P1: OTA/XYZ P2: ABC

c01

JWBSO019-Filo November 4, 2009 7:29 Printer Name: Sheridan

INTRODUCTION AND
LITERATURE SURVEY

1.1 INTRODUCTION

Both living organisms and computers are “information-processing machines”
that operate on the basis of internally stored programs, but the differences
between these systems are also quite large. In the case of living organisms,
self-assembly occurs following an internal program, and the nervous system
and brain formed in this way function as an autonomous information ma-
chine. Unlike traditional computers which must be “driven” from the outside,
biological systems have somehow incorporated within them rules on how
to function. Moreover, in the case of biological entities for which there is
no external blueprint, the design plan is entirely internal and is thought to
undergo changes both in the evolution of species and in the development of
individuals. These similarities and differences have drawn the attention of
computer scientists as well as of life scientists.

In order to revolutionize the current world of computers, three roads, or
any combinations of them, are clearly visible [1]

1. Changing the physical elements at the foundations of the computer
components

2. Changing the architecture of computers
3. Devising new software and computing algorithms
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2 INTRODUCTION AND LITERATURE SURVEY

It is, however, true that a biological computer (or biocomputer) of a com-
pletely different nature from today’s electronic computers already exists in the
form of the fundamental phenomenon of life. The most advanced machinery,
a living organism, operates with functional elements that are of molecular
dimensions and actually exploits the quantum-size effects of its components
[1]. Yet the quintessentially biological functions of living forms: autonomy,
self-organization, self-replication, and development, as witnessed in both evo-
lution and individual ontogeny, are completely absent from current computing
machines [1].

Two major approaches to the construction of a biocomputer are reviewed
here:

1. Study of the operational mechanism of biological systems, particularly
those of the living brain, and the use of these results in the redesign of
computer software and hardware architecture based on semiconductor
technology (Section 1.2).

2. Development of biocomponents that are similar to and/or composed of
biological macromolecules, the development of biochips that make use
of these components, and ultimately, the construction of biocomputers
(Section 1.3).

1.2 COMPUTATIONAL PROCESSES BASED
ON BIOLOGICAL PRINCIPLES

1.2.1 Modeling Biological Processes

The involvement of biology might lead to new computational processes based
on those found in natural systems. Multiple modes of processing contribute
to the information-processing functions of biological systems, and these have
been investigated and modeled extensively [2-8]. In his pioneering work,
Rosen [9,10] introduced a two-factor model based on the idea that the fun-
damental dynamic behavior of physiological and biochemical systems is
regulated by the combined action of two factors, one excitatory and the other
inhibitory. Kampfner, Kirby, and Conrad [11-13] introduced theoretical mod-
els of enzymic neuron systems for learning processes, based on the concept
of a hypothetic enzyme called excitase. Based on the same concept, a com-
prehensive mathematical model of the enzymic neuron as a logical circuit has
been introduced by Neuschl and Menhart [14].

1.2.2 Artificial Neural Networks

The nerve cell has proved to be an extremely valuable source of ideas about
networks of automata. A fundamentally different approach to computation
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is represented by artificial neural networks (ANNSs), which are designed
to mimic the basic organizational features of biological nervous systems
[15-22]. The building brick of any neural computing system is some sort of
representation of the fundamental cell of the brain: the neuron. Thus, ANNs
consist of a large number of simple interconnected processing elements which
are simplified models of neurons, and the interconnections between the pro-
cessing elements are simplified models of the synapses between neurons.
The processing of information in such networks occurs in parallel and is
distributed throughout each unit composing the network [15-22].

There has been a steady development of neuronal analogs over the past
50 years. An important early model was proposed in 1943 by McCulloch
and Pitts [23]. They described the neuron as a logical processing unit, and
the influence of their model set the mathematical tone of what is being done
today. Adaption or learning is a major focus of neural net research. The
development of a learning rule that could be used for neural models was
pioneered by Hebb, who proposed the famous Hebbian model for synaptic
modification [24]. Since then, many alternative quantitative interpretations of
synaptic modification have been developed [15-22].

There is no universally accepted definition of an artificial neural network.
However, some definitions can be found in the literature, and examples are
cited here.

¢ Robert Hecht-Nielsen, the inventor of one of the first commercial neuro-
computers, defined [17] a neural network as “‘a computing system made
up of a number of simple, highly interconnected processing elements,
which process information by its dynamic state response to external
inputs.”

¢ According to the DARPA Neural Network Study [18]: “A neural network
is a system composed of many simple processing elements operating
in parallel whose function is determined by network structure, connec-
tion strengths, and the processing performed at computing elements or
nodes.”

¢ According to Aleksander and Morton [19], neural computing can be
defined as “the study of networks of adaptable nodes which, through a
process of learning from task examples, store experiential knowledge
and make it available for use.”

¢ According to Zurada [20], artificial neural systems, or neural networks,
are “physical cellular systems which can acquire, store, and utilize ex-
periential knowledge.”

¢ According to Nigrin [21], “a neural network is a circuit composed of
a very large number of simple processing elements that are neurally
based. Each element operates only on local information. Furthermore
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each element operates asynchronously; thus, there is no overall system
clock.”

e Haykin [22] offers a definition based on Aleksander and Morton [19]:
“A neural network is a massively parallel distributed processor that has
a natural propensity for storing experiential knowledge and making it
available for use. It resembles the brain in two respects:

¢ Knowledge is acquired by the network through a learning process.

¢ Interneuron connection strengths known as synaptic weights are used
to store the knowledge.”

Significant progress in neural network research has been made in recent
decades [15-22,25]. Presently, the neural network strategy is implemented at
either the software or hardware level. The VLSI (very large scale integration)
version of neural network implementation is a technology that has approached
a certain degree of maturity [22]. Although the VLSI version serves as an
impressive demonstration of the power of the new computer architecture of
neural networks, it falls short of a radical design departure that is capable of
capturing the structural and functional flexibility inherent in biosystems [25].
Many experts believe that neural network technology will be more robust and
more powerful when its implementation becomes possible in a molecular-
based “hardware” environment [25].

1.3 MOLECULAR AND BIOMOLECULAR ELECTRONICS

1.3.1 Motivation

The high-technology revolution that made the personal computer standard
equipment was fueled primarily by astonishing advances in microelectronics
that allow more and more circuit elements to be packed into a small integrated
circuit (IC). The number of device components packaged into a single IC has
grown exponentially with the passage of time [25-28]. Moreover, we witness
increasing capability of each IC, increasing speed of operation, reduced con-
sumption of energy, reduction in sizes and weights of the finished products,
and reduced prices. Will this trend continue so that the device size eventually
reaches the atomic scale? To many experts the answer is “not if using con-
ventional microelectronics technology,” which exploits mainly macroscopic
properties of inorganic materials, because the ensuing quantum size and the
thermal effects will make such devices unreliable [25,28]. Thus, today, the
miniaturization and integration of electronic devices are being pushed to their
physical limits [25-28].
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1.3.2 Molecular Electronics

Molecular electronics is defined broadly as the encoding, manipulation, and
retrieval of information at a molecular or macromolecular level [25-29].
This approach contrasts with current techniques, in which these functions
are accomplished via lithographic manipulations of bulk materials to gener-
ate integrated circuits [28]. A key advantage of the molecular approach is
the ability to design and fabricate devices from the bottom-up, on an atom-
by-atom basis. Lithography can never provide the level of control available
through organic synthesis or genetic engineering [28]. The molecular prim-
itives allow for improvement in a number of information-processing device
characteristics compared with similar characteristics of silicon-based devices.
Thus, molecular information processing is attractive because it offers [29]:

e Integrability at the atomic scale

¢ High computational speed due to parallel processing, which compensates
for the inherent low processing rate of each elementary device

¢ Self-assembly capability of atomic or molecular processors

e Plasticity of the molecular circuit, which can reconfigure itself to op-
timize its performance, taking into account the previous experience
(learning)

¢ Fault-tolerance capability and even self-repair ability of the molecular
circuit

¢ Reduced power consumption

Since Aviram’s proposal of a molecular rectifier [30,31], a variety of
designs of molecular electronic devices have appeared. Molecular-scale de-
vices are fabricated on the nanometer scale and are composed of either a
single molecule or several molecules configured into a supramolecular com-
plex. Among these devices, molecular rectifiers, molecular switches, molec-
ular diodes, molecular photodiodes, and molecular memories are described
[30-39]. Studies also deal with assembling the individual components in
thin-film configurations [25,40,41], forming artificial membranes [25,42] and
establishing an interface between the molecules and conventional electronic
materials [43]. Another possibility that has been investigated is the use of elec-
troconductive polymers as “molecular wires” for establishing the connection
required between molecular elements [43,44].

1.3.3 Biomolecular Electronics

Biomolecular electronics is a subfield of molecular electronics that considers
the use of native and modified biological molecules in electronic or photonic
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devices [45-56]. The growing interest in the possibility of utilizing biological
molecules in molecular electronics is fostered by the basic understanding
that, in so doing, one may be able to take advantage of the specific charac-
teristics and unique capabilities of these natural molecules [44-56]. Among
the biomolecular devices investigated, protein-based molecular devices have
gained increasing attention due to the versatile and highly specific molec-
ular functionality of proteins [43,57]. Enzymes [44,58-67], receptors [68],
antibodies [43], and bacteriorhodopsin [29,69-73] have been used as either
electronic or optical devices. Computation with simple DNA manipulations
has also been demonstrated [74,75].

1.4 BIOCHEMICAL DEVICES BASED ON
ENZYMIC REACTIONS

In an extensive study, Okamoto and co-workers [76—86] introduced a bio-
chemical switching device based on a cyclic enzyme system in which two
enzymes share two cofactors in a cyclic manner. Cyclic enzyme systems
have been used as biochemical amplifiers to improve the sensitivity of enzy-
matic analysis [87-89], and subsequently, this technique was introduced into
biosensors [90-93]. In addition, cyclic enzyme systems were also widely em-
ployed in enzymic reactors, in cases where cofactor regeneration is required
[94-107]. Using computer simulations, Okamoto and associates [77,80—83]
investigated the characteristics of the cyclic enzyme system as a switching de-
vice, and their main model characteristics and simulation results are detailed
in Table 1.1, as is a similar cyclic enzyme system introduced by Hjelmfelt
et al. [109,116], which can be used as a logic element.

Subsequently, Okamoto and associates [84—86] investigated the connec-
tion of several cyclic enzyme systems in order to construct a network. In
their models the cyclic enzyme system represents a biochemical neuron that
participates in a biochemical neural network. These models are detailed in
Table 1.2. Theoretical models of such networks were also proposed by
Hjelmfelt and co-workers [109-111,116], and these are also presented in
Table 1.2.

Models for biochemical switches, logic gates, and information-processing
devices that are also based on enzymic reactions but do not use the cyclic
enzyme system were also introduced [76,115,117-122]. Examples of these
models are presented in Table 1.3. It should also be mentioned that in other
studies [108,112—-114,116], models of chemical neurons and chemical neural
networks based on nonenzymic chemical reactions were also introduced.
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The works presented in Tables 1.1 to 1.3 [76-86,109-122] deal only with
theoretical aspects of the enzymic biochemical devices, and the biochemical
devices were not carried into practice. Moreover, Okamoto [85] suggests
using silicon technology instead of biomaterials for practical implementation
of the device based on the cyclic enzyme system.

This study is also based on the cyclic enzyme system, but its leading concept
is to accomplish practical implementation of this system using biomaterials.
In this respect, the analytical models developed here are related to several
biochemical reactors in which enzymic reactions take place. This practical
approach cannot be found in the models reviewed [76-86,109-122].

1.5 OSCILLATIONS IN BIOCHEMICAL SYSTEMS

Many oscillatory patterns can be found in biological systems [123-126]. It is
generally recognized in engineering that encoding information in a frequency
provides resistance to degradation by noise and enhanced precision of control.
Rapp [124] suggested that many biological oscillations can be envisaged to
reflect the biochemical implementation of this control strategy.

Intracellular communication often proceeds in a pulsatile, rhythmic manner
[126]. Moreover, an increasing number of hormones are found to be secreted
in a pulsatile manner, and the physiological efficiency of these signals appears
to be closely related to their frequency [126]. Based on this understanding, a
number of classes of drug therapies have been shown to require a periodic,
pulsatile regimen of delivery for efficacy or optimization [131], and several
delivery strategies have been proposed to respond to this need [127-131].

1.6 KINETIC CHARACTERISTICS OF CYCLIC
ENZYME SYSTEMS

Many examples of enzymatic cyclic systems have been developed in prac-
tice [8§7-107]. These systems can be utilized to construct the biochemical
device proposed by Okamoto et al. [76-86]. The kinetic properties of five
enzymes that catalyze reactions in which cofactors are required, and there-
fore can participate in a cyclic enzyme system, are summarized in Table 1.4
[132-144]. These enzymes are glucose-6-phosphate dehydrogenase (G6PDH,
E.C. 1.1.1.49), glutathione reductase (GR, E.C. 1.6.4.2), glucose dehydroge-
nase (GDH, E.C. 1.1.1.47), L-lactate dehydrogenase (LDH, E.C. 1.1.1.27),
and alcohol dehydrogenase (ADH, E.C. 1.1.1.1).
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