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Abstract

Carbon nanotube (CNT) electrodes for electrochemistry were fabricated from single- and
double- walled carbon nanotubes. The electrodes were subsequently covalently loaded with a
ferrocene modified a-aminoisobutyric acid protein, and tested by cyclic voltammetry. The
CNT electrode comprised of double walled CNTs (DWCNTs) demonstrated significantly
higher peak current (I,) compared to their single walled counterparts (SWCNTs). This is
attributed to a higher loading of the ferrocene modified protein to the outer wall of the
nanotube, through the presence of a larger number of defects sites within the sp’ carbon
lattice for the DWCNTs. This higher loading was achieved without compromising the
electron transfer rate, indicating that DWCNTs may offer a useful alternative to SWCNTSs in

future electrochemical sensors and biosensors.
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1. Introduction

Carbon nanotubes (CNTs) are a highly desirable material for incorporation into
electrochemical [1-2] and biological sensing devices [3-4] owing to their fast heterogeneous
electron transfer, high surface area and electrochemical stability [5-6]. Furthermore the
conductivity of CNTs has been shown to be remarkably sensitive to changes in surface
adsorbates, making them ideal for highly sensitive nanoscale sensors [7]. To date many
different carbon nanotube based electrochemical sensors and biosensors exist in the literature,
consisting of either randomly dispersed [8-9] or well-ordered nanotube arrays [6, 10-11].
However, in all cases the CNTs act as a molecular wire, allowing electrical communication
between the underlying electrode and a redox species [7, 12]. For well ordered or vertically
aligned CNT arrays, fast charge transfer has been demonstrated and is a significant advantage
compared to randomly dispersed CNTs [5]. This has lead to the development of highly
sensitive, reagentless sensing devices [7], where direct electron transfer between the active
redox-centre and an electrode surface occurs without the need for mediators. Due to the
presence of a large working surface area and easy access of an analyte to the immobilised
sensing probe [6], well ordered or vertically aligned carbon nanotube electrodes have been
loaded with molecular sensitive materials such as DNA [6, 13], Cu nanoparticles [14] and

anti-immunoglobin G [11].

This has led to the detection of a wide range of analytes with improved sensitivity and
selectivity [2]. For example, Gou ef al. [13] recently reported a horizontally aligned CNT
genosensor consisting of single-stranded DNA bridging a gap between SWCNTs, which was
subsequently sensitive to complementary-stranded DNA. A well-matched DNA duplex was
shown to exhibit resistance in the order of 1 MQ, which in the presence of a GT or CA mis-
match was increased ~300-fold. Somenath ef al. also demonstrated a cholesterol sensor

based upon modification of vertically aligned multi walled CNTs (MWCNTs) with the



biocompatible polymer, polyvinyl alcohol, decorated with cholesterol oxidase (ChOx) [15].
In this sensor the use of carbon nanotubes was found to significantly increase sensor
sensitivity through increases in the signal to noise ratio, and was directly attributed to an
increase in surface area allowing a high loading of ChOx. An almost linear relationship
between cholesterol concentration and the response current was observed in a clinical range
up to 300 mg dL™'. Flavel et al. [16] also demonstrated a copper ion sensor fabricated from
CNT arrays decorated with the tripeptide Gly-Gly-His, capable of detecting concentrations as
low as 1 +£6 uM. Additionally, Gooding and co-workers utilized vertically aligned glucose
oxidase (GOx) modified SWCNTSs on a cysteamine modified gold surface, demonstrating a
GOx surface concentration of 52 x 10 mol cm™ with apparent electron transfer rate of 9 s™'
[12]. Despite the high surface coverage of GOx, achieved by utilizing highly functionalized
SWCNT, the poor apparent electron transfer rate indicates destruction of the carbon

nanotubes’ unique electronic property through the introduction of defects.

As detailed in a recent review from Diao and Liu [17], several methods exist to chemically
assemble CNTs on electrode surfaces. However, common to each of methods is chemical
functionalisation of the nanotubes, most commonly with carboxylic acid groups [18] and
their subsequent covalent linking to a surface via an ester [19-20] or amide bond [12].
Unfortunately, such chemical functionalisation introduces defects in the hexagonally bonded
sp’ [21] lattice, which has the effect of disrupting many of the attractive properties of
nanotubes, particularly charge transport [22].  We have recently shown that in order to
avoid such disruption DWCNT are advantageous, whereby the outer tube can be selectively
functionalized [23] with the inner tube retaining its undisrupted sp’ network and hence it’s
intrinsic electronic properties. The ability to achieve this was then demonstrated in a
comparison between carboxyl functionalised SWCNTs and DWCNTs immobilised on a self-

assembled cysteamine layer on gold [24]. Electron transport was then isolated to the CNTs



by introduction of a polystyrene layer, filling the voids between CNT bundles, with
DWCNTs showing a higher apparent electron transfer rate constants for diffusion limited

redox with Ru(NH3)6+3/2.

In this work the demonstrated benefits of utilising DWNTs are capitalised upon by covalently
linking an electro-active ferrocene terminated a-aminoisobutyric acid protein (Aibs-Fc), see
Figure 1 (a), to vertically aligned arrays of DWCNTs on cysteamine modified gold
substrates. As a further demonstration of the advantage of DWCNTs, an analog system is
also fabricated for SWCNTs. It is shown that not only do DWCNTs have an improved redox

protein loading, but also superior electron transfer kinetics compared to SWCNTs.



Figure 1 (a) The redox protein Aibs-Fc and (b) fabrication of CNT electrodes decorated with

covalently bound redox proteins.

2. Experimental

2. 1 Synthesis of Aibs-Fc
Fmoc-Aib-OH loaded 2-chlorotrityl chloride resin (GL Biochem) was transferred into a

sintered funnel. After the Fmoc group was removed by reaction with a solution of 25%
piperidine (Merck) in N,N-dimethylformamide (DMF) (Merck) for 30 min, a solution of 0.05
M Fmoc-Aib-OH (GL Biochem Ltd) in DMF containing 0.2 M 2-(1H-7-azabenzotriazol-1-

yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium (HATU) (GL Biochem



Ltd) and 0.2 M diisopropylethyl amine (DIPEA) (Sigma-Aldrich) was added to the
deprotected resin. The mixture was left for 2 h with occasional stirring, and then the resin
was isolated by filtration. Successive additions of Fmoc-Aib-OH were carried out, using this
protocol, to yield H,N-Aibs-OH loaded resin. In the last cycle, Boc-Aib-OH was capped onto
the resin using the same protocol. The oligopeptide was cleaved with 2% trifluoroacetic acid
(TFA) (Sigma-Aldrich) / DCM (v/v). After purification by high-performance liquid
chromatography (HPLC), the resulting peptide Boc-Aibs-OH was added to a solution of 0.05
M ferrocenylmethylamine [25-26] in DMF containing 0.2 M HATU and 0.2 M DIPEA. With
stirring for 24 h at room temperature, the product Boc-Aibs-Fc was purified by HPLC and
further treated by a 4 M HCl / dioxane solution for 15 min. After purification, the final H,N-
Aibs-Fc was characterised by NMR and MS. "H NMR (300MHz, DMSO) & 8.44 (s, 1H, NH),
8.07 (s, 1H, NH), 7.91 (s, 1H, NH), 7.76 (s, IH, NH), 7.24 (s, IH, NH), 4.27 (m, 2H), 4.21
(m, 5H, Cp), 4.17 (m, 2H), 4.05 (d, 2H, CH,), 1.52 (s, 6H, 2 BCH3), 1.33 (s, 6H, 2 BCH3),
1.32 (s, 6H, 2 BCH3), 1.25 (s, 6H, 2 BCH3), 1.23 (s, 6H, 2 BCH3); MS: [M+Na] caiea = 663.6,

[M+Na] “found = 663.5.

2.2 Preparation of Au/Cysteamine/CNT/Aibs-Fc electrodes

DC arc discharge synthesized SWCNTs (Carbon Solutions Inc., P2-SWCNT, Diameter
1.4 - 1.6 nm, Length 0.5 - 1.5 pm) and CVD produced DWCNTs (Nanolab, Diameter 3 -
5nm, Length 1 -5 pm) were purchased and functionalized using previously reported
methods [23]. CNTs were then suspended in a solution of dimethylsulfoxide (Sigma-
Aldrich) containing 0.2 mg mL™ CNTs, 0.25 mg mL™ N,N’-dicyclohexylcarbodiimide (DCC)
(Fluka) and 0.14 mg mL" dimethylaminopyridine (DMAP) (Sigma-Aldrich). Polished flat

gold disk electrodes (2 mm diameter) were cleaned in 25 % v/v H,O,/ KOH (50 mM) for 20



min and then electrochemically cleaned by cycling between 0 and 1.5V vs. Ag/AgCl in
50 mM KOH. This cleaning process yielded clean gold surfaces with peak separations of
59 mV for a (1 mM) Ru(NH3)6+3/2 containing solution. The clean, flat surfaces were then
incubated in cysteamine (Sigma-Aldrich) for 24 h resulting in exposed amine groups (Figure
1 (b), step 1). These substrates were then exposed to SWCNT or DWCNT solution for 24 h,
after which they were rinsed with propan-2-ol (Merck) and dried under nitrogen (Figure 1
(b), step 2). The surfaces were then exposed to 0.01 M H,N-Aibs-Fc in DMF solution
containing 0.5 M HATU and 0.5 M DIPEA for 48 h before being further rinsed and dried
(Figure 1 (b), step 3).

2.3 Electrochemistry

All electrochemistry measurements were taken with a CH Instruments Electrochemical
Analyser (CH Instruments Inc). The CNT modified gold surface formed the working
electrode (geometric area of 0.33 cm?), with platinum wire and Ag/AgCl used as the counter
and reference electrodes, respectively. Cysteamine characterisation was conducted in 1 mM
pH 6.5 potassium phosphate buffer. The peak area of the cysteamine oxidation peak was
calculated by subtracting the second scan from the first. Surface area calculation was
conducted in 1 mM ruthenium hexamine in potassium phosphate buffer pH 7.5 by cycling
between 0.2V and -0.6V vs. Ag/AgCI/KCl (3 M), in the negative direction initially. CNT
electrodes were electrochemically characterised in 1 mM
tetrabutylammoniumhexafluorophosphate (TBAPF6) (Sigma-Aldrich) in acetonitrile at scan
rates of 25 — 1000 mV s™. Due to the low concentration of surface redox species, these cyclic
voltammograms have been background subtracted using the fityk software 0.8.6

(http://www.unipress.waw.pl/fityk/).



http://www.unipress.waw.pl/fityk/

3. Results and Discussion
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Figure 2 Cyclic voltammetry cycle 1, 2 and 3 of a self assembled monolayer on polished gold
in pH 6.5 potassium phosphate buffer, showing the irreversible oxidation of cysteamine at a

scan rate of 100 mV s™.

In order to determine the packing density of the cysteamine monolayer and thereby the
availability of amine terminal groups for carbon nanotube attachment, the surface
concentration of the cysteamine was calculated. Three self assembled monolayer (SAM)
modified gold electrodes were cycled between 0 and 1.4 V by cyclic voltammetry in 1 mM
pH 6.5 phosphate buffer against Ag/AgCl. Figure 2 shows the first three cycles at a scan rate
of 100 mV/s. In the first cycle a large oxidation peak centred at 0.997 V can be seen, and is
absent from subsequent scans. Additionally, peaks centred at 0.930 V and 0.460 V can be
seen and correspond to the oxidation and reduction of gold, and remain approximately equal
for subsequent cycles. This indicates that the gold-sulphur bond of the cysteamine is

irreversibly oxidised during the first scan, resulting in complete removal of the SAM from the



gold surface. These observations are in excellent agreement with the literature [27-29] with

the proposed mechanism for this reaction seen in Equation 1 [27].
AuS(CH,),NH, + ¢ — Au(0) + S(CH,).NH; E=+1.00Vvs. Ag/AgCI (1)

Using the oxidation peak area, Laviron’s theory [30] and the following equations, the average

surface concentration of cysteamine was determined.

L n?F?ATv  nFQu

P 4RT 4RT

T _ Qcyst
St nFA

where T is the surface concentration (mol cm?), A is the electro-active area (cm®), Q is the
peak area of the voltammogram (C), I, is the peak current (A) and n is the number of

electrons involved.

The resultant surface concentration of cysteamine was found to be
3.31£0.39x 10® mol cm™, and is significantly higher compared to previous work by
Esplandit ef al. [28] who reported 4.66 x 10° mol cm™. This result suggests that a highly
packed cysteamine layer was formed in this work and therefore a large number of surface

amine sites for carbon nanotube attachment exist.
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Figure 3 (a) Cyclic voltammogram and (b) Randles-Sevcik plot of polished gold surfaces
before and after addition of cysteamine and CNTs in 1 mM ruthenium hexaamine in

potassium phosphate at a scan rate of 100 mV s

Upon assembly of both SWCNTs and DWCNT the increase in electroactive area was

calculated with use of the Randles-Sevcik equation.



0.447F3/2An3/2p1/2¢p1/2
lp = R1/2T1/2

Where i, is the peak current, » is the number of electrons involved in oxidation or reduction,
A is the area of the working electrode (cm?), D is the diffusion coefficient of the electroactive
probe (cm”s™) , C is the concentration of electroactive probe in the solution (mol cm™), and
v, F, R and T have their usual significance. Diffusion rates for the oxidised and reduced
species (Doand Dg) are 5.71 x 107 cm® s™ and 8.8 x 107 cm® s, respectively, as determined

by Compton and co-workers [31].

Figure 3 (a) shows diffusion limited cyclic voltammograms of gold surfaces before and after

+3/2
used

addition of the cysteamine SAM and subsequent attachment of CNTs with Ru(NHj3)s
as the redox probe. The reduction of ruthenium (III) to ruthenium (II) in aqueous solution
involves the transfer of a single electron and exhibits close to ideal quasi-reversible outer sphere
kinetic behaviour, making it a commonly used, fundamental redox reaction [8]. For a clean gold
surface, the peak-to-peak potential (AE,) was found to be 67 mV, and is comparable to the
literature [32-34]. From the slope in Figure 3 (b) and the Randles-Sevcik equation, the
electroactive area was calculated to be 5.72 £ 0.17 x 107 cm’, which is slightly higher than
the geometric area (3.14 x 107 cm®) indicating the presence of surface roughness. After self-
assembly of cysteamine a small decrease in current and an increase of AE, to 87 mV is
observed. The small reduction in current indicates that, despite the short chain length of the
thiol, the cysteamine has increased resistance across the surface, slightly inhibiting electron
transport to the underlying gold substrate. This has been shown in our previous work, where
the addition of cysteamine resulted in a decrease of the apparent heterogeneous electron
transfer rate of approximately 25% [24]. After the addition of CNTs, the AE, is 82 mV for

both CNT types and a significant increase in current is observed, particularly for the

oxidation reaction. It has been shown by Gooding and co-workers that by adding conductive



nanoparticles to an insulating monolayer covered metal surface, the electron transfer
properties can be ‘switched on” again by enabling electron tunnelling through the insulating
barrier [35]. Since the current after nanotube addition is significantly higher than that of the
original gold surface, we conclude that the increased current is not simply a ‘switching on’
effect but demonstrates an increase in surface area has occurred. This is in agreement with
our previous work showing atomic force microscopy images before and after CNT addition
[24] where high aspect ratio features are clearly visible on the surface. From the measured
peak currents the calculated surface areas are 8.04 + 0.14 x 10” cm®and 6.13 £ 0.18 x 10°

* ¢m” for SWCNTs and DWCNTSs, respectively. Therefore, modification with a cysteamine
tether layer and subsequent addition of vertically aligned CNTs has enhanced the

electrochemical properties of the gold electrode, by increasing the electroactive surface area.
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Figure 4 Cyclic voltammograms of SWCNT and DWCNT electrode surfaces in 1 mM
TBAPF6 in acetonitrile at a scan rate of 200 mV s™ (a) before and (b) after functionalisation

with Aibs-Fc. (b) has been background subtracted.



The electrochemical performance of both DWCNT and SWCNT electrodes before and after
addition of Aibs-Fc was then tested by cyclic voltammetry in TBAPF6/acetonitrile electrolyte
solution. As can be seen in figure 4 (a) prior to the addition of Aibs-Fc no redox peaks can be
seen, and as a result of a large active surface area, a prominent capacitive background is
observed. This is expected as both DWCNTs and SWCNTs are electrochemically inactive
within the potential window from -0.6 V to 0.2 V. However after the surfaces were left in
Aibs-Fc solution containing peptide coupling agents for 48 h, oxidation and reduction peaks
centred at 0.43 V and 0.37 V can be seen. Figure 4 (b) shows background subtracted scans at
200 mV s™ for both DWCNT and SWCNT electrodes, where the left y-axis corresponds to
the DWCNT and the right corresponds to the SWCNT. Immediately it can be seen that the
DWCNT electrodes have a much higher peak current compared to its single walled
counterpart with oxidative currents of 350 nA and 40 nA, respectively. Since both electrode
surfaces have very similar topographies [24] this almost tenfold increase in current is
attributed to a higher number of Aibs-Fc redox protein bound to the nanotube walls. This is
confirmed by calculation of the surface concentration of Aibs-Fc molecules using Laviron’s
theory [30]. The surface concentration of Aibs-Fc was determined to be 3.08 = 0.15 x 10
""'mol cm™ for the DWCNT electrode and 1.72 £ 0.76 x 10™" mol cm” for the SWCNT
electrode. This is expected due to the presence of significantly more carboxyl functionalities
on the outer wall of a DWCNT compared to SWCNTs [23, 36]. This allows for greater
attachment of the redox protein and a higher surface loading. These surface concentration
values are comparable to previous work by Okamoto ef al. who achieved a surface
concentration of 4.7 x 10" mol cm™ for triferrocene functionized double helix protein chains
covalently bound to a gold surface by two thiol bonds [37]. Since Okamoto et al. used a flat
gold surface for attachment of their peptides, it is expected that the CNT surface would

achieve a much higher loading. However one must consider that each peptide used by



Okamoto et al. was bound with three ferrocene moieties, resulting in a higher surface
concentration.

From Figure 4 (b), AE, of the DWCNT and SWCNT electrodes are 65 mV and 37 mV,
respectively. While the ideal AE, should be zero for surface immobilized redox systems [30],
these values still indicate very good electron transfer between the underlying gold substrate
and the surface adsorbed redox protein. The non zero AE, values observed for both types of
CNTs can be attributed to the presence of a potential difference between the electrode and the

redox centre, possibly formed by the electric double layer in the vertically aligned CNT array

[38].
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Figure 5 Dependence of peak current on scan rate.

The electrode kinetics for the Aibs-Fc decorated CNT surfaces can be determined by plotting

the oxidation and reduction peak currents against scan rate, as shown in Figure 5. It can be



seen that there is a clear linear relationship between the peak currents and the scan rate,
which is indicative of surface bound electroactive species [39]. Furthermore, the slopes of
the oxidation and reduction currents are symmetric around the origin, indicating that AE,

remains relatively constant with increasing scan rate.

The apparent electron transfer rate constants of the Aibs-Fc decorated DWCNT and SWCNT
were also calculated using Laviron’s method for the condition of AE, <200/n mV. By
considering the value of the transfer coefficient, a, to be between 0.3 and 0.7, the average

electron transfer rates, k,pp, Were estimated according to the following equation.

munkF
app = RT

k
where m is a dimensionless parameter related to the peak-to-peak separation. By using the
slope from a plot of v = f(m™"), mv could be determined and hence k,,,, found. The
apparent electron transfer rate for the DWCNT and SWCNT electrodes were 31.6 £ 6.0 s,
and 23.3 +2.6 s, respectively. Hence suggesting that an increased loading of redox protein
was achieved without compromising the electron transfer capabilities. This suggests that

electron transport in the DWCNTSs occurs largely through the inner tube, since modification

results in less disruption of the electronic transport capabilities.

4. Conclusion

The electron transfer properties of a ferrocene containing a-peptide adsorbed to DWCNT and
SWCNT electrochemical surfaces was investigated. Due to the larger number of defects on
the DWCNT outer walls, a higher surface concentration was achieved resulting in a higher
electrochemical current. Determination of the apparent electron transfer rate showed this was

at no expense to the DWCNT electron transfer capabilities. This result suggests that



DWCNT are advantageous to electrochemical surfaces as they can be chemically modified

for attachment without compromising the electronic properties.
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Figure and Table Captions

Figure 1 (a) The redox protein Aibs-Fc and (b) fabrication of CNT electrodes decorated with

covalently bound redox proteins.

Figure 2 Cyclic voltammetry cycle 1, 2 and 3 of a self assembled monolayer on polished gold
in pH 6.5 potassium phosphate buffer, showing the irreversible oxidation of cysteamine at a

scan rate of 100 mV s™.

Figure 3 (a) Cyclic voltammogram and (b) Randles-Sevcik plot of polished gold surfaces
before and after addition of cysteamine and CNTs in 1 mM ruthenium hexaamine in

potassium phosphate at a scan rate of 100 mV s™.

Figure 4 Cyclic voltammograms of SWCNT and DWCNT electrode surfaces in 1 mM
TBAPFG6 in acetonitrile at a scan rate of 200 mV s™ (a) before and (b) after functionalisation

with Aibs-Fc. (b) has been background subtracted.

Figure 5 Dependence of peak current on scan rate.
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