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Abstract
Transient local pH changes in the brain are important markers of neural activity that can be used to
follow metabolic processes that underlie the biological basis of behavior, learning and memory.
There are few methods that can measure pH fluctuations with sufficient time resolution in freely
moving animals. Previously, fast-scan cyclic voltammetry at carbon-fiber microelectrodes was
used for the measurement of such pH transients. However, the origin of the potential dependent
current in the cyclic voltammograms for pH changes recorded in vivo was unclear. The current
work explored the nature of these peaks and established the origin for some of them. A peak
relating to the capacitive nature of the pH CV was identified. Adsorption of electrochemically
inert species, such as aromatic amines and calcium could suppress this peak, and is the origin for
inconsistencies regarding in vivo and in vitro data. Also, we identified an extra peak in the in vivo
pH CV relating to the presence of 3,4-dihydroxyacetic acid (DOPAC) in the brain extracellular
fluid. To evaluate the in vivo performance of the carbon-fiber sensor, carbon dioxide inhalation by
an anesthetized rat was used to induce brain acidosis induced by hypercapnia. Hypercapnia is
demonstrated to be a useful tool to induce robust in vivo pH changes, allowing confirmation of the
pH signal observed with FSCV.
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INTRODUCTION
Tight regulation of tissue pH is essential for living organisms 1. The homeostatic value of
pH represents a compromise between a multitude of processes that either generate, or
consume both acidic and basic species. The most important factors in pH control are the
processes of energy conversion and respiration. In higher-order mammals the brain
consumes the most energy of any organ, accounting for up to 25% of the total metabolic
energy expenditure 2. This large energy demand can be accomplished only through the fast
delivery of nutrients and soluble gasses, such as oxygen. Besides sizable energy
requirements, the brain also requires approximately 20% of the cardiovascular output 2.
Neural activity is heterogeneous throughout the brain, and localized activation of certain
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brain regions will increase the local rate of metabolism, and subsequently local cerebral
blood flow 2. This link between region specific neural activity and the increase in regional
consumption of nutrients (glucose) and oxygen is the basis for numerous brain imaging
techniques such as blood oxygenation level dependent functional magnetic resonance
imaging (BOLD fMRI) and positron emission tomography (PET) 2. Monitoring pH in an
intact brain, therefore, could provide important information regarding the mechanisms of
metabolism and blood flow.

There are two major counteracting processes that control pH in the brain. Generally,
metabolism involves the utilization of glucose either aerobically, with production of carbon
dioxide, or anaerobically with production of lactic acid and carbon dioxide. The production
of these species results in an acidic pH shift 2–4. In concert with metabolism, a spike in
neural activity causes an increase in local blood flow that facilitates the clearance of carbon
dioxide, which is expired through the respiratory system 5, leading to local alkaline pH
shifts. The rapid dynamics of metabolism and carbon dioxide clearance suggests that local
changes in pH can be used as a measurement of regional neural activity, which could help
understand biological bases of behavior 6, 7. This opportunity provides the motivation for
the development of a technique for accurate and spatially precise measurements of pH in the
brain of freely moving animals.

There are several types of existing analytical methods for in vivo pH measurements 8. The
first group of techniques consists of spectroscopic methods based on pH-induced changes in
absorbance or fluorescence of pH sensitive dyes, or on the chemical shifts in nuclear
magnetic resonance (NMR) signal for phosphorus in phosphate groups 2. Methods based on
spectroscopy in the visible spectrum are widely used for in vitro studies, but they are less
convenient to use for in vivo pH measurements. NMR based imaging has the advantage of
being non-invasive, however, in animal experiments NMR does not allow for behavioral
paradigms that require unrestricted animal movement.

The second group of methods is based on potentiometric measurements, implementing pH-
sensitive microelectrodes. These ion-selective sensors are in the form of either glass
microelectrodes 9 or solid state microelectrodes based on metal oxides with iridium oxide
being the most popular 10. These methods are advantageous for in vitro tissue preparations
where the chemical composition of the solution can be controlled. However, the transfer of
these techniques for pH measurements in freely moving animals is problematic. Glass
microelectrodes are fragile and can easily break during implantation or during the
experiment. Metal oxide microelectrodes are robust but they are prone to interference from
redox species 11, such as 3,4-dihydroxyacetic acid (DOPAC) and ascorbic acid that are
present in the extracellular fluid 12. Also, obtaining subsecond temporal resolution is
difficult with these probes 13. Other limitations of potentiometric measurements in general
are their substantial drift, and their susceptibility to electronic noise. Indeed, environmental
factors that alter the electrode potential can be mistakenly identified as a pH shifts 14.

Fast-scan cyclic voltammetry (FSCV) with carbon-fiber microelectrodes was previously
described as a method to measure pH in the brain in vivo 5, 15, 16. The advantages of this
approach to measuring local pH changes include the small probe size that leads to minimal
tissue damage 17, excellent spatial resolution, subsecond temporal resolution and the ability
to use the sensor chronically 18. Another distinguishing feature of FSCV detection of pH is
the presence of a characteristic cyclic voltammogram (CV) for pH changes. The CV can be
used as an electrochemical fingerprint for the qualitative identification of a pH signal, which
can help to avoid any ambiguity associated with experimental artifacts that can be present
using potentiometric measurements.
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In addition to pH measurement, carbon-fiber microelectrodes coupled with FSCV are used
for detection of catecholamines in vitro and in vivo 19, 20. In previous studies in vivo shifts in
pH were considered to be an interference for dopamine detection, and attempts were made to
lessen the amplitude of this interference 21. Since then, advancements in the field of in vivo
voltammetry such as an increase in sensitivity towards dopamine 22, the use of principal
component regression for analysis of in vivo data 23 and the establishment of the
physiological relevance of in vivo pH shifts after electrical stimulation 5 led to the
realization that pH signals obtained with FSCV are valuable indicators of brain activity
rather than an undesired artifact 6, 15.

Cyclic voltammetry provides the opportunity to qualitatively identify an analyte through its
electrochemical signature (i.e. cyclic voltammogram) 24, 25. The identification of peaks can
be difficult, however, when multiple physical processes take place simultaneously.
Understanding the electrochemical processes responsible for the shape of the background-
subtracted cyclic voltammogram relating to pH changes is crucial for appropriate
interpretation of in vivo electrochemical data because of the opportunities for chemical
interference in the brain.

The fast scan rates used with in vivo cyclic voltammetry result in a substantial background
current due to charging of the electrode double layer and redox reactions of
electrochemically active surface groups 21. The background current remains constant for
time periods less than 90 sec, so it can be digitally subtracted from the cyclic voltammogram
when recorded in the presence of the electrochemically active species.

Peaks in the background subtracted cyclic voltammogram in response to a pH change are
caused by a shift in the background of carbon electrode. The shape and magnitude of the
background shift are defined by the electrochemically active surface groups present on the
electrode surface. Surface oxide groups such as phenols, ortho- and para-quinones,
carbonyls, lactones and carboxylic acids are reported to be found on carbon surface 26. All
of these groups are either susceptible to protonation-deprotonation or electrochemical
oxidation/reduction reactions involving protons. The first comprehensive analytical method
for quantifying of these groups on carbon electrode surface were developed in the 1960s in
the form of a Boehm titration 27, and were subsequently improved by modern instrumental
physical methods for characterization of carbon surface 28. However, neither of these
methods can be used in situ to establish a connection between specific types of active
surface groups with peaks observed in the cyclic voltammogram during an electrochemical
experiment.

Despite the aforementioned advantages of in vivo pH detection using FSCV, the
electrochemistry behind the origins of its CV generation is poorly characterized.
Furthermore, the shape of the CV recorded in vivo often differs from those recorded in vitro.
This shortcoming casts doubt on the identity of electrochemical signal observed in the brain.
In this work we characterized FSCV pH signal in vitro to establish possible inferences and
to make sure that FSCV measurement of pH satisfies the criteria for in vivo biosensors
previously suggested 29.

EXPERIMENTAL SECTION
Chemicals

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
noted and used as received. Solutions were prepared using doubly distilled deionized water.
Electrochemical experiments were done in PBS buffer (140 mM NaCl, 3 mM KCl, 10 mM
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NaH2PO4, pH 7.4). A stock solution of 10 mM DOPAC was prepared in 0.1 N HClO4 and
diluted to the desired concentration immediately before use with the working buffer.

Fabrication of Carbon Fiber Microelectrodes
Cylindrical microelectrodes were constructed using a T-650 carbon fiber (Thornel, Amoco
Corp., Greenville, SC, USA) as previously described 30. Briefly, individual carbon fibers
were aspirated into glass capillaries (A-M Systems, Carlsborg, WA, USA). Afterwards, the
capillaries were pulled with a micropipette puller (Narishige, Tokyo, Japan). The carbon
fibers extruding from the pulled tip were cut to length of ~ 100 μm under an optical
microscope. Before electrochemical experiments, electrodes were soaked in isopropanol
purified with Norit A activated carbon (ICN, Costa Mesa, CA, USA) for at least 20 min to
remove surface impurities 31. Electrical connection to the carbon fiber was made with an
electrolytic solution (4 M CH3COOK and 0.15 M KCl), and a stainless steel wire.

Electrochemical Experiments
Cyclic voltammograms were acquired with either an EI-400 potentiostat used in two
electrode mode (for flow injection experiments) or UEI (UNC Department of Chemistry
Electronic Shop) potentiostat (for in vivo experiments) and TH-1 software (ESA Inc,
Chemsfold, MA, USA) written in LabVIEW (National Instruments, Austin, TX, USA). The
waveform was generated and the voltammetric signal was acquired with a PCI-6251 ADC/
DAC card (National Instruments). A PCI-6711 DAC board (National Instruments) was used
to synchronize waveform application, data acquisition and TTL pulses for the flow injection
valve. The output waveform was filtered with a low pass 2 kHz filter to eliminate
digitization steps as previously described 32. Some data are presented in form of color plots
33.

A triangular waveform with potential limits ranging from −0.4 V to 1.3 V was used at a scan
rate of 400 Vs−1 for all voltammetric measurements. This waveform was applied at 10 Hz
with a rest potential of −0.4 V between scans. Prior to measurements, carbon-fiber
microelectrodes were electrochemically pretreated with this waveform at frequency of 60 Hz
for 15 minutes 22. Potentials are reported versus an Ag/AgCl reference electrode.
Electrochemical measurements were performed in a grounded Faraday cage.

All data was analyzed and plotted using TH-1 software, MS Excel (Microsoft Corporation,
Redmond, WA) or GraphPad Prism (GraphPad Software, San Diego, CA, USA). All values
are given as averages with sample standard deviation unless the otherwise stated.

Flow Injection Apparatus
The flow-injection analysis system consisted of a syringe pump (Harvard Apparatus,
Holliston, MA) that directed buffer solution through a Teflon tube to a 6-port injection valve
(Rheodyne, Rohnert Park, CA, USA) at rate of 0.5 mL per minute as previously described
34. The injection valve was controlled by a 12 V DC solenoid and was used to introduce
analyte from an injection loop (volume of 0.7 mL) into an electrochemical cell. The carbon-
fiber microelectrode was placed inside the opening of the Teflon tube to eliminate
diffusional broadening and the reference electrode was placed within ~ 20 mm of the
working electrode 34.

Animal Experimentation
In vivo experiments were conducted in male Sprague-Dawley rats (250–400 g), (Charles
River Laboratories, Wilmington, MA). Rats were anesthetized with urethane (50% w/w
saline solution, 3 ml/kg, i.p.) and mounted in a stereotaxic frame (Kopf instruments,
Tujunga, CA) which included a mounted gas anesthesia mask (Parkland Scientific, Inc,
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Coral Springs, FL). The animal was provided with compressed air (60 mbar) for breathing
under normal conditions. Holes for electrodes were drilled in skull precisely in the regions
of interest using stereotaxic coordinates (caudate-putamen: +1.2 mm anterior-posterior and
+2.1 mm medial-lateral to bregma for hypercapnia experiments and nucleus accumbens:
+2.2 mm anterior-posterior and +1.5 mm medial-lateral to study the effect of DOPAC on pH
change cyclic voltammograms) 35. The reference electrode (Ag/AgCl) was placed
contralaterally to the working electrode. The bipolar stimulating electrode (Plastics One,
Roanoke, VA, USA) was placed in the substantia nigra/ventral tegmental area (SN/VTA)
(−5.6 mm anterior-posterior and +1.0 mm medial-lateral to bregma). TH-1 software was
used to generate biphasic stimulation pulses (60 pulses, 60 Hz, 300 μA, 2 ms per phase)
which were sent to optically insulated, constant current stimulators (NeuroLog System,
Hertfordshire, UK) and synchronized to occur between voltammetric scans.

The position of the working electrode (−4.5 mm dorsal-ventral from the skull surface) and
the stimulating electrode (−7.5 mm dorsal-ventral from the skull surface) were optimized to
maximize electrically evoked basic pH change 5. Once the basic pH change after electrical
stimulation was observed, hypercapnic states were induced by switching the breathing gas
from compressed air to compressed carbon dioxide (also at 60 mbar) for brief period of time
(5–10 seconds) and then switched back to air.

All animal protocols and care were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at Chapel Hill.

RESULTS AND DISCUSSION
Characterization of the Peaks in Cyclic Voltammogram for pH change

Previous work using carbon microelectrodes has suggested that two of the peaks in the
background subtracted cyclic voltammogram for a pH change are due to the background
shift associated with the pH-dependent electrochemical oxidation of a hydroquinone moiety
on the carbon surface 21, 36–38:

(1)

where QH2s and Qs denote the reduced and oxidized form of a surface bond hydroquinone-
like moiety whose structure is unknown. There are two peaks (Figure 1A) in the background
subtracted cyclic voltammogram for acidic pH shift that correspond to this electrochemical
reaction. Here, these peaks are denoted as a QH-peak (for the hydroquinone to quinone
transition occurring at approximately 0.3 V on the positive sweep at a pH of 7.4) and a Q-
peak (for the quinone to hydroquinone transition occurring at approximately −0.3 V on the
negative sweep at a pH of 7.4). There are several pieces of evidence in support of this
hypothesis. Recently, it was demonstrated that hydroxide groups exist on carbon-fiber
microelectrodes when used in similar FSCV experiments 39. Also, carbon electrodes that
were purposefully modified with hydroquinone moiety show the same hydroquinone
oxidation-reduction peaks on cyclic voltammograms as peaks in the background of
electrochemically oxidized carbon-fiber microelectrodes 16, 40. Furthermore, the QH-peak in
the background current is located at the same potential (~ 0.09V, Figure 2C) as oxidation
peak of surface immobilized hydroquinone moiety 16. Moreover, the QH-peak shifts with
pH in a similar way as it was previously reported 21.

In addition to these two hydroquinone peaks, there is a third peak at potential of −0.2 V on
the anodic sweep that denoted here as the C-peak (Figure 1A and B). A background
subtracted cyclic voltammogram for basic pH shift (Figure 1B) implies that increase in pH
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decreases capacitance (C-peak) and also causes a shift of QH- and Q-peaks of the
background current. The nature of the C-peak was investigated further in this work.

The advantage of using FSCV on carbon-fiber microelectrodes for the detection of pH
changes is the signature voltammogram (Figure 1A and B) that enables qualitative
identification of pH shifts. Since fast-scan cyclic voltammetry is differential technique,
typically only background subtracted cyclic voltammograms are used for data
representation. In a background subtracted cyclic voltammogram each peak has two possible
origins. Oxidation of analyte at certain potential produces a peak after subtraction in the
same fashion as it is in traditional cyclic voltammogram. Besides this, shift in position of the
peaks in background produces peaks in background subtracted cyclic voltammograms. In
case of pH changes both of these events might take place. Because of this, the amplitude of
current for characteristic peaks in background subtracted cyclic voltammogram is used for
calibration and not the peak potential as it was suggested elsewhere 16.

The magnitude of the current for each of the peaks varies linearly with pH shifts within
physiological pH range from 7.2 to 7.6. The slopes for the calibration curves are −52±2 nA/
pH for the C-peak, −42±1 nA/pH for the Q-peak and −110±2 nA/pH for the QH-peak (n =
3). R2 values of the linear fit are 0.95, 0.97 and 0.99 for C-peak, HQ-peak and Q-peak
respectively.

Capacitive Contributions to the Cyclic Voltammogram for pH change
The potentials where oxidation and reduction occur for an electrochemical reaction are a
function of the propensity of a species to give and receive electrons, electron-transfer
kinetics and analyte mass-transport. For these reasons electrochemical peaks in cyclic
voltammograms related to a specific faradaic redox processes are generally located at well-
defined positions. In contrast, the nonfaradaic process of the charging of the double layer
produces peaks which are potential independent, and are instead defined by the time
constant (RC) of the electrode given that the capacitance of the double layer does not change
appreciably in a certain potential window 24. The potential dependency of peaks, therefore,
can be used to distinguish between faradaic and nonfaradaic processes.

To distinguish whether the observed peaks were faradaic or nonfaradaic processes, the initial
potential was applied at three different values (−0.4 V to −0.5 and −0.6 V). The position of
the QH- and Q-peaks remained consistent for both acidic (Figure 2A) and basic (Figure 2B)
pH shifts with all three initial potentials, confirming that these peaks have faradaic origin.
On the contrary, the C-peak in a pH cyclic voltammogram shifted 0.1 V and 0.2 V relative
to that with an initial potential of −0.4 V for the −0.5 and −0.6 V potential limits
respectively. This potential dependence indicates that the C-peak results from a change in a
nonfaradaic process related to charging of the double layer. In the background cyclic
voltammogram from which the pH changes were extracted, the potential of the C-peak
coincides with a current deflection that occurs around −0.2 V (Figure 2C) with initial
potential of −0.4V. This deflection was also shifted 0.1 V and 0.2 V for the −0.5 and −0.6 V
potential expansions, respectively (Figure 2C). This current deflection has been previously
attributed to double layer charging 22 and our current work clearly illustrates the validity of
this assignment. This result establishes a link between a change in pH and its effect on the
double layer capacitance. Specifically a change in pH leads to a shift of the background
current, which leads to the appearance of this peak upon background subtraction. As this
peak arises from non-faradaic processes and not a chemical reaction, it will be referred as
the C-peak throughout the rest of this manuscript.
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Background-subtracted Cyclic Voltammograms due to the Adsorption of
Electrochemically Inert Species

Background-subtracted FSCV at carbon-fiber microelectrodes was developed as a technique
for detection of electrochemically active biogenic amines 19, primarily dopamine. The
electrochemical conditions used for FSCV were optimized to increase sensitivity towards
catecholamines. The adsorption of catecholamines to the carbon-fiber surface is mainly
responsible for the low limits of detection (tens of nM) reached by FSCV 22. At
physiological concentrations of dopamine, adsorbed molecules account for up to 95% of the
electrochemical current while only 5% results from molecules that diffuse towards the
microelectrode during the potential sweep 31, 41. Catecholamine adsorption is generally
achieved by holding the microelectrode for 100 milliseconds (for 10 Hz frequency) at a
negative potential (−0.4 V) between voltammetric sweeps. This leads to amplification of
catecholamine adsorption due to electrostatic interaction 22 between positively charged
dopamine molecules and the carbon surface. However, holding at a negative potential
additionally promotes the adsorption of other species, especially those that are positively
charged and those containing aromatic moieties. The contribution of adsorption to the FSCV
procedure was demonstrated previously 31; however the effect of the adsorption with respect
to pH measurements was not studied.

The adsorption of organic molecules to the electrode surface will affect the charging of the
double layer by changing the double-layer capacitance. Therefore, the adsorption of these
species will produce background-subtracted cyclic voltammograms that can be thought of as
additive to any faradaic electrochemistry that occurs 24, 25, 31. Generally, adsorption of
neutral species on the uncharged surface causes a decrease in double layer capacitance since
it displaces ions in the double layer further away from the electrode. If the adsorbing species
is charged, the surface has charged groups, or electrode is held at some non-zero potential
then the prediction of direction of the change in double-layer capacitance becomes more
complex. Detailed quantitative description of the change in interfacial capacitance of a
carbon electrode associated with adsorption is difficult because the nature and amount of
active groups is unknown. Furthermore, as suggested in our previous work 42, the
composition of the carbon surface is not static but dynamically changes and depends on
parameters of the electrochemical experiment (i.e. anodic potential limit). Previously, we
suggested the existence of carboxylic groups on the surface of carbon-fiber microelectrode
when higher anodic potential limits are used 42. Here we investigate the adsorption of
various species onto the carbon surface to test this hypothesis.

β-phenylethylamine (PEA) at pH 7.4 is an electrochemically inert, positively charged,
aromatic amine and has high affinity to carbon microelectrodes held at negative potentials
31. When exposed to the carbon-fiber surface, it adsorbs, decreasing the double layer
capacitance in a potential dependent fashion. This process results in a background-
subtracted cyclic voltammogram with noticeable peaks (Figure 3A). If the decrease in
double layer capacitance is potential independent then it should lead to a square-like cyclic
voltammogram resulting due to altering the RC constant of the electrochemical cell.
However, the background subtracted cyclic voltammograms related to PEA adsorption have
a well pronounced negative peak. This shape indicates desorption of PEA induced by
electrostatic repulsion when the potential of the electrode goes into the positive region.

Higher concentrations of PEA led to an increase in the amount of adsorbed molecules
causing a measureable change in the background current. An adsorption isotherm that relates
negative charge from the cyclic voltammogram to PEA concentration can be constructed
(Figure 3D). The charge, which is proportional to surface coverage, does not reach
saturation in the concentration range evaluated. This lack of saturation indicates that the
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adsorption mechanism is not Langmuiric, but can be described rather by a Freundlich
isotherm:

(2)

where Q is charge, C is concentration and α and γ are empirical parameters. The Freundlich
isotherm generally describes an adsorption process at a surface with heterogeneous
adsorption sites 43. Such is the case for carbon surfaces, as it was reported in earlier studies
of electrosorption of organic molecules on carbon-fibers 44.

The tendency of electrochemically inert organic molecules to adsorb to carbon-fiber
microelectrodes was previously reported for several drugs including nomifensine and
GBR-12909 (dopamine transporter blockers) 45. Both of these molecules are hydrophobic,
positively charged, aromatic amines at physiological pH and apparently these properties
strengthen their affinity for carbon surfaces. The fact that the presence of these molecules
reduces FSCV sensitivity towards dopamine suggests that they compete for the same
adsorption sites as catecholamines on carbon surfaces or, which is also possible, adsorption
of these molecules renders the carbon surface hydrophobic and, hence, less wettable which
in turn reduces dopamine adsorption

Interestingly, adsorption of phenylacetic acid (PAA) leads to an increase in background
current which is observed as a positive peak after the background subtraction (Figure 3C).
At pH 7.4 PAA is a negatively charged aromatic species that is electrochemically inert. The
increase in the background current can be explained by the fact that adsorption of PAA
brings additional negative charge to the electrode surface which in turn shifts the electrode
potential further from the potential of zero charge and attracts more positively charged
counter ions. This potential shift, therefore, leads to an increase in double layer capacitance.

However, organic aromatic molecules are not the only species that have affinity to the
carbon electrode surface. Positively charged calcium ions also can adsorb to a carbon
surface. This again results in a change of the background current and a cyclic
voltammogram with negative peak (Figure 3B). Adsorption isotherms of Ca2+ constructed
for a range of concentrations from 5 to 500 μM also implies a Freundlich adsorption
mechanism (Figure 3E). The endogenous concentration of Ca2+ in the extracellular fluid is
1–2 mM and it is tightly regulated 46. This concentration corresponds to the relatively flat
part of the isotherm which means that moderate changes in calcium concentration should not
affect the microelectrode sensitivity towards pH shifts or catecholamine detection.

Previously, it was shown that both Ca2+ and Mg2+ ions reduce FSCV sensitivity to
dopamine 47, 48; this again suggests that these ions adsorb to the same adsorption sites as
dopamine. The surface-bound carboxylic groups might be of critical importance to this
adsorption process 42. Alkali-earth metals have a strong tendency to form complexes with
ligands that have carboxylic groups such as EDTA 49. We hypothesize that the formation of
such complexes with carboxylic groups on carbon surface is also possible. In fact, barium
ions binding to surface bound carboxylic and hydroxylic groups on carbon was used as a
labeling technique to quantify the amount of these groups with X-ray photoelectron
spectroscopy (XPS) 50; therefore, the formation of these complexes with calcium is a viable
possibility. Also, it was shown that calcium ions can strongly adsorb to surface immobilized
carboxylic groups and completely eliminate the voltammetric peak related to protonation-
deprotonation of these carboxylic groups 51. Indirect confirmation of the carboxylic-group
hypothesis may be given if the presence of calcium leads to the suppression of the C-peak in
the background charging current.
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Distortion of Cyclic Voltammograms for pH change due to Adsorption of Electrochemically
Inert Species

The experimental data presented here implies that alteration of the double layer induced by
protonation/deprotonation of the electrode surface causes the C-peak in the pH change
cyclic voltammogram. Since other chemical species are present that can perturb the
electrode double layer, it is logical to propose that the presence of these species in solution
may alter the shape of the pH change cyclic voltammogram. This interference does not
abolish the sensitivity to the pH changes, but distorts the shape of the cyclic voltammogram
which can make it difficult to identify the signal for pH change.

The distortion of the pH change cyclic voltammogram in the presence of adsorbing species
was investigated to provide a qualitative relationship between in vivo and in vitro data. PEA
at a concentration of 500 μM decreases the amplitude of the C-, QH- and Q-peaks (Figure
4A). Also, it changes the relative height of C-peak compared to the QH-peak. Normally, the
amplitude of the C-peak is larger than QH-peak, but the addition of PEA decreased the
amplitude of the C-peak to greater extent than the QH-peak, making the amplitudes of both
peaks approximately equal. Calcium at a concentration of 500 μM has a similar effect on the
cyclic voltammogram in addition to a more pronounced effect on the amplitude of the Q-
peak (Figure 4B).

The addition of tris(hydroxymethyl)aminomethane (TRIS) at 15 mM also decreased the
amplitude of all three peaks with the dramatic suppression in C-peak (Figure 4C).
Traditionally, TRIS based buffer has been used for post in vivo calibration of carbon-fiber
microelectrodes, but inconsistencies existed between the cyclic voltammograms obtained for
pH shifts measured in vitro using TRIS buffer and those obtained through in vivo
experiments. The use of TRIS buffer is therefore not advised for pH calibration since it
distorts both the shape and amplitude of the response to pH changes.

The data suggest adsorptive species might interfere with detection of pH changes using
FSCV with carbon-fiber microelectrodes. Brain extracellular fluid contains small organic
molecules including amino acids and proteins which can adsorb to the carbon surface 52.
Nevertheless, successful use of FSCV for detection of pH shifts in dopaminergic brain
regions for several years proves that this interference is minimal 5, 6, 15. Furthermore, the
recent discovery the carbon electrode surface regeneration occurs when the potential is
scanned to 1.3V 42 assures that long term deterioration of the carbon electrode surface is
minimized.

We recommend the use of QH-peak for pH detection. The amplitude of the C-peak is
sensitive to adsorption. The Q-peak is unsatisfactory because it can be pushed to more
negative potentials so it is not completely within the potential window of the cyclic
voltammogram.

Distortion of Cyclic Voltammogram for pH change from DOPAC
Changes in pH should cause a shift in the electrochemical peaks that originate from all
electrochemical reactions that involve either protons or hydroxides 38. The shift in the redox
peaks of surface bound hydroquinone moieties causes the appearance of QH- and Q-peaks in
cyclic voltammogram for a pH change. Besides surface bound electroactive groups, there
are many electrochemically active species in the extracellular fluid of the rat striatum which
may participate in redox reactions involving protons. The most abundant are ascorbic acid,
uric acid, homovanillic acid and DOPAC 53. Any of these species can potentially interfere
with pH detection since they have proton-dependent electrochemistry.
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DOPAC is a major metabolite of dopamine that has similar electrochemical properties. In
addition, DOPAC is the catechol that is present in the brain in highest concentration. The
concentration of DOPAC in rat striatum is about 20–30 μM 12, 54 compared to about 20 nM
for dopamine 55. Also, FSCV is ten times more sensitive to dopamine than DOPAC 56; it is
not enough to account for the one thousand difference in concentration between DOPAC
and dopamine. This makes DOPAC a likely cause of distortion for pH cyclic
voltammogram.

Since DOPAC is a catechol, it follows the same oxidation reaction pathway as other
catechols (Equation 1). Thus, an acidic pH shift should shift the cyclic voltammogram for
DOPAC to more positive potentials. In the background subtracted voltammogram this will
result in two additional peaks on the cyclic voltammogram for a pH shift. In vitro
experiments confirm this hypothesis. Figure 5 shows cyclic voltammograms of DOPAC in
PBS buffer and shows the appearance of additional peaks at ~ 0.6 V on the anodic scan and
~ −0.2 V on the cathodic scan for acidic pH shift (Figure 5A). Peaks at the same potentials
are also present for a basic pH shift (Figure 5B). These extra peaks are visible in cyclic
voltammograms for electrically evoked pH change in vivo. As expected, some in vivo cyclic
voltammograms indeed have these peaks (Figure 5C). The anodic peak was well pronounced
and located at the same potential as it was in vitro (compare to Figure 5B) while the cathodic
peak is merged together with QH-peak.

Ascorbic acid can be an interferent, but it has slow electron transfer and irreversible
electrochemistry at given conditions 22. It is unlikely that ascorbic acid is responsible for
distortion of in vivo cyclic voltammogram for pH change since that distortion it features two
peaks. Also, uric acid can potentially interfere, but we suspect that its extracellular
concentration in rat striatum is small since tissue damage is minimal with carbon-fiber
microelectrode 57. In turn, homovanillic acid has quasi-reversible electrochemistry and can
produce two peaks. However, position of peak from interference at ~ 0.6 V in cyclic
voltammogram recorded in vivo makes homovanillic acid improbable candidate because at
given conditions it oxidizes at ~ 0.8V 22, thus in case of interference the peak would be at ~
0.8V as well.

This distortion induced by DOPAC was not previously reported, however it is critical for
qualitative identification of pH signal in vivo. Although DOPAC is generally absent in the
post-calibration buffer, its addition should be considered to better mimic the in vivo
environment.

Verification of FSCV pH Signal with Acidosis Induced by Hypercapnia
According to previously suggested criteria for the validation of signals from an in vivo
biosensor, physiological relevance of the obtained data should be established 29. In case of
in vivo pH sensor, transiently induced pH shift in the brain is required. The shift should be
well controlled and the physiological mechanism behind this pH change should be well
understood. These requirements are necessary for establishing confidence that the pH is
actual chemical species that are measured with the sensor.

Electrical stimulation of neurons is widely used in study of neuronal transmission. In our
previous work we showed that electrical stimulation of dopaminergic neurons can be used to
induce transient pH change 5. However, before pH changes induced by electrical stimulation
were detected with FSCV, it was not obvious that such stimulation of dopamine neurons
should cause basic pH changes.

In this work the concentration of carbon dioxide in inhaled air was altered to produce
hypercapnia and induce acidosis. Hypercapnia is a physiological effect caused by an
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increase in carbon dioxide in the blood and it is well known to produce transient pH changes
in the brain 3, 58–60. In hypercapnia experiment, the breathing mixture for the anesthetized
animal was transiently changed from air to carbon dioxide for a 5 second interval. All of the
data cyclic voltammograms recorded in the 30 seconds interval around carbon dioxide
inhalation are shown in the form of a color plot where the ordinate is the applied potential
and the abscissa is time with current encoded in false color 33 (Figure 6A). A representative
cyclic voltammogram obtained during acidosis (20 sec after application of carbon dioxide)
contains all of the characteristic peaks as an acidic pH cyclic voltammogram acquired in
vitro (compare Figure 6B with Figure 2B). Besides C-, QH- and Q-peak it also has a
DOPAC related peak at potential of ~ 0.7 V on anodic scan. Current traces at a potential of
+0.15 V (QH-peak) shows monophasic drop in pH calculated to be 0.05 pH units (Figure
6C). Previous studies of hypercapnia in similar conditions using glass pH microelectrode
had much slower time resolution (5 minutes). The drop in pH of ~ 0.8 units was observed in
first 5 minutes after application of carbon dioxide 58. Since time resolution of FSCV is much
better and only first 20 seconds of hypercapnia was investigated, it is reasonable to observe
smaller drop in pH.

CONCLUSIONS
Background subtracted fast-scan cyclic voltammetry with carbon-fiber microelectrodes can
be used as a reliable method for the detection of transient pH changes in intact brain tissue in
vivo. The presence of the signature cyclic voltammogram for pH is an excellent qualitative
indicator that allows for the selective identification of proton concentration change over
fluctuations associated with other chemical species. However, interference from
electrochemically inert species, and from electrochemically active species with proton-
dependent electrochemistry, can distort the shape of the cyclic voltammogram for pH shifts.
This distortion should be taken in consideration both for in vivo experiments and in vitro
calibration of carbon-fiber microelectrodes to maintain selectivity for pH measurements.
Acidosis induced by hypercapnia was used as a convenient method to change in pH in the
brain. Comparing the cyclic voltammograms recorded with this pH sensor in vitro with
voltammograms obtained during transient physiological pH changes in vivo induced by
hypercapnia was used as a verification that the signals obtained from the sensor is actually
pH changes.

However, there are several limitations of FSCV with respect to pH measurements. FSCV is
only good for differential measurements, so absolute value of pH cannot be established.
Also, only measurements on short time scale of no more than 120 seconds are possible due
to drift of the electrode background. In some cases this limitation can be fixed using analog
background subtraction technique 61. Furthermore, glass-encased carbon microelectrodes are
fragile and, probably, less robust than microfabricated potentiometric IrOx probes 10.
However, the silica encased carbon fibers used chronically 18 and recently developed
pyrolyzed photoresist carbon arrays for in vivo applications 62 are much more robust and
hopefully replace the fragile glass microelectrodes in the future.
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Figure 1. Background subtracted cyclic voltammograms of pH shifts
Identification of peaks in background-subtracted cyclic voltammograms for acidic (−0.25
pH units, A) and basic (+0.25 pH units, B) pH changes, taken relative to an absolute pH of
7.4. The direction of the scans is indicated by black arrows. C-, QH- and Q-peaks are
labeled. For basic pH shift (B), C-peak and QH-peak are located at −0.13 V and 0.27 V on
anodic scan, respectively. Q-peak is located at −0.3 V on cathodic scan.
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Figure 2. Capacitive peak identification relating to pH changes
Background-subtracted cyclic voltammograms for acidic (−0.25 pH units, A) and basic
(+0.25 pH units, B) pH changes. Potential windows range from −0.6 V (light gray line),
−0.5 V (dark gray line) and −0.4 V (dotted black line) to 1.3V. Cyclic voltammograms of
background current for potential windows starting from −0.6 V (light gray line), −0.5 V
(dark gray line) and −0.4V (dotted black line) to 1.3V (C). Cyclic voltammograms were
recorded at scan rate of 400V s−1 in PBS buffer at pH 7.4.
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Figure 3. Adsorption of electrochemically inert species at carbon-fiber microelectrodes
Background subtracted cyclic voltammogram for 20 μM of β-phenylethylamine (A), 20 μM
Ca2+ (B) and 20 μM phenylacetic acid (C). The dependence of adsorption-induced changes
in background charge from β-phenylethylamine (D) and Ca2+ (E). All cyclic
voltammograms are the average of 5 voltammograms recorded for a 5 second bolus
injection. Cyclic voltammograms were recorded at scan rate of 400V s−1 in PBS buffer at
pH 7.4.
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Figure 4. Interference from adsorptive species to background subtracted cyclic voltammograms
for pH
Background subtracted cyclic voltammograms for basic pH shift (+0.25) in PBS (dashed
thin trace) and in the presence of electrochemically inert species (solid thick trace). Species
of interference are β-phenylethylamine at 500 μM (A), Ca2+ at 500 μM (B), or TRIS at 15
mM (C). Cyclic voltammograms were recorded at scan rate of 400V s−1 in PBS buffer at
pH 7.4.
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Figure 5. The effect of DOPAC adsorption on the background-subtracted pH change cyclic
voltammogram
The presence of DOPAC (20 μM) significantly distorts background-subtracted cyclic
voltammograms for acidic (−0.25 pH units, A) and basic pH change (+0.25 pH units, B).
Cyclic voltammograms for pH shifts without DOPAC (dashed line) and with DOPAC (solid
line). The cyclic voltammogram for basic pH shift in presence of DOPAC resembles certain
cyclic voltammograms for pH shift recorded in brain in vivo (C). The extra peaks are
marked with asterisks. Arrows show the direction of the scan. In vitro cyclic
voltammograms were recorded at a scan rate of 400V s−1 in PBS buffer at pH 7.4. In vivo
cyclic voltammograms were recorded in nucleus accumbens after electrical stimulation of
dopaminergic neurons.

Takmakov et al. Page 19

Anal Chem. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Monitoring of brain acidosis induced by hypercapnia in vivo with FSCV on carbon-
fiber microelectrodes
Color plot for an acidic pH change induced by the change of a breathing mixture from air to
CO2 (A). Red bar marks 5 sec of CO2 application. Dotted white line shows potential at
which current trace for QH-peak was taken. Cyclic voltammogram recorded after
hypercapnia induced acidosis reached maximum and stabilized (from 20 to 30 sec). C-peak,
QH-peak (on the forward scan) and Q-peak (on the backward scan) are labeled (B). Time
course of pH change obtained for QH-peak (C). Thick black solid line represents the mean
and thin gray dashed lines represent standard error of the mean. Data were collected in
different animals and pooled together (3 animals, 9 trials total).
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