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Abstract 

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

is one of the standard techniques for real-time detection of neurotransmitters in vivo with 

rapid dynamics.  Although the current FSCV methods are sufficient for monitoring 

dopamine and some other electroactive neurotransmitters, FSCV can be further optimized 

to improve its analytical performance and expand the application to new molecules and 

new biological experiments.  My dissertation examines three strategies to improve FSCV 

detection of neurotransmitters, including redox mechanism investigation, microelectrode 

modification, and automated data analysis. 

Chapter 1 covers the theory and recent advances in FSCV detection of 

neurotransmitters, electrochemical properties of carbon nanomaterials, and signal and 

image processing for automated data analysis.  In Chapter 2, the oxidation potential and 

mechanism of histamine at carbon electrodes was established to develop a better FSCV 

method.  From electrochemical studies and surface characterization, histamine oxidation 

required 1.1 V and underwent one-electron, one-proton oxidation, generated polymer 

product, and fouled the electrode.  The mechanism was utilized to explain the FSCV 

response of histamine.  Nafion coating was then proposed to limit the electrode fouling 

from histamine electropolymerization to improve its FSCV detection. 

Chapters 3 and 4 present two new carbon nanomaterials-modified CFMEs for 

dopamine detection.  Carbon nanohorns (CNHs) improved the sensitivity of CFMEs for 

dopamine detection by increasing the electrode surface area and dopamine adsorption 

extent.  Oxidative etching of the CNH-modified CFMEs further enhanced the adsorption 

and sensitivity.  Nanodiamonds (NDs) size and functional groups were compared on their 

electrocatalytic properties and sensitivity.  Carboxylated NDs improved the sensitivity by 
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increasing the surface oxide groups and density of states to enhanced dopamine 

adsorption and electron transfer kinetics.  Both CNHs and NDs also exhibited antifouling 

properties against serotonin electrochemical fouling and tissue biofouling.  Thus, CNHs 

and NDs are beneficial for improving sensitivity and decreasing electrode fouling. 

In Chapter 5, a novel software for FSCV data analysis was proposed to automate 

the analysis of transient adenosine events.  Here, the software utilized the structural 

similarity image analysis to identify adenosine from the color plot by comparing it with the 

adenosine references.  Digital filtering was also implemented to detrend the background 

drift to better identify smaller events.  The software successfully distinguished transient 

adenosine events against noise and chemical interferents.  The structural similarity image 

analysis was also generalized to detect dopamine, including simultaneous events with 

dopamine and adenosine. 

Overall, my dissertation demonstrates novel methods to improve the FSCV 

detection of neurotransmitters.  Knowing the histamine redox mechanism leads to better 

method development.  Integrating carbon nanomaterials on microelectrodes enhances 

their electrochemical properties and analytical performance.  Automated software for 

adenosine transient detection improves the performance and consistency of the analysis.  

Better methods for real-time detection of neurotransmitters will lead to the understanding 

of our brain chemistry to devise a treatment for neurodegenerative diseases.  
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Electrochemistry is a subfield of chemistry that studies chemical processes that 

involve an electron transfer.  The Faradaic current from a redox reaction is proportional to 

the concentration of an electroactive species.  This quantitative relationship enables the 

use of electrochemical methods to analyze those species.  Neurochemists have adopted 

fast-scan cyclic voltammetry (FSCV) to characterize and quantify a neurotransmitter in 

vivo with subsecond dynamics, coupled with carbon-fiber microelectrodes (CFMEs) to 

achieve micrometers resolution.  In FSCV, the Faradaic current is measured to directly 

quantitate the changes in neurotransmitter concentration.  Although the current FSCV 

methods have successfully enabled several major findings in neuroscience, their 

analytical performance must be improved to investigate new neurotransmitters and more 

complicated biological questions.  This dissertation aims to use chemistry, material 

science, and data analysis to improve the FSCV methods for neurotransmitter detection.  

 

1.1 Fast-Scan Cyclic Voltammetry for Neurotransmitter Detection 

1.1.1 Principles of Fast-Scan Cyclic Voltammetry 

FSCV is an electrochemical technique that has exquisite temporal resolution and 

sensitivity for measurement of rapid neurotransmitter dynamics in vivo.1�±3  FSCV was 

developed by Millar in 1979 and was later popularized by Wightman.4�±6 Theoretical 

treatment and instrumentation for FSCV at ultramicroelectrodes was proposed by Savéant 

and Amatore.7�±9  FSCV was modified from cyclic voltammetry (CV), which is a classical 

electrochemical technique employing potential sweep to study the redox mechanism of an 

electroactive species.  Unlike the classical CV, where scan rates are in the order of tens 

to hundreds mV/s, FSCV is conducted with higher scan rate (100 V/s or faster).2  Fig. 1.1A 

�V�K�R�Z�V���W�K�H���W�\�S�L�F�D�O���D�S�S�O�L�H�G���S�R�W�H�Q�W�L�D�O���Z�D�Y�H�I�R�U�P���I�R�U���W�K�H���)�6�&�9���R�I���G�R�S�D�P�L�Q�H�����³�W�K�H���G�R�S�D�P�L�Q�H��
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�Z�D�Y�H�I�R�U�P�´���������$���K�R�O�G�L�Q�J���S�R�Wential of �±0.4 V is applied to the working electrode to selectively 

preconcentrate cationic dopamine on the electrode surface.  Then, a triangular waveform 

with a scan rate of 400 V/s is applied repeatedly to scan the electrode to a switching 

potential of +1.3 V and back to oxidize dopamine and reduce dopamine-o-quinone, 

respectively.  The triangular waveform is applied at a repetition frequency of 10 Hz,��so one 

CV is obtained every 100 ms and the cationic dopamine is adsorbed on the electrode 

surface during the holding potential period before the triangular waveform. 

 

 

Fig. 1.1  FSCV of dopamine. (A) Applied potential waveform using �±0.4 V holding potential, 
+1.3 V switching potential, 400 V/s scan rate, and 10 Hz repetition rate.  (B) Cyclic 
voltammogram of PBS pH 7.4 (black) and 1 µM dopamine in the same buffer (orange).  
Dashed boxes emphasize the difference between them.  (C) Background-subtracted cyclic 
voltammogram of 1 µM dopamine.   
 

When no electroactive species is present, applying the triangular waveform results 

in charging current from electrical double layer at the electrode interface10 and gives the 
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background cyclic voltammogram (Fig. 1.1B, black curve).  The background charging 

current (�E���
 ) is proportional to the scan rate (�R), electrode surface area (�#), and specific 

capacitance (�%�†) (Eq. 1.1).10  

�E���
 L �%�†�#�R (Eq. 1.1) 

Therefore, the electrode surface area can be calculated from the background current.  

Because of the high scan rate of FSCV, the background current is much larger than the 

Faradaic current.  For instance, FSCV of 1 µM dopamine (Fig. 1.1B, orange curve) 

generates only 40 nA anodic current, which is hard to distinguish from the larger 

background voltammogram (about 600 nA, 15-fold larger).  However, if the background 

voltammogram is stable, then it can be subtracted out from the overall cyclic 

voltammogram to produce a background-subtracted cyclic voltammogram (Fig. 1.1C), 

which has a unique shape depending on redox potential, electron transfer kinetics, and 

mass transport for each electroactive species.  This background subtraction makes FSCV 

a differential technique that can detect a rapid change in concentration but not a basal 

level concentrations.2 

The Faradaic current of an electroactive species in CV and FSCV depends on the 

process controlling the redox reaction.  For species with adsorption-controlled redox such 

as  dopamine and other cationic neurotransmitters,11 the peak current (�E�’ ) is proportional 

to the surface coverage (�� �Û) and scan rate (Eq. 1.2).10   

�E�’ L
�J�6�( �6

�v�4�6
�R�#�� �Û (Eq. 1.2) 

Therefore, the peak current is also proportional to the concentration in the linear isotherm 

region, where the surface coverage is proportional to the concentration in the bulk solution.  

The cyclic voltammogram of adsorption-controlled redox reaction has a symmetrical peak 
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shape.10  In contrast, anionic molecules such as ascorbic acid and 3,4-

dihydroxyphenylacetic acid (DOPAC) are electrostatically repelled by the negative holding 

potential and thus are diffusion-controlled in FSCV.12 The diffusion-controlled cyclic 

voltammograms are characterized by a duck-shape.  The Faradaic current of diffusion-

controlled redox reaction is proportional to the square root of scan rate and still 

proportional to the bulk concentration (�%�Û) of a species with diffusion coefficient �& (Eq. 1.3 

for the reversible diffusion-controlled reaction).10   

�E�’ L �:�t�ä�x�{H�s�r�9�;�J�7���6�#�&�5���6�%�Û�R�5���6 (Eq. 1.3) 

The dopamine waveform in Fig. 1.1A has 100-ms temporal resolution, sufficient 

for monitoring rapid neurotransmitter release.1  Because ten cyclic voltammograms are 

obtained every second, an hour-long measurement will yield 36,000 voltammograms, 

which are hard to manually examine.  To represent continuous FSCV data, individual 

cyclic voltammograms are stacked together as a three-dimensional current-potential-time 

plot, as illustrated in Fig. 1.2A, which shows the FSCV data from 5-s bolus injection from 

1 µM dopamine followed by buffer washing.  A simpler, two-dimensional false color plot, 

�Z�K�L�F�K���L�V���W�K�H���E�L�U�G�¶�V���H�\�H���Y�L�H�Z���R�I���W�K�H�����'���S�O�R�W�����L�V���F�R�Q�Y�H�Q�W�L�R�Q�D�O�O�\���X�V�H�G���W�R���S�L�F�W�X�U�H���D�O�O���G�D�W�D����Fig. 

1.2B).13  The false color plot allows better interpretation of multiple analytes, noise, and 

signal drift.  For simple measurements where only one electroactive species is monitored, 

a current-time trace (stacked on the color plot in Fig. 1.2B) shows how the concentration 

changes over time.  The response time of an electrode is usually evaluated from the rise 

time, which is the time from 10% to 90% of the peak current.14,15 

The typical working electrode for FSCV measurements is a cylindrical or disk-

shaped carbon-fiber microelectrode (CFME) made from a carbon fiber pulled in a glass 

capillary and sealed with epoxy (Fig. 1.3).1,16  CFMEs have been widely used for FSCV 
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measurements, particularly in vivo, because their small size��(7 µm diameter) allows 

implantation in specific brain regions.  The small size provides low RC constant that gives 

fast signal equilibration, and carbon has biocompatibility that limits tissue damage 

compared to other materials such as metal.17  The small surface area generates low 

currents, in the range of nA, so the Ohmic drop is negligible and only two electrodes 

(without auxiliary electrode) are required for the electrochemical cell.2   

 

 

Fig. 1.2  FSCV data representation.  (A) Three-dimensional current-potential-time plot and (B) 
conventional false color plot with anodic peak current-time trace (top) of 5-s bolus injection 
(black line) of 1 µM dopamine.  
 

 

Fig. 1.3  SEM images of cylindrical CFME sealed in glass capillary at (A) 1000× and (B) 
25000× magnification. 
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1.1.2 Compatibility with Monitoring Biological Neurotransmission  

The human central nervous system is complex, consisting of several hundred 

trillion synapses and connections.18  Thus, simpler model organisms such as rodents19 

and Drosophila20 are often used to investigate the chemical neurotransmission instead.  In 

general, electrochemistry is a versatile technique that has been widely used to detect 

electroactive neurotransmitters in vivo because it is fast and inexpensive, and the 

biological fluid is inherently buffered.  However, nonelectroactive neurotransmitters such 

as acetylcholine and glutamate cannot be directly oxidized or reduced and require a 

mediator or biological recognition units such as enzymes and antibodies that specifically 

convert them to an electroactive product.2   

FSCV is suitable for in vivo monitoring of chemical neurotransmission because it 

meets several requirements.  First, the small size of CFMEs leads to micrometer-range 

spatial resolution with minimal tissue damage.2  Thus, it is used to monitor discrete parts 

of brain and nervous systems such as different brain regions in rats and mice.21  Second, 

FSCV is a highly sensitive technique that can measure low concentrations of 

neurotransmitter release with better limit of detections, such as dopamine releases from 

an electrical stimulation of rat brain in the range of 0.1�±1 µM.1  Third, FSCV provides high 

selectivity from the unique cyclic voltammograms for specific neurotransmitters.  Thus, it 

is compatible for use in biological fluid, which consists of many compounds, including high-

concentration interferents such as ascorbic acid and a group of catecholamines for 

dopamine detection.2,22����Fourth, FSCV has 100-ms temporal resolution from the dopamine 

waveform, sufficient to monitor rapid release or phasic firing of neurotransmitter that 

usually occurs at 15-100 Hz.1   This phasic firing of dopamine is important for the reward 
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system and drug addiction.1,23  Last but not least, FSCV is robust enough for continuous 

measurements, ranging from few hours to several days for chronic implantation.19  

FSCV has been the key analytical technique for several major findings in 

neuroscience.  For example, subsecond release of dopamine in the midbrain promotes 

cocaine seeking behavior of rats.23  The high sensitivity of FSCV revealed that rapid 

dopamine release during intracranial self-stimulation decays to smaller amounts of 

release, showing dopamine itself is not the reward signal.24  In fact, many studies that 

have pinpointed the role of dopamine in reward rely on FSCV because of its rapid temporal 

response.25�±27  Moreover, FSCV has been expanded to investigate other compounds.  

Transient adenosine release modulates blood flow and phasic dopamine release in the 

caudate-putamen.28�±30  FSCV was used to discover multiple rates of serotonin uptake and 

histamine and serotonin co-secretion from mast cells.31,32  Recently, FSCV has been 

extended to study the role of adenosine during stroke.28,33  Thus, FSCV is a versatile 

technique for in vivo monitoring of neurotransmitters with rapid dynamics. 

There are other electrochemical techniques used in neurotransmitter detection in 

addition to FSCV.  Table 1.1 compares their figures of merit with FSCV.  Amperometry 

holds a constant potential to oxidize or reduce an electroactive species.  FSCV has a 

higher selectivity than amperometry, which cannot discriminate signals from molecules 

which can be oxidized or reduced at similar potentials such as dopamine and ascorbic 

acid.  On the other hand, the sampling rate of amperometry is only limited by electronics, 

so its temporal resolution is better than FSCV.34  Amperometry is still in use to quantify 

neurotransmitters in a vesicle during exocytosis.35,36  Pulse voltammetry, including 

differential pulse voltammetry and square wave voltammetry, gives peak-shaped 

voltammograms computed from the difference between after and before the potential 
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pulse.  These pulse techniques eliminate the background noise and enhance the 

sensitivity, and they resolve the Faradaic peaks from two electroactive species with more 

than 100 mV peak separation.2  The Plaxco group demonstrated aptamer-based sensors 

for drug monitoring in vivo with 3-s temporal resolution.37  However, common pulse 

voltammetry methods require up to a minute to scan one waveform to obtain a 

voltammogram, thus it lacks sufficient temporal resolution for measurement of rapid 

neurotransmitter release compared to FSCV.2    

Table 1.1  Figures of merit of major electroanalytical techniques for neurotransmitter detection 
Techniques Sensitivity Selectivity Temporal resolution 

Amperometry Low (25-100 nM 
LOD dopamine but 
enough to count 
molecules)38 

Low (all compounds that 
can be oxidized or reduced 
at the applied potential will 
give a signal.) 

Highest��(electronic 
sampling rate, < 1 
ms)2 

Pulse 
Voltammetry 

High (10 nM LOD 
dopamine)38 

High (molecules with 
oxidation potential differs 
more than 100 mV is 
resolved.)2 

Low (up to 1 min)  

Fast-Scan 
Cyclic 
Voltammetry 

High (10 nM LOD 
dopamine)38 

Highest (CV shape 
identifies molecule, but 
similar species may have 
similar CV.) 

High  
(triangular waveform 
frequency, 100 ms) 

 

 Neurochemists also utilize other analytical techniques.  Microdialysis extracts 

biological fluid by pumping and collecting a perfusion fluid through a membrane in a probe 

to obtain a dialysate.39  A separation technique, such as liquid chromatography and 

capillary electrophoresis, is usually coupled to the probe to separate and quantify the 

neurotransmitters in the dialysate.36  Although microdialysis is the most widely used 

technique to gain rich chemical information, the sampling and separation are too slow and 

not sufficient to monitor the rapid neurotransmission.36  Spectroscopy imaging visualizes 

the chemical information to the specific part of cell, tissue, or brain.36  Recently, 

fluorescence imaging from genetically encoded G protein-coupled receptors were 
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developed to achieve millisecond temporal resolution,40,41 but the technique may limit the 

depth of tissue that can be imaged.42  Mass spectrometry is another technique used that 

gives mass spectra that provide chemical signature of each neurotransmitters.  Many 

ionization methods have been developed to solve matrix effects and stability of 

neurotransmitter ions.43  Mass spectrometry imaging has also been developed to combine 

the powerful chemical selectivity with the spatial data from the imaging.  Nevertheless, 

sample preparation and quantitative calibration need to be optimized in the future.36   

 

1.1.3 Analytical Challenges for Fast-Scan Cyclic Voltammetry 

Although FSCV with CFMEs has been implemented to monitor rapid release of 

dopamine and other neurotransmitters for nearly four decades, improvements are still 

needed to explore new molecules and new biological experiments.  FSCV, like other 

techniques, still has many analytical challenges that must be overcome: 

- Sensitivity: Traditional FSCV has limit of detection for dopamine in the low nM 

range, but other neurochemicals may be present at even lower concentrations (such as 

neuropeptides).42 Thus, improvements are needed in S/N ratios and to disambiguate  

small Faradaic signals from background drift and noise in vivo.44,45 

- Selectivity: Many neurotransmitters have similar voltammograms because they 

have the same electroactive moiety (such as dopamine, epinephrine, norepinephrine, and 

DOPAC)6 or similar peak potentials (such as H2O2, adenosine, and histamine).46,47 Thus, 

new strategies to make selective electrodes are needed, as well as new data analysis 

strategies to distinguish signals from multiple analytes.19,44,48 

- Electrode fouling:  Biofouling limits the electrode surface area and electron 

transfer kinetics.  It typically arises from adsorption of biomolecules or byproducts of 
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electrochemical oxidation from molecules such as serotonin.49,50 Electrode fouling reduces 

the sensitivity, shifts the Faradaic peaks, and leads to signal instability over time, so new 

methods are needed to reduce fouling.51   

- Temporal resolution: FSCV has traditionally been performed at 10 Hz because 

higher repetition rates reduce the signal.11 More rapid measurements with high sensitivity 

might uncover even more rapid signals in the brain.   

 

1.2 Electrochemistry of Common Neurotransmitters 

A neurotransmitter that can be detected by FSCV must be electroactive, and its 

redox mechanism must be examined to understand its electrochemical response to 

develop an appropriate waveform, microelectrode, and data analysis�� algorithm.  

Fundamental studies using FSCV, more conventional electrochemical techniques such as 

CV and amperometry, and spectroscopic characterization should be performed to 

determine the redox potential and redox mechanism of an electroactive 

neurotransmitter.52  This section introduces the oxidation mechanism and FSCV response 

of common neurotransmitters including dopamine, serotonin, and adenosine.  Later, 

Chapter 2 of this dissertation will reveal the oxidation mechanism of neurotransmitter 

histamine, as its electrochemistry was less studied. 

 

1.2.1 Dopamine 

Dopamine is a catecholamine neurotransmitter which plays an important role in 

motor and cognitive functions and the reward system.1  Dopamine electrochemistry is well-

characterized, so it is normally used as the standard neurotransmitter to test new 

electrochemical sensors.  The formal potential of dopamine is +0.2 V vs Ag/AgCl.  Fig. 1.4 
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describes the mechanism of dopamine oxidation.  At a potential higher than +0.2 V, the 

catechol moiety of dopamine is oxidized to quinone via two-electron, two-proton process.2  

Then, the quinone product can undergo cyclization via 1,4-Michael addition to 

leucodopaminechrome.  In conventional CV, scanning to higher voltage drives the 

secondary oxidation, converting leucodopaminechrome to dopaminechrome, which 

undergoes rearrangement to 5,6-dihydroxyindole.  The indole product can be polymerized 

with another dopamine intermediate to become polydopamine.53,54  Nevertheless, all steps 

after the primary oxidation of dopamine are not usually observed in vivo because of the 

low dopamine concentration.55 

 

 

Fig. 1.4  Mechanism of dopamine oxidation54,55 
 

 In FSCV at CFMEs using the dopamine waveform at 400 V/s, the anodic peak of 

dopamine is observed at approximately +0.5 V (Fig. 1.1C), 0.3-V shifted from dopamine 

formal potential because the electron transfer process cannot catch up with the fast 

potential sweeping.56  Subsequent reactions after the primary oxidation are not usually 

observed in FSCV at CFME because of the low concentration in vivo and high FSCV scan 

rate.55  At this high scan rate, dopamine oxidation is adsorption-controlled, so the 

sensitivity of dopamine detection can be improved by increasing the adsorption coverage 
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of dopamine on the electrode, either by lowering the holding potential or increasing the 

switching potential.14,57  Another approach to enhance sensitivity to dopamine is to modify 

or replace the CFME with an electrode material that adsorbs more dopamine.  Chapter 

1.3 will discuss more on the effect of chemical structure of carbon electrodes on their 

electrochemical performance toward dopamine detection.   

 

1.2.2 Serotonin 

 Serotonin (5-hydroxytryptamine) is an indole-derivative neurotransmitter 

responsible for depression and anxiety and has been monitored by FSCV.58,59  Serotonin 

oxidation involves a two-electron, one-proton process on the indole ring (Fig. 1.5) when a 

potential of +0.35 V or higher is applied.2,60  The positively-charged oxidation product is 

very reactive and is immediately attacked by another serotonin molecule to produce a 

variety of serotonin dimer and polymer structures.  This rapid polymerization causes the 

preceding oxidation to be irreversible, and it forms an insulating film and fouls the electrode 

surface (Fig. 1.6A) by decreasing the electrode surface area and limiting the electron 

transfer kinetics of the electrode.50����The serotonin metabolite 5-hydroxyindole acetic acid 

(5-HIAA) also undergoes the same oxidation mechanism and cause electrode fouling.58  

Detection of serotonin and 5-HIAA in vivo thus suffers the sensitivity degradation due to 

the electrochemical fouling along the course of experiment. 

 

Fig. 1.5  Mechanism of serotonin oxidation.  The scheme shows one possible structure of 
serotonin dimer.60 
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Fig. 1.6  FSCV of 1 µM serotonin using (A) the dopamine waveform (B) the Jackson waveform.  
Cyclic voltammograms obtained from 1st and 25th 3-s injection every 15 s.  Electrode fouling 
are observed in both waveforms.  
 

 Many strategies have been designed to alleviate the electrochemical fouling of 

serotonin and 5-HIAA in FSCV detection.  Jackson et al. proposed the N-shaped 

waveform to selectively monitor serotonin against dopamine and reduce the serotonin 

electrochemical fouling in FSCV,50 and this waveform is still the predominant waveform 

for serotonin detection.  The waveform holds at +0.2 V to limit serotonin byproduct 

adsorption, ramps quickly at 1000 V/s to 1.0 V to limit the fouling, but scans down to -0.1 

V on the backward scan to allow the cathodic peak to be detected.  Nevertheless, the 

fouling is still observable (Fig. 1.6B).  The electrode materials were also optimized to limit 

the adsorption of the fouling species.  Nafion-coated CFMEs were used with the N-shaped 

waveform to utilize the size-exclusion properties of Nafion to eliminate serotonin and 5-

HIAA fouling in FSCV.50,58  Chapters 3 and 4 of this dissertation will present another 

strategy, using carbon nanomaterials to enhance both antifouling properties and 

sensitivity of the CFMEs for serotonin. 

 

1.2.3 Adenosine 

 Adenosine is a neuromodulator that regulates blood flow and is involved in 

ischemia and stroke.61  The Venton lab pioneered using FSCV to detect the transient 
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release of adenosine in vivo.28�±30  Fig. 1.7 illustrates the mechanism of adenosine 

oxidation, which undergoes three two-electron, two-proton steps.62,63  The primary and 

secondary oxidations are irreversible and occur at the purine ring to generate carbonyl 

groups at vacant positions, and the tertiary oxidation deprotonates all the purine nitrogen 

atoms.  With conventional CV, the primary anodic peak is observed around +1.2 V,64 so 

the high scan rate of FSCV will shift the peak to a more positive potential, hence the full 

peak cannot be observed using the dopamine waveform.  The switching potential of the 

FSCV waveform must be extended to +1.45 V or +1.50 V to get the full peak.30,61  For an 

in vitro experiment, adenosine has the primary anodic peak at +1.35 V on the backward 

scan because of the fast potential sweeping (Fig. 1.8).  The secondary anodic peak then 

occurs at +1.0 V and is not present before the primary anodic peak. The tertiary oxidation 

peak is small or not observed in FSCV.61  This multistep mechanism of adenosine 

oxidation results in the cyclic voltammogram shape changing during the same injection or 

the same adenosine transient release,65 and the secondary anodic peak current lags 

about 0.1-0.3 s from the primary anodic current. 

 Because the voltammogram shape of adenosine is changing in the same event, it 

complicates the automated data analysis.  Traditionally, chemometric techniques such as 

principal component analysis (PCA) and regression (PCR) are classical multivariate 

analyses that have been widely used in the FSCV field to extract the signal contribution 

from CVs of different analytes such as dopamine66 from nonfaradaic and noise 

components.19,67,68  However, building a training set and computing the principal 

components from the varied voltammogram shapes of adenosine is challenging.  Chapter 

1.4 of this dissertation will discuss an alternative approach to detect adenosine signals in 

FSCV color plots. 
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Fig. 1.7  Mechanism of adenosine oxidation.62,63 
 

 

Fig. 1.8  FSCV of 1 µM adenosine.  (A) False color plot of 5-s injection of the adenosine 
solution in vitro.  (B) CVs at 0.1 s and 1.1 s injection illustrates the growth of secondary peak.  
Arrows indicate scan direction. 

 

1.3 Carbon Nanomaterials for Microelectrode Development 

1.3.1 Structure and Properties of Carbon Electrodes 

 Carbon is the best electrode material for in vivo detection of neurotransmitters 

because its chemical and surface structure facilitates rapid electron transfer kinetics for 

neurotransmitter redox reactions.22,38,69  ��CFMEs have a similar chemical structure to other 

common carbon electrodes such as glassy carbon electrodes (GCEs) and screen-printed 

carbon electrodes (SPCEs); all mainly consist of graphitic carbons.69  There are two types 
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of graphitic carbon planes when they are stacked: a basal plane parallel to the graphite 

sheet, and an edge plane at the edge of the graphite layers that is perpendicular to the 

graphite sheet (Fig. 1.9) and consists of defects.70  While the basal planes have a 

conjugated system that increases the electrical conductivity, it is the edge planes that 

enhance the adsorption of cationic neurotransmitters and increase the density of 

electronic states to accelerate electron transfer kinetics.69�±72 The amount of defects is 

measured by Raman spectroscopy by a ratio of graphitic D peak area (around 1350  

cm�±1) to the graphitic G peak area (1580 cm�±1).   Higher D/G ratio indicates more defects 

and edge planes in the structure.69  In addition, the structure of CFMEs also contains 

oxygen-containing functional groups that promote the electrostatic adsorption and 

sensitivity of cationic neurotransmitters.69  The��oxygen content of carbon electrode is 

measured by X-ray photoelectron spectroscopy or energy-dispersive X-ray spectroscopy. 

 

 

Fig. 1.9  Schematic diagram of edge and basal plane from a stack of graphene layers of 
graphitic carbon materials.  

 

Most studies on electrode developments in FSCV concentrate on making defect-

rich and surface oxide-rich electrodes to increase the adsorption of neurotransmitters and 

promote electrocatalytic effects to enhance sensitivity.  Many strategies have been used 

to introduce surface groups on the carbon electrode surface, particularly surface oxide 
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groups which are known to adsorb dopamine.  Chemical treatments can increase oxides, 

such as NaOH etching, or the carbon surface functionalized via diazonium ion reduction, 

thermal reactions, photochemical reactions, or click chemistry.69 Electrochemical 

treatment, by using a waveform with an extended anodic limit, is also used to increase the 

oxygen content.57  Flame etching also increased the CFME sensitivity for dopamine and 

other neurotransmitters by overoxidation mechanism.73   

Although the chemical structure of CFMEs enhances their electrocatalytic 

properties and adsorption, CFMEs can also suffer signal degradation over time due to 

biofouling by biomolecules or electrochemical fouling due to adsorption of oxidative 

electropolymerization products.50  Adsorption of these biomolecules and polymers 

decreases the electroactive surface area and limits the electron transfer kinetics; both 

phenomena deteriorate signal and sensitivity.74  Moreover, calibration of CFMEs is 

particularly challenging as the electrode surface as well as sensing environment can also 

alter diffusion and adsorption of analytes to the electrode, leading to differences in 

electrode sensitivity in vitro and in vivo.75  Therefore, significant efforts have been focused 

on developing antifouling electrode material that gives stable current response and 

improve its lifetime.    

 

1.3.2 Structure and Properties of sp2-Hybridized Carbon Nanomaterials 

One popular strategy to improve the electrochemical properties of an 

electrochemical sensor is to incorporate carbon nanomaterials on the electrode surface.  

Carbon nanomaterials consist of a network of carbon atoms with a size of 1�±100 nm in at 

least one dimension.38,76    In general, carbon nanomaterials are advantageous because 

of their high specific surface area and low toxicity compared to other nanomaterials.38,76   
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There are many types of carbon nanomaterials, according to the bonding between carbon 

atoms in the nanomaterial structure.  Due to the diverse family of carbon nanomaterials 

with unique physicochemical properties, the electrochemistry field has explored numerous 

carbon nanomaterial-modified electrodes for applications in analytical chemistry.38 

Carbon nanomaterials are classified according to the hybridization of the carbons.  

The largest group is sp2-hybridized carbon nanomaterials, including graphene, carbon 

nanotubes (CNTs), carbon nanospikes (CNSs), and carbon nanohorns (CNHs).76  These 

nanomaterials have high electrical conductivity due to their extended conjugated systems.  

Graphene (Fig. 1.10A) is a sheet of sp2 carbon connected in a two-dimensional hexagonal 

lattice and has metallic conductivity.76,77  Graphene-modified CFMEs were utilized in mice 

hippocampal tissue to improve the current signals for CV detection of dopamine.78  

However, preparing a true, single-layer graphene is difficult, so some electrochemical 

sensors are usually built out of 3D forms of graphene to prevent graphene layer 

restacking.79�±81  Alternatively, graphene oxide (Fig. 1.10B) is often used to enhance the 

oxygen content and defect sites to improve adsorption capability, but the conductivity is 

usually decreased.69,82   

Other sp2-carbon nanomaterials are shaped by folding the graphene sheet.  CNTs 

are a rolled graphene sheet in a tube morphology, as single-walled CNTs (Fig. 1.10C) or 

multi-walled CNTs, and are one of the most investigated nanomaterial for microelectrode 

fabrication.22,83  CNT ends have a high density of edge planes that exhibit electrocatalytic 

properties and surface oxides that strongly enhance dopamine adsorption.15,69  Hence, 

CNTs enhance the electrochemical signals for both adsorption-controlled species such as 

dopamine15,84 in FSCV and diffusion-controlled species such as ascorbic acid.38,85  On the 

other hand, CNSs are a form of graphene that have a spike morphology and are grown 
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on metal wires.86  CNS microelectrodes have high surface roughness, are defect-rich and 

contain many oxides, and dopamine adsorption is enhanced in FSCV detection.86,87  CNHs 

(Fig. 1.10D) are graphene sheets rolled in a conical structure, which leads to enhanced 

electric field and adsorption strength at the tip.88�±90  Each individual CNH cone also 

spontaneously aggregates as a dahlia-like morphology, increasing porosity and 

adsorption.90,91  Therefore, CNHs are a promising nanomaterial to improve dopamine 

detection at CFME. 

 

 

Fig. 1.10  Structure of example carbon nanomaterials: (A) graphene, (B) graphene oxide, (C) 
single-walled carbon nanotube, (D) carbon nanohorn, (E) tetrahedral amorphous carbon, and 
(F) nanodiamond.92  

 

1.3.3 Structure and Properties of sp3-Hybridized Carbon Nanomaterials 

Another class of carbon nanomaterials is sp3-hybridized carbon nanomaterials, 

which have less conductivity than sp2-carbon nanomaterials.76,93  Tetrahedral carbons 

exist in many forms.  Tetrahedral amorphous carbon (taC, Fig. 1.10E) is an amorphous 

sp3-hybridized carbon structure without crystallinity.  A taC thin film electrode was 
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fabricated and had a wide potential window (-1.6 to +1.7 V vs Ag/AgCl).  The oxygen 

content on taC surface correlated with faradaic current of electroactive species,94 and the 

material was responsive to dopamine.95  Carbon quantum dots, or carbon dots, are 

spherical nanoparticles consisting of sp3-carbon amorphous networks.76  They are a 

promising nanomaterial for neurotransmitter detection because of their high surface area 

and high oxygen content.  Carbon electrodes modified by carbon dots had improved 

sensitivity and electrocatalytic properties toward dopamine detection.96,97 

Diamond is a crystalline tetrahedral network of carbon atoms and is an electrical 

insulator, but its chemical derivatives and nanoallotropes have been explored on their 

electrochemical properties.98,99  Boron-doped diamonds (BDDs) are not a nanomaterial 

but a classic material that has been widely investigated because of their combined 

stability, wide potential window, and enhanced electrochemical activity.48,98  Due to their 

limited surface functional groups, BDD electrodes also alleviate electrochemical fouling 

and biofouling, but they do not promote dopamine adsorption.48,100�±103  Nanodiamond (ND, 

Fig. 1.10F), a nanoparticle diamond synthesized via detonation of explosive organic 

compounds,104 has sp3-hybridized carbon core with defects including sp2 carbons and 

functional groups on its surface.105  A thin film of ND has better electron transfer kinetics 

and lower overpotential than BDD for several redox probes,106 ND particles on the 

electrode surface also improve cell viability, demonstrating the potential of the electrode 

to be used long-term without damaging the cells.107  Therefore, ND has the potential to be 

an electrode material that enhances dopamine adsorption and sensitivity while exhibiting 

antifouling properties from its diamond core structure.   
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1.3.4 Preparation of Carbon Nanomaterial Microelectrodes 

There are many methods to fabricate carbon nanomaterial electrodes.  Some 

electrodes are fabricated by putting carbon nanomaterials on the standard electrodes such 

as GCEs, SPCEs, and CFMEs.  Other modified electrodes are prepared by having only 

carbon nanomaterials as the active electrode material on the conductive but not 

electrochemically active substrate such as bare metal wires. 

The simplest methods for preparing carbon nanomaterial electrodes are dip 

coating and drop casting.  The carbon nanomaterials are dissolved or dispersed in an 

appropriate solvent, usually with a surfactant.  Then, the electrode is dipped in the 

dispersion for a period of time for the dip coating method, or the dispersion is dropped on 

the electrode surface to evaporate the solvent for the drop casting method.38  For instance, 

graphene oxide synthesized via the Hummers method was drop-casted on GCE to 

increase dopamine anodic current.108 CNT-modified CFMEs have been prepared by dip 

coating to enhance FSCV detection.109,110  NDs were sprayed and drop-casted on 

conducting Si substrate to improve the electrocatalytic effect and limit of detection for 

dopamine detection.107  Dip coating and drop casting methods are simple and can be done 

in any basic laboratory.  However, dissolving carbon nanomaterials in a solvent might lead 

to aggregation such as graphene restacking, which limits the conductivity and 

electrocatalytic effect.  Reproducibility is also an issue because there are many variables 

in the procedures, thus the optimization must be done carefully.   

Electrodeposition and electrophoretic deposition are another group of techniques 

that improve reproducibility of the electrode fabrication.  In both techniques, an electrical 

potential is applied to an electrode in a carbon nanomaterials dispersion.  The electrostatic 

attraction or electrochemical reaction of carbon nanomaterials deposits them on the 
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electrode surface.  CNTs, graphene, graphene oxide, and reduced graphene oxide were 

prepared on GCEs and CFMEs by electrodeposition to enhance dopamine 

detection.82,111,112  CNT-modified CFME was prepared by electrophoretic deposition for in 

vivo ascorbic acid detection.113  These electrochemical methods are advantageous 

because most deposition variables can be controlled by a potentiostat, and the orientation 

of depositing material is more controllable than dip coating and drop casting techniques.  

Co-deposition of carbon nanomaterials with other materials such as conducting 

polymers82 and metal nanoparticles114 is also possible with electrodeposition.  

Nevertheless, some aggregation in the electrodeposition solution might be possible.  

Supporting electrolyte is also required for these electrochemical methods, and the high 

ionic strength of the solution may destabilize and precipitate the nanomaterials.115 

 Direct growth by chemical vapor deposition (CVD) and direct laser writing (DLW) 

are emerging techniques with the progress in nanofabrication technology to prepare 

carbon nanomaterial electrodes.  Graphene flat electrodes have been prepared from CVD 

on a metal substrate for electrochemical measurement of dopamine and ferrocene 

methanol.116,117  3D graphene was fabricated on an indium tin oxide planar substrate by 

CO2 DLW of spin-coated polyimide, and had good electrochemical activity toward surface 

sensitive probes.79  CNTs and CNSs have been directly grown on a metal wire by CVD to 

enhance dopamine FSCV detection.84,86  For CNSs, direct current plasma-enhanced CVD 

is the only method for their fabrication on a conductive substrate.87  The taC film was 

prepared by direct current magnetron sputtering and cathodic vacuum arc.107,118  Carbon 

nanomaterial electrodes produced by direct growth is advantageous because the amount, 

spatial orientation, and defects density can be controlled by the growing condition, which 

leads to the homogeneous surface and high reproducibility.  However, the procedures 
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also require a cleanroom and special instruments, which might not be possible for some 

laboratories.  Some nanomaterial growth also requires a catalyst, which may contaminate 

the electrochemical response and increases the cell toxicity.84,119  In addition, direct growth 

of some carbon nanomaterials on a small substrate, such as CNHs and NDs, is impossible 

at this time. 

 Finally, carbon nanomaterials can be spun to get fiber or yarn electrodes, which 

have been fabricated by several methods.  CNT yarns or threads were prepared from 

spinning and pulling out CNT bundles grown on an array.120,121  CNT yarn microelectrodes 

exhibited high sensitivity, high antifouling properties, and high temporal resolution toward 

FSCV detection of dopamine due to their electrocatalytic properties and surface 

roughness.122�±124  Alternatively, CNT fibers made from suspending CNTs in a surfactant 

solution then wet spun in a polymer solution such as polyethyleneimine and poly(vinyl 

alcohol) enhanced sensitivity and antifouling properties for FSCV detection of 

dopamine.125,126  Graphene nanocomposite fiber was also prepared from electrospinning 

of a graphene dispersion in polyaniline and polystyrene mixtures to enhance surface area 

and electrocatalytic effects.127  Hence, carbon nanomaterial fiber fabrication is another 

versatile method to produce a microelectrode, but the nanomaterials must be suspended 

in a polymer matrix, which affects their electrochemical properties. 

Carbon nanomaterials can further be functionalized or pretreated similar to the 

plain carbon electrodes before or after electrode modification to enhance their 

electrochemical properties.  Acid pretreatment increased oxygen groups and improved 

electrocatalytic properties, and electrophilic addition incorporated specific functional 

groups to optimize the selectivity.76 ��Surface treatments also change the oxide 

functionalization; for example, oxygen plasma etching or laser treatment of CNT yarns 
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increased the oxygen content.124,128 Too much functionalization on the sp2-hybridized 

carbon nanomaterials disrupts the conjugation and decreases the conductivity of the 

electrode.129  Therefore, the extent of functionalization and orientation of groups should 

be carefully controlled.   

 Chapters 3�±4 of this dissertation will present how manipulating the carbon 

structure of the microelectrode by CNHs and NDs influences the adsorption and sensitivity 

of dopamine detection.  The effect of carbon nanomaterials surface functionalization will 

be studied, and the modified electrodes will be investigated on the sensitivity, selectivity, 

and antifouling properties for FSCV detection of neurotransmitters. 

 

1.4 Data Analysis for Fast-Scan Cyclic Voltammetry 

1.4.1 Digital Filtering for Data Preprocessing 

FSCV data from continuous measurements usually contain noise and background 

drift, which convolute and hide the neurotransmitter Faradaic signals.  Data preprocessing 

is the first step after data collection to clean the data for actual analysis, reduce the noise, 

and improve the S/N ratio.130  Signal processing techniques such as digital filtering and 

deconvolution have been widely applied in analytical chemistry because they are available 

in many data analysis software and programming languages.131  Signal filtering has an 

advantage over other chemometric methods such as principal component analysis 

because it does not require any training set.   

Some digital filters for data preprocessing are in the frequency domain, and each 

filter��is characterized by frequency function and cutoff frequency (�B�…), with an amplitude of 

-3 dB, half-powered of an original signal.  High-pass filters pass the rapid signal 

fluctuations, which are usually of neurotransmitters, but not the background drift, which is 



26 

low frequency (Fig. 1.11A).  DeWaele et al. proposed a zero-phase high-pass Butterworth 

filter to remove background drift in FSCV data.44  The filter was successful in eliminating 

the low-frequency baseline drift from continuous FSCV data for 24 hours measurement in 

vitro and 5 hours measurement in vivo, and all characteristics of the dopamine Faradaic 

peak were preserved.  On the other hand, low-pass filters eliminate high-frequency 

electrical glitches and smooth the signal (Fig. 1.11B).131,132  The Heien group 

demonstrated noise removal using a low-pass Butterworth filter.132  Frequency-domain 

filters in general cause passband ripples before and after the peaks and affect amplitude 

reading, so there is a trade-off between data cleaning and the amplitude loss.   

 

 

Fig. 1.11  Frequency-domain filtered data.  (A) high-pass filter (fc = 0.03 Hz) and (B) low-pass 
filter (fc = 0.5 Hz).  The second-order Butterworth design is used in both filters. 

 

There are also time-domain filters, which are widely used to smooth the signal.  

For instance, moving average filter (Fig. 1.12A) replaces the data point by the average 

value of the data in the window with a specified width. A window width of 15 replaces the 

data point with the average between the seven adjacent points before, the data point itself, 

and seven adjacent points after.133  A moving average filter is easy to implement, but the 

smoothing generally leads to amplitude reduction for a very sharp peak, thus sometimes 
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the weight coefficients are used to calculate the weighted moving average instead.  

Savitzky and Golay proposed the alternative method to smooth the data using least square 

polynomial fitting.133  The data points in the window are fitted to the high-order polynomial 

by least square regression instead (Fig. 1.12B).  The fitted polynomial better represents 

the data than the moving average and is still able to eliminate the spiked noise or outlier, 

but a wider window might be required.  The Savitzky-Golay filter has been widely used in 

signal processing in many fields and is an alternative method to smooth the data in 

addition to the low-pass filter while preserving the peak amplitude. 

 

 

Fig. 1.12  Time-domain filtered data (a) moving average filter and (b) Savitzky-Golay filter with 
window size = 15. 
 

1.4.2 Principal Component Analysis and Regression for Signal Decomposition 

Principal component analysis (PCA) and principal component regression (PCR) 

are multivariable techniques widely used to extract the signal contribution from different 

analytes such as dopamine66 from nonfaradaic and noise components in FSCV data.19,67,68  

PCA uses a linear algebra technique to decompose the cyclic voltammogram from a 

training set into principal components (PCs), which are linear combinations of data points.  

The first PC must span across the voltammogram in the direction that yields the maximum 
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variance, then the next PC direction is orthogonal to the first PC.68  Ideally, each PC should 

represent each chemical component.  For example, one PC may represent the Faradaic 

current from electroactive species, and another PC may represent the pH changes.  After 

that, the regression equations are constructed between the concentration changes and 

the scores, and the equations are used for the experimental data.68  Training sets can be 

collected in vitro from different electrodes for a range of neurotransmitter concentrations 

and in vivo from different animals and concatenated as a standard library for future 

experiments and animals to reduce variability and analysis time.19  Different origins 

between the training set and experimental data also allow statistical independence.19    

PCR offers several advantages.  It discriminates the faradaic contribution from 

neurotransmitters against the random signal change.134  The residual analysis also helps 

to detect other interferents.68  However, the training set substantially affect the quality of 

PCR analysis.  PCR theory and a recent critique of application in FSCV by the Wightman 

group68 suggests that the training set should be collected from known signals in the same 

animals.  The discrepancy of the experimental condition between the training sets in the 

library and the experimental data led to poor signal resolution and inaccurate quantification 

of the neurotransmitter concentration.68   Moreover, PCR is not effective to analyze a 

compound which its cyclic voltammogram shape changes within the same event such as 

adenosine because the shape changing limits the quality of the decomposed PCs.  Hence, 

an alternative method which is compatible with shape changing is preferred.  

 

1.4.3 Alternative Methods for Fast-Scan Cyclic Voltammetry Data Analysis 

Mathematical techniques were combined with waveform manipulation to predict 

the noise and nonfaradaic signal to remove it from the main electrochemical signal.  
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Monovalent and divalent cations electrostatically interact with the surface-oxide group on 

the CFMEs, so the Wightman group studied the effect of local changes in those ions on 

the background charging current.135  Then, they proposed to apply an 80-120 mV 

constant-potential pulse before the dopamine waveform to estimate the impulse response 

caused by nonfaradaic processes, and deconvoluted that response to obtain cleaner color 

plots. The Sombers group adapted paired-pulse voltammetry by applying a double 

triangular waveform by using smaller first (-0.4 to +0.8 V) and larger second triangular 

waveform (-0.4 to +1.4 V).45,136  The smaller cyclic voltammogram from the first triangular 

waveform was used to predict the background drift in the larger voltammogram by using 

partial least square regression (PLSR).  The procedure was successful in removing the 

pH shift and background drift and detect dopamine and H2O2 in vivo.     

Some analytes are detected by using the empirical rule from its current-potential-

time characteristic.  Spontaneous transient adenosine events have been characterized in 

vivo in different rat brain regions, but the events are random in nature so their analysis is 

challenging.21,137  The Venton group developed an automated software to identify and 

characterize transient adenosine events from the FSCV data.65  The program scanned for 

the possible events from the peaks in current-time trace at primary and secondary anodic 

peak potentials.  Several rules were applied to verify whether it is an adenosine transient, 

including a minimum signal-to-noise ratio, required time delay, and set peak current ratio 

between primary and secondary peak of the event.  Nevertheless, the program utilizes 

only two current-time traces, and electrical noise around two anodic peaks can still cause 

spurious false positives or false negatives.  

Alternatively, FSCV color plots can be analyzed by image processing and analysis 

tools because the color plot is designed to visualize the Faradaic signals, drift, and noises 
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in the continuous data.13  Detection of a neurotransmitter signal in the color plot is then 

abstracted to the object recognition problem.  There are many algorithms available for 

object recognition to compare the color plot from experimental data to the known signal of 

a neurotransmitter.  For example, the mean-squared error (MSE) method is widely used 

to compare the pixel intensity of the same location in both sample and reference image, 

but slight shift of the whole image deteriorates the score.138  Therefore, a different object 

recognition algorithm should be implemented to analyze FSCV data because of the 

possibility in signal drift and chemical interference.  Chapter 5 of this dissertation will 

present a novel software that uses an alternative image analysis technique to automate 

the automated the detection and analysis of adenosine transient events from FSCV data.   

 

1.5 Overview of the Dissertation 

For nearly four decades, FSCV with CFME has been used to monitor rapid 

neurotransmission of many electroactive neurotransmitters.  Still, many improvements are 

required to improve the analytical performance of FSCV to investigate more complicated 

biological questions.  This dissertation aims to develop an improved method for FSCV 

detection of neurotransmitters by the three independent strategies (Fig. 1.13). 

The first strategy is to study the redox mechanism of a neurotransmitter at carbon 

electrodes to understand its FSCV response to develop a better detection method.  

Histamine is a neurotransmitter that regulates sleep-wake cycle and involves in the 

immune response.139  Although histamine has been studied on its rapid mode of 

neurotransmission using FSCV,31,140 there are disagreements between histamine FSCV 

methods and histamine oxidation potential.  In Chapter 2, electrochemical and surface 

characterization techniques are combined to determine the required potential and 
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mechanism of histamine oxidation at carbon electrodes.  Histamine oxidation is shown to 

foul the electrode.  Because histamine fouling deteriorates its FSCV signal, Nafion coating 

will be applied as a method to reduce the fouling.  This chapter illustrates that knowing 

redox mechanism of neurotransmitter leads to the better FSCV detection method. 

The second strategy is to fabricate a carbon nanomaterial electrode to enhance its 

electrochemical properties toward neurotransmitter detection.  Chapter 3 describes the 

fabrication of CNH-modified CFME by electrodeposition.  CNHs enhance the adsorption 

of dopamine and other cationic neurotransmitters because of the defect-rich structure of 

CNHs, the enhanced electric field at the CNH tips, and the porosity from the CNHs dahlia-

like aggregation.89  Oxidative etching of the CNH-modified CFME further enhances the 

dopamine adsorption.  Next, Chapter 4 explores the electrochemical properties of ND-

modified CFMEs prepared by drop casting.  CFMEs modified by NDs with different sizes 

and surface functional groups are compared, and the 15-nm carboxylated ND-modified 

CFME performs the best.  The optimized electrodes have an improved sensitivity for 

dopamine detection and antifouling properties due to the surface oxide groups and 

hydrophilicity.141  These two chapters demonstrate the structure-properties relationship of 

the carbon nanomaterials structure to improve the FSCV detection. 

The third strategy is to devise new software to automate the analysis of FSCV data 

to improve accuracy, precision, and consistency in recognizing neurotransmitter signal.  

Chapter 5 presents the application of structural similarity (SSIM) index,138 an image 

analysis technique which mimics the human visual system by comparing the whole 

structure of the sample and reference images instead of the pixel-by-pixel method in MSE.  

The SSIM index was implemented to detect adenosine transient event from an FSCV color 

plot by comparing it to the adenosine reference color plots.  Combining with digital filters 
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to correct the background drift, the SSIM index is successful in detecting small adenosine 

transient events with an improved accuracy and precision.  Its versatility is also 

demonstrated by modifying the software to detect co-released dopamine in adenosine 

data.  This chapter shows the novel application of image analysis techniques to enhance 

electrochemical detection of neurotransmitters.   

Overall, this dissertation utilizes the knowledge and tools from electrochemistry, 

carbon nanomaterials, and data analysis to advance the real-time electrochemical 

detection of neurotransmitters.  Chapter 6 also the future directions of the FSCV and 

electrochemistry field from the recent advances in micro/nanoelectrode fabrication and 

machine learning for data analysis. 

 

 

Fig. 1.13  Three approaches for FSCV method development: investigation of redox 
mechanism, development of carbon nanomaterial microelectrodes, and implementation of 
automated data analysis. 
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CHAPTER 2  

Mechanism of Histamine Oxidation and Electropolymerization at Carbon 

Electrodes  
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Abstract  

Histamine plays an important role in neuromodulation and the biological immune 

response.  Although many electrochemical methods have been developed for histamine 

detection, the mechanism of its redox reaction has not been directly investigated.  Here, 

we studied the mechanism of histamine oxidation at carbon electrodes and used that 

mechanistic information to design better fast-scan cyclic voltammetry (FSCV) methods for 

histamine.  Using amperometry, cyclic voltammetry (CV), and X-ray photoelectron 

spectroscopy (XPS), we demonstrate that histamine oxidation requires a potential of at 

least +1.1 V vs Ag/AgCl.  We propose that histamine undergoes one-electron oxidation 

on an imidazole nitrogen that produces a radical. The radical species dimerize and 

continue to undergo oxidation, leading to electropolymerization, which fouls the electrode.  

CV shows a peak at 1.3 V that is pH dependent, consistent with a one-proton, one-electron 

oxidation reaction. This mechanism is confirmed using 1- and 3-methylhistamine, which 

do not electropolymerize, compared to N�.-methylhistamine, which does.  XPS also 

revealed a nitrogen-containing product adsorbed on the electrode surface after histamine 

oxidation.  For FSCV detection of histamine at carbon-fiber microelectrodes, histamine 

oxidation was adsorption-controlled, and the anodic peak was observed at +1.2 V on the 

backward scan because of the rapid scan rate.  However, the oxidation fouled the 

electrode and convoluted the FSCV temporal response; therefore, we implemented Nafion 

coating to alleviate the electrode fouling and preserve the time response of FSCV.  

Knowing the mechanism of histamine oxidation will facilitate design of better 

electrochemical methods for real-time monitoring of histamine. 
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2.1 Introduction  

Histamine is known for its role in immune responses as an��inflammatory agent 

causing allergic reactions.1,2�� It also functions as a neurotransmitter and neuromodulator, 

regulating the sleep cycle.1  Many methods have been developed for histamine analysis, 

including microdialysis coupled to liquid chromatography (LC) with fluorescence detection, 

which measures histamine over long time frames.3  For single cell content analysis, 

capillary LC with amperometric detection was used to detect histamine content in single 

mast cells.2  Histamine was quantified in the ventral nerve cord of fruit flies using capillary 

electrophoresis with fast-scan cyclic voltammetry (FSCV) detection.4 FSCV is also used 

to measure real-�W�L�P�H���U�H�O�H�D�V�H���R�I���K�L�V�W�D�P�L�Q�H�����:�L�J�K�W�P�D�Q�¶�V���J�U�R�X�S���X�V�H�G���)�6�&�9 to demonstrate 

that histamine and serotonin are coreleased from vesicles in mast cells,5,6 and FSCV was 

also used in vivo to study histamine and serotonin corelease in the brain.7  Despite the 

fact that there are many papers using electrochemistry to detect histamine, there is no 

literature proposing a mechanism of histamine oxidation.  Understanding the mechanism 

of oxidation is important to help design electrochemical methods to detect histamine and 

interpret electrochemical data.    

While the redox mechanism of histamine oxidation has not been thoroughly 

investigated, there is one study on the oxidation of imidazole in organic solvents.  

Histamine (2-(1H-imidazol-4-yl)ethanamine) is an imidazole derivative, so its mechanism 

of oxidation might be similar.  Imidazole oxidation occurred at 1.5 V vs Ag/Ag+, and the 

mechanism was the generation of a radical cation on a ring nitrogen, which subsequently 

dimerized and underwent electropolymerization.8  Similarly, most studies that have 

detected histamine in aqueous solution at carbon electrodes have reported high oxidation 

potentials.  The histamine anodic peak is at 1.2 V vs saturated calomel electrode (SCE) 
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at glassy carbon electrodes (GCE), 1.4 V vs SCE at boron-doped diamond electrodes, 

and 1.1 V vs SCE at carbon-fiber microelectrodes (CFME).2,9  These high oxidation 

potentials are almost out of the potential window for carbon electrodes and make 

histamine difficult to study in aqueous solutions.  The FSCV community has developed 

several waveforms to monitor histamine dynamics in vivo. The Wightman group used a 

+0.1 V holding potential and +1.4 V switching potential with an 800 V/s scan rate and 

found a strong histamine primary anodic peak around +1.3 V vs SCE and broad secondary 

anodic peak at +0.9 V vs SCE.2  Because of the fast scan rate, the time required for the 

histamine electron transfer process cannot catch up with the potential ramping,10 and the 

primary peak is located on the backward scan.  The Lee group used a waveform from  

�±0.4 to +1.4 V vs Ag/AgCl at a scan rate of 400 V/s, and both primary and secondary 

�D�Q�R�G�L�F���S�H�D�N�V���Z�H�U�H���D�W���W�K�H���V�D�P�H���S�R�V�L�W�L�R�Q�V���D�V���W�K�R�V�H���L�Q���:�L�J�K�W�P�D�Q�¶�V���Z�R�U�N.11  However, the 

Hashemi lab recently developed an FSCV waveform that only scans to 1.1 V, and they 

claim the histamine faradaic peak is at 0.3 V vs Ag/AgCl and that previous reports of peaks 

at 1.3 V vs Ag/AgCl correspond to histamine adsorption.12  Therefore, there is controversy 

in the FSCV field over the potential of histamine oxidation, which needs more mechanistic 

insight. 

In this work, we use amperometry, cyclic voltammetry (CV), X-ray photoelectron 

spectroscopy (XPS), and FSCV to propose a mechanism of histamine oxidation and 

electropolymerization at carbon electrodes.  Using amperometry, we show that histamine 

is not oxidized until 1.1 V.  CV with a 50 mV/s scan rate shows a peak at 1.3 V that is pH 

dependent, consistent with a one-proton, one-electron oxidation reaction.  CV of histamine 

derivatives with methyl groups on the nitrogens confirm that histamine electropolymerizes 

after oxidation, forming dimers with the nitrogens on the imidazole rings, and this causes 
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electrode fouling.  XPS reveals a large increase in surface nitrogen content after histamine 

oxidation, consistent with electropolymerization of histamine that fouls the surface.  With 

FSCV, potentials over 1.1 V are necessary to observe faradaic oxidation of histamine, but 

fouling is observed, particularly with a 1.45 V switching potential.  However, Nafion coating 

alleviates fouling and provides better current vs time traces for histamine detection.13  This 

improved understanding of the mechanism of histamine oxidation, and particularly its 

electropolymerization, will help in future development of electrochemical methods to 

detect histamine in biological systems. 

 

2.2 Experimental Section  

2.2.1 Chemicals 

Histamine dihydrochloride, 1-methylhistamine dihydrochloride, 3-methylhistamine 

dihydrochloride, and N�.-methylhistamine dihydrochloride were purchased from Millipore 

Sigma (Burlington, MA).  A stock solution of each chemical was prepared in 0.1 M HClO4.  

Final working solutions were prepared by diluting the stock solution in a phosphate 

buffered saline (PBS) (131.25 mM NaCl, 3.00 mM KCl, 10 mM NaH2PO4, 1.2 mM MgCl2, 

2.0 mM Na2SO4, and 1.2 mM CaCl2 with pH adjusted to 7.4) or 0.1 M phosphate buffer to 

the desired concentration.  In some cases, high-concentration solutions were prepared by 

directly dissolving the chemicals in the buffer and adjusting the pH and volume of the 

solution appropriately. 

 

2.2.2 Microelectrode Preparation 

A cylindrical CFME was prepared as described elsewhere.14  Briefly, a 7 µm 

diameter T-650 carbon fiber (Cytec Engineering Materials, West Patterson, NJ) was pulled 
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into a 1.28 mm inner diameter × 0.68 mm outer diameter glass capillary (A-M Systems, 

Sequim, WA) by an aspirating pump. The capillary was then pulled by a vertical puller 

(Narishige, Tokyo, Japan) to get two electrodes. The fiber was cut to a length of 100 µm. 

The electrode was epoxied by dipping in a solution of 14% m-phenylenediamine hardener 

(Acros Organics, Morris Plains, NH) in Epon Resin 828 (Miller-Stephenson, Danbury, CT) 

at 80oC for 30 s to seal the fiber with the glass capillary. The electrode was then left at 

room temperature overnight, cured at 100oC for 2 h, and 150oC for overnight.  

Nafion-modified CFMEs (Nafion/CFMEs) were prepared by applying a pulsed 

chronoamperometry waveform between 0.0 V for 1 s and 1.0 V for 1 s for 60 cycles in a 

5% Nafion in methanol solution (LQ-1105-MeOH, Ion Power, New Castle, DE) to CFME 

working electrode vs Ag/AgCl reference electrode and Pt counter electrode. The modified 

electrode was baked at 70oC for 10 min and left at room temperature overnight before 

use. 

 

2.2.3 Electrochemical Instrumentation  

Amperometry and CV measurements were taken on a potentiostat (Gamry 

Instruments, Warminster, PA) using a 3-mm diameter glassy carbon working electrode 

(GCE), Ag/AgCl reference electrode, and Pt counter electrode (CH Instruments, Austin, 

TX).  GCE was polished with 1.0 µm and then 0.3 µm alumina polishing powder before 

use.  Amperometry was performed by applying a constant potential in a stirred solution. 

CV measurements were performed in a stagnant solution with a scan rate of 50 mV/s if 

not specified. 

FSCV experiments were performed using a two-electrode system, including CFME 

or Nafion/CFME working electrode backfilled with 1 M KCl and a Ag/AgCl reference 
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electrode. All electrodes were connected to a ChemClamp potentiostat and headstage 

(Dagan, Minneapolis, MN).  The FSCV waveform, unless stated otherwise, was applied 

to a CFME with a holding potential of �±0.4 V, a switching potential of +1.3 or +1.45 V, a 

scan rate of 400 V/s, and a repetition rate of 10 Hz. The buffer and test solutions were 

flowed by the electrode in a flow cell at a 2 mL/min by a syringe pump (Harvard Apparatus, 

Holliston, MA). The flow-injection system consists of a six-port loop injector with an air 

actuator (VIVI Valco Instruments, Houston, TX). The data were collected with HDCV 

Analysis software (Department of Chemistry, University of North Carolina at Chapel Hill). 

 

2.2.4 XPS  

Characterization of histamine oxidation product was performed by applying a 

repeated CV waveform to a screen-printed carbon electrode (SPCE) (Pine Instrument, 

Grove City, PA) in a histamine solution.  SPCEs were characterized by using an X-ray 

photoelectron spectrometer (Physical Electronics, Chanhassen, MN) at the UVa 

Nanoscale Materials Characterization Facility to obtain elemental composition and 

electronic states information. �7�K�H�� �$�O�� �.�.�� �P�R�Q�R�F�K�U�R�P�D�W�L�F�� �;-ray source (1486.6 eV) was 

used with a pass energy of 224 eV for elemental composition and 55 eV for electronic 

state information.  The XPS spectra were analyzed with MultiPak software which came 

with the instrument.  All spectra were corrected for the charging effect by shifting the C 1s 

peak to the binding energy of 284.8 eV. 

 

2.2.5 Statistics 

All values in this work are the mean ± standard deviation (SD) for n number of 

measurements, except for the XPS experiment from which the average values from two 
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electrodes are reported.  Statistics were performed in GraphPad Prism 7.0 (GraphPad 

Software, La Jolla, CA), and significance was defined at p < 0.05. 

 

2.3 Results and Discussion  

2.3.1 Amperometry of Histamine 

To determine the required potential for histamine oxidation at carbon electrodes, 

amperometry was performed at a GCE.  GCE has a similar graphitic structure15 to a CFME 

but has a larger surface area, which makes the measurements easier.  Three different 

applied potentials are plotted: 0.9 V (Fig. 2.1A), 1.1 V (Fig. 2.1B), and 1.3 V (Fig. 2.1C).  

For each experiment, in a stirred solution, PBS was injected twice and then histamine was 

injected to raise the concentration 50 µM twice. PBS injections did not change the 

measured current at any potential. For histamine injections, the current did not increase 

at the applied potential of 0.9 V; thus, histamine cannot be oxidized at a potential lower 

than 0.9 V. At 1.1 V, histamine increased the current noticeably above the baseline.  

However, the second injection increased the current less than the first injection, and the 

current slowly fell back to the baseline despite histamine being present and constant 

stirring.  The current increase was larger at an applied potential of 1.3 V, but the decrease 

was also more dramatic and the histamine faradaic current was much higher for the first 

injection than the second injection.  

On the basis of these amperometry experiments, we conclude that histamine 

oxidation occurs around 1.1 V and is not observed before 0.9 V.  We also hypothesize 

that oxidation of histamine fouls the electrode surface because the signal for histamine 

decreases, and there is a lower current from the second histamine injection compared to 

the first injection.  Imidazole undergoes an oxidation and then polymerizes,8 and histamine 
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could similarly undergo oxidation and polymerize to form the polymer that adheres to the 

electrode surface.  To confirm the mechanism and fouling hypothesis, cyclic voltammetry 

and electrode surface characterization were performed. 

 

 

Fig. 2.1  Amperograms of PBS and histamine (HA) at GCE held at different constant potentials 
vs Ag/AgCl. (A) 0.9, (B) 1.1, and (C) 1.3 V. To a stirred solution of PBS pH 7.4, PBS was 
injected twice as a control, followed by two injections of 10 mM histamine to raise the 
concentration by 50 µM in the whole solution.  Data were collected by Scott Lee. 
 

 
2.3.2 CV of Histamine at GCE  

To obtain more information about histamine oxidation at carbon electrodes, CV 

was performed at a GCE with a voltage triangular waveform of �±0.5 to +1.5 V at 50 mV/s 

for 5 cycles (Fig. 2.2A).  Histamine oxidation was studied at a high concentration (50 mM) 

to distinguish its anodic peak at physiological pH (7.4).  In the first CV cycle, the histamine 

anodic current started to rise at 0.96 V vs Ag/AgCl and peaked with a current (ip,a) of 87 

µA at a peak potential (Epa) of 1.33 V on the forward scan.  Cathodic currents were not 

detected, indicating the reaction is not reversible.  The ip,a was higher than background 

current (21 µA at 1.5 V, Fig. 2.3A).  No anodic peak was detected before 1.0 V, consistent 

with the amperometry data that found no faradaic processes before that potential. In 

subsequent cycles, the anodic peak dramatically diminished, and CV of the last cycle was 
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almost identical to the background CV.  Hence, the oxidation of histamine in PBS occurs 

after 1.0 V and is irreversible, and the oxidation product fouls the electrode. 

 

 

Fig. 2.2  (A) Background-subtracted cyclic voltammogram of 50 mM histamine��in PBS pH 7.4 
at GCE. Scan rate 50 mV/s. (B) Cyclic voltammogram of 1 mM [Fe(CN)6]3�±  in 1 M KCl at GCE 
performed (i) at a fresh electrode, (ii) after GCE was scanned in 50 mM histamine from -0.5 to 
+1.5 V, (iii) electrode polished after (ii), and (iv) after electrode scanned in 50 mM histamine 
from -0.5 to +1.0 V. Scan rate 100 mV/s. Polymerization of histamine at waveform to 1.5 V 
prevents histamine detection, but electrode can be regenerated by polishing.  Scanning to 1.0 
V does not produce polymerization or fouling. (C) Cyclic voltammogram of 50 mM histamine 
in phosphate buffer at different pH. Inset illustrates the pH-dependence of anodic peak 
potential. Scan rate 50 mV/s. 
 

The existence and fouling of the histamine oxidation product on the GCE was also 

confirmed by performing CV of 1 mM [Fe(CN)6]3�±, a standard inner sphere redox probe, 

on GCE before and after histamine oxidation (Fig. 2.2B).  A fresh GCE gave the quasi-

reversible CV with equal anodic and cathodic currents (i) higher than background (Fig. 

2.3B).  However, after histamine was oxidized, no ferricyanide CV was observed (ii, Fig. 

2.2B) because the histamine oxidation product fouled the electrode and prevented 

ferricyanide redox at the GCE surface.  The electrode was polished to renew the surface, 

and the reversible ferricyanide CV returned with identical anodic and cathodic currents 

(iii).  To prove that histamine was not oxidized at lower potentials, CV was applied between 

�±0.5 and +1.0 V in 50 mM histamine solution, and the ferricyanide CV resembled that of 
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the freshly polished GCE because histamine was not polymerized (iv). This result supports 

the previous findings that no faradaic oxidation of histamine occurs in this potential range.   

 

 

Fig. 2.3  Background CV of GCE in (A) PBS pH 7.4. Scan rate 50 mV/s, (B) 1 M KCl. Scan 
rate 100 mV/s, (C) 0.1 M phosphate buffer pH 10.5, (D) 0.1 M phosphate buffer pH 9.0, (E) 
0.1 M phosphate buffer pH 7.4, and (F) 0.1 M phosphate buffer pH 6.0. Scan rate 50 mV/s. 

 

The effect of pH on histamine oxidation at GCE was also investigated using CV in 

a 0.1 M phosphate buffer prepared at different pH values (Fig. 2.2C).  Lower pH shifted 

the peaks positively, and the full anodic peak of histamine cannot be observed with 
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scanning limits of 1.5 V when the pH was lower than 6.  The electrode fouling caused by 

histamine oxidation was also slower at lower pH (Fig. 2.4A-B).  In contrast, the histamine 

peak shifted negatively when the pH increased (Fig. 2.4C).  Since pH affected the 

oxidation of histamine, its oxidation mechanism involves a proton transfer step from the 

oxidation intermediate.  The slope between Epa and pH is �±70 ± 17 mV/decade (Fig. 2.2C 

inset), indicating the ratio of transferred electron to proton to be approximately 1 despite 

nonideal Nernstian behavior because of its irreversible oxidation.  This pH dependence 

means that for in vivo measurements, shifts in pH during biological experiments would 

also change the histamine oxidation current, but these changes are expected to be small 

because the brain is well-buffered, and pH shifts are generally only 0.05 units.16   

 

 

Fig. 2.4  Cyclic voltammogram for 5 cycles of 50 mM histamine in phosphate buffer at (A) pH 
5.0, (B) pH 6.0, and (C) pH 9.0. Scan rate 50 mV/s. 
 

From the data, we propose the mechanism of the electrochemical oxidation of 

histamine (Fig. 2.5) based on the proposed mechanism of imidazole oxidation.8  Histamine 

undergoes one-electron oxidation to become a radical cation with a positive charge on an 

imidazole nitrogen.�� The radical stabilizes itself by dimerization with another histamine 

radical, and electron delocalization allows the dimer to lose two imidazole nitrogen 

protons.  The number of protons and electrons is consistent with the pH data because it 
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is a one-proton and one-electron loss per histamine.  Also, the loss of a proton causes the 

whole reaction to be more difficult at lower pH, as we observed.  The proposed mechanism 

shows a loss of one proton per histamine molecule, so higher pH drives the equilibrium to 

the product formation.  The dimer then goes through electropolymerization, a series of 

one-electron oxidations and d�L�P�H�U�L�]�D�W�L�R�Q�V�� �W�R�� �I�R�U�P�� �D�� �³�S�R�O�\�K�L�V�W�D�P�L�Q�H�´�� �S�R�O�\�P�H�U���� �7�K�L�V��

polyhistamine adsorbs on the carbon electrode surface and fouls the electrode.  

 

 
Fig. 2.5  Mechanism of the oxidative electropolymerization of histamine. 
 
 

2.3.3 CV of Histamine Derivatives at GCE  

To further verify the proposed mechanism of histamine electropolymerization, 

several derivatives of histamine were examined.  Because the proposed 

electropolymerization of histamine needs chain elongation at positions 1 and 3 of the 

imidazole ring, any functionalization on these positions should inhibit polymerization and 

electrode fouling.  Three derivatives were tested: 1-methylhistamine (1-MeHA), 3-

methylhistamine (3-MeHA), and N�.-methylhistamine (N�.-MeHA).  CV was performed by 

scanning the potential between �±0.5 and +1.5 V for 10 cycles to examine electrode fouling.  
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For 2 mM histamine at pH 7.4, fouling is observed and the CVs from cycle 1 to cycle 10 

decrease by about 75 % in current (Fig. 2.6A).  Here, a lower concentration was used so 

the fouling was slower than that for 50 mM histamine in Fig. 2.2A.  The anodic peaks in 

the CVs of 2 mM 1-MeHA (Fig. 2.6B) and 3-MeHA (Fig. 2.6C) have similar features and 

did not decrease from cycle 1 to 10.  Thus, 1-MeHA and 3-MeHA undergo one-electron 

oxidation and likely form a dimer, but the methyl group on position 1 or 3 prevents 

polymerization (Fig. 2.7A).  The final oxidation product of these two derivatives should be 

just their dimer, and this dimer did not cause electrode fouling.  The anodic peak of both 

compounds also shifted positively compared to histamine because the dimer product 

might be unstable or the methyl group causes the oxidation to be more difficult.  In 

contrast, the CV current from N�.-MeHA (Fig. 2.6D) progressively declined from cycle 1 to 

10, indicating electrode fouling.  The amine aliphatic chain is not involved in the reaction; 

therefore, methyl substitution at that position still allows the oxidative 

electropolymerization of N�.-MeHA to occur, as illustrated in Fig. 2.7B.  However, the 

methyl group on the amine aliphatic chain could cause steric hindrance and may either 

slow the electropolymerization process or shrink the polymer size, so the current decrease 

and electrode fouling from N�.-MeHA electropolymerization is slower than that of 

histamine.   
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Fig. 2.6  Cyclic voltammogram of 2 mM (A) histamine, (B) 1-MeHA, (C) 3-MeHA, and (D) N�.-
MeHA in PBS pH 7.4 at GCE. Scan rate 50 mV/s, repeated for 10 cycles. 
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Fig. 2.7  Mechanism of (A) electrochemical oxidation of 1-MeHA and 3-MeHA, and (B) 
oxidative electropolymerization of N�.-MeHA. 

 

2.3.4 XPS Confirms Histamine Polymerization.  

To test the proposed polymerization, we also performed XPS to measure surface 

elemental composition and electronic states of each element.  Screen-printed carbon 

electrodes (SPCEs) were used as the working electrode instead of GCEs because they 

are flat and easily analyzed using XPS.  Four samples of SPCE were characterized: new 

SPCE, SPCE scanned in PBS from -0.5 to +1.5 V, SPCE scanned in 50 mM histamine 

from -0.5 to +1.0 V, and SPCE scanned in 50 mM histamine from -0.5 to +1.5 V.  Table 

2.1 summarizes the elemental composition and nitrogen peak position of each SPCE (Fig. 

2.8 plots the actual XPS spectra with peaks fittings).  The nitrogen composition of new 

SPCE, SPCE scanned in histamine to +1.0 V, and SPCE scanned in PBS were low, not 
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above 2-3%.  This nitrogen on the SPCE, which had the binding energy of 399.8 eV, may 

be due to impurities on the electrode, and the electrode exposed to histamine may have 

a little physisorption of histamine on the SPCE surface, but it is not much.  In contrast, the 

nitrogen content of SPCE scanned in histamine to +1.5 V is 15.5%.  Moreover, the overall 

nitrogen peak shape changed, and there was a new subpeak at 400.9 eV in addition to 

the original 399.8 eV peak (Fig. 2.8D).  The nitrogen binding energy of 400.9 eV is 

consistent with a nitrogen in an aromatic ring-like imidazole.17  This higher nitrogen content 

and new peak position indicates the existence of nitrogen-containing polymer on the 

SPCE surface after histamine oxidation, which is consistent with the proposed mechanism 

that histamine undergoes electropolymerization.  This nitrogen peak only occurs when the 

electrode is scanned to higher potentials in histamine and not when it is scanned to +1.0 

V or when histamine is not present.   

 

Table 2.1  XPS spectral information 
Samples  Atomic elemental 

composition a 
N position (eV)  

%C %O %N 
New SPCE 67.9 16.5 2.4 399.8 

SPCE in PBS to +1.5 V 62.1 21.9 nd N/A 

SPCE in histamine to +1.0 V 66.3 17.2 3.1 399.9 

SPCE in histamine to +1.5 V 51.4 22.6 15.5 399.8, 400.9 

and = not detected.  Values shown are average values from two samples. Other atoms might 
be present, so atomic compositions do not add to 100%.   
bN positions are corrected by shifting the C 1s peak to 284.8 eV. 
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Fig. 2.8  XPS Spectra and C 1s and N 1s peaks fitting of (A) New SPCE, (B) SPCE scanned 
in PBS from -0.5 V to +1.5 V for 20 cycles, (C) SPCE scanned in 50 mM histamine from -0.5 
V to +1.0 V for 20 cycles, (D) SPCE scanned in 50 mM histamine from -0.5 V to +1.5 V for 20 
cycles. 
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2.3.5 FSCV of Histamine at CFMEs  

For real-time measurements of neurotransmitters, FSCV is predominantly 

used,18,19 so we investigated the detection of histamine using FSCV.    FSCV parameters 

were investigated to understand how they influence the oxidation current for histamine.  

First, the switching potential was varied.  For lower switching potentials of 0.5, 0.9, and 

1.0 V (Fig. 2.9A), the current dips below baseline on the forward scan at negative 

potentials and then there was a weak, broad peak of only 3 nA around 0.4 V on the forward 

scan.  The small peak is not likely a faradaic peak because it occurs almost a volt lower 

than the faradaic peaks in slow scan CV or amperometry.  Instead, this peak is a 

background current change that arises when the background capacitance changes from 

histamine adsorption. The log-log plot of this peak current at 0.4 V vs scan rate has a 

slope close to 1 (Fig. 2.10), indicating adsorptive capacitance change. Similarly, 

adsorption of dopamine to a carbon electrode can cause small, broad nonfaradaic peaks 

in background-subtracted CVs.20  The 1.0 V scan has a small peak on the back scan near 

the switching potential, which is likely still an adsorption peak (given the slow scan and 

XPS results).   
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Fig. 2.9  FSCV of 1 µM histamine at CFME using different waveform parameters. (A-B) CV 
from different switching potential at a holding potential of -0.4 V and scan rate of 400 V/s. The 
inset of panel A shows the enlarged CV from 0.5, 0.9, and 1.0 V switching potential. (C) CV 
from different scan rate using -0.4 V holding potential and 1.3 V switching potential, and (D) 
log-log plot between normalized anodic peak current (ipa) and scan rate (n = 4). The inset of 
panel C shows the enlarged CV from the 50 V/s scan rate.  Arrows mark direction of scan. 
 

 

Fig. 2.10  FSCV scan rate experiment using 1.0 V switching potential.  (A) CV from different 
scan rate using -0.4 V holding potential and 1.0 V switching potential. (B) log-log plot between 
normalized 0.4 V peak current (ipa) and scan rate (n = 4). 
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Faradaic peaks are better observed with higher switching potentials (Fig. 2.9B).  

The peak current increased with switching potential from 7 nA at 1.1 V, to 22 nA at 1.2 V, 

to 30 nA at 1.3 V.  Lower currents were expected for the lower holding potentials of 1.1 

and 1.2 V because the CV of histamine at slower scan rates (Fig. 2.2A) had a peak 

maximum at 1.3 V.  With a switching potential of 1.45 V, the anodic peak is near the 

switching potential on the forward scan, but the current is lower than with 1.3 V switching 

potential.  While more oxidation is expected to occur at higher potentials because more 

time is spent above the E0, the fouling from electropolymerization likely happens 

immediately and decreases the current.    

To investigate scan rate dependence, we varied the FSCV scan rate from 50 to 

1000 V/s.  A scan rate of 50 V/s resulted in the Epa of 1.26 V on the forward scan (Fig. 

2.9C), but a higher scan rate shifted the peak to the backward scan: 1.19 V for 400 V/s 

and 1.07 V for 1000 V/s because of the time for electron transfer.  The log-log plot of 

normalized histamine anodic peak current (ipa) vs scan rate (Fig. 2.9D) had a slope of 0.96 

± 0.05 (n = 4), which is close to 1 and indicates adsorption-controlled oxidation of 

histamine at CFMEs.  Histamine has a pKa of the aliphatic amine group of 9.11,21 so it is 

cationic at physiological pH. The negatively charged oxygen surface functional groups of 

CFMEs adsorb the cationic histamine by electrostatic interactions before electron transfer.  

However, the response is linear only to 800 V/s and not 1000 V/s because the time of the 

scan is too fast to fully complete the oxidation at that fast scan rate. 

Our results show that it is necessary to scan to higher switching potentials (1.3 V 

or above) to fully detect faradaic peaks for histamine.  These results are consistent with 

early FSCV literature, which observed a histamine peak above 1.1 V on the back scan 

when higher switching potentials were used (vs Ag/AgCl or SCE).2,9,11  However, this work 
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and mechanism is in contrast to the waveform developed by the Hashemi group,12 which 

scans only to 1.1 V (vs Ag/AgCl) and reports that the broad FSCV peak at 0.3 V is the 

faradaic process.  All of the mechanistic data from amperometry, slow scan CV, XPS, and 

fast scan CV point to no faradaic reactions occurring before 1.0 V.  Thus, the small peaks 

observed at 0.3 V are broad and likely background changes due to adsorption.  Waveform 

manipulation alone will not be able to shift the peak significantly unless there is an 

electrocatalyst on the electrode surface. One advantage of not using a high switching 

potential is that there will not be fouling due to electropolymerization, but this is also 

indicative that no faradaic reaction takes place.   

 

2.3.6 Histamine Fouling with FSCV 

FSCV is also a good technique to study the effect of fouling on the electrode 

surface because many scans are collected over time.  Fig. 2.11A shows cyclic 

voltammograms and false color plots of 1 µM histamine FSCV with a switching potential 

of 1.3 V.  Histamine was continuously flowed by the electrode surface for 5 s, and the CV 

changes significantly during that time.  Initially (0.5 s after histamine exposure), there was 

an anodic peak of 24 nA around �������������9�����³�S�U�L�P�D�U�\���D�Q�R�G�L�F���S�H�D�N�´�����O�D�E�H�O�H�G���³���ƒ�´���L�Q���)�L�J�����������R�Q��

the backward scan.  At 1.0 s, the primary anodic peak reached a maximum current about 

32 nA. When histamine had been present for 5.0 s, the primary peak shifted later, to +1.15 

V on the backward scan, and the anodic current decreased to 24 nA.  The peak current 

decreased because of the electrode fouling from polyhistamine, and the peak potential 

shifted because of the sluggish electron transfer kinetics after the fouling. 
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Fig. 2.11  FSCV of 1 µM histamine at CFME. Current-time trace, false color plot, CVs at 0.5, 
1.0, and 5.0 s injection from different FSCV switching potential: (A) 1.30 and (B) 1.45 V. Black 
lines under the color plots indicate histamine was flowing by the electrode. 1º and 2º indicates 
primary and secondary anodic peak, respectively.  More detailed peak labeling can be found 
in Fig. 2.12. 
 

 

Fig. 2.12  Labelled false color plots from FSCV of 1 µM histamine at CFME in Fig. 2.11 (A) 
1.30 V switching potential and (B) 1.45 V switching potential. 
 

�'�X�U�L�Q�J���W�K�H���K�L�V�W�D�P�L�Q�H���L�Q�M�H�F�W�L�R�Q�����W�K�H�U�H���Z�D�V���D�O�V�R���D���V�P�D�O�O���V�H�F�R�Q�G�D�U�\���S�H�D�N�����³�V�H�F�R�Q�G�D�U�\��

�D�Q�R�G�L�F���S�H�D�N�´�����O�D�E�H�O�H�G���³���ƒ�´���L�Q��Fig. 2.11) of 8 nA that appeared at +0.80 V on the forward 

scan in later CVs but was not present in the first CVs.   This secondary peak grew to 11 

nA after 5 s of histamine.  The 0.8 V secondary peak on the front scan may be due to 
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oxidation of imidazole rings in the polymer coating as the oxidation potential is lower for 

an adsorbed species because it is on the electrode surface.  The extended conjugated 

system in the adsorbed polyhistamine may also stabilize the radical cation generated from 

polyhistamine oxidation and decrease the oxidation potential.    

In addition to the faradaic peaks, at later times there were other small, broader 

peaks near �±0.17 V and 0.4 V on the forward scan and 0.5 V on the backward scan. Fig. 

2.12 labels these peaks on a color plot. These currents are likely due to background 

subtraction errors due to capacitance changes when the polymer adsorbed. The extra 

peaks grow in over time and are present after histamine is washed out of the flow cell, 

indicating that they are due to a polymer build up on the surface.   

FSCV of 1 µM histamine was also performed using a switching potential of 1.45 V 

(Fig. 2.11B), which is the waveform used to detect high oxidation potential analytes such 

as adenosine.22�±24  Initially, the primary anodic peak was located on the forward scan at 

1.42 V and had a current of 25 nA.  However, after 5 s of histamine exposure, the peak 

had diminished greatly, losing about 75% of the signal (8 nA).  Interestingly, the peak did 

not shift in voltage, which may be due to the CFME etching at high potentials, which 

renews the carbon surface.25  Histamine FSCV using 1.45 V switching potential also had 

the secondary anodic peak (0.8 V forward scan) and small broad adsorption peaks 

(labeled in Fig. 2.12).  Many of these small peaks are likely due to changes in the 

background current from adsorption of the polymer. In vivo, pH changes also cause broad 

peaks due to background subtraction errors16 and data processing techniques such as 

principal component regression (PCR) can be implemented to separate the contribution 

from pH shift.26 
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Although the advantage of using FSCV for real-time measurement is to obtain the 

molecular fingerprint from the CV, FSCV data are usually analyzed by monitoring the peak 

current from one potential in the CV over time.  The ideal shape of a current vs time trace 

is square because flow injection is used to expose the electrode to a square bolus of 

histamine.  However, the current vs time trace in Fig. 2.11 shows the peak current at the 

oxidation potential decreases when histamine is present and even appears to drop below 

baseline after it is washed out.  These errors are caused by histamine fouling, which 

changes the background charging current.  These current vs time traces are not be 

amenable to kinetic modeling, and the fouling would need to be deconvoluted, so we 

explored methods to alleviate the electrode fouling. 

 

2.3.7 Nafion Prevents Electrode Fouling from Histamine Electropolymerization 

Electropolymerization of histamine causes electrode fouling, and the current vs 

time responses are not square but convoluted by the fouling peaks (Fig. 2.11A and Fig. 

2.11B).  Nafion is a negatively-charged perfluorosulfonate polymer used to eliminate 

interferences and prevent electrode fouling via electrostatic repulsion and size��

exclusion.27�±29  Nafion/CFMEs were prepared by electrodeposition30 of Nafion from a 

solution in methanol (the chronoamperogram from electrodeposition is shown in Fig. 2.13).  

At Nafion-coated electrodes, the CV and anodic current for histamine stayed the same 

throughout the injection for the 1.3 V switching potential, and the peak position stayed at 

1.18 V on the back scan (Fig. 2.14A).  The color plot also shows some small, broad 

currents at other peaks, similar to bare CFMEs, but the current-time trace is much more 

square and more faithful to the time course of the histamine change.  Nafion prevents 

electrode fouling because a polymer is already present on the surface; thus, the histamine 
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polymer cannot build up on the surface.  There are also electrostatic and size exclusion 

effects of Nafion to prevent fouling as well.29  The histamine anodic current was smaller 

with Nation coating than that of the bare CFME, likely because Nafion coating restricted 

histamine diffusion to the electrode surface or the inhibition of polyhistamine formation 

decreased the current for electron transfer.  

After Nafion, with a 1.45 V switching potential, the color plot is much cleaner than 

that with a 1.3 V potential and the current vs time curve is more square (Fig. 2.14B).  The 

false color plot, CVs, and current-time trace illustrate less electrode fouling, similar to when 

1.3 V switching potential was used.  Currents obtained with the 1.45 V switching potential 

and Nafion are larger than with the 1.3 V potential, which would increase electrode 

sensitivity.  Overall, Nafion coating prevents electrode fouling caused by the polymer 

buildup from histamine oxidation. Nafion should be considered for future studies 

examining histamine in vivo to prevent electrode fouling by histamine polymerization.   

 

 

Fig. 2.13  Chronoamperogram from Nafion electrodeposition.  A pulsed waveform between 
0.0 V to 1 s and 1.0 V for 1 s for 60 cycles was applied to the CFME. 
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Fig. 2.14  FSCV of 1 µM histamine at Nafion/CFME. Current-time trace, false color plot, CVs 
at 1.0 s and 5.0 s injection from different FSCV switching potential: (A) 1.30 and (B) 1.45 V. 
Black lines under the color plots indicate histamine was flowing by the electrode. 
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2.4 Conclusions  

Histamine undergoes oxidative electropolymerization with a required oxidation 

potential of at least 1.1 V at carbon electrodes, including GCE, SPCE, and CFME. The 

polymer product fouls the electrode, reducing the sensitivity for histamine.  FSCV of 

histamine had an anodic peak at 1.2 V on the backward scan and secondary peaks due 

to histamine polymer being oxidized on the surface.  Nafion coating helps eliminate the 

electrode fouling observed with FSCV.  Future research can utilize the fundamental 

understanding of histamine electrochemistry presented here to develop better 

electrochemical sensors and methods for real-time monitoring of histamine.�� 
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CHAPTER 3  

Carbon Nanohorn -Modified Carbon -Fiber Microelectrodes for  

Dopamine Detection  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 was reprinted from Electroanalysis 2018, 30, 1073-1081 with the permission from 
Wiley. 
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Abstract  

Carbon nanohorns (CNHs), closed cone-shaped cages of sp2-hybridized carbons, 

are a promising nanomaterial to improve carbon-fiber microelectrode (CFME) dues to their 

high specific surface area and edge planes, but few studies have tested their 

electrochemical properties.  Here, we tested the dopamine detection at electrodeposited 

CNHs on CFME (CNH/CFME).  The optimized concentration of CNHs in the deposition 

solution is 0.5 mg/mL, and the optimized electrodeposition waveform is 10 cycles of 

triangular waveform scanned from �±1.0 V and +1.0 V at 50 mV/s.  Using fast-scan cyclic 

voltammetry, the optimized CNH/CFME enhances dopamine peak current to 2.3 ± 0.2 

times that of the CFME.  To further increase the current, CNH/CFMEs were oxidized in 

NaOH (ox-CNH/CFME), which creates more defects and surface oxide groups to adsorb 

dopamine.  The oxidative etching further increases the peak current to 3.5 ± 0.2 times of 

the CFME, and ox-CNH/CFME had a limit of detection of 6 ± 2 nM.  The dopamine anodic 

current at ox-CNH/CFME was stable for 8 h of continuous scanning.  The ox-CNH/CFME 

enhanced the anodic peak current for other cationic neurotransmitters including 

epinephrine, norepinephrine, and serotonin, but less enhancement was found for ascorbic 

acid, showing higher selectivity for cationic molecules.  CNHs also decreased tissue 

biofouling at CFME.  Thus, electrodeposited CNHs are a promising new method for 

increasing the surface area and current of CFMEs for dopamine detection. 
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3.1 Introduction  

The carbon nanohorn (CNH) is a cone-shaped cage of graphene consisting of 

mainly sp2-hybridized carbons.  Each individual cone has a diameter of 2�±5 nm and a 

length of 40�±50 nm, and has a 5 pentagon-shaped closed cap.1,2  CNH cones can form 

dahlia-like aggregates, like petals sticking out from a center, with an overall diameter of 

100 nm.2  The small sizes, combined with conjugated �Œ-bonds, result in high specific 

surface area and high electronic conductivity.2  CNHs have similar properties to the ends 

of carbon nanotubes (CNTs); thus, they can be easily opened and oxidized to provide 

edge-plane carbon sites and oxide-containing functional groups.2�±4  In addition, the conical 

structure causes high porosity, ring strain, and high electric field at the cone tip, which is 

significant for high adsorption capability, electron transfer kinetics, and chemical 

reactivity.1,2,5  One key feature distinguishing CNHs from other carbon nanomaterials is 

high purity because CNHs can be synthesized via laser ablation of graphite at room 

temperature without any metal catalyst.2,6  Because of these unique properties, CNHs 

have been used in various applications including gas adsorptions,7 drug carriers,8 and 

electrochemical energy devices.9  However, there have been relatively few reports of using 

CNHs for electrochemical sensors.   

Many carbon nanomaterials have been used to modify and improve the 

performance of electrochemical sensors, particularly to coat glassy carbon or carbon-fiber 

microelectrodes (CFMEs) to improve sensitivity.10,11  Graphene itself has a large specific 

surface area, high conductivity, and good electrocatalytic properties,10,12 and has been 

drop-casted, as reduced graphene oxide, onto glassy carbon electrodes to enhance the 

signal for dopamine.13  Another popular nanomaterial is the CNT, which is a rolled 

graphene sheet existing as a hollow tube.10,12  When the end of the tube is opened, it 



75 

generates defect sites or edge plane sites, which promote electron transfer, causing 

electrocatalytic effects and enhancing adsorption of cationic neurotransmitters such as 

dopamine and epinephrine.10,14,15  CNTs can be made into electrodes in a variety of ways: 

they can be dip-coated or drop-casted onto an electrode,16�±19 grown on a substrate to 

make an electrode,20,21 or spun as a fiber22�±24 or yarn25�±27 which is then fabricated into a 

microelectrode.  CNT electrodes work best with the ends aligned and directly exposed to 

the solution, leading to the theory that the greatest electroactive sites are on the exposed 

ends.20,21  CNHs have only been sparsely used as electrochemical sensors, but the 

hypothesis is that they would provide good electrochemical enhancement because their 

properties are similar to those of CNT ends.1,2,7  The cone-shaped CNH ends can be 

oxidized and opened and the dahlia-like aggregates expose the ends like petals, leading 

to strong adsorption of cationic molecules.2,3,11,14  CNHs have been used to fabricate 

electrodes; for example, drop-casting CNHs improved the limit of detection (LOD) of 

screen-printed electrode.28  A CNH-modified glassy carbon electrode resolved dopamine, 

uric acid, and ascorbic acid peaks29 and  resolved dihydroxybenzene isomer peaks.30  

However, smaller CNH-modified electrodes that are suitable for in vivo measurements of 

neurotransmitters have not been fabricated, and drop-casting is not an effective method 

for coating cylindrical microelectrodes.10  Thus, new methods for depositing CNHs must 

also be developed.   

The purpose of this study was to optimize fabrication of CNH-modified 

microelectrodes and explore their properties for the fast-scan cyclic voltammetric (FSCV) 

determination of dopamine.  Here, we develop electrodeposition as a simple procedure to 

prepare the carbon nanohorn-modified carbon-fiber microelectrode (CNH/CFME) from a 

CNH dispersion.  Parameters for electrodeposition were optimized and electrodeposition 
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deposits more CNHs than dip-coating alone.  CNHs increase the Faradaic current of 

dopamine redox reaction, and oxidative etching of CNH/CFME (ox-CNH/CFME) increased 

the current for dopamine even more because it opens the CNH tips.  Overall, CNHs are a 

promising nanomaterial for use in electrochemical neurotransmitter sensors and can 

easily be electrodeposited to improve dopamine detection.   

 

3.2 Experimental Secti on 

3.2.1 Chemicals 

Dopamine,�� epinephrine, norepinephrine, serotonin, and ascorbic acid were 

purchased from Acros Organics (Morris Plains, NJ). A 10 mM��stock solution of each 

analyte was prepared in 0.1 M HClO4.  The final working solutions were daily prepared by 

diluting the stock solution in a phosphate buffer saline (PBS) (131.25 mM NaCl, 3.00 mM 

KCl, 10 mM NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, and 1.2 mM CaCl2 with pH 

adjusted to 7.4) to the desired concentration.  

 

3.2.2 Preparation of CNH/CFME and ox-CNH/CFME 

Prior to the electrode modification, a cylindrical CFME was prepared by the same 

procedure as the previous work.31  Briefly, a T-650 carbon fiber (7-µm diameter, Cytec 

Engineering Materials, West Patterson, NJ) was pulled into a glass capillary (1.28 mm 

inner diameter × 0.68 mm outer diameter, A-M Systems, Sequim, WA) by an aspirating 

pump.  Then, the capillary was pulled by an electrode puller (model PE-21, Narishige, 

Tokyo, Japan) to get two electrodes.  The extended fiber was cut to a length of 100 µm.  

After that, each electrode was epoxied by dipping in an 80oC-solution of Epon Resin 828 

(Miller-Stephenson, Danbury, CT) and 14% m-phenylenediamine hardener (Acros 
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Organics, Morris Plains, NH) for 30 s to seal the fiber with the glass capillary.  Finally, the 

epoxied electrode was left overnight at room temperature, cured in an oven at 100oC for 

2 h, and 150oC overnight.  An electrical connection between the fiber and a connecting 

wire was made by filling 1 M KCl in the capillary before using. 

To prepare the modified electrodes, single-walled CNHs synthesized at Oak Ridge 

National Laboratory (ORNL), Oak Ridge, TN (Transmission electron microscopy (TEM) 

image of CNHs is shown in Fig. 3.1A) were dispersed in water with 0.1 M NaCl and 0.01 

M sodium dodecyl sulfate (SDS) and homogenized with an ultrasonic tissue homogenizer 

(model 150VT, Biologics, Manassas, VA) for 10 min.  The TEM images of CNHs were 

obtained using an FEI Titan 80-300 TEM (FEI Company, Hillsboro, OR) at the Nanoscale 

Materials Characterization Facility, Department of Materials Science and Engineering, 

University of Virginia. Samples were prepared by drop-casting of either CNH dispersion 

or oxidized CNH dispersion on the carbon type-B, 200-mesh, copper TEM grid (Ted Pella, 

Redding, CA). The acceleration voltage is 300 kV.  After that, the electrodeposition was 

performed in a batch electrochemical cell containing Ag/AgCl reference electrode, Pt 

counter electrode, and CFME working electrode in the CNH dispersion.  Using a 

potentiostat (Gamry Instruments, Warminster, PA), a repeated cyclic voltammetric 

waveform between �±1.0 to +1.0 V at a scan rate of 50 mV/s for 5�±25 cycles was applied 

to the CFME to obtain the CNH/CFME.  Finally, the oxidative etching was done by applying 

a constant potential of +1.5 V for 1�±4 min to the CNH/CFME to obtain the ox-CNH/CFME.  

All modified electrodes were left overnight before they were tested. 
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Fig. 3.1  TEM images of (A) CNHs and (B) oxidized CNHs. The CNHs form dahlia like 
structures, but more loose, open-ended CNHs are present for the oxidized CNHs (example 
arrows) compared to the not oxidized CNHs.  TEM images were collected by Helge Heinrich, 
Nanoscale Materials Characterization Facility, Department of Materials Science and 
Engineering, University of Virginia. 
 

3.2.3 Surface Characterization 

Scanning electron microscopy (SEM) images were taken using Quanta 650 (FEI 

Company, Hillsboro, OR) at the Nanoscale Materials Characterization Facility, 

Department of Materials Science and Engineering, University of Virginia.  The secondary 

electron detector images were recorded with an accelerating voltage of 2 kV and a working 

distance of approximately 10 mm.  Raman spectra were obtained from a Renishaw 100 

confocal micro-Raman system (Renishaw, Hoffman Estates, IL) at ORNL, using 532-nm 

laser. 

 

3.2.4 FSCV Instrumentation 

FSCV experiments were performed with a ChemClamp potentiostat and 

headstage (Dagan, Minneapolis, MN).  The triangular waveform with a holding potential 
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of �±0.4 V, a switching potential of +1.3 V, a scan rate of 400 V/s, and a repetition rate of 

10 Hz was applied to a working microelectrode versus Ag/AgCl reference electrode.  The 

buffer and test solutions were injected through the flow cell at 2 mL/min by a syringe pump 

(Harvard Apparatus, Holliston, MA) and a flow-injection system consisting of a six-port 

loop injector with an air actuator (VIVI Valco Instruments, Houston, TX).  The data were 

collected with HDCV Analysis software (Department of Chemistry, University of North 

Carolina at Chapel Hill). 

 

3.2.5 Statistics 

All values are given as the mean ± standard error of the mean (SEM) for n number 

of electrodes.  All statistical tests were performed in GraphPad Prism 7.0 (GraphPad 

Software, La Jolla, CA), and significance was defined at p < 0.05. 

 

3.3 Results and Discussion  

The goal of this study is to investigate the extent to which CNHs and oxidative 

etching improve FSCV electrochemical detection of dopamine.  CNHs were prepared as 

a conductive, homogeneous dispersion in order to be compatible with the 

electrodeposition technique and to prevent inter-dahlia agglomeration of CNHs.32  The 

solvent contained 0.1 M NaCl as a supporting electrolyte and 0.01 M SDS as a surfactant 

to disperse CNHs.  Fig. 3.1A shows a TEM image of the CNH dahlias.  Electrodeposition 

was performed by using CV waveform which can attract CNH particles from the dispersion 

onto the CFME surface by electrostatic interaction.33  Each dahlia CNHs particle is 

surrounded by SDS molecules as a negatively charged micelle.  The positively scanned 
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CV waveform attracts the negative micelles to bring and attach CNHs on the CFME 

surface; then the SDS molecules are dissolved back into the aqueous solution. 

 

3.3.1 Surface and Electrochemical Characterization of CNH/CFME 

CFMEs were initially subjected to the electrodeposition from a 0.5 mg/mL CNH 

dispersion with a slow-scan CV waveform (�±1.0 V to +1.0 V, 50 mV/s, 10 cycles).  The 

SEM images in Fig. 3.3A show distributed spherical particles on the carbon fiber which 

are not present on an unmodified CFME (Fig. 3.2).  From Fig. 3.3B, which is the enlarged 

image of CNH/CFME, these CNHs are between 80�±120 nm, which is consistent with the 

reported diameter of the dahlia-aggregated CNHs.2  This spherical shape and size is also 

similar to other reported literature on the CNH-modified electrodes34,35 and CNH 

assemblies.36 Therefore, these SEM images confirm that CV electrodeposition technique 

is an appropriate technique to prepare CNH/CFME. CNH particles did not completely 

cover the carbon-fiber surface, even when the CNH concentration or electrodeposition 

cycles were increased. Instead, using higher CNH concentrations led to agglomeration of 

the dahlia-CNHs, and resulted in thicker, but uneven coatings which are undesirable for 

our electroanalytical application.10 

 

Fig. 3.2  SEM image of an unmodified CFME. 
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Fig. 3.3  SEM images show the electrodeposited CNHs on the CFME surface. (A-B) 
CNH/CFME prepared from electrodeposition of 0.5 mg/mL CNH using 10 cycles of CV 
scanned between �±1.0 V to +1.0 V at a scan rate of 50 mV/s. (C-D) ox-CNH/CFME prepared 
from the oxidative etching of CNH/CFME in 1 M NaOH at a constant potential of +1.5 V vs. 
Ag/AgCl for 1.5 min. 
 

Fig. 3.4 shows FSCV detection of 1 µM dopamine before and after 

electrodeposition of CNHs. From the representative cyclic voltammogram (Fig. 3.4A), 

CNHs enhanced the dopamine anodic peak current from 20 nA to about 50 nA, an 

increase of 2.5-fold. The cathodic current also increased by the same magnitude. The 

background current, or charging current, is proportional to the electrode surface area and 

specific capacitance of the electrode material.37 From Fig. 3.4B, the background current 

increased from about 500 nA to 750 nA, about 1.5-fold, at this particular electrode. The 

magnitude of background current increase is less than that of the peak current. The other 

�I�H�D�W�X�U�H�V���R�I���W�K�H���&�9�����L�Q�F�O�X�G�L�Q�J���ûEp, and ratio of anodic to cathodic peak did not obviously 

change, which implies that there is no electrocatalytic effect of CNHs.   
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Fig. 3.4  Example data before and after CNH deposition. FSCV response from unmodified 
CFME (green line) and CNH/CFME (orange line) prepared from the electrodeposition of 0.5 
mg/mL CNH using 10 cycles of CV scanned between �±1.0 V to +1.0 V at a scan rate of 50 
mV/s. (A) background-subtracted CV of 1 µM dopamine, (B) background current in PBS pH 
7.4, and (C) current vs. time trace of bolus injection of 1 µM dopamine. 
 

3.3.2 Optimization of CNH Electrodeposition 

We optimized the CNH electrodeposition process by varying the concentration of 

CNHs in the dispersion and the number of electrodeposition cycles. In Fig. 3.5A, 

electrodeposition was performed in CNH dispersions at concentrations from 0.1 to 1.5 

mg/mL and there was a significant main effect of CNH concentration on the anodic peak 

current for 1 µM dopamine (one-way ANOVA, p < 0.001, n = 4-6). The control here is 

blank electrodeposition, where the electrodeposition waveform was applied to the CFME 

in the solvent without CNHs. All CNH concentrations above 0.1 mg/mL significantly 

increased the anodic peak current of 1 µM dopamine compared to control (Bonferonni 

post-test, n = 4�±6). The anodic peak current increased with increasing CNH concentration 

from 0.1 to 0.5 mg/mL, but then plateaued or even decreased slightly after that. The 

background current also significantly increased with CNH concentration (one-way 

ANOVA, p < 0.05, n = 4-6, Fig. 3.6A), thus the cause of the plateau is likely a thicker, 

multilayer CNH deposition with higher concentrations. Here, our result indicates 0.5 

mg/mL as the optimum concentration of CNH and this was used in all further experiments. 
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Fig. 3.5  Optimization of CNH deposition parameters. Average 1 µM dopamine anodic peak 
currents for CNH/CFME preparation. (A) Effect of CNH concentration while using 10 cycles of 
electrodeposition waveform. Blank electrodeposition was used as a control; the 
electrodeposition waveform was applied to a CFME in the solvent without CNHs. (B) Effect of 
number of deposition cycles while using 0.5 mg/mL CNH dispersion. Unmodified CFME was 
used as a control. (n = 4�±6, error bars represent SEM, one-way ANOVA with Bonferroni post-
test compared to the control (gray bars). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) 
 

 

Fig. 3.6  Background currents obtained in PBS pH 7.4 for optimization of CNH deposition 
parameters. (A) Effect of CNH concentration while using 10 cycles of electrodeposition 
waveform. Blank electrodeposition was used as a control; the electrodeposition waveform was 
applied to a CFME in the solvent without CNHs. (B) Effect of number of deposition cycles while 
using 0.5 mg/mL CNH dispersion. Unmodified CFME was used as a control. (n = 4�±6, error 
bars represent SEM, one-way ANOVA with Bonferonni post-test compared to the control (gray 
bars), *p < 0.05, **p < 0.01, ***p < 0.001) 

 

Fig. 3.5B shows the effect of number of deposition cycles, from 5 cycles to 25 

cycles. The control is an unmodified CFME.  There is a significant main effect of number 

of deposition cycles (one-way ANOVA, p < 0.0001, n = 4-6). Increasing from 5 to 10 cycles 

enhances the anodic peak current of the CNH/CFME because using higher number of 

deposition cycles provides more time for negatively-charged CNHs to be electrodeposited 
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on the CFME. However, the response plateaus after 10 cycles, despite the fact that the 

background keeps increasing (Fig. 3.6B), likely because the thicker coating layer would 

not all be accessible for electrochemical reactions. CVs are noisier when CNH/CFMEs are 

prepared with higher number of electrodeposition cycles or CNH concentrations. This 

noise may come from the agglomeration of CNH particles on the electrode surface or in 

the dispersion and noise is proportional to background current and electrode surface area. 

38 Therefore, the optimized number of electrodeposition cycles is 10 cycles.  

In addition, a dip coating control was performed by dipping the CFME in the 0.5 

mg/mL without applying a potential. Immersing the CFME in CNH dispersion for 800 s (the 

same length of time as 10 cycles of electrodeposition) caused no effect as the anodic peak 

currents for dopamine before (26 ± 4 nA) and after dip coating (27 ± 4 nA) were not 

significantly different (paired t-test, p = 0.898, n = 5). Thus, electrodeposition is crucial to 

coat the CNHs on the carbon-fiber surface.  

The optimized CNH/CFME was electrochemically characterized and average data 

from five electrodes is shown in��Table 3.1. CNH/CFME has a 2.3 ± 0.2 times higher anodic 

peak current than CFME and a 1.5 ± 0.1 times higher background current. The LOD was 

found by determining the concentration of dopamine giving signal-to-noise ratio (S/N) of 

3. Because CNH/CFME gives higher noise than CFME due to greater surface area, the 

LOD (11 ± 1 nM) is only slightly smaller and not significantly different than that of CFME 

(15 ± 1 nM) (unpaired t-test, p = 0.095, n = 4). Other electrochemical parameters, including 

anodic-�F�D�W�K�R�G�L�F���S�H�D�N���V�H�S�D�U�D�W�L�R�Q�����ûEp), anodic-cathodic peak current ratio (ipa/ipc), and rise 

time are not different between CNH/CFME and unmodified CFME. The LOD of 

CNH/CFME is compared with previous literature in Table 3.2. Our electrode has better 

LOD than previous CNH-modified screen-printed28 and glassy carbon electrodes29 
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because of less agglomeration from electrodeposition compared to drop-casting. The LOD 

is also better than other CNT or graphene-modified electrodes prepared from other 

techniques.16,39,40 

 
Table 3.1  Average electrochemical response to 1 µM dopamine and limit of detection for 
dopamine at unmodified CFME, CNH/CFME, and ox-CNH/CFME (n = 5). 
Electrode  Peak current 

enhancement a 
Background 
enhancement  

�ûEp 
(mV) 

ipa/ipc rise 
time b (s) 

LOD 
(nM) 

CFME 1 (defined) 1 (defined) 832 ± 2 1.65 ± 0.05 1.1 ± 0.1 15 ± 1 

CNH/CFME 2.3 ± 0.2 1.5 ± 0.1 835 ± 2 1.68 ± 0.05 1.1 ± 0.2 11 ± 1 

ox-
CNH/CFME 

3.5 ± 0.1 1.6 ± 0.3 825 ± 10 1.63 ± 0.05 1.1 ± 0.1 6 ± 2 

a ratio of the anodic peak current obtained from modified electrode to that obtained from 
unmodified CFME. 
b time from 10% to 90% of the peak current 
 
 
Table 3.2  LOD for dopamine detection compared at several carbon nanohorn-electrochemical 
sensors. 
Electrode material  Technique a LOD  Ref. 
CNH/CFME 
 

FSCV 15 nM This work 

ox-CNH/CFME 
 

FSCV 6 nM This work 

CNH/glassy carbon electrode 
 

LSV 60 nM 29 

CNH/screen-printed carbon electrode 
 

DPV 100 nM 28 

oxidized CNH/ screen-printed carbon electrode 
 

DPV 400 nM 28 

a FSCV = fast-scan cyclic voltammetry, LSV = linear seep voltammetry, DPV = differential 
pulse voltammetry  
 

CNHs form a dahlia-like aggregate on the carbon-fiber surface. Each dahlia 

particle has a spherical shape with rough, porous surface, which provide interstitial��surface 

area to adsorb dopamine on the electrode surface.1,7 The sparse, monolayer of CNHs on 

the carbon-fiber surface is similar to that of CNTs grown on metal electrode.21 This 

morphology provides a more accessible surface area for electroactive species, and leads 
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to increases in redox current. Because the dopamine redox reaction at carbon-based 

microelectrode is adsorption-controlled,41  the peak current increase should be 

proportional to the surface area increase, which can be estimated from the background 

charging current, assuming the carbon nanohorns and fibers have the same 

capacitance.37 As shown in Fig. 3.4 and��Table 3.1, CNH/CFMEs have a higher increase 

in Faradaic current than background current. Thus, CNHs enhance the specific adsorption 

of dopamine on the CNH/CFME surface in addition to increasing the surface area. 

Previous computer simulation and adsorption modeling suggest that CNHs have a high 

electric field at their cone tips, which also have defect sites containing surface oxide 

groups.1,2,7 Hence, the CNH tips, which point radially outward from the aggregate center, 

enhance the dopamine adsorption. However, CNHs do not show electrocatalytic effect for 

dopamine redox reaction at CNH/CFME and thus peak potentials are not changed.  

 

3.3.3 Surface Characterization and Optimization of Oxidative Etching 

The CNH/CFME was further modified to improve the sensitivity toward dopamine 

detection��by oxidative etching. This process generates defects in carbon microstructure 

and increases the amount of surface oxides.21,42 The procedure was adapted from a study 

which oxidatively etched a vertically-aligned CNT-sheathed CFME for neurotransmitter 

detection.43��The��optimized CNH/CFME was oxidized by applying a constant potential of 

+1.5 V vs. Ag/AgCl in 1 M NaOH.  Fig. 3.3C-D shows the SEM images of ox-CNH/CFME. 

No difference is observed in the morphology of the carbon-fiber or deposited CNHs 

between CNH/CFME and ox-CNH/CFME, which is expected because the oxidative 

etching should be on a smaller scale. Raman spectra were compared (Fig. 3.7) before 

and after etching to evaluate the intensity ratio of the D (defect) band around 1350 cm �±1 
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and the G (graphitic) band around 1580 cm�±1. The D/G ratio indicates proportion of the 

sp3-hybridized carbons compared to that of sp2-hybridized carbons.12,21 The D/G ratio of 

ox-CNH/CFME (3.1 ± 0.1) is significantly higher than that ratio of CNH/CFME (2.7 ± 0.1) 

(unpaired t-test, p < 0.05, n = 4), so the ox-CNH/CFME has more defect sites or edge 

planes than CNH/CFME and can lead to increased dopamine adsorption.11,14 

 

Fig. 3.7  Raman spectra of CNH/CFME prepared from the electrodeposition of 0.5 mg/mL 
CNH using 10 cycles of CV scanned between �±1.0 V to +1.0 V at a scan rate of 50 mV/s and 
ox-CNH/CFME prepared from the oxidative etching of CNH/CFME in 1 M NaOH at a constant 
potential of +1.5 V vs. Ag/AgCl for 90 s. 
 

Fig. 3.8 shows the electrochemical response of ox-CNH/CFME compared to that 

of CNH/CFME. In Fig. 3.8A, the anodic peak current of 1 µM dopamine at ox-CNH/CFME 

is increased from 50 nA to 75 nA, or about 1.5 times that of the CNH/CFME. The cathodic 

peak current also increases by the same magnitude. The peaks are shifted about 200 mV 

in the positive direction after oxidation.  The background current of the ox-CNH/CFME is 

almost unchanged, from 960 nA to 980 nA after etching (Fig. 3.8B), and the background 

peaks are also positively shifted. The time response trace for ox-CNH/CFME and 

CNH/CFME to an injection of dopamine are not different from each other, showing that a 

fast time response is maintained after oxidation (Fig. 3.8C). As a control, unmodified 

CFMEs were also applied the +1.5 V constant potential for 90 s in 1 M NaOH.   The anodic 

peak current for dopamine after the oxidation (34 ± 3 nA) is not significantly changed from 

D     G 
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the unmodified CFME (30 ± 2 nA) (paired t-test, p = 0.071, n = 5), indicating that the 

current increase of ox-CNH/CFME is due to oxidation of the CNHs. 

 

 

Fig. 3.8  Oxidized CNH electrodes. (A-C). FSCV response of ox-CNH/CFME (blue line) 
prepared from 1.5-min oxidative etching of the optimized CNH/CFME (orange line). (A) 
background-subtracted CV of 1 µM dopamine, (B) background current in PBS pH 7.4, and (C) 
current vs. time trace in response to a bolus of 1 µM dopamine. (D) Optimization of oxidative 
etching time, response is anodic current for 1 �PM dopamine. (n = 4�±6, error bars represent 
SEM, one-way ANOVA with Bonferroni post-test compared to CNH/CFME (an orange bar), *p 
< 0.05) 
 

Fig. 3.8D shows the effect of varying the oxidative etching time from 1 to 4 min on 

the anodic peak current of 1 µM dopamine. There is a significant main effect of oxidation 

time on the anodic current (one-way ANOVA, p < 0.05, n = 4-6). The peak current of 1 µM 

dopamine at ox-CNH/CFME was maximal at 1.5 min and significantly higher than the non-

oxidized CNH/CFME (Bonferonni post-test, p < 0.05, n = 4�±6). The background current of 

ox-CNH/CFME is not affected by the oxidation time (Fig. 3.9) (one-way ANOVA, p = 0.891, 

n = 4-6), implying there are no changes in electrode surface area from oxidative etching. 
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Fig. 3.9  Background currents obtained in PBS pH 7.4 for optimization of the oxidative etching 
of the optimized CNH/CFME. (n = 4�±6, error bars represent SEM, one-way ANOVA with 
Bonferroni post-test compared to CNH/CFME (an orange bar)) 
 

The average electrochemical characterization data from the optimized ox-

CNH/CFME with 1 µM dopamine are shown in��Table 3.1. The dopamine peak current is 

increased from CNH/CFME by 1.5 times, or a total of 3.5 ± 0.2 times compared to 

unmodified CFME. The background current enhancement is 1.6 ± 0.3 times of the 

unmodified CFME, as the oxidation does not affect the background current significantly. 

The �ûEp and ipa/ipc ratio of ox-CNH/CFME are also unchanged after the oxidative etching.��

The dopamine LOD for ox-CNH/CFME is 6 ± 2 nM, which is significantly improved from 

the CNH/CFME (unpaired t-test, p < 0.01, n = 5) while maintaining the same rise time 

(unpaired t-test, p = 0.831, n = 5).�� 

The oxidation of CNHs has been performed by various methods including O2,4 

H2O2,3 or HNO3.36 These studies found the oxidation process opening the tips of each 

CNH creates sp3-hybridized carbons and surface oxide groups.3,4,36 The CNH tips have 

ring strain caused by pentagon nonplanar structure, so they are easier oxidized than the 

cone wall.1 The oxidized CNHs, as shown in the TEM image in Fig. 3.1B, had looser and 

more opened dahlia-aggregated structure than the pristine CNHs.��  Our results indicate 

the increasing of D/G ratio of ox-CNH/CFME from that of CNH/CFME from Raman 
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spectroscopy, so the edge planes and surface oxide groups are created while the same 

surface area is maintained because of the unchanged background current. The increased 

oxide groups without a change in background improves the S/N ratio and the LOD, making 

the ox-CNH/CFME a better probe for FSCV detection of dopamine. The whole CV of the 

dopamine obtained from ox-CNH/CFME is positively shifted in potential from that of 

CNH/CFME by 200 mV (Fig. 3.8A). Because the etching process introduces oxide groups, 

which are negatively charged at pH 7.4, more positive charge is required to overcome the 

surface charge. This shifting is similar to a previous study on oxygen-plasma etched CNT 

yarn microelectrodes that also had shifted CVs.27 

 

3.3.4 Analytical Performance of the ox-CNH/CFME 

The electrochemical properties of ox-CNH/CFME were studied and analytical 

figures of merit obtained for dopamine. Fig. 3.10A-B illustrate the relationship between 

anodic peak current of dopamine with varied scan rate from 50 to 1000 V/s at the ox-

CNH/CFME. The linearity of the peak current with scan rate (R2 = 0.998) and not square 

root of scan rate (R2 = 0.982) indicates that the dopamine redox reaction at ox-CNH/CFME 

is adsorption-controlled.37 The result indicates the important role of ox-CNH/CFME 

surface, i.e. surface oxide groups, in dopamine adsorption.11 

Fig. 3.10C shows the concentration dependence of dopamine anodic peak current 

at ox-CNH/CFME. The electrode was tested with 50 nM to 100 µM dopamine in PBS pH 

7.4. The peak current was linear with dopamine concentration up to 5 µM (R2 = 0.987), or 

two orders of magnitudes from 50 nM, as shown in Fig. 3.10D. At higher concentration, 

the peak current deviates from linearity because all the surface sites are occupied and the 

dopamine redox reaction could become diffusion-controlled, as supported by the shape of 
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CV of 100 µM dopamine (Fig. 3.10E). The CV of adsorption-controlled electron transfer 

has symmetrical peak�� shapes because the process is similar to the thin-layer 

electrochemical cell condition, while the CV peak of diffusion-controlled process is 

�X�Q�V�\�P�P�H�W�U�L�F�D�O�����D�Q�G���K�D�V���W�K�H���P�R�U�H���W�U�D�G�L�W�L�R�Q�D�O���³�G�X�F�N-�O�L�N�H�´���V�K�D�S�H.37 This saturation is similar 

to the previous work,41 which found that redox reaction at CFMES is diffusion-controlled 

at higher dopamine concentrations. In addition, the CV of 50 nM is shown (Fig. 3.10E) to 

demonstrate the potential of the ox-CNH/CFME to detect dopamine at a very low 

concentration near the LOD. 

In biological experiments, neurotransmitters are usually monitored for several 

hours. To investigate the stability and reproducibility of ox-CNH/CFME in dopamine 

detection, the FSCV waveform was continuously applied to the electrode, and the anodic 

peak current of dopamine was measured every 2 h for 8 h. Fig. 3.10F shows that the peak 

current does not dramatically change throughout the experiment. The relative standard 

deviation (RSD) of the peak current at the same electrode is 7.4 + 1.0% (n = 3). These 

results confirm good stability of the ox-CNH/CFME and indicate that the deposited CNH 

on the carbon-fiber surface does not fall off the electrode, even when it is scanned for a 

long period of time. 
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Fig. 3.10  Analytical performance of ox-CNH/CFME. (A-B) Scan rate dependence.  Anodic 
peak current of 1 µM dopamine is plotted vs (A) scan rate or (B) square root of scan rate (n = 
4). The plot is more linear vs scan rate indicating adsorption-controlled kinetics.  (C-D) 
Concentration dependence. (C) Plot of anodic peak current vs. dopamine concentration from 
50 nM to 100 µM (n = 4). (D) The current is linear from 50 nM to 5 µM (n = 4). (E) Example 
CVs of 50 nM and 100 µM dopamine in PBS pH 7.4. (F) Stability. Peak current was stable 
when dopamine was measured every 2 h for 8 h (n = 3). FSCV waveform was continuously 
applied. Error bars represent SEM. 
 

We also examined the FSCV response from ox-CNH/CFME toward other 

neurochemicals including epinephrine, norepinephrine, serotonin, and ascorbic acid (Fig. 

3.11). In general, the whole CV of all neurochemicals (Fig. 3.11A-D) shifts positively from 
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CV obtained at the unmodified CFME, similar to that of dopamine (Fig. 3.11A), due to the 

surface charge.  The cationic neurotransmitters epinephrine, norepinephrine, and 

serotonin had similar peak current enhancements (2.8 ± 0.1 times for epinephrine (Fig. 

3.11A), 2.1 ± 0.2 times for norepinephrine (Fig. 3.11B), and 2.2 ± 0.2 times for serotonin 

(Fig. 3.11C). Ascorbic acid is an anion with a high concentration in biological matrixthat 

can interfere electrochemical analysis.44 ��Fig. 3.11D shows that the current enhancement 

of ascorbic acid (1.4 ± 0.1 times) is significantly less than that of dopamine (unpaired t-

test, p < 0.0001, n = 4) because of the electrostatic repulsion between negatively-charged 

ascorbic acid and surface oxide groups on ox-CNH/CFME. The current enhancement of 

ascorbic acid is likely only caused by electrode surface area increase. These differences 

in the current enhancements show the enhanced selectivity of ox-CNH/CFME towards 

cations.  

 

 

Fig. 3.11  Response to other neurochemicals.  Response of ox-CNH/CFME (blue line) 
compared with unmodified CFME (green line). (A) 1 µM epinephrine (EP), (B) 1 µM 
norepinephrine (NE), (C) 1 µM serotonin (5-HT), and (D) 200 µM ascorbic acid (AA) in PBS 
pH 7.4. (E) anodic peak current enhancement at ox-CNH/CFME (compared to unmodified 
CFME (n = 4)). Error bars represent SEM. 
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A smaller peak was observed at about +0.4 V in the CV of epinephrine and 

serotonin ox-CNH/CFME. This peak corresponds to a cyclization of their quinone form via 

1,4-Michael addition yielding leucoaminochromes.45,46 The peak is observed at ox-

CNH/CFME but not CFME because the quinone form, which is the oxidation products of 

those catecholamines, are adsorbed in the interstitial pore and tips of CNHs. Therefore, 

the products have longer time at the electrode surface and can undergo another electron 

transfer causing such cyclization. However, dopamine and norepinephrine have lower 

cyclization rate constant,47 so their cyclization peaks were not observed.  

One concern for possible use of microelectrodes in vivo is the fouling of the surface 

from proteins or from oxidation products of compounds, such as serotonin which can 

polymerize after oxidation.48 The resistance of ox-CNH/CFME toward biofouling was 

determined by comparing the anodic peak current of 1 µM dopamine from the electrode 

before and after placing the electrode in the brain slice tissue (prepared by Scott Lee) for 

2 h. The current after fouling (39 ± 5 nA) significantly decreases from original current (64 

± 3 nA) (paired t-test, p < 0.005, n = 4). However, the decrease is only about 40%, which 

is less than the decrease observed at unmodified CFMEs, where the dopamine anodic 

current decreased by 70%.49 The background current at ox-CNH/CFME before (1080 ± 

240 nA) and after biofouling (960 ± 140 nA)  is not significantly different (paired t-test, p = 

0.500, n = 4), consistent with our previous studies of oxygen plasma etched-CNT yarn 

microelectrode.27 Edge planes and surface oxide groups from CNHs and oxidative etching 

increase the hydrophilicity of the electrode surface, which decreases the irreversible 

protein adsorption generally caused by hydrophobic interactions.50 Higher hydrophilicity 

also increases wetting at the electrode surface, which helps to maintain the reproducibility 
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of the response and for CNHs to stay on the CFME surface.  Future studies can test the 

performance of these CNH electrodes in vivo, but the resistance to biofouling will help 

maintain the signal enhancements in tissue.   

 

3.4 Conclusions  

We have optimized electrodeposition of carbon nanohorns to enhance the signal 

for dopamine using FSCV. The signal is further improved by oxidative etching that 

introduces more defect sites and surface oxide groups to enhance dopamine adsorption.  

Overall, the current for dopamine improves 3.5-time higher than unmodified CFME and 

the LOD is 6 nM, while the rapid time response is maintained, and the measurements are 

stable for 8 h, longer than a typical biological experiment.  In addition, ox-CNH/CFME 

increased the signal from other cationic neurotransmitters including epinephrine, 

norepinephrine, and serotonin but not the anionic interferent ascorbic acid, demonstrating 

improved selectivity.  Oxidized CNHs also improved the biofouling resistance of the 

microelectrode. Overall, CNHs are a promising nanomaterial to enhance sensitivity and 

selectivity for cationic neurotransmitters.   
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CHAPTER 4  

Nanodiamond Coating Improves the Sensitivity and Antifouling Properties 

of Carbon -Fiber Microelectrodes  
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Abstract  

Nanodiamonds (NDs) are carbon nanomaterials with a core diamond crystalline 

structure and crystal defects, such as graphitic carbon and heteroatoms, on their surface.  

For electrochemistry, NDs are promising to increase active sites and decrease fouling, but 

NDs have not been studied for neurotransmitter electrochemistry.  Here, we optimized ND 

coatings on microelectrodes and found that ND increases the sensitivity for 

neurotransmitters with fast-scan cyclic voltammetry detection and decreases 

electrochemical and biofouling.  Different sizes and functionalizations of NDs were tested, 

and ND suspensions were drop-casted onto carbon-fiber microelectrodes (CFMEs).  The 

5-nm ND-H and 5 nm ND-COOH formed thick coatings, while the 15 and 60 nm ND-COOH 

formed more sparse coatings. With electrochemical impedance spectroscopy, 5 nm ND-

H and 5 nm ND-COOH had high charge-transfer resistance, while 15 and 60 nm ND-

COOH had low charge-transfer resistance.  The 15-nm ND-COOH was optimal, with the 

best electrocatalytic properties and current for dopamine.  Sensitivity was enhanced 2.1 ± 

0.2 times and the limit of detection for dopamine improved to 3 ± 1 nM. ND coating 

increased current for other cations such as serotonin, norepinephrine, and epinephrine, 

but not for the anion ascorbic acid.  Moreover, NDs decreased electrochemical fouling 

from serotonin and 5-hydroxyindoleacetic acid, and they also decreased biofouling in brain 

slice tissue by 50%.  The current at biofouled ND-coated electrodes is similar to the signal 

of pristine, unfouled CFMEs.  The carboxylated ND-modified CFMEs are beneficial for 

neurotransmitter detection because of easy fabrication, improved limit of detection, and 

antifouling properties. 
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4.1 Introduction  

Nanodiamonds (NDs) or diamond nanoparticles are a carbon nanomaterial which 

has a diamond crystalline core structure made up from sp3-hybridized carbon atoms, with 

heteroatoms and defects at their surface.1�±3  NDs can be synthesized via several methods, 

but the most common method is the detonation of trinitrotoluene and hexogen explosives 

in controlled, oxygen-deficient, high pressure, and high temperature environment;4,5 

�K�H�Q�F�H�����W�K�L�V���1�'���L�V���F�D�O�O�H�G���³�G�H�W�R�Q�D�W�L�R�Q��ND���´�����1�'�V���K�D�Y�H���S�D�U�W�L�F�O�H���G�L�D�P�H�Wers from 1 to 500 nm 

as synthesized,5�±8 but they can aggregate to form larger particles.9  Although the same 

sp3 core structure causes bulk diamond to be a perfect electrical insulator, NDs are 

electrically conductive.6,10  The contrasting electrical behaviors between NDs and bulk 

diamond are due to the surface defects and terminal groups of NDs which contain sp2-

hybridized carbons such as C=C, C=O, and COOH.10    When NDs are coated on 

commonly used electrodes such as gold or glassy carbon, NDs act as an electrocatalyst 

for redox reactions of electroactive species including [Fe(CN)6]3�±/4�±, [Ru(NH3)6]3+/2+, and 

nitrite ion.10�±12  Holt proposed that the energy levels of oxide groups increase the density 

of state of NDs, facilitating electrical conductivity and electrocatalysis.13  The small size of 

NDs leads to high specific surface area and also enhances the electrochemical activity.14�±

17  However, ND has not been widely used as an electrode material and has not been 

examined in biological applications, such as for neurotransmitter detection.   

The neurochemistry community typically utilizes carbon-fiber microelectrodes 

(CFMEs) as the standard electrochemical sensor for real-time in vivo detection of 

neurotransmitters.2,18�±22  Many carbon nanomaterials including graphene,23,24 carbon 

nanotubes (CNTs),25�±28 and carbon nanohorns29 have been coated or grown on CFMEs 

to enhance surface area, electrocatalytic properties, and dopamine adsorption by adding 
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edge plane carbons.2,20,30,31  These properties enhance the faradaic current and signal-to-

noise ratio, improving analytical performance for dopamine detection.  Carbon 

nanomaterials that have high number of defects and oxygen-containing surface functional 

group that increase hydrophilicity also exhibit antifouling properties against biofouling and 

electrochemical fouling.2,31,32  Biofouling typically occurs when proteins adhere to the 

electrode surface via electrostatic or hydrophobic interactions, decreasing sensitivity by 

decreasing the electroactive area.2,33  Electrochemical fouling from redox reactions of 

other electroactive species such as serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-

HIAA) also diminishes the electrode sensitivity.34�±37  Boron-doped diamond (BDD) 

electrodes are popularly used to limit biofouling and electrochemical fouling because they 

have fewer surface functional groups that adsorb fouling products.35,38�±44  For example, 

BDD-coated Pt wires are used to measure serotonin in the harsh conditions of the gut 

because of their antifouling properties.40  However, BDD does not promote dopamine 

adsorption and gives less electrochemical activity, especially toward surface-sensitive 

probes.   NDs prevent dopamine electrochemical fouling45 and suppress the lithium 

dendrite growth in rechargeable batteries.8  NDs also have improved biocompatibility 

compared to nanotube-based materials,46 and promote cell viability because their 

synthesis does not require metal catalysts, which are sometimes present in CNT and 

cause cell toxicity.14 These potential antifouling properties, combined with their 

electrocatalytic and adsorption properties, make NDs a promising electrode material for 

biological applications. 

In this paper, we develop ND-modified CFMEs (ND/CFMEs) and explore their 

properties for neurochemical detection using fast-scan cyclic voltammetry (FSCV).  NDs 

are produced in various sizes and surface terminal groups, such as hydrogen-terminated 
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or carboxyl-terminated,4 which may affect their surface properties.1,13,47 We optimized a 

simple drop-casting technique to deposit NDs from aqueous dispersions on the CFME 

surface and compared 5 nm H-terminated and COOH-functionalized NDs as well as 15 

and 60 nm COOH-functionalized NDs.  Larger, carboxylated (15-60 nm) particles were 

optimal as they enhanced the dopamine faradaic current, improved the limit of detection 

(LOD) for dopamine, and had electrocatalytic properties.   ND coatings were antifouling, 

as the current decayed much less after implantation in brain tissue than CFMEs.  

ND/CFMEs also resisted electrochemical fouling by serotonin and 5-HIAA.  Overall, 

increased sensitivity and decreased chemical and biofouling make ND-modified 

electrodes promising for in tissue neurotransmitter sensing. 

 

4.2 Experimental Section  

4.2.1 Chemicals 

Dopamine, epinephrine, norepinephrine, serotonin, 5-HIAA, ascorbic acid, and 

potassium ferricyanide were purchased from Acros Organics (Morris Plains, NJ). A 10 mM 

stock solution of each neurotransmitter was prepared in 0.1 M HClO4. The final working 

solutions were prepared by diluting the stock solution in a phosphate-buffered saline 

(PBS) (131.25 mM NaCl, 3.00 mM KCl, 10 mM NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, 

and 1.2 mM CaCl2 with pH adjusted to 7.4) to the desired concentration. 

 

4.2.2 Preparation of ND/CFMEs 

Before preparing the modified electrodes, a cylindrical CFME was fabricated by 

the same procedure as previous work.48  A T-650 carbon fiber (7-µm diameter, Cytec 

Engineering Materials, West Patterson, NJ) was pulled into a glass capillary (1.28 mm 
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inner diameter × 0.68 mm outer diameter, A-M Systems, Sequim, WA) by an aspirating 

pump.  Then, the capillary was pulled by an electrode puller (model PE-21, Narishige, 

Tokyo, Japan) to get two electrodes.  The extended fiber was cut to a length of about 100 

µm.  After that, each electrode was epoxied by dipping in an 80oC-solution of 14% m-

phenylenediamine hardener (Acros Organics, Morris Plains, NH) in Epon Resin 828 epoxy 

(Miller-Stephenson, Danbury, CT) for 30 s to seal the fiber with the glass capillary.  The 

electrode was then dipped in acetone for 5 s.  Finally, the epoxied electrode was cured 

overnight at room temperature, cured in an oven at 100oC for 2 h, and 150oC overnight.  

and the electrode capillary was back filled with 1 M KCl for electrical connection. 

The 1% ND dispersions in water were purchased from Adámas Technologies 

(Raleigh, NC) and were bath sonicated for 15 min before use.  Different NDs were 

compared: 5-nm hydrogen-terminated ND (ND-H 5), 5-nm carboxylated ND (ND-COOH 

5), 15-nm carboxylated ND (ND-COOH 15), and 60-nm carboxylated ND (ND-COOH 60).  

ND-H and ND-COOH were reported the zeta potential at pH 7 to be +30 mV and �±45 mV, 

respectively.49 All NDs were characterized by transmission electron microscopy (TEM), X-

ray photoelectron spectroscopy (XPS), and Raman spectroscopy before used (Fig. 4.1-

4.3).  To prepare the ND/CFMEs, 25 µL of the nanodiamond dispersion in water 

(equivalent to 0.25 mg of ND per drop) was dropped to cover the CFME tip on a glass 

slide on a hot plate, which accelerated solvent evaporation.  The process was repeated to 

optimize the amount of NDs on CFME via the number of ND drops.  Note that only some 

of the ND drop was deposited on the carbon fiber, and some was left on the glass slide.  

All ND/CFMEs were dried overnight at room temperature before characterization. 
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4.2.3 Surface Characterization 

Scanning electron microscopy (SEM) images of the electrodes were taken with 

Quanta 650 (FEI Company, Hillsboro, OR), at the Nanoscale Materials Characterization 

Facility, UVa Department of Materials Science and Engineering. The secondary electron 

images were recorded with an acceleration voltage of 2 kV and a working distance of 

approximately 10 mm.   

Transmission electron microscopy (TEM) images were obtained by using FEI Titan 

80-300 TEM (FEI Company, Hillsboro, OR) at the UVa NMCF.  ND dispersions were drop-

casted on the carbon type-B, 200-mesh, copper TEM grid (Ted Pella, Redding, CA).  The 

acceleration voltage is 300 kV. 

X-ray photoelectron spectroscopy (XPS) of NDs were performed at PHI 

Versaprobe III XPS (Physical Electronics, Chanhassen, MN) at the UVa NMCF.  The Al 

Ka monochromatic X-ray source (1486.6 eV) was used with a pass energy of 224 eV for 

elemental composition analysis and 55 eV for electronic state information.  ND dispersions 

were drop-casted on the silicon wafer.  The spectra were analyzed with MultiPak software 

which came with the instrument.  All spectra were corrected for the charging effect by 

shifting the C 1s sp3 peak to the binding energy of 284.8 eV. 

Raman spectra were collected from Renishaw 100 confocal micro-Raman system 

(Renishaw, Hoffman Estates, IL) at the Center for Nanophase Materials Sciences 

(CNMS), Oak Ridge National Laboratory (ORNL), using 532-nm laser. 
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A.  ND-H 5 nm 

 

B.  ND-COOH 5 nm 

C.  ND-COOH 15 nm 

 

D.  ND-COOH 60 nm 

 

E.  High magnification ND-COOH 15 nm 

Fig. 4.1  TEM image of different NDs. (A) ND-H 5 nm, (B) ND-COOH 5 nm, (C) ND-COOH 15 
nm, and (D) ND-COOH 60 nm.  (E) Diamond crystalline lattice structure and sp2 layer of ND-
COOH 15 nm. 
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A. ND-H 5 nm 

  
B. ND-COOH 5 nm 

  
C. ND-COOH 15 nm 

  
D. ND-COOH 60 nm 

 

 

 
Fig. 4.2  XPS spectra and C1s peak fitting of (A) ND-H 5 nm, (B) ND-COOH 5 nm, (C) ND-
COOH 15 nm, and ND-COOH 60 nm.  Carboxylated NDs had higher oxygen percentage and 
C-O/C=O/COOH peak area than hydrogenated NDs. 
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Table 4.1  XPS spectral information of NDs 
Samples  Atomic elemental 

composition a 
Deconvoluted C 1s peaks area b 

%C %O %sp 2 C-C %sp 3 C-C %C-O/ 

C=O/COOH 

New SPCE 95.1 4.9 38.4 61.6 nd 

SPCE in PBS to +1.5 V 85.9 14.1 8.5 29.4 62.1 

SPCE in histamine to +1.0 V 87.3 12.7 5.7 43.5 50.8 

SPCE in histamine to +1.5 V 88.9 11.1 10.3 58.7 31.0 

aValues shown are average values from two samples.  No other atoms were detectable. 
bnd = Not detected. 
 

 

Fig. 4.3  Raman spectra of different NDs. The broad peak around 1090-1100 cm�±1 is caused 
by nanodiamond surface plasmon,50 and the peak around 1325 cm�±1 is the diamond band.1  
The broad peak at 1590-1600 cm�±1 is a feature of surface graphitic sp2 �V�W�U�X�F�W�X�U�H�����V�K�L�I�W�H�G���³�*��
�E�D�Q�G�´����1  �7�K�H���V�S�H�F�W�U�D���V�K�R�X�O�G���K�D�Y�H���D���J�U�D�S�K�L�W�L�F���³�'���E�D�Q�G�´���D�W����������-1360 cm-1 as well because of 
the oxidized sp2 edge plane defects,3 but it may be convoluted with the larger diamond band 
at the similar wavenumber. The broad spectra feature is due to the photoluminescence 
properties of NDs. 
 

4.2.4 Electrochemical Instrumentation 

FSCV experiments were conducted using a two-electrode system: CFME or 

ND/CFME working electrode vs Ag/AgCl reference electrode.� � � �The electrodes were 

connected to a ChemClamp potentiostat and headstage (Dagan, Minneapolis, MN).����

Unless stated otherwise, the standard FSCV waveform with a holding potential of �±0.4 V, 

switching potential of +1.3 V, scan rate of 400 V/s, and repetition rate of 10 Hz was applied 

to the electrode.  The PBS buffer and test solutions were injected through the flow cell by 
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an automated syringe pump (Harvard Apparatus, Holliston, MA) at a flow rate of 2 mL/min.  

The FSCV data were collected with HDCV Analysis software (Department of Chemistry, 

University of North Carolina at Chapel Hill).  Electrochemical impedance spectroscopy 

(EIS) was performed at Gamry Reference 600 (Gamry Instruments, Warminster, PA) in a 

10 mM [Fe(CN)6]3�± in 1 M KCl using CFME or ND/CFME working electrode, Ag/AgCl 

reference electrode, and Pt counter electrode.  The DC applied potential was +0.24 V, the 

observed formal potential of [Fe(CN)6]3�±, and the AC potential amplitude of 10 mV was 

applied on the formal potential of [Fe(CN)6]3�± with an initial and final frequency of 1 MHz 

and 1 Hz, respectively.  The Nyquist plots were normalized by the electrode surface area. 

 

4.2.5 Statistics 

All reported values are given as the mean ± standard error of the mean (SEM) for 

n number of electrodes. All statistical analyses were performed in GraphPad Prism 8 

(GraphPad Software, La Jolla, CA). Statistical significance was defined at p < 0.05. 

 

4.3 Results and Discussion  

4.3.1 Physical Characterization of ND/CFMEs 

In this work, we examined four types of NDs: 5 nm ND particles with H termination 

(ND-H 5), 5 nm ND particles with carboxyl termination (ND-COOH 5),15 nm ND particles 

with carboxyl termination (ND-COOH 15), and 60 nm particles with carboxyl termination 

(ND-COOH 60). TEM images of NDs show the particle sizes, the core diamond crystalline 

structure, and the surface sp2 carbons layer (Fig. 4.1).  XPS spectra demonstrate that all 

ND-COOHs had higher oxygen composition and oxygen-contained carbons than ND-Hs 

(Fig. 4.2), and Raman spectra exhibit diamond band with graphitic features (Fig. 4.3).1,50,51   
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Microelectrodes were coated by repeated drop casting of 25 µL drops of a 1% 

aqueous ND dispersion onto a CFME.  Fig. 4.4 shows the SEM images of 10 drop coatings 

of ND-H 5/CFME (Fig. 4.4A), ND-COOH 5/CFME (Fig. 4.4B), ND-COOH 15/CFME (Fig. 

4.4C), and ND-COOH 60/CFME (Fig. 4.4D).  The images illustrate deposited ND particles 

on the carbon fiber surface, as the unmodified carbon fiber is smooth (SEM image of 

CFME is shown in Fig. 4.5).  The coatings for the 5 nm particles are denser than the 

coatings for the larger ND particles, which are more sparse.  ND-H 5/CFME had small 

deposited particles, many in the range of tens of nm.  The ND-COOH 5/CFME had a 

thicker coating consisting mainly of NDs smaller than 10 nm, and the SEM image is noisy 

because of the charging effects from the insulating, thicker coating.  ND-COOH 15/CFME��

had a sparse coating of ND-COOHs, with larger particles in the tens to hundreds of nm, 

similar to the particles on the ND-COOH 60/CFME.  The ND particle size from drop-casting 

was larger than the synthesized size because of aggregation of NDs in the dispersion.9  

Future research can investigate direct growth or deposition of ND particles on a conductive 

substrate to obtain more homogeneous, non-aggregated coatings. 
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Fig. 4.4  Physical characterization of ND/CFMEs. SEM images of (A) ND-H 5/CFME, (B) ND-
COOH 5/CFME, (C) ND-COOH 15/CFME, and (D) ND-COOH 60/CFME.  The modified 
electrodes were prepared from drop casting for 10 drops. Scale bar: 500 nm.   

 

 

Fig. 4.5  SEM image of an unmodified CFME. 
  

 
 

���������Q�P 
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4.3.2 Electrocatalytic Properties of ND/CFMEs 

We explored the electrocatalytic properties of all four types of NDs toward surface-

sensitive redox probes.  Fig. 4.6 shows the Nyquist plot from EIS of 10 mM [Fe(CN)6]3�±.  

The EIS spectra did not resemble a perfect semicircle in the high frequency range and a 

line of unity slope in the low frequency range because diffusion profiles at microelectrodes 

are different from those of larger electrodes.52 �7�K�H���V�L�]�H���R�I���W�K�H���³�V�H�P�L�F�L�U�F�O�H�´���Z�D�V���T�X�D�O�L�W�D�W�L�Y�H�O�\��

compared and fit to Randles equivalent circuit modified with non-linear resistance for 

microelectrodes53 (Fig. 4.7) to investigate charge-transfer resistance (Rct).  The semicircle 

features of ND/CFMEs were all smaller than CFMEs, indicating a lower Rct.  The order of 

Rct was ND-COOH 15 (0.30 ± 0.05 �  cm2) < ND-COOH 60 (0.32 ± 0.03 �  cm2) < ND-

COOH 5 (0.33 ± 0.01 �  cm2) < ND-H 5 (0.54 ± 0.08 �  cm2) < CFME (2.7 ± 0.3 �  cm2) (n 

= 4).  There was a big difference between the hydrogenated and carboxylated 5 nm 

particles with carboxylated particles better for electron transfer to ferricyanide.  

Interestingly, the more sparsely coated 15 and 60 nm ND particles had smaller Rct values 

than 5-nm ND-COOH.  This result was counterintuitive because usually smaller 

nanoparticles display better electrocatalytic enhancement.54  The SEM image of larger 

ND-COOHs showed sparse coatings, which effectively adds active sites but does not 

destroy conductivity.  However, the thick, film-like coatings of the smaller particles will 

worsen the charge transfer kinetics if the coating is resistant to electron transfer due to the 

sp3 insulating nature of NDs, compared to graphitic carbon in the CFME.30 
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Fig. 4.6  Nyquist plot from EIS of 10 mM [Fe(CN)6]3�± in 1 M KCl using unmodified CFME 
(black), ND-H 5/CFME (green), ND-COOH 5/CFME (purple), ND-COOH 15/CFME (orange), 
and ND-COOH 60/CFME (blue).  Both impedance axes were normalized by the electrode 
surface area. 
 

 

Fig. 4.7  Randles equivalent circuit with non-linear resistance accounting for spherical diffusion 
at microelectrode for EIS fitting.  Rs: solution resistance, Rct: charge-transfer resistance, Zw: 
Warburg impedance, Cd: double-layer capacitance, RNL: non-linear resistance. 
 

Table 4.2  Parameters from EIS spectra fitting using the circuit in Fig. 4.7 (n = 4) 
Samples  Rct ���N��� Cd (nF) Rs ���N��� �:�����0��V1/2) RNL ���N��� 

CFME 60 ± 6 0.45 ± 0.04 4.6 ± 0.9 3.7 ± 1.2 600 ± 60 

ND-H 5/CFME 13 ± 2 0.36 ± 0.01 4.4 ± 0.2 12 ± 8 2200 ± 700 

ND-COOH 5/CFME 9.5 ± 0.4 0.40 ± 0.02 4.1 ± 0.3 4.2 ± 0.6 600 ± 100 

ND-COOH 15/CFME 6 ± 1 0.20 ± 0.02 3.6 ± 0.3 6.4 ± 0.3 860 ± 200 

ND-COOH 60/CFME 7.8 ± 0.7 0.45 ± 0.07 4.4 ± 0.2 1.6 ± 0.3 420 ± 30 
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4.3.3 FSCV of Dopamine at CFMEs 

All ND/CFMEs were investigated for their FSCV responses (Fig. 4.8).  Example 

background charging currents are shown in Fig. 4.8A-E and they are all about the same 

size, around 700 nA. The average background currents (Fig. 4.8F) were not significantly 

different from each other (p = 0.1839, one-way ANOVA with Bonferroni post-test, n = 4-

6).  The background current is proportional to specific capacitance of the electrode 

material and electroactive surface area.55  Although the sp2 surface groups can increase 

the capacitance of BDD,56,57 the 15 and 60 nm ND particles do not fully coat the surface, 

so they might not add much material for charging.  The 5 nm particles actually show slightly 

decreased capacitance despite the fact they formed thicker coatings, implying the sp3 

hybridized ND exhibits a slightly lower capacitance that CFMEs.  

The background-subtracted CVs of 1 µM dopamine were also compared (Fig. 

4.8A-E).  The example CVs show that dopamine current for the two 5 nm ND samples are 

slightly lower than CFMEs, while the current for the 15 and 60 nm ND are twice as large 

as CFMEs.  There was a significant main effect of the ND type on the peak current (Fig. 

4.8G, p < 0.0001, one-way ANOVA with Bonferroni post-test, n = 4-6).  Bonferroni post-

tests indicate ND-COOH 15 and ND-COOH 60 significantly increased the dopamine peak 

current (p < 0.001 and p < 0.01, respectively) while ND-H 5 and ND-COOH 5 did not 

change the current (p = 0.0808 and p = 0.9517, respectively).  The highest dopamine peak 

current was obtained at the ND-COOH 15/CFME treated with 10 rounds of drop-casting; 

the peak current was enhanced by 1.9 ± 0.1 times.  Fig. 4.9A shows optimization of the 

number of drops for drop casting and 10 drops were used for all further experiments.   
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Fig. 4.8  FSCV responses: 1 µM dopamine (upper) and background current (lower) of (A) 
CFME, (B) ND-H 5/CFME, (C) ND-COOH 5/CFME, (D) ND-COOH 15/CFME, and (E) ND-
COOH 60/CFME in PBS pH 7.4.  The modified electrode was prepared from 10 drop castings.  
The average data includes (F) background current, (G), 1 µM dopamine peak current, and (H) 
peak separation. (**p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Bonferroni 
post-test, n = 4-6 electrodes). 
 

 

A. 

 

B. 

 
Fig. 4.9  Optimization of ND amount from drop casting. The unmodified CFMEs were drop 
casted by a different number of drops of (A) ND-COOH 15 and (B) ND-COOH 5. Average 
anodic peak current of 1 µM dopamine. (n = 4�±6, one-way ANOVA with Bonferroni post-test 
compared to the unmodified CFME (black bar). **p < 0.01, ***p < 0.001) 
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Another interesting feature of the dopamine CV is the separation between anodic 

�D�Q�G���F�D�W�K�R�G�L�F���S�H�D�N�����ûEp), as smaller �ûEp values are correlated with faster electron transfer 

kinetics.  Fig. 4.8H shows that there was a significant main effect of the ND type on the 

�ûEp (p < 0.0001, one-way ANOVA with Bonferroni post-test, n = 4-6).  Bonferroni post-

tests indicated that all three ND-COO�+�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �G�H�F�U�H�D�V�H�G���W�K�H���ûEp (p < 0.001 for 

ND-COOH 5, p < 0.0001 for ND-COOH 15, and p < 0.001 for ND-COOH 60).  However, 

ND-�+�������G�L�G���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W���W�K�H���ûEp (p = 0.0970).  Because smaller peak separation 

indicates better electrocatalytic properties,55 ND-COOH catalyzed dopamine redox 

reaction at CFME but ND-H did not, consistent with the EIS experiment, which found 

higher Rct values for ND-H than ND-COOH.  The half-wave potentials (E1/2) for dopamine 

oxidation at each electrode are 0.39 ± 0.02 V for CFME, 0.38 ± 0.02 V for ND-H 5, 0.35 ± 

0.02 V for ND-COOH 5, 0.34 ± 0.01 V for ND-COOH 15, and 0.35 ± 0.01 V for ND-COOH 

60.  Hence, E1/2 indicates the same trend of electrocatalytic effect t�R���ûEp. 

The optimized ND-COOH 15/CFME��was further tested to look at adsorption 

dependence by varying the scan rate from 50 to 1000 V/s.  The log-log plot of normalized 

dopamine anodic peak current vs scan rate (Fig. 4.10A) had a slope of 1.09 ± 0.04 (n = 3) 

which is close to 1.  The slight deviation might be due to the heterogeneous coating on 

CFME.  The slope indicates that anodic current was proportional to the scan rate, so the 

dopamine oxidation at ND-COOH 15/CFMEs is adsorption-controlled due to the 

electrostatic interaction.55   The dopamine anodic current is lower and the oxidation is less 

adsorption-controlled at pH 2.4 (Fig. 4.11), where all carboxylic groups on the CFME and 

ND-COOH are protonated, so the electrostatic interactions are weaker. 
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Fig. 4.10  Analytical performance of ND-COOH 15/CFME for dopamine detection. (A) log-log 
relationship between anodic peak current of 1 µM dopamine and scan rate (n = 3). (B) 
Concentration dependence from the anodic peak current of 20 nM to 100 µM dopamine in PBS 
pH 7.4 (n = 4), compared to unmodified CFME. (C) Linear range at both electrodes. (D) 
Example CV of 20 nM dopamine in PBS pH 7.4 with current-time trace inset for 5-s bolus 
injection. 
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Fig. 4.11  Effect of pH on FSCV of dopamine at (A) CFME and (B) ND-COOH 15/CFME.  pH 
2.4 gave lower signals than pH 7.4.  (C) log-log plot of normalized peak current vs scan rate 
and its slope (n = 4).  Dopamine oxidation was less adsorption-controlled and more diffusion-
controlled at pH 2.4 than pH 7.4. 
 

 

4.3.4 Both Size and Functional Groups of NDs Affect Electrochemistry 

The FSCV and EIS data revealed that carboxylated NDs had better electrocatalytic 

properties and peak currents than hydrogen-terminated NDs.� � � �For electrocatalytic 

properties, we consider the density of electronic states (DOS), and C=C and C=O ND 

surface groups can fill the bandgap, increasing the DOS and accelerating electron transfer 

kinetics.13  In contrast, ND-H 5 lacks functional groups to increase the DOS and 

electrocatalytic effects were not observed.13  Surface oxide groups such as hydroxyl, 

carbonyl, and carboxyl groups also enhance adsorption of dopamine (pKa 8.9)58 carbon 

electrodes, leading to higher peak oxidation currents.13,59  Indeed, the 15 and 60 nm ND-
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COOH electrodes exhibited increased anodic peak currents for dopamine FSCV as they 

added adsorption sites for dopamine.60  On the other hand, hydrogenation of ND reduced 

adsorption by reducing active surface groups and the dopamine currents were slightly 

lower than at CFMEs, which are naturally partially oxygen-terminated.  Hydrogenated NDs 

also exhibited less electrocatalytic properties, showing that the oxygen groups also 

facilitate electron transfer of surface sensitive species, as has been previously shown by 

Holt et al. as well.10  Therefore, ND-COOH is a better electrode material for 

neurotransmitter detection than ND-H, a finding consistent with previous studies finding 

surface functional groups of NDs affect their physical and electrochemical 

properties.8,10,13,14,45   

ND particle size affected the dopamine sensitivity for the COOH functionalized 

particles.  The unanticipated result is that ND-COOH 5 did not increase the dopamine 

peak current, unusual because smaller nanoparticles have more concentrated surface 

functional groups and thus often exhibit higher current enhancement.54  The SEM image 

of ND-COOH 5/CFME (Fig. 4.4B) showed a thick, film-like morphology coating on the 

carbon fiber surface, which could lead to slower mass transport to the electrode and lower 

dopamine peak current. Active adsorption sites that are too close together will not lead to 

larger current if the dopamine cannot access all of them.  The ND-COOH 15 and ND-

COOH 60 had similar currents and similar morphologies, with occasional particles 

adhered to the fiber surface, but not a full monolayer of coverage.  While typically denser 

coverage might be better, the ND might also impede charge transfer and the smaller ND 

particles had higher Rct, so the more sparse coatings of the 15 and 60 nm particles were 

more ideal.    
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4.3.5 Analytical Performance of ND Electrodes 

ND-COOH 15/CFMEs were used to characterize the analytical performance of ND 

electrodes compared to bare CFMEs.  Fig. 4.10B shows that current��was linear with 

concentration from 20 nM to 5 µM (Fig. 4.10C) with R2 = 0.980 for ND-COOH 15/CFME 

and R2 = 0.983 for CFME.  The sensitivity for dopamine detection was calculated from the 

slope of the calibration curve and ND-COOH 15/CFME were twice as sensitive, with a 

sensitivity of 29 ± 2 nA/µM compared to 14 ± 1 nA/µM for CFME (p < 0.01, unpaired t-test, 

n = 4).  At higher concentrations, the adsorption sites were all occupied, and the response 

becomes more diffusion-controlled, as detailed in previous studies.60   

The LOD of ND/CFMEs was calculated from the signal-to-noise (S/N) ratio 

obtained from peak current of 100 nM dopamine, and LOD was defined at S/N = 3.  From 

Table 4.3, the LOD of ND-COOH 15/CFME is 2.6 ± 1.0 nM, which is significantly better 

than the unmodified CFME (p < 0.05, unpaired t-test, n = 4).  Noise is proportional to 

background current and because the faradaic current increased, but the background did 

not, the S/N ratio and LOD  improved.61  The FSCV of 20 nM dopamine (Fig. 4.10D) shows 

how ND electrodes can detect very low concentrations of dopamine with the usual 

dopamine CV shape, and a current-time trace with a signal much larger than the baseline 

noise.  Table 4.3 also shows that the rise times (defined as time from 10% to 90% of the 

maximum current) were not changed for ND electrodes (p = 0.628, unpaired t-test, n = 4).  

The ND/CFMEs electrodes were stable when FSCV waveform was continuously applied 

to the electrode for 4 h, and the 1 µM dopamine peak current was measured every hour 

(Fig. 4.12).  The normalized peak current remained the same with the relative standard 

deviation of 3.4 ± 0.6% (n = 4), so the ND particles were attached well to the CFME 

surface. 
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Table 4.3  Analytical characterization of ND electrodes 
Samples  Sensitivity (nA/mM)  LOD (nM) �ûEp (mV) rise time (s)  

CFME 14 ± 1 7 ± 1 835 ± 9 1.9 ± 0.1 

ND-COOH 15/CFME 29 ± 2** 3 ± 1* 760 ± 8*** 1.9 ± 0.1 

*p < 0.05, **p < 0.01, ***p < 0.001 by unpaired t-test. n=4-5 

 

 

Fig. 4.12  Normalized peak current of 1 µM dopamine measured at the ND-COOH 15/CFME 
every 1 h for 4 h (n = 4).  FSCV waveform was continuously applied to the electrode. 
 

4.3.6 Response to Other Neurochemicals 

The ND-COOH 15/CFME was also investigated for detection of other 

neurochemicals, including epinephrine, norepinephrine, serotonin, and ascorbic acid (Fig. 

4.13).  The oxidation currents were larger at the ND-coated electrodes for the cations 

epinephrine, norepinephrine, and serotonin than for the anion ascorbic acid.  For 

epinephrine, there was an additional anodic peak around 0.0 V, which corresponds to the 

oxidative cyclization making leucoaminochrome.62  The cyclization kinetics of epinephrine 

is faster than that of dopamine and norepinephrine, where the cyclization peak is not 

observed.63  Serotonin is an important neurotransmitter for regulation of mood34 and has 

an oxidation peak at 0.6 V, similar to dopamine, but a reduction peak at 0 V, which is more 

positive than dopamine.  The peak current enhancements for cationic neurotransmitters 
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were similar to dopamine: 1.5 ± 0.1 times increase for epinephrine (Fig. 4.13A), 1.7 ± 0.2 

times for norepinephrine (Fig. 4.13B), and 1.7 ± 0.3 times for serotonin (Fig. 4.13C) (n = 

4).  In contrast, ascorbic acid, in the form of anionic ascorbate at physiological pH, 

exhibited no current enhancement at ND-COOH 15/CFME: 1.0 ± 0.1 times (n = 4) (Fig. 

4.13D).  The carboxylate and surface oxide groups of ND-COOHs selectively adsorbed 

cationic molecules and repelled anionic molecules.  Also, NDs did not increase electrode 

surface area, thus the peak current of ascorbic acid was not increased.  Therefore, ND-

COOHs provided selectivity toward cationic neurotransmitter detection and limited the 

anionic interferents from high concentration of anionic ascorbate in vivo.64   

 

 

Fig. 4.13  Response to other neurochemicals for unmodified CFME (black) and ND-COOH 
15/CFME (orange) in PBS, pH 7.4.  (A) 1 µM epinephrine (EPI), (B) 1 µM norepinephrine (NE), 
(C) 1 µM serotonin (5-HT), (D) 200 µM ascorbic acid (AA), and (E) anodic peak current 
enhancement (n = 4).  
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4.3.7 Antifouling Properties 

Electrode fouling is a major concern in biological experiments as the response can 

decrease because of either the production of electroactive species that polymerizes on 

the electrode or adhesion of large biomolecules in biological environments.32  ND-modified 

electrodes have previously been shown to resist some forms of fouling35,38�±44 so we 

evaluated the ND-COOH 15/CFME for antifouling properties.  First, electrochemical 

fouling of serotonin was tested by repeatedly exposing the electrode to serotonin, as 

serotonin produces a radical species after oxidation that can polymerize and reduce the 

electroactive surface area.35  FSCV was performed with the Jackson waveform, specific 

for serotonin (0.2 V holding potential, ramped up to +1.0 V, back to -0.1 V, then to 0.2 V 

�D�W���D���V�F�D�Q���U�D�W�H���R�I�������������9���V�������Z�K�L�F�K���K�D�V���I�D�V�W���V�F�D�Q���U�D�W�H�V���W�R���³�R�X�W�U�X�Q�´���W�K�H���S�R�O�\�P�H�U�L�]�D�W�L�R�Q���D�Q�G��

reduce the fouling.34  Fig. 4.14A-B compare the CVs of serotonin from 1st and 25th repeated 

exposure to serotonin.  At the CFME, the anodic peak current decreased by almost half, 

from 90 nA to 50 nA, but the ND-COOH 15/CFME decreased by only a quarter, from 150 

to 110 nA.  The peak current from 25th injection of serotonin at ND-COOH 15/CFME (i.e. 

after fouling) was higher than the peak current from 1st injection of serotonin at the 

unmodified CFME.  Fig. 4.14C shows the normalized currents over the repeated 

injections, which show less fouling and less decay at ND-COOH 15/CFMEs (one-way 

ANOVA, p < 0.0001).  The normalized current from 25th injection at ND-COOH 15/CFME 

(73 ± 1%) was significantly higher than CFME (54 ± 2%, p < 0.0001, one-way ANOVA, n 

= 5).  We also tested electrodes coated with fewer drops of ND, and they alleviated fouling, 

but to a lesser extent, suggesting that fouling is related to surface coverage of ND (Fig. 

4.15). 
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Fig. 4.14  Electrochemical fouling by serotonin (5-HT) and 5-HIAA. CV of 1 µM serotonin from 
1st (dashed) and 25th (solid) 3-s injection at (A) CFME and (B) ND-COOH 15/CFME. (C) 
Normalized peak current for repeated injections of 5-HT.  The currents are significantly 
different by the 25th injection (****p < 0.0001, one-way ANOVA, n = 5).  (D) CFME and (E) ND-
COOH 15/CFME CVs of 1 µM 5-HIAA before (dashed) and after (solid) electrodes were bathed 
in 1 µM 5-HIAA solution with the continuous waveform application for 1 hour.  (F) 1 µM 5-HIAA 
normalized peak current after 1 hour of 5-HIAA fouling (***p < 0.001, unpaired t-test, n = 4).  
All electrochemical fouling experiment were performed using the Jackson serotonin waveform 
in PBS pH 7.4. 
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Fig. 4.15  Electrochemical fouling by serotonin.  Normalized peak current for repeated injection 
of serotonin at CFME and ND-COOH 15/CFME prepared by 5 and 10 drop casting. (n = 5). 
 

Electrochemical fouling was also tested for 5-HIAA, the serotonin metabolite found 

at high concentrations in vivo, which severely fouls the electrode via 

electropolymerization.34 ��Despite the similar structure and oxidation between serotonin and 

5-HIAA, the peak current of 5-HIAA was much lower because of the electrostatic repulsion 

between negative functional groups and anionic nature of 5-HIAA at pH 7.4.   The 

electrode was tested for response to 5-HIAA, then bathed in the 1 µM 5-HIAA solution for 

1 h with the Jackson waveform applied, and then the response to an injection of 1 µM 5-

HIAA tested again.  At CFMEs, the 5-HIAA anodic peak current decreased from 14 nA to 

4 nA (Fig. 4.14D), while at ND electrodes, the decrease after 5-HIAA was only from 20 nA 

to 14 nA (Fig. 4.14E).  As with serotonin, the current of the ND electrode after 5-HIAA 

fouling was similar to the bare CFME before fouling, proving that the ND modified 

electrode has bigger signals, even after fouling.  Fig. 4.14F shows the average data, where 

the ND-COOH 15/CFME had 70 ± 3% of the original signal after fouling while the CFME 

had only 39 ± 2% (p < 0.001, unpaired t-test, n = 4).  Therefore, ND-COOHs decreased 

electrochemical fouling from serotonin and 5-HIAA by about half.     

Finally, the ND-COOH 15/CFME was investigated for their biofouling in rat brain 

slices, a popular ex vivo sample for neuroscience experiments.65,66  Electrode fouling in 
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biological samples is caused by not only electropolymerization of neurochemicals but also 

adsorption of proteins or other biomolecules.2,20  To evaluate the fouling, the electrodes 

were inserted in brain slice tissue, and the standard FSCV waveform was applied to the 

electrode continuously for 1 h. CVs of 1 µM dopamine CV were compared before and after 

being inserted to the brain.  At CFMEs, the �ûEp��for dopamine is larger (about 150 mV) 

after the biofouling, which demonstrates sluggish kinetics caused by protein adsorption 

(Fig. 4.16A).  The peak current also decreased from 28 nA to 5 nA at the CFME.  In 

contrast, the ND-COOH 15/CFME had a smaller increase in �ûEp��(only about 30 mV), and 

the peak current decreased less, from 44 nA to 26 nA (Fig. 4.16B).  On average, Fig. 

4.16C shows that the normalized dopamine peak current after brain slice fouling for ND-

CCOH 15/CFME (64 ± 5%) was significantly higher than CFME (24 ± 4%) (p < 0.001, 

unpaired t-test, n = 4).  Again, the dopamine peak current at the partially fouled ND-COOH 

15/CFME was approximately the same as that from the unfouled CFME.   

 

 

Fig. 4.16  Biofouling in brain slice tissue. CV of 1 µM dopamine in PBS pH 7.4 obtained before 
(dashed) and after (thick) the electrodes were implanted in the brain slice tissue for 1 hour with 
the dopamine waveform applied. (A) CFME and (B) ND-COOH 15/CFME.  (C) Normalized 
peak current of 1 µM dopamine after to before brain slice implantation (***p < 0.001, unpaired 
t-test, n = 4). 
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These experiments demonstrate that ND-modified CFMEs exhibit antifouling 

properties and signals after electrochemical or tissue fouling were greater than bare 

CFMEs that had no fouling.  A recent study found that CNT yarns prevent biofouling by 

proteins but not by serotonin electropolymerization, but this study shows that ND is 

beneficial for reducing fouling by both serotonin and proteins.67  The antifouling properties 

for proteins are due to the surface being more hydrophilic. Contact angle measurements 

were performed on a flat, screen-printed carbon electrode (SPCE) for ND-COOH 15 and 

ND-H 5 drop casting (Fig. 4.17) and there was a significant main effect of the ND type on 

the contact angle (p < 0.0001, one-way ANOVA with Bonferroni post-test, n = 4).  The 

contact angle of ND-COOH 15 (30 ± 4o) was significantly lower than bare SPCE (69 ± 2o, 

p < 0.0001), but the contact angle of ND-H 5 (58 ± 4o) was not significantly different than 

bare SPCE (p = 0.064).  Hence, NDs with carboxylic acid functionalization reduced severe 

fouling of CFMEs because they increased electrode surface hydrophilicity4,6,45 and 

minimized the adsorption of hydrophobic biomolecules and polymers generated from 

electropolymerization of serotonin and 5-HIAA.   

 

A. SPCE B. ND-H 5/SPCE C. ND-COOH 15/SPCE 

   

Fig. 4.17  Contact angle measurement of water drop on (A) SPCE (69 ± 2o), (B) ND-H 5/SPCE 
(58 ± 4o), and (C) ND-COOH 15/SPCE (30 ± 4o) (n = 4). 
 

ND/CFMEs are advantageous because they have some of the same antifouling 

properties of BDD,35,40,44,68 but they also have better sensitivity for dopamine with FSCV 

detection.39  Indeed, other polymer-based strategies for combatting fouling also suffer from 
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reducing the overall sensitivity of the electrode.69,70  Hence, this work establishes NDs as 

a candidate electrode coating that actually increases the signal as well as inhibits fouling.  

Peltola et al also show that NDs enhance the biocompatibility of the electrode,14 so these 

advantages of NDs may facilitate the long-term in vivo monitoring of neurotransmitters.  

More surface functional groups, such as zwitterionic groups, could be also tested to better 

inhibit biofouling.2  Future research could explore the direct fabrication of NDs71,72 on 

CFME or other microelectrodes to obtain more complete surface coverage of the larger 

particles, to enhance sensitivity and antifouling properties.   

 

4.4 Conclusions  

In summary, we optimized a simple drop-casting fabrication of NDs on CFMEs.  

The surface functional groups and size affected the electrochemical properties of the 

modified electrodes, with 15 or 60 nm COOH functionalized particles giving the best 

properties.  The ND/CFMEs exhibited electrocatalytic properties toward surface-sensitive 

redox species and low charge transfer resistance.  ND modification was beneficial for 

FSCV detection of dopamine as it doubled the dopamine faradaic current without changing 

the background current, improving the LOD to 3 nM.  The modified electrodes also 

increased the selectivity from cationic neurotransmitters and against anionic interferents 

such as AA.  ND coating also alleviated electrochemical fouling and biofouling, and the 

signals after fouling were larger or the same as CFMEs that had not been fouled.  Overall, 

NDs are a promising nanomaterial to reduce electrode fouling while maintaining enhanced 

electrochemical signal.    
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CHAPTER 5  

Structural Similarity Image Analysis for Detection of Adenosine and 

Dopamine in Fast -Scan Cyclic Voltammetry Color Plots  
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Abstract  

Fast-scan cyclic voltammetry (FSCV) is widely used for in vivo detection of 

neurotransmitters, but data analysis for continuous FSCV is difficult because of the large 

amount of data and signal drift.  Most data analysis has focused on dopamine, but other 

neurochemicals such as adenosine have cyclic voltammograms that are more 

complicated and change over time. FSCV of adenosine results in a primary oxidation and 

then a secondary oxidation peak that is slightly delayed and grows in over time.  Here, we 

propose an image analysis-based algorithm to automate the identification and 

characterization of spontaneous, transient adenosine events from FSCV data.  Structural 

similarity (SSIM) index was utilized to compare a sample FSCV color plot with known 

adenosine reference color plots, and the SSIM cutoff score was optimized to distinguish 

between adenosine and other signals. High-pass digital filtering was also applied to 

remove the background drift and lower the noise, which produced a better LOD.  The 

SSIM algorithm detected more adenosine events than a previous algorithm based on 

current vs time traces, with 99.5 ± 0.6% precision, 95 ± 3% recall, and 97 ± 2% F1 score 

(n = 15 experiments from three researchers). For selectivity, it successfully rejected 

signals from pH changes, histamine, and H2O2. This SSIM-based detection was 

generalized to detect dopamine, including simultaneous events with dopamine and 

adenosine.  The combination of image analysis and signal processing improves the 

efficiency of automated analysis of FSCV data, using all the data to detect multiple 

analytes.  
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5.1 Introduction  

Fast-scan cyclic voltammetry (FSCV)1�±3 has been adopted by neurochemists to 

monitor rapid dynamics of electroactive molecules in vivo such as dopamine,4�±7 

serotonin,8,9 adenosine,10,11 and hydrogen peroxide (H2O2)12,13 because of its fast temporal 

response.4,14�±18  FSCV also gives a unique cyclic voltammogram (CV) for each analyte 

and thus has better selectivity than other electrochemical techniques such as 

amperometry.7,19  False color plots were invented to illustrate the Faradaic signals, noise, 

and signal drift in the FSCV current-potential-time data.20 Yet, analyzing large datasets 

requires significant effort by humans and could be biased.  Statistical techniques such as 

principal component regression (PCR) and partial least square regression (PLSR) have 

been used to discriminate neurotransmitter signals from the noise and pH shifts in FSCV 

data.21�±24  However, these techniques analyze a single CV and fail to accurately detect 

and quantify neurotransmitters which have CV shapes changing within the same event.25  

Using an alternative data analysis algorithm that uses the whole 3D data set will improve 

the accuracy and efficiency of the analysis. 

Adenosine is a neuromodulator that regulates cell signaling, blood flow, sleep, and 

neurotransmission.10,11,26,27  FSCV has revealed the rapid dynamics of adenosine release 

in vivo, including a spontaneous mode of adenosine events that are random and hard to 

predict.10,14,28,29  Adenosine is difficult to detect because it undergoes at least two oxidation 

steps and results in two Faradaic peaks that grow on different time scales.10,30  Thus, the 

CV shapes within the same adenosine event are different, and this complicates the PCR 

analysis.14,25  In a previous study,25 �Z�H�� �S�U�R�S�R�V�H�G�� �D�Q�� �D�X�W�R�P�D�W�H�G�� �D�O�J�R�U�L�W�K�P�� ���³�%�R�U�P�D�Q��

�0�H�W�K�R�G�´�����W�R���G�H�W�H�F�W���D�G�H�Q�R�V�L�Q�H���H�Y�H�Q�W�V���E�\���X�V�L�Q�J���W�K�H���W�H�P�S�R�U�D�O���U�H�O�D�W�L�R�Q�V�K�L�S���E�Htween primary 

and secondary peak in current-time traces.  The program differentiated adenosine from 
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other high-oxidation potential compounds such as H2O2 and histamine.12,25,31  

Nevertheless, using only two current-time traces to analyze the data ignores most of the 

data set and is susceptible to electrical noise and background drift in continuous 

measurements.23,32,33  Therefore, data analysis using the full color plot would be more 

accurate.   

An alternative solution for FSCV data analysis is to consider the 3D color plot as 

an image, and then apply an image processing technique to it.  Because of differences in 

redox potential, redox kinetics, and mass transport properties, each neurotransmitter 

�S�U�R�G�X�F�H�V�� �D�� �X�Q�L�T�X�H�� �³�L�P�D�J�H�´�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �S�H�D�N�� �S�R�W�H�Q�W�L�D�O���� �S�H�D�N�� �Z�L�G�W�K���� �D�Q�G�� �W�H�P�S�R�U�D�O��

characteristics in the FSCV color plot. Hence, detecting a neurotransmitter from the color 

plot data becomes a problem of image recognition.34  One key image recognition method 

is the structural similarity (SSIM) index,  developed based on the human visual system, 

which recognizes objects from the structural variation in a perceived view.35  With the SSIM 

index, the similarity between a sample image and a reference image is calculated as a 

function of luminance, contrast, and structure.35  It outperforms other measures such as 

mean squared error that compare the intensity difference pixel by pixel, as the latter does 

not consider the whole image structure and does not tolerate a slight shift in the image.35,36  

The SSIM index has been implemented to detect an object in many applications such as 

digit recognition,36 mammograms,37 electrocardiograms,38 and mass spectrometry 

imaging.34 

�,�Q���W�K�L�V���Z�R�U�N�����Z�H���L�P�S�O�H�P�H�Q�W�H�G���W�K�H���6�6�,�0���L�P�D�J�H���D�Q�D�O�\�V�L�V�����W�H�U�P�H�G���³�6�6�,�0��M�H�W�K�R�G�´������

to analyze FSCV data.  We developed new software that uses the SSIM to detect transient 

adenosine events by comparing FSCV color plots between the sample data and reference 

events.  A high-pass filter was applied to remove the background charging current and 
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background drift,32 eliminating the need for background subtraction.  The new software 

was tested by analyzing 15 datasets of spontaneous adenosine detection in rats and mice, 

and it resulted in 99.5 ± 0.6% precision, 95 ± 3% recall, and 97 ± 2% F1 overall score.  The 

SSIM index effectively rejected noise and other chemical interferents.  Finally, the SSIM 

image analysis was generalized to detect dopamine, including dopamine events that occur 

simultaneously with adenosine events.  The combination of image analysis and signal 

processing enhances high accuracy, precision, and efficiency for the automated analysis 

of FSCV data. 

 

5.2 Experimental Section  

5.2.1 Carbon-Fiber Microelectrodes and FSCV Instrumentation 

Carbon-fiber microelectrodes (CFMEs) were prepared from T-650 carbon fibers 

(Cytec Engineering Materials, West Patterson, NJ) with 7-µm diameter.  The fiber was 

insulated and sealed in a glass capillary39 to leave an exposed fiber length of 100 µm.  

FSCV data were collected at a ChemClamp potentiostat (Dagan, Minneapolis, MN) using 

a two-electrode system, including CFME working electrode and Ag/AgCl reference 

electrode.  The FSCV waveform was �±0.4 V holding potential, +1.45 V switching potential, 

400 v/s scan rate, and 10 Hz repetition rate.  All data were collected with HDCV Analysis 

(Department of Chemistry, University of North Carolina at Chapel Hill). 

 

5.2.2 Chemicals and In Vitro Experiments 

Adenosine, dopamine, histamine, and adenosine triphosphate (ATP) were 

purchased from Acros Organics (Morris Plains, NJ), and H2O2 was purchased from 

Macron (Center Valley, PA).  Stock solutions were prepared in 0.1 M HClO4 to 10 mM 
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concentration.  The final working solutions were prepared by diluting the stock solution in 

the phosphate-buffered saline (PBS) containing 131.25 mM NaCl, 3.00 mM KCl, 10.0 mM 

NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, and 1.2 mM CaCl2 with pH adjusted to 7.4.  

The buffer was also adjusted to pH 7.3 by HCl or pH 7.5 by NaOH to test the effect of pH 

change.  In vitro experiments and electrode calibration were conducted with a flow cell 

connected to a syringe pump (Harvard Apparatus, Holliston, MA) and a six-port loop 

injector with an air actuator (VIVI Valco Instruments, Houston, TX). 

 

5.2.3 Animal Methods 

All animal experiments were approved by the University of Virginia Animal Care 

and Use Committee.  Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, 

MA) and male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were housed on a 

12:12 h light/dark cycle with food and water provided ad libitum.  All surgery was performed 

under isofluorane anesthesia and all effort to minimize animal suffering.   

For rats and mice in vivo data, an animal was put in a stereotaxic frame, surgical 

areas were shaved and local anesthetized with bupivacaine (Sensorcaine, MPF, APP 

Pharmaceuticals, LLC; Schaumburg, IL), and the skull was drilled to place the electrodes 

in.  In vivo rat data were measured in the caudate putamen (coordinates: ML +2.0, AP 

+1.2, DV �±4.5 mm), basolateral amygdala (coordinates: ML +4.5, AP �±2.8, DV �±8.2 mm), 

hippocampus (coordinates: ML +2.0, AP �±3.8, DV �±2.5 mm), and prefrontal cortex 

(coordinates: ML +0.8, AP +2.7, DV �±3.0 mm).  In vivo mice data were measured in three 

different brain regions40: caudate putamen (coordinates: ML +1.5, AP +1.1, DV �±3.0 mm), 

hippocampus (coordinates: ML +2.4, AP �±2.5, DV �±1.8 mm), and prefrontal cortex 

(coordinates: ML +0.2, AP +1.3, DV �±1.5 mm).  The animal was sacrificed by decapitation 
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after the experiment.  For mice brain slice data, a mouse was anesthetized with isofluorane 

and decapitated immediately.  The brain was removed within 2 min and placed in 0�±5°C 

artificial cerebral spinal fluid (aCSF) for 2 min for recovery.  400-µm slices of the caudate-

putamen were prepared using a vibratome (LeicaVT1000S, Bannockburn, IL) and 

transferred to oxygenated aCSF (95% O2, 5% CO2) to recover for 1 h before the 

measurement.  aCSF (maintained at 35�±37 °C) flowed over the brain slice using a 

perfusion pump (Watson-Marlo 205U, Wilmington, MA) at a rate of 2 mL/min for all 

experiments.  CFME was inserted into the caudate-putamen region (coordinates: ML +2.0, 

AP +1.2, DV �±4.5 mm) for 75 µm depth. 

 

5.2.4 SSIM Calculation, Digital Filtering, and Program Implementation 

SSIM calculation, digital filtering, and the SSIM Method software were 

implemented in MATLAB 2019b (MathWorks, Inc., Natick, MA).  The SSIM index 

�������� �:�ž�á�Ÿ�; is a product of similarity between image �ž and �Ÿ in luminance (mean intensity) 

�H�:�ž�á�Ÿ�;, contrast (standard deviation of intensity) �?�:�ž�á�Ÿ�;, and structure (standardized 

intensity) �O�:�ž�á�Ÿ�;.  The mathematical definition of all three terms can be found in reference 

35.  The overall SSIM index is (Eq. 5.1). 

�������� �:�ž�á�Ÿ�; L �>�H�:�ž�á�Ÿ�;�?�� �>�?�:�ž�á�Ÿ�;�?�	 �>�O�:�ž�á�Ÿ�;�?�
  (Eq. 5.1) 

In this work, we used �ÙL �ÚL �ÛL �s.  SSIM indices were computed locally for each 

potential-time pixel to obtain an SSIM matrix.  Then, the matrix was scalar multiplied with 

a weight matrix to emphasize specific FSCV color plot features.  The sum of all elements 

in the product matrix was normalized get the final SSIM index, which ranges from 0 (no 

similarity) to 1 (identical image).  Each transient reference and sample were normalized 

to its maximum current before the SSIM calculation.  Digital filters were applied to the 
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FSCV color plot for data preprocessing with the following design parameters. A high-pass, 

second-order Butterworth filter32 with the half-power frequency of 0.03 Hz (for background 

detrending) or 0.5 Hz (for noise calculation).  A Savitzky-Golay filter41 was used for 

smoothing had a window length of 15. 

There were two versions of the SSIM Method (see �³Performance Evaluation: 

Internal Reference vs Standard Library�´���������7�K�H���³�,�Q�W�H�U�Q�D�O���5�H�I�H�U�H�Q�F�H�´���Y�H�U�V�L�R�Q���U�H�T�X�L�U�Hd the 

input of the start time of six transient adenosine references from a user and the primary 

peak potential to find the peak current was determined from the references.  For this 

version, a user must go through data set that will be analyzed and find six transient 

adenosine references.  To maximize coverage of the transient adenosine events, each of 

the six references should have varied size.  In this article, two large (peak concentration 

> 0.25 µM), two medium (0.1�±0.25 µM), and two small (< 0.1 µM) transient events were 

chosen for each analyzed data set.  Then, the user will put the file number and start time 

(not the peak time) of the event into the software.  Alternatively, t�K�H���³�6�W�D�Q�G�D�U�G���/�L�E�U�D�U�\�´��

version used 15 adenosine references built in the software, and the primary peak potential 

was determined from the first adenosine event in the data. 

 

5.2.5 Performance Evaluation and Statistics 

The SSIM Method was evaluated and optimized by the recall, precision, and F1 

score42 based on the number of true positives (TP), false positives (FP), and false 

negatives (FN) benchmarked against the Borman Method25 with secondary peak 

correction.43  Precision is the ratio of the true events to the detected events, which may 

include the false positives, and is written as (Eq. 5.2),  
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���”�‡�…�‹�•�‹�‘�•L
����

���� E�	��
 (Eq. 5.2) 

Thus, high precision indicates low false positives. Recall is the ratio between the number 

of detected adenosine events to the number of actual events.  This ratio is (Eq. 5.3).   

���‡�…�ƒ�Ž�ŽL
����

���� E�	��
 (Eq. 5.3) 

High recall means low false negatives. F1 score is the harmonic mean of recall and 

precision to combine both performance indices and is written as (Eq. 5.4). 

�(�5 L �t
�:���‡�…�ƒ�Ž�Ž�;�:���”�‡�…�‹�•�‹�‘�•�;
���‡�…�ƒ�Ž�Ž��E�����”�‡�…�‹�•�‹�‘�•

 (Eq. 5.4) 

Adenosine transient events not picked by the Borman Method were manually checked by 

human to determine if they were truly adenosine.   

All data are presented as the mean ± standard deviation (SD) for n number of 

measurements, except the adenosine event characteristics, which are presented as the 

mean ± standard error of the mean (SEM) computed from bootstrapping,44 which was 

used to approximate the standard error of the mean (SEM) of data.  The approximation is 

better than SD/�¾�J, especially for the data that follows other distributions rather than the 

Gaussian distribution.  The procedure for bootstrapping of a dataset with �I  samples are: 

1) Perform 10,000 independent resampling.  Each resampling consists of �I  

samples drawn with replacement (i.e. each sample will be either chosen once 

or chosen twice or not chosen). 

2) Calculate the mean of each resampling.  Therefore, 10,000 means will be 

obtained. 

3) Approximate the standard error of the mean by calculating the standard 

deviation of 10,000 means calculated in the Step 2). 
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Statistical analyses were performed in GraphPad 8 (GraphPad Software, La Jolla, 

CA), and significance was defined at p < 0.05. 

 

5.3 Results and Discussion  

5.3.1 FSCV of Adenosine 

Adenosine undergoes a two-step irreversible oxidation in FSCV (a tertiary 

oxidation peak for adenosine is possible but rarely observed in vivo).10,45  Fig. 5.1 shows 

FSCV of an in vivo spontaneous, transient adenosine event measured in a mouse brain.  

In the very first CV (time point 1), adenosine oxidation gives a peak of 5 nA at +1.35 V vs 

Ag/AgCl on the backward scan.10  One second later, at time point 2, the anodic peak 

current increased to 17 nA and a new anodic peak of 7 nA appeared at +1.2 V on the 

forward scan.  Two seconds after the first CV (point 3), the primary peak has shrunk to 11 

nA, and the secondary peak grown to 9 nA.    The relationship between primary and 

secondary anodic peaks of adenosine is visualized by the false color plot (Fig. 5.1), which 

illustrates the secondary peak lags behind the primary peak about 0.1�±0.3 s, and then 

stays elevated in current for longer.  This time lag creates a rule to help experimenters 

manually identify the adenosine in vivo from the color plot,11 but the identification of 

adenosine using a single CV is problematic because the CV shapes within the same 

transient event are not always the same.    
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Fig. 5.1  FSCV of in vivo transient adenosine event.  Top: CVs of adenosine at different time 
point after the transient started (1) 0.1 s, (2) 1.1 s, (3) 2.1 s.  Bottom: Color plot showing the 
transient adenosine event. 
 

5.3.2 SSIM Image Analysis for Adenosine 

SSIM index �L�V�� �W�K�H���N�H�\���P�H�W�K�R�G���I�R�U���R�X�U���Q�H�Z���D�O�J�R�U�L�W�K�P�����W�H�U�P�H�G���³�6�6�,�0���0�H�W�K�R�G�´�����W�R��

detect adenosine from the FSCV color plot data.  SSIM index is calculated from the 

luminance, contrast, and structure similarity between a sample image and a reference 

image, with the highest index of 1 representing an identical image.35  Hence, this image 

analysis approach requires standard adenosine references.  A weight matrix was 

introduced to emphasize similarity of specific regions in an image,35 and scalar 

multiplication between the matrix and the local SSIM index gave the overall SSIM index.  

A cutoff score was set to identify the image as adenosine (vide infra).36  

Fig. 5.2 gives examples of adenosine reference events, the weight matrix, and 

example data for SSIM calculation.  To examine adenosine, the normalized color plots for 

the references and samples were compared using a 1.8-s wide data from potential +0.7 

to +1.45 to +0.7 V.  This window contains both adenosine anodic peaks, but the amount 
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of data was reduced by half, which shortens the analysis time, which is proportional to the 

number of SSIM calculation.  The reference event captures the start of the adenosine 

event because it is important to distinguish the temporal delay between primary and 

secondary anodic peaks, but the time window does not always include the end of the 

transient event, as clearance kinetics vary more.  Adenosine events vary widely in 

concentration and duration,14 so different reference events were chosen to span the range 

of concentrations and durations typically observed.  Fig. 5.2A�±C shows three normalized 

adenosine transient reference events with different peak currents: large (9 nA,��Reference 

A, Fig. 5.2A), medium (5 nA, Reference B, Fig. 5.2B), and small (2 nA, Reference C, Fig. 

5.2C).  These three references have different lag times and peak durations, leading to 

different image structures.  To improve the selectivity for adenosine, the weight matrix for 

SSIM calculation (Fig. 5.2D) has a weight of 1.5 in the primary peak region and weight of 

6 in the secondary peak region.  The weight for the secondary peak region is higher to 

prioritize picking events with the secondary peak and therefore rejecting noise or other 

neurochemicals that have a peak only at the primary anodic potential. 

Fig. 5.2E�±H shows four sample windows of data analyzed.  For this example, the 

SSIM index for each sample was calculated compared to each adenosine reference (Fig. 

5.2A�±C).  Sample 1 (Fig. 5.2E) is a large adenosine event (13 nA) with SSIM indices of 

0.78, 0.49, and 0.20 for Reference A, B, and C, respectively.  This adenosine has high 

peak current and wide peak width, similar to Reference A, so the SSIM score compared 

Reference A is the highest.  Sample 2 (Fig. 5.2F) is a medium concentration event (4 nA), 

with lower peak current and duration and so the SSIM index is low for Reference A (0.18), 

but higher for Reference B (0.87), which has similar current and peak width, and also 

higher for Reference C (0.56) because of the similar peak shape.  Sample 3 (Fig. 5.2G) is 
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a small adenosine event (0.6 nA) and is the most similar to Reference C which is also 

small (SSIM index = 0.59).  These SSIM calculations demonstrate the need to compare 

to many adenosine reference events with varied peak currents and durations.  

 

 

Fig. 5.2  SSIM calculation between in vivo adenosine transient references and sample data.  
All color plots are zoomed in to the potential of interests and normalized to its maximum current 
to show the range of signals. False color plots of adenosine references: (A) large (peak current 
= 9 nA), (B) medium (5 nA), and (C) small (2 nA) adenosine events.  (D) Weight matrix 
emphasizes the��secondary peak.  False color plots of tested FSCV signal with their SSIM 
indices respected to the three references: (E) large (13 nA), (F) medium (4 nA), (G) small (0.6 
nA) adenosine signals, and (H) noise at the switching potential. 
 

There is frequent noise in FSCV color plots, particularly at the switching potential 

(where the background current is less stable)46 which is near the peak oxidation for 

adenosine.  Sample 4 (Fig. 5.2H) is a 1.5-nA noise event near the switching potential that 

gives a SSIM index much lower (0.08, 0.03, and 0.01, respectively) than for the adenosine 

events.  Our previous algorithm struggled with noise near the switching potential, 25 if the 
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noise was broad and there was also noise at the secondary anodic peak potential.  With 

SSIM, the overall structure is taken into account, and thus it is easier to reject an event as 

possible noise.   

 

5.3.3 Digital Filtering for Background Drift Correction and Data Smoothing 

One challenge for the analysis of FSCV continuous data is the background drift, 

which is caused by changes in pH, other ions, the electrode surface, or stability of the 

electronics.23,32,33,47  Fig. 5.3A illustrates 3 min of unsubtracted FSCV data from an in vivo 

experiment.  Traditionally, FSCV data are analyzed from background-subtracted color plot 

(Fig. 5.3B) to visualize current changes.  However, some signals are concealed by the 

background drift.  In Fig. 5.3B, from 40-s onward, there is a 4-5 nA background drift, which 

obscures small adenosine events that have lower peak currents (boxed in Fig. 5.3B).  Our 

previous Borman algorithm used incremental background subtraction, subtracting the 

background every 10 s before scanning for adenosine events, but the method was 

cumbersome because the same trace needed to be analyzed multiple times.25  Here, we 

adopted the method of DeWaele et al. to eliminate background drift using a high-pass 

Butterworth filter.32  High-pass filtering removes low frequency background drift while 

keeping the higher frequency events due to rapid release of neurotransmitter.  In addition, 

we added a smoothing filter, the Savitzy-Golay filter, to remove small current fluctuations 

that might be wrongly recognized as a peak.41 The color plot in Fig. 5.3C has high pass 

and Savitzy-Golay filtering and the background (and drift) at all potentials was eliminated, 

producing cleaner data that can be directly analyzed.  Fig. 5.3C reveals a small, 2 nA 

adenosine event that was hidden in the baseline drift before the filtering. An important 

point is that with high-pass filtering, no background subtraction is needed because the 

baseline background is a DC signal and thus is filtered out.  Fig. 5.4A plots the current-
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time trace of the data after high-pass and Savitzky-Golay filtering to illustrate the reduction 

in noise and baseline detrending.  Therefore, data preprocessing by digital filtering 

eliminates the background drift and noise, allowing more adenosine events to be detected 

in the FSCV continuous data. 

 

 

Fig. 5.3  Data preprocessing.  3-min color plots of (A) unsubtracted data, (B) background-
subtracted data using t = 0 s as a background, and (C) data after high-pass (0.03 Hz) and 
Savitzky-Golay filtering.  Dashed boxes indicate one small adenosine event hidden in the 
background drift but observed after filtering. 
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Fig. 5.4  Adenosine primary peak current-time trace from Fig. 5.3.  (A) Data before, after high-
pass filtering (0.03-Hz cutoff frequency) and Savitzky-Golay filtering for image analysis.  (B) 
Data before and after high-pass filtering (0.5-Hz cutoff frequency) and Savitzky-Golay filtering 
for noise calculation.  The noise trace has the same level as the noise in (A).  In this data, S/N 
= 3 at current = 0.9 nA. 
 

5.3.4 The SSIM Method Algorithm and Optimization 

The new algorithm was tested by analyzing 15 data sets and comparing the results 

with the Borman method and validation by human users.  Fig. 5.5A summarizes the 

software algorithm.  For each 3 min color plot, the high-pass filter and Savitzky-Golay filter 

is applied to the data to correct the background drift and smooth the signal.  Then, the 

data is cut into the potential range of +0.7 to +1.45 to +0.7 V, and the pixel resolution in 

both time and potential axes is decreased by half to speed up the analysis.  The SSIM 

index of each time point is calculated for a 1.8-s window on the color plot to compare the 

structural similarity with each reference adenosine event, and the window is incrementally 

shifted by 0.2 s (Example of SSIM index-time trace from different adenosine references 

can be found in Fig. 5.6).  After obtaining the SSIM index for all data points in the file, the 

program records seeding times that give the SSIM index higher than the cutoff.   



150 

Next, peak characterization is performed for each seeding time.  The peak current 

and peak duration, defined as peak width at half-maximum, are determined at every 

seeding time from the primary peak current-time trace; the peak is confirmed if it has a 

�6���1�� �•�� ������ �� �7�K�H�� �Q�R�L�V�H�� �L�V�� �R�Q�H�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�Lon of the current-time trace after being 

processed by the 0.5-Hz high-pass Butterworth filter and Savitzky-Golay filter (Fig. 5.4B).  

The output of the program is a table of adenosine peak positions (in time), peak 

concentrations, peak durations, and inter-event times in a spreadsheet file (Fig. 5.7). 

The key parameter for the accuracy of the SSIM Method is the cutoff score for 

SSIM index, which helps balance between false negatives and false positives.  To 

optimize the SSIM cutoff, six datasets were analyzed with different SSIM cutoffs ranging 

from 0.40 to 0.60, and compared with the Borman method.25 The precision, recall, and F1 

scores were evaluated for each cutoff (Fig. 5.5B). A higher cutoff required a signal to be 

more similar to the references (high precision), but some noisy adenosine events were not 

identified (low recall).  On the other hand, lower SSIM cutoff picked more events (high 

recall), but included broad peaks humans did not verify were adenosine (low precision).  

The combination of both precision and recall is an F1 score, which was maximal at the 

SSIM cutoff of 0.50, giving 99.1 ± 0.6% precision, 96 ± 4% recall, and 98 ± 2% F1 (n = 6).  

Hence, this cutoff was used for the rest of the program testing and validation. 
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Fig. 5.5  SSIM Method. (A) Algorithm for the detection and characterization of transient 
adenosine events.  (B) Optimization of SSIM cutoff from n = 6 experiments. 
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Fig. 5.6  Example of SSIM index-time trace of a 3-min FSCV data calculated with respect to 
three adenosine references with different size in the standard library (Fig. 5.9).  Asterisks 
indicate the time position with SSIM > 0.50. 
 

 

Fig. 5.7  Example output spreadsheet from The SSIM Method.  Each row is the 
characterization of each adenosine event with S/N > 3.  Each column is (from left to right): file 
number, seeding time (s), SSIM index, peak time (s), peak current (nA), peak concentration 
(µM), peak duration (s), cutoff peak current (S/N = 3), passing S/N?, and inter-event time (s). 
 

5.3.5 Performance Evaluation: Internal Reference vs Standard Library 

The SSIM Method was further tested with more datasets to assess the 

performance and robustness of the SSIM image analysis algorithm.  Data from 15 in vivo 

experiments, 10 from rats and 5 from mice, collected by three different experimenters in 
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four different brain regions were analyzed by both the SSIM Method and Borman Method 

with secondary peak correction.43  Positive events not picked by the Borman method were 

checked by human. �7�K�H�� �I�L�U�V�W�� �Y�H�U�V�L�R�Q�� �R�I�� �W�K�H�� �D�O�J�R�U�L�W�K�P�� �Z�D�V�� �W�H�U�P�H�G�� �³�,�Q�W�H�U�Q�D�O�� �5�H�I�H�U�H�Q�F�H�´��

because the user chooses six reference adenosine events from that animal (examples 

shown in Fig. 5.8).  Because of the similarity in the experimental conditions, a signal in the 

analyzed data was required to match only one of the six references.  Table 1 shows the 

precision, recall, and F1 scores from the SSIM Method with internal references.  The 

scores were 99.5 ± 0.6% precision, 95 ± 3% recall, and 97 ± 2% F1 (n = 15).  In other 

words, the software gave only 0.5% false positives and 5% false negatives.  The scores 

were also better than the previous Borman method25 because the SSIM analysis used all 

FSCV information from the color plot and the digital filtering corrected the background drift.  

 

 

Fig. 5.8  Example of six internal adenosine references from one experiment.  File number and 
start time (not peak time) of each reference were put by the user at the beginning of the 
program. 
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Table 5.1  Performance of the SSIM Method 
Species  n SSIM Method, internal reference  SSIM Method, standard library  

Precision  Recall  F1 score  Precision  Recall  F1 score  

Rats  10 99.3 ± 0.7 96 ± 3 98 ± 1 99 ± 2 95 ± 5 97 ± 3 

Mice  5 99.9 ± 0.3 94 ± 4 97 ± 2 99.6 ± 0.7 89 ± 8 94 ± 5 

Total  15 99.5 ± 0.6 95 ± 3 97 ± 2 99 ± 1 94 ± 7 96 ± 4 

Values shown are mean ± SD.   

 

Alternatively, the second version of the algorithm, �F�D�O�O�H�G���W�K�H���³�6�W�D�Q�G�D�U�G���/�L�E�U�D�U�\���´��

uses a library of adenosine events collected from different experiments.  Here, the SSIM 

calculation is performed between the input data and a library of 15 adenosine events (Fig. 

5.9) collected from 12 experiments in four brain regions (caudate-putamen, prefrontal 

cortex, hippocampus, basolateral amygdala).  More references are needed for this 

approach because of the greater variation between experimental conditions.   With more 

variation and references, a signal was required to match at least two of the 15 references 

in order to be identified as adenosine.  The SSIM Method using the standard library also 

yielded high performance scores: 99 ± 1% precision, 94 ± 7% recall, and 96 ± 4 % F1 (n = 

15).  The difference in performance between two methods were not significant (unpaired 

t-test, p = 0.347 for precision, p = 0.219 for recall, and p = 0.123 for F1) and the library 

method is easier because it does not require the user to pick references from the data set.����

Moreover, the library was tested with data sets from FSCV detection of adenosine in brain 

slice tissue.  Even though the shape of adenosine CVs from brain slice data (Fig. 5.10) is 

slightly different from the in vivo library data, the algorithm still performed well with 100% 

precision, 93% recall, and 96% F1 (n = 52 events from two data sets). A library for brain 

slice data could also be made in the future. 

One important feature of the SSIM Method is the short analysis time.  Traditionally, 

the manual analysis of 4-hour experimental data took 10 to 18 h.  The previous Borman 
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Method reduced the analysis time to 40 min.25  In this newly proposed SSIM Method, the 

analysis time was only 20 min when using the Internal References method and 42 min 

when using the Standard Library method (longer because it compares the data to more 

references). Overall, the SSIM Method improved the accuracy and precision of finding 

adenosine events, while achieving reasonable analysis times.   

 

 

Fig. 5.9  Fifteen adenosine references for the standard library (4 caudate-putamen rats, 3 
basolateral amygdala rats, 2 hippocampus rats, 2 prefrontal cortex rats, 2 caudate-putamen 
mice, and 2 hippocampus mice). 
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Fig. 5.10  Example data from adenosine in brain slice tissue.  CV of adenosine��(from dashed 
time point) illustrated more separation between primary and secondary anodic peaks than the 
CV from in vivo data.  This event has the highest SSIM index = 0.81 (compared to the standard 
library Fig. 5.9). 
 

5.3.6 Performance Evaluation: Adenosine Event Characteristics 

Adenosine event characteristics were also compared from the SSIM Method and 

Borman Method with secondary peak correction.43  Table 5.2 shows the pooled total of 

the adenosine events found in the 10 rat datasets (3 caudate-putamen, 3 basolateral 

amygdala, 2 hippocampus, and 2 prefrontal cortex) and 5 mice datasets (2 caudate-

putamen, 2 hippocampus, and 1 prefrontal cortex. Results for the separate datasets can 

be found in Table 5.3).  The Borman method identified 1,470 events while the SSIM 

Method identified 2,826 events for the internal reference version and 2,494 for the 

standard library method.  There was a significant main effect of the algorithm on the 

number of events (one-way ANOVA, p < 0.0001, n = 15), and the number of events from 

the SSIM Method was significantly higher than the Borman Method (Bonferroni post-test, 

p < 0.0001 for both internal references and standard library methods).  Nevertheless, the 

numbers of events between two methods of the SSIM Method were not significantly 

different (p = 0.126), illustrating that both approaches can be used interchangeably without 

affecting the data analysis. More events were identified by the SSIM Method because 
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digital filtering allowed identification adenosine events hidden by the background drift and 

image analysis took advantage of the unique image of adenosine to identify it from other 

signals and noise.   

 

Table 5.2  Results from the SSIM Method using internal references and standard library, 
compared to the Borman Method with secondary peak correction (Separate results for each 
experiment in Table 5.3). 

Species  n Method  Number 

of events  

Peak 

concentration 

(µM) 

Peak 

duration (s)  

Inter -event 

time (s)  

Rats 10 Borman 870 0.146 ± 0.005 1.7 ± 0.1 78.5 ± 4.9 

SSIM, internal 

reference 

1,807 0.102 ± 0.003 1.4 ± 0.1 39.2 ± 1.3 

SSIM, standard 

library  

1,627 0.106 ± 0.003 1.4 ± 0.1 43.3 ± 1.4 

Mice 5 Borman 600 0.085 ± 0.003 1.6 ± 0.1 53.6 ± 2.7 

SSIM, internal 

reference 

1,019 0.067 ± 0.002 1.4 ± 0.1 31.6 ± 1.3 

SSIM, standard 

library  

867 0.069 ± 0.003 1.4 ± 0.1 37.1 ± 1.6 

 
Values shown are mean ± SEM.   
SEM = one standard deviation of the bootstrapped mean, resampled 10,000 times. 
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Table 5.2 also shows the average peak characteristics from both methods.  The 

average peak concentration, peak duration, and inter-event time from the SSIM Method 

were lower than the Borman Method. Statistical comparisons are best done on the 

distributions (Fig. 5.11 for rats, Fig. 5.12 for similar data on mice) and the peak 

concentration distribution between the Borman and SSIM Methods were significantly 

different (K-S test, p < 0.0001 for both internal reference and standard library).  The LOD 

for the Borman method is 40 nM (Fig. 5.11A),25 but the SSIM Method can pick events 

down to 15 nM (see example in Fig. 5.13). Thus, the lower LOD shifted the histograms 

and means to lower concentrations.  The concentration distribution between the internal 

reference and standard library methods of SSIM Method was not significantly different (p 

= 0.305).  Similarly, the peak durations were also significantly different between the 

Borman and SSIM Methods (Fig. 5.11BEH and Fig. 5.12BEH, p < 0.0001 for both rats and 

mice datasets), but not between two versions of the SSIM Method (p = 0.624 for rats 

datasets and p = 0.934 for mice datasets).  Smaller concentration peaks typically have 

smaller durations, so the duration distribution shifts left for the SSIM method. For the inter-

event time (Fig. 5.11CFI and Fig. 5.12CFI), the SSIM Method identified more events, so 

the inter-event times were shorter than those from the Borman Method (p < 0.0001). The 

SSIM Method with internal references identified slightly more adenosine events than with 

the standard library, so the distribution between them was significantly different (p < 0.05).  

SSIM Method is better at identifying smaller concentration events and will reveal more 

events because the peak concentration can be lower than 40 nM, as in a brain slice tissue, 

where the LOD of adenosine detection was set to be 10 nM.29  
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Fig. 5.11  Comparison of the adenosine characteristics between the Borman and SSIM 
Methods. Histogram of adenosine characteristics from ten, 2-hour rat datasets. (A, D, G) peak 
concentration (bin width = 0.020 µM), (B, E, H) peak duration (bin width = 0.4 s) and (C, F, I) 
inter-event time (bin width = 20 s).  (A, B, C) Borman Method with secondary peak correction 
(870 events), (D, E, F) SSIM Method with internal references (1,807 events), and (G, H, I) 
SSIM Method using standard library (1,627 events). 
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Fig. 5.12  Comparison of the adenosine characteristics between the Borman and the SSIM 
Methods in mice.   Histogram of adenosine transient characteristics from five, 2-hour mouse 
datasets. (A, D, G) peak concentration (bin width = 0.020 µM), (B, E, H) peak duration (bin 
width = 0.4 s) and (C, F, I) inter-event time (bin width = 20 s).  (A, B, C) Borman Method with 
secondary peak correction (600 events), (D, E, F) SSIM Method using internal adenosine 
references (1,019 events), and (G, H, I) SSIM Method using standard library (867 events). 
 

 

Fig. 5.13  An adenosine event with peak concentration of 15 nM (peak current = 0.7 nA). 
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5.3.7 Testing Chemical Selectivity In Vitro 

The SSIM image analysis was also tested for its robustness with other 

electroactive neurotransmitters and pH shifts.  Fig. 5.14 shows example in vitro FSCV 

color plot of 1 µM adenosine, compared with other high-oxidation potential compounds, 

including 50 µM H2O2, 1 µM histamine, and 1 µM ATP. H2O2 is a reactive oxygen species 

important for signal transduction and has an oxidation potential of +1.2 V on the backward 

scan (Fig. 5.14B),12 but its SSIM index was low (0.14 ± 0.05, n = 15) because there is no 

secondary anodic peak.  Histamine, a molecule which is important in immune systems 

and regulates sleep, also has an anodic peak at +1.2 V on the backward scan but with 

extra secondary, fouling, and adsorption peaks (Fig. 5.14C).31  These extra features 

altered the image and considerably decreased the index (SSIM = 0.11 ± 0.05, n��=��15).  On 

the other hand, ATP has the same redox moiety and undergoes the same oxidation 

mechanism as adenosine,30,48 so its color plot (Fig. 5.14D) was more similar to that of 

adenosine (Fig. 6A) and the score was moderate (SSIM = 0.52 ± 0.16).  Nevertheless, 

given that the measured SSIM of adenosine in vivo (0.50 cutoff) is less than measured in 

vitro (lowest 0.80, Fig. 5.15) by 0.30, the SSIM index of ATP in vivo is also likely lower 

than the in vitro value and would not pass the cutoff.  The SSIM calculation was also 

performed with the signal from a pH shift (Fig. 5.14E�±F), as changing the pH and ionic 

environment on the electrode surface alters the background CV.23,33  SSIM scores were 

low for both acidic shift to pH 7.3 (Fig. 5.14E, SSIM = 0.08 ± 0.04) and basic shift to pH 

7.5 (Fig. 5.14F, SSIM = 0.08 ± 0.04) because of the different image structure.  In contrast, 

the SSIM of adenosine with pH change or with lower concentration were all higher than 

0.70 (Fig. 5.15).  This experiment shows that the SSIM image analysis successfully 

detects adenosine in a slightly different environment and rejects other electroactive 
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species with different FSCV signals.  Future studies may investigate the optimization of 

the weight matrix for SSIM calculation to better distinguish the electroactive 

neurotransmitters with similar structure. 

 

 

Fig. 5.14  SSIM index of possible interferents.  The analyzed portion of the color plot, from 
+0.7 to +1.45 V, with SSIM index for (A) 1 µM adenosine, (B) 50 µM H2O2, (C) 1 µM histamine, 
(D) 1 µM ATP, (E) PBS pH 7.3, and (F) PBS pH 7.5. Each solution was injected for 3 s followed 
by PBS pH 7.4 washing.  All solutions were prepared in PBS pH 7.4 buffer except indicated. 
Each color plot was normalized, smoothed, and high pass filtered before SSIM calculation. 
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Fig. 5.15  SSIM index for in vitro adenosine and dopamine.  Color plot with SSIM score of (A) 
0.1 µM adenosine, (B) 1 µM adenosine in PBS pH 7.3, and (C) 1 µM adenosine in PBS pH 
7.5.  (D) 1 µM dopamine.  The SSIM indices were calculated using Fig. 5.14A as the reference. 
All solutions were prepared in PBS pH 7.4 buffer except indicated. Each color plot was 
normalized, smoothed, and high pass filtered before SSIM calculation.  (E) Average SSIM 
index for each compound (n = 15 measurements from 5 electrodes).   

 

5.3.8 Generalization of SSIM Image Analysis: Co-Detection of Adenosine and Dopamine 

To examine the adaptability to detect other neurochemicals, the SSIM algorithm 

was modified to detect dopamine, specifically detection of spontaneous co-release of 

adenosine and dopamine in the caudate-putamen (Example full color plot data are in Fig. 

5.16). Adenosine acts a neuromodulator of dopamine,11,49�±51  so understanding co-release 

is important to understand adenosine neuromodulation.  Co-detection of dopamine and 

adenosine was performed by simply running the algorithm twice, the first round using 

adenosine references for adenosine detection and the second round using dopamine 

references for dopamine detection, since the redox reactions occur at different potentials.  

Fig. 5.17 shows example reference images of dopamine and adenosine (Fig. 5.17A-B) 

and a weight matrix for detecting dopamine (Fig. 5.17C).  The dopamine weight matrix 

has a value of one near the oxidation and reduction peaks and zero in the middle of the 
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color plot to ignore the existence of adenosine.  The SSIM calculation was performed with 

the events in Fig. 5.17D�±H with a SSIM cutoff score was 0.50.  Samples 5, 6, and 7 (Fig. 

5.17D�±F) have both dopamine and adenosine events�� with different dopamine 

concentrations (90, 50, and 95 nM, respectively).����The SSIM indices for both samples are 

higher than 0.50 compared with one of the references.  On the other hand, Sample 8 and 

9 (Fig. 5.17G-H) are adenosine events without dopamine, and they have low SSIM scores 

and thus are rejected by the software as dopamine.  Nevertheless, all samples (Fig. 

5.17D�±H) passed the SSIM cutoff for adenosine detection using the standard library in 

Fig. 5.9 and the adenosine weight matrix (Fig. 5.2C), illustrating that the presence of 

dopamine did not interfere the adenosine recognition.  Future work can customize the 

analysis for other neurochemicals, but the SSIM image analysis is versatile for automated 

recognition of two neurochemicals from FSCV color plots. 

 

 

Fig. 5.16  Spontaneous co-releases of adenosine and dopamine in a rat caudate-putamen.  
CVs (1) and (2) contain the two anodic peaks of adenosine and one anodic and one cathodic 
peak of dopamine. 
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Fig. 5.17  Detection of spontaneous dopamine events that were co-released with adenosine.   
(A-B) False color plot of two references X and Y with adenosine and dopamine present.  (C) 
Weight matrix for dopamine that ignores adenosine signal from the calculation.  (D-F) False 
color plots of events with dopamine and adenosine, and (G-H) adenosine without dopamine.����
Reported SSIM indices are for two dopamine references (DA, Ref X and Y) and the adenosine 
standard library (Aden. Lib).  The peak CVs of all data can be found in Fig. 5.18. 
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Fig. 5.18  Peak CVs from dopamine-adenosine co-release data in Fig. 5.17 (A) Reference X, 
(B) Reference Y, (C) Sample 5, (D) Sample 6, (E) Sample 7, (F) Sample 8, and (G) Sample 9.  
All CVs except (F) and (G) has both adenosine and dopamine features. 
 

 

5.4 Conclusions  

An automated algorithm based on SSIM index image analysis was designed to 

detect and characterize transient adenosine events from an FSCV color plot.  The 

algorithm compared the image structure of sample data with adenosine references, either 

internally selected from the same experiment or externally built as a standard library.  The 

program was tested with data from multiple researchers, in both mice and rats, and in 

different brain regions.  Combined with digital filtering to remove background drift, the 

program identified more adenosine events than the previous algorithm, especially smaller 

events.  The new algorithm also reduced analysis time and had better performance, less 

than 1% false positive and 5% false negative, because the whole current-potential-time 

data for adenosine was utilized instead of a single current-time trace.  The algorithm was 

robust and rejected signals from pH shift and other chemical interferents.  Finally, the 
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program was modified to detect dopamine, including dopamine and adenosine co-release.  

In summary, the SSIM image analysis is a robust technique to classify electrochemical 

signal from different neurotransmitters and will improve the consistency between 

researchers and laboratories. 
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CHAPTER 6  

Conclusions and Future Directions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of Chapter 6 were reprinted and modified with permission from Anal. Chem. 2019, 91, 
4618-4624, Copyright 2019 American Chemical Society, and Analyst 2020, 145, 1087-1102 
published by The Royal Society of Chemistry. 
 



172 

6.1 Contribution  of the Dissertation  to the Field  

My dissertation mainly focused on investigating three independent approaches to 

improve real-time electrochemical detection of neurotransmitters with FSCV.  First, the 

redox mechanism of histamine and its oxidation potential were determined to propose a 

better FSCV method for its detection.  Second, CNHs and NDs were incorporated on 

CFMEs to improve their sensitivity, selectivity, and antifouling properties for the detection 

of catecholamines.  Third, structural similarity image analysis was combined with signal 

processing techniques to devise a new software that automated the analysis of FSCV data 

with improved sensitivity and selectivity.  This chapter will summarize the overall findings 

of my work and discuss their contributions to the FSCV and electrochemistry field, 

concluding with the future directions. 

 

6.1.1 Knowing Mechanism of Histamine Oxidation Improves Its FSCV Detection 

The lack of fundamental studies on histamine redox mechanism led to 

contradiction in the proposed histamine oxidation potentials in FSCV.  Chapter 2 resolved 

the conflict between the previous works on the detection of histamine using FSCV, by 

establishing its redox mechanism and identifying the oxidation potential of histamine as 

1.1 V vs Ag/AgCl.  This information supported the Wightman and Lee group interpretation 

on the histamine anodic peak appearing after 1.1 V.1,2  On the other hand, the proposed 

mechanism contradicted with the work by Hashemi�¶�V group, which interpreted the 0.3 V 

peak to be the faradaic peak,3   which our data suggests may be an adsorption peak.  

Although their experimental design validated the use of adsorption peak, the analytical 

performance for histamine detection is better if the faradaic peak at 1.2 V on the backward 

scan is utilized instead.  In addition, Chapter 2 showed that histamine oxidation fouls the 
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electrode due to the adsorption of electropolymerization product on the electrode surface.  

The electrode fouling decreased the faradaic current in continuous measurements of 

histamine.  To improve the histamine detection, Nafion coating4 was incorporated to 

decrease the polymer adsorption and limit the histamine fouling at CFME.  Therefore, a 

better understanding of histamine oxidation mechanism and FSCV response greatly 

helped in choosing the waveform and improve the analytical performance for histamine 

FSCV detection.  Knowledge of histamine electrochemistry will also facilitate the 

discrimination of the FSCV signal from high-oxidation potential species such as adenosine 

and H2O2.5,6  Better FSCV methods for histamine detection will encourage the 

neurochemistry field to conduct more studies in histamine rapid neurotransmission such 

as its role in Drosophila visual processing7 and its relationship with serotonin.8 

For the electrochemistry field in general, the analytical techniques from this study 

can be used to determine a redox potential and mechanism of any electroactive species.  

The field has used amperometry and CV to determine the oxidation or reduction potential 

for the species to optimize the required potential and waveform for analytical 

measurement.9  Also, this work showed that FSCV is a suitable electrochemical technique 

to study continuous electrochemical phenomena such as electrode fouling, in addition to 

its common neurochemical applications.  Moreover, XPS has proven to be a versatile 

technique to analyze the electrode surface after the redox process and complement the 

data to confirm the redox mechanism.  Thus, the combination of electrochemical and 

surface techniques helps the field reveal the mechanistic insight of electrode reactions. 
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6.1.2 Carbon Nanohorns and Nanodiamonds��Improve the Detection of Catecholamines  

CFME has been the standard FSCV working electrode in vivo due to their small 

size, excellent biocompatibility, and favorable electrochemical properties toward 

neurotransmitter redox reaction.10  However, sensitivity becomes an issue when detecting 

low concentration of neurotransmitter releases (< 10 nM).11  Long-term implantation of the 

electrode is also challenging because of the sensitivity degradation from electrochemical 

fouling and biofouling.12  Chapters 3 and 4 presented CNHs and NDs-modified CFMEs to 

improve the sensitivity, limit of detection, and antifouling properties of the CFMEs.  CNHs 

and NDs increased the adsorption of dopamine on the CFME, in addition to the surface 

area expansion.  Therefore, both CNH- and ND-modified CFMEs improved the limit of 

detection of dopamine from > 10 nM at CFME to 3�±6 nM at the modified electrodes.  CNHs 

and NDs also enhanced the signal from other cationic neurotransmitters such as 

epinephrine, norepinephrine, and serotonin.  Moreover, the surface hydrophilicity of both 

CNHs and NDs alleviated electrochemical fouling from serotonin and 5-HIAA oxidation 

and biofouling from proteins and biomolecules adsorption.  The improved antifouling 

properties preserved the sensitivity of FSCV detection during the course of long 

experiment, such as long-term behavior study.13  Therefore, CNHs and NDs improved 

sensitivity, selectivity, and antifouling properties of CFMEs and will ease the chronic FSCV 

measurements for studying long-term neurotransmission in vivo.13 

One important advantage of the work in Chapters 3 and 4 is that CNH/CFMEs and 

ND/CFMEs were prepared by simple methods, electrodeposition and drop casting, 

respectively.  No expensive cleanroom or special instrumentation was required to prepare 

these modified electrodes because the nanomaterials are already in the appropriate form 

to modify the CFME surface.  Thus, the modified electrodes can be prepared in any 
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laboratory.  Nevertheless, these simple methods are necessary to fabricate the electrodes 

because the direct fabrication technology is still unavailable for CNHs and NDs, unlike 

CNTs and graphene,11,14   Future technology can explore their direct synthesis to control 

their coverage on CFMEs or conductive substrates. 

These two chapters also provided fundamental insights on electrochemical 

properties of CNHs and NDs, which have been less explored than graphene and CNTs.  

Electrochemical performance of the sensors was discussed by considering morphology, 

adsorption, and electrocatalytic properties of carbon nanomaterials, in addition to the 

surface area expansion.  For CNHs, their cone shape enhanced the electric field at the 

tip, and the dahlia-like aggregation increases their porosity; both phenomena enhanced 

dopamine adsorption from the plain CFME.������The surface oxide groups of CNHs could be 

increased by oxidative etching in NaOH to increase the adsorption.  In the future, similar 

oxidation could be performed for chemical functionalization of CNHs in the selective 

sensors or adsorbent.15  For NDs, both size and surface functional group affected their 

adsorption and electrochemical properties.  ND-COOH adsorbed more dopamine and 

exhibited better electrocatalytic properties than ND-H because of the negative charge from 

surface oxides and the increased density of electronic states from the presence of C=O 

and C=C groups.  Size of NDs also affected their aggregation on the CFME surface and 

the overall electrochemical properties.  Moreover, the sp3-hybridized carbons of NDs 

decreased electrode fouling, similar to other diamond-based electrode materials such as 

boron-doped diamond.16  Their antifouling properties could be use in other electrochemical 

devices such as rechargeable batteries to prevent short circuiting.17  Thus, these two 

chapters explored the properties of CNHs and NDs that will expand their applications in 

electrochemistry and other areas. 
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6.1.3 The SSIM Method Enhances Accuracy, Precision, and Consistency in Automated 

Data Analysis 

Automated analysis of FSCV data is essential to reduce the labor from manually 

analyzing the large amount of the data and to ensure the consistency between 

experimenters.  However, automated analysis of adenosine FSCV is difficult because of 

adenosine cyclic voltammogram shape changing within the same transient event5 such 

that classic multivariate techniques like PCR fails to pick up the adenosine transients.  

Chapter 5 proposed an alternative method to solve the problem by utilizing SSIM image 

analysis algorithm to find a signal of adenosine from an FSCV color plot.����SSIM identified 

the adenosine signal from its unique structure in a color plot, not just from an individual 

voltammogram or current-time trace, thus it used all the electrochemical information.  

Moreover, digital filtering was applied to eliminate the background drift and noise to 

improve the limit of detection in order to recognize small transient events.  Therefore, the 

SSIM Method improved the adenosine FSCV data analysis with < 1% false positives and 

< 5% false negatives, better than the previous method that used only current-time trace.18  

Chapter 5 also demonstrated the versatility of the SSIM algorithm by generalizing to 

analyze dopamine, in addition to adenosine, and demonstrated good selectivity.  

Ultimately, the SSIM image analysis will ensure the consistency between experimenters 

and laboratories and encourage studies on rapid signaling of adenosine and other 

neurotransmitters. 

The SSIM Method from Chapter 5 is the first application of an image processing 

algorithm in analyzing electrochemical data.  The algorithm could be applied to analyze 

any data from other electrochemical and analytical techniques that can be represented as 

an image.  The SSIM algorithm has also been shown to find the chemical signal by 
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considering the unique pattern or structure from the compound, such as in excitation-

emission matrix fluorescence spectroscopy.19  Moreover, it was combined with chemical 

imaging techniques such as fluorescence and mass spectrometry imaging20 to find a 

physical structure from a chemical image.  Thus, SSIM algorithm is a potential data 

analysis algorithm for analytical chemistry field to enhance automated data analysis. 

 Finally, the three approaches for FSCV method development presented in this 

dissertation are independent, thus they can be combined to improve analytical 

performance for neurotransmitter detection.  For example, with the knowledge of 

histamine oxidation mechanism and fouling, new FSCV waveform could be developed to 

eliminate the fouling while preserving the sensitivity and selectivity.  ND-modified CFME 

could be used to further improve the sensitivity and limit the electrode fouling, and the 

SSIM Method can be improved to analyze the histamine FSCV data.  Overall, developing 

better FSCV method will help us acquire more accurate picture of rapid signaling of 

neurotransmitters and neuromodulators. 

 

6.2 Future Directions  

6.2.1 Micro/Nanostructured Carbon Electrodes for Improving Temporal Resolution 

This dissertation has proposed methods to improve sensitivity, selectivity, and 

antifouling properties of CFMEs but did not talk about temporal resolution.  At CFME, using 

the higher repetition frequency decreases the signal because of the less adsorption time.  

To enhance the sensitivity at higher frequency, new electrode materials have been 

identified from their surface structures that act as thin layer cells and promote momentary 

trapping of the analyte.  Carbon nanotube yarns, produced from direct spinning of a single 

CNT thread,21 have high sensitivity due to a large specific surface area and fast electron 
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transfer kinetics.22  The Venton group discovered that��the dopamine anodic current at 

carbon nanotube yarn microelectrode (CNTYME) was frequency-independent.23 By using 

CNTYMEs, the temporal resolution were improved without decreasing sensitivity, up to a 

repetition frequency of 500 Hz, 50-times better temporal resolution.  The surface 

roughness of CNTYMEs was higher than CFMEs (1910 ± 190 nm vs 420 ± 30 nm),24  and 

was the same order of magnitude as the diffusion distance of dopamine in one dopamine 

waveform. This could mainly because the dopamine-o-quinone is trapped in rough 

CNTYME surface like a thin-layer cell.  Increased surface roughness increases 

capacitance, but the beneficial effects of the trapping effect are greater than the increase 

in noise from the capacitance, as the cyclic voltammogram of dopamine is more reversible 

at CNTYME and redox amplification greatly enhanced Faradaic currents.  Therefore, 

carbon nanomaterials with crevices that have micrometer roughness allow better temporal 

resolution with enhanced sensitivity.   

A completely different geometry of electrode has been formed that works on the 

same thin-layer cell trapping principle.  With the collaboration of Mirkin�¶�V group, our group 

reported a cavity CNPE, which was prepared by chemical vapor deposition (CVD) of 

carbon in the pulled quartz capillary.25,26  The CVD parameters were optimized to yield the 

few hundred nanometers diameter cavity geometry at the tip (Fig. 6.1A).  When a negative 

holding potential was applied to the electrode, the cationic dopamine was trapped in the 

cavity, so the thin-layer effect that allow the redox cycling was observed and led to its 

frequency-independent properties (Fig. 6.1B).  Despite being a nanoelectrode, the 

sensitivity is sufficient to detect micromolar dopamine because the cavity preconcentrated 

dopamine and the enhanced electric field increased dopamine adsorption. ��The cavity 

CNPE was also robust enough to detect dopamine exogenously in rat brain slice tissue.  
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However, the CNPEs are only amorphous carbon, and the surface may be improved with 

treatments that increase the number of edge planes and surface oxides.  Interestingly, the 

thin-layer effect also revealed the secondary anodic peak of catecholamines, in addition 

to the frequency-independent response.  The cavity CNPE exhibited the secondary 

oxidation peak of dopamine (Fig. 6.1C), and the peak was greatly amplified with 

epinephrine (Fig. 6.1D), which the cyclization prior to the secondary oxidation is more 

feasible.27  Future work can examine and utilize the thin-layer effect of CNTYME and cavity 

CNPE to achieve better selectivity among catecholamines from the cyclic voltammogram 

shape differentiation. 

 

 

Fig. 6.1  FSCV at Cavity CNPE.  (A) SEM image shows cavity depth of 500 nm and orifice 
diameter of 200 nm.  (B) FSCV of 10 µM dopamine showed frequency independence of the 
cavity CNPE compared to CFME.  Reprinted from 25.  Copyright 2019 American Chemical 
Society.  CVs collected from 10-Hz and 100-Hz repetition frequency of (C) 10 µM dopamine 
and (D) 10 µM epinephrine.  
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6.2.2 Nanostructured Electrodes for Improving Spatial Resolution 

FSCV has been traditionally performed with microelectrodes, but new biological 

questions will require smaller electrodes such as nanoelectrodes.  For example, 

researchers are examining the role of discrete brain regions in Drosophila28�±30 and 

zebrafish embryo31 for neurotransmission.  Drosophila have a mushroom body that 

controls many sensory processes; these bodies have discrete regions smaller than 10 µm 

in width,28 so a CFME of 7 µm is too large to monitor in these different regions.  Another 

motivation for using smaller electrodes is electrochemical measurements at synapses, 

which are typically 100 nm gaps between neurons.32  Several possible approaches to 

fabricate a free-standing nanoelectrode for neurotransmitter detection have been 

investigated.  Conical carbon-fiber nanoelectrodes produced from flame-etched carbon 

fibers had tip diameter and shaft length in nanometer ranges, and were useful for 

monitoring individual vesicular exocytosis at a single synapse of superior cervical ganglion 

by amperometry.33  Similar electrodes were placed in PC12 cells to analyze the 

intracellular vesicle content for cytometry.34   

Recent technology allows bottom-up fabrication of electrodes with customizable 

geometry and surface structure in nanoscale.  Our group reported a novel 3D-printed, 

free-standing microelectrode prepared by direct laser writing on photopolymer on a metal 

wire and rapid thermal processing pyrolysis and demonstrated that the final electrode had 

a diameter of 30-µm with <1-µm spiked features.35  3D printing and lithography are still 

being optimized and could be used in the future for smaller electrodes with nanometer 

features.  While nanoelectrodes can be used in FSCV, their tiny surface area demands 

further sensitivity enhancements for successful biological measurements in smaller 

regions. 
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6.2.3 Machine Learning for Improving Data Analysis 

FSCV data from in vivo experiments are usually complex.  Electrochemical signals 

from different neurotransmitters may be similar, such as the CV shape of 

catecholamines.27 Also, relating the change or pattern in neurotransmitter concentrations 

to the specific behavior is challenging because of the complicated nervous system.32  

Traditionally, simple mathematical methods such as PCA have been used to differentiate 

and recognize these similar and complex FSCV signals.  Currently, machine learning is 

an emerging tool to perform such data analysis and has been widely implemented in every 

aspect with the available data.  A machine learning algorithm builds a mathematical model 

(i.e. to automatically optimize a set of regression parameters) from the training set to 

perform a task without being specified the rule.36  Thus, it is more promising than 

conventional simple regression or PCA because it can find the inherent structure or pattern 

in the data���� �G�H�Y�H�O�R�S���W�K�H���³�U�X�O�H�´�� �I�U�R�P���W�K�H���W�U�D�L�Q�L�Q�J�� �V�H�W���� �D�Q�G���D�X�W�R�P�D�W�L�F�D�O�O�\�� �L�P�S�U�R�Y�H���W�K�H���U�X�O�H��

based on further training.  Machine learning has been used in analytical chemistry to 

develop an electronic nose37 and to predict an optimized material for specific 

applications.38   

There have been some applications of machine learning in the FSCV field.  A 

closed-loop deep-brain stimulation was developed by using an artificial neural network, an 

algorithm that mimics complex neuron wiring, to predict stimulation parameters to maintain 

the targeted dopamine concentration from the collected FSCV data.39  Dopamine and 

serotonin concentrations were estimated from their derivative CVs via multivariate linear 

regression algorithm to investigate their roles in reward-based decision making used by 

humans.40,41  There are still many unexplored opportunities to implement machine learning 

in FSCV, but a large set of FSCV data are required because more training data sets help 
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establish better rules and thus better algorithm performance.36  Standardized FSCV data 

could be collected in databases to reduce the discrepancy of the data between different 

research groups.  However, the current hodgepodge of file formats from the mostly home 

written software code does not currently support databasing FSCV data.  Thus, 

consistency in data formatting and better machine learning algorithms will facilitate 

collaborations between the research groups and also to unravel the unanswered 

questions in neuroscience.  

 

6.3 Final Remarks  

In conclusion, my dissertation developed novel microelectrodes and methods to 

improve FSCV detection of neurotransmitters.  Investigation of redox mechanism provided 

the fundamental insights to optimize the detection method.  Development of nanomaterial 

microelectrodes revealed the electrochemical properties of nanomaterials and enhanced 

the microelectrode properties for neurotransmitter detection.  Combination of image 

analysis and signal processing utilized all electrochemical information from FSCV data to 

automate the data analysis.  New technology in micro/nanoelectrode fabrication will 

promote fundamental studies in electrochemistry, and machine learning will become a 

versatile tool for efficiently analyzing electrochemical data.  The knowledge and methods 

from my dissertation will expand the application of FSCV in neurochemical research.  

Better methods for real-time detection of neurotransmitters will lead to the understanding 

of our brain chemistry to devise a treatment for neurodegenerative diseases. 
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APPENDIX  

 
A.1 User Manual  �I�R�U���³�7�K�H���6�6�,�0���0�H�W�K�R�G�´���I�R�U���)�6�&�9���$�G�H�Q�R�V�L�Q�H���'�D�W�D���$�Q�D�O�\�V�L�V 

The SSIM Method was developed in MATLAB 2019b.  Make sure that your MATLAB also has 
t�K�H�� �³�6�L�J�Q�D�O�� �3�U�R�F�H�V�V�L�Q�J�� �7�R�R�O�E�R�[���´�� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �D�G�G�H�G�� �Z�K�H�Q�� �\�R�X�� �L�Q�V�W�D�O�O�H�G�� �0�$�7�/�$�%���� �� �7�K�H��
software can be downloaded from https://github.com/maxchem6/imgADanalysis.  Please 
download the whole folder, then extract it to have every file in the same folder. 
 
�7�R���D�Q�D�O�\�]�H���W�K�H���D�G�H�Q�R�V�L�Q�H���)�6�&�9���G�D�W�D�« 
1. �2�S�H�Q���+�'�&�9���$�Q�D�O�\�V�L�V�����W�K�H�Q���R�S�H�Q�����K�G�F�Y���G�D�W�D���I�L�O�H�������&�O�L�F�N���³�(�[�S�R�U�W���2�S�W�L�R�Q�V�´���D�Q�G���F�K�H�F�N���R�Q�O�\��

�³�&�R�O�R�U���3�O�R�W���:�U�L�W�H���´�����&�O�L�F�N���'�R�Q�H������ 

 
   

2. �8�Q�F�K�H�F�N���³�%�D�F�N�J�U�R�X�Q�G���V�X�E�W�U�D�F�W�H�G���´�����3�X�W���I�L�O�H���Q�X�P�E�H�U�����������������«�����L�Q���³�V�X�I�I�L�[�´���E�R�[�������7�K�H�Q���F�O�L�F�N��
�³�(�[�S�R�U�W���´ 

 
 
 

https://github.com/maxchem6/imgADanalysis
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3. �2�S�H�Q���0�$�7�/�$�%�������&�O�L�F�N���³�%�U�R�Z�V�H���I�R�U���I�R�O�G�H�U�´���L�F�R�Q�����D�Q�G���F�K�R�R�V�H���W�K�H���S�U�R�J�U�D�P���I�R�O�G�H�U�� 

 
 

4. For adenosine data, double-�F�O�L�F�N���³�L�P�D�J�H�)�6�&�9�$�Q�D�O�\�V�L�V���P�´���D�Q�G���U�X�Q�� 
 

5. In the Command Window, the program will ask if you want to build you own reference 
���³�L�Q�W�H�U�Q�D�O���U�H�I�H�U�H�Q�F�H�V�´�����R�U���X�V�H���W�K�H���³�V�W�D�Q�G�D�U�G���O�L�E�U�D�U�\���´ 
�¾ �)�R�U���³�L�Q�W�H�U�Q�D�O���U�H�I�H�U�H�Q�F�H���´���W�\�S�H�������D�Q�G���(�Q�W�H�U�������7�K�H�Q�����S�X�W���W�K�H���I�L�O�H���Q�X�P�E�H�U���D�Q�G���U�L�V�H���W�L�P�H��

(not peak time!) for six transient adenosine events from your data. (i.e. you have to 
quickly go through your data before using the program) Wide range of concentration 
and duration is recommended: two large (> 0.25 µM), two medium (0.1-0.25 µM), 
and two small (< 0.1 µM) transient events. 

�¾ �)�R�U���³�V�W�D�Q�G�D�U�G���O�L�E�U�D�U�\���´��type 2 and Enter. 
 

6. Type the calibration factor (peak current for 1 uM adenosine) and Enter. 
 

7. Choose the FSCV .hdcv Color files that you exported.  They do not have to be in the 
same folder as the program, but the file number (suffix) must be in the correct order.  
�&�O�L�F�N���³�2�S�H�Q���´ 

 
 

8. The program should analyze the data now. It takes 5-7 min per 1 h of experiment (20 3-
min files). 

 
9. Once finished, the program will save the analysis result in the Excel file named 

�³�D�G�H�Q�R�V�L�Q�H�5�H�V�X�O�W�B�<�<�<�<-MM-�'�'�B�+�+�5�5���[�O�V�[�´���L�Q���W�K�H���S�U�R�J�U�D�P���I�R�O�G�H�U�� 
 

10. To read the Excel file, open it from Windows folder directly, or Right-click in the MATLAB 
and choose �³�2�S�H�Q���2�X�W�V�L�G�H���0�$�7�/�$�%���´ 

 
 
Columns: A. file number, B. seeding time (s), C. SSIM index, D. peak time (s), E. current (nA),  
F. concentration (uM), G. peak duration (s), H. S/N=3 level (nA), I. Pass S/N?, and J. inter-
event time (s).  May need only column F, G, and J for your experiment. 
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