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Abstract

The surface properties of carbon based electrodes are critically important for the detection of

biomolecules and can modulate electrostatic interactions, adsorption and electrocatalysis. Carbon

nanotube (CNT) modified electrodes have previously been shown to have increased oxidative

sensitivity and reduced overpotential for catecholamine neurotransmitters, but the effect of surface

functionalities on these properties has not been characterized. In this study, we modified carbon-

fiber microelectrodes (CFMEs) with three differently functionalized single-wall carbon nanotubes

and measured their response to serotonin, dopamine, and ascorbic acid using fast-scan cyclic

voltammetry. Both carboxylic acid functionalized and amide functionalized CNTs increased the

oxidative current of CFMEs by approximately 2–6 fold for the cationic neurotransmitters

serotonin and dopamine, but octadecylamine functionalized CNTs resulted in no significant signal

change. Similarly, electron transfer was faster for both amide and carboxylic acid functionalized

CNT modified electrodes but slower for octadecylamine CNT modified electrodes. Oxidation of

ascorbic acid was only increased with carboxylic acid functionalized CNTs although all CNT-

modified electrodes showed a trend towards increased reversibility for ascorbic acid. Carboxylic

acid-CNT modified disk electrodes were then tested for detection of serotonin in the ventral nerve

cord of a Drosophila melanogaster larva, and the increase in sensitivity was maintained in

biological tissue. The functional groups of CNTs therefore modulate the electrochemical

properties, and the increase in sensitivity from CNT modification facilitates measurements in

biological samples.

Introduction

Carbon electrodes have been used for biological analysis because they can rapidly and

sensitively monitor specific biomolecules1. The surface properties of carbon electrodes are

critically important for detection of biomolecules, particularly for molecules that absorb to

the electrode. For example, functional groups such as oxides can promote adsorption of

positively charged neurotransmitters, increasing the electrode sensitivity 2–4. In addition,

nanostructuring the electrode surface provides more surface area and active, edge plane-like

graphite sites for rapid electron transfer 5–8. Recently, there has been a surge of research to

incorporate carbon nanotubes into electrochemical sensors because of their unique structural
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and electronic properties. Electrodes modified with CNTs have been shown to exhibit

enhanced electrochemical properties compared to traditional carbon electrodes, such as

increased sensitivity, reduced overpotential, and reduced electrode fouling 9,10. However,

nanotube properties, such as length, diameter, chirality and purity are highly variable. The

CNT fabrication procedure can control some of these parameters but post-fabrication

procedures are also often used, especially to increase purity. A common purification

procedure is to treat CNTs with strong oxidizing acids, which helps to remove metal

catalysts and carbon impurities, but also shortens CNTs, increases sidewall defects, and adds

oxygen containing functional groups 11,12. Therefore, most CNT-based sensors use oxygen

functionalized nanotubes, although the implications of this are not always addressed. Similar

to traditional carbon electrodes, the electrochemical properties of a CNT-based electrode are

expected to correlate with CNT functionalization but distinct comparisons have not been

made of how functionalization affects electrochemical sensing.

The use of CNT-modified electrodes as biological sensors has been evaluated and reviewed

on many occasions 10,13–17. In particular electrochemically-active neurotransmitters, such as

dopamine (DA), have been common analytes for sensor development studies. Britto et al.

first demonstrated the benefits of CNT based electrodes by demonstrating that a CNT-paste

electrode had improved sensitivity for dopamine and near ideal electron transfer kinetics 18.

However, few CNT electrodes are practical for direct use in biological systems. CNT-

modified glassy carbon electrodes and CNT-paste electrodes are typically larger than 1 mm

in diameter and therefore, are not amenable to implantation in biological tissue, especially

brain tissue. In addition, the electrochemical techniques employed, such as differential pulse

voltammetry or traditional cyclic voltammetry, are too slow to measure rapid changes in

neurotransmitters. An ideal CNT-based electrode for measurements in biological systems

would be small enough to limit tissue damage, sensitive enough to detect biologically-

relevant concentrations, rapid enough to measure fast changes, and simple and inexpensive

enough to fabricate reproducibly in large batches 19. A number of strategies might

incorporate some of these ideal properties. Fabrication using evaporative immobilization or

polymeric entrapment of CNTs is fast and simple. CNT based microelectrodes use small

amounts of CNTs and are more amenable to in vivo implantation. When microelectrodes are

used in conjunction with rapid electrochemical techniques, such as fast-scan cyclic

voltammetry (FSCV), rapid concentration changes can be tracked 20,21. Microelectrodes can

also be fabricated in batches and therefore the reproducibility between electrodes evaluated.

In this study, we compared the effect of different chemical functionalities on the

electrochemical properties of single-walled carbon nanotube (SWCNT) modified carbon

fiber microelectrodes (CFMEs). Commercially-available, functionalized SWCNTs were dip

coated onto CFMEs as a simple, quick and inexpensive fabrication procedure. We found that

functionalization affected the sensitivity and electron transfer kinetics for dopamine,

serotonin (5-HT) and ascorbic acid (AA). The enhanced sensitivity was useful for detection

of serotonin in the Drosophila melanogaster ventral nerve cord. The modification technique

is simple, cost-effective, and could be easily adopted by anyone using electrochemical

detection of biomolecules.
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EXPERIMENTAL

Solutions

Dopamine hydrochloride, serotonin hydrochloride (5-hydroxytryptamine hydrochloride,)

and ascorbic acid were purchased from Sigma-Aldrich (St. Louis, MO). The Tris-buffer

ingredients (15 mM Tris(hydroxymethyl)aminomethane, 3.25 mM KCl, 140 mM NaCl, 1.2

mM CaCl2, 1.25 mM NaH2PO4, 1.2 mM MgCl2 and 2.0 mM Na2SO4 with the pH adjusted

to 7.4) were purchased from Fisher Scientific (Suwanee, GA). Stock solutions of 10 mM

dopamine, 5 mM 5-HT, and 100 mM AA were made in 0.1 M HClO4 and were diluted daily

with the Tris buffer to concentrations of 10 μM DA, 10 μM 5-HT, and 200 μM AA. All

aqueous solutions were made with deionized water (Milli-Q Biocel, Millipore, Billerica,

MA).

Electrochemistry

Carbon-fiber microelectrodes were fabricated using a previously published technique 20.

Briefly, T-650 carbon fibers (7 um diameter, Cytec, West Patterson, NJ) were vacuum-

aspirated into a glass capillary and pulled on a Narishige (Tokyo, Japan) vertical electrode

puller. The fiber was trimmed at the glass seal, and sealed with Epon Resin 828 (Danbury,

CT) with 14% (w/w) m-phenylenediamine (Fisher) hardener heated to 80° C. Electrodes

were dipped for 30 s in the epoxy and cured at room temperature overnight, and then were

heated to 100° C for 2 h and to 150° C overnight. Electrodes were polished at a 30° angle on

a fine diamond abrasive plate (Sutter Instruments model BV-10, Novato, CA) and soaked

for at least 10 min in isopropanol before use. 1 M potassium chloride was used as a backfill

solution to provide an electrical connection between the fiber and the wire to the headstage.

FSCV was performed using a ChemClamp (Dagan, Minneapolis, MN, n=0.01 headstage),

PCI 6711 and 6052 computer interface cards (National Instruments, Austin, TX) and home

built break-out box. The triangular waveform applied was from −0.4 V to 1.0 V at 400 V/s

vs a Ag/AgCl reference electrode, at a frequency of 10 Hz. For serotonin measurements,

another waveform was also used, from 0.2 V to 1.0V to −0.1V and back to 0.2V at 1000

V/s22. Data collection was computer controlled by the TarHeel CV software program23.

Electrodes were tested using a flow-injection system, as previously described in detail24.

Analyte injections lasting 5 s were made and current vs time traces were obtained by

integrating the current in a 100 mV window centered at the oxidation peak for each cyclic

voltammogram (CV). All CVs were collected about 3 s after analyte was introduced.

Background-subtracted CVs were calculated by subtracting the average of ten background

scans taken before the compound was injected from the average of five CVs when the

compound was present.

Carbon nanotube electrode modification

Carboxylic-acid functionalized (COOH-CNT), amide-functionalized (CONH2-CNT) and

octadecylamine-functionalized SWCNTs (ODA-CNT) were purchased from Sigma Aldrich,

and were used without further chemical purification or modification. One mg/mL of the

functionalized-CNT was suspended in N,N-dimethylmethanamide by sonicating for 60 min
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using a tissue sonicator at a power setting of 30% (model 150V/T; Biologics, Inc.,

Manassas, VA).

All electrodes were first tested to measure the voltammetric response to each analyte. Then,

salts were removed by soaking for 5 min each in water and isopropanol, and air drying for

10 min. Next, the tip of each electrode was dipped into a CNT suspension for 60 s and

allowed to evaporatively dry for at least 10 min. The electrode was tested again. Each

electrode served as its own control, as the response before CNT modification was compared

to the response of the same electrode after CNT modification. The total time for CNT

modification, dip coating and drying, was only 11 min and electrodes could be fabricated in

batches.

Data from electrodes that had a S/N ratio less than 10 were rejected from the study as too

noisy. The rejection rate for each type of CNT varied; approximately 15% of COOH-CNT

and ODA-CNT modified electrodes were rejected, while approximately 35% of CONH2-

CNTs modified electrodes were rejected. All of the non-functionalized-CNT modified

electrodes were rejected, prohibiting a direct comparison between functionalized and non-

functionalized CNTs.

Drosophila ventral nerve cord experiments

Homozygous 3-day-old larvae expressing a Tph-GAL4;UAS-ChR2 genotype were fed all-

trans retinal for two days 25,26. The central nervous system (CNS) of a wandering, 3rd instar

(5-day-old) larvae was dissected and incubated as described previously 27. The optic lobes

were removed to yield an isolated ventral nerve cord (VNC), which was adhered to the

bottom of a Petri dish containing buffer. In a dark room, an electrode was implanted into the

VNC 4–6 segments away from the cut edge. The VNC was allowed to equilibrate for 5 min

after electrode insertion. During data collection, 30 s of baseline electrochemistry data was

collected followed by 10 s of blue-light illumination from a 10 W halogen lamp with a

fluorescein emission filter (450 – 490 nm). A post-data collection band block filter was used

(OriginLab OriginPro 7.5) to remove line noise between 59.5 Hz and 60.5 Hz.

Scanning electron microscopy

Scanning electron microscope images were taken on a JEOL JSM-6700F microscope

(Tokyo, Japan) using an accelerating voltage of 10 kV and a working distance between 5

mm and 8.2 mm, in secondary electron imaging mode. Samples were sputter-coated before

imaging using a precision etching coating system with gold/palladium or carbon (PECS,

682, Gatan Inc, Pleasanton, CA).

Statistics

GraphPad Prism 4.0 was used for all statistics (GraphPad Software, San Diego, CA). All

averaged values are given as the mean ± SEM (standard error of the mean) for n number of

electrodes, unless otherwise noted. Normalized signals were calculated for each electrode by

dividing the post-CNT modification signal by the pretest signal. Significance was

determined by paired t-tests and significance was defined as p ≤ 0.05.
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RESULTS

The goal of this study was to compare the effects of nanotube functionalization on the

electrochemical detection of neurochemicals. Carbon-fiber microelectrodes were modified

with CNTs using a simple procedure that was adapted from the evaporative drying of a

droplet on an electrode 28. Because it is difficult to retain a droplet on the microelectrode

surface long enough to allow it to air dry, electrodes were dipped in suspensions of

nanotubes and then dried 20. We chose to use commercially-available nanotubes because

they are easy to acquire, do not require further chemical modification, and could easily be

adopted by the electrochemical community. FSCV was used because it provides the sub-

second time resolution required for monitoring fast concentration changes of

neurotransmitters.

Surface morphology of CNT-modification of CFMEs

Electrodes were dip coated with carbon nanotubes and the background currents recorded.

The background current is directly proportional to the electroactive surface area of the

electrode; therefore, increasing the surface area by adding CNTs was also expected to

increase the background current 29. Fig. 1 compares background currents before (dashed-

line) and after modification (solid-line) with three different functionalized carbon nanotubes:

amide (CONH2-CNT), carboxylic-acid (COOH-CNT), and octadecylamine (ODA-CNT).

All CNT-modified electrodes displayed a similar increase in the background current; about a

factor of 3 for the CONH2-CNT and COOH-CNT modified electrodes, and about 2.5 for

ODA-CNT modified electrodes. Therefore the increase in surface area after coating was

likely similar.

Scanning electron microscope images were collected to examine the surface coverage of

CNTs. Fig. 2 shows representative CNT-modified disk electrode surfaces. Although there is

variability in the CNT layer between individual electrodes, the general surface coverage and

morphology of the CNT layer is similar for electrodes modified with different functionalized

CNTs. Occasionally, large agglomerations were observed on an electrode surface. CNTs are

known to self-assemble into agglomerations due to van der Waals forces; thus, separating

and suspending individual CNTs can be difficult 30. We observed a qualitative correlation

that electrodes with large CNT agglomerations were highly noisy (S/N <10). The large

surface area of an agglomeration likely leads to a large capacitive current; however, the

noise increases more than the signal because only a small portion of the surface area is

accessible to the analyte 31,32. SEM images of non-functionalized CNT modified electrodes

showed impurities and a large number of agglomerations (Supplemental Fig. 1). This

explains why non-functionalized CNT electrodes displayed such high noise, and could not

be compared to functionalized CNTs. A monolayer of CNTs is likely a more ideal coating

and improved CNT suspension techniques would lead to more consistent fabrication.

Effect of CNT functionalization on neurochemical detection

Fig. 3 shows example background-subtracted cyclic voltammograms from individual

electrodes before and after nanotube modification for the detection of three common

neurochemicals: 10 μM serotonin (5-HT), 10 μM dopamine (DA), and 200 μM ascorbic acid
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(AA). 5-HT and DA are cationic, monoamine neurotransmitters at physiological pH, with

differing adsorption properties due to differences in chemical structure 22,33,34. Ascorbic

acid is an anionic analyte that is often an interferent for catecholamine detection 35,36. The

CONH2-CNT modified electrode displays about a 3-fold increase in oxidation current for

both 5-HT and DA but a decrease in sensitivity towards AA (Figs. 3A–C). The COOH-CNT

modified electrode shows over a 2-fold increase in oxidation current for 5-HT and DA as

well as AA (Figs. 3D–F). In contrast, the ODA-CNT modified electrode exhibits little

difference in signal after CNT treatment (Figs. 3G–I). Increases in reduction peaks were

generally observed only when the oxidation peak increased. One exception was for ODA-

CNT modified electrodes, where the reduction peak increased for AA (Fig. 3I inset) but the

oxidation peak did not. Because the surface coverage was similar for all the types of

nanotubes, the results indicate that functionalization, and not strictly surface area, is the

predominant contributor to the change in sensitivity.

To compare the variance among electrodes, Fig. 4 shows averaged data for each nanotube

functionalization. Because carbon-fiber microelectrodes can vary in sensitivity, each

electrode was used as its own control. To calculate statistical significance, peak currents for

each analyte were compared before and after CNT coatings using paired t-tests. A

normalized current increase was also calculated by dividing the current after CNT

modification by the current before modification. The average normalized signal for 5-HT

oxidation at CONH2-CNT electrodes was 46, signifying a significant, 46-fold increase in

signal after CNT modification (p = 0.0052). For COOH-CNT modified electrodes, the

average normalized current increase was a significant 5.4-fold increase (p = 0.0036), but

was not as large as for CONH2-CNT. Oxidation current did not significantly increase for

ODA-CNT electrodes (p = 0.7877). Trends were similar for dopamine oxidation peaks with

the significant increases in current being detected with CONH2-CNT (13-fold increase, p =

0.0079) and COOH-CNT modified electrodes (4.6-fold increase, p = 0.003), but not for

ODA-CNTs (p = 0.5668). The oxidation signal for AA displayed a different trend than the

other analytes. Modification of an electrode with CONH2-CNTs or ODA-CNTs resulted in

no significant changes in current (p = 0.6481, 0.7713 respectively) while COOH-CNTs

increased the sensitivity toward AA by 4.5 times (p = 0.0184).

For the reduction peaks, the normalized signal for 5-HT and DA followed a similar trend as

the oxidation peaks, increasing with CONH2-CNT (p = 0.004 and 0.0023, respectively) and

COOH-CNTs (p =0.0036 and 0.0026, respectively). However, reduction peaks for 5-HT,

DA, and AA did not significantly increase with ODA-CNT modification (p = 0.5684, 0.7500

and p = 0.2584, respectively). The reduction current was significantly increased by CONH2-

CNT or COOH-CNT modifications (p = 0.0431 and p = 0.0075, respectively) This suggests

that although the oxidation signal is unaffected by CONH2-CNTs, an electrochemical

enhancement of the reduction of AA still occurs. While the reduction peak observed after

CNT modification is still small (see Fig. 3 insets), the reduction peak at the bare electrode is

almost completely absent, which accounts for the larger increases. AA reversibility has

previously been found to improve at carbon electrode surfaces modified with oxygen

containing functional groups 37,38. The observed increase in reduction peak currents

suggests that all of the CNT types also have some properties to increase AA reversibility.

Jacobs et al. Page 6

Analyst. Author manuscript; available in PMC 2014 September 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Some of the example data in Fig. 3 is widely different than the average data in Fig. 4. The

differences are explained with Fig. 5, which shows scatter plots of normalized 10 μM

serotonin signals. Each electrode is depicted as a point and horizontal lines mark the median

as well as the quartiles. The normalized signals for the ODA-CNT modified electrodes are

clustered around 1, indicating that the signal does not increase. For CONH2-CNT modified

electrodes approximately 20 % of the electrodes showed an increase in signal that was over

an order of magnitude above the rest, referred to hereafter as “high-current electrodes”.

However, 80 % of the electrodes had normalized signals below 30, with most electrodes in

the 1.5 to 13 range. If the electrodes with a normalized signal above 30 were excluded, the

average normalized signal would be about 3.4 for both 5-HT and DA, similar to COOH-

CNT electrodes. The high-current electrodes were not observed with COOH-CNT modified

electrodes, where the maximum normalized signal detected was 21.

Table 1 compares the means, medians, ranges, and standard deviations for all CNT-

modifications for each analyte. In general, ODA-CNTs did not alter the oxidation signal of

any of the analytes tested. The difference between mean and median of data is largest for

CONH2-CNTs, due to the high current electrodes. CONH2-CNTs were the most sensitive

toward 5-HT and DA, while COOH-CNTs increased the signal for all of the analytes

similarly, about a 2 to 6-fold signal increase. Both COOH-CNTs and CONH2-CNTs had a

linear response from 0.1 to 150 μM for dopamine and 0.1 to 20 μM for serotonin

(Supplemental Fig. 2). The approximate limit of detection for CONH2-CNT electrodes was

90 nM for 5HT and 130 nM for DA and for COOH-CNT modified electrodes was 70 nM for

5HT and 180 nM for DA.

Electron Transport Kinetics

The catalytic effect of CNTs on electron transport kinetics has been described for various

analytes, including catecholamines 39–42. Electron transfer kinetics can be compared using

the difference between peak oxidation and reduction potentials (ΔEp), with a decrease in

ΔEp denoting faster electron transport kinetics. Table 2 compares the average ΔEp for bare

and CNT-modified electrodes for serotonin, dopamine, and ascorbic acid. For 5-HT, ΔEp

decreased significantly after modification with either CONH2-CNTs or COOH-CNTs (about

89 mV and 70 mV, respectively). The decrease in ΔEp for DA after CNT modification was

smaller than for 5-HT using both CONH2-CNT and COOH-CNT (about 31 mV and 54 mV,

respectively). The trends at CONH2-CNT and COOH-CNT modified electrodes were similar

for AA but the variance was higher because the reduction peak potential was difficult to

determine on the small peak; thus, the results were not statistically significant. In contrast,

ODA-CNT modified electrodes displayed significant increases in ΔEp for both 5-HT and

DA (44 mV and 43 mV, respectively). These results indicate that not all CNTs cause a

catalytic effect on electron transfer kinetics and that functional groups modulate the electron

transfer rate.

The shape of the current vs time plots for a flow injection experiment provides insight into

changes in mass transport or adsorption to the electrode. An ideal response for diffusion

controlled detection would be square but adsorbed analytes, such as dopamine, deviate from

that response and are rounded 43. Fig. 6 illustrates normalized, average current vs time
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response traces before (dashed line) and after modification (solid line) with CONH2-CNT,

COOH-CNT, or ODA-CNT for 10 μM 5-HT (Fig. 6A, B, C, respectively) and 10 μM DA

(Fig. 6D, E, F). Traces are normalized to account for differences in peak heights so

variations in shape can be clearly observed. CONH2-CNT modification had the largest effect

on time response, slowing the response for DA and 5-HT at both the introduction and

removal of the analyte. Interestingly, the time response for COOH-CNT modification is

about the same as the bare electrode. Therefore, COOH-CNTs increase sensitivity and

electron transport kinetics without slowing the time response. The ODA-CNT modified

electrodes display a slightly slower time response to dopamine but not serotonin. This

change in response is likely due to inhibited mass transport of the analyte to the electrode

surface caused by the long-chain alkyl groups.

CNT-modified Electrodes in Biological Tissue

The goal of our experiments was to develop a simple, relatively quick method to increase

the sensitivity of carbon microelectrodes for use in vivo. To examine the biological

usefulness of these microelectrodes, COOH-CNT modified electrodes were used to measure

endogenous serotonin changes in the ventral nerve cord (VNC) of the fruit fly, Drosophila

melanogaster. The flies were genetically modified to express Channelrhodopsin-2, a blue

light sensitive cation channel, in only serotonergic neurons 25. Serotonin release was

stimulated by exposing the nerve cord to blue light for 10 s. Both CONH2-CNT and COOH-

CNT modified electrodes could be used to measure serotonin in a Drosophila VNC, but

COOH-CNTs were chosen for further study because of the faster time response and lower

noise.

For measurements of serotonin in biological tissue, a modified applied waveform is

normally used to reduce fouling by the reactive oxidation byproducts 22. With this

waveform, a positive holding potential is used (+0.2 V) and the potential is ramped up to 1.0

V, down to −0.1 V and back to 0.2 V at 1000 V/s. Fig. 7A shows that using this serotonin

waveform, the serotonin signal was larger after the COOH-CNT modification. The inset

shows this increase in sensitivity was on average about 3-fold. Fig. 7B shows the CVs for 5-

HT in two separate VNCs using a bare electrode (black dotted curve) or a COOH-CNT

electrode (solid curve). Separate samples are used because multiple electrodes cannot be

inserted into the same sample. Both electrodes were pre-calibrated, and the measured

concentration of 5-HT was calculated for each VNC; about 650 nM was detected at the

COOH-CNT modified electrode and about 870 nM was detected at the bare CFME. The

COOH-CNT electrodes detected about 2.5-fold more current per micromolar serotonin than

bare electrodes (Fig. 7B inset). Therefore, the increases in sensitivity observed during the in

vitro calibration experiments were also observed in the biological tissue. The electrodes

were stable enough to use for several hours in tissue.

DISCUSSION

Variability among electrodes

The “high current electrodes” observed with CONH2-CNTs modification can be explained

by differences in the thickness of the CNT layer. Electrodes with large CNT agglomerations
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displayed large signals but also much higher noise that resulted in a reduced S/N ratio.

Therefore, the “high-current electrodes” were not ideal for use in biological tissue. CONH2-

CNTs were generally more difficult to suspend and CNT agglomerations were more

common than other functionalized CNTs. Agglomerations also likely caused more CONH2-

CNT modified electrodes to be rejected for having a S/N less than 10 (35 %) compared to 15

% for COOH-CNT and ODA-CNT. Similarly, agglomerations and impurities caused all the

electrodes that were modified with non-functionalized, pristine CNTs to be rejected because

of low S/N ratios. Therefore, direct comparison between functionalized and non-

functionalized CNTs was not possible with identical fabrication methods.

Most CNT electrode studies fabricate one, or a small number of electrodes and do not

address reproducibility of CNT-modified electrode fabrication, likely because it is a

challenging issue. In our study, variability among electrodes was high, even when the high-

current electrodes were excluded. The variability was lower among COOH-CNT modified

electrodes, which might make them the best candidates for routine use. Alternatively,

CONH2-CNT electrodes with high S/N ratios could be chosen, as electrodes are normally

tested before biological use and noisy electrodes could be excluded without adding extra

procedural steps. Reproducibility will be a key area for future research. Because a thin and

uniform layer of CNTs appears to be optimal, strategies to achieve this, such as depositing

CNTs into controllable polymer layers or using charge assisted assembly of nanotubes,

might lead to more order.

Effect of functional groups on electrochemical detection

Oxygen-containing functional groups on carbon electrodes affect electrode properties such

as analyte adsorption, electron transfer kinetics, and electrocatalysis, particularly for cationic

analytes such as dopamine 1,5. Similarly, functional groups on carbon nanotubes are also

expected to affect electrode properties. The faster electron kinetics at CNT-modified

electrodes are generally attributed to the intrinsic properties of the nanotubes but the typical

CNT purification procedure in strong acids produces COOH functional groups, so the

functional group could be playing a role in the electrode properties. By comparing

differently functionalized nanotubes, we determined that functional groups on CNTs

modulate sensitivity, electron transfer, and electrocatalysis, although the effects are

dependent on analyte properties.

Modification of carbon-fiber electrodes with CNTs is expected to change the conductivity of

the surface44,45, the availability of edge plane active sites for adsorption and the density of

electronic states available for electron transfer 1. The addition of defect sites on CNTs

decreases conductivity by disrupting the sp2 hybridization 46. Adding octadecylamine, a

long chain alkane with low electron conductivity, to the defect sites would be expected to

further reduce conductivity. However, COOH and CONH2 groups would be expected to

have higher conductivity than ODA-CNTs because both have electron rich oxygen atoms

with open pi orbital sites to allow electron conduction. The size of the functional groups

could also affect analyte interactions with the electrode surface, as octadecylamine is a long

chain that would prevent close approach by the analyte and therefore increase the electron

tunneling distance. Functional groups may affect intermolecular interactions of analytes with
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the electrode including dipole-dipole interactions, induced dipoles, hydrophobic effects, and

electrostatic interactions 1. Both amide and carboxyl groups are polar, facilitating strong

dipole-dipole interactions with the analytes. Also, the charge of the COOH groups would

allow direct electrostatic interactions with positively charged analytes such as dopamine and

serotonin, although negatively charged analytes like ascorbic acid would be electrostatically

repelled. Intermolecular interactions between the analytes and ODA-CNTs were expected to

be weaker.

The data largely followed the predictions made from intermolecular interactions. Little

increase in signal was observed for any of the analytes with ODA-CNT modified electrodes.

COOH-CNT and CONH2-CNT modified electrodes had large increases in sensitivity for

dopamine and serotonin (Table 1) demonstrating polar functional groups enhanced the

electrochemistry of cations. This increase could be due to the addition of adsorption sites or

a modulation of the adsorption/desorption coefficients due to changes in interactions

between the analyte and the electrode. The time response curves in Fig. 6 help distinguish

between these effects. CONH2-CNT electrodes had slower time response traces after CNT

modification for serotonin and dopamine but COOH-CNT modified electrodes did not.

Increasing the adsorption rate constant is expected to slow the electrode response 47. Thus,

the larger signal increases and slow response of CONH2-CNT modified electrodes may be

due to stronger adsorption caused by interactions between the indolamine or catecholamine

and the amide functional group 5,48,49. The increase in signal for COOH-CNT modified

electrodes is likely due to more adsorption sites and an increased number of functional

groups, rather than a change in the adsorption constant since the time response does not

change. The COOH-CNT modified electrodes provide higher sensitivity without

compromising temporal resolution.

Ascorbic acid oxidation currents are controlled primarily by diffusion to the electrode, not

by adsorption 36. At CONH2-CNT modified electrodes, the signal for AA does not increase

and AA may be repelled by the electron rich amide functional groups. Similarly, no increase

in signal was observed for AA at ODA-CNT electrodes. At COOH-CNT electrodes, AA has

an equivalent signal increase to both dopamine and serotonin, which was not expected based

on electrostatic interactions. However, AA electrochemistry is known to depend on surface

chemistry. Previous studies with glassy carbon electrodes have shown that while AA did not

adsorb to the electrode, per se, masking oxide groups interfered with the electrochemistry,

showing that AA did interact with them 50. Likewise, other studies have shown that surface

oxide groups can lead to enhanced AA reversibility 38,51. We observed larger reduction

peaks and therefore electrocatalysis for AA at all CNT modified electrodes, but especially

for COOH-CNTs.

Functional groups affected electron transfer (Table 2) as the polar CONH2-CNT and

COOH-CNT modified electrodes had significantly faster electron transfer for both serotonin

and dopamine, as evident from a decrease in ΔEp. In contrast, ODA-CNT modified

electrodes significantly increased ΔEp for serotonin and dopamine, suggesting that the ODA

group impeded electron transfer. These data follow the predictions made based on

conductivity and electron tunneling distance. Thus, electron transfer is governed not only by

the electronic properties of the nanotube, but also by the functional group.
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Practical Use and Conclusions

Ideal electrodes for neurotransmitter experiments would be easily and reproducibly

fabricated, small enough to cause minimal tissue damage, and able to track fast changes in

neurochemicals. CNT-modified microelectrodes meet many of these criteria, as fabrication

using commercial nanotubes is easy and FSCV allows rapid measurements of

neurotransmitter changes. Improvements in reproducibility are still necessary, but the

inexpensive nature of fabricating the electrodes allows a small number of electrodes to be

discarded with limited loss in productivity. The electrodes are small enough to be implanted

in the VNC of a Drosophila larva, which is only 50 μm wide. Previous experiments

measuring endogenous neurotransmitters in Drosophila25–27 have used cylindrical

electrodes because they have higher surface areas and higher sensitivity. The increase in

sensitivity imparted by COOH-CNT modification makes disk electrodes, which are easier to

localize in specific areas, more feasible for use in these studies. The sensitivity increases are

maintained after tissue implantation, so CNT modification is a valid strategy for detecting

small changes in neurotransmitters. These electrodes would also be amenable to detection of

neurotransmitters in other animal models as well, such as in brain slices or in vivo. COOH-

CNT electrodes offer fast time response and better reproducibility while CONH2-CNT

electrodes could be used when sensitivity to cations over anions is desired or when larger

increases in sensitivity are needed. Being able to tune the electrochemical properties by

implementing different functionalized CNTs is advantageous, as the functionalized CNTs

can be chosen according to which analytes or interferents are expected to be present in the

tissue. Thus, CNT-modified electrodes are promising for real applications as

neurotransmitter sensors.
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Figure 1.
Example fast-scan cyclic voltammograms showing background currents for bare electrodes

(dashed line), and functionalized CNT-modified electrodes (solid line) using: (A), amide-,

(B) carboxylic acid-, and (C) octadecylamine-functionalized CNTs. Each panel compares

data before and after modification for the same electrode. Electrode was scanned from −0.4

to 1.0V and back at 400 V/s at 10 Hz.
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Figure 2.
Scanning electron microscopy images of (A) a CONH2-CNT, (B) a COOH-CNT, and (C) an

ODA-CNT -modified carbon fiber disk microelectrode display relatively similar layers of

nanotubes on the carbon-fiber surface, implying that differences between the three different

functionalized CNTs do not largely affect the nanotube layer. The white scale bar represents

100 nm.
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Figure 3.
Representative cyclic voltammograms from electrodes before (dashed lines) and after

modification with carbon nanotubes (solid line). Vertical columns compare types of

functionalized nanotubes: amide-CNTs (panels A–C), carboxylic acid-CNTs (panels D–F)

and octadecylamine-CNTs (panels G–I). Horizontal rows compare different compounds 10

μM serotonin (panels A, D, G), 10 μM dopamine (panels B, E, H), and 200 μM ascorbic acid

(panels C, F, I). The insets for ascorbic acid show the reduction peaks.
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Figure 4.
Averaged data comparing normalized peak currents. Signals after CNT modification are

normalized by dividing by the current before modification for each electrode. These ratios

were then averaged. Error bars are standard error of the mean. The dotted line at 1.0 marks

no change in signal after electrode modification. Normalized values for (A) 10 μM

serotonin, (B) 10 μM dopamine, and (C) 200 μM ascorbic acid show that the sensitivity to

different analytes is dependent on surface functional groups. See Table 1 for sample group

sizes.
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Figure 5.
Scatter plots of normalized oxidation signal for 10 μM serotonin comparing the effects of

carbon nanotube-modified electrodes with different functional groups: CONH2-CNT,

COOH-CNT and ODA-CNT. On the scatter-whisker plots, the short horizontal lines outline

the quartiles, long horizontal lines denote the median and points represent individual data

points. The inset is magnified to better display lower signals.
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Figure 6.
Normalized current vs time plots comparing the electrode time response to a bolus of 10μM

serotonin (A–C), and 10μM dopamine (D–F). These responses were averaged from 10

electrodes each, but error bars are not shown for clarity. Bare electrodes are dashed lines and

electrodes after CNT-modification are solid lines. Plots of COOH-CNT (A, D), CONH2-

CNT (B, E), and ODA-CNT (C, F) responses are compared.
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Figure 7.
Measurements of endogenous serotonin in Drosophila. (A) Effect of COOH-CNT

modification on the detection of 10 μM serotonin using the “serotonin waveform.” Electrode

was scanned from 0.2 to 1.0 to −0.1 and back to 0.2 V at 1000 V/s at 10 Hz. The CV

compares an electrode before (dashed) and after (solid) CNT modification during in vitro

calibration. The inset shows average sensitivity for the oxidation peak (n=5). (B) Detection

of serotonin in a larval Drosophila melanogaster ventral nerve cord. Different nerve cords

are used for the bare (dashed) and COOH-CNT (solid) electrodes. Converting current to

concentration using calibration data shows the COOH-CNT detected 650 nM serotonin with

a peak oxidation current of 0.54 nA, while the bare electrode detected 870 nM serotonin

with a peak oxidation current of 0.33 nA. The inset shows the average sensitivity for bare

electrodes and COOH-CNT modified electrodes in Drosophila (n=5).
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