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Abstract: Biological warfare agents are the most problematic weapons of mass
destruction and terror. Both civilian and military sources predict that over the next
decade the threat from proliferation of these agents will increase significantly.
Therefore, the ability to accurately predict the dispersion, concentration, and
ultimate fate of biological warfare agents released into the environment in real
time is essential to prepare for and respond to a biological warfare agent release. A
fusion of micro- and nanotechnologies with biosciences could significantly counter
biological threat agents on the battlefield. Miniaturization of biosensor
technologies has great potential for improving resolution time (speed of assay),
reducing reagent use, and allowing for higher sample throughput. Fast analysis and
on-chip integration of supporting electronic circuitry for signal analysis and
remote control would enable sensing at a remote location. This paper describes a
new biosensor technology based on combination of direct bioelectrocatalysis and
multi-microchannel technology. To demonstrate direct electron transfer, glucose
oxidase and PQQ-dependent glucose dehydrogenase have been selected. An
electrochemical sensor, which includes biological sensing element immobilized on
the surface of microchannels of a working electrode, can be used in the form ofa
flow-through amperometric, potentiometric, or conductometric device.
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Introduction

The effective testing of biological threat agents requires portable sensor technology,
which should be extremely sensitive, universal, reliable, and fast. A biosensor should
be miniaturized, use fewer consumables, and be of low maintenance relative to current
equipment that has been deployed for “real time” monitoring of biological warfare
agents. The sensors must be able to detect biological agents at threshold concentrations
in a minimum of 5-10 minutes and capable of being used anytime, and anywhere.

In current biosensor technology (second generation) artificial redox mediators are
used to shuttle electrons between the active site of the enzyme and the electrode surface
[1-3]. Application of redox mediators allows a significant decrease in the applied
potential and it can minimize interference with coexisting electroactive compounds
present in real samples. But, the stability and toxicity of some mediators limit their



application. The leakage of immobilized mediators out of the electrode surface rapidly
decreases the biosensor response. Therefore, in recent years biosensors not requiring
mediators have been receiving intense attention [4-6]. Biosensors of 3" generation, in
which enzymes can operate in the absence of any mediators have an excellent potential
for miniaturization and to create extremely selective, sensitive and simple bioanalytical
systems. The near perfect selectivity for the target analyte can be achieved through a
design, in which the biosensor can operate in the absence of any mediators. Direct
method of assay offers the opportunity to obtain biological information, such as the
kinetics and mechanism of biospecific binding, epitope mapping, steric and allosteric
effects. The mediatorless biosensors based on direct electron transfer (DET) between
the active site of the enzyme and the electrode surface can work in a potential range
close to the redox potential of the enzyme itself therefore, becoming less exposed to
interfering reactions. This approach has an excellent potential for miniaturization and to
create extremely selective, sensitive and simple bioanalytical systems.

There are several critical challenges which must be overcome for the successful
application of DET approach for biosensor technology. A major challenge is the fact
that the electron-transfer rate between the active site of large redox proteins and the
electrode is usually slow because the redox center of most oxidoreductases is located
deeply in the apoenzyme. For example, the depth of the redox center for GOx is
approximately 13 — 15 A. There are different promoters which can be used to reduce
the electron tunneling distance between the active site of the enzyme and the electrode
surface. For example, the application of nanoparticles, which can be incorporated
between the initial donor and the final acceptor sites (i.e., a donor-bridge-acceptor
system). Such configurations are referred to as a biological “wire” chain (see Fig. 1.a).
The experimental evidence of DET has been demonstrated for both low molecular
weight electron-transfer proteins and enzymes with large complicated structures [7-14].

1. Mediatorless Biosensor Based On Direct Electron Transfer (DET)

To demonstrate DET, we have selected two enzymes, glucose oxidase (GOx) and
PQQ-dependent glucose dehydrogenase (GDH). Both enzymes have highly catalytic
activity high stability and are available and rather inexpensive, and are widely used for
design and development of glucose sensors. The key tasks in the design and
development of biosensors based on DET are to build highly porous three-dimensional
nanoelectrode networks on the micro-clectrode surface and to immobilize enzyme
molecules inside of such three-dimensional nano-electrode structures. In this work,
multi-walled carbon nanotubes (MWNTs) were grown directly on the Toray® carbon
paper (TP) [14]. The incorporation of the MWNTs in TP was provided by the chemical
vapor deposition technique after clectrochemical deposition of cobalt nanoparticles as a
catalyst for carbon nanotubes (CNT). The combination Toray® carbon electrode with
carbon nanotubes provides for a highly porous three-dimensional network with
increased electrode surface area from the original 2 m?%/g to two up to orders of
magnitude. This and provides efficient clectrical communication between the active
site of enzyme and the electrode surface.

The experimental data shows that both enzymes, GOx and GDH, immobilized on
the CNTs surface demonstrate direct electron transfer combined with high biocatalytic
activity to glucose. Typical cyclic voltammograms of GOx electrode in the absence and
in the presence of glucose are shown in Figure 1.b.
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Figure 1. “Wired-enzyme electrode” concept: direct electron transfer between the
active site and the carbon nanotube (a). Cyclic woltammograms of GOx/CNT/C
electrode in the absence (1) and in the presence of 20 mM glucose. Scan rate is 50
mV/s (b)

A large electrocatalytic anodic current is observed in the presence of glucose and
in the absence of any redox mediators. The CNTs play an active role concerning direct
electron transfer between the active site of the enzyme and the electrode surface.
Enzymatic electrodes can operate with redox potentials close to the active site of the

enzyme. This statement was supported by potentiometric and amperometric data (Figs
2a and 2b).
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Figure 2. Potentiometric responses of GOx/CNTs/C electrode at different glucose
concentrations. Inset: plot of the potentiometric responses as a function of glucose
concentration (a). Amperometric responses upon incremental successive glucose
addition. Inset is the plot of the steady-state current vs. glucose concentration (b).

In the presence of glucose redox potentials are shifted immediately and reach a
stable negative magnitude between 380 mV and -400 mV vs. Ag/AgCl at
concentrations of glucose 1.5 mM and higher. There are no potential changes observed















