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Preface

Smart materials designed to alter their properties in response to specific stimuli have
been important parts of recent advances in the field of material sciences. These
materials, typically polymers, can be based upon novel synthetic structures or may
use materials obtained from natural sources. Various smart materials have been
developed that can respond to even minute environmental changes. While the respon-
sive properties of smart materials are thermodynamic in nature, their spectrum of
applications expands dramatically once the component of kinetic control can be
incorporated into their response profiles.

Despite significant advances in smart materials and the obvious importance of the
kinetic aspects of their responses, only a limited number of studies have addressed the
potentially powerful combination of thermodynamic and kinetic regulation of a smart
material. This book brings together a collection of works and discussions that consider
both thermodynamic and kinetic properties of smart materials. Instant response is
written in Chinese characters as [, %% (pronounced “shun-patsu” in Japanese,
“shun-fa” in Chinese, and “soon-bal” in Korean), but English has no equivalent term.
For lack of a suitable term to describe materials whose properties can be modified in
a rapid, repetitive, and responsive fashion, we have coined the term reflexive systems.

The chapters of this book have been organized to examine components of reflexive
systems found in nature, to consider the theoretical limitations of reflexive systems, to
characterize the current status of artificially prepared materials that may produce both
thermodynamic and kinetic response events, and to explore potential future applications
of such systems. Chapters in the first section of the book focus on systems found in
nature (both in plants and animals) with an emphasis on molecular mechanisms. The
second section investigates model systems in which selected interactions of specific
reflexive system components are evaluated to determine theoretical limits of response
rates and cycle times. The third section recapitulates and focuses on the functions
observed in natural systems using synthetic polymers and conditions. Examples of
available synthetic systems known to have fast responsive properties or that may benefit
greatly by having fast responsive properties are discussed.

We, the editors, are most appreciative of the superb, insightful contributions made
by the chapter authors of this book. We would also like to acknowledge the endless
support of the staff members at CRC Press, in particular Alice Mulhern and Christine
Andreasen for their careful editing of the chapters. It is our hope that this book will
serve as a springboard for thought and experimentation toward the identification of
novel reflexive systems that more closely emulate natural reflexive systems. We feel
that it is only a matter of time for the development of truly biomimetic materials and
that progress in the area of reflexive systems will facilitate that goal.

Nobuhiko Yui
Randall J. Mrsny
Kinam Park
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’l Learning from Nature:
Examples of Rapid,
Repetitive, Responsive
Biological Events
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INTRODUCTION

A wide range of potential biomedical applications of polymers have been described
in the literature. One very exciting subset of these applications involves efforts to
mimic some of the rapid, repetitive, responsive biological events (RRRBEs) observed
in various tissues and organs of the body. Such events allow the body to perform
critical tasks associated with homeostasis as well as adaptation. For example, the
body must maintain a constant supply of critical nutritive factors to all of its areas
yet must be able to increase or decrease the levels of these factors systematically or
locally in accordance with changes in the demand for these factors.

Complex systems regulate hemodynamic parameters and allow the body to adapt
to changing needs. Other RRRBESs can be observed in systems where the body must
react to stimuli as well as filter responses to specific external signals. Olfactory
events serve as examples of such systems.! A new odor is easily detected initially,
but with time that odor stimulus is filtered (even muted) to provide for increased
acuity to new odors even in the continued presence of the initial odor. Both systems,
blood flow and odor sensation, are extremely complex. Fortunately, studies have
been able to break down such complex systems into incremental biological functions

0-8493-1487-9/04/50.00+$1.50
© 2004 by CRC Press LLC 3



4 Reflexive Polymers and Hydrogels

of individual RRRBEs. Such simplified systems may be potentially mimicked by
polymeric processes.

The success of current and future applications of polymeric systems that mimic
RRRBEs will require overcoming a number of challenges. One challenge is that
these systems sufficiently portray a desired biological event. It may not be necessary
to match the RRRBE exactly; rather it may be sufficient to emulate its critical
functions. Identifying the critical parameters of such events demands an appreciation
of not only the biological principles of the event in question but also, and maybe
more importantly, an understanding of the intent of the RRRBE function. It is the
goal of this chapter to discuss both of these issues — the critical factors of such
events in light of the action that the event is acting to achieve.

The examples presented were selected specifically to provide a perspective of
several types of RRRBEs observed in the body. Some of these events have already
been modeled in various ways using polymeric systems. Others have not yet been
solved. However, from the discussion of these systems, it is hoped that the reader
will obtain a better understanding of how nature has solved problems related to
RRRBESs and possibly how to apply these principles in instances where polymeric
systems may find applications.

GENERAL PRINCIPLES

The body performs such a wide range of tasks that it would be impossible to even
begin to describe them here. These events occur inside cells, outside cells, and even
between cells, and they occur at every possible level of sophistication. Many events
appear simple and thus quite direct, i.e., rising glucose levels result in the increased
release of insulin from the beta cells of the pancreatic islets. Thus, such events might
be readily modeled using a polymeric system that can respond to a glucose signal
with the release of insulin. However, this superficial assessment of the role of islet
beta cells does not accurately describe the true complexity of the system in which
the cells participate.’

Glucose recognition by islet beta cells initiates an extensive network of intra-
cellular signaling events that leads to outcomes much more complex than simply
secreting insulin.’ From a pharmaceutical perspective, the connection of glucose to
insulin secretion can be sufficient for a therapeutic application.* Thus, a polymeric
system that primarily emulates such an outcome may not need to follow the entire
pathway of the events required to achieve that outcome in the body. With this in
mind, we wish to introduce a new descriptor of polymeric systems designed to
emulate RRRBEs. In essence, such systems should be able to respond to a stimulus
to provide a simple response rather than the complex and interactive network of
events that typically occurs in the body. Therefore, the term multi-reflexive was
introduced to describe polymeric systems that produce the rapid, repetitive, and
responsive events similar to those observed in the body, yet work in the absence of
more complex networks of events that commonly occur following such stimuli.

The term multi-reflexive was selected due to connotations of the root components
that discriminate function and capabilities of these types of polymers. Reflex events
involve direct outcomes that occur in the absence of a higher level of responding
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network or cognitive events. Since it is highly unlikely that current polymeric
technologies would be able to respond more elaborately than in a purely reflexive
fashion, reflexive seemed a more accurate term than responsive. The term multi refers
to the desired action of such systems to potentially affect specific types of events at
several levels of responses. In some instances, it may be desirable for the system to
transition repeatedly between two physical states — rapidly producing multiple all-
or-none events. In other cases, the system may provide the desired action through
a graded response rather than an all-or-none outcome. Such a system could allow a
stimulus to provide varied levels of responses through opening one to many portals
of release for a substance to be delivered. Although these two types of responses
are not mutually exclusive, and it is likely that combinations of such events would
be attractive in certain cases, each represents the concept that polymers can provide
multiples of release and/or modification events. These are only a few examples of
how multi-reflexive polymeric systems might function. The types of polymer systems
being developed are likely to provide a tremendous variety of polymer-based delivery
systems that might be used to emulate RRRBE:.

In order to emulate RRRBEs through the use of multi-reflexive polymeric sys-
tems, it is important to understand the critical elements of the desired outcome.
Further, it is important to establish a system that responds only to a desired stimulus
and at a threshold where premature, undesirable events will not occur. These two
issues represent difficult challenges for multi-reflexive polymeric systems because
they do not typically have the sophistication of RRRBEs where networks of events
can act to guard against subthreshold activation events and where a combination of
low-level stimuli can provide an augmented, and thus sufficient, stimulus for system
activation. For example, nerves can discriminate varied levels of stimuli that might
be simultaneously delivered from several factors.’ The release of a neurotransmitter
from an adjacent cell may be insufficient to activate an action potential in a nerve
unless it is of a certain magnitude or it is presented in the presence of another stimulus
such as heat or another neurotransmitter, etc.® Additionally, a response to factors that
normally induce an action potential may be completely muted in the presence of
another type of neurotransmitter whose function is to evaluate the stimulus in another
way and to determine signal validity. Nerves are constantly modulating their synaptic
interactions to provide a very complex level of cell function modification.” These
types of responses are frequently bidirectional to provide feedback information.® As
one might imagine, a multi-reflexive polymeric system may never be able to achieve
such levels of complexity. Therefore, the remainder of this chapter will be devoted
to examples of RRRBEs that are deconstructed in an effort to find situations where
multi-reflexive polymeric systems might be applicable and, more importantly, suc-
cessful. The intent of this approach is to highlight mechanisms used to achieve the
speed and sophistication of responses observed for many RRRBEs of the body.

LESSONS FROM NERVES

Nervous tissue is comprised of a number of cell types with very different phenotypes
and functions.® At the heart of nervous tissue is one cell type — the neuron —
although, here again, a wide range of subtypes of such cells exist that relate primarily



