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Abstract 

Carbon nanotube yarn microelectrodes (CNTYMEs) are an alternative to carbon-fiber 

microelectrodes (CFMEs) with interesting electrochemical properties because analyte is 

momentarily trapped in cavities between the CNTs. Here, we compare fast-scan cyclic 

voltammetry (FSCV) detection of catecholamines, including dopamine, norepinephrine, and 

epinephrine, at CNTYMEs, CFMEs, as well as cavity carbon nanopipette electrodes (CNPEs). At 

CFMEs, current decreases dramatically at high FSCV repetition frequencies. At CNTYMEs, 

current is almost independent of FSCV repetition frequency because the analytes are trapped in 

the crevices between CNTs, and thus the electrode acts like a thin-layer cell. At CFMEs, small 

cyclization product peaks are observed due to an intramolecular cyclization reaction to form 

leucocatecholamine, which is electroactive, and these peaks are largest for the secondary amine 

epinephrine. At CNTYMEs, more of the leucocatecholamine cyclization product is detected for all 

catecholamines because of the enhanced trapping effects, particularly at higher repetition rates 

where the reaction occurs more frequently and more product is accumulated. For epinephrine, 

the secondary peaks have larger currents than the primary oxidation peaks at 100 Hz, and similar 

trends are observed with faster scan rates and 500 Hz repetition frequencies. Finally, we 

examined CNPEs, which also momentarily trap neurotransmitters. Similar to CNTYMEs, at 

CNPEs, catecholamines have robust cyclization peaks, particularly at high repetition rates. Thus, 

CNTYMEs and CNPEs have thin layer cell behavior that facilitates high temporal resolution 

measurements, but catecholamines CVs are complicated by cyclization reactions. However, 

those additional peaks could be useful in discriminating the analytes, particularly epinephrine and 

norepinephrine.   
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Introduction 

Fast-scan cyclic voltammetry (FSCV) is used to detect neurotransmitters in vivo because 

it has a rapid time resolution and provides a unique cyclic voltammogram (CV) that enables 

analyte identification.[1–4] Carbon-fiber microelectrodes (CFMEs) have strong adsorption for 

dopamine, enhancing the sensitivity and electron transfer.[5–7]  However, FSCV for dopamine at 

CFMEs is usually limited to 10 Hz repetition frequency because at higher frequencies, the signal 

decreases dramatically when there is less time at the holding potential for dopamine to be 

adsorbed on the electrode surface.[8]  Recently, carbon nanomaterial electrodes have been 

developed to enhance dopamine detection.[9,10] For example,  a carbon nanotube yarn 

microelectrode (CNTYME), made from aligned carbon nanotube bundles twisted into a 

thread,[7,11,12] has highly sensitive dopamine detection with FSCV and a more reversible CV 

with smaller peak-to-peak separation (ΔEp).[13],[14] Our group demonstrated that at CNTYMEs, 

dopamine peak current is independent of the FSCV repetition frequency, which enables 

CNTYMEs to maintain a high sensitivity with improved temporal resolution.[9,15] This frequency 

independent response is due to surface roughness, as crevices on the scale of the diffusion layer 

trap dopamine, leading to thin layer cell electrochemical behavior.[16,17] Practically, this occurs 

at CNT yarns and fibers with micron scale surface roughness,[9,17,18] and the CNTYME 

performance is improved by increasing the surface roughness using laser activation or an anti-

static gun.[19,20] Trapping effects are also observed at other electrodes, including cavity carbon 

nanopipette microelectrodes (CNPEs),[9,21] where cavity CNPEs have a nano-sized cavity at the 

tip that also gives rise to thin layer cell electrochemical behavior.[21] However, all the FSCV 

research on CNTYMEs and cavity CNPEs is focused on dopamine, and other neurotransmitters 

have not been studied.[13,19]  

Dopamine, norepinephrine, and epinephrine are classified as catecholamine 

neurotransmitters due to their similar chemical structure.[22] Dopamine is the major 

neurotransmitter associated with reward, and is dysregulated during drug abuse, and also 
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regulates locomotion and is depleted during Parkinson’s disease.[23] Norepinephrine release in 

the brain influences sleep, attention, and feeding behavior.[24] Epinephrine causes fight or flight 

responses, such as increasing heart rate and contractility.[25] Catecholamines can be detected 

electrochemically, but their CVs are largely indistinguishable with normal oxidation limits at carbon 

electrodes.[26,27]  However, Wightman’s group also observed a second anodic peak for 

epinephrine at around 1.3 V due to the oxidation of the secondary amine group, which can be 

used to distinguish CVs of epinephrine and norepinephrine.[22,26,28] In 1967, Ralph Adams 

published oxidation pathways of catecholamines and showed that the o-quinone species 

produced by oxidation can be cyclized and produce  leucocatecholamine products that undergo 

further redox reactions.[29] These leucocatecholamine oxidation peaks are larger for epinephrine, 

a secondary amine, but are typically observed only at high concentrations. More recently, Mao’s 

group reported cyclization of dopamine at a carbon nanotube-based biosensor, which enhances 

selective dopamine detection in the presence of ascorbic acid and DOPAC.[30]  In addition, we 

observed the cyclization products of dopamine in CNPEs with FSCV;[21] however, it is not clear 

how the cyclization of epinephrine and norepinephrine will be affected at electrodes with a 

structure that facilitates thin layer cell behavior.  

 The goal of this study is to compare the FSCV response of dopamine, norepinephrine, 

and epinephrine at CNTYMEs and CNPEs. Neurotransmitters were measured with FSCV with 

varied scan rates and repetition frequencies. At CNTYMEs and CNPEs, current is maintained for 

catecholamines at higher repetition frequencies, in contrast to CFMEs, where current decreases 

significantly with higher repetition frequencies. In addition, the secondary oxidation peaks that 

result from the cyclization reactions are larger at CNTYMEs and cavity CNPEs than at CFMEs. 

Secondary peaks are more prominent at high repetition rates because more product accumulates 

in a short amount of time. Epinephrine has the largest secondary anodic peak because it has a 

secondary amine group, which promotes cyclization, while norepinephrine has the smallest 

cyclization peak. Therefore, the differences in CV shapes at these electrodes might allow 
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discrimination of the analytes. All of the catecholamines are detected with higher temporal 

resolution at CNTYMEs and CNPEs, but that secondary reactions due to cyclization are more 

prominent because of the trapping effects.  

 

Experimental section 

Electrode Fabrication 

 CFMEs were fabricated by inserting T-650 carbon fibers into a glass capillary (0.68mm ID 

X 1.2mm OD) and pulled by a glass puller (model PE-21, Narishige, Tokyo, Japan) to form a 

cylinder tip. The fiber was cut to 100 µm from the glass tip junction and insulated by Epon Resin 

828 (Miller-Stephenson, Danbury, CT) mixed with 14% 1,3-phenylenediamine hardener at 85 °C. 

After overnight curing at room temperature, the electrodes were placed in the oven at 100°C for 

two hours and then transferred to the 150°C oven overnight. 

 Commercial carbon nanotube yarn with 50 µm diameter was purchased from the 

Nanoworld Lab, Department of Chemical and Environmental Engineering, University of Cincinnati. 

A glass capillary was pulled by a glass pipette puller and cut to have an opening about 100 µm. 

A piece of 1.5 cm long CNT yarn was inserted into the opening tip in the isopropanol solution to 

remove impurities on the surface and epoxied with Epon Resin 828 when the capillary dried. 

Curing procedure was the same as CFMEs and electrodes were polished to a 45° angle on a fine 

diamond abrasive plate (Sutter Instruments model BV-10, Novato, CA).  

 

Solutions and Electrochemistry  

Dopamine hydrochloride, norepinephrine hydrochloride and epinephrine hydrochloride 

were purchased from Sigma-Aldrich (St. Louis, MO). Analytes were dissolved in 0.1 M HClO4 to 

make 10 mM stock solutions and were diluted daily to 1 µM in PBS pH 7.4 buffer (131.25 mM 

NaCl, 3.00 mM KCl, 10 mM NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, and 1.2 mM CaCl2).  
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 The buffer and analytes were supplied to the flow cell using a dual syringe pump and were 

injected through a six-port switching valve (Valco Instruments Co. Inc. Houston, TX).[31] 

Electrodes were filled with 1 M KCl and inserted into an electrode holder with a silver wire to 

connect to the headstage of the Dagan potentiostat (Dagan, Minnesota). The applied triangular 

waveform was from -0.4 V to 1.3 V versus a Ag/AgCl reference electrode. Scan rate was 400 V/s 

with frequencies ranging from 10 Hz to 100 Hz, or 2000 V/s for frequencies from 5 Hz to 500 Hz. 

When multiple frequencies were tested, they were tested from low to high frequency and all three 

analytes were tested before changing to a higher frequency to prevent electro-activation of carbon 

electrode surface. FSCV data were acquired with HDCV software, developed at University of 

North Carolina, Chapel Hill.  

 

Surface Characterization 

For scanning electrochemical microscopy (SEM), CFMEs and CNTYMEs were taped on 

a flat aluminum stage. The polished surface of the CNT yarn disk electrode was placed upward 

to guarantee the image capture. SEM was performed on a ZEISS Merlin High-Resolution 

Scanning electron microscope (Oberkochen, Germany), provided by Center for Nanophase 

Materials Science (CNMS), Oak Ridge National Laboratory.  

 

Results and Discussion 

Surface characteristics  

First, we compared the structural and electrochemical properties of CFMEs and 

CNTYMEs to detect catecholamines. Figure 1 shows the surfaces of CFMEs and CNTYMEs 

characterized by SEM. The T650 carbon fiber, 7 µm in diameter, has a relatively smooth 

surface, but also has striations (Fig. 1A). Polished disk electrodes are used for the CNTYME, 

and Figure 1B shows the center region, which has a forest structure formed by vertically aligned 

CNTs. The CNTYME has a rough surface, with many tufts of CNTs with crevices in between. RZ 
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is a roughness factor which represents the distance from the top of the highest peak to the 

lowest valley, and is about 0.95 µm for the CNTYME, as mentioned in previous work.[20] 

 

Figure 1. SEM images. (A) T650 carbon fiber surface, (B) CNTYME surface. 
 
 

Oxidation current decays with higher repetition frequencies at CFMEs 

To study the effect of repetition frequency on FSCV measurements, cyclic 

voltammograms of 1 µM catecholamines were measured at CFMEs at frequencies from 10 Hz 

to 100 Hz. Figure 2A shows a cyclic voltammogram of 1 µM dopamine, which has an oxidation 

peak for dopamine at 0.6 V and a reduction peak on the backwards scan around -0.2 V.[32] At 

10 Hz, the reduction peak current (14 ± 2 nA) is less than the oxidation peak current (31 ± 3 

nA), because dopamine-ortho-quinone (DOQ) has a larger desorption rate constant and 

desorbs more readily from the CFME.[8] At 100 Hz, oxidation currents are much smaller, less 

than 10 nA, but the CVs are more symmetrical and the oxidation currents (4.4 ± 0.5 nA) are 

more similar to the reduction currents (3.2 ± 0.3 nA). Similar CV features were also observed for 

norepinephrine and epinephrine (Fig. 2B and 2C). The peak currents at 10 Hz are larger than 

those at 100 Hz, and at 10 Hz, the oxidation peak currents at 0.6 V are larger than reduction 

peak currents at -0.2 V. Dopamine has the highest peak current among the three catecholamine 

analytes, likely due to stronger adsorption.  
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Figure 2. CFME-based detection of catecholamines at different FSCV frequencies. Cyclic 
voltammograms of (A) dopamine, (B) norepinephrine and (C) epinephrine at 10 Hz (black) and 
100 Hz (orange) on CFME with FSCV. The dopamine waveform (-0.4V to 1.3V and back at 
400V/s) was applied. Insets are CVs collected at 100 Hz signals. Normalized current 
(normalized to 10 Hz signal) of the primary and secondary oxidation peaks of (D) dopamine, (E) 
norepinephrine, and (F) epinephrine at various frequencies. n = 4 electrodes, error bars SEM. 

 
Although the CVs of the three catecholamines have similar oxidation and reduction 

potentials, there are slight differences. For epinephrine, a secondary redox couple peak due to 

the intramolecular cyclization reaction is also present, with an oxidation peak at 0.15 V (Fig. 

2C). Scheme 1 shows redox pathways and cyclization of catecholamines. The overall anodic 

pathway of catecholamines is an ECE (Electrochemical-Chemical-Electrochemical) 

mechanism.[26,33] The catecholamine is oxidized via an electrochemical reaction to generate a 

corresponding ortho-quinone molecule, which undergoes intramolecular cyclization to produce 

leucocatecholamine via a Michael addition reaction. This chemical process is irreversible, as 

leucocatecholamines cannot go back to the original species once Michael addition occurs.[30] 

In the following electrochemical process, leucocatecholamine is further oxidized to an 

aminochrome; thus, a reversible oxidation couple with an oxidation peak at 0.15 V is observed 
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in the cyclic voltammogram.[21,30,34] Epinephrine is the most favorable to undergo the 

cyclization side reaction, because the methyl group on the secondary amine of epinephrine acts 

as an electron donor making the nitrogen more nucleophilic, and making it easier to attack the 

ring structure of the quinone. Secondary peaks are therefore larger for epinephrine.[28] 

Epinephrine also has another oxidation peak that occurs at 1.3 V on back scan, which is due to 

the oxidation of the amine group.[28] As a secondary amine, the methylated amine group on 

epinephrine is more easily oxidized than the primary amines on dopamine and norepinephrine. 

Researchers have separated epinephrine from norepinephrine based on the peak at 1.3 V, 

which is much larger on the voltammogram of epinephrine.[22]  

  

 
Scheme 1. Oxidation reaction schemes of (A) dopamine, (B) norepinephrine and (C) 
epinephrine. 

 
Figure 2D-F plots the oxidation current vs repetition frequency at CFMEs.  For dopamine 

(Fig. 2D), there is a dramatic decay of the primary oxidation current as FSCV repetition 

frequency increases. The current at 100 Hz is only 20% of that at 10 Hz. Norepinephrine and 
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epinephrine (Fig. 2E, 2F) have similar trends as dopamine, with primary oxidation currents that 

decay with increasing frequency. With higher repetition frequency, all three analytes also have 

an increasing secondary peak current from the cyclization product. The decrease in primary 

oxidation current for epinephrine is larger than for norepinephrine and dopamine, but its 

secondary peak current increases the most. More epinephrine-o-quinone molecules are 

consumed in the chemical process and secondary peaks grow, but the primary peak decreases 

because less epinephrine-o-quinone is reduced back to epinephrine and detected on the next 

scan. Cyclization is observed more at 100 Hz than 10 Hz because the number of 

electrochemical cycles is increased; thus, if a given percentage of o-quinone species will cyclize 

on each scan, there is more of that cyclization product being accumulated with ten times more 

scans per second. Overall, the primary oxidation current for all the catecholamines at CFMEs 

decreases with increasing frequency, limiting the temporal response.  Note that the overall 

amount of cyclization observed at CFMEs is low due to the diffusion of o-quinones.    

 

CNTYMEs maintain high oxidation currents at higher repetition frequencies 

Next, CNTYMEs were tested with 1 µM catecholamines at different FSCV repetition 

frequencies. Figure 3 shows the CVs of dopamine (Figure 3A), norepinephrine (Figure 3B), and 

epinephrine (Figure 3C) at 10 Hz and 100 Hz. The primary oxidation peak current of dopamine 

at 10 Hz is 5.2 ± 0.2 nA, due to the small surface area of the disk electrode and the anodic 

current is 3.9 ± 0.2 nA, which is more reversible than CFMEs.  At 100 Hz, the peak current for 

dopamine is only slightly decreased at CNYMEs and the secondary oxidation peak at 0.15 V is 

clearly observed. Norepinephrine has a similar CV shape as dopamine at different frequencies, 

but the secondary oxidation peak is harder to observe. Epinephrine, however, has multiple 

oxidation peaks and at 100 Hz, the primary peak is smaller than the secondary peaks at 0.15 V 

and 1.3 V. Compared to CFMEs, the reduction peaks for all three analytes are larger, 
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particularly at high frequencies, indicating more reversibility. Thus, observation of secondary 

peaks is enhanced at CNTYMEs. 

 

 

Figure 3. CNTYMEs for catecholamine detection.  CVs at 10 Hz (black) and 100 Hz (orange) 
for (A) 1 µM dopamine, (B) 1 µM norepinephrine, and (C) 1 µM epinephrine. Normalized current 
vs repetition frequency for (D) dopamine, (E) norepinephrine, and (F) epinephrine.  Both the 
primary oxidation peak (black) and the secondary oxidation peak (blue) from the cyclization 
reaction are plotted.  n = 4 
 
  

To understand the effects of repetition frequency on current, normalized oxidative 

currents for the primary and secondary reactions was plotted vs frequency (Fig. 3D, E, F). For 

dopamine and norepinephrine, the primary peak (0.6 V) decreases only slightly, while the 

secondary (0.15 V) oxidation peak increases at higher frequencies. Norepinephrine has little 

secondary peak and thus the current for the primary oxidation is nearly independent of repetition 

frequency. However, for epinephrine, the primary current drops more at high frequencies 

because there are more secondary reactions occurring.  The primary peak drops as the 

epinephrine is consumed by the chemical reaction and the secondary peak rises due to 

reversible detection of the leucoepinephrine redox couple.   At higher frequencies, there are 
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more electrochemical scans and so more leucoepinephrine is accumulated, since the cyclization 

reaction is an irreversible process.  

 

Enhanced secondary peaks at CNTYMEs   

 To compare CNTYMEs and CFMEs, Figure 4 shows the normalized CVs for dopamine, 

norepinephrine, and epinephrine at 100 Hz. The primary oxidation current was normalized to 

account for difference in surface area between CNTYME and CFME. CNTYMEs have larger 

secondary peaks for all three analytes than CFMEs. For epinephrine, secondary peaks for 

CNTYMEs are larger than primary peaks for CNTYMEs, but not for CFMEs. Secondary peaks 

are larger at CNTYMEs because the o-quinone and cyclization products become trapped in the 

crevices between CNTs and therefore are more likely to be detected. The peak-to-peak 

separation (ΔEp) is smaller at CNTYMEs for the primary oxidation, due to faster electron 

transfer kinetics at CNTs,[7] and the secondary peak potentials also shift to more negative 

potentials due to catalytic effects. The increasing oxidation peak at 1.3 V at CNTYMEs may also 

result from the electrocatalytic effect because the reaction can occur at lower potentials, so 

there is more time for the reaction to occur with the given potential limits.[7]  

 

 

Figure 4. Comparison of CVs for catecholamines at CNTYMEs and CFMEs at 100 Hz. (A) 
dopamine, (B) norepinephrine, and (C) epinephrine. 
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Figure 5. Cyclic voltammogram with 2000V/s scan rate and 5 Hz (black) and 500 Hz (orange) 
repetition frequencies. At CFMEs: (A) dopamine, (B) norepinephrine, and (C) epinephrine. At 
CNTYMEs: (D) dopamine, (E) norepinephrine, (F) epinephrine. 
 

Using a scan rate of 400 V/s allows a maximum frequency of ~115 Hz. To understand 

the behavior at higher repetition frequencies, higher scan rates were employed. With a scan 

rate of 2000 V/s, the scan time is reduced to 1.7 ms, which allows a maximum repetition 

frequency of about 500 Hz. Figure 5 compares a 2000 V/s scan rate with 5 Hz or 500 Hz 

repetition frequencies for CFMEs and CNTYMEs. The anodic currents were normalized to the 

primary oxidative current to compare the relative heights of the secondary peaks. Cyclic 

voltammograms at 2000 V/s have a larger ΔEp, because peaks shift with scan rate in FSCV due 

to sluggish electron transfer.[35] The primary anodic peak occurs around 1.0 V at CFMEs and 

0.8 V at CNTYMEs, and secondary peak occurs at 0.5 V, whereas reduction peaks are not 

observed.  Overall, there are dramatically larger secondary peaks for dopamine, 

norepinephrine, and epinephrine at 500 Hz at CNTYMEs and those secondary peaks are larger 
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than at CFMEs. Epinephrine, the catecholamine with the most cyclization reaction, has the 

largest secondary peak, which predominates over the primary peak. 

 
 

 
Figure 6. Ratios of secondary to primary anodic peak currents for catecholamines at CNTYMEs 
and CFMEs. Peak currents were obtained at 500 Hz, with a scan rate of 2000 V/s (Two-way 
ANOVA with Tukey’s multiple comparison test, error bars are SEM with n = 4). * p<0.05, **p < 
0.01, ***p<0.001 
 

Ratios of primary to secondary anodic current were further analyzed for the three 

catecholamines. At 500 Hz (2000 V/s, Fig. 6), the secondary to primary peak ratio for dopamine 

is approximately 0.6 at CNTYMEs, while it is 0.4 for norepinephrine, and 1.2 for epinephrine. A 

ratio larger than 1 means the secondary peak current is larger the primary current. There is a 

significant main effect of analyte (Two-way ANOVA with Tukey’s multiple comparison test, p < 

0.001, n = 4 electrodes) and electrode type (p = 0.0244) on the current ratios (Figure 6). The 

secondary peak current ratios at CNTYMEs are significantly larger than those at CFMEs for all 

three analytes (p < 0.1). At both CFMEs and CNTYMEs, epinephrine has larger ratio of 

secondary peak currents than dopamine or norepinephrine, because it easily cyclizes. 

CNTYMEs have a rougher surface that traps the analyte and enhances the secondary oxidation 

peaks.   

 
Cavity carbon nanopipette microelectrodes are also frequency independent with more 
secondary peaks 
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To prove that the enhancement of secondary peaks is due to trapping effects, we tested 

another type of electrode with a geometry that is known to momentarily trap analytes. Cavity 

carbon-nanopipette microelectrodes (CNPEs) have tip diameters of 200-400 nm and a cavity 

that is 500 nm long. Their electrochemical properties have been tested for dopamine,[21,36–38] 

and FSCV detection of dopamine is frequency independent due to the trapping effect within the 

cavity. Here, we explored the current response of dopamine, norepinephrine, and epinephrine at 

different frequencies at cavity CNPEs. The surface area of cavity CNPEs is much smaller than 

CFMEs and CNTYMEs[36] so 10 µM dopamine, norepinephrine, and epinephrine were tested.  

 

 

Figure 7. Cavity carbon nanopipette microelectrode detection of catecholamines at different 
FSCV frequencies. Cyclic voltammograms of 10 µM (A) dopamine, (B) norepinephrine, and (C) 
epinephrine at 10 Hz and 100 Hz. Normalized current vs frequency for CNPEs (D) dopamine, 
(E) norepinephrine, (F) epinephrine.  
 

The CVs in Figure 7 indicate peak currents decrease slightly with increasing repetition 

frequency for dopamine and norepinephrine, but not as at CFMEs. Dopamine (Fig. 7A) and 

norepinephrine (Figure 7B) have smaller drops in current from 10 to 100 Hz, whereas 

epinephrine has the largest current drop, but also the largest secondary peaks.  Interestingly, 
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epinephrine has a well-defined secondary oxidation couple, but the peak at 1.3 V is not as large 

as for CNTYMEs.  This indicates that the 1.3 V peak is likely enhanced at CNTYMEs due to 

electrocatalytic effects and not trapping effects. The trends for dopamine (Fig. 7D) and 

norepinephrine (Fig.7E) primary and secondary currents at CNPEs are similar to CNTYMEs.  

The primary currents do not decay as much as CFMEs with increasing frequency and the 

secondary peak increases with increasing frequency. However, the primary current of 

epinephrine (Fig. 7F) decays a lot as the secondary anodic peak increases. The secondary 

oxidation peak current dominates the primary one at 100 Hz. With increasing frequencies, more 

epinephrine-o-quinone is made and more irreversibly cyclizes to leucoepinephrine, which is 

detected in future scans.  Overall, the catecholamine neurotransmitter electrochemistry is 

similar at both CNTYMEs and cavity CNPEs. They both have thin layer cell behavior and 

trapping effects that lead to frequency independent current response and enhanced secondary 

oxidation peaks.  

 

Discussion 

Electrochemical performance for catecholamines is different at CNTYMEs than for 

CFMEs.  The CVs at CNTYMEs have a smaller peak-to-peak difference, more reversible CV 

shapes, and more frequency independent peak current responses. Secondary oxidation peaks 

are more readily apparent at CNTYMEs, especially at higher repetition frequencies, a result that 

is similar to catecholamine oxidation at cavity CNPEs.  These results lead to the hypothesis that 

CNTYMEs act as a thin-layer electrode and that secondary peaks are enhanced by trapping 

effects. 

Thin layer cell electrodes were first developed in the 1960s and have two flat working 

electrodes separated by a thin electrolyte space, where the gap is smaller than the diffusion 

layer thickness.[33,39] Mass transfer can be neglected in a thin-layer cell, and the analyte 

concentration on the surface is larger than the bulk solution due to lack of depletion. Cyclic 
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voltammograms in a thin-layer cell have different properties: the peak current is proportional to 

scan rate (rather than the square root of scan rate with diffusion control) and the voltammogram 

is perfectly symmetrical and has a ∆Ep of 0 for a reversible redox couple.[33]  

CNTYMEs consist of vertically aligned CNTs, which can be treated as separate working 

electrodes, with cavities in between them that act as the narrow gaps in a thin-layer cell. If the 

depth of the cavity is larger than the diffusion layer, molecules will be trapped in the cavity and 

will remain close to the CNT for the timescale of the experiment. For one dimensional diffusion, 

the diffusion layer thickness is calculated by  

δ = (2Dt)1/2 

The calculated diffusion length is 0.9 µm, based on a diffusion coefficient of 2x10-6 cm2 s-1 [40] 

and time for DOQ to exist of 4.25 ms with 400 V/s scan rate (the time is based on when 

oxidation of DA occurs but DOQ is not yet reduced back to DA). Thus, the diffusion layer 

thickness is approximately the same as the surface roughness of CNTYMEs, which was 

measured to be 0.95 µm by laser scanning confocal microscopy. Note however, the trapping 

effect will be larger in two or three dimensions, because the cavities are deep and narrow, and 

catecholamine will hit “walls” as it diffuses. Thus, the CNTYME has a structure that makes it 

equivalent to thousands of small thin layer cells.  Consistent with this theory, the CVs obtained 

from CNTYMEs exhibit a smaller ΔEp and a larger cathodic current compared with CFMEs. The 

same result is observed at cavity CNPEs, which also have a thin-layer like structure. Unlike 

CNTYMEs, CNPEs have one, submicron-sized cavity, instead of surface roughness, but 

molecules are still trapped inside, increasing the local concentration of the analytes.  

The thin layer structure leads to the frequency independent current response of 

catecholamines at CNTYMEs. The kinetics of dopamine are adsorption controlled at carbon 

fibers,[8] but the theory and behavior for adsorption control is derived from thin-layer 

electrochemistry because it assumes there is no diffusion.[33] At carbon electrodes, if dopamine 
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remained adsorbed to the electrode while it was oxidized to DOQ and the reduced back to 

dopamine, the current response would be frequency independent. However, the rate for DOQ 

desorption is 10-fold higher than for dopamine at CFMEs, and much of the DOQ falls off and 

diffuses away from the electrode surface before it is reduced back to dopamine.[41]  Thus, time 

at the holding potential is necessary to re-adsorb dopamine, and that time is controlled by the 

repetition frequency.[8,42] At CNTYMEs or cavity CNPEs, molecules that enter the cavities 

can’t diffuse out on the FSCV time scale.  Thus, even if DOQ desorbs from the electrode, it 

would still be trapped near the surface and be able to undergo redox reaction back to dopamine.  

If no side reactions occur, the reaction would be perfectly reversible and repetition frequency 

independent at CNTYMEs.  The response of norepinephrine is the most ideal, because it had 

the lowest rate of side reaction.   

The thin layer structure of CNTYMEs also contributes to detecting more secondary 

oxidation peaks. For a CFME, if DOQ desorbed and cyclized, it might diffuse away from the 

surface and the cyclization product would not be detected; indeed, leucodopamine is typically 

only observed with high concentrations, in the mM range.[40] Here, cyclization products were 

observed at low concentrations more frequently for all the catecholamines at CNTYMEs and 

CNPEs because leucocatecholamines are restricted near the surface. However, the downside 

to observing cyclization peaks is that the primary oxidation peak decreases with repetition 

frequency, because some of the original catecholamine is not recycled in the redox reaction, but 

is “consumed” in the side chemical reaction.  Therefore, for molecules that undergo extensive 

cyclization, the primary current decays with frequency at CNTYMEs, but for a different reason 

than the decay observed at CFMEs.  Still, all CNTYMEs maintained higher currents for high 

frequencies than CFMEs.  The upside to observing more cyclization products is that it could be 

a method to distinguish different molecules.  Norepinephrine and epinephrine are more easily 

discriminated at CNTYMEs, especially at 10 Hz FSCV frequency, because side peaks are 

amplified for epinephrine.  Differentiating dopamine and norepinephrine is still challenging, but 
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using more advanced data analysis techniques, such as machine learning or principal 

components analysis,[43,44] it may be possible to discriminate the shapes because there are 

differences in the secondary peaks in the CVs.   

Our work also shows cyclization peak currents are larger with increasing frequencies for 

all three catecholamines. When applying a normal dopamine waveform at 10 Hz, the time for 

redox reactions occupies approximately 8.5% of the time, whereas it increases 10-fold at 100 

Hz. With increasing number of reactions happening in a given time, the product concentrations 

also increase. Leucocatecholamines are further oxidized to aminochromes and this reaction is 

reversible, so the same product can be detected again on future scans. Higher cyclization peak 

currents are observed at both CFMEs and CNTYMEs at high frequencies. Moreover, with the 

thin-layer structure on CNTYMEs, the accumulated leucocatecholamines are trapped in the 

restricted area near the electrode where they are detected. Thus, CNTYMEs have enhanced 

secondary peaks due to both trapping effect and frequency effects. 

 

Conclusions 

CNTYMEs are a good alternative to CFMEs in detection of neurotransmitters due to the 

fast electron transfer kinetics, good electrochemical properties, and high temporal resolution. 

Both CNTYMEs and cavity CNPEs have trapping effects caused by thin-layer structure: 

CNTYMEs have micron-sized surface roughness, whereas cavity-CNPEs have nano-cavities on 

the tip. Overall, this paper shows that CNTYMEs and cavity CNPEs have surface structures that 

give rise to thin layer cell electrochemistry on the time scale of FSCV. The trapping effects 

cause the primary current to be largely independent of FSCV frequency, because any o-quinone 

that desorbs is trapped near the electrode surface and can be detected again.  However, 

catecholamines can also cyclize and detection of these products is amplified by trapping effects 

at CNTYMEs and cavity CNPEs, especially at higher frequencies.   Epinephrine has the highest 

rate of cyclization and thus detection of secondary peaks is more evident at CNTYMEs and at 
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high repetition frequencies.  Thus, this study shows that thin layer cell electrodes are useful in 

fundamental understanding of ECE reactions and may be useful for discriminating different 

compounds with similar structure based on secondary products.     
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