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Foreword

The topic of this book is smart biosensors, analytical devices that combine a biological or
biomimetic sensing element with a separate signal transducer system. These biosensors
have ultimate applications in biological research as well as medical and environmental
monitoring. The range of applications is so extensive that it is hard to find one involving
the monitoring of an external chemical or biological agent that would not benefit from the
availability of a smart biosensor. However, such sensors are rarely available as commercial
devices except in the field of medical monitoring (e.g., blood oxygen and glucose sensors).
Current efforts in this field are limited primarily to academic, government, and a few com-
mercial research laboratories. Much remains to be done before smart biosensors advance
to the point where they have more global comparative advantage. Thus, the present vol-
ume is both timely and important as it will further research and interaction among the
groups working in this important field.

The classical meaning of the term “biosensor” references the sensory apparatus of a liv-
ing organism. It is useful to examine the evolution of such biosensors as it provides some
insight into the current effort of scientists and engineers to make artificial or biomimetic
biosensors. Evolutionary biologists have concluded that archaea and bacteria evolved
from a common ancestor. While there is no fossil record of this ancestor, a comparison of
the genetic codes of archaea and bacteria provides little doubt. Such studies indicate that
many if not most of the “biosensors” that are expressed in modern prokaryotes and
eukaryotes were present in a common form in this early ancestor. An important excep-
tion is lens-based image-resolving eyes, which require a more complex skeleton than is
possible within the single-cellular domain of the early prokaryotes. Nevertheless, more
recent studies have identified similarities in the genetic information associated with com-
plex eye development that suggests a monophyletic origin. This remarkable continuity of
developmental genes suggests that even the most complex of the biosensors in living
organisms have a common ancestor that dates back to the archaeal era, 3.5 billion years
ago. The inescapable conclusion is that life requires a complex and highly evolved
biosensor network to succeed, and that much of the early work of evolution was dedi-
cated to the exploration and optimization of these biosensors. It was only after the key
biosensors had evolved that life was able to expand into the complex domains that are
present today.

The development of biosensors by scientists and engineers is a recent endeavor that has
progressed for less than one hundred millionth the time period that nature has devoted to
the optimization process. It would therefore be logical to assume that nature is better at
creating biosensors than we are. And indeed this is true in many areas. The most impres-
sive sensors of visual or chemical information are biological, not human engineered. In
contrast, human engineering has created more accurate sensors of temperature, position,
and time. But the presumption is that if biology needed more accurate measurement of
these three variables, it could provide the necessary resolution. Natural selection only
seeks comparative advantage, not perfection. Nevertheless, natural sensors of the envi-
ronment are exquisitely sensitive and approach perfection in terms of efficiency, sensitiv-
ity, and longevity.



This book explores the world of “human-engineered” biosensors. In most cases, success
is due in part to taking advantage of what nature has provided, either in the form of mate-
rials or through biomimetics. Biomimetic sensors are devices that are modeled after bio-
logical sensory architectures or involve the use of natural materials that have been
modified via chemical or genetic manipulation. It is a blurry line that separates biomimetic
from biological sensors, and it is best not to waste energy trying to make a formal distinc-
tion. Improved methods in genetic engineering now allow more efficient and directed
modification of biological molecules to enhance their performance in sensor applications.
These capabilities increase the importance of biomimetics in the creation of biosensors.

Nanotechnology is also having an increasingly important role in current biosensor
development. It is now possible to make insulating or semiconducting nanoscale struc-
tures with spherical or cylindrical geometry. These structures can be inserted into cells to
monitor localized ionic strength or electrostatic charge. Alternatively, reporter molecules
can be attached to the tip of cylindrical nanostructures and inserted inside a cell to provide
photovoltaic, fluorescent, or electrochemical reporting of local conditions. The coupling of
nanotechnology and bioelectronics has generated a new field of study called nano-bio-
electronics. We anticipate that biosensors will benefit significantly from the exploration of
nano-bioelectronics.

The chapters included in this volume provide an excellent introduction to and per-
spective on current research and developments in biosensors. A question that people
might want to ponder as they read these chapters is the extent to which we have been
successful in making “smart” biosensors. As noted above, a smart biosensor is defined as
an analytical device that combines a biological, or biologically derived, sensing element
with an electrical or optical signal transducer system. But when these sensors achieve
their design goals, are they really “smart”? I suggest that in many cases of biosensor
design, the “smart” derives from the use of biological molecules that have an elegance of
structure and function that would only be possible after billions of years of evolutionary
optimization.

Robert R. Birge
Coventry, Connecticut



Preface

A smart biosensor is a compact analytical device that combines a biological, or biologically
derived, sensing element with an electrical, optical, or chemical transducer. Early biosen-
sors had simple designs that affixed soluble enzymes or enzyme membranes to the surface
of electrochemical transducers. Many of these systems exploited the direct covalent bond-
ing of organized biomolecular monolayers on the surface of semiconductor devices and
optical waveguides. In recent years, however, the functionality and design of the biosen-
sor have greatly changed with the introduction of new intelligent materials and rapid
advances in computing technology and microfabrication techniques.

Biosensors are now integrated devices that closely connect the biomolecular recognition
element with a physical transducer to create an electrical or optical signal that is propor-
tional to the concentration of a specific chemical or biological agent being measured. These
microsystems include numerous sensors, transducers, and microfluidic actuators on a sin-
gle integrated chip. The technology has evolved to sophisticated biochips where a collec-
tion of microarrays, or miniature test sites, can be fabricated on a single solid substrate to
allow a large number of tests to be performed simultaneously at multiple sites. This design
principle has greatly increased the speed of biochemical analysis. These biochips have been
able to perform and gather data on thousands of biological reactions in only a few seconds
permitting scientists to undertake previously impossible tasks such as decoding genes.

Modern biosensor design stresses technology integration and smart function for
enhanced system performance. In essence, it is not a single technology or specific material
that makes a biosensor smart or intelligent, but the synergistic interaction between the
constituent components that comprise the sensory system. Seamless functional integration
requires the development team to understand fundamental scientific and design princi-
ples derived from chemistry, physics, biology, material science, electronics and optics, and
informatics. These seemingly diverse branches of science, engineering, and information
science all provide unique perspectives on the meaning of “intelligent biosensors,” their
design, and potential applications.

This volume of Smart Biosensor Technology provides a multidisciplinary, multiple-author
perspective of this rapidly evolving field. The scope of this book is to provide both the essen-
tial background to understanding biosensors and introduce new ideas of intelligent biosen-
sor design and the leading-edge technologies used for realizing solutions in a wide variety
of applications. This book is a collection of 23 chapters organized in five parts covering the
fundamentals of smart biosensor technology, issues related to material design and selection,
bioelectronics, and applications. The chapters are written by an international group of lead-
ing experts from academia and industry representing North America, Europe, and Asia.

Part I: Overview and Fundamentals

Part I is composed of six chapters that provide the reader with key definitions, and an
overview of the fundamental functions and characteristics of smart biosensors. The dis-
cussion focuses on different perspectives of intelligence and how smart functions can be
incorporated into sensors or sensor systems. The contributing authors represent a variety
of scientific and engineering disciplines with backgrounds as diverse as engineering



design, informatics, theoretical chemistry, and biological sciences. Topics include an intro-
duction to the fundamental characteristics of smart biosensors, understanding and
exploiting the intelligent properties of biological macromolecules, nanoscale optical meth-
ods for detecting single molecules, the design of BioFET sensors, the role that machine
learning can play in analyzing biosensor data, and an introduction to innovative neural
network biosensor designs.

Part II: Material Design and Selection I

Future advances in smart biosensors are dependent upon rapidly evolving materials that
broaden bioreceptor selectivity, enhance sensitivity to diverse chemical compounds,
enable biosensors to be seamlessly interfaced with the environment being monitored, and
permit sensor system designs that have never been previously envisioned. This part con-
tains four chapters that introduce and explore material-dependent technologies that will
lead the development of functionally intelligent biosensors. Specific issues related to smart
material design, molecular film assembly, nanostructured organic matrices, and
biotic/abiotic interfaces are discussed in this part of the book.

Part III: Material Design and Selection II

Advances in microfabrication techniques have also led to the development of new biosen-
sor designs and previously unheard-of technologies. This part presents three chapters that
describe new nanotechnologies that will greatly change the functionality of biosensors,
including porous silicon, carbon nanotubes and nanowires, and electrochemical biosensor
designs that exploit innovative nanotubes.

Part IV: Bioelectronics

Bioelectronics is an emerging discipline that exploits the signal detection and processing
capabilities of biological materials. In general, biomolecular electronics is defined as a tech-
nology that uses chromophore and protein molecules to encode, manipulate, and retrieve
information at the molecular or macromolecular level. Biomolecular electronics provides an
opportunity for product designers to create new hybrid technologies and computing archi-
tectures that can perform sophisticated information processing tasks faster and more energy
efficiently. This part presents four chapters that explore the scientific basis of photoelectric
biosensors, discuss the role of bacteriorhodopsin as a biophotonic material and its applica-
tion to chemical sensing, how this bioelectric material can be used for color-sensitive imag-
ing, and the design and fabrication of new bioelectronic sensing arrays on flexible substrates.

Part V: Applications in Detection and Monitoring

Although biosensor technology has been utilized over the past several decades, it was not
until the introduction of new biomaterials and nanofabrication technologies that “smarter,”
more effective biosensors were developed. This part consists of six chapters that describe
the application of biosensors to solving real-world problems in analyte detection and envi-
ronment monitoring. The chapters include a discussion on how optical biosensors can be
used for detecting foodborne pathogens, a multiarray biosensor is utilized for monitoring
toxicity, aptasensors are used to detect allergens, and biosensors can be used for detecting
and identifying viruses. The book concludes with a chapter that gives the contributing
authors an opportunity to provide their viewpoints as to the future prospects of biosensor
technology and innovative applications. It is hoped that this more speculative chapter will
spur discussion and provide young researchers with insight on future directions. This pres-
entation may also be of interest to individuals who wish to see a snapshot of views of a rap-
idly changing technology in the early part of the twenty-first century.
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Part 1

Overview and Fundamentals

This section provides some of the latest directions in smart biosensor development which
include single molecule detection, nanowires, and intelligence and pattern recognition.
The first chapter by Professor Kenneth A. Marx from the Centre for Intelligent
Biomaterials (CIB), University of Massachusetts Lowell, represents a broad overview of
different approaches in biosensor design but with a focus on examples of actual projects
being carried out or completed at CIB. The fundamental principles of biosensors are first
considered. This is followed by a discussion on immobilization methods and properties of
“intelligent” materials. Specific biosensor designs including optical biosensors, electro-
chemical, piezoelectric, and quartz crystal microbalance (QCM) biosensors are presented.
In particular, photodynamic proteins such as phycobiliproteins, bacteriorhodopsin, and
chemi-luminescent probes are discussed. The author then presents applications related to
organo-pesticide detection, metal ion detection, and DNA interactions. Chapter 1 also
presents some work on “Smart bandages” and use of DNA in smart structures. Finally,
concepts of machine learning and nanobiosensors are also presented. Biosensors for single
molecule detection represent the latest generation of such platforms being developed.
Professor Ulli Krull and others discuss the development of such platforms in Chapter 2.
These biosensors can provide information not previously accessible and as well can lead
to new understanding in biological functions such as DNA interactions and physiological
processes. Both the instrumentation and procedures for single molecule detection by opti-
cal methods, and applications of such methods in bioanalytical chemistry and biosensor
development are presented.

In Chapter 3, Professor Brian M. Cullum provides a critical review of optical based
nanosensors and biochips, and discusses significant advancements in nanoscale biosensor
design and development. The chapter reviews the evolution of biochip technology and
nanosensors from their beginning to the present. The latter includes biosensors capable of
probing subcellular compartments of individual cells. The application of such systems to
biological measurements is presented and as well as future directions in nanosensing are
considered. In Chapter 4, Professor Ashok Mulchandani and others present biosensors
based on conducting polymers nanowires (CP NWs). The authors discuss and present
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approaches to synthesize and fabricate CP NWs. They also compare the limitations of
various methods from different laboratories and attempts which have been made to
address these limitations. The functionalization and assembly of these 1-D nanostructures
is presented and their application for labelfree detection of various biological molecules at
high sensitivity and low detection limits is demonstrated. Finally, some of the challenges
in the 1-D nanostructured material design are highlighted. Multiple signal generation
using array technologies can lead to large amounts of data. In particular, real-time moni-
toring involves complex systems and environmental conditions. Pattern recognition algo-
rithms and data exploration techniques provide a method of data analysis which can be
embedded in the sensors using programmable microcontrollers or implemented off-line
on graphical workstations. In Chapter 5, George K. Knopf provides an overview of intel-
ligence and pattern recognition and how they can be linked to biosensor design. These
concepts include adaptive signal processing algorithms, adaptive control, intelligent deci-
sion making using an integrated and functional design approach. In Chapter 6, Professor
Guenter W. Gross from the Center for Network Neuroscience (CNNS), University of
North Texas and Joseph P. Pancrazio focus on neuronal network biosensors (NNBS)
formed using functional, spontaneously active neural cell based networks on substrate-
integrated microelectrode arrays. These NNBS are biosensors which respond to a diverse
array of compounds that attack neural cells. These compounds include bacterial toxins,
metabolic poisons, toxic metals, neuropharmacological compounds, hallucinatory drugs,
and epileptogenic agents. These sensors are being applied for investigations of neurotox-
icity and cytotoxicity, and for exploiting their properties for environmental toxicology,
drug development, and even in defense as broadband biosensors. This approach leads to
multisite electrophysiological data, for example action potential patterns and wave-
shapes, as well as simultaneous cytological information through high power microscopy
and fluorescence. This chapter provides a description of prototype systems developed or
under development at CNNS.
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1.1 Introduction to Smart Biosensors

The focus for this review chapter on smart biosensor technology centers around the broad
scope of research projects carried out in the Center for Intelligent Biomaterials at the
University of Massachusetts Lowell. After a brief section introducing smart biosensors, we
proceed to describe biosensor systems that have been created and studied in our Center.
They include optical, electrochemical, and piezoelectric-based systems designed to detect
specific analyte molecules in solution. These biosensor systems are discussed only within
the broad context of biosensor research, since our intent in this chapter is not to write a
comprehensive review of all different areas of solution-based biosensor research. Looking
to the future, we then devote the latter part of this review to our more recent use of
specific computational approaches to understand the properties of biological elements. In
this discussion, we have particularly focused on DNA and DNA—protein complexes. In the
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future, the ability to predict the intelligent properties of biomolecules would greatly facili-
tate the design and integration of these biological elements into functioning smart biosen-
sors, without the necessity for performing exhaustive characterization experiments prior
to their use.

1.1.1  Components of Biosensors

In terms of the simplest definition of its components, biosensors are typically thought to
be comprised of a biological element(s) that is usually attached permanently to an under-
lying substrate. These are integrated with an appropriate signal transduction platform that
provides a mechanism whereby the presence and usually the concentration of analyte
being sensed by the biological element is converted into some type of quantitative elec-
tronic signal or output.

1.1.1.1  Biological Elements

The biological elements that have been used in the creation of biosensors vary widely in
type and include proteins (enzymes), nucleic acids—primarily DNA, lipids and mem-
branes, carbohydrates, complexes between these individual components, and living cells.
One may ask what the advantage is of integrating biological elements as opposed to
purely chemical recognition elements into the design of a sensor? A compelling answer is
that in most instances biological macromolecules, the current endpoints of evolution,
provide overall superior properties compared with chemical systems developed to carry
out equivalent functions. In general, nature has designed far better systems for tasks such
as recognition specificity, catalytic efficiency, electron transfer, and other complex inte-
grated functions, than the talented bench scientist is capable of creating with current
design and synthesis approaches. This is the case even where biomimetic studies form a
part of the design process. As we describe in more detail in a later section, biological
macromolecules and their complexes, as well as living cells, possess subsets of or all of the
intelligent properties that we wish to exploit in the design of smart biosensors. However,
there are recognized drawbacks to the use of biological macromolecules in smart biosen-
sors. For one, they tend to be functionally less robust than chemical systems to specific
factors in their environment. These include extremes of pH, temperature, the presence of
oxidizing agents, as well as enzymatic degradation, to name just a few. Another drawback
is that one has been limited traditionally by the function(s) nature evolved into the avail-
able biological systems. However, these stability and functional limitations are currently
being overcome through modern approaches that seek to modify biological macromole-
cules through a targeted design approach. Methods such as Directed Evolution (1,2),
which involve the repeated sequence evolution of existing native proteins coupled to a
criterion-based selection protocol, have provided new approaches for overcoming
nature’s design limitations. In fact, not only can stability be enhanced greatly, but also new
function can be evolved through the use of these techniques. This is not a topic we deal
with explicitly in any more detail in this review. But it does represent a type of technical
approach that will result in novel and improved biosensor components in the future.

1.1.1.2  Immobilization Methods

Once the appropriate biological element has been identified and the platform chosen, a
suitable surface attachment strategy must be devised. An effective attachment strategy
should preserve the function and create a stable environment for the biological element,
as well as facilitate and enhance coupling of the signal from the biological element to the
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platform to maximize the biosensor sensitivity to the analyte. There have been quite a large
number and variety of physical and chemical attachment methods used in developing
biosensors and we will not review them here. However, we will focus on one of our major
thematic approaches in the Center for Intelligent Biomaterials, which has been to utilize
polymeric thin films bound to the biosensor platform surface to immobilize biological ele-
ments. We have utilized both conducting and nonconducting polymers in various thin-film
formats to carry out immobilizations of different biological elements. As an example, some
of these strategies have involved chemical synthesis of conducting polymers derivatized
with biotin, which functions as a pendant biological attachment site. In Figure 1.1a, a gen-
eral single-step reaction used widely to create derivatized conducting polythiophenes is
presented. In Figure 1.1b, we outline the two-step synthesis of a representative biotinylated
(B) polythiophene copolymer, B-PUMT, where the biotin is connected by an ester linkage
to the pendant CH,OH group on the thiophene polymer backbone (3). These biotin ligands
recognize and bind each of the four subunits of the tetrameric proteins streptavidin and
avidin with affinity constants approaching those of covalent bonds, around 10'° per M (4).
These two proteins have been widely used to covalently derivatize many biological macro-
molecules, leading to an attachment system where multiple derivatized biological elements
can be immobilized upon the biotinylated polymer chain, following prior immobilization
of the polymer upon the surface of the chosen platform.
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FIGURE 1.1

Synthetic schemes for creating thiophene polymers: (a) general synthetic scheme for poly(3-alkylthiophenes) for
any alkyl (R)-derivatized monomer; (b) two-step synthesis of B-PUMT, biotinylated poly(3-undecylthiophene-
co-3-methanolthiophene). The biotin ligand (B) is added in the second esterification step. Reprinted with per-
mission from Marx, K.A., Samuelson, L.A., Kamath, M., Lim, ].O., Sengupta, S., Kaplan, D., Kumar, ]., Tripathy,
S.K. (1994). Intelligent Biomaterials Based on Langmuir-Blodgett Monolayer Films. In: Birge, B.R., ed. Molecular
and Biomolecular Electronics. Advances in Chemical Series, Vol. 240, American Chemical Society Books,
Washington, D.C., 395-412. Copyright (1994) American Chemical Society.
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1.1.1.3  Signal Transduction Mechanisms and Biosensor Output

A number of general physicochemical classes of signal transduction mechanisms have
been used to create biosensors. The most commonly used classes are optical, electrochem-
ical, and piezoelectric. Thermometric and magnetic mechanisms have also been used.
Microelectromechanical mechanisms and integrated systems for liquid handling leading
to preprocessing of samples as well as their subsequent analysis represent a burgeoning
area of investigation for microscale analytical chemistry as well as biosensor development.
Each of these signal transduction mechanism classes have different advantages, disad-
vantages, and limiting sensitivities, some aspects of which we describe in the sections that
follow. At the Center for Intelligent Biomaterials, we have utilized the three most common
signal transduction mechanisms in the development of biosensors and we select some of
them for discussion in this review. In the generic biosensor, once an analyte at a specific
concentration has been detected by an array of the biological elements, the physicochem-
ical signal is transduced by the platform’s mechanism to create an output for the end user.
However, in principle, more complex biosensors can be designed involving nonlinear
systems where inputs can be obtained from multiple channels. In these cases, there is the
need for further “intelligent” analysis involving statistical or algorithmic processing of the
biosensor input to make accurate interpretations and provide clear quantitative output to
the end user of what is being sensed. Therefore, we present a discussion of the importance
of informatics and data mining approaches later in this review. Our purpose is twofold.
First, we highlight the importance of this capability for smart biosensor data processing in
some cases prior to signal output. Second, we indicate that these approaches can aid in the
original biosensor design process. This can be carried out through the analysis of large
complex data sets to understand and possibly predict the intelligent properties of biolog-
ical elements for potential integration into the biosensor.

1.1.2 Intelligent Properties of Biological Macromolecules and Systems

Systems comprising biological macromolecules, assemblies of these molecules, living
cells, and certainly entire organisms possess some or all of what can be termed intelligent
properties. In fact, individual cells and certainly whole organisms represent paradigms of
systems possessing intelligent properties. These properties include template-based self-
assembly, self-multiplication, self-repair, self-degradation (selective), redundancy, self-diagnosis,
learning, and prediction/notification. While single biological macromolecules or small
assemblies of them might contain limited subsets of these properties, living cells, and
entire organisms possess various manifestations of all of them. Intelligent properties incor-
porated into smart biosensors ideally would enable the biosensors to be responsive in real
time to their environment and be capable of integrating multiple functions such as recog-
nition/discrimination, feedback, standby, appropriate response, to name a few.

That we focus on living cells and their constituent macromolecules in the Center for
Intelligent Biomaterials is due to the following important fact. Evolution, acting over
nearly 1.5 billion years time, has achieved highly sophisticated levels of hierarchical
organization and complex integrated function in the biochemical subassemblies found in
cells, comprising complexes of DNA, RNA, proteins, carbohydrates, and lipid membranes
(5). Despite decades of design attempts by synthetic chemists and materials scientists to
duplicate these systems’ properties using biomimetic approaches, the level of organization
and complex integrated functions found in cells remains unsurpassed. These facts have
helped define our research direction, which has been to identify important and appropri-
ate biological macromolecular systems for study, modification, and design into biosensors
and biomaterials. In the following section, we describe the experiments our Center has



8 Smart Biosensor Technology

carried out incorporating specific proteins, DNA, and cellular systems into biosensors for
small molecule detection. Then in Section 1.3, we describe our most recent efforts to
understand the properties of some specific DNA systems using computational
approaches, with the ultimate aim of intelligent property prediction that can be used in the
design of both intelligent biosensors and biomaterials. In Section 1.4, we describe infor-
matics and data mining approaches and how these techniques can be applied to under-
stand complex nonlinear data systems. The idea here is to apply these techniques, where
appropriate, to help decipher the behavior of complex biosensors to create an optimal sig-
nal output and also to improve the design of biosensors by better understanding and
selecting optimal biological components. Finally, in Section 1.5, we describe future
prospects for the creation of newer and smaller biosensors with superior properties.

1.2 Creating Biosensors That Detect Small and Large Molecules Using
Different Signal Transduction Mechanisms

1.2.1  Optical-Based Biosensors

Some of the Center’s initial research centered upon the creation of systems involving opti-
cal signal transduction. The optical elements were of two basic types. In one, the chro-
mophores were integral moieties of naturally occurring proteins. In the second, the
chromophore was an enzymatically activated chemiluminescent molecule that emitted a
visible photon. In the first type, the phycobiliproteins had the advantage of being proteins
that evolved to possess efficient optical absorption at low light levels and had high-fluo-
rescence quantum yields (6). These were studied in a number of immobilization formats.
We also studied the very stable membrane-bound protein bacteriorhodopsin (bR) (7) that
possesses a complex photocycle involving well-defined protein conformation-chro-
mophore states. In the case of the second type of optical element, we studied a particular
molecule that was developed to be capable of undergoing enzymatic cleavage to the
chemiluminescent product species by phosphatase enzymes such as alkaline phosphatase.
The alkaline phosphatase we used was primarily immobilized via conducting polymers to
sensitively detect low solution concentrations of organophosphate pesticides and certain
metal ions using a competition strategy. Examples of these biosensor systems are pre-
sented in the following subsections.

1.2.1.1  Chromophore-Containing Proteins in Biosensor Applications

1.2.1.1.1  The Phycobiliproteins

The phycobiliproteins represent an interesting class of photodynamic proteins that have
evolved to function with extremely high light collection efficiency in low-light-level envi-
ronments, such as deep underwater, where their host algae are often found in highly com-
petitive ecological niches. A closely related family of proteins, the phycobiliproteins—
phycoerythrin, phycocyanin, and allophycocyanin—in that order, are found in vivo in
supramolecular assemblies in an antennalike structure called the phycobilisome. Each
protein absorbs in their respective region in the visible spectrum and progressively trans-
fers the absorbed light energy with high efficiency (>90% quantum yield) via a Forster-
type transfer mechanism down the phycobilisome and into Photosystem II to drive
photosynthesis (8). The chromophores found in the individual subunits of the three
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different phycobiliproteins are variants of open-chain tetrapyrroles coupled to specific
protein residues through thioether linkages, as is shown in Figure 1.2. As optical elements,
these phycobiliprotein chromophores possess distinct advantages. These include intense
fluorescence, nearly 20-fold greater than that of a fluorescein molecule, high quantum
yields, and large Stokes shifts—some 2.7-fold greater than that found in fluorescein (9).
Because of these desirable properties, some of the phycobiliproteins have found commer-
cial uses as biochemical and biotechnological probes (10). Here we describe experiments
that demonstrated they retained their desirable optical properties after being surface
immobilized using a number of different biosensor compatible strategies. These include
binding to Langmuir-Blodgett (LB) monolayer films, entrapment within optically accessi-
ble sol-gel glasses, and binding to conducting polymers immobilized upon optical fiber
surfaces. Therefore, the phycobiliproteins have potential for use in biomaterials and smart
biosensor applications.

One of the earliest phycobiliprotein immobilization strategies we investigated was to LB
monolayer films. The LB technique creates a monolayer of amphiphilic molecules at the
air-water interface above an aqueous subphase within an LB trough device. In the first sys-
tem we investigated, the monolayer was created using a biotinylated phospholipid, N-bioti-
noyl-O-dipalmitoyl-L-alpha-phosphatidyl ethanolamine, triethylammonium salt (B-DPPE).
In Figure 1.3, we show representative pressure—area isotherms for LB trough compression
experiments where monolayers have been created by close packing the
B-DPPE molecules (3,11-14). In all cases, the isotherms displayed a relatively steep slope
above a pressure of 15 mN/m, which corresponds to an area/molecule of just over 100 A%
This is approximately the two-dimensional (2-D) cross-section area of the B-DPPE molecule
oriented vertically at the air-water interface. Phycoerythrin (PE) was chosen for this
study, since its absorption spectra matched the 496.5-nm output of the argon ion laser used
for excitation in the detection scheme. We immobilized the PE by derivatizing it with either
streptavidin (Str) or avidin (Av) proteins. Both of these proteins are tetrameric and each of
the four subunits binds biotin. The biotin-derivatized ends of the closely packed B-DPPE
molecules in the LB monomayer film are hydrophilic and are oriented downward into the
subphase of the LB trough. The biotin of each B-DPPE molecule can bind each subunit of

m—HN-?ys-CO—W‘
S H-0,-C C-Op-H

H
FIGURE 1.2
Chromophores of two of the phycobilipro- o (6]
teins: (a) phycocyanin; (b) phycoerythrin. ’}‘ ’}l N '}I
The highly conjugated tetrapyrrole ring H H H
systems of these two phycobiliproteins are (a)

shown as well as their covalent thioether
linkage to a cysteine residue of the protein
amino acid side chain. Reprinted from
Beladakere, N.N., Ravindran, T., Bihari, B.,
Sengupta, S., Marx, KA., Kumar, ],
Tripathy, S.K. (1993). Photovoltaic Effects
and Charge Transport Studies in
Phycobiliproteins. In: Viney, C., Case, S.T.,
Waite, J.H., eds. Biomolecular Materials,
Proc. Mat. Res. Soc., 292:193-198. With per-
mission from the Materials Research
Society.
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L.A., Miller, P, Galotti, D., Marx, K.A.,
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FIGURE 1.4
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Idealized schematic of the two-dimensional (2-D) ordering of subphase injected Str-PE protein conjugate: (a) as
it binds to the biotin (B) ligand of the phospholipid B-DPPE in the expanded film and (b) as it becomes ordered
above 15 mN/m in the compressed LB-monolayer film. Reprinted with permission from Samuelson, L.A., Miller,
P, Galotti, D., Marx, K.A., Kumar, J., Tripathy, S.K., Kaplan, D.L. (1992). The Monomolecular Organization of a
Photodynamic Protein System through Specific Surface Recognition of Streptavidin by Biotinylated

Langmuir-Blodgett Films. Langmuir 8:604-608. Copyright (1992) American Chemical Society.
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the Str-PE or Av-PE injected into the subphase solution with high affinity
(K, = 10Y), producing a stability level nearly that of a covalent bond. Upon carefully inject-
ing the Str-PE or Av-PE into the subphase below the film, an altered low-pressure response
to film formation was observed for the LB film in the expanded state. This produced an
increased pressure compared with either the pure B-DPPE film or injecting the underiva-
tized PE into the subphase. This behavior suggests that the bulky derivatized PE, having
formed a complex with biotin, is somehow inserting itself into the expanded state of the LB
film during its formation. The PE protein is large (240,000 Da) and is disk shaped with
dimensions of 6.0 by 12.0 nm. In Figure 1.4 we present a schematic representation of how
this might happen (12). As the pressure increased above 15 mN/m, then all LB films exhib-
ited similar behavior. We believe this was due to the Str-PE, bound to the pendant biotin,
being pushed down into the subphase away from the B-DPPE molecules beginning to close
pack in the LB film. After forming the Str-PE immobilized LB monolayer film, it was trans-
ferred to the surface of a hydrophilic glass slide and allowed to dry, and the
fluorescence spectrum determined using a system that comprised an argon ion laser for exci-
tation, monochromator, and photocounter as shown schematically in Figure 1.5 (12). As
expected, the control films formed with either pure B-DPPE or PE injected under the B-
DPPE while forming the film exhibited no fluorescence, as shown in Figure 1.5. A normal
native fluorescence spectrum with emission maximum around 576 nm was observed for
both the LB films where either Str-PE or Av-PE (not shown) was injected into the subphase
to allow binding to biotin during film formation. Therefore, these phycobiliproteins retained
their optical properties through all of the binding and drying steps.

We have also taken an alternate film-based approach to the immobilization of fluores-
cent phycobiliproteins and other proteins. In this instance, we also utilized the
biotin-streptavidin interaction, but here the biotin was a pendant ligand covalently

Arbitrary units
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576
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FIGURE 1.5

Fluorescence spectra of LB-monolayer films picked up onto glass substrates: (1) B-DPPE plus subphase injected
Str-PE protein conjugate; (2) B-DPPE plus subphase injected PE protein; (3) DPPE (phospholipid lacking biotin)
plus subphase injected Str-PE protein conjugate. Reprinted with permission from Samuelson, L.A., Miller, P,
Galotti, D., Marx, K.A., Kumar, J., Tripathy, S.K., Kaplan, D.L. (1992). The Monomolecular Organization of a
Photodynamic Protein System through Specific Surface Recognition of Streptavidin by Biotinylated
Langmuir-Blodgett Films. Langmuir 8:604-608. Copyright (1992) American Chemical Society.
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attached to a conducting polymer chain. We synthesized a number of different copolymers
for phycobiliprotein surface immobilization using the biotin—streptavidin interaction
(3,15). In the case of immobilization onto an LB polymer film, the film was first formed by
compressing an amphiphilic polymer, B-PUMT, synthesized as presented in Figure 1.1b
by the copolymerization of 3-undecylthiophene with 3-thiophenemethanol followed by
biotin derivatization. As shown in Figure 1.6, during its compression to a monolayer, the
B-PUMT copolymer exhibited a series of different complex micron-scale phase patterns in
the presence of different proteins at varying LB trough pressures and incubation times
(16). Upon injection of Str-PE or various protein controls into the subphase, then picking
up the film onto a glass substrate for optical measurement, phycoerythrin immobilization
was demonstrated to depend upon the presence of both the biotin derivatization of the
copolymer and the streptavidin derivatization of the phycoerythrin, as was the case in
the biotinylated B-DPPE LB monolayer film discussed previously.

Using the same copolymer, B-PUMT, we demonstrated that the Str-PE immobilization
could be carried out on the surface of optical fibers by a self-assembly technique much sim-
pler than the LB film experiment described above (17). As described in Figure 1.7, the fibers
were first declad to expose the optical surface, which was then silanized with chlorodi-
methyloctadecylsilane. Then, the B-PUMT was bound to the optical fiber surface through
hydrophobic interactions between its pendant undecyl chains and the octadecyl chains of
the silanizing agent. Biotin ligands on the copolymer, pendant in aqueous
solution, bound added streptavidin in the Str-PE complexes. The native fluorescence

FIGURE 1.6

Fluorescence microscopic images of LB-monolayer films obtained in situ on the LB trough surface during film
assembly from: (a) the thiophene polymer B-PUMT (see Figure 1.1) expanded monolayer (<2 mN/m); (b) B-
PUMT compressed monolayer (15 mN/m); (c) expanded B-PUMT monolayer within 2 h after subphase injection
of Str-PE; (d) expanded B-PUMT monolayer 24 hr after subphase injection of Str-PE. Reprinted from Samuelson,
L.A., Kaplan, D.L., Lim, J.O., Kamath, M., Marx, K.A., Tripathy, S.K. (1994). Molecular Recognition Between a
Biotinylated Polythiophene Copolymer and Phycoerythrin Utilizing the Biotin-Streptavidin Interaction. Thin
Solid Films 242:50-55. With permission from Elsevier Publishing.
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FIGURE 1.7

(a) Schematic of the steps involved in B-PUMT self-assembly on the surface of declad optical fibers, where X-PE
is Str-PE protein conjugate. On the right is a diagram (b) of the structure built up on the optical fiber surface as
a result of the assembly process. Reprinted from Ayyagari, M.S., Pande, R., Kamtekar, S., Gao, H., Marx, K.A.,
Kumar, J., Tripathy, SK., Akkara, J., Kaplan, D.L. (1995). Molecular Assembly of Proteins and Conjugated
Polymers: Toward Development of Biosensors. Biotech. Bioeng. 45:116-121. With permission of Wiley-Liss, Inc., a
subsidiary of John Wiley & Sons, Inc.

spectrum of phycoerythrin was then measured via the optical coupling between evanescent
waves extending from the optical fiber and the immobilized phycoerythrin chomophores
(17,18). One of the advantages of the attachment system involving the biotin—streptavidin
interaction is the fact that these derivatizations can be carried out for all biological molecules
and polymers. It results in a very useful and versatile cassette methodology for surface
immobilization of any photodynamic protein, as well as other proteins, and nucleic acids.

Another surface immobilization procedure we successfully investigated was the use of
sol-gels for the direct entrapment of phycobiliproteins. The sol-gel formation technique we
used involved the reactions shown in Figure 1.8: the hydrolysis and polycondensation of
silicon alkoxides (19,20). The sol-gel technique produced transparent glass possessing
excellent optical, mechanical, and thermal properties, without any necessity for high-tem-
perature processing. PE, entrapped physically within this sol-gel, possessed absorption
and fluorescence properties of the native protein. However, in a more extensive study of
all three phycobiliproteins entrapped in the sol-gel matrices, the optical properties of the
phycocyanin and allophycocyanin species were found to undergo minor changes upon
sol-gel entrapment that we associated with changes in aggregation state (21). In the same
study, we also showed that phycoerythrin could be entrapped in a thin film of the sol-gel
matrix on the surface of an optical fiber, allowing retention of its native optical properties.
The normal fluorescence spectrum was measured through the optical coupling between
the protein and the evanescent wave of the optical fiber.

We have also presented evidence for two-photon absorption-induced fluorescence from
phycoerythrin both in solution and entrapped in sol-gels (19,22). In this environment, the
protein’s fluorescence, following two-photon absorption, is nearly identical to the fluores-
cence resulting from single photon absorption, as shown in Figure 1.9. Moreover, it is
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FIGURE 1.8

Reaction scheme leading to the formation of transparent sol-gel glasses at room temperature. In step [1], an
alkoxide is hydrolyzed to form silanol groups (Si-OH) and alcohol (not shown). Subsequent condensation reac-
tions between silanol groups take place in step [2] to produce siloxane bonds (5i—-O-5i). Polycondensation events
continue during aging and the sol-gel is then dried to produce a transparent glass. Reprinted from Chen, Z.P.,
Chittibabu, K.G., Marx, K.A., Kumar, J., Tripathy, S.K., Samuelson, L.A., Akarra, J., Kaplan, (1994). Photodynamic
Protein Incorporated in Conducting Polymer and Sol-Gel Matrices: Toward Smart Materials for Information
Storage and Processing. In: Varadan, VK., ed., Smart Materials and Structures, Proc. SPIE, 2189:105-115. With
permission of the International Society for Optical Engineering.
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FIGURE 1.9

Fluorescence spectra of PE protein induced by one or two photons in buffer solution. Open circles (upper curve)
are data for two-photon-induced fluorescence, with excitation at 1.06 pum. Open diamonds (lower curve) are data
for one-photon-induced fluorescence excited at 490 nm. Reprinted from Chen, Z.P,, Kaplan, D.L., Yang, K.,
Kumar, J., Marx, K.A., Tripathy, S.K. (1997). Two-Photon Induced Fluorescence From the Phycoerythrin Protein.
Appl. Optics 36:1655-1659. With permission from the Optical Society of America.

photostable to 3 X 10° repetitions of the two-photon optical experiment, not exhibiting any
loss of intensity of the type that is observed in single photon fluorescence. The measured
two-photon cross-section of phycoerythrin was observed to be 20-fold larger in magnitude
than that of the dye rhodamine 6G. Therefore, there appears to be potential applications
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of phycobiliproteins for two-photon fluorescence microscopy of three-dimensional (3-D)
biological samples as well as potentially in 3-D optical memories.

Photovoltaic properties of phycobiliproteins have also been studied. We investigated
charge transport phenomena by analyzing the dark current—voltage and photocurrent char-
acteristics obtained across gold—phycobiliprotein-gold samples (23). A photovoltaic effect
was observed for the gold—phycoerythrin—gold sample. At low intensity levels, the photo-
current closely followed Onsager’s law of geminate recombination in three dimensions.

1.2.1.1.2  Bacteriorhodopsin

Bacteriorhodopsin (bR) is the light-transducing integral membrane-bound protein found in
the purple membrane of Halobacterium halobium. The single subunit protein is 248 amino
acids in length and contains a retinylidene chromophore covalently linked via Schiff’s base
linkage to the lysine-216 amino acid residue (24). In the bacterium, bR acts as a light-driven
proton pump. Upon absorption of a photon, bR undergoes a photocycle characterized by a
series of well-defined intermediates with different absorption spectra (25). In Figure 1.10, we
present a schematic of the photocycle. The defined optical states are characterized by the
changes in absorption maximum indicated by the states’ subscript wavelengths. The solid
arrows show the thermal decay pathways and decay times. Dashed lines correspond to pho-
ton-driven processes with some quantum yields indicated. When oriented, bR films possess
very interesting optoelectronic properties that have the potential to be used in a number of
different application areas including real-time holography, artificial retinas, optical neural
networks, and image processing (26-32). Like all proteins, bR has the advantage that genetic
variants with potentially improved properties for a particular application can be screened to
select for a desired alteration. Since the study of this protein was not a major focus of our
Center, we do not discuss its interesting properties comprehensively in any further detail,
but focus only on our use of it in specific applications.

Aside from its interesting photocycle, one of the very attractive features of this integral
membrane protein is its exceptional stability. By the standards of protein chemistry, the
bR protein and its proton pumping photocycle are extremely robust to denaturation or
normal oxidative damage. A second attractive feature is its ability to be ordered. The bR
protein occurs in a regular hexagonal lattice within the bacterial membrane and is
uniquely oriented to the two membranes faces. The membrane fragments found in a
typical bR preparation can be easily oriented using electric fields (33), a property that
results from the membrane possessing differential charge characteristics upon its intracel-
lular and extracellular faces. Taking advantage of these features, we investigated the bR
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protein in a number of different formats. We studied its optical properties incorporated
within a sol-gel matrix, interacting with a conducting polymer and oriented between par-
allel plate electrodes. In the study of bR incorporation into sol-gel matrices, the absorption
and fluorescence properties of bR were unaltered following incorporation (20). Interaction
of bR with a soluble anionic conducting polymer, poly(3-thienylacetic acid)—a thiophene
monomer-based system, was carried out and the complex was cast on either quartz win-
dows or interdigitated electrodes, dried, and then studied. Within the polymer matrix, the
bR was photoactive and the difference absorption spectra indicated that the M state of the
bR photocycle was preferentially stabilized. In fact, bR could be switched back and forth
between the photochromic M and bR states using photons of appropriate wavelength.
Through photocurrent studies upon interdigitated electrodes, bR was shown to increase
its charge transport in the presence of the conducting polymer, compared with bR alone
(20). This is in agreement with the expectation that the positive-charged defect structures
existing within the = electron conjugation system of the conducting polymer backbone
should facilitate charge transport from bR upon its photoexcitation. It also confirms the
potential for using bR-conducting polymer conjugates in biosensor designs where charge
transport is required.

We also investigated the potential of oriented bR films for use in two-photon 3-D erasable
optical memory systems (20,34). The bR protein exhibits an unusually large optical nonlinear-
ity that is due to a large change in the light-induced dipole moment. We studied a bR-based 3-
D erasable optical memory storage system based upon this nonlinear optical property to carry
out nondestructive reading. Specifically, a two-photon-induced photochromic transition is
used for writing and the second harmonic generation is used for reading. As indicated in
Figure 1.11, the writing is carried out by transitions between the bR and M states of the pho-
tocycle, representing 0 and 1 binary information states possible in the optical memory. The bR
protein system is a good material for this type of 3-D memory for a number of reasons. It pos-
sesses long-term thermal stability and has a high threshold to photochemical degradation.
Also, it exhibits large quantum efficiencies, ¢, for the photochromic transitions and has a large
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FIGURE 1.11

Two-photon photochromic states bR [state 0] and M [state 1] of bR, the two-photon transition characteristics
(wavelength and quantum yield) between states, and the absorption spectra corresponding to those states.
Reprinted from Chen, Z., Lewis, A., Kumar, J., Tripathy, S.K., Marx, K.A., Akkara, J., Kaplan, D.L. (1994). Second
Harmonic Generation of Bacteriorhodopsin and Its Application for Three-Dimensional Optical Memory. In: M.
Alper, H. Bayley, D. Kaplan, M. Navia, eds. Biomolecular Materials by Design, Proc. Mat. Res. Soc., 330:263-268.
With permission from the Materials Research Society.
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two-photon absorption cross-section and second-order optical nonlinearity. Figure 1.12 pres-
ents a schematic diagram of a two-photon 3-D optical memory that could be used for reading
and writing of information. The 3-D voxel of information would be located as shown (magni-
fied) within a matrix of stacked 2-D planes of oriented bR membranes located within a poly-
mer matrix. A 3-D disk could be adapted to a rotating disc format and with a total thickness of
1 mm could hold 100 layers of data, assuming that the separation of each data stack is less than
10 pm. A 3-D storage format has a tremendous advantage over 2-D storage for equivalent sur-
face area storage devices, since for visible or IR lasers the storage density limit is ~108 bits/cm?
for the 2-D format, but rises to ~10'? bits/cm? for the 3-D case. Because both two-photon exci-
tation and second harmonic generation depend quadratically on intensity, writing and read-
ing with 3-D resolution can be accomplished by this nonlinear process either with a focused
beam or with the overlap of two beams, as shown in Figure 1.12. The writing process would
access a voxel of information to write 0 or 1 by the two-photon process at the depth location
in the disc determined by where the two photons from the separate writing beams were
brought to focus. Everywhere except inside the voxel, the two isolated unfocused beams
would produce no optical state changes and no writing information changes within the disc.

Reading IR
laser beam

Writing
laser beam

BR disk made of
oriented BR in polymer

20
Data acquisition,
Detector disk control,
and interface
FIGURE 1.12

Schematic diagram of a potential two-photon three-dimensional (3-D) optical memory device based upon bR
membranes. The storage medium is a disk made from oriented bR membranes in a polymer matrix. A build-up
of bR membrane stacks creates the 3-D disk, as the right-hand expanded view indicates. The data storage capac-
ity equals the data density of each layer multiplied by the number of layers in the 3-D disk. The writing opera-
tion in this memory is performed by two-photon absorption and reading is accomplished by second harmonic
generation. Reprinted from Chen, Z., Lewis, A., Kumar, J., Tripathy, S.K., Marx, K.A., Akkara, ]., Kaplan, D.L.
(1994). Second Harmonic Generation of Bacteriorhodopsin and Its Application for Three-Dimensional Optical
Memory. In: M. Alper, H. Bayley, D. Kaplan, M. Navia, eds. Biomolecular Materials by Design, Proc. Mat. Res.
Soc., 330:263-268. With permission from the Materials Research Society.
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Reading the information within a voxel would be carried out by second harmonic
generation using a 1.54-pum laser. This has a wavelength of the fundamental and second
harmonic photon outside the absorption band of the molecule. Figure 1.13 shows the
second harmonic generated from bR in the M and bR states. L1 is the light to switch from
the bR to the M state. L2 is the light to convert from the M back to the bR state. The first
peak intensity corresponds to the second harmonic signal from molecules in the bR state.
When L1 is turned on, molecules in the bR state are photochemically pumped to the M
state. The second harmonic intensity decreases to that of the M state. This change is due
to a large difference in the second-order nonlinearity between the bR and M states. The
contrast ratio between the bR and M states is about 6, which is large enough to reliably
assign each voxel its information state during the reading operation. In addition to the
nondestructive reading operation using second harmonic generation, this method has the
advantage of fast speed and potential for parallel access. Because no molecular transition
is involved in the reading operation, the second harmonic photon is generated instanta-
neously and the reading cycle is likely limited only by the second harmonic photon detec-
tion device. Other methods for two-photon optical mem