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Abstract 

The burden of neurological disorders has been increasing across the United States over the last 

thirty years with stroke, neurodegenerative diseases such as Alzheimer’s and migraine contributing 

the most to the number of disability adjusted life years. As the population continues to age, the 

need for targeted therapies for these conditions grows. However, even today, the available 

treatments are aimed at symptom management and not the root cause of the disease. Development 

of new pharmacological interventions requires a detailed understanding of the underlying 

biological processes, and in the case of the disorders affecting the nervous system, these are 

notoriously complex. Therefore, there is a high demand for analytical tools capable of providing 

insight into in vivo neurochemical dynamics. 

Microdialysis (MD) is a powerful technique that makes it possible to perform continuous sampling 

from living tissues for long periods of time. The composition of the obtained sample is reflective 

of all small molecules present in the MD probe surroundings (e.g. tissues), which means that with 

an appropriate analytical method it is possible to quantify multiple compounds simultaneously. To 

this end, separation-based techniques such as capillary and microchip electrophoresis (known as 

CE and ME respectively) can be used in tandem with MD to monitor neurochemical concentration 

changes in biological systems. By direct coupling of MD with ME (MD-ME) we are able to 

produce a separation-based biosensor for near real-time on-line in vivo and in vitro monitoring of 

the species of interest in continuous sample flow. 

This thesis focuses on the development of ME and CE methods for the monitoring of 

neurotransmitters, ascorbic acid (AA), and adenosine energy metabolites. First, the development 

of a ME separation and electrochemical detection (EC) of four monoamine neurotransmitters, two 
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dopamine metabolites DOPAC and HVA, and AA is described and evaluated by the analysis of a 

rat brain homogenate sample. Next, the composition of the background electrolyte (BGE) used for 

the ME separation was further reoptimized to ensure compatibility with MD perfusates containing 

physiological concentrations of Ca2+ and Mg2+. This required a switch of the buffering system 

from phosphate to an organic buffer, MES, and the addition of EDTA to prevent precipitation of 

the metal cations with the surfactant present in the BGE. 

The effect of MD perfusate NaCl content on the dialysate ionic composition and in vivo recovery 

of monoamine neurotransmitter metabolites was also studied using CE with capacitively coupled 

contactless conductivity detection and liquid chromatography with EC detection. It was shown 

that to reliably evaluate the effect of sodium content on the recovery of analytes, the post-surgery 

rest time must be longer than 1 hour. Evaluation of Na+ recovery from tissues showed that at 40% 

of physiological concentration of NaCl there was no significant flux of sodium into the perfusate. 

It was also determined that, given sufficient post-surgery rest time, the recoveries of both the 

metabolites (DOPAC, HVA, and 5-HIAA) and sodium did not vary following initial equilibration 

of the probe during 90–100 min of sampling. 

A small-scale animal study was carried out to investigate the effect of glutamate content in 

perfusate on the signal of AA in dialysates obtained from rat brain using in vivo on-line MD-ME-

EC analysis. A non-physiological effect of decreased ascorbate recovery during MD sampling with 

glutamate-containing solutions was observed, although ultimately it appeared to be an artifact of 

the MD probe batch used in the experiments. 

Finally, a robust reproducible CE-UV separation was developed for adenosine triphosphate, 

diphosphate, and monophosphate. It was shown to be compatible with a previously developed 

transient isotachoforesis method for on-line preconcentration of these analytes from MD samples.
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1. Dissertation overview 
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1.1. Research objectives 

The growing incidence of noncommunicable neurological disorders ranging from stroke to various 

dementias to epilepsy increases the demand for effective therapeutic options for these disorders. 

Due to the lack of sufficient understanding of the biochemical processes involved in their 

development and progression, treatments have so far focused on symptom management. To fill in 

gaps in the knowledge, analytical tools that allow to track changes in concentrations of 

neurochemicals in disease states are needed. Availability of techniques for on-line monitoring of 

neuroactive compounds can also provide valuable information for correlating their dynamics with 

behavior and observable symptoms while enabling better timing of pharmacological interventions. 

Microdialysis (MD) is a technique commonly used to sample from living tissues (including the 

brain) for extended periods of time. When MD is coupled to a separation-based analytical method, 

multiple analytes of interest can be monitored simultaneously, expanding the amount of 

information gained from each experiment. 

The main goal of the studies described in this thesis is the development of microchip 

electrophoresis with electrochemical detection (ME-EC) and microdialysis methods for the 

monitoring of neurochemicals that play important roles in neurological disorders. Coupling MD 

with ME-EC produces a separation-based sensor for on-line analysis with near real-time temporal 

resolution that can be miniaturized for on-site applications. A chapter is also dedicated to the 

development of a capillary electrophoresis (CE-UV) method that is compatible with on-line 

sample preconcentration for the quantification of adenosine energy metabolites in microdialysis 

samples. Thus, the overall objective of this dissertation is to progress the development of analytical 

approaches to investigating the molecular mechanisms contributing to the development of 

neurological disorders. 
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1.2. Chapter summaries 

1.2.1. Chapter 2: Role of monoamine and amino acid neurotransmitters in 

neurodegeneration and introduction to microdialysis sampling coupled to microchip 

electrophoresis 

A review of the involvement of two classes of neurotransmitters – monoamines and amino acids 

– in neurodegeneration is provided, highlighting their roles in such conditions as stroke, 

Parkinson’s and Alzheimer’s diseases. Pharmacological strategies targeting these neurotransmitter 

pathways are noted. Additionally, an overview of the basic principles behind microdialysis 

sampling and microchip electrophoresis is given, concluding with the available configurations for 

the combination of the two to create separation-based sensors for on-line monitoring of biological 

systems. Examples of in vitro and in vivo applications of such devices to the studies of 

neurochemical processes are given. 

1.2.2. Chapter 3: Microchip electrophoresis separation method for the monitoring of 

biogenic monoamine neurotransmitters and endogenous interferences 

To enable simultaneous monitoring of four monoamine neurotransmitters, namely dopamine, 

epinephrine, norepinephrine, and serotonin, a ME-EC method was developed to ensure their 

resolution from each other and from two dopamine metabolites DOPAC and HVA and ascorbic 

acid. Optimization of the separation was carried out by changing the composition of the 

background electrolyte (BGE) components including phosphate buffer at pH 7.4, sodium dodecyl 

sulfate (SDS), boric acid, and the organic solvent additive dimethyl sulfoxide (DMSO). The 

resulting ME-EC method provided sub-micromolar limits of detection for the neurotransmitters of 

interest and was used for off-line analysis of a rat brain homogenate sample. 
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1.2.3. Chapter 4: Coupling in vivo microdialysis sampling with microchip 

electrophoresis: compatibility of the separation with Ca2+-containing perfusates 

The composition of the perfusate used for MD sampling has a strong effect on the concentration 

of analytes determined in the dialysates. Previous in vivo studies have shown that the basal 

dopamine levels are negatively affected by the removal of calcium ions from perfusate, therefore 

any analytical method coupled to MD sampling aiming to quantify this neurotransmitter must be 

compatible with the presence of calcium ions in the sample matrix. To prevent precipitation of 

BGE components in the presence of Ca2+, the BGE composition was modified to substitute 

phosphate buffer pH 7.4 with MES, and EDTA was added to prevent an interaction between 

calcium and SDS. All component concentrations were reoptimized, and the organic additive was 

changed from DMSO to acetonitrile. 

1.2.4. Chapter 5: Coupling in vivo microdialysis sampling with microchip 

electrophoresis: optimization of perfusate composition 

Electrophoresis separations suffer from poor compatibility with samples containing high amounts 

of salts. The most common perfusate used for MD sampling from the brain is artificial 

cerebrospinal fluid (aCSF), which contains ~150 mM of NaCl and low millimolar concentrations 

of Ca2+. Mg2+, and K+. The off-line MD-CE study described in this chapter investigated both the 

effects of NaCl content in perfusate and the duration of sampling on the recovery of Na+ ions from 

the brain. The perfusates that were evaluated mimicked the ionic composition of aCSF but 

contained sub-physiological concentrations of NaCl. The goal of these experiments was to 

determine the optimal concentration of NaCl for perfusates used in future on-line MD-ME-EC 

experiments.  The obtained MD samples were also analyzed via liquid chromatography with EC 
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detection (LC-EC) to study the effects of perfusate composition changes and sampling duration 

on the in vivo recovery of neurotransmitter metabolites. 

1.2.5. Chapter 6: ME-EC detection of ascorbate recovered during microdialysis sampling 

with perfusates containing glutamate 

Ascorbic acid has many functions in the central nervous system. Its relationship with glutamate 

neurotransmission has been of interest for some time as there is evidence of heteroexchange 

between ascorbate and glutamate. However, the exact mechanism of this interaction has not been 

confirmed. A series of on-line MD-ME-EC experiments was carried out both in vivo and in vitro 

to evaluate the potential of this analytical platform to investigate the effect of Glu on ascorbate 

extracellular concentration dynamics. A non-physiological effect of reduced ascorbate recovery in 

the presence of 0.1–1 mM glutamate in the perfusate used for microdialysis was observed and 

ultimately found to be an artifact of the probe batch used in the experiments. 

1.2.6. Chapter 7: Separation method for on-line tITP preconcentration and quantification 

of ATP, ADP, and AMP with capillary electrophoresis with UV absorption detection 

The development of a robust and reproducible CE-UV separation for adenosine energy metabolites 

ATP, ADP, and AMP is described. The resulting method is performed using reverse polarity and 

utilizes a complex BGE that contains high concentrations of surfactant, a chelating metal ion, a 

cyclodextrin, and an organic solvent additive. The final separation was compatible with an on-line 

preconcentration protocol for transient isotachophoresis previously developed in our laboratory 

for these analytes. 

1.2.7. Chapter 8: Future directions 

Short and long-term future directions for the projects detailed in this dissertation are discussed.
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2. Role of monoamine and amino acid neurotransmitters in neurodegeneration and 

introduction to microdialysis sampling coupled to microchip electrophoresis
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2.1. Introduction 

Complexity is a descriptor that applies to all diseases of the brain. The structure of the organ itself 

is very intricate, and the relationships between brain biochemistry and observable behavior and 

cognition are still under-studied. This leads to the lack of full comprehension of all the links 

between the fundamental cause of a disease to its pathology and symptoms for any given 

neurological disorder. A variety of interconnected processes can contribute to a disease state, 

including protein misfolding1, inflammation2, oxidative stress3 and dysregulation4 of cell-to-cell 

signaling to name a few. This in turn means that the development of effective treatments that 

exhibit minimal side effects is extremely challenging. 

Neurotransmitters (NTs) are signaling molecules that allow neurons to communicate with each 

other or other cell types such as muscle cells5, which means that they are involved in any process 

in the body that requires innervation. NTs can be classified as amino acids, monoamines, 

acetylcholine, peptides, soluble gases as well as other molecule types. (Figure 2.1). This chapter 

discusses the role of monoamine and amino acid neurotransmitters in neurodegenerative disorders. 

It also provides details on a promising experimental approach for studies of the mechanisms 

contributing to diseases of the brain – microdialysis sampling combined with microchip 

electrophoresis. 

 



8 

 

 

Figure 2.1. Classification of neurotransmitters in order of transition from wired transmission to 

volume transmission, with examples5,6.
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2.2. Monoamine neurotransmitters in neurodegeneration 

2.2.1.  Dopamine 

Neurotransmitters that fall into the category of monoamines include dopamine (DA), 

epinephrine (EPI), norepinephrine (NE), serotonin (5-HT), and histamine. The most common 

member of this class considered in the discussions of neurodegenerative diseases is DA – 3,4-

dihydroxyphenethylamine – the most ubiquitous catecholamine neurotransmitter in the midbrain. 

It is involved in a number of processes including regulation of locomotor activity, cognition, 

memory, emotion, and positive reinforcement. The dopaminergic neurons populate four major 

pathways – nigrostriatal, mesocortical, mesolimbic, and tuberoinfundibular. They are mainly 

located in the substantia nigra pars compacta (SNpr), ventral tegmental area (VTA), and arcuate 

nuclei7,8. Optimal concentrations of DA, both intracellular, extracellular, and in vesicles, are 

critical for efficient cognition and behavior, and dysfunction of DA systems is implicated in such 

disorders as Parkinson’s disease (PD)7,9–13, Alzheimer’s disease (AD)12, Huntington’s disease 

(HD), attention deficit disorder7, and Asperger syndrome14. 

Parkinson’s disease and Huntington’s disease are two of the most common neurodegenerative 

disorders that present with abnormal movement7. Therefore the involvement of DA 

neurotransmission in the development of these conditions is unsurprising due to DA’s role in 

regulating locomotor activity. Loss of dopamine receptors (mostly D2 in PD, and both D1 and D2 

in HD) has been confirmed in clinical and preclinical studies, even in the early stages of these 

disorders7. Subsequently, DA replacement therapy using its precursor L-3,4-

dihydroxyphenylalanine (L-DOPA) is the standard for treatment of PD symptoms15. At the same 

time, investigations focusing on the neurotransmitter itself provide a more complex picture. For 

instance, early-stage HD patients have been shown to have elevated levels of DA, suggesting that 
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pharmacological interventions focusing on reduction of its levels early in the disease could prove 

beneficial for the patient outcome. On the other hand, late-stage HD is characterized by decreased 

levels of DA, indicating that dopamine release dynamics change throughout the course of the 

disease in a time-dependent manner7. 

Data obtained via animal models of PD show both increased and decreased levels of the 

neurotransmitter depending on the model used: Parkin exon 3 knockout mice exhibit an increase 

of striatal DA, exon 2 deletion does not alter DA levels, overexpression of α-synuclein results in 

depletion of DA16, and DJ-1 null mice show increased DA concentrations in tissues17. Animal 

models of HD, which have been genetically engineered to express human huntingtin protein, also 

show variability in DA concentrations: R6/2 and YAC 128 mice are characterized by decreased 

levels of DA and its metabolites in striatum, while the tgHD rats have increased DA in SNpr and 

VTA. Finally, chemically induced animal models of PD (obtained using 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine, rotenone, and 6-hydroxydopamine) show increased levels of DA and 

metabolites, as opposed to chemically-induced HD models (achieved through administration of 3-

nitropropionic acid and quinolinic acid), which show decreased levels of these compounds7. The 

lack of agreement between different animal models for both diseases highlights the need for further 

investigations of the mechanisms and time-dependence of DA level changes in Parkinson’s and 

Huntington’s diseases. 

Frequently, the discussion of dopamine’s role in neurodegeneration focuses on the loss of 

dopaminergic (DAergic) neurons in SNpr observed in PD patients and the decreased levels of DA 

in both PD and late-stage HD. At the same time, excess of dopamine and its metabolites is known 

to exhibit neurotoxicity due to their involvement in production of reactive oxygen species (H2O2, 

O2
-, and •OH) and highly toxic quinones7,8,10–12,15. For instance, a study using C. elegans showed 
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that the neurotoxic effect of Mn2+ – an environmental toxin associated with earlier onset and higher 

prevalence of PD – is caused by the Mn-mediated conversion of extracellular DA into toxic 

metabolites, followed by re-uptake of those metabolites into neurons using dopamine transporter 

DAT-1. The presence of these compounds inside the cell results in oxidative stress, which in turn 

causes degeneration of DAergic neurons6. Another study showed that elevated cytosolic 

concentrations of DA itself caused necrotic neurodegeneration in a transgenic mouse model with 

overexpression of dopamine transporters in striatal neurons15. A similar effect has been implicated 

in cell death during ischemic stroke. An increase of extracellular concentration of DA (up to 2 

mM) is observed during ischemia in gerbils; however, depletion of endogenous DA through 

removal of nigrostriatal pathway neurons mediates cell damage following ischemia8. 

DA-associated oxidative stress is not only implicated in the progression of several 

neurodegenerative disorders, but also in the decline of dopamine-dependent functions of the brain 

(locomotion, memory, learning, etc.) during normal aging. Age-related decline of DA 

neurotransmission in the frontal cortex along with loss of D2 receptors have been reported for 

humans and are thought to be responsible for the decline of cognitive and motor functions. This 

deterioration is believed to be caused by DA-related oxidative stress inducing apoptosis in aged 

brains. This conclusion was initially corroborated through studies that show both age-related 

accumulation of DA oxidation products in DA-enriched brain areas like SN and the presence of 

apoptotic neurons in SN of aged monkeys8. Later, in vitro and in vivo studies demonstrated that 

introduction of high amounts of DA caused DNA laddering – a specific pattern of DNA 

fragmentation associated with apoptosis through activation of transcription factor AP-1 and NF-

κB pathways. This effect could be duplicated using D2 receptor agonists and was counteracted by 

the addition of antioxidants such as glutathione. Interestingly, a continuation of these studies using 
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astrocyte cell cultures determined that instead of neurotoxicity, DA addition resulted in glial cell 

mitogenesis and expression of glial fibrillary acidic protein, indicating reactive gliosis, which 

could be indicative of either a neuroprotective or neuroinflammatory role of astrocytes during DA-

induced oxidative stress8. To summarize, DA dysregulation can lead to apoptosis of neurons and 

activation of astrocytes that contribute to loss of brain functions in neurodegenerative disorders 

and aging. 

Finally, o-quinones produced from DA have been shown to conjugate cysteine moieties of 

proteins. In the case of parkin this results in the inhibition of its neuroprotective function, with 

catechol modification of the protein exclusively localized to SN. When it comes to α-synuclein (α-

SN) (the protein which makes up Lewy bodies, the hallmark abnormal protein aggregates observed 

in PD and some dementias), a modification with DA o-quinone results in stabilization of toxic 

protofibrils and decrease of fibril formation, while aminochrome (the most stable o-quinone 

product of DA oxidation) promotes α-SN oligomerization. These are only two examples of 

proteins that can be affected by DA-derived quinones, and the outcomes of such interactions span 

from protein degradation impairment to disruption of monoaminergic vesicle axonal transport and 

overall progressive neuronal dysfunction10. Aminochrome can also initiate redox cycling where it 

utilizes NADH or NADPH to be reduced to leukoaminochrome-o-semiquinone, which 

spontaneously oxidizes back into aminochrome in the presence of O2. As a result,  normal energy 

metabolism is impeded by depleting the supplies of NADH and oxygen required for mitochondrial 

synthesis of ATP10. 

2.2.2.  Norepinephrine 

Norepinephrine is another neurotransmitter with well-established direct involvement in PD and 

AD12. Locus coeruleus (LoC) is a nucleus in the brain stem primarily responsible for the synthesis 
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of NE in the brain with projections into forebrain, brainstem, cerebellum and spinal cord18,19. With 

connections to a high variety of brain structures, NE’s involvement spans from memory and 

learning to arousal and vigilance, circadian rhythm and sleep. Very importantly for PD, NE affects 

the release of DA in projections to the striatum by influencing the activity of SNpc and VTA19. 

Loss of NE innervation in LoC in the central nervous system (CNS)19,20 and sympathetic ganglia 

in the peripheral nervous system (PNS)19 has been shown to precede loss of DAergic neurons in 

PD by several years, with the extent of neurodegeneration and Lewy body pathology in the 

remaining LoC and PNS neurons very similar20 to or even exceeding19 that observed in SNpc. It 

is also notable that aggregation of α-SN and loss of sympathetic norepinephrinergic (NEergic) 

innervation in the myocardium precede CNS changes in PD, serving as evidence that the 

progression of the disease begins in the PNS. Recently, animal models that follow the progressive 

ascending pattern of neurodegeneration (LoC → SN → primary motor cortex and hippocampus) 

that is observed in PD patients have been obtained for the first time by first depleting brain NE 

either using lipopolysaccharide or neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine21. 

NEergic and DAergic neurons share several features, including the accumulation of neuromelanin 

and the expression of enzymes for catecholamine synthesis and catabolism. This enables a 

common mechanism for the involvement of these cell populations in the development of PD and 

other neurodegenerative disorders, that is metabolism-related oxidative stress and auto-oxidation 

product toxicity12,19,20. On the other hand, the role of NE in the inhibition of pro-inflammatory 

cytokine production and in the reduction of oxidative stress, mitochondria membrane 

depolarization, and caspase activation serve as evidence of the protective function of NE. When 

PD patient brains were studied post-mortem, the regions rich in NE were seen to experience a 

smaller degree of DAergic neuron loss19. In animal models where PD pathology was induced 



14 

 

chemically, lesioning of LoC enhanced the loss of DAergic neurons, while increased synthesis of 

NE lessened their degeneration19,20. 

As a pharmacological target, NE has shown promise in improving both motor and cognitive 

symptoms of Parkinsonism. Antagonists of adrenoreceptors used to increase release of NE from 

the surviving neurons have been shown to reduce tremors when used on their own; they also 

diminish L-DOPA-induced dyskinesia without counteracting L-DOPA’s anti-Parkinsonian 

action19,20. Similarly to L-DOPA, a NE prodrug called L-threo-3,4-dihydroxyphenylserine (L-

DOPS) is used to treat orthostatic hypotension and has been successfully tested as treatment for 

the freezing of gait, both symptoms of PD19,20. As LoC projects to the frontal cortex, several small 

studies have successfully targeted NE neurotransmission for the improvement of cognitive 

symptoms of PD, such as attention deficits and poor spatial working performance15. Similarly, due 

to LoC projections to limbic structures, NE has been used as a target for improving symptoms of 

depression in PD patients. Several NE uptake inhibitors have performed successfully in both small 

open-label studies and larger-scale double-blinded studies, although no improvement of motor 

symptoms was observed19,20. All of the above makes NE a promising target for the investigation 

and treatment of motor, cognitive, and autonomic dysfunctions in PD. When it comes to AD, a 

popular therapeutic approach to targeting the toxicity of both DA and NE metabolites is to improve 

axonal transport and thus prevent their accumulation inside the cells12. 

2.2.3. Serotonin 

5-hydroxytryptamine, commonly referred to as serotonin, is an aromatic monoamine that is mainly 

synthesized from tryptophan in the human GI tract (95%)22. In the gut, 5-HT is involved in 

assimilation and absorption, regulation of particle transport and fluid discharge, and has been 

implicated in the development of such digestion disorders as irritable bowel syndrome23. After 
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being released into the bloodstream, serotonin can also be taken up by platelets, taking part in their 

aggregation, maintenance of vascular tone, and hypertension22. 

Serotonin is found in the central nervous systems of all animals and has been shown to regulate 

body temperature and circadian rhythms, mood and emotions, cognition, motor behavior, energy 

balance, and other processes in the brain22,24. The 18 types of serotonin receptors identified so far 

in vertebrates are classified into 7 families22. While serotonergic neurons are found throughout the 

brain, most of them, including those responsible for synthesis of this transmitter, are located in the 

raphe nuclei of the brain stem. The extracellular concentration of 5-HT is regulated by release from 

vesicles at the synapses and active uptake by serotonin transporters (SERT) and organic cation 

transporters22,24. 

In humans, age-related changes of the serotonergic system have been identified, including 

decreased 5-HT release in specific brain regions, decreased expression and binding affinity of 

receptors, increased SERT expression. Animal models have also shown decreased gene expression 

for tryptophan hydroxylase – the enzyme responsible for the first and rate-limiting step of 5-HT 

synthesis from tryptophan. This and some other evidence suggests an important role of serotonin 

in aging22. Furthermore, serotonin has been implicated in multiple psychological conditions like 

depression and anxiety disorders, and neurodegenerative disorders such as AD22,25, PD22,24,26,27, 

HD28, and multiple sclerosis (MS)29. 

In Parkinson’s disease, loss of serotonergic neurons has been confirmed in both the striatum (where 

the DA pathology develops) and outside of it. Lewy body pathology has been found in the median 

raphe nuclei prior to affecting dopaminergic neurons in the midbrain. A tomography-based study 

of patients at various stages of PD progression showed that the loss of SERT happens in a nonlinear 

manner and is not related to the disease duration, disability, or duration of dopamine replacement 
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therapy. At the same time, the intensity of tremor, which appears to be independent of DA terminal 

capacity or receptor availability, was correlated with the loss of 5-HT1A serotonin receptor 

binding. Loss of SERT binding in several brain regions, including the caudate, putamen, raphe 

nuclei, and thalamus was also shown to be more significant in patients with tremor-dominant PD 

than in akinetic-rigid PD and normal controls. Finally, both animal and human studies have shown 

that striatal serotonergic terminals play an important role in the development of L-DOPA-induced 

dyskinesia via aberrant processing of L-DOPA and release of DA in a non-physiological manner 

as they lack autoregulatory feedback for this neurotransmitter, and use of agonists for type 1A 5-

HT receptors can modulate this side effect of DA replacement therapy24. 

When it comes AD, most studies focus on the involvement of serotonin either in cognition and 

memory or in depression25,30,31. Animal studies have shown that by targeting SERT with selective 

serotonin reuptake inhibitors (SSRI), production and chronic accumulation of toxic amyloid β 

(Aβ) proteins could be reduced. Clinical studies using imaging of Aβ showed lower cortical 

amyloid levels for participants who have taken SSRI within 5 years prior to the study. It was also 

shown that citalopram, an SSRI marketed under the name Celexa, lowered CSF levels of the 

protein in healthy volunteers.31 Interestingly, another common SSRI escitalopram did not reduce 

Aβ levels in mice, but did show reduction of tau protein hyperphosphorylation in rat hippocampal 

cultures treated with Aβ1–42
25. Serotonin receptor 5-HT4R agonists have also been shown to reduce 

amyloid plaque formation and neuroinflammation through induction of α-secretase cleavage of 

amyloid precursor protein. In addition antagonists of 5-HT6R have shown improvement of 

cognition through stimulation of glutamate, acetylcholine, and catecholamine cortical and limbic 

pathways both in animal models and in a clinical trial as part of combination therapy31. Overall, 

as it is the Aβ oligomers that are currently thought to be the toxic agent in the development of AD 
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pathology, reducing production of Aβ through serotonin pathways is a promising strategy for 

achieving neuroprotection, although clinical studies have shown that this approach needs to be 

implemented at the early stages of the disease to effectively slow its progression25,31. 

Targeting of serotonin pathways, most commonly via SSRIs, has been used for treatment of most 

neuropsychiatric disorders, although the specific mechanisms responsible for symptom 

improvement are not always fully understood due to the overall complexity of the interactions in 

question22. 

2.3. Amino acid neurotransmitters in neurodegeneration 

Involvement of amino acids in neurotransmission has been established since 1960s when L-

glutamate (L-Glu) and L-aspartate (L-Asp) were classified as excitatory neurotransmitters and γ-

aminobutyric acid (GABA) and glycine (Gly) were classified as inhibitory neurotransmitters32. 

Later, neurotransmitter functions of other amino acids including β-alanine and D-serine were 

discovered33–35, broadening the scope of possible participation of these compounds in 

neurodegeneration. While amino acid profiling has been used as an approach to finding biomarkers 

for neurological disorders36, it is the current convention that L-Glu has one of the most important 

roles in neurodegeneration due to its excitatory function and overall ubiquity in the brain (90% of 

all synapses contain it, with the total content in the brain ~ 10 mM37,38 or 5–15 mmol/kg of brain 

tissue39). 

2.3.1. L-Glutamate 

While L-Glu is the most common free amino acid in mammalian diet, it is nearly quantitatively 

metabolized (mostly to carbon dioxide) during digestion and is synthesized in vivo from either α-

ketoglutarate or from amino acids in the “glutamate family” (glutamine, arginine, proline and 
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histidine). In the brain, L-Glu concentrations vary from ~1 μM in the cerebrospinal fluid (CSF) to 

100 mM in the nerve terminal vesicles. Excitatory action of Glu is carried out through two receptor 

types – ionotropic (e.g. NMDAr, AMPAr, KAr) and metabotropic, both of which activate ion 

channels either by direct binding with Glu or through secondary messenger pathways37 following 

exocytosis of Glu-containing vesicles from the pre-synaptic neuron. As there are no enzymes 

responsible for metabolizing extracellular glutamate, termination of the glutaminergic 

neurotransmission is carried out through removal of Glu from the synaptic cleft via transporters 

present in astroglia and neurons39,40. Disruption of glutamate removal causes excessive excitation 

of neurons that may result in cell damage and death – a phenomenon commonly referred to as 

excitotoxicity. This disruption may occur for a variety of reasons, such as an energy deficit 

inhibiting the ATP-dependent Glu reuptake; cell injury resulting in release of the intracellular 

metabolic Glu pool into extracellular space; presence of exogenous agonists of glutamate 

receptors40. Furthermore, as one specific type of Glu transporter – excitatory amino acid 

transporter 2 (EAAT2) – is responsible for the uptake of 90% of the neurotransmitters released 

during neuron excitation, its dysfunction inevitably leads to excitotoxic cell damage and has been 

experimentally shown to be involved in the progression of several neurodegenerative disorders 

including AD.41 Another critical aspect of Glu-related excitotoxicity is related to the self-

propagating nature of tissue damage (“glutamatergic loop”) resulting from the fact that when 

neurons die, their stores of glutamate are released into the extracellular space, causing 

depolarization of the surrounding neurons and exacerbating the excess of the neurotransmitter and 

demand for its removal40. 

The first observed effect of prolonged exposure to increased glutamate concentrations is neuronal 

swelling due to influx of Na+, Cl–, and water through AMPA and KA receptors. While this swelling 
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of neuronal structures can be mediated by eliminating the ion excess from the cells, the main cause 

for neurodegeneration during excitotoxic events is thought to be mediated by NMDA receptors, 

which are highly permeable to Ca2+ ions. Influx of calcium into neurons disturbs the intracellular 

homeostasis of this ion, causing stress on the endoplasmic reticulum (ER), mitochondrial calcium 

overload, and oxidative stress. In the case of ER, the disruption results in inhibition of protein 

synthesis and has been suggested to induce neuronal apoptosis. In mitochondria, excess Ca2+ lead 

to the disruption of electron transport chain and inhibition of ATP formation. This in turn leads to 

mitochondrial permeability transition pore opening and rupture of the organelle accompanied by 

release of caspase-activating proteins, which also triggers apoptosis. Finally, oxidative stress 

caused by imbalance in the production of reactive nitrogen and oxygen species results in damage 

to proteins, nucleic acids, and lipids, which culminates in disruption of cellular functions and 

integrity. To summarize, the initial rapid neuronal death due to excitotoxicity of Glu is thought to 

be due to cell necrosis caused by cell and organelle swelling, which is followed by eventual 

clearance of Glu and death of the surviving cells due to delayed apoptosis40. 

Involvement of excitotoxicity in neuronal damage is well-established in acute CNS insults such as 

stroke and traumatic brain injury. High glutamate concentrations have been detected in 

microdialysis samples obtained from animal models of ischemia and traumatic brain injury 

patients. Although neuroprotection has been achieved with use of Glu receptor antagonists and 

release inhibitors in animal models and in vitro, the results of clinical trials of these drugs in 

humans so far have been disappointing. In some cases, side effects like agitation, hallucinations, 

and confusion have been observed due to the need to use high concentrations of antagonists to 

produce the desired physiological changes. In others, the compounds that performed successfully 

in animal trials were not effective in humans. Also, timing of treatment has proven to be critical 
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as, for example, the glutamate release inhibitor BW 619C89 showed neuroprotective function 

when administered during induced ischemia but did not reduce tissue damage if administration 

was carried out 5 min after reperfusion. Overall, NMDA receptor antagonists so far have proven 

ineffective in mitigating stroke and trauma-related cell damage in human patients; however, 

AMPA receptor agonists, glutamate release inhibitors, and selective agents for the NR2B subunit 

of NMDAr responsible for glutamate recognition are more likely to produce positive patient 

outcomes, especially if used in combination with each other40. 

Several chronic diseases, such as Huntington’s disease, Alzheimer’s disease, Parkinson’s disease, 

amyotrophic lateral sclerosis (ALS), MS, and HIV dementia have been shown to be affected by 

glutamate induced excitotoxicity. Most of these conclusions were made based on similarity of 

neuronal loss patterns in patients and animal models where lesions either in the brain or in the 

spinal cord were caused by excitotoxicity. Supporting evidence includes attenuation of damage 

with use of NMDA and AMPA receptor antagonists, glutamate release blockers, and lesioning of 

the glutamatergic pathways. As mentioned above, loss of EAAT2 transporters in AD and ALS 

also strongly indicates glutamate’s involvement in these disorders. A moderate affinity NMDA 

receptor antagonist memantine was shown to have a neuroprotective function for AD patients and 

animal models of MS and HIV dementia, but not in HD patients. A glutamate release inhibitor 

rilutek (marketed as Riluzole) was shown to be effective in extending survival in ALS patients. To 

summarize, targeting L-Glu neurotransmission via ionotropic receptors is a promising approach to 

slowing down the progress of neurodegeneration in chronic neurological disorders.40 

It is important to add that therapeutic targeting of glutamatergic pathways has not been limited to 

the ionotropic receptors. While metabotropic receptors respond to stimuli slower and are mostly 

thought to play a role in neuromodulation and not transmission, their antagonists (for post-synaptic 
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receptors) and agonists (for pre-synaptic receptors) have been showing promise for managing both 

neurodegenerative and neurologic disorders with fewer side effects than, for example, NMDAr 

blockers. While only one clinical trial has been successful so far (improvement of cognitive 

symptoms in schizophrenia with a metabotropic receptor agonist LY2140023), further 

investigations in this direction, especially combining multiple subtypes of these receptors, must be 

evaluated42. 

2.3.2. D-Serine 

As was stated above, NMDA receptors play a critical role in glutamate-induced excitotoxicity. 

However, L-Glu is not the only amino acid involved in the activation of NMDA receptors as they 

require a co-agonist to operate. While glycine was originally identified at as a co-agonist which 

binds to the NR1 subunit of the receptor, it was more recently discovered that an “unusual” amino 

acid D-serine (D-Ser) is present in the brain in fairly large amounts and has the affinity to the 

NMDAr co-agonist binding site three times greater than that of glycine34,43. Studies of the crystal 

structure of the binding core of the NR1 subunit show that D-Ser forms three more hydrogen bonds 

when compared to glycine and displaces a molecule of water from the binding pocket43. 

Even though D-Ser was discovered in the mammalian brain quite recently, its decreased levels 

have already been implicated in the hypofunction of NMDA receptors leading to the positive, 

negative, and cognitive symptoms in schizophrenia. When it comes to neurodegeneration, it is 

thought that inhibition of serine racemase (the enzyme responsible for conversion of L-Ser into 

the D- isomer of the amino acid) may modulate the activation of NMDA receptors during acute 

and chronic insults and may result in neuroprotection without the risk of significant side effects 

seen with NMDAr inhibitors. Overproduction of L-Ser may also play a role in neurodegenerative 

disorders. For instance, the spinal cord of ALS patients contains elevated levels of both D-Ser and 
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serine racemase, which, according to experiments carried out with animal models of the disease, 

is caused by dysfunction of glial cells43. 

2.3.3. γ-Aminobutyric acid 

A major inhibitory neurotransmitter of the CNS, GABA is involved in maintenance of equivalent 

neurotransmission and modulation of neuronal migration, differentiation, proliferation, etc. 

Synthesized from glutamate by glutamic acid decarboxylase, GABA is stored in synaptic vesicles, 

released into the synaptic cleft, and removed by membrane-bound GABA transporters (GAT) of 

pre- and post-synaptic neurons and glial cells44. 

Similarly to glutamate, two types of receptors – postsynaptic ionotropic and both pre- and 

postsynaptic metabotropic – mediate GABAergic transmission. Fast synaptic inhibition is carried 

out through activation of the chloride channels of the ionotropic receptors, pharmacological 

targeting of which with barbiturates, benzodiazepines and steroid anesthetics has been shown to 

have anti-convulsant, anxiolytic, and sedative effects44,45. A G protein coupled metabotropic 

receptor is thought to be involved in the development of neurological and psychiatric disorders44. 

As overactivation of the excitatory glutamatergic neurotransmission plays an important role in 

neurodegeneration, it comes as no surprise that dysregulation of the inhibitory GABAergic systems 

also contributes to this process. For example, various mouse models of AD demonstrate alterations 

of GABA neurotransmission and even neurodegeneration of the GABAergic neurons. GABA 

insufficiency has also been shown in MS patients with the secondary progressive form of the 

disease, indicating a link between GABA levels and degradation of motor functions44. 

In PD, degradation of the DA neurons in the SNpc which project to the striatal GABAergic neurons 

results in overactive output nuclei of the basal ganglia causing inhibition of the thalamic output to 
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the cortex. Decreased levels of GABA are detected in postmortem brains of PD patients, especially 

in the regions of significant degeneration of dopaminergic neurons. Binding of the ionotropic 

receptors was also shown, but was limited to SN, globus pallidus, and caudate putamen and was 

not seen in the cortex45. Decreased levels of GABA have also been observed in the CSF of PD 

patients44. While current treatments focus on compensating the loss of DA neurotransmission, 

therapies targeting GABA production, release, and neurotransmission may provide new avenues 

for alleviating the burden of this disorder. 

GABAergic motor neurons in the striatum are the first to degenerate in HD patients, with the entire 

cortico-striato-pallidal circuit being destroyed as the disease progresses. Receptor-binding studies 

show that neurodegeneration starts at the neuron terminals, with cell bodies dying later. In contrast 

to PD, degeneration of the GABAergic neurons first results in overactive thalamic outputs to the 

cortex causing chorea, and later progression inhibits the thalamic output resulting in akinesia. Due 

to the loss of GABAergic neurons, increasing GABA production and release is unlikely to yield 

improvement of the symptoms; however, use of uptake inhibitors (especially for the glial 

transporters) may be able to enhance the activity of the remaining neurotransmitter. 

Transplantation of GABAergic neurons is also being investigated as a treatment of the HD 

pathology45. 

In conclusion, loss of GABAergic neurons contributes to the excitatory/inhibitory imbalance 

known to play a critical role in the development of many neurodegenerative diseases. Therefore, 

maintenance of GABA neurotransmission offers a promising target for the development of 

neuroprotective and therapeutic agents. 
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2.4. Microdialysis sampling coupled to microchip electrophoresis for studies of the brain 

The absolute incidence of neurological and neurodegenerative disorders continues to grow in the 

U.S. with its aging population46, costing $655 billion in direct medical and non-medical costs, 

indirect costs from lost productivity, and uncompensated caregiving hours in 202047. Despite the 

urgent need for therapeutics there are still many conditions that lack cures and for which treatments 

provide only symptom management. The cause of this is the lack of detailed understanding of the 

molecular mechanisms resulting in the development of these disorders. 

Availability of analytical methods that allow in vivo monitoring of dynamic changes in the 

concentrations of neuroactive compounds in brain tissues is key to unveiling the complexities of 

the underlying processes in neurological diseases. Quantification of individual compounds with 

high spatial and temporal resolution has so far been enabled through use of microelectrode-based 

biosensors and fast scan cyclic voltammetry48–51. In situ simultaneous monitoring of multiple 

compounds has been achieved with sensor arrays52–54, however the data for each analyte in this 

case is obtained from different locations in the tissue. This means that to correlate change of 

concentrations for different species with each other one must assume relative homogeneity of the 

tissues in question. Microdialysis (MD) is a technique that makes it possible to combine sampling 

from living tissues with separations50,55–57, thus expanding the number and nature of the detected 

compounds based on the capabilities of the analytical method used. Furthermore, the possibility 

of pairing with continuous sample flow eliminates the need of sample handling and improves 

temporal resolution when microdialysis sampling is directly coupled to liquid  

chromatography57–59, capillary electrophoresis60,61, and microchip electrophoresis62–64 

instruments. 
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Microchip electrophoresis (ME) is a promising technique that can be used in tandem with MD 

sampling: it requires very low sample volumes, separations typically take < 100 s, and the 

microfluidic devices and electronics are easily miniaturized. ME analytical systems can be placed 

on backs of larger laboratory animals to minimize restriction of their movements and thus perform 

studies where animals can truly be considered feely-roaming65 or used for near-patient analysis of 

microdialysis samples66. In this section, fundamentals of microdialysis sampling and microchip 

electrophoresis are discussed, with the focus on applying the combined MD-ME approach to on-

line in vivo studies of the brain. 

2.4.1. Fundamentals of microdialysis sampling 

Sampling via microdialysis is performed by placing a probe containing a semi-permeable 

membrane into an environment of interest (e.g., tissues and tissue homogenates) and flowing a 

sampling solution, referred to as perfusate, through the probe using a syringe pump. When 

perfusate is in contact with the membrane, any compound with molecular weight below the 

membrane molecular weight cut-off (MWCO) diffuses from the probe surroundings into the 

solution inside the probe based on the concentration gradient between the two media, creating a 

dialysate sample. Composition of this solution is representative of all species present in the 

extracellular fluid of tissues that are small enough to cross the membrane, and the lack of proteins 

in it prevents enzymatic degradation of the analytes and enables immediate analysis of these 

samples without clean-up. Since no fluid is removed from the sampling environment during this 

process, MD can be performed for extended periods of time with minimal effects on the 

surrounding tissue beyond implantation damage, especially if strategies to minimize the immune 

response are employed67. The above factors make MD a powerful technique for long-term 
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sampling from living tissues and monitoring of dynamic changes of extracellular concentrations 

of multiple small molecules and peptides simultaneously. 

For any microdialysis-based experiment, several parameters must be considered. Optimal probe 

design depends on the tissue type from which one wants to perform sampling: linear probes are 

best suited for homogenous tissues such as skin and liver63, while sampling from the brain is 

typically performed with rigid cannula probes5,68,69. Available membrane materials vary in 

hydrophobicity and charge, affecting the transport of species during sampling. The MWCO of the 

membrane can also be selected in order to influence sampling selectivity. Finally, the size of the 

probe membrane may be changed based on the animal species and spatial resolution desired. 

Commercially available CNS probes are available with a variety of membrane materials 

(cuprophan, polyethylsulfone, polyarylethersulfone, polyacrylonitrule, cellulose), MWCO (20–

2000 kDa), and membrane lengths (0.5–10 mm) and outer diameters (0.180–0.5 mm)70–72. When 

it comes to perfusate, the general approach is to match its composition as closely as possible to the 

extracellular fluid (ECF) of the tissue of interest. Typically, Ringer’s solution or artificial 

cerebrospinal fluid (aCSF) are utilized as perfusates in cerebral MD5,69, with the occasional 

addition of such compounds as ascorbic acid73,74 (to avoid depletion of this antioxidant from the 

extracellular space) and dexamethasone67 (anti-inflammatory agent) for basal measurements. 

When the effect of a pharmaceutical agent on the concentration of an endogenous analyte needs to 

be evaluated, the agent of interest can be added to the perfusate and delivered directly to the 

sampling site via retrodialysis. 

Once the MD parameters discussed above have been selected, one critical variable remains – 

perfusion flow rate. This easily adjustable instrumental setting is tightly connected to two criteria 

important for the in vivo studies of neurochemical dynamics – efficiency of analyte recovery and 
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temporal resolution of the collected data. Analyte recovery from tissues can be evaluated as 

relative (extraction efficiency calculated as c(perfusate)/c(tissue) when the initial concentration of 

analyte in perfusate is zero63) and absolute (mass of analyte retained in perfusate). Due to passive 

diffusion being the primary mechanism of analyte transfer across the membrane, relative analyte 

recovery is inversely related to the probe perfusion flow rate, while absolute recovery increases 

together with the increased flow. At the typical microdialysis flow rates of 0.3–2.0 μL/min, the 

relative recovery often does not exceed 20% based on analyte species5. This in turn means that for 

quantification of these compounds either the analytical method limits of detection (LOD) must be 

significantly below ECF tissue concentrations, or large sample volumes must be used to ensure 

collection of detectable analyte mass. 

This ties recovery to the question of temporal resolution: for the compounds present in the brain 

at relatively high endogenous concentrations in the micromolar-millimolar range (ascorbate, 

glucose, glutamate, etc.), even at very low MD recoveries quantification presents no issue if the 

analytical technique is sufficiently sensitive. This means that the temporal resolution of analysis 

is restricted by (1) the sample volume requirements during both off-line and on-line analysis with 

conventional instrumentation and (2) the analytical method run time during on-line analysis using 

microseparation techniques. However, in the case of compounds with concentrations in the 

nanomolar range, the resolution is determined by the MD sampling process since either the relative 

recovery needs to be maximized by using very low flow rates or the absolute recovery must be 

increased by collecting for longer periods of time – both options which negatively affect temporal 

resolution. It should be noted that there are other parameters, such as microdialysis membrane 

material, MWCO, and dimensions, analyte species properties, Taylor diffusion of the sample 

zones, and diffusion resistance of the tissues that also play a role in analyte recovery. Overall, the 
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balance of perfusate flow rate, analyte recovery, sample volume requirements, and temporal 

resolution must be considered when designing studies using microdialysis sampling for monitoring 

of neurochemical processes5,63,68. 

2.4.2. Fundamentals of microchip electrophoresis 

Microchip electrophoresis (ME) uses the same separation principles as capillary electrophoresis, 

where analytes are separated based on their electrophoretic mobility. The transition from 

conventional instrumentation to a microfluidic platform yields miniaturized devices that enable 

fast efficient separations; it also allows to utilize microchannel geometries for integration of 

continuous sample flow, on-line sample derivatization and preconcentration, and on-chip 

detection57,75–78. This makes ME a favorable candidate for pairing with MD sampling for on-line 

in vivo monitoring of neuroactive species in the brain. 

A microchip electrophoresis separation is carried out in a microchannel (usually < 15 cm long) 

fabricated from glass, plastic, or polymer material79 filled with a background electrolyte solution 

(BGE). To perform the separation, a small plug of sample is introduced into the channel and a 

constant voltage is applied to initiate migration of analytes. The innate electrophoretic mobility 

(μep) of each specie is proportional to the absolute value of its charge (q) and inversely related to 

its hydrodynamic radius (r) as shown in Equation 1: 

 𝜇𝑒𝑝 =
𝑞

6𝜋𝜂𝑟
 (Equation 1), 

where η indicates the viscosity of the medium (BGE). The direction of μep is determined by the 

sign of the charge. During the so-called “normal polarity” separations, where a positive voltage is 

applied at the channel inlet and grounded at the outlet, the mobility of cations is directed towards 

the ground serving at cathode, while anions are attracted to the anode at the inlet. In isolation, this 
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would mean that only the positively charged species would travel the entire length of the 

microchannel, reaching the detection point. However, another physical phenomenon takes place 

in the system, enabling the detection of the negatively charged and neutral analytes as well. 

 

Figure 2.2. Structure of an electric double layer at a charged surface. 

Electrophoretic separations are generally performed on devices that carry a charge on the channel 

surfaces. Most often this is ensured by using silicon oxide-based materials (fused silica, glass, or 

quartz) or by modifying the surface with oxidizing plasma or chemical reagents (ionic polymers, 

surfactants, etc.). When an electrolyte solution (e.g., BGE) comes in contact with such channels, 

an electric double layer is created due to the electrostatic attraction of the solution ions to the 

surface charges of the opposite sign (Figure 2.2). Spatial distribution of these solution counterions 

and the magnitude of their attraction to the charged surface change with the distance from the 

channel wall, and while those closest to it are fixed in the so-called Stern layer, the ions in the 

diffuse layer are more mobile. When an external electric field is applied to this system, the hydrated 

ions beyond the slip plane of the diffuse layer migrate according to their electrophoretic mobility, 
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creating a bulk flow in the channel referred to as electroosmotic flow (EOF). If the channel walls 

are negatively charged (for instance in fused silica devices), it is the BGE cations that are 

responsible for the creation of the EOF, and in normal polarity separations this bulk flow is directed 

towards the cathode and the detection point, contributing to the overall observed mobility (μobserved) 

of the analyte species (Equation 2). If the magnitude of the EOF mobility (μEOF) is sufficiently 

high, even anions with high negative μep will have a positive μobserved and will be detected. Overall, 

the analytes will be separated and detected with the smallest highly charged cations migrating first, 

followed by larger less positive cations, all neutral species, large anions, and finally small highly 

charged anions.80 

 𝜇𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝜇𝑒𝑝 + 𝜇𝐸𝑂𝐹  (Equation 2) 

One of the strengths of electrophoretic separations lies in the shape of the resulting flow profile – 

as an electric field is used to create the flow, its profile is uniform throughout the channel with the 

exception of the narrow zones immediately adjacent to the channel walls. This prevents broadening 

of the sample plug observed with parabolic pressure-driven flows (e.g., during chromatographic 

separations), resulting in efficient separations. It should also be noted that if the polarity of the 

separation needs to be reversed to switch the analyte migration order and have the anions reach 

the detector first, the channel surface charge needs to be positive so that the EOF is directed 

towards the anode. This can also be accomplished by using surface modifying agents mentioned 

above. 

Detection during ME experiments is most commonly performed using fluorescence (LIF) or 

electrochemical (EC) detection 81, although use of capacitively coupled contactless conductivity 

detection is also gaining popularity82,83. While LIF detection is more sensitive than EC detection, 
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most analytes must be derivatized to be detected using this technique. For on-line analyses, the 

derivatization step can be accomplished on the microchip by adding inlets for the reagents and a 

mixing structure to the device75. This approach requires the derivatization reaction to yield high 

amounts of fluorescent products over comparatively short periods of time, otherwise Taylor 

dispersion, due to the addition of long mixing and reaction channels, would result in decreased 

temporal resolution. Miniaturization of the instrumental setups necessary to carry out ME-LIF 

experiments (laser, objective, filters, alignment system, etc.) poses a challenge as well, although 

our group has made progress in this direction in the recent years66. 

On the other hand, EC detection allows the monitoring of many biomolecules without prior 

derivatization. In the case of neuroactive compounds, the list of naturally electrochemically active 

species includes neurotransmitters and neuromodulators, antioxidants, nucleobases, and reactive 

nitrogen and oxygen species. The most common mode of EC detection used with ME is oxidative 

amperometry, where a constant voltage is applied to the working electrode (WE) placed near the 

end of the separation channel. Oxidation of the analyte species happens as they pass by the WE, 

generating current, which serves as the signal. By selecting the WE material and applied potential, 

detection sensitivity and selectivity can be adjusted. Common material options include metals 

(platinum, gold, palladium, etc.) and carbon (carbon fiber, pyrolyzed photoresist film, carbon paste 

and ink). The latter tends to provide good analyte responses for biologically relevant organic 

compounds, such as catecholamines63,84. It should be noted that compatibility between the choice 

of the working electrode material and the microchip substrate also plays an important role in the 

experiment design. 

Care must be taken when deciding on the placement of the working electrode relative to the 

separation channel. While putting the electrode directly inside the channel (in-channel detection) 
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allows to minimize sample zone broadening due to diffusion, this configuration exposes the WE 

and the potentiostat used to apply the detection voltage to the high electric field driving the 

separation, causing high noise and requiring use of an isolated potentiostat. During end-channel 

detection, the electrode is placed in the waste well several microns away from the channel outlet, 

protecting the potentiostat and working electrode from the separation field but leading to sample 

zone diffusion as it leaves the channel, lowering separation efficiency and analyte resolution. 

Electrode alignment where the gap between the end of the channel and WE is minimal (3–5 μm) 

is sometimes referred to as pseudo in-channel. Finally, off-channel detection serves as an 

intermediate option: the working electrode is placed inside the separation channel, but a more 

massive decoupler electrode is placed further in-channel upstream from the WE to ground the 

separation voltage thus isolating the potentiostat from it. While this approach has the advantage of 

lower noise and minimal sample diffusion, it is complicated by the need to select a decoupler 

electrode material which would adsorb the gas generated at the ground and thus prevent formation 

of bubbles in the channel (Pt and Pd have been used for normal polarity separations as they adsorb 

H2)
85. 

2.4.3. Combining microdialysis sampling with microchip electrophoresis – progress 

towards compact separation-bases sensors for studies of the central nervous system 

As was briefly mentioned above, the continuous pressure-driven flow of sample obtained via 

microdialysis may be directly connected to a microchip electrophoresis device of appropriate 

geometry. Small-bore tubing is used to make the connection while the length is kept as short as 

possible to minimize Taylor diffusion and lag time between sampling and analysis. It is critical 

that the bonding between the microchip layers is strong enough to withstand the backpressure 

created by the pumping of the sample into the device63. 
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The small sample volumes used for ME injections ensure near real-time monitoring of biological 

events via on-line MD-ME, with temporal resolution determined mainly by the duration of the 

analysis run. Introduction of the sample plug into the separation channel is typically carried out 

via one of the three strategies: flow gated injection, injection using pneumatically controlled 

valves, or injection from segmented flow. 

Flow gated sample injection is the easiest one to implement in terms of instrumentation as it does 

not require any additional components other than a microchip, the syringe pump for MD sampling, 

and a high voltage power supply to enable the ME separation. For this approach, a “double t” 

microchip with a wide top channel is needed (see Figure 2.3). The flow of MD sample fills the top 

channel and is driven towards the separation channel by pressure from the pump. The high voltage 

applied to the buffer well establishes an electrokinetic gate, diverting the sample flow into waste. 

If this voltage is floated, the pressure from the pump pushes the sample into the separation channel, 

and once the voltage is reestablished, the buffer flow cuts off a small plug of dialysate and initiates 

the separation of analytes. The relative simplicity and minimal instrumentation requirements make 

this strategy optimal for utilization in miniaturized portable detection systems63. 

 

Figure 2.3. Flow gated injection of sample. Adapted from Gunawardhana et al.86 
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Injection of sample using pneumatic valves is another widely used approach. Microchip 

construction in this case requires use of a flexible material, such as polydimethyl siloxane 

(PDMS), to create two feature-containing layers (flow and control). Pressure driven sample flow 

is isolated from the separation channel by a closed valve, which is opened for a short period of 

time to inject the sample and is closed again for the duration of the analysis run. Compared to flow 

gated devices, fabrication of the chip is more challenging, and valve actuators and a gas tank are 

added to the list of necessary instrumentation. While this approach allows for more flexibility 

when selecting the separation voltage, the necessity to use compressed gas for valve operation 

stands in the way of miniaturization and using this MD-ME integration strategy for near-patient 

and on-animal analysis63. 

 

Figure 2.4. Microchip electrophoresis chip with pneumatic valves for sample injection. 

Reproduced from Mecker et al.87 with permission. 

Lastly, segmentation of MD sample flow can be used prior to ME analysis to preserve temporal 

resolution of the analysis. Splitting of the sample into nanoliter volume droplets by introducing 

immiscible oil zones into the flow prevents diffusion of analytes while the sample undergoes 
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derivatization for LIF detection and travels in the connecting tubing. Prior to ME analysis, the 

sample is desegmented and injected into the separation channel88. For on-line MD-ME-LIF, the 

temporal resolution of the method is determined by the duration of the ME run, while off-line 

sample collection and segmentation allows to achieve temporal resolution of 2 s limited by mass 

transport effects in the MD probe89. On-line implementation of this MD-ME configuration requires 

pairing of two microchip devices – one for flow segmentation followed by analyte derivatization 

and the other for desegmentation and separation, along with pumps required to drive oil and 

derivatization reagent flows. 

2.4.4. Application of MD-ME to monitoring of neurochemicals 

Development and improvement of the on-line MD-ME analysis platforms for studies of 

neurochemical processes is still an ongoing process. The Martin group at St. Louis University has 

focused on the pneumatically controlled devices and have been able to use them for the monitoring 

of dopamine release from PC12 neuroblastoma cell cultures due to exposure to elevated K+ and 

Ca2+ concentrations87. More recently, the group has also developed the methodology for 

fabricating microchips for these experiments entirely through 3D printing90. Such advancement 

towards mass production of the devices expands the pool of investigators who can now get 

involved in this area of research but would otherwise lack the facilities (clean rooms and 

photolithography equipment) required to obtain necessary instrumentation. 

A research group at the University of Michigan led by R. Kennedy pioneered the approach for 

coupling MD sample flow segmentation to microchip electrophoresis separations. Using on-line 

MD-ME-LIF with both flow gated91 and later segmented flow88 configurations, they were able to 

observe an increase of extracellular Glu (and in the case of segmented flow Asp as well) following 

administration of a glutamate uptake inhibitor. The more recent efforts have been focused on 
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improving the temporal resolution of off-line analysis of MD samples with ME-LIF, allowing to 

obtain values limited by the performance of the sampling method itself89 and monitor K+ induced 

changes of Glu, Asp, Gly, GABA, and taurine with 10 s resolution92. 

Finally, the Lunte group at the University of Kansas was the first to demonstrate on-line coupling 

of MD sampling and ME separations using the flow gated interface in 200493. Since then, the group 

has demonstrated the ability of this approach to monitor various classes of neuroactive compounds 

both in vitro and in vivo. Devices for on-line monitoring of amino acid neurotransmitters via MD-

ME-LIF were described by Nandi et al. and used to monitor aspartate and glutamate in vivo62. The 

device was also used to evaluate blood-brain barrier permeability following peripheral injection of 

fluorescein and observe its clearance from the brain over 90 min. The microchip design for such 

experiments was later optimized by Nandi et al.75 and Oborny94 to minimize signal rise time, 

analysis lag time, and yield of the derivatization reaction. A portable instrument for ME 

experiments with LIF detection was also developed in order to advance utilization of this method 

in clinical settings66. 

On-line MD-ME coupled to EC detection has been used in our group for monitoring of L-DOPA 

pathway metabolism both in vitro with brain homogenate86 and in vivo in the striatum95. By 

delivering high K+ to the brain via retrodialysis, we were able to observe in vivo dopamine release 

due to neuron depolarization86, although it must be noted that limits of detection were not 

sufficiently low to enable monitoring of basal neurotransmitter concentrations. A method for the 

monitoring of adenosine metabolism was also developed and tested in vitro during enzymatic 

conversion of adenosine to inosine over 3 hours96. 

MD-ME-EC instrumentation has also been miniaturized and employed for on-animal monitoring 

of subcutaneous conversion of nitroglycerin to nitrite65. This study serves as proof of concept for 
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future experiments focusing on correlating changes of neuroactive compound concentrations with 

behavior and physiological state of freely roaming animals. 

1.1. Concluding remarks 

The growing prevalence of neurological disorders highlights the need for deeper understanding of 

the biological processes involved in their development and progression and adds urgency to the 

demand for analytical tools which can aid their investigation. This review shows that while the 

involvement of neurotransmitters in the diseases of the brain is undeniable, the exact molecular 

mechanisms and pharmacological treatment approaches require further research. Microdialysis 

sampling coupled to microchip electrophoresis is a promising tool for the on-line in vivo and in 

vitro studies of neurological conditions. The separation-based sensor can be customized to monitor 

a variety of species of interest and can be used beyond the laboratory setting for near-patient and 

on-animal analysis. 
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3. Microchip electrophoresis separation method for the monitoring of biogenic 

monoamine neurotransmitters and endogenous interferences
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3.1. Introduction 

The involvement of monoamine neurotransmitters in processes ranging from metabolism to 

memory and behavior has been widely recognized for decades1–4, and more narrowly focused 

investigations into the specific function mechanisms for these compounds are still being conducted 

today5–12. Some of such studies, especially those dealing with behavior and cognition, require 

analysis of samples collected from animal brain tissues in vivo, commonly using surgically 

implanted microdialysis (MD) probes13–16. This technique makes it possible to perform continuous 

sampling from awake freely moving animals for extended periods of time, providing solutions 

representative of the small molecule composition of the extracellular fluid of tissues and 

uncontaminated with proteins. Its main shortcoming is the necessity to use low sample flow rates 

(typically 1 μL/min and below) to obtain high analyte recoveries because analyte transport from 

the tissue into the sampling solution (perfusate) is driven by diffusion, and most neurotransmitters 

are present in the extracellular space at very low concentrations (nM–low μM). This significantly 

limits the temporal resolution that can be obtained when quantification is carried out using 

conventional separation-based methods as they require comparatively large sample volumes, and 

high sample recoveries are crucial for determination of analytes with low extracellular 

concentrations. 

On-line integration of MD sample collection and separation techniques such as liquid 

chromatography (LC) and capillary (CE) and microchip electrophoresis (ME) has been widely 

adopted as the approach to bypassing the need for sample handling and off-line collection of large 

sample volumes14,15,17–23. In this case, the temporal resolution of the analysis is determined by the 

duration of the separation method run, unless sample flow segmentation is implemented. This 
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analysis format also allows minimizes the interactions between the researcher and the animal 

model, which is critical for studies of behavior.  

Use of conventional instrumentation as in the case of LC and CE, results in the need to limit the 

animal’s mobility usually in a bowl with a swivel, which may affect experimental outcomes of 

behavioral studies. On the other hand, a miniaturized analytical system such as ME, especially 

when paired with electrochemical detection (EC), makes it possible to place all the analytical 

instrumentation on the back of a large laboratory animal (e.g., a sheep), resulting in experimental 

conditions where the subject can truly be considered “freely-roaming”23. Thanks to the possibility 

of incorporating continuous sample flow, low sample volume requirements, and run times 

significantly shorter than those of conventional CE (typically < 120 s), ME also makes it possible 

to carry out on-line analysis of MD samples with improved temporal resolution when compared 

to the conventional techniques.  

The combination of microdialysis sampling with microchip electrophoresis with electrochemical 

detection (MD-ME-EC) results in a selective separation-based sensor for small molecule 

electroactive analytes. This instrumentation can be optimized in terms of microchip dimensions 

(separation channel length, etc.), materials (glass, polydimethylsiloxane (PDMS), plastic, or 

hybrid material devices), and EC detection working electrode material. While microfabricated 

metal electrodes are frequently used for the amperometric detection in ME experiments, a variety 

of carbon-based electrodes (carbon fiber, paste or ink, pyrolyzed photoresist film (PPF)) are also 

available when the analytes of interest are more easily oxidized on a carbon surface, as is the case 

with catecholamine neurotransmitters.24 

Our group has successfully utilized MD-ME-EC to monitor the dopamine (DA) metabolic pathway 

compounds (Figure 3.1a) both in vitro (Figure 3.1b, conversion of L-3,4-dihydroxyphenylalanine 
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(L-DOPA) to DA in rat brain tissue homogenate) and in vivo (Figure 3.1c, release of DA due to 

neuron depolarization as a result of perfusion of a potassium-containing solution though a probe 

placed in rat striatum)9. In these studies, the microchannels had three walls of PDMS and one wall 

of glass, and a carbon PPF working electrode was used for amperometric detection at 1.0 V vs 

Ag/AgCl. The background electrolyte (BGE) used in these experiments consisted of 15 mM 

phosphate buffer pH 7.4, 2.5 mM boric acid, and 15 mM SDS. While we were able to observe in 

vitro synthesis of DA from L-DOPA and its in vivo release due to stimulation of neuron 

depolarization with K+ solution, it must be noted that basal levels of the neurotransmitter could 

not be detected due to both low analyte recovery and insufficiently low limits of detection. 

Nonetheless, this study supports the suitability of MD-ME-EC for the in vivo monitoring of small 

molecule neuroactive compounds in MD samples. 

The purpose of the present study is to expand the scope of our earlier efforts and develop a ME-

EC separation method to simultaneously monitor four key monoamine neurotransmitters – 

dopamine, epinephrine (EPI), norepinephrine (NEPI), and serotonin (5-HT). Applicability of this 

methods to studies of biological samples is exhibited with analysis of a rat brain homogenate 

sample. 

  



52 

 

  

 a b 

 

c 

Figure 3.1. (a) Electropherogram of an ME-EC separation of compounds in the dopamine 

metabolic pathway. (b) Production of DA from added L-DOPA in rat brain homogenate sample 

as a function of time. (c) Release of DA in rat striatum following perfusion of solution 

containing 100 mM K+. All figures reproduced from Gunawardhana et al.25 

3.2. Materials and methods 

3.2.1. Chemicals and reagents 

Dopamine hydrochloride, (±)-norepinephrine bitartrate salt, hydroquinone (HQ), sodium 

phosphate monobasic, sodium phosphate dibasic, boric acid, and 70% perchloric acid solution 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). 3,4-Dihydroxyphenylacetic acid 

(DOPAC), L-(+)-ascorbic acid (AA), serotonin hydrochloride, and homovanillic acid (HVA) 

were purchased from Alfa Aesar (Ward Hill, MA, USA). L-(-)-epinephrine was supplied by Acros 
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Organics (Geel, Belgium), sodium dodecyl sulfate (SDS) – by Thermo Scientific (Waltham, MA, 

USA), and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), hydrochloric acid, 

sodium hydroxide, sodium chloride, potassium chloride, isopropyl alcohol (IPA), and dimethyl 

sulfoxide (DMSO) were purchased from Fisher Scientific (Fairlawn, NJ, USA). All chemicals 

were used as received. Solutions were prepared using 18.2 MΩ water (Millipore, Kansas City, 

MO, USA). 

Device fabrication was carried out using the following reagents and materials: AZ 1518 

positive photoresist and AZ 300 MIF developer (AZ Electronic Materials, Sommerville, NJ, USA); 

SU-8 10 photoresist and SU-8 developer (Micro-Chem, Newton, MA, USA), 

polydimethylsiloxane resin and curing agent (Sylgard 184 silicon elastomer base and curing agent, 

Dow Corning Corp., Midland, MI, USA), quartz glass plates (5 in × 5 in × 0.085 in, Glass Fab, 

Rochester, NY, USA), copper wire (22 gage, Westlake Hardware, Lawrence, KS, USA), and 

colloidal silver liquid (Ted Pella, Inc., Redding, CA, USA). 0.5 mm diameter platinum wires 

(Goodfellow, Huntingdon, England) and Ag/AgCl reference electrodes (Bioanalytical Systems, 

West Lafayette, IN, USA) were also used in the experiments. 

3.2.2. PPF electrode fabrication 

30 μm-wide PPF electrodes were fabricated on quartz plates according to a previously published 

procedure25. In short, a bare quartz plate cut to 4 in × 2.5 in × 0.085 in was spin coated (Brewer 

Science Cee 200CBX Programmable Spin Coater) with AZ 1518 positive photoresist and prebaked 

at 100°C for 3 minutes. The coated plate was then allowed to cool to room temperature and exposed 

to a UV flood source at 20 mW/cm2 for 10 s through a photomask. Following the exposure, the 

plate was baked at 100°C for 10 min and developed using AZ 300 MIF developer. After complete 

removal of the exposed photoresist, the plate was rinsed with reverse osmosis water, dried with N2 
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flow, and post-baked at 100°C for 10 min. The quartz plate containing an electrode photofilm 

feature was then placed into a tube furnace and pyrolyzed at 925°C for 1 hour in N2 atmosphere. 

This resulted in formation of a PPF carbon electrode that was 35 μm wide and approximately 500 

nm tall. A copper lead was then attached to the plate with thin (~1 mm) bands of lab tape and hot 

glue and connected to the PPF electrode using colloidal silver liquid. 

3.2.3. Hybrid PDMS/glass chip fabrication 

Microchips with three walls of PDMS and one wall of quartz glass were fabricated using 

previously published procedure using soft lithography techniques26. Silicon masters with 15 μm 

high and 40 μm wide raised features (see chip geometry and dimensions in Figure 3.2a) were 

produced using SU-8 negative photoresist. Chips were cast from 10:1 elastomer:curing agent 

mixture and cured at 70 °C for at least 3 hours. A 4 mm biopsy punch was used to create buffer, 

buffer waste, sample solution, and sample waste wells. The chip was then aligned on a PPF 

electrode plate using pseudo in-channel alignment (Figure 3.2b). 

3.2.4. Microchip separation conditions 

Prior to analysis, all microchips were conditioned with IPA for 1 minute, 0.1 M NaOH for 3 

minutes, and BGE for 3 minutes using pressure. Platinum leads were then placed in the sample 

and buffer wells for the application of buffer and sample potentials. Platinum grounds were placed 

in the sample waste and buffer waste reservoirs. Detection of analytes was carried out at 0.8 V vs. 

Ag/AgCl unless specified otherwise with a Pt counter electrode placed in the buffer waste 

reservoir. Two Spellman CZE 1000R (Hauppauge, NY, USA) high voltage power supplies were 

used to apply the buffer and sample potentials, electrochemical detection was carried out using a 

BAS 4C-LC Epsilon potentiostat (Bioanalytical Systems, West Lafayette, IN, USA) and in-house 
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written LabView software (National Instruments, Austin, TX, USA). Data analysis was carried 

out using Origin 2020 (OriginLab Corporation, Northampton, MA, USA) and Microsoft Excel 

(Redmond, WA, USA). 

 

 a b 

Figure 3.2. (a) Geometry and dimensions of a 5 cm ME device. (b) Pseudo in-channel alignment 

of the working electrode of a ME-EC device. 

3.2.5. Animal experiments 

Male Sprague Dawley rats (Charles River, Wilmington, MA, USA) were used to collect animal 

MD sample and brain tissues. All procedures were carried out in accordance with an Animal Use 

Statement approved by the Institutional Animal Care and Use Committee at the University of 

Kansas and meet the standards set by the Association for Assessment and Accreditation of 

Laboratory Animal Care. 

3.2.5.1. Probe implantation procedure and brain microdialysis sample collection 

Rat was anesthetized by isoflurane inhalation followed by i.p. injection of 100 mg/kg ketamine 

and 10 mg/kg xylazine diluted in saline. Anesthesia was maintained throughout probe implantation 

0.75 cm 

Detection 

Sample 

Sample 

waste 
Buffer 

Buffer waste 

+ 1600 V 

+1900 V 

E
O

F
 

5
 c

m
 

1-3 μm gap 30 μm wide PPF 

Buffer waste 



56 

 

surgery and MD sampling by constant flow of isoflurane (0.5–2%) supplied via nose cone. Surgery 

was performed using a stereotaxic instrument with the probe guide cannula placed into the striatum 

at the following coordinates from bregma: A/P +0.7, M/L −2.7 and V/D −3.4. The cannula was 

fixed to the skull with metal screw ankers and dental cement. Once the CMA 12 Elite CNS 

microdialysis probe with a 4 mm PAES 20 kDA MWCO membrane (CMA Microdialysis, Kista, 

Sweden) was placed into the cannula, it was constantly perfused with 15 mM sodium phosphate 

buffer solution at pH 7.4 at 1 μL/min with a CMA/102 microdialysis pump. Following 1 h post-

surgery recovery a MD sample was collected for off-line analysis. 

3.2.5.2. Rat brain tissue collection and preparation of brain homogenate sample for off-

line analysis 

Brain tissue was provided by the Johnson lab. They were collected from a male Sprague Dawley 

rat. Animal was anesthetized by isoflurane inhalation and euthanized via decapitation. The brain 

was split into hemispheres, one of which was flash frozen in liquid nitrogen and stored at –80°C 

prior to preparation of homogenate sample. 

The collected brain tissue was thawed in ice-cold artificial cerebral spinal fluid (aCSF) for 10–15 

min immediately prior to homogenization. Thawed tissue was weighed, and homogenization 

solution (0.2 M HClO4 and 0.1% EDTA disodium salt) was added in the ration of 2 mL of solution 

per 1 g of tissue. Homogenization was carried out using bead mill homogenizer (Bead Ruptor 

Elite, Omni International, Kennesaw, GA, USA) in 7 mL vials using 6 beads per brain hemisphere 

and agitating for two consecutive rounds of two 20 s cycles at 3.1 m/s with 1 s dwell time between 

cycles. The resulting tissue homogenate was centrifuged (VWR International, Radnor, PA, USA) 

in a 2.0 mL Eppendorf tube at 4°C and 14,000 rpm for 15 min. The supernatant was collected and 
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centrifuged again according to the same program in a filtration tube with a 30 kDa cut-off filter 

(MilliporeSigma, Burlington, MA, USA). 

3.3. Results and discussion 

3.3.1. Off-line analysis of a rat brain microdialysis sample 

A preliminary study determined that four biogenic neurotransmitters of interest (DA, EPI, NEPI, 

and 5-HT) can be separated on a PDMS-glass microchip with 5 cm long separation channel using 

BGE consisting of 15 mM phosphate buffer pH 7.4 and 15 mM SDS (Figure 3.3).  

 

Figure 3.3. Electrophoretic separation of 4 biogenic amine neurotransmitters. BGE: 15 mM 

phosphate buffer pH 7.4 and 15 mM SDS. 5 cm separation channel, 220 V/cm. Detection using a 

30 μm PPF working electrode at 0.8 V vs Ag/AgCl. 

To evaluate the performance of this separation, off-line analysis of a rat brain MD sample was 

performed. The results are shown in Figure 3.4. Spiking of the sample with individual standards 
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of neurotransmitters suggested that one of the peaks (from here on identified as “peak X”) could 

correspond to the signal of EPI. However, the height of this peak was almost ½ of that of the AA 

peak, suggesting concentrations for these compounds in the same order of magnitudes. While 

ascorbate is very prevalent in the extracellular space, with concentrations around 400 μM27, the 

endogenous concentrations of EPI in the brain extracellular space tend to be in the nanomolar 

range28, which was below the limits of detection for this neurotransmitter in our system. 

To verify the identity of peak X, the analyte standards, unspiked MD sample, and MD sample 

spiked with EPI were all analyzed at a lower detection potential (0.55 V vs Ag/AgCl) at the PPF 

working electrode. Then, peak heights (I0.80 and I0.55) for the EPI standard, peak X, and peak X + 

EPI were determined and used to calculate current ratios I0.55/I0.80. This ratio is characteristic of 

the electrochemical properties of each analyte and thus can be used to confirm peak identity in 

tandem with analyte migration time. According to the calculated values (Table 3.1), the current 

ratio for peak X is significantly lower than that of the EPI standard, and the ratio for the mixed 

peak X + EPI lies between their values, as can be expected for a signal originating from a mixture 

of two different compounds. This data confirms that the species contributing the most to the 

response obtained for peak X is not EPI. 
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Figure 3.4. Electropherograms of biogenic amine neurotransmitter standard mixture with an 

addition of ascorbic acid, rat brain microdialysis sample, and the same sample spiked with EPI 

standard. BGE: 15 mM phosphate buffer pH 7.4 and 15 mM SDS. 5 cm separation channel, 220 

V/cm. Detection using a 30 μm PPF working electrode at 0.8 V vs Ag/AgCl. 

In order to determine the identity of the endogenous interference migrating at the same time as 

EPI, two major metabolites of dopamine – HVA and DOPAC – were investigated. It was 

determined that in the BGE used for the MD sample analysis these compounds both compounds 

comigrate with EPI, making them likely candidates for the identity of peak X. The current ratios 

calculated for these species (Table 3.1) indicated that while HVA exhibits I0.55/I0.80 too low for it 

to be considered the major constituent of the unknown peak, the ratio of DOPAC matches that of 

peak X. This in turn suggests that the unknown peak X is mostly made up by DOPAC. This also 

means that for any further study of MD samples targeting biogenic amine neurotransmitters, it is 

crucial to develop a separation method where the metabolites of DA and AA are fully resolved 

from the peaks of NEPI, EPI, DA, and 5-HT.  
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Table 3.1. Peak current ratios for EPI standard, unknown peak X, peak X spiked with EPI standard, 

and dopamine metabolites HVA and DOPAC for working electrode potentials of 0.55 V and 

0.80 V. N = 3. 

Species I0.55/I0.80 

EPI standard 0.98 ± 0.01 

Peak X (MD sample) 0.70 ± 0.02 

Peak X + EPI (spiked MD sample) 0.82 ± 0.03 

DOPAC standard 0.66 ± 0.02 

HVA standard 0.15 ± 0.01 

3.3.2. Separation optimization 

Optimization of the separation conditions was carried out using the analyte standard mixture 

containing DA, EPI, NEPI, 5-HT, DOPAC, HVA, and AA at 100 μM each in 15 mM sodium 

phosphate buffer pH 7.4. 

3.3.2.1. Effect of boric acid on analyte resolution 

The addition of boric acid to the BGE is used for these separations due to the ability of borate ions 

to complex with cis-diols present in the structures of several of the analytes of interest. The 

complexation alters the electrophoretic mobilities of the cis-diols in the sample leading to 

improved resolution. When the concentration of added boric acid was varied from 0 to 15 mM in 

5 mM increments, the best resolution was observed at the extremes: 5 mM and 15 mM (Figure 3.5). 

In order to minimize the overall ionic strength of the BGE and the current generated in the 

separation channel, 5 mM boric acid was selected for further optimization. 
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Figure 3.5. (a) Electropherograms of standard analyte mixtures obtained with BGE containing 

15 mM phosphate at pH 7.4, 15 mM SDS, and various concentrations of boric acid. (b) Analyte 

migration times in BGE with various boric acid content. 5 cm separation channel, 220 V/cm. 

Detection using a 35 μm PPF working electrode at 0.8 V vs Ag/AgCl. Each point corresponds to 

N = 3 injections. 

3.3.2.2. Optimization of SDS content in BGE 

Surfactants play an important role in separations using microchip electrophoresis. For devices 

constructed using polymer materials, such as PDMS, their presence is critical to create a stable 

charged surface in the channel necessary for maintaining constant electroosmotic flow (EOF). At 

concentrations above critical micelle concentration (CMC) these compounds form micelles, which 

can serve as a pseudo stationary phase. This creates an additional mechanism of analyte separation, 

micellar electrokinetic chromatography (MEKC), where analytes are separated based on their 

hydrophobicity. Thus, the more hydrophobic a compound is, the more time it will spend migrating 
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inside the micelles, and vice versa. The micelles are also typically highly charged thanks to their 

ionic hydrophilic head group, meaning that electrostatic interactions between them and the 

analytes of the opposite charge can be very strong, also affecting analyte migration rate. 

 

Figure 3.6. Migration times of analytes in the BGE containing 15 mM phosphate at pH 7.4, 

5 mM boric acid, and various SDS concentrations. Each point corresponds to N = 3 injections. 

In this study, the SDS content in the BGE was varied from 5 to 20 mM, while the concentrations 

of the rest of the constituents were kept constant (15 mM phosphate at pH 7.4, 5 mM boric acid). 

Only the lowest SDS concentration in the tested range (5 mM) was below the CMC (8 mM) of this 

surfactant. Two sets of conditions – 5 mM and 20 mM SDS – resulted in near-baseline resolution 

of the analytes of interest (Figure 3.6). However, the BGE containing the lowest SDS concentration 

resulted in poor day-to-day reproducibility, most likely due to the inability of such low SDS 

concentration to maintain a stable charged surface at the three PDMS walls of the hybrid device. 

Therefore, 20 mM SDS (along with 5 mM boric acid) was selected for the continued optimization 

of the separation conditions. 
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3.3.2.3. Buffer concentration effect 

A number of properties make phosphate a suitable buffering agent for BGEs used for on-line MD-

ME-EC separations. As it is capable of maintaining the mammalian physiological pH of 7.4, 

separation conditions can be selected in such a manner where there is not a pH mismatch between 

the BGE and the microdialysis sample solution. It is also electrochemically stable at the typical 

working electrode potentials (-1 V – 1.4 V) used for EC detection, enabling low electrochemical 

background signal. 

The ionic strength of the BGE has a direct effect on any electrophoretic separation as it affects the 

thickness of the electrical double layer (EDL) near the charged surface of the channel and therefore 

the value of the ζ potential – the electric potential of the slip plane of the EDL. Increased 

concentrations of the so-called “indifferent” electrolytes (ones that do not make up the structure of 

the charged surface and do not have specific adsorption to it) shrink the EDL and decrease its ζ 

value, which in turn results in the decreased EOF. Decreasing the EOF can be beneficial as it 

decreases the observed (overall) mobilities of analytes and therefore increases the relative 

differences between analyte migration times improving resolution. On the other hand, very high 

electrolyte concentrations in the BGE can lead to high separation currents in the channel and Joule 

heating. This can then lead to changes in BGE properties including viscosity and pH, formation of 

gas bubbles in the microchannels, and causes higher background noise of the EC detection. 

Therefore, a balance must be found to ensure maximum analyte separation at reasonable separation 

current values. 
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Figure 3.7. Electropherograms of standard mixture separations using BGE containing various 

concentrations of phosphate at pH 7.4, 5 mM boric acid, and 20 mM SDS. 5 cm separation 

channel, 220 V/cm. Detection using a 35 μm PPF working electrode at 0.8 V vs Ag/AgCl. 

Phosphate buffer concentrations ranging from 15 mM to 30 mM were selected for the separation 

optimization (Figure 3.7). It was determined that increasing the concentration of the buffer made 

it possible to resolve the negatively charged analytes (DOPAC, HVA, and AA) from EPI. These 

analytes were shifted to a later migration time and closer to the DA peak. While 25 mM phosphate 

in the BGE showed the best resolution of HVA, DOPAC and AA from both EPI and DA, further 

optimization was performed using the 30 mM phosphate instead of 25 mM. This choice was made 

in view of the next step of BGE modification – addition of an organic solvent – that would lower 
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the dielectric constant of the BGE, increase its resistance, and thus lower the generated separation 

current, allowing to use a higher electrolyte concentration without the risk of overheating. 

3.3.2.4. Addition of an organic solvent (DMSO) 

 

Figure 3.8. Electropherograms of standard mixture separations using BGE containing 30 mM 

phosphate at pH 7.4, 5 mM boric acid, 20 mM SDS, and various v/v additions of DMSO. Peaks 

labeled for the 10% DMSO trace. 5 cm separation channel, 220 V/cm. Detection using a 35 μm 

PPF working electrode at 0.8 V vs Ag/AgCl. 

Organic solvents are often used to improve electrophoretic separations as they can affect the EOF 

by lowering the dielectric constant of the BGE and the ζ potential, and also alter the interactions 
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between the components of the BGE and the analytes of interest by increasing the hydrophobicity 

of the pseudo “mobile phase” in the MEKC based separation. In the case of the separation 

conditions undergoing optimization in this study, the presence of organic solvents can also affect 

the structure of SDS micelles, thus affecting their interactions with hydrophobic analytes. 

 

Figure 3.9. Optimized separation of the 100 μM analyte standard mixture of monoamine 

neurotransmitters, dopamine metabolites, and ascorbic acid in 15 mM phosphate at pH 7.4. BGE: 

30 mM phosphate at pH 7.4, 5 mM boric acid, 20 mM SDS, and 10% v/v DMSO. 5 cm 

separation channel, 220 V/cm. Detection using a 35 μm PPF working electrode at 

0.8 V vs  Ag/AgCl. 

Several v/v additions of dimethyl sulfoxide (DMSO) were tested in order to improve the 

separation. As can be seen in Figure 3.8, the presence of DMSO mostly affected the mobilities of 

the group of negatively charged analytes (DOPAC, HVA, and AA). At 0% they partially 

comigrated with the front of the DA peak, then shifted towards the tail of the DA peak when the 

DMSO concentrations were increased to 2% and 5%. At 10% DMSO they were fully resolved 

from all four positively charged neurotransmitters, while increasing the concentration to 15% 

resulted in one of these peaks (DOPAC) comigrating with 5-HT. Therefore, the BGE consisting 
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of 30 mM phosphate at pH 7.4, 5 mM boric acid, 20 mM SDS, and 10% v/v DMSO resulted in the 

best separation for these seven analytes (Figure 3.9). Interestingly, the migration order in this 

separation is the same as was observed for the BGE with the following composition during 

optimization of SDS content: 15 mM phosphate at pH 7.4, 5 mM boric acid, 5 mM SDS. This 

suggests that the addition of 10% of DMSO results in an increase of CMC of SDS and destruction 

of the micelles29, and the high SDS concentration serves to ensure the stability of the charged 

surface of the microchannel.  

3.3.3. Analytical figures of merit 

Calibration curves with coefficients of determination R2 above 0.99 were constructed for all 

analytes of interest (Figure 3.10). Limits of detection (LOD) were estimated as 400 nM for AA, 

HVA, and DOPAC, 300 nM for 5-HT, 200 nM for DA, and 100 nM for EPI and NEPI (S/N = 3). 

The higher LOD values for the negatively charged analytes are likely due to the inefficiency of 

their electrokinetic injection into the separation channel. It is also possible that a higher working 

electrode potential is necessary for more efficient oxidation of the analytes in the new BGE. 

 

Figure 3.10. Calibration curves for the analytes of interest. All R2 values above 0.99. 
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3.3.4. Off-line analysis of a rat brain homogenate sample 

Analysis of a rat brain homogenate sample was carried out following its dilution with deionized 

water in 1:1 ratio by volume. This made it possible to maintain an electrophoretic current in the 

sample channel that was similar to that observed for analyte standard mixtures prepared in 15 mM 

phosphate pH 7.4. Eleven peaks were observed in the electropherogram of the tissue homogenate 

(Figure 3.11), eight of which are above the LOD. 

 

Figure 3.11. Electropherogram of rat brain homogenate sample diluted with water 1:1 by 

volume. Signal for peaks 1-8 is above the limits of detection. BGE: 30 mM phosphate at pH 7.4, 

5 mM boric acid, 20 mM SDS, and 10% v/v DMSO. 5 cm separation channel, 220 V/cm. 

Detection using a 35 μm PPF working electrode at 0.8 V vs Ag/AgCl. 

Identification of the detected compounds was performed by calculating their experimental 

mobilities using their migration times and migration time of the EOF marker (negative peak due 
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to the absence of BGE components in the sample matrix) and comparing them to those of the 

analyte standards (Table 3.2). The decision to use mobilities instead of migration times was made 

due to the run-to-run variations of EOF, and evident from the changes of the neutral marker 

migration time. Peaks matching the mobilities of the monoamine neurotransmitters were observed. 

NEPI and DA were quantified at high nanomolar – low micromolar concentrations, which agreed 

with values available in literature30,31, although it is clear that there is some heterogeneity in the 

normal tissue concentrations determined during similar studies performed by different authors. 

The peak identified as EPI could not be reliably integrated due to the unstable baseline and partial 

comigration with a neighboring peak, and the signal correlating with 5-HT was too low for both 

reliable identification and quantification. A large AA peak (8 in Figure 3.11) was also present and 

apparently masked the peaks of the negatively charged dopamine metabolites HVA and DOPAC. 

In future experiments, quantification of these compounds in homogenate samples can be carried 

out following enzymatic degradation of AA using L-ascorbate oxidase. Moreover, to improve the 

reliability of quantification of the compounds of interest, an internal standard can be added to the 

homogenate sample during dilution, thus allowing for control of injection repeatability. 
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Table 3.2. Electrophoretic mobilities, peak identities, and concentrations calculated for the peaks 

present in the rat brain homogenate sample. Experimental mobilities were calculated using peak 

migration times and migration time of the EOF marker (negative peak due to the absence of BGE 

components in the sample matrix). N = 3 for the data obtained in the course of the current study. 

Peak # 

Experimental 

mobility,  

10-4∙cm2/(V∙s) 

Peak identity 
Concentration, 

nM 

Found ng/g of 

brain tissue 

Literature30 

ng/g of brain 

tissue 

Literature31 

ng/g of brain 

tissue 

1 -0.19 ± 0.09      

2 -0.329 ± 0.009 NEPI 900 ± 100 300 ± 40 270 ± 40 
1775.32 ± 

548.39 

3 -0.521 ± 0.008 EPI N/A N/A   

4 -0.62 ± 0.02      

5 -0.95 ± 0.04      

6 -1.12 ± 0.04 DA 1800 ± 400 600 ± 20 4270 ± 80 
650.52 ± 

111.64 

7 -1.31 ± 0.04      

8 -1.68 ± 0.04 AA > 1∙106 > 400000   

9 -2.30 ± 0.08 5-HT* N/A N/A 450 ± 50 
887.16 ± 

362.67 

10 -2.62 ± 0.07      

11 -2.76 ± 0.06      

*Peak 9 is only tentatively identified at 5-HT as it is not above LOD. 

3.4. Conclusions 

An electrophoretic separation method for four biogenic amine neurotransmitters, two metabolites 

of dopamine, and ascorbic acid was developed in order to resolve metabolite peaks from the EPI 

peak. The optimized BGE contained 30 mM phosphate at pH 7.4, 5 mM boric acid, 20 mM SDS, 

and 10% v/v DMSO, with the separation carried out using a 5 cm hybrid quartz glass-PDMS 

microchip and a PPF working electrode. Submicromolar limits of detection were achieved for all 

analytes of interest with a linearity range of 2 orders of magnitude. The method was successfully 
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evaluated for the analysis of rat brain homogenate samples; however it must be noted that if 

determination of the negatively charged metabolites of dopamine HVA and DOPAC is desired, 

the AA contained in the sample must be enzymatically degraded. Lastly, the method can be further 

improved by introducing an internal standard to accommodate for both run-to-run sample injection 

variation and the differences in injection between the standard solutions in 15 mM phosphate pH 

7.4 and diluted homogenate samples. 
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4. Coupling in vivo microdialysis sampling with microchip electrophoresis: 

compatibility of the separation with Ca2+-containing perfusates
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4.1. Introduction 

On-line analysis of biological samples is a very attractive approach to studies that aim at drawing 

connections between behavior or disease states and the presence of specific compounds in tissues. 

Improved temporal resolution and elimination of errors and sample loss during sample handling 

are two major advantages to this mode of analyte quantification. At the same time, direct coupling 

of sampling method to detection raises two critical questions: availability of instrumentation and 

compatibility of the sample and the analysis method. 

Microdialysis (MD) is a commonly utilized sampling technique that produces macromolecule-free 

solutions with small molecule composition representative of the probe environment (e.g. 

extracellular space). Studies utilizing MD sampling from the brain typically utilize perfusates that 

contain metal ions in the concentrations matching those in the extracellular fluid to ensure zero net 

flux of these ions across the probe membrane preventing their depletion in the tissues due to their 

diffusion into dialysate. Therefore, during cerebral MD either artificial cerebrospinal fluid (aCSF), 

artificial extracellular fluid, or Ringer’s solution1–3 are used for perfusion and make up the MD 

sample matrix. 

Microchip electrophoresis (ME) is a microfluidic separation technique that when paired with an 

appropriate detection method makes it possible to monitor multiple compounds in small volumes 

of sample. It is an analytical method well-suited for paring with MD, and several instrumental 

approaches are available for coupling continuous flow of MD sample with the ME separation 

channel4. While some studies have been able to use aCSF as perfusate when coupling MD with 

ME5,6, in general use of samples with high salt content is not favored, as it results in sample 

destacking due to the lower ionic strength of the background electrolyte (BGE) used for the 

separation. To prevent degradation of the separation due to sample destacking, some brain MD-
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ME experiments have utilized perfusates similar in composition to that of the separation BGE7,8. 

At the same time, omission of Ca2+ from perfusates has been shown to significantly lower the 

recovery of monoamine neurotransmitters from the brain in both awake9–11 and anesthetized12 rats 

with microdialysis sampling. This means that simply using BGE buffers as perfusates instead of 

aCSF during MD sampling will inevitably have a negative effect on the results of any MD-ME 

experiment. 

Chapter 3 of this thesis describes the development of a ME separation with electrochemical 

detection (ME-EC) for monitoring of four monoamine neurotransmitters dopamine (DA), 

epinephrine (EPI), norepinephrine (NEPI), and serotonin (5-HT), two DA metabolites 

homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) and endogenous 

antioxidant ascorbic acid (AA). The BGE utilized in those studies was 30 mM sodium phosphate 

pH 7.4. However, the use of this BGE as a microdialysis perfusate did not allow us to add CaCl2 

at the physiological concentration of 1.2 mM due to the formation of the highly insoluble calcium 

phosphate. Furthermore, when 2.4 mM solution of CaCl2 either in water or in HEPES buffer 

pH 7.4 was injected into the ME-EC system using the previously developed BGE, a precipitate 

formed in the sample channel at the sample and buffer channel intersection where the BGE flow 

and the sample flow came in contact (Figure 4.1). 
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Figure 4.1. Formation of precipitate in the sample channels of a ME-EC device in the presence 

of 2.4 mM Ca2+ in the sample matrix and BGE consisting of 30 mM phosphate at pH 7.4, 5 mM 

boric acid, 20 mM SDS, and 10% v/v DMSO. 5 cm separation channel, 220 V/cm, 

detection at 0.8 V vs Ag/AgCl. 

The goal of the present study was to develop a new ME-EC method for the analytes of interest 

(DA, EPI, NEPI, 5-HT, HAV, DOPAC, and AA) that would not employ phosphate buffer and 

would be compatible with MD perfusates containing calcium ions, ensuring optimal recovery of 

the neurotransmitters of interest from the tissues. 

4.2. Materials and methods 

4.2.1. Chemicals and reagents 

Dopamine hydrochloride, (±)-norepinephrine bitartrate salt, sodium phosphate monobasic, 

sodium phosphate dibasic, boric acid, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), magnesium chloride, and calcium chloride were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). 3,4-Dihydroxyphenylacetic acid, L-(+)-ascorbic acid, serotonin hydrochloride, 
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and homovanillic acid were purchased from Alfa Aesar (Ward Hill, MA, USA). L-(-)-epinephrine 

was supplied by Acros Organics (Geel, Belgium), sodium dodecyl sulfate (SDS) – by Thermo 

Scientific (Waltham, MA, USA), and 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate, 

ethylenediamine tetraacetic acid, disodium salt dihydrate (EDTA), hydrochloric acid, sodium 

hydroxide, sodium chloride, potassium chloride, isopropyl alcohol (IPA), acetonitrile (ACN), and 

dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific (Fairlawn, NJ, USA). All 

chemicals were used as received. Solutions were prepared using 18.2 MΩ water (Millipore, Kansas 

City, MO, USA). 

Device fabrication was carried out using the following reagents and materials: AZ 1518 

positive photoresist and AZ 300 MIF developer (AZ Electronic Materials, Sommerville, NJ, USA); 

SU-8 10 photoresist and SU-8 developer (Micro-Chem, Newton, MA, USA), 

polydimethylsiloxane resin and curing agent (Sylgard 184 silicon elastomer base and curing agent, 

Dow Corning Corp., Midland, MI, USA), quartz glass plates (5 in × 5 in × 0.085 in, Glass Fab, 

Rochester, NY, USA), copper wire (22 gage, Westlake Hardware, Lawrence, KS, USA), and 

colloidal silver liquid (Ted Pella, Inc., Redding, CA, USA). 0.5 mm diameter platinum wires 

(Goodfellow, Huntingdon, England) and Ag/AgCl reference electrodes (Bioanalytical Systems, 

West Lafayette, IN, USA) were also used in the experiments. 

4.2.2. PPF electrode fabrication 

The 35 μm-wide PPF electrodes were fabricated on quartz plates according to a previously 

published procedure8. In short, a bare quartz plate cut to 4 in × 2.5 in × 0.085 in was spin coated 

(Brewer Science Cee 200CBX Programmable Spin Coater) with AZ 1518 positive photoresist and 

prebaked at 100°C for 3 minutes. The coated plate was then allowed to cool to room temperature 

and exposed to a UV flood source at 20 mW/cm2 for 10 s through a photomask. Following the 
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exposure, the plate was baked at 100°C for 10 min and developed using AZ 300 MIF developer. 

After complete removal of the exposed photoresist, the plate was rinsed with reverse osmosis 

water, dried with N2 flow, and postbaked at 100°C for 10 min. The quartz plate containing an 

electrode photofilm feature was then placed into a tube furnace and pyrolyzed at 925°C for 1 hour 

in N2 atmosphere. This resulted in formation of a PPF carbon electrode that was 35 μm wide and 

approximately 500 nm tall. A copper lead was then attached to the plate with thin (~1 mm) bands 

of lab tape and hot glue and connected to the PPF electrode using colloidal silver liquid. 

4.2.3. “Simple t” hybrid PDMS/glass chip fabrication 

Microchips with three walls of PDMS and one wall of quartz glass were fabricated using a 

previously published procedure using soft lithography techniques13. Silicon masters with raised 

features (see chip geometry and dimensions in Figure 4.2a) were produced using SU-8 negative 

photoresist. Chips were cast from 10:1 elastomer:curing agent mixture and cured at 70 °C for at 

least 3 hours. A 4 mm biopsy punch was used to create buffer, buffer waste, sample, and sample 

waste wells. The chip was then aligned on a PPF electrode plate using pseudo in-channel alignment 

(Figure 4.2c). 

4.2.4. “Double t” hybrid PDMS/glass chip fabrication 

Microchips from PDMS were fabricated using a previously published procedure via soft 

lithography13. Silicon masters with raised features for a 5 cm “double t” on-line chip (see geometry 

and dimensions in Figure 4.2b) were produced using SU-8 negative photoresist. Chips were cast 

from 10:1 elastomer:curing agent mixture and cured at 70 °C for at least 3 hours. A 4 mm biopsy 

punch was used to create buffer, buffer waste, sample solution, and sample waste wells. The on-

line sample inlet was punched in the chip with a 20-gauge needle with a flat sharp edge. The chip 
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was then aligned on the PPF electrode using pseudo in-channel alignment (Figure 4.2c), the top 

half of it was then irreversibly bonded to the quartz plate using a hand-held corona discharger 

wand (Model BD 20: Electro-Technic Products, Inc., Chicago, IL, USA) and a blow dryer as 

described in reference 14. Following bonding of PDMS to quartz, a 10–15 mm stainless steel pin 

was inserted into the sample inlet and fixed in place with epoxy glue. PEEK tubing carrying the 

sample from the MD probe or syringe pump (CMA/102 microdialysis pump, CMA Microdialysis, 

Kista, Sweden) to the microchip was then connected to this pin with a silicon tubing connector. 

4.2.5. Off-line microchip separation conditions 

Prior to analysis, all microchips were conditioned with IPA for 1 minute, 0.1 M NaOH for 

3 minutes, and BGE for 3 minutes using pressure. Platinum leads were then placed in the sample 

and buffer wells for the application of buffer and sample potentials. Platinum grounds were placed 

in the sample waste and buffer waste reservoirs. Two Spellman CZE 1000R (Hauppauge, NY, 

USA) high voltage power supplies were used to apply the buffer (+1900 V) and sample (+1600 V) 

potentials. Sample injection was carried out by floating the buffer potential for 1.5 s while keeping 

the sample potential on. Detection of analytes was carried out at 0.8 V vs. Ag/AgCl with a Pt 

counter electrode using a BAS 4C-LC Epsilon electrochemical detector (Bioanalytical Systems, 

West Lafayette, IN, USA) and in-house written LabView software (National Instruments, Austin, 

TX, USA). Data analysis was carried out using Origin 2020 (OriginLab Corporation, 

Northampton, MA, USA) and Microsoft Excel (Redmond, WA, USA). 
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Figure 4.2. (a) Geometry and dimensions of a 5 cm “simple t” ME device. All channels 40 μm 

wide and 15 μm tall. (b) Geometry and dimensions of a 5 cm “double t” ME device for on-line 

analysis. All channels are 40 μm wide except the top MD sample channel which is 600 μm wide. 

All channels 15 μm tall. (c) Pseudo in-channel alignment of the working electrode of a ME-EC 

device. 
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4.2.6. On-line microchip separation conditions 

Prior to analysis, microchips were conditioned with IPA for 1 min and BGE for 3 min. MD sample 

channel was filled with blank perfusion solution during chip conditioning with BGE. A platinum 

lead was placed in the buffer well and used to apply the separation potential of +1900 V via 

Spellman CZE 1000R high voltage power supply (Hauppauge, NY, USA). The sample waste and 

buffer waste reservoirs were grounded with two more Pt leads. Sample flow into the microchip 

was maintained at 1 μL/min for all experiments using a CMA/102 microdialysis pump 

(Bioanalytical Systems, West Lafayette, IN, USA). Sample injection was carried out by floating 

the separation potential for 1 s thus allowing the syringe pump to push a sample plug into the 

separation channel. Detection of analytes was carried out at 0.8 V vs. Ag/AgCl with a Pt counter 

electrode using BAS 4C-LC Epsilon potentiostat (Bioanalytical Systems, West Lafayette, IN, 

USA) and in-house written LabView software (National Instruments, Austin, TX, USA). Data 

analysis was carried out using Origin 2020 (OriginLab Corporation, Northampton, MA, USA) and 

Microsoft Excel (Redmond, WA, USA). 

4.3. Results and discussion 

Optimization of the BGE composition was carried out using the analyte standard mixture 

containing DA, EPI, NEPI, 5-HT, DOPAC, HVA, and AA at 100 μM each in 15 mM sodium 

phosphate buffer pH 7.4. 

4.3.1. Effect of EDTA on compatibility of BGE and calcium-containing samples 

To prevent precipitate formation at the interface of BGE and calcium-containing sample flows in 

the ME devices, the first step was to eliminate phosphate from the BGE. To maintain the pH of 

the solution we originally selected 15 mM HEPES pH 7.4 – a buffer that is commonly used in 
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aCSF formulations and is even known to prevent edema in brain slices14. During the first tests of 

the new phosphate-free BGE, other components were kept at the same concentrations as in the 

separation described in Chapter 3 (15 mM SDS + 5 mM boric acid + 10% DMSO). However, 

when samples containing 2.4 mM CaCl2 (double of CSF concentration to evaluate the possibility 

of using elevated calcium concentrations in perfusate for in vivo DA release stimulation) were 

used, precipitate formation was still observed, although it was slower than that in the presence of 

phosphate. We attributed this to the interaction between SDS and Ca2+ – a process that is known 

to inhibit functions of surfactants in “hard water”15. In order to prevent the reaction between SDS, 

the presence of which in the BGE is critical for analyte separation, and Ca2+, which is a perfusate 

component critical for optimal analyte recovery during MD sampling, EDTA was evaluated as 

additive to the BGE as a well-known chelator of divalent metal ions16. 

 

EDTA c, mM 0 0.1 0.25 0.5 

 

EDTA c, mM 1 2 3 4 

Figure 4.3. Effect of EDTA concentration on formation of precipitate in solutions containing 

Ca2+ and SDS. All contain 2.4 mM CaCl2 + (15 mM HEPES pH 7.4 + 15 mM SDS + 5 mM 

boric acid + 10% DMSO) + X mM EDTA. 

Mixtures containing 2.4 mM CaCl2 and phosphate-free BGE components (15 mM HEPES pH 7.4, 

15 mM SDS, 5 mM boric acid, and 10% DMSO) were prepared with EDTA concentrations in the 

range from 0 to 4 mM (Figure 4.3). Starting from 1 mM EDTA, no precipitation of calcium and 

surfactant was observed in a test tube, however during operation of a ME-EC device it was 
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necessary to use 3 mM of this additive to reproducibly prevent clogging of the channels. For all 

the following BGE optimization steps described below, 3 mM of EDTA was maintained as part of 

the composition. 

4.3.2. Buffer selection 

  

 a b 

Figure 4.4. Structures of the organic buffers used in the study (a) HEPES, (b) MES. 

The first attempt at the optimization of the separation of four neurotransmitters (DA, EPI, NEPI, 

5-HT), two dopamine metabolites (HVA, DOPAC), and the endogenous interferent (AA) with a 

phosphate-free BGE used HEPES buffer (Figure 4.4a) for the reasons noted in the previous 

subsection. However, following variation of BGE component concentrations (HEPES, SDS, boric 

acid, DMSO), the best separation resulted in 4 partially resolved peaks: (1) NEPI, (2) a mixed peak 

of EPI, DOPAC, HVA, and AA, (3) DA, and (4) 5-HT (Figure 4.5). 

Further investigation of optimal BGE composition involved testing of several alternate buffering 

systems including tris(hydroxymethyl)aminomethane (Tris), Tris + boric acid + EDTA, and 2-(N-

morpholino)-ethanesulfonic acid (MES) (Figure 4.4b). The latter provided the best results, and a 

detailed description of the separation optimization steps is presented in the following section. 
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Figure 4.5. Best separation obtained with HEPES as buffering agent in the BGE. BGE: 60 mM 

HEPES pH 7.4, 15 mM SDS, 3 mM EDTA. 7 cm separation channel, 330 V/cm, detection at 

0.8 V vs Ag/AgCl. 

4.3.3. Optimization of phosphate-free separation with MES buffer 

Optimization of the separation conditions was carried out on an “simple t” microchip with a 

100 μM sample mixture prepared in 15 mM phosphate pH 7.4. Details regarding the optimization 

of the microdialysis perfusate composition to include calcium and other ions can be found in 

Chapter 5. 

4.3.3.1. Concentration of the surfactant 

In a ME separation on a hybrid glass/PDMS device the surfactant, in this case SDS, has two 

primary functions: creation of a charged surface on the PDMS channel walls thanks to the 

hydrophobic interactions of the carbon chain tails with the polymer material, and participation in 

the separation via electrostatic and hydrophobic interactions of the analytes with the free surfactant 

and/or its aggregates (micelles). The concentration of SDS was varied from 0 to 20 mM with the 

remaining components kept constant at 20 mM MES pH 7.4 and 3 mM EDTA (Figure 4.6). 
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With seven compounds present in the sample mixture, the number of peaks observed in the 

electropherograms varied from three without SDS to four at 2mM and 15 mM SDS and five at 5, 

10, and 20 mM SDS. The negatively charged analytes HVA, DOPAC, and AA appeared to migrate 

together as a mixed peak (indicated with an asterisk in Figure 4.6) that started separating from the 

peak of DA at 5 mM SDS and was fully resolved from this neurotransmitter at 10 mM, above the 

critical micelle concentration (CMC) of SDS. At 15 mM the mixed peak comigrated completely 

with EPI and migrated between NEPI and EPI at the highest surfactant concentration of 20 mM. 

 

Figure 4.6. Electropherograms of standard separation obtained with BGEs containing 20 mM 

MES at pH 7.4, 3 mM EDTA, and various concentrations of SDS. 5 cm separation channel, 

220 V/cm, detection at 0.8 V vs Ag/AgCl. 

Interestingly, serotonin was also highly affected by the different SDS concentrations as it initially 
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electropherogram and remained in this position during the rest of the SDS content increase. This 

points at a strong interaction between the negatively charged surfactant and 5-HT, which results 

in high negative mobility of serotonin ions in the direction opposed to the EOF observed in the 

system and away from the detection zone. 

As a result of the studies on BGE surfactant content variation, 10 mM of SDS was selected for the 

next separation optimization steps as it resulted in maximum resolution of the neurotransmitters 

from the endogenous interferences AA, DOPAC, and HVA. Due to this concentration being above 

the CMC of the surfactant, the separation mechanism under these conditions can be classified as 

micellar electrokinetic chromatography (MEKC). 

4.3.3.2. MES buffer concentration 

The goal of changing the concentration of the buffer used in the background electrolyte is generally 

to alter the electrical double layer at the silica surface and therefore the electroosmotic flow. The 

higher the ionic strength of the BGE, the slower the EOF. A slower EOF allows for more time 

between injection and detection during which the differences in analyte mobilities can affect their 

resolution. Increase of the ionic strength also results in a lower CMC of the surfactants and larger 

aggregation numbers (31% increase when switching from 0.01 NaCl to 0.10 NaCl), increasing the 

size of the micelles17. Organic buffers such as MES are less conductive than phosphate and can 

therefore be used in higher concentrations in ME experiments before unsustainably high separation 

currents are observed. The MES concentration was varied from 20 to 40 mM, while SDS and 

EDTA remained at 10 mM and 3 mM respectively (Figure 4.7). 
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Figure 4.7. (a) Electropherograms of standard separations obtained with BGEs containing 

various concentrations of MES at pH 7.4, 3 mM EDTA, and 10 mM SDS. (b) Separation 

observed with the BGE chosen for further optimization: 25 mM MES at pH 7.4, 3 mM EDTA, 

and 10 mM SDS. 5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

Since the concentration of SDS used in the experiment is already above CMC and no change of 

separation mechanism should be occurring, one would not expect changes in migration order with 

increased buffer concentrations. However, an increase of the MES concentration resulted in a 

partial comigration of DA with the peak of the negatively charged metabolites and AA at 30 mM 

and complete comigration at 35 mM. A further increase to 40 mM MES resulted in partial 

resolution again, but at such high concentrations of electrolytes in the system the separation 

suffered from poor run-to-run reproducibility. The change in the migration of the negatively 

charged analytes could be a sign of an interaction between the BGE buffering system and the 

negatively charged analytes of interest. It appears that, unlike phosphate, MES complexed with 

0 20 40 60 80 100

Time, s

40 mM

35 mM

30 mM

25 mM

20 mM
0 20 40 60 80

Time, s

25 mM

2
 n

A
 

0
.5

 n
A

 

NEPI 

EPI 

DA 

5-HT 

HVA + DOPAC + AA 



91 

 

these compounds and therefore its concentration had an additional effect on the separation. We 

found no prior literature evidence of such interaction and speculate that it occurs through the 

protonated tertiary amine of the buffer. Overall, 25 mM MES resulted in the best separation of 

analytes in terms of peak resolution and migration time reproducibility. 

4.3.3.3. Addition of boric acid 

Complexation of borate with cis-diols can be used to improve resolution of catecholamines and 

related compounds. In the case of the MES-based separation developed in the course of this 

investigation, boric acid was added to the BGE in order to resolve HVA (which has a methyl ether 

group instead of one of the hydroxyls on the aromatic ring) from DOPAC and AA, both of which 

can complex with borate18,19. As can be seen from Figure 4.8, addition of 10–20 mM boric acid to 

the BGE resulted in partial comigration of one of the negatively charged species with DA at 10 

and 15 mM, and while at 20 mM DA peak is fully resolved from the endogenous interferences, 

the mixed metabolite and AA only shows slight shouldering indicating that multiple compounds 

are responsible for peak migration. 

While the addition of borate did not result in improvement of analyte resolution, it was decided to 

maintain 20 mM boric acid concentration during the next step – optimization of the organic solvent 

additive. This decision was based on the expectation that the presence of organic solvents in the 

BGE would interrupt SDS micelle formation, either changing the properties of the micelles (size, 

composition) present in the BGE or disrupting them completely and changing the separation 

mechanism from MEKC to capillary zone electrophoresis (CZE), therefore the possibility of 

complexation between cis-diols and borate could play a role in analyte resolution. 
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Figure 4.8. Electropherograms of standard mixture separations using BGE containing various 

concentrations of boric acid (in legend), 25 mM MES at pH 7.4, 3 mM EDTA, and 10 mM SDS. 

5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

4.3.3.4. Evaluation of organic solvent addition 

Two organic solvents – DMSO and ACN – were evaluated for the improvement of analyte 

separation (Figure 4.9). In both cases a similar effect was observed – the peaks corresponding to 

the negatively charged analytes HVA, DOPAC, and AA began migrating between the DA peak 

and 5-HT peak. As was discussed in the previous chapter for the phosphate-based BGE, the 

addition of organic solvents alters (or even disrupts) SDS micelle formation21 and can change the 

separation mode from MEKC back to CZE, leading to a change in analyte migration order and the 

role of SDS in the separation being limited to maintaining the negative charge of the channel walls 

to ensure stable EOF. In the case of DMSO, peaks of HVA, DOPAC, and AA shifted closer to the 

5-HT peak, with HVA migrating first in the group and mostly resolved from AA and DOPAC, and 

the latter two comigrating almost completely. With BGE containing ACN, these peaks migrate 
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closer to DA, and it is HVA which is partially comigrating with AA, while DOPAC is nearly 

completely resolved from the peak of AA. 

 

Figure 4.9. Electropherograms of standard mixture separations using BGE containing 25 mM 

MES at pH 7.4, 3 mM EDTA, 20 mM boric acid, 10 mM SDS, and 10% v/v additions of DMSO 

and ACN. 5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

As a result of all optimization steps described above, the BGE consisting of 25 mM MES at pH 7.4, 

3 mM EDTA, 20 mM boric acid, 10 mM SDS, and 10% v/v ACN was selected as the one providing 

the best resolution of the analytes of interest. Figure 4.10 shows the separations of analytes 

obtained with a phosphate-based BGE developed in Chapter 3 (a) and with the new phosphate-

free BGE compatible with calcium-containing sample matrices (b). Overall, the separations are 

very similar to each other (migration order and times), although phosphate made it possible to 

achieve better resolution of the negatively charged peaks. The relative peak heights in the two 

buffers are also different, suggesting that changes in BGE composition affect EC detection 

efficiency for each analyte. 
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While baseline resolution of all analytes from each other was not achieved in the new phosphate-

free BGE, our current investigative efforts are mainly focused on the neurotransmitters themselves 

and not their metabolites, so complete resolution of HVA, DOPAC, and AA from the signals of 

NEPI, EPI, DA, and 5-HT makes the developed separation suitable for further studies. It should 

also be noted that migration of AA after the catecholamine neurotransmitters is highly beneficial 

as this endogenous antioxidant is present in brain tissues and microdialysis samples in high 

concentrations. 

  

 a b 

Figure 4.10. Comparison of the optimized separations in BGEs with and without phosphate: (a) 

30 mM phosphate at pH 7.4, 5 mM boric acid, 20 mM SDS, and 10% v/v DMSO and (b) 25 mM 

MES at pH 7.4, 3 mM EDTA, 20 mM boric acid, 10 mM SDS, and 10% v/v ACN. 5 cm 

separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

4.3.4. Analytical figures of merit for on-line ME-EC 

As end goal of this study is to develop an ME-EC method for future integration with MD sampling 
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microchip. Calibration curves for the on-line ME-EC system were carried out for the 

neurotransmitters NEPI, EPI, DA, and 5-HT in a sample matrix containing physiological CSF 

concentrations of Ca2+ (1.2 mM), K+ (2.7 mM), Mg2+ (0.9 mM) and 20% of the physiological Na+ 

concentration (30 mM). As HVA and DOPAC migrate very closely to AA in the developed 

separation, high concentrations of AA present in microdialysis samples would mask the metabolite 

peaks. Therefore, it was decided to exclude these negatively charged compounds from calibration 

curves. The correlation coefficients (R2) for the neurotransmitters were all greater than 0.98 

(Figure 4.11). The limits of detection (LODs) were estimated as 10 μM for 5-HT, 3 μM for DA 

and NEPI, and 1.5 μM for EPI (S/N = 3). A considerable portion of the noise present in the system 

originated from use of a syringe pump for sample introduction. This was determined to be the 

primary source of noise contributing to LODs being higher than those observed for the separation 

with phosphate-based BGE described in Chapter 3. An upgrade of the microdialysis pump should 

help mitigate this issue. Additionally, decoupling of the detection electrodes from the separation 

electric field21 should be investigated for the purposes of further improving method LODs. 

  

Figure 4.11. Calibration curves for the neurotransmitters of interest. All R2 values above 0.99. 
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4.4. Conclusions 

The ionic composition of the perfusate has a very strong effect on analyte recovery during 

microdialysis sampling. A ME-EC separation of four monoamine neurotransmitters DA, EPI, 

NEPI, and 5-HT, two DA metabolites HVA and DOPAC, and AA was developed with a BGE that 

does not use phosphate buffer to maintain pH 7.4. The new BGE also contains EDTA in order to 

ensure its compatibility with the presence of calcium ions in the sample matrix. While the 

developed on-line MD-ME-EC method and instrumentation allow for micromolar limits of 

detection for the neurotransmitters of interest, it should serve as a good starting point for further 

improvement of sensitivity of their quantification during on-line analysis. 
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5. Coupling in vivo microdialysis sampling with microchip electrophoresis: 

optimization of perfusate composition
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5.1. Introduction 

Microdialysis (MD) is a technique that is well-suited and consequently widely used for 

neurophysiological studies1–3. As the aim of utilizing MD is to carry out sampling in tissues of a 

living subject, biocompatibility of the perfusates is critical to the success of any such experiment4. 

The diffusion of analytes occurs from the extracellular space of the brain tissue into the dialysate, 

which makes artificial cerebrospinal fluid (aCSF) and artificial extracellular fluid (aECF) the best 

options for mimicking the natural environment surrounding the probe2. Ringer’s solution is also 

occasionally used for cerebral MD experiments1. Since matching the perfusate concentrations of 

all small molecule compounds present in the extracellular space of the brain is not feasible, the 

focus is mainly kept on the metal ions – Na+, K+, Ca2+, Mg2+. 

A variety of studies have evaluated the effects of perfusate composition on the recovery of analytes 

from the extracellular space. For example, a study by McNay, et al.5 determined that a small 

decrease of Mg2+ (from 1.0 mM to 0.85 mM) in perfusate used for brain MD resulted in a 2-fold 

decrease of glucose present in dialysate and a decrease of K+ (from 3.0 mM to 2.7 mM) in perfusate 

caused a 2-fold increase of the glucose concentration in the collected sample. Following a direct 

determination of the metal ion concentrations in the extracellular space of the rat hippocampus 

using microdialysis sampling with water as perfusate and really low flow rates (100 nL/min), a 

perfusate matching the extracellular fluid composition was used to quantify glucose content in the 

tissues, resulting in a value significantly different from the initial control measurement (1.26 ± 

0.04 mM vs 1.06 ± 0.08 mM).5 

Similarly, in a study by Osborne, et al.6, the amount of neurotransmitter dopamine (DA) and its 

metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) recovered 

in vivo was evaluated in relationship to the concentration of several key metal ions present in 
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perfusates. The data presented in Table 5.1 shows that the amount of DA, DOPAC, and HVA 

recovered during MD sampling from rat striatum is dependent on the concentrations of calcium, 

potassium, and magnesium. Dopamine recovery was the most dependent on the changes of 

perfusate composition, with the strongest effect – 92% decrease of DA peak area – being observed 

when Ca2+ was absent from the sampling solution. Similarly, a reduction in K+ concentration 

resulted in a 27% decrease of signal, while the addition of Mg2+ caused a 20% drop in the recovery 

of the neurotransmitter.6 

Table 5.1. Perfusates used in an in vivo microdialysis study with relative dopamine, DOPAC, and 

HVA signals in the resulting dialysates. Adapted from Osborne, et al.6 

Na+ 

(mM) 

K+ 

(mM) 

Ca2+ 

(mM) 

Mg2+ 

(mM) 

Relative DA 

in dialysate 

Relative DOPAC 

in dialysate 

Relative HVA 

in dialysate 

148 4.0 2.4 0 1 1 1 

148 4.0 0 0 0.08 0.6 0.63 

148 4.0 2.4 1.7 0.8 0.84 1 

148 3.0 2.4 0 0.73 0.86 0.85 

Another perfusate parameter that must be considered when designing MD studies is its 

osmolarity7–9. Investigations performed in vivo have shown that hypotonic perfusates change the 

recovery of exogenous analytes (administered either via peripheral injection7 or from perfusate8) 

both immediately after the switch from isotonic perfusate to hypotonic and after prolonged 

perfusion of hypotonic solution. The short-term effect consisted in reduced analyte recovery and 

was attributed to dilution of the extracellular fluid due to osmosis of water from the probe into the 

tissue, followed by swelling of cells and decrease of extracellular volume fraction8. The long-term 

effect (post 48 and 72 h of hypotonic perfusion) consisted in increased recovery for a peripherally 

administered hydrophilic drug atenolol and was thought to be caused by the disruption of the 

blood-brain barrier caused by influx of water from the perfusate into the tissues7. 
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This literature evidence highlights the need to maintain physiological concentrations of the metal 

ions in perfusates used for in vivo MD experiments. To this end, our group has developed a 

microchip electrophoresis with electrochemical detection (ME-EC) method that utilizes a BGE 

compatible with aCSF-like sample matrices. The buffer in this BGE was changed from phosphate, 

which readily precipitates in the presence of Ca2+ and Mg2+, to 2-(N-morpholino)ethanesulfonic 

acid (MES). 3 mM EDTA was also added to prevent precipitation of these metal ions with sodium 

dodecyl sulfate. SDS was used to create a negatively charged surface on the polydimethylsiloxane 

(PDMS) walls of the microchip as well as to form micelles for a MEKC based separation of 

analytes. More details are available in Chapter 4. 

However, the presence of Ca2+ and Mg2+ in the sample matrix is not the only hurdle standing in 

the way of utilizing conventional aCSF for MD-ME-EC studies. Electrophoretic separations are 

notoriously poorly compatible with high ionic strength sample matrices. Sample de-stacking 

(broadening of analyte zones) is observed when the BGE is a weaker solution than the sample. At 

the same time, the salt content of the BGE should be kept low in order to minimize current, and 

therefore Joule heating, generated during high separation voltage application. This is even more 

important to keep in mind in the case of microchips, which unlike conventional capillary 

electrophoresis instruments, are in general not equipped with cooling systems. Furthermore, more 

dilute BGEs are desirable as they lead to higher electroosmotic flows, making the separations faster 

and more efficient. Therefore, increasing the ionic strength of the background electrolyte is not a 

strategy that is useful to pursue. Thus, it important to develop a perfusate for which the ionic 

strength is low enough to minimize sample de-stacking, while retaining analyte recoveries at levels 

sufficiently high for their successful monitoring. 
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5.2. Materials and methods 

5.2.1. Chemicals and reagents 

Dopamine hydrochloride, (±)-norepinephrine bitartrate salt (NE), 3-nitro-L-tyrosine (3-NT), boric 

acid, and calcium chloride, anhydrous sodium phosphate monobasic were obtained from Sigma-

Aldrich (St. Louis, MO, USA). 3,4-dihydroxyphenylacetic acid, L-(+)-ascorbic acid (AA), 

serotonin hydrochloride (5-HT), and homovanillic acid, 5-hydroxyindoleacetic acid (5-HIAA) 

were purchased from Alfa Aesar (Ward Hill, MA, USA). L-(-)-epinephrine (EPI) and 1-

octanesulfonic acid were supplied by Acros Organics (Geel, Belgium), sodium dodecyl sulfate by 

Thermo Scientific (Waltham, MA, USA), and 2-(N-morpholino)ethanesulfonic acid monohydrate, 

ethylenediamine tetraacetic acid, disodium salt dihydrate, hydrochloric acid, orthophosphoric acid, 

sodium hydroxide, sodium chloride, potassium chloride, glacial acetic acid, isopropyl alcohol 

(IPA), LC-MS grade methyl alcohol (MeOH), and acetonitrile (ACN) were purchased from Fisher 

Scientific (Fairlawn, NJ, USA). All chemicals were used as received. Solutions were prepared 

using 18.2 MΩ water (Millipore, Kansas City, MO, USA) and filtered with syringe filters or a 

vacuum filter. 

Device fabrication was carried out using the following reagents and materials: AZ 1518 positive 

photoresist and AZ 300 MIF developer (AZ Electronic Materials, Sommerville, NJ, USA); SU-8 

10 and SU-8 developer (Micro-Chem, Newton, MA, USA), PDMS resin and curing agent (Sylgard 

184 silicon elastomer base and curing agent, Dow Corning Corp., Midland, MI, USA), quartz 

plates (5 in × 5 in × 0.085 in, Glass Fab, Rochester, NY, USA), copper wire (22 gage, Westlake 

Hardware, Lawrence, KS, USA), epoxy (Gorilla Glue, Cincinnati, OH, USA), and colloidal silver 

liquid (Ted Pella, Inc., Redding, CA, USA). 0.5 mm OD platinum wires (Goodfellow, Huntingdon, 
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England) and Ag/AgCl reference electrodes (Bioanalytical Systems, West Lafayette, IN, USA) 

were also used in the experiments. 

5.2.2. Pyrolyzed photoresist film (PPF) electrode fabrication 

The 35 μm-wide PPF electrodes were fabricated on quartz plates according to a previously 

published procedure10. In short, a bare quartz plate cut to 4 in × 2.5 in × 0.085 in was spin coated 

(Brewer Science Cee 200CBX Programmable Spin Coater) with AZ 1518 positive photoresist and 

prebaked at 100°C for 3 minutes. The coated plate was then allowed to cool to room temperature 

and exposed to a UV flood source at 20 mW/cm2 for 10 s through a photomask. Following the 

exposure, the plate was baked at 100°C for 10 min and developed using AZ 300 MIF developer. 

After complete removal of the exposed photoresist, the plate was rinsed with reverse osmosis 

water, dried with N2 flow, and post baked at 100°C for 10 min. The quartz plate containing an 

electrode photofilm feature was then placed into a tube furnace and pyrolyzed at 925°C for 1 hour 

in N2 atmosphere. This resulted in formation of a PPF carbon electrode that was 35 μm wide and 

approximately 500 nm high. A copper lead was then attached to the plate with thin (~1 mm) bands 

of lab tape and hot glue and connected to the PPF electrode using colloidal silver. 

5.2.3. Double T hybrid PDMS/glass chip fabrication 

Microchips from PDMS were fabricated using previously published procedure via soft 

lithography10. Silicon masters with 15 μm high raised features for a 5 cm double T on-line chip 

(see geometry and dimensions in Figure 5.1) were produced using SU-8 negative photoresist. 

Chips were cast from 10:1 elastomer:curing agent mixture and cured at 70 °C for at least 3 hours. 

A 4 mm biopsy punch was used to create buffer, buffer waste, sample solution, and sample waste 

wells. An on-line sample inlet was punched in the chip with a 20-gauge needle with a flat sharp 
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edge. The chip was then aligned on the PPF electrode using pseudo in-channel alignment (see 

Materials and Methods in Chapter 4), the top half of it was then irreversibly bonded to the quartz 

plate using a hand-held corona discharger wand (Model BD 20: Electro-Technic Products, Inc., 

Chicago, IL, USA) and a blow dryer as described previously10. Following the bonding of the 

PDMS layer to the quartz substrate, a 10–15 mm stainless steel pin was inserted into the sample 

inlet and fixed in place with epoxy glue. Tubing carrying the sample from the MD probe or syringe 

pump (CMA/102 microdialysis pump, CMA Microdialysis, Kista, Sweden) to the microchip was 

then connected to this pin with a silicon tubing connector. 

 

Figure 5.1. Geometry and dimensions of a 5-cm double T microchip for on-line analysis. All 

channels 40 μm wide except the top MD channel which is 600 μm wide. 
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5.2.4. On-line ME-EC 

Prior to analysis, microchips were conditioned with IPA for 1 min and BGE for 3 min. The MD 

sample channel was filled with blank perfusion solution during chip conditioning with BGE. A 

platinum lead was placed in the buffer well and used to apply the separation potential of +1900 V 

via Spellman CZE 1000R high voltage power supply (Hauppauge, NY, USA). The sample waste 

and buffer waste reservoirs were grounded with two more Pt leads. Sample flow into the microchip 

was maintained at 1 μL/min for all experiments. Sample injection was carried out by floating the 

separation potential for 1 s thus allowing the syringe pump to push a sample plug into the 

separation channel. Detection of analytes was accomplished at 0.8 V vs. Ag/AgCl with a Pt counter 

electrode using BAS 4C-LC Epsilon potentiostat (Bioanalytical Systems, West Lafayette, IN, 

USA) and in-house written LabView software (National Instruments, Austin, TX, USA). 

5.2.5. Capillary electrophoresis with UV absorbance (CE-UV) and capacitively coupled 

contactless conductivity (CE-C4D) detection 

CE analysis was carried out with Agilent 7100 CE-UV system (Santa Clara, CA, USA) coupled 

with a C4D detector (eDAQ, Colorado Springs, CO). Fused silica capillary with 50 μm ID 

(Polymicro Technologies, Phoenix, AZ, USA) had a full length of 69.25 cm and effective length 

of 55.0 for the C4D detector and 60.75 cm for the UV detector. The detection modes were utilized 

simultaneously for all runs. Prior to the first run the capillary was conditioned with water, 0.1 M 

NaOH, and water for 5 min each, followed by BGE for 10 min; conditioning between runs 

consisted in a 3 min rinse with water, 3 min with 0.1 M NaOH, 3 min with water, and 5 min with 

BGE. The initial longer conditioning step was repeated prior to switching to a new set of inlet and 

outlet BGE vials. Sample injection was carried out hydrodynamically with 69 mbar applied for 
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5 s. Analysis was carried out using +30 kV separation voltage and 5.0 M acetic acid as BGE in 

accordance with a procedure developed by Ferreira Santos et al.11 

5.2.6. Liquid chromatography with electrochemical detection (LC-EC) 

LC-EC analysis was carried out via a system consisting of an LC-20AD pump (Shimadzu 

Scientific Instruments, Columbia, MD, USA), Rheodyne MXP7900 stainless steel sample injector 

with a ZORBAX Rapid Resolution StableBond C18 column (1.0 mm × 50 mm, 3.5 μm, Agilent 

Technologies, Santa Clara, CA, USA), an electrochemical detection cell, and BAS 4C-LC Epsilon 

potentiostat (Bioanalytical Systems, West Lafayette, IN, USA). 3 mm glassy carbon working 

electrode and Ag/AgCl reference electrode were purchased from Bioanalytical Systems. A 

potential of 0.750 V vs Ag/AgCl was applied for the amperometric detection. Flow rate in the 

system was set at 0.1 mL/min, with mobile phase as follows: 140 mM NaH2PO4, 0.75 mM 1-

octanesulfonic acid, and 10 mM EDTA disodium salt with pH adjusted to 3.5 with 85% 

orthophosphoric acid, and 9% methanol adapted from the procedure described by Crick et al.12 

Data collection and analysis were performed using Chrom & Spec software version 1.5 

(Ampersand International Inc., Beachwood, OH, USA). 

5.2.7. In vivo microdialysis experiments 

Male Wistar rats (Charles River, Wilmington, MA, USA) were used to collect animal MD samples. 

All procedures were carried out in accordance with an Animal Use Statement approved by the 

Institutional Animal Care and Use Committee at the University of Kansas and meet the standards 

set by the Association for Assessment and Accreditation of Laboratory Animal Care. 
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5.2.7.1. Microdialysis probe implantation 

Rats were anesthetized by isoflurane inhalation followed by i.p. injection of 100 mg/kg ketamine 

and 10 mg/kg xylazine diluted in saline. Anesthesia was maintained throughout probe implantation 

surgery and MD sampling by constant flow of isoflurane (0.5–2%) supplied via nose cone. Surgery 

was performed using a stereotaxic instrument with the probe guide cannula placed into the striatum 

at the following coordinates from bregma: A/P +0.7, M/L −2.7 and V/D −3.4. The cannula was 

fixed to the skull with metal screw anchors and dental cement. Once the CMA 12 Elite brain 

microdialysis probe with 4 mm PAES 20 kDA MWCO membrane (CMA Microdialysis, Kista, 

Sweden) was placed into the cannula, it was constantly perfused with aCSF (148 mM NaCl, 

2.7 mM KCl, 1.2 mM CaCl2, 0.9 mM MgCl2, pH adjusted to 7.4 with NaHCO4) at a flow rate of 

1 μL/min using a CMA/102 microdialysis pump. The animal was allowed to recover for at least 

1 h following surgery before MD samples were collected for off-line analysis. 

5.2.7.2. Variation of NaCl content in perfusate 

The first cohort of in vivo experiments was dedicated to investigating the effects of varying NaCl 

content in perfusate on the ionic and analyte composition of the resulting microdialysis samples. 

To switch between perfusates, a UniSwitch liquid switch syringe selector was placed between the 

syringe pump and the inlet of the microdialysis probe. Once the perfusate was switched from one 

composition to another, 10 min of dialysate flow was diverted to waste in order to clear out the 

previous perfusate from all tubing. Thirty microliter MD sample fractions were collected for each 

perfusate and used for LC-EC (18 μL) and CE-C4D (10 μL) analysis. The samples were either 

analyzed immediately or stored frozen at –20 °C or –80 °C until analysis. 
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5.2.7.3. Time-dependence study 

The second cohort of in vivo experiments investigated the changes in sodium ion and monoamine 

neurotransmitter metabolite recoveries as a function of time following a perfusate switch from 

aCSF to a low-NaCl aCSF mimic. In addition to the salt content studies, perfusion of aCSF 

containing 3-NT was carried out several times in each experiment in order to control for changes 

of probe performance. Switching between perfusates was accomplished using a UniSwitch with 

10 min of dialysate diverted to waste following each switch. Microdialysis sample fraction 

collection was carried out manually according to the sequence shown in Table 5.2. The samples 

were then either analyzed immediately or stored frozen at –20 °C or –80 °C until analysis. 
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Table 5.2. Procedure for the study of the changes of sodium ion and monoamine neurotransmitter 

metabolite recoveries over time following perfusate switch from aCSF to a 20% NaCl aCSF 

solution. 

Time from 

surgery, 

min 

Action Perfusate 

# 

fractions 

collected 

Sample 

use 

0−59 Post-surgery recovery aCSF 1 waste 

60 Switch to perfusate with IS 
aCSF,  

50 μM 3-NT 
 NA 

60−69 Exchange of solution in tubing 
aCSF,  

50 μM 3-NT 
1 waste 

70−99 Collection for IS delivery study 
aCSF,  

50 μM 3-NT 
1 CE-UV 

100 Switch to low NaCl perfusate 20% NaCl aCSF  NA 

100−109 Exchange of solution in tubing 20% NaCl aCSF 1 waste 

110−209 
Collection for Na+ recovery 

study 
20% NaCl aCSF 10 CE-C4D 

210 Switch to perfusate with IS 
aCSF,  

50 μM 3-NT 
 NA 

210−229 Exchange of solution in tubing 
aCSF,  

50 μM 3-NT 
1 waste 

230−259 Collection for IS delivery study 
aCSF,  

50 μM 3-NT 
1 CE-UV 

260 Switch to aCSF for recovery aCSF  NA 

260−319 Recovery aCSF 1 waste 

320 Switch to perfusate with IS 
aCSF,  

50 μM 3-NT 
 NA 

320−329 Exchange of solution in tubing 
aCSF,  

50 μM 3-NT 
1 waste 

330−359 Collection for IS delivery study 
aCSF,  

50 μM 3-NT 
1 CE-UV 

360 Switch to low NaCl perfusate 20% NaCl aCSF  NA 

360−369 Exchange of solution in tubing 20% NaCl aCSF 1 waste 

370−459 
Collection for metabolite 

recovery study 
20% NaCl aCSF 3 LC-EC 
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5.3. Results and discussion 

5.3.1. Effect of perfusate NaCl content on analyte resolution during on-line MD-ME-EC 

while sampling from aCSF solution 

 

Figure 5.2. ME-EC separation of the 100 μM standard mixture in aCSF containing 20% of 

physiological NaCl injected directly into a double t microchip for on-line analysis. BGE: 25 mM 

MES at pH 7.4, 3 mM EDTA, 20 mM boric acid, 10 mM SDS, and 10% v/v ACN. 5 cm 

separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

The literature data strongly indicates that optimal in vivo recovery of the analytes of interest can 

only be achieved if the concentrations of metal ions, most importantly Ca2+ and K+, in perfusate 

are maintained at physiological concentrations6. At the same time, ME separations require 

relatively low ionic strength of all solutions (both BGE and sample) in order to minimize currents 

generated in the microchannels as a result of application of high separation voltage and prevent 

peak destacking. Therefore, it was necessary to determine the amount of salt which could be safely 

used in the perfusate for MD-ME-EC analysis, while keeping the composition as close as possible 

to aCSF (148 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.9 mM MgCl2), which is the gold standard 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

80 90 100 110 120 130 140 150 160

C
u
rr

en
t,

 n
A

Time, s

NEPI

EPI

DA

HVA + AA

DOPAC

5-HT



113 

 

for studies using MD sampling from the brain. As NaCl makes up most of the ionic strength of 

aCSF, and its concentration is about two orders of magnitude higher than those of the other metals, 

this was the perfusate component that was varied in the following experiments. 

Two stock solutions were prepared and utilized to prepare all perfusates used in these experiments: 

(A) aCSF containing 100% of the physiological concentration of NaCl and physiological 

concentrations of potassium, calcium, and magnesium (148 mM NaCl, 2.7 mM KCl, 1.2 mM 

CaCl2, 0.9 mM MgCl2), and 

(B) aCSF containing 0% of the physiological concentration of NaCl and physiological 

concentrations of potassium, calcium, and magnesium (2.7 mM KCl, 1.2 mM CaCl2, 0.9 mM 

MgCl2). 

Both solutions were adjusted to the physiological pH value of 7.4 with 0.2 M NaHCO4. Perfusates 

with varying NaCl contents were obtained by mixing solutions A and B at specific ratios (e.g. for 

10% NaCl aCSF the solutions were mixed A:B = 1:9). 

 

Figure 5.3. Experimental setup for in vitro MD-ME-EC studies. 

It was observed that the monoamine neurotransmitters NEPI, EPI, DA, and 5-HT were resolved 

from each other and the comigrating negatively charged AA and dopamine metabolites HVA and 

Syringe pumps, 1 μL/min 

10 – 100% NaCl aCSF 

100 μM standards 

in aCSF, stirred 
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DOPAC when they were present in a solution of 20% NaCl aCSF that was directly introduced into 

the double t microchip via a syringe pump at 1 μL/min (Figure 5.2). The experimental setup was 

then modified to add the MD sampling component to the sample delivery (Figure 5.3). A 

microdialysis probe was placed in a 100 μM solution of analytes in A (100% NaCl aCSF), and 

sample collection was carried out at 1 μL/min using perfusates with NaCl content varying from 10 

to 100% of the physiological concentration. The outlet of the MD probe was connected to the ME-

EC device for on-line analysis. 

 

Figure 5.4. Electropherograms obtained during in vitro MD-ME-EC experiment where sampling 

of monoamine neurotransmitters, dopamine metabolites, and ascorbic acid was performed from a 

solution of analytes in aCSF with perfusates containing various NaCl concentrations relative to 

the physiological CSF value of 148 mM (in legend). For separation conditions see Figure 5.2. 

Electropherograms obtained with this experimental setup illustrate dramatic degradation of analyte 

separation resulting in migration of all 7 analytes as 2 groups of overlapping peaks – NEPI, EPI, 
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and DA and HVA, AA, DOPAC, and 5-HT (Figure 5.4). This outcome was observed for all 

perfusates, suggesting that even at the lowest initial concentration of NaCl in the perfusate, the 

uptake of salt from the aCSF-based sample was great enough to significantly impact chip 

performance. When the solution of the sample in the vial was switched to 20% NaCl aCSF and the 

same NaCl concentration was used in the perfusate, analyte resolution was retained in comparison 

with the direct injection of analyte solution into the microchip without MD sampling (Figure 5.5). 

This shows that it is indeed the diffusion of NaCl from the sample matrix into the dialysate that is 

responsible for the degradation of resolution in the MD-ME-EC experiments using 100% aCSF in 

sample matrix. 

 

Figure 5.5. Electropherograms obtained during in vitro MD-ME-EC experiment where sampling 

of monoamine neurotransmitters, dopamine metabolites, and ascorbic acid was performed from a 

solution of analytes in 20% NaCl aCSF with the same solution used as perfusate. 
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5.3.2. Effect of perfusate NaCl content on the amount of Na+ in dialysate during MD 

sampling from aCSF solution 

As the diffusion of NaCl from the aCSF-based sample solution into dialysate negatively affected 

the ME-EC separation, the following study was carried out to quantify how the recovery of Na+ 

ions under these conditions depends on the perfusate NaCl content. Off-line MD sample collection 

(Figure 5.6) and CE-C4D were utilized for metal ion quantification. Both the perfusates and the 

collected MD samples were diluted twenty-fold with DI water prior to analysis to ensure resolution 

of Ca2+ and Mg2+ peaks (which were maintained at the same concentration for all solutions) from 

Na+ and maintain linearity of the signal vs concentration dependence. It was observed in these 

studies that the Na+ response for the dialysates independently of the NaCl present in perfusate were 

virtually identical to each other and matched that of 100% aCSF (Figure 5.7). 

 

Figure 5.6. Experimental setup for off-line studies of Na+ recovery from aCSF-based solutions 

via microdialysis sampling. 

This indicates a 100% recovery of Na+ under the conditions of the in vitro experiment, leading to 

the conclusion that further optimization of the perfusate NaCl content cannot be carried out in vitro 

with sampling from solutions. It also means that future in vitro MD experiments should not be 
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performed with analytes dissolved in aCSF, as the final salt content of the MD samples reaching 

the microchip will be too high to allow satisfactory chip performance. 

  

 a b 

Figure 5.7. (a) CE-C4D signals for 20% NaCl aCSF perfusate (blue) and a microdialysate 

obtained using this perfusate when sampling from a vial of 100% NaCl aCSF solution (red). 

(b) Na+ peak areas detected for microdialysates obtained using perfusates with various NaCl 

concentrations during sampling from 100% NaCl aCSF. 

In addition to the evaluation of Na+ recovery with perfusates containing different NaCl 

concentrations, the same experimental setup was used to determine whether the changes in 

perfusate ionic strength affected the transport of an internal standard 3-NT across the probe 

membrane, changing its delivery from perfusate into the sampling environment. Off-line MD 

sample collection was repeated using perfusates containing 50 μM 3-NT. Undiluted dialysates 

were analyzed via CE-UV using the same separation conditions that were used for metal ion 

analysis. It was determined that changing the concentration of NaCl had no significant effect on 

the delivery of the internal standard from the perfusate (Figure 5.8), suggesting that any changes 

of analyte recoveries in further studies must be caused by specific physiological effects. 
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Figure 5.8. Delivery of the internal standard 3-NT during in vitro microdialysis using perfusates 

with varying NaCl concentrations. 

5.3.3. Variation of NaCl content in perfusate during in vivo microdialysis 

5.3.3.1. Dependence of the Na+ content in dialysate on perfusate NaCl content 

The Na+ content of rat brain microdialysis samples obtained in vivo using perfusates containing 

10–40% of the physiological sodium concentration was determined using CE-C4D. Figure 5.9 

shows that the Na+ content increases with the maximum increase (~50%) of the initial perfusate 

concentration observed with 10% NaCl aCSF, making the NaCl content in the MD sample ~15%. 

An ~30% increase was observed for 20% NaCl aCSF, leading to the final content of ~26%. 

However, in the case of the perfusate containing 40% of physiological NaCl, no significant 

increase of Na+ signal in the dialysate was observed. These conditions would simplify creation of 

calibration curves and make the overall performance of the system more predictable since the ionic 

strength of the perfusate and the dialysate would be the same. However, when a standard mixture 

containing 40% of physiological concentration of NaCl in the matrix was injected directly into the 
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double t ME-EC device, it resulted in nearly complete comigration of the NEPI and EPI peaks. 

These two analytes were resolved at 20% and 30% NaCl. Therefore, the 20% NaCl aCSF was 

chosen as a more optimal perfusate for future evaluation as it should enable resolution of the 

analyte peaks even after Na+ is taken up from brain tissue during MD sampling. 

 

Figure 5.9. Dependence of the sodium signal increase in rat brain microdialysis samples relative 

to perfusate for sampling solutions containing 10–40% of physiological concentration of NaCl. 

N = 3, error bars – standard deviation. 

5.3.3.2. Dependence of analyte recovery on perfusate NaCl content 

The rat brain microdialysis samples collected with perfusates containing various NaCl 

concentrations were also analyzed via LC-EC to determine how changing this parameter affected 

the in vivo analyte recovery from tissues. Perfusates were switched in the following order: 
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Only peaks of two DA metabolites DOPAC and HVA and of a 5-HT metabolite 5-HIAA could be 

quantified in the MD samples. The results of data analysis suggest that the duration of sample 

collection played a more important role than the amount of NaCl present in perfusate. More 

specifically, when the peak areas were averaged based on NaCl content in perfusate (Figure 5.10a), 

no significant difference was observed for 20% and 40% NaCl containing perfusates. However, 

when the averaging was carried out based on fraction number (Figure 5.10b), and therefore the 

amount of time that passed between sample collection and the initial probe implantation, a gradual 

decrease of signal from fraction to fraction was evident even though collection of fractions 2 and 

3 was carried out with either 20% or 40% NaCl aCSF depending on the animal. 

While the amount of NaCl in the perfusate still appears to have an effect on the amount of analyte 

transported into the MD sample across the probe membrane, as expected from literature7–9, this 

experimental data suggests that in order to specifically focus on the influence of NaCl perfusate 

content (or any other parameter) on analyte recovery in the future experiments, more time should 

be allowed to pass between probe implantation and collection of dialysates for quantification of 

neurotransmitters and metabolites. Based on the results of the previous section, the same principle 

does not appear to apply to the studies of metal ion recovery from tissues, as in that case the amount 

of Na+ recovered into dialysate depended on the concentration of NaCl in perfusate and not the 

order of perfusion. 
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a 

 

b 

Figure 5.10. In vivo analyte recovery for DOPAC, 5-HIAA, and HVA with peaks averaged 

based on (a) NaCl content in perfusate or (b) fraction number in order of collection. 
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5.3.4. Time dependence of the recovered Na+ in brain microdialysate samples obtained 

using perfusate with 20% of physiological NaCl content 

5.3.4.1. Effect on Na+ content in dialysate 

Determination of the time dependence of the recovered Na+ in in vivo microdialysis samples was 

carried out with the perfusate containing 20% of physiological NaCl concentration. Figure 5.11 

shows that the sample collected in the first 10 minutes following the switch from 100% NaCl aCSF 

to 20% NaCl aCSF had the highest recovery of sodium ions from the tissues at ~60% of the initial 

perfusate concentration. However, all following fractions for the duration of the experiment 

showed half of this sodium recovery at ~30% of the perfusate concentration and were not 

significantly different from each other. 

 

Figure 5.11. Time dependence of percent peak area of Na+ C4D signal in rat brain microdialysis 

samples relative to perfusate containing 20% physiological NaCl concentration. N = 3, error bars 

– standard deviation. 
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It was also determined using CE-UV that the delivery of the internal standard 3-NT from perfusate 

to the tissues was the same prior to, immediately following, and 120 min after the 100 min of 20% 

NaCl aCSF perfusion (Figure 5.12), indicating that probe permeability remained unchanged in 

these conditions. This allows us to make a conclusion that for a study spanning no more than 100 

minutes the concentration of sodium ions in the dialysate can be considered constant following the 

first 10 minutes of equilibration. A longer study must be carried out to determine if this remains 

true for experiments that utilize low sodium content perfusates in vivo on timescales beyond 100 

min.  

 

Figure 5.12. Percent delivery of internal standard from perfusate into tissues prior to, 

immediately following, and 120 min after the 100 min perfusion of 20% NaCl aCSF through the 

probe. N = 3, error bars – standard deviation. 
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min fractions were collected for this purpose, and the analyte peak areas were compared to the first 

fraction collected. Figure 5.13 presents the results of these measurements. It was determined that 

similar to the effect observed for Na+, analyte peak areas decrease by at least 20% for the second 

fraction relative to the original observed signal and remain at this decreased level for the third 

fraction. Evidently, there is an equilibration step that occurs immediately following the switch 

from 100% NaCl aCSF to 20% NaCl aCSF perfusate, which is followed by stable levels of 

recovered analytes during the following hour. As was mentioned above, a longer study is necessary 

to determine whether any further changes to recoveries of both Na+ and neurotransmitter 

metabolites occur beyond 90-100 minutes of tissue exposure to low-NaCl perfusates. 

 

Figure 5.13. Time dependence of analyte peak areas relative to the first fraction collected 

following the switch from 100% NaCl aCSF to 20% NaCl aCSF. N = 3,  

error bars – standard deviation. 
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utilized in vitro MD sampling from a vial containing sample solutions in aCSF, it was determined 

that under these conditions the recovery of Na+ is at 100%, making the ionic strength of the 

dialysates reaching the ME-EC device too high to enable quality performance of the system. Two 

sets of in vivo experiments were carried out instead – one to evaluate the salt concentration in the 

brain dialysates obtained using perfusates with various NaCl contents, and another to elucidate the 

time-dependence of the dialysate sodium ion recovered analyte concentrations for 20% NaCl aCSF 

perfusate. It was determined that at the lower the NaCl concentrations of 10 and 20% the sodium 

content in the perfusate increased to 15 and 26% respectively, however for 40% NaCl there was 

no significant change in the response for Na+. It was also shown that while lower NaCl content 

caused a reduction of analyte recoveries from the tissues by 40–65%, the time between probe 

implantation and off-line sample collection had a stronger effect on recovery, indicating that longer 

post-surgery rest times are necessary for future studies. Finally, it was established that following 

the initial equilibration after the switch from 100% NaCl aCSF perfusion to 20%, both the Na+ and 

analyte recoveries remained at the same level until at least 90 – 100 min after the switch, indicating 

that no corrections for salt content or analyte recovery variation need to be made for experiments 

conducted on these timescales. 

5.5. References 

(1)  Chefer, V. I.; Thompson, A. C.; Zapata, A.; Shippenberg, T. S. Overview of Brain 

Microdialysis. Curr. Protoc. Neurosci. 2009, 47 (1), 7.1.1–7.1.28. 

(2)  Anderzhanova, E.; Wotjak, C. T. Brain Microdialysis and Its Applications in Experimental 

Neurochemistry. Cell Tissue Res. 2013, 354 (1), 27–39.  

(3)  Westerink, B. H. C. Analysis of Biogenic Amines in Microdialysates of the Brain. J. 



126 

 

Chromatogr. B Biomed. Sci. Appl. 2000, 747 (1–2), 21–32. 

(4)  Kho, C. M.; Enche Ab Rahim, S. K.; Ahmad, Z. A.; Abdullah, N. S. A Review on 

Microdialysis Calibration Methods: The Theory and Current Related Efforts. Mol. 

Neurobiol. 2016 545 2016, 54 (5), 3506–3527. 

(5)  McNay, E. C.; Sherwin, R. S. From Artificial Cerebro-Spinal Fluid (ACSF) to Artificial 

Extracellular Fluid (AECF): Microdialysis Perfusate Composition Effects on in Vivo Brain 

ECF Glucose Measurements. J. Neurosci. Methods 2004, 132 (1), 35–43. 

(6)  Osborne, P. G.; O’Connor, W. T.; Ungerstedt, U. Effect of Varying the Ionic Concentration 

of a Microdialysis Perfusate on Basal Striatal Dopamine Levels in Awake Rats. J. 

Neurochem. 1991, 56 (2), 452–456. 

(7)  de Lange, E. C. M.; Danhof, M.; de Boer, A. G.; Breimer, D. D. Critical Factors of 

Intracerebral Microdialysis as a Technique to Determined the Pharmacokinetics of Drugs 

in Rat Brain. Brain Res. 1994, 666 (1), 1–8. 

(8)  Borg, N.; Ståhle, L. Recovery as a Function of the Osmolality of the Perfusion Medium in 

Microdialysis Experiments. Anal. Chim. Acta 1999, 379 (3), 319–325. 

(9)  de Lange, E. C. M. Recovery and Calibration Techniques: Toward Quantitative 

Microdialysis. In Microdialysis in Drug Development; Springer, New York, NY, 2013; pp 

13–33. 

(10)  Gunawardhana, S. M.; Bulgakova, G. A.; Barybin, A. M.; Thomas, S. R.; Lunte, S. M. 

Progress toward the Development of a Microchip Electrophoresis Separation-Based Sensor 

with Electrochemical Detection for on-Line: In Vivo Monitoring of Catecholamines. 



127 

 

Analyst 2020, 145 (5), 1768–1776. 

(11)  Ferreira Santos, M. S.; Noell, A. C.; Mora, M. F. Methods for Onboard Monitoring of Silver 

Biocide during Future Human Space Exploration Missions. Anal. Methods 2020, 12 (25), 

3205–3209. 

(12)  Crick, E. W.; Osorio, I.; Frei, M.; Mayer, A. P.; Lunte, C. E. Correlation of 3-

Mercaptopropionic Acid Induced Seizures and Changes in Striatal Neurotransmitters 

Monitored by Microdialysis. Eur. J. Pharm. Sci. 2014, 57 (1), 25–33. 



128 

 

 

 

 

 

 

 

 

6. ME-EC detection of ascorbate recovered during microdialysis sampling with 

perfusates containing glutamate
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6.1. Introduction 

Ascorbic acid (AA), also known as vitamin C, has many functions in the brain ranging from 

antioxidant activity and prevention of cellular damage during acute insults, to participation in the 

synthesis of norepinephrine as an enzyme co-factor and neuromodulation of dopamine and 

glutamate (Glu) neurotransmission. AA is not produced endogenously by humans and is absorbed 

into bloodstream from dietary sources. It is then distributed to all cell types with the highest 

concentrations found in brain, spinal cord, and adrenal glands. Transport into the nervous system 

begins at the choroid plexus, where it enters the cerebral spinal fluid (CSF), diffuses into the 

extracellular fluid (ECF) of the brain and is taken up into the cells. In the pathway blood → 

CSF/ECF → brain cells, the concentration of AA increases 10–20 times during each transition, 

with the healthy serum concentrations of ~50 μM, 200–500 μM in CSF and ECF, 10 mM in 

neurons, and 1 mM in glia.1,2 

The extracellular concentration of ascorbate in the brain is primarily regulated homeostatically 

through uptake into and release from cells. Experiments with cell cultures and tissue slices show 

that removal of ascorbate from the surrounding media results in the depletion of the cells’ internal 

stores of AA, suggesting that ascorbate has very important extracellular functions. At the same 

time, dynamic changes of extracellular AA in the brain have been observed in both a circadian 

manner (in rats ascorbate levels are 20–60% higher at night, when they are the most active, than 

during the day) and during pharmaceutical intervention through amphetamine administration2. 

These variations of extracellular ascorbate have been associated with the activation of Glu 

pathways and are supported by in vivo experiments including direct injection of Glu into the brain3, 

Glu uptake inhibitors (but not antagonists), and lesioning of cortical Glu inputs2. Some researchers 

attribute these effects to the so-called glutamate-ascorbate heteroexchange4,5, a process during 
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which glutamate transporters (most likely EAAT2 and EAAT3) facilitate the release of AA from 

the cells during uptake of Glu2. Others, based on in vitro studies in astrocyte6 and neuroblastoma7 

cell cultures have concluded that the heteroexchange process is unlikely and that organic anion 

channels are responsible for the release of AA into the extracellular space in the presence of 

elevated Glu concentrations. Therefore, the question of the exact mechanism of the dynamic 

changes of ascorbate in the extracellular space of the brain due to activation of glutamatergic 

pathways remains open. 

Multiple studies using microdialysis (MD) sampling aiming to elucidate the relationship between 

Glu, AA, and other neuroactive compounds have been carried out over the last three decades4,8–12. 

However, we were able to identify only two such studies that utilized retrodialysis of Glu from 

perfusate in order to illicit changes in AA concentration during sampling from the cortex4 and 

spinal cord11. In these experiments, quantification of the analytes of interest in the perfusates was 

carried out off-line using several different analytical methods that required long sample collection 

times and use of a large number of animals to obtain statistically relevant data. In this study, we 

take the first steps to utilizing MD sampling coupled to microchip electrophoresis with 

electrochemical detection (MD-ME-EC) for the on-line monitoring of ascorbic acid in rat striatum 

during perfusion of Glu-containing perfusates. If successful, this approach can be used in future 

studies to monitor multiple compounds (e.g. ascorbate and monoamine neurotransmitters) 

simultaneously with high temporal resolution and without additional sample handling. 

6.2. Materials and methods 

6.2.1. Chemicals and reagents 

Dopamine hydrochloride (DA), D-glutamic acid, boric acid, sodium phosphate monobasic and 

dibasic were obtained from Sigma-Aldrich (St. Louis, MO, USA). 3,4-Dihydroxyphenylacetic 
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acid, L-(+)-ascorbic acid, and L-glutamate sodium salt were purchased from Alfa Aesar (Ward 

Hill, MA, USA). Sodium dodecyl sulfate was supplied by Thermo Scientific (Waltham, MA, 

USA), hydrochloric acid, sodium hydroxide, and isopropyl alcohol (IPA) were purchased from 

Fisher Scientific (Fairlawn, NJ, USA). All chemicals were used as received. Solutions were 

prepared using 18.2 MΩ water (Millipore, Kansas City, MO, USA) and filtered with 0.2 μm pore 

nylon syringe filters. 

Device fabrication was carried out using the following reagents and materials: AZ 1518 positive 

photoresist and AZ 300 MIF developer (AZ Electronic Materials, Sommerville, NJ, USA); SU-8 

10 and SU-8 developer (Micro-Chem, Newton, MA, USA), PDMS resin and curing agent (Sylgard 

184 silicon elastomer base and curing agent, Dow Corning Corp., Midland, MI, USA), quartz 

plates (5 in × 5 in × 0.085 in, Glass Fab, Rochester, NY, USA), copper wire (22 gage, Westlake 

Hardware, Lawrence, KS, USA), epoxy (Gorilla Glue, Cincinnati, OH, USA), and colloidal silver 

liquid (Ted Pella, Inc., Redding, CA, USA). 0.5 mm OD platinum wires (Goodfellow, Huntingdon, 

England) and Ag/AgCl reference electrodes (Bioanalytical Systems, West Lafayette, IN, USA) 

were also used in the experiments. 

6.2.2. Pyrolyzed photoresist film (PPF) electrode fabrication 

The 35 μm-wide PPF electrodes were fabricated on quartz plates according to a previously 

published procedure13. In short, a bare quartz plate cut to 4 in × 2.5 in × 0.085 in was spin coated 

(Brewer Science Cee 200CBX Programmable Spin Coater) with AZ 1518 positive photoresist and 

prebaked at 100°C for 3 minutes. The coated plate was then allowed to cool to room temperature 

and exposed to a UV flood source at 20 mW/cm2 for 10 s through a photomask. Following the 

exposure, the plate was baked at 100°C for 10 min and developed using AZ 300 MIF developer. 

After complete removal of the exposed photoresist, the plate was rinsed with reverse osmosis 
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water, dried with N2 flow, and postbaked at 100°C for 10 min. The quartz plate containing an 

electrode photofilm feature was then placed into a tube furnace and pyrolyzed at 925°C for 1 hour 

under N2. This resulted in formation of a PPF carbon electrode that was 35 μm wide and 

approximately 500 nm high. A copper lead was then attached to the plate with thin (~1 mm) bands 

of lab tape and hot glue and connected to the PPF electrode using colloidal silver liquid. 

6.2.3. “Double t” hybrid PDMS/glass chip fabrication 

Microchips from PDMS were fabricated using previously published procedure via soft 

lithography13. Silicon masters with 15 μm high raised features for a 5 cm double t on-line chip (see 

geometry and dimensions in Figure 6.1) were produced using SU-8 negative photoresist. Chips 

were cast from a 10:1 elastomer:curing agent mixture and cured at 70 °C for at least 3 hours. A 4 

mm biopsy punch was used to create buffer, buffer waste, sample solution, and sample waste wells. 

The on-line sample inlet was punched in the chip with a 20-gauge needle with a flat sharp edge. 

The chip was then aligned on the PPF electrode using pseudo in-channel alignment (see Materials 

and Methods in Chapter 4), the top half of it was then irreversibly bonded to the quartz plate using 

a hand-held corona discharger wand (Model BD 20: Electro-Technic Products, Inc., Chicago, IL, 

USA) and a blow dryer as described in reference 13. Following bonding of PDMS to quartz, a 10-

15 mm stainless steel pin was inserted into the sample inlet and fixed in place with epoxy glue. 

Tubing carrying the sample from the MD probe or syringe pump (CMA/102 microdialysis pump, 

CMA Microdialysis, Kista, Sweden) to the microchip was then connected to this pin with a silicon 

tubing connector. 
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Figure 6.1. Geometry and dimensions of a 5-cm double T microchip for on-line analysis. All 

channels 40 μm wide except the top MD channel which is 600 μm wide. 

6.2.4. On-line ME-EC 

Prior to analysis, microchips were conditioned with IPA for 1 min and BGE for 3 min. The MD 

sample channel was filled with blank perfusion solution during chip conditioning with BGE. A 

platinum lead was placed in the buffer well and used to apply the separation potential of +1900 V 

via Spellman CZE 1000R high voltage power supply (Hauppauge, NY, USA). The sample waste 

and buffer waste reservoirs were grounded with two more Pt leads. Sample flow into the microchip 

was maintained at 1 μL/min for all experiments. Sample injection was carried out by floating the 

separation potential for 1 s thus allowing the syringe pump to push a sample plug into the 

separation channel. Detection of analytes was carried out at 0.8 V vs. Ag/AgCl with a Pt counter 

2 cm 

MD overflow 

Sample waste Buffer 

Waste 

+1900 V 

E
O

F
 

Detection 

MD inlet 

5
 c

m
 

0.75 cm 



134 

 

electrode using BAS 4C-LC Epsilon potentiostat (Bioanalytical Systems, West Lafayette, IN, 

USA) and in-house written LabView software (National Instruments, Austin, TX, USA). 

6.2.5. In vivo microdialysis experiments 

Male Sprague Dawley rats (Charles River, Wilmington, MA, USA) were used for in vivo MD-

ME-EC experiments. All procedures were carried out in accordance with an Animal Use Statement 

approved by the Institutional Animal Care and Use Committee at the University of Kansas and 

meet the standards set by the Association for Assessment and Accreditation of Laboratory Animal 

Care. 

6.2.5.1. Microdialysis probe implantation 

Rats were anesthetized by isoflurane inhalation followed by i.p. injection of 100 mg/kg ketamine 

and 10 mg/kg xylazine diluted in saline. Anesthesia was maintained throughout probe implantation 

surgery and MD sampling by a constant flow of isoflurane (0.5–2%) supplied via nose cone. 

Surgery was performed using a stereotaxic instrument with the probe guide cannula placed into 

the striatum at the following coordinates from bregma: A/P +0.7, M/L −2.7 and V/D −3.4. The 

cannula was fixed to the skull with metal screw ankers and dental cement. Once the CMA 12 Elite 

brain microdialysis probe with 4 mm polyarylethersulfone (PAES) (Figure 6.2) 20 kDA MWCO 

membrane (CMA Microdialysis, Kista, Sweden) was placed into the cannula, it was constantly 

perfused with 15 mM sodium phosphate pH 7.4 at 1 μL/min using a CMA/102 microdialysis 

pump. The animal was allowed to recover for at least 2.5 h following surgery before the MD-ME-

EC experiments. 
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Figure 6.2 Polyarylethersulfone polymer. 

6.2.5.2. Stimulation of ascorbate release with glutamate-containing perfusates 

Following 2.5 h of post-surgery recovery time, the outlet tubing of the MD probe implanted in the 

striatum of the anesthetized rat was connected to the MD sample inlet of the “double t” ME-EC 

device. Thirty baseline electropherograms were collected using 15 mM sodium phosphate pH 7.4 

as perfusate (blank perfusate), followed by a 30 min stimulation with glutamate-containing 

perfusate prepared in 15 mM sodium phosphate pH 7.4. Perfusate was switched back to blank 

perfusate for 30–45 min of recovery time, which was again followed by perfusion of the 

stimulation perfusate for at least 30 min, followed by another recovery with blank perfusate. 

6.3. Results and discussion 

6.3.1. Perfusion of 1 mM L-Glu in 15 mM sodium phosphate pH 7.4 

The central premise of the experiments conducted in the course of this investigation was that 

delivery of exogenous glutamate (or more specifically, L-Glu) to the brain via retrodialysis from 

MD perfusate should elicit the release of AA into the extracellular space reflected by an increase 

of its concentration in the MD sample. During a preliminary in vivo experiment (not shown) it was 

discovered that using 10 μM L-Glu (about 10 times higher than the healthy extracellular 

concentration14) in the perfusate was not enough to trigger the physiological response. It was 
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therefore decided to increase the concentration of L-Glu in perfusate to 1 mM (1000 times the 

physiological concentration). 

 

Figure 6.3. Example of baseline electropherograms observed during perfusion of 15 mM 

phosphate pH 7.4. Asterisks indicate signals corresponding to sample injection, identities of 

peaks 1 and 2 are unknown. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 10 mM boric 

acid. 5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

An example of three consecutive baseline electropherograms observed for MD samples collected 

with blank perfusate is shown in Figure 6.3. Three peaks above LOD were consistently present in 

these runs – two corresponding to the unknown compounds 1 and 2 and an intense peak of AA. 

Following the switch to the L-Glu containing perfusate, an unexpected effect was observed: 

instead of a gradual increase of the AA signal stimulated by the presence of elevated glutamate 

concentrations in the extracellular space, the ascorbate peak height dropped very rapidly (over the 

course of 1–2 sample runs) to 10–30% of its baseline value (Figure 6.4). This decrease of signal 

was significant enough to allow detection of compounds that comigrated with the large peak of 

AA in the baseline runs (Figure 6.5), although we were not able to identify these compounds. 
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Signals corresponding to the unknown compounds 1 and 2 remained unaltered by the changes of 

perfusate. While the signal of AA slowly increased over the course L-Glu perfusion, its return to 

baseline levels was observed only following the return to sampling with glutamate-free perfusate 

(15 mM phosphate pH 7.4) (Figure 6.6). This experiment was reproduced for n = 3 with similar 

results to confirm the reliability of these unexpected observations. 

 

Figure 6.4. Example of ascorbic acid signal change during the switch to perfusion of 1 mM 

solution of L-Glu in 15 mM sodium phosphate pH 7.4. Asterisks indicate signals corresponding 

to sample injection. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 10 mM boric acid. 

5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 
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Figure 6.5. Ascorbate signal drop caused by perfusion of 1 mM solution of L-Glu in 15 mM 

sodium phosphate pH 7.4 allowed the detection of other analytes that were comigrating with its 

peak. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 10 mM boric acid. 5 cm separation 

channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

 

Figure 6.6. Peak heights of the unknown analytes and ascorbic acid in the course of one of the in 

vivo on-line MD-ME-EC experiments involving perfusion of 1 mM L-Glu solution. Blue boxes 

indicate the stimulation time windows. 
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6.3.2. Use of D-Glu to elucidate the nature of the ascorbate signal change 

The first set of animal experiments produced an effect opposite of the increase of AA signal 

expected from literature. To gain insight into the cause of this disagreement, another set of n = 3 

experiments was carried out where MD perfusate contained 1 mM of the “unnatural” chiral isomer 

of glutamate – D-Glu. Substitution of the stimulating agent for its chiral isomer meant that its 

interactions with the probe membrane and detection system were not altered, however the effects 

on the L-Glu transporters and receptors were eliminated. This idea was supported by a study 

carried out in rat synaptosomes, where the release of AA was observed in the presence of L-Glu 

but not D-Glu15. Therefore, if the same AA signal change was observed during perfusion of D-Glu 

as in the presence of the L-isomer, the effect was not physiological in nature, and further 

investigations should be carried out in vitro. 

As can be seen from the electropherogram shown in Figure 6.7, a rapid drop of AA signal followed 

by graduate recovery was still observed even with the D-isomer of glutamate. The initial change 

of the ascorbate peak height was also around 60–90%, the same as for L-Glu. This led to the 

conclusion that an effect not involving glutamate receptors and transporters is responsible for the 

observed signal change. 
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Figure 6.7. Ascorbate signal drop and graduate recover during perfusion of 1 mM solution of D-

Glu in 15 mM sodium phosphate pH 7.4. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 

10 mM boric acid. 5 cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

6.3.3. In vitro investigation of the effect of Glu on ascorbate signal 

The first line of investigation was to experimentally determine whether the presence of Glu in the 

sample matrix negatively affected the detection of ascorbate during on-line ME-EC. Two standard 

mixtures of 100 μM dopamine and 100 M ascorbate were prepared either in 15 mM sodium 

phosphate pH 7.4 or in 1 mM Glu and 15 mM sodium phosphate pH 7.4. Figure 6.8 shows the 

electropherograms obtained when the two standard solutions were directly introduced into the 

device from a syringe (without microdialysis sampling). As can be seen, the opposite effect was 

observed and the signals of DA and AA increased in the presence of Glu in the sample. While the 

nature of signal enhancement due to the addition of Glu to the sample matrix warrants its own 

detailed investigation, it is beyond the scope of this study and will not be further addressed here. 
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Figure 6.8. Comparison of the DA and AA peaks obtained by direct injection of standard 

solutions (without MD sampling) with and without the addition of 1 mM Glu into the sample 

matrix. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 10 mM boric acid. 5 cm separation 

channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

Next, an in vitro study of the effect of Glu concentration in perfusate on the signal of DA and AA 

was executed using MD-ME-EC. DA was added to the standard mixture in order to see if a 

positively charged analyte would be affected in the same manner as ascorbate. The experimental 

setup used is shown in Figure 6.9. The solution of 100 μM DA and 100 μM AA was prepared in 

artificial CSF (aCSF) at pH 7.4 to mimic the extracellular space environment, placed in a glass 

vial, and stirred to prevent the depletion of analytes from the solution in immediate contact with 

the probe membrane. MD sampling was performed with 15 mM phosphate pH 7.4 as perfusate for 

consistency with the in vivo experiments. 
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Concentration of Glu in the perfusate was varied from 50 μM to 1 mM. Figure 6.10 shows the 

variation of the analyte peak heights in the course of the experiment. The peak height for DA 

remained at the same magnitude throughout, independent of the perfusate used for sampling. On 

the other hand, the peak height of AA was affected by the concentration of Glu in the perfusate. 

While the lowest glutamate concentration of 50 μM did not appear to change the signal of 

ascorbate, an increase to 100 μM Glu in perfusate caused a 60% decrease of AA peak height. 

Perfusion of 0.5 mM and 1 mM Glu solutions resulted in a complete loss of AA signal. Following 

“stimulations” the ascorbate signal recovered fully when only phosphate (without Glu) was used 

as the perfusate. Based on this experimental data we conclude that glutamate affected the recovery 

of ascorbate across the PAES membrane of the MD probe in a concentration-dependent manner. 

This interaction was fully reversible, as shown by the recovery of the AA signal once Glu had been 

removed from perfusate. 

 

Figure 6.9. Experimental setup for in vitro MD-ME-EC studies. 
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Figure 6.10. Effect of Glu concentration in perfusate on the signals of DA and AA during MD 

sampling from a vial containing solution of analyte standards in aCSF. 

It should be noted that during in vitro experiments no recovery of the ascorbate signal was observed 

while Glu was present in perfusate. However, during the in vivo studies the AA peak gradually 

increased following the initial drop of signal after the switch to glutamate-containing perfusate. 

This could be an indication that the expected release of ascorbate actually does occur in our animal 

studies but is obscured by the overall degradation of ascorbate transport across the probe 

membrane caused by the presence of glutamate. 

The experiment was repeated with the addition of a negatively charged dopamine metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) to the standard mixture in the vial (also at 100 μM) in an 

attempt to determine whether the effect of Glu on the recovery of analytes depends on their charge. 

However, no changes of DOPAC signal were observed in vitro (Figure 6.11), pointing to a more 

complex mechanism of the AA signal change. 
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Figure 6.11. Neither DA nor DOPAC were affected by the presence of 1 mM Glu in perfusate 

the same way as AA. BGE: 15 mM sodium phosphate pH 8.5, 2 mM SDS, 10 mM boric acid. 5 

cm separation channel, 220 V/cm, detection at 0.8 V vs Ag/AgCl. 

6.3.4. Artifactual nature of the presented observations 

In the course of experiments described in the previous sections we were able to collect a significant 

amount of evidence confirming a relationship between the observed ascorbate signal during on-

line MD-ME-EC experiments and the presence of glutamate in perfusate. The collected data is not 

sufficient to draw definitive conclusions about the nature of the underlying interactions, and other 

experiments, for example those utilizing other perfusate additives similar to Glu (e.g. glutamine, 

aspartate, arginine) could shed more light on the nature of the observed phenomenon. 

Unfortunately, having collected the presented data in the late 2019 – early 2020, we have since 

been unable to reproduce these results. When the in vivo and in vitro experiments were repeated 

in 2021–2022, perfusion of the MD probe with 15 mM phosphate pH 7.4 containing 1 mM L-Glu 

did not result in a decrease of the AA signal, which remained stable independently of the perfusate 
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them which we have been able to identify are the microdialysis probes used. While the 

manufacturer and supplier of the CMA 12 concentric probes have not been changed, it is possible 

that alterations to the manufacturing process have taken place between 2019 (when probes used in 

the experiments above were purchased) and 2021. It is also possible that the specific batch of 

probes used in the original experiments was produces with a membrane artefact of unknown 

nature, which is absent in the devices produces today. 

6.4. Conclusions 

A series of in vivo on-line MD-ME-EC experiments exhibiting degradation of the ascorbate signal 

in the presence of both L- and D-Glu in perfusate was performed. While the AA content in 

dialysate was expected increase following retrodialysis of glutamate into the brain tissues, a rapid 

drop followed by slow recovery of ascorbate peak height was seen. A similar effect was observed 

in vitro and was shown to be concentration dependent, however the signal did not recover as long 

as Glu was present in the perfusate. The in vitro reduction of AA detector response was shown to 

be concentration-dependent, and signals of both positively charged dopamine and its negatively 

charged metabolite DOPAC did not experience the same degradation as ascorbate, suggesting that 

the effect did not simply depend on the analyte charge. 

While we unfortunately have not been able to continue this investigation due to the inability to 

replicate past results with a new batch of microdialysis probes, this study is not the first to show a 

change of analyte recovery based on the changes of perfusate composition for this group of 

compounds. In a study by Lai et al. the in vivo recovery of Glu during microdialysis sampling 

changed from 89% to 39% when the concentration of ascorbate in aCSF-based perfusate was 

increased from 0 to 400 μM8, although the authors list glutamate-ascorbate heteroexchange as one 

of the possible reasons for this change. 
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Nonetheless, these experiments serve to highlight the importance of approaching new 

experimental protocols for in vivo microdialysis studies with great caution. Based on the observed 

artifacts, it is recommended that any new sampling conditions are first evaluated in vitro before 

being applied with animals to account for any non-physiological effects of the novel parameters. 
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7. Separation method for on-line tITP preconcentration and quantification of ATP, 

ADP, and AMP with capillary electrophoresis with UV absorption detection
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7.1. Introduction 

The brain is notorious for the high amounts of energy it requires for normal operation. Adenosine 

triphosphate (ATP) is the chief chemical source of energy in living cells and is produced in the 

brain mainly through phosphorylation of adenosine diphosphate (ADP) in mitochondria. While 

oxidative metabolism of ATP is involved in a wide range of cerebral processes from 

neurotransmitter, protein, and lipid synthesis to fast axonal transport and maintenance of structural 

integrity of the cells, most of the ATP produced in the brain is utilized to maintain Na+, K+, and 

Ca2+ ion gradients across neuronal membranes in order to enable generation, transmission, and 

processing of electrical impulses1,2. At the same time, research regarding the role of adenosine 

metabolites, including ATP, has been expanding in the last decades beyond their function as an 

energy source. Several ATP-sensitive receptors have been identified in neuronal, glial, and 

epithelial cells3–6. Closer investigations into their function has made it possible to identify ATP’s 

involvement in synaptic neuromodulation via presynaptic regulation of neurotransmitter release, 

postsynaptic regulation of receptors and neuronal excitability, and control of synaptic plasticity3. 

While the use of ATP for energy purposes relies on intracellular stores of this adenosine 

metabolite1, some of the more recently discovered “exotic” processes involving the compound 

require its presence in the extracellular space3,7–9. Additionally, a range of pathological conditions, 

such as cellular damage, hypoxia, and ischemia result in release of ATP into the extracellular 

space10–12. Thus, methods to quantitate ATP and its metabolites adenosine diphosphate (ADP) and 

adenosine monophosphate (AMP) in the extracellular space of the brain are in high demand by the 

investigators interested in gaining insight into the mechanics of such pathologies and developing 

therapeutic approaches to mitigating tissue damage. 
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A range of approaches to quantifying ATP and its metabolites have been developed over the years 

(enzyme and aptamer-based biosensors, luminescence-based assays, in vivo fluorescent probes,13–

16 etc.), but in general the simultaneous monitoring of ATP and its metabolites in the brain has 

been accomplished through analysis of microdialysis samples collected from brain using artificial 

cerebrospinal fluid (aCSF) as perfusate by  high-performance liquid chromatography (HPLC) 

paired with fluorescence11, UV absorbance17, and electrochemical detection18. Capillary 

electrophoresis (CE) serves as an alternative to HPLC for ATP quantification, especially when 

coupled to mass-spectrometry (MS)19,20, due to its low sample and solvent requirements, high 

separation efficiency, and relatively short analysis times. It should be noted, however, that MS 

detection of anionic species is considerably more challenging than the detection of cations. 

Furthermore, while UV detectors coupled to CE tend to yield higher limits of detection than MS, 

several approaches to improving CE-UV sensitivity using modified detection cells and on-line 

sample preconcentration have been developed and successfully utilized with high ionic strength 

samples such as aCSF-based microdialysates21–25. 

In his Ph. D. thesis26, Lunte group alumnus Shamal M. Ungawel Durayalage discussed the 

development of a reverse polarity CE-UV separation method and an accompanying transient 

isotachophoresis (tITP) on-line preconcentration technique for ATP, ADP, and AMP in aCSF, 

which he developed in collaboration with Dr. Ebru Buyuktuncel (Figure 7.1). The described 

method utilized a background electrolyte (BGE) comprised of 100 mM Tris∙HCl buffer pH 7.0, 

0.05 mM tetradecyltrimethylammonium chloride (TTAC), and 15% ACN. To implement tITP 

preconcentration, sample injection was followed by an injection of 75 mM β-Ala which served as 

trailing electrolyte (TE). Chloride ions present in the Tris∙HCl buffer functioned as the leading 

electrolyte (LE). 
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Figure 7.1. Signal enhancement for an ATP (1), ADP (2), and AMP (3) sample prepared in 

aCSF achieved through implementation of tITP with CE-UV separation. Reproduced from 

S. M. Ungawel Durayalage26. 

The tITP-CE-UV method resulted in a significant improvement of analyte signals in aCSF-based 

sample matrices and was used to monitor ATP, ADP, and AMP in microdialysis samples collected 

from rat striatum. However, further utilization of the method revealed two major shortcomings: it 

was prone to failure due to frequent clogging of the 25 μm i.d. capillary, and sample carryover was 

noted (Figure 7.2). The first issue could be resolved by switching to a larger i.d. capillary (50 μm). 

Although the applied separation voltage had to be decreased from -27.5 kV to -20 kV to maintain 

separation currents as an acceptable level (65 μA) using the larger i.d. capillary, it also increased 

the optical pathlength for UV detection, increasing the overall sensitivity of the method.  



153 

 

 

Figure 7.2. Sample carryover for tITP-CE-UV method developed by S. M. Ungawel Durayalage 

et al.26 

Unfortunately, the problem of sample carryover could not be solved without changing the CE 

conditions. Analysis of the β-Ala solution used as trailing electrolyte (TE) for tITP revealed that 

analytes contaminated the TE vial after the very first tITP-CE run (Figure 7.3). No improvement 

was observed when the inlet capillary and electrode were rinsed in water between sample injection 

and TE injection, suggesting that part of the injected sample migrated out of the capillary during 

electrokinetic injection of the TE. This may have been caused by the electroosmotic flow (EOF) 

in the inlet section of the capillary being directed away from the detector, forcing some of the 

analyte ions out of the capillary. When β-Ala was injected hydrodynamically instead of 

electrokinetically, no sample carryover was observed, but the preconcentration of the analytes was 

less effective. 
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Figure 7.3. Electropherograms obtained for a β-Ala solution used for tITP with a 250 μM 

sample of ATP, ADP, and AMP prior to and following two injections of sample. Analyzed using 

the same tITP-CE-UV protocol as the adenosine metabolite sample mixture with a fresh β-Ala 

solution used for every analysis. 

It was also revealed that day-to-day reproducibility of the separation method was suboptimal, 

likely due to the low concentration of surfactant (0.05 mM) that was used to create a positively 

charged surface of the capillary to enable the reversed polarity separation. Small variations in 

capillary conditioning (e.g., base solution freshness) prior to runs resulted in degradation of analyte 

resolutions. This in combination with the suggestion that sample carryover could be caused by 

EOF reversal at the inlet led us to the conclusion that in order to improve the performance of the 

method, a new set of separation conditions needed to be developed using a higher concentration 

of TTAC. 
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The investigation described below focuses on the development of a reproducible CE separation 

method for application with the tITP on-line preconcentration based on the approach described by 

S. M. Ungawel Durayalage for the analysis of aCSF-based solutions of ATP, ADP, and AMP. 

7.2. Materials and methods 

7.2.1. Chemicals and reagents 

Adenosine-5’-triphosphate disodium salt and adenosine-5’-monophosphate disodium salt were 

purchased from Alfa Aesar (Ward Hill, MA, USA). Adenosine-5’-diphosphate disodium salt was 

obtained from Acros Organics (Geel, Belgium). Tris(hydroxymethyl)aminomethane∙HCl 

(Tris∙HCl), β-alanine (β-Ala), tetradecyltrimethylammonium chloride (TTAC), calcium chloride, 

anhydrous sodium phosphate monobasic and were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Sodium dodecyl sulfate (SDS) was provided by Thermo Scientific (Waltham, MA, USA), 

and hydrochloric acid, orthophosphoric acid, acetic acid, sodium hydroxide, sodium chloride, 

potassium chloride, methyl alcohol (MeOH), and acetonitrile (ACN) were purchased from Fisher 

Scientific (Fairlawn, NJ, USA). All chemicals were used as received. Solutions were prepared 

using 18.2 MΩ water (Millipore, Kansas City, MO, USA) and filtered with 0.2 μm nylon syringe 

filters. 

7.2.2. Capillary electrophoresis 

CE analysis was carried out with Agilent 7100 CE-UV system (Santa Clara, CA, USA) equipped 

with a diode array UV absorbance detector. A 50 μm ID fused silica capillary (Polymicro 

Technologies, Phoenix, AZ, USA) with a total length of 63.5 cm and effective length of 55.0 cm 

was used for these studis. Prior to first use, capillaries were conditioned with methanol for 10 min, 

water for 5 min, 0.1 M HCl for 30 min, water for 5 min, 0.1 M NaOH for 60 min, and water for 5 
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min. Prior to each analysis run, the capillary was conditioned with BGE for at least 5 min. Sample 

injection was carried out electrokinetically by applying –5 kV for 20 s unless specified otherwise. 

Separation voltages varied from –20 kV to –27.5 kV and are indicated for each separation in the 

text. 

7.3. Results and discussion 

7.3.1. Effect of increased TTAC concentration in BGE on the separation of analytes 

To ensure a stable positively charged surface of the capillary, the lowest concentration of TTAC 

tested was 1 mM, while the highest was 15 mM (Figure 7.4). Increasing the concentration of the 

surfactant from the 0.05 mM used in the original version of the separation to 1 mM resulted in 

complete comigration of all three compounds, with their gradual resolution when an increasing 

amount of surfactant was used. The critical micelle concentration (CMC) of TTAC in water is 

~5 mM and decreases with increasing ionic strength of solution (~1 mM in the presence of 0.1 M 

NaCl)27, therefore it is fair to conclude that it is the presence of micelles that is responsible for the 

resolution of analytes at TTAC concentrations above 2 mM. This would make micellar 

electrokinetic chromatography (MEKC) the primary separation mechanism under these 

conditions.  It is also noteworthy that the migration order at the highest surfactant concentrations 

reversed from ATP→ADP→AMP to AMP→ADP→ATP. This is likely due to strong electrostatic 

interactions between the positively charged micelles and the negatively charged analytes. 

Therefore, ATP, which has the strongest negative charge of all three compounds (–4), spends more 

time interacting with the positively charged micelles, the mobility of which is directed towards the 

cathode and away from the detector, while AMP with its negative charge of –2 reaches the 

detection window quicker. 
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The effect of ACN addition on the separation was evaluated using the BGE that provided the best 

analyte resolution – 100 mM Tris∙HCl pH 7.0 and 15 mM TTAC. Concentrations between 5 and 

7% of the organic solvent were added to the BGE, however the resolution between AMP and ADP 

was degraded in the presence of ACN. Therefore it was decided to proceed to the evaluation of the 

preconcentration method performance with a BGE containing no organic solvent additive.  

 

Figure 7.4. Electropherograms of ATP, ADP, and AMP separation in BGEs containing 100 mM 

Tris∙HCl pH 7.0 and various concentrations of TTAC (in legend). 50 μm ID fused silica 

capillary, 55.0/63.5 cm long, –20.0 kV. Capillary temperature 25 °C Detection wavelength – 

254 nm. 
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7.3.2. Evaluation of preconcentration methods with MEKC separation  

7.3.2.1. tITP with chloride as leading electrolyte and β-Ala as trailing electrolyte 

The on-line preconcentration procedure developed by Dr. Ungawel Durayalage and Dr. 

Buyuktuncel26 was then tested with the new MEKC separation using 15 mM TTAC in the BGE. 

A 50 s electrokinetic injection (–5 kV) of 100 mM β-Ala followed the electrokinetic injection of 

sample (–5 kV for 20 s) in order to induce stacking of the sample zone. As can be seen in 

Figure 7.5, only the ADP peak experienced significant stacking, increasing its peak height >4 

times. A small increase of the AMP signal was also observed, however the ATP peak remained 

unchanged. Variation of TE injection time did not lead to improvement of signal enhancement. 

 

Figure 7.5. Electropherograms of ATP, ADP, and AMP MEKC separations with and without 

on-line preconcentration using tITP procedure developed by S. M. Ungawel Durayalage. BGE: 

100 mM Tris∙HCl pH 7.0, 15 mM TTAC. 50 μm ID fused silica capillary, 55.0/63.5 cm long, –

20.0 kV. Capillary temperature 25 °C Detection wavelength – 254 nm. 
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7.3.2.2. pH-mediated stacking 

Another method for on-line preconcentration of sample was tested with the developed MEKC 

separation – pH-mediated stacking. In this approach, a solution containing hydroxide ions was 

injected into the capillary following the sample injection. While migrating towards the detector 

under the influence of the negative polarity high voltage applied across the capillary, the OH– 

encountered the positively charged TRIS species, which lead to a neutralization reaction between 

the protonated primary amine of TRIS and the hydroxide. As a result, neutral TRIS and water were 

produced in the capillary. Conversion of the two charged species into two neutral molecules 

resulted in a drop of conductivity in the neutralized portion of the solution filling the capillary, 

increasing the electric field strength, and resulting in stacking of the analyte anions at the boundary 

between the titrated zone and regular BGE. 

Using the conditions described in a publication by S. Arnett and C. Lunte24 for the preconcentration 

of several phenolic acids, a negatively charged peptide glutathione disulfide, an anti-inflammatory 

drug naproxen, and the nucleoside 8-hydroxy-2’-deozyguanosine, analysis was carried out as 

follows: sample mixture was injected for 60 s at –5 kV, followed by 0.1 M NaOH solution injected 

also for 60 s at –5 kV, followed by separation at –27.5 kV (Figure 7.6). Such long injection times 

resulted in a notable degradation of peak shapes, especially for ATP. However, similarly to the 

implementation of tITP described in the previous section, stacking was observed only for AMP 

and ADP peaks, with no signal enhancement for ATP. Variation of both sample and base injection 

times from 30 s to 120 s did not provide improvement of preconcentration efficiency. 
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Figure 7.6. Results of pH-mediated stacking of the ATP, ADP, and AMP mixture in aCSF via 

injection of 0.1 M NaOH. BGE: 100 mM Tris∙HCl pH 7.4, 15 mM TTAC. 50 μm ID fused silica 

capillary, 55.0/63.5 cm long, –27.5 kV. Capillary temperature 25 °C Detection wavelength – 

254 nm. 

7.3.2.3. Conclusion from preconcentration method application 

Implementation of two sample stacking techniques – tITP and pH-mediated stacking – provided 

mixed results. While some degree of signal enhancement was observed for both AMP and ADP in 

these conditions, neither method appeared to affect the peak corresponding to ATP. To determine 

the cause of this lack of ATP signal response to the tested preconcentration approaches, a more 

detailed examination of the analyte migration order was undertaken. The presence of a system 

peak between ADP and ATP can be seen in all electropherograms in Figure 7.6. This suggests that 

the interactions between the positively charged micelles and the strongly negatively charged ATP 

are powerful enough to reverse the mobility of this species and result in it reaching the detector 

after the electroosmotic flow. This phenomenon could be responsible for the inability of the 

stacking methods to influence the peak of ATP: if their mobility is directed away from the detector, 
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ATP ions do not get a chance to migrate into the lower conductivity stacking zone of the capillary 

created by the injection of TE or base and  therefore they do not experience electric field 

amplification and remain overall unaffected by the preconcentration procedures. 

7.3.3. Influencing ATP migration 

To enable preconcentration of ATP ions, the direction of their mobility had to be reversed by 

weakening the interactions between ATP and TTAC micelles. This can be accomplished by either 

decreasing the overall negative charge of the species or by introducing a competing interaction 

into the system. Three strategies were evaluated for this purpose: use of lower pH (below 6.5) BGE 

to partially protonate ATP, chelation of Mg2+ by ATP in order to produce a complex with a lower 

negative charge (see Figure 7.7), and addition of a complexing agent sulfobutyl ether β-

cyclodextrin (SBE-β-CD) into the BGE. 

 

Figure 7.7. Acid-base and Mg2+ chelation equilibria of ATP. Reproduced from R. Stockbridge 

and R. Wolfenden28. 
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7.3.3.1. Protonation of ATP in lower pH BGE 

Two low pH buffers were tested as BGE for the separation – 15 mM phosphate pH 2.1 with 15 mM 

TTAC and 15 mM acetate pH 4.1 with 15 mM TTAC. In both cases it was presumed that 

protonation of the phosphate groups on all analytes would occur, lowering their negative charge 

and thus weakening their interactions with micelles. Unfortunately, in both cases the low pH was 

not sufficient to reverse the mobility of ATP. At the same time, low pH BGE results in slower 

EOF, and in both tested conditions where the overall mobility of ATP (which is a sum of its own 

mobility and the bulk EOF mobility) was negative, meaning that ATP ions never reached the 

detector in the course of the analysis. As can be seen from the example shown in Figure 7.8, the 

electropherogram following ATP sample injection obtained with the pH 2.1 BGE did not contain 

a sample peak. A similar result was seen at pH 4.1. 

 

Figure 7.8. Electropherograms obtained following injections of analyte mixture and ATP 

standard with a low pH BGE. BGE: 15 mM phosphate pH 2.1, 15 mM TTAC. 50 μm ID fused 

silica capillary, 55.0/63.5 cm long, –27.5 kV. Capillary temperature 25 °C.  

Detection wavelength – 254 nm. 

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9 10

A
b

so
rb

an
ce

, 
m

A
U

Time, min

Mixture of AMP, ADP, and ATP
ATP



163 

 

7.3.3.2. Chelation with Mg2+ 

The next approach was based on the idea that the overall negative charge of ATP could be lowered 

by introducing its interaction with Mg2+ ions present in the BGE (Figure 7.7). This should have a 

minimal effect on the EOF present in the system if the amounts of added metal ions are kept low 

and do not change the BGE pH or ionic strength. Magnesium chloride was used to introduce Mg2+ 

ions into the BGE, and concentrations ranging from 0.5 mM to 10 mM were tested. As can be seen 

in Figure 7.9, addition of at least 1 mM magnesium was necessary to shift the peak of ATP before 

the negative system peak serving as marker of EOF mobility. Further increase of its concentration 

lead to eventual comigration of ATP and ADP at 10 mM. While the ADP peak appears to also be 

affected by the increased concentrations of Mg2+, AMP mobility remains unchanged throughout 

the experiment as AMP is unable to complex with the metal ion. 

 

Figure 7.9. Optimization of MgCl2 concentration in the background electrolyte. BGE: 100 mM 

Tris∙HCl pH 7.4, 15 mM TTAC, MgCl2 concentration in legend. 50 μm ID fused silica capillary, 

55.0/63.5 cm long, –27.5 kV. Capillary temperature 25 °C. Detection wavelength – 254 nm. 
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7.3.3.3. Addition of SBE-β-CD 

The last approach to altering ATP migration involved an addition of a complexing agent SBE-β-

CD to the background electrolyte in order to minimize the interaction between ATP and micelles 

of TTAC. Concentration of CD additive was varied from 2 mM to 7 mM (Figure 7.10). Addition 

of 2 mM SBE-β-CD caused comigration of ATP and ADP, with AMP partially resolved from the 

mixed peak of these compounds. It should be noted that the interaction with CD causes a migration 

order reversal with ATP migrating before ADP and AMP. Increasing the additive concentration to 

5 mM resulted in complete resolution of AMP from the partially comigrating peaks of ATP and 

ADP. While further increase of additive concentration resulted in improvement of resolution 

between the first two peaks, such high concentrations of a charged cyclodextrin caused baseline 

fluctuations and produced significantly lower analyte responses. It should also be noted that the 

capillary temperature during these experiments was maintained at 15 °C in order to combat Joule 

heating and improve analyte resolution. 

 

Figure 7.10. Optimization of SBE-β-CD concentration in the background electrolyte. BGE: 100 

mM Tris∙HCl pH 7.4, 15 mM TTAC, SBE-β-CD concentration in legend. 50 μm ID fused silica 

capillary, 55.0/63.5 cm long, –27.5 kV. Capillary temperature 15 °C. Detection wavelength – 

254 nm. 
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7.3.3.4. Combining strategies to obtain baseline resolution 

Two of the three approaches to altering ATP mobility provided positive results – chelation with 

magnesium ions and addition of SBE-β-CD. At the same time, neither of them yielded baseline 

resolution of all three compounds from one another – in the case of Mg2+ ADP and ATP began to 

comigrate at higher concentrations of metal ion additive that reliably placed ATP peak before the 

EOF marker, and in the case of SBE-β-CD, baseline resolution of AMP and ATP could not be 

achieved as increased CD concentration resulted in disturbance of baseline and instrument 

response. Therefore, it was decided to combine the two strategies in one BGE. 

 

Figure 7.11. Combining two strategies for altering ATP migration – chelation with magnesium 

ions and complexation with SBE-β-CD. BGE components used for each concentration shown in 

legend. Component concentrations used: 100 mM Tris∙HCl pH 7.4, 15 mM TTAC, 5 mM SBE-

β-CD. 1 mM MgCl2, 3% MeOH. 50 μm ID fused silica capillary, 55.0/63.5 cm long, –27.5 kV 

Capillary temperature 15 °C. Detection wavelength – 254 nm. 
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Figure 7.11 shows that by combining 2 types of additives and introducing 3% MeOH into the BGE 

baseline resolution of all analytes could be obtained within a 15 min separation wondow. Notably, 

the migration order under these conditions is AMP→ATP→ADP. Testing of the tITP 

preconcentration approach described below was carried out with this optimized BGE: 100 mM 

Tris∙HCl pH 7.4, 15 mM TTAC, 5 mM SBE-β-CD. 1 mM MgCl2, 3% MeOH. 

7.3.4. On-line preconcentration with transient ITP 

The new separation conditions were evaluated for tITP preconcentration with Cl– as leading 

electrolyte and β-Ala as trailing electrolyte as described in reference 2626. Signal enhancement was 

observed for all three analytes under these conditions (Figure 7.12). Concentration and time of TE 

injection were varied to determine the optimal parameters for the preconcentration procedure. As 

a result, 75 mM β-Ala injected for 100 s at – 5 kV resulted in the greatest peak areas observed 

(Figure 7.13). Overall, the reoptimized preconcentration procedure resulted in 3–10 times increase 

of peak height and 6–10 times area increase depending on the analyte of interest. The lowest 

concentration of analytes that could be detected following preconcentration was 10 μM. While 

these results may be considered a significant improvement of the CE-UV method sensitivity, 

further optimization of the preconcentration procedure is necessary to enable detection of the low 

to mid nanomolar10,12 physiological extracellular concentrations of ATP. 
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a 

 

b 

Figure 7.12. Implementation of tITP with the new BGE for (a) 100 μM and (b) 10 μM sample 

mixes. Sample injection: 20 s, –5 kV. TE (75 mM β-Ala) injection: 100 s, –5 kV. BGE: 100 mM 

Tris∙HCl pH 7.4, 15 mM TTAC, 5 mM SBE-β-CD, 1 mM MgCl2, 3% MeOH. 50 μm ID fused 

silica capillary, 55.0/63.5 cm long, –27.5 kV. Capillary temperature 15 °C.  

Detection wavelength – 254 nm. 
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 a b 

Figure 7.13. Optimization of TE concentration (a) and injection time (b). Sample injection: 20 s, 

–5 kV. TE injection time for a was 75 s at –5 kV. TE concentration in b was 75 mM. BGE: 100 

mM Tris∙HCl pH 7.4, 15 mM TTAC, 5 mM SBE-β-CD, 1 mM MgCl2, 3% MeOH. 50 μm ID 

fused silica capillary, 55.0/63.5 cm long, –27.5 kV. Capillary temperature 15 °C. Detection 

wavelength – 254 nm. 

7.3.5. Alternative separation and preconcentration approaches tested 

In the course of the described study, several alternative approaches to separation and 

preconcentration of AMP, ADP, and AMP in aCSF were evaluated (Table 7.1). While none of the 

methods yielded satisfactory results, this information could prove useful for future investigations. 
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Table 7.1. Alternative approaches to analyte separation and sample preconcentration evaluated in 

the course of this investigation. 

Description 
Separation 

polarity 
BGE composition Preconcentration Result 

tITP using 

hydrodynamic 

injection of TE 

Reverse 

100 mM Tris∙HCl pH 

7.0, 0.5 mM TTAC, 

15% ACN 

1.5 M β-Ala 

injected using 

pressure: 

15 mbar for 

600 s after 

sample 

Stacking less efficient 

than traditional tITP, 

poorly reproducible 

Use of polymer-

containing BGE 

for stacking 

(adapted from 

Chang et al.) 

Reverse 

100 mM Tris∙HCl pH 

7.0, 15 mM TTAC, 

1.5% PEO 

Capillary filled 

with polymer-

containing BGE  

Only ATP was stacked 

Normal polarity 

MEKC 

separation 

Normal 
100 mM Tris∙HCl pH 

7.4, 15 mM SDS 
N/A 

Baseline resolution of 

analytes within 16 min 

tITP using Cl– as 

TE and β-Ala as 

LE 

Normal 

90 mM Tris∙HCl pH 7.4, 

15 mM SDS, 200 mM 

β-Ala 

75 mM Cl– 

injected for 50 s 

after sample 

Some signal 

enhancement is 

observed, but not 

sufficient for monitoring 

of biological 

concentrations 

Combination of 

large volume 

sample stacking 

with PEO 

containing BGE 

Normal 

100 mM Tris∙HCl pH 

7.4, 15 mM SDS, 0.5% 

PEO 

Large volume 

sample stacking 

Presence of PEO in BGE 

does not sufficiently 

counter sample 

destacking due to high 

ionic strength of sample 

matrix 
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7.4. Conclusions 

CE-UV method for determination of ATP and its metabolites ADP and AMP was developed first 

as an MEKC separation and then modified to include a magnesium ions and SBE-β-CD for 

compatibility with tITP preconcentration method developed earlier in our group. The resulting 

BGE contained 100 mM Tris∙HCl pH 7.4, 15 mM TTAC, 5 mM SBE-β-CD, 1 mM MgCl2, and 

3% MeOH. Implementation and basic re-optimization of tITP on-line preconcentration approach 

resulted in significant enhancement of signals for all analytes, although the improved limits of 

detection were not low enough to enable use of the developed method for analysis of brain 

microdialysis samples in its current form. Further optimization of the preconcentration procedure 

including a survey of alternative trailing electrolyte solutions must be carried out to reach 

biologically relevant LODs. Additionally, capacitively coupled contactless conductivity detection 

should also be evaluated as the detection method for the developed tITP-CE method. 
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8.1. Microdialysis sampling with perfusates containing sub-physiological concentrations of 

NaCl 

8.1.1. Internal standard compatible with liquid chromatography with electrochemical 

detection (LC-EC) 

Use of an internal standard (IS) in studies employing microdialysis (MD) sampling serves several 

purposes. When added directly to perfusate, it can provide information on probe recovery and its 

changes throughout the experiment. If the analytical method needs to be controlled for 

reproducibility, it may be added to the collected sample immediately prior analysis. In the study 

described in Chapter 4, 50 μM 3-nitrotyrosine (3-NT) was added to the perfusate for the evaluation 

of probe performance using undiluted MD samples for capillary electrophoresis (CE) analysis. 

This required collection of additional sample and performance of extra sample runs with long 

analysis times (> 30 min). Unfortunately, under the conditions of the LC-EC method used for the 

quantification of neurotransmitter metabolites, 3-NT could not be detected. 

Future experiments will survey compounds suitable as internal an standard for both addition to 

perfusate and collected MD samples. The compounds should be unavailable endogenously, 

electrochemically active, and fully resolved from the analyte peaks in the LC-EC experiments. If 

two or more of such compounds are identified, they may be used simultaneously – one in the 

perfusate and the other as an additive prior to analysis. This would allow to monitor both 

fluctuations in probe performance and control the LC analysis reproducibility. 

8.1.2. LC-EC method for determination of neurotransmitters 

The LC-EC method used in this study enabled reliable simultaneous determination of 3 

neurotransmitter metabolites in MD samples collected in vivo. Unfortunately, determination of the 
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neurotransmitters themselves could not be performed due to their migration with the void peak in 

the case of norepinephrine and epinephrine, elution close to a large peak of metabolite (dopamine 

migrated on the tail of DOPAC), and limits of detection which were not sufficiently low. In the 

future, further optimization of the LC-EC method will be carried out to enable the separation and 

detection of the neurotransmitters along with their metabolites. Alternative detection methods (e.g. 

mass-spectrometry) may be considered if no improvements are achieved with LC-EC. 

8.1.3. Study of the dependence of neurotransmitter and metabolite recovery on NaCl 

concentration – experiments with longer post-surgery rest time 

The study described in Chapter 4 determined that to draw definitive conclusions regarding the 

effects of NaCl content in perfusate on the amount of analytes present in the MD sample, the rest 

time between probe implantation and off-line collection of sample fractions must be longer than 

1 h. A study with rest times of 2 h and above will be carried out to determine under what conditions 

no time-dependent changes of analyte concentrations for in vivo MD sampling occur, making it 

possible to perform experiments evaluating other parameters that may affect analyte recovery. 

Once the appropriate duration of rest is determined, a study of the dependence of metabolite 

recovery on NaCl concentration will be repeated. 

8.1.4. Determination of neurotransmitter and metabolite recoveries using no-net-flux 

method for MD calibration 

In order to utilize a perfusate with sub-physiological concentration of NaCl (e.g. 20% NaCl aCSF) 

for studies of animal models, it is critical to determine relative recovery of analytes from tissues 

in the experiment. No-net-flux approach to calibration of microdialysis sampling1 will be used to 

determine basal concentrations of analytes and calculate recovery percentages for each species of 
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interest. In the future, this information will be used to estimate extracellular concentrations of 

analytes during experiments performed with animal models of diseases. 

8.1.5. Effects on recovery during multi-hour sampling 

It was shown that beyond the initial equilibration time sampling with a perfusate containing 20% 

of physiological NaCl concentration did not affect analyte and Na+ recovery for 1 h. A set of in 

vivo experiments will be performed to determine whether longer sampling times result in changes 

of basal neurotransmitter, metabolite, and metal ion concentrations in the dialysate when a sub-

physiological concentration of sodium is used in the perfusate. 

8.2. Microchip electrophoresis separation with electrochemical detection (ME-EC) methods 

for monitoring of monoamine neurotransmitters and related analytes 

8.2.1. Internal standard 

To perform accurate quantification and identification of analytes using the ME-EC methods 

described in this thesis, an internal standard needs to be added to the separation. This will allow to 

correct for variation of sample injection both run-to-run and following the switch from the standard 

mixture to the biological sample, especially during off-line analysis where the electrokinetic 

injection is heavily dependent on the salinity of the sample matrix. A survey of possible IS will be 

performed to select candidates that would work with both phosphate and MES buffer based 

background electrolytes (BGE). 

8.2.2. Improving limits of detection – decoupling of separation field from the PPF 

working electrode 

During the off-line analysis of the homogenate sample detailed in Chapter 3, it was possible to 

tentatively quantify norepinephrine and dopamine. However, limits of detection of the ME-EC 
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method using MES-based BGE on a double t chip for on-line analysis are currently not low enough 

to monitor basal, or possibly even stimulated, concentrations of neurotransmitters in microdialysis 

samples, which tend to be in the nanomolar range2. Therefore, future experiments will focus on 

improving the sensitivity of the developed ME-EC methods by isolating the carbon pyrolyzed 

photoresist film (PPF) working electrode from the separation field by using a metal decoupler 

electrode and performing the EC detection off-channel. This approach has been proven successful 

for the devices using metal3 and carbon paste4 working electrodes, and the challenge of its 

implementation with PPF lies in the fabrication of the electrode plate containing both metal and 

carbon features very close to each other (Figure 8.1a). First attempts at fabricating such plates 

showed that if the palladium electrode is sputtered into the trench of the quartz plate prior to 

deposition and pyrolysis of photoresist, the high temperatures in the tube furnace interfere with 

adherence of the metal feature to the glass, causing it to delaminate when the separation current is 

grounded through it (Figure 8.1b). Therefore, the carbon feature must be fabricated first and 

protected during metal deposition process. 

8.2.1. Monitoring of negatively charged metabolites 

In the described ME-EC separations negatively charged metabolites of dopamine HVA and 

DOPAC migrate very closely to the peak of ascorbic acid. As ascorbate is present in the brain 

tissues at high micromolar–millimolar concentrations5, its signal during analysis of both MD and 

homogenate samples is large and obscures peaks of both dopamine metabolites. To enable 

monitoring of HVA and DOPAC, two strategies will be evaluated: enzymatic degradation of 

ascorbic acid in homogenate samples prior to their off-line analysis and use of a cyclodextrin (CD) 

BGE additive to increase resolution of metabolites from ascorbate. A preliminary study showed 

that an addition of 20 mM heptakis-(2,6-di-o-methyl)-β-CD to the BGE containing 15 mM 
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phosphate buffer at pH 8.5 and 2 mM SDS caused 5-HIAA (negatively charged serotonin 

metabolite), HVA, and DOPAC to migrate faster than ascorbate (Figure 8.2), making it easier to 

detect these species in the presence of high concentrations of ascorbic acid. 

 

 a b 

Figure 8.1. (a) Decoupler electrode plate design and (b) a microscope image of decoupler 

delaminating from the glass substrate after separation current was grounded through it. 

8.3. Application of developed MD and ME-EC methods with animal models (off-line and 

on-line analysis) 

Following optimization and evaluation microdialysis sampling with a low-sodium perfusate, 

identification of suitable internal standards and improvement of sensitivity for the ME-EC 

methods, and optimization of strategies for quantification of the negatively charged metabolites, 

the resulting methods will be implemented with animal models of stroke and neurodegenerative 

disorders. They will also be used in studies correlating animal behavior with neurotransmitter 

levels in microdialysates, with the end goal of application for on-animal studies with freely 

roaming animals. 
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Figure 8.2. Separation of the negatively charged metabolites in a BGE consisting of 15 mM 

phosphate at pH 8.5, 2 mM SDS, 20 mM heptakis-(2,6-di-o-methyl)-β-CD. 5 cm long separation 

channel, 220 V/cm. Detection at 0.800 V vs Ag/AgCl. 

8.4. Effect of perfusate glutamate of the signal of ascorbic acid 

The adverse effects of the presence of glutamate in perfusate on the signal of ascorbic acid 

described in Chapter 6 were shown to be artifactual. A more recent attempt to evoke ascorbate 

release by retrodialysis of glutamate at 1 mM showed no increase of the ascorbate signal. Future 

experiments will be based off a similar study carried out with sampling from rat cortex6 which 

utilized a perfusate containing 500 mM monosodium glutamate to induce a 325% increase of 

ascorbate concentration. The new perfusate will be first evaluated in vitro to ensure the absence of 

non-physiological effects of such high concentration of glutamate on the ascorbate signal. 

8.5. CE-UV method for determination of ATP and its metabolites in microdialysis samples 

The separation method developed for ATP and its metabolites was shown to be compatible with 

the previously developed procedure for on-line sample preconcentration using transient 
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isotachophoresis (tITP). However, the signal improvement obtained with this method was not 

sufficient to enable detection of basal physiological concentrations of the compounds of interest. 

Optimization of the on-line preconcentration procedure will be continued to survey alternative 

trailing electrolyte (TE) candidates, TE concentration, duration of injection, and injection method. 

Once the LODs enabling detection of basal levels of extracellular ATP are achieved, the method 

will be applied to studies of ATP release in animal models of ischemia and traumatic brain injury. 
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Appendix: 

CE-UV method for chiral separation of NDA-derivatized glutamate and aspartate
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All amino acids except glycine are chiral, and L-isomers make up the majority of those found in 

animal tissues (both free and as part of proteins and peptides). Nonetheless, since the discovery of 

D-amino acids in the various tissues of both invertebrate and vertebrate species, the biological 

function of these “unnatural” amino acids has been a matter of great scientific interest. 

In the brain, the most information has been revealed about D-serine (D-Ser) and D-aspartate (D-

Asp). D-Ser was found to be a co-agonist for the N-methyl-D-aspartate (NMDA) receptor 

involved in the L-glutamate (L-Glu) excitatory neurotransmission. D-Asp has been shown to 

participate in neurogenesis, reproduction, and vision. On the other hand, while D-glutamate (D-

Glu) has been found in various brain regions and peripheral tissues, its function is yet to be 

identified. Methods enabling quantification of the D-amino acids with high sensitivity are in 

demand by the researchers who seek to investigate the biochemical functions of these chiral 

isomers.1 

During the Summer of 2019 Research Experience of Undergraduates program at the University of 

Kansas I worked with Samantha Negron – a student from California State University San Marcos 

– on the development of a separation of glutamate and aspartate chiral isomers following their 

derivatization for fluorescence detection (LIF) with naphthalene-2,3-dicarboxaldehyde (NDA) 

and sodium cyanide (CN). The separation of NDA-derivatized amino acids previously developed 

in our group for microchip electrophoresis (ME) coupled with LIF was used as the starting point 

for the study2. To simplify and speed up the survey of the conditions which would enable the chiral 

separation, optimization of the background electrolyte (BGE) composition was carried out using 

capillary electrophoresis with UV detection (CE-UV), as the conventional instrument allowed for 

automation of the analysis runs. 
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Instrumentation used for the project included: Agilent 7100 CE-UV system (Santa Clara, CA, 

USA), 50 μm ID fused silica capillary with 55 cm effective length and 63.5 cm full length 

(Polymicro Technologies, Phoenix, AZ, USA). Separations were carried out using +30 kV unless 

specified otherwise, and analyte detection was performed at 254 nm. Derivatization of samples 

was carried out according to the procedure described by Oborny et al.2 Amino acid standard 

solutions (Asp, Glu, and arginine (Arg)) were prepared in artificial cerebrospinal fluid. 

Prior to the development of the chiral separation, parameters of the hydrodynamic sample injection 

were optimized to ensure reproducibility of the observed peak areas. The following conditions 

were tested: 50 mbar × 5 s, 30 mbar × 10 s, and 25 mbar × 15 s. As can be seen from Figure A.1, 

the injection using a lower pressure for a longer time yielded the most reproducible analyte peak 

areas and was therefore used for the remainder of the study. 

 

Figure A.1. Comparison of peak areas obtained with various hydrodynamic sample injection 

parameters. Error bars – standard deviations. 

Electrophoretic separations happen based on the differences in the ratio of charge to hydrodynamic 

radius of the analytes of interest. Furthermore, bulk electroosmotic flow (EOF) carries all analytes, 

independent of their charge, to the detector. As a result, in normal polarity separations the small 
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positively charged analytes are detected first, followed by larger cations with smaller charge, 

neutral species, large anions, and small highly charged anions migrating last. However, chiral 

isomers do not differ from each other in either charge or size. To enable their separation, an 

optically pure chiral additive – referred to as chiral selector (CS) – must be added to the BGE. The 

CS must interact with each enantiomer of the analyte species differently (form complexes with 

different stability), changing their effective mobilities and leading to their resolution. 

Cyclodextrins (CD) are cyclic oligosaccharides typically made up from 6–8 glucose units joined 

by α-1,4 glycosidic bonds. Native and modified cyclodextrins are often used as CS as they are 

enantiomerically pure, have multiple sites for complexation (through hydrogen bonding or 

functional groups) and can support host-guest interactions with hydrophobic compounds due to 

their toroid shape.3 

The original BGE had the following composition: 15 mM sodium tetraborate pH 9.2, 10% v/v 

dimethylsulfoxide (DMSO), and 1.4 mM sulfobutyl ether-β-cyclodextrin (SBE-β-CD).2 Here the 

CD was used to improve resolution of different derivatized amino acids, therefore it made sense 

to explore the selectivity of this CS for the chiral pairs of Glu and Asp before testing any 

alternatives. To this end, the concentration of SBE-β-CD was varied from 1.4 mM to 12.5 mM, 

while the other components were kept constant (15 mM sodium tetraborate pH 9.2, 10% v/v 

DMSO). Resolution of both chiral pairs was observed under these conditions, with the maximum 

Rs values observed at 12.5 mM of CS (Figure A.2a). While the enantioselectivity of this CD was 

higher for D,L-Glu, neither pair was baseline resolved with the tested conditions. 
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 a b 

Figure A.2. Optimization of the SBE-β-CD concentration in BGE for the chiral separation of 

D,L-Glu and D,L-Asp. (a) Dependence of the chiral isomer resolution on the concentration of 

CS. (b) Dependence of migration time on the concentration of CS. 

Increasing the concentration of the CD also caused an increase of analyte migration time. This 

effect was caused by both the increased ionic strength of the BGE slowing down the EOF and due 

to complexation of the analytes with the negatively charged CD. As a result, at the highest tested 

CD concentration the separation took over 1 h, making the second-highest concentration of 10 mM 

more optimal since the loss of resolution (ΔRs ~ 0.1 compared to 12.5 mM CD) was minimal 

compared to the nearly 15 min shorter of the separation time. 

Next, a neutral β-CD was evaluated as CS. The selector was added to the BGE containing 15 mM 

sodium tetraborate pH 9.2 and 10% v/v DMSO at concentrations ranging from 0.5 to 7.5 mM 

Figure A.3). Near-baseline resolution of L- and D-Asp was observed at the lowest concentration 

of CS tested, and Rs values of 3 and above were determined at all other concentrations, with the 

maximum value of Rs = 3.48 at 3.5 mM β-CD. Resolution of the Glu pair followed the same 
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pattern, however the enantioselectivity was not as strong as for the Asp pair, with the resolution 

remaining under 1.3 at all concentrations. At the optimal concentration of 3 mM of β-CD the 

separation took < 21 minutes. 

 

Figure A.3. Dependence of the chiral isomer resolution on the concentration of β-CD. 

A positively charged chiral selector the quaternary amine β-CD (QA-β-CD) was also tested. A 

publication by Patel et al. described use of this CD as CS for the separation of the NDA-derivatized 

D,L-Glu and D,L-Asp with a BGE consisting of 110 ppm QA-β-CD, 60 mM MES buffer pH 6.0, 

100 mM KBr in reverse polarity with the separation voltage of –30 kV. However, we were unable 

to replicate their results: when the conditions from the publication were used (Figure A.4). Some 

chiral selectivity was observed for both pairs, but the peaks were not baseline resolved and had 

poor shapes. Doubling of the selector concentration to 220 ppm improved analyte resolution but 

exacerbated the peak shape degradation. When the selector was used with 15 mM sodium 

tetraborate pH 9.2 and 10% v/v DMSO, no analyte peaks were observed with a normal polarity 

separation. Switching the BGE to 15 mM citrate pH 6.0 and 10% v/v DMSO with 100 ppm QA-

β-CD yielded a separation that was similar to that observed in the MES buffer – with the resolution 

not reaching baseline and the peaks experiencing significant tailing. 
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Figure A.4. Separation of chiral isomers of L,D-Glu and L,D-Asp with QA-β-CD as chiral 

selector using the conditions described in Patel et al. BGE: 110 ppm QA-β-CD, 60 mM MES 

buffer pH 6.0, 100 mM KBr. Separation voltage –30 kV. 

While each individual CS failed to enable baseline resolution of both pairs of chiral isomers of 

interest, it was decided to try using two selectors that showed the best results – native β-CD and 

SBE-β-CD – simultaneously. Notably, SBE-β-CD was shown to be more selective for the Glu pair 

and β-CD worked better for resolving D,L-Asp, leading to the assumption that combining the two 

would yield baseline resolution of analytes. The optimization started by combining the optimal 
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concentrations of CS in one BGE: 10 mM SBE-β-CD, 3 mM β-CD, and 15 mM sodium tetraborate 

pH 9.2 with 10% v/v DMSO. Then the ratio of CD concentrations was varied while maintaining 

the same total concentration of chiral selectors (13 mM). Following variation of the CD ratio, 

baseline resolution was achieved in a BGE with the following composition: 9.5 mM SBE-β-CD 

and 3.5 mM β-CD, 15 mM sodium tetraborate pH 9.2, 10 vol% DMSO (Figure A.5). 

 

Figure A.5. Baseline resolution of the L- and D- isomers of Glu and Asp using a BGE 

containing two chiral selectors. BGE: 9.5 mM SBE-β-CD and 3.5 mM β-CD, 15 mM sodium 

tetraborate pH 9.2, 10 vol% DMSO. 

A calibration curve was constructed for the analytes using the optimized BGE (Figure A.6). The 

lowest concentration that could be detected using CE-UV at 254 nm was 2.5 μM for all analytes. 

This sensitivity should be sufficient for the detection of basal levels of L-Glu and L-Asp, but not 

for the D-isomers that are expected to have concentrations in the nanomolar range. A microdialysis 

sample obtained from rat striatum was derivatized and analyzed using the method, with the 

unsurprising result of only the L-isomers of the amino acids being detected. To improve sensitivity 
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and enable detection of the D- chiral isomers, LIF detection must be used instead of UV following 

analyte separation. 

 

Figure A.6. Calibration curves obtained for the analytes of interest using the optimized BGE. 

To conclude, a chiral separation of the chiral isomers of glutamate and aspartate following their 

derivatization with NDA and CN was developed using a BGE containing two chiral selectors 

simultaneously – β-CD and SBE-β-CD. Next, the method should be transferred to a ME-LIF 

platform and evaluated for on-line in vivo monitoring of amino acid neurotransmitters and their 

chiral isomers in the brain using microdialysis sampling. 
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