
 

 

ABSTRACT 

 

MITCHELL, EDWIN COLEMAN. Improving and Exploiting Analytical Tools for Real 

Time Quantitative Studies in Complex Matrices. (Under the direction of Dr. Leslie A. 

Sombers). 

 

 

Electrochemical techniques have been used for many years to provide answers to 

fundamental research questions in challenging environments.  For example, coupling fast-

scan cyclic voltammetry (FSCV) with carbon-fiber microelectrodes (CFMEs) was 

groundbreaking in the field of neuroscience because it became possible to directly measure 

chemical release events occurring in the brain in real time.  Over the past twenty years, 

characterization of FSCV at CFMEs has enabled groundbreaking work in live brain tissue, 

but many questions remain unanswered, often due to technological limitations.  The research 

presented herein will contribute to the advancement of in vivo electrochemical techniques by 

chemically characterizing the carbon surface upon potential application, describing novel 

strategies to manipulate the geometry of the electrode, and by investigating complex 

potential waveforms applied to the electrode. 

Carbon fibers are the preferred microelectrode material for in vivo electrochemical 

studies due to a number of advantages when compared to metal electrodes.  The 

electrochemical performance of carbon fibers is dependent on their surface chemistry. To 

further understand the relationship between carbon surface chemistry and electrochemical 

performance, Raman spectroscopy was implemented to characterize the chemical nature of 

the surface of disk-CFMEs in response to electrical potentials.  It was found that 



 

 

preconditioning the carbon surface introduced beneficial microstructural alterations.  Static 

potential waveforms were more effective than dynamic potential waveforms. In addition, this 

work demonstrates that the carbon microstructure is dynamic in nature and that it quickly 

responds to applied electrochemical potentials.   

Single cells are commonly used as model systems when studying exocytosis.  The 

most common approach has been to couple amperometry with a disk-CFME positioned 

directly on top of the cell, which allows for the measurement of individual vesicular release 

events. In this work, a controllable plasma-etching procedure was used to create a CFME 

with a recessed cavity geometry that was implemented to detect exocytotic events at 

chromaffin cells.  When compared to traditional disk-CFME, the cavity-CFME were able to 

detect more molecules per release event, suggesting that traditional disk-CFMEs may 

underestimate vesicular quantal size.  

Due to geometrical limitations of the electrode and the challenging recording 

environment of the cytoplasm, most electrochemical measurements at single cells have been 

limited to the extracellular environment.  In this work, a conical nanoelectrode was insulated 

using a novel coating procedure and employed to make intracellular chemical measurements.  

These unprecedented measurements served to distinguish norepinephrine and epinephrine in 

vesicles that lysed onto the electrode surface.  This work also highlights the complementary 

information that can be gained from voltammetric and amperometric studies.  

When analyzing data collected in the complex environment of the brain, principle 

component regression (PCR) has been effective for distinguishing individual chemical 

components that contribute to a voltammetric signal.  However, PCR is inadequate for 



 

 

distinguishing the voltammetric signals of hydrogen peroxide and pH shift, as the 

voltammograms for these species both contain significant oxidation current at ~1.3 V.  

Herein, we present a unique double waveform that can be coupled to a mathematical model 

to allow for identification and quantification of these two components in a mixed signal.   

Overall, the work presented herein provides researchers with new information and 

unique tools that improve upon current FSCV and CFME technologies. Ultimately, the data 

presented herein will enable investigation of research questions that could not be addressed 

previously, due to a lack of technology. Additionally, this work will allow investigators to 

make more informed decisions with regard to electrode fabrication, and to draw more 

appropriate conclusions in data analysis.  
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CHAPTER 1 

 

Introduction to Voltammetric Methods Used to Monitor Neuronal Transmission and 

Requirements for Technique Optimization 

 

1.1 Neurons and Chemical Signaling 

Our understanding of how the nervous system works has come a long way from the 

days of Cajal, who showed us that the brain is composed of individual cells which are called 

neurons.1  We have since come to recognize the brain as the most important organ in our 

body as it dictates everything from how we move and communicate to how we learn and 

perceive the world around us.  The brain functions primarily through a complex system of 

electrical and chemical signaling pathways that when altered can modify behavior in 

significant ways.2, 3  There have been many significant advances over the years toward 

helping us better understand how the brain functions, but we are still woefully lacking a clear 

understanding of the molecular mechanisms that underlie many neurodegenerative diseases.4  

As the average age of the population continues to increase5 and neurological disorders 

continue to appear in younger populations 6, it is clear why it is imperative that we continue 

to seek a better understanding of how the brain functions.  

Of course, the task of understanding the details behind brain functionality is not 

simple.  The human brain contains approximately 100 billion neurons, which are the 

fundamental cellular unit composing the nervous system.7  The basic components of a neuron 

are illustrated in Figure 1.1.  The neuron is a specialized cell consisting of the soma, 
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dendrites, and axon.  The axon from one neuron projects to other neurons where they meet at 

a junction called the synapse. There are trillions of synapses in the human brain and they can 

form between the axon of once neuron and either the soma or dendrites of another neuron.8   

It is at synapses where signals are propagated from one cell to another.   

Signal propagation through neurons occurs when the cell receives an electrical 

impulse called an action potential.9 Action potentials are formed when ions cross the cell 

membrane and cause a depolarization of the neuron.  Once an action potential begins it 

travels down the axon to its terminal region.  It is at this point that there is an influx of 

calcium via the opening of calcium channels and chemical messengers packaged in vesicles 

are released across the membrane through a process called exocytosis.  These released 

chemicals are referred to as neurotransmitters.  Once released into the synaptic cleft the 

neurotransmitters can bind to receptors on the post-synaptic neuron in order to transmit a 

specific signal.  Neurotransmitters can also be reuptaken into the pre-synaptic cell where they 

can be repackaged in vesicles, enzymatically degraded, or diffuse into the extracellular space.   

This dissertation is centered on the advancement of electrochemical techniques and is 

focused largely on detecting molecules such as dopamine, which is electroactive.  The most 

widely studied neurotransmitter over the years has been dopamine, which has been 

implicated in a large variety of behaviors including reward and movement.  Despite the 

attention that has been given to dopamine, there are a large number of neurotransmitters and 

they can range from small molecules to large peptides.   
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Figure 1.1 Cellular communication with neurons.  A neuron is shown with dendrite and axon 

projections along with a presynaptic and postsynaptic terminal forming a synapse. Vesicles 

in the terminal of the presynaptic neuron release their contents into the synaptic cleft where 

they can subsequently bind with receptors on the postsynaptic neuron. 

(https://commons.wikimedia.org/wiki/Neuron#/media/File:Derived_Neuron_schema_with_n

o_labels.svg; https://commons.wikimedia.org/wiki/File:Synapse_blank.png)  

 

 

 

1.2 Neuroscience Research Methods 

It would be ideal if neuroscience research could be easily conducted in human 

subjects, but there are obvious barriers that limit this kind of work.  Research done with 

humans almost always has to be noninvasive because of the danger associated with inserting 

sensors into brain tissue. As a means of overcoming this challenge, many researchers opt to 

use animal models.  Animal models can mimic a variety of human conditions and do not 

carry the same ethical concerns with working on human subjects. With animal models you 

can get a high number of test subjects, implant sensors in various brain regions, and 

introduce drugs in order to measure their effects.  It is not, however, simple to use animal 

models and many variables can arise that make these experiments challenging.      
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Slices from animal brain tissue are another common avenue for conducting 

neuroscience research.10 Brain slices can be kept alive in oxygenated buffer solution for 

several hours which allows time for experiments to be carried out.  With brain slices it is 

possible to visibly place a sensor in a specific region of the brain in order to make 

measurements.  This alleviates a lot of the complications that arise when working with a live 

animal and the brain circuitry can be less complicated to understand and manipulate.  Brain 

slices do limit the conclusions that can be drawn from a study, however, because 

interconnected pathways have likely been disconnected during the slicing of the tissue.  

Single cells in culture, such as PC12 and chromaffin cells, are another environment that has 

been widely investigated because they offer an easier way of directly measuring phenomena 

such as exocytosis.11-13  

A flow injection apparatus is a valuable tool that is often used during the development 

of new electrochemical sensors and for calibration of sensors used in vivo.14 A flow injection 

apparatus is an in vitro system that allows for placement of an electrode within a continuous 

flow of buffered electrolyte.  To replicate neuronal transmission, a high performance liquid 

chromatography valve is used to inject a short bolus of analyte into the flowing electrolyte.  

This allows for the analyte to quickly pass over the electrode before being swept away, 

thereby simulating chemical release events in the brain.    

 

1.3 Analytical Methodologies for Measuring Neurotransmission 

Having a clear picture of how the brain functions is of undeniable importance, but 

research has often been limited by inadequate methods for collecting data.  As analytical 
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technologies developed during the 20th century, doors were opened that made new research 

avenues possible in the neuroscience field.  

A number of methods have been created or adapted for conducting neuroscience 

research.  As with any analytical methodology there are figures of merit that must be 

considered when assessing the usefulness of a technique for a particular research goal.  A few 

of the key figures of merit to consider with techniques for neuroscience research include 

chemical selectivity, spatial resolution and temporal resolution.  

A high degree of chemical selectivity is required in order to verify the signal you are 

measuring because the brain is a complicated environment with a myriad of analytes that 

could potentially be detected.  The brain is also composed of many regions with vast 

functional diversity. Therefore a high degree of spatial resolution is vital for disentangling 

the role of individual brain regions.   In addition, neuronal firing occurs on millisecond time 

scales, so a high temporal resolution is necessary for monitoring distinct events.     

 

1.3.1 Electrophysiology 

 One of the oldest methods for measuring neuronal firing is electrophysiology.15This 

technique is often used to monitor the potential across the cell membrane and thereby 

measure when action potentials occur.  This is very useful for recording cellular activity with 

high temporal resolution and is capable of achieving excellent spatial resolution when 

coupled with microelectrodes.  Analysis of the potential spikes is used to draw conclusions 

about the neuron that is recorded from but little to no information about the chemical 

environment can be attained using this technique.   
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1.3.2 Microdialysis 

Microdialysis is a powerful technique for sampling a multitude of neurotransmitters.16  

It is performed by inserting a probe into the brain region of interest and running a perfusion 

fluid within the membrane of the probe.  As the perfusion fluid is pumped through, 

molecules are able to pass across the semi permeable membrane of the probe and be 

collected for analysis.17  Analysis is typically done offline by first separating the molecules 

with high performance liquid chromatography (HPLC) or capillary electrophoresis (CE).17 

Many different detection methods have been used including UV-Vis, electrochemical, and 

mass spectrometry.   

Excellent chemical selectivity is achieved with microdialysis because of the coupling 

with HPLC.  It is simple enough to correlate peaks with their corresponding molecule on the 

chromatogram by running known standards. However, microdialysis has limitations 

associated with spatial and temporal resolution.  A typical microdialysis probe is about 200-

400 µm in diameter and 1-4 mm in length.18  This is much larger than individual release sites 

at synapses, and thus results in wide spatial averaging.  The large probe size also damages a 

significant portion of the tissue surrounding the probe, thereby altering chemical diffusion to 

the membrane.19  The perfusion fluid is typically pumped at a rate of 1 µL/min, resulting in 

sampling intervals on the order of tens of minutes so that enough dialysate can be collected 

for analysis.  While this is ideal for measuring slow changes, this technique is clearly not 

capable of measuring rapid chemical signaling events.   
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1.3.3 Spectroscopic Techniques 

The main advantage of using a spectroscopic method is that it is possible to 

implement on human subjects.  However, this approach is impractical for small mammals, 

such as the rat or mouse, unless the subject is anesthetized.  Two principle techniques are 

positron emission tomography (PET) and functional magnetic resonance imaging (fMRI).  

PET requires the subject to intake a radiolabeled chemical that will emit positrons.  The 

chosen chemical will interact with receptors for a specific neurotransmitter and scanners are 

able to measure and record this interaction.20    fMRI measures variations in hydrogen spins 

that occur from changes in blood flow.  Such changes indicate areas of brain activity. While 

it is possible to see a particular region that becomes activated, it is impossible to know what 

specific neurotransmitters are involved unless some type of pharmacological intervention is 

done.  It is also difficult to incorporate this technique into behavioral studies.    

 

 

1.3.4 Electrochemical Methods 

 

The first electrochemical experiments done in vivo for the purpose of studying 

neurotransmitters occurred four decades ago by Ralph Adams.21, 22  Electrochemistry has 

proven quite amenable to the field of neuroscience because many neurotransmitters are 

electroactive. Electrochemical experiments are performed by applying a potential to an 

electrode and recording the current passing through the circuit.  If a molecule is electroactive 

then it will either lose electrons (oxidize) or gain electrons (reduce) depending on the 

potential of the electrode.  Different molecules will oxidize and reduce to different extents at 

specific potentials based on the formal potential (𝐸𝑜′
) of the molecule.  The equation used to 
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describe the thermodynamics of this process is the Nernst Equation which relates the 

concentration (𝐶) of the analytes to the potential of the electrode (𝐸).   

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1                    𝐸 = 𝐸𝑜′
+

𝑅𝑇

𝑛𝐹
ln (

𝐶𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝐶𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
)                

Some of the most commonly studied neurotransmitters such as dopamine, epinephrine, 

norepinephrine, and serotonin undergo this oxidative and reductive process easily.  

Additionally, the electrode can even be modified with enzymes so that molecules that are not 

electroactive, such as acetylcholine, can be detected by their enzymatic products.23-25  While 

there are many variations of electrochemical methods, for the purpose of this discussion we 

will limit our consideration to amperometry and voltammetry.  

In amperometry the electrode is held at a constant potential in relation to a reference 

electrode. The holding potential is sufficient to oxidize or reduce the analyte under study.  As 

soon as molecules come into contact with the electrode, current is passed and recorded.  

Calibration of electrodes with amperometry is not usually performed, but instead the total 

amount of species present is determined quantitatively by Faraday’s law26: 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2                    𝑄 = 𝑛𝐹𝑚     

where n is the number of electrons that are passed during the redox process.  F is Faradays 

constant, m is the number of moles of the analyte, and Q is the total charge passed through 

the circuit.  The greatest advantage of this technique is that the data collection rate is in the 

kHz range allowing for high fidelity measurements.  For this reason, amperometry is most 

frequently employed for measuring exocytosis events occurring at single cells.  

Unfortunately, chemical selectivity is limited with this approach since all the species that 
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oxidize within the holding potential will be detected.  As stated above, any molecules that are 

electroactive at the holding potential will produce current and will contribute to the total 

measured signal.  This makes it impossible in a complex matrix to say with certainty what 

species was detected.   

With voltammetry, the potential of the electrode is swept across a range of potentials.  

The potential limits are generally set to contain the oxidation and the reduction potentials of 

the analyte under study.  The current generated at specific potentials from the oxidation and 

reduction of a molecule during the sweep is plotted against the applied potential, which 

results in a voltammogram.  Molecules will generate voltammograms with different shapes 

and features that can serve to identify the specific analyte.  For this reason, there is much 

greater chemical selectivity inherent to cyclic voltammetry than amperometry.    

 

1.4 Fast-Scan Cyclic Voltammetry 

Fast-scan cyclic voltammetry is a voltammetric technique where the potential is 

typically swept at a scan rate above 100 V/s.  As a comparison, conventional cyclic 

voltammetry is often performed with scan rates on the order of millivolts per second.    The 

fast scan rate presents both advantages and disadvantages for use of this technique.  One 

advantage is that a single potential sweep is completed very quickly.  Waveform limits that 

are commonly used are -0.4 V to 1.3 V and when implemented at 400 V/s one scan only 

takes 8.5 ms to complete.  This is on a time scale commensurate with neuronal firing.  The 

short duration of time per scan makes it possible to perform repeated scans in quick 

succession. Voltammograms are usually recorded at 10Hz, meaning that 10 separate 
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voltammograms are collected every second.  This type of experiment allows for dynamic 

changes in chemical transmission to be monitored over time.    

 

 

Figure 1.2  Diagram depicting process for background subtracted FSCV. A) A triangular 

waveform is continually applied at a high repition rate to the electrode.  B) The fast scan 

rates that are used generate a large background current.  C)  Analyte, such as dopamine, that 

pass across the electrode surface undergo traditional redox processes. D) Faradaic current 

generated from oxidation and reduction of dopamine is added to the background current. E) 

The background current is subtracted from the faradaic current generated from dopamine to 

give a characteristic voltammogram.   

 

 

Another advantage of using this fast scan rate is that it increases the amount of 

faradaic current that is produced at the electrode when an analyte is oxidized or reduced.26  

The equation that describes the relationship between scan rate and analyte peak current is the 

Randles-Sevcik equation: 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3                    𝑖𝑝 = (2.69 𝑥 105)𝑛
3
2𝐴𝐷

1
2𝐶∗𝑣

1
2                    

where ip is the peak current, n is the number of electrons transferred, A is the area of the 

electrode, D is the diffusion coefficient of the analyte, 𝐶∗ is the concentration of the analyte 

in the bulk solution, and 𝑣 is scan rate. As shown here, the faster the scan rate that is 

implemented, the greater the current that will be generated, which is advantageous for 

improving the sensitivity of the technique.     

The principle disadvantage of the fast scan rate is that it increases the amount of 

double-layer charging or background current collected at the electrode.  This is illustrated in 

equation 4. 

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4                    |𝑖𝑐| = 𝐴𝐶𝑑𝑣                    

The charging current (𝑖𝑐) is proportional to the area of the electrode (𝐴), the double 

layer capacitance (𝐶𝑑), and the scan rate (𝑣).  The background current produced at the 

electrode at these high scan rates is almost 100 times greater than the faradaic current from 

the analyte.  As shown in Figure 1.2, any current generated from the analyte would be 

virtually impossible to distinguish when it is on top of such a large background current.  This 

detection challenge is overcome through a background subtraction procedure where the 

background current collected prior to the analyte being detected can be used to subtract out 

the background current that coincides with the faradaic current from the analyte.  This 

method is possible because the background current is generally stable over tens of seconds.  

Once the background current is subtracted out to see faradaic current from a particular 

molecule, any information regarding basal concentration levels is lost.  This limits FSCV to 

only monitoring changes in chemical levels.  
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1.5  Data Analysis  

It is common for FSCV experiments to last for 20 seconds or more.  A new cyclic 

voltammogram is collected at a rate of 10 Hz and there are 1000 data points in every 

voltammogram.  For a 20 second experiment this results in 200 voltammograms and 200,000 

data points.  To aid in data analysis, color plots are used to illustrate anodic and cathodic 

currents recorded during an experiment.27  

Figure 1.3 illustrates the method used to construct color plots for data analysis.  First, 

the cyclic voltammograms are unfolded at the switching potential and concatenated in the 

order that they are collected.  Once all of the data is together, colors are used to represent the 

current.  Greens represent oxidative current and blues represent reductive current.  Gold is 

used to show where there was a negligible change in current recorded.  When the data is 

presented in this way it is easy to recognize at what time an analyte crossed the electrode and 

underwent electrolysis.  From the color plots one can extract the original voltammograms or 

the current collected at a single potential over time.   
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Figure 1.3   Diagram depicting process for constructing color plots used for analysis. 

Voltammograms are collected and unfolded at the switching potential and plotted in a linear 

fashion.  The voltammograms are subsequently concatenated in the order they were collected 

in and false color is used to illustrate positive (green) and negative (blue) changes in current, 

thereby creating the color plot.  From the color plot, the original voltammograms can be 

extracted by taking vertical slices at individual time points.  Current verse time profiles at a 

single potential can also be extracted. 

 

 

1.6 Carbon-Fiber Microelectrodes  

For successful in vivo experiments the type of electrode used is just as important as 

the type of electrochemical technique that is used.  FSCV inherently provides excellent 

temporal resolution and chemical selectivity.  However, this says nothing about the spatial 

resolution needed to study discrete regions of the brain.  Due to the unique benefits that they 
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offer, carbon-fiber microelectrodes (Figure 1.4) have proven to be the electrode of choice for 

coupling with FSCV.28 

Carbon fibers are approximately 10 µm in diameter and as an electrode they are often 

either cut to 100 µm in length or polished in a disk geometry.  This small size provides a 

number of useful benefits.  First, the decreased size reduces the voltage drop across the 

electrode that is common in larger electrodes.  This makes the use of an auxillary electrode 

unnessary and allows for a two electrode system, which is easier to implement in vivo.26  In 

addition the small size makes it possible to sample chemicals from discrete regions located 

within the brain. If the sensor spans multiple regions of the brain then it is impossible to 

relate data collected to a specific region. This small sensor provides the spatial resolution that 

is needed for sampling from the brain.  Finally, the small sensor size reduces a lot of damage 

in tissue upon implantation that would occur with a larger electrode.  It has been shown that 

microdialysis probes increase glisosis compared to carbon-fiber microelectrodes and alter the 

tissue over 1 mm away from where they were implanted.19  The small size of the carbon-fiber 

significantly decreases this damage.29   
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Figure 1.4  Images of commonly used carbon-fiber microelectrodes.  A) Cylindrical 

electrode formed by heat sealing into a glass capillary and cutting the exposed carbon to 100 

µm.  B) Disk electrode formed by cutting the electrode shown in A at the glass seal, sealing 

in epoxy, and polishing on a diamond wheel.     

 

 

  

Microelectrodes constructed from different metals have also been utilized with FSCV 

but carbon fiber boasts a number of advantages that make it preferrable to metal electrodes.28, 

30 Carbon fibers resist biofouling better than metals.  This is important since experiments are 

done in the brain where many contaminants are present.  Carbon-fibers also have a much 

wider potential window, are relatively inexpensive, and have a renewable surface.31, 32   

Carbon fibers are composed of graphitic sheets that are aligned along the length of the 

fiber.  The graphitic sheets can be oriented in a number of directional patterns including 

onion, radial, and random orientation.31 The arrangement of the fiber can have a large impact 

on its usefulness.  For instance, it is generally considered that the edge plane of the fiber is 

more electroactive than the basal plane.33-36  In addition to the microstucture of the carbon 

fiber, it is also known that the surfaces of carbon samples are covered in oxygen functional 

groups such as hydroxyl, carbonyl, and carboxyl groups.37 The electrochemical performance 
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of the electrode is also thought to be impacted by the presence of these oxygen groups at the 

surace.31   For example, it has been shown that the detection of dopamine is greatly enhanced 

when the waveform applied to the electrode reaches +1.3 V and greater.38 It is thought that 

the higher potential increases the oxygen population by oxidizing the surafce, which 

incresases available adsorption sites.   

Many research groups have investigated graphitic surfaces seeking to better 

understand their properties, using techniques such a Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS), and various microsccopies among other techniques.39-49  

Raman spectroscopy with graphitic samples was first reported on in 1970 and has been 

widely used since as a means of determining microstructure characterisitcs.50 The sp2 

hybridized carbon in graphitic samples as well as defects in the lattice are both easily 

identifiable in Raman spectra.51, 52 Changes in the microstructure have often been monitored 

by comparing the ratio of the graphitic and defect like structures in the carbon sample.  Part 

of the work described in Chapter 2 of this dissertation uses Raman spectroscopy to correlate 

the microstrucutral changes in the surface to electrochemical performance.   

XPS is a common surface analysis technique that is capable of providing qualitative 

and semi-quantitative information on various elemental compositions.53  Analysis of single 

carbon fibers with XPS is difficult however because the size of the spectral beam is often 

larger than the diameter of the carbon fiber.  With XPS the spectral line from C1s is often 

deconvoluted to determine the contributions from carbon-carbon bonds and carbon-oxygen 

bonds.54  To help provide more quantitative information, carbon surfaces are often labelled 

with tags that bind to specific oxygen functional groups before analysis with Raman, XPS or 
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even electrochemical techniques.55-57  Since the tag can be easily measured with the 

technique it is applicable with, it provides an indirect means of quantifying specific oxygen 

groups.   For instance, the molecule 2,4-dinitrophenylhydrazine is able to specifically bind 

with quinone like groups.  Using this molecule, McCreery and co-workers determined that 

quinone like groups are found on approximately 1.2% of the carbon atoms at the surface of 

glassy carbon.55  

Many attempts have also been made at improving the electrochemical performance of 

carbon-fiber microelectrodes through various modification methods.  One popular method of 

modifying the electrode is to add some type of coating to the surface.58  For instance, Nafion 

is a cation exchange polymer that has been successfully added to carbon electrodes and 

implemented with in vivo experiments.30, 59-61 With Nafion, electrodes display an increased 

sensitivity toward catecholamines which are positively charged at physiological pH.  The 

Nafion membrane also helps block interferents, such as the anion ascorbic acid, from 

reaching the electrode surface and confounding the signal.     

Membrane coatings can also be used to enable the detection of non-electroactive 

molecules.  Glucose has important biological functions in the brain but can not be detected 

with noraml electrochemical methods because it is not electroactive.  However, glucose 

oxidase can be attached to a carbon fiber by trapping it within a chitosin matrix.62  The 

glucose oxidase is able to enzymattically degrade glucose, creating hydrogen peroxide as a 

byproduct. Hydrogen peroxide is electroactive and provides an indirect measure for the 

presence of glucose.  
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Carbon nanotubes have also shown promise for improving the electrochemical 

performance of carbon-fiber electrodes.  Venton and co-workers have shown that carbon 

nanotubes can be coated onto carbon-fiber microelectrodes and coupled with FSCV.63-65 

They found that sensitivity toward dopamine was enhanced with electrodes that had the 

carbon nanotubes attached versus bare carbon fibers.  In addition to modifications, it is also 

possible to replace the carbon fiber material entirely with other carbon materials. For 

example, microelectrodes have been made recently enitrely out of carbon nanotube yarn 

material.  The carbon nanotube yarn electrodes displayed faster apparent electron transfer 

properties and increased sensitivity to dopamine when compared to traditional carbon-fiber 

microelectrodes.66    

As highlighted above, carbon-fiber microelectrodes are a powerful tool for 

neuroscience related research and much effort has gone into studying and exploiting their 

characteristic properties.  This theme is continued in this dissertation as much of the research 

presented was aimed at advancing FSCV by better understanding and improving the carbon-

fiber electrode.    

 

1.7 Dissertation Overview 

The remainder of this dissertation is composed of five additional chapters and 

highlights research done that expounds on the topics covered in Chapter 1.  

 Chapter 2 describes extensive work done characterize the surface of disk carbon-

fiber microelectrodes. Raman spectroscopy was used to monitor changes in the carbon 

surface while potential waveforms were simultaneously applied.  The surface 



  

19 

characterization was correlated with electrochemical data, providing useful information for 

developing modified waveforms.   

 Chapter 3 details the steps taken to create a unique cavity electrode through a plasma 

etching procedure.   This work highlights the application of the cavity electrode for making 

chemical measurements at both brain slices and single cells and shows how a cavity can 

provide beneficial information that is lost with traditional disk electrodes.  

 The first display of intracellular measurements with chromaffin cells using FSCV is 

described in Chapter 4. This work details the fabrication steps taken in constructing a novel 

nanocone electrode that was capable of penetrating the cell wall in order to make 

electrochemical measurements. The entire electrode was insulated except for a reproducible 

length of exposed carbon at the tip, which ensured that sampling was done only in the 

intracellular space and that the extracellular environment was excluded.  Norepinephrine and 

epinephrine content in vesicles were successfully distinguished intracellularly using FSCV.   

 One of the challenges that arises when collecting voltammetric data in vivo is 

interpreting the data when separate components are detected simultaneously.  Chapter 5 

explains an approach taken to remove the current generated from pH, which overlaps and 

interferes with the detection of hydrogen peroxide.  By using a double waveform, 

information was collected that made it possible to create a mathematical model that could 

subtract out the signal generated from a shift in pH.  Finally, two appendix sections are 

included.  Appendix A contains supplemental information to support the work in Chapter 3.  

Appendix B highlights voltammetric measurements of abiotic manganese oxides as part of a 
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collaborative effort to more fully understand the relationship between structure and reactivity 

for manganese oxide minerals.    
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CHAPTER 2 

 

Spectroelectrochemical Characterization of the Carbon Fiber Surface in Response to 

Electrochemical Conditioning 

 

This work was completed in collaboration with: Dunaway, L.E., McCarty, G.S., and 

Sombers, L.A. 

  

2.1 Introduction 

Fast scan cyclic voltammetry (FSCV) continues to grow in popularity for 

neuroscience research because it offers considerable advantages over other electrochemical 

techniques. FSCV through the current voltage response enables analytes identification  unlike 

competing electrochemical techniques, such as amperometry or chronoamperometry.  The 

approach also provides excellent sensitivity 1, 2 and data can be collected with millisecond 

temporal resolution due to the fast scan rates employed. For these reasons, FSCV is well 

suited for measuring neurochemical release events that happen on the millisecond time scale 

in the complex chemical environment of the brain.3-6 Despite these benefits, the technique is 

only valuable if it is coupled to an equally powerful sensing platform, such as carbon-fiber 

microelectrodes. 

Carbon-fiber microelectrodes (CFMs) are fabricated from individual carbon fibers 

that are available in a range of sizes, most commonly from 5-30 um.    The carbon fiber is 

typically sealed in glass and polished or cut to length.  The small size of these sensors 

provides the spatial resolution needed for measurements in discrete brain regions.  They are 
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inexpensive and easily fabricated, offer a wide potential window, and resist biofouling.7-10  

These properties have made CFMs the preferred sensor for bioanalytical studies over metal 

electrodes. They have even been shown to have a renewable surface when a sufficiently 

positive potential is applied.11, 12  These electrodes are effective at detecting a large variety of 

common neurotransmitters.3, 13-15 The carbon fiber surface has also proven amenable to 

various coatings such as Nafion, a well characterized cation exchange polymer, or chitosan 

with entrapped glucose oxidase to enable detection of non-electroactive glucose.16-18   

Most carbon fibers are derived either from polyacrylonitrile or a mesophase pitch 

based source subjected to a series of heating processes that result in graphitization of the 

carbon.19, 20  The choice of precursor material and differences in the graphitization process 

give rise to structural variations that result in intrinsic differences in electrical conductivity, 

thermal conductivity, strength, and other properties across fiber types. 19, 20  These properties 

can be improved by electrochemically pretreating the carbon surface.21-24.  For instance, 

repetitive excursions to potentials as high as +3.0 V enhances detection of dopamine (but can 

lead to unstable electrode performance)25.  Indeed, the literature contains many 

demonstrations of improved performance in the adsorption controlled detection of molecules 

such as dopamine after scanning a carbon electrode to a sufficiently positive potential (~1.3-

1.5 V), as this treatment alters the carbon structure and increases the population of oxygen 

containing functional groups on the surface.11, 26-32  However, the chemical and physical 

effects of an applied potential on the carbon surface are generally not well understood.  For 

instance, it is unclear what role, if any, negative potentials have on the carbon structure. To 

gain insight into how potential driven modifications to the carbon structure and surface 
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chemistry affect electrode performance, this work characterizes the surface using Raman 

spectroscopy during application of static and dynamic waveforms, and correlates measured 

changes with both electrochemical performance and physical changes evident in scanning 

electron micrographs.  A range of positive potential limits (+1.0 - +1.4 V) are investigated, as 

are conditioning schemes that use a single potential, in order to generate insight to the effects 

of these treatments on the electrode surface.  The results can be utilized to inform the 

development of new waveforms to overcome limitations when electrochemically targeting 

complex molecules, or those that are present in low concentrations. 

 

2.2 Experimental Section 

2.2.1 Chemicals 

All chemicals were purchased from Sigma Aldrich Co. (St. Louis, MO) and were 

used without additional processing. Aqueous solutions were made using doubly deionized 

water (Barnstead Easy Pure II, Dubuque, IA).  Unless otherwise noted, all electrochemical 

experiments were carried out in Tris buffered electrolyte (15 mM Tris, 3.25 mM KCl, 1.20 

mM CaCl2, 1.2 mM MgCl2, 2 mM Na2SO4, 1.25 mM NaH2PO4, and 145 mM NaCl ) with a 

pH of 7.4. 

 

2.2.2 Electrode Fabrication 

Elliptical carbon-fiber microdisk electrodes were constructed using pitch based p-55 

fibers as previously described.10  Briefly, a single carbon fiber was aspirated into a glass 

capillary (1.0 mm x 0.5 mm, A-M Systems, Carlsburg, WA) and a micropipette puller was 
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used (Narishige, Tokyo, Japan) to form a tapered seal. The carbon fiber was then cut at the 

glass seal and dipped in epoxy and dried in an oven. The electrode was subsequently polished 

at 30o before use. An electrolyte solution (4 M potassium acetate, 150 mM KCl) was used to 

backfill the electrode and a lead was inserted to establish an electrical connection with the 

fiber.  

 

2.2.3 Flow Injection 

Electrochemical data were collected using a flow injection apparatus that was housed 

within a custom built Faraday cage to reduce interference from outside noise. The working 

electrode was positioned in the electrochemical cell using a micromanipulator (World 

Precision Instruments, Inc., Sarasota, FL).  Buffered electrolyte was passed continuously 

over the working and reference electrode at 1 mL/min using a syringe pump (New Era Pump 

Systems, Inc., Wantagh, NY). A digital valve interface (Valco Instruments Co., Inc., 

Houston, TX) was used to control an air actuator connected to a six-port HPLC valve in 

order to make two second bolus injections of analyte across the working electrode.  Electrode 

sensitivity was determined from calibrations of dopamine using three concentrations.   

 

2.2.4 Electrochemical Data Acquisition 

All potentials were reported versus a Ag/AgCl reference electrode.  Analyte detection 

was accomplished using triangular waveforms applied at 400 V/s with an application 

frequency of 10 Hz, a lower potential limit of -0.4 V, and upper potential limits ranging from 

+1.0 to +1.4 V. Triangular waveform potentials were applied and current transduction was 
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accomplished using custom instrumentation (University of North Carolina at Chapel Hill, 

Department of Chemistry, Electronics Facility).  Waveforms were output using a DAC/ADC 

card (NI 6251 M) with TH-1 software (ESA, Chelmsford, MA).  Static potentials were 

applied to the electrodes using a waveform generator (Agilent 33220A). The flow injection 

system was coordinated with the electrochemical experiment using a second card (NI 6711).  

Background subtraction and signal averaging was software controlled.  Electrode areas were 

compared by measuring the limiting current generated from the reduction of 

hexaamineruthenium(III) chloride with scan rates of 100 mV/s (WaveNano, Pine Instruments 

Company, Durham, NC). Analysis was done with Aftermath software (Version 1.4.7714, 

Pine Instruments Company). Solutions were prepared as previously shown and were 

deoxygenated with argon prior to use.33  Electrodes were conditioned with dynamic 

waveforms in phosphate-buffered saline (0.1 M PBS) at pH 7.4 prior to limiting current 

analysis.   

 

2.2.5 Surface Analysis 

Raman spectra were collected for 30 seconds with a 60x objective using a custom 

spectrometer that has been described previously.34  All spectra were collected while the 

carbon fiber was immersed in Tris buffer solution (pH 7.4).  Images of the polished electrode 

surface were captured using a scanning electron microscope (Hitachi S-3200N) with a 5kV 

accelerating voltage.  To enhance signal-to-noise, electrodes were sputtered with a 60/40 

gold/palladium alloy prior to analysis.   
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2.2.6 Data Analysis 

Data in figures is shown as the mean + standard error of the mean.  Data in tables is 

presented as mean + standard deviation.   Graphical and statistical analysis was performed 

with Graph Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA).  Electrode response time 

was calculated as the time it took to rise from 10% to 90% of the maximum peak current for 

an injection.  All analysis of Raman spectra was done using Matlab (The Mathworks, Inc., 

Natick, MA).  Background intensity was subtracted and spectra were lowered to the baseline 

using a spline fitting procedure.  Intensity values used to calculate the ID/IG and ID’/IG were 

taken from peak fitting parameters of the three peaks shown.  The D peak (~1330 cm-1), G 

peak (~1580 cm-1), and D’ peak (~1620 cm-1) were fit using a Lorentzian, Breit-Wigner-

Fano, and Gaussian peak shape respectively.35, 36 

 

2.3 Results and Discussion 

2.3.1 Microstructural Characterization with Raman Spectroscopy 

Polished p-55 carbon-fiber microelectrodes were characterized with Raman 

spectroscopy using the experimental design shown in Figure 2.1. An electrochemical cell was 

positioned above the objective so that the electrode could be immersed in buffered electrolyte 

during Raman data collection.  This in situ approach was advantageous in that it eliminated 

the need to transport the electrode through the air and possibly alter the surface chemistry. It 

also allowed for collection of spectral data during application of an electrochemical 

waveform to the electrode.  Spectra collected in this manner best describe changes to the 

carbon fiber that occur during an electrochemical experiment.   
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Figure 2.1 Experimental design. Raman spectra were collected for carbon fibers during 

electrochemical conditioning. 

 

 

A representative spectrum from the analysis of a p-55 carbon fiber microelectrode is 

shown in the bottom of Figure 2.1. Three peaks are clearly identifiable.  These comprise the 

characteristic Raman response for graphitic systems. 37-39  A peak positioned at around 1580 

cm-1 arises from sp2 hybridized carbon stretches and is referred to as the ‘graphitic’ or G 
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peak.  The peaks at approximately 1330 cm-1 and 1610 cm-1 have been related to a breaking 

of the symmetry in the graphitic lattice. For this reason they are referred to as ‘disorder 

related’ and are labeled D and D’, respectively.  The ratio of D and G peaks (ID/IG) is 

commonly used as a measure of graphitic disorder in the system.  In a graphitic sample that 

has long range crystalline order, the D and D’ peaks will be low or undetected.  As the highly 

organized graphitic structure is disrupted, the disorder related peaks grow in intensity and 

ID/IG increases. This continues until a high level of amorphous carbon is present, at which 

point ID/IG decreases.40-42  These trends make ID/IG a convenient and sensitive measurement 

to use for monitoring relative changes in the carbon structure. Therefore, the ratios of the 

disorder to graphitic peaks are used in this paper to compare structural changes that occur at 

the surface in response to the application of different potentials. 

The p-55 carbon fiber surface was first analyzed in the absence of an applied potential 

to determine how the structural morphology varies at different positions on the fiber.  Carbon 

fibers were analyzed at a spot on the side of the fiber, or at the tip (freshly cut with a scalpel 

blade). The spectra were normalized to the G peak to highlight differences in ID/IG (Figure 

2.2).  There is a significant increase (p<0.01, n=4, two-tailed t test) in ID/IG at the tip of the 

fiber (1.48 + 0.11) versus the side (1.22 + 0.07), which corresponds well with the skin-core 

morphologies that have been described elsewhere.43  The surface of a freshly polished tip 

was likewise analyzed.  The spectra show a significant increase in ID/IG (2.02 + 0.11) over 

the tip and the side (p<0.01, n=4 tip and side, n=6 polished, one-way ANOVA, Tukey post 

hoc).   
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Figure 2.2 Polishing increases disorder on carbon surface. Representative spectra collected 

at the side, tip (as cut), and polished carbon fiber surfaces. 

 

 

Previous studies have demonstrated a linear relationship between ID/IG and the 

crystallite dimension along the a-axis (La), such that as La decreases there is an increase in 

ID/IG. 38-41, 44 The equation that relates ID/IG to La is written as: 

𝐿𝑎(𝑛𝑚) = (2.4 𝑥 10−10)𝜆𝑙𝑎𝑠𝑒𝑟
4  (

𝐼𝐷

𝐼𝐺
)

−1

,        (1) 

where λlaser is the wavelength of the laser in nm.38 Using this equation, La was estimated for 

the side, tip, and polished surfaces of the carbon fiber (Table 1).  The polished surface has La 

dimensions that are approximately 7 and 12 nm shorter than the freshly cut tip and side 

respectively. These results indicate two important things: 1) Raman analysis is useful in 

distinguishing microstructural differences in our sample, and 2) polishing the electrode 
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surface induces crystallite defects (disorder) to the carbon structure, consistent with previous 

work. 45 

 

 

Table 2.1 Microcrystallite Dimensions for the Different States of the P-55 Carbon Fiber 

Surface Type La (nm) 

Side 31.5 + 1.8 

Tip (as cut) 26.0 + 1.9 

Polished 19.1 + 1.1 
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2.3.2 Dynamic and Static Waveform Potentials Alter The Carbon Surface 

 

Figure 2.3 Dynamic and static conditioning paradigms elicit distinct changes to the carbon 

surface.  A) Representative spectra of the carbon fiber surface during application of dynamic 

(left panel) and static (right panel) potentials.  Spectra are offset for clarity.  A decrease in the 

disorder related peak intensities can be seen.  B) Plot of ID/IG (dots) and ID’/IG (triangles) vs. 

dynamic (black) and static (blue) potential limits. There are significant differences between 

ID/IG resulting from dynamic and static conditioning (*p<0.05, two-tailed t-test, n=4 static, 

n=4 dynamic) 
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To mimic preconditioning methods commonly used in voltammetric experiments, 

dynamic waveforms with holding potentials of -0.4 V and switching potentials ranging from 

+1.0 to +1.4 V were applied for 20 minutes at a frequency of 60 Hz to freshly polished 

electrodes immersed in Tris buffer.   In order to isolate the effect of the positive switching 

potential, another set of electrodes was subjected to static waveforms ranging from +1.0 to 

+1.4 V for 10 minutes. Representative spectra are presented in Figure 2.3A.  Each 

demonstrates the three bands characteristic of graphitic materials (vide supra); however, the 

intensity of the D and D’ bands decreases as the magnitude of the applied potential (dynamic 

or static) is increased.  Figure 2.3B plots the magnitude of ID/IG and ID’/IG versus the highest 

potential applied to the electrode.  Both ratios decrease as the potential is increased when 

either dynamic waveforms (data plotted vs. switching potential) or static potentials are 

applied to the electrode.  Despite similar trends, there is a significant difference in ID/IG 

between static and dynamic waveforms for potentials of +1.1 to +1.3 V (p<0.05, n=4 

dynamic, n=4 static).  This difference decreases as potentials increase, demonstrating a 

growing similarity in the surface characteristics of the carbon.  

At first glance, the decreasing trend in ID/IG observed with an increased oxidation of 

the surface is surprising, but it is important to remember that the carbon surface starts the 

experiment in a highly disordered state from polishing (Figure 2.2).  It has been shown that 

carbon fibers can etch away and lose mass when oxidizing potentials are applied for extended 

times, likely due to formation of carbon dioxide.11, 46  With this in mind, it seems probable 

that the outermost layer of carbon is being removed leaving behind layers of carbon that, 

while oxidized, are more ordered than the freshly polished surface.  This idea is supported by 
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the electron micrographs shown in Figure 2.4.  Immediately after polishing, the electrode 

surface does not exhibit distinguishing features indicative of short range ordering of the 

carbon (Figure 2.4A).  After application of +1.4 V for 10 minutes, a more ordered carbon 

microstructure is evident (Figure 2.4B).    When combined with the corresponding Raman 

spectra, these images suggest that polishing disturbs the graphitic layers, leaving carbon 

flakes packed tightly together in a highly disordered arrangement.  In contrast, 

electrochemical oxidation alters the carbon, leading to distinguishing features at the surface.  
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Figure 2.4 Surface changes can be visualized using SEM. Scanning electron micrographs of 

A) freshly polished carbon fiber surface and B) polished carbon surface after conditioning 

with a static +1.4 V for 10 minutes.  
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2.3.3 Dynamic and Static Pretreatments Differentially Affect Electrochemical Performance 

 

 

Figure 2.5 Conditioning affects electrochemical performance. Voltammetric data collected 

after dynamic (top) and static (middle) conditioning.  Holding potential was -0.4V, and 

switching potentials varied from +1.0 V to +1.4 V. A) Averaged background current (400 

V/sec, 10 Hz).  The charge (integrated current) for the quinone related peak on the 

background is plotted verses the applied potential limit in the bottom panel.  B) Averaged 

background subtracted voltammograms for detection of 2 µM dopamine.  The bottom panel 

plots sensitivity for these conditioning paradigms determined from the calibration of 

dopamine for three concentrations (1, 1.5, and 2 µM).  C)  Averaged current vs. time traces.  

The bottom panel illustrates response time (10%-90% rise time).  Static and dynamic 

conditioning paradigms significantly affect background charge, sensitivity to dopamine, and 

responsivity.  (*p < 0.05, two-tailed t test, n = 8 (static), n = 6 (dynamic)). 
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Experiments were done to see how the structural changes described above correlate 

with electrochemical performance. Electrodes were conditioned with either a dynamic (60 Hz 

for 20 minutes) or static waveform (1 minute), and then a triangular waveform with a 

positive potential limit equal to the limit used for conditioning was used for data collection. 

The collection waveforms ranged from -0.4 to +1.0 up to +1.4 V with a scan rate of 400 

V/sec.  It has been shown previously that the magnitude of the background current is 

predictive of electrode sensitivity.47  As expected, the background currents increased as the 

switching potential was raised for both dynamically and statically conditioned electrodes 

(Figure 2.5A).  The background current is a combination of capacitive current and current 

generated from redox processes, most likely quinone like oxygen groups, at the carbon 

surface.48 The area under the quinone related peak was integrated to estimate the population 

of oxygen on the surface of the electrode.  The data suggest that the electrodes that were 

conditioned statically were significantly more oxidized (p<0.05, one-tailed t test, n=6 

dynamic, n=8 static) than those that were dynamically preconditioned, except for the +1.4 

switching potential. Oxygen populations for dynamically preconditioned electrodes remained 

relatively low until potentials of +1.3 and +1.4 V were reached.   

The electrochemical response to dopamine was also examined (Figure 2.5 B and C).  

As expected, the response to dopamine increased as the positive limit increased, matching the 

trend in the background current.  Sensitivity to dopamine was significantly greater for 

electrodes that were statically versus dynamically conditioned (p<0.05, one-tailed t test, n=6 

dynamic, n=8 static).  The response time of the electrode is a particularly important 

parameter when trying to monitor molecular dynamics in real time, and it has been shown 
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that response time slows as oxidation of the surface is increased.28, 49  Figure 2.5C plots 

response time against the positive potential limit. The response times are slowed as the 

positive limit is increased for both sets of conditioned electrodes.  Interestingly, the response 

time for static preconditioning is slow even when the lower potentials of +1.0 and +1.1 V are 

used. This again highlights the structural modifications and oxidation that occur at the carbon 

surface, even at these lower potentials. 

It is plausible that the increased sensitivity to dopamine that develops as the positive 

potential limit is increased might be the result of an increase in electrode surface area, due to 

surface roughening or a similar phenomenon.  To test this hypothesis, voltammograms for 

hexaamineruthenium(III) chloride were collected on electrodes that were freshly polished, 

and then again on the same electrodes after dynamic conditioning for 20 minutes at 60 Hz.  

The equation for limiting current is: 

𝑖𝑙𝑖𝑚 =  𝑛𝐹𝐴𝑚𝑜𝐶            (2) 

where n is the number of electrons transferred, F is Faradays constant, mo is the mass transfer 

coefficient, C is the concentration of the redox species in the bulk solution, and A is the area 

of the electrode.50  As shown in equation 2, the limiting current is directly related to the area 

of the electrode so increases in the surface area should be reflected in increases in the 

limiting current. However, no significant difference was evident between limiting currents 

collected at freshly polished vs dynamically conditioned electrodes  (p>0.05, paired t-test, 

n=3).   While it is possible that very small changes in area would not be detected due to error 

associated with the measurement51, the data here suggest that the differences in 

electrochemical performance between these groups likely stem from small microstructural 
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and chemical changes at the surface of the carbon electrode, rather than from gross increases 

in electrode surface area.  

 

 

 

Figure 2.6 Electrochemical conditioning does not increase electrode surface area. Limiting 

current from reduction of hexamineruthenium(III) chloride was collected at electrodes after 

polishing (grey) and after conditioning the polished electrodes with +1.0 and +1.4 V dynamic 

waveforms (black).  No significant difference was detected (p>0.05, paired t-test, n=3 for 

both conditioning methods). 

 

 

 

Electrochemically conditioning carbon electrodes has previously been shown to 

increase the electron transfer rate for a variety of molecules, including DA and ascorbic 

acid.28, 45, 52-54  The data presented here (Figure 2.5, Table 2.2) show that the peak-to-peak 

separation for dopamine decreases as the positive switching potential is increased. This 
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indicates that the surface becomes better suited for dopamine oxidation and reduction as the 

positive potential limit is extended. The detection of ascorbic acid was also characterized on 

the same set of electrodes (Figure 2.7).  When using dynamically preconditioned electrodes, 

the oxidation wave for ascorbic acid does not become well defined until limits of +1.4 V are 

applied.  However, statically conditioned electrodes show a clear oxidation peak for ascorbic 

acid even when the positive potential limit only extended to +1.0 V.  This interesting result 

indicates that lower potentials (+1.0 V) are sufficient to prepare the surface for oxidation of 

ascorbic acid when statically applied. 

 

 

Table 2.2 Peak-to-Peak Separation for the Detection of 2 µM Dopamine 

* p<0.05, one-way Anova, n=6 (dynamic), n=9 (static), Tukey post hoc, values compared to 

+1.0 V  

  

Conditioning  

Method 

1.0 V 1.1 V 1.2 V 1.3 V 1.4 V 

Dynamic 0.77 + 0.05 0.78 + 0.04 0.73 + 0.03 0.67 + 0.04* 0.60 + 0.02* 

Static 0.74 + 0.09 0.7 + 0.1 0.68 + 0.06 0.64 + 0.05* 0.62 + 0.05* 
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Figure 2.7 Conditioning alters electrochemical response for ascorbic acid.  Averaged 

background subtracted voltammograms collected for 200 µM ascorbic acid using electrodes 

conditioned with A) dynamic and B) static potentials.  Holding potential was -0.4 V and 

switching potentials vary from +1.0 V (black), +1.1 V (red), +1.2 V (gold), +1.3V (green), to 

+1.4 V (blue).  

 

 

2.3.4 Rate of Change Comparison 

In an effort to determine how quickly the preconditioning process changes the surface 

properties of the carbon, Raman spectra were collected at several time points during the 

course of preconditioning (Figure 2.8).   
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Figure 2.8 Static conditioning with positive potentials rapidly changes the carbon surface. 

Plots of ID/IG as a function of time for conditioning using A) dynamic waveforms and B) 

static waveforms.  C) Rate constants determined from fit of the data in (A) and (B).   
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As expected, microstructural changes at dynamically conditioned electrodes (Figure 

2.8A) occur more slowly than those at statically conditioned electrodes (Figure 2.8B).  

Indeed, the rate of decay, as determined from the fit of the data, demonstrates that static 

conditioning using +1.3 V (*p<0.05, two-tailed t-test, n=5 static, n=9 dynamic) and +1.4 V 

(*p<0.05, two-tailed t-test, n=7 static, n=7 dynamic) changes the surface significantly faster 

than dynamic conditioning with these potential limits (Figure 2.8C). It is worth noting that 

dynamic conditioning at +1.0 V and static conditioning at -0.4 V lead to no noticeable 

changes in the carbon microstructure whereas static conditioning with +1.0 V generates 

structural changes similar to those observed in response to higher applied potentials.   

 

2.3.5 Surface Response to Alternating Static Potentials 

The data presented herein clearly demonstrate that the structure of the carbon surface 

is changed by potentials ranging from -0.4V – +1.4V; potentials that are commonly used in 

voltammetry.   When performing voltammetric experiments, alternating negative and positive 

potentials are applied over the course of an experiment.  In order to investigate if the carbon 

surface dynamically responds to repetitive changes in the applied potential, +1.4 and -0.4 V 

were applied in an alternating pattern and spectra were collected over time (Figure 2.9). 
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Figure 2.9 Carbon surface changes are dynamic.  Plots of ID/IG (left y-axis) and ID’/IG  (right 

y-axis) as a function of time as static potentials of +1.4 and -0.4 V were alternately applied to 

the electrode (top). 

 

 

Both ID/IG and ID’/IG oscillate in response to the alternating potential. These data 

demonstrate that the carbon surface undergoes rapid structural reorganization as potential is 

applied, repeatedly alternating between a relatively ordered state, and one that exhibits 

greater disorder in the carbon lattice (increased ID/IG ratio).  Importantly, these data highlight 

the dynamic nature of the graphitic layers in the carbon fiber. Rather than reaching a state of 

equilibrium, the carbon surface constantly responds to the positive and negative potentials 

applied in repetitive voltammetric sweeps. 

 

  



  

50 

2.4 Conclusions  

The electrochemical performance of carbon fiber microelectrodes is highly dependent 

on the surface characteristics of the fiber. Using Raman spectroscopy we have shown that the 

carbon surface dynamically responds to applied potentials, and that positive potentials are 

more effective than negative potentials at eliciting a microstructural response (Figure 2.3, 

2.9).  In addition, static potentials are more effective than dynamic waveforms at eliciting 

microstructural changes to the carbon surface (Figure 2.3), changes which result in enhanced 

electrochemical performance (Figures 2.5, 2.7) even for lower statically applied potentials.  

For example, conditioning with a static potential of +1.0 V is sufficient to enable the 

voltammetric detection of ascorbic acid; however, conditioning with a dynamic waveform 

with a positive potential limit of 1.0 V is not.  Likewise, conditioning with a static +1.0 V 

leads to a surface structure resembling that attained after conditioning with dynamic 

waveforms with a larger positive potential limit (Figures 2.3, 2.8).  

Static waveforms are also more efficient than dynamic waveforms at eliciting 

structural changes (Figure 2.8), because the amount of time that the electrode is exposed to 

the more positive potentials likely underlies the observed differences in structure and 

electrochemical performance. Importantly, the carbon surface is a dynamic entity that 

continuously responds to the applied potential (Figure 2.9).  These continual changes to the 

graphitic surface are likely a result of surface species, such as oxygen functional groups, 

repeatedly oxidizing and reducing due to the applied potential.  Overall these data provide 

valuable insight into the surfaces of carbon-fiber microelectrodes in response to commonly 

applied potentials.  We believe that the information presented herein will provide a guide to 
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electrochemical researchers working with carbon fiber microelectrodes as they determine 

what waveforms to use for their experiments. 
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CHAPTER 3 

 

Recessed Carbon-Fiber Microelectrodes for Use with Amperometry at Single Cells and 

FSCV in Brain Slice Preparations 

 

This work was completed in collaboration with: Dunaway, L.E., Schmidt, A.C., Roberts, 

J.G.,Shogren, T.J., Zach, M.P., and Sombers, L.A. 

 

3.1 Introduction 

Carbon-fiber microelectrodes (CFME) have been utilized to monitor exocytosis from 

single chromaffin cells in culture since 1990 by Wightman and colleagues1, 2, discerning 

individual neurotransmitter release events and the conditions required for release. Further 

extensive research has been done by Ewing at PC12 cells3-5, examining neurotransmitter 

content6, 7, spatial heterogeneity of exocytosis along the cell membrane8, 9, dynamics of the 

fusion pore10-13, diffusion of neurotransmitters14, and catecholamine storage11. Recently, 

Ewing et. al have developed a new method deemed intracellular vesicle electrochemical 

cytometry, performing amperometry with a conical nanotip microelectrode inside the 

cytoplasm of a cell.7 By comparing the contents of the vesicles inside of the cell to the 

measured content released by the vesicles upon exocytosis, they support the hypothesis that 

upon binding of the vesicle to the cell membrane, the fusion pore does not in fact open up 

entirely, resulting in incomplete release of the vesicular contents.  
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To monitor aspects of cellular neurotransmitter release via amperometry, the 

electrode placed on the cell surface is held at a potential sufficient to oxidize catecholamines 

being released from vesicles, typically in the range of +0.65 to +0.8 V. Owing to the 

excellent temporal resolution and sensitivity inherent to this technique, single-vesicle 

exocytosis can be resolved when the electrode is held immediately adjacent to the cell in an 

artificial synapse configuration. In addition to work at single cells, CFME’s have been used 

for real-time detection of neurotransmitters in living brain tissue since the 1980’s.15, 16 

Background-subtracted fast-scan cyclic voltammetry (FSCV) provides the appropriate 

selectivity for the detection of neurotransmitter dynamics in the complex environment of the 

brain, while still retaining outstanding sensitivity and temporal resolution. Since its inception, 

FSCV has emerged as one of the leading techniques used for the detection of dopamine 

dynamics in the brain, and is used by several neuroscience research groups around the world. 

While initially implemented for the detection of dopamine, is has been further developed to 

allow for detection of various other monoamines, oxygen, hydrogen peroxide, adenosine, and 

even opioid peptides, in real time. 

Traditionally, carbon-fiber microelectrodes are constructed with either cylindrical17-20 

or disk geometries.15, 21-24 Consideration of electrode geometry is critical in experimental 

design, as disk electrodes sample from a smaller area and provide better spatial resolution, 

while cylinder-shaped electrodes are capable of sampling the surrounding environment with 

greater sensitivity due to their increased surface area compared to the planer surface of a disk 

electrode. Experiments at single cells require an electrode capable of sampling from an area 

on the same order as the size of the cell, typically less than 20 μm in diameter25. Thus, disk 
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electrodes are the preferred tool for these experiments, with a diameter of 5-10 μm. The 

decreased sensitivity of the disk, compared to a cylindrical electrode, is compensated for by 

using low-noise instruments to better resolve exocytotic events. Still, many events occur near 

the limit of detection, and the technique could benefit from a more sensitive electrode, 

particularly when investigations to elucidate fusion pore dynamics depend on the absolute 

detection of all neurotransmitters released from the vesicles. 

 A recessed carbon-fiber disk geometry (cavity) would be advantageous for this and a 

variety of applications, as a cavity helps to confine the analyte proximal to the sensing 

surface26-28 (Figure 3.1D). A recessed sensing surface is also shielded from convection, 

allowing detection of electroactive molecules with less contribution from outside forces.26, 29 

In theory, this should allow for more efficient and sensitive detection of individual exocytosis 

events. Further, when used in conjunction with FSCV for detecting chemically reversible 

reactions, such as the oxidation of dopamine and subsequent reduction of its product 

dopamine-ortho-quinone, retaining the analyte near the sensing surface allows for detection 

of the same molecule multiple times, thus amplifying the signal (Figure 3.1 E,F)30-32. 

Recessed cavity microelectrodes have been constructed by others through 

combinations of complex fabrication techniques, often involving oxidative etching, various 

types of lithography, layer-by-layer deposition, and/or ion etching30, 33-35 While cavity 

electrodes offer numerous advantages over traditional disk electrodes, a simpler fabrication 

method is necessary in order for them to become more widely-employed in various research 

laboratories. In this work, single carbon-fiber microelectrodes are etched using a simple and 

straight-forward plasma-etching strategy developed in-house, generating a plasma by 
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applying a high potential across an air gap. This method reliably produces electrodes with a 

controllable cavity depth, which are characterized and compared to traditional disk electrodes 

herein using FSCV. Scanning electron microscopy, Raman spectroscopy, and traditional 

slow-scan voltammetry are utilized to study structural changes that occur during the etching 

process. The cavity electrodes are tested in an acute brain slice to evaluate their performance 

in complex tissue, and also compared to disk electrodes at single cells, detecting more 

molecules per release event than the widely used disk electrode. This suggests that current 

approaches to measuring exocytotic release at disk electrodes result in an overall 

underestimation of quantal size. There is still much to be learned about the dynamics and 

fundamental nature of exocytosis, and having a tool to more fully describe neurotransmitter 

release events will offer more reliable data to improve models and our overall understanding 

of quantal release.  

 

3.2 Experimental Section  

3.2.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as 

received, unless otherwise specified. FSCV experiments were carried out in phosphate-

buffered saline (0.1 M PBS) at physiological pH 7.4. Brain slice experiments were carried 

out in aCSF saturated with 95% O2 and 5% CO2, at physiological pH 7.4. aCSF consisted of 

124 mM NaCl, 26 mM NaHCO3, 3.7 mM KCl, 1.3 mM NaH2PO4, 2.4 mM CaCl2, 1.3 mM 

MgCl2, and 10 mM glucose. All aqueous solutions were made from doubly deionized water 

>18 MΩ·cm (Millipore, Billerica, MA). 
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3.2.2 Microelectrode Fabrication.  

The microdisk electrodes were fabricated from T-650 carbon fibers as previously 

described.36 Briefly, the disk electrodes were prepared by sealing standard carbon-fiber 

cylinder electrodes with epoxy (301 Epoxy; Epoxy Technology, Inc., Billerica, MA), curing 

overnight at 105˚C, and polishing the electrode tip to the glass insulation at a 45˚ angle using 

a diamond dust-embedded micropipette beveling wheel (BV-10; Sutter Instrument Co., 

Novato, CA). Wet etching was performed in a flow injection apparatus, applying a waveform 

with a holding potential of +2.5 V and a negative ramp to +1.5 V, then returning to +2.5 V at 

10 Hz. Plasma etching was performed in a custom-made apparatus (see Appendix A,  Figure 

A.1). The carbon-fiber electrode (positive lead) and a conical stainless steel electrode 

(negative lead) were sealed in a glass chamber with a tip separation of ~1 cm. A picoammeter 

(Keithley Instruments, Inc., Cleveland, OH) was used to monitor the passage of current. The 

applied DC potential was sourced from a linear power supply (Lambda Electronics, Inc., 

Melville, NY) and regulated using a high voltage power supply (Bertan High Voltage Corp, 

Hicksville, NY). Custom written LabVIEW® software was used to control the applied 

potential. 

 

3.2.3 Data Acquisition  

All in vitro FSCV data were collected in a custom-built flow injection apparatus 

housed within a Faraday cage. A syringe pump (New Era Pump Systems, Inc., Wantagh, 

NY) supplied a continuous buffer flow of 1 mL/min across both the working and reference 

electrode. The working electrode was lowered into the electrochemical cell via a 
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micromanipulator (World Precision Instruments, Inc., Sarasota, FL). Bolus injections of 

analyte were accomplished using a six-port HPLC valve and air actuator controlled by a 

digital valve interface (Valco Instruments Co., Inc., Houston, TX).  

 

3.2.4 Fast-Scan Cyclic Voltammetry 

A triangular waveform was used for analyte detection. The applied potential ranged 

from -0.4 to +1.3 V, scanned at a rate of 400 V/s, and applied at a frequency of 10 Hz. The 

waveform was output using a custom-built instrument for potential application to the 

electrochemical cell and current transduction (University of North Carolina at Chapel Hill, 

Department of Chemistry, Electronics Facility). HDCV software (University of North 

Carolina at Chapel Hill, Department of Chemistry)37 was used for waveform output with a 

DAC/ADC card (NI 6363). Signal processing (background subtraction and signal averaging) 

was software-controlled. 

 

3.2.5 Raman Spectroscopy  

Raman analysis was done using a custom spectrometer previously described.38  To 

mimic the electrochemical environment, spectra were collected while the carbon-fiber 

electrodes were immersed in PBS solution. A 60x objective was used with collection times of 

60 seconds. Prior to plasma etching, spectra were taken of carbon-fiber electrodes after 

polishing and electrochemical conditioning.  The electrodes were subsequently etched and 

reconditioned and spectra were recollected at the same set of electrodes.   
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3.2.6 Brain Slice Preparation 

Male Sprague-Dawley rats (250-300 g, Charles River Laboratories, Raleigh, NC) 

were decapitated after being deeply anesthetized with urethane (1.5 g/kg, i.p.). The brain was 

rapidly removed, mounted, and placed in cold aCSF. 400 µm thick coronal slices were cut 

with a vibratome (World Precision Instruments, Sarasota, FL). The slices were allowed to 

rest in aCSF for at least one hour, and were subsequently placed in a recording chamber 

(Warner Instruments, Hamden, CT) and superfused with buffered aCSF maintained at 34 °C 

for at least another hour. The working electrode and bipolar stimulating electrode placements 

were made with the aid of a microscope (Nikon Instruments, Inc., Melville, NY), and the 

microelectrodes were positioned about 50 μm below the surface of the slice. Electrical 

stimulation of nerve terminals consisted of five 500 μA biphasic pulses at 60 Hz using a 

pulse width of 4 msec. Animal care and use was in complete accordance with institutional 

guidelines and IACUC. 

 

3.2.7 Primary Bovine Chromaffin Cell Culture  

Six bovine adrenal glands were obtained to establish primary culture, and 

immediately trimmed of excess fat and submerged in ice-cold W3 buffer (145 mM NaCl, 5.4 

mM KCl, 1 mM NaH2PO4, 11.2 mM glucose, and 15 mM HEPES). Glands were perfused 

with cold W3 through the adrenal vein until the fluid coming out was clear and free of blood. 

The glands were trimmed of fat and perfused with warm W3, then incubated at 37 ˚C for 10 

minutes and washed with W3, repeated three times. Next, glands were perfused with a 

digestion mixture containing 0.035 mg/mL DNAase and 1.4 mg/mL collagenase in W3 and 
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incubated for 15 minutes, again three times. After the first wash, nystatin (5mL/L) was added 

to W3 solution and this was used for the remainder of the steps involving W3. Glands were 

then dissected, removing and finely mincing the medullae. Minced medullae were placed in 

stirred digestion mixture for 30 minutes, filtered, and centrifuged at 1500 RPM to pellet the 

cells. Pellets were resuspended in W3 and mixed with a Percoll gradient. The Percoll 

gradient containing suspended cells was centrifuged at 10,000 RPM to separate red blood 

cells, chromaffin cells, and cellular debris. The chromaffin cell layer was collected and 

filtered through a 40 µm sterile nylon filter. The filtrate was added to DMEM (Dulbecco’s 

Modified Eagle Medium) and centrifuged at 800 RPM to pellet the cells. Supernatant was 

removed and pellets were resuspended in DMEM containing 10% FBS and 1% 100X Pen-

strep. Using a hemocytometer, cells were diluted to a density of 3 x 105 cells/mL and plated 

on 35 mm culture dishes, with 2 mL in each dish. 

 

3.2.8 Single Cell Experiments 

Cells were prepared for the experiment by replacing the medium with an isotonic 

buffer containing calcium (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 5 mM glucose, 10 

mM HEPES, and 2 mM CaCl2 at pH 7.4). The electrodes were lowered onto individual cells, 

maneuvering the electrode downward until the cell surface was slightly perturbed by the 

electrode. Exocytosis was stimulated with a 3 second, 20 psi pulse (Picospritzer II; General 

Valve Corporation, Fairfield, NJ) of high potassium isotonic stimulating buffer (55 mM 

NaCl, 100 mM KCl, 1.2 mM MgCl2, 5 mM glucose, 10 mM HEPES, and 2 mM CaCl2) using 

a micropipette polished to a 15 um opening. The culture dish containing the cells was 
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maintained at 37 ˚C during the experiment using a culture dish incubator (DH-35iL; Warner 

Instruments, LLC., Camden, CT). 

 

3.2.9 Amperometry Data Acquisition and Analysis 

 Electrodes were held at +0.8 V vs. Ag/AgCl (World Precision Instruments, Inc., 

Sarasota, FL) using a patch-clamp amplifier (Axopatch 200B; Molecular Devices, LLC., 

Sunnyvale, CA). Amperometric output was filtered at 1 kHz using an internal four-pole low-

pass Bessel filter and digitized at 2 kHz using an Axon Digidata 1440A (Molecular Devices). 

The amplifier was set to Whole Cell (ß = 1) configuration in voltage-clamp mode. Data were 

collected and stored using Axoscope software (version 10.4.1.9; Molecular Devices). Peaks 

with intensity exceeding three times the standard deviation of the noise were identified as 

exocytotic spikes using Mini Analysis software (version 6.0.3, Synaptosoft). These spikes 

were evaluated for peak area (femtocoulombs), t1/2 (milliseconds), and imax (picoamperes). 

All peaks identified by the program were visually inspected, and artifacts or other 

misidentified peaks were excluded from the analysis. Double peaks were separated into their 

constituent peaks. Peaks manually excluded or reevaluated (double peaks) accounted for 

approximately 5% of the total number of peaks identified by the program. 

 

3.2.10 Slow-Scan Cyclic Voltammetry 

 Data were collected in 0.1 M NaPO4, pH 7.0, using a WaveNano potentiostat (Pine 

Instruments Company, Durham, NC). The applied waveform ran from +200 mV to -800 mV 

and back, at a sweep rate of 100 mV/s. This scan rate proved to be low enough to maintain 
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steady state in all conditions. The cycle was performed twice on each electrode, with a rest 

period between segments of 1 second. Data were analyzed using Aftermath software (version 

1.4.7714, Pine Instruments Company) to obtain the steady state current.  

 

3.2.11 Data Analysis and Statistics 

 All data presented are shown as the mean ± standard error of the mean (SEM). 

Unpaired t tests were used to determine the significance of means between two groups. 

Statistical and graphical analyses were carried out using GraphPad Prism 5 (GraphPad 

Software, Inc., La Jolla, CA). 

 

3.3 Results and Discussion 

3.3.1 Etching Carbon-Fiber Microelectrodes 

Previous research19 has demonstrated that the surface of a carbon-fiber 

microelectrode (CFME) is etched in solution when potentials ≥ +1.3 V vs. Ag/AgCl are 

applied, and the etching rate increases with application of  higher potentials. Thus, it stands 

to reason that a carbon-fiber disk electrode could be etched to form a recessed disk (cavity) 

geometry by applying a sufficient potential. In the present work, cavity electrodes were 

initially fabricated from T-650 carbon-fiber disk electrodes by applying a waveform in PBS 

with a holding potential of +2.5 V, and scanning down to +1.5 V and back up to +2.5 V at 

400 V/s, repeating at 10 Hz (see Appendix A, Figure A.2). Though some degree of success 

was achieved, this method was inconsistent in creating reproducible electrodes. When 

etching electrodes in solution, gases evolved from the electrode surface (observed through a 
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microscope, data not shown), leading to damage in the glass insulation. Furthermore, 

application of such high potentials in solution results in a high level of background noise 

inherent to the electrode, as shown in Figure A.2. Following the inability to make reliable 

electrodes in this fashion, a plasma-etching technique was developed that enables 

reproducible fabrication of cavity microelectrodes. The electrochemical performance of these 

electrodes is consistent across multiple electrodes, and superior to that of carbon-fiber 

microdisk electrodes.  
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Figure 3.1 Fabrication of cavity electrodes. (A-C) Etching scheme. Cylinder electrodes are 

fabricated (A), sealed with epoxy, and polished to a 45º angle (B). By applying a high 

voltage across a 1 cm air gap, these electrodes are etched to ablate the carbon and create a 

cavity (C).  (D) Schematic comparing cavity electrode and disk electrodes placed on a single 

cell, with the cavity allowing for restricted mass transport of molecules from the surface. (E) 

Electrochemical oxidation of dopamine to dopamine-o-quinone and subsequent reduction 

back to dopamine. (F) Restricting diffusion at the electrode surface allows for detection of 

the same redox pair multiple times when using FSCV (redox cycling), amplifying the signal.  

 

 

Figure 3.1 A-C provides a simple step-by-step progression for reliable fabrication of 

cavity electrodes. Carbon-fiber microelectrodes are placed into the plasma etching chamber, 

such that a 1 cm gap is established between the carbon-fiber tip and a stainless steel electrode 

(Figure A.1). A potential is applied and increased in 25 V increments at a frequency of 4 Hz, 

while monitoring the passage of current between the electrodes. Once the target current is 

reached, it is retained for a predetermined length of time (5-30 seconds, depending on 

experimental needs), resulting in formation of a plasma between the electrodes that etches the 

carbon fiber, leaving the glass insulation intact and creating a cavity (1C).  
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3.3.2 Controlling Cavity Depth  

Scanning electron micrographs are shown of a representative electrode with a 15 µm 

cavity (Figure 3.2A-D). Using a high-voltage beam reveals the position of the carbon 

underneath the glass insulation, while a low voltage beam images the surface of the glass 

insulation. The depth of the cavity is dependent on both the target current and the duration of 

etching time. Typically, the target current is reached at a potential of ~6 kV. While multiple 

target currents were evaluated, 15 µA yielded the most controllable and reproducible results. 

Even though the applied potential remains constant once the target is reached, the measured 

current fluctuates within a few µA of the target (Figure 3.2E). The amount of time the 

potential is applied proportionally affects the distance the carbon-fiber recessed. Integrating 

the measured current with respect to the etching time yields the total charge (mC) passed 

through the electrode.  Figure 3.2F plots this charge versus the distance etched. The linear 

relationship (r2 = 0.83, n = 38 electrodes) allows for precise control of cavity depth. 

Interestingly, other types of carbon-fibers have different etch rates. Pitch-based P-55 carbon-

fibers etch at a slower rate than polyacrylonitrile (PAN) based T-650 carbon-fibers (data not 

shown).  
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Figure 3.2 Cavity electrodes. (A-D) Variable pressure SEM images of a representative 

electrode etched to a 15 µm cavity depth. Panels A and C are collected with a 5.0 kV beam, 

and panels B and D with a 20.0 kV beam. (E) Representative current vs. time trace collected 

as the potential is increased and then held once the target current (15 µA) is reached. (F) The 

amount of charge passed through each electrode correlates linearly with the distance etched 

(r2 = 0.83, n = 38) 

 

 

 

 

3.3.3 Electrochemical Characterization 

Broadly speaking, traditional carbon-fiber electrodes have been well characterized, 

especially for the detection of dopamine.17, 39, 40 Thus, the performance of the recessed 
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carbon-fiber electrodes was compared to carbon-fiber disk electrodes made of the same 

substrate, using FSCV. Compared to disk electrodes, the cavity electrodes generate greater 

charging current by approximately 15-fold (Figure 3.3A). However, the disk electrodes have 

a slightly larger geometric surface area due to their elliptical shape, when compared to the 

presumed circular shape of the sensing surface in the cavity CFME (Figure 3.1). In theory, 

charging current (i) is related to surface area by capacitance (Cd) of the electrode, which is 

proportional to surface area (Equation 2)41, through Equation 142: 

𝑖 =  𝜈𝐶𝑑(1 − 𝑒
−

𝑡

𝑅𝑠𝐶𝑑)    (1) 

where Rs is solution resistance, and t is time.  

𝐶 = 𝜖
𝐴

𝑑
     (2) 

where C is capacitance, ϵ is permittivity, A is area of the plates of a capacitor, and d is 

distance between the plates. 

While geometric surface area cannot account for the substantially increased charging 

current at the cavity electrode, there may be discrete changes at the surface that contribute to 

an increased capacitance that facilitates more efficient electron transfer at the etched sensing 

surface of the electrode. Sensitivities are compared using calibration plots for detection of 

dopamine, with concentrations ranging from 0.25 µM to 2 µM (Figure 3.3B).  The sensitivity 

inherent to the cavity electrode (5.23 ± 0.22 nA/µM) is significantly higher than that inherent 

to the disk electrodes (1.86 ± 0.13 nA/µM, p < 0.05, n = 11). The ratio of the peak reductive 

and oxidative currents was also significantly greater (p < 0.01) for recessed carbon-fiber 

electrodes (0.65 ± 0.03, n = 11) when compared to disk electrodes (0.39 ± 0.04, n = 3), as 
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shown in Figure 3.3C. This is due to decreased mass transport at the sensing surface, as more 

dopamine-o-quinone would efficiently diffuse away at an electrode with disk geometry 

before being reduced back to dopamine. The effects of this diminished mass transport are 

also evident in the current vs. time trace extracted at the peak oxidation potential (Figure 

3.3D). Current returns to baseline 10 to 12 seconds after oxidation using the disk electrodes, 

but remains above the baseline for a longer period of time (~20 seconds) with the recessed 

electrodes.  
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Figure 3.3 Electrochemical characterization of recessed carbon-fiber microelectrodes. (A) 

The background charging current is larger at cavity electrodes compared to disk electrodes. 

(B) Calibration plot shows that cavity electrodes are significantly more sensitive than disk 

electrodes (ANCOVA, p < 0.05, n = 11). (C) Bar graph showing reductive/oxidative peak 

ratio. Normalized representative voltammograms overlayed in the inset (Unpaired t-test, p < 

0.01, n = 11, 3). (D) Current vs. time trace extracted at peak oxidation potential for 1 μM DA 

that shows decreased mass transfer within the cavity. 

 

 

 

 

Multiple methods were used to study the surface characteristics of the etched and 

non-etched carbon. Field emission SEM provides a way to visually inspect the effects of 

plasma etching on the surface of the fiber.  To prevent the glass insulation from shielding the 

carbon in the image, an uninsulated carbon fiber was etched and imaged with SEM. As seen 

in Figure 3.4A and 4B, this method of plasma etching appears to increase the roughness of 
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the fiber surface. This translates to an increase in the true surface area of the carbon in the 

cavity electrode, which could contribute to the increased sensitivity inherent to these 

electrodes.  

Raman spectroscopy was employed to gain insight into the microstructure of the 

carbon fiber (Figure 3.4C, D). Spectra were collected at electrodes prior to and after plasma 

etching.  Very broad peaks were observed in the spectra, which are indicative of a highly 

disordered surface.43-45  The two peaks observed are related to the sp2 hybridized graphitic 

structure and to a breaking of symmetry along the graphitic lattice, and are referred to as the 

G and D peaks, at approximately 1560 and 1360 cm-1, respectively. More detailed 

discussions related to the origins of these peaks have been presented elsewhere.46-48  The G 

and D peaks were fit using Lorentzian line shapes.  In addition, as described by Ribeiro-

Soares et al43, two Gaussian line shapes peaks were fit at 1253 and 1520 cm-1 to account for 

the broadening of the D and G peaks. 43 The ID/IG ratio was calculated by adding the widths 

of the D related bands and dividing by the sum of the widths of the G related bands.  An 

estimate for the crystallite size was made using equation 9 in reference 46.  

The data presented in Figure 3.4 suggest that the average crystallite dimension of the 

carbon is 8 + 3 nm.  In order to be consistent with the calibration experiments described in 

Figure 3.3, the fibers were cycled with the triangular waveform in PBS prior to imaging, both 

before and after etching.  The electrodes were carefully positioned so that spectra were 

collected from the etched portion of the fiber. Interestingly, despite visible changes in the 

surface structure evident in SEM images, no significant differences were observed by Raman 

imaging before and after the etching procedure (p>0.05, two-tailed paired t-test, n=3).  This 
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highlights that it is likely the cycling following the etching procedure, rather than the etching 

itself, that affects the microstructure of the carbon.  

 

 

Figure 3.4 Field Emissions SEM and Raman imaging on plasma-etched electrodes. (A) 

Plasma-etched electrode with tip exposed for imaging. The roughened tip where the etching 

is taking place visually contrasts with the smooth side of the fiber. (B) 100,000x 

magnification of the etched tip. (C) Representative spectra (black) and fitted peaks (blue) of a 

polished and electrochemically conditioned carbon fiber electrode before and after the 

plasma etching procedure. (D) The ratio of peak amplitudes (ID/IG) is unchanged by the 

etching process (p>0.05, two-tailed paired t-test, n=3). 
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Another possible cause for the increased sensitivity of the cavity electrodes is an 

increase in surface area at the microscopic level. Peak current in cyclic voltammetry is 

described by the Randles-Sevcik equation (Equation 3), whereby peak current is proportional 

to sensing area of the electrode. 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜈𝐷

𝑅𝑇
)

1
2⁄

       (3) 

where 𝑖𝑝 is peak current, n is number of electrons transferred, F is the Faraday constant, A 

is sensing area of the electrode, C is concentration, ν is scan rate, D is diffusion coefficient, R 

is the gas constant, and T is temperature. 

  Assuming a circular geometry, a 7 µm carbon fiber should generate a geometric 

surface area of 38.5 µm2, while a polished (45º) created from the same fiber should have an 

elliptical surface area of 54.4 µm2. Slow-scan cyclic voltammetry (100 mV/s) was utilized to 

estimate the area of the active sensing surface of cavity and standard micro-disk electrodes. 

Steady-state cyclic voltammograms were collected for 1 mM Ru(NH3)6
3+. Through the 

steady state current, the surface area of the electrode was found using the equation for steady 

state current at a microdisk electrode42:  

i=4nFDCr      (4) 

where i is the measured current, n is the number of electrons transferred, F is the Faraday 

constant, D is the diffusion coefficient, C is the concentration of the analyte species, and r is 

the radius of the electrode. The diffusion coefficient for Ru(NH3)6Cl3 used in calculations is 

5.48 x 10-6 cm2/s.49 Once the radius of the electrode was found using equation 4, the surface 

area was calculated as the area of a circle.  
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Surface areas for disk electrodes, as well as cavity electrodes with a recessed length 

of 5, 15 and 20 µm were calculated and are shown in Figure 3.5. The experimentally 

determined surface area is likely greater than the geometric surface area due to the increased 

surface roughness. Notably, there is no significant difference in the measured surface area 

between a disk electrode and cavity electrode, despite the fact that the cavity electrode should 

have a surface area only 70% of that of a disk. Determining surface area by the steady-state 

voltammetric limiting current relies on the assumption of a particular geometry, in this case a 

microdisk. When the actual geometry of the electrode deviates from the geometry assumed 

by equation 4, this technique can be insufficiently sensitive to distinguish subtle differences 

in surface area50. The disk electrodes examined herein are beveled at a 45º angle, while the 

cavity electrodes have a glass shroud around the sensing surface. Both of these deviations 

from the flat-disk geometry alter the mass-transport regime, which likely masks any 

differences in limiting current in the voltammograms. Thus, increased surface area remains a 

possible contributor to the heightened sensitivity of the cavity electrodes over disk 

electrodes. Additionally, it is well-established that plasma-etching of carbon results in a 

higher oxygen-functionalization on the surface51-55, and this is likely a contributor to the 

heightened sensitivity of these electrodes.56 
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Figure 3.5 Voltammetric estimation of surface area. (A) Representative voltammogram 

collected on an etched cavity electrode. (B) Measured surface area using cyclic voltammetry 

in Ru(NH3)6
3+ for unetched disk electrode (black) and cavity electrodes (red) recessed 5, 15, 

and 20 µm. There is no significant difference in surface area (1-way ANOVA, p > 0.05, n = 

5, 2, 2, and 3, respectively).  

 

 

 

3.3.4 Monitoring Neurotransmitter Release in Live Tissue  

To assess the performance of the recessed carbon-fiber microelectrodes in tissue, a 

cavity electrode (~10 µm recessed) was placed into an acute rat brain slice encompassing the 

striatum, a region rich in dopaminergic terminals. A bi-polar stimulating electrode was 

placed in the vicinity of the working electrode and five biphasic electrical pulses (500 µA 

applied at 60 Hz) were used to evoke dopamine release. A representative colorplot is shown 

in Figure 3.6A, in which time is plotted on the x-axis, the applied potential on the y-axis, and 

the change in current from the background is depicted in false color. The time of electrical 

stimulation is indicated by the red arrow, and the release of approximately 2 µM dopamine 

was detected with a pre-calibrated electrode. The inset shows a voltammogram extracted at 

the vertical white line (white trace), overlayed with a normalized voltammogram collected in 
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the same preparation using a cylindrical carbon-fiber electrode (black trace), typically used 

for this type of experiment. The increased reductive/oxidative peak ratio is evident, similar to 

voltammograms collected in vitro. Figure 3.6B shows the normalized current vs. time trace 

extracted at the potential of dopamine oxidation, indicated by the horizontal white line in 

panel A. Much like the in vitro results, the current does not return to baseline after peak 

oxidation current is reached, demonstrating reduced mass transport of the evoked dopamine 

molecules in the cavity, relative to the trace collected using an unshielded cylindrical carbon-

fiber electrode (also shown in Figure 3.6B). Importantly, these results show that the recessed 

electrodes can be used for studies in live brain tissue. 

 

 

Figure 3.6 Diminished mass transport in live tissue. (A) A representative colorplot showing 

electrically stimulated (red arrow) dopamine release in striatal region of an acute brain slice. 

Inset: Normalized voltammograms comparing the data collected in this experiment (extracted 

at vertical white line) to data collected on a cylindrical CFME in the same preparation. (B) 

Normalized current vs. time traces showing the different response times of electrode 

geometries in this preparation. The response time is reflected in the rising portion of the 

current vs. time trace, showing slowed mass transport to the cavity electrode compared to a 

cylinder electrode. 
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3.3.5 Monitoring Individual Exocytotic Events at Single Cells 

Finally, cavity electrodes were utilized for amperometry experiments at single bovine 

chromaffin cells in culture, detecting individual exocytotic events. These cells house dense 

core vesicles that contain catecholamines, and as such they are a widely used model for 

studying neurotransmission. Exocytosis was stimulated by picospritzing 100 mM K+ solution 

onto the cell, and individual vesicular exocytotic events were monitored by holding the 

electrode at +0.8 V, such that released catecholamine molecules were oxidized at the 

electrode surface (Figure 3.7A and 3.7B). The number of molecules detected can be 

calculated using Faraday’s law, Q = nNF, where Q is the charge measured under the peak, n 

is number of electrons transferred per oxidation event, N is number of molecules, and F is 

Faraday’s constant. Experiments were performed using the traditional microdisk electrode, as 

well as with cavity electrodes recessed to a 5 µm depth. Average peak area, peak amplitude, 

and half-width were calculated for roughly 1,000 events at disk electrodes and cavity 

electrodes, and the data are plotted as histograms (Figure 3.7).  
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Figure 3.7 Amperometric recording of individual exocytotic events at single bovine 

chromaffin cells. (A) Representative amperometric trace collected on cavity electrode. (B) 

Representative amperometric trace collected on disk electrode. (C) Log transform of peak 

amplitude (pA) for disk (blue) and cavity (red) electrodes. Disk: mean = 25.5 ± 1.7 N=1387. 

Cavity: mean = 44.0 ± 1.6 N=845. p < 0.0001 (unpaired t-test), fit with log(Gaussian) 

regression, r2=0.890 and 0.916 for disk and cavity, respectively. (D) Log transform of peak 

area (fC) for disk and cavity electrodes. Disk: mean = 265 ± 28.3 N=1387. Cavity: mean = 

488 ± 21.2 N=845. p < 0.0001 (unpaired t-test), fit with Gaussian regression, r2=0.999 and 

0.900 for disk and cavity, respectively. (E) Log transform of peak half-width (msec) for disk 

and cavity electrodes. Disk: mean = 10.50 ± 0.209 N=1387. Cavity: mean = 12.50 ± 0.354 

N=845. p < 0.0001 (unpaired t-test). Histograms are fit with Gaussian regression, r2=0.940 

and 0.897 for disk and cavity, respectively.  
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When compared to the traditional disk electrodes, cavity electrodes recorded 

exocytosis events with a higher amplitude (Figure 3.7C), larger area (Figure 3.7D), and 

greater half-width (Figure 3.7E). Half width is defined as peak width at half of max-

amplitude. When using amperometry, redox cycling does not occur as the potential is held at 

a constant oxidizing potential. Increased electron-transfer kinetics at the electrode are also 

not a likely explanation for the observed differences, since the peak area (charge) is directly 

attributed to the number of molecules detected. All molecules that collide with the electrode 

surface are expected to be consumed, so according to Faraday’s law, the only explanation is 

that the cavity electrodes are detecting more molecules per event than the disk electrodes. 

Again, this is a result of the cavity confining molecules in the vicinity of the electrode 

surface, compared to the disk electrode where some molecules may diffuse away without 

reaching the electrode surface for oxidation. This shows that when doing amperometry at 

single cells with disk electrodes, some molecules that are released go undetected, leading to 

an underestimation of quantal size of the vesicles. 

  



  

84 

3.4 Conclusions 

Recessed carbon-fiber microelectrodes were successfully and reproducibly fabricated 

by a plasma-etching procedure developed in-house. This approach allows normal CFME’s to 

be made into cavity electrodes that are reliable and adaptable for use with FSCV and 

amperometry in various live-tissue preparations. The cavity electrodes are more sensitive to 

common analytes, such as dopamine when used with FSCV, and perform well in the brain 

slice preparation.  

Additionally, when used with amperometry at single cells, cavity electrodes detect 

more molecules per release event than traditional disk electrodes. Raman spectroscopy 

revealed that the character of the microcrystalline carbon domains at the electrode surface are 

altered by electrochemical conditioning, but not significantly altered by the plasma-etching 

process. Scanning electron microscopy demonstrates a roughened surface at the plasma-

etched electrodes, which likely increases the sensing surface area. Voltammetric data 

acquisition gains the added benefit of redox cycling resulting in signal amplification, evident 

by the increased reductive/oxidative peak ratio for the cavity electrodes over disk electrodes.  

These electrodes have the potential to reveal new and important insights into cellular 

exocytosis, since they may detect events that were unresolved by traditional disk electrodes. 

In addition, these electrodes offer a more accurate estimation of the quantal size of each 

vesicle, compared to disk electrodes. An accurate estimation of quantal size is of the utmost 

importance with current research looking into fusion pore dynamics, and whether exocytosis 

results in full release of a vesicle’s contents. These cavity electrodes combine the strengths of 

cylinder electrodes and disk electrodes for use with FSCV in the brain, offering higher 
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sensitivity than disk electrodes, with better spatial resolution than cylinder electrodes. This 

presents a major step forward in creating more sensitive electrodes without necessitating a 

complicated polymer coating procedure, while outperforming traditional carbon-fiber 

microelectrodes in both amperometry and FSCV experiments. 
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CHAPTER 4 

 

Intracellular Chemical Measurements Using Nanocone Electrodes 

 

This work was completed in collaboration with: Roberts, J.G., and Sombers, L.A. 

 

4.1 Introduction   

Single cells have been used extensively as models for studying exocytosis, the 

primary method by which cellular communication occurs.1-3  During exocytosis, vesicles 

containing chemical messengers fuse with the cell membrane where they subsequently 

release all or a portion of their contents into the extracellular space.4, 5 These messengers are 

then able to bind with receptors on the surface of neighboring cells to propagate and regulate 

chemical communication.  Since electrochemical approaches are able to provide excellent 

temporal and spatial resolution they have proven popular for studying this system.   

Carbon-fiber microelectrodes are the most commonly used electrode substrate when 

studying the dynamics of exocytosis at single cells.  In general, these disk electrodes are 

approximately 10 µm in diameter and sealed in a glass capillary and the exposed carbon 

surface is placed directly on top of the cell.6  This positioning of the electrode limits 

molecular diffusion and increases the likelihood of measuring release events. Although it is 

less common, attempts have been made at acquiring electrochemical measurements in the 

cell cytosol. For example, 2 µm platinum disk electrodes have been inserted into giant snail 

neurons and voltammetry was used to monitor transport of dopamine bathed onto the cell as 
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it crossed the cell membrane.7 However, the slow scan rates employed significantly limited 

the temporal resolution and precluded qualitative analyte identification.   

The ability to make intracellular measurements greatly expands the dimensionality of 

chemical information about the release, uptake, and packaging of neurotransmitters.  One key 

aspect for the limited attempts of researchers at obtaining intracellular measurements extends 

largely from the difficulty of developing a stable electrode with the proper geometry to 

enable placement inside a single cell without causing extensive damage.  As noted above, the 

diameter of carbon fibers are approximately 10 µm, which is roughly the same size as many 

cells, therefore it is necessary to reduce the size of the electrode in order to fit within the 

confines of the cell.  Ewing et. al. have recently implanted a flame etched carbon-fiber 

electrode within the cytosol of PC12 cells.8  When implanted, they observed amperometric 

spikes that resembled individual vesicular exocytosis events, which was perplexing.  It was 

determined that the vesicles could collide with the electrode and subsequently lyse, releasing 

their contents onto the electrode surface.9, 10  By comparing the amount of neurotransmitter 

released intracellularly to that measured during exocytosis with a classic extracellular 

amperometric measurement of exocytosis, they determined that only a portion of the vesicle 

content is released during the exocytosis process in PC12 cells. 

Electrochemical measurements made at single cells generally use amperometric 

detection, where the potential is held constant.  Amperometry provides excellent sensitivity 

for measuring low quantities of analyte, and is unmatched in its temporal response, which is 

needed for measuring fast exocytotic events. However, this electrochemical technique 

provides almost no qualitative information as to what analyte is being detected.  
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Voltammetry on the other hand, by dynamically scanning through a range of potentials to 

drive redox reactions, leads to oxidation and/or reduction peaks that can be used for analyte 

identification.  This chemical selectivity is important because cells contain many different 

electroactive compounds and it is imperative to identify what molecule is detected.  For 

example, voltammetry has proven capable of distinguishing and quantifying both serotonin 

and histamine released from mast cells. 11, 12  Similarly, chromaffin cells are known to 

contain both norepinephrine and epinephrine, which are capable of being detected 

electrochemically. These two neurotransmitters are structurally similar, and the enzymatic 

conversion of norepinephrine to epinephrine takes place within the cell via 

phenylethanolamine N-methyltransferase (PNMT).13, 14  It has been shown that this 

conversion does not occur with 100 percent efficiency, and that a single chromaffin cell can 

contain a mixture of norepinephrine and epinephrine.15, 16  Amperometric detection of 

exocytosis events at chromaffin cells can quantify the total content released; however, 

conclusions cannot be drawn about the concentration of these individual analytes.  

Voltammetry, however, is able to provide sufficient selectivity between norepinephrine and 

epinephrine and has been used to distinguish between the two molecules during exocytotic 

release events.16-18     

In this work, we developed a method to create carbon-fiber microelectrodes with a 

novel  ‘nanocone’ geometry.   The length of the exposed electrode surface area was 

controllable.  These innovative electrodes were then used to penetrate the cell wall of 

chromaffin cells and to subsequently identify and quantify intracellular vesicle content.  

Intracellular measurements using voltammetry with slow scan rates have been attempted 
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before, but to our knowledge, fast scan cyclic voltammetry (FSCV) has never been shown 

intracellularly.7, 19, 20  We sought to advance this field by adding a voltammetry technique 

with chemical selectivity, and highlight the utility of FSCV for making measurements 

intracellularly.  Additionally, we used an extended voltammetric waveform to successfully 

distinguish the release of norepinephrine and epinephrine from vesicles as they adsorbed and 

lysed onto the electrode surface in the cytosol.  The capability to qualitatively identify 

cytosolic neurotransmitters in real time has never been shown before and will permit exciting 

new studies about the dynamics of the vesicular packaging of these molecules and the effects 

of pharmacology on single cells from a new perspective.  

 

4.2 Experimental Section 

4.2.1 Chemicals 

All chemicals were purchased from Sigma Aldrich Co. (St. Louis, MO) and used 

without additional processing. Aqueous solutions were made using doubly deionized water 

(Barnstead Easy Pure II, Dubuque, IA).  Experiments done in a flow injection apparatus were 

carried out in phosphate-buffered saline (0.1 M PBS) at pH 7.4. 

 

4.2.2 Electrode Fabrication 

Cylindrical carbon-fiber microelectrodes were constructed using t-650 carbon fibers 

as previously described.21  Briefly, a single carbon fiber was aspirated into a glass capillary 

(1.0 mm x 0.5 mm, A-M Systems, Carlsburg, WA). A tapered seal was subsequently formed 

by using a micropipette puller (Narishige, Tokyo, Japan).  An electrical connection was made 



  

96 

with the fiber by coating a lead in silver paint (Silver Print II, GC Electronics) and inserting it 

into the back of the electrode. The exposed carbon fiber was next etched into a conical 

geometry by rapidly dipping and extracting the electrode into 4 M KOH while applying a +7 

V potential (3B Scientific, U33020, Tucker, GA) to the carbon electrode, versus a platinum 

wire.  The formulation for the polymer insulation has been previously described.22 The tip of 

the electrode was masked, to prevent insulation, by inserting it into a conductive silicon 

rubber (SSP1529 0.080, Specialty Silicone Products, Ballston Spa, NY, generous gift 

provided courtesy of Marian Inc. Salem, VA).  A micromanipulator was used to raise  the 

silicon rubber mask onto the electrode surface.  The depth of the masked portion of the 

electrode was monitored by measuring the impedance of the electrode/rubber interface with a 

lock-in amplifier (7280, Ametek, Inc., Berwyn, PA).  After the electrode was masked to the 

desired depth, the phenolic polymer insulation solution was electrodeposited onto the 

exposed carbon surface.  A +4 V potential was applied to the carbon electrode, versus a 

platinum electrode, for 14 minutes.  The electrode was removed from the mask and oven 

dried at 150 °C for 30 minutes.  For electrode images, the electrodes were coated with a 

60/40 gold/palladium alloy prior to imaging with a scanning electron microscope.   

 

4.2.3 Flow Injection 

Electrochemical data were collected using a flow injection apparatus that was housed 

within a custom built Faraday cage to reduce noise interference. The working electrode was 

positioned in the electrochemical cell using a micromanipulator (World Precision 

Instruments, Inc., Sarasota, FL).  Buffered electrolyte was passed continuously over the 
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working and reference electrode at 1 mL/min using a syringe pump (New Era Pump Systems, 

Inc., Wantagh, NY). A digital valve interface (Valco Instruments Co., Inc., Houston, TX) 

was used to control an air actuator connected to a six-port HPLC valve in order to introduce 

two-second bolus injections of analyte across the working electrode.   

 

4.2.4 Electrochemical Data Acquisition 

All potentials were reported versus a Ag/AgCl (World Precision Instruments, Inc., 

Sarasota, FL) reference electrode.  Analyte detection with FSCV was accomplished using 

triangular waveforms applied with an application frequency of 10 Hz. Waveform potentials 

were applied and current transduction was accomplished using custom instrumentation 

(University of North Carolina at Chapel Hill, Department of Chemistry, Electronics Facility).  

Waveforms were output using a DAC/ADC card (NI 6251 M) with TH-1 software (ESA, 

Chelmsford, MA).  The flow injection system was coordinated with the electrochemical 

experiment using a second card (NI 6711).  Background subtraction and signal averaging was 

software controlled.  For amperometry experiments, electrodes were held at +850 mV using a 

patch-clamp amplifier (Axopatch 200B, Molecular Devices, LLC., Sunnyvale, CA). Current 

output was filtered with a four-pole low-pass Bessel filter.  An Axon Digidata 1440A 

(Molecular Devices) was used to digitize data at 2 kHz.  The amplifier was set to voltage-

clamp mode in Whole Cell (ß = 1) configuration.  Axoscope software (version 10.4.1.9, 

Molecular Devices) was used to collect the amperometric data.   
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4.2.5 Primary Bovine Chromaffin Cell Culture 

Bovine adrenal glands were obtained from a local slaughterhouse to establish primary 

culture.  Adrenal glands were immediately trimmed of excess fat, perfused with cold W3 

through the adrenal vein, and submerged in ice-cold W3 buffer (145 mM NaCl, 5.4 mM KCl, 

1 mM NaH2PO4, 11.2 mM glucose, and 15 mM HEPES) until they were in the lab to be 

further processed. The glands were then trimmed of remaining fat and perfused with warm 

W3, incubated at 37 ˚C for 10 minutes and washed with W3.  This wash was repeated three 

times. Glands were then perfused with a digestion mixture containing 0.035 mg/mL DNAase 

and 1.4 mg/mL collagenase in W3 and incubated for 15 minutes.  This perfusion was 

repeated three more times. Nystatin (5 mL/L) in W3 solution was used for the remainder of 

the steps involving W3. The medullae were then removed from the glands, finely minced, 

placed in warm digestion mixture, and stirred for 30 minutes.  The digested solution was 

filtered (100 µm) and centrifuged to pellet the cells.  Pellets were resuspended in W3 and 

mixed with a Percoll gradient (90% Percoll, 10% 10x W3 solution). The Percoll gradient was 

centrifuged to separate red blood cells, chromaffin cells, and cellular debris. The chromaffin 

cell layer, formed in the middle, was collected and filtered through a 40 µm sterile nylon 

filter. The filtrate was added to DMEM (Dulbecco’s Modified Eagle Medium) and 

centrifuged to pellet the cells. Supernatant was removed and the pellets were resuspended in 

DMEM containing 10% FBS and 1% 100X Pen-strep.  Cells were then plated on 35 mm 

culture dishes, and placed in the incubator for at least three days prior to experimentation.  

Cell media was changed every two days. 
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4.2.6 Single Cell Experiments.  

Cells were prepared for electrochemical measurements by replacing the medium with 

an isotonic buffer (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 5 mM glucose, 10 mM 

HEPES, and 2 mM CaCl2 at pH 7.4). To elicit exocytosis, a high potassium isotonic 

stimulating buffer (55 mM NaCl, 100 mM KCl, 1.2 mM MgCl2, 5 mM glucose, 10 mM 

HEPES, and 2 mM CaCl2) was loaded into a micropipette and puffed onto the cell with a 3 

second, 20 psi pulse (Picospritzer II; General Valve Corporation, Fairfield, NJ). The culture 

dish containing the cells was maintained at 37 ˚C using a culture dish incubator (DH-35iL; 

Warner Instruments, LLC., Camden, CT).  Images of cells were collected on an inverted 

microscope (Olympus IMT-2) using a 40x objective. 

 

4.2.7 Data Analysis 

Amperometric peak areas were quantified using Mini Analysis software (version 

6.0.3, Synaptosoft). The limit of detection was defined as three times the standard deviation 

of the noise.  Data is reported as the mean + standard error of the mean.  Graphical and 

statistical analysis was performed with Graph Pad Prism 5 (GraphPad Software, Inc., La 

Jolla, CA).  

 

4.3 Results and Discussion  

4.3.1 Electrode Fabrication 

In order to successfully place the electrode within the cell cytosol it was necessary to 

both reduce the size of the electrode and alter its geometry so that it could penetrate the cell 
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wall.  Single chromaffin cells have diameters of approximately 20 µm whereas carbon fibers 

have a diameter of approximately 10 µm.23 Various techniques for reducing electrode size, 

such as flame etching, have been proposed elsewhere with varying success.24-26 For this work 

we chose to use a wet etching procedure that has proven to be effective, reproducible, and 

easily implemented (Figure 4.1). The carbon fiber electrode was lowered into a solution of 

4M potassium hydroxide, while a positive potential of 7 V was applied to the electrode.  The 

electrode was then removed from the solution where the applied potential was sufficient to 

rapidly etch the carbon.  The dipping of the electrode is essential to form a conical geometry, 

as the tip of the electrode experiences a longer etch time than the rest of the carbon surface.  

If the voltage is higher or the plunging speed is slow, the immersed section of the fiber etches 

completely to create a blunt end.  

An optical image of a representative electrode after the etching procedure is shown in 

Figure 4.1B.  It can be seen how the fiber tapers toward the tip of the electrode to form a 

conical geometry with a sharp point.  With this modified electrode design it became feasible 

to insert the electrode into cells. 
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Figure 4.1 Wet etching provides a facile means for producing conical electrodes.  A) 

Schematic depicting the wet etching process.  A carbon fiber cylinder electrode is positioned 

directly above a solution of 4 M KOH.  A potential of +7 V is applied to the carbon 

electrode, as it is rapidly lowered into and raised out of solution leaving the carbon fiber with 

a conical geometry.  B) Representative optical image of an etched electrode with a conical 

geometry.  

 

Even though this design made it possible penetrate the cell wall to access the 

cytoplasm, a large portion of electroactive surface area remained outside of the cell.  With 

portions of the electrode both inside and outside of the cell it would be difficult to distinguish 

electrochemical events occurring intra vs. extracellularly.  One option to address this problem 
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was to remove calcium from the buffer.  Without extracellular calcium present the cell would 

be unlikely to undergo exocytosis and any measured events could be assumed to result from 

vesicular lysing.  However, exocytotic events generated in response to intracellular calcium 

stores could not be ruled out.  Another approach was to insulate any electroactive portion of 

the electrode that would not be inserted into the cell.  If the entirety of the electroactive 

electrode area was positioned in the cytosol, then any recorded events would necessarily be 

generated intracellularly.   

Various attempts have been published for insulating carbon-fiber microelectrodes 

such that the entire fiber is insulated and the carbon tip is subsequently exposed, or an 

extended length of exposed carbon protrudes from the insulation and is cut to length after the 

insulation process.21, 27  These traditional approaches are not appropriate for this work, as the 

tip is created prior to insulation, and the remainder of the carbon must be subsequently 

insulated.  To address this problem, the electrode tip was positioned in silicone rubber using 

a micropositioner, and a lock-in amplifier was used to measure the impedance across the 

interface and to quantify depth (Figure 4.2A). An insulating solution was dropped onto the 

silicon surface and a platinum reference wire was inserted in the solution next to the carbon 

electrode.  The insulating solution was electropolymerized onto the carbon fiber to form a 

uniform insulating layer along the length of the exposed carbon fiber except for the masked 

electrode tip (Figure 4.2B). Since most chromaffin cells are approximately 20 µm or greater 

in diameter we determined that a sensing length of 5 µm of exposed carbon would work well 

for intracellular studies. A representative electrode that underwent the etching and insulation 
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procedure is shown in Figure 4.3.  This electrode was tapered to a diameter of ~300 nm. A 

slight ridge 5 µm from the tip indicates where the insulation formed on the electrode,  

 

 

Figure 4.2 Electrodes are masked and insulated.  A) Diagram of the unit used to insulate the 

exposed carbon.  An impedance meter is used to indicate when the carbon is directly above 

the conductive silicon rubber.  Macro- and micro-positioners are used to move the carbon 

fiber and the silicon rubber, respectively in a vertical direction.  B) Magnified view of the 

carbon fiber inserted into the silicon rubber.  Once the fiber is masked to the desired length, a 

drop of polymer solution is placed and a platinum reference electrode is inserted, the 

insulation is electropolymerized around the fiber. 
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Figure 4.3  Scanning electron micrograph of an insulated conical carbon fiber.  The carbon 

fiber is tapered to a sharp point at the tip which is necessary for insertion into cells.  A thin 

rim of insulation can be seen ~5 µm from the tip.  

 

Before using these new electrodes for intracellular studies, we electrochemically 

characterized the electrodes in vitro, to assess their performance.  Carbon-fiber electrodes are 

often electrochemically conditioned by repeatedly applying the potential waveform across 

the electrode for 10 to 20 minutes.  This procedure serves to both stabilize chemical 

functionalities on the electrode surface and enhance analyte detection.  As we conditioned 

these electrodes it was observed that the performance never stabilized, but instead the 

background voltammograms collected during the preconditioning phase gradually increased 

in magnitude.  Steady state background current generated during a potential sweep is directly 

proportional to capacitance, which is dependent on electrode area (Equation 1).28 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1                    |𝑖𝑐| = 𝐶𝑑𝑣        
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Thus it was determined that the insulation was not stable, and slowly dissociating from the 

electrode surface.  

Several strategies were evaluated to improve the stability of the insulation, including 

thicker insulations, and altering the ratio of the components of the polymerization solution, 

with limited success.  Thus, we reinforced the polymer insulation by adding a second 

insulator.  Wax coatings have been shown previously to work as a sealant material for glass 

insulated carbon electrodes.29  As a means to reinforce the polymer coating and prevent 

degradation, we encased the electrode tip in paraffin wax. This coated the entire tip, 

including the bare carbon, effectively preventing any electron transfer at the electrode 

surface.  Figure 4.4A is the voltammogram of dopamine (1 µM) that was collected using an 

electrode with the wax coating.  There were no identifiable redox features present in this 

voltammogram, indicating that the entire carbon surface was insulated.  Subsequent 

electrochemical conditioning removes the wax at the sensor surface.  Indeed, the same 

electrode used in Figure 4.4A was able to record current from the oxidation and reduction of 

dopamine after conditioning for approximately 10 minutes (Figure 4B). 
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Figure 4.4 Wax coating was removed with repeated application of waveform.  A) No 

oxidation or reduction of dopamine was observed when the electrode was fully coated in 

wax.  B)  A dopamine voltammogram showing clear oxidation and reduction peaks was 

observed after the wax had been removed from the portion of the fiber without the phenolic 

insulation. 

 

4.3.2 Electrochemical Characterization 

 Insulation stability was assessed by monitoring dopamine oxidation current for 

three hours, at 15 min intervals.  If the insulation failed, then the exposed surface area would 

increase and an increase in the oxidation current from dopamine would be observed, as peak 

current is proportional to surface area.  After three hours of cycling the electrode, dopamine 

oxidation current remained stable (p<0.05, two-tailed t-test, Figure 4.5). These results 

indicate that the insulation is able to prevent redox processes from the bulk solution and this 

insulation was stable over the course of the experiment.   
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Figure 4.5 Electrodes with polymer and wax bilayer insulation show a stable response.  The 

normalized oxidation current in response to 1 uM dopamine is plotted against collection time 

(N=3 electrodes).  Data was normalized to the time zero response. 

 

 

 Fundamental electrochemistry principles dictate that the redox current generated is 

proportional to the scan rate (𝜈) of the applied waveform (Equation 2).28 

                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2          𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
 𝑣𝐴Γ   

Figure 4.6A highlights representative dopamine voltammograms collected using the same 

electrode but with varying scan rates.  It can be seen that the peak current increases as the 

scan rate is raised from 400 to 2000 V/s.  Additionally, a phenomena observed with 

molecules that have quasi-reversible electron transfer kinetics, such as dopamine, is that the 

separation of the oxidation and reduction peaks increases as the scan rate is increased.  Figure 

4.6B shows normalized dopamine voltammograms collected at different scan rates, so that 
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the shift in peak potentials could be seen more clearly.  As expected the separation between 

the oxidative and reductive peaks increases with increasing scan rate.  These data show that 

the electrodes behave according to principle and that the insulation does not interfere with the 

detection of dopamine.   

 

 

Figure 4.6 Electrochemical characterization of dopamine at conical electrodes.  A) 

Representative voltammograms of 2 µM dopamine at multiple scan rates (blue line = 2 kV/s, 

red = 1 kV/s, black = 400V/s).  B) Voltammograms shown in (A) that have been normalized 

to the oxidation peak.   

 

As stated in the introduction, amperometry is the most commonly used 

electrochemical technique for measuring exocytosis at single cells. Therefore, we first 
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utilized amperometry to ensure that our electrodes behaved as anticipated when used to 

measure exocytotic events at cultured cells. With the conical electrode positioned on the 

surface of a cultured chromaffin cell, no electrochemical activity was recorded unless it was 

chemically stimulated. Figure 4.7 shows a representative amperometric recording.  To 

stimulate exocytosis, 100 mM KCl was puffed onto the cell.  Exocytotic events were 

recorded, indicating that the electrode had sufficient sensitivity to quantify vesicle release 

with amperometry. 

 

 

Figure 4.7 Conical electrodes detect individual exocytotic events at single cells. A) 

Amperometric trace recorded during potassium stimulation.  The red triangle indicates the 

time of KCl stimulation.  B) Expanded view of the region highlighted by the blue bar in 

Panel A.   
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In order to make intracellular chemical measurements, the electrode was inserted into 

the cell cytoplasm (Figure 4.8).  Figure 4.8A shows an electrode positioned next to a cell, 

ready for insertion.  The tip of the electrode was pressed against the cell wall and in Figure 

4.8B this pressure caused an indentation of the cell wall (Figure 4.8B).  Cells were chosen 

that were firmly attached to the bottom of the plate, to ensure that the cell would accept the 

force of the electrode.  After enough pressure was applied, the electrode penetrated the cell 

wall and entered the cytoplasm, forming a seal around the electrode (Figure 4.8C).  From this 

position it was possible make chemical measurements intracellularly.   

 

 

Figure 4.8 Insertion of an electrode into a single cell.   A) The electrode is placed near the 

cell, B) pressed against the cell membrane, and C) inserted into the cell cytoplasm.    

 

 

For the initial intracellular testing, we used amperometric detection to reproduce a 

previous finding that reported that vesicles could collide with the electrode and lyse, allowing 

the content to be amperometrically detected.8  The amperometric trace shown in Figure 4.9 

was collected as the electrode moved from outside to inside the cell.  The shift in the baseline 

is the result of moving the electrode from the buffered solution into the cytoplasm, where it 
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encounters a different chemical environment and is further removed from the reference 

electrode (positioned in the extracellular buffer). Upon entry to the cytoplasm, several 

amperometric spikes were observed (Figure 4.9).  These correspond to individual vesicles 

colliding with the electrode and lysing, such that the chemical content could be detected.  As 

shown in the inset (Figure 4.9B), these events have sharp rise and decay times, similar to 

exocytotic events observed with an electrode positioned extracellularly.  

 

 

Figure 4.9 Amperometric detection of intracellular vesicle content. A) Amperometric trace 

recorded during cellular penetration.  The blue arrow indicates the time point when the 

electrode gained access to the cytosol. B) Expanded view of the region highlighted by the 

blue bar shown in Panel A.  

 



  

112 

4.3.3 Intracellular Voltammetry 

Although amperometry offers outstanding benefits for measuring release events, it 

does not provide information on chemical identity.  By contrast voltammetry offers some 

qualitative information that can be used for analyte identification.17  Thus, we sought to 

extend the utility of our electrodes by coupling them with FSCV to make both qualitative and 

quantitative chemical measurements.  The Axopatch potentiostat is commonly used to make 

electrochemical measurements at single cells because of the low-noise electronics that it 

utilizes.  The increased signal to noise that can be attained with this instrument is valuable 

when trying to measure low concentrations of analytes.  Therefore, for our initial 

investigation we used this Axopatch system. Unfortunately, the maximal potential output of 

the instrument is +1.0 V, so the applied waveform was limited to a 1.0V switching potential.  

However, higher positive potential limits result in greater sensitivity to catecholamines.30, 31 

Figure 4.10 shows representative data collected using FSCV, rather than 

amperometry, at the time that the cell was penetrated using the nanocone electrode.  Upon 

insertion into the cell, discrete vesicular release events were recorded as shown in the color 

plot (Figure 4.10A). The current collected at +0.75 V, the potential where peak current for 

catecholamines is collected, is shown in Figure 4.10C.  It is important to recognize that the 

peaks clearly resemble those seen with amperometric detection (Figures 4.7 and 4.9).  Figure 

4.10B shows a voltammogram that was taken during one of the release events (vertical 

dashed line in Figure 4.10A).  The oxidation and reduction peaks identify the analyte as a 

catecholamine. Although we cannot distinguish norepinephrine and epinephrine using this 
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voltammetric waveform, the result is very promising in that it demonstrates the feasibility of 

intracellular FSCV.   

 

Figure 4.10 Intracellular voltammetry. A) Colorplot recorded during insertion of the 

electrode into the cell cytoplasm.  The blue arrow indicates the time of membrane 

penetration.  B)  Voltammogram taken from (A) indicated by the vertical white dashed line.  

The voltammograms show a clear catecholamine signal.  C) Current verse time trace taken at 

the potentials shown by the horizontal white dashed line in (A).  The blue arrow indicates 

insertion into the cell.   
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The primary catecholamines present in chromaffin cells are norepinephrine and 

epinephrine.  Due to their structural similarities, they produce voltammograms with oxidation 

and reduction peaks that are identical within the potential limits shown in the previous 

experiment.  However, Wightman and coworkers have shown previously that a second 

oxidation peak for epinephrine can be observed if the applied potential is extended to 

approximately +1.425 V.17  Custom instrumentation was used to apply an extended 

waveform of +0.1 V to +1.45 V.  Figure 4.11 shows respresentative voltammograms that 

demonstrate that the oxidation of norepinephrine results in a single peak, but oxidation of 

epinephrine clearly generates two separate peaks with this waveform.  The first peak at 

approximately +0.65 V is thought to originate from oxidation of the hydroxyl groups to an o-

quinone,  and the second peak at +1.45 V arises from oxidation of the secondary amine 

(Scheme 1). Thus, this second peak provides a marker to distinguish norepinephrine and 

epinephrine contained in the vesicles.   

 

 

Figure 4.11 Norepinephrine and epinephrine can be distinguished voltammetrically. A) 10 

µM norepinephrine.  B) 10 µM epinephrine.      
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Scheme 4.1 Electrochemical reactions for norepinephrine and epinephrine. 

 

 

Using this extended waveform, voltammetric data were collected using FSCV and 

nanocone electrodes inside the confines of the chromaffin cell membrane.  Representative 

data are shown in Figure 4.12 that highlight the electrochemical events observed.  Current 

verse time traces were extracted from these data at two different potentials (+0.65 and +1.425 

V).  By comparing the peaks generated at these potentials it is possible to distinguish 

between the two catecholamine species. Events that generated current at both potentials 

indicated the presence of epinephrine, whereas events that generated current only at +0.65 V 

corresponded to norepinephrine containing vesicles.  The concentration verse time traces 

show that many of the events are recorded at both potentials in this cell, indicating the 

presence of many epinephrine-containing vesicles.  For example, the event marked by the red 

square is evident at both potentials. The extracted voltammogram shows the two oxidation 

peaks that indicate the oxidation of epinephrine (Figure 4.12 C).  By contrast, the event 

marked by the blue square does not have a corresponding peak at +1.425 V.  The 
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voltammogram taken from this time point is displayed in Figure 4.12 B and verifies that the 

event was generated from the oxidation of norepinephrine. It is interesting to note that in a 

cell where most of the norepinephrine has been converted to epinephrine by the PNMT 

enzyme, there still remains a store of intracellular norepinephrine that has not been 

converted.   
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Figure 4.12 Chemical identification and quantification of intracellular vesicle content. A) 

Representative colorplot showing voltammetry collected intracellularly.  Concentration vs. 

time traces are shown above the color plot, top: extracted at +1.45 V, bottom: extracted at 

+0.65 V. Spikes observed in the top trace correspond to vesicular epinephrine. 

Voltammograms extracted from the color plot are shown for B) norepinephrine and C) 

epinephrine, collected at the time points marked by the blue and red squares respectively. 
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The area under each peak was used to determine the charge associated with detection 

of norepinephrine and epinephrine.  A histogram showing the distribution of charge for 

epinephrine and norepinephrine is shown in Figure 4.13.  The Gaussian fit for norepinephrine 

has a mean of 2.24 + 0.04 pC and the fit for epinephrine has a mean of 2.05 + 0.06 pC.  

Based on these averages, norepinephrine accounted for approximately 61% of the released 

content.   These data are in agreement with previous data that reported that both 

norepinephrine and epinephrine are released from a random sample of chromaffin cells.16  It 

is not clear at this point if the norepinephrine arises from individual vesicles lacking PNMT, 

however, this will be the subject of future work.   

 

 

Figure 4.13 Intracellular norepinephrine and epinephrine contents.  Histogram of log(Q) 

distribution for epinephrine (N=71 events) and norepinephrine (N=122 events) containing 

vesicles.     
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4.4 Conclusions 

Nanocone carbon fiber microelectrodes were successfully fabricated and utilized for 

intracellular measurements to both identify and quantify vesicular content.  By employing a 

wet etching technique, traditional cylinder carbon fibers were etched into a conical geometry 

with nanometer dimensions.  This reduced dimensionality allowed the electrode to penetrate 

the cell wall and enter the cytoplasm.  The length of exposed surface area was regulated with 

an elegant masking procedure and a bilayer insulation provided stable performance.  The 

fabrication procedure allows the user to tailor the length of the electrode tip, for instance to 

investigate smaller cells. By coupling these electrodes with FSCV, intracellular vesicle 

content was measured with chemical selectivity for the first time.  It was determined that 

approximately 61% of the vesicle neurotransmitter content corresponded to norepinephrine, 

over epinephrine. This technique can potentially be used to provide spatially resolved 

information on vesicular content within the cell, or to measure chemical transport across the 

cell membrane.  It can reveal intracellular chemical dynamics associated with manipulation 

using a variety of pharmacological agents.  Thus, this research provides a new tool that will 

help answer difficult questions that haven’t been challenged due to technological hurdles.   
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CHAPTER 5 

 

A Double Voltammetric Waveform for Distinguishing Overlapping Signals from pH 

and Hydrogen Peroxide 

 

This work was completed in collaboration with: Toups, J.V., Eyualem, E., and Sombers, L.A. 

 

5.1 Introduction 

One of the challenges with using FSCV in vivo arises from changes in extracellular 

pH that occur from metabolic and neuronal activity.1, 2  The reason changes in local pH 

produce a challenge to measurements is that the altered environment leads to measurable 

changes in current that can interfere with other analytes of interest.  Shifts in pH are found 

ubiquitously across the brain and produce characteristic cyclic voltammograms by which 

they can be identified.3  It is common to observe pH shifts when stimulating a particular 

region either behaviorally or electrically.4  While the presence of a pH shift might indicate 

some level of brain activity, the current that it generates often masks that generated by other 

analytes of interest such as dopamine.  Indeed this is the case with the voltammetric detection 

of Hydrogen peroxide (H2O2). 

H2O2 is a reactive oxygen species (ROS) endogenously created in oxygen metabolism 

and cellular respiration. ROS are usually maintained at safe levels and are part of our body’s 

normal homeostasis.5  H2O2 is involved in many chemical signaling pathways that regulate 

biological processes ranging from embryonic cell development to cell death.6-8  The 
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mitochondrial electron transport chain is the most common pathway for the formation of 

H2O2 and other ROS.  The release of electrons can reduce molecular oxygen to form the 

reactive superoxide ion.5  Expression of superoxide is regulated through the enzyme 

superoxide dismutase which converts superoxide into H2O2.
5  To prevent buildup of H2O2  in 

tissue enzymes such as glutathione (GSH) peroxidase and catalase convert H2O2 into H2O 

and oxygen.5  However, various triggers can increase the levels of ROS present in tissue and 

can lead to oxidative stress.  This can have damaging effects on cells and has been implicated 

in a number of neurological disorders including Parkinson’s disease.9, 10   

H2O2 has also been shown to play a neuromodulatory role in the brain.  For instance, 

H2O2 produced from glutamatergic activation of medium spiny neurons acts as a 

neuromodulator of dopamine release in the striatum.5, 11, 12  An increase in the levels of H2O2 

opens KATP channels on local dopamine dendrites which inhibit dopamine release.  

Conversely, when H2O2 production is attenuated KATP channels close, which leads to greater 

dopamine release.11   

Due to the ranging impact that H2O2 has on biological function it is important to be 

able to study this molecule in tissue. The challenge is that H2O2 has a short lifespan in tissue 

before degradation and its regulation of dopamine occurs on a sub second time scale.12, 13  

This limits the number of methods available for measuring this molecule.  Fluorescence has 

been used to successfully monitor H2O2 but there are selectivity concerns for other ROS 

when using conventional probes.14  FSCV has been demonstrated as a powerful tool for 

monitoring and quantifying H2O2 in tissue.13  However, signal from pH shift, if present, will 

overlap and obscure the H2O2 signal.   
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One method that is commonly employed to separate overlapping signals in complex 

data is principle component regression (PCR).15-18 PCR is a multivariate chemometric 

technique that combines principle component analysis with inverse least-square regression.  

For this technique, a training set is first compiled that consists of the analytes being studied at 

known concentrations.  This information is then transformed into principle components (PCs) 

which contain information for both the analytes of interest and the noise in the system.  PCs 

containing information related to the analytes are kept and other PCs that contain noise 

information are discarded.  A model using the relevant PCs is then calibrated to reference 

concentrations.  A data set containing unknown concentrations of the analytes can then be 

analyzed by projecting the data onto the PCs and using the model to determine individual 

chemical concentrations.17   

A key point when using this approach is assembling an adequate training set. When a 

proper training set is compiled this technique can be very powerful.  However, if the data in 

the training set do not adequately represent the individual components of the unknown 

sample then the final results are erroneous.18 It can be difficult to compile a training set from 

in vivo data because voltammograms for an analyte of interest often suffer from 

interferences, such as pH shift. It is also difficult to use in vitro voltammograms because it is 

not uncommon for there to be differences between voltammograms for species collected in 

vivo and in vitro.  This is due to the effects of the buffer used in vitro, which does not exactly 

replicate the fluid found in vivo.  For this reason in vitro data is precluded from training 

sets.19  Therefore, having other methods available for deconvoluting complex data is 

desirable.  In the work presented here, a double waveform is used to distinguish H2O2 in the 
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presence of pH shift.  This approach exploits the inherent differences in the voltammograms 

for pH shift and H2O2, enabling the pH shift signal to be subtracted.  Thus, the much smaller 

changes in faradaic current resulting from the redox activity of H2O2 are revealed.   

 

5.2 Experimental Section 

5.2.1 Chemicals 

All chemicals were purchased from Sigma Aldrich Co. (St. Louis, MO) and were 

used without additional processing. Unless otherwise noted, electrochemical experiments 

were carried out in Tris buffered electrolyte (15 mM Tris, 3.25 mM KCl, 1.20 mM CaCl2, 1.2 

mM MgCl2, 2 mM Na2SO4, 1.25 mM NaH2PO4, and 145 mM NaCl ) with a pH of 

7.4.Aqueous solutions were made using doubly deionized water (Barnstead Easy Pure II, 

Dubuque, IA).  

 

5.2.2 Electrode Fabrication 

Cylindrical carbon-fiber microelectrodes were constructed using t-650 fibers with a 

diameter of approximately 7.5 µm.  A single carbon fiber was aspirated into a glass capillary 

(1.0 mm x 0.5 mm, A-M Systems, Carlsburg, WA) and a micropipette puller was used 

(Narishige, Tokyo, Japan) to form a tapered seal. The carbon fiber was then cut at using a 

scapel to approximately 100 µm in length. An electrolyte solution (4 M potassium acetate, 

150 mM KCl) was used to backfill the electrode and a lead was inserted to establish an 

electrical connection with the fiber.  
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5.2.3 Flow Injection 

Electrochemical data were collected using a flow injection apparatus that was housed 

within a custom built Faraday cage to reduce interference from outside noise. The working 

electrode was positioned in the electrochemical cell using a micromanipulator (World 

Precision Instruments, Inc., Sarasota, FL).  Buffered electrolyte was passed continuously 

over the working and reference electrode at 1 mL/min using a syringe pump (New Era Pump 

Systems, Inc., Wantagh, NY). Two second bolus injections of analyte across the working 

electrode were made by using a digital valve interface (Valco Instruments Co., Inc., Houston, 

TX) to control an air actuator connected to a six-port HPLC valve.   

 

5.2.4 Electrochemical Data Acquisition 

All potentials were reported versus a Ag/AgCl reference electrode.  Analyte detection 

was accomplished using triangular waveforms applied at 400 V/s with an application 

frequency of 10 Hz.  A lower potential limit of -0.4 V and upper potential limit of +1.4 V 

was used. Experiments with a double waveform utilized two separate upper potential limits. 

The lower potential limit was -0.4 V.  The potential was then raised to +0.8 V and lowered 

back to -0.4 for 12ms before raising the potential to +1.4 V and lowering it back to -0.4 V. 

Triangular waveform potentials were applied and current transduction was accomplished 

using custom instrumentation (University of North Carolina at Chapel Hill, Department of 

Chemistry, Electronics Facility).  Waveforms were output using a DAC/ADC card (NI 6251 

M) with TH-1 software (ESA, Chelmsford, MA).  The flow injection system was coordinated 



  

128 

with the electrochemical experiment using a second card (NI 6711).  Background subtraction 

and signal averaging was software controlled.   

 

5.2.5 InVivo Data Collection 

Male Sprague-Dawley rats were purchased from Charles River (Wilmington, MA).  

They were housed in a temperature and humidity controlled environment.  Food and water 

were given ad libitum and the room was on a 12-hour light/dark cycle.  Rats were allowed to 

habituate to the facility for two days prior to surgery.  Sodium urethane (1.5 g/kg i.p.) was 

used to anesthetize the rats and they were subsequently placed in a sterotaxic frame (Kopf 

Instrumentation; Tujunga, CA).  Body temperature was maintained using a deltaphase 

isothermal pad (Braintree Scientific, Braintree, MA).  Bupivicaine was injected under the 

skin at the skull.  The skull was then exposed and bregma and lamda were located in order to 

drill holes for the electrodes.  The working electrodes were positioned in the dorsal striatum 

(+1.2 AP, +2.0 ML, -4.5—5.5 DV).  Ag/AgCl reference electrodes were placed superficially 

in the contralateral cortex.  Prior to experiments the carbon-fiber electrode was conditioned 

for approximately 30 minutes.  Data was collected for 10 minutes prior to infusion and then 

10-15 minutes after drug infusion.  Rotenone was infused unilaterally at 0.5 µL/min for 60 

seconds using a syringe pump (Kent Scientific Corporation, Torrington, CT).  Rotenone was 

administered through an infusion cannula (33 guage) that was placed into a guide positioned 

50-100 µm away from the working electrode.   
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5.2.6 Data Analysis 

Graphical and statistical analysis was performed with Graph Pad Prism 5 (GraphPad 

Software, Inc., La Jolla, CA) and Matlab (The Mathworks, Inc., Natick, MA).   

 

5.3 Results and Discussion 

5.3.1 H2O2 and ΔpH Investigated with Single Waveform Cyclic Voltammetry 

With cyclic voltammetry the current collected is plotted against the applied potential 

to create a voltammogram that has peak shapes characteristic of the analyte being studied.  A 

common waveform used to study hydrogen peroxide begins at a potential of -0.4 V and has a 

switching potential of +1.4 V.13  A representative voltammogram for hydrogen peroxide 

collected with this waveform is shown in Figure 5.1A.  A single peak from the oxidation of 

H2O2 is observed after the switching potential.  The reason the peak appears on the back half 

of the scan arises from filtering processes occuring in both the hardware and software.  The 

characteristic electrochemical response from a basic pH shift is shown in Figure 5.1B.  While 

the general shape of the voltammogram for H2O2 is quite different from that of the pH shift, 

the peak current for both analytes occurs at approximately 1.3 V on the cathodic scan (shown 

in the dashed box in Figure 5.1).  An important feature of voltammetry is that when multiple 

analytes are present, the current generated at a given potential is equivalent to the sum of the 

currents produced from the individual analytes.  An example voltammogram is shown for a 

sample containing both H2O2 and pH shift in Figure 5.1C.  Here it is clear that the 

voltammogram of the mixture is a combination of the H2O2 and pH voltammograms shown 

previously.   
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Figure 5.1    Characteristic colorplots and voltammograms for H2O2 and ΔpH. (A) H2O2. (B) 

ΔpH.  (C) H2O2 and ΔpH.  The peaks used for quantifying H2O2 and ΔpH overlap as 

indicated by the dashed box.  The currents from the individual samples will add together in a 

mixture.   

 

 

With cyclic voltammetry the peak current is directly proportional to the concentration 

of the analyte being studied.  Therefore, a linear relationship between peak current and 

concentration enables generation of a calibration factor to correlate the measured current to 

the concentration of the analyte.  As shown in Figure 5.2, the peak currents for both H2O2 and 

pH shift are linear with respect to concentration, and thus, the concentration of analyte (H2O2 

or H+) can be calculated from an unknown sample.  However, if both analytes are detected 

simultaneously it will be impossible to determine the concentration of the individual species 
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using a simple calibration.  This is because, as stated above, the currents from each analyte 

are additive. If, however, the current arising from one of the analytes is known, it would be 

possible to subtract it from the total current to determine what each species contributed. From 

here it would again be possible to perform a simple calibration to determine the concentration 

of each component.  

 

 

Figure 5.2  Current is linearly related to the amount of species present.  (A) Cyclic 

voltammograms of various concentrations of H2O2. (B) Linear calibration plot of H2O2 

samples.  (C) Cyclic voltammograms of various ΔpH samples.  (D) Linear calibration plot of 

ΔpH samples.  The box indicates the region where H2O2 is electrochemically incactive and 

where ΔpH is electrochemically active. 
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5.3.2 Cyclic Voltammetry with a Double Waveform 

Based on the characteristic features in the voltammograms inherent to each species in 

isolation, we determined that it would be best to develop a model that could calculate the 

contribution in current from pH.  The model we devised uses the information gathered for pH 

shift at potentials less than 0.8 V to predict what the current from pH would be at the higher 

potentials.  The predicted current could then be subtracted from the total current generated 

from a mixture of H2O2 and pH shift which would leave only the current from H2O2.  

To collect data for the model, a double waveform was implemented consisting of two 

consecutive triangular waveforms separated by 12 ms where the electrode is held at -0.4 V.  

As shown by the dashed box around the voltammograms in Figure 5.2, H2O2 is 

electrochemically silent at potentials below 0.8 V.  On the other hand, pH shift produces 

current and has a characteristic shape at potentials in this region. Thus, the switching 

potential for the first (small) waveform extends to 0.8 V and the switching potential for the 

second (large) waveform extends to 1.4 V.  Figure 5.3 shows example voltammograms that 

are generated by both the small and large waveforms for samples of pH shift, H2O2, and a 

mixture of both pH shift and H2O2.  With the small waveform current is generated from pH 

and the mixture but any distinguishing redox wave is absent from the H2O2 sample.  This 

means that in an unknown sample, any current arising in the smaller waveform is indicative 

of a pH shift.  The second column of voltammograms shows the characteristic responses for 

pH shift, H2O2, and a mixture of both pH shift and H2O2 that are generated with the large 

waveform. These voltammograms resemble those shown in Figure 5.1.    
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The next step was to train the model by performing a multivariate calibration with 

only the pH voltammograms to correlate the data collected with the small waveform to each 

point of the corresponding voltammogram collected using the large waveform.  In other 

words, a linear model is created that treats each point collected with the large waveform from 

pH shift as a dependent variable and the points in the pH voltammogram collected using the 

small waveform as independent variables.  With the model calibrated in this way, data 

collected using the small waveform from any sample with pH shift, H2O2, or a mixture of the 

two can be used to predict what the pH contribution to the current would be using the large 

waveform. The modeled pH shift can then be subtracted out of the actual current collected 

using the large waveform to leave just the current contribution from H2O2.  An example of 

this pH subtraction scheme is shown in the third column of Figure 5.3.   For the samples 

containing just pH shift all of the current is subtracted out leaving no electrochemical 

response, showing that the model can completely predict the pH shift response collected 

using the large waveform.  The samples with just H2O2 show no change after the subtraction, 

indicating that the model did not predict any current from pH shift in these samples.  Finally, 

the voltammograms for the samples that have both pH shift and H2O2 have only the 

characteristic shape of H2O2 after subtraction.  This demonstrates that the pH shift 

component of the sample was successfully subtracted and the residual is just the H2O2 

component of the sample.   



  

134 

 

Figure 5.3  Disambiguating H2O2 and ΔpH with a double waveform.  Current is collected 

using a waveform ramping from -0.4 to 0.8 V, then 12 ms later using a larger waveform 

ranging from -0.4 to 1.4 V.  The small waveform and large waveform for different analytes is 

shown. The data from the ΔpH samples is used as a training set to calibrate the model.  

Information in the small waveform can then be used to predict the current in the large 

waveform.  The predicted current is subtracted out of the actual current leaving just the 

response due to H2O2.  As a result, the ΔpH samples exhibit no final voltommetric shape.  

Signal from the H2O2 sample were left unchanged.   The residual voltammograms for H2O2 + 

ΔpH mixtures show only the H2O2 component. 

 

 

5.3.3 Constructing the Training Set 

In order to build a training set from in vivo data, a method was devised to select 

voltammograms from an in vivo data set that reflect pH shift only.  In Figure 5.4A the plot 
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shows normalized peak current along the abscissa and normalized current taken from +0.55 

V during the forward scan along the ordinate.  The points along the voltammogram for a pH 

shift that were selected are shown as circles on the inset voltammogram.  Each point on the 

plot represents data from distinct pH shift samples.  It is evident from the plot that there is a 

high correlation (r2=0.99) among pH shift voltammograms when these two points are plotted 

against each other.  This tight correlation actually holds true when points are taken from 

almost anywhere in the waveform.  

Figure 5.4B uses color to show the correlation coefficient when currents collected at 

any two points along the waveform are selected and plotted against one another.  Red color 

indicates a high correlation coefficient and a blue color indicates a low correlation between 

the points.  As indicated by the plot, there is a high degree of correlation at all points along 

the waveform except at the beginning and ending of the waveform and near the switching 

potential.  The star on the plot represents the intersection of the two points plotted in Figure 

5.4A and is in a region where there is a high degree of correlation between all the points.   
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Figure 5.4  Building a training set.  (A) Normalized peak current was plotted verse current 

collected at 0.55 V on the anodic scan for pH voltammograms collected using the larger 

waveform.  Each point represents a different voltammogram.  The circles on the inset 

voltammogram show what points current was taken from and which axis they were plotted 

against.  (B) The correlation coefficient has been plotted as false color to show how every 

point along the waveform is related for ΔpH samples.  The star indicates where the two 

points plotted in A would lie on this plot.  (C) Same as A but now voltammograms for H2O2 

and H2O2 + ΔpH have been added.  D) Same as B but now including data from H2O2 and 

H2O2 + ΔpH.  The star now lies in a blue region indicating little correlation between the 

samples. 
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Figures 5.4C-D are the same as Figures 5.4A-B except that data from samples 

containing just H2O2 and a mixture of H2O2 and pH shift have also been included.  What is 

evident at first glance is that there is much more scatter among the points.  The points in Fig. 

8C have been color coded to show which ones were taken from pH shift, H2O2, and H2O2 and 

pH shift mixture samples.  From this it is easy to see how data from each type of sample 

clusters and can be distinguished from other types of samples.  The pH shift voltammograms 

are tightly grouped in the upper left portion of the plot.  The mixed H2O2 + pH shift 

voltammograms are more to the right because of the addition of current from H2O2 to the pH 

shift current.  H2O2 voltammograms are along the bottom of the plot because minimal current 

is generated along the forward scan in the waveform.   

These relationships make it possible for the experimenter to classify which 

voltammograms best represent only pH shift when examining an unknown data set, as in data 

collected in vivo. Figure 5.4D shows that a correlation is absent in mixed samples. The star in 

Figure 5.4D again shows the intersection of the points chosen along the waveform.  The 

region that was once dominated by a high degree of correlation now shows little correlation 

as indicated by the blue color.    

 

5.3.4 pH Subtraction Extended to In vivo Data 

In order to demonstrate the value and validity of this technique it was applied to a 

data set collected in vivo.  A carbon-fiber electrode was lowered into the caudate putamen 

(CPu) of an anesthetized rat.  In order to elicit a H2O2 response, 500 nM rotenone was 

microinjected adjacent to the carbon fiber in the CPu.  Rotenone is an inhibitor of the 
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complex 1 electron transport chain found in mitochondria.  This inhibition results in an 

increase in local production of reactive oxygen species, such as H2O2.
20  Data collected 

before (Figure 5.5A-C) and after (Figure 5.5D-F) rotenone injection are shown in Figure 5.5.  

Each of these color plots is comprised of 300 voltammograms.  Color plots both before and 

after the injection show large streaks indicative of a pH shift present.  Indeed, cyclic 

voltammograms taken from each show characteristic pH shapes (Fig. 9 C,F gray line).  

A large set of data was collected during this experiment (not all data is shown); and 

the voltammograms that best exhibited pH shifts were found using the method described 

above.  Once the training set was compiled, the model was used to remove the pH component 

from the data. The results are shown in Figure 5.5(B, C, E, F).  The color plot before 

rotenone injection (Figure 5.5B) appears smooth after the pH subtraction scheme, indicating 

that there was little to no current from H2O2 oxidation. Likewise, the extracted cyclic 

voltammograms (Figure 5.5C black line) show no response.  The color plot after the rotenone 

injection (Figure 5.5E), however, shows oxidative current around the peak potential for H2O2 

even after subtraction.  Extracted voltammograms (Figure 5.5F, black line) confirm the 

pharmacologically evoked signal is H2O2. 
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Figure 5.5  Verification of pH subtraction model with in vivo data.  A-C) Data collected 

prior to rotenone injection.  D-F) Data collected after 500 nM rotenone injection. A,D) Color 

plots of double waveform with pH components still present.  B,E) Colorplots after pH has 

been subtracted out.  C,F)  Sample cyclic voltammograms extracted from color plots both 

before and after pH subtraction.  The voltammograms after pH subtraction (black line) show 

how the pH has been removed from the voltammograms before subtraction (gray line).   

 

 

5.4 Conclusions  

Using cyclic voltammetry, voltammograms can be used to gain qualitative and 

quantitative information about the analytes.  However, if two analytes are present that 

oxidize or reduce at the same potential, such as ΔpH and H2O2, then the current that each 

generates will add together, making quantification difficult (Figure 5.5).  A double waveform 
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was presented that was used to collect current from potentials below +0.8V, where only pH 

was electrochemically active. It was then shown that a multivariate calibration could be used 

to create a model that correlated the currents collected from the small waveform to those 

collected from the large waveform.  The model was shown to be effective at predicting the 

pH component present in the large waveform and that current from pH could be subtracted 

out, leaving only current from H2O2 present (Figure 5.3).   

Further, we presented a unique method for identifying voltammograms from an 

unknown data set that represented only pH (Figure 5.4).  It was applied to in vivo data 

collected after rotenone administration and shown to be able to subtract current from pH and 

leave only the H2O2 signal (Figure 5.5).  The method presented here is not limited only to the 

anlaysis of H2O2 and pH but should be applicable and easily adapted to the analysis of many 

other interfering analytes.   
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CHAPTER 6 

 

Summary and Outlook 

 

The introduction of carbon fiber microelectrodes (CFMEs) coupled with fast-scan 

cyclic voltammetry (FSCV) truly revolutionized the field of neuroscience by opening many 

new doors for research that were previously closed due to technological limitations.  This 

work describes steps taken to further advance this analytical technique through unique 

characterization and modification strategies employed on the carbon-fiber microelectrode 

and manipulations done to the triangular waveform that is traditionally applied.  

Chapter 2 highlights the characterization of the surface chemistry of CFMEs in 

response to applied potential waveforms. Using Raman spectroscopy and scanning 

electrochemical microscopy, it was shown that static potential waveforms are more effective 

than dynamic potential waveforms at introducing microstructural changes to the carbon fiber 

that enhance electrochemical performance.   The dynamic nature of the carbon fiber 

microstructure in response to varying potentials was also demonstrated.  This information 

will aid future researchers in the development of modified waveforms that can be targeted to 

the detection of specific molecules.   

Chapters 3 and 4 describe unique modification strategies on CFMEs that will further 

advance electrochemical studies done at both brain tissue and at single cells.  Chapter 3 

details the fabrication steps and characterization of plasma-etched cavity CFMEs.  These 

electrodes displayed enhanced electrochemical performance over traditional CFMEs for both 
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voltammetric and amperometric measurements as a result of the cavity.  In addition, they 

were shown to provide a more accurate determination of vesicular quantal size than disk 

CFMEs. 

Chapter 4 describes the successful implementation of nanocone CFMEs for 

intracellular FSCV studies in chromaffin cells. A unique bilayer insulation was used to 

ensure measurements were excluded from the extracellular environment. Once inserted into 

the cell cytoplasm, vesicles collided with the electrode surface and lysed, allowing their 

contents to be measured electrochemically.  Using FSCV, norepinephrine and epinephrine 

content in individual vesicles were successfully distinguished and quantified.  

Chapter 5 highlights the development of a unique double waveform that was used to 

enable separation of voltammetric signals from hydrogen peroxide and pH. The first part of 

the waveform only extended to +0.8 V, a potential at which electrochemical current is only 

generated from pH. The second part of the waveform extended to +1.4 V which allowed for 

the detection of both pH and hydrogen peroxide.  A mathematical model was developed that 

enabled the information collected in the first waveform to be used to predict what the signal 

contribution from pH would be in the larger waveform.  Using the predicted current, the 

contribution from pH was subtracted from a mixed signal of pH and hydrogen peroxide, 

leaving current only from the oxidation of hydrogen peroxide. 

The work descried here unlocks the potential for many future research opportunities.  

For instance, the characterization strategies employed in Chapter 2 were done on carbon 

fibers derived from a pitch based source.  These strategies could be extended to the 

characterization of other carbon fiber materials used in FSCV studies, such as those derived 
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from a polyacrylonitrile source.  It is further anticipated that the creation of the cavity and 

nanocone electrodes will allow for many new and exciting experiments with single cells, 

such as investigation of intracellular chemical dynamics that occur in response to various 

pharmacological manipulations.  Additionally, the double waveform method used to 

distinguish overlapping signals of pH and hydrogen peroxide should prove adaptable to the 

separation of other analytes that have confounding signals. Overall, the findings presented in 

this work offer researchers many new tools that will enable the continued advance of FSCV 

for neuroscience applications.   
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APPENDIX A 

 

Supplemental Information to Chapter 3 

 

A.1 Supporting Information 

 

 

Figure A.1 Plasma etching apparatus. The carbon-fiber electrodes were mounted inside a 

glass chamber with a ~1 cm tip separation. The DC potential was ramped in 25V increments 

using a high-voltage power supply, until the desired electrical current was reached. The etch-

rate at this potential was constant, and held for a given amount of time to control how far the 

carbon-fiber recessed. 
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Figure A.2 Cavity carbon-fiber electrodes can be created using FSCV. (A) A holding 

potential of +2.5 V was applied to the electrode while it was resting in phosphate buffered 

saline (PBS). The potential was then scanned down to +1.5 V at 400 V/s and back up to +2.5 

V repeated at 10 Hz. After successful recession of the carbon-fiber, which was determined 

through periodical checks with a microscope, the applied waveform was changed to one used 

for dopamine detection. (B) The potential was held at -0.4 V, then scanned up to +1.3 V 

before scanning back to -0.4 V at 400 V/s, repeated at 10 Hz. 4 µM dopamine was then 

injected and the representative colorplot is shown. (C) The current vs. time trace extracted at 

peak oxidative current shows the limited diffusion of the analyte in the cavity. (D) The cyclic 

voltammogram is indicative of successful dopamine detection. However, a significant 

amount of noise is evident in the colorplot and the extracted current traces. Furthermore, only 

a few of the electrodes prepared in this manner were reliable enough to use.  
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APPENDIX B 

 

Characterization of Abiotic Manganese Dioxide Reactivity Using Voltammetry 

This work was completed in collaboration with: Uster, B., Sombers, L.A., Duckworth, O.W. 

 

B.1 Introduction 

Manganese dioxide (MnO2) is a naturally occurring mineral that performs many 

valuable functions.  It is found widely in the environment, serves as a strong oxidizing agent, 

and is even able to adsorb various metals.1-6   It has also found use in various industrial 

applications such as battery electrodes and capacitors.7-9  MnO2 can be produced through a 

variety of means including synthetic, bacterial, and fungal pathways.  Fungi are unique 

because they are able to survive in extreme environments and have found use in various 

industrial applications.10, 11  This makes studying mycogenic (generated from fungi) MnO2 of 

particular importance.   

One of the most important properties of MnO2, and metallic minerals in general, that 

determines its reactivity is its surface chemistry.12, 13  Work has been done describing MnO2 

reactivity and surface properties separately, but a cohesive picture of how the two fit together 

still remains to be put forward.  This work aims to begin the process of piecing together our 

understanding between structure and reactivity by examining the electrochemical properties 

of several MnO2 species with varying structures.  Since the majority of the reactive sites in 

MnO2 are found at its surface, it serves as a useful model to begin unraveling the connection 

between structure and reactivity.   
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MnO2 most commonly exists in a layer structure (phyllomanganate) or tunnel 

structure (tectomanganate).14  The difference is that phyllomanganates consist of Mn 

octahedra organized in layered sheets whereas tectomanganates contain one or more Mn 

octahedra chains that share corners which forms tunnels.2  In addition to these large 

differences in crystalline structure, MnO2 minerals also vary in the number of vacancies 

present, particle size, and the amount of Mn(III) present.  Structural differences also arise 

from metal doping at various locations on MnO2.  All of these factors are thought to have an 

impact on the electrical properties of MnO2 to varying degrees.12, 15-17   

Two abiotic manganese dioxides (δ-MnO2 and c-disordered H+-birnessite) were used 

in this study.  Both oxides were phyllomanganates, however, the c-disordered H+-birnessite, 

contains a higher amount of Mn(III) than δ-MnO2.  To test the reactivity of the MnO2 

samples, voltammetric measurements were made of manganese oxides that had been cast on 

the surface of a carbon electrode. Variations in manganese oxide structure were made by 

doping the oxides with either zinc or arsenic, which bind to different surface sites on the 

minerals.18, 19  Electron transfer properties were again quantified and compared to the 

undoped samples as a means of relating structure and reactivity.  These results are important 

because having a deeper understanding of the relationships between the structure and 

reactivity of manganese oxides is the first step in being able to strategically develop new 

technologies and approaches for environmental remediation systems, batteries and other 

applications. 
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B.2 Experimental Section 

B.2.1 Chemicals 

All chemicals were purchased from either Fisher Scientific or Sigma Aldrich Co. (St. 

Louis, MO) and used as purchased. Aqueous solutions were made using doubly deionized 

water (Barnstead Easy Pure II, Dubuque, IA).  Unless otherwise stated, electrochemical 

experiments were carried out in phosphate-buffered saline (0.1 M PBS) at pH 7.4. 

 

B.2.2 Preparation of Manganese Minerals 

The MnO2 minerals were supplied by Owen Duckworth as part of a collaborative 

effort on this project.  The abiotic minerals (δ-MnO2 and c-disordered H+-birnessite) were 

synthesized following a procedure that has been described elsewhere.20 The one exception is 

that the final suspension was lyophized until it was dry before storing in a freezer until 

further use.   

 

B.2.3 Electrochemical Data Acquisition 

All potentials were reported versus a Ag/AgCl (Low profile, 3.5 mm OD, Pine 

Instruments Company, Durham, NC) reference electrode.  A pyrolytic graphite disk (5 mm, 

Pine Instruments Company, Durham, NC) was used for the working electrode. A platinum 

wire was used for the counter electrode. Electrochemical data was collected using a 

Wavedriver potentiostat (Pine Instruments Company, Durham, NC) that was operated with 

Aftermath software (Version 1.4.7714, Pine Instruments Company). 
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B.2.4 Data Analysis 

Graphical and statistical analysis was performed with Graph Pad Prism 5 (GraphPad 

Software, Inc., La Jolla, CA) and Excel (Microsoft Office 2007).  The formal potential for 

the different MnO2 minerals was estimated from the average of the reductive and oxidative 

peak potentials.  All voltammograms shown have been background subtracted. 

 

B.3 Results and Discussion 

B.3.1 Preparing the Electrode for Analysis 

Electrochemical analysis is able to take place when an analyte comes in contact with 

an electrode surface and a sufficient potential is applied to drive an oxidation or reduction 

process.  Therefore, in order to perform voltammetric analysis of the MnO2 samples, it was 

necessary to adhere the sample to the electrode surface.  In general, there are three methods 

that are pursued for immobilizing nanoparticles to electrode surfaces so they can be 

analyzed.22  First, nanoparticles can be created by applying a potential to an electrode in a 

metal ion solution, which can simultaneously form and adhere nanoparticles to the surface.  

This has been done previously with Mn2+ to create MnO2 at an electrode surface.23  

Alternatively, the previous method can be separated into two steps where the metal ions in 

solution are first immobilized onto the surface before applying a potential to reduce the ions 

and for the nanoparticle.  A third method, of course, is to try and immobilize nanoparticles 

created beforehand to the electrode surface.  Since we were studying MnO2 samples 

produced synthetically and from fungal species, this last method had to be undertaken.   
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One method that has been used previously to prepare manganese oxides for 

electrochemical analysis was to combine a graphitic powder with MnO2 to form a MnO2 

electrode. 24, 25 Due to sample considerations, this method was not feasible for our 

experiments.  One approach for immobilizing nanoparticles involves functionalizing the 

electrode surface with a tether that can bind to the nanoparticle,26, 27 however, the most 

straightforward process is to dropcast the sample onto the surface.   

Figure B.1 shows the dropcasting procedure we used to prepare a carbon electrode for 

analysis of MnO2 samples.  After homogenization in a sonicating bath, the sample was 

placed onto the electrode and a stream of argon gas was passed over sample to accelerate the 

evaporation process. When the solvent had evaporated off, the nanoparticles were left 

adhered to the surface. After analysis, the remaining MnO2 could be easily wiped off to 

reveal a clean carbon electrode ready for analysis of another sample.  
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Figure B.1 Diagram depicting the process used to prepare the electrode for analysis 

of MnO2.  MnO2 is dispersed in solution and then dropcast on the electrode surface 

 

 

Voltammograms for both δ-MnO2 and c-disordered H+-birnessite are shown in Figure 

B.2.  As the potential was scanned negatively, a reduction peak was observed for both 

analytes that corresponds to the reduction of Mn(IV) to Mn(III) occuring through a proton 

transfer mediated step.28-30 Additionally, oxidation back to Mn(IV) was observed on the 

return scan.  The results shown here indicated that the dropcasting method was sufficient for 

immobilizing MnO2 to the electrode and that it was possible to perform voltammetry on these 

abiotic samples.   
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Figure B.2 Electrochemical measurements of manganese oxides.  Representative cyclic 

voltammograms of synthetic MnO2 samples, A) δ-MnO2 and B) c-disordered H+-birnessite.  

Voltammograms were collected at 100 mV/s 

 

 

B.3.2 Verification of the MnO2 Voltammetric Signal 

 Additional experiments were done in order to verify that the voltammetric signal 

arose from the reduction of the MnO2 and that is was not an artifact in the background.  

Equation 1 describes the current response of an adsorbed species that results from a 

voltammetric scan. 31, 32 

 Equation 1                     𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
 𝑣𝐴Γ 

In this equation 𝑖𝑝 is the peak current, 𝑛 is the number of electrons transferred, 𝐹 is 

Faradays constant, 𝑅 is the ideal gas constant, 𝑇 is the temperature, 𝑣 is the scan rate, 𝐴 is the 

area of the electrode and Γ is the surface coverage of the adsorbed species.  If the signal 
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observed in Figure B.2 arises from MnO2 adsorbed to the electrode surface, then altering the 

parameters in Equation 1 should lead to a predictable change in the current response.   

 

 

Figure B.3 Current increases linearly with surface coverage.   Varying amounts of c-

disordered H+-birnessite were cast onto the electrode surface and detected with voltammetry 

at 50 mV/s.   

 

 

As shown in equation 1, the current generated during reduction of an adsorbed 

species is directly proportional to the concentration of the species on the electrode surface.  

To see if this relationship held true for our sample, the quantity of MnO2 that was dropcast 

was systematically varied, thereby changing the surface coverage.  A linear increase in peak 

current was observed as the amount of c-disordered H+-birnessite cast onto the electrode was 
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increased, thus following traditional voltammetric behavior for an adsorbed species (Figure 

B.3).    

Additionally, Equation 1 also indicates that current and scan rate should vary linearly.  

When a consistent amount of c-disordered H+-birnessite was cast on the electrode a linear 

trend was observed between the reduction current and applied scan rate (Figure B.4). These 

series of tests highlighting traditional electrochemical behavior gave confidence that the 

observed voltammetric responses arose from the electroactivity of the MnO2 species at the 

electrode surface.  

 

 

Figure B.4 Reductive current increases linearly with applied scan rate. Analysis was done on 

c-disordered H+-birnessite.   

 

 

 

B.3.3 Zinc and Arsenic Doped MnO2 

 It is well known that manganese oxides are capable of sorbing metals at different sites 

on their surface.3, 5, 33   Specifically, there are three location where metals are able to sorb; 
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along edges, at vacancies, or they may be incorporated into the mineral layer.18, 34, 35 The 

sorption of metals at different sites affects both the structure and reactivity of manganese 

oxides.36, 37  For this reason, doping MnO2 with different metals provides a convenient way 

of probing their structure to function relationship. 

 The two metals used here, zinc and arsenic, are thought to bind preferentially to 

vacancies and edges respectively.18, 19  Both of the MnO2 samples were doped with either 

zinc or arsenic.  Figure B.5 shows voltammograms of c-disordered H+-birnessite both with 

and without metal dopant.  Similar reduction and oxidation peaks were observed for the 

metal doped manganese oxides as for the non-doped oxides except that the peak potentials 

have shifted, hinting at differences in the reactivity between the samples.   

 

 

Figure B.5 Voltammetry of metal doped manganese oxides. Representative voltammograms 

of c-disordered H+-birnessite; a) no dopant added, b) Zn doped, c) As doped.  

Voltammograms were collected with a scan rate of 1 V/s. 
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B.3.4 Electron Transfer Rate Measurements 

To quantitatively compare the areactivity of the different MnO2 species, calculations 

of their electron transfer rates (ket) were made using the Laviron method.  The Laviron 

method is a way to mathematically calculate ket for adsorbed species by analyzing the peak 

position as a function of scan rate. 32, 38 To employ the Laviron method α, the transfer 

coefficient of the reaction, must be known, which can be determined through plotting the 

overpotential verse log(scan rate).  At higher scan rates, the data can be fit with a line that has 

a slope equal to: 

Equation 2                    𝑠𝑙𝑜𝑝𝑒 =
2.3𝑅𝑇

𝛼𝑛𝐹
    

The x-intercept is then used to determine 𝑣𝑐, which can be applied in Equation 3 to determine 

ket. 

 Equation 3                     𝑘𝑒𝑡 =
𝛼𝑛𝐹𝑣𝑐

𝑅𝑇
 

Figure B.6 shows a plot of log(𝑣) verse the overpotential for the reduction of c-

disordered H+-birnessite doped with arsenic.  As the scan rate increased, the peak potential 

continually shifted in a negative direction. Using the method described above, ket was 

calculated for each manganese oxide sample.  The results are tabulated in Table B.1.       
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Figure B.6 Peak potential varies with scan rate.  Plot of log(scan rate) versus the 

overpotential of the reduction of c-disordered H+- birnessite doped with As. A line was fitted 

at higher overpotentials   

 

 

Based on the calculated values for ket, conclusions could begin to be made concerning 

the relative reactivity of the different MnO2 species.  The average manganese oxidation 

number (AMON) for the two manganese oxides is shown in Table B.2.  The AMON for δ-

MnO2 is 4.02 indicating that it is virtually absent of Mn(III) whereas c-disordered H+-

birnessite has a higher content of Mn(III) present (AMON = 3.81).  The calculated electron 

transfer rate for c-disordered H+-birnessite is 50 % higher than δ-MnO2, suggesting that 

Mn(III) content may be associated with greater reactivity.  In addition to Mn(III) content, 

comparisons could also be made between the doped and non-doped manganese oxides.  It has 

been suggested previously that vacancies play an important role in the reactivity of MnO2, 

therefore, it is thought that if the vacancies are blocked by a sorbed ion that the 

electroactivity of the mineral will be reduced.29  As stated above, zinc preferentially binds to 

vacancies and arsenic binds to edges.  While the ket for δ-MnO2 appears be affected very 
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little by the sorbed ions, c-disordered H+-birnessite shows greater variation in ket with a 26% 

decrease when zinc is sorbed and a 38% decrease when arsenic is sorbed, thus suggesting 

that the reactivity of the minerals is partially controlled through the vacancies and edges.   

This data will be compared to future studies measuring the kinetics of the manganese oxides 

through chemical reactions with substituted quinones to see if similar trends in reactivity are 

observed.  In addition, individual manganese oxide samples will be able to be compared in 

greater detail once computational calculations of mineral structures are complete.    



  

162 

Table B.1 Calculated electron transfer rates for the reduction of abiotic manganese oxides   

 

 

Table B.2 Average manganese oxidation numbers for abiotic manganese oxides 

Sample Average Manganese 

Oxidation Number39 

δ-MnO2 4.02 

c-disordered H+-birnessite 3.81 

 

 

B.4 Conclusions 

 

The results presented here help take an important step forward toward further 

unlocking the relationship between the structure and reactivity of manganese oxides. It was 

shown that voltammetry is both possible and effective at investigating the reactivity of 

abiotic manganese oxides.  As discussed, higher amounts of Mn(III) may be correlated with 

increases in reactivity and both vacancies and edges likely have an important role in 

reactivity, though the extent of each is not yet clear.    

 This work is part of an ongoing study that will seek to further advance understanding 

of the structure-to-reactivity relationship by examining a greater number of manganese oxide 
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samples and through probing the structural characteristics with finer detail. The foundation is 

laid out here to extend this work to analysis of mycogenic manganese oxides. By increasing 

the number of samples with varying structural properties, it will be possible to draw more 

concrete conclusions about how the structure and reactivity relate.  The work presented here 

is a piece of a larger project that will characterize the manganese oxides more fully through 

spectroscopic, computational, and chemical reactivity measurements.  By incorporating the 

data collected from this study with what will be collected in other studies, a much clearer 

picture of how structure is related to manganese oxide reactivity will begin to be pieced 

together.   
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