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HEIGHTENED attention has been paid to the applica~
tion of physics to biological problems in recent years.
Along this line, it is of interest to discuss the existing
information on the electrical properties of living matter.
The reactions of nerves and muscles to electrical in-
fluences have been studied intensively for a long time.
There is also a vast amount of material on measure-
ments of biocurrents and biopotentials. All of these
are not problems of physics, but of physiology. Here,
only the methods of applying influences and studying
them are taken from physics, while the studied proc-
esses themselves involve the regulatory systems of
the organism, which are a fundamental object for
physiology. A new stage in the application of physics
and chemistry to vital phenomena involves, in particu-
lar, the development of molecular biology, an approach
having the goal of studying living matter, rather than
the complex organism with its regulatory systems.

Studies in molecular biology widely use optical
methods and eleciron and nuclear magnetic resonance,
but make relatively little use of the electrical proper-
ties. This is due to the complexity of the electrical
characteristics of biological objects, which often makes
the interpretation of the results of electrical measure-
ments ambiguous and dubious. Such an unsatisfactory
state of the problem makes a further elucidation espe-
cially important and desirable.

This review is concerned basically with those elec-
trical properties of living matter which do not involve
the reaction of the regulatory systems of the organism.
The most important of these is the dispersion of the
dielectric constant.

1. THE DIELECTRIC CONSTANT AND CONDUCTIVITY

Living matter is a colloidal medium permeated with
a physiological solution. Such a medium has a direct-
current ionic conductivity. The value of the direct-
current conductivity depends both on the concentration
of the electrolytes and on the mobility of the ions, and
is related to the biologically-important property known
as the cell conductivity. On the other hand, when elec-
tric fields are applied to living matter, phenomena of
internal polarization can take place, i.e., the displace-
ment of charges, generating a spatially-distributed di-
pole moment. All these charge-displacement phenom -
ena can be described in terms of the dielectric constant
of the living matter. Here, a phase shift can take place
between the applied field and the internal polarization,
and thus the dielectric constant will generally turn out
to be a complex quantity. The phase shift always in-

volves dispersion, and in the simplest cases results
from relaxation phenomena. The mechanism of inter-
nal polarization can vary: the charge displacement can
occur either within a molecule, or by rotation of a polar
molecule, or finally, within structural elements con-
sisting of a large number of molecules (macrostruc-
tural polarization). In some cases the polarization
involves the molecular structure, and in other cases,
the macroscopic structure of the substance. However,
in living matter the macroscopic structure is no less
essential than the molecular structure. Hence, in
speaking of the dielectric properties of living matter,
we must include in this concept with equal claim both
molecular and macrostructural polarization. This is
all the more unavoidable, inasmuch as it is exceedingly
difficult to distinguish experimentally the two kinds of
phenomena, and this problem has not yet been solved
for a number of the most important cases. Macro-
structural polarization is commonly ascribed to the
biological structure of the cells or the intercellular
elements (e.g., the mitochondria) and their coverings
(membranes ). However, we cannot consider the pos-
sibility excluded of finding macrostructural effects in
the study of biopolymers having colloidal, rather than
biological structures. Lyophilic colloids tend to form
gels, e.g., gelatin or agar. Such a gel is a porous me-
dium containing an electrolyte solution. The displace-
ment of the ions within the pores can lead to macro-
structural polarization. Even molecular solutions of
biopolymers can show, in addition to the molecular
polarization, a polarization of the ionic atmospheres
surrounding the polymer molecules, owing to their
polyelectrolyte properties. 103 such a polyelectrolyte
polarization resembles macrostructural polarization
in mechanism. We can completely eliminate all macro-
structural effects only by complete removal of moisture
by intensive drying in vacuo (so-called lyophilization).

Polarization involving a phase shift entails losses.
These losses are superimposed on the ohmic losses
due to the direct-current conductivity. In order to
characterize completely the dependence of the proper-
ties of the medium on the frequency w, it is convenient
to introduce the complex conductivity

. O
A-—O’—)—lES,

where o is the direct-current ohmic conductivity, and
€ is the complex dielectric constant. The real part of
this quantity describes all the forms of losses.

Both the direct-current conductivity ¢ and the com-
plex dielectric constant €, in general, show dispersion.
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Hence, the complex conductivity A can show a certain
dispersion region. The reciprocal of the central dis-
persion frequency is generally called the relaxation
time 7, even when it does not essentially involve re-
laxation phenomena.

2. THE LOW-FREQUENCY INCREMENT, THE HIGH-
FREQUENCY DECREMENT, AND THE VIABILITY
COEFFICIENT

As a rule, the dielectric constants of biopolymer
solutions are higher than that of pure water at low fre-
quencies, but lower at high frequencies. The increase
in the low-frequency dielectric constant is called the
increment, while the decrease at high frequencies is
called the decrement (Fig. 1). Quantitatively, the in-
crement or the decrement is given for unit concentra-
tion. The low-frequency increment can be explained by
the orientation of the polar groups in the molecules of
the biopolymer, which is manifested only at low fre-
quencies, owing to the low mobility. The hypothesis
has been advanced 8] that this increment may also in-
volve a shift to lower frequencies in the dispersion re-
gion of the water itself, owing to the ordering action of
the biopolymer molecules on the surrounding water,
making its properties more like those of ice. We shall
discuss this hypothesis of the ordering of the water
structure further below. The high-frequency decrement
is observed in the frequency range in which the internal
rotations of the biopolymer molecules can no longer
keep up with the external field, i.e., in practice, in the
centimeter-wave region. In this region, the dielectric
constant of the solution is determined by the rotation
of water molecules. The biopolymer molecules bind
a certain number of the surrounding water molecules,
and prevent these molecules from rotating freely. Con-
sequently, the polarizability and the dielectric constant
of the solution are reduced. For these reasons, meas-
urements of the high-frequency decrement can be used
to determine the degree of hydration of biopolymer
molecules, as has been done in [¥:8), In objects hav-
ing biological structure, the low-frequency increment
can be even many times larger than in solutions, owing
to the macrosturctural polarization. When the biologi-
cal structure is destroyed, the macrostructural polari-
zation vanishes, and the difference between the low-

"
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FIG. 1. The frequency-dependence of the dielectric constant
of a solution of a biopolymer in water. €° is the dielectric con-
stant of water; n is the refractive index of the solution; Ag, is
the low-frequency increment; and A€, is the high-frequency
decrement.
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and high-frequency dielectric constants is reduced. As
a very crude measure of the presence of biological
structure, several studies have used the dielectric-
constant ratio between frequencies of the order of 104
to 108 cps. This ratio is sometimes called the ‘‘viabil-
ity coefficient’’ or the ‘‘polarization coefficient.”” In
the presence of biological structure, the viability co-
efficient can attain very large values, owing to the
macrostructural polarization. When the biological
structure has been completely destroyed, it falls to
values of the order of unity.

3. PHYSICAL MECHANISMS

All of the theories which have been developed in the
literature on the nature of polarization phenomena in
living matter can be reduced to the following five basic
physical mechanisms:

1. Dipole orientation.

2. Macrostructural polarization.

3. Ordering of the water structure.

4. Polarization of the ionic atmosphere of poly-
electrolytes.

5. Delocalization of electrons.

The orientation of molecular dipoles is the classical
mechanism explaining the high dielectric constants of
polar substances.[??] The relaxation time 7 is deter-
mined here by rotational friction. Dispersion is ob-
served near a frequency equal to the reciprocal of the
relaxation time. Here, the real component of the com-~
plex dielectric constant falls from the high value €,
characteristic of dipole orientation to the low value
€., which depends only on the internal polarizability
of the molecules. For pure water, the dispersion re-
gion lies in the centimeter-wave region. The value
of €, is about 80, while €, =~ 3. In polymers contain-
ing polar groups, we usually observe two dispersion
regions involving two relaxation mechanisms. (2] The
determining mechanism for the high-frequency disper-
sion is the relaxation of dipole groups, i.e., the rota-
tion of individual dipole groups about the bonds linking
them to the polymer chain. The relaxation mechanism
for the low-frequency dispersion is the rotation of en-
tire segments of the polymer molecule. This mecha-
nism is termed dipole-elastic relaxation, since the
same relaxation time determines also the mechanical
properties of the polymers. The rotational relaxation
times decrease with increasing temperature. This
temperature-dependence is especially marked in dipole-
elastic relaxation. Owing to the temperature-depend-
ence of the relaxation time, when one makes measure-
ments in a certain narrow frequency range, one ob-
serves the high~frequency dispersion (dipole-group
relaxation) only at low temperatures, and the low-fre-
quency (dipole-elastic) relaxation only at high tem-
peratures. This has given rise to the widespread opin-
ion that dipole-group relaxation occurs only in glassy
states, and dipole-elastic relaxation only in rubbery
states of a polymer. As the working range of frequen-
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cies has been extended, it has become possible to ob-
serve both dispersion regions at a constant tempera-
ture.t™] The most important biopolymers, the pro-
teins and nucleic acids, have large numbers of polar
groups, and we naturally expect them to show dipole
polarization. In the first studies of the electrical prop-
erties of biological objects, all of the observed disper-
sion phenomena were explained by the dipole mecha-
nism. Later, it was noted that macrostructural polar-
ization plays an important role, as we have mentioned
above and shall discuss in more detail below. For ob-
jects having biological structure, the problem of dis-
tinguishing the dipole and the macrostructural mecha-
nisms has not yet been solved at present, either from
the experimental or the theoretical standpoint. Solu-
tions of biopolymers should manifest dipole orientation
in a purer form, but here specific mechanisms may be
superimposed, which we shall discuss next.

The hypothesis has been advanced for a number of
reasons that water occurs in an ordered state in the
organism.["1:5%18] It ig agsumed that the biopolymer
molecules induce long-range order in the surrounding
water, bringing it into a certain quasicrystalline state
approaching ice in properties. The application of this
hypothesis of ordered water has been suggested to ex-
plain the electrical properties of biopolymer solutions.
Here the low-frequency increment must be explained
by assuming that the static dielectric constant of water,
upon ordering, approaches the higher static dielectric
constant of ice. The dispersion region for ice lies at
much lower frequencies than for water. The cited
studies considered the low-frequency dispersion ob-
served in solutions of biopolymers to be the dispersion
of the ordered water, which approached the dispersion
region of ice. These arguments cannot be considered
convincing, and have heen subjected to a well-grounded
criticism in [15], A recent study has indicated another
possible polarization mechanism is solutions of bio-
polymers, involving their polyelectrolyte properties. [10]
A biopolymer molecule in solution gives off ions, and is
converted into a polyelectrolyte ion bearing charges.
Each ion attracts from the surrounding solution ions
of the opposite charge, which form an ionic atmosphere
about it. In the case of a polyelectrolyte, we can
ascribe a surface conductivity to the ionic atmosphere.
The action of the external field polarizes the ionic at-
mosphere. This polarization supplements that of the
biopolymer itself, and contributes to the dielectric
constant of the system. According to [15] ) the elec-
trical properties of a polyelectrolyte can be described
by the theory of macrostructural polarization; in a
crude approximation, we can replace the biopolymer
molecules by spheres of radius a, having a complex
conductivity Aj, while the surface conductivity A is
taken into account by adding a correction term A/a to
Aj.

All of the discussed polarization mechanisms have
involved dipole molecules or ions. Recently, the prob~
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lem has been discussed in the literaturel"™ ) of the
existence in living matter of semiconductor phenomena
or the like. In such a case, the polarization could arise
from displacement of electrons (or holes). It is not
necessary for the material to be a true semiconductor
for this to occur. It is sufficient that delocalization of
electrons should take place. The simplest example of
such a delocalization is given by conjugated bonds, i.e.,
the alternation of single and double bonds between car-
bon atoms in a chain or ring. The delocalization of
electrons in systems containing conjugated bonds is
manifested experimentally by the narrowing of the
electron paramagnetic resonance (EPR) lines. This
effect is also observed in biopolymers.[*62] These
data indicate that we can expect biopolymers to show
semiconductor properties. Quantum-chemical calcu-
lations of the width of the forbidden band have been
made "] for proteins, and it was concluded thereby
that semiconductor phenomena could appear. The
direct-current experiments with proteins indicate a
conductivity increasing exponentially with the temper-
ature ™ "] and the moisture content.["%] This con-
ductivity has been interpreted as a semiconductor phe-
nomenon. We must note, however, that there are as yet
no direct proofs of the electron or hole character of
this conductivity for proteins (such as a Hall effect or
photoconductivity ). Thus, we cannot consider the ex-
istence of semiconductor phenomena in proteins to be
rigorously proved, although a number of data favor
their existence. Chlorophyll[®] and other photosyn-
thetic pigments ] show photoconductivity. The hy-
pothesis has been advanced very recently (8] that a
certain type of delocalization of electrons involving
formation of charge-transfer complexes (CTC) can
play a role in the properties of biopolymers. This type
of complex denotes a molecular compound consisting
of molecules having considerably differing electron
affinities. Here, the formation of the molecular com-
plex can involve an internal ionization, with transfer

of an electron from one molecule to the other. Analo-
gous phenomena can also be expected in a polymer
chain in which two groups with differing electron affin-
ities occur in sequence. All electron-delocalization
phenomena can contribute to the polarizability and the
dielectric constant, but it is difficult to detect them ex-
perimentally, since they are masked by the very strong
ionic and dipole effects.

4. ELECTRICAL PROPERTIES AND CELL PERME-
ABILITY

One of the most important problems of the physiol -
ogy of cells is that of the permeability. As is known,
dissolved substances penetrate a living cell from the
external medium slowly, After the cell dies, the per-
meability increases sharply. Such objects as muscle
and nerve cells are known to show the phenomenon of
excitation, which is accompanied by a certain increase
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in the permeability. One might say that excitation is
analogous to death; however, the increase in permeabil -
ity in excitation is weaker and is reversible. The higher
organisms, which possess regulatory systems, exhibit
phenomena of active transport, in which diffusion oc-
curs against a concentration gradient. Examples are
the sodium pump which pumps sodium out of nerve
cells, secretory phenomena in glands, and the high
oxygen pressure in the swim bladder of deep-sea
fishes.

There are two opposite viewpoints on the mechanism
of cell permeability. The classical membrane theory
holds that the cell is surrounded by a continuous mem-
brane hindering diffusion. The increase in permeabil -
ity upon death of the cell is explained, according to this
theory, by the destruction (lysis) of the membrane.
The membrane theory is the prevailing one in the West-
ern literature. In this country, the studies of the school
of D. N. Nasonov, V. Ya, Aleksandrov, and A. S. Troshin
(8,121 have developed a contradictory viewpoint, which
has been called the phase theory. According to this
theory, the cell envelope is perforated by submicro-
scopic pores, and is not a poorly-permeable membrane.
Morphological studies(["1 have undoubtedly established
the existence in the cell of numerous layered structures,
including the external membrane as well as such impor-
tant intracellular organelles as the mitochondria and
the chloroplasts. The layered structures in most cases
consist of alternating films of proteins and lipid (fat-
like ) substances. As expressed by one of the propo-
nents of the phase theory, "] ¢“the lipid-protein struc-
ture, which is, as it were, the external skeleton of the
cell separating the protoplasmic phase of protein di-
poles from the intercellular liquid, plays an incompa-
rably simpler role in cell physiology than the hypothet-
ical cell membrane.’’ According to the phase theory,
the cell permeability is determined by the colloidal
properties of the protoplasm. The protoplasm is a
two-phase system consisting of colloidal micelles and
intermicellar liquid. Dissolved substances are ad-
sorbed from the liquid phase on the exposed surface
of the colloidal particles; this explains the decreased
permeability of the living cell. The increase in per-
meability upon death of the cell is explained by the
phase theory by the irreversible coagulation of the
colloidal systems of the cell. Analogous, but revers-
ible, phenomena occur during excitation. According to
this theory, the dielectric constant must involve mo-
lecular, rather than macrostructural polarization. The
phase theory of cell permeability is commonly associ-
ated with the dipole theory of the dielectric constant,
as we can see from the references cited above.

A final solution of the problem of the mechanism of
cell permeability must be based on an analysis of a
vast amount of experimental material, the interpreta-
tion of which is a highly difficult problem. As yet, the
problem remains open to discussion. The study of bio-
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potentials does not give an unambiguous answer. Cr8]
The study of the electrical properties of cells is of
great interest from this standpoint, since the mem-
brane theory of the permeability corresponds to the
theory of macrostructural polarization, while the phase
theory of the permeability corresponds to a molecular
mechanism of polarization, or, as is commonly consid-
ered, to the dipole theory. Unfortunately, the macro-
structural and dipole theories give identical forms of
dispersion formulas, so that the dispersion curve

gives no clues whatsoever concerning the mechanism.
The proponents of the membrane theory consider an
important argument in its favor to be the agreement
between the values of the membrane thickness, as cal-
culated from the static dielectric constant and from the
relaxation time.[?2] The proponents of the phase theory
use for their argument the temperature-dependence of
the conductivity. The electrical conductivity of blood
was studied ("1 at 10* and 108 cps and at 25° and 56°C. It
turned out that the low-frequency conductivity increases
rapidly with temperature, while the high-frequency con-
ductivity shows a temperature-dependence which be-
comes weaker as the concentration of erythrocytes in-
creases. The ratio of the low-frequency to the high-
frequency conductivity (the viability coefficient) falls
to unity only at 75°C. Within the range from 25° to 56°C,
the permeability of the membranes increases sharply,
while the dielectric properties remain the same. This
author considered that these results favor the phase
theory of permeability.

The currently-existing information on the electrical
properties of cells is clearly insufficient for a well-
grounded solution of the problem of the mechanism of
cell permeability. Nevertheless, the opinion is becom-
ing more widespread in the literature that it is pre-
cisely electric measurements which can provide the
most reliable data to solve this problem. However,
for this we need a deeper and more detailed investiga-
tion of the complex conductivity of cells as a function
of the various parameters, and also an elucidation of
the internal mechanism of polarization.

5. THE ELECTRICAL PROPERTIES OF BIOPOLY-
MERS

Among the studies concerned with the electrical
properties of isolated and purified biopolymers, we
shall take up here only two groups having a certain
definite theoretical approach. One group of studies
has been performed on solutions, and the other on
pressed tablets. The problem of study in the one case
was the determination of the degree of hydration and
the form of protein molecules in solution from the high-
frequency decrement, while in the other case it was a
search for anomalies in the electric properties of nu-
cleic acids in connection with their special biological
role.
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a) The high-frequency decrement and the properties
of protein molecules

Harris, Buchanan, et al 67:68] yged measurements
of the high-frequency decrement in protein solutions to
determine the shapes and degrees of hydration of pro-
tein molecules in solution. The dielectric constant of
the solutions was measured in the centimeter-wave re-
gion. The results were handled by use of the formula

Bp

1—p (89- ew);

€ By=

where € is the dielectric constant of the solution, ey
is that of pure water, €p that of pure protein, p is the
volume fraction of the protein in the solution, and 8 is
a coefficient near 3/2, the exact value depending on the
shape of the protein molecule. Under the assumption
that the molecule is an ellipsoid of revolution, the val-
ues of this coefficient were calculated as a function of
the axial ratio. For dilute solutions, this formula can
be written approximately as

& ~ ey—Pplew— gp) = gy— 6C,

where C is the weight concentration of the protein in
grams per 100 cm? of solution. The decrement 6 is
expressed as

b= %) [(ep— Eoop) U+ {Ew— Eaon) @],

where v is the partial specific volume of the protein,
and w is the weight of water bound per gram of pro-
tein. The latter formula is derived under the assump-
tion that the bound water does not participate in dipole
rotation. An analysis of the experimental data using
these formulas led to the conclusion that the amount of
bound water for all of the proteins studied amounts to
about 0.3 g per gram of protein. This conclusion agrees
with the results of other physicochemical measure-
ments, and disagrees sharply with the hypothesis of
ordering of water, according to which the amount of
bound water must be many times greater. The deter-
mination of the shapes of the molecules turned out to

be much more difficult, since the value of 8 is only
slightly sensitive to the shape. Only for two of the
studied proteins could a qualitative conclusion be drawn
that the shape of the molecules is elongated, in agree-
ment with other physicochemical data.

b) Electrical properties of nucleic acids

The electric properties of the nucleic acids have
aroused a great deal of interest recently in line with
the fundamental significance ascribed to these sub-
stances in modern molecular biclogy. Even in meas-
urements ("1 on the sodium salt of deoxyribonucleic
acid (DNA)*, very large values were obtained for the
dielectric constant, while the relaxation time was much

*The original reference used the old term ““‘thymonucleic acid,”’
corresponding to the modern term DNA.
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shorter than would correspond to rotation of the long
axis of the molecule. It was suggested that these re-
sults could be explained by assuming that there is no
dipole moment along the long axis, but the molecule
has a very high transverse electric moment of the
order of 20,000 Debye units. Later investigators have
obtained even much more complex and contradictory
results. In (%) fibers of the sodium salt of DNA con-
taining about 20% water were pressed in the form of a
film of thickness about 1 mm between the plates of a
flat condenser. At a frequency of 50 cps, at electric
field amplitudes of 100—1000 V/cm and temperatures
30—50°C, hysteresis cycles were observed, similar to
those characteristic of ferroelectric materials. These
cycles disappeared either when the temperature was
lowered to 0—10°C, or when it was raised to 60°C. The
conclusion was drawn in this study that DNA is ferro-
electric. It was suggested that the temperature 60°C
could be considered as the Curie point. As this tem-
perature was approached, the dielectric constant rose.
At a frequency of 1000 cps, the values of the dielectric
constant attained 500 at 30°C, and 140,000 as the ‘‘Curie
point’’ was approached. However, a subsequent study
in the same laboratory[4%] showed that all these phe-
nomena essentially involve the presence of water in
the studied specimens. The fully dried sodium salt of
DNA behaves, as these authors expressed it, ‘‘as an
insulator.’’ The nonlinear effects begin to appear at
20% water, and the hysteresis loop is most clearly
marked at a water content about 40%. When the water
content is increased above 50%, the direct-current
conductivity becomes too large to permit interpretation
of the results of the measurements. The ‘“Curie point”’
near 50°C is explained simply by the thermal dehydra-
tion of the specimens. All these results were obtained
at a frequency of 50 cps. When the frequency was in-
creased to several ke, the dielectric constant dropped
from several thousand to values below 10. We must
note that the measurements were conducted with pol-
ished platinum electrodes, and no measures were taken
to avoid electrode polarization. The authors themselves
conclude that it will take further experimental studies
to distinguish true dielectric effects from phenomena
involving ionic conductivity.

Recently the problem of the electrical properties
of the nucleic acids has gained further importance, in
connection with some studies[%~8%) in which these ob-
jects showed broad magnetic resonance bands. The
measurements were made under the conditions com-
monly used in electron paramagnetic resonance (EPR)
work. However, the broad absorption lines observed
seem to be of ferromagnetic origin.["%8] It was sug-
gested (591 that these phenomena could be ascribed to a
molecular structure of the biopolymers containing de-
localized electrons, which would result in the appear-
ance of semiconductor properties or the formation of
charge-transfer complexes (CTC). In such cases, the
anomalous magnetic properties should be accompanied
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by anomalous electrical properties. However, pain-
staking experiments [%1] have shown the essential role
played by ferromagnetic impurities (iron and its ox~
ides) in the observed magnetic effects. The problem
of the nature of the broad magnetic resonance lines in
the nucleic acids is currently a topic of heated discus-
sion. If these lines are completely due to ferromagnetic
impurities, as has been shown in [8‘], it still has to be
ascertained whether these impurities are introduced
in the process of sample preparation or are a neces-
sary constituent of living matter playing a definite bio-
logical role. [60] We must note that a change in the size
of the magnetic effects at certain phases of the vital
activity of cells does not prove that they have a biolog-
ical significance. In fact, the fundamental role in vital
activities of cells is played by the oxidative processes;
as these processes take place, the iron present in fer-
romagnetic compounds can be oxidized and reduced,
thereby changing its magnetic properties. Thus the
processes of biological oxidation can aifect the mag-
netic properties of the iron, even when this iron is
only a chance impurity not playing any biological role.
However, of course, the possibility is not excluded that
ferromagnetic substances play an essential biological
role. I the broad magnetic resonance lines arise from
ferromagnetic impurities, then independently of their
biological role, we could hardly expect any relation
between them and the electrical properties.

Thus, the existing data on the electrical properties
of the nucleic acids are extremely vague and contra-
dictory. This problem requires a detailed experimen-
tal study.

6. THE ELECTRICAL PROPERTIES OF CELLS AND
TISSUES

The objects of electrical measurements are both
whole tissues and individual cells, as well as the con-
stituent parts of cells. As is known, tissues and indi-
vidual cells contain a large amount of water containing
dissolved mineral salts occurring in the dissociated
state. The continual exchange of ions between the cell
and the external medium provides an ionic composition
within the cell of an order of magnitude close to that in
the external medium. However, in spite of this, the
conductivity of cells and tissues at low frequencies is
considerably lower than that of the medium. Thus, even
in the last century, experiments were set up to measure
the conductivity of suspensions of erythrocytes. The
erythrocytes of the blood were replaced by an equal
concentration of quartz sand. Here, the conductivities
of the suspensions of erythrocytes and of sand turned
out to be identical. This indicated that at low frequen-
cies the conductivity of the erythrocytes is zero. tl
This result is confirmed by the measurement of the
relation of the low-frequency conductivity o, of a sus-
pension of cells in a medium having a conductivity g
to the volume concentration p. Very good agreement
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was found with Maxwell’s formula[?] derived for a sus-
pension of non-conducting spheres in a medium of
kmown concentration:

i—p

1+£

The dielectric constant shows dispersion at frequen-
cies of the order of 1 Mc, accompanied by a consider-
able increase in the active component of the conductiv-
ity. These facts have compelled investigators to ad-
vance several hypotheses on the internal structure of
cells, (3] the most important of which are the mem-
brane and dipole hypotheses.

According to the membrane hypothesis, £4,5] the cell
is a drop of liquid containing ions in the free state, sur-
rounded by an exceedingly thin membrane having a very
low conductivity. Here, owing to the macrostructural
polarizationfz""] (which is still called the Maxwell -
Wagner mechanism ), very large values of € (of the
order of 10% or greater) are obtained in measurements
of the dielectric constant of tissues and cell suspen-
sions.

According to the second, or dipole, hypothesis, [3,7~9]
the cell consists of a set of dipolar protein molecules,
while in place of the membrane, a lipid-protein lattice
is assumed, devoid of any highly insulating properties.

Electron-microscope observations confirm the pres-
ence of a membrane, [11,77]

In addition to these theories, there is a theory pos-
tulating the existence of both mechanisms, [13:14] and
also a theory which permits free movement of ions
within limited regions in the cell, rather than through-
out the cell, [15]

A study limited to the frequency-dependence of the
dielectric constant cannot give a definite answer favor-
ing any given hypothesis. Hence, experiments are im-
portant, which would give the dependence of the dielec-
tric constant on the temperature, ['-18] on the functional
state, 1171 and on the content of ions in the external
medium. [19-21]

a) Dispersion

Oy =0,

@

In the general case, the dielectric properties of a
material can be represented as a complex quantity:

(2)

e
e=¢g¢ —ie",

where €’ is the dielectric constant, and €” is the
imaginary component associated with the losses; €”
is related to the conductivity by the relation

»__ 4no

(0]

3)

FIG. 2. Diagram of macrostructural polari-
zation. The cell is situated in a solution through _7
which a current is passing,. -
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The ratio €”/¢’ =tan & is called the tangent of the loss
angle. Debye has derived a very simple theory of dis-
persion for a polar liquid. As is now known, this the-
ory is valid for any polarization mechanism having a
single relaxation time 7. This theory gives the follow-
ing form of the frequency-dependence of the complex
dielectric constant ¢, after dropping out the direct-
current ohmic conductivity:
gg—8y
& Ew = TGy 0 4)

where €, and €, are the asymptotic values of the di-
electric constant at frequencies respectively below and
above the dispersion region.

We can write separate expressions for the real and

imaginary components of €:

’ €9—8y
¢ = o = T (6a)

. (gp—e ot
= 1w * (5b)

Taking into account the direct-current ohmic conduc-
tivity o,, the latter equation can be rewritten in the
form:
0, —0p) (0T)?

0—0p= ( oo1+(‘;))-:)2 a (6)
where oy and o, are the asymptotic values of the
conductivity at frequencies respectively below and
above the dispersion region.

If we plot € or ¢ on the complex plane, in both
cases we should get a semicircle (Fig. 3). Thus, by
plotting ¢’ as the abscissa and €” as the ordinate,
we obtain a semicircle with its center on the axis of
abscissas, and intersecting this axis at the points ¢,
and €, . The point of maximum €” corresponds to
the central dispersion frequency wg:

0 = . (1)

In a number of cases, the agreement of experiment
with the simple dispersion theory is very good. How-
ever, we often find a broader dispersion region than
the theoretical, and here the maximum €” is smaller.

If in such a case we plot € on the complex plane,
we obtain an arc whose center lies below the axis of
abscissas. [21,2-25] guch curves are described well
by the semi-empirical formula

2
I

o
S
n

e & £e /é/e, -
24

FIG. 3. Diagram of € on the complex plane in the cases:
(a) simple dispersion mechanism; (b) the mechanism of Cole
and Cole.
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P07t (8)

E—~8p=—"T"T"—""7" -
e 14 liot)l—0

The meaning of the parameter « is obvious from the
diagram. When « = 0, we get Debye’s formula. A
large number of experiments have shown good agree-
ment with Eq. (8).

If we represent the measuring capacitor filled with
the substance in terms of an equivalent circuit, we ar-
rive at the circuit diagram %1 of Fig. 4, in which Z
={1(iwt) %/ (€y—€x)]; when a =0, Z=R=7/(€;j—€,).
7 has the property that only its modulus varies with
the frequency, while the phase-shift angle remains con-
stant. The parameter « is often ascribed to the distri-
bution of relaxation times 7. However, an attempt to
derive from Eq. (8) the spectrum of relaxation times
did not give the natural Gaussian curve

b
Vi
but rather, a formula to which no physical meaning
could be given: [23:26]

F(s)ds= e~ ds 9)

1 sin ax ds:
“2n cosh (1—a)s—coshax ’

s=1n<—1};—).

Equation (9) is the Gaussian distribution law for the
relaxation times, and b is the width of the distribution.

(10)

F'(s)ds =

where

FIG. 4. Equivalent circuit diagram s
for the condenser filled with the sub- -

stance being studied. 5

o

The literature contains some attempts [23:24,38] o
explain the impedance Z = Z(iw)~%, which is called
the polarization impedance, since we encounter a sim-
ilar phenomenon in studying the conductivity of a metal-
electrolyte boundary layer. An analogous phenomenon
also occurs in the thin film of a photocell and in certain
poor dielectrics.

It is assumed that the impedance of the membrane
itself is not a capacitive impedance, but a polarization
impedance. Such a hypothesis explains the experimen-
tal results. When « = 1, the membrane exhibits a
purely capacitive character. Then the membrane is
impermeable to ions.

According to the Nernst-Warburg theory of the dif-
fusional nature of the polarization impedance, this phe-
nomenon can be explained [24] by the differing perme-
abilities of the membrane for oppositely-charged ions.
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For a surface which is completely impermeable for
one type of ion, and completely permeable for the other
type, this theory gives a = 0.5. For complete perme-
ability for all ions, we find « = 0. This theory has not
been worked out for the case of incomplete selectivity,
but presumably we can get any value of o between zero
and unity under suitable assumptions as to the nature
of the permeability of the membrane. In certain cases,
the value of the central frequency obtained from the
dispersion of the real component of the dielectric con-
stant does not agree with the value of the central fre-
quency obtained from the dispersion of the imaginary
component. Here, the central frequency wgy = 1/7y has
been taken[?!] to be the geometric mean of wee and

wco':
(11)

In dielectric measurements of biological objects,
three dispersion regions have been found, termed ¢,
B, and ¥. L21]

The nature of the o dispersion is least known. It
occupies the frequency range from 0 to 104 cps. It is
very difficult in this range to obtain precise values of
€’, owing to the effect of electrode polarization, which
complicates the experiment greatly.

Most of the experiments[%21:24:2"] have been per-
formed on the B dispersion, which occurs in the range
from 10% to 10% cps. As we see from Eq. (5), the dis-~
persion region occupies two decades. However, we
have cited a broader frequency range here because the
location of the dispersion region depends on the type of
object. It is precisely in the study of the 8 dispersion
that the dispute arises between the proponents of the
membrane and the dipole hypotheses.

The y dispersion occurs in the centimeter range.
It is the dispersion of the dielectric constant of the
water. '

b) Estimate of the membrane thickness

The membrane hypothesis was advanced first by
Fricket] in 1925. He was the first to calculate the
capacitance Cpj of the membrane per square centi-
meter. The values of C); from various measure-
ments [21:28-31] a1e about the same: 0.5—1.5 uF/cm?.

The experiments to determine C)g are carried out
in suspensions of cells in a weak solution of an elec-
trolyte. This sort of measurements has been per-
formed for the red blood cells of various animals, (s0]
for certain types of bacteria, (253 for yeast cells, (28]
and for mitochondria, [24,32] which are a constituent
part of the cell. In many cases the particles are nearly
spherical in form. Hence the theory of the conductivity
of suspensions of shielded spheres is applicable to
them. 381 This theory is based on a formula first de-
rived by Maxwell (2] for the conductivity of a suspen-
sion of spheres of conductivity oj in a medium of con~
ductivity ogy:

FRANK-KAMENETSKII

0—0q =p 0i{—0q
0204 0i+20, °

(12)

Here o is the conductivity of the suspension. The for-
mula remains correct if we replace o by the complex
conductivity A or the dielectric constant €. Here p
is the volume concentration of the spheres. The for-
mula is valid for p « 1.

Certain investigators have derived formulas which
are also correct for 0 < p = 1,034 and also valid for
suspensions of objects of ellipsoidal shape.[343%] The
formula relating the complex conductivity Ay of a cell
to the parameters of the cell is analogous to Eq. (12).
The cell is represented in the form of two concentric
spheres. The interior of the smaller sphere is filled
with a medium having the complex conductivity Aj,
while the space between the spheres (i.e., the mem-
brane) is represented as a medium having Ap;. The
external radius of the cell is R, and the membrane
thickness is d:

Ay—An —
An+t2An

R—d \3 Aj—Ay

B ) AFha (as)

If one substitutes for Ay and Aj the active conductivi-
ties 04 and oj, or else the dielectric constants €5 and
€j, and assumes that the membrane has a very small
active conductivity which can be neglected, together
with a dielectric constant €)f, one obtains the following
formulas (%] from (12) and (13):

g, —2, ~ INpRC,, (14)
_, (1+2p)e;4-2(1—p)e,

R TR (15)

g;—G,

142p 12
om=0,;——-0++2ﬁ , (16)

0420,
v=RC. YL, (17)

&

Cu= . (18)

Here the quantities €y, €., 0g, and o, characterizing
the suspension are obtained directly from experiment.
We can immediately find p from Eq. (1). Then, know-
ing p, we can find ¢j from Eq. (16). Further, knowing
T = 1/we from experiment, we can find Cpy. Of course,
for this purpose we also need a microscope, since we
have to determine R. A second way ") to find Cpy is
to use Eq. (14). In this case also, we need to know the
radius of the suspended cells. However, most often the
cells being studied do not have a single value of the ra-
dius, but a distribution about some mean value. L21]
Then we can study this distribution under the micro-
scope by counting the number of cells having a given
radius Rij. Knowing the volume fraction p of all the
cells, we can find the volume fraction pj of the cells
of radius Rj. Thereupon, Eq. (14) is transformed into

gg— €y = QnC,,Z PR, (19)

As we see from Eq. (18), we can say nothing about the
membrane thickness d from a knowledge of Cp; unless
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we know ¢pp. The thickness of the membrane, if re-
ferred to a substance having epr = 1, is of the order of
10 A. Certain authors assume that €pj is of the order
of 3. They rely on the optical refractive-index data
(25,301 where n= ve. These data give a value of the
order of 3 for €pj. Here they assume that €)j does
not vary with the frequency at which Cpg is measured,
up to the optical frequencies. We can obtain the value
of three by assuming that the membrane consists of
fats. Other authors (3] who assume that an appreciable
part of the membrane consists of proteins give values
greater than 30 or even 100 for €pg.

7. THE STUDY OF THE DIELECTRIC PROPERTIES
OF MACROMOLECULES

The study of the constituent parts of the cell is of
great interest from the standpoint of their dielectric
behavior. The importance of a knowledge of the con-
figuration of the electric charges lies in the possibil-
ity of explaining various physicochemical properties
of macromolecules.®8] Here the investigation may
take several pathways: 1) the study of the polar mole-
cules at concentrations such that the interaction of the
macromolecules becomes small; and 2) the study of
the properties of the macromolecules in bulk, i.e., the
study of tablets prepared from the given substance.
Typical of the second method are the studies of Sadron
and his associates on the dielectric properties of tab-
lets consisting of DNA with a 20% water content. [39]
As we can see from [4], these studies are difficult to
interpret. Most probably, the water plays a very es-
sential role here.

Now, the first method can be divided into two aspects:

a) the study of substances having a low dielectric in-
crement, basically proteins; and

b) the study of substances having a high dielectric
increment, the so-called high-polymeric electrolytes
or simply polyelectrolytes.

We shall now take up the study of the dielectric
properties of proteins in solution. The best-known
representative of this approach is Oncley. [41,42]

If we have a mixture of two types of dipoles, then
in measuring the frequency-dependence of the real
component of the dielectric constant €'(w) (which we
shall simply denote as ¢ below) we shall get a curve
showing two dispersion regions. (4] This happens in
the study of solutions of polar protein molecules in
water (Fig. 1). Here €' is the dielectric constant of
the pure solvent (water). The value of €’ of water is
very large (80.3 at 25°C), and hence at frequencies
above the dispersion region of the protein, but below
the dispersion region of the water, the dielectric con-
stant of the solution will be less than €® by an amount
A€, . At low frequencies, owing to the large dipole
moment u of the macromolecules, €, of the solution
will exceed €’ by an amount Ae,.

The quantities A€y/g and A€, /g are called, re-
spectively, the low-frequency dielectric increment and

287

the high-frequency decrement, Here g is the concen-
tration of the proteins in solution in grams per liter.

For a solution of polar molecules in a non-polar
liquid, the Clausius-Mosotti formula holds:

e—1

= (20)

47“ np=p,
where n is the number of polar molecules per cm?,
and f is the polarizability of a single molecule as a
function of temperature.

Debye has derived an expression for the polariza-
bility of a molecule due to its rotation, B4 ~B,, where
By and B, are respectively the polarizabilities at fre-
quencies below and above the dispersion region:

2
Bo—Boo =37 ;

(21)
and since n = gN/1000M, where N is Avogadro’s num-
ber and M is the molecular weight of the polar mole-
cule, we can derive from Egs. (20) and (21)
27-10%TM (8, —e_.)

= . 22
W = g (e +2) (et 2) (@2)

When A¢)/€’ <« 1, and A€, /€’ < 1, we obtain
p=a 1/M——~e°*g“°° , (23)

where « is a parameter depending on the temperature
and the type of solvent.

In systems where the solvent has a high dielectric
constant e°, the Clausius-Mosotti equation is not
obeyed, but one can use instead the equationt43]

g-—gl—a
p=—"7%""1

where a and b are parameters. On the basis of these
arguments, one obtains the same result

p=a l/M————e"';e: .

Thus, if we know the molecular weight of the pro-
tein being studied, we can find the dipole moment u
of the molecule from measurements of the low-fre-
quency increment and the high-frequency decrement.
The measurements of € are usually performed at
several concentrations of the solution, and the incre-
ment is determined from the slope of the curve Ae(g)
as g — 0.

Taking the disorienting influence of the temperature
into account is equivalent to taking into account the re-
sistance of the macromolecule to rotation{®J in a me-
dium of viscosity 7. To do this, one introduces the
rotational diffusion constant[41,44]
kT
-g— ]
where £ is the Stokes inner-frictional constant for ro-
tation of a sphere of radius r in a medium of viscos-
ity m,

(24)

£ =8nrin. (25)
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For molecules differing in shape from spherical, a
form factor y is introduced. Here,

E = 8ariny,

Debye has shown that the relaxation time 7= 1/w is
related to the rotational constant by the expression

1

T=—%. (26)

Thus, if we know wg, the central dispersion frequency,
and the viscosity, we can find the volume of the mole-
cule. The difference between the given dimensions
from the values obtained in the ultracentrifuge or in
other measurements can be explained by the effect of
hydration. [45:461

Attempts to apply the theory of rotation of dipoles
in a viscous medium to-explain the results of studies
of aqueous solutions of DNA and certain other biopoly-
mers have led to certain contradictions. %) Thus, the
molecular weight of DNA as determined [*J by the
method of dielectric measurements disagreed with the
molecular weight data using sedimentation and diffusion
methods. Some very essential points here are that,
first, these results gave a low value for the molecular
weight, and second, that this value depended on the
concentration of NaCl in the water: as the NaCl con-~
centration was raised to 0.002 M, the ‘‘molecular
weight’’ varied from 135,000 to 35,000. The authors
explained this by polar association, i.e., the combina-
tion of smaller molecules into larger ones. This does
not sound convincing.

Jacobson has given an original explanation for this
phenomenon. He used the results of measurements of
¢ for mixtures of cellulose and water, [49] the data on
the proton magnetic resonance of DNA solutions, L50]
and the results of a study of the dielectric properties
of flow-oriented DNA molecules, 1511 and concluded
that the dispersion in the region of 1 Mc/sec of aque-
ous DNA solutions can be explained by the formation
of a new water structure in the vicinity of the macro-
molecules. 4] The helical model of the DNA molecule
of Watson and Crick fits very well into a tetrahedral
water structure. According to Jacobson, the hydrogen-
bonding atoms of the DNA molecule upon solution in
water link with the nearby water molecules, thus ori-
enting them. This results in a further orientation of
more distant water molecules, and consequently, an
ordered structure of tetrahedra is formed within a
certain neighborhood of the macromolecule. The
structure of the water in this region even resembles
the structure of ice, and since ice has an elevated
value of € at low frequencies (i.e., eo)[“] as com-
pared with €, for water, we can also rightly expect
here an increase in € for the solution. The distance
at which the orientation is still appreciable is of the
order of 500—1000 A for solutions of DNA when the
molecules of the latter are 6000 A long and 20 A wide.
Of course, this distance depends considerably on the
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degree of fit of the macromolecule and the water
structure.

8. THE EXPERIMENTAL BASIS FOR THE ORDERED-
WATER HYPOTHESIS

a) Studies have been made of the dielectric
constant of an aqueous solution of DNA flowing perpen-
dicular to the electric-field direction, and of its de-
pendence on the velocity gradient. The value of € de-
creased with increase in the velocity gradient, but still
remained greater than € for water. For other sub-
stances (hemocyanin), ¢ did not depend on the velocity
gradient.

b) A study [49] has been made of the value of € for
cellulose-water mixtures as a function of the frequency.
Soft porous filter paper was taken and washed for four
days in distilled water, and then placed in a measuring
condenser, and measurements were taken at 20°C. The
paper content was about 20%, the rest being distilled
water. As we see, an appreciable increase in € is ob-
served, although € for paper is of the order of 5
(Fig. 5).

c) A study[w] of the dielectric constant of thin films
of water (~2—5u) between mica plates has given val-
ues of € of the order of 10—20, depending on the film
thickness. (%] This also indicates that the properties
of water are affected congiderably by the presence of
a second phase,

d) The changes in € of aqueous solutions of DNA
when salts are added to the solution should be ascribed
to the fact that the length of the DNA molecule can
change appreciably upon change in the electrolyte con-
centration (the change can be of the order of 30%).
Here the fit with the water structure is destroyed, and
the dimensions of the region occupied by ordered water
diminish.

e) Experiments on the proton magnetic resonance of
water also confirm this hypothesis. %] The intensity
of the line decreased appreciably when DNA was dis-
solved in the water in 1.6% concentration, but in-
creased again upon addition of 0.04 M NaCl to this
solution.

Measurements of the viscosity and the osmotic
pressure also favor this hypothesis, since the viscos~
ity of the water increases upon ordering.

Dispersion. The low-frequency increment for pro-
teins[46] is of the order of 0.1—2, while for DNA mole-
cules it is 10—2000. %51 The greater the increment
is, the more the given polymer increases the viscosity

[51,49]
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FIG. 6. Frequency-dependence of the dielectric constant of:
1-ice; 2-—a solution of a polyelectrolyte in water; 3 — water.

of water upon solution. As the polyelectrolyte concen~
tration is increased, the increment declines, indicating
the overlap of the ordered regions belonging to differ-
ent macromolecules. The greater the value of the in-
crement is, the more nonlinear is its concentration
dependence. Such a nonlinearity is also observed in
proton magnetic resonance. Thus we can draw con-
clusions on the dimensions of the ordered shell.

The dispersion in pure water is found at a frequency
of 10!%ps, and for ice at 102—10* cps, while that of the
solution lies midway between these values at 10% cps.
The central dispersion frequency we increases with
the concentration: for DNA, w¢ shifts from 0.3 to 0.9
Mc as the concentration is varied from 0.03 to 0.25
grams per liter; this is explained by a decrease in the
dimensions of the ordered regions due to overlap. It is
assumed that the value of w¢ is less for a larger water
shell.

At frequencies above the dispersion region in ordi-
nary proteins, the decrement is of the order of 0.06—
0.1. This is twice as large as the decrement calculated
theoretically from the volume occupied by the mole-
cule. When the water shell is small, its value of € at
high frequencies is less than that of ordinary water at
the same frequency. However, when the shells have
large dimensions, the situation is more complicated,
since the dielectric properties of the ordered water
can vary appreciably as a function of the distance from
the macromolecule. Here we sometimes find an incre-
ment instead of a decrement. In the water-cellulose
mixtures, the value of € exceeds that of water even
at 50 Mc.

9. EXPERIMENTAL METHODS

In order to obtain a picture of the dielectric prop-
erties of a substance, we can use two approaches:

1) A study using transient effects.(24%8] This is
done by studying the reaction of the given element to
a jump in either the voltage or the current, or to a
linear increase in the voltage or current.

2) Determining the frequency-dependence of the im-
pedance, e.g., by bridge methods.

Both methods are equivalent with regard to the in-
formation obtained, since a Fourier transformation
permits us to transform a transient characteristic of
the element into a spectral characteristic, and vice
versa.
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In most cases in studying biological objects, one
uses the second method, since it permits greater ac-
curacy. However, when speed of measurement rather
than accuracy is important, the transient-effect method
turns out to be better. I we aim to determine the fre-
quency -dependence of the impedance at very low fre-
quencies {below 10 cps), in a number of cases the
transient-effect method is more practicable.

However, the fundamental method is the bridge
method. Most measurements are performed in the
range 104—108 cps, i.e., encompassing the S-dispersion
region. The study of biological objects has the peculi-
arity that tan § is very large, being of the order of 10.
Hence, the bridges used for measurement must permit
measurements on samples of high conductivity. How-
ever, there have been many designs of such bridges,
and since many authors in their studies have used a
bridge having inductive coupling between the arms,
we shall describe here such a bridge[®!J (Fig. 7).

To generator
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FIG. 7. Circuit diagram of a bridge having inductive coupling
between the arms, permitting the reduction of stray capacitances.

The first transformer is used to apply a potential
which is symmetrical with respect to ground to both
sides of a second transformer. The coils of this trans-
former must be carefully shielded. The second trans-
former has identical coils with a coupling coefficient
between them of unity. This makes it possible to re-
duce appreciably the effect of stray capacitances and
leaks from points A and B to ground. Such a bridge
can operate over the range from 20 cps to 10 Mc, if
one has two or three pairs of replaceable transform-
ers.

In working at the highest frequencies (above 5—10
Mc), we cannot apply a variable resistance to balance
the bridge with respect to the active component, owing
to the large effect of stray capacitances. Hence, in the
frequency range from 1 to 300 Mc, one uses a Schering
bridge, in which both the capacitive and the active com-
ponents are balanced by using variable capacitances.

The designs of the measuring cells are extremely
varied. However, a general feature of all the cells is
the fact that they have all been constructed either of
platinum, or of silver, and have been coated with plat-
inum black by electrolysis in an HyPtCly solution. This
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is done to reduce the harmful effect of electrode polar-
ization, [63,84]

Electrode polarization affects the results of meas-
urement of the real component of the dielectric con-
stant at frequencies below 10° cps.

In bridge measurements of the capacitance and the
conductance of the cell containing the substance, we
obtain two quantities at a given frequency: the capaci-
tance C and the conductance G. That is, our conden-
ser containing the substance can be represented in
terms of an equivalent circuit, which is a parallel com-~
bination of a capacitance and a conductance (Fig. 8a).

A &
& &
Vg £ & &
G &’
G &
a) b) c)

FIG. 8. Equivalent circuit diagram for taking the electrode
polarization into account. C and G are the instrument readings,
Cp and G are the capacitance and leak resistance of the elec-
trode surface layer, and C€” and G’ are the parameters of the sub-
stance being studied.

However, the true characteristics of the substance
being studied are C’ and-G’, while the appreciable
capacitance Cp of the surface film of the electrode and
the finite conductance Gp of this film introduce a large
error into the measurements. The equation relating
the parameters of these circuits has the form

1 1 1

G+iwC = Gp+i(00p + G fiaC" ° (27)
This equation is equivalent to the following:
G’ G G,
G:2+m2042 = Gg+mzcﬂ - G%)_‘_mzc-% )
c’ C Cp
G reic® | G 1ot GhTeiy " (28)

There are several methods of taking the electrode
polarization into account.

The method of using two inter-electrode spacings.[ssj
The original spacing is a, and the second spacing is
a+b. In the first case, the bridge gives readings C;
and Gy, and in the second case, C; and G,. The
equivalent circuit is shown in Fig. 8c. Here we can
obviously derive from Eq. (27):

Gy—iwC, G, —iwC, Gy, — i0Cp

GiTwC: ~ G ey T GiTey (29)
and since we always have
oC, \? oC, \? wCp \?
(e )<t ()<t (7)<t 6o

(being interested in the low frequencies), we obtain

1 1 1
T:RS=E’+W=RI+RM

z (31)
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Hence,
Ry=R,— Ry,

C. = RICo—RIC, _ (a4-b)2C,—aC,
b= = s .

(Ba— Ry (32)

This method has been discussed in detail in a paper by
Shaw, [63] where it was also compared with the method
of applying corrections used by Oncley. 142] 1n this
method, one uses an empirical law according to which

€' =C —Cy— AG?-*™ (33)

where A and m are empirical constants.

Oncley considers that m = 0.5, while Shaw obtains
m = 0.3. This method has a theoretical basis. Accord-
ing to Newman[®J and Warburg, (%] the polarization
capacitance Cp depends on the frequency as £712 with
Gp = wCp. Since we most often have to deal with elec~
trolytes having a large conductivity G, the quantity AG
involving the polarization phenomena is small in com-
parison with G. Hence, one most often takes into ac-
count only the change in the capacitance for which one
can use Eg. (33).

According to Shaw, both methods of taking into ac-
count the polarization phenomena give equally good re-
sults. The second method is more practicable when it
is difficult to change the spacing between the electrodes
in the measuring cell.

In order to obtain reproducible results, it is also
very important to note the value of the current in the
measuring cell. Hence, we can compare the results
obtained by different authors provided that the values
of the current are comparable.

In working with such objects as muscle and nerve
cells, one must not operate at high potentials, since
excitation takes place at currents exceeding a certain
value, and the parameters of the cells are altered
thereby. (3,24]

10. RESULTS OF INVESTIGATIONS

We shall present in greater detail one of the most
recent and most painstaking studies by Schwan and his
associates 211 on the electrical properties of mitochon-
dria. Since mitochondria change in dimensions, depend-
ing on the external medium, the studies were conducted
both with swollen and shrunken mitochondria.

Swollen rat-liver mitochondria gave values Cpm
= 0.5 uF/cm?, while guinea-pig-heart mitochondria
gave the same value, 1.3 uF/cmz, in both the swollen
and shrunken states (within experimental limits of
error not exceeding 30%). This is an amazing fact,
since if we assume that swelling of the mitochondria
(with a fourfold increase in the membrane surface)
reduces the thickness of the membrane by a factor of
four, then Cpj should increase by a factor of four. The
authors concluded that the thickness of the membrane
does not change during swelling, while the increase in
the surface involves a supply of membrane material
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contained within the mitochondria, which is used up in
proportion to the swelling. This is confirmed by elec-
tron-microscopic observations. (13

In order to explain the above-mentioned lowering of
the center of the semicircle in the diagram of € on
the complex plane, they had to assume that the internal
conductivity is anisotropic. Citing the electron-micro-
scopic data indicating the presence of transverse par-
titions in mitochondria, these authors suggested that
the conductivity is four times smaller in the direction
of the axis than in perpendicular directions.

The distribution of relaxation times was even
broader for shrunken mitochondria. Cp can be cal-
culated by two methods: from the static dielectric con-
stant and from the relaxation time. In this study, the
value of CpM calculated for swollen mitochondria from
the value of €, Cp, = 1.3 uF/cm? did not depend on
the conductivity of the external medium as the latter
increased tenfold, while Cpp wg increased from 0.5 to

1.2 uF/ cm?, However, for shrunken mitochondria, as
the external conductivity increased by a factor of fifty,
the value Cpp. = 1.1 uF/cm? did not vary, but Cy

0 0

decreased from 1.8 to 0.4 uF/cm?.
The authors considered the Cpg € data to be more

valid, ascribing the variations in CMwo to the distri-

bution of relaxation times.

The data of the same authors on the relation of the
internal to the external conductivity are also of inter-
est. For swollen mitochondria, the ratio oj/oy varied
from 0.64 to 0.32 as 04 was varied by a factor of 30.
However, for shrunken mitochondria, as o, was in-
creased by a factor of 50, ¢j/0y decreased from 1.4
to 0.08, with oj hardly varying.

This was explained by the binding of a certain por-
tion of the ions by proteins, whose concentration is
large in the shrunken mitochondria. This effect dis-
appears in the swollen mitochondria.

We see from the example of this study that the
membrane and phase theories can be combined.

Fricke(?%] has made analogous measurements on
several types of cells, including suspensions of intes-
tinal bacilli. He obtained a typical curve. The rise
in €’ at low frequencies, or so-called « dispersion,
is to be noted. As the conductivity of the external
medium was varied, the 8 dispersion region shifted
in accordance with theory: [20]

Cu = 0.7 uF/cm?,

In Fricke’s study on yeast, (201 an attempt was made
to study the « dispersion region at various values of
the conductivity of the external medium:

Cu= 0.6 uF/cm?‘.

These authors came to the conclusion that the values
of Cp in different types of cells are very similar, thus
indicating a common structure of the membranes of
different cells.
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The problem is more complex in the study of the
impedance of tissues and nerve fibers, [24] gince it is
harder here to interpret the data obtained. Indeed, in
the case of nerve fibers oriented perpendicular to the
field, we can treat the given fibers as cylinders of
known radius and infinite length. If we adopt the mem-
brane hypothesis here, we can even calculate the ca-
pacity of the membrane. [24]

In studies with tissues and nerve fibers, we must
always note the value of the current, since large cur-
rents can bring on excitation, resulting in a change in
the measured parameters. [324]

If one measures the impedance of a muscle having
its fibers oriented parallel to the electric field, one
obtains on the complex plane very good arcs having
considerably lowered centers, the angle y being
~ 45—60°. In analogous measurements of the imped-
ance of a nerve fiber, one does not get a good arc.
This has been explained by the existence of three
dispersion regions in the regions of 100 cps, 5 ke, and
1 Mc. These results are characteristically poorly re-
producible.

In transverse measurements (with the field per-
pendicular to the fiber axis), good arcs with consid-
erably lowered centers have been obtained. When the
sheath of the nerve fiber is removed, the reactive com-
ponent of the impedance of the fiber is considerably
reduced.

The relation of the impedance of tissues to their
functional state is very complex. However, we may
note the following features: during death of the tissue
the difference between the low- and high-frequency
conductivities begins to decline, and vanishes when
the death of the tissue becomes final. An analogous,
but reversible, increase in the low-frequency con-
ductivity is observed in excitation. The proponents
of the phase theory explain these phenomena by the
decomposition of complexes resulting in liberation
of ions.

The proponents of the membrane theory say that
permeability of the membrane increases.

Not many experiments have been performed on the
temperature-dependence of the impedance of tissues.
(7,661 In a study by Aladzhalova and Maslov, (%] the
position of the maximum of tan § shifted to higher
frequencies as the temperature was raised from 2°
to 32°C.
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