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Abstract

We have compared the properties and resistance to DA fouling of a carbon nanotube fiber (CNTF) 

microelectrode to a traditional carbon fiber (CF) microelectrode. These two materials show 

comparable electrochemical activities for outer-sphere and inner-sphere redox reactions. Although 

the CNTF might have a higher intrinsic RC constant, thus limiting its high-frequency behavior, the 

CNTF show a significantly higher durability than the CF in terms of electrode stability. During 

constant oxidation of 100 μM DA, the signal measured by the CNTF microelectrode shows a 2-

hour window over which no decrease in current is observed. Under the same conditions, the 

current obtained at the CF microelectrode decreases by almost 50 %. A model of the fouling 

process, assuming the formation of growing patches of insulator on the surface, has been 

compared to the data. This model is found to be in good agreement with our results, and indicates 

a growth rate of the patches in the 0.1 - 2 nm s−1 range.

Dopamine (DA) is an important neurotransmitter involved in reward and addiction 

mechanisms.1,2 The detection and quantification of this substance is needed to elucidate the 

pathways responsible for these functions. Since DA is electroactive, electrochemical 

detection is an attractive method for its monitoring in vitro and in vivo and has been 

routinely performed since the seminal work of Ralph Adams published in the 1970s.3 

Exogenous and endogenous levels of neurotransmitter have been measured both with 

continuous amperometry and fast scan cyclic voltammetry (FSCV).4–8 FSCV offers the 

possibility to carry out precise chemical identification, and is therefore extensively used as 

an analytical technique for neurochemical research. Interestingly, despite its decreased 

chemical resolution, steady state amperometry is still a popular electrochemical technique 
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for biological assays because of its capability to perform quantitative in situ measurements 

with excellent, sub-millisecond, time resolution.

The products of DA oxidation are very reactive and may form an insulating film on the 

electrode surface, thus jeopardizing the long term stability of the electrode.9–12 The reaction 

pathway of DA fouling is shown on Scheme 1.9,10 The electrochemical oxidation of DA 

proceeds via a two-electron transfer forming the o-dopaminoquinone (o-DQ) (1). 

Subsequently, this intermediate undergoes an intramolecular addition when the amine is 

protonated, resulting in a cyclization leading leucodopaminochrome (LDC) (2). LDC 

undergoes a two-electron oxidation to form dopaminochrome (DC). DC may polymerize to 

melanin on the electrode by a free radical polymerization, significantly inhibiting the surface 

dependent redox chemistry of DA.

The low cost, wide potential window and electroactivity for a variety of redox reactions of 

carbon materials makes them highly attractive for electroanalytical chemistry. Carbon shows 

a great diversity as an electrode material, stemming largely from its structural 

polymorphism, chemical stability, rich surface chemistry, and strong carbon-carbon 

bonds.13

Carbon fibers (CF) have been used for in vivo electrochemistry due to their small size and 

their good electroactivity for a variety of biochemicals, such as neurotransmitters.14,15 

However, CF, like glassy carbon, is affected by the fouling caused by the oxidation products 

of neurotransmitters. This issue strongly jeopardizes the quality of the measurements, as the 

electrochemical oxidation of neurotransmitters is typically an inner sphere reaction 

involving surface adsorption.16 Modified waveforms7,17 or membrane coatings18,19 have 

been proposed to improve the stability of carbon fiber electrode surfaces during FSCV 

measurements. However, maintaining a stable surface for amperometric detection, with fast 

reaction kinetics, is still a challenging issue. An another carbon material, boron-doped 

diamond (BDD) is known to exhibit a high chemical stability, at the expense of decreased 

reaction kinetics in comparison to other carbon materials.20,21 Carbon nanotubes (CNTs) 

have distinct structural and electronic properties compared with conventional carbon 

materials used in electrochemistry such as glassy carbon, graphite and CF. CNTs exhibit a 

high aspect ratio, nanometer sized dimensions, good electrical conductivity, resistance 

against surface fouling and a good biocompatibility.13,22–28 The outstanding mechanical and 

unique physical properties of individual CNTs have motivated the development of 

macrostructures based on CNTs, such as CNT arrays, films and fibers.29–31 Such composite 

materials can be handled more conveniently than individual CNT and are therefore the 

attractive candidates for microelectrode materials.32,33

In this report, we evaluate the electrochemical properties and resistance to fouling of carbon 

nanotube fiber (CNTF) and CF microelectrodes. Unlike BDD substrates, the CNTF were 

found to combine a high electroactivity and fast response, comparable to the ones observed 

with CF, together with a high chemical stability. The fiber format of this material also makes 

it easy to use and apply to electrode fabrication. The fouling resistance, evaluated from the 

time required to decrease by 50 % the current measured under fouling conditions, has been 

found to be up to three times higher than for the traditional CF electrode. The CNTF 
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microelectrodes presented in this work exhibit an efficient electrochemical response with 

high resistance against chemical fouling. Unlike most of the alternatives to CF, these CNTF 

electrodes are easy to handle, as their dimensions are comparable to the traditionally used 

CF. Furthermore, the fiber format allows them to be cut, glued and beveled, just like the 

traditional CF. These results suggest that this material is a potential and user-friendly 

candidate for the reliable in situ analysis of neurotransmitters. Additionally, we suggest in 

this report a model for the fouling phenomenon, where the electrode is blocked by growing 

patches of insulating material. This model was found to be in good agreement with the 

observed current decrease, and suggests a growth rate of the insulating patches of 0.1 - 2 nm 

s−1.

EXPERIMENTAL SECTION

Reagents

The chemicals, of analytical grade, were obtained from Sigma-Aldrich (unless stated 

otherwise) and used as received. All solutions were made using 18 MM.cm water from a 

Millipore purification system and the solutions pH was adjusted to 7.4 with concentrated 

NaOH.

CNTF synthesis

The CNTF were prepared following previously published methods.32–34 Briefly, 0.3 wt % of 

HipCO single wall CNTs (CNI, Houston, TX, USA) are dispersed in water using 1 wt % 

sodium dodecyl sulfate as the dispersant. (Safety precautions! Nanotubes were weighted and 

dispersed in a liquid under a Flowsciences Inc. vented hood that has HEPA filters. Gloves, 

glasses and filtering facepiece (FFP3) masks are recommended while handling the raw 

powders of nanotubes). The CNT dispersions were homogenized by tip-sonication. The 

fibers were spun continuously by injection of the homogenous CNT dispersion in the co-

flowing stream of an aqueous solution of poly(vinyl alcohol) (PVA; 5 wt %, MW 195,000, 

hydrolysis 99%). Subsequently the fibers were washed in pure water, dried and then heat-

treated at 600 °C for 6 h under argon atmosphere to fully eliminate the PVA.

Electrode fabrication

The CNTF was cut to a length of approximately 5 mm, then inserted in a pulled glass 

capillary and dipped into an epoxy resin bath to seal it. The electrode was cured at 100 °C 

over night in the oven. Finally, the electrode tip was polished to angle of 45° using a 

microelectrode beveller (Sutter Instrument Co., Novato, CA, USA), rinsed carefully and 

sonicated in deionized water for 10 s. (Safety precautions! Gloves, glasses and FFP3 masks 

are recommended as protection from inhaling the micro- and nanoparticles, which may form 

during electrode fabrication and polishing processes). Electrical contact between the carbon 

fiber and a silver wire was established by inserting pieces of Wood's metal into the capillary 

and melting them. Disk carbon fiber (diameter: 33 μm) electrodes used for comparison were 

prepared as described in literature.35,36
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Scanning electron microscopy and energy dispersive X-ray spectroscopy

The dimensions and morphology of CNTF were characterized using a scanning electron 

microscope (SEM) FEI Quanta 200 equipped with a field emission gun (Tokyo, Japan). The 

instrument was operated at 20 kV accelerating voltage. The secondary electron images were 

obtained using the large field detector and the Everhart-Thornley detector. The elemental 

composition of a material at various measurement points was analyzed using energy 

dispersive X-ray (EDX) system operated by Inca and AZtec softwares (Oxford Instruments). 

The contrast of the images was enhanced using an image processing software.

Electrochemical characterization

All measurements were performed at room temperature. Cyclic voltammetry and 

amperometry were performed using a CHI 1030B potentiostat (CH Instruments, Austin, TX, 

USA). A standard three electrode configuration was used with a Ag|AgCl (3 M KCl) 

reference electrode (BASi, West Lafayette, IN, USA) and platinum wire as counter 

electrode. The buffer, used as the supporting electrolyte, was carefully purged with nitrogen 

prior to experiments.

Simulations

The finite element modeling simulations were performed using Comsol Multiphysics 4.0 a. 

The system was simplified to facilitate the computation by drawing a square (edge length: 

16 μm) partially blocked by insulating squares of edge d, as shown in the Supporting 

Information (Figure S1A), at the bottom of a cylinder (radius: 500 μm, height: 500 μm) of 

liquid, containing 1 mM of analyte, representing the electrochemical cell. The system was 

solved, assuming steady state, and the normal flux of analyte at the surface of the electrode 

was obtained. The calculations and fitting routines were performed with Igor Pro 

(Wavemetrics, US).

RESULTS AND DISCUSSION

Characterization of the native fibers

The morphologies of the native (before the electrode preparation) CNTF and CF were 

investigated with SEM. As shown on Figure 1, the CNTF shows an obvious composite 

structure. The surface of the cylindrical fiber is very irregular, and individual CNT can be 

observed at the tip of the fiber. That is in a good agreement with previous microscopic 

observations of this type of fiber.34 On the opposite, the structure of the CF was found to be 

highly homogenous, and no specific organization could be observed in our SEM images.

Additionally, EDX analysis was performed at the body and tip of the CNTF and CF. The 

spectra were comparable for the body and the tip of the fibers, indicating the uniform 

chemical composition of these materials. The nickel peak could be observed at 0.85 keV in 

the case of CNTF, indicating the presence of the catalyst in the bulk of the material. The 

oxygen peak obtained at 0.52 keV indicates a high content in oxygen functionalities in the 

CNTF material, as well as in the CF. This observation would be in good agreement with a 

high density of edge plane sites or defects, likely to host oxygen functionalities, in the 

CNTF.37
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Characterization of the CF and CNTF electrodes

The CNTF disk microelectrodes were prepared in a similar way to CF microelectrodes, with 

the exception that the CNTF was inserted in a pre-pulled glass capillary.

The resulting CNTF microelectrodes were first investigated using SEM as shown in Figure 

2A and B. The morphology of the CNTF is quite different from a conventional CF showing 

highly fractured fiber-flanks. As a result the active surface of the electrode does not have a 

well-defined radius. From the micrographs, obtained for 3 electrodes, and taking into 

account the 45° beveling, an approximate diameter of 35 ± 6 μm was measured. This result 

is very close to the diameter of the CF, hence ensuring the results obtained from the 

electrochemical characterization are comparable. Additionally, the edge of the CNTF 

usually shows a rough surface due to its composite nature (Figure 1). Because of the fine 

polishing induced by the beveling, this structure disappears after the electrode preparation 

(Figure 2B) as the electrode surface appears to be flat and smooth. CNTF was also used to 

make cylindrical electrodes. Figure 2 shows electron micrographs obtained at a smooth 

polished tip of the disk electrode (top row) and at a rough surface of the body and the tip of 

the intact (unpolished) cylindrical electrode (bottom row).

In Figure 2C, the elemental composition of the CNTF, obtained from EDX analysis, is 

shown. The EDX spectra were not significantly different from the ones obtained at the 

native fibers, thus indicating that the electrode fabrication process does not alter the 

material. The major EDX signal at 0.28 keV is attributed to carbon and an oxygen peak is 

still observed at 0.52 keV. The peak observed at 1.74 keV indicates the presence of silicon 

and corresponds to the residuals of glass initially insulated the CNTF, and remained on the 

carbon surface after the electrode beveling. The EDX spectrum reveals the presence of Ni 

(0.85 and 7.45 keV), which was used as metal catalyst in the synthesis of the CNTs.34,38 The 

Al traces at 1.49 keV originate from the stage of the microscope.

Electrochemical characterization

The electrochemical background scans (see Supporting Information, Figure S2) in phosphate 

buffered saline (PBS) and 0.1 M H2SO4 for a CNTF microelectrode and a conventional CF 

microelectrode showed that no significant peak corresponding to Ni was detected in the 

background scan in 0.1 M H2SO4. The lower limit of the potential window, −0.3 V in PBS 

and −0.1 V in 0.1 M H2SO4, was similar for both electrodes. The positive limit of the 

potential window differs significantly. The CNTF microelectrode has a lower positive 

potential limit of 0.7 V compared to the 1.0 V in case of the CF microelectrode.

Typical CV traces obtained for different redox couples are presented on Figure 3A and B. 

The characteristic parameters obtained from these CVs are listed on Table 1. In the case of 

ruthenium hexaammine (RuHex) and ferrocenemethanol (FcMeOH), two outer-sphere redox 

couples, no significant difference could be observed between the two different materials. 

The double layer capacitance, obtained from the double layer part of the CV scans, did not 

change either, indicating that the surface areas of the electrodes are comparable (data not 

shown). Furthermore, the Tomeš potential ET
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(1)

measured for these couples is consistent with a reversible reaction. For this type of couples, 

the Tomeš criterion indicates that ET = 56.4/n were n is the number of electrons 

exchanged.39 As shown on Figure 3C and D, the scan rate dependence for the reduction of 

RuHex at the CF and CNTF surfaces was investigated. At scan rate higher than 50 mV s−1, 

both electrodes show a macroelectrode behavior, and a peak of cathodic current can be 

defined. In particular, and for both materials, it was found that the peak current is linearly 

dependent on the square root of the scan rate, as expected for a diffusion controlled reaction, 

and the similar slopes for the two types of electrodes indicate similar diffusion profiles.

DA oxidation is known to be critically surface-dependent and thermodynamically 

irreversible, as demonstrated by the high ET (Table 1). Calibration curves were plotted for 

DA (Figure 4A) and a linear fit (R2= 0.9960) was performed, as the diffusion limited current 

idl is linearly dependent on the analyte concentration.39

Intrinsic RC constant

Chronoamperometries between −0.2 V and 0.4 V vs. Ag|AgCl were run in PBS to 

investigate the discharge behavior of the materials. Indeed, both materials can show an 

intrinsic capacitance and resistance, in series, and can therefore behave as RC oscillators. 

This RC constant was calculated by fitting the discharge currents, shown on Figure 5, with a 

decaying exponentially27:

(2)

This RC constant was found to be significantly (1.29 ± 0.29 s vs. 0.06 ± 0.08 s; n = 4, p < 

0.001) higher for the CNT electrodes. This was understood as an evidence of the composite 

structure of this electrode, as incomplete contacts between two fibers can induce the 

formation of a capacitor. In addition, the conductivity of CNT assemblies such as fibers is 

generally limited by the contact resistance of the nanotube junctions. As a result, CNT 

assemblies, in spite of the large conductivity of CNTs, are less conductive than bulk 

graphitic structures.

Resistance to chemical fouling

To assess the resistances of CNTF and CF electrodes against the chemical fouling of DA, 

steady state amperometric measurements with a working potential of 0.8 V vs. Ag|AgCl 

were performed in PBS. The results are shown in Figure 6 for two concentrations, 1 mM 

(Figure 6A) and 100 μM (Figure 6B). The CNTF exhibited a significantly higher stability 

against chemical fouling caused by the oxidation products of the neurotransmitter in all 

tested cases. High DA concentrations, representing a worst-case scenario, blocked the 

electrode surface of CF very rapidly, as half of the initial steady state current is lost after 4-5 

minutes (t50, indicating the time when the diffusion limited current idl has decreased by 

50%, Table 2). The CNTF showed a better resistance with a t50 of 15 minutes.
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The fouling of DA is assumed to be concentration dependent and lower concentrations 

indeed led to decreased chemical fouling. In case of the lower DA concentration the CNTF 

retained the initial steady state current for two hours, whereas the CF showed a continuous 

signal decrease from the beginning, and during the same time under the same conditions the 

signal obtained at the CF decreased by almost 50 %. After three hours of continuous 

oxidation of 100 μM DA the current decreased by only 15 % in case of CNTF and by 70 % 

in case of CF.

The DA fouling on the CNTF electrode surface occurred in two phases both using a high or 

a low concentration of DA. For high DA concentrations, the first phase is characterized by a 

slower blockage of the active electrode area. The second, faster, fouling phase leads to total 

blockage of the electrode surface. Also in case of the CF two phases could be distinguished 

when using the low DA concentration. The two phasic fouling curves can be explained by 

the fact that the neurotransmitters need adsorption sites to be oxidized, thus leading to the 

formation of insulating patches, as detailed below.

Model of the fouling process and kinetics

The data was fitted with the values obtained from the model presented in the Supporting 

Information, after normalization with the current obtained from the unblocked electrode. 

Different growth rates for d(t) were tested, linear (d = kt), square (d = kt2) and square root 

. As shown from Figure 7, the linear rate of growth of the insulating polymer gave 

the best fit to the experimental data (R2 = 0.94), where d = 2.1 t, in nm. This in particular 

indicates that the edge of the insulating patch progresses by 2.1 nm per second. According to 

this model, the first slower phase represents the growth of the insulating layer from the 

polymerization of the oxidation products. The faster second phase describes the fusion of the 

growing insulating layer leading to a complete blockage of the electrode surface.

Interestingly, the trace obtained for 1 mM DA with CF electrode could not be fitted with this 

model. It is likely that the rapid decrease in current observed in this case prevents the 

formation of a stable depletion layer, and rejects the steady-state hypothesis formed for this 

model (see Supporting Information). The dynamic of the current decay is strongly controlled 

by the growth of the insulating layer. On the other hand, the CNTF electrode matched this 

model, indicating a decreased growth of the insulating film, and a substantial resistance to 

electrode passivation.

Table 2 summarizes the fitting values obtained with this model from the current traces 

showing a two-step decay. As the parameter t50 is 2 to 3 times larger for CNTF than for CF, 

for a fixed DA concentration and comparable current densities, this analysis strongly 

emphasizes the improved fouling resistance of CNTF over CF. The time tzero was obtained 

by extrapolating the second tangent. This parameter gives an indication of the DA oxidation 

time required to record an almost null idl, i.e. that the electrode is fully blocked. At a 100 μM 

DA concentration, the tzero of the CNTF is 74% higher than for the CF fiber. Additionally, 

for a DA level of 100 μM, the growth rate k obtained for the CNTF is 57% of the one 

measured for the CF, indicating that the insulating patches grow at a slower rate on the 

CNTF surface.
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The current density of the CF and CNTF were comparable for the two concentrations of DA. 

Therefore, the rate of formation of o-DQ, and the rate of polymerization of the insulating 

materials, should be comparable too, considering the reaction scheme of fouling (see 

Scheme 1). This fact indicates that the higher stability of CNTF arises from a decreased 

binding affinity of the insulating film to their surface. This phenomenon could also explain 

the improved resistance of the chemically stable synthetic diamond surfaces.40 Furthermore, 

it has been suggested that CNTs offer a better resistance to electrode passivation thanks to 

their higher density of edge plane sites.37 Altogether, these results indicate a higher 

resistance of the CNTF to fouling, thus longer and more reliable electrochemical 

measurements can be carried out, even in severe fouling conditions.

CONCLUSION

The CNTF microelectrodes presented here represent an attractive tool for steady state 

amperometry of neurotransmitters. They combine the high electroactivity and easy handling 

of CF electrodes with improved biochemical stability. Other CNT-based electrochemical 

devices have been proposed for electroanalysis, but the preparation requires heavy 

equipment and specialized facilities.13,22–28 The CNTF material presented here is a ready-

to-use option, which does not require any additional modification or pre-activation, in 

contrast with most of the recently reported CNT-based modifications.26 Its fiber format will 

also facilitate its use in bioanalytical laboratories, and could be a reliable alternative to the 

traditional CF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Fouling mechanism during electrochemical oxidation of DA in aqueous solutions.
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Figure 1. 
Characterization of the CNTF and CF: the top row shows SEM images of the body of the 

CNTF and CF (the bar indicates 50 μm). These images clearly show the irregular surface of 

the CNTF, composed of several bundles of CNT, in contrast with the smooth surface of the 

CF. The right panel shows the EDX spectra obtained from the body of the CNTF (solid line) 

and CF (dotted line). The bottom row shows SEM images of the tip of the CNTF and CF 

(the bar indicates 20 μm). The native CNTF shows individual CNT protruding at the fracture 

site. On the opposite, the CF shows a very homogenous structure. The right panel shows the 

EDX spectra obtained from the tip of the CNTF (solid line) and CF (dotted line).
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Figure 2. 
Surface characterization of the CNTF microelectrodes. The top row shows A: SEM images 

of a disk CNTF microelectrode; B: Magnification of the smooth polished CNTF surface 

obtained at the center of the electrode presented on A; C: typical EDX spectra of a CNTF 

surface, taken at the center of the CNTF electrode surface. For comparison, the bottom row 

shows SEM images of a CNTF cylindrical electrode. The left picture shows a wide view of 

the device (the bar indicates 200 μm). The middle and right images show close ups of the 

device, respectively at the CNTF/glass interface, and at the tip of the fiber (the bar indicates 

10 μm).
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Figure 3. 
Typical CVs obtained for different outer-sphere redox probes with a CNTF microelectrode 

(solid line) and or a CF microelectrode (broken line). A: 1 mM ruthenium hexaammine (II) 

chloride (RuHex) in PBS buffer pH 7.4; B: 1 mM ferrocenemethanol (FcMeOH) in PBS 

buffer pH 7.4; C: Typical CVs of 1 mM RuHex in PBS buffer obtained with a CNTF for 

different scan rates (5, 10, 25, 50, 100, 200, 250, 500, 750, 1000, 2500, 5000, 10000 and 

25000 mV s−1); D: Linear fits of the peak currents obtained for CNTF (black dots) and CF 

(white dots) microelectrodes in 1 mM RuHex in PBS buffer pH 7.4 versus the square root of 

the scan rate.
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Figure 4. 
Electrochemistry of DA. A: Typical CVs obtained in 100 μM DA in PBS buffer (pH 7.4); B: 

calibration plot of the diffusion limited current (at 0.6 V vs. Ag|AgCl) for DA.
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Figure 5. 
Chronamperometric traces obtained in PBS, between −0.2 V and 0.4 V vs. Ag|AgCl. The 

data presented is the average (±S.D., n = 4) discharge curves, obtained for CNTF (solid line) 

and CF (broken line) microelectrodes.
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Figure 6. 
Effect of extended DA oxidation. Amperometric currents obtained for the oxidation at 0.8 V 

vs. Ag|AgCl with the CNTF microelectrode (solid line) and CF microelectrode (broken line) 

of A: 1 mM DA, B: 100 μM DA in PBS buffer pH 7.4. Mean standard deviation, n=4-7, the 

results were compared using Student's t-test, *:p < 0.05 **: p < 0.01.
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Figure 7. 
Model of the fouling process and kinetics. Fitting of the experimental data to the simulated 

current trace, for different types of growth of the insulating sites.
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Table 1

Results of the electrochemical characterization. CVs were performed in solutions of the different analytes 

listed on the table, dissolved in PBS (pH = 7.4). The scan rate was 10 mV s−1. The data presented is the mean 

± standard deviation.

Redox probe Electrode idi/ nA ET/ mV

RuHex (1 mM) CNTF (n = 5) −8.7 ± 1.3 53.4 ± 1.4

CF (n = 5) −10.4 ± 0.9 57.3 ± 6.1

FcMeOH (1 mM) CNTF (n = 5) 7.0 ± 1.3 53.9 ± 2.8

CF (n = 5) 8.5 ± 0.6 55.6 ± 1.9

DA (100 μM) CNTF (n = 5) 1.5 ± 0.1 99.1 ± 10.9

CF (n = 4) 1.4 ± 0.2 118.7 ± 21.6
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Table 2

Summary of the fitting values based on the model for the amperometric curves

Electrode t50/ s First slope/ A s−1 Second slope/ A s−1 tzero/ s K/ m s−1

1 mM DA CNTF 917 −4.5 10−12 −7.2 10−12 1883 2.1 10−9

CF 283 - - - -

100 DA CNTF 13646 −6.0 10−15 −7.6 10−14 24742 1.6 10−10

CF 7945 −5.8 10−14 −1.1 10−13 14272 2.8 10−10

Anal Chem. Author manuscript; available in PMC 2014 December 25.


