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INTRODUCTION

We still need a strategic account of biological foundations at all levels, to be arrived at
through dial ogues between physical biologists and biological physicists
F. Eugene Yates

Matter, information and energy are inseparabl e entities. When aggregated in specia assemblies that
organize themselvesin hierarchical structures of increasing complexity, all interconnected by a
continuous bi-directional flow of energy, they can bring about another entity which possesses very
unigue properties and is known by the name of life. Since higher hierarchies come from lower
hierarchies, life ultimately must have arisen from the physical world.

It took 3.8 hillion years for present life to evolve. In the course of evolution, matter bonded to matter to
make up structure and the information embodied in matter organized that structure. This organized
structure provided both initial and boundary conditions for dynamics. The information selected in the
process of constructing the cellular structure was somehow stored locally, in the form of symbols, in the
genome of every cell. According to Pattee, there are two control modelsin present life, each
complementing one another - the genetic, which controls the amino acid sequence (primary structure) of
biopolymers and the dynamic, which controls, in a coherent way, the folding of biopolymersinto
proteins, their mutual interactions and interactions with all other components of the cell.

These two models of life have been brought together by the Unitary Theory of Whyte. Dynamicsis no
longer seen as an isolated series of interactions among molecules. Energy, information and dynamics
cannot be separated from function and structure. They are all components of a single comprehensive
process operating under the guidance and constraints of the laws of nature. This conceptual change of
dynamicsis the subject of this book.

We do not believe that biological systems are reducible to physical systems. Instead, they differ from
them in several ways. Biological systems are more complex, much more interactive, more delayed in
action, self-constructing, and work in a state far from thermodynamic equilibrium. They have functions,
such as that of reproduction, and functional properties that physical systems do not have. Nevertheless,
biological systems obey to physical laws as physical systems do. Thiswork merely emphasizes the
physical rather than the biochemical side of biology.

Like any other entity in the universe, lifeis ultimately derived from the fundamental forces of nature.
Given its dynamic character and the characteristics of these forces, only the long-range electromagnetic
force could possibly have led to the genesis of life. Life has an electromagnetic basis and the reason
why water was chosen as the living medium should have been rooted in its special dielectric properties.
Biomatter was then organized from the bottom up, from the microscopic to the macroscopic level, life
being a macroscopic phenomenon. As a consequence, living systems must obey to the laws of quantum
mechanics, atheory of the microworld that considers waves and particles to be different aspects of the
same redlity.



We live within space and interact with one another and with nature through space. Matter and energy-
information are exchanged at the interface. Most of our metabolic energy is extracted from the C-H

bond of carbohydrates and fats contained in the food we eat but some energy comes to us directly from
space in the form of electromagnetic waves. This energy, not considered by classical thermodynamics, is
of critical importance to the structuring of biomatter. Living structure and space structure are
continuously trying to achieve a mutually consistent state. Current biology entirely disregards the
dynamic relationship between life and the universe. Living systems, however, owe their structuring and
functional capabilities to the subatomic processes of space.

The living system-space relation is mediated by waves and there are reasons to believe that the
interactions between components within living systems is effected by waves as well. As pointed out by
Reid, in terms of quantum theory, viewing living systems as interactions of wave formsisjust asvalid
as viewing the same processes in terms of the biochemistry of their interacting units, be they molecules
or macromolecules. These new concepts must somehow be introduced into a biochemically oriented
biology and medicine, if these natural sciences are to keep the pace with the faster devel oping physical
sciences. This was the motivating goal for this work.

In addition to quantum concepts, the book conveys a number of other physical theories, some with
sound experimental basis, which challenge current views on the organization and function of living
processes or throw light into biophenomena until now unexplained. In the process, | offered my own
interpretations of these theories which may not be entirely accurate. In any case, they should be no
substitute for the reading of the original works. Throughout the book, there was a constant
preoccupation of avoiding deepening too much into physics. It was a slack rope walking from beginning
to end, trying to maintain an equilibrium between arather superficial but hopefully still clear
understanding on one side and a fuller but necessarily more entangled description on the other.

The book is divided in 11 chapters aligned in a connecting sequence. The writing is concise and straight
to the point. To enhance comprehension, diagrams illustrating specific structure, function or concepts
were added. Thefirst two chapters are introductions to the main text. The first chapter deals with basic
concepts of quantum mechanics, which have an intrinsic weirdness and seem strange when first
introduced. The second chapter gives an overal view of the electromagnetic nature of living processes.
A description of the living structure and function at increasing levels of organization then follows. Being
at the foundation of life, water and its chemical and electrical interactions with ions and proteins appears
everywhere throughout the book. The main theme however is energy and information described from
the physical point of view.
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THE QUANTUM NATURE OF MATTER AND ENERGY

The world, at bottom, is quantum mechanical
H.C. von Baeyer

Biosystems are complex dynamical systems. At the macroscopic level they are governed by classical
Newtonian mechanics but at the microscopic level they obey to the rules of quantum mechanics, a
branch of mathematical physics based on quantum theory. A quantum in physics can be defined as the
minimum amount by which certain properties of a system, such as energy, charge and spin, can change.
These properties do not vary continuously but do so in integral multiples of the relevant quantum.
Quantum mechanics deals with the motions of electrons, protons, neutrons, and other subatomic
particles. It was introduced with the primary purpose of describing the behavior of atoms and molecules,
but the theory has also led to the questioning of the relation between the microworld we seek to observe
and the macroworld to which we belong.

The quantum description of matter posits that there is awave associated with every particle. Particles
propagate like waves and so can be described by a quantum-mechanical wave function. Asa
consequence of the wave character of matter, the possible energy states of the electronsin an atom or
molecule can assume only a discrete set of values, thereis, they are quantized. In effect, all phenomena
in submicroscopic systems exhibit quantization.

Waves are central to the structure of matter and therefore to physical, chemical and biological
phenomena. It is no longer possible to present a modern description of dynamics of living systems, even
in arather superficial way, without the framework of quantum mechanics. The most basic of quantum
wave concepts are introduced below and other more elaborated ones will be dealt with in subsequent
chapters.

1. The wave-particle duality

In quantum physics, things we normally think of as solid particles, such as soccer balls and atoms,
behave under some circumstances like waves and things we normally describe as waves, such as sound
and light, occasionally behave like particles (1). This duality was first recognized by Planck when
studying the distribution in wavelengths of the radiation from a black body, an ideal solid that absorbs
all thelight falling on it and has zero reflectivity. In essence, the problem was that of quantitatively
describing how hot bodies become redder and brighter as their temperature is increased.

To explain the observed wavel engths distribution Planck had to assume that emission and absorption of
radiation occursin quanta of energy, now called photons, each quantum having an energy (E) equal to
the constant h (Planck’ s constant) times its frequency, or E = h f. Later, de Broglie suggested that the
duality shown by light might be extended to particles other than photons. In particular, he postul ated that
the behavior of electronsis somehow governed by an accompanying wave motion (2).



Nowadays, physicists tend to regard all matter as being dually associated with waves (matter waves). In
the case of the large bodies of classical mechanics, the wavelengths are just too small for their effectsto
be detectable. Furthermore, particul ateness and waviness are now viewed as degrees of the same
underlying property of a guantum. A quantum is not awave or a particle, but both and neither. It has a
guantum-mechanical property observed as waviness at one end of the spectrum, particulateness at the
other. The quanta of the microworld need not be waves or particles; they can be alittle bit of each, pe,
40 percent particle and 60 percent wave. Particle and wave are just extremes of a continuum (3).

1.2 The electronic structure and dynamics of atoms

Modern quantum theory considers the atom to be made up of a positively charged central nucleus
surrounded by a halo of negatively charged electrons swarming in “ probability clouds’ of different
shapes. The denser the halo isin a given small domain of a cloud, the more probable that €l ectrons are
occurring in that domain. Thus, the idea of electrons in fixed orbits has been replaced by that of a
probability distribution around the nucleus — an atomic orbital. The orbitals, each of which can
accommodate two electrons, are arranged in shells of increasing distance from the nucleus, each
successive shell being composed of alarger number of orbitals (4).

Animplication of wave-particle duaity isthat small systems such as atoms can exist only in discrete
energy states. The atom has afixed energy corresponding to the orbitals in which its electrons move
around the nucleus. It can accept a guantum of energy (a photon or light guantum) to become an excited
atom if that extra energy will raise an electron to a permitted orbital. Between the ground state, which is
the lowest possible energy level, and the first excited state there are no permissible energy levels.
According to the quantum theory, only certain energy levels are possible. An atom passes from one
energy level to the next without passing through fractions of that energy transition (2).

In matter interactions, not all electrons behave similarly. The ones closer to the nucleus and more
tightly bound to it are non-reactive. Dynamically, nucleus and non-reactive electrons form a single unit,
the core; the outermost, least tightly bound electrons, the valence electrons, are the ones that interact to
form chemical bonds with other atoms. Every property of a material (electromagnetic, chemical, thermic,
mechanical) isrooted in the interactions of the valence electrons of its atoms. Core el ectrons occupy the
filled inner orbitals of the atoms and their main effect is to screen the nuclear charges from the valence
electrons (5,6).

1.3 The quantum property of superposition

Another consequence of the wave-particle duality is that quantum mechanical waves, like water waves,
can be superposed, or added together. Taken individually, these waves offer arough description of a
given's particle position. When two or more such waves are combined, though, the particle’ s position
becomes unclear. In some weird quantum sense, then, an electron can sometimes be both here and there
at the same time. Such an electron’ s location will remain unknown until some interaction (such asa
photon bouncing off the electron) revealsit to be either here or there but not both (1).

In calculating the probability distribution for a given electron in the cloud of an atom, the electron is
considered to be a superposition of waves rather than a particle. The superposition principleis
occasionally extended to other phenomena, such as that of spin or rotational motion. Anything that
rotates or moves around afixed point has angular momentum. The earth, for example, has orbital
angular momentum from its yearly circuit around the sun and intrinsic angular momentum from its daily
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rotation on its axis. The spin of a subatomic particle corresponds to intrinsic angular momentum. It isa
guantized variable, that is, it has just two possible states, an up state and a down state. However,
according to the rules of quantum mechanics, it is possible to have a qualitatively new state made up of a
superposition of the two spin states: a combined, in-between condition that can be, say, 35 percent up
and 65 per cent down (3).

1.4 The quantum property of coherence

When two or more superposed quantum waves behave like one wave, they are said to be coherent.
Coherent waves have a constant phase relationship, with peaks and troughs aways similarly placed.
From all characteristics of awave, it is the phase that bears more direct connection with the quantum
nature of matter. Aswe will see later, coherence is avery important means of long-range
communication in biology.

The process by which coherent waves regain their individual identities is called decoherence. For an
electron in a superposition of two different energy states (or, roughly, two different positions within an
atom), decoherence can take along time. Days can pass before a photon, say, will collide with an object
as small as an electron, exposing itstrue position (1).

In ordinary, so-called bulk matter, the time it takes for a photon to bounce off the material istoo brief for
the eye or any instrument to detect. Macroscopic matter is simply too bulky for its exact location to go
undetected for any perceivable amount of time (1,7). Consequently, only bodies of subatomic, atomic
and possibly molecular dimensions exhibit quantum properties. Quantum theory is thus a theory of the
microworld.
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2

THE ELECTROMAGNETIC NATURE OF LIFE

The evolution of any speciesis equivalent to changes
in its characteristic electromagnetic field
AR. Liboff

Current biology describes living processes in biochemical terms — chemical reactions between
molecul es and macromol ecules. However, underlying these reactions and controlling them there are
more fundamental mechanisms of an electromagnetic nature.

The basic components of life, water and proteins, possess intrinsic electromagnetic properties.
Macromolecul es organized in microfilaments inside the cytoplasm of cells—the cytoskeleton — are
capable of conducting electricity on their surface. It is now known that most metabolic processes take
place on the cytoskeleton and have an electrochemical character. Life runs on electricity.

Thetiny electrical currents associated with living processes are difficult to measure but their electrical
fields are manifested in the encephal ogram, cardiogram and myogram, which are recordings of the
electrical activity of brain, heart and muscle, respectively.

Quantum mechanics on attributing a waveform to every particle of matter makes the connection between
living matter and the electromagnetic field more clearly apparent. In what follows, evidenceis
presented for an el ectromagnetic origin and functioning of life and examples are given of the new ways
of thinking brought about by the electrical theory.

2.1 The elementary particles

All matter, inanimate and animate, is ultimately made of afew fundamental constituents called the

“ elementary particles’ . According to the Sandard Model of physics, there are two kinds of
fundamental particles— particles of matter and particles that interact with matter. The latter are the
mediators of the four fundamental forces (transmitted through fields) — strong nuclear, electromagnetic,
weak nuclear and gravitational (Fig. 1).

Basically, al matter is composed of quarks, leptons and mediators. The quarks, held together by the
strong force mediated by gluons, form protons and neutrons that combine to make atomic nuclei.
Electrons, which are leptons, orbit nuclel to form atoms and molecules.

Electrons are specia elementary particles, possessing some mass, a hegative charge and even a bit of
magnetism. Their quantum fields interact naturally with the electromagnetic field that attracts them to
the nuclei. Electron-photon interactions are involved in all events that support the living state. Life,
therefore, must be a manifestation of the el ectromagnetic force.

2.2 The electromagnetic force and life
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All physical entitiesin the world are inevitable consequences of one or more of the four fundamental
forces. The atom, for instance, is mostly a product of the electromagnetic and strong forces. The
influence of gravity on the atomic level is negligible and the contribution of the weak force to the
motion of electronsis small.

Fig. 1. The universal forces and their respective mediator particles. The concept of gravitons as presumed carriers
of gravity is derived from String Theories. These particles have not been detected and have not been incorporated
into the Standard Model of particle physics.

Although all the forces may have had a common source, they differ in their strength and range of action.
The gravitational force, for instance, is extremely weak compared with the electromagnetic force. If it
were as strong, a scale would read out our weight in a number some 40 digitslong! The range of action
of the weak and strong forces is exceedingly small, in effect intranuclear, whereas that of the
electromagnetic and gravitational forcesisvirtualy infinite.

Living organisms represent merely another physical entity, additional to atoms, stars and planets. From
all the four forces, it is the electromagnetic force that must be primarily responsible for life, since the
gravitational force istoo feeble and the strong and weak interactions are of very short range.

The reason why the el ectromagnetic force is the one responsible for life isto be found in the atom itself.
It isthe attractive electromagnetic force between positively charged protons and negatively charged
electrons that holds the atoms together and the atoms are the building blocks of molecules. We can
therefore say that the atoms and molecul es derive from the electromagnetic field. If we now extend the
atom-mol ecul e sequence to systems of increasing complexity — polymers, macromolecules, protein
structures, cell organelles, cells, organs—we finally reach the level of living organisms. On this basis, it
islikely that lifeis anatura and inevitable consequence of the mere existence of the electromagnetic
force (1). Thisis not to say that the other forces are unimportant for life. The gravitational force, for
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instance, is responsible for our weight and walking speed and, in aless direct way, for our conscious
experiences. The weak force, in turn, is responsible, anong other things, for sunlight which is the major
energy source of life.

2.3 Theflow of electric chargein the body

The electrolytic medium where living processes take place is a sea of electric interactions, so strong that
the number of positive charges due to cations must always be equal to the number of negative charges
due to anions in every compartment of the body. This physical requirement is known as the principle of
electroneutrality.

Electricity cannot flow overtly in the body because the high reactivity of the electron does not allow
ordered flow of electrical current in the solvent water. Electrons must flow in organized solid structures
capable of conducting them, such as in membrane and protein matrices. They are known to flow in
mitochondrial inner membranes, from carrier to carrier, until they finally reach oxygen, which they
reduce to water in the process of oxidative phosphorylation. Less direct evidence for electron flow has
been found in virtually all cell membranes, where electrons carriers, such as flavoproteins and
cytochromes, have been found and redox reactions have been demonstrated to occur. Furthermore,
semiconduction and even superconduction (conduction without resistance) are now accepted to occur in
proteins at body temperature. A major difference between chemical and physical processesliesin their
efficiency. Whereasin a chemical reaction only a discrete amount of electronsis exchanged, in a current
there can be flows of electrons which can be used for the structuring and energizing of matter (2).

Besides the flow of electrons of classical electricity, life also uses the flow of ionsto carry charge from
one agueous compartment to another through membrane pores. The large size and relatively poor
mobility of ions (other than protons), however, make them unlikely candidates for conduction in the
solid-state phase of the cell. Proton current is found in the mitochondrial inner membrane, where it takes
place either within the membrane or along a surface channel or plane. It gives rise to a proton gradient
across the membrane which drives the phosphorylation of ADP in the process of ATP synthesis. Proton
conduction within proteins has been experimentally established and thought to occur in a vectorial
manner through a series of hydrogen-bonded chains. The layers of structured water at the protein surface
(hydration shell) are thought to provide those hydrogen-bonded chains (3).

In addition to charge flow, fixed negative charges (sulfate, carboxyl and hydroxyl groups) are also
present in the gel structures of interstitium and vessel walls and ionic pumps are present in cell
membranes. One of those pumps, the electrogenic Na'/K* ATPase, generates a sodium gradient between
theinside and outside of cells which, under the influence of the bulk electrostatic properties of body
fluids (4), ultimately acts as controller of all cell functions. This brief general view of body electricity
strongly supports the electrical basis of living processes.

2.4. The eectric field and particle transport

Any system of electric charges produces an electric field at all pointsin space. The electricfieldisa
vector quantity, which means that it is characterized by both a direction and a magnitude. The
fundamental significance of the electric field is that any other electric charge in it will experience aforce,
which is proportional to the size of the charge and the magnitude of the electric field. Theforce on a
positive charge (pe, sodium ion) isin the same direction as the field while the force on a negative charge
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(pe, chlorideion) isin the opposite direction. The motion, along field lines, of a charged particle in an
electric field is called electrophoresis.

But not only charged particles can be moved in an electric field. If the field is nonuniform, neutral
particles can be moved too. Under these circumstances, the uncharged particle acquires a polarization —
one positive charge and one negative charge. Although the charges are equal, the fields operating on
them are not and this gives rise to a net force which impels the particle (translational motion) toward the
region of stronger field. Thislesswell known phenomenon is called dielectrophoresis (5). So, in
contrast to metals that are highly conductive for electrons but not at all for ions, electrolytes allow the
co-transport of ions and neutral substances but not el ectrons by endogenous or applied electric fields.
Ultramicroscopic electro- and dielectrophoretic processes go on incessantly in every membrane and
compartment of the body.

2.5 Thedectric field and fluid transport

Electrical fields are very difficult to measure in vitro, let dlonein vivo. Thisis part of the reason why
progressin this area has been slow. But calculation of these fields together with a deeper knowledge of
structure and acceptance of the fixed charge concept have led Wolgast and coworkers (6) to challenge
classical views of fluid transport across vessel walls. According to current concepts, fluid filtration
across capillary membranes is believed to be driven by hydrostatic and osmotic forces. Thisrequires the
assumption of rigid porous membranes. Modern electrical theory views capillary membranes as
hydrated gels whose integrity is preserved not by rigid elements but by negative charges fixed to the gel
matriX. These negative charges attract mobile positive counter ions which, viatheir osmotic action, draw
water into membranes, thus generating an intramembranous hydrostatic pressure which opposes external
forces. The electric field created by the charges within membranesis the net driving force for fluid
transport. The theory, which has been validated by experiment, was developed for the glomerular
filtration membrane but applies equally well to other capillary membranes. It islikely that electric fields
areinvolved in local functionsin all membranes.

2.6 A proposed electrogenic systemic circulation

Charge flow is mainly related to metabolism but also occurs with tissue injury and in the growth process.
When local tissue is damaged or bleeding occurs, an electrochemical potential is aways generated
between the degrading hypoxic and the normal, well-oxygenated tissue. Differential speeds of diffusion,
convection and recombination of liberated ions, as well as redox potentia differences account for this
potential.

The electrochemical potential is comparable to a charged battery and the situation in tissue resembles
that of an ordinary flashlight. To obtain the desired effect out of such systems, it is necessary to create a
closed circuit between the two battery poles. In vivo, this closed circuit is created by the vascular-
interstitial circuit. In asimplified way, blood vessel walls are the conducting cables and plasma
interstitium are the conducting electrolytic fluids. lons are driven by electric fields in the open vessels
and in the interstitial matrix. This multidirectional electrogenic circulation cooperates with the
mechanical circulation of blood and lymph. Presumably, this electric network is also activated whenever
a sudden increase in metabolism occurs. Under these circumstances, mechanical circulatory adjustments
may not be enough to take care of the rapid bi-directional exchange of positive and negative ions along
the same channels.
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Structured flow of electricity in the form of closed circuits was first described by Nordenstrom (7).
These systems are numerous and of varying size and construction but they are all dominated by the flow
of ionsin circulating fields. They produce structural and functional effects by electric and magnetic
influences, far beyond what man can produce artificialy.

2.7 The electromagnetic field

Tiny magnetic fields are generated whenever electric current is flowing in the body. Furthermore,
changing magnetic fields create an electromotive force capable of moving electric charges, that is, of
generating electric current. In thisway, atemporarily changing electric field creates a magnetic field
which itself produces another electric field. Asthe effects of thisinteraction spread out, they lead to
processes known as el ectromagnetic waves.

Living cells exhibit electromagnetic activity which is connected with the biological processesinside
them. Perhaps, even more fundamental, some molecules and macromol ecules — water, proteins, nucleic
acids, polysaccharides — have an intrinsic oscillatory electric behavior. They are capable of generating
electromagnetic waves of various frequencies and of absorbing them aswell. This electromagnetic
interaction forms the basis for the communication of information in life. Furthermore, our
communication with the outside world is a'so made mainly by electromagnetic waves. Two of our major
senses, vision and hearing, are dependent on them. We live within the electromagnetic field, from where
we derived and to where we must regress. In between, lies a highly organized circulation of energy
which we cdll life (8).
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3

THE PHYSICSAND BIOLOGY OF WATER

So we may as well make a beginning
of science by studying water
T. H. Huxley

No other place in the whole universe has so much water as earth, and life could not exist without it. Its
centra rolein life arises because water is a prime natural medium for chemical reactions. Its mobile
molecules act to diminish the electromagnetic forces that link atoms together, freeing them to combine
chemically with other free floating atoms. This peculiar property stems from the structure of the water
moleculeitself and the binding together of water moleculesto form liquid water (1).

3.1 Thewater molecule

The water molecule (H20) isnot linear. It is bent, so that the two atoms of hydrogen and one of
oxygen form ablunt VV whose angle happens to be about 104.5 degrees. That angleis agood
approximation to the tetrahedral angle (109.5 degrees), the angle between two vertices of aregular
tetrahedron, or triangular pyramid, as seen from its center (2). Although the molecule is electrically
neutral, it has hidden charges. They arise from the way that the atomic structures of oxygen and
hydrogen combine. In ssimplified terms, oxygen has eight negatively charged electrons circling its
positively charged nucleus: two in an inner shell and six in an outer shell. The inner shell’s maximum
capacity istwo electrons, so it isfull, but the outer shell can hold as many as eight. Hydrogen has only
one electron. When oxygen combines with two hydrogens, it attracts each hydrogen’s electron in an
attempt to fill its outer shell. Because oxygen has greater affinity for electrons than hydrogen, each
hydrogen electron spends more time around the oxygen atom than around its own positively charged
nucleus. This creates an asymmetric distribution of charge, an electric dipole: there are two clouds of
dlightly negative charge around the oxygen atom, and its two hydrogen atoms are left with dlightly
positive charges (3). (Fig. 2)
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104.5°

Fig. 2. Schematic representation of water molecule' s permanent dipole. The poles were taken as the centers of
gravity of charges. The center of negative charges (lone pair of electrons) was taken to be at the oxygen atom and
the center of positive charges at a point midway along the line joining the hydrogen atoms.

3.2 The hydrogen bond

If two water molecules are close together and properly oriented, a positive hydrogen atom in one
attracts the negative oxygen atom in the other. Thus, a hydrogen atom aways intervenes between two
oxygens, one in each molecule, and is covalently bonded (by a shared electron) to one and hydrogen
bonded (by electrostatic forces) to the other (4). These two types of bonds are not entirely separate. The
electron in the covalent bond spreads out its influence into the hydrogen bond by a purely quantum
mechanical effect (5) (Fig 3). The covalent bonds are the ones that keep the water molecules themselves
from flying apart (the H,O molecule survives temperatures as high as 1,200 °C); the hydrogen bonds are
vastly weaker although powerful (3-7 kcal/mol) when compared with the nonspecific van der Waals
bonds (1 kcal/mol) that attract uncharged atoms to each other (6).
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Fig. 3. Covalent bonds (darker green clouds) in water spread their influence into intermolecular hydrogen bonds
(lighter blue cloud). Adapted from Isaacs ED, Shukla A, Platzman PM, Hamann DR, Barbidlini B, Tulk CA.
Phys Rev Lett 82, 600-603, 1999. Copyright (2002) by American Physical Society.

3.3 Thewater network

Water issingular as aliquid because of its ability to form tri-dimensiona networks of molecules,
mutually hydrogen-bonded. Reflecting water’ s tetrahedral geometry, each molecule in liquid water often
forms four hydrogen bonds: two between its hydrogens and the oxygen atoms of two other water
molecules, and two between its oxygen atom and the hydrogens of other water molecules. But the
detailed structure of liquid water — unlike ice, which is usually composed of alattice of water molecules
arranged in perfect tetrahedral geometry — can be quite random and irregular. The actual number of
hydrogen bonds per liquid water molecule ranges from three to six, with an average of 4.5. Thisis
possible because the oxygen atom of one molecule may make more than two hydrogen bonds with
hydrogens of neighboring molecules. The necessity of maintaining atetrahedral geometry gives water an
“open”, loosaly packed structure. Thisexplainsitslow density and, in part, its good solvent properties.

As adirect consequence of their permanent dipoles, water molecules are in constant rapid motion
orienting themselves in the el ectric fields. This involves turning, twisting and vibrating of the molecules
which puts constant strain on the hydrogen bonds. They have to bend, stretch and occasionally break and
link again, al this occurring on atime scale of picoseconds. Ordered aggregates of water molecules
(clusters) are also formed as aresult of on-going polymerization and depol ymerization, a process that
involves cooperative making and breaking of hydrogen bonds (7).

Water appears to be a macroscopic space filling gel-like network, held together by relatively short-range
microscopic hydrogen bonds between neighboring molecules (8). It is currently believed that the
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hydrogen bonds range in strength from weak to strong and that they are continuous throughout liquid
water.

If the structure of pure water is difficult to characterize, that of an agueous solution in which chemicals
have been dissolved is even more. When table salt (consisting of sodium and chloride in equal
proportions) is dissolved in aglass of water, each positively charged sodium ion attracts the negatively
charged oxygen atoms of severa surrounding molecules, while each negatively charged chloride ion
attracts the positively charged hydrogen sites. When the salt is fully dissolved, each sodiumionislikely
to be surrounded by four or more water molecules, while each chloride ion attracts a smaller number of
them. So, the mere addition of salt makes the structure of water more complex. In aliving cell, which
contains vast amounts of solute — not only sodium and chloride but potassium, magnesium and
phosphate, as well as avariety of proteins, carbohydrates and fats — the complexity is even greater.
Perturbed by the presence of solutes, the molecules of water |ose some of their freedom (activity). In
thermodynamic terms, the chemical potential of water is said to be lowered. Besides activity
(concentration ”~ activity coefficient), the chemical potential is aso influenced by temperature, pressure
and molar volume. The molar volume is inversely proportional to density (density = mass/volume),
which means that when molar volume increases, density decreases and vice-versa. The water network is
continuous throughout the body and, at equilibrium, its chemical potential is the same everywhere.

3.4 The solvent properties of water

The importance of water in living processes derives not only from its ability to form hydrogen bonds
with other water molecules but also from its capacity to interact with other biological molecules.
Because of its polar nature, water readily interacts with other polar and charged molecules, such as
acids, salts, sugars and some regions of proteins and DNA. Asaresult of these interactions water can
dissolve polar molecules, which are consequently described as hydrophilic (water-loving).

In a vacuum, the Coulomb force between two charges depends only on the magnitude of the charges and
the square of the distance separating them. If some medium is introduced between the charges, the force
per unit charge will decrease as aresult of the permittivity of the medium. The medium permittivity (e),
corrected for the permittivity of the vacuum (&,) is called dielectric constant (e/e,), which issimply a
measure of the capacity of the medium to decrease the coulombic force (9). The higher the dielectric
constant, the lower are the attraction forces between opposite charged particles.

The dielectric constant of water is among the highest for solvents. It is 80, at 20° C, much greater than
that of methanol (33), ethanol (24) and diethyl ether (4.3). This unusually high dielectric constant is due
to the permanent polarization of water molecules and their capacity to form oriented solvent shells
around ions. These oriented solvent shells produce e ectric fields of their own, which oppose the fields
produced by the ions (6). Consequently, electrostatic attractions between ions are markedly weakened
by the presence of water. It is by this mechanism that water promotes the ionization of salts.

The existence of life on earth depends critically on the capacity of water to dissolve aremarkable array
of polar molecules that serve as fuels, building blocks, catalysts, and information carriers. High
concentrations of these molecules can coexist in water, where they are free to diffuse and find each
other.

But the excellence of water as a solvent poses a problem. It also weakens interactions between polar
molecules or polar groups in amolecule by competing with their hydrogen bonds. Biological systems
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have solved this problem by creating water-free microenvironments, such as specially constructed
cavitiesin protein molecules, where polar interactions have maximal strength (6).

In contrast to polar molecules, water is reluctant to dissolve nonpolar molecules, such aslipids,
hydrocarbons and aromatic compounds, giving rise to the observation that oil and water do not mix.
Nonpolar molecules are therefore termed hydrophobic (water-fearing).

When severa oil droplets are dispersed in a glass of water they tend to form asingle large drop. An
analogous process occurs at the molecular level - nonpolar molecules or groups tend to cluster together
in water. They do so, not because they have high affinity for each other but because the water in
between them is squeezed out. The force involved in this process is called the hydrophobic force. Itisa
major force in the folding of macromolecules, the binding of substrates to enzymes, and the formation of
membranes that define the boundaries of cells and their internal compartments (6). The origin of this
forceisvery controversial and will be described later (see chapters 4 and 5).

3.2 The gel state of matter

According to current theories, agel is asemisolid system consisting of a high molecular weight
compound, such as a macromolecule or apolymer, in very close association with aliquid. Proteins and
proteoglycans (aggregates of polypeptides and polysaccharides) are the main macromolecular
components of biological gels. According to current concepts, high enough concentrations of the solid
phase are needed to form a gel. To illustrate this point, take the linear molecule of hyaluronate, a
common component of the extracellular gel. For amolecule consisting of 10,000 repeating disaccharide
units, the weight is 4,000, 000 daltons and the length is 10 m, approximately. When in solution, it
assumes arandom coil conformation. At a concentration of 1 mg/ml, the random coil molecules aready
come in contact with each other and at 5 mg/ml they are al entangled, forming atri-dimensional flexible
molecular network characteristic of agel (10).

For aliving gel to work properly, two more components are required, one mechanical and the other
electroosmotic. The mechanical component is a fibrous network which offers support to the soluble
macromolecules. That of the extracellular gels, it is made of collagen and elastin fibers but the
intracellular network is of more delicate construct and will be described in the next chapter. The
electroosmotic component is the one that giveslifeto the gel. It derives from the presence of high
number of fixed negative charges in the macromolecular component. In proteoglycans, most of the
charges are found in the sulfate groups of the polysaccharides (SO, 7); in intracellular proteins, at
physiologic pH, carboxyl groups (HCOQ") are the predominant charge carriers.

In solution, these charged macro-ions attract small mobile counterions (cations) to neutralize their
charge and they constitute most of the osmotic component of a gel. The electrostatic interaction of
relatively small ions with poly-ions seems to depend primarily on the valence of the counterions and the
charge density of the polyion. Solutions of proteins and proteoglycans behave as typical polyelectrolytes
in that they undergo sensitive changes in conformation with changes in the concentration of their
microion environment and the type of counterion. This interaction forms the basis for a variety of
properties exhibited by these compounds.

When networks of crosslinked synthetic macromol ecules are exposed to a solvent the networks swel
until the tendency to “dilute” the macromolecules with solvent is exactly balanced by the mechanical
restraining forces generated in the network strands. More precisealy, the stresses generated in the network
are balanced mechanically by an increase of hydrostatic pressure in the swelling medium. The increased
pressure of the swelling medium compensates the osmotic contribution of the dissolution of the network
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strands so that the chemical potential of the solvent in the network matches the chemical potential of
pure solvent outside. The strands of the network here serve both as the osmotic and the mechanical
elements which establish the swelling equilibrium. If the medium outside involves a solute which cannot
enter the network the point of compensation of the solvent chemical potential is suitably altered. The
sameistrueif the solute can enter, but exists at different concentrations inside and out. In this case,
solute chemical potential will aso have to be balanced (11).

Retention of water by agel is one example of anatural tendency for components of a solution to mix, as
thoroughly as they can. The hyaluronate gel, for instance, may contain as much as 99.9% water, by
weight. Liquid water is restrained by the small amount of gel material by this powerful force of mixing,
which operates on the whole assembly of water molecules. To separate water from the gel, work must be
done against thisforce (4). A more powerful molecular theory of osmosiswill be introduced | ater.

The layer of counterionsin close proximity to the charged surfaces induces changes in the structure of
local water with consequent changes in al its properties. These dynamic interactions are so important
that they deserve to be described in some detail. In their discussion, we will concentrate our attention on
interactions with proteins.

3.6 The solvent properties of gel/water systems

Water-ion-protein interactions have been under intensive study for over acentury. Asaresult of a
concerted effort from many investigators, the rules of assembly start unveiling but no unified theory was
ever presented. Working with artificial porous membranes and gels, Philippa Wiggins did just that. Over
the years, she painstakingly developed a coherent theory which ties up changes in water structure with
changes in solvent and other properties. The theory seems equally applicable to the concentrated
gel/water systems that support life. The theoretical framework is heavily based on thermodynamic
concepts and so, for clarity, asimplified version is given here (4).

Proteins, the principal nonaqueous constituents of cells, present two different kinds of surfacesto

water — charged (hydrophilic) and uncharged (hydrophobic). At cell pH, the charged surfaces are net
electronegative and so they attract small mobile cations. As aresult, theionic (cationic) concentration in
alimited region of solution around charged surfaces is always higher than in regions farther away. This
remains true no matter how much solute is dissolved. The simple presence of an increased amount
(concentration) of solute inevitably leads to alowering of the chemical potential of the layers of water
dissolving them. This local water must somehow increase its chemical potential to equalize that of
surrounding water. If some water molecules can be moved out of that region, they will do so. If not, at
constant pressure, temperature and activity, there is only one degree of freedom left for water to
equilibrate — to change its molar volume. Water molecules, therefore, decrease their molar volume by
bending and breaking some or al their hydrogen bonds and, in the process, they become freer and more
active, but also closer to each other — the density of water increases. High density water is more reactive
than normal water because the breaking of bonds exposes |one pairs of el ectrons and frees OH groups,
which are the reactive centers of water molecules.

The hydrophobic surfaces present a different challenge to water. Water molecules make only weak
hydrogen bonds or no bonds at all with these surfaces and they cannot increase the number of bonds
with their neighbors. These molecules are in a state of higher energy and higher chemical potential than
those of more distant molecules which are making strong bonds with one another. Since hydrogen
bonding is cooperative, weak bonding is propagated through several layers of molecules. The preferable
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response of the system to its high energy state is to squeeze some of the high energy water out. Thisis
the origin of the attractive hydrophobic force between nonpolar surfaces separated by water. If thisis not
feasible, high energy molecules must increase their molar volume to lower their chemical potential and
so they expand. Their excess energy is used to do the work of expansion. Collectively, they move apart
each other and stretch their bonds — the density of water decreases. Low density water isinert because it
exhibits a paucity of reaction centers and its viscosity is high.

Changes in the structure of water are associated with changesin all its properties. For biology, the most
important consequence of changes in water density are changes in its ability to dissolve solute. Given
the opposition to change of the tri-dimensional structure of water, relatively minor changesin chemical
potential require quite large changes in molar volume. The secondary changes in the properties of water
are correspondingly greater.

Energetically, it would be very costly to accommodate small but highly hydrated cations ( Mg?*, Ca*,
H*, Na") and multivalent anions (HPO,*") in low density water, since it would require the breaking of
too many hydrogen bonds. Consequently, these ions are relatively excluded from this water population
and accumul ate, together with hydrophobic molecules, in high density water. Large but lesser hydrated
cations (NH;*, K*) and univalent anions (Cl", H,PO4, HCOz), together with avariety of small
hydrophilic solute, selectively accumulate in low density water (Fig. 4).

Fig. 4. Schematic representation of water structures near charged and hydrophobic surfaces and their selective
solvent properties. Low density water excludes highly hydrated cations and multivalent anions and preferentially
accumulates lesser hydrated cations and univalent anions. Explanation in text.
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This movement of ions from one water popul ation to another, as aresult of changesin solvent
properties, will, in turn, influence the chemical potential of resident water which may require further
restructuring, possibly followed by more ion movement. Depending on the velocity of these processes
and on the activity state of the cell, water equilibrium may never be reached. Since intracellular and
extracellular compartments consist of mixtures of polymers presenting to water charged and
hydrophobic surfaces, it is highly probable that they contain a continuous spectrum of water populations,
ranging in structure from dense and reactive to stretched and inert.

In regards to medical physiology, there are important consequences of these new concepts. Firstly, there
is considerable amount of water inside gelsthat is not available to solute, even small solute. So, it is
wrong to assume that solutes, including drugs, are distributed in total body water. Secondly, with
populations of water of differing solvent properties and reactivities coexisting in the interior of cells, the
assumption that intracellular osmolality equals extracellular osmolality is no longer valid. It isthe
chemical potential of water inside and outside cells that equilibrates. Thirdly, the classic Donnan
membrane equilibrium is not directly applicable to the distribution of ions and water in charged gels.
Water must finally equilibrate not by pressure (osmotic pressure), but by changing its density (12).
Finaly, theintracellular K™ concentration is not maintained by the action of the Na'-K™ pump alone.
The high affinity of K* for the less dense, more strongly bonded water, also contributes.

3.7 The microosmotic force

The partition of solute between two adjacent water populations of differing density creates micro-
gradients of ions and water with complex local effects, collectively known as microosmosis. It is a new
force in biology with awide range of predicted actions and profound implications to living processes.
The microosmotic force is vectorial, non-linear, self-limiting or oscillating, and capable of performing
work or creating highly ordered spatial distribution of solute. These are all attributes required by
enzymes, which perform work of transport or of chemical synthesis. Microosmosis is thought to be
involved in ATP synthesis and hydrolysis, in the operation of proton pumps and in the opening and
closing of ion channels, to name just afew processes (13).

Under the thermodynamic conditions that characterize living systems, water-ion-polymer interactions,
through microosmosis, become self-organizing entities capable of generating higher degrees of order.
These interactions reveal water to be not a passive element in the background of things but an active and
changeabl e participant in the structure and function of life.
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4

THE STRUCTURAL ORGANIZATION AND REGULATION OF CELLS

A universal set of building rules seems to guide the design
of organic structures — from simple carbon compounds to
complex cells and tissues

D.E. Ingber

Natural structures are characterized by many attributes but three of those are fundamental: geometric
form, electric charge and physical mass. Electric charge and physical mass are conserved properties of
matter. Conservation, however, constrains the compositions of higher structural objects from lesser ones
by selecting objects that are stable over the time scale of operation. But constraints do not apply to form,
which is not conserved. The absence of conservation rules for geometric form has been a source of
biological diversity (1). Cells, for instance, exist in a huge variety of shapes and sizes, from the amost
spherical lymphocyte, to amoeboid cells such as macrophages, to flattened spindle-shaped fibroblasts or
polygonal epithelial cells, to neuronal cells with their dendrites and axons. We know today that cell form
is stabilized by avery dynamic internal filamentous framework known as cytoskel eton.

4.1 The cytoskel eton discrete network

Living cells are anchored to insoluble extracellular matrix scaffolds (basement membrane, interstitial
matrix) and to neighboring cells. The anchorage is not continuous but takes place through discrete
contact points known as focal adhesion complexes and junctional complexes, respectively. The
cytoskeleton connects mechanically these contacts points on the cell surface to discrete contacts on the
nucleus in the center of the cell. A structurally unified system is thus established, which provides
mechanical stability to tissues and, at the same time, serves as path for direct communication between
cells and the extracellular world (2).

The basic building blocks of the cytoskel eton include actin microfilaments (about 7 nm in diameter),
tubulin microtubules (24 nm in diameter), and a variety of intermediate filaments (about 10 nm in
diameter). Each filament type is composed of linear polymers of globular protein subunits, which are
assembled and disassembled by the cell in a carefully regulated fashion, sometimes at astonishing rates.
Although the cytoskeleton is surrounded by membranes and penetrated by viscous cytosol, it isthis
discrete filamentous network that provides most of the mechanical strength of cytoplasm.

4.2 The cytoskel eton as tensegrity structure

Living cells and most biological tissues exhibit a stiffening (strain-hardening) response to stress and
thereis sound evidence showing that shape and stiffening response of cells are closely interrelated, as
they participate in processes such as growth, division and differentiation (3). To explain the stress-
hardening response of cells, Ingber et coworkers have sought support for the concept of cellular
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“tensegrity” (from tensional integrity). Tensegrity architecture (towers, bridges, domes) is aknown
building system in which tension and compression forces are held in balance. Some tensegrity structures,
even before they are subject to an external force, have their structural members already in tension or
compression —that is, they are prestressed. Within these structures, the rigid compression-bearing
members stretch, or tense, the flexible tension-bearing members, which, in turn, compress their
compressive counterparts. It is these counteracting forces, equilibrated throughout the structures, that
enable them to stabilize (4).

Like those tensegrity structures, the cytoskel eton includes compressive elements (microtubules
associated with intermediate filaments) in equilibrium with tensive elements (actin microfilaments). An
increase in tension in one of the tensive (contractile) elements resultsin increased tension in all elements
throughout the structure. This global increase in tension is balanced by an increase in compression
within the compressive elements, spaced throughout the structure. In other words, the contractile
microfilaments pull the membrane and internal cellular contents towards the nucleus and the
microtubules, together with the extracellular matrix, oppose this inward pulling (4). The intermediate
filaments connect microtubules and microfilaments to one another, as well as to the surface membrane
and to the nucleus. Essentially, all these interconnected structural elements rearrange themselvesin
response to alocal stress. The cell stiffening response occurs because these structural elements reorient
themselves to lie more in the direction of applied stress.

The mechanical stability of tensegrity structuresis determined by both, prestressand architecture.
Prestress determines theinitial stiffness of the structure and assures that the system will respond
immediately when externally stressed. It also determines the characteristic frequency of vibration
(harmonic oscillation) that the structure will exhibit. In contrast, architecture determines how the
interconnected structural elements rearrange themselves and thus how the entire structural assembly
stiffensin response to stress. Tensional forces transmit themselves over the shortest distance between
two points, so the members of atensegrity structure are precisely positioned to best withstand stress.
For this reason, tensegrity structures offer a maximum amount of strength for a given amount of
building materia (2).

Evidence available so far has shown that cells can and do use the architecture of tensegrity to shape their
cytoskeleton. This building system, by minimizing energy and mass, appears to be preferred by nature.

It is thought to be present not only at cellular level but at all levels below and above, from atoms to
black holes. In tensegrity theory, our body, for instance, is composed of 206 compression-resistant bones
that are pulled up against the force of gravity and stabilized through interconnections with a continuous
series of tensile muscles, tendons, and ligaments. I1ts mechanical stiffnessis determined by the level of
tone or prestress in our muscles and not by osmotic forces. Thisistrue for al types of animals,
independent of size or species (2).

4.3 The cytoskeleton and the microtrabecular lattice

Recent morphol ogic investigations have demonstrated that, in addition to the cytoskel eton and

intimately connected to it, a highly cross-linked “ microtrabecular lattice” is also found in the cytogel
which envelopes all subcellular organelles. The average “pore size” of the lattice seems to be less than

50 nm, a size sufficiently small to constrain to a significant extent the diffusion of proteins through it (5).
Together with the cytoskeleton, it forms the protein component of the intracellular gel (see 5.3).
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It has been suggested that all catal ytic activity may be carried out by enzymes adsorbed to the
cytoskeleton and microtrabecular lattice. The living cell is pictured as atwo- phase system: a solid-state
phase within and adjacent to which enzyme-catalyzed reactions of intermediate metabolism take place
and a bulk aqueous phase containing low molecular weight organic solutes and ions. Thisdesignis
highly appropriate for an electrochemical system — the solid phase representing a multi-electrode array
and the aqueous phase representing the electrolyte (5). Modifications of this design and implications of
an electrochemical system for metabolism will be discussed later.

4.4 Tensegrity and mechanochemical transduction

Therole of the cytoskeleton and of tensegrity is not confined to the stabilization of cellular and nuclear
form. The microtubules, for instance, are aso involved in intracellular protein transport. They serve as
rail tracks on which motor proteins, such as kinesins and dyneins, convey their cargoes around cells.
They are aso involved in the movement of chromosomes along the mitotic spindle during mitosis. Actin
filaments and their architecture, on the other hand, participate in the signal tranduction circuitry of the
cell, in response to extracellular an intercellular signals. Furthermore, if indeed much of the cell’s
machinery functionsin a solid state, the force balance of tensegrity could provide a meansto integrate
mechanics and biochemistry at the molecular level (6). Thisimplies that enzymes are somehow
mechanosensitive.

The steps leading to chemical reactions in this new enzymology have not been elucidated but something
is known about the mechanisms of mechanotransduction. Experimental evidence suggests that the
localized adhesion sites of junctional and focal adhesion complexes are clustered with specific
mechanoreceptors. The most studied ones have been the integrin receptors of the cell membrane facing
the extracellular matrix. They appear to be centers of integration of mechanical signals (changesin
gravitational acceleration, arterial pressure, osmotic pressure, and movement) and chemical signals
emanating from the extracellular matrix (changesin the level of hormones, growth factors, cytokines).
The integrated signal is then transmitted to the cell viathe microfilament system. In thisline of
reasoning, cell shape per se appearsto govern how individual cellswill respond to chemical signasin
their local microenvironment (2).

Connecting the cytoplasmic tail of integrins with actin filaments, there exists a set of actin-binding
proteins, all of which appear to bind to a common site on these filaments. They are believed to act as
chemomechanical coupling agents in the processes of receptor-linked signal transduction (7).

Lessis known about the intermediate filaments, mainly because of alack of tools with which to study
their assembly and disassembly.

Tensegrity provides a mechanism to mechanically and harmonically couple interconnected structures at
different size scales and in different locations throughout living cells and tissues. Thus, cell and tissue
tone may be tuned by atering the prestress in the system. Increasing the stiffness of the network will
alter vibration frequencies and associated molecular mechanics of al the constituent support elements.
This may, in part, explain how the part (molecule, cell) and whole (cell, organ, organism) can function
as asingle mechanically integrated system (2).
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5

THE QUANTUM OF WATER AND PROTEIN AND THE STRUCTURE OF THE CELL

| believe that it isthis fact, that the cell functions as an entity
and not as a jumble of itsinterval events, that givesit the
holistic quality we recognize as “ alive’
John G. Watterson

This book would fail its purpose if new, more fundamental theories, no matter how disturbing they
might be to generally accepted ones, were left unexposed. We do not know how the living cell
ultimately works but we do know that the cell is structurally a water-protein system. So, any new
concepts integrating the active participation and cooperation of the solvent in the functioning biosystem
warrant full consideration. One such theory is that engineered by John Watterson which brings a new
order to the biological world and explains a variety of biological phenomena previously thought to be
unrelated. It isknown asthe " wave-cluster-domain model” (1). The theory literally quantizes cell water
and protein. These quanta, which are of macroscopic proportions, are considered to be the building
blocks of the living fabric. The water quantum, based on physical principles operating at the molecular
level, introduces the concept of cluster tension as the physical force of osmotic flow and gelation. The
theory has far reaching implications in regards to signaling and metabolism which will be discussed in
later chapters.

5.1 Cluster waves, pressure and tension

Waves can be viewed as organized propagating oscillations. What makes the oscillations propagate is an
imbalance between potential and kinetic energies (2). In water, the intermolecular making and breaking
of hydrogen bonds creates oscillations and potential energy. The kinetic energy required for propagation
comes from a special property of hydrogen bond interactions — they are cooperative, that is, their effects
are transmitted. Bonded molecules make even stronger bonds with other neighbors and, reciprocaly,
newly formed bonds strengthen existing ones. These interactions have definite velocity and direction
and therefore set up awave pattern. Since these processes are continuous, the structure forming process,
over time, travels like awave through the liquid medium. The wave units or clusters, though constantly
changing, are at any instant held together internally by an unbroken linkage of intermolecular bonds.
This means that the moleculesin a cluster exert tension (negative pressure) on one another.

The theory assumes that it is clusters, rather than single solvent molecules, that act asindividual entities.
In other words, a cluster is viewed in some respects as a particle, because the molecules that comprise it
are, at any given moment, bonded together (1). Furthermore, liquids are thought to exert both pressure
and tension simultaneously, since they lie between solids and gases and should, therefore, possess
properties of both of those phases. Following this line of reasoning, at room temperature and pressure,
and under equilibrium conditions, the volume occupied by one molecule of gas should be identical to
that of one cluster. Thisvolume is about 40 cubic nm which corresponds to a cube with an edge 3.5 nm
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long. This unit of space contains some 1,400 water molecules and has a molecular weight of around
25,000 daltons. Watterson calls this space unit the “ pressure pixel” (3).

The “pressure pixel” concept is very important for the model because it represents a critical level in the
size hierarchy of physical phenomena. Ininformation science, a pixel isthat region of size where
information becomes fuzzy and then lost. Similarly, the pressure pixel isthat size volume beyond which
pressure has no meaning. In other words, we cannot speak meaningful of pressure in volumes smaller
than this basic unit. And as a consequence, over spatial dimensions larger than a cluster size, pressure
and not tension operates throughout the liquid. These opposing forces coexist with equal forcein liquid
water and do not cancel each other out.

5.2 The molecular mechanism of osmosis

Hammel has compared the story of osmosis to atapestry because there are so many strands (ideas) in it
(4). Over the last century, many physicists, chemists, biologists and physiologists have studied it, indeed.
Y et, thereis no agreement as to the nature of the osmotic force and flow. Watterson, however, has
proposed a molecular mechanism of osmosis that may help to reconcile some longstanding differences
of opinion. The subject of osmosisis of paramount importance to medicine since it governsto alarge
extent the transport of water and solutes through biological membranes.

Osmosis is the passage of a solvent (water) through a semipermeable membrane separating two solutions
of different concentrations. A semipermeable membrane is one through which the molecules of the
solvent can pass but the molecules of most solutes cannot. Under these circumstances, thereis a
tendency for the solutions to become equal in concentration, the water flowing from the weaker to the
stronger solution. Osmosis will stop when the two solutions reach equal concentration, and can aso be
stopped by applying a pressure to the liquid on the stronger-sol ution side of the membrane. The pressure
requi