
ABSTRACT 

DENGLER, ADAM KWOK HING. Microfabricated Electrochemical Sensor for In Vivo Detection 
of Neurotransmitters and Metabolites. (Under the direction of Dr. Gregory S. McCarty) 
 

The electrochemical detection of neurotransmitters and metabolites in vivo has 

centered on fast-scan cyclic voltammetry (FSCV) due to its subsecond temporal resolution, 

sensitivity and chemical selectivity.  FSCV at carbon fiber microelectrodes (CFMs) is a 

differential technique that can record phasic (second-to-second) changes in the 

concentration of electroactive analytes in a microenvironment, such as dopamine 

neurotransmission in the brain.  However, in order to isolate current due to fluctuations in 

analyte concentration, i.e. to make phasic measurements, the subtraction of a large 

background current is required.  This background current is generated by faradaic and non-

Faradaic processes. Its volatility renders FSCV unable to determine absolute or slowly 

varying concentrations.  However, there is still a need to readily determine the absolute or 

slowly changing concentrations of electroactive analytes in tissue.  For example, basal 

concentrations of dopamine vary throughout the brain and can affect the dynamics of 

dopaminergic systems. 

This research presents a microfabricated electrochemical sensor designed to 

improve on traditional FSCV at CFMs by adding the capability for absolute concentration 

measurements.  The sensor design is small enough to integrate into an existing in vivo 

platform.  The sensor is a collector-generator assembly comprised of carbon band 

electrodes spaced several microns apart.  Absolute concentration sensing works by varying 

the potential of the generator electrode to manipulate local concentrations of electroactive 

species in the solution.  These changes are measured at the adjacent collector electrode 



with FSCV and used to determine the absolute concentration in the solution.  As a proof of 

concept, the sensor was used to determine absolute concentrations of ascorbic acid, an 

important reducing agent and metabolite.  

Further research focused on characterizing a series of analytes detectable by this 

sensor.   The application of the device to sensing absolute concentrations of dopamine was 

investigated.   The limit of detection for the sensor was found to be within physiologic 

ranges in vitro.  In dopamine solutions, varying the generator potential induces an increase 

in dopamine at the collector from adsorption and desorption at the generator electrode.  

This signal can be used as a measure for absolute dopamine concentrations with the help of 

a postcalibration.  Importantly, interference from ascorbic acid on the dopamine signal was 

shown to be minimal for this approach. 

The device was then used to successfully determine absolute oxygen and pH levels 

in solution.  In this work, manipulation of the generator potential to a negative potential 

produces a local pH shift.  The pH shift is detected at the adjacent collector with FSCV and 

correlated to absolute solution pH by post-calibration of the anodic peak position.  In 

oxygenated solutions, this generator waveform reduces oxygen to hydrogen peroxide.  The 

hydrogen peroxide is detected with FSCV at the collector electrode and the magnitude of 

the oxidative peak is proportional to absolute oxygen concentrations.  Oxygen interference 

on the pH signal is minimal and can be accounted for with a post-calibration. 

The selectivity of the sensor for absolute concentration sensing in a mixture of 

analytes was demonstrated.  Absolute concentration sensing of ascorbic acid, dopamine, 

pH, and oxygen was performed by resolving FSCV signals in the time and potential 



dimensions.   Interference between analytes was characterized and principle component 

analysis was applied to quantify the concentration fluctuations. 
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Chapter 1 

Detection of Neurochemical Signaling and Metabolism in the Brain 

Introduction 

The fundamental unit in the mammalian nervous system is the neuron.  Neurons are 

specialized cells which process and transmit information to one another in vast neural 

networks.  Neurons receive inputs at the cell body and via extensions called dendrites 

(Figure 1.1A).  If dendrites receive sufficient input, an electrical signal, called an action 

potential, is generated by the flux of K+ and Na+ ions that depolarize the cell membrane.  

The action potential propagates along a cellular projection, called the axon, and is 

translated to a chemical signal at specialized contact zones between cells, called synapses.  

This chemical signaling works by release of neurotransmitters from presynaptic vesicles.  

The neurotransmitters diffuse across the synapse and bind to postsynaptic receptors on 

target neurons (Figure 1.1B).  Neurotransmitter binding may excite or inhibit the activity of 

the postsynaptic cell depending on the neurotransmitter, receptor, and state of the cell.  If 

the excitatory inputs exceed a threshold potential, a new action potential is generated and 

the signal propagates.  Following release, extracellular neurotransmitters are quickly 

dispersed by diffusion, receptor reuptake, and enzymatic metabolism. 

The dynamics of neurotransmission underlie synaptic communication and its 

possible dysfunction.  Abnormal chemical signaling is implicated in a number of neurological 

diseases and disorders.  For example, the action of neurotransmitters dopamine and 5-HT  
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Figure 1.1 Neuron morphology and connection.  

Neurons are specialized cells which propagate electrical and chemical signals in the nervous 

system.  (A) Schematic depicting the morphology of a neuron. Input signals are received at 

the dendrites and cell body.  Sufficient input(s) that surpass a threshold induce an electrical 

signal, called an action potential, which propagates along the axon before terminating at 

synaptic terminals.  (B) The synapse is a specialized connection between neurons and 

downstream targets that facilitates chemical communication.  Neurotransmitters are 

released from synaptic vesicles, diffuse across the gap, and bind to receptors located on the 

dendrites. Modified from scienceblogs.com 
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are implicated in drug addiction to stimulants, opiates, nicotine, THC, and alcohol (Squire et 

al., 2003).  Restoring chemical signaling to a “normal” state is the goal for many 

pharmacological treatments (Vaswani, Linda, & Ramesh, 2003). 

Neurotransmitters in the Brain 

There are many classes of neurotransmitters including amino acids, peptides, 

monoamines, and soluble gasses.  The main excitatory and inhibitory neurotransmitters are 

glutamate and Gamma-Aminobutyric Acid (GABA) respectively (Squire, Bloom, & Spitzer, 

2008).  Glutamate and GABA act quickly on target cells by binding to ligand-gated ion 

channels (ionotropic receptors) that conduct ions across the cell membrane. 

In contrast, the monoamine neurotransmitters, such as dopamine, norepinephrine, 

histamine, and serotonin are considered neuromodulators.  These neuromodulators target 

metabotropic receptors which are indirectly linked to cell activity via signal transduction 

mechanisms (Squire, et al., 2008).  The monoamine neurotransmitters may diffuse out of 

the synapse and act on multiple neurons.   

Dopamine is a key neuromodulator implicated in motor control, reward, motivation, 

and arousal.  Dopamine cell bodies are concentrated in several areas of the brain, including 

the ventral tegmental area and substantia nigra.  These cell bodies project axons to regions 

like the dorsal striatum, nucleus accumbens, and prefrontal cortex.  Dysfunctions of 

dopaminergic systems are associated with drug addiction (Ariansen et al., 2012), ADHD, 

schizophrenia(Goto & Grace, 2007; Goto, Otani, & Grace, 2007), and Parkinson’s disease 
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(Kish, Shannak, & Hornykiewicz, 1988).   Dopamine signaling is characterized by phasic and 

tonic firing of dopamine neurons.  Phasic firing follows salient stimuli while tonic firing 

regulates the basal level of extracellular dopamine (Grace, 2000).  Both kinds of firing 

contribute to the basal levels of dopamine in the extracellular space primarily via phasic 

(several-second) dopamine release (Owesson-White et al., 2012).  Basal dopamine affects 

dopamine receptor occupancy, transporter direction, and excitability of neurons (Schultz, 

1998, 2007).   However, the effect of basal dopamine on fast phasic dopamine 

neurotransmission is not well understood due to limitations of analytical techniques.  There 

is an unmet need to measure both basal dopamine and fast phasic changes in dopamine at 

the same electrode to help elucidate the relationship. 

Oxygen and pH in the Brain 

 Brain tissue pH is tightly regulated to maintain proper brain function.  Neuronal 

processes are themselves regulated by pH where acidosis depresses synaptic activity and 

neuron excitability while the reverse is true for alkalosis (Kaila & Ransom, 1998).  The 

mechanism for regulation lies in pH-sensitive activity of ion channels, ligand-gated 

receptors, and enzymes.  Perturbations in pH larger than 0.1 units may indicate the 

accumulation of acids from insufficient blood flow (ischemia) or lack of oxygen (hypoxia).  

For this reason, brain pH is important for monitoring neural activity, circulatory dysfunction, 

respiratory dysfunction, and acute damage to brain tissue (Kaila & Ransom, 1998). 



 

5 

 Similarly, brain tissue oxygenation is tightly regulated since oxygen is necessary for 

glucose metabolism but toxic at high concentrations.(Ndubuizu & LaManna, 2007)  Indeed, 

the link between brain oxygenation, cellular metabolism, and neural activity is the principle 

behind functional magnetic resonance imaging (fMRI) studies (Mintun et al., 2001; 

Ndubuizu & LaManna, 2007).  Oxygen tension is also an important indicator of disease 

states; hypoxia can indicate acute conditions (anemia, ischemia, poisoning) and chronic 

conditions like Alzheimer’s (Peers, Pearson, & Boyle, 2007).   Oxygen tension is also 

important in the production of reactive oxygen species (Clanton, 2007) which cause 

oxidative stress that is implicated in neurodegenerative diseases like Parkinson’s 

(Ramalingam & Kim, 2012; Zuo & Motherwell, 2013).  Reactive oxygen species also act as 

secondary messengers in the immune response and regulation of cerebral blood flow 

(Finkel, 1998). 

Oxygen and pH are also important indicators of metabolism in the brain.  Metabolic 

energy is needed to maintain neuronal processes.  The main processes are the maintenance 

of ionic gradients and the synthesis and transport of neurotransmitters.  These processes 

elicit  a high energy demand: the mammalian brain is 2% of body weight but uses 25% of 

total body glucose metabolism (Squire, et al., 2008).  Glucose metabolism via oxidative 

metabolism consumes oxygen and produces adenosine triphosphate (ATP) to be used for 

energy and carbon dioxide (Figure 1.2).  Produced carbon dioxide is catalytically converted 

to carbonic acid by carbonic anhydrase.  Carbonic acid results in an acidic pH shift that is 

buffered by the bicarbonate system and fixed protein buffers (Kaila & Ransom, 1998).   
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Figure 1.2  Interaction between neuronal activity, metabolism, and blood flow.   

Receptors on astrocytes sense synaptic activity and then couple with capillaries to facilitate 

transport of metabolites.  Coupling between active neurons and increased blood flow is 

called functional hyperaemia.  Oxygen and pH are affected by this coupling.  Adapted from 

(Magistretti, 2006).   
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Excess CO2 is cleared by blood flow via a dense network of capillaries that perfuse the brain 

tissue. Accumulation of CO2 in the blood is balanced by exhalation through the lungs.  

Additionally, inhalation of oxygen and blow flow delivers fresh oxygen to the brain to 

sustain oxidative metabolism.  The coupling between metabolic energy use and supporting 

blood flow is called functional hyperaemia and is controlled by astrocyte-neuron coupling.  

Dysregulation of functional hyperaemia in the brain plays a role in cerebral ischemia (Baker 

et al., 2013) and dementia (Bell & Zlokovic, 2009).  However, the relationship between 

functional hyperaemia and vasoactive neurotransmitters like dopamine (Kroppenstedt, 

Stover, & Unterberg, 2000), norepinephrine, (Bucher et al., 2014; Kroppenstedt, Stover, & 

Unterberg, 2000; Sato & Sato, 1992) and 5-HT (Sato & Sato, 1992) is not well understood.  

Neurodegenerative diseases like Alzheimer’s, and Parkinson’s are also known to have 

irregular or reduced blood flow (Globus, Mildworf, & Melamed, 1985) as well as dysfunction 

dopaminergic systems in Alzheimer’s (Shulman, De Jager, & Feany, 2011) and 

norepinephrine in Alzheimer’s (Heneka et al., 2010).  There is an unmet need to 

simultaneously monitor neurotransmitters and blood flow to elucidate this relationship.   

Tools to Monitor Neurotransmission and Metabolites 

  There are many techniques to measure neurotransmission and metabolites in the 

brain.  They can be roughly categorized into invasive and non-invasive techniques.  Non-

invasive techniques include fMRI, and Position Emission Tomography (PET) (Delforge, 

Bottlaender, Pappata, Loc'h, & Syrota, 2001b).  While noninvasive, these techniques do not 
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allow for subject movement, are relatively expensive, and have limited spatial resolution.  

Invasive techniques, on the other hand, have high single-point spatial resolution, are 

economical, and allow for freedom of movement.  Invasive techniques directly sample the 

brain which allows for improved quantification, continuous monitoring, high spatial 

resolution, and in the case of electrochemical detection, improved temporal resolution.  

Two of the most widely used direct-measurement techniques are microdialysis and 

electrochemical sensors.   

Direct Sampling of Neurotransmission 

Microdialysis directly samples the extracellular fluid through a probe inserted into 

brain tissue.  The probe has a hollow tip covered by a semipermeable membrane with an 

inlet and outlet tube.  The probe continually perfuses fluid into the brain of similar 

composition to extracellular fluid which generates a concentration gradient near the probe 

and neutralizes negative pressure.  Molecules and neurotransmitters of interest diffuse past 

the semi-permeable membrane and into the outlet tubing for downstream chemical 

analysis (Watson, Venton, & Kennedy, 2006). Drugs may also be locally introduced in the 

inlet tubing for pharmacological assays which is advantageous for bypassing the blood-brain 

barrier.  Microdialysis has excellent selectivity and quantification since it can be run in series 

with chemical techniques like column chromatography, CE, or enzyme assays.  However, 

microdialysis probe size and its insertion create tissue damage and thus alter chemical 

measurements (Jaquins-Gerstl & Michael, 2009a).  A significant disadvantage of 
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microdialysis is the low temporal resolution (> minute/sample) which precludes 

measurement of phenomenon in real-time.  For example, dopamine is released to salient 

stimuli during behavioral experiments on the sub-second timescale (M. L. Heien et al., 

2005). 

Electroanalytical techniques for neurochemical measurements include voltammetric 

(differential pulse, FSCV) and amperometric techniques with enzyme coatings.  Common 

electrode materials are platinum and carbon due to their resistance to fouling.  Tissue 

damage from probe insertion, such as a carbon fiber,  is a concern but is significantly less 

than microdialysis probes due to smaller probe size (Jaquins-Gerstl & Michael, 2009a) 

(Figure 1.3)  This is especially important not only for acute effects of tissue damage 

(Johnson, Kao, & Kipke, 2007) but for implanted electrodes where the immune response of 

the brain eventually encapsulates the electrode and reduces function (E. R. Hascup et al., 

2009; Jorfi, Skousen, Weder, & Capadona, 2015).  These techniques invasively insert a 

probe, such as a carbon fiber microelectrode, directly into tissue for measurement.  

Electrochemical detection of molecules at the site of interest confers excellent temporal 

resolution.  In vivo phenomena at the subsecond timescale includes synaptic release of 

neurotransmitters in response to images, tones, odors, electrical stimulation, and other 

salient stimuli (Robinson, Hermans, Seipel, & Wightman, 2008).  The main excitatory 

(glutamate) and inhibitory (GABA) neurotransmitters are not electroactive which precludes 

direct electrochemical detection without use of an enzyme-coating.  Enzyme-coatings are 

commonly studied for converting a non-electroactive species into an electroactive reporter 
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Figure 1.3 Size comparison of microsensors for neurochemical measurements.  

(A) Carbon Fiber microelectrode and (B) microfabricated array for electrochemical detection 

of neurotransmitters from Appendix C.3.  (C) Microdialysis probe tip. 
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molecule that can be measured.  For example, gluamate-oxidase reacts with glutamate to 

produce electroactive hydrogen peroxide reporter (Burmeister et al., 2013).  However, 

several neuromodulators are electroactive, including dopamine, serotonin, and 

norepinephrine.  Measuring dopamine neurotransmission requires high temporal resolution 

and sensitivity since phasic release of dopamine is fast (subsecond) and low in 

concentration (40-100 nM) (Wightman et al., 2007).   Selectivity is needed since there are 

many electroactive interferents in the brain; for example dopamine release can be 

accompanied by simultaneous pH shifts (Kawagoe, Garris, & Wightman, 1993).  Minimal 

invasiveness (small probe size) is desirable since measurements may be affected by tissue 

damage (Szarowski et al., 2003).  Experiments with awake, behaving animals require robust 

probes which do not interfere with movement or break easily. 

Techniques to Measure Oxygen and pH 

Tissue oxygen tension is a strong indicator blood flow (Lowry, Boutelle, & Fillenz, 

1997), but oxygen changes due to metabolism must also be considered.  In vivo oxygen 

measurements can be made with a polarographic Clark electrode which is holds the 

electrode (platinum or gold) at a reductive potential (Clark, Wolf, Granger, & Taylor, 1953).  

The electrode reduces oxygen that diffuses to the surface and records the cathodic current 

which is proportional to oxygen concentration.  The selectivity of the sensor is granted by a 

gas permeable membrane.  The membrane also prevents fouling of the electrode surface by 
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the adsorption of unwanted chemical species.  However, Clark electrodes are relatively 

bulky in size and limited to oxygen measurements.  

The traditional glass pH sensor is comprised of a pH-sensitive glass bulb which 

insulates an internal solution and electrode.  The potential across the glass-bulb depends on 

the protonation of the glass bulb and is correlated to solution pH.  Additionally, there are 

ion-selective pH sensors which gain their selectivity via a selectively permeable H+ 

membrane over a pH sensitive material such as iridium oxide (Korostynska, Arshak, Gill, & 

Arshak, 2008).  The oxidation state of the iridium oxide film is sensitive to H+ concentration, 

which allows the determination of pH by calibration.  Traditional glass pH sensors, however, 

are bulky in size and miniaturized  ion-selective sensors (Fedirko, Svichar, & Chesler, 2006) 

are too fragile for freely-moving experiments.  

Fast-scan Cyclic Voltammetry 

Fast-scan cyclic voltammetry (FSCV) is an electrochemical technique which has seen 

significant use in detecting extracellular neurotransmitter concentrations (Robinson, 

Hermans, Seipel, & Wightman, 2008), and are robust enough for recording in awake and 

behaving animals (M. L. Heien, et al., 2005).  FSCV meets many of the challenges of in vivo 

measurements due to its subsecond resolution, sensitivity (Keithley et al., 2011), and 

selectivity (Heien, Johnson, & Wightman, 2004). For in vivo applications, FSCV is applied to 

at small carbon fiber microelectrodes (CFM) which are typically 100 μm long and 5 μm in 

diameter.  Microelectrodes of this small scale have several advantages, including minimal 
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tissue damage, small ohmic drop, radial diffusion to the electrode, and smaller capacitance 

which results in lower noise (Bard & Faulkner, 2001). 

FSCV works by applying a triangle-shaped waveform to a carbon fiber 

microelectrode (Figure 1.4A).  The triangle scan is 400 V/s, with typical scan limits of -0.4 V 

to 1.3 V and then back down to -0.4 V (Figure 1.4B).  The triangle waves are applied every 

100 ms with the electrode holding at -0.4 V in between scans.  The current collected from a 

triangle scan is displayed as a cyclic voltammogram with current (y-axis) displayed over the 

waveform potential (x-axis) (Figure 1.4C).  This signal is comprised of a large charging 

background due to charging of the electrical double layer and surface processes.  Atop the 

charging background is Faradaic current from the redox of species of interest.  For example, 

an increase in dopamine yields a change in the overall current (Figure 1.4C blue line with 

added dopamine vs. black line).  A cyclic voltammogram of the current change due to the 

addition of dopamine (Figure 1.4D) is obtained by digitally subtracting the background 

current from the signal with additional dopamine added (Figure 1.4C blue – black line).  

Background-subtracted CVs are a signature the electroactive species present and provide 

chemical selectivity.  In order to display changes in concentration over time, the CV is 

plotted over time (Figure 1.4E) and stacked sequentially with time as an electrochemical 

color plot (Figure 1.4F) where the y-axis is potential, x-axis is time, and current is in false 

color.  A trace taken along the x-axis indicates changes in concentration over time.   

Despite the many advantages of in vivo voltammetry, FSCV remains limited to 

differential measurements in a relatively short time window (several minutes).  This  
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Figure 1.4. Collection and display of Fast Scan Cyclic Voltammetry data. 

(A) Carbon fiber microelectrode. (B) Applied triangle waveform. (C) Charging current in 

dopamine solution (blue) and without, also called the background (black) (D) Background-

subtracted cyclic voltammogram (E) Background-subtracted voltammogram over time (F) 

Stacked voltammograms over time with the background as dashed black line. Current vs. 

time at the dopamine oxidation potential (blue arrow) yields dopamine concentration 

changes over time (right trace). 
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limitation is because FSCV requires the subtraction of a large background current which 

removes contribution from background levels of electroactive species.  For example, in 

Figure 1.4F the changes in dopamine over time are visualized in color plot by taking the 

current signal at the background (black dotted) line, and subtracting it from all other 

measurements.   This means that any current from tonic level of dopamine contributing to 

the signal at the chosen background (black dotted line) is subtracted out of the color plot.  

Moreover, it is difficult to measure phasic changes over longer periods (> several minutes) 

because the background signal is known to drift (Hermans, Keithley, Kita, Sombers, & 

Wightman, 2008).   

Microfabrication Sensors for Direct Sampling 

 Microfabrication is the fabrication of devices on the micrometer to millimeter scale.  

Microfabrication techniques were developed to produce integrated circuits for the 

semiconductor industry and to produce microelectromechanical systems (MEMS).  MEMS 

devices are ubiquitous in modern society, appearing in cars, cell phones, computers, 

appliances, and other technologies.  MEMS for biomedical uses (bio-MEMS) encompass 

many uses like detection, analysis, diagnosis, and drug delivery.  Bio-MEMS include 

pacemakers, microneedles, implantable microelectrodes, micro-pumps for insulin delivery, 

and lab-on-chip devices (Saliterman, 2006).  The use of microfabrication for bio-MEMS 

sensors has attracted attention because materials and processes for making semiconductor 

chips have been well characterized.  The well characterized processes allow for the custom 
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creation of readily-addressable sensing elements on the micron scale with high fidelity and 

reproducibility.  Batch fabrication can be scaled up to produce large volumes at reduced 

cost (economies of scale). 

 Microfabrication processes begin by building on a substrate such as glass, quartz, or 

silicon.  Layers may be added to the substrate by additive processing such as spin/dip 

coating, evaporation, sputtering, electroplating, and chemical vapor deposition (Wolf, 

2004).  These layers are patterned with features on the micron-scale with photolithography.  

Photolithography works by spin-coating a uniform layer of a photo-sensitive chemical called 

photoresist.  The photoresist is soft-baked at a higher temperature to reduce the solvent 

and water content.  The sample is then loaded into a contact-aligner or stepper and brought 

into alignment with a photomask.  The photomask is transparent (glass or quartz) and has 

the desired pattern in an opaque material (chrome).  During the exposure step, the 

photoresist is selectively exposed to UV light through the mask which induces chemical 

changes in the exposed regions of photoresist.  The photoresist is then developed in a 

chemical bath.  The developer solubilizes the resist to reproduce the image on the 

photomask depending on the type of photoresist.  A positive resist is rendered soluble 

when exposed to UV, yielding a positive of the mask image after development while the 

opposite is true for a negative resist.  After patterning the substrate with photoresist, the 

exposed substrate areas may be selectively etched by subtractive processing such as 

plasma/ion etching or wet chemistry.  In this way, a combination of photolithography, 

additive, and subtractive steps are used to fabricate microstructures on the substrate.
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Figure 1.5 Microfabricated arrays for recording in the brain. 

(A) ‘Michigan’ Array for electrophysiologic multi-unit recordings (B) Implantable silicon-

based ‘Utah’ Array for a brain-machine interface  (C) Carbon arrays compatible with FSCV 

(Zachek, Park, Takmakov, Wightman, & McCarty, 2010)   
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Bio-MEMS for the brain comprise of electrodes that record electroencephalographic 

measurements from the scalp or electrophysiologic signals inside the brain.  Implantable 

electrodes can record and/or stimulate electrical or chemical signals in the brain.  

Electrodes for deep brain stimulation treatment of Parkinson’s symptoms have seen clinical 

use.  MEMS devices which record signals are typically electrophysiological probes that 

measure the electrical currents arising from action potentials of neurons, such as the 

‘Michigan array’ (Figure 1.5A) (Najafi, Wise, & Mochizuki, 1985).  Microfabrication allows 

the creation of arrays with relative ease and high reproducibility compared to traditional 

fabrication techniques.  These microfabricated electrode arrays (MEAs) have multiple 

parallel sensing elements which can record information from multiple electrodes at fixed 

locations, greatly increasing measurement capabilities over a single electrode.  MEAs can 

sense the activity of multiple cortical neurons and in some cases even enable a brain-

machine interface (Simeral, Kim, Black, Donoghue, & Hochberg, 2011).  Some studies have 

progressed to where primate and human subjects actively control a robotic arm with the 

help of an implanted MEA (Figure 1.5B) (Hochberg et al., 2006; Velliste, Perel, Spalding, 

Whitford, & Schwartz, 2008).  Furthermore, microfabrication allows for variable sensor 

geometries, integration of different sensor types (Tseng & Monbouquette, 2012), and 

additional functionalities such as drug delivery barrels (Wise, Anderson, Hetke, Kipke, & 

Najafi, 2004) and wireless capability (D. Fan et al., 2011; Wise, et al., 2004).  MEAs also 

cause less tissue damage than microdialysis probes (E. R. Hascup, et al., 2009) and are 



 

19 

robust enough to survive freely-moving experiments (Berenyi et al., 2014; D. Fan, et al., 

2011). 

Development of microfabricated sensors that measure chemical neurotransmission 

include enzyme modified electrodes and carbon-based MEMS.  Enzyme modified MEAs 

have been used for detection of non-electroactive species, such as glutamate (Burmeister, 

et al., 2013).  These electrodes work by measuring the current signal at an enzyme modified 

electrode and compare it to a nearby unmodified metal electrode as an internal reference.  

Carbon-based MEAs are another type of chemical sensor that has attracted attention due to 

attractive properties of carbon.  Carbon electrodes have a wide potential window, 

resistance to fouling, chemical versatility, and low capacitance (McCreery, 2008).  Carbon 

layers may be sputtered (Cuomo, Doyle, Bruley, & Liu, 1991), evaporated (Blackstock et al., 

2004), or be pyrolyzed from photoresist (PPF) .  PPF is made by heating up a photoresist 

layer to 1000  ̊C in a forming gas atmosphere (95% nitrogen/5% hydrogen) (Ranganathan, 

McCreery, Majji, & Madou, 2000) and is known to have comparable properties to glassy 

carbon (McCreery, 2008) and carbon fiber  microelectrodes (Takmakov, Zachek, Keithley, 

Walsh, et al., 2010; Zachek, Takmakov, Moody, Wightman, & McCarty, 2009).  

Microfabricated carbon MEAs have also been adapted for FSCV detection of heterogeneous 

phasic dopamine release in the brain (Figure 1.5C) (Zachek, et al., 2010). 
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Microfabricating Collector-Generator Systems 

 Collector-generators are dual-electrode systems useful for studying the 

electrochemical reactions such as the lifetime of electrogenerated species, detection of 

reaction intermediates, discrimination between mechanisms, and dissolution of the 

generator electrode (Barnes, Lewis, Dale, Marken, & Compton, 2012).  Recently, collector-

generators have attracted attention for use in discriminating target analytes from a solution 

with electroactive interference, such as the detecting dopamine from ascorbate (Aggarwal, 

Hu, & Fritsch, 2013) (Oleinick et al., 2013).  The generator is designated as the electrode 

used to oxidize or reduce the analyte of interest.  The collector electrode is located near the 

generator and typically serves to electrochemically convert the generated species to the 

original redox form.  A critical parameter of collector-generators is collection efficiency, 

which is the ratio between redox currents at the generator and collector.  Transport 

between generator and collector is facilitated through diffusion and sometimes convection 

depending on the design.  The classical collector-generator is the rotation ring-disc 

electrode (RRDE) developed in the 1950s.  The system contains a rotating disc electrode 

surrounded by a middle concentric ring of insulating material, a second ring of conducting 

material, and a final insulating ring.  The rotation of the disc electrode hydrodynamically 

enhances mass-transport of analytes to the disc and ring electrode and is well-

approximated by the Levich equation.  Another collector-generator design of interest is the 

multi-band electrodes which exist as dual bands, triple bands, or interdigitated electrode 
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arrays.  The bands typically have a critical width and gap dimensions in the micro-scale and 

are spaced close enough that their diffusion zones overlap.  Collection efficiency is 

enhanced by the close spacing and parallel electrode dimensions.  As mentioned earlier, 

several groups have used these systems to enhance selectivity for a target analyte, such as 

dopamine, in the presence of an electrochemical interferent, such as ascorbic acid 

(Aggarwal, et al., 2013) (Oleinick, et al., 2013).  This detection scheme works by having the 

generator create a depletion zone of ascorbate by holding at an oxidizing potential.  

Ascorbate and dopamine are oxidized at the generator, however, dopamine oxidation is 

reversible while ascorbate is not.  Dopamine-ortho-quinone (DOQ) is subsequently reduced 

at the collector electrode back to dopamine and results in a selective signal despite the 

presence of ascorbate.   Despite these benefits, collector-generators studies have been 

limited to electroanalytical in vitro applications.  This stems from the additional complexity 

of integrating the design into a device with a shank small enough for in vivo use.  

Furthermore, collector-generators have not been characterized with FSCV as the detection 

scheme, where the additional selectivity of FSCV over constant-potential amperometry can 

be brought to bear. 

Scope of Thesis 

 FSCV at carbon fiber microelectrodes is a sensitive and selective technique for real-

time detection of neurotransmission and metabolites in vivo.  However, FSCV has been 

limited to differential concentration measurements due to the need for background 
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subtraction of a large, volatile charging current.  This dissertation describes work done to 

fabricate and characterize a dual electrode collector-generator system that enables tonic, or 

absolute, concentration detection with FSCV.   

Chapter 2 details the characterization of the collector-generator system in a 

traditional setup and well-behaved redox system for comparison to literature.  Next, the 

collector-generator is characterized with the collector performing FSCV measurements.  

Finally, a method for background-concentration detection of an electroactive species of in 

vivo significance, ascorbic acid, is presented.  Absolute ascorbic acid concentration sensing 

is evaluated by varying concentration and generator waveform parameters. 

Chapter 3 presents the in vitro proof-of-concept work for in vivo detection of tonic 

dopamine concentrations with FSCV.  The operation of the sensor is presented and the 

sensitivity of the device is characterized over physiologic concentrations.  A mechanism for 

absolute dopamine sensing is presented.  The generator waveform parameters were then 

varied to further understanding of the system and optimize the performance.  Finally, 

absolute-dopamine sensing is shown to be unaffected by the presence of electroactive 

interference from ascorbic acid.  

The capability of the collector-generator FSCV sensor to detect tonic pH and oxygen 

was investigated in Chapter 4.  The potential applied to the generator was varied to 

generate pH signals that are subsequently measured at the collector with FSCV.  The 

collected FSCV pH signals are shown to originate from changing the potential-dependent 

protonation states of surface groups at the generator.  The FSCV pH signals are used to 
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determine absolute pH with the help of postcalibration.  In oxygenated solutions, the 

generator waveform reduces oxygen to hydrogen peroxide.  The generated hydrogen 

peroxide is collected with FSCV and the magnitude of the hydrogen peroxide signal can 

determine absolute oxygen with post-calibration.  Oxygen reduction additionally creates a 

pH shift that enhances the pH signal.  However, the additional pH signal also creates 

interference that is shown to be minimal at physiologic oxygen concentrations. 

Selectivity is a crucial challenge for in vivo electrochemical measurements.  Chapter 

5 describes the use of the collector-generator sensor to take simultaneous absolute 

concentration measurements of dopamine, ascorbic acid, oxygen, and pH.  The generator 

potential is varied in a biphasic square wave to induce concentration changes at the 

collector.  The induced concentration changes are resolved into individual signals with FSCV 

in 2-dimensions, potential and time.  The induced signal from a positive potential step at 

the generator is used to measure ascorbic acid and dopamine as described in Chapters 2 

and 3 respectively.  Afterwards, a negative potential at the generator is used to measure 

absolute oxygen and pH as in Chapter 4.  Interference between signals is evaluated and 

principle component analysis is used to quantify concentration changes.  
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Chapter 2 

Characterization of Collector-Generator with Slow and Fast-Scan Cyclic Voltammetry 

Introduction 

Microelectrodes have several advantages as bioanalytical sensors. Due to their small 

size, microelectrode have small  ohmic drop which allows for measurements in resistive 

media (Bard & Faulkner, 2001).  Small size also lowers capacitive noise, reduces required 

sample volume, and minimizes tissue damage upon implantation (Jaquins-Gerstl & Michael, 

2009a).  Band electrodes of microscale width have been widely used because they retain a 

low ohmic drop regardless of length (Bard & Faulkner, 2001).  Microbands may be 

fabricated by various techniques including foil-bonding (Fosset, Amatore, Bartelt, & 

Wightman, 1991) and lithographic microfabrication (Ranganathan, et al., 2000).  

Microfabricated arrays of band electrodes have been used in the brain to study 

electrophysiologic currents (Najafi, et al., 1985), pH (Johnson, et al., 2007), and 

neurotransmission (Tseng & Monbouquette, 2012; Wassum et al., 2008; Zachek, et al., 

2010).  In these designs, electrode sites are spaced tens of microns apart to gain multi-site 

spatial resolution but avoid diffusional and electrical crosstalk.   In contrast, microband 

arrays with close spacing (< 10 μm) have been used in collector-generator assemblies 

(Fosset, et al., 1991; Liu, Kolesov, & Parkinson, 2014).  Collector generators have many uses 

in electroanalysis including studying reaction mechanisms, kinetics, diffusion of species 

(Amatore, Sella, & Thouin, 2006), blood flow clearance (Lowry, et al., 1997), and lowering 
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the limit of detection (Barnes, et al., 2012).  In general, the generator electrode serves to 

redox the species of interest to a product.  The product then diffuses to the collector where 

it is redoxed back to the original species.  The ratio between current at the generator and 

collector and is called collection efficiency and is an important indicator of performance 

(Barnes, et al., 2012).  Collection efficiency is increased by introducing convection from 

generator to collector, restricting diffusion such as in a channel, or decreasing the spacings 

between electrodes.  Another feature of collector generators is redox cycling.  If the 

collected species is electrochemically reversible, it can diffuse back to the generator to be 

recycled.  In this way, redox cycling between generator and collector can enhance the 

sensor detection limit.  Despite the benefits of collector-generators for in vitro analysis, 

collector-generators have not seen extensive use for in vivo measurements.  In part this lack 

of use is due to the added complexity of fabricating a dual-electrode small enough to cause 

limited tissue damage and addressing electrochemical intereference in a complex in vivo 

environment.  In this work, a triple microband collector-generator system is fabricated 

which can fit onto an existing in vivo compatible platform (Zachek, et al., 2010).  The system 

is comprised of a three parallel band electrodes of equal dimension of 10 x 100 μm, spaced 

5 μm apart.  The outer electrodes are interconnected and surround the inner electrode on 

either side.  The collection efficiency and performance of the collector-generator is 

characterized using a well understood one electron redox system 

Hexaammineruthenium(III) (Ru(NH3)6
3+) in saline.  
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Fast-scan cyclic voltammetry (FSCV) is a sensitive and selective technique which has 

seen widespread in vivo use for the study of neurotransmission of electroactive species, 

such as dopamine (Robinson, Hermans, Seipel, & Wightman, 2008).  While FSCV has many 

advantages, it is unable to readily sample background concentrations of analytes.  The fast 

scan rates (≥ 300 V/s) generate a large charging current which must be background-

subtracted in order to make FSCV measurements.  Background subtraction removes 

contributions from redox species with constant concentrations.  Fast scan rates are 

necessary to achieve selectivity and responsivity required for measuring dopamine over 

other electroactive species, such as ascorbic acid, in the brain.   

Ascorbic acid exists at a much higher concentration than dopamine (100-500 μM 

ascorbic acid vs. 10-50 μM dopamine) and has a similar oxidation potential to dopamine 

(+0.2 V vs. Ag/AgCl) (O'Neill, 1994).   As a result, ascorbic acid is a major interferent for 

detection of dopamine in the brain.  To overcome this interference, FSCV uses a fast scan 

rate (ν ≥ 300 V/s) to outrun the sluggish kinetics of ascorbic acid and reduce its faradaic 

contribution (Robinson & Wightman, 2007).  Furthermore, selectivity for dopamine is 

enhanced by dopamine adsorption to carbon fiber microelectrodes whereas ascorbic acid 

does not adsorb (Bath, Martin, Wightman, & Anderson, 2001).  Adsorption enhances 

dopamine selectivity because the current from adsorbed species scales with scan rate (if ~ ν) 

compared to the square root of scan rate for diffusive species (if ~ v1/2) (Bard & Faulkner, 

2001).  Thus, higher scan rates allow for detection of dopamine in the presence of a much 

larger concentration of ascorbic acid.  However, ascorbic acid is still an important analyte in 
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the brain.  Ascorbic acid, or “vitamin C”, is an antioxidant which helps prevent damage from 

reactive oxygen species and serves neurochemical functions (Grunewald, 1993).  Ascorbic 

acid has been proposed as a biomarker for cognitive function and neuropathologies like 

Alzheimer’s disease (Bowman, 2012).  This chapter describes the use of FSCV in a collector-

generator system to make background concentration measurements of ascorbic acid.  To 

make these measurements, the generator potential is held at a resting potential for 20 

seconds before being stepped to a positive potential for 5 seconds.  At the positive 

potential, ascorbic acid is irreversibly oxidized to dehydroascorbic acid which depletes the 

local area of ascorbic acid.  The nearby collector (gap = 5 μm) records the decrease in local 

ascorbic acid concentration.  The FSCV depletion signal is proportional to ascorbic acid 

concentrations in bulk solution and functions as an ascorbic acid sensor.  Quantification of 

the ascorbic acid concentration is calculated using a postcalibration.   In order to 

understand the mechanism of depletion sensing, the generator waveform was varied.   

Optimal generator waveform parameters are discussed and presented.  

Experimental 

Chemicals 

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

received.  Aqueous solutions were prepared from doubly distilled water.  A 0.1 M KCl 

solution was used for 1 mM Hexaammineruthenium(III) (Ru(NH3)6
3+) solutions.  Phosphate 

buffer (pH 7.4) containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 
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were used for ascorbic acid solutions. A stock solution of 100 mM ascorbic acid in 0.1 M 

Perchloric acid was diluted to the desired concentration in PBS before being buffered to the 

pH 7.4 with an Accumet AB-15 pH meter (Hudson, MA). 

Electrode Fabrication 

 Microfabrication of PPF microelectrodes arrays was done in the North Carolina State 

University Nanofabrication Facility (NCSU NNF) and the Chapel Hill Analytical and 

Nanofabrication Laboratory (CHANL) using a process similar to previous research (Zachek, et 

al., 2010).  Briefly, a 3’’ diameter 350 μm thick silicon wafer was electrically insulated by low 

pressure chemical vapor deposition (LPCVD) of 3000 Å of silicon nitride at 900°C.  PPF films 

were made by a spinning an adhesion promoter (hexamethyldisilazane (HMDS)) followed by 

positive tone photoresist (AZ 1518, AZ Electric Materials, NJ).  The photoresist was exposed 

and developed in the desired electrode pattern before pyrolysis in an quartz tube furnace at 

1000°C for an hour in forming gas atmosphere (5% Hydrogen, 95% Nitrogen) as previously 

reported (Ranganathan, et al., 2000).  The PPF films were then insulated by depositing 5000 

Å of low stress silicon nitride with mixed frequency plasma enhanced chemical vapor 

deposition (MF-PECVD).  A second lithographic step with Shipley 1813 (Newton, MA) was 

used as a mask to selectively reactive ion etch the PECVD insulation over the PPF electrode 

tips and contact pads with the PPF functioning as an etch stop.  The PPF devices were 

shaped and released from the wafer using a dicing saw.  External connections to the PPF 

contact pads were made using stainless steel wires and silver epoxy (MG Chemicals, 
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Ontario, B.V.) followed by 15-minute epoxy (Bob Smith Industries, Atascadero, CA).  The 

triple-band electrode dimensions are shown in Figure 2.1 where an inner band electrode, 8 

μm x 100 μm, is surrounded by two interconnected outer band electrodes of the same 

dimension with a 5 μm gap between electrodes. 

Data Acquisition 

 Triangle and constant potential waveforms were both generated and recorded with 

an ADC/DAC card PCI-6363 (National Instruments).  Square wave potential waveforms were 

generated with an Agilent 3320A Function Generator and recorded with the PCI-6363 card.  

The square wave was synchronized to apply the potential step during the FSCV holding 

time.  The square wave and FSCV output waveforms were filtered with a 2 kHz low pass 

filter to remove digitization effects. 

 Slow scan cyclic voltammetry was applied through a custom LabView program and 

processed in Microsoft Excel.  FSCV data was processed through the High Definition Cyclic 

Voltammetry (HDCV) analysis program.(Bucher et al., 2013)  FSCV data was digitally filtered 

(fast Fourier transform, time cutoff 1.3 Hz, DP cutoff 3 kHz) before further analysis and 

plotting in GraphPad Prism (GraphPad Software, San Diego, CA).  Data are reported as mean 

± standard deviation. 

Electrochemical Experiments 

 A flow injection system consisting of a 6 port injection valve (Upchurch Scientific 

model V-451) connected to a two position pneumatic actuator (Rheodyne model 5701) as 
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described previously (Bath et al., 2000).  The pneumatic actuator is controlled by a 12 volt 

solenoid valve (Rheodyne, Rohnert Park, CA) pressurized to 40 psi.  A syringe pump (New 

Era Pump Systems) was used to perfuse solutions across the electrode at constant flow of 2 

mL/min.  Nitrogen gas (Airgas Inc, Radnor PA) was bubbled to remove oxygen from solution 

when stated.   

All potentials are reported vs. Ag/AgCl reference electrode.  Before data acquisition, 

both electrodes were conditioned with the FSCV waveform (400 V/s triangle scan from -0.4 

V to 1.3 V and back to -0.4 V) for 15 minutes at 60 Hz and 15 minutes at 10 Hz.  The 

conditioning step is known to increase electrode sensitivity to catecholamines by 

introducing oxygen-containing functional groups on the electrode surface (M. L. A. V. Heien, 

P. E. M. Phillips, G. D. Stuber, A. T. Seipel, & R. M. Wightman, 2003).  The FSCV waveform in 

the collector-generator FSCV section is the same as the 10 Hz waveform described above.  

The generator typically performs a square wave with a holding potential, Vhold, of 0 V for a 

holding time, thold, of 20 seconds before stepping to a depletion potential, Vdep, of +0.8 V for 

a depletion time, tdep, of 5 seconds. 

Results & Discussion 

Design of Collector-Generator 

 The sensor is designed to function as a collector-generator assembly with the inner 

electrode functioning as the collector and the outer electrode as the generator.  The area of 

the inner collector electrode (~1000 μm2) (Figure 2.1) is a similar to a typical carbon fiber 
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microelectrode (CFM) (~1600 μm2).  This allows for comparison between signals recorded 

by CFMs and the PPF electrode in vitro (Zachek, et al., 2009) and in vivo (Zachek, et al., 

2010).  Microband electrodes are preferred since they are readily made with batch 

microfabrication techniques.  Band geometry is also advantageous because electrode area 

may then be linearly increased by lengthening the electrode while maintaining 

advantageous microelectrode properties with a microscopic width (small ohmic drop and 

time constant) (Bard & Faulkner, 2001).  A triple-band design is used because it has 

increased collection efficiency over a dual-band electrode design with identical gap size due 

to the increased overlap of diffusion layers (Fosset, et al., 1991).  The extension of triple-

band electrode design is the interdigitated arrays which have very high collection 

efficiencies (Aggarwal, et al., 2013; Barnes, et al., 2012; Liu, et al., 2014).  Interdigitated 

arrays, however, are large in size which limits their usefulness for in vivo FSCV.  The larger 

electrode size yields poorer spatial resolution and large charging current that saturates 

amplifiers at the high gains used to detect nanomolar concentrations of neurotransmitters.  

Collector-Generator Classical Mode 

 The typical mode of operation for a collector-generator is to have the generator 

sweep across a potential range while holding the collector at a fixed potential.  In a 

diffusion-limited case, the voltammograms depend on the electrode dimensions and scan 

rate (Fosset, et al., 1991).  During a potential sweep, electrogenerated species diffuse across 

the electrode gap and are redoxed at the collector.  In a reversible system, the collector  



 

41 

 
Figure 2.1 Triple band electrode design.  

The outer electrodes are interconnected and surround the inner electrode, each band is 10 

x 100 μm.   (above) Bright-field image of PPF carbon electrodes insulated with silicon 

nitride.  (below) Cross-section with electrode dimensions and spacing.    
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regenerates the original analyte species which then diffuses back to the generator and 

further increases generator current.  This redox cycling of electroactive species across the 

electrode gap amplifies the signal and enhances sensitivity.  Indeed, single molecule 

detection has been successfully demonstrated by trapping a redox molecule between a 

conductive probe and surface (F. R. F. Fan & Bard, 1995).  The ratio between current at the 

generator and collector is called collection efficiency and is an important parameter for 

collector-generator systems.  Collection efficiency is improved by decreasing the size of the 

gap between electrodes and increasing the overlap of diffusion layers.  To enable controlled 

positioning of the electrodes, microfabrication was used to fabricate PPF electrodes.  In 

these experiments the electrode spacings were 5 μm (Figure 2.1).   

 Figure 2.2 shows the operation of the sensor in the reversible redox system of 1 mM 

Ru(NH3)6
3+ (E1/2 = -0.122 V vs. Ag/AgCl) in 0.1 M KCl.  The generator is held at +0.1 V and is 

ramped to -0.5 V and back at varying scan rates from 0.01 V/s to 3.0 V/s.  As the potential 

sweeps through -0.2 V, the generator reduces Ru(NH3)6
3+ to Ru(NH3)6

2+.  A diffusion 

calculation estimates that a Ru(NH3)6
2+ (D = 1.19 x 10-9 m2/s) (Y. J. Wang, Limon-Petersen, & 

Compton, 2011) takes 21 ms to span the 5 μm gap to the collector.  The collector is held at 

+0.1 V and oxidizes Ru(NH3)6
2+ back to Ru(NH3)6

3+.  As the generator potential is scanned 

more negative, the resulting current reaches a mass-transport limited plateau.  At these 

negative potentials, the driving force for the reduction is high but is ulitmately rate-limited 

by diffusion transport of fresh Ru(NH3)6
3+ from bulk solution.   
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Figure 2.2 Collector-Generator performance vs. generator scan rate. 

Cyclic voltammograms collected in 1 mM Ru(NH3)6
3+ in 0.1 M KCl.  The generator electrode 

is ramped from +0.1 V to -0.5 V vs. Ag/AgCl at varying scan ratesfrom 0.01 V/s to 3.0 V/s 

while the collector is held at +0.1 V.  Generator charging current increases with scan rate 

while the collected current decreases. 
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For the slower scan rates in Figure 2.2, the collector current mirrors the generator current 

because collector current is from oxidation of Ru(NH3)6
2+ coming from the generator.    The 

collection current decreases with increasing generator scan rate (3.3 nA at 3 V/s to 6.7 nA at 

0.01 V/s).  This decrease occurs because at higher generator scan rates the electrode is 

spending less time at potentials sufficient to reduce Ru(NH3)6
2+ and generates less 

Ru(NH3)6
2+.  In addition, higher scan rates, such as 3 V/s, give insufficient time for a mass-

transport limited diffusion zone to form around the generator, limiting the concentration 

and therefore the current at the collector.  For example, for the scan limits of +0.1 V to -0.5 

V (1.2 V total) it takes only 400 ms to complete a scan at 3 V/s while it is 120 seconds at 0.01 

V/s.  Faster scan rates also increase the charging current and diffusional peaks seen on the 

cyclic voltammogram.  An increase in charging current is expected as charging current is 

equal to scan rate times capacitance (Bard & Faulkner, 2001).   

 In order to characterize the device, the collector-generator assignments for the 

inner and outer electrodes were varied (Figure 2.3).  Figure 2.3 above shows the ‘sensing’ 

configuration or normal  configuration for this research, with the inner electrode as the 

collector and outer electrode as the generator while the reverse configuration is shown 

below.  The limiting current at the collector is similar in either arrangement but the limiting  

current of the generator doubles in normal configuration.  The ratio of the limiting currents 

is the collection efficiency, so the reverse configuration has double the collection efficiency 

of the normal (63% vs. 30%).  This is because the reverse configuration has the generator  
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Figure 2.3 Characterization of the collector-generator with slow scan cyclic voltammetry.  

CVs from normal (above) and reverse (below) configuration for 1 mM Ru(NH3)6
3+ in 0.1 M 

KCl.  Collection efficiency is calculated by dividing the limiting currents and multiplying by 

100.  Schematics for normal and reverse electrode configurations are on the right.  The 

reverse configuration has double the collection efficiency of the normal configuration. 
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surrounded by the collector.  In this arrangement, less of the generated Ru(NH3)6
2+ 

successfully diffuse past the collector without being oxidized.  For this reason, many triple 

band electrode configurations are the reverse configuration (Fosset, et al., 1991) (Bard & 

Faulkner, 2001).  In this work, we have continued with the normal configuration with the 

collector in the middle for several reasons.  Firstly, this arrangement keeps the sensing 

electrode a similar size to the conventionally used CFM.  Furthermore, note that the 

collection current magnitude is the same in either case but the collector is half the size for 

the normal configuration.  This helps signal to noise as the smaller collector electrode has 

less capacitance and capacitance is a major contributor to noise in electrochemical 

measurements.  A larger collector size also becomes an issue at faster scan rates where the 

increased charging current overloads the high gain amplifiers used to make FSCV 

measurements in the sub-nA range. 

Characterization of Collector-Generator using FSCV with Ascorbic Acid 

The performance of the collector-generator sensor using FSCV was then evaluated in 

ascorbic acid solutions.  Ascorbic acid is oxidized to dehydroascorbic acid in a 2-proton, 2-

electron process before undergoing an irreversible hydration reaction.  This irreversibility 

precludes redox cycling between electrodes.  Furthermore, ascorbic acid does not adsorb to 

carbon (Bath, et al., 2000).  These properties simplify the interpretation of the resulting 

electrochemical signal.  So ascorbic acid was selected as the analyte for characterizing the 

behavior of the collector-generator system using fast-scan cyclic voltammetry. 
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Figure 2.4 Operation of the sensor in ascorbic acid solutions.   

(A) Color plot from the collector in 200 μM ascorbic with generator potential below.  

Dashed white line is the background.  (B) Current vs. time trace from horizontal black line in 

the color plot.  Trace is overlaid with traces from various concentrations.  ΔI is an indicator 

of absolute ascorbic acid concentrations.  (C) CV from the vertical black line in (A) showing 

the decrease in ascorbic acid after the onset of a generator potential step, overlaid with CVs 

from various ascorbic acid concentrations. (D) CV of a 200 μM ascorbic acid decrease by 

flow injection.  (E) Schematic showing half-section of collector respective waveforms 

underneath and resulting chemical changes after stepping the generator to +0.8 V. 
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In this configuration, the inner electrode is the collector and continuously performs 

FSCV. The outer electrode is defined as the generator and has periodic potential square 

waves applied to it.  The square wave is as described in the methods section with a holding 

potential Vhold = 0 V for thold = 20 seconds before stepping to a depletion potential, Vdep = 

+0.8 V for tdep = 5 seconds.  While at the depletion potential, the generator irreversibly 

oxidizes ascorbic acid.  The consumption ascorbic acid forms diffusion zone that 

encompasses the nearby collector.  The collector continuously monitors the resulting 

decrease in ascorbic acid with the FSCV waveform described in methods section (-0.4 V to 

1.3 V at 400 V/s repeated at 10 Hz).   Operation of the sensor in ascorbic acid solutions of 

various concentrations and the resulting signal are displayed in Figure 2.4.  Figure 2.4A 

shows a color plot of the collected signal over two generator square waves.  At time t = 0 

seconds, the generator is held at 0 V and the collector detects no change in solution.  At t = 

17 seconds, the generator is stepped to +0.8 V which irreversibly oxidizes ascorbic acid in 

solution to dehydroascorbic acid.  A diffusion calculation estimates that ascorbic acid (D = 

5.3x10-10 m2/s) (Gerhardt & Adams, 1982) will diffuse the 5 μm gap in 47 milliseconds.  The 

continuous oxidation of ascorbic acid thus generates a depletion zone that encompasses 

the nearby collector.  The collector records the decrease in ascorbic acid with FSCV as an 

increase in cathodic current on the forward and reverse scans.  The signal can be identified 

as a decrease in ascorbic acid with the help of a differential CV taken after the potential 

step (Figure 2C black line, taken from Figure 2A vertical black line – dashed white line).  The 

chemical identity is further confirmed by comparison to the CV signal resulting from a 200 
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μM decrease in ascorbic acid of bulk solution from flow injection (Figure 2D).  The temporal 

changes in ascorbic acid concentration at the collector can be visualized by taking the 

current at the oxidation potential of ascorbic acid over time (Figure 2.4B black line, taken 

from 2A horizontal black line).  At t = 17 seconds, the decrease in current corresponds to the 

depletion in local ascorbic acid from the oxidation at the generator.  After 5 seconds at +0.8 

V, the generator is stepped back to 0 V and the concentration of ascorbic acid at the 

collector is restored to initial levels by diffusion from bulk solution.  Figure 2E illustrates the 

mechanism for background ascorbic acid sensing and respective electrode waveforms. 

Ascorbic Acid Concentration Dependence 

In order to illustrate the effect of concentration on signal magnitude, the CVs in 

Figure 2C and current vs. time traces in Figure 2B are overlaid with data taken from varying 

concentrations of ascorbic acid using the same procedure (Figure 2B+C gray lines, color plot 

data not shown).  As expected, the current signal from ascorbic acid depletion is 

proportional to bulk concentrations.  The magnitude of this current signal, ΔI, is a measure 

of bulk ascorbic acid concentrations.  A potential step at the generator depletes local 

ascorbic acid which is detected at the collector with FSCV.  Figure 2.5A shows the ΔI sensor 

response for four electrodes over a physiologic ascorbic acid range, 50 to 200 μM.  The level 

of depletion, ΔI, is proportional to bulk concentration at 0.036 nA/μM.  The low variation 

between sensors can be attributed to reproducible lithographic microfabrication techniques  
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Figure 2.5 Calibration curve for sensor response to ascorbic acid concentrations in 

physiologic range.  

(A) ΔI in nA over varying ascorbic acid concentrations for n = 4 four electrodes.  (B) Points 

are ΔI averages and bars are standard deviation.  A line of best fit yields the slope of -0.359 

nA/μM AA R2=0.98 (C) Normalized current (–ΔI/ΔI*) to the sensor signal at 200 μM ascorbic 

acid. 
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and allows for an averaging of the signals (Figure 2.5B).  Further analysis of the signal is 

facilitated by normalizing ΔI to the ΔI at 200 μM, designated ΔI* (Figure 2C).   

Characterization of Ascorbic Acid Detection 

 In order to understand the mechanism of operation and to optimize the 

electrochemical parameters, the waveform at the generator was varied in ascorbic acid 

solutions (Figure 2.6).  The sensor response, ΔI, has been averaged over four electrodes and 

normalized to the ΔI at 200 μM, ΔI*.  The normalized signal at 200 μM has been circled in 

Figure 2.6 for easier magnitude comparisons between data from various generator 

waveforms.  The effect of varying the depletion potential Vdep (positive part of the square 

wave) of the generator waveform was investigated (Figure 2.6A).  The generator was held at 

-0.5 V between applications of Vdep (Figure 2.6A inset).  A sigmoidal relationship emerges, 

where ΔI signal increase with more positive Vdep before leveling off at +0.5 V.  The behavior 

is explained by the Vdep acting as the overpotential for ascorbic acid redox.  Higher 

overpotential increases the ratio of product (dehydroascorbic acid) to reactant (ascorbic 

acid) as predicted by the Nernst Equation and increases electrokinetic rate constants 

exponentially (Bard & Faulkner, 2001).  Increased ascorbic acid oxidation results in a lower 

concentration of ascorbic acid at the generator surface which creates a steeper 

concentration gradient and larger depletion zone.   The larger depletion zone increases the 

magnitude of ΔI since ΔI is taken after the formation of the depletion zone (after the  
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Figure 2.6 Normalized signal (-ΔI/ΔI*) as a function of generator waveforms in PBS solution 

with 200 μM ascorbic acid.   

(A) Positive limit of the generator waveform is varied, defined as depletion potential Vdep. 

(B) Negative limit of the generator waveform is varied, defined as holding potential Vhold.  

(C) Time spent at the holding potential is varied, defined as depletion time tdep. 
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current levels off in Figure 2.4).  The plateau at +0.5V and above represents a mass-

transport limited case where kinetic reaction rate is faster than diffusion of fresh ascorbic 

acid to the generator surface.  Ascorbic acid concentration at the generator surface 

effectively reaches zero and further increases in overpotential do not increase the depletion 

zone since the maximum concentration gradient has been formed.  The effect of varying 

generator holding potential Vhold (the potential between Vdep) was investigated (Figure 

2.6B).  The magnitude ΔI was not affected by Vhold below 0 V.  Above 0 V, ΔI decreases with 

increasing Vhold in a sigmoidal fashion.  The result is a similar shape to the previous test of 

varying Vdep  but in the opposite x direction.  Vhold  below 0 V represent the mass-transport 

limiting case at the generator for generating a depletion zone.  Vhold at +0.125 V and above 

are where ascorbic acid concentrations are at the surface are non-zero due to 

thermodynamics and slower kinetics. Indeed, the Vhold and Vdep where half the maximum ΔI 

signal is recorded is approximately +0.125 V and is near the half-wave potential for this 

reaction.  The shapes in Figure 2.6A+B suggest that maximum sensitivity for ΔI is a 

generator potential range of at least 0 V holding to +0.5 V depletion potential.  Additionally, 

the temporal nature of the depletion signal was tested by varying the time the holding 

potential, thold, was applied to the generator (Figure 2.6C).  The signal did not vary over the 

range of times chosen (2.5 seconds to 20 seconds) which suggests that the depletion zone 

has reached a steady-state within thold = 2.5 seconds.  Therefore, the temporal resolution of 

this depletion sensing technique is at least 2.5 seconds without sacrificing any sensitivity. 
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Conclusions 

This report presents a collector-generator electrode system which is FSCV 

compatible and may be integrated into an existing in vivo platform.  Basic characterization 

was done with slow scan cyclic voltammetry in Ru(NH3)6
3+.  The collection efficiency was 

determined under varying scan rates and electrode configurations.  The ‘normal’ 

configuration with the inner electrode as the collector and outer electrode as the generator 

is used for future experiments.  Next, characterization of the collector-generator in an FSCV 

context was done and proof of concept ascorbic acid sensing by depletion was presented.  

The amount of depletion at the collector can be quantified by taking the difference in 

current at the oxidation potential for ascorbic acid before and after the generator induces 

depletion, defined as ΔI.  ΔI may be used as a measure for background ascorbic acid 

concentrations with a calibration.  Optimization of the generator waveform was tested by 

varying the waveform applied to the generator electrode.  The depletion potential, holding 

potential, and holding time of the waveform was varied to improve understanding of the 

performance of the system.  Future work will focus on characterizing performance of the 

system in more complex mixtures and with adsorptive analytes, such as dopamine.  
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Chapter 3 

Microfabricated Microelectrode Sensor for Measuring Background and Slow Changing 

Dopamine Concentrations 

Introduction 

Measuring the extracellular concentration of neurotransmitters in the brain has 

attracted significant attention.  Information about extracellular neurotransmitter 

concentrations has been useful in improving understanding about a range of pathologies 

and in understanding fundamental relationships between behavior and neurochemistry. 

(Robinson, Hermans, Seipel, & Wightman, 2008)  The extracellular concentration of 

neurotransmitters may be classified as neither phasic, occurring on short (~1s) time-scales, 

or tonic, slowly changing baseline concentrations that vary over minutes to hours. (Schultz, 

Apicella, & Ljungberg, 1993) Indeed, dopamine (DA) neurons have both tonic and phasic 

firing patterns (Schultz, et al., 1993) which contribute to the extracellular concentration of 

DA in the brain. (Schultz, Apicella, & Ljungberg, 1993) (Owesson-White, et al., 2012).  

Measurements with positron emission tomography (PET) have estimated baseline 

extracellular concentration of DA in the 120 nM range.(Delforge, Bottlaender, Pappata, 

Loc'h, & Syrota, 2001a)  PET is a noninvasive measurement which uses radio-labeled DA 

antagonists to quantify endogenous DA based on known values of DA agonist binding.  

Baseline concentrations or basal levels of DA have been measured in the low nM range with 

microdialysis across brain regions (Shou, Ferrario, Schultz, Robinson, & Kennedy, 2006), but 
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this method has several drawbacks, including low temporal resolution and tissue damage. 

(Watson, et al., 2006)(Watson, Venton & Kennedy, 2006)  On the other hand, 

electrochemical methods utilizing carbon microelectrodes offer minimal damage (Jaquins-

Gerstl & Michael, 2009b) and excellent spatial and temporal resolution (Robinson, et al., 

2008), but hitherto have been restricted to measuring rapid fluctuations in concentration 

that ride on top of an unknown basal concentration.  Background-subtracted fast scan cyclic 

voltammetry (FSCV) has been used extensively to study phasic DA release (Robinson, et al., 

2008), including in awake and behaving animals treated with cocaine.(M. L. A. V. Heien et 

al., 2005)  In FSCV, the potential of a microelectrode is rapidly cycled (>100V/s) using a 

triangle waveform. This rapidly changing potential generates a large background current, 

due to charging of the electrical double layer and electrode surface processes.   In addition 

to these background processes, Faradaic currents associated with redox reactions of the 

electroactive molecule(s) in the solution are generated.  Traditional in vivo FSCV 

measurements utilizes background subtraction, in other words the current measured at a 

chosen time is defined as the background current and subtracted from all measurements.  

The resulting CVs can be displayed to determine differential changes in the concentration of 

the electroactive species.  This background subtraction removes contribution from 

background levels of electroactive species.  Moreover, the background signal varies over the 

period of minutes (Hermans, et al, 2008)(Hermans, Keithley, Kita, Sombers, & Wightman, 

2008), making it  difficult to measure phasic changes over periods greater than this.  Carbon 

fiber microelectrodes are especially sensitive to catecholamines when using FSCV due to the 
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adsorption of the catecholamine to the electrode surface at negative holding 

potentials.(Bath, et al., 2001; Bath, et al., 2000)  Additionally, cycling to a higher potential 

range (1.3 V vs. Ag/AgCl) increases adsorption by overoxidation of carbon surface.(M. 

Heien, P. E. M. Phillips, G. D. Stuber, A. T. Seipel, & R. M. Wightman, 2003)  This FSCV 

procedure has created a useful technique for studying rapid fluctuations of catecholamines 

in tissue. 

Here, we present a microfabricated sensor coupled with a voltammetry protocol 

capable of measuring baseline concentrations of an electroactive species using the 

selectivity and sensitivity of FSCV.  The electrodes are made of pyrolized photoresist (PPF), 

which have a similar chemical composition to glassy carbon. (Ranganathan, et al., 2000) 

Furthermore, PPF electrodes are comparable to carbon fiber microelectrodes for FSCV 

detection of DA.(Takmakov, Zachek, Keithley, Walsh, et al., 2010; Zachek, et al., 2009)  The 

sensor is designed for integration onto our existing microfabricated platform.  This platform 

has already been demonstrated for in vivo measurements of phasic DA signaling and is 

small enough to cause limited tissue damage.(Zachek, et al., 2010)  This study is a proof of 

concept for the microfabricated sensor design and procedure.  The sensor is comprised of 

parallel carbon band microelectrodes in close proximity of one another.  The ‘outer’ 

microelectrode forms two bands which enclose and run parallel to either side of the ‘inner’ 

band electrode.   A square wave potential applied to the outer electrodes influences local 

concentrations of electroactive species and the inner electrode monitors the local 

concentration of electroactive species with FSCV.  In this study the origin of the large 
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fluctuations in concentration observed in the FSCV signal at the inner electrode is shown to 

be DA adsorption/desorption from the outer electrode.  Interference to the DA signal from 

ascorbate is shown to be negligible. 

Experimental 

Reagents and Solutions 

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

delivered unless specified otherwise.  Electrode calibrations and experiments were done in 

PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, 2 mM K2H2PO4, pH = 7.4).  Stock 

solutions of DA and ascorbic acid were prepared in 0.1 N HClO4 and diluted with PBS to the 

target concentrations directly before use.  

Microfabrication of PPF Microelectrodes 

Microelectrodes were made from PPF(Ranganathan, et al., 2000; Takmakov, Zachek, 

Keithley, Walsh, et al., 2010) using procedures similar to our previous works for generating 

microelectrode arrays and are detailed elsewhere.(Zachek, et al., 2010)  The PPF 

microelectrodes are fabricated on a silicon wafer insulated with silicon nitride.  The PPF 

electrodes are pattern and the non-active portions of the sensors are insulated with a 

second silicon nitride layer.  The geometry for the electroactive part of the device is 

illustrated in Figure 3.1 and consists of an inner carbon band 10 µm wide x100 µm long 

electrode flanked by two interconnected band electrodes of identical dimensions spaced 8 

µm apart to either side.   
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Instrumentation and Software  

Fast Scan Cyclic Voltammetry data was collected using a “Dual waveform UEI” 

potentiostat (UNC Chemistry Electronics Shop, Chapel Hill, NC) in two electrode mode and 

TH-1 software coded in LabVIEW (National Instruments, Austin, TX, U.S.A.).  In all cases a 

triangular waveform from -0.4 V to 1.3 V at 400 V s-1 was applied to the inner working 

electrode at a repetition frequency of 3 Hz .  The inner electrode was held at -0.4 V between 

cycles.  A square potential waveform of tacc = 15s at Eacc = 0 V then tstp = 5s at Estp = 1 V was 

applied to  

the outer working electrodes unless otherwise stated. The waveform was both generated 

and recorded with an ADC/DAC card PCI-6251 (National Instruments).  The FSCV waveform 

was filtered through a low pass 2 kHz filter to remove digitization effects.  Data analysis and 

plotting was done in Microsoft Excel and GraphPad Prism (GraphPad Software, San Diego, 

CA, U.S.A.) respectively.  Data are reported as mean ± standard deviation. 

Voltammetric Experiments 

Connections between the electrochemical preamplifier and bonding pad were made 

using silver epoxy, silver wire, and soldered gold pins.  A custom flow-bath setup 

accommodated the perfusion of solutions over the electrodes.  Electrodes were surrounded 

with Polydimethylsiloxane (PDMS) wells which were bonded to the wafer with epoxy.  

Continuous flow of solutions was controlled by a multistaltic pump (Buchler Instruments,  
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Figure 3.1 Schematic depicting the geometry and operation of a microfabricated 

microelectrode sensor. 

(A)  Top-down and cross-sectional view of the sensor.  The working electrodes are shown in 

striped grey and comprise of three parallel bands (100 x 10 x 0.4 µm each) separated by 8 

µm gaps.  The outer electrodes flank the inner electrode and are controlled by a single lead.  

(B) Bright field microscopy image of the sensor, scale bar (white) is 100 μm. 
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Lenexa, KS) which bi-directionally connected inlet vials and an outlet waste vial to the PDMS 

wells via polymer tubing and 22-gauge Luer-lock syringe tips (B-D., NJ, U.S.A.). 

Results and Discussion 

Operation of the sensor 

The sensor operates in a manner similar to adsorptive stripping voltammetry 

(Kopanica, 1989)(Kalvoda & Kopanica, 1989), from which nomenclature is borrowed, except 

in our case the inner and outer electrodes each have specialized functions. Figure 3.2 details 

the FSCV signals collected from the inner electrode during operation of the sensor.  This 

figure also helps outline the operation of the sensor and the data analysis procedures.  

Operating conditions were as described in the experimental section.  The sensors are 

submerged in a solution typically containing 1 µM of DA in PBS.  As a control, before and 

after each DA experiment, the experimental conditions are run in a solution of PBS buffer 

without DA to detect possible chemical and electronic artifacts contributing to the signal.  

Figure 3.2A shows a representative electrochemical color plot of the signal collected at the 

inner (FSCV) microelectrode in a solution containing 1 µM of DA in PBS.  Figure 3.2C shows a 

representative electrochemical colorplot of the signal collected at the inner electrode in a 

PBS solution.  Comparing Figure 3.2A to 3.2C, features are obvious when the potential of 

the outer electrode is increased from 0 V to 1.0V in a DA containing solution. (The outer 

electrode potential is shown above the color plots.)  Throughout this work a background 

voltammogram is taken at a time corresponding to a minimal current at the DA oxidation 
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peak potential and subtracted from the rest of the data.  This aids in visualization of the 

variations; however, the quantity measured is a difference (vide infra) and thus unaffected 

by this choice. Note that plotting the data this way results in features that look very similar 

to traditional bolus injections of DA, but are not.  In fact these features correspond to 

changes in local DA and DOQ concentrations due to the potential applied to the outer 

electrode.  This assignment was confirmed by the CV, shown in Figure 3.2E.  The CVs in 

Figure 3.2E were collected at the positions highlighted with the dotted line in Figure 3.2A 

and C.  Note the CV for PBS without DA is almost featureless.  The color plot for the DA 

containing solution illustrates a periodic signal with the current magnitude increasing when 

the outer electrode is increased to the stripping potential.  Figure 3.2B illustrates the peak 

DA oxidation current collected at the inner microelectrode as a function of time (the solid 

line in Figure 3.2A).  In addition, the potential of the outer electrode is super-imposed on to 

aid understanding (dotted line Figure 3.2B).  The current versus time plot for the PBS 

solution is included, Figure 3.2D, for completeness.  In Figure 3.2B, Roman numerals 

highlight the positions used to interpret the data during the accumulation and stripping 

portions of the outer electrode cycles.  Highlighted in Figure 3.2B with Roman numerals and 

black circles are:  (I to II) a pulsatile increase in the local concentration of DOQ and DA due 

the increased potential on the outer electrode, (II to III) diffusion and oxidation at the outer 

electrode rapidly decreasing the local concentration of DA, (III to I) after the stripping step, 

the outer electrode is returned to an accumulation potential which temporarily decreases  
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Figure 3.2 FSCV signal collected during operation of the sensor in PBS solutions. 

(A) Background-subtracted FSCV color plot in 1 μM DA solution. Top shows the waveform at 

the outer electrode.  (B) Current vs. time trace of the color plot (black solid line, left axis) 

overlaid with potential vs. time at the outer electrode (dotted line, right axis).  Stepping the 

outer electrode to a positive potential (I to II) induces a spike in oxidation current while 

stepping back to a lower potential (III) decreases current followed by slow recovery. The 

difference in current from I to II is defined as ΔI.  (C) Background-subtracted FSCV color plot 

in PBS solution sans DA.  (D)  Same as 2B in PBS solution sans DA. (E) Background-subtracted 

CV of an individual pulse at location II in (B) for 1 μM DA solution (dashed line) and PBS 

solution sans DA (dotted line).  (F)  Schematic representation of sensor operation.  FSCV is 

continuously applied at the center electrode to monitor changes in DA.  The outer electrode 

influences local DA concentration by alternating between a low accumulation potential and 

a high stripping potential.  The resultant difference in the FSCV signal between the two 

stages, ΔI, is concentration dependent. 
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the local DA concentration as it re-adsorbs to the outer electrode and then a slow and 

constant recovery in the local DA concentration.  The difference between the maximal 

current at the Ep following the stripping, (51.8 nA at II) and the current measured 

immediately before the stripping step (2.2 nA at I), is denoted ΔI (in this case ΔI = 49.6 nA) 

and with calibration can be used as a measure of background DA concentration. In practice 

each value of ΔI reported in this work is an average over at least three consecutive cycles of 

the outer electrode waveform.  Figure 3.2F illustrates the proposed mechanism of the 

sensor for monitoring the background concentration of DA.  Figure 3.2F (top) illustrates the 

accumulation step where the potential of the outer electrode is held at a low potential, Eacc, 

for a specified period of time, tacc. This accumulation step enables DA adsorption to carbon 

surfaces (M. L. A. V. Heien, et al., 2003) (M.L.A.V. Heien, P. E. M. Phillips, G. D. Stuber, A. T. 

Seipel, & R. M. Wightman, 2003) Subsequently, the potential is stepped to a high potential, 

Estp, to strip off the DA from the outer electrodes.  Estp oxidizes the adsorbed DA to 

dopamine-ortho-quinone (DOQ).  The DOQ then desorbs and diffuses away from the outer 

electrode increasing the local concentration DOQ.  The inner microelectrode continuously 

measures the local concentration of DOQ and DA using background subtracted FSCV.  The 

DOQ is reduced by and adsorbs to the FSCV electrode during the holding time in between 

scans when the holding potential is -0.4 V vs. Ag/AgCl.  The resulting FSCV signal is such that 

a pulsatile increase in DOQ appears similar to a DA bolus.  The change in signal at the inner 

electrode due to the application of Estp to the outer electrode can then be converted into a 

concentration for DA, using a calibration.  Our data suggests that the similarity of the DOQ 
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signal to a DA bolus is because of adsorption/oxidation kinetics of DA and DOQ at the 

electrode surface and is in accordance with previous research on DA/electrode 

kinetics.(Bath, et al., 2001; Bath, et al., 2000) 

Effect of DA concentration   

In order to calibrate the sensors, the dependence of the ΔI on DA concentration was 

investigated.  Figure 3.3A shows the concentration dependence of four sensors.  Points are 

averages between at least three consecutive ΔI and bars are standard deviations.  All 

sensors show very similar responses with ΔI increasing in a non-linear fashion with the 

concentration. There is some small variation in the magnitude of the response between 

devices, which is likely due to variability in the production process. Comparison between 

devices is facilitated through normalization of ΔI. Figure 3.3B shows ΔI/ΔI5µM for the four 

sensors displayed in 3.3A, where the ΔI at various concentrations is normalized to the ΔI at 

5 µM. The points represent the mean ΔI of all four sensors and the error bars the standard 

deviation.  The nonlinear dependence of ΔI with concentration can be explained by 

desorption/adsorption of DA to the outer electrodes as they are cycled from Eacc up to Estp 

and Estp down to Eacc respectively.  At low concentrations, adsorption sites are more readily 

available and so the slope of the curve is relatively larger.  At higher concentrations, most of 

the adsorption sites on the surface are occupied by DA and the curve levels off in 

accordance with site saturation.  The concentration range of 200 nM to 5 µM represents the  
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Figure 3.3  ΔI as a function of DA concentration.   

(A) Non-normalized ΔI magnitudes for four electrode pairs.  Points are averages between 

several consecutive ΔI for a given electrode and bars are standard deviation.  (B) ΔI over 

various DA concentrations normalized to ΔI at 5 µM.  Points are averaged between four 

electrode pairs and error bars are standard deviation. 
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middle to lower range of sensitivity for the device.  Although 200 nM is larger than the 

expected low nM levels of tonic DA, it is expected that the sensitivity of this proof of 

concept device can be improved if needed, for example by decreasing the distance between 

outer and inner electrodes (currently 8 µm). 

The magnitude of the ΔI signals ranges between approximately 10 nA for 200 nM to 

55 nA for 5 µM (Figure 3.3B).  The noise level for the current system resides within ± 0.5 nA 

and so the signal to noise ratio for ΔI is not a concern at these concentrations.  The 

heterogeneity between sensor pairs is not especially significant (≤20%) and so for clarity 

only normalized and then averaged data will be presented.   

Device response as a function of holding time and potential   

In an effort to improve understanding of the underlying physics governing operation 

of the sensors and as a possible avenue to improving sensitivity we investigated how ΔI 

varied as a function of Eacc, Estp and tacc, and the results are presented in Figure 3.4.  The 

response for each data set was normalized to the value of ΔI for the standard waveform 

parameters described in the experimental section and a DA concentration of 1 µM, which is 

denoted as ΔI* in Figure 3.4.  The point used for normalizing each data set is highlighted by 

a circle in Figure 3.4A, B, and C.  Figure 3.4A shows normalized average ΔI/ΔI* responses 

from four different electrodes as Eacc was varied from -0.6 V to 0.6 V in 0.2 V intervals.  The 

stripping potential was Estp = 1.0 V, time held at the accumulation potential was tacc=15s, 

time at the stripping potential was tstp = 5s.   
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Figure 3.4  Normalized signal, ΔI/ ΔI*, as a function of outer electrode stripping waveforms 

in 1µM DA.   

ΔI* is the circled data point in each graph and refers to ΔI recorded with a standard outer 

electrode waveform (Eacc = 0 V, tacc = 15s, Estp = 1 V, tstp = 5s) for comparison between 

variables. Points are averaged between four electrode pairs and error bars are standard 

deviation.  Insets illustrate the parameters varied.  (A) ΔI vs. accumulation potential, Eacc, at 

the outer electrode.  (B) ΔI vs. stripping potential, Estp, at the outer electrode.  (C)  ΔI vs. 

accumulation time at the outer electrode, tacc.   
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Data shown are the mean and error bars are standard deviation of the four devices.  ΔI/ΔI* 

decreased with more positive holding potentials with the greatest decrease recorded 

between 0 V to 0.2 V.  This trend is explained by the decrease in the adsorption of DA to the 

outer electrode during accumulation.  The adsorption of DA to carbon microelectrodes is 

known to be a function of potential.(M. Heien, et al., 2003)  DA is positively charged at the 

PBS buffer pH of 7.4 by protonation of the amino group. (Bath, et al., 2000) As the outer 

electrodes are held at increasing positive potentials (>0 V) during the accumulation step, 

electrostatic repulsion decreases the amount of DA adsorbed and thus lowers the 

magnitude of ΔI/ΔI*.  The electrostatic interaction between holding potential and side chain 

charge affects the adsorption of catechols to a carbon electrode.(Bath, et al., 2001; 

Takmakov, Zachek, Keithley, Walsh, et al., 2010)  Surprisingly, there is no significant change 

in the magnitude of ΔI/ΔI* for Eacc<0 V.  Investigation into the adsorption of DA at carbon 

fiber microelectrodes has shown increasing adsorption in this range(M. Heien, et al., 2003; 

M. L. A. V. Heien, et al., 2003), suggesting that mass transfer limited DA adsorption in this 

system is causing this trend. 

Figure 3.4B shows the change in ΔI/ΔI* as Estp was varied from 0.2 V to 1.2 V in 0.2 V 

steps.  The accumulation potential, accumulation time and stripping time were held 

constant, Eacc = 0 V, tacc=15s, and tstp = 5s.  ΔI/ΔI* increases from 0.2 to 0.6 V, levels off 

between 0.6 to 1.0 V, and increases once again when increasing the peak potential from 1.0 

to 1.2 V.  The increase in ΔI/ΔI* from Estp = 0.2 to 0.6 V can be explained by the increased 
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desorption of DA from the outer electrodes and some DA oxidation as the electrode 

potential approaches the peak oxidation potential of DA.  At the potentials greater than 0.6 

V vs Ag/AgCl, the peak oxidation potential of DA, it is expected that most of the DA oxidizes 

to DOQ and desorbs from the outer electrode.  Potential ranges beyond 1.2 V were not 

investigated as they lead to surface chemistry instabilities (Takmakov, Zachek, Keithley, 

Walsh, et al., 2010) which could convolute the signal. 

To further evaluate the effect of DA adsorption on the magnitude of the current 

signal, the holding time, tacc, was varied.  Accumulation potential, stripping potential and 

stripping time were held constant, Eacc = 0 V, Estp = 1 V, and tstp = 5s.  ΔI/ΔI* increased non-

linearly with increasing holding time over in the tested time range (Figure 3.4C).  This 

dependence can be explained by the DA adsorption to the outer electrode carbon surface.  

Time spent at the holding potential allows for DA in bulk solution to diffuse to and adsorb at 

sites on the outer electrode.  At the longer holding times the DA desorption/adsorption is 

approaching equilibrium for the given solution concentration, resulting in ΔI/ΔI* magnitude 

leveling off with increasing time.  Reducing the holding time reduces the time in which DA 

accumulates by mass transfer and adsorption, resulting in a smaller ΔI/ΔI*.  Note that since 

the same conditions were used to normalize the data in Figure 3.4A, 3.4B and 3.4C the 

magnitude of ΔI/ΔI* can be directly compared.  For accumulation times greater than fifteen 

seconds ΔI/ΔI* continues to increase.  This result indicates that saturation of the adsorption 

sites on the electrode was not the cause of the observed plateau in Figure 3.4A.  If site 

saturation were the cause of this plateau, then signals greater than the reference point 
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should not be possible, but are clearly present in 3.4B (Vstp = 1.2 V) and 4c (tacc = 25, 55 

seconds).  This result supports the conclusion that mass transfer limited DA adsorption to 

the outer electrode for holding potentials less than zero volts.  

Interference of Ascorbic Acid.   

Ascorbic acid (AA) is a readily oxidizable species commonly found in biological tissue.  

AA is typically found in relatively large concentration (hundred micromolar) in tissue and is a 

common interferent during electrochemical studies in tissue.  Electrochemical signal from 

AA could interfere with the DA signals recorded with our sensor.  In order to test the effects 

of AA on the tonic sensor, the response of the sensor was tested with 200 nM of DA with 

and without 200 µM of AA.  Figure 3.5 shows the average cyclic voltammograms collected 

during the experiment for DA with and without AA.  The dotted lines in Figure 3.5 

correspond to the standard deviations of the collected signal for four sensors.  As expected 

this CV confirms the presence of DA.  While some differences in the CV are apparent at 

upper oxidative potentials, the CV is unaffected in the range of the oxidation potential for 

DA (~0.6 V vs. Ag/AgCl), and so ΔI should be relatively unaffected. Indeed, four devices were 

tested and no significant difference (p = 0.271) was observed between the ΔI response with 

and without AA, ΔI = 9.98 +/- 0.29 nA and ΔI = 10.5 +/- 0.38 nA, respectively.  This result 

suggests that AA will not interfere with our measurements.  As with traditional FSCV 

measurements, multidimensional statistical methods such as principle component analysis  
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Figure 3.5 Average cyclic voltammograms in DA solution with and without AA.   

Solutions have two conditions: (1) 200 nM DA and (2) 200 nM DA with 200 µM ascorbic 

acid.  Dotted lines represent standard deviation (n=4).  Electrode potentials reported versus 

Ag/AgCl. 
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can be utilized to further improve selectivity(Heien, et al., 2004; Keithley, Heien, & 

Wightman, 2009). 

Conclusions 

These proof of concept studies show the operation of a sensor that enables slowly 

varying concentrations of an electroactive species to be quantified using selective and 

responsive FSCV.  These studies demonstrate that an electroactive species, DA, can be 

adsorbed to an electrode and then rapidly released by varying the potential of that 

electrode.  The desorbed species, in this case DOQ, causes a change in the local 

concentration that can be measured by an independent microelectrode in close proximity 

using FSCV.  Interference from ascorbic acid is shown to be negligible for these sensors, an 

important consideration for future in vivo measurements.  These studies represent a first 

step to creating an electrochemical sensor for measuring the basal tone or tonic 

concentrations of an electroactive biochemical in tissue in real time.  Future research will 

focus on improving sensitivity of the device and optimizing potential waveforms for in vivo 

measurements of tonic DA. 
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Chapter 4 

Microfabricated Collector-Generator Electrode Sensor for Measuring Absolute pH and 

Oxygen Concentrations 

Introduction 

Electrochemical microsensors have seen widespread use for direct in vivo 

measurements due to their inexpensive cost, ability to monitor continuously, and high 

spatio-temporal resolution.  These advantages are well suited for studying the dynamic 

chemical environment of the brain.  The brain is 2% of body weight but consumes up to 25% 

of metabolic energy and 20% of cardiovascular output in higher-order mammals to support 

neural activity.(Kaila & Ransom, 1998)  Neural activity is fueled by the cellular metabolism 

of glucose which consumes oxygen and alters pH by producing carbon dioxide.  Thus, pH 

and oxygen levels in the brain are correlated with metabolism and are highly regulated for 

optimal brain function.(Kaila & Ransom, 1998),(Heisler, 1986),(Ndubuizu & LaManna, 2007)  

For this reason, many pH and oxygen sensors have been developed for use in the brain. 

Oxygen levels are 17-80 μM (Feng, Roberts, Sick, & Rosenthal, 1988), heterogeneous, and 

condition-dependent; while pH is typically 7.4 but ranges from 6.8 to 7.8 at extremes.(Kaila 

& Ransom, 1998; Korostynska, et al., 2008)   

There are many techniques for direct in vivo pH measurement including fiber-optic 

chemical sensors (FOCS)(X. D. Wang & Wolfbeis, 2013) and potentiometric 

probes(Korostynska, et al., 2008). The traditional glass pH electrode measures the potential 
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difference between a reference and an internal electrode encased in a pH-sensitive glass 

bulb.  However, pH glass electrodes are too bulky for many in vivo uses(Korostynska, et al., 

2008), are prone to instability and drift(Kristensen, Salomon, & Kokholm, 1991), and need 

to be frequently calibrated.  Furthermore, miniaturized  pH glass electrodes(Fedirko, et al., 

2006) are fragile which is problematic for animal behavioral experiments.  Other 

electrochemical pH sensors are based on pH-sensitive materials such as metal 

oxides(Johnson, et al., 2007), polymers(Korostynska, et al., 2008), and carbon(Fierro & 

Einaga, 2015; Jurmann, Schiffrin, & Tammeveski, 2007; Lu & Compton, 2014a, 2014b; 

Wildgoose et al., 2003).  Carbon-based pH sensors have the advantages of a large potential 

window, versatile chemistry, wide commercial availability, and low cost.(McCreery, 2008)  

Unmodified carbon surfaces have been used as pH sensors(Jennings & Pearson, 1975; Lu & 

Compton, 2014a, 2014b; Takmakov, Zachek, Keithley, Bucher, et al., 2010) which utilize the 

presence of oxygen-containing surface groups for their sensitivity. 

Techniques to measure in vivo oxygen include blood oxygen-level dependent 

functional magnetic resonance imaging (BOLD fMRI)(Buxton, 2009), electron paramagnetic 

resonance (EPR), fiber optics chemical sensors (FOCS)(X. D. Wang & Wolfbeis, 2013), and 

polarographic microelectrodes.(Ndubuizu & LaManna, 2007)  Polarographic electrodes 

measure the reduction of oxygen on noble metals (Pt or Au) or carbon.  Metal electrodes, 

such as the Pt Clark electrode, require a protective, gas-selective membrane for oxygen 

sensing.   In contrast, carbon electrodes are less prone to surface fouling and can function 

without a protective membrane.(Bolger et al., 2011)  
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Fast-scan cyclic voltammetry (FSCV) with carbon fiber microelectrodes (CFMs) has 

been used to measure fluctuations in pH(Heien, et al., 2004; Makos, Omiatek, Ewing, & 

Heien, 2010; Takmakov, Zachek, Keithley, Bucher, et al., 2010; Venton, Michael, & 

Wightman, 2003) and oxygen(Bucher, et al., 2014; Kennedy, Jones, & Wightman, 1992; 

Zimmerman, Kennedy, & Wightman, 1992; Zimmerman & Wightman, 1991) in vivo.  CFMs 

are small enough (5-10 μm diameter) to cause minimal tissue damage, provide high spatial 

resolution, and have been used in freely-moving experiments.(M. L. Heien, et al., 2005; 

Robinson & Wightman, 2007)  FSCV at CFMs has also been widely used to study 

neurotransmission(Robinson, Hermans, Seipel, & Wightman, 2008) since it has sub-second 

time resolution, high selectivity(Heien, et al., 2004), and sensitivity.(Keithley, et al., 2011)  

Selectivity is achieved by identification of characteristic cyclic voltammograms (CV) specific 

to the redox of the electroactive analytes.  In vivo, the individual components of a chemical 

mixture can be resolved with statistical methods such as principal component regression 

analysis (PCR).(Heien, et al., 2004)  Despite these advantages, FSCV has been hitherto 

restricted to differential measurements on top of an unknown background, or absolute, 

concentration.  This means that while FSCV at a CFM is very sensitive to fluctuations in 

analytes, the absolute concentrations in solution remains unknown.  This limitation arises 

because FSCV measurements are taken by applying a triangle wave at a high scan rate (ν > 

100 V/s).  This high scan rate generates a large background current from charging of the 

electrical double layer.  Additionally, the CV contains Faradaic current from the redox of 

electroactive species in solution. To isolate changes in the Faradaic current, i.e. to take 
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differential measurements, the background current at a chosen time is digitally subtracted 

from the current signal at all other times.  The subtracted CVs are then stacked sequentially 

with time to resolve changes in concentration over time.  This background subtraction also 

removes the Faradaic contribution from constant or slowly-changing concentrations and 

thereby limits FSCV to differential measurements.  The only exception is fast-scan controlled 

adsorption voltammetry, which has been recently introduced, to determine absolute 

concentrations.(Atcherley, Laude, Parent, & Heien, 2013; Atcherley, Wood, Parent, 

Hashemi, & Heien, 2015) 

This report describes a microfabricated collector-generator sensor that expands on 

differential-only FSCV measurements by adding absolute pH and oxygen sensing.  The 

additional sensing capability does not preclude differential FSCV measurements of analytes 

in parallel, such as catecholamines, oxygen, pH.  Absolute pH and oxygen sensing is enabled 

by a collector-generator design which has many applications in electroanalysis.(Barnes, et 

al., 2012)  The electrodes are made of pyrolyzed photoresist (PPF), a material that has 

similar electrochemical properties to glassy carbon(McCreery, 2008; Ranganathan, et al., 

2000),(Bucher, et al., 2013) and to carbon fiber microelectrodes.(Takmakov, Zachek, 

Keithley, Walsh, et al., 2010; Zachek, et al., 2009)  Microfabricated silicon-based sensors can 

be batch fabricated with high-reproducibility and are mechanically robust for use in freely-

moving experiments.(Berenyi, et al., 2014; D. Fan, et al., 2011)   In this work, the sensor is a 

collector-generator comprised of three band electrodes with 5 μm spacing between each 

band.  A square wave is periodically applied to the generator, the two outer band 
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electrodes which are electrically connected to each other, to electrochemically induce 

concentration changes in the local environment.  The collector, the center band electrode, 

continually performs FSCV to detect the induced changes with high selectivity and 

sensitivity.  This approach allows FSCV determination of the background or absolute 

concentrations of electroactive analytes, as demonstrated for dopamine.(Dengler & 

McCarty, 2013)   For absolute pH sensing, the potential of the generator is manipulated to 

change the protonation of generator surface groups and induce a local pH change.  The 

induced pH change diffuses to the nearby collector where it is detected with FSCV as a 

characteristic pH CV.  The anodic peak of the pH CV can then be used to determine absolute 

solution pH with a postcalibration.  Similarly, the potential of the generator can be stepped 

to a reducing potential to reduce oxygen and generate hydrogen peroxide. The hydrogen 

peroxide diffuses to the adjacent FSCV collector and is subsequently oxidized.(Sanford et al., 

2010)   The collected hydrogen peroxide concentration can be used to determine absolute 

oxygen concentration.  This work presents an in vitro, proof-of-concept study for 

simultaneous absolute pH and oxygen measurements with FSCV.    

Experimental Section 

Chemicals 

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

unless specified otherwise.  Electrode calibrations and experiments were done in PBS buffer 

(137 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, 2 mM K2H2PO4).  Solutions were buffered to 
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the desired pH (6.5 – 8) and measured with an Accumet AB-15 pH meter (Hudson, MA).  

Oxygen concentrations were prepared by bubbling proportional mixtures of air and 

nitrogen gas (Airgas Inc, Radnor PA) into solution for a minimum of 15 minutes.  Oxygen 

concentrations were calculated from a Henry’s Law solubility equation that factors in the 

effect of ion concentrations and temperature.(Schumpe, Adler, & Deckwer, 1978)  Gas lines 

were throttled with two rotameters (Dwyer, Michigan City, IN) and then mixed and fed into 

separate flasks with an 8-way valve perfusion system to bubble solutions in parallel 

(AutoMate Scientific, Berkeley CA). 

Fabrication of Microelectrode Arrays 

Microelectrode arrays of PPF were fabricated using a similar process as our previous 

research(Dengler & McCarty, 2013) and are detailed elsewhere.(Zachek, et al., 2010)  

Briefly, an insulating layer of LPCVD silicon nitride was deposited on fused silicon wafers 

followed by lithographic patterning of the electrode trace design with AZ 1518 (AZ 

Electronic Materials, Branchburg, NJ) photoresist.  The photoresist was pyrolyzed to PPF by 

heating to 1000 °C in a tube furnace under a forming gas atmosphere (95% N2, 5% H2).  The 

PPF electrodes were insulated with a layer of PECVD Silicon Nitride.  The second PECVD 

nitride layer is selectively etched to expose the electroactive area and connection pads.  

Individual electrodes are released from the wafer with a dicing blade tool.  Wire 

connections are made to the carbon connection pads first with silver conductive epoxy (MG 
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Chemicals, Ontario, B.C.) followed by a 15-minute epoxy (Bob Smith Industries, Atascadero, 

CA) for mechanical strength.  The design of the collector-generator electrode is shown in 

Figure 4.1 and is comprised of an inner band electrode, 8 μm x 100 μm, surrounded by two 

interconnected band electrodes of the same size with 5 μm spacing between the band 

electrodes.  

Instrumentation and software 

During experiments, the collector continually performs FSCV with a triangular 

potential waveform operated at 400 V/s from -0.4 V to 1.3 V and back to -0.4 V vs. Ag/AgCl 

that is repeated every 100 ms.  The potential is held at -0.4 V between application of the 

waveforms. The triangle waveform was both generated and recorded with an ADC/DAC 

card PCI-6363 (National Instruments).  At the generator, a square wave potential is applied 

with 20 seconds at 0 V vs. Ag/AgCl and then a potential step to either +0.8 V or -1 V for 5 

seconds.  The square wave potential was generated with an Agilent 3320A Function 

Generator and recorded with the PCI-6363 card.  The square wave was synchronized to 

apply the potential step during the FSCV holding time.  Both square wave and FSCV output 

waveforms were filtered through a 2 kHz low pass filter to remove digitization steps. FSCV 

data was processed through the High Definition Cyclic Voltammetry (HDCV) analysis 

program.(Bucher, et al., 2013)  Each file was digitally filtered (fast Fourier transform, time 

cutoff 1.3 Hz, DP cutoff 3 kHz) before further analysis and plotting in GraphPad Prism 

(GraphPad Software, San Diego, CA, USA).   
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Figure 4.1 Optical micrograph and schematic depicting the geometry of the microfabricated 

microelectrode sensor.   

(A) Bright field microscopy image of the electroactive part of the sensor, scale bar (white 

arrow) is 100 μm.  Three parallel band electrodes are 100 x 8 x 0.4 μm each, separated by 5 

μm.  (B) Cross-sectional schematic of the electrode dimensions and the gap between them. 

Electrode function is labeled underneath. 
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Data are reported as mean ± standard deviation.  Limit of detection was calculated by 

multiplying the standard deviation of the noise in a blank signal by three and dividing by the 

slope of the calibration curve.  Principal component regression with residual analysis (PCR) 

is a chemometric method to determine concentrations from multivariate data and was 

done through HDCV.(Bucher, et al., 2013; Keithley, et al., 2009)  PCR requires building a 

training set for expected analytes over a relevant concentration range.  Principal 

components (PCs) are calculated from the training set and a regression is done to relate 

concentrations to PC distances.   Concentrations in an unknown sample can be predicted by 

projecting the sample onto the PCs and comparing distances.  The quantity Q is the sum of 

squares of the residual values for each CV sample while Qα is the threshold for significance 

of information not accounted for by the PCs.  Statistical significance was determined from 

residual analysis at the 95% level. 

Electrochemical Experiments 

Flow-injection analysis experiments were done with a syringe pump (Harvard 

Apparatus, Holliston, MA) operating at 1 mL/min using PEEK tubing (Sigma-Aldrich) 

connected to a pneumatically controlled 6-port injection valve (Rheodyne, Rohnert Park, 

CA).  Boluses were introduced with an injection loop into the electrochemical cell.  

Potentials are reported versus an Ag/AgCl reference electrode.  Before application of FSCV 

or square waveforms, both electrodes were conditioned with the FSCV waveform (400 V/s 

triangle scan from -0.4 V to 1.3 V and back to -0.4 V) for 15 minutes at 60 Hz and 15 minutes 
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at 10 Hz.  This conditioning step is known to increase electrode sensitivity to 

catecholamines by introducing oxygen-containing functional groups on the electrode 

surface.(Bath, et al., 2000; M. L. A. V. Heien, et al., 2003; Takmakov, Zachek, Keithley, 

Walsh, et al., 2010) 

Results & Discussion 

Response of Carbon Microelectrodes to pH Changes 

In FSCV, the rapid scan rate generates a background current with faradaic and non-faradaic 

components arising from charging of the electrical double layer.  In addition, there is a 

surface-confined redox couple which is pH sensitive.(Runnels, Joseph, Logman, & 

Wightman, 1999)  The position of the oxidation peak, Epa (Figure 4.2A top), is ~0.15 V on the 

forward anodic scan.  The position of the reduction peak, Epc, is ~-0.3 V on the reverse 

cathodic scan (Figure 4.2A bottom).  Precise localization of Epa and Epc on the background is 

difficult at high scan rates (ν = 400 V/s) because of the large overall current.  One way to 

enhance the features at Epa and Epc is to introduce small changes in pH, which slightly shifts 

the peaks, and evaluate the difference between the two signals.(Runnels, et al., 1999)  For 

example, Figure 4.2B is a characteristic background-subtracted CV for a basic pH change of 

+0.25 pH units introduced by changing the pH of the bulk solution.  Figure 4.2B results from 

subtracting the FSCV signal before the change in pH, in this case pH 7.4 (Figure 4.2A black 

line), from the signal after a basic shift, in this case to 7.65 pH (Figure 4.2A dashed line).   
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Figure 4.2 Characteristic fast-scan cyclic voltammetry signals in response to pH changes.   

(A) Cyclic voltammograms of the background currents in various pHs, arrows indicate scan 

direction.  Background peak positions, Epa and Epc, and their response to pH are displayed in 

the top and bottom inset respectively.  Epa and Epc are approximated by background 

subtracted peak position, Ep QH and Ep Q, as labeled.  (B) A background subtracted 

voltammogram for a basic change (+0.25 pH units) is generated by subtracting the cyclic 

voltammogram at pH 7.4 (A, black line) from pH 7.15 (A, dashed line). (C) An acidic shift (-

0.25 pH units) is found by subtracting pH 7.4 (A, black line) from pH 7.65 (A, grey line).  QH, 

Q peaks, and scan direction are labeled.   
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Note that since the FSCV signal at 7.65 pH (Figure 4.2A dashed line) has shrunk in amplitude 

relative to the 7.4 pH (Figure 4.2A black line), the subtracted voltammogram (Figure 4.2B) 

from 7.65-7.4 pH has a flipped sign convention about the x-axis.  Conversely, Figure 4.2C is a 

representative background-subtracted CV for an acidic pH shift of -0.25 pH units, taken by 

subtracting the FSCV signal at pH 7.4 (Figure 4.2A black line) from the signal at pH 7.15 

(Figure 4.2A grey line).   The peaks labeled Q and QH reflect changes in the surface faradaic 

processes and so their positions, Ep Q and Ep QH, can be used to approximate Epc and Epa 

(Figure 4.2A).   

The surface groups responsible for the Q and QH peaks are hypothesized to be a 

hydroquinone moiety on the carbon surface.(Runnels, et al., 1999; Takmakov, Zachek, 

Keithley, Bucher, et al., 2010),(Karweik, Hu, Weng, & Kuwana, 1985)   The Q peak results 

from the quinone to hydroquinone reduction reaction and the QH peak from the oxidation 

of hydroquinone to quinone (Equation 1).   

𝑄𝑄𝑄𝑄2𝑠𝑠 ⇌ 𝑄𝑄𝑠𝑠 + 2𝑒𝑒−  + 2𝑄𝑄+ (1) 

In the physiologic pH range (pH 7.2-7.6), the height of the QH peak has a linear relationship 

to the size of the pH change and is used to quantify in vivo pH fluctuations with an in vitro 

post-calibration.(Takmakov, Zachek, Keithley, Bucher, et al., 2010; Venton, et al., 2003)  

However, the height of the QH peak is a differential measurement that cannot be used to 

determine the absolute pH.  Despite this, determination of absolute pH should still be 

possible by recording Ep QH and Ep Q.  As discussed above, Ep QH and Ep Q can be accurately 

resolved from the large background signal by introducing a small pH change.  However, this 
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is not feasible on demand at a single microelectrode in vivo.  In this work, a small pH shift is 

electrochemically produced by modulating the potential of the nearby generator in order to 

record Ep QH and Ep Q at the collector. 

Operation of the Sensor 

The sensor functions as a collector-generator assembly with the inner electrode serving as 

the collector and the outer electrode as the generator (Figure 4.1).  A square wave potential 

is applied to the generator to consume or produce electroactive chemical species during the 

potential step.  At the collector, FSCV is utilized to detect changes in the concentration of 

electroactive species induced by the generator.   

Initial experiments were performed in deoxygenated PBS solution with a pH of 7.4 

(Figure 4.3).  The set of background-subtracted cyclic voltammograms (CVs) measured at 

the collector electrode are displayed as a color plot (Figure 4.3A, 4.3C).  The generator 

electrode potential is shown below the color plot while PCR analysis of relative pH is above 

(Figure 4.3A, 4.3C).  Individual background-subtracted CVs at times of interest, highlighted 

by the black lines on Figure 4.3A, 4.3C, are plotted in Figure 4.3B, 4.3D.    Figure 4.3A shows 

that stepping the generator electrode from 0 V to a +0.8 V potential produces 

electrochemical changes at the collector electrode.   The background-subtracted CV has the  
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Figure 4.3 Fast-scan cyclic voltammetry signal from the collector electrode during operation 

of the sensor in deoxygenated pH 7.4 PBS solution.  

(A) Background-subtracted color plot over two square wave cycles from 0 to +0.8 V vs. 

Ag/AgCl applied to the generator electrodes (potential is below).  Background is the white 

dashed line, labeled BG.  PCR of relative pH vs. time is above.  (B) Background-subtracted CV 

taken from the color plot (A, black line – white dashed line) taken immediately after a 

generator electrode potential step to +0.8 V.  Q and QH peaks are labeled.  (C) Same as A, 

but the generator electrode cycles from 0 to -1 V. (D) Same as B, but taken from color plot 

C.  (E)  Schematic of sensor operation.  FSCV is continuously applied to the collector 

electrode to monitor changes in pH.  The generator electrode influences local pH when its 

potential is changed between 0 V and +0.8 V (A) or 0 and -1 V (B).  Local pH shifts are 

generated from surface groups on the generator electrode, labeled Q and QH.  The 

direction of redox is color coded green-blue for oxidation-reduction and is coordinated with 

the direction of the generator electrode potential step. (F) Residual color plot of (A) with pH 

used in the PCR training set.  Below is a residual Q trace with a dashed line marking Qα of 

95% significance.  
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signature shape of an acidic pH shift, indicating that the electrochemical changes are from a 

localized pH shift.  The characteristic Q and QH peaks are visible and labeled in Figure 4.3B.  

Figure 4.ple band electrode is displayed in a half cross section with the respective applied 

waveforms underneath.  The initial potential step at the generator electrode is color-coded 

with the initial direction of the redox reaction.  In Figure 4.3E, the green positive potential 

step from 0V to +0.8 V in corresponds to the green arrow showing the oxidative 

deprotonation of surface groups on the generator.  Deprotonation increases the local H+ 

concentration.  The H+ diffuses to collector spanning the 5 μm gap in approximately 12 ms 

(Einstein relation (Einstein, 1905) x2 = 2Dt, where DH+ = 1.0 x 10-9 m2/s)(Junge & Mclaughlin, 

1987) and results in a pulsatile acidic shift at the collector.  After 5 seconds at +0.8 V, the 

generator potential is returned to 0 V which reprotonates the surface groups on the 

generator, consuming local H+ causing a local pH shift in a basic direction before returning to 

baseline.  These potential-dependent pH shifts are quantified using principal component 

regression (PCR) with a pH training set.  The resulting magnitude of observed pH shift is 

plotted above the color plot (Figure 4.3A).  PCR accuracy can be visualized as a color plot of 

the residual currents (see Figure 4.3F).  The lack of features suggests that all relevant 

information contained in the color plot is described by the pH training set.  Furthermore, 

there are no significant current contributions at the 95% significance level (Figure 4.3F 

below). 

The amount of H+ generated (Ngen) in Figure 4.3A can be quantified by integrating 

the generator current over a 5 second potential step (Supplementary Figure A.1A) to get the 
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total charge (Qgen).  Faraday’s law (Q = nNF) is then used to calculate moles of H+ generated 

(Ngen = 2.71 femtomoles), where n = 2 is the number of electrodes in the oxidation of 

surface groups and F = 96,485 C/mol is Faraday’s constant.  The surface coverage of 

quinone on the generator, Γ = 126 pmol/cm2, can be estimated from Γ= Ngen/A where A = 

2.16 x 10-5 cm2 is the area of the generator.  This value is similar to edge plane pyrolyltic 

graphite (Γ = 170 pmol/cm2)(McCreery, 2008) and less than a monolayer coverage of 

hydroquinone (Γ~500 pmol/cm2).(Soriaga & Hubbard, 1982)  The amount of H+ collected 

(Ncoll) in Figure 4.3A is quantified by integrating the oxidation peak of the pH shift over the 5 

second potential step (Figure 4.3A green box) to get the total charge (Qcoll).  Faraday’s Law is 

then used to calculate moles of H+ collected (Ncoll = 0.065 femtomoles).  The collection 

efficiency, Ncoll/Ngen, amounts to a 2.39%.  This value is lower than typical triple band 

electrodes(Fosset, et al., 1991) and could result from (1) loss of Ngen to phosphate buffering 

and (2) short time spent at an oxidizing potential during FSCV.  

Another possible source of H+ from the generator at +0.8V is water oxidation to H+ 

and oxygen at Eo = 1.01 V vs. Ag/AgCl(Bard & Faulkner, 2001).  As a control, the experiment 

was run with the collector monitoring oxygen changes using FSCV(Zachek, et al., 2009).  No 

detectable oxygen production was measured when stepping the generator to +0.8V (data 

not shown) so water oxidation is not the source of the pH shift.  In addition, the pH signal 

(Figure 4.3A above) and generator current (Supplementary Figure A.1A) at +0.8 V rapidly 

decays back to baseline which suggests the origin of the pH shift is not from continuous 

redox of solution species.   
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The mechanism for generating pH shifts was further examined by changing the 

potential waveform applied to the generator to a square wave with an initial potential of     

0 V stepping to -1.0 V (Figure 4.3C).  A negative potential step results in an initial basic pH 

shift at the collector electrode, verified by the CV (Figure 4.3D).  This basic shift rapidly 

decays back to baseline which is consistent with protonation of reduced surface groups at 

the generator electrode (Figure 4.3E, blue arrow) and suggests the basic shift does not 

originate from solution reactions such as water to H2 and OH- Eo = -1.05 V vs. Ag/AgCl(Bard 

& Faulkner, 2001) and H+ to H2 Eo = -0.223 V vs. Ag/AgCl.(Bard & Faulkner, 2001)  The 

magnitude of the initial pH shift is larger for a negative potential step than for a positive 

step and so a negative potential step is used for further characterization of sensing scheme.  

A possible explanation for the difference in magnitude is that there is a greater surface 

concentration of quinone-like species in the oxidized form than the reduced form on the 

generator surface when the potential is held at 0 V.  Equilibrium is assumed to occur during 

the holding period, 20 s, since generator currents stabilize within seconds (Supplementary 

Figure A.1).  

To verify the selectivity of the device to H+ compared to other cations, the response 

of four sensors to an applied negative potential step was collected in PBS and in PBS 

solutions where the concentration of NaCl and KCl were increased by 50%.  The increased 

ion concentration caused no significant effect on Ep QH (one-way between subjects ANOVA, 

P = 0.965, F(2,9) = 0.035)  or Ep Q, (P = 0.694, F(2,9) = 0.6937) as well as the overall CV shape 

(Supplementary Figure A.2).  In addition, increasing the buffering capacity of the PBS 
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solution will decrease the magnitude of the response of the sensor (data not shown).   

These results further confirm the identity of the signal as changes in H+ concentration and 

demonstrate that it is unaffected by large changes in ionic concentrations.  

pH Determination in Deoxygenated Buffer 

The dependence of Ep QH and Ep Q on pH was investigated over a physiologically relevant pH 

range, pH 6.5-8.0 (Figure 4.4).  The reported CVs were obtained by taking a CV before the 

potential step and subtracting it from a CV collected after potential step from 0 V to -1 V, as 

described for Figure 4.3D.  A black diagonal line highlights the shift in Ep QH with pH (Figure 

4.4A).  Ep QH and Ep Q were determined by averaging the peak positions for three consecutive 

pulses and using four sensors (n = 4) at each pH.  These average peak positions are 

displayed as points in Figure 4B with error bars as standard deviations.  The small error bars 

represent low variability between electrodes, likely due to the high reproducibility of 

lithrographic microfabrication techniques.  Ep QH exhibits a linear relationship vs. pH (solid 

black line 98.6 mV/pH, n = 4, r2 = 0.92) while Ep Q has a slight pH dependence that levels out 

at pH 7.25 and above.  The magnitude of the QH peak is also pH dependent (Figure 4.4A) 

but it depends on the solution oxygen concentration (vide infra) and is not linear with pH.  

For these reasons, the peak position was used to quantify the pH. 
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Figure 4.4 pH dependence of the collected FSCV signal.   

(A) Background subtracted voltammograms taken from the collector electrode after a 

negative potential step in deoxygenated PBS solutions of pH 6.5 to 8.   Q and QH peaks are 

labeled.  Ep QH  vs. pH is loosely traced (black line).  (B) Ep vs. pH plot for the QH and Q peaks.  

Points are averaged from four electrodes (n = 4) and bars are standard deviations.  The QH 

peak has a slope of -98.6 mV/pH units (R2 = 0.92). 
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The redox processes at the QH and Q peaks are under kinetic control as evidenced 

by their broad peak separation (> 300 mV).  Under these conditions, the peak positions are 

controlled by the pH dependence of the one-electron formal potentials.(Kawagoe, et al., 

1993)   Indeed, the pH dependence of the peaks indicates the order of the proton-electron 

transfer suggesting that the reactions occur in the following sequence (written in the order 

of an oxidation).   

      −𝑄𝑄+     − 𝑒𝑒−     − 𝑄𝑄+   − 𝑒𝑒− 

𝑄𝑄𝑄𝑄2 ↔ 𝑄𝑄𝑄𝑄− ↔ 𝑄𝑄𝑄𝑄. ↔ 𝑄𝑄−. ↔ 𝑄𝑄     

                                                 𝐸𝐸   2
𝑜𝑜′                      𝐸𝐸   1

𝑜𝑜′  

For a quinodal species at intermediate pH, E1
o’ is independent of pH, and E2

o’ has a 120 

mV/pH dependence.(Kawagoe, et al., 1993)  This trend at pyrolyzed photoresist is different 

from that found with carbon fiber microelectrodes where the cathodic process held a 120 

mV/pH dependence and the anodic process held no pH dependence.(Runnels, et al., 1999)  

One explanation is that the FSCV waveform in this work has a higher scan rate (400 V/s vs. 

300 V/s) and higher anodic limit (1.3 V vs. 1.0 V) than the previous research.(Runnels, et al., 

1999)  These waveform modifications have changed the oxygen containing groups on the 

carbon surface which are known to be affected by anodic conditioning.(Engstrom & 

Strasser, 1984),(Takmakov, Zachek, Keithley, Walsh, et al., 2010),(M. L. A. V. Heien, et al., 

2003) 
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Figure 4.5 Fast-scan cyclic voltammetry signal from the collector electrode during operation 

of the sensor in oxygenated PBS solutions.  

(A) Background-subtracted color plot over two generator electrode square wave cycles from 

0 to -1 V vs. Ag/AgCl (potential is below) in 250 μM O2.  Background is the white dashed 

line, labeled BG.  Above is PCR of relative pH in blue and H2O2 in green. (B) Same as A, but 

50 μM O2.  (C) Background-subtracted cyclic voltammograms calculated from the color 

plots.  The 250 μM O2 black line is from (A) color plot, black line – white dashed line, and the 

50 μM light grey line is from (B).  CVs from intermediate O2 concentrations are overlayed for 

comparison (color plots not shown). (D) Background-subtracted CV for a flow injection bolus 

of 200 μM H2O2. (E)  Schematic of sensor operation.  FSCV is continuously applied to the 

collector electrode.  The generator electrode reduces O2 to H2O2 during a negative potential 

pulse.  The blue arrow denotes O2 reduction and is color coordinated with the generator 

electrode potential. (F) Residual color plot of (A) with pH and H2O2 used in the PCR training 

set.  Below is a residual Q trace with a dashed line marking Qα of 95% significance. 
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Determination of Oxygen Concentrations 

To further characterize the sensor, the signal response was investigated in solutions 

of varying oxygen concentration.  Figure 4.5A and 4.5B displays the color plot of  

voltammograms collected at pH 7.5 with 250 or 50 μM oxygen respectively.  The higher 

concentration is an air saturated solution(Schumpe, et al., 1978), while the lower 

concentration is a typical value found  deep in the mammalian brain.(LaManna, 2007)  

Below each color plot is the generator potential and above is the PCR analysis showing the 

local changes in pH and hydrogen peroxide concentration.  The PCR analysis used pH and 

hydrogen peroxide training sets to predict the changes in concentrations reported by the 

collector.  The training sets accurately describe the data (Figure 4.5A) as evidenced by a 

relatively featureless residual color plot and residual current contribution below 95% 

significance (Figure 4.5F).  As in deoxygenated solution (Figure 4.3C), stepping the generator 

electrode from 0 to -1 V produces a basic pH shift which is confirmed by the signature pH 

CV (Figure 4.5C).  In oxygenated solutions, the additional peak at 1.27 V is present from the 

oxidation of hydrogen peroxide (Figure 4.5C, labeled H2O2).  Hydrogen peroxide irreversibly 

oxidizes in a 2 electron process above 1.0 V on the FSCV waveform.(Sanford, et al., 2010)  Its 

cyclic voltammogram is comparable to the signal collected for a change in the bulk 

concentration of hydrogen peroxide (Figure 4.5D).  The collected hydrogen peroxide peak 

has a linear dependence on the oxygen concentration (n = 4 electrodes, 0.059 ± 0.001 
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nA/μM O2, r2 = 0.98, LOD 29±3.5 μM) and can be used as a measurement of the absolute 

oxygen concentrations.   

Figure 4.5E shows the proposed mechanism where the generator electrode 

potential step is color coded with the reduction reaction taking place.  On carbon, the initial 

one-electron reduction is the rate limiting step, followed by protonation of the superoxide 

ion and the second reduction.(Tammeveski, Kontturi, Nichols, Potter, & Schiffrin, 2001; 

Taylor & Humffray, 1975b)   

𝑂𝑂2 + 2𝑒𝑒− + 2𝑄𝑄+ ⇌ 𝑄𝑄2𝑂𝑂2 (3) 

The reduction of oxygen in aqueous media consumes both oxygen and protons (Equation 

3).(Taylor & Humffray, 1975b)  The depletion of protons from oxygen reduction increases 

the magnitude of the basic shift measured in an oxygen-dependent manner.  In air-

saturated solutions, the hydrogen peroxide concentration, magnitude of the basic pH shift, 

and reductive current at the generator increase with time before leveling off (blue and 

green lines, Figure 4.5A, Supplementary Figure A.1C), consistent with continuous reduction 

of oxygen from solution.  This result contrasts with the pH shifts seen in deoxygenated 

buffer that quickly decayed with time (Figure 4.3) because they were limited by surface 

concentrations on the generator electrode.  The two mechanisms for inducing a pH shift, 

constant consumption of H+ due to oxygen reduction and the pulsatile change in surface 

chemistry at the generator electrode, are both apparent at 50 μM oxygen (Figure 4.5B).  

Variability between electrodes (n = 4) is minimal as evidenced by the error bars in 

Figure 4.6 and the small confidence interval of the oxygen signal sensitivity (0.059 ± 0.001  
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Figure 4.6 Interference of O2 on the pH signal Ep QH.   

Points are averages from four electrodes (n =4) and bars are standard deviation.  The slope 

of the pH vs. Ep QH curve increases with O2 concentrations (-98.6 mV/pH units for 0 μM O2 

r2=0.92, 131 mV/pH units for 250 μM O2 r2=0.97).  O2 interference takes effect above pH 

7.0.  
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nA/μM O2).  The stability of the pH and oxygen signals was investigated over three hours of 

continuous sensor operation in oxygenated PBS buffer after 30 minutes of conditioning.  

The magnitude of the Q and QH peaks in the collected FSCV signal decayed ~10% in the first 

hour before stabilizing for the remainder of the test.  However, there was no significant 

change in  Ep QH and Ep Q and so the absolute pH measurement was unaffected.  The 

magnitude of the H2O2 peak, used for oxygen measurements, was unchanged over this time 

period (Supplementary Figure A.3).   

Oxygen interference on the pH signal 

The reduction of oxygen by the generator electrode increases the magnitude of the  

pH-shifts seen at the collector electrode and generates hydrogen peroxide (Figure 4.5C).  

Oxygen reduction thus enhances pH signal amplitude and enables detection of background 

oxygen concentrations.  Despite these benefits, oxygen reduction distorts the pH calibration 

slope in a negative direction at basic pH values (Figure 4.6).  The calibration curve for pH in 

the presence of 250 μM oxygen has an increased slope of 131 ± 5 mV/pH unit compared to 

98.6 ± 5 mV/pH unit for 0 μM.  A possible explanation for the distortion is that Ep QH is 

sensitive to the size of the pH shift used to obtain it.  When the generator electrode induces 

a local basic pH shift, Epa at the collector electrode is shifted negative and Ep QH measures 

the difference.  At increased oxygen levels and decreased proton concentrations (basic 

pHs), the induced basic pH shift is greater (Figure 4.5C).  These conditions subsequently shift 

Epa and thus Ep QH in an increasingly negative direction.  Of course, the oxygen concentration 
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can be determined from the magnitude of the hydrogen peroxide peak in the CV, enabling 

the contribution of oxygen in the pH signal to be accounted for in the pH calibration.  In 

addition, the pH distortion due to oxygen is expected to be minimal in deep brain regions 

where oxygen concentrations are approximately 50 μM.(Feng, et al., 1988; Ndubuizu & 

LaManna, 2007)  In more oxygenated environments, such as arterial vessels (124-171 μm), 

the post-calibration pH curve must be performed with the appropriate oxygen 

concentration to accurately measure pH. 

Conclusions 

This proof–of-concept study demonstrates a microfabricated sensor that can 

simultaneously measure the absolute levels of pH and oxygen with FSCV.  Absolute 

measurements are made by modulating the local electrochemical environment at the 

collector electrode by changing the potential of the adjacent generator electrode.  For 

absolute pH measurements, the generator induces a local pH shift that is used to resolve 

the anodic peak position of the quinone/hydro-quinone-like couple on the collector.  The 

position of this peak is used to determine absolute pH.  For absolute oxygen concentration, 

the generator electrode reduces oxygen creating hydrogen peroxide.  The increase in local 

hydrogen peroxide concentration is detected by the collector and with calibration can be 

used to determine the absolute oxygen levels.  Oxygen reduction interferes with the 

absolute pH signal but this can be accounted for since oxygen levels are simultaneously 
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measured. Near term studies will focus on maximizing signal to noise and stability while also 

minimizing any interference from in vivo sources. 
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Chapter 5 

Collector-Generator Electrode for 2-Dimensional Electrochemistry 

Introduction 

 The brain is a chemically dynamic environment in which neurotransmission between 

complex networks of neurons is supported by cellular metabolism and blood flow (Squire, 

et al., 2008).  Cellular metabolism and blood flow are in turn regulated by neurotransmitters 

(Bucher, et al., 2014; Drake & Iadecola, 2007) and dysregulation is implicated in 

neurodegenerative disorders (Bell & Zlokovic, 2009) and trauma (Kroppenstedt, et al., 

2000).  Oxygen and pH are important indicators of metabolism since blood flow delivers 

oxygen and clears carbon dioxide while metabolism consumes oxygen and lowers pH. (Kaila 

& Ransom, 1998)  In order to better understand this relationship, there exists a need to 

simultaneously measure the concentrations and dynamics of neurotransmitters, pH, and 

oxygen in the same microenvironment. 

Many chemical sensors have been developed to  directly measure both 

neurotransmitters and metabolites, including microdialysis (Cooney, Towe, & Eyster, 2000; 

Shou, Ferrario, Schultz, Robinson, & Kennedy, 2006; Watson, et al., 2006) and 

electrochemical detection at microelectrodes (Robinson, et al., 2008; Venton, et al., 2003).  

Microdialysis is a popular technique that works by perfusing fluid through a dialysis 

membrane at the implanted probe tip.  Small analytes of interest diffuse across the 

membrane and are retrieved for further analysis.  Microdialysis has excellent chemical 
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selectivity and quantification since it can be coupled with analytical techniques, such as 

liquid chromatography.  However, microdialysis has several disadvantages.  Microdialysis 

probes are known to cause tissue damage upon implantation due to their size (> 200 μm in 

diameter) which affects accuracy of measurements. (Borland, Shi, Yang, & Michael, 2005; 

Jaquins-Gerstl & Michael, 2009a)  Furthermore, temporal resolution is low (10 

minutes/sample) due to the low flow rates used to minimize tissue damage (1 μL/min).  

While 10 minutes is sufficient for studying slow and prolonged chemical changes, many 

neurochemical phenomenon occur on the subsecond timescale, such as behavioral 

neurotransmission (Robinson, et al., 2008). 

 In contrast, electrochemical techniques at microelectrodes have subsecond time 

resolution and have been used for measuring neurotransmitters and metabolites.  Oxygen 

has been amperometrically measured with the traditional Clark electrode (Clark, et al., 

1953; Ndubuizu & LaManna, 2007) and with microelectrodes (Bolger, et al., 2011).  

Potentiometric measurements of pH have been done with traditional glass electrodes, ion 

selective microelectrodes (Fedirko, et al., 2006; Kaila & Ransom, 1998), or metal oxide films 

(Johnson, et al., 2007).  Amperometric detection of neurotransmitters, such as glutamate, 

has been done with enzyme coatings (Burmeister, et al., 2013; K. N. Hascup et al., 2007; 

Tseng & Monbouquette, 2012).  However, these electrochemical techniques are specific to 

one species respectively and cannot detect simultaneous changes in metabolites and 

neurotransmitters. 
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 Fast-scan cyclic voltammetry (FSCV) at carbon fiber microelectrodes (CFMs) has seen 

widespread use for the detection of neurotransmitters such as dopamine (Robinson, et al., 

2008), and can simultaneously measure pH (Takmakov, Zachek, Keithley, Bucher, et al., 

2010; Venton, et al., 2003) and oxygen.(Bucher, et al., 2014; Kennedy, et al., 1992; 

Zimmerman & Wightman, 1991)  FSCV at CFMS has also been successfully used in freely-

moving experiments where sub-second time resolution is essential (Phillips, Stuber, Heien, 

Wightman, & Carelli, 2003; Robinson & Wightman, 2007).  FSCV at CFMs has high sensitivity 

(M. L. A. V. Heien, et al., 2003; Keithley, et al., 2011), selectivity (Heien, et al., 2004), and 

causes minimal tissue damage (Peters, Miner, Michael, & Sesack, 2004).  Despite these 

advantages, FSCV is unable to readily measure the absolute, or background, concentration 

of analytes in solution.  This is because FSCV measurements require the subtraction of a 

large charging current that arises from fast scan rates (> 300 V/s) to isolate faradaic changes 

in the analytes of interest.  Subtraction of this charging current also removes faradaic 

contributions from slowly-changing or background levels of electroactive species in 

solution.  Furthermore, the FSCV background signal is known to drift which makes 

measurements over several minutes difficult. (Hermans, et al., 2008)  

 This report presents the characterization of a microfabricated collector-generator 

array which can measure the absolute concentrations of pH, oxygen, ascorbic acid, and 

dopamine with FSCV.   These absolute measurements may be used in parallel with 

traditional FSCV measurements to more accurately quantify neurochemical changes on all 

time scales.  The sensor is designed to integrate into an FSCV-compatible platform for in 
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vivo use (Zachek, et al., 2010).  The sensor is a triple-band electrode with the outer 

electrodes as the generators and the inner electrode as the collector.  The outer electrodes 

are connected and are spaced 5 μm to either side of the collector electrode.  A biphasic 

square wave is applied to the generator to manipulate the concentration of electroactive 

species in nearby solution.  The collector detects the generator-induced changes with FSCV 

and correlates the signal to absolute concentrations.  Absolute dopamine and ascorbic acid 

sensing is performed as previously described (Dengler & McCarty, 2013) where the 

generator initially accumulates a layer of adsorbed dopamine at a holding potential of -0.2 V 

vs. Ag/AgCl.  The generator is then stepped to a positive potential, +0.8 V, which strips the 

adsorbed dopamine and increases dopamine concentration in the local area.  The collector 

electrode detects the dopamine increase with FSCV and correlates the signal back to 

absolute dopamine concentrations.  Stepping the generator to a positive potential also 

irreversibly oxidizes ascorbic acid and lowers the concentration near the collector.  The 

collector detects the depletion in local ascorbic acid with FSCV and correlates the change to 

absolute concentrations.  Absolute pH and oxygen sensing are performed by stepping the 

generator potential from the -0.2 V holding potential to a reducing potential of -1.0 V.  This 

reducing potential reduces oxygen in solution to hydrogen peroxide.  The generated 

hydrogen peroxide is detected at the collector with FSCV and is proportional to absolute 

oxygen concentrations.  The reduction of oxygen at the generator also consumes protons 

and results in a local basic pH shift.  The basic pH shift is detected with FSCV and the anodic 

peak position of the pH signal is correlated to absolute pH.  Absolute concentration sensing 
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ascorbic acid, dopamine, pH, and oxygen in parallel requires interpreting multiple FSCV 

signals over time.  Resolution of the signals is done by selectively measuring cyclic 

voltammograms in two dimensions, potential and time.  In order to characterize this 

sensing technique, signal interference between analytes is investigated and principle 

component analysis is used to quantify generator-induced concentration changes. 

Experimental 

Chemicals 

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

unless specified otherwise.  Electrode calibrations and experiments were performed in PBS 

buffer (137 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, 2 mM K2H2PO4).  Stock solutions of 10 

mM dopamine and 100 mM ascorbic acid in 0.1 M Perchloric acid were diluted in PBS to 

desired concentrations. Solutions were then buffered to the desired pH (6.5 – 8) with the 

use of an Accumet AB-15 pH meter (Hudson, MA).  Oxygen concentrations were prepared 

by bubbling proportional mixtures of air and nitrogen gas (Airgas Inc, Radnor PA) into 

solution for a minimum of 15 minutes.  Oxygen concentrations were calculated from a 

Henry’s Law solubility equation that takes ion concentrations and temperature into 

account.(Schumpe, et al., 1978)  Gas lines were throttled through two rotameters (Dwyer, 

Michigan City, IN), mixed, and then fed into separate flasks with an 8-way valve perfusion 

system to bubble solutions in parallel (AutoMate Scientific, Berkeley CA). 
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Fabrication of Microelectrode Arrays 

Pyrolzyed photoresist (PPF) microelectrodes were fabricated using a similar process 

to our previous work(Dengler & McCarty, 2013) and are detailed elsewhere.(Zachek, et al., 

2010)  An insulating layer of 3000 Å LPCVD silicon nitride was deposited on fused silicon 

wafers.  PPF films for the electrode traces were formed by lithographic patterning of AZ 

1518 photoresist (AZ Electronic Materials, Branchburg, NJ).  The photoresist was pyrolyzed 

to PPF in a tube furnace by heating up to 1000 °C and holding for an hour under a forming 

gas atmosphere (95% N2, 5% H2).  The PPF electrodes were then insulated with a layer of 

PECVD Silicon Nitride and selectively etched to expose the PPF sensor window and 

connection pads.  Individual electrodes were then released from the wafer with a dicing 

blade tool.  Wire connections are made to the carbon connection pads first with silver 

conductive epoxy (MG Chemicals, Ontario, B.C.) followed by a 15-minute epoxy (Bob Smith 

Industries, Atascadero, CA).  The design of the collector-generator electrode is an inner 

band electrode, 8 μm x 100 μm, surrounded by two interconnected band electrodes of the 

same size with 5 μm spacing between the band electrodes. 

Instrumentation and software 

During experiments, the collector continually performs FSCV with a triangular 

potential waveform operated at 400 V/s from -0.4 V to 1.3 V and back to -0.4 V vs. Ag/AgCl 

that is repeated every 100 ms.  The potential is held at -0.4 V between application of the 

waveforms.  The triangle waveform was both generated and recorded with an ADC/DAC 
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card PCI-6363 (National Instruments, Austin, TX).  At the generator, a biphasic square wave 

potential is applied with the following parameters, 15 seconds at -0.2 V, 15 seconds at +0.8 

V, 15 seconds at -0.2 V, and 15 seconds at -1.0 V.  The square wave potential was generated 

with an Agilent 3320A Function Generator and recorded with the PCI-6363 card.  The 

square wave was synchronized to apply the potential step during the FSCV holding time.  

Both square wave and FSCV output waveforms were filtered through a 2 kHz low pass filter 

to remove digitization steps.    

FSCV data was processed through the High Definition Cyclic Voltammetry (HDCV) 

analysis program.(Bucher, et al., 2013)  Each file was digitally filtered (fast Fourier 

transform, time cutoff 1.3 Hz, DP cutoff 3 kHz) before further analysis and plotting in 

GraphPad Prism (GraphPad Software, San Diego, CA, USA).  Data are reported as mean ± 

standard error.  Principal component regression with residual analysis (PCR) is a 

chemometric method to determine concentrations from multivariate data and was done 

through HDCV.(Bucher, et al., 2013; Keithley, et al., 2009)  PCR works by building a training 

set for expected analytes over a relevant concentration range.  Principal components (PCs) 

are calculated from the training set and a regression is done to relate concentrations to PC 

distances.   Concentrations in an unknown sample can be predicted by projecting the 

sample onto the PCs and comparing distances.  The quantity Q is the sum of squares of the 

residual values for each CV sample and a threshold Qα value of 95% was used to determine 

statistical significance. 
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Electrochemical Experiments 

Flow-injection analysis experiments were done with a syringe pump (Harvard 

Apparatus, Holliston, MA) operating at 2 mL/min using PEEK tubing (Sigma-Aldrich) 

connected to a pneumatically controlled 6-port injection valve (Rheodyne, Rohnert Park, 

CA).  Boluses were introduced with an injection loop into the electrochemical cell.  

Potentials are reported versus an Ag/AgCl reference electrode.  Before application of FSCV 

or square waveforms, both electrodes were conditioned with the FSCV waveform (400 V/s 

triangle scan from -0.4 V to 1.3 V and back to -0.4 V) for 15 minutes at 60 Hz and 15 minutes 

at 10 Hz.  This conditioning step is known to increase electrode sensitivity to 

catecholamines by introducing oxygen-containing functional groups on the electrode 

surface.(Bath, et al., 2000; M. L. A. V. Heien, et al., 2003; Takmakov, Zachek, Keithley, 

Walsh, et al., 2010) 

 

Results & Discussion 

Chemical Selectivity of Fast-Scan Cyclic Voltammetry 

 Information contained in cyclic voltammograms (CV) provides selectivity in 

electrochemical measurements such as FSCV.  Features in electrochemical CVs arise from 

the redox of electroactive species as the electrode potential is ramped.  The shape of the CV 

depends on the rate of charge transfer, thermodynamics, and mass transport to the 

electrode surface.  Differences in these properties for individual electroactive species result 
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in characteristic CVs that allow for identification of analytes without a selectively permeable 

membrane.  Changes in the concentration of an analyte over time can be quantified by 

determining the current over time at the oxidation peak potential and multiplying this value 

by a postcalibration factor (Kuhr, Ewing, Caudill, & Wightman, 1984). Figure 5.1 shows 

background-subtracted CVs for flow-injections of four analytes: dopamine, ascorbic acid, 

pH, hydrogen peroxide.  Figure 5.1A shows a cyclic voltammogram for dopamine which has 

a large oxidation peak at +0.5 V and a smaller reduction peak -0.1 V.  The oxidation peak for 

dopamine returns to near zero at high overpotentials because dopamine strongly adsorbs 

to carbon and forms an adsorbed layer (Bath, et al., 2000).  The adsorbed dopamine layer 

does not require mass-transport to the electrode and is thus readily oxidized to dopamine-

orthoquinone (DOQ) during the forward potential scan.  At the upper scan limit, some DOQ 

desorbs from the electrode due its lower adsorption affinity (Bath, et al., 2001; Bath, et al., 

2000) which results in a smaller reduction peak on the back-scan.  Figure 5.2B shows a CV 

for a decrease in ascorbic acid with the oxidation peak as negative current.  This negative 

peak occurs because this CV is background-subtracted such that a decrease in the 

concentration of ascorbic acid reduces its oxidation current of the forward scan.  There is no 

reduction peak on the back-scan because ascorbic acid oxidation is irreversible due to a 

rapid hydrolysis of dehydroascorbic acid to a nonelectroactive form (Perone & Kretlow, 

1966).  Figure 5.1C shows the CV for a basic shift in pH which changes the redox chemistry 

of surface-bound quinone groups and yields an oxidation peak and larger reduction peak  
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Figure 5.1 Electrochemical response of PPF electrodes to changes in analyte concentration 

by flow injection.   

(A) CV taken after an increase in 1 μM dopamine (B) CV taken after an increase of 200 μM 

ascorbic acid (C) CV taken after a basic shift in pH by +0.4 units (D) CV taken after an 

increase in hydrogen peroxide by 200 μM. 
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(Takmakov, Zachek, Keithley, Bucher, et al., 2010).  For a basic shift, the polarity of the 

background-subtracted signal has the oxidative peak as negative current.  The oxidation 

peak is negative because the signal is background subtracted and a basic pH shift decreases 

the oxidative current from quinone surface groups on the forward scan.  Figure 5.1D shows 

the CV for an increase in the concentration of hydrogen peroxide and has an oxidation peak 

at +1.2 V, near the positive scan limit.  This CV shape arises from the slow kinetics of 

hydrogen peroxide oxidation (Hall, Khudaish, & Hart, 1998; Sanford, et al., 2010)  such that 

little oxidation occurs until a large overpotential is applied (+1.2 V > Eo
H2O2 = +0.47 V (Bard & 

Faulkner, 2001)).  These four CVs have distinct shapes that allows for chemical identification 

and quantification of a single component in solution without a selective coating. 

2-D Resolution of Dopamine and Ascorbic Acid  

While FSCV at a single electrode is a sensitive and selective technique, it is limited to 

recording differential concentration changes on top of an unknown background 

concentration.  However the FSCV detection of the background, or absolute, concentration 

of species is possible with a dual-electrode system.  Absolute concentration detection with 

FSCV has been characterized for ascorbic acid (Chapter 2), dopamine (Dengler & McCarty, 

2013), pH, and oxygen (Chapter 4).  In this work, a collector-generator assembly is used to 

temporally resolve FSCV signals of all four analytes in a single mixture.  The collector-

generator has a 5 μm gap between electrodes such that chemical changes induced at the 

generator diffuse across the gap and are detected by the collector electrode with FSCV.  
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Generator-induced changes are distinctive to each species and are resolved with FSCV along 

the potential and time dimensions.  Furthermore, the recorded FSCV signal can be 

correlated to the absolute concentrations with the help of a postcalibration.  Figure 5.2 

illustrates operation of the sensor in PBS solution with 1 μM dopamine, 200 μM ascorbic 

acid, and the mixture of the two analytes.  Figure 5.2A, C and E are color plots of the 

collector electrode signal with potential on the y-axis, time on the x-axis, and current in 

false color.  The generator potential is shown above the color plot.  In Figure 5.2A a 

potential step in the generator potential from -0.2 V to +0.8 V at t = 13s induces a pulsatile 

increase in local dopamine that quickly decays with time.  A CV of this signal confirms it as 

an increase in dopamine (Figure 5.2B black line).  The height of the oxidation peak, ΔIDA, is a 

measure of absolute dopamine concentration.  The mechanism for this signal is illustrated 

in Figure 5.2F and has been previously discussed in Chapter 3.  At -0.2 V, the generator 

accumulates adsorbed dopamine before being stepped to an oxidizing potential of +0.8V.  

Dopamine is oxidized to dopamine-ortho-quinone (DOQ) which desorbs from the generator, 

diffuses the 5 μm gap in 21 ms (D = 6 x 10-6 cm2/s (Gerhardt & Adams, 1982)), and is 

reduced at the FSCV collector electrode which holds at -0.4 V between waveforms.  DOQ 

reduction at the holding potential results in a CV identical to dopamine (Figure 5.2B).  Figure 

5.2C shows the color plot signal collected in 200 μM ascorbic acid.  A potential step at the 

generator from -0.2 V to +0.8 V induces a depletion of local ascorbic acid that is confirmed 

by CV (Figure 5.2D, black line).  The magnitude of the oxidation peak for ascorbic acid, ΔIAA, 

is used as a measure for absolute ascorbic acid concentrations.  The mechanism for the  
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Figure 5.2.  Operation of the sensor in solutions containing dopamine, ascorbic acid, and a 

mixture.   

(A) 1 μM dopamine solution, collector signal is the color plot while applied generator 

potential is above the color plot. (B) The black line is the CV from the time highlighted by 

the vertical green line minus white line. Current magnitude ΔIDA is a measure of absolute 

dopamine concentration. (C) 200 μM ascorbic acid solution, same as (A). (D) Black line is the 

CV from the vertical dashed green line minus white line.  Current magnitude ΔIAA is a 

measure of absolute ascorbic acid concentration. (E) Mixture of 1 μM dopamine and 200 

μM ascorbic acid, color plot is the collector signal.  Generator waveform is above the color 

plot.  The CV taken at the solid vertical green line (BG line not shown) is displayed in (B) as 

the green line.  The CV of the AA signal is the dashed vertical green (BG line not shown) 

shown in (D) as the green line.  (F) Cross-section of the collector-generator with waveforms 

below.  The left side is the mechanism for absolute dopamine sensing while the right is for 

absolute ascorbic acid. 
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ascorbic acid signal is shown in Figure 5.2F right side.  At +0.8 V, the generator irreversibly 

oxidizes ascorbic acid to dehydroascorbic acid and decreases ascorbic acid concentration at 

the FSCV collector electrode.  Figure 5.E shows the resulting signal in a mixture of 1 μM 

dopamine and 200 μM ascorbic acid.  Stepping the generator from -0.2 V to +0.8 V 

simultaneously generates a wave of DOQ and depletes ascorbic acid.  These two signals are 

temporally resolved since the DOQ wave quickly decays but the ascorbic acid depletion is 

prolonged.  This allows for an initial CV, t = 14s solid green line, to isolate the DOQ signal 

followed by a later CV for the ascorbic acid depletion, t = 27s dashed green line.  The CVs 

recorded in mixture are compared to CVs from only dopamine and ascorbic acid solutions 

respectively (Figure 5.2B, Figure 5.2D).  The DOQ CV has little interference from ascorbic 

acid (Figure 5.2B) while the ascorbic acid CV sees a slight reduction in magnitude (Figure 

5.2D).  The chosen background for the DOQ CVs in Figure 5.2B and 5.2E are towards the end 

of a +0.8 V generator step, at t = 27 seconds, which allows for subtraction of the ascorbic 

acid depletion signal in Figure 5.2E. 

Detection of pH and Oxygen  

The collector-generator sensor was then applied to detection of pH and oxygen in 

solution.  Figure 5.3A shows the color plot from the collector in PBS solution with 0 μM 

oxygen.  The generator potential is shown above and is periodically stepped from -0.2 V to -

1.0 V vs. Ag/AgCl for 15 seconds.   The onset of the generator potential step produces a  
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Figure 5.3 Operation of the sensor for absolute pH and oxygen sensing.   

(A) 0 μM oxygen, FSCV collector signal is the color plot while generator potential is above.  

(B) Vertical black line – dashed white line gives a basic pH shift CV.  (C) 50 μM oxygen, same 

as A.  CV of the black line – dashed white line gives (D) which is a basic pH shift plus increase 

in hydrogen peroxide.  Position of the QH peak, Ep QH, gives absolute pH while peak current, 

ΔIH2O2, gives absolute oxygen.  (E) Cross-section of the sensor with waveforms underneath.  

The left side shows the basic pH shift in (A+B) from reduction of carbon surface groups.  The 

right side shows the basic pH shift and hydrogen peroxide in (C+D) from oxygen reduction. 
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basic pH shift detected at the collector as a characteristic pH CV (Figure 5.3B).   The origin of 

this pH shift is the reduction of quinone groups on the generator surface which consume 

protons to induce a basic pH shift (Figure 5.3E left).  In 50 μM oxygen solutions, the 

generator potential step from -0.2 V to -1.0 V gives a basic pH shift similar to (A).  However, 

the initial basic pH shift quickly decays to a constant level along with an increase in 

hydrogen peroxide.  The identity of this prolonged signal as a basic pH shift and hydrogen 

peroxide increase is confirmed by CV (Figure 5.3D).  The oxidation peak position of the basic 

pH shift, Ep QH, is a measure for absolute pH while the magnitude of the hydrogen peroxide 

peak, ΔIH2O2, is proportional to oxygen concentration in solution (Chapter 4).  The source of 

the pH and hydrogen peroxide is oxygen reduction at the generator during the application 

of -1.0 V (Figure 5.3E).  Oxygen is reduced to hydrogen peroxide in a two-electron, two-

proton process (Taylor & Humffray, 1975a) that consumes protons and produces a local 

basic pH shift.  The continual reduction of oxygen from solution explains the sustained 

nature of the pH and hydrogen peroxide FSCV signal. 

2-Dimensional Resolution of Dopamine, Ascorbic Acid, pH, and Oxygen 

 In order the characterize the resolution of the sensor in a mixture, the collector 

generator was operated in PBS solution with 1 μM DA, 200 μM AA, pH 7.4 and 250 μM 

oxygen (air saturation).  Figure 5.4 shows the color plot signal at the collector electrode 

when a biphasic waveform is applied to the generator (generator potential shown above).  

Current vs. time traces at the oxidation peak of each analyte were taken from the color plot  
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Figure 5.4 2-Dimensional resolution of chemical mixture for absolute concentration sensing. 

The color plot is the collector FSCV signal in 0.5 μM dopamine, 200 μM ascorbic acid, pH 

7.4, and 250 μM oxygen.  Horizontal lines in the color plot are matched to current vs. time 

traces below by color and pattern.  Traces are taken at peak oxidation potential for each 

analyte and indicate changes in concentration induced by the generator.  Bars below the 

traces are regions to take absolute concentration measurements. 
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(colored lines) and displayed below.  These traces indicate relative changes in concentration 

over time.  Bars underneath the traces highlight when absolute concentration 

measurements are taken.  For example, ΔIDA for measuring absolute dopamine is taken 

from the onset of a positive potential step (green bars) while the absolute ascorbic acid 

value, ΔIAA, is from later in the step (green bars).  Conversely, absolute oxygen and pH 

measurements, ΔIH2O2 and Ep QH, are taken during the negative potential step (blue bars).  

Note that the sign of the QH peak current is opposite to the sign of the pH shift.  Marginal 

interference between current vs. time traces exists due to incomplete resolution along the 

potential axis.  For example, the overlap between oxidation peaks of dopamine and ascorbic 

acid (EpDA +0.43 V, EpAA +0.37 V) necessitates the ascorbic acid trace being taken from a 

more positive potential (dashed green line, +1.0 V).  However, the quick decay of the 

dopamine signal is temporally resolved against the sustained ascorbic acid depletion so 

accurate measurements of ΔIDA and ΔIAA by CV are still possible.  Another example of 

interference is the negative current in the hydrogen peroxide trace (solid blue line at +1.2 V) 

during a generator positive potential step.  This negative current does not represent 

hydrogen peroxide concentrations but the ascorbic acid signal which has an elongated CV.  

Despite this interference, the hydrogen peroxide signal for absolute oxygen sensing is taken 

at a later time (blue bars) and is thus unaffected by ascorbic acid.  As a control, ascorbic acid 

does not have a discernable signal during a generator negative potential step (data not 

shown).  Interestingly, a negative potential step also induces a small increase in dopamine 

(solid green line) but the low magnitude does not produce significant interference to the pH 
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and hydrogen peroxide signals.  The source of the dopamine increase is likely the reduction 

of DOQ adsorbed to the generator electrode.  The small increase in dopamine is sustained 

by redox cycling between oxidation of DA to DOQ at the collector and reduction of DOQ 

back to DA at the generator (Supplementary Figure B.1). 

Absolute Concentration Sensing in Mixtures 

Absolute concentration sensing of ascorbic acid (Chapter 2), dopamine (Dengler & McCarty, 

2013), pH, and oxygen (Chapter 4) have been previously characterized.  However, the 

interference between these analytes for absolute concentration sensing has not been 

quantified.  Figure 5.5 presents calibration curves (n = 4 electrodes) for absolute 

concentration sensing with individual analytes (black lines) and mixtures of dopamine and 

ascorbic acid (gray lines).  Unless specified otherwise by the x-axis, the gray lines have 

dopamine at 0.5 μM, ascorbic acid at 200 μM,  pH at 7.4, and oxygen concentration at 50 

μM.  These values of ascorbic acid, dopamine (Robinson, et al., 2008), pH (Kaila & Ransom, 

1998), and oxygen (Ndubuizu & LaManna, 2007) approximate in vivo levels to mimic their 

possible interference.  Figure 5.5A shows the linear calibration curve for absolute ascorbic 

acid sensing with a slope of -0.0746 ± 0.0068 nA/μM (R2= 0.87) for ascorbic acid and -0.0706 

± 0.0065 nA/μM (R2 = 0.86) for the mixture.  Dopamine slightly decreases the sensitivity of 

absolute ascorbic acid measurements, as seen in Figure 5.2D.  A possible explanation is low-  
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Figure 5.5 Calibration curves for absolute concentration sensing of individual analytes vs. 

mixtures with dopamine (DA) and ascorbic acid (AA). 

Individual analytes are black lines and mixtures are gray.  Mixtures use 0.5 μM dopamine, 

200 μM ascorbic acid, 50 μM oxygen, and pH 7.4 with variation in the respective analyte 

along the x-axis.  Data points are averages and bars are standard error for n = 4 electrodes.   
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level depletion in ascorbic acid near the FSCV collector due to ascorbic acid reduction of 

DOQ produced from FSCV.  Figure 5.5B shows calibration curves for absolute dopamine 

sensing by itself and in the presence of ascorbic acid.  At higher concentrations of dopamine 

(≥1 μM), there is a larger decrease in sensitivity due to interference from ascorbic acid.  This 

interference could be from ascorbic acid reduction of the generated DOQ wave before it 

diffuses the 5 μM gap and is detected at the collector with FSCV.  At lower dopamine 

concentrations (≤ 0.5 μM) the interference is much less, in agreement with previous 

findings (Dengler & McCarty, 2013).  The calibration curve is linear at low concentrations 

with sensitivity of 19.9 ± 0.9 nA/μM (R2 = 0.98)  for dopamine and 18.1 ± 1.4 nA/μM (R2 = 

0.95) for dopamine in the presence of ascorbic acid.  Figure 5.5C shows the calibration curve 

for absolute oxygen sensing taken from the magnitude of the generated hydrogen peroxide 

peak, ΔIH2O2.  The presence of dopamine and ascorbic acid in solution slightly decreases the 

hydrogen peroxide sensitivity from 0.0768 ± 0.0068 nA/μM (R2 = 0.85) to 0.0645 ± 0.0063 

nA/μM (R2 = 0.82).  A potential explanation for the loss in sensitivity is interference from 

dopamine adsorption that alters the kinetics of hydrogen peroxide oxidation by FSCV (ΓDA = 

14 pmol/cm2 for 0.5 μM, calculated from flow injection CV).  Oxidation of hydrogen peroxide 

is sensitive to electrode surface conditions, requiring anodic preconditioning to gain 

adequate sensitivity.(M. L. A. V. Heien, et al., 2003; Sanford, et al., 2010)  Figure 5.5D shows 

the calibration curve for absolute pH sensing with and without interference.  The presence 

of dopamine and ascorbate increases the sensitivity to pH from -105 ± 9 mV/pH unit (R2 = 

0.87) to -136 ± 13 mV/pH unit (R2 = 0.86).  The pH slope of -105 mV/pH units for PBS 
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compares well to our previous results (Chapter 4 -111 mV/pH unit for 50 μM oxygen).  As 

for the interference, the increase in sensitivity to -136 mV/pH units manifests itself at lower 

pHs (pH > 7.4).  One possible explanation is the adsorption of 0.5 μM dopamine which could 

alter the quinone surface groups responsible for pH sensitivity and adsorptive species are 

known to distort FSCV pH signals. (Takmakov, Zachek, Keithley, Bucher, et al., 2010).  

However, 0.5 μM dopamine is conservatively higher than average striatal dopamine 

concentrations (30 nM (Owesson-White, et al., 2012) 90 nM (Atcherley, et al., 2015)) so 

dopamine interference on pH and hydrogen peroxide signals is expected to be less in vivo. 

Principle Component Analysis of Mixed Signals 

 While FSCV allows for selectivity between analytes in vivo, overlap between CVs 

complicates analysis of simultaneous changes in chemical species.  As a result, current over 

time traces for a desired analyte can be convoluted with current over time changes of a 

different analyte.  For example, neurotransmission of dopamine is often accompanied by 

simultaneous changes in pH (Kawagoe, et al., 1993; Venton, et al., 2003) which confounds 

quantification of either species by current vs. time traces.  For this reason, principle 

component analysis (PCA) has been applied to FSCV data to separate mixtures (Bucher, et 

al., 2013; Heien, et al., 2004; Keithley, et al., 2009).  PCA is a multivariate calibration method 

which uses all data points in a spectrum, the CV, to make concentration determinations.  

Training sets of CVs from varying concentrations of known analytes are used to calculate  
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Figure 5.6 Principle component analysis of the collector color plot signal in a mixture of 

analytes.  

(A) FSCV color plot of the collector in 0.5 μM dopamine, 200 μM ascorbic acid, 50 μM 

oxygen, and pH 7.4, generator potential is above. PCA concentration over time traces and Qt 

significance are below in (A) and separated color plots are (B). 
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principle components (PCs).  A regression is then applied to relate concentrations to PC 

distances.  Data from an unknown sample is then projected on the PCs to calculate 

concentrations.  Training sets for dopamine, ascorbic acid, pH, and hydrogen peroxide were 

gathered by flow injection analysis and PCA to a was used to resolve concentration changes 

at the collector electrode (Figure 5.6).  Figure 5.6A is a color plot of collector electrode over 

a biphasic generator pulse (potential shown above) in PBS with 0.5 μM dopamine, 200 μM 

ascorbic, 50 μM oxygen, and pH 7.4.  Below the color plots are concentration vs. time traces 

as determined by PCA.  Figure 5.6B shows the separation of analytes into individual color 

plots using PCA.  PCA allows for more quantitative analysis of changes in chemical 

concentration over time.   At t = 5 seconds, the generator is stepped from -0.2 V to +0.8 V 

which induces concentration changes in all four analytes.  There is an initial increase of 

dopamine by 0.7 μM which is higher than surrounding bath concentration of 0.5 μM.  

Generating this large signal is possible due to adsorptive preconcentration of dopamine on 

the generator at -0.2 V before the oxidative stripping of dopamine at +0.8 V.  Additionally, 

the potential step at the generator depletes ascorbic acid concentration by 123 μM which is 

less than bulk concentration of 200 μM.  The amount of ascorbic acid depletion is related to 

the overlap of the generator diffusion zone about the collector.  A collector-generator with 

more overlap (ex: smaller gap) could increase the signal magnitude and even function as a 

calibration-less sensor if full depletion occurs.  Stepping the generator to +0.8 V also 

decreases pH (acidic shift) in a pulse fashion before decaying to a constant value for the 

duration of the positive potential step.  An initial pulsatile acidic shift is typically observed 
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with a positive potential step at the generator (Chapter 4, Figure 5.3).  However, the 

sustained acidic pH shift is likely an error in prediction by PCA since it is not present in the 

PBS control (data not shown) and could result from pH PC overlap with the ascorbic acid PC.  

An increase in hydrogen peroxide is also recorded at the potential step, which is also likely a 

prediction error in PCA since there is no reaction at +0.8 V which readily produces hydrogen 

peroxide at the generator (water oxidation to hydrogen peroxide is Eo = +1.54 V).  This error 

is possibly because of interference between the hydrogen peroxide PC and capacitive 

changes in the electrode.  The hydrogen peroxide signal has a peak near the switching 

potential (+1.3 V) which is where capacitive peaks are known to occur.  Capacitive peaks 

occur from changes in the electrode double layer from ions or adsorption of 

species.(Takmakov, Zachek, Keithley, Bucher, et al., 2010).  Despite these warning signs at 

positive potentials, PCA calculates concentration changes induced by a negative potential 

step without issue.  The negative potential step at the generator is from -0.2 V to -1.0 V and 

occurs at t = 35s.  Oxygen reduction at the generator results in a 30 μM increase of 

hydrogen peroxide and basic shift of +0.44 pH units from consumption of protons (Figure 

5.3E).  Dopamine concentrations also increase by 0.1 μM due to redox cycling between DOQ 

production by FSCV and reduction of DOQ back to DA at the generator (Supplementary 

Figure B.1).  A plot of Qt values versus a 95% Qα value is shown at the bottom of Figure 5.6A 

indicates whether all significant signals in the collected data set are accounted for.  The 

slight crossing of the Qα threshold suggests this either training set is overspecified or a small 



 

151 

part of the data is still unaccounted for, potentially from ionic changes that occur during 

generator excursions to +0.8 V or -0.2 V. 

Conclusions 

 This report presents a proof-of-concept study for the detection of absolute pH, 

oxygen, dopamine, and ascorbic acid with an FSCV-compatible collector generator.  This 

sensor allows for dual-sensing mode of traditional FSCV measurements and absolute 

concentration measurements in vivo.  Absolute concentration measurements give 

information about the resting state of the system while traditional FSCV measurements can 

measure subsecond events.  This would allow for better quantification of neurochemicals 

on all timescales to better study the interaction of neurotransmitters and metabolites.    

Future work will focus on integration of the collector-generator into a microfabricated 

platform and validation of the in vitro signals in an in vivo context.   
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Appendix A  Chapter 4 Supplementary Figures 

 

Figure A.1  Generator electrode currents from negative and positive pulsing in PBS.   

(A) Deoxygenated solution, after stepping from 0 V to +0.8 V, the current decays to zero 

within a few seconds.  The implication is that little to no electrochemical reactions are 

taking place after a few seconds. (B) Same as (A) but for a negative pulse.  (C) Generator 

currents in oxygenated (gray line) vs. deoxygenated solution (black line) showing reductive 

current from oxygen reduction. 
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Figure A.2 Averaged FSCV signals after a negative pulse in various PBS salt solutions without 

oxygen.   

Lines are means and dashed lines are standard deviation, n = 4 electrodes.  Little to no 

effect is seen from increasing KCl (blue line) and NaCl (green line) +50% relative to 1X PBS 

(black line). 
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Figure A.3 Signal stability over three hours. 

Averaged FSCV signals after a negative pulse (n = 4 electrodes) before and after 3 hours of 

continuous operation, lines are means and dashed lines are standard deviation.  The pH 

signal decays ~10% in magnitude in the first hour before stabilizing. 
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Appendix B  Chapter 5 Supplementary Figure 

 
Figure B.1  Pulsatile increase in dopamine from a negative potential step without oxygen. 

 (A) Color plot of collector electrode showing temporary increase in DA.  (B) CV of the 

increase showing DA, black line minus dashed white line.  (C) Half-section of sensor with 

waveforms below.  DOQ is produced from FSCV which adsorbs to the generator.  A negative 

potential step reduces DOQ to DA, which desorbs and is detected at the collector. 

 



 

171 

Appendix C  Microfabrication Processes 

 
Figure C.1 Microfabrication process for diced devices used in Chapters 2-5.   

(A) 3000 Å LPCVD silicon nitride (SiN) is deposited on silicon (Si).  (B) AZ 1518 photoresist is 

pyrolyzed to carbon. (C) Carbon traces are insulated with PECVD SiN. (D) SiN is etched over 

electrode area and connection pads. (E) Wafer is mounted on tape and devices are 

individually diced out of the wafer.  (F) Wire connections are made to pads with silver epoxy 

and epoxy and then gold pins are soldered on the wires. 

  



 

172 

 
Figure C.2 Microfabrication process for in vivo compatible devices.   

(A) 3000 Å LPCVD silicon nitride (SiN) is deposited on silicon (Si).  (B) AZ 1518 photoresist is 

pyrolyzed to carbon. (C) Carbon traces are insulated with PECVD SiN. (D) SiN is half-etched 

over electrode area and connection pads. (E) AZ 4620 is spun on the frontside to protect it 

during backside alignment.  RIE etch of backside SiN to expose the Si.  (F) KOH of backside to 

thin the wafer. (G) Devices are masked and frontside SiN is selectively etched.  A second 

KOH etch of both sides defines the probe shape and thins the wafer fully. (H) Half-etched 

SiN over pads and tips are fully etched by RIE and devices are released by severing Si 

bridges.   
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Figure C.3 Removable silicon bridge release for in vivo compatible devices   

(A) Frontside-mask that defines the sensor dimensions on the left.  Right is the backside 

mask, KOH etches Si in the open spaces (B) Frontside of devices after second KOH etch.  (C) 

Backside view of a released device showing the differential thickness for the device and tip.  

(D) Device mounted on a PCB with silver epoxy and epoxy. 
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