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AN OVERVIEW OF CARBON FIBER ELECTRODES USED IN NEUROCHEMICAL
MONITORING
Melissa J. Buckshire, M.S.

University of Pittsburgh, 2008

Neurochemistry has always been a topic that many scientists are interested in researching
because the brain is such a fascinating and complex organ. Electrochemical methods have proven
to be a successful tool for scientists to use for their brain-researching endeavors. Many types of
probes and analytical devices have been invented and used in conjunction with electrochemical
methods over the past several decades to investigate the inner workings of the brain. In
particular, the carbon fiber electrode has become a popular device among scientists due to its
favorable qualities.

The carbon fiber electrode has several unique characteristics to give it an advantage over
other techniques. Carbon fiber electrodes have the ability to monitor in a subsecond time frame
and record in real time. Because they are so small, carbon fiber electrodes are also able to sample
very small environments, such as a single cell or vesicular volumes, where other devices cannot
because they are too big. Evidence has shown that carbon fiber electrodes appear to cause less
disruptive tissue damage when implanted into a brain than other devices, for instance a
microdialysis probe. On top of that, carbon fiber electrodes are also excellent devices for those
seeking greater sensitivity and selectivity by making electrode modifications tailored for the
analyte of interest. In addition, carbon fiber electrodes provide a wider range of detectable

species, again by simply making slight modifications.
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One can clearly see that the future for neurochemical monitoring lies heavily in the hands
of the carbon fiber electrode. Its advantages over other devices make it superior in many aspects.
Researchers will no doubt continue to use the carbon fiber electrode and keep improving it to

make it suitable for countless more experiments.
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1.0 INTRODUCTION

Some advances in medical and clinical care have resulted from innovatively new ways of taking
measurements of important biological components. Of particular interest in this paper, is the use
of carbon fiber electrodes to make such measurements, one tool that is being used more and
more to measure neurochemicals in the brain. The brain is an extremely complex entity that no
one knows everything about; however, neuroscientists have taken giant leaps to discovering the
intricacies of neurological function using such devices as the carbon fiber electrode (CFE). Since
its invention, many other scientists have come along to make improvements in the CFE design to
enhance sensitivity and selectivity.

The success of the CFE in neurochemical monitoring is due largely to the
electrochemistry principles that are working within the milieu of the brain’s environment to
generate a measurable signal from a charge-transfer process at the electrode interface. The signal
is measured from a change in current or potential, and is proportional to the concentration of the
substances within the environment immediately surrounding the electrode (by theory or by
calibration). The neuronal environment consists of numerous electrochemically detectable targets
of interest to neurochemists, such as glucose, lactate, ascorbate, urate, hydrogen peroxide,
oxygen, nitric oxide, simple inorganic ions, catecholamine and indolamine neurotransmitters and

their metabolites, and pH. Hence the reason that CFE have been so useful and helpful in giving



scientists a better look at the inner workings of the brain and will continue to do so for many

future generations.



2.0 CHEMICAL SENSORS AND BIOSENSORS

2.1 DEFINITION OF A SENSOR

According to the book Chemical Sensors For In Vivo Monitoring edited by Anthony P. F.

Turner, a chemical sensor is “a compact analytical device containing a chemically-sensitive
element either integrated with or in intimate contact with a transducer and capable of generating
a continuous signal proportional to a specific chemical or group of chemicals (Turner 1993).”
Also, according to Turner, a biosensor is a “type of chemical sensor in which the chemically
sensitive element is biologically derived (Turner 1993).” A carbon fiber electrode is therefore a
chemical biosensor. In the laboratory, CFE’s are implanted into the brain, usually of a rat, and
connected to a potentiometer or amperometer to record any signals. Once in the brain, the carbon
fiber surface is the interface where the charge transfer occurs. The substance of interest becomes
either oxidized or reduced near the interface due to either the negative or positive potential (i.e.
charge) of the electrode and a transfer of electrons occurs.

Other chemical biosensors besides the CFE used in neurochemical monitoring include the
microdialysis probe and electrodes of other materials such as platinum, gold, diamond, and
carbon paste to name a few. These biosensors have contributed much to the field of
neuroscience. They each have unique capabilities which are most suitable for different situations

of neurochemical measurements. Of course, one of the reasons for developing such biosensors



comes from a practical and useful need for them in the medical, or clinical, field. Scientists and

doctors are always looking for new and improved ways to monitor patients.

2.2  CLINICAL USE FOR SENSORS

In general, the sooner and more precisely a doctor and/or nurses know critical information about
a patient, the sooner they can administer proper care and possibly save a life. Knowing
information about the patient in real time, as opposed to taking a sample and sending it to a lab to
wait for results, can significantly change the outcome of an emergency situation. Biosensors
have this capability of monitoring a signal continuously, allowing for real-time analysis.

One good example of a biosensor, which was invented in the 1980’s, to help improve
medical care, is the blood glucose tester, used by people who have diabetes and must constantly
test the level of glucose in their blood because their own bodies lack that ability. One of the more
recent versions of a blood glucose tester can take a measurement in a matter of seconds. A
person can use, for example, the OneTouch® UltraMini® Blood Glucose Meter by first inserting
a test strip into the device. Then only a speck of blood (about 0.5 puL) from the forearm or palm
needs to be placed on the test strip. Once this is done, a digital read-out of the blood glucose
level is displayed on the screen about 5 seconds later.

Another type of a biosensor which has much potential but has yet to be commercialized,
detects the level of lactate in the blood. For a patient suffering from shock due to congestive
heart failure, pulmonary edema, hemorrhage, myocardial infarction or septicemia, monitoring the
level of lactate is of great importance (Heller et al., 1997). This is because the shock, due to

associated anaerobic metabolism, may cause lactic acidosis on a life-threatening scale. Blood
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lactate concentrations that surpass 7-8 mM are indicative of inevitable death, thus the advancing
increase and decrease in the amount of lactate in the blood is a foreshadowing of the probability
of survival. With that being said, if real-time monitoring of lactate levels could be accomplished
in vivo, then the more quickly hospital personnel can administer proper care upon the detection
of an abnormal range in lactate levels and the more likely the patient may survive. These are just
two of the many examples that show that biosensors have become and will become very helpful

in clinical use and healthcare.



3.0 CARBON FIBER ELECTRODES

3.1 BACKGROUND

Carbon fiber electrodes were first invented in the late 1970’s by Frangois Gonon and colleagues
(Ponchon et al. 1979, Gonon 1980). The basic manufacturing of their CFE is as follows: the
carbon fiber is threaded through a pulled glass tube with a tapered tip, secured in place with a
polyester resin and graphite powder mixture forced down into the tip, a contact wire pushed
down into the resin and dried 24 hours or more. The carbon fiber is cut to a length of 0.5 mm
prior to use. Gonon et al. took a significant step forward in the fields of neuroscience and
electrochemical methods by giving chemists and neuroscientists a new way of probing the inner
workings of a brain. In their first experiment, Gonon and colleagues measured oxidation currents
of dopamine (DA) using normal pulse polarography and cyclic voltammetry in vitro and in vivo.
They found that the carbon fiber electrode had a detection limit better than that of the carbon
paste electrode. They also determined that, depending on the electrochemical method applied,
compounds with similar oxidation and reduction peaks can be better differentiated. For instance,
the determination of dopamine and norepinephrine is difficult using normal pulse polarography,
however, they are better differentiated using cyclic voltammetry.

Once the CFE was invented, Gonon and colleagues began to discover the great potential

of the CFE’s abilities to qualitatively and quantitatively detect species by developing an



electrochemical pretreatment process done to the CFE before implantation (Gonon, 1981). This
pretreatment helped to resolve oxidation currents measured in the rat brain into definite peaks
scanned across the potential axis. This study was only one of the many studies done by several
contributors to develop and enhance CFE’s in the use of selectively measuring electrochemical
species in vitro and in vivo.

Before the use or invention of the carbon fiber electrode, Ralph Adams implanted his
carbon paste microelectrodes into a rat brain in the 1970’s. This was a major breakthrough for
neuroscientists in that time. Adams is the scientist generally credited with being the one who first
measured the in vivo concentration of catecholamine neurotransmitters and their metabolites in
the extracellular space (Adams 1976). It should be mentioned, however, that he was not really
the first to make in vivo measurements, and Adams actually gives credit in his paper for the one
who did. Leland Clark carried out voltammetry experiments in brain tissue back in the mid-
1960’s using is invention, the Clark oxygen electrode. Adams preliminary studies also showed
early on that neurotransmitters were merely a percentage of species present in the brain able to
oxidize and reduce at the electrode surface, hence the need for guidelines/ rules of detection and
identification of in vivo species. In the 1980’s, Mark Wightman and colleagues determined such
guidelines, which are now well known as the “Five Golden Rules.” Scientists wanting to monitor
a certain compound in vivo should use these rules as a checklist for choosing the best biosensor,
selectivity and sensitivity parameters, and detection system to optimize the resolution of the
response signal in whatever pre-defined environment and signal-inducing criterion the scientist
has planned. These golden rules are discussed in a book on voltammetry in the neurosciences

(Justice 1987) and the journal Trends in Analytical Chemistry (Philips and Wightman 2003).



3.2 SIZE AND SPEED: THE BENEFITS

Microelectrodes come in all shapes and sizes. For instance, there are the disk, needle, elliptical,
double barrel, and band electrodes. These all have their own set of characteristics and serve their
own unique purpose for a specific set of experiments. However, for the use in neurochemical
monitoring, the two main kinds of shapes used for carbon fiber electrodes are the needle and disk
electrodes. These shapes are what will be assumed when referring to CFE’s throughout this
paper.

CFE’s have relatively small dimensions in comparison to other biosensors used in vivo.
Typical dimensions of the carbon fiber tip range from 7-20 pm in diameter and 400 - 800 pm in
length. The order of magnitude of the area of a CFE is in the 10 cm® range. It might have
seemed like too great of a challenge for something so small to be selective and sensitive enough
in an environment stocked with a vast amount of electrochemically detectable species to give a
discernable response. Fortunately, there are several benefits due to the CFE’s small size.

One major benefit to the small size of the CFE is real-time subsecond recording
capability. Since the electrode is directly implanted into the brain, any signal recorded has only a
time delay of the length of time it takes the analyte (e.g. dopamine) to diffuse across a gap
approximately 3-4 um to the electrode, which is on the order of milliseconds. For example,
naturally occurring dopamine concentration increases have been detected by voltammetric
methods within a millisecond time scale (Robinson et al., 2003; Cheer et al., 2004). In the case of
microdialysis, the same transient increases would never be detected because the required
sampling time takes nearly 100 times longer than the time it takes for a transient to occur. Other
things, such as in vivo diffusion of neurotransmitters and kinetics of drug injections (Jones et al.,

1995; Greco and Garris, 2003), can only be resolved with these fast real-time resolutions.
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Mength: 400 — 800 um

Figure 1. Image of a carbon fiber electrode.

In addition, CFE’s can be used to measure cellular and subcellular events easily. These
kinds of investigations are unrealistic and incapable for larger measuring devices. Monitoring
neurochemicals released from single cells have been investigated using microelectrodes in
conjunction with many electrochemical techniques (Leszczyszyn et al., 1991; Wightman et al.,
1991; Boudko et al., 2001; Kumar et al., 2001). Also, quantal size and vesicular volume have
been investigated (Kozminski et al., 1998; Pothos et al., 2000; Colliver et al., 2000). This is
something not possible for larger devices because they typically cannot sample single cells, but
rather whole cells, thus negating the goal of the spatial resolution obtained from the use of
microelectrodes. Microdialysis probes are an example of devices that are too large to quickly and

accurately sample the contents of vesicles, despite their superb sensitivity and selectivity.
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Figure 2. A comparison of the relative sizes of a CFE and a microdialysis probe next to a single cell.

Another advantage of the small size of carbon fiber electrodes used in neurochemical
monitoring lies in the observation that, when implanted in the brain, it has less of an impact in
detrimental damage to the surrounding tissue near the implantation site than much larger devices.
Microscopy studies have observed evidence of damage surrounding the implantation site of a
microdialysis probe extending at least 1 mm (Clapp-Lilly et al., 1999; Zhou et al., 2001). The
studies observed a hole surrounded by broken blood vessels and dead cells. This evidence of
damage to the tissue in the brain upon probe implantation suggests there is a disruption to normal
physiology and also suggests a reason that microdialysis probes may be too large. More recent
evidence of damage suggests disruption of blood flow and possibly compromising the intactness
of the blood-brain barrier near the implantation site of a microdialysis probe seen by Mitala,

C.M. and Michael, A. C. (unpublished data). Other studies further support the notion that
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microelectrodes (e.g. CFE) cause minimal damage. Light microscopy studies cannot follow the
tiny tracts of the brain tissue’s ultrastructure surrounding an implanted microelectrode (Peters et
al., 2004). There was no visible damage except for an occasional neuron with darkened
cytoplasm, suggesting little negative impact microelectrodes have on surrounding tissue
structure. Another study using microelectrodes and cyclic voltammetry to monitor the activity of
dopamine within the range of 220 um or less of an implanted microdialysis probe revealed a
gradient of disrupted dopamine release and uptake (Borland et al., 2005). This study not only
supports the idea that larger probes have a negative affect on the structure and function of its
surrounding tissue, but also supports the idea that the much smaller microelectrodes are
advantageous for studying functionally intact brain tissue as well as small environments, such as
single cells and vesicles. Therefore, because of its many advantages based on size and speed, the
carbon fiber electrode has become an essential analytical tool for the studying of neurochemical

monitoring.

33 SELECTIVITY

3.3.1 Detection of Electroactive Species

Another appealing aspect of the CFE is the potential for it to detect a wide range of species in the
brain. Although it is well-known that dopamine is easily detected using CFE’s, there are other
possibilities. Focusing first on electroactive species, CFE have been largely used to monitor
neurotransmitters, catecholamines and their metabolites, but also pH, ascorbic acid, oxygen, and

hydrogen peroxide, to name a few. These species can become either oxidized or reduced on the
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electrode surface. This transfer of the electrons is what produces the electrode’s signal and thus
detection. Examples of more frequently studied species include dopamine, serotonin, and
norepinephrine and their metabolites. In vivo, or in physiological media, these species become
oxidized and release electrons as shown in Figure 3, and have been studied with microelectrodes
and voltammetry (Daws et al., 1998; Avshalumov et al., 2003). The reason for the ability of the
CFE to selectively detect different species is that one species tends to have its own unique
potential where it becomes oxidized and reduced. By focusing the scanned potentials to a
specific range, a person can be more confident in their assessment of the identification of the
detected and measured signal.

Electrochemical methods are sometimes used to detect things other than
neurotransmitters and their metabolites. This would include the measurement of things such as
small molecules and biologically significant ions. Ion selective electrodes are quite often used in
vitro; however, they can be miniaturized for in vivo use for various applications, such as the pH
electrode (Boudko et al., 2001). Another electrode that has the ability to apply to in vivo
selection is the Clark oxygen sensor. It is a small-molecule electrode rather than an ion-selective
one. Oxygen is reduced as shown in Figure 4 to produce a current measurable at the electrode
surface. This oxygen sensor is composed of a membrane-coated platinum wire electrode. Carbon
fiber cylinder electrodes, however, have also been used in place of platinum, to detect O,
(Kennedy et al., 1992). Another small molecule of interest to neuroscientists that can be detected
in vivo is nitric oxide (NO, Fig 4). Sensors for nitric oxide closely resemble that of the oxygen
sensors and have been constructed to measure and study NO in many different kinds of
environments (Kumar et al., 2001; Zhang et al., 2000). Yet another small molecule relevant to in

Vivo monitoring is hydrogen peroxide. (H,O,, Fig 4). This easily detected molecule is reduced on
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the surface of carbon fiber and platinum electrodes. It also poses a problem because often it

becomes oxidized in the same window of potential as several other electroactive species. Thus,

in order to detect and measure H,0O,, a more selective sensor or electrode is necessary.

Fortunately, there are naturally occurring enzymes that are selective for peroxide and can be

coupled with electrodes to make a sensor specifically for H,O, (Kulagina and Michael, 2003).
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Figure 3. Oxidation reactions of electroactive species.
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Figure 4. Additional electroactive species found in the brain.

Ascorbic acid is another extremely relevant neurochemical in the brain. It is actually one
of the most prevalent molecules in the brain, with concentration levels reaching 200-400 puM.
Ascorbic acid plays a definite role in behavior and neurotransmitter activity, and it has been
studied extensively (Rebec and Pierce, 1994; Rebec and Wang, 2001). Ascorbic acid, however,
is also another molecule that becomes oxidized at potentials near those of other neurochemicals,
specifically dopamine and norepinephrine. This makes detection of dopamine and
norepinephrine difficult due to the overpowering signal from ascorbic acid. Luckily, this
interfering of ascorbic acid can be controlled by increasing the scan rate of the applied potential.
Catecholamines diffuse away from the electrode much more slowly than the oxidized ascorbic
acid. An increased scan rate means the diffusion of the oxidized ascorbic acid away from the
electrode surface also increases. This greatly decreases the likelihood of the species reducing
back to ascorbic acid, and thus decreases the interference of the voltammetric signaling from the

catecholamines.
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This interference problem has also given rise to improvements on selectivity with the
addition of coatings on the electrode surface. These coatings sometimes serve as a barrier
between the detection of wanted and unwanted species of interest. Electrode coatings include
polyelectrolytes (Nafion), electrically conducting polymers (polypyrrole), and electrodeposited
polymers (1,2 diaminobenzene). Coatings with a thin film of polyelectrolytes, Nafion for
example, are a simple way to increase electrode selectivity to certain analytes. Nafion-coated
electrodes are ion-selective, thus the anionic composition of Nafion films promotes the selection

of only cations to pass through (Gerhardt et al., 1984).

3.3.2 Detection of Nonelectroactive Species

This discovery, that by putting coatings on an electrode before implantation greatly improved the
selectivity of the sensor, opened the doors to the prospect that one can detect species that are
inherently not electroactive. It was actually Leland Clark's idea in the 1960's to coat an electrode
with the glucose enzyme for greater selectivity (Clark and Lyons, 1962). Others quickly caught
on to his idea and it spread rapidly. Now some scientists use polyelectrolyte films, as well as
many different conducting and non-conducting polymers, to capture or immobilize enzymes onto
the electrode surface. This creates a sensor that is species-selective, depending on what enzyme
is immobilized (Bartlett and Cooper, 1993).

These enzyme-based microsensors, some of which are made from carbon fiber
electrodes, are used to detect analytes that are of interest to neuroscientists but are non-
electroactive, such as choline, glutamate, glucose and lactate. A different electrode is constructed
for a different analyte, each specialized with its own coatings and additives that will selectively
produce electrochemical signals. The most commonly used enzymes are the oxidase enzymes,
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particularly for the detection of choline, glutamate, glucose and lactate. These enzymes act as the
go-between for the analyte and electrochemical signal. Typically, the analyte reduces the enzyme
on the surface of the electrode, then the enzyme gets oxidized in a reaction with a co-substrate

(Bartlett and Cooper, 1993). The reaction scheme typically goes as follows as seen in Figure 5:

substrate(RED) + enzyme(OX) — product(OX) + enzyme(RED)
enzyme(RED) + co-substrate(OX) — enzyme(OX) + co-product(RED)

Figure 5. Reaction scheme for enzyme-based electrodes.

Primarily, the co-substrate in this scenario is oxygen (O,), which generates hydrogen
peroxide (H,O;) as the final co-product. Hydrogen peroxide can be electrochemically oxidized
and detected on the electrode surface, as mentioned previously. The rate of production of H,O,
would ideally be directly related to the concentration of the substrate detected by the enzymes.
As an example, the oxidation of the substrate glutamate and subsequent oxidation of H,O, would
be:

Glutamate + GluOx(OX) — a-ketoglutarate + NHj3 + GluOx(RED)

GluOx(RED) + O; — GluOx(0OX) + H,0,

At electrode surface: H,0, — 2H + O, + 2¢
The idea behind immobilizing the enzymes in a thin film to the surface of the electrode in this
kind of sensor is to minimize the distance H,O, must travel to the electrode surface to be
oxidized. The thin films also help to limit the diffusion of peroxide or the excessive reaction of
the peroxide, both of which would result in a lower sensor sensitivity. The minimizing of the
film’s thickness also decreases the response time of the electrode because of the decreasing

distance the substrate itself must travel into the film to react with its enzyme (Heller, 1992). For
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all of these reasons, thin film coatings have become a big breakthrough in the detection of
neurochemical species in the brain and continue to be used and improved.

Another type of electrochemical sensor that uses enzymes for species detection does not
require that the enzyme be immobilized on the electrode surface. This other type of sensor
utilizes what is called crosslinked redox gels composed of a poly(vinylpyridine) complexed to
Os(bpy)2Cl that carries the signal to the electrode with moving enzymes (Gregg and Heller,
1990; Heller, 1992; Kulagina and Michael, 2003). The redox polymer shapes the three-
dimensional gel which contains the mobile enzymes, but at the same time allows for fast in and
out diffusion of both substrates and products. Electrons transferred during the enzyme’s
reduction are quickly carried through the polymer’s redox centers to the surface of the electrode
where they are detected through changes in current response. Different non-electroactive species
can thus be detected and measured utilizing these types of electrochemical sensors by changing
the functional enzyme within the gel, from glucose oxidase to lactate oxidase for example. Other
sub-types of enzyme-based electrodes use more than one enzyme to transfer electrons, such as a
glutamate detector utilizing glutamate oxidase, which reacts with glutamate and produces H,O,,
and horseradish peroxidase, which reduces the H,O, and oxidizes the osmium redox polymer
(Kulagina et al., 1999). This chain of events leads to the final generation of current response
changes to detect glutamate.

The addition of special coatings on carbon fiber electrodes has greatly increased the
range of detectable analytes in the brain and thus has expanded the research in the neurosciences.
These further insights into the inner workings of the brain have been and will continue to be of

great interest and value for scientists and patients alike.
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It should, however, be mentioned here that, like most other things, carbon fiber electrodes
in conjunction with electrochemical methods do have their drawbacks. One disadvantage is that
measuring basal concentrations for any species in the brain is simply unachievable. It is rather
best suited for measuring the changes in concentration that occur. Another disadvantage of the
CFE is its sensitivity to pH changes (Runnels et al., 1999). Usually, pH is not the desired
measurement in an experiment, and therefore any changes in its value during an experiment can
bring about misconstrued or misinterpreted data. Also, a word of caution for some species that
are not yet well-studied, positive identification of the analyte responsible for current changes
may be more difficult. This is simply due to the facts that it is impractical to be able to control
every single possible experimental variable and that there is a plethora of species that are
electrochemically detectable.

Future directions for the carbon microelectrode are likely related to its size. How small
can one make a functional electrode? Some scientists are trying to find out and carbon nanotubes
are the point of interest. Carbon nanotubes have unique electronic properties, as well as
mechanical, chemical and geometrical properties, with the potential for applications in
bioelectrochemistry (Campbell et al., 1999). Others are incorporating carbon nanotubes into the
construction of carbon fiber nanoelectrodes to improve stability, reproducibility, sensitivity, and

spatial resolution (Chen et al., 2003; Valcarcel et al., 2007).
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4.0  PRINCIPLES OF ELECTROCHEMISTRY

4.1 FUNDAMENTALS

An electrochemical process is one in which a chemical reaction or change occurs in a system
caused by a passing of electrons (an electrical current), which is basically a production of
electrical energy by a chemical reaction. In the neurosciences, these chemical reactions occur on
the electrode surface, and these reactions can be either oxidation or reduction. Oxidation is the
transfer of electrons away from the analyte, whereas reduction is the transfer of electrons to the
analyte. At an electrode surface, these reactions occur when a potential is applied and reaches the
specific potential where the analyte becomes either oxidized or reduced. This potential is known
as the formal potential (E’). When the formal potential has been reached, the transfer of electrons
must be rapid in order to record electrochemical measurements. If it is not, the information used
to identify and quantify the analytes will be obscured and too difficult to interpret. The rate of
which this transfer of electrons occurs from analyte to electrode is called the current. The

current, i, can be calculated using the equation:

. X nFoN
1=E: 2 (Eqn. 1)

where n is the number of electrons transferred per molecule of analyte, F is Faraday’s constant,
Q is charge, and N is the moles of analyte. This equation shows that the current is regulated by

the number of moles of the analyte, i.e. the concentration, at the surface of the electrode. In order
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for the analyte to undergo a chemical reaction, it must be in direct contact with the electrode
surface. The main mode of transportation of the analyte from the bulk solution to the electrode
surface is by diffusion, or random molecular motion. The rate at which the analyte diffuses
correlates to the tendency of the analyte to experience continuous random motion and is known
as the flux (J). Flux depends upon the diffusion coefficient (D) for the analyte of interest as well
as the concentration gradient that builds up due to the reduction or oxidation reactions occurring
at the electrode surface. The correlation between flux and the concentration gradient is described
by Fick’s first law:

_p* Han. 2
=D~ (Eqn. 2)

where C is the concentration and x is the distance. Now the quantity of the current response can
be defined as the flux of the analyte to or from the electrode surface. The current that is produced
from the reduction or oxidation of the analyte at the electrode surface is called the faradaic
current. The current relies upon the magnitude of the applied potential of the electrode, which
has a major role in formulating the rate of electron transfer and the consequent electrolysis of the
analyte. The quantity of current can be obtained by multiplying by the area of the electrode and a

factor for the number of coulombs per mole of reactant:

i~ nFAD = (Eqn. 3)
0,}( . qn.

where A is the surface area of the electrode. The subscript x = 0 in Equation 3 states that the
concentration at the electrode surface is zero, which creates the gradient and causes molecules to

move.
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42  CHRONOAMPEROMETRY

To put the fundamentals of electrochemistry in action requires the consideration of an
electrochemical method. Chronoamperometry is the simplest method used to monitor the current
of an analyte produced at the electrode surface. Chronoamperometry begins with the electrode
held at an initial “resting” potential, where reduction or oxidation of the analyte does not occur.
Then the potential is swiftly stepped up to a higher potential, higher than the formal potential of
the analyte, initiating the oxidation reaction. This step potential diagram is found in Figure 6A.
This step-wise change in potential is what makes chronoamperometry a so called potential pulse
method. Once the potential has been stepped up, any analyte in contact with the electrode surface
immediately becomes oxidized. Therefore, the concentration of the analyte at the electrode
surface becomes zero, creating the gradient between the electrode and bulk solution, driving the
diffusion of the analyte toward the electrode. The current monitored during this potential step
experiment is proportional to the concentration of the analyte, and over time, the concentration of
the solution next to the electrode will become depleted. Thus, under diffusion controlled
conditions, chronoamperometry produces a distinct current-time relationship, as demonstrated in

the Cottrell equation:

nFA/D,C,
i(t) = % (Eqn. 4)

where D, is the diffusion coefficient, C, is the bulk concentration of the analyte and t is time.
The concentration profile for the analyte being investigated using chronoamperometry is shown
in Figure 6C. The current versus time graph for the same chronoamperometry experiment is

diagrammed in Figure 6B.
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Figure 6 (Bard & Faulkner, 2000). (A) Diagram of the step potential used in chronoamperometry.
(B) Current vs. time plot for a chronoamperometric experiment. (C) Concentration profile for times after the
commencement of a chronoamperometric experiment. Circled inset: A decrease in the current response
during an experiment relates to a decrease in the slope of the concentration, which is characterized by the

Cottrell equation (Equation 4).

4.3 VOLTAMMETRY

Another potential pulse method is an extension of the chronoamperometric technique, called
normal pulse voltammetry (NPV). In this method, the electrode is held at some base potential

(Eb), at which electrolysis does not occur. Then the potential is stepped up to a higher, oxidizing
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potential (E) for a very short period of time until the potential is dropped back down to the base
potential. After a designated time interval, the potential is again stepped up from Ej to a higher E
potential, this potential being higher than the first step. Again, after a short period of time, the
potential is dropped back to the base potential and the cycle keeps repeating, with each
successive step higher than the previous step. The potential profile for NPV is diagrammed in
Figure 7A. The current is sampled near the end of each pulse at a time 7, just before the potential

is dropped back to the base potential. The current vs. time profile is diagrammed in Figure 7B.
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Figure 7. Normal Pulse Voltammetry sampling scheme. (A) Potential profile. (B) Current vs. time.
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The current produced during each step is proportional to the concentration of the
analyte, which is the same for chronoamperometry. Normal pulse voltammetry, however, has an
additional benefit of limiting electrode fouling or filming and preventing compilation of the
remaining oxidized analyte, which can be neurotoxic. This benefit comes from the stepping
down back to the base potential at each pulse, which decreases the newly produced oxidized
analyte species. NPV can also be used to help identify the electrolyzed species through the
observation of the ratio of oxidation to reduction currents.

Yet another potential pulse electrochemical technique is the differential pulse
voltammetry (DPV) method. DPV can provide greater sensitivity and more efficient resolution
and differentiation of various species. This technique is comparable to normal pulse
voltammetry, but with some major differences. The potential profile for DPV is diagrammed in
Figure 8A. The major differences are: (1) The base potential is not the same potential throughout
the experiment, but changes steadily with each step in small increments. (2) The height of each
step is maintained at a constant height with respect to the base potential and ranges from only 10-
100 mV. (3) The current is sampled twice during each cycle, once immediately before the
potential is stepped up (i,) and again immediately before the potential drops down (ip). (4) The
experiment is recorded in a plot of the difference between current responses (i, — 1) versus the
base potential to produce a voltammogram. This voltammogram, diagrammed in Figure 8B,
provides a better qualitative characterization of the electrolyzed species and gives the greater

selectivity for easier identification of the species of interest.
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Figure 8 (Bard & Faulkner, 2000). (A) Differential pulse voltammetry potential profile. (B)

Differential pulse voltammogram.

4.4 CYCLIC VOLTAMMETRY

Chronoamperometry, NPV, and DPV are all potential pulse techniques that measure current with
respect to time. There are other kinds of electrochemical methods, however, that can improve
sensitivity and selectivity- potential sweep methods. Cyclic voltammetry (CV) is a widely used
potential sweep method for neuroscience applications. This method is different than those
previously mentioned in that the applied potential is progressively increased from the base
potential over a specified time interval, not stepped up, and then progressively decreased back to
the base potential, typically using a constant sweep rate throughout. The increased sweeping
oxidizes the analyte while the decreased sweeping reduces the newly produced oxidant. A

waveform diagram is shown in Figure 9A. The current is measured continuously during the
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cyclic sweeping in a CV experiment and is plotted versus the applied potential in a

voltammogram as shown in Figure 9B.

A B

(+)

0 time

Figure 9 (Bard & Faulkner, 2000). (A) Potential waveform diagram for a cyclic voltammetry

experiment. (B) A voltammogram of a CV experiment.

This method can provide useful voltammetric information of in vivo studies for the
purposes of qualitative identification of a single species among the plethora of other substances
without the need for further separation. The voltammogram of a species generally has a unique
position along the potential axis and a unique shape. For example, a voltammogram of dopamine
can easily be distinguished from a voltammogram of serotonin. In addition, by increasing the
potential scan rate, the current response of ascorbic acid for instance, which normally overlaps
with that of the catecholamines (e.g. dopamine), is eliminated.

A slight variation on cyclic voltammetry, called fast scan cyclic voltammetry (FSCV),
utilizes the same basics as classic cyclic voltammetry only at a much faster scan rate. These
sweep rates are typically accelerated by many orders of magnitude to several hundred volts per

second (e. g. 300 V/s) and are very feasible experiments using small carbon fiber electrodes
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which can charge to the new applied potential very rapidly. This means that an entire cyclic
voltammetry experiment can be recorded within milliseconds. This is approximately the same
amount of time that it takes to record a single chronoamperometric pulse. People such as Julian
Millar and R. Mark Wightman have been the fore-runners in this field of FSCV, using it for their
experiments with brain slices as well as anesthetized and freely-moving animals (Millar et al.,
1985; Wightman et al., 1988; Bull et al., 1990). FSCV is a very desirable method because it is
the fastest voltammetric recording technique available to date. Since this temporal resolution is
one of the great traits of electrochemistry techniques compared to microdialysis, it is being used
more and more in the neurosciences. Cyclic voltammetry in general is also appealing because of
the other useful information it can obtain, such as electrode properties, reaction kinetics and
quantitative measurement of a number of substances.

It may be of interest to also consider how these methods might apply to carbon nanotubes
since they may play a major role in the future of microelectrodes. Because carbon nanotubes
have such a large surface area, their voltammetric characteristics are slightly different. Chen and
colleagues have seen that measured background currents of an electrode modified with carbon
nanotubes are much larger compared to bare carbon fiber electrodes (Chen et al., 2003). As
another example, at scan rates between 0.01-0.1 V/s, the cyclic voltammograms looked slightly
different for the electrodes modified with carbon nanotubes whereas there were no big
differences in the CV’s for the unmodified electrodes. They do, however, take on the sigmoidal

shape, characteristic of steady-state radial diffusion ( Campbell et al., 1999; Chen et al., 2003).
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5.0 CHARGING CURRENTS

It should be noted that the other type of current produced at the electrode surface, other than
faradaic current, is known as the charging current which comes from the solution itself. The
charging current comes from all the other electrochemical reactions occurring at the electrode
surface, in particular the build up of differences in potential between the electrode and the
solution. The major consequence of charging currents is that all electrochemical measurements
have a background signal that is nonzero. This makes measuring static concentrations of the
analyte of interest virtually unobtainable by way of electrochemical methods because knowing
what portion of the signal is due to the charging current and what portion of the signal is due to
faradaic current is usually unattainable. For this reason, electrochemical methods, like those
mentioned previously, are best fitted for the monitoring of dynamic occurrences such as the
change in extracellular serotonin concentration during electrical stimulation of a serotonin axon.
Electrochemical methods used in neuroscience are not well fitted for an analyte’s resting or basal

concentration measurements in any fashion.

28



6.0 CONCLUSION

From the birth of in vivo neurochemical monitoring to the present day, carbon electrodes have
been extremely useful analytical tools. Even though the complexity of the brain is somewhat
intimidating, while at the same time very fascinating, the carbon fiber electrode has the ability to
overcome many obstacles. A carbon fiber electrode utilizes the electrochemical principles to
detect species that can become oxidized or reduced on its surface, which expels or takes up
electrons. This exchange of electrons creates a change in current, something measurable. This
measured signal is used to calculate the concentration of the analyte of interest, as well as
determine the species that caused the signal by means of electrochemical methods. In the
neurosciences, the most widely used methods are chronoamperometry, normal pulse
voltammetry, differential pulse voltammetry, and cyclic voltammetry.

The many benefits that carbon fiber electrodes offer surpass other leading investigative
tools in several aspects. Superior spatial and temporal resolutions make the use of CFE’s in
conjunction with electrochemical methods an ideal way to study in vivo chemical events. The
subsecond recordings can give insight into what is going on during these events in real-time. Due
to its small size, a carbon fiber electrode is also an ideal tool to explore environments previously
too small or too delicate to be explored in other ways. Upon implantation, the tissue surrounding
the CFE appears to sustain minimal damage, another benefit for examination of neurochemical

events. Also, the CFE has the ability not only to detect electroactive species such as dopamine,
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but to detect non-electroactive species such as glucose by altering the surface of the electrode,
for example via thin film coating of a polymer or well-chosen enzyme (glucose oxidase).

The carbon fiber electrode, when used with electrochemical methods, thus provides a
relatively easy and adaptable way to study physiological environments in the brain. It has proven
to be a successful and reliable tool in the field of neuroscience. Hence, carbon fiber electrodes
will continue to provide insights into the intricacies of the inner workings of the brain and take

part in unraveling some of the mysteries of neurochemical activities.
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