ety aiad Teswis

G Midapzad

CHAPTER 5
The low-frequency dielectric properties of
biological cells

Christopher L. Davey and Douglas B, Kell®

fnstitute of Biological Seiences, Unicersity of Wales, Aberpstwyti, Diyfed, UK

I Introduetion

2 Theory of the dielectre experiment

2.1 The concepls of impedance and adimittance

2.2 Intiinsic system properties: permittivity, conductivity and dielectric relaxation
3 Mechamsms of diclectne dispersion in biological systems

4 Mechanisms of dielectric relusation in cell suspensions and tissues

4.1 Overview

4.2 The z-dispersion

4.3 The f-dispersion

4.4 Membrane properties and the fi-dispersion

5 Nonlinear interactions of cells with electricul fields

6 A four stnte enzyme capible of harvesting electrical energy for the performince of uselul

{ bioychmical work
Concluding cemuarks
Acknowledpments
Relerenves

Appendin AL Glossary

e

1. Introduction

The passive clectrical or “dielectric” properties of biological cells have
been studied since the last century |1, Important advances in our
knowledge that have acerued [rom the application of diclectric spec-
troscopy to biological systems include the recognition of the molecular
thickness of biological membranes |2] and of the existence ol voltage-
gated ion channels as embodied in the Hodgkin-Huxley [3] equations,
However, as judged by its complete omission from 4 book on Biological
Spectroscopy [4], the technique has not achieved as widespread o recog-
nition and exploitation in biophysics as it warrants [5]. Notwithstand-
ing, and due in large part to advances in instrumentation which make
the acquisition, display and interpretation of biological diclectric spec-
(ra_much more convenient than has historically been the case. the
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last 10 or 15 years have seen a significant increase in the use of the
technique [5  18al.

Our scope in this chapter is therelore as follows, First, we shall
outline the direct methods used (o measure the low-lrequency dielectric
properties of biological materials, and give an outline of the relevant
theory of biological and other dielectries. After this the linear. low-fre-
quency diclectric properties of cell suspensions are considered in detail.
Lastly, the nonlinear diclectric properties of biological materials are
considered, along with the potential applications of this branch of
diclectrics,

2. Theory of the diclectric experiment
2.1 The concepis of impedance and admittance

In this section we describe the means by which one obtains a direct
estimation ol the diclectric properties of biological (or other) systems,
Somewhat more indireet methods such as electrorotation and dielec-
trophoresis, through which one may also infer the dielectric properties
of biological cells, in some cases in more detail, are described in extenso
in chapter 0.

The generalised dielectric experiment may be described with reference
to Fig, 1. In this. a small-amplitude, sinusoidally modulated current
F= 1, s wt, of frequency o radians s ' (o = 2xl, where [ is the
frequency in Hz), is applied to the system of interest. In the (quasi-)
steady state, after any transients have died down. a potential difference
is generated across the system with a time-dependence or waveform
U= U, sin{wt — ), where 0 is known as the phase angle (Fig. ).
Provided that the system is lincar in the sense that the potential difference
generated s proportional o the current lowing, the current and the
potential difference ure sinusoids of the same frequency, and the dielectric
properties are uniquely determined by the macroscopic observables U,
I, and 6.

For present purposes, the system under test may be taken to behave
(at a given frequency) either as a resistor (R7) and capacitor (C') in series
or as a conductor (G) and capacitor (C) in parallel. Both models are
cqually valid and 1t is considerations of the convenience in handling the
mathematics and the actual measurements which dictates which is used.
Thus diclectric spectroscopy provides o clear separation between the
experimenter and the system under test, and may indeed be viewed as the
“archetypal” black box approach in which the properties of a system of
interest are inferred Trom its measured response to a known stimulus.

Physically, one way to consider the relationship between the phase
angle and the magnitudes of the resistance and capacitance in the

S
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Fip. 1 A dielectric measurement in which u sinusoidally modubted e, current of amplitude
I, i oapplicd twthe system of interest, 1o this case o cell suspension, The resull ol this is that
a potentio] dilference U (amplitude U ) of the same frequency. phase shifted by an ameount
(0 eadinns) whicl refleets the macroscopic capacitance and conductanee of the suspension, is
generated across the system. For a pare capacitor the current leads the potentisl difference by
a2 radigns, whilst Tor o pure resistor current and potential differenve nre exaetly in phase. (A)
Generalised memsirement svstem. { BY Wavelorms of potential difference and cuprent: the modulus
of the tmpedanee s the ntio UL and The modulus of the admittance i the eatio of LU

FiPE

system is to begin with the fact that all of the enerpy in the exciting
electrical field must either be stored (as a capacitive term) or dissipated
(as a resistive term), and that storage takes time whilst dissipation to
heat is instantancous on the time-scale of present interest, The result of
this is that for a pure resistor the phase angle is zero. However, if the
system under test 18 a pure cupacitor the current leads the potential
difference by 72 radians; in other words, the potential difference is 90°
out-of-phase with the current. Real biological systems, at a given
requency. behave as a resistor and capacitor in series (or parallel), so
that the phase angle takes a value between zero and 90 .

Inpedances and admittances are complex, vector quantitics (in the
sense that they contain both real and imaginary parts). The impedunce
is given by Z = R’ 4 iX where R’ is the resistance, X the reactance
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Fig 2. Impedinee is o complex quantity, containing both real and imaginary pacts. The modulus
of the mmpedance and the phase angle are used to obtam the resistance (R and resctance (X)
according to the relations R = [Z]cas ¢ and X = 2] sin 0,
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(= —1/wC’) and 1~(— )Y, The relationship between Z, U, I, and
0 s given in Fig. 2. |Z] is known as the modulus of the nnpmhmu and
{1 the argument. From sunple trigonometrica] consideration it is evi-
dent that R"=|Z|cos 0. X = —|Z] sin 0 and Z* = R 4 X*. The units of
Z. R’ and X are ohms () whilst the SI unit for capacitance is the
farad ( ) ThL admittance Y 1s the reciprocal of the m’xpgddm ¢o(le
Y = (1/Z) = (G +iB)) where G s the conductance and B ( =w () the
susccptance of the system, The units of Y, G and B are siemens (S). It
is obvious that since these concepts of m‘lpuidnm admittance. condue-
tance, resistance. susceptance and reactance are only different ways of
treating the svstem under test, they must be related to each other in
some way; Table 1 groups together the relevant relationships.,

Whilst anv linear system may be treated, at o given frequency, as
consisting of a resistor and capacitor in series or i parallel, regardless
of the actual complexity of the Lqmm!cm clectrical circutt, it is only

p' ossible to distinguish the appmpn.m: equivalent cleetrical circuit i the
frequency is varied. Indeed, it is because one studies the absorption hy
the system of electrical energy (electromagnetic radiation) as « function
of frequency that the technique is indeed a 1"mm ol spectroscopy.
variously referred to as Dielectric Spectroscopy [10], Impedance Spec-
troscopy [19] or Admittance Spectroscopy [12]. Huh of the imaginary
part of the impedance or admittance versus the real part (with fre-
quency as the parameter) tend to give semicircles, each semicircle
corresponding to a capacitive element in the admittance domain and
with the time constant t given by RC (which has units of s).

2.2, Intrinsic system properties: pernditivity, conductivity and
dielectric relaxation

Il' the system studied consists of a cell suspension connected to the
measuring device via two plane-parallel Gttﬂ.&[lﬁdtﬁ‘ the currents mea-
sured in response to an exciting voltage will depend upon the arca A of
cach electrode and the separation d between them. The intninsic proper-
ties of the system held between the electrodes are the conductivity o
and the relative permittivity ¢, which are related respectively to the
observable admittance domain conductance G and capacitunce C by

¢, =Cd/{(Acy) (h
= G(d/A) (2)

where ¢, usually known as the “permittivity of the free space™, is the cap-
acitance ol a unit cell containing a vacuum, and equal 1o 8,854 x 10
F/m. The quantity ¢” has units of 5 m ', but ¢/ is the permittivity of the
material relative to that of a vacuum .md I8 lhuw!ow dimensionless, The
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Tahle |, The rebtionshipe between wospedance (27 wnd adnttance (Y), and their respective
real and maginary parts, The cleciricul propertics of the svaem as g whale wnit can b
deseribed (al o given frequencyt by “lumping™ all ns capacitive properties imto a single
cquivalent capacitanee companent and “lhamping” ol i resistive properties vt g single
equivalent reststance component. There are two allermtive arrangoments for these equivalent
Clumped™” components, cither moseries or i parallel The srrangement chosen will effect the
values of cach component. In the impedance domadn the system s modelled by a capacitor
() and resistor (R} in series whilst in the admittonce domain the equivalent cireuil 1 g
capacitor (C) and vonductor (G, where G = 1I/RY in paradlel, One uses these simple cireuits
to deseribe the clectricul properties of the lest system ws o whole (Al o giveén Trequency)
irrespective of the actual complexity of the sysiem. One should note that enly when the
reactance { X) o spsceptianee (B) are 7ero does one get R = (1GY = R oand that O and ©
are wot wsually equal Tnoreadity the test system may aetiually be masde op ol (or modelled by)
ionetwork o reststors and capacitors which s Treguently fwirly complicated, where each
elecirical component is (usuallyy freguency independent and cach eomponent models a
physically mesningiul process, By changing the frequency applied o the est system and
recording how the “lomped” components R and € or G oasd O chgnge one can back-caleu-
late the volues of the physically meamnglu) resistance and capiciiance wrms in the detailed
muode] of the svstem, At the top of the table the mpedinee and admivance are defined in
terms of the electnedl components in their own domains G, b terms of R and C or G
and Cr,In the lower two rows of the table the impedunce dommin resistance (R and
reaclance (X) are defined in terms ol the equivident admittance demain components and the
admittance domain conductance (G) and suscepiance (B) are defined in terms of the
equivalest impedance domuin terms, Thus measurements Gken in e impedance domnin
can be converted to their eqgoivitdent admittance domain vadues {(at the sume (requency) and
vite versi,

Irnpedance Dorpain Adnuttance Damain

Impedance Admittanue

. , , -1 ﬂ i !

A= 1Y =W 4 X, where X — Y= 17 ¢ G« il where B=wCand G = R
i}
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(3 i ) R
Reastance K= - Conductunce G - —
(SR TR e X

ST - X

Reactance X = ——nm Susceptanee
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RN

factor d/A i3 known as the cell constant and has the dimension
length ' Water at 257C" has a relative permittivity of some 78.4, so il
may be calculated from Eqn. 1 that a wnoit cell containing it has a
apacitance of some 6.94 pl.
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104 C. L. Davey and D B, Kell

The relative permittivity () reflects the case with which localised
clectric charge in the material can be polarised by the application of an
electrie field, whilst the conductivity reflects the case with which free
electrie charges can migrate through the material under the influence of
the eleetric field [20]. In the case of the diclectric properties of biological
cell suspensions, the conduetivity is normally dominated by the move-
ment of inorganic tons, and reflects the concentration of the jons, their
valency and their mobilities,

As with impedance and admittance, one may define a complex
relative permittivity ¥ = ¢/ — i/, which has both real (¢]) and imagi-
nary () parts. The quantity « is the permittivity already discussed,
and reflects the clectrical cnergy stored by the system, whilst ¢ is
known as the dicleetric loss and rellects the energy dissipated by the
system,

The permittivity (¢7) and conductivity (') of biological (or other)
systems generally changes as a function ol the [requency, typically
between high- and low-frequency Uplateau™ values. As the frequency is
increased, the permittivity deereases whilst conduetivity increases. These
changes in the dielectric properties of o material are called dispersions,
A substance whose passive clectrical behavior is that of a parallel RC
circuit, having a single relaxation time, obeys the Debye equation
{(Fig. 3)

T AN S VN S N R T 9 (3)
where Adc; =, — ).
R O TR B I R (4)
and
e, = Ao (en) (b wlt) {5a)
= (a., — o}/ (2nile,) (5b)

Here e and ¢, are the limiting relative permittivities al frequencies low
and high with respect to the dispersion. The quantity 1 is the time
constant for the dispersion und reflects the time for the electrical
(charge) polarisations to oceur in the material, 1t is related to the critical
(characteristic) frequency [of the dispersion by ¢ = 1/(2a(,). The [, of
dispersion is the frequency when the fall in permittivity (or rise in
conductivity) is hall completed, i, the frequency at which ¢, =
¢+ (Aelf2). These terms are related to the shape of the permittivity
and conductivity dispersion plots in Fig. 4,

The magnitude of the change in conductivity (Ag”) corresponding to
a piven dispersive Tall in permittivity, is given, for the Debye equations,
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Fip. 3 (A An cquivadent vlecloical cirenit for o sebstance having but a sinple relaxation time,
such s a svstem exhitbiting Debye behaviour. (BY A complex permiltivity plot of the dielectne
data obtained therefrons, O amd CL7 andicate the o) values ansing from C) and O
according to Fan. |

by
Ao = (At (6)

It is clear from this cquation that permittivity and conductivity cannot
vary independently from each other and that the measurement of one
allows (lor systems obeying the so-called Kramers-Kronig relationship)
the calculation of the other. The ather point to notice is that the size of
Ao’ for a given Ac, depends on the relaxation time of the dispersion.
Thus a piven Ae] will have a larger corresponding Aa” as the relaxation
time decreases, 1.¢, us its [ increases.

Figure 5 is a plot of the variation in ¢ and ¢ as a function of
frequency for a dispersion for which Ac; = 200, [[=1MHz and
), = 80, caleulated using Eqns. 4 and 5. 1 15 seen that ¢ exhibits a peak
at the £, of the dispersion (in this case | MHz). If one plots the values
of ¢ in Fig. 5 against their equivalent ¢ values (using frequency as the
parameter), one gets a semicircular graph (Fig, 6). This diagram is
called the Cole-Cole [21] or complex permittivity plol, and traces oul an
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Fig, 4. The changes in relative permittivity (¢}) and conductivily (') with [requency ure
churacterised by the values of ¢] and o’ belore the dispersion has started (¢}, ay) and after it
is complete (¢, . o), the size of the changes {Ae] und de’) and the frequéncy at which d¢; and
Ao’ are half completed (f.). The effects of frequency on ¢ and o7 are shown respectively in
(A} and (B).

arc obeying the formula
( - ,’7) [ o - ((v ;h + Aé:l‘/z)] + ((. rm)? (74)

Formulae of this structure corrcspond {o the general equation for a
(semi)circle, namely radius® = (x — h)? + (y — k)% The radius of the
semieircle must [hu‘c ore be Ae/j2 and its centre will have the coordi-
nates ol ((¢/,, + Ae/f2), 0) [8, 22]. As negative values of ¢ are physically
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Fig, 6. A complex permittivity, or Cole-Cale plot, of the data in Fig, 3 As seen, tie locus of
the points forniing the dats is o semicirele which has ity centre on the absesa,

disallowed lor purely dissipative systems, the Cole-Cole plot is usually
displayed with positive ¢! values only.

In praclice, real systems give semicircles whose centres lie below the
abscissa, according to an empirical modification of the Debye equation
due 1o the Cole brothers [21]

cho=an b Ac 4 o)) (%)
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168 C. L. Davey and D, B. Kell

This equation is widely used in biological work, with the coeflicient o
(0 = o < 1), called Cole-Cole o, usually being taken to reflect some Lype
of distribution of relaxation times, though we would stress that other
interpretations are possible [23-25]. A valuc for o of 0 implies that there
is no distribution of relaxation times (i.e., that there 1s a single relax-
ation time) and corresponds to a Debye process. As with the Debye
equations one can separate the real and imaginary components yielding
new equations lor ¢; and ¢}

cho=Ac[1+ (1) “sin(0.5a7)]/[1 + 2(cwr)’ * sin(0.50m)
Fo? ¥ (9)

€' = Aclowr) T cos(05am)]/[ ] + 2(wt)" * sin(0.52m) + (w1)t .
(10)

The effect of increasing o on the dispersion given in Fig. S is shown
in Fig: 7, where increases in ¢ arc reflected in a reduction in the
steepness of the fall in ¢/ with increasing frequency and in a broadening
and lowering of the ¢ peak. In neither case is the [, moved by increasing
the value of «. Similarly, as « increases the centre of the semicircles on
the Cole-Cole plot move further below the abscissa (Fig. 7C).

Certainly the fit of data to Egn. (9) is generally very good, but as
poinied out nearly 40 years ago by Schwan [26], a great many relax-
ation-time distributions give behaviour virtually indistinguishable from
cach other (and from the rather complex distribution of relaxation
times implicit in the Cole-Cole equations [21, 27]). In other words, the
use of o as a [ree variable permits one to fit the equation to most data
obtained in biological work, regardless of the physical mechanisms at
work. Jonscher, Dissado and Hill [23-25] in particular have argued that
the wide distribution of relaxation times commonly observed in work
with solid-state systems is better ascribed to a hierarchical interaction of
the relaxing particles with the matrix in which they are embedded, and
have proposed an alternative and highly successful fitting function. This
scemns much more reasonable biologically, since in enzymology it is well
known that the lunctional linkage between enzyme macrostates implies
that proteins make transitions between different conformational
macrostates sequentially and not independently [28-30).

Irrespective of the distribution of relaxation times present, for all linear
and many nonlinear dispersive systems, there are general relationships
between ¢/ and ¢, known as the Kramers-Kronig relations (see, e.g., refs.
8, 11, 22, 23, 31). These relations mean that the electrical energy stored
(as reflected by ¢;) is always related to the energy dissipated (as reflected
by ¢!, In general, the value for ¢ at a given [requency depends on the
complete area under the ¢ spectrum. Similarly, the valuc of ¢ at a given

2

frequency depends on the whole area under the ¢ dispersion. An
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exception to this rule 1s the Debye system where ¢ at a given fre-
quency depends only on the ¢ at the same frequency [22] The rela-
tionship between energy storage and loss also means that when a fall
in ¢ occeurs during a dispersion then there must be a corresponding
increase in ¢’ {i.e. energy dissipation), and this finds expression in the
relationship between the dielectric increment, conductivity increment,
and relaxation time for a Debye process given in Egn, 6.

A further consequence of a distribution of relaxation times (i.e,,
0 < a < 1) is that the critical frequencies of the all in permittivity, [,
and the rise in conductivity, f,., no longer occur at the same fre-
quency. In fact, [, is always greater than £ . This follows from the
superpositioning of Debye processes with different . values, as illus-
trated in Fig. 8. In Fig. 8A two Debye dispersions of Ae! = 1000,
.= 100 kHz and ¢}, =0, are superpositioned (i.e., added together),
The frequency dependence of the ¢, data for cach dispersion were
calculated using Eqn. 4. The Ja” values corresponding to each fall in
¢, were then caleulated using Eqn. 6, and the frequency-dependence of
o’ wis then caleolated using the Debye cquation for conductivity (with
ay,=10)

7l =0y b Ao (@ T (o) (1

m

After this the two permittivity and conductivity plols were superposi-
tioned. As expected, Fig. 8A shows that the superpositioning of two
identical dispersions results in no difference hetween the £ values of
the conductivity and permittivity curves.

Figure 8B represents data similar to those in Fig, 8A, except that the
f. value of one of the dispersions was 100 kHz whilst that of the other
was 300 kHz. The ratio of the two values of v was 1:3 and, according
to Grant et al. [6], wsing sophisticated deconvolution software, one
should just be able to distinguish two such overlapping dispersions as
separate cnfities, rather than as a single dispersion with a distribution
of relaxation times, Thus, this ratio of ¢ values provides a4 convenient
upper lmit to a distribution of relaxation times, To see the efiect of
this “distribution™ of I, values on the dispersion data, the calculations
were repeated as above, except that the appropriate [ values were
used. This time (Fig. 8B) the ., is greater than the [, just as one
finds with real dispersions, even though visually one cannot deconvo-
lute the two underlying dispersion curves. The shift of I, to higher
frequencics s a consequence ol Eqn. 6.

As was mentioned above, the Ao’ corresponding to a given Ae;
increases as the [, of the dispersion increases, This means that il one has
a distribution of [, values then the “high-1,"" dispersions in ¢ contribute
disproportionately lurge Ada’ terms to the resulling superpositioned
conductivity curve, The net result of this iy that the conductivity curve
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becomes biased towards higher {frequencies and so its { becomes greatey
than the mean [, As [, is sensitive to the high-f, components in the
distribution of £ for ¢/, one may expeet (o obtain a better understand-
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ing ol the underlying distribution of relaxation times by taking into
account both the ¢ and o data,

3. Mechanisms of dielectric dispersion in hiolopical systems

The simplest molecular mechanism underlying a diclectric dispersion
[32] is that of the rotation ol 4 molecule, such as a protein, with a
permanent (electric) dipole moment pu, where we imagine (Fig, 9)
that an ensemble of such moleculex is held between two electrodes
connected o an a.co source. If this dipole consists of single elemen-
tary charges (Q',Q ) of opposite sign separated by a distance .
the molecular dipole moment g, which is an intensive property, is given
by i = Qs, with units of C m. (For historical reasons, dipole moments
are often given in the non-81 unit Debye (D), where 1 D =333 x
10 Cm, and the displacement of a single electronic charge through
1O " m gives a dipole moment of 4.8 1D.) Proteins typically have perma-
nent dipole moments of a few hundred D [33], equal 1o some 3-5
elementary charges separated by the molecular dinmeter |17, 34].

IT a sinusoidally modulated eleetrical field is applied to the protein,
using o pair of clectrodes (equivalent to the plates of a capacitor), the
protein will attempt (o rotate so that the negative charge is facing the
positive electrode and vice versa, Because the net charge on the protein
is zero, no d.c. clectrophoresis is possible, 1 the frequency of the field is
“low™, the protein will have time to orient, and this will be accompunied
by a displacement current. When the direction of the field is reversed the
protein will reorient to face the opposite clectrode. Under these condi-
tions the oriented dipoles of the protein solution result is a net positive
charge next to the negative clectrode and an equal and opposite charge
next to the positive clectrode. This charge next to the clectrodes then
neutralises some of the charge already on the electrode (capacitor
“plate”) surfaces. The net resull is then at a given voltage applied across
the electrodes more charge can be stored on these capacitor plates in the
presence of the protein than in its absence, In fact, the capacitunce C s
related (o the charge Q stored on the plates (electrodes) and the
potential diflerence U applicd by C = O/UL Thus, when oriented dipoles
are present the capacitance of the system s imcreased.

It the frequency of the electrical field is high enough, the protein will
not have (ime to reorient, since it takes time (o overcome the viscous
drag exerted by the solvent bath [33]. This means that as the [requency
is increased one finds that the capacitance (and hence ¢, see BEqn, )
[alls. The rotational rélaxation time ¢ for a Chard) sphere in a Newto-
man fluid s

E = KT (12)
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MOLECULAR DIPOLE

Fiz. 9. The rotating dipolar billined ball, Tn this model system of dielectoe relaxation, the
system of interest is a hard sphere possessing unit charges al opposite poles L1e, 1t has a dipole
moment). The alternating natore of the eeerrie feld means that the dipale seehs o rotate 1o
an orientation of mininvan envrgy witli respeet lo the feld,

where ¢ 18 a molecular Triction coefficient, k is Boltzmann’s constant
and T the absolute temperature,

I one models the protein as a hard sphere of radius a, rotating in a
Newtonian fluid of viscosity #, the Stokes-Binstein relation  gives
o = 8mya’, so that

1= dnnpati(kT) (13)

Thus one may expeet (from BEgn. 4, and does indeed find) that the
cupacitance (or permittivity) of a protein solution is [requency-depen-
dent, with the Torm ol an inverted sigmoid when plotted against the
logarithm of the frequency, and with the dispersion being half-com-
pleted, as usval, at a frequency [, = 1/(2n1).

The dielectric increment depends upon the molecular dipole mo-
ment g, the concentration of the protein, and other factors according
{Q

A= Negp /2, MET) (14)

where N is Avogadro™s number, ¢ the protein concentration in kg m™
g o purameter introduced by Kirkwood [35] o account for mole-
calar associations, g the dipole moment in Debyes, and M the
protein’s molecular weight. Ellipsoidal globular proteins give diclec-
tric spectra whose Cole-Cole % s larger than 07 in the case of a very
high axial ratio. sepurite relaxations of the two ellipsoids of revolution
may be discerned [33]. Other processes, notably surfuce proton move-
ments, which may contribute to the dielectric spectra of soluble
proteins are discussed by Grant et al. [6f, Pethig [8] and Takashima
[17].
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4. Mechanisms of dielectric relaxation in cell suspensions and tissues
4.1. Overview

A “classical” dielectric spectrum ol a biological cell suspension or tissue
(which may be treated as a concentrated suspension of cells) is illus-
trated in Fig. 10. This shows three major and two minor dispersions,
which are usually attributed to: (¢} the tangential flow of ions along cell
surfaces, () the build-up of charge at cell membrancs via a Maxwell-
Wagner effect, (7) rotation of small molecular weight dipoles, especially
water, (0) the rotation of macromolecular side-chains and ‘“‘bound™
water, and (f,) the rotation of intracellular proteins.

Not shown in Fig. 10, which is the “classical” representation, is a
low-frequency p-dispersion [10, 36-38] observable in some membrane
vesicle preparations and ascribed to various field-induced motions of
membrane lipids and proteins. At all events, the take-home message is
that any permanent or induced dipole may give rise to a diclectric
dispersion. .

Except for very-high-frequency work, which we cover but little here,
electrodes are necessary to connect the measuring device to the sample
of interest. This is because the current carriers in the wires are electrons
whilst jons carry the current in the aqueous media characteristic of
biological systems. The electrodes thus represent (and indeed are
defined as) the interfaces between the measuring system and the mea-
sured system. As a result, what one measures in a system such as that of
Fig. | is the behaviour of the electrodes plus the biosystem. At frequen-
cies below | MHz or so the electrode effects (electrode polarisation) can
often dominate the properties being measured. For reasons of space,
this extremely important problem, and approaches to its solution, must

LOG PERMITTIVITY

LOG CONDUCTIVITY (mS/cm)

éifsé’»ﬁéfono
LOG FREQUENCY (Hz)

Fig. 10, Clussical dielectric dispersions eshibited by a typical hiological tissue.

Tuom
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CHARGE BOUND TO CELL SURFACE

COURTERION

ELECTRIC PIELD
W.@c
bt
I
- ’ %
': - ++ %
-y +

+
¥

INDUCED DIPOLE MOMENT
Fig. 11. {A) A eell with a net surface charge surrounded by a dilfuse layver of counterions. ()
The production of an induced dipole moment hy the application of an electric field,

remain largely outside the scope of the present chapter, but are dis-
cussed in many reviews (see. e, refs, 5,6, 12, 39, 40, and references
therein).

4.2, The a-dispersion

Cell surfaces are senerally negatively charged, but the surface charge
density depends on he cell type [7, 41-43]. Thus, erythrocyles have
neuraminic acid residues projecting from the glycoproteins and glyco-
lipids of the plasma membrane forming part of their glycocalys. Gram-
positive bacteria have a high surface charge due Lo the teichoic acids in
their cell walls, a feature ol some taxonomic importance since Gram-
negative bacteria luck these highly-charged wall components [44),

The presence of this cell surface charge results in a difTuse counterion
layer around the cells as shown in Fig. 11A. When an electric field 1s
applied to such a cell, the counterions move tangentially to the cell
surfuce, resulting in the production of un induced dipole along the
length of the cell (Fig. 11B). It is obvious that since the effective dipole
moment is the product of the number of charges and the net distance
moved, and the latter is the diameter of the cell, such induced dipole
mements can be very large indeed. As it takes a finite time for the
counterions on the cell surfaces to reach the end of the cells, one can sce
that the number of ions managing to do so will inerease with decreasing
frequency. This means (as usual) that the apparent relative permittivity
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of the material between them drops as the frequency rises. As before,
the permittivity falls and the conduetivity rises between two plateau
values as frequency is increased,

Several theoretical attempls to give a quantitative description of the
a-dispersion have been made, though none has been really successful
because of the rather restrictive assumplions that underlie them [11].
Schwarz [45] has modelled the low-frequency dielectric properties of
spherical colloidal particles which have a surface charge and found that
the value of 7 is given by

T = Q;r*/(2ukT) (15)

where Q, is the charge of the counterion, r is the radius of the particle
(which must be much greater than the thickness of the electrical double
layer around the particle) and u the surface mobility of the counterions.
Given typical values of the parameters, [, values for the a-dispersion are
expected to be around 102-10° Hz. An important point (o notice is that
the value of 7 is proportional to the square of the radius. This is broadly
consistent with the data observed, and is in contrast to the situation for
the [f-dispersion, where 7 is proportional to r (sec later).

At frequencies well below the [ of the f-dispersion (where the
g-dispersion is typically centred) the plasma membrane of biological
cells effectively screens ofl the highly conducting cell interior. This
means that (o all intents and purposes the cell is a nonconductor
suspended in a conducting suspending medium. If the cell is surrounded
by a porous wall which contains {ixed charges, then one would expect
counterions to distribute themselves both inside and outside the wall [§].
A model for this system has been developed by Einolf and Carstensen
[46] using an extension ol the Schwarz model to account for the
diclectric properties of suspensions ol ion exchange resins [47]. They
showed that the t value was successfully given by Eqn. 15. However, it
may be noted that the Schwarz [45] model does not take into account a
possible exchange of double layer counterions with the bulk phase.

Many studies have been undertaken to investigate the effects of the
fixed surface charges on the low-frequency dielectric properties of bacte-
rial suspensions [38, 48-55). In all cases where a significant fixed surface
charge was present the ¢, and ¢’ of the cells at low frequencies were (00
large to be accounted for by the ff-dispersion alone. Tt thus appears that
1t low frequencies the cell surface charge and the resulting «-dispersion
make a very important contribution to the diclectric propertics of
bacterial cells,

Several investigations have been made on bacteria lacking cell walls,
to see if one finds the expected reduction in the low-frequency ¢, and
suspensions conductivity, Two studies have been done on the wall-less
Mollicute group of bacteria, Carstensen et al. [53] showed that My-
coplasma laidlawit and M. gallisepticum both have smull low-frequency
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cell conductivities. However. Schwan and Morowiiz’s study [48] on an
unidentificd pleuropneumonia-like organism (PPLO) did demonstrate the
pmxenu. M an x-dispersion in the ¢ [ data. albeit one quite small compared
to that of the ff dmpm ston, A subst antial reduction or near total abolition
of the z- dxqumn by removing the cell wall of bacteria (to produce
protoplasts) has been seen in the studies of Einoll and Carstensen [ 52]
and Harris and Kol [38]. In the latter study the magnitude of the residual
g-dispersion of the bacterial protoplasts could also be reduced by the
addition of the cross-linking agent glut amldchyde [hig suggesis that the
a-dispersion of bacteria must also contain contributions from the diffu-
sional mations of proteins and/or lipids in the cell envelope.

As was stated carlier, one might expect that Gram-positive bacteria will
in general have much larger 2-dispersions than Gram-negative bacteria
by virtue ol their more highly charged cell walls, Harris and Kell [35]
studied one Gram-positive bacterial species (Bacillus subrilis) and two
Gram-negative species (Methvlophilus methylotrophus and Paracoceus
denitrificans). Both B, subtilis and P. denitrificans had substantial a-dis-
persions while M. meihyvlotrophus did not. Although notionally Gram-
negative, P, denivificans is very sensitive to lysozyme in certain phases
of growth (see, e, ref, 56). This serves to emphasize that more extensive
and systematic studies of the correlation mlwcw wall structure and the
a-dispersion are needed, We also know ol no data concerning the effect
on the z-dispersion of the presence or absence of charged capsules, or

indeed of the eftect of cell morphology generally.

The »-dispersion of veast (Saccharomyees cerevisiae) is notable by its
absence [ 57 -61), and this is also true for cultured animal cells [62-6 1]
However one cannot rule out the possibility of o small z-dispersion being
present, heciuse the dielectric data at these very low frequencies in
conductive media are inevitably distorted by electrode polarisation.
Reccn progress in eliminating such artefacts [40] may be expected to

eatly Impum our knowledge of the «-dispersion.

Thc animal cell type that has been studied most extensively 15 the
erythroeyte (red hlood cell, R.B.C.). Schwan [66] has indicated that
normal erythroeytes do not possess an «-dispersion while erythroeyte
ghosts do [67, 68]. ((1 1sts are erythrocyle membranes prepared by
osmotic treatment of erythrocytes, and lacking their normal internal
contents.) The reason for this effect is not at all clear and it is likely that
such things as the source (e.g. fresh as opposed (o blood-bank blood) and
the age and preparation of the blood will have some effect on the
magnitude of the z-dispersion seen. Ponder and Ponder [69] (see also ref.
70) showed that the clectro phoretic mobility of erythroeyte ghosts varicd
with the preparation method and that the Hl()hll]l}y ol Ircghlg, waushed
erythrocyles decreased with storage time (at 4°C),

The major prablem in working with whole blood is that it is highly
conducting, so that clectrode polarisation can hecome a severe problem
at low lrequencies. Figure 12 shows the o-dispersion ol erythrocytes
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a-dispersion

Eleclrode
3. Polarisation . .
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Fig. 12, The effect of neuraminidase treatment on the low Trequency diclectre propertios of

human erythrocytes, The blood was obtained Trom a hospital blood bank and was stored at
4°C untl used, In order to reduce electrode polarisation the cells were washed three times
and resuspended in oo medium consisting of | mM NaCl 05 mM KOl 20mM HEPES,
280 mM D-sorbitol, pH 7,60, After the Hest wash the dells were imcubated wr 37°C Jor | h 1o
allow the pH to stabilise, 2% 2ml aliguois of the stock blood suspension (3= 10°
cells - ml Yy were taken and one had 10 units of peuraninidase added. Both samples were
then ineubated at 37°C for Lh before being wished ance in phosphate butfered salme and
then twice in the suspending medium, After this treatment the cells werd again adjosted o
I 10" cells - ml ' in the suspending medium and their diclectric properties replstered
37°C as deseribed by Davey et al. {401 (A) The control (non-enzyme-treated) suspension
and (B) the enzyme-treated suspension. The squares are the data actually measured, the
diamonds are for a sample of the cell suspension medium adjusted 1o the sunie conductance
{ad ) kHz) us the suspension. and the solid line represents permittivity data Tor all the cell
suspension minus those for the adjusied mediam (the principle belind this is explained in
detail in ref, 40), The geaphs clearhy show the foss of the low frequeney dispersion ventred s
about 10 kHz (the a-dispersion) due o the remioval of the neariminic acid ressdues ul the
erylhroeyle surface,
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Fig. 13, The conductivity dala equivalent Lo the permittivity data in Fig, 12, The symbols are
the same as in Fig. {2 but for the conductivity data instéad. Once ugain the loss ol the
r-dispersion is clearly seen after the enzyme treatment.

that had been washed and resuspended in a sorbitol, low salts medium,
and demonstrates that the surface charge of the R.B.C. that gives rise to
the «-dispersion is largely due to neuraminic acid residues. The cells in
Fig. 12A were washed, and show substantial o~ and f-dispersions. Figure
12B shows cells of the same suspension after they had been treated with
the enzyme neuraminidase. This enzyme removes the neuraminic acid
residues [rom the cell surface and so reduces its surface charge. As one
can see, the enzyme treatment has removed at least 90% of the «-disper-
sion. Figure 13 displays the conductivity data equivalent to the permit-
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tvity results shown in Fig. 12, Once again the loss ol the o-dispersion
on the enzyme treatment is very clear,

It is not improbable that other factors may contribute to the o-disper-
sion, as was alluded to above for bacteria. These processes may include
such things as the ficld-induced gating of transmembrane 1on transfers
and it is certainly true to say that the classical explanations (see, e.g.,
refs. 71, 72) do not alone account for the independence of the magni-
tude of the «-dispersion from the number and valency of counterions in
bacterial chromatophores [36]. The a-dispersion of muscle is known to
be dominated by the aceess impedunce of the sarcotubular system [11,
73, 74] but it probably still contains contributions from the normal
z-dispersion processes. Nonetheless, the low-frequency dielectric prop-
eriies of extended, charged macromolecules such as DNA arc clearly
caused by counterion relaxation mechanisms ol the type described
carlier |75, 76]. Given the morphological and molecular complexity of
biological cells, further theoretical and experimental developments in
deseribing the a-dispersion would benefit from the adoption of simpler
experimental systems, Charged HPLC resing of uniform size and surface
charge density seem an obvious candidate [77].

4.3, The [I-dispersion

Biological membranes have conductances ol the order of perhaps
10 " mS em * and may be regarded (with respect to the intracellular
and extracellular spaces) as essentially nonconductors. On each side of
this “insulator' are conducting ionic solutions (the cell eytoplasm and
the suspending medium) and so a cell membrane is analogous to a
classical electrical capacitor, This means that when an exciting potential
difference s applied across a cell suspension the membrane capacitance
€, is charged up by ions moving under the influence of the electric field,
e O ts charged up via the conductivities of the cell medium, @, and
the cytoplasm, o/, Thus the membrane charging is equivalent to a
resistor (reflecting o) and a))) i sertes with @ capacitor (reflecting C,,,
and the volume fraction P ol cells), This series circuit is then in parallel
with a resistor equivalent to the current flowing around the cells and a
capacitor reflecting the high-frequency residual permittivity of the sus-
pension. Like all such networks it possesses a time constant (relaxation
time; equivalent to RCY, which refleets the time taken to charge up the
membranes. An cquivalent circuit for this arrangement is given in Fig.
14, together with the highly oversimplified structure of @ cell in the
suspension which this model assumes,

The physical interpretation of this clectrical model is that as the
frequency [ rises, fewer and fewer jons have time o charge up the
membrane(s) before the field changes direction. Thus the charge stored
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ADMITTANCE RESISTANCE

!
N op (1 3F/2)
Eﬁ: & oo

HIGH-FREQUENCY
CAPACITANCE
Fig, 14. A model used ta charcterise the diglectric properties of cell suspensions, (A) A
sphericad cell of radins 1, membrane capacitance per unit ares C ), and internal and external
conductivities of aland ¢, respectively, The internil permitlivity of the cell 15 ¢, {B) The
equivalent circuit of 4 suspension of sueh cells present at o volume fraction P together with
the equivalem physical parts of the system 1o which they refer.

by the suspension for a given cxeiting potential difference falls and the
capacitance and permittivity of the suspension drops with increasmg
requency. At low frequencies the admittance (conductance to alternat-
ing current) ol the cell membrancs is very low and so the cells behave as
non-tonductors suspended in u conducting medium. This means that
most of the current must flow around the cells. As the frequency

increases. the membrane’s admittance rises and an increasing amount of

current can flow through the membranes and the relatively highly
conducting cytoplasm of the cells; thus the conductivity of the suspen-
ston increases, This Tall in permittivity and rise in conductivity with
increasing frequency is illustrafed in Fig. 15,

Although the dominant processes underlying the ff-dispersion can be
scen purely in terms of the above equivalent circuit, it should not be
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BLECTRIC FIELD
—— e B

Fig. 16, The amplification by the plasma membrane of an applied exogenous electrive field,
For a full discussion see text, The angle 0 on the diagram allows one (o caleolate the
field-induced membrane potentin] ot uny point on the plasma membrine when used in
comjunction with Egn. 16,

forgotien that the underlying physical process is a Maxwell-Wagner
interfacial type of polarisation due to the differences in complex permit-
tivities between the cells and the medium. Alse, one should not forgel
that the basic idea underlying dielectric theory generally is the presence
in the sample of permanent or induced dipoles. Very few references on
the fI-dispersion, as observed at low field strengths, deal with the dea
that one can regard the fi-dispersion as producing a dipole across the
cell (but see rel. 78). However, the effect of the processes which can he
observed as the ff-dispersion in causing such high-electric-field phenom-
ena as cell rotation Js ofien expressed in terms of dipoles [79].

As the admittance of the vell plasma membrane increases, and the
extent to which it is charged decreases with increasing frequency during
the ff-dispersion, anc can see that the potential difference induced across
the membrane must also decrease. The induced membrane potential
A, which adds vectorially to any naturally occurring one, is given by

A = 1.5rE, cos 0[]+ (17£)2]'7 (16)

where r s the cell radius, I, is the applied exogenous field strength, 0 s
the angle shown in Fig, 16 and and I, are. respectively, the frequency
of the applied ficld and the eritical frequency of the f-dispersion. This

Fig. 15 The effect of Prequency upon the polarisation, current flow and dielectric propertics
of spherical shell suspensions, The [regquency ereases from top o bottorm, 1t is assumed that
the electrodes are to the right and feft of the cells Mastrated, and that the svatem observed at
an instant when the nght-hiond electrede s neganve. The lefi-hand portion shows twe relative
polarisation of the plasma-membrane, the middle portion the Gow ol current arownd andior
through the cells. and the vight-hand portion the approximate Irequency (refative to 1) at
which the behavioor indicated would be ohserved, For further discussion see text
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induced membrane potential dg,,c then drops across the very thin
plasma membrane, resulting in a very considerable induced field across
the membrane (see, e.p., rels, 79-81). This field amplification effect has
two major conscquences. The first1s that the proteins in the membrane
can easily be exposed to quite high local field strengths in low-level
exogenous ficlds, resulting in the reorganisation of their dipolar struc-
fures and l\c.nm: (o cflects on their biological propcrtie‘ The conse-
quences of this are considered later in the context of nonlincar cffects,
The second consequence is that when high exogenous field strengths are
applied o the cells the very high induced fields can result in the
breakdown of the membrane, This phenomenon, and such processes as
gene transfer and cell fusion which may follow from it, ure now ol great
importance in biotechnology.

The fall in ¢ and rise in o of the fi-dispersion may be modelled by
the appropriate Debye equations ( Eqns, 4 and 1), The values of Ac/,
Ao” and ¢ to he mserted into the cquatiam can be calculated from
Schwan's equations for the fi-dispersion of a suspension of spherical
cells [260]:

dc!=9PrC,, /(de,) (17)

ay=a () —3P/2) (18)

a, =01 +3Pa] +0)o]+ 20 (19)
=10 Val + 1/(2a,)] (20)

where the symbols used are those described in Figs, 4 and 14,

Over the years, many sels ol equations have been derived to describe
the ff-dispersion ol cells, Single-shell models describing cells or vesicles
with a plasma membrane and homogeneous cell contents and suspend-
ing media have been given by (among many others) Fricke [82] and
schwan [26], Modified models of cells have been made to allow for the
presence of internal membrane-bound organclles |62, 83] and the pres-
ence of a wall external to the plasma membranc [58, 60, 84]. Theoreti-
cal expressions have also been derived for nonspherical cells [82,
8488

Equation 17 shows that the A¢; value of the ff-dispersion one expects
for a given volume fraction is proportional bath to the cells” membrane
capacitance per unit area. C,,. and the (mean) cell mdu s, 1. As the value
of €, appears to be approximately 1 + 0.5 uFrem? for biological cells
[89]. then one would expeet the Dierature values of Ao/ /P 1o increase
Iinearly with cell radius, However care has to be taken when extracting
the e /P values Trom the literature as one must ensure that the volume
fractions used are less than 0.2 1o 0.3 because above this Ac /P ratio is
no longer constant [ 11, 61]. At volume fracuons greater than 0.2 to 0.3
cleetrical interactions between the cells start to occur and this results in
the Ae) tor a given P being less than that expected from Eqn. 17, This
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Fipg. 17, Some hteratore values for de) ) AdP extacted from the linear Jow volume Traction
portions of Ao, versus volume fraction (P} graphs, The upper case letters pext o the daa
points reler o the type of cell measured, Vo= venele, B - bacteria, ¥ = yeast, R~ red blood
cells and A = animal cells (other than red blood cells). The numbers refer (o the reference used
fo extraet the daty plotted. The solid line is for o membrane capacitance of | pFrm’.
Foorel 57, Saecharomyees cerevistae, 1700 20 ref. 16, a = Halobacterium  halohium,
b = Halohavierinm marismortyi, hoth at 25°¢, 30 rel. 87, 4 = spherical rabbit R.D.C.,
b - Sacelaromyces cerevisiae, ¢ = rabhit fencoeytes, all at 20°C 4 el 192, a = dog RB.C,
b= rahbit RA.C, ¢ = sheep R.B.C., all at 21 € 5 rell 84, Eseherivhia cofi; 6 vel, 193, mouse
ymiploeytes, 200 Cy 70 rell 58, Saceharomyees ceverisiae, 14°C; 8 ref, 108, rat brain cortex
synaplosomes, 25 C; 9; ref. 194, mouse lymphoeytes; 20°C; 1 rell 64, cultured rat basophil
leukaemin cells, 30°C 11 ref. 88, human R.B.Co B2 el 65, LS-L929 mouse fibroblasts, 37°C;
13 vel. 61, Saecharamyees cereviioe. 20°C

fact has not been taken into account by many authors, particularly
those working with tissues, who have caleulated values of C (and so
forthy from data at volume fractions where the eguations do not apply
( thus underestimating C,). Modifications to the standard equations to
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allow for these non-lincar effects at high volume fractions have proved
problematic | 11] but attempts have been made [ 11, 90a]. To prevent any
errors due to these effects, the Ay /P data for the Ae[/P versus r graph
shown in Fig. 17 were taken from the gradient of Ae; versus P graphs in
the Tinear “low P region. As can be seen from Fig, 17 the relationship
hetween Ac (/P and cell radius s in good agreement with that expected
for the ff-dispersion. The scatter in the data may be taken largely to
reflect differences in C,, between cell types.

Equation 17 also shows that the dielectrnie increment Ac, of the
f-dispersion is proportional to the volume fraction of cells, P. Thus, il
one monitors the permittivity (capacitance) of u cell suspension at a
fixed frequency in the low-frequency plateau region then the signal
measured will be proportional to the volume fraction of cells present
(provided rC 15 approximately constant and that the P value does not
exceed 0.2 to 0.3), As the measurement ol biomass is of critical impor-
tance in fermentation technology [91, 921, this laboratory has developed
a diclectric spectrometer (the Biomass Monmitor, formerly called the
fugmeter) suitable for monitoring the biomass of fermentation broths
and buased on the above prineiples (see, e.g., refs. 92=98a),

Figure I8 shows some literature values for the membrane capacitance
C,, of various cell types. As may be seen from the graph the majority of
the C,, values are clustered about the expected 1 uFjem? value that is
often taken as a “constant™ for all biological cells. The cell types that
show the greatest variations in €, are animal cells. The extremely large
values of membrane capacitance all from ref. 99, which uses transmem-
brane electrodes) are for muscle cells. This effect has frequently becen
seen in the past and indeed led to the discovery of the sarcotubular
system ol muscle [73]. At low frequencies the sarcotubular system
becomes charged up on the application of an electric field and this
results in an increase in the permittivity of the cells. Thus, the measured
permittivity is not due solely to the charging up of the plasma mem-
brane but contains a substantial component from the sarcotubules. Thisy
in turn leads to an apparently artificially high value of C, when it is
calculated from the measured permittivities [11].

The high values for the membrane capacitance from the animal cell
suspensions given by Surowice et al. [63] and Davey et al. [65] on the
diagraom demonstrate the effeet of cell surface morphology on the
membrane capacitance. In both these cases the cells had highly folded
plasma membranes which resulted in the true membrane area being very
furge in comparison to the uarea estimated by measuring the cells’
diameter and assuming them to be spherical. As the membrane area was
s0 high 1t gave the cells an abnormally large A /P value for their
visually observable radius, Thus, when C,, was estimated using the
measured cell radit v, the resulting values were much higher than
expected, Similur effeets of surface morphology on €, have been
reported by Rothschild [100], and by Irimajin et al. [101],
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The fact that most of the €, values in the literature are clustered about
I aFiom® s oin itsell problematie, Black lipid membrane studies have
shown that the capacitance one would expect for a lipid bituyer is about
half that measured for biological membranes (sce rel. 535 and many
references therein), In the classical explanation of the ff-dispersion, C,,
is a static membrane capacitance. However, studies ol the effieet of
cross-linking agents [37, 38] and temperature [55] on the f-dispersion of
natural membranes imply that the discrepancy may be due in part to the
partially restricted motion of charged membrane lipids and proteins in
such membranes,

Figure 19 is a plot of some literature values for the internal conductivity
o ol cells, Ttis elear that the greatest spread of o values occurs amongst
the bacteria. The two very high internal conductivities are for the
archachacteria Halobacterium halobium (o] = 40 mSfem) and 1. maris-
nmortni (o, = S8 mS - em~ ). As both these bacteria are halophiles the very
high o values are in line with expectations. The other clear trend in the
bacterial data is that the Gram-positive organisms generally have higher
internal conductivities than the Gram-negatives. Again, this has a known
physiological basis, since Gram-positive bacteria generally have higher
K confents than do Gram-negative ones [102].

The only other clear feature shown in Fig. 19 is the fact that both
erythrocytes and other animal cells have internal conducltivities of about
5mS/em, Pauly and Schwan [ 103] determined the electrical conductivity
of the erythrocyte eytoplasm at [requencies of between 70 and 100 MHz.
At these [reguencies the membrane capacitance of the cells is completely
shorted out, and the cells behave as conductive particles embedded in a
conductive suspending medium, These authors found that the o) values
for erythrocytes of different species were all approximately 5 mSjem. They
also showed that after the haemoglobin content of the cells had been taken
into account the internal conductivity of the cells was roughly half the
expected value, This implied that the ions in the cells had a lower than
expected mobility, either due to hydrodynamic or electrostatic eflects.
What is also clear from this work is that the o values calculated from
high frequency spot readings agree well with those derived using data from
the fi-dispersion at lower frequencies,

Figure 20 shows a literature survey of the internal permittivities ¢, of
cells. The reason for the rather wide range of permittivity values for
bacteria is not clear (the halobacteriul values exceeding 400 are probably
contaminated by electrode polarisation artefacts), but on the whole most
cells have values of ¢, of some 50 (o 60, This is in line with the per-
mittivity at these frequencies ol water in the cytoplasm being reduced by
the presence ol ions and by the volume fraction of proteins present [13].
Most proteins would not be rotated by the feld at the (high) Irequencies
at which the fi-dispersion is complete and so would give a net permittiv-
ity decrement [6]. Once again the values of ¢, derived from the f-dis-
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Fig, 18, A plol of some literatore vilues of C ) versus their cell types. The ™ 4 aond 7 ayibaols
for the bacteria are for Gram-positive and Gram-pegative organisms, respectively, The numbers
refer (o the source of the data. 1; rell 195, a = normad human RB.C, b = human himtozygous
B-thalassemic R.B.C,, hoth ut 28°C 20 rell 33, a = Mycoplasma laldlawil, b= Mycophism
gultisepticin; B orefl 196; 4 ret 192, w = dop RO, b= rabbit RB.C, ¢ = sheep RBC,
d = spherical rabbit B.B.C., ¢ = rabhit leucoeytes, (= Sucolramyees corevisine, all at 21 ¢ 5
ref. 16, a = Halobucterium halobiwm, b = Halobacterinn marismor tud, both at 25°C; 60 rell 62,
mouse lymphoblasts, 25°C; T rell 8, Esoherichio vedi 82 vell 87, Sdecharomyces cerevisipge, 17O
O: rel, 38, 8. cerevisine, 147C; 10: refl 193, mouss lymphocytes, 2000, T el 197 4= squid axon
membrane at | kBz, b = sameas “a” at S0 kHz, both at 200 C; 127 rell 194, mouse lymphoeytes,
20°C 13 rell 64, cultured tat basophil Jeukaemia cells, 307C5 14 vefl 88, human RWCOTS
rel, 99, a = Anolis eristateilus white liofibularis musele (1FM), b = Seeloporus oevidensalis white
EM, ¢ = Dipsosanr dorsalis white TFM, d = same as ¢ but red TPM, all wt 2500 16 el
65, LS-1,929 mouse fibrablasts, 37°C; 17: ref. 98, 0 = Merococeny lesodedk tiens mtact cells, b

e, bt

sime as a't except are protoplastss 8 rel, 95, a = human RB.Cat T k2 b osiome as o

"
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persion and from high-frequency measurements agree well with cach
other.

Like most low-frequency biological dispersions the ff-dispersion of a
cell suspension appears to have a distribution of relaxation times. This
results in the diclectric spectrum measured having a Cole-Cole o value
greater than zero and, as one would expect from the earlier discussions,
the I, is always higher than the f. . Figurc 21 shows the Cole-Cole «
values for different cell types as extracted from the literature. The most
obvious feature of the plot is the extremely wide variation in the values
for  of bacterial cells. The  values of 0.1 and zero are from Pauly [78]
(number 13 on the diagram), the upper value being for intact cells of
Micrococcus lysodeikricus, while the lower value is for protoplasts of the
same bacterium. This fall in o on removal of the bacterial cell wall was
also observed by Harris and Kell [38], who interpreted it to indicate that
the spherical protoplasts were electrically more isotropic and homoge-
neous than intact cells,

There is also a wide spread in the values of the Cole-Cole o reported
for yeast cells; in this case there is strong evidence that the o value is
markedly dependent on the growth phase of the cells, Markx et al. |96]
measured the Cole-Cole « of a strain of Saccharomyces cerevisiae during
the course of a fermentation, and showed that the « value changed from
aboul 0.33 in the growth phase to 0.2 in the stationary one. From Eqgn.
20 one could argue that this effect was due to variations in cell size over
the course of the fermentation, However,. flow cytometric measurements
ol the cell size distributions [ 104—107] were carried oul, which showed
that these did not provide a spread of relaxation times that could account
for the high Cole-Cole o values observed (sce also ref. 10). Also no
correlation between the variations in o and cell size distribution was seen.
Finally, realistic variations in internal conductivity could not account for
the magnitudes of « [96].

This failure of cell size distributions to explain the size of the Cole-Cole
o of & cell suspension has frequently been seen before (see, e.g., refs. 10,
64, 84, 108, 109). As the yeast used in the study of Markx et al. [96] was
almost spherical, one can rule out the effect of cell shape in this case, It
is worth pointing out that significanr changes in shape towards bacillary
|38, 78] or invaginated morphologies [64, 65, 101] are certainly accompa-
nied by increases in the Cole-Cole «. As distributions in cell size fail to
explain the & values scen, various authors have attempted to account for
it using distributions in ¢! [101, 108]. Mone of these attempts has been
wholly successtul and, indeed, Markx et al. [Y6] showed that major

except at 10 kHz; 19 el 199, 4 = spherical mouse R.B.C., b= mouse lymphoeytes, both
2470, 20 rel. 48, PPLO: 24 ref. 63, a = human B lvmphoeytes, b = human T lymphocyies, both
al 24-C.
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Fig, 19 Literature vadues for the intermd conduchivity of eells. The ™ 47 aad © =" symbols
on the bicterts daty vefor fo the cells Gram ston and the %7 symbol on the bload duty refer
1o values caleutated from high-frequency methods, The numbers refer 1o the data souree, 10 ref,
Fo, a = Halohacteriua halobiom, & = Halohactermm murisoorind, both at 25 O 20 ref. 50,
a = Excherichie coli, b= Miceococeus spo both at 23070 §orell 340 g = Sireprococens fuecalls,
b= Mivrevoveus sp., ¢ = Micrococous yxodetktivus, 40 el 58, Saceharomypees corevisiae, 14 C
srvel. 84, £ coliy b el 193, mouse lymphouytes, 2000 70 rell 2000 a0 = human RB.C, b = beef
RB.OC, ¢ sheep RBC, d=dog RBOC, ¢ =l RBC, (= rabbit R.B.C. g=chicken
ROB.C, b m 2570, % rel 194, mowe hvnpliovytes, 20°C; % e, 64, culiured rat basophil
leukaemia cells, 30C, 10 pel 195, u = normad human R.B.CL b= human homozygous
fi-thatassaemic ROBCL both e 25°C 11 vell B8 human RBC 12 rell 99, 4 = dnalis
cristatetfny white iliohibolaris  musele (IFMY. b Seeluporay oecidentalls white 1FM,
o= Dipsosanr dorsudiy white TEM, d == sume as o™ but red TPML ol at 23°C0 13 rell 74,
Micrococeus fexodeiktens: T rel, 200, Ceprines carpio RB.CL 25O 15 vell 1994 = spherical
mouse ervthroeytes, b — mouse lvimphooytes, both gt 24°C; o0 rell 48, PPLO.
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Fig 20 Taternal permittivities a5 extracted from the hterature, The “ ¢ and &7 symbols
pefer i the baetend] Gran shain, while dsterisks indicate ligh frequency results. The nambars

peler to the sowree relerence, b el 116, o = Halebacterivm halobivm, b« Halobactevium

marismorind, both wt 2500 20 el AR, Saecharomvers cerevisiae, 14 O b orell W Encherichis
eafi 4 vel 198, movse lymphooytes, 20 ¢ 3 refl 200, a = human RB.C, b= beel RBOC,
coeheep RBC, d o dog REC, e =cat RBC., T=robbit REBC, g=chivhen RB.C, all
b 2R 00 60 el 194, meuse lymphoeytes, 200C0 70 orel S, human ROBO, W0 el 202
d - Buman OB at 25 Cob = Foeeli at 260 C0 Y rel. 200, Cyeprinue carpio, 25 O W refl 199,
sphorical mouse erytheooytes, 2 C

distributions in the values of C,, a4, and cell size. and various com-
binations ol these, failed o explain the « values of their yeast cell sus-
pensions,

Since variations inoany of the parameters underlying the classical
explanation of the ff-dispersion are not nearly large enough to account
for the large values of the Cole-Cole o seen (or, one might better say,
fitted to the data), one is led to the conclusion that other dispersive
mechanisms must be contributing to the classical f-dispersion. The cause

Supplied by the British Library 24 Feb 2020, 11:09 (GMT)




192 CooLy Davey and D, B, Kell
0=
3
;::Jj
i
=
ot ' 0 izb+
4 18b
1 I 12a~
ilta-
i+ o ¥a
Lo
o ;
{8n @“
16n
¥ 9, 16b
617 IRt
- fi 13a4 v Kl
410
Y
At 0, 14
i 7a, b v
0 13b+
!

I l |
BACTERIA  YEAST RALC. ANIMAL CELLS

CELL TYPE

Fig. 21, Literture valoes of the Cale-Cole e, The 4" and " " signs refer (o the Grani stain
al the bacteria whilst the numbers refer to the souree materiul. 1:vell 203, Staphylococcns
awrens, 2700 0 rel. S8 Sgecharomyees coreeisioe, 140C 3orels 62, cultured  mouse
Iymphoblasty, 25°C7 40 ref, 193, mouse lymphooytes, 20 C; 50 rell 195, mouse lymphocytes;
0 6 ref, 64, rat basophil leukaemia cells, 30 C; 7y rell 1L, w = Halobacterium halobun,
b oo Halobacterian marismoriai, both at 25°C0 80 yell 15, human RB.C, 37°Co 9 rell b3,
L1929 mpuse libroblasts, 37°CO 1 rell 61, 80 cerevisiae, 20005 T refl 55, 4 = 8, cereviviae
at WO, b= Ewherichia cofi ot 257°C; 12 rell 38, a s Methvlophilus methvleraphus at 37°C,
b e Bueithas subtiliv at 25 C 13 rell 78, a = intact vells of Mirrococcws vsadethiives, b= as in
@ eseept are protoplasts: 1y el 2020 human RB.CL RO 15 rell 201 Cyprinus corpia,
220 b el 63, 4 - human T lymphocytes, b= human B fyraphosytes, both at 24°C 17 rel
IR, Wuman RB.CL 37 Co 08 rell 96, 8 corerisionr,
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ol these contributions most probably involves the lateral mobility of
mcmhrzmom components [10, 13, 15, 36--38]. This idea has the merits
ol explaining (for the f-dispersion) each of the following sets of
observitions, which have been widely recorded and which are nol
consistent with the simple, classical picture; (i) the pmiliw femperature
coefhictent observed for the diclectric increment, (1) the fact that tl‘u«
vitlue of C, calculated for hiofogical membranes is azgmhmmlv gre
than that uiwexwzd for pure (and solvent-free) hpid membranes, (i) il,m
sensitivity of the ff- dlbpﬁ"l\lOl) to chemical cross-linking agents, and (1v)
the excessive magnitude of the Cole-Cale 2 typically observed,

d.d. Menthrane propertics and the f-dispersion

The electronic biomass probe that has heen derived in this laboratory for
the registration of the biomass in fermentors has been alluded to above.
[t is"important to note that the dielectric increment of the [i~dispersion
correlates with vieble biomass, and not simply with cell number [ 110, 111,
IT1a]. This is because dead cells do not have intact membranes and 5o
do not contribute to the f-dispersion measured. This hos been confirmed
by many studies on the fundamental processes underlying the fi-disper-
sion that have involved treating cells with membrane-lytic agents |60,
[10-116]. Indeed, the fact that one can use the charging up ol mem-
brancs as a sensitive means ol detecting drug and other chemical
interactions wilh membmncq has also huc:n exploited, Whole cell studies
include those of Asami et al. [60), Lap et al. [117]. Pliquett and
Wunderlich [11 ] and Stoicheva et al. [111]. Studies on black lipid
membranes enable one to gain information on the effects of the drug
or chemical on the substructure of the membrane, and studies exploit-
ing this include the work of Coster et al, [119] and Perez and Wolle
[120]).

Given that, as has been known for many vears [206, 121 123], the di-
electric properties of hving systems at both audio- and radio-lrequencies
change dramatically after death, we have sugeested [ 5, 18] that the meas-
wrement of such proper tmrmg_,ht provide a novel, non-invasive and useful
approach to the estimation of the time of death of a subject in forensic
medicine. an estimation which is stull subject o many uncertaintics,

The distinction hct\wem lite and non-life, alheit one that i; not at all
simple to make [124], is of course but one extreme subset of the variety
ol physiological states that a tissue may adopt. Many diagnostic tech-
niques rely on dielectric properties, are summarised by Pethig and Kell
[13] and Davey and Kell [ 18], and include [ 125, 126] electrical nnpfd;nu:c
tomography (sec, ¢.g., refs. 127-132), and impedance plethysmography
[133-138] and pneumography [139, 140]. The correlation between
whole-body impedance and body composition, particularly adipose
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tissue content, is now well-established (see, c.g., rell 141). All of these,
and other, techniques rely upon the dielectric behaviour deseribed in the
preceding sections,

5, Monlinear interactions of cells with eleetrical fields

As was discussed above, the simplest type of dipolar billiard ball
rotation results ultimately in the simple transduction of exogenous
electrical energy, via mechanical ({rictional) forces. into heat. However,
Astumian, Westerhofl and their coworkers have shown that the proper-
ties required of an enzyme to “harvest” energy from an exogenous
electrical field are common to all enzyvimes. These properties are posses-
ston of conformational states which possess different dipole moments
and which interconvert hierarchically and in a fashion that is coupled 1o
their chemical environment [81, 142-147). In particular, it was shown
that such energy converters miss act nonlinearly, and it was argued that
this might be visible as the conversion of the frequency of an exciting
electrical field to another [vequency [12, 30, 147-151]. This could he
expected to occur at field strengths in which traditions] measurements
(of a voltage-independent impedance) would sugpgest that a purely linear
system was being observed (Fig. 22).

In essence, this turns oul (o be a severe case of “rosc-coloured
spectacles’ because of the fact that most impedimetric devices assume
linearity, such measuring systems are normally so organised (electroni-
cally) that they reject currents at frequencies other than that of the

A

<cos §
P
-

]
k=

i 1 : i
x = pE/KT

Fig. 22, The Lamgevin Nunction, The ordingte representy the mean extent of orientation of an
ensemble of randemly arvayed (eleetric) dipoles of dipole mowment poas o function of the
clectric field strenpth B, The solid line s the Lanpevin function <eos 83 « coth x — 1/x, where
s = pE7kT, whilst the dotted line indicates the domain of Hnerity in which the {displacement)
current s proportional to the potentinl difference (held strength) applied.
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exciting potential difference |5, 19], Thus a system which may appear
linear (in that the observable current s linear with the exciting potential
difference) may in fuct be nonlinear (in that the system causes what may
be a constant fraction of the exciting potential difference (o be irans-
formed into currents at other than the exciting frequency). One system
that has been widely discussed 1s relerred to as the four-state enzyme,

6. A four-state enzyme capable of harvesting electrical energy for the
performance of useful (bio)chemical work

The average potential in a sinusoidally modulated field with no d.c. bias
is zero. In most cases where it interacts with an aqueous system (and in
accordance with this idea) it merely produces heat under macroscopi-

cally isothermal conditions, However, it certainly constitutes a source of

Jree energy (as ix evident from its ability to do such things as 1o drive a
power drill). To provide a stmple illustration of the properties of a
systeimn which does not merely turn this electric field energy into heat
and which can therefore conserve this free energy as uscful (elec-
trojchemical work [ 149, 151]. we discuss (Fig. 23) a four-state, mem-
brane-located pump (which does not therefore rotate around an axis
parallel to the membrane). capable of transporting an uncharged
molecule (S) which s present at a higher concentration inside the cell
than that outside in a dircction apposite to its (electro)chemical poten-
tial.

The protein possesses a negatively charged binding site for S which
can make transitions between the inner and outer faces of the mem-
brane. (It is not neeessary that it crosses the whole membrane, mercly
the region wheré the potential drop is the greatest.) The profein pos-
sesses, and eycles between, four conformational states (1 to 4), which
represent the combination ol bound or non-bound substrate with the
negatively charged binding site facing either inwards or outwards, States
4 and 2 have lower basic Iree energies [28, 152] than states 1 and 3, and
thus are more stable (i.e. highly populated). Cyeling of the protein in 4
clockwise direction would have the eflect of “pumping”™ 8 against its
chemical potential, such that to cffect this an exogenous source of free
energy 1s necessary, o the ubsence of any field, therefore, and because
ol @ higher affinity for its substrate than for any of the other states, stale
4 15 the most highlv populated (Fig. 23A) in the ensemble of protein
molecules,

IT one applies a “low-frequency™ alternating field (whose frequency
{ < [, for the ff-dispersion, such that the membranes are charged up and
a (fluctuating) membrane potential s induced), the protein will be
oriented (say), during the first half=cycle, in a direction that atiracts the
negatively charged binding site towards the inner face of the membrane
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(Fig. 23B). This effectively causes transitions from states 4 —» | and state
3— 2. Thus state 1 will have become the most highly populated state
and there will have been a net translociation of S from outside to inside,
However, since state 2 also has ity negative charge in the energetically
favoured inner position, and since it also has a lower free energy than
state 1, there will then be a re-equilibration between (the populations
in) states | and 2 (Fig, 23C). Thus state 2 will become more highly
populated than the other states, and because the transition 1 -2 re-
leuses S on the inside, there will be a net release of § to the eyloplasm.
When the second hall’ of the a.c. field is applied, i.e. when the applied
electrie field is of the opposite polarity, the favoured position ol the
negatively charged binding site will now be at the outer fuce of the
membrane. This will cause transitions from 2 -3 and from | = 4. The
immediate result now is that state 3 becomes more populated than the
outer states (Fig. 23D), In other words, there has been a net movement
of empty binding sites from the inside to the ouatside of the membrane,
However, since state 4 also has its negative charge in the encrgetically
more favoured outside position, and has a lower free encrgy than docs
state 3, there is another re-equilibration, this time in the direction 3 -+ 4.
The m:!, result of this, from the pmt«;m point of view, is that ane ha:,
returned to the starting position (g, 23A), In a sense, this is to be
expected, since the net potential ol the field ways indeed zero. Yel despite
this fact the feld has done work on the system, since the clockwise
uvclmp of the protein caused it to pump S against its electrochemical
eradient and under macroscopically isothermal conditions, As discussed
Im instance by Welch and K;,ll [149], such transduction of non-station-
ary electric field energy and chemical energy does not vielate the Second
Law, but merely indicates that proteins are not simple dipolar billiard
balls,
As indicated above, the properties required of the model four-state
enzyme are common to all enzymes, viz. the possession of conlorma-
nonal states of different dipole moments which are coupled to each
other in a hierarchical Tushion, which p(muh different free energies and
the transitions between which are therelore coupled 1o electr(ochem)ical
reactions. Whilst this does not of itsell indicale which enzymes one
should seek to consider us the most likely or suttable “targets™ for
low-energy exogenous clectrical fickds, and the metabolic control analy-
sis (Tor a recent review of which see refs, 152-154) indicates that there
is rarely a “unique’ target, the amplifying effects of membranes on
electrical fields suggest that initial attention might most fruitfully be
dirccted at membranous ones, Similarly, the fact that the exogenous
field causes the re-equilibration of protein conformational states which
have different dipole moments idicates that one might most expect to
see field-induced currents at iwquumm related to the turnover number
ol the enzyme in question,
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It s worth mentioning here that harmonics have been observed
experimentally (under conditions in which the fundamental appears
lincar) in a number of systems in which the electrical fields ucross the
dieleetric fayer have been fairly high. Such systems include artificial
polymers [155, 156]. nerve axons [157—159], black lipid membranes
F160, 161] and bilayer-modified electrodes [162, 163], consistent with the
arguments developed herein and elsewhere [30, 147). More recently, we
have for the first time observed the gencration of harmonics in el
suspensions, 1.c. where the electrodes are not on either side ol the
dicleetric “membrane™ layer [164-166]. In this work, with resting
suspensions ol cells of yeast (S. cerevisiae), substantial third harmonics
were generated in o fheld- and frequency-dependent fashion, with an
optimal frequency of excitation of 15 to 70 Hz and an optimal field
strength (judged from the clectrode side of the electrode-cleetrolyie
mierface) of only 2 V/iem. Inhibitor studies (and later studies with
mutant strains [204]) revealed that the major source of this nonlincar
dieleetricity was (interaction of the electrie field with) the H *-ATPasc in
the plasma membrane of these cells, whose turnover number k,, i
rather precisely that of the optimum frequency of excitation. When the
wllw were allowed to glycolyse, the odd-numbered harmonics were

replaced by even-numbered (second and fourth) harmonics, If the cells
were subjected to two-frequency exeitation (ie. with a waveform cre-
ated by mixing the output from two sinusoidal generators), both excit-
ing frequencies cooperated in the generation of frequencies other than
those in the exciting waveform; with resting cells these were f, + 21, and
o420 whilst with glyeolysing cells they were 2f,, 21, and ﬁ;% .
Nonlincar dielectricity was also observed in respiratory [205] and phn-
tosynthetic [206] bacteria, where the main source appeared to be cn-
ymes in the mermbranous electron-transport chaing of these organisms,

All ol these findings are consistent with the generalised properties of

enzymes deseribed  above. and often referred to as “electrocon-
formational coupling”™ [145-147]. Although this work to date has
concentrated on the use of sinusoids, the design of optimal wavelorms
for interacting with particular turgets does not in principle differ from
the design ol drugs aimed at selective interaction with appropriate

targets or receptors [150]. IC is clear that electrical measurements of

these nonlinear properties provide a particularly direcr and convenient
means of assessing the ability (see, ¢.g., refs, 167 - 190) of weank electrical
fields to exert biological activity.

7. Concluding remarks

The present survey has enabled us to review (1) the means by which we

measure the dicleetric properties of biological cell suspensions, (ii) the

Supplied by the British Library 24 Feb 2020, 11:09 (GMT)




) UL, Davey and 13 B, Kell

manner in which we extract structural and molecular information from
the mucroscopic observables, and (1i1) the state ol our knowledge of the
low-Irequency. passive electrical properties of biological cells and their
biophysical basis. Finally, we have provided an introduction to the
recently recognised nonlinear electrical propertes of biological cells, and
have indicated. in these banausic times. how one may use our hard-won
knowledge of the dielectric properties of living cells for the development
of novel and useful diagnostic und therapeutic devices.
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Appendix A. Glossary

SI units of quantitics are given in parenthesis.

}L‘»

oo

o~

it
i

1
Tis)

the Cole-Cole = is o dimensionless quantity used in the Cole-Cole
equations

the radius ol a spherical protein (m)

the arca of cach clectrode in a plane-parallel electrode system
(m?)

susceptance of a system (5)

protein concentration (kgm™ )

the admittunce domain capacitance (F)

the impedance domain capacitance (F)

membrane capacitance per unit membrane area (Fm™7)

the distance between the electrodes of a plane-parallel electrode
{rn)

the relative permittivity (or dicleetric) increment of a dispersion.
This is the magnitude of the change in relative permittivity
during a given dispersion

the conductivity increment of a dispersion (S m ') This 18 the
magnitude of the change in conductivity during a given disper-
s1011

induced membrane potential (V)

molecular Iriction coefficient

permittivity of free space, is the capacitance of a unit cell con-
taining a vacuum, and equal to 8854« 107 Fm~!

the real part of the relative permittivity

the limiting relative permittivity at {requencies high with respect
to a piven dispersion

the relative permittivity of the inside (evtoplasm) of biological
cells

the limiting relative permittivity at requencies low with respect
o a given dispersion

relative permittivity at a given (angular) frequency

the imaginary parl of the relative permittivity

the imaginary part of the relative permittivity at a given (angu-
lar) frequency

the complex relative permiittivity at a given (angular) frequency
electric field strength (Vm ')
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applied exogenous field strength (V.m-—')
frequency in (Hz)

output frequency ol the first of a pair of sinusoidal generators
(Hz)

output frequency of the second of a pair of sinusoidal generators
(Hz)

the frequency when the (all in permittivity (or rise in conductiv-
ity) during a dispersion is half completed (Hz). This lrequency is
called cither the critical or characteristic [tequency of the disper-
sion

the frequency when the fall in permittivity during a dispersion is
hall’ completed (Hz)

the requency when the rise in conductivity durifig a dispersion is
half completed (Hz)

a parameter used to account [or molecular associations

the (admittance domain) conductance ()

the square root of — |

the amplitude of the sinusoidal current flowing in a system (A)
Boltzmann's constant

enzyme turnover number (57!

the molecular weight of a protein

the viscosity of the medium in which a protein is suspended
(kgm~'s™ ")

Avogadro’s number

used to represent angles

volume fraction of biological cells

charge (C)

counterion charge (C)

radius of a colloidal particle or biological cell (m)

admittance domain resistance ()

impedance domain resistance (£2)

the distance between the charges at opposite ends of a dipole (m)
conductivity (S -m~ ")

the limiting conductivity at frequencies high with respect to a
given dispersion (Sm ')

the conductivity of the inside (cytoplasm) of biological cells
(Sm "

the limiting conductivity at frequencics low with respect to a
given dispersion (8§ m~') ;
the conductivity of the medium in which biological cells are

suspended (Sm )

the conductivity at a given (angular) frequency (S m~")

time (s)

the relaxation time of a dispersion (s)
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T absolute temperature (K)

u the surface mobility of the counterions around colloidal particles

U applied potential difference (V)

J. the amplitude of the sinusoidal potentinl difierence applied to u
system (V)

I the (eleetric) dipole moment (Cm; Tor historical reasons, dipole

moments are often given in the non-SI unit Debye (D), where :
1D =333 %10 MCm)
1% the angular frequency (radians/s)

X reactance (£2)

Y admittance ()

Z the (complex) impedance (£2)

Z the real part of the complex impedance =R’ (£2)

Z" the imaginary part of the complex impedance = — X (§2)
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