a flow of 0.25 mL/min into 

each buffer inlet using a syringe pump 

(Harvard Apparatus, Holliston, MA).  A 

voltage ranging from 50-200 V was 

applied to the left electrode (Figure 5.3 

ii) during analysis, while the right 

electrode was held at ground. The 

production of an electric field across the 

separation bed deflected analytes 

laterally (Figure 5.3 iii) according to 

their size and charge. Both online and 

offline analysis were performed in this 

mode.  

Laser-induced fluorescence (LIF) 

detection and imaging was performed 

near the exit of the separation channel 

towards the base of the device. Analytes 

were excited with the 488 nm emission 

line of a 150 mW argon-ion laser (Melles Griot, Carlsbad, CA) expanded into a 2.5 cm × 

150 µm line. Fluorescence was captured with an AZ100 stereromicroscope (Nikon Corp., 

Tokyo, Japan) mounted with a Cascade 512B CCD camera (Photometrics, Tucson, AZ) 

i 

ii 

iii 

Figure 5.3. A separation schematic within a 

micro free flow electrophoresis device. 

Sample is introduced through the capillary 

inlet  at point (i) located at the top of the 

separation channel. Application of a positive 

voltage on the left electrode (ii), while the 

right electrode is held at ground, produces an 

electric field across the separation channel. 

This causes lateral deflection of analytes by 

size and charge across the separation channel 

(iii). LIF detection is performed near the exit 

of the separation channel towards the bottom 

of the chip (dotted line).  
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and equipped with a GFP bandpass emission filter cube (Nikon Corp, ex. filter: 450-490 

nm, em. filter: 500-550 nm, and dichroic mirror: 495 nm cut-off). Acquisition rate for 

detection was 500 ms. To minimize background signal, the entire instrument setup was 

enclosed in a black, rubberized fabric containment (Thorlabs, Newton, NJ).  Cutter 5.0
99

 

was used to process line scans.  

 Micro Free Flow Isolelectric Focusing. Two different ampholyte-containing 

separation buffers were pumped into the µFFE device at a total rate of 0.5 mL/min, 

corresponding to a flow of 0.25 mL/min of each buffer into one of the two buffer inlets 

using a syringe pump (Harvard Apparatus, Holliston, MA).  The ampholyte buffer 

pumping into inlet i.a was pH adjusted to 5.0, while the ampolyte buffer pumping into 

inlet i.b was pH adjusted to 2.5. A voltage ranging from 50-200 V was applied to the left 

electrode during analysis, while the right electrode was held at ground. The production of 

an electric field across the separation bed induced the formation of a pH gradient across 

the channel according to the isoelectric points of the ampholytes. Only offline analyses 

were performed. Detection set-up and collection was identical to that described for the 

zone electrophoresis mode.  

 

5.4 Results and Discussion 

5.4.1 Separation Optimization 

 A variety of separation conditions were evaluated in an attempt to optimize the 

separation of aspartate and glutamate. These analytes were selected because they are 

doubly negative at high pH’s while other amino acids remain singly negative. It was 

hypothesized that the additional charge on these analytes would cause them to more 
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readily separate from other amino 

acids. To maintain consistency 

with high-speed CE results, the 

borate buffer used for previous 

studies (100 mM, pH 10.5) was 

employed. The high ionic 

concentration and pH of this 

buffer resulted in the generation 

of extremely high current (5 mA) 

in the µFFE device, preventing 

analysis at useful voltages. A 

series of other buffers spanning a 

variety of pH values were 

explored, and it was found that acetate buffer (pH 4.0) and CAPS buffer (pH 10.0) gave 

the most promising results. Figure 5.4 shows an electropherogram of two standard amino 

acid mixtures, one containing a glutamate spike (black; 20 µM glutamate, 10 µM 

aspartate, taurine, and serine) and the other an aspartate spike (gray; 20 µM aspartate, 10 

µM glutamate, taurine, and serine) while using an acetate run buffer. Though there was 

enough resolution between the target analytes that peak identification could be made with 

spiked samples, the peaks were not baseline resolved from each other, other amino acids 

(taurine and serine), nor the reaction byproducts peak (observable 6-7 mm).  

 In an attempt to increase the resolution between glutamate, aspartate, and the 

other reaction products, a higher pH CAPS buffer (pH=10.0) was employed. At this pH 

Figure 5.4. µFFE separation of glutamate spiked 

(black) and aspartate spiked (gray) amino acid 

standard solutions using acetate run buffer. These 

conditions resulted in a separation lacking 

baseline resolution from labeling reaction 

byproduct peak (large peak at 6-7 mm) and co-

elution of target analytes with singly charged 

amino acids.  

0

10

20

30

40

50

60

70

0 5 10

Fl
u

o
re

sc
e

n
ce

  
(a

rb
. u

n
it

s)
 

Position (mm) 



102 

 

glutamate and aspartate are doubly negative while other amino acids are singly negative. 

This should encourage their resolution in the separation window. Figure 5.5 A shows the 

separation of an offline-reacted glutamate-spiked amino acid sample.  Note that the sharp 

peak to the far right of the separation window is due to an imperfection in the 

microfluidic device. The large peak at around 8 mm is a combination of the labeling 

reaction byproduct and amino acids. It is believed that both aspartate and glutamate are 

present in the small shoulder to the right of the peak, though peak identification was 

difficult to achieve. Triton X-100 is an additive intended to reduce bubble formation 

within the device by lowering the surface tension of the separation buffer.
159

 In this case, 

the lack of resolution exhibited in these conditions is likely attributed to the formation of 

Triton X-100 micelles in the run buffer, causing many of the analytes to migrate together. 

When an alternative CAPS buffer was made substituting methanol for Triton X-100, to
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Figure 5.5. Glutamate spiked samples run with CAPS with Triton X-100 (A) and 

CAPS with Methanol. (B). The sharp peak at the far right of the window in (A) was 

due to an imperfection in the chip and is not representative of any legitimate signal. 

The lack of resolution between aspartate and glutamate in (A) was believed to have 

been due to the formation of micelles in the run buffer. By switching Triton X-100 for 

methanol, resolution between the analytes and byproduct peak was regained (B).  
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eliminate the possible presence of the micelles while still aiding in the production of 

smaller electrolysis bubbles, significantly better resolution was achieved (Figure 5.5 B).  

Glutamate and aspartate (9 mm) are baseline resolved from the labeling byproduct peak 

(6-7 mm). Other amino acids (taurine and serine) co-migrated with the labeling 

byproduct peak. Peaks were identified by running spiked variations of the offline-reacted 

amino acid mixture.  Though the substitution of Triton X-100 for methanol in the CAPS 

buffer offered increased resolution between the target analytes and both the labelling 

byproduct peak and other amino acids, resolution between glutamate and aspartate was 

sacrificed. The inability to fully resolve glutamate and aspartate from both the labelling 

byproduct peak and other amino acids prevented further analysis with zone 

electrophoresis in the µFFE device.   

 

5.4.2 Isoelectric Focusing 

 Isoelectric focusing (IEF) is an alternative mode of separation in which a pH 

gradient is established perpendicular to the buffer flow, achieved by the addition of 

ampholytes to the run buffer. Upon application of a voltage, the ampholytes migrate 

laterally in the separation channel according to their specific isoelectric point (pI) the 

point at which the net charge of the analyte is zero.
160

 As opposed to zone 

electrophoresis, which separates analytes based on their size to charge ratio, IEF 

separates analytes based on their isoelectric points. Other studies performing IEF in a 

µFFE device empirically determined that analytes with a minimum difference in pI of 0.4 

could be resolved, though the theoretical minimum difference in pI was calculated to be 
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even lower at 0.23.
161

 Though the described device operated with a higher electric field 

(~200 V/cm) a significantly  larger pH gradient (2.5-11.5) was also employed, suggesting  

that similar results could be achieved by 

performing IEF in our µFFE device. 

Specifically, IEF could be used to 

enhance the aspartate and glutamate 

separation from other amino acids, 

because the isoelectric points of aspartate 

and glutamate are more acidic than other 

amino acids (Table 5.1).  

To establish a pH gradient in the 

device, the ampholyte buffer pumping 

into one inlet (i.a in Figure 5.3) was pH 

adjusted to 5.0, while the ampholyte 

buffer pumping the other inlet (i.b in 

Figure 5.3) was pH adjusted to 2.5. 

Formation of a gradient was confirmed 

by a decrease in current, which dropped 

from 0.6-0.8 mA initially, to a minimum 

of  0.2 mA after a gradient was achieved. An electropherogram collected under IEF 

conditions is shown in Figure 5.6. With little optimization, glutamate (left) and aspartate 

(right) were nearly baseline resolved. The large labeling byproduct peak was not 

observed in the separation window and was likely carried off-chip, a significant 

Amino Acid pI 

Aspartic Acid 2.77 

Glutamic Acid 3.22 

Cysteine 5.07 

Serine 5.68 

Valine 5.96 

Glycine 5.97 

Table 5.1. Isoelectric points for aspartic acid, 

glutamic acid, and several other amino acids. 

Previous reports have found that a minimum 

difference of 0.23 is necessary to 

theoretically separate two analytes using IEF 

in a µFFE device. Glutamic acid and aspartic 

acid are shown here to have a difference in pI 

of 0.45, implying their ability to resolve 

under these conditions. Furthermore, aspartic 

acid and glutamic acid are several pI units 

more acidic than other amino acid, suggesting 

that they should be resolved with significant 

ease.    



105 

 

advantage to operating in this separation mode. To validate the utility of this method for 

in vitro-microdialysis applications, more characterization work needs to be done. Other 

amino acid standards should be run 

in conjunction with glutamate and 

aspartate to confirm separation. 

Separation conditions may also be 

adjusted to optimize the separation 

for baseline resolution of the 

analytes, enabling quantitation.   

 

5.4.3 Backpressure and Flow 

Regulation 

The primary limitation in 

interfacing microdialysis with a 

continuous flow µFFE device is the production of excessive system backpressure. Closed 

electrophoretic systems inherently maintain some degree of internal pressure, however, 

inconsistent flow rates between microdialysis and µFFE platforms result in such a high 

backpressure that system components begin to fail. As the system was run, increasing 

internal pressure caused leaky fluidic connections and increased precipitate formation 

from the fluorescent labeling reaction. At times the severity backpressure became so 

significant that fluid was forced backwards through the capillary and microdialysis probe 

such that it was ultimately leaking out of the backside of the syringe. In these instances, 

the leak was physical evidence of the backpressure, though the signal was also indicating 

a problem.  

Figure 5.6. Electropherogram of offline-

reacted glutamate and aspartate separated 

using IEF in a µFFE device. Glutamate (left) 

and aspartate (right) are nearly baseline 

resolved after little optimization.   
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During offline analysis the sample inlet stream was switched between the 

fluorescently labeled amines and non-fluorescent aCSF, a switch that should illicit an 

immediate drop-off in signal intensity. Figure 5.7A illustrates that when the system was 

experiencing a high degree of back pressure, the signal did demonstrate an initial drop 

(observable ~10 minutes), but instead of dropping to baseline levels the signal gradually 

dissipated for another 50 minutes. It is hypothesized that the signal didn’t drop because 

the non-fluorescent solution was no longer being fully pumped into the chip. High system 

backpressure was causing issues with clogging, leaky fluidic connections, and backwards 

flow. As a result, the non-fluorescent solution was unable to reach the separation channel 

at full velocity and the fluorescent solution was never fully flushed out of the chip.   
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Figure 5.7. Fluorescence signal from offline derivatization syringe after being switched  

to borate (A) did not drop as immediately in fluorescence intensity as expected. This 

was the consequence of a faulty syringe and back-pressure issues in the instrument. 

Proper functioning of the instrument can be confirmed by immediate changes in signal 

intensity (B) when switching between fluorescent and non-fluorescent injection streams. 

This is observed both as a drop-off in signal intensity when switching from a fluorescent 

solution to aCSF (black) and as an increase in signal intensity when switching from 

aCSF to the injection of a fluorescent solution (gray).  
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Though the backpressure issue was never completely resolved, it was minimized 

by making several changes. First, only new and slightly used syringes were used. These 

syringes had significantly better contact between the plunger rod and internal syringe 

walls, limiting the ability of fluid to leak out in instances of high backpressure.  Second, 

smaller inner diameter capillary (40 µm) was used to transport sample to the inlet 

capillary of the device. Though backpressure is typically increased by employing a 

narrower capillary, in this system it reduced backpressure by minimizing inconsistent 

flow rates between the microdialysis and µFFE platforms. The capillary channel etched 

into the µFFE device had an inner diameter of only 20 µm, while the carrier capillary 

transporting dialysate from the probe to the chip had an inner diameter of 75 µm. The 

decrease in inner diameter encountered at the junction of these two capillaries was 

compounded by the extra length of carrier capillary required to fluorescently label the 

dialysate and transport it into the chip. By switching to a smaller inner diameter carrier 

capillary (40 µm) the inconsistency between platforms was reduced and system 

backpressure lowered. It should be noted that formation of a byproduct precipitate in the 

labeling reaction prevented the routine use of capillaries with smaller inner diameters 

than 40 µm, simply because they would become clogged too quickly.  

Taking these steps helped to reduce the backpressure, which was tested again by 

switching between fluorescent and non-fluorescent solutions. Figure 5.7B shows that 

after steps were taken to reduce back pressure, the signal demonstrated a nearly 

immediate drop, falling to basal levels (black) in 480 ms. Switching from a non-

fluorescent to fluorescent solution, likewise exhibited an immediate change, causing an 

increase from basal levels to high fluorescence signal intensity (gray) in 150 ms.  
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Reducing backpressure enabled analysis of amino acid standards both offline and online, 

though the duration of experiments was limited to only 15-20 minutes, after which point 

either a capillary line became clogged or system backpressure became too severe. This 

window is too small to currently be compatible with in vitro-microdialysis experiments.  

 

5.5 Conclusions 

Microdialysis has been directly coupled to a µFFE device, enabling the 

continuous detection of glutamate and aspartate. Two separation modes were explored: 

zone electrophoresis and isoelectric focusing. While glutamate and aspartate could often 

be identified, they failed to ever be completely resolved from each other and other 

products of the labeling reaction in zone electrophoresis. Isoelectric focusing seems more 

promising. With little optimization, glutamate and aspartate were nearly baseline resolved 

from each other and the large labeling byproduct peak was carried off-chip. However, 

further characterization work needs to be done in this mode before application in in vitro 

studies. The primary limitation of this technique is currently system backpressure, the 

severity of which has limited analysis to 15-20 minute windows due to inconsistent flow 

streams. If system backpressure can be minimized, it is believed that µFFE will be 

capable of monitoring aspartate and glutamate with sub-second resolution as they are 

released from cultured cells.  
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6.1 Summary 

Cell-based assays have long been used to obtain biochemical information while 

avoiding the inherent complications of in vivo systems including metabolism, 

obstructions, uptake/release mechanisms, and interferences.
162

 Unfortunately, in vitro 

analysis is traditionally limited by several key factors. Fast analysis (sub-second 

resolution) is restricted to electroactive analytes, while analysis of non-electroactive 

analytes suffers from long temporal responses (5-10 minutes). Thus, in vitro-

microdialysis offers a unique and novel approach offering insight that no existing model 

can provide. Non-electroactive analytes can be monitored on sub-minute (and possibly 

sub-second) timescales. Coupling this novel in vitro platform to an analytical method, 

capable of separating and quantitating the collected analytes simultaneously, has the 

ability to expose dynamics not previously attainable by existing methods. This work has 

described the development, characterization, and applications of in vitro-microdialysis.  

 In Chapter 2, we described the development of in vitro-microdialysis by culturing 

cells on the surface of a microdialysis probe. Analysis of the collected analytes was 

achieved by directly coupling the in vitro-microdialysis probe to a high-speed capillary 

electrophoresis (CE) instrument. Separation conditions were optimized resulting in an 

LOD ranging from 100-250 nM, depending on the analyte. Growth of cells was 

confirmed across the sampling region by collecting a series of fluorescent confocal 

images detailing the expansion of cells across the membrane surface over a period of 3 

weeks. A potassium stimulation was administered to the cells by transferring the 

microdialysis probe from a solution of aCSF to a 100 mM K
+
-spiked aCSF solution. The 

amino acid levels were within the detection limits of the system, allowing us to monitor 
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an increase in the relative abundance of these non-electroactive analytes with 20 second 

temporal resolution. This result was exciting and important because, to the best of our 

knowledge, simultaneous dynamic changes in an array of non-electroactive analyte 

release from cultured cells had never been previously recorded at this time scale. Our 

ability to make this measurement suggests the utility of in vitro-microdialysis in 

monitoring biological significant processes that are currently lost using other techniques.     

 In Chapter 3, further characterization efforts were made to better understand the 

influence of several parameters on the efficacy and accuracy of in vitro-microdialysis. 

We demonstrated that cell medium was cleared from the probe lumen after 10 minutes of 

perfusion. Therefore, it could be ruled out as having an influence on the intensity and 

duration of the observed signal. The composition of aCSF sustaining cells on an in vitro 

probe, after removal from culture flasks, was assessed by studying long-term viability of 

the cells in aCSF and buffered variants. Though several different buffered-aCSF systems 

were investigated, it was ultimately shown that cells survived as well in aCSF as they did 

in the buffered systems. Parameters influencing the microdialysis environment, 

specifically temperature and size of the containment, were also investigated. Both were 

found to have a substantial effect on signal intensity and release dynamics. When 

compared to basal and release levels collected at 37ºC, transferring a probe to a solution 

maintained at room temperature drastically lowered the signal intensity, demonstrating a 

need to perform experiments at biological temperatures. We also found that in smaller 

environments signal intensity was larger and release dynamics were prolonged, 

suggesting the occurrence of resampling. Understanding the effects of these variables will 
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be important when designing and analyzing future applications with in vitro-

microdialysis.   

 In Chapter 4, we explored a variety of alternative physiological models for 

applications employing in vitro-microdialysis. Three types of individual cell lines were 

successfully cultured on the microdialysis probe: 3T3 fibroblasts, RBL-2HC fibroblasts, 

and C8-D1A astrocytes. Coverage and viability were assessed by imaging after exposing 

cells to fluorescein diacetate (FDA). Several co-cultures were also established on the 

probe. These included: 3T3-RBL, RBL-astrocyte, and astrocyte-neuron models. Presence 

of both cell types was confirmed using specific antibody labeling in conjunction with 

fluorescent confocal microscopy. The only cell type which failed to adhere was a primary 

line of human adipocytes. We believe that failure of these cells to adhere to the probe was 

due to the large size of the adipocytes (cell bodies upwards of 100 µm, which is nearly 

half the outer diameter of the microdialysis membrane). To date, large cell body size is 

the only known attribute of an adherent cell line that limits compatibility with in vitro-

microdialysis. Identifying a variety of cell types and co-culture systems that are 

compatible with in vitro-microdialysis demonstrates the vast applicability of this 

sampling platform in biologically relevant studies.       

 In Chapter 5, we sought to further improve the speed at which we could monitor 

analytes by directly coupling the microdialysis probe to a micro free flow electrophoresis 

(µFFE) device. Both microdialysis and µFFE are continuous techniques, so direct 

coupling did not require any flow-segmenting mechanisms. We tried two different 

separation modes to tailor our separation for glutamate and aspartate: zone 

electrophoresis and isoelectric focusing. While glutamate and aspartate could often be 
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identified, they failed to ever be completely resolved from each other and other products 

of the labeling reaction in zone electrophoresis. Isoelectric focusing was more promising. 

With little optimization, glutamate and aspartate were nearly baseline resolved from each 

other and the large labeling byproduct peak was carried off-chip. However, difficulties 

with flow compatibility led to serious backpressure issues within the separation device. 

Our effectiveness in reducing the backpressure of the system was assessed by alternating 

between fluorescent and non-fluorescent sample inputs and observing the subsequent 

immediate and drastic change in signal intensity. Though we were successful in reducing 

the severity of backpressure, it continued to limit analysis times to 15-20 minutes. This 

time frame is too short to be currently compatible with in vitro studies. The prospect of 

monitoring non-electroactive analytes released from cells continuously is very exciting 

and holds undoubtable promise for providing new insights to biologically significant 

mechanisms.   

   

6.2 Future Outlook 

 The future of in vitro-microdialysis is open to many possibilities, both 

technologically and towards application. The possibility of in vitro-microdialysis to 

provide new biological insights is incredibly promising. In Chapter 4, we demonstrated 

the compatibility of in vitro-microdialysis with a variety of different physiological 

models. Our findings show that any adherent immortalized cell line with cell bodies of 

approximately 50 µm and smaller, can be cultured on the surface of a microdialysis 

probe. In Chapter 4, we suggest how in vitro-microdialysis can be used with the 

employed cell line to offer new and physiological insights. Establishing a co-culture on 
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the exterior of the probe allows for investigation into the mechanisms of communication 

and activation between the employed cell types. This could be applied to mast cells and 

astrocytes, where the release of mediators from mast cells in the presence of astrocytes 

are believed to result in dual-activation of both cell types, leading to a cascade of 

inflammatory agents exchanged between the cells as they are involved in an 

inflammatory response. Or, it could be used to investigate whether one of the 

mechanisms by which astrocytes interact with neurons is through the efflux of astrocytic 

intracellular Ca
2+

 into gap junctions, where it is then taken up by neurons. Though this is 

a difficult question to answer with traditional techniques, in vitro-microdialysis offers a 

straight forward solution. Briefly, a pharmacological blockage of gap junctions in the 

neuron-astrocyte co-culture could be performed by exposing the probe to a solution 

containing one of several gap junction inhibitors (octanol, sodium propionate, and 

halothane), and the subsequent change in abundance of transmitters could be monitored 

with high-speed capillary electrophoresis, offering temporal insights to this previously 

elusive pathway. 

The aforementioned applications are merely suggestions of how in vitro-

microdialysis could be used with exterior co-culture models we know to be compatible 

with the probe. If a physically-blocked co-culture model is successfully developed, 

another area of applications could be unlocked. As an example, we suggest that such a 

model could be used to assess whether physical contact between airway smooth muscle 

(ASM) and mast cells is a necessary component of this interaction, or if chemical contact 

is all that is required for the interactions to take place. The applicability of in vitro-
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microdialysis is not limited to these models; rather, they demonstrate the possibility of 

widespread application of this technique.  

The other primary direction for the future of in vitro-microdialysis is with 

technical advancements. As analytical chemists, we are constantly pushing our 

techniques to run faster at smaller levels. Such a drive has led to a recent expansion of 

microfluidics. In Chapter 5, we demonstrated the utility of in vitro-microdialysis for 

monitoring glutamate and aspartate release continuously by coupling the probe to a µFFE 

device. Despite our advances in joining these techniques, difficulties with high system 

backpressure limited our ability to use the technique in vitro. We suggest that a new 

device be fabricated with a larger inlet capillary and separation channel. This can be 

achieved by etching deeper structures during the fabrication process, 40 µm instead of the 

previous depth of 20 µm. By increasing the size of the inlet capillary and separation 

channel, we can use a larger inner diameter capillary (40 µm) matching the diameter of 

the capillaries used on the microdialysis end; a change we believe would aid in the 

reduction of backpressure generated when a 40 µm capillary is connected to a 20 µm 

capillary leading into the device. Addressing system backpressure, in this manner or 

another, will be critical prior to the application of this technique towards in vitro samples. 

Whether it is by pushing the capabilities of the technique or by using it to study 

biological mechanisms, it is my hope that the utility of in vitro-microdialysis continue to 

be recognized. As we hone the ability to monitor the elusive non-electroactive analytes 

on more meaningful timescales, the true nature of their role in regulatory and 

communicative pathways can be identified. I am thankful to have worked on a project 

that was so engaging, collaborative, and providing of many different directions.    
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