JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Protein Electrochemistry Using Aligned Carbon Nanotube Arrays

J. Justin Gooding, Rahmat Wibowo, Liu, Wenrong Yang, Dusan Losic,
Shannon Orbons, Freya J. Mearns, Joe G. Shapter, and D. Brynn Hibbert

J. Am. Chem. Soc., 2003, 125 (30), 9006-9007+ DOI: 10.1021/ja035722f « Publication Date (Web): 01 July 2003
Downloaded from http://pubs.acs.org on March 29, 2009

i

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 69 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja035722f

JIAIC[S

COMMUNICATIONS

Published on Web 07/01/2003

Protein Electrochemistry Using Aligned Carbon Nanotube Arrays

J. Justin Gooding,*" Rahmat Wibowo," Jingquan Liu," Wenrong Yang,” Dusan Losic,*
Shannon Orbons,’ Freya J. Mearns,” Joe G. Shapter,* and D. Brynn Hibbert"

School of Chemical Sciences, The Lénsity of New South Wales, Sydney, NSW 2052, Australia, and School of
Chemistry, Physics and Earth Sciences, The Flinderséfsity of South Australia, Adelaide SA 5001, Australia

Received April 20, 2003; E-mail: justin.gooding@unsw.edu.au

Modifying electrode surfaces on the molecular scale to allow a b
efficient electron transfer between the electrode and a redox protein :
is important in the understanding of the redox properties of proteins
and also in the development of enzyme biosensors without
mediators. The modification of electrodes with carbon nanotubes
has been applied for this purpose because of the remarkable :
electrocatalytic properties of carbon nanotubes. From the perspective -
of electron-transfer properties, the open ends of carbon nanotubes

1. 3:1 H,50,HNO,
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have been likened to edge planes of highly oriented pyrolytic SR
graphite (HOPG), while the walls are suggested to have properties J“IZ:Z‘".‘Z:J.;’SE.’& 83'8&012
similar to those of the basal planes of HOPG. Certainly, in studies d ey

of the electrochemical properties of biologically relevant molecules
such as hydrogen peroxid@, NADH,2 and dopaminé&, carbon
nanotube-modified electrodes have shown superior performance as
compared to other carbon electrodes. With the twin benefits of their ¢
electrocatalytic properties and their small size, carbon nanotubes W@Wﬁ 2

are an attractive material in bioelectrochemigtggpecially as the e |
possibility exists to bring the nanotubes close to the redox centers 10

of the proteins. Multiwalled carbon nanotubes (MWNT) have shown Figure 1. A schematic showing the steps involved in the fabrication of

good communication with redox proteins where not only the redox aligned shortened SWNT arrays for direct electron transfer with enzymes
. . . h id MP-11.

active center is close to the surface of the protein, such as such as microperoxidase

cytochromec,>~7 azurin® and horseradish peroxida%gbut also it Table 1. Summary of SWNT Lengths and Electron-Transfer Rates
is embedded deep within the glycoprotein such as glucose oxi- With Different Electrode Modifications

dasel®11In all of these studies, however, the electrode is modified modified electrode mean SWNT lengthe Ker ®

with nanotubes by drop coating a random tangle of nanotubes onto™ o 9.4+ 0.59
the electrode surface resulting in an unknown spatial relationship  cysteamine 6.1+ 0.94
between the redox proteins and the nanotubes. In this Communica- SWNTs (2 h cutting) 486 (755, 312) 340.7
tion, we present a strategy for investigating the electron-transfer ~ SWNTs (4 h cutting) 122 (170, 87) 280.92

properties of redox enzymes, in this case, microperoxidase MP- SWNTS (8 h cutting) 73 (93, 58) 32059

11, attached to the end of aligned single-walled carbon nanotubes a (11 —1 standard deviation)/nr.-£95% confidence intervalfs.
(SWNT).

The fabrication of the SWNT electrodes with MP-11 attached
is summarized in Figure 1. A polycrystalline gold electrode was
cleaned electrochemically in 0.05 M sulfuric acid, as described
previously!? and placed in an aqueous ethanol solution containing
1 mM cysteamine (Sigma, Sydney Australiay & h to give a
cysteamine self-assembled monolayer (SAM). The electrode was

further modified with oxidatively shortened HiPco SWNTs (Carbon normal to the electrode surface (Figure 1c). The AFM image shows

Nanotechnologies, Inc., USA). The as-supplied SWNTs, which that the aligned tubes assemble on the surface not as individual

resembled tangled hair in the TEM (see Figure 1a), were shortened .
as described previousi's by sonicating SWNTs in a 3:1 viv tubes but as bundles of aroune 80 tubes. Further evidence that

. . . .. these images represent aligned bundles of nanotubes is that with
solution of concentrated sulfuric acid (98%) and concentrated nitric longer incubation times the surface density of features increases
acid (70%) fa 4 h (see Figure 1b). The result was a log-normal 9 y

distribution of tube lengths (see Table 1). Raman spectra of the (F'gl.”e 1S, S_upportlng Inforr_natlon). .
. Lo : Microperoxidase MP-11 (Sigma, Sydney, Australia), a small (1.9
cut tubes still showed a band at 190 cnwhich is attributed to . ; e -
. . kDa) redox protein obtained by proteolytic digestion of horse heart
the radial breathing mode of the SWNTSs. The shortened tubes Were.  chromec.1® was attached to the free ends of the tubes b
filtered and washed with Milli Q water to bring the pH to greater y ' y

. . incubation in a 0.5 mg/mL MP-11 solution in HEPES buffer (pH
than 5. Next, 0.2 mg of shortened SWNT was dispersed in 1 mL 7.5) at 4°C overnight (Figure 1d). The redox active center, an iron

* The University of New South Wales. protoporphyrin 1X, in MP-11 is r.10t shieldgd by a polypeptide, an.d
*The Flinders University of South Australia. hence electron transfer can easily be achieved. The electrochemistry

of dimethylformamide (DMF) with 0.5 mg of dicyclohexyl carbo-
diimide (DCC) to convert the carboxyl groups at the ends of the
shortened SWNT into active carbodiimide estérshe cysteamine-
modified gold electrode was placed in the nanotube solution for 4
h, while the amines at the terminus of the SAM formed amide bonds
with one end of the tubes. The result is shortened SWNT aligned

9006 = J. AM. CHEM. SOC. 2003, 125, 9006—9007 10.1021/ja035722f CCC: $25.00 © 2003 American Chemical Society
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Figure 2. Cyclic voltammograms of (a) Au/cysteamine after being
immersed in DMF and MP-11 solution and (b) Au/cysteamine/SWNTs/
MP-11 in 0.05 M phosphate buffer solution pH 7.0 containing 0.05 M KCI
under argon gas at a scan rate of 100 m¥ wersus Ag/AgCl.

of the attached enzyme is shown in Figure 2. The characteristic
cyclic voltammogram of MP-11 is observed wi,, at —390 mV
versus Ag/AgCl and a linear change in peak current with scan rate
as expected for a surface bound species. The full width half-
maximum of 140 mV, being greater than the theoretical value for
a single bound species, implies a distribution of MP-11 molecules
in different environments. The area under the reduction peak of
the CV gave an MP-11 surface coverage of 35 pmotnfhis
coverage correlated well with the coverage of SWNTs of 32 pmol
cm 2 estimated from the AFM images. The similarity in surface

coverage suggested the electrochemistry was due to MP-11 attached

to the ends of the tubes. The small size of MP-11 precludes the
location of the enzyme on the surface being determined by AFM.
Additional evidence for the redox activity being due to MP-11

molecules at the end of the tubes came from control. First, to show
the observed electrochemistry was not due to MP-11 simply

adsorbed on the cysteamine surface in the gaps between the

nanotubes, MP-11 was adsorbed onto a cysteamine-modified
electrode, and only a small current from MP-11 was observed

tubes as molecular wires; that is, the SWNTs do not add significant
electrical resistance. The values were consistent with the range of
values of most previous reports (between 1 and 20 see, for
example refs 16, 21). A further demonstration of the ability of the
nanotubes to communicate with MP-11 comes from measurements
of nanotube-modified electrodes where the nanotubes were cut to
different lengths. Table 1 shows that, despite different distributions
of tube lengths, the rate constants for heterogeneous electron transfer
to the enzyme are essentially the same.

In summary, we have shown that shortened SWNTs can be
aligned normal to an electrode by self-assembly and act as molecular
wires to allow electrical communication between the underlying
electrode and redox proteins covalently attached to the ends of the
SWNTSs. The high rate of electron transfer through the nanotubes
to redox proteins is clearly demonstrated by the similarity in the
rate constant for electron transfer to MP-11 regardless of whether
SWNTSs are present or not. This research represents a stepping stone
toward achieving efficient electron transfer to enzyme redox centers,
an important component of bioelectronic devices.

Supporting Information Available: Figure 1S, AFM images of
aligned carbon nanotubes after 4da® h of incubation in shortened
SWNTs (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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