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Abstract: This review describes theoretical analysis and measurement techniqueé. for
dielectric spectroscopy of biological cells in the radio frequency range. The main focus
is the B-dispersion due to interfacial polarization. The B-dispersion has been analyzed
using various electrical models proposed for diverse cells in morphology._Recent
technical developments in dielectric spectroscopy allow real-time monitering of
dynamic behavior of cells under physiological conditions and charaeterizing single
cells.

1. Introduction E

Dielectric spectroscopy has proved to be a useful teohmque for analyzmg
heterogeneous systems, especially biological cell suspensions and tissues because of its
capability of non-invasive measurements [1-7]. The appheanon of dleleetnc
spectroscopy is no longer limited to academic researches, but also includes industrial
bioprocess controls and medical diagnostics. This review is kconcerned with (a)
theoretical analysis of dielectric behavior of biological cells, (b) dielectric monitoring
techniques of cells under physiological conditions, and (c) single-cell approaehesk to
characterize individual cells. | 2




" Many biological cells have been studied by dielectric spectroscopy and the
dielectric spectra have béen analyzed using theories based on various electrical models
for cells. The development of personal computers enabled us to deal with complicated
and realistic cell 1110ucm 'such as composite cell models including intracellular
‘organelles and elhpsmdal cell models for non-sphefical"cells. '

The advent of instruments capable of rapid and automated measurements over a
wide range of frequencies has made it possible to study dynamic dielectric behavior in
time-dependent phenomena. The phenomena so far studied are cell sedimentation [8],
cell aggregation [9], cell division and growth in culture [10,11], organ deterioration [12]
and embryogenesis of single frog embryos [13].

Single-cell analysis is a recent trend in biological and medical researches.
Characterization of individual cells by dielectric spectroscopy has many advantages
over the “suspension” technique with cell populations. The single-cell approach can
escape from time-consuming preparation of a uniform population of cells, which is
required for the “suspension” technique. In addition, the theoretical analysis becomes
relatively simple because it needs not to take into account electrical interactions
between cells. '

2. Theoretical analysis of dielectric dispersion of biological cell suspensions

" A biologcal cell is a heterogeneous system that consists of the plasma membrane
and the cytoplasm. The plasma membrane that is a lipid bilayer containing proteins has
low ionic penheability and, therefore is regarded as a low conducting thin shell. If the
cytoplasm is assumed to be a homogeneous phase, the simplest electrical model of the
cell is that a conducting sphere is covered with an insulating thin shell [14]. This cell
model, called the “smgle-shell” model, essentially explaines dielectric relaxation of cell
suspensions due to interfacial polarization (or the Maxwell-Wagner effect), which
occurs at the boundaries between materials of different electrical properties. The
cytoplasm is, however, a heterogeneous system containing intracellular organelles,
proteins, nuculeic acids and so forth, and thus its electrical properties are not simple and
might depend on frequency. Membrane-bounded intracellular organelles show dielectric
relaxation”kdue to interfacial polarization [15-19]. Protein and DNA solutions have
dielectric relaxation due to orientation of polar molecules and counterion fluctuation,
respectively [20].
 When dielectric spectra are measured for biological tissues and cell suspensions
over a frequency range of 1 Hz to 10 GHz, three distinct dispersions (or relaxations),
termed o-, P- and y-dispersions would be found in an idealized case [1]. The a-
dispersion, which appears at frequencies below a few kHz, is not easy to be measured




because of interference from artifactual electrode polarization effects. The relaxation
process has not been well understood but could be originated from the displacement of
counter ions surrounding charged membranes [21] ‘The ﬁ-dispcrsion is due to interfacial
polarization, being mainly attributed to the existence of the insulating plasma membrane
surrounding cells. This is apparent from the fact that the dispersion almost disappears
after the membrane is disrupted or permealized by detergents [22]. The y-diSpersion that
results from reorientation of water molecules lies above 1 GHz [23]. Between the B- and
y-dispersions there may be small dispersions that could be accounted for by relaxation
of biopolymers and bound water. ‘ ; | | :

Of the dielectric dispersions, our main concern is the B-dispersion and we will
discuss what kind of information about cells and cellular components can be obtained
from the B-dispersion in the next subsections.

2.1 Plasma membrane S ’ ; e P L
The electrical properties of the plasma membrane may be the most important
information obtained from the B-dispersion. Here, we first discuss the accuracy of the
estimation of the membrane capacitance and conductance usmg the smgle-shell model
that is composed of a spherical core of the complex penmttmty g and a shell of g,
Complex permittivity (or complex relative. penmtt1v1ty, more prec1sely) is defined as
£=¢- jKwe &, Where ¢ is relative permittivity, x conductwlty, o angular frequency, &,
the permittivity of vacuum and j=(-1)"2. The equivalent, homogeneous complex
permittivity of the shell-sphere &, is given by Maxwell [24]. o
ot 28*+8*—2V(*~€:5’,3 N D g et e )
2¢, +¢ +v( g,) c
where v—(l-a’/R)3 R is the outer radius of the shell-sphere and d is the thlckness of the
shell. The complex permittivity & of the system in which the shell-spheres of 6‘[, are

p

dispersed in a continuous medium of ¢, at volume fraction @ is given by Wagner's
mixture equation [25]
26+, -20(s - )

* * P a P
& =&, —= : il 2)
¢ 2£a+ep+¢(8;-—a;j : ~ ;

<F1g 1>
The membrane conductance G, (defined as G,=x,/d) of the intact plasma membrane 1s
usually lower than 100 S/m?; the membrane conductmty K, 1s below 10 'S/m and much
lower than the medium conductivity x, and the cytoplasrmc conduct1v1ty zc ‘The
membrane thickness d is about 10 nm, and thus much smaller than thc cell radlus R.
Assuming that x;,/x,<<1, x,/x<<1 and d/R<<1, Egs.1 and 2 approx1mately prov1de one




dxelectrlc relaxa’uon of magmtude Ae [14]

Kpg®® s RC, | 1480, | L —1-3’—- , S 3)
(2+o) (I)) & (2 + @)k, -
where C,,, is the membrane capaCitance defined as C,=¢,£,/d. When G,, =0, A¢is
\_ 9D RC : s ety
AE G =0 =________________m_ 4
( m ) : (2+(I))2 80: ; ( )
To examine the effect of G,, on Ag, the AgAe(G,=0) is obtained dividing Eq.4 by Eq.3.
" ; o IR
: AS = 1+3RGm ; z1_3RGm ; i : Pheoansd (5)
Ag(Gm = O) NG 2Ka Loaibiiin Ka ‘ ;

* where, for sake of simplicity, we suppose that x,=x; and @<<1. When «, =1 S/m (the
value is relevant to physiological saline solutions) and G,, = 1000 S/m® (a much higher
value for G, of intact cells), 4¢44G,=0) is 0.985 for R=5 um. Hence, we can
reasonably assume G,=0 for intact cells of ordinary size and thus calculate the

m

membrane capacitance C,,, from the observed A using Eq.4 if the cell radius R and the
volume fraction @ are given. The volume fraction is estimated from the values obtained
for x; (the lilﬁiting conductivity of the suspension at low frequencies) and x, (the
medlum conductmty) using the followmg equatlon ‘
- 2(1 K l / K, ) ' (6)
24k, /k,
This equation is derived from Eq.2 by assuming &,<<x,. Instead of Egs.4 and 6,
alternative equations based on Hanai’s mixture equatlon [26] are used, espec1ally for
concentrated cell suspensions [27,28].
I L .
0

N\N% ' ~
o=1-| X 3, (8)
3

The membrane capacitance estimated from Eq.4 or Eq.7, however, is not “specific”
membrane capacitance, but depends on the degree of membrane ramification
(microvilation, enfolding, etc.). Indeed, the membrane capacitance estimated for
cultured cells from Eq.4 increased with increasing the degree of membrane ramification
caused by osmotic perturbation [29,30].

We have assumed that the membrane capacitance is independent of frequency. Is
this assumption reasonable? The basic structure of the plasma membrane is a lipid
bilayer that has a hydrophobic core layer and a hydrophilic surface layer. The two-layer




system is expected to show one dielectric dlspelsmn due to interfacial polanzauon
Coster et al. [31] found that the membrane capacitance of lipid bllayers showed a small
dielectric dispersion at low frequencles below a few Hz. The membrane capac1tance that
was measured for some non-excitable cells (er y"thrue' tes, HeLa and myer cma) using the
patch pipette was almost unchanged between 1 Hz and 1 kHz [28,32]. On the contrary,
frequency dependence of the membrane capac1tance was found for muscle cells and
their culture cells, being due to the presence of the extensive enfoldmg of surface
membrane, namely T-tubules [33-35]. Nerve membranes also showed frequency-
dependent membrane capacitance, which was explained in terms of the ionic flow
related to membrane excitability [36,37]. Frequency dependence of the membrane
capacitance could also arise from either the onentatlon of polar molecules or the |
migration of charged molecules in the membrane.

2.2 External matrix . . : ‘

~ Bacteria, yeast and plant cells have external ‘matrices (cell wall) out51de the
plasma membrane. For analysis of d1e1ectnc behav1or of such cells, the smgle-shell
model is not available unless the electncal propertles of the cell wall are the same as
those of the external medium. This is also the case for ammal cells in the medlum of a
low ionic strength, where the counterion cloud in the nelghborhood of the charged
surface of the plasma membrane forms a conducting layer. An electrlcal model for these
cells might be represented by the “two-shell” model in which a sphere is covered with
two concentric shells (Fig.2b) [38-40]. The effective complex permittivity of the cell &’
is '

* * * * L
.k 28,+¢, —ZW(SW —ap)
E,. =€

©)

w * * 3 * LS
2e, +¢, +W(3w -—ep)

" is giiien by Eq 1, w=(1-d/R),
“in Eq.2 we

where &, is the complex permittivity of the cell wall g,
d, is the wall thickness and R, is the outer cell radius. Substituting ¢, for &,
obtain the complex permittivity of the cell suspension. Assuming that G,,=0 and d/R<<1
the low-frequency limits of the relative permittivty and conducthty of the suspension
are

& ~ IC, R : | o

& [(2 +w)2+®)+2(1-w)l - @)%T




2(2+w)(l;-,-ycyl))+ Z(i—w)(1+ zq))ﬁ | |
= — K . S
o 2+wf2+®@)+201-wli-2)r - |

Ya

The a, and «; mérkédly depend on the x,/x, ratio as shown in Fig.3a. The presence of
the wall also affécts the shape of the dielectric spectrum; a two-step curve composed of
two relaxatlon terms is obtamed for K/K #1, whereas there is a single relaxation for
b.,‘/ x, =1 (Fig. 3b). ‘ ‘

Since the conductivity of the cell wall is not known, the volume fraction & cannot
be calculated from Eq.ll. However, once the volume fraction is determined by non-
electrical methods such as the dye exclusion method with large marker molecules that
do not penetrate into the wall, we can estimate the wall conductivity from Eq.11 and the
membrane capacitance from Eq.10 if w is known. The conductivity of the wall of
bacteria and yeast cells was determined by varying ionic strength of the external
medlum [38,41 42] The relatlonshlps between the wall conductivity and the ionic
strength were smnlar to that for 1on-exchange resins of fixed charges. The x,/x, was
hlgher than umty at low x, and decreased beyond unity with increasing x, This is
because mobile ions dlstnbute between the charged matrix and the external medium
followmg the Donnan equilibrium and the volume ratio of the space available for
moblle 1ons in the wall is less than unity. '

‘ <F1gs. 2 and 3>

2.3 Relaxation of molecules in cytoplasm

Protein and DNA solutions show dielectric relaxation due to molecular orientation
and counterion redistribution, respectively. Can we obtain such information from the
dielectric spectra of cell suspensions? It depends on the magnitude Ae and the
characteristic frequency £, of the dielectric dispersion due to interfacial polarization,
which are essentially ‘predikcted from the single-shell model. At lower frequencies than
the £, the information on the cytoplasm is hardly obtained, because the electric field
strength in the cytoplasm is very small owing to the insulating plasma membrane. The
information of the cytoplasm is obtainable at higher frequencies than the f, , where the
insulating membrane is short-circuited. The characteristic frequency is given by [14]

1 1 1-9 1 :
= =RC : 12
27f, "'(lc,. 2+@ x J =

where x; and k, are the conductivity of the cytoplasm and the external medium,
respectively. When «; and x, are 1 S/m (the value corresponds to physiological saline




solutions), f; is about 1 MHz for R of 5 um. The value is close to that of dielectric
dispersion of protein solutions (1-10MHz) and much higher than that of the low-
frequency dispersion of DNA solutions (1-100 Hz). Therefore, it is hard to study the
biological marcromolecules in intact cells under physioclogical conditions. However, if
x; and x;are lowered or the plasma membrane was permealized wnh chemlcal xeagents

such as detegents and ionophores, dielectric dispersion of proteins mlght be obtainable.

2.4 Intracellular structure

- A simple model like the single-shell model may represent maumnalian
erythrocytes that have no intracellular organelles. Indeed, spherical erythrocytes that
were swollen in moderate hypotonic media showed one dielectric dispersion, which was
fully simulated by the single-shell model [43,44]. However, the cytoplasm of most
biological cell types has organelles and membranous structure, which are pqlurized
owing to interfacial polarization. The polarization may cause additional dielectric
dispersions besides the main dielectric dispersion due to the plasma membrane. In order
to analyze the dielectric spectra of such cells, various comp051te cell models including
intracellular structure have been proposed (Fig.4). Irimajiri et al. [45] have developed
the theory of the "double-shell" model (Fig.1a), and first applied it to lymphoma cells
that possess a sizable nucleus. The double-shell model alse successfully simulated the
dielectric spectra of isolated mitochondria with double membranes [19], lymphocytes
[30,43,46], budding yeast cells having a vacuole in the cytoplasm [40, 47]. Plant
protoplasts isolated from leaves have a large vacuole and a thin cyteplasmic layer
containing chloroplasts. The dielectric spectra of plant protoplasts w,e‘recompo‘sed of
two large dispersions, and one small dispersion at higher frequencies. For the dispersion
curves, the double-shell model including vesicles (Fig.1b) gave a better simulation than
the double-shell model [48]. In this case, the inner-shelklk sphere corresponds to the
vacuole and the vesicles to the chloroplasts. o

<Fig.4>

2.5 Cell shape ;

The dielectric spectra of cell suspensions considerably depend on cell shape Non-
spherical cells are represented by the shell-ellipsoid model, in which an elhpsmd is
covered with a confocal shell (Fig.4c). The dielectric theory of the shell-ellipsoid model
is more complicated than that of spherical models because the effectwe complex
permittivity of the shell-ellipsoid &, " has three components along 1ts three axes [49 52].
In the case of an ellipsoid of rotation with two different axes, the dlelectnc dlspersmn of
the dilute suspension of randomly oriented cells is approxmlately represented by a sum




of two subd1spers1ons correspondlng to the two components of g’

A Ae, o

£ =&t .2_+ ——, (13)
1+ jor, 1+ jor, ~Ja)80 ‘ o

where A¢ is the ‘m:{g“niwde of dispersion, 7 the relaxation time and subscripts 1 and 2

refer to the d:lspersmns due to the two components of ¢, along the rotational axis and
the other axis, respectlvely. The Ag/Ae, and the 7/t are simply represented by the
following equations [53].

o (+4) (14)
A_sz 16A(1 A) \
7 _ (1+4)1-4)+ A(1+A)‘ré; /%, 1)
r‘z** 241+ 4)+ A(- A)x, /x,]
The depolanzatlon factor 4 along the rotational axis is given by
A""q2~—1*<qu'.1>3/2 o), dorpoepheroa 09
“,4_” 1 g )3/2 costg, (fofoblate‘sphe}oids) o

where g "a/b a is the semiaxis along the rotational axis and & is the other semiaxis.
Figure 5 shows the 4, Ag/Ag, and 7,/7, calculated from Eqs.14-17. The 7/7, increases
crossing over ﬁyu‘n‘ity at g=1 with increasing the axial ratio. The Ag/4de, is roughly
proportlonal to ¢ for prolate sphermds (q>1), whereas it varies inversely as g for oblate
spheroids (¢<1).- o ;

As non-spherical cells, E.coli of rod-like shape, erythrocyte of biconcave shape,
buddmg yeast as doublet, and fission yeast of rod-like shape have been studied by
dielectric spectroscopy [6,51,53, 54]. All these cells whose shape is represented as a
body of rotation showed dielectric dispersion that was decomposed into two
subdispersions as expected from the theory based on the shell-spheroid model. The
theory, however, provides rather qualitative explanations and there are some
discrepancies between the theoretical calculations and the measured data. For a
quantitative explanation, numerical calculation methods with cell models of more
reahstlc shape have been developed [55,56].

* <Fig.5>

3. Monitoring of cells under physiological conditions

Rapid and automated instruments for dielectric spectroscopy encourage us to
investigate dynamic behavior of biological cells under physiological conditions
kalthough‘there is still a serious problem to be solved for practical applications. The




detailed analyses described in the above section were made for the data obtained under
rather - artificial condtions (i.e., in relatively low salt media and ‘at hlgh cell
concentrations) to avoide errors due to elelctrode plarization. For special samples such
as whole blood in which the volume fraction of erythrocytes is very h}r*h (~40%), the
conventional two-electrode method (Fig.6a) can be used without se;ious errors due to
electrode polarization, cf., monitoring of rouleaux formation by erythrocytes in human
blood [9]. However, in cell culture where the volume fraction of cells is a few percents
at most, the dielectric dispersion of cell suspensions is apprec:ably masked by the
electrode polarization effect. Hence, a prerequisite for successful measuremenf;s 1s‘hAow,
to eliminate the electrode polarization effect. To solve this problem, Hams etali.; [10]
employed the four-electrode method (Fig.6b), in which electrodes for cufrentVSupply age
separated: from electrodes for: voltage detection [57, 58]. Recently, , an alternatlve
technique  has been developed by Wakamatsu [59], which uses a/nk, inductiyeybriobe
consisting of two concentric toroidal coils instead of metal electroydes (Fig. 6c)‘ The
technique is regarded as an electrode-less method based on eleotromagnetlc 1nduct10n

In the next subsections, the examples monitored by the electromagnetlc induction
method are described.

<Fig.6>

3:1 - Bacteria and yeast growth in culrure L S

" The relative permittivity of the culture medium moculated with E. colz or yeast
was. momtored,,durmg its. non-synchronous and synchronous groyvth. W/lth‘ either the
single-shell model or the ellipsoidal model, the relative perﬁﬁtivity g of a cell
suspension is proportional to the cell concentration. Since the cell concentra‘uon
increases exponentially in cell growth and levels off at the statlonary phase the relatwe
permittivity of the culture broth would show an exponent1al increase followed by a
‘plateau. Figure 7 shows the time course of the increment in relative penmt1v1ty
Se probed at 0.17 MHz. For non-synchronous g'rowth of E.coli and yeast an exponent1a1
increase in J¢ was found as expected. On the other hand, for synchromzed culture of
yeast, the J¢ periodically changed in the early growth phase The cycle of 58
corresponds to one cell division cycle, being explained as follows The i 1ncrease in O¢ is
due to the increase in both cell volume and length and the deorease m 55 1s due to the
shape change in cell separation (mitosis). This was confirmed both by a theoret1cal
simulation [52] and by experimental evidence [54,60]. :

<Fig.7>

3.2 Fermentation in brewery
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- Dielectric spectroscopy have been applied to monitoring of fermenation processes
in beer and whlsky brewery [61]. The monitoring provides integrated information on
yeast cell propertles ‘'such as cell concentration, changes in cell volume and cell shape,
and u’:u v;aonuy The information is important for analyzing and controlling the
fermentation processes. In whisky fermentation, the changes in relative permittivity of
the fermentiné‘ wort showed four distinct ”phases In the first phase, the relative
perm1tt1v1ty £ mcreased owing to the increse in cell number. After the increase in cell
number stoped, an increase in & was still observed (the second phase), being explained
in terms of the increase in cell volume. In the third phase, there was a decrease in & due
to both of the decrese in cell volume and the increse in number of dead cells. In the last
phase':tﬂet‘;rel;étiifé" permittivity became the same value as that of the medim, indicating
that most cells were dead because dead cells with leaky plasma membranes are not
polarrzed 1n ac fields. In beer fermentation, the dielectric monitoring suggested that
most cells were alive all over the ferrnenatlon and that the initial cell growth was highly
synchromzed ‘ ‘ = L

4. Smgle-cell analysis Al R

“Single-cell” approaces would be more straightforward than the ‘suspension’
method that estimates the average electrical properties of cells from the dielectric
spectrum of thelr suspenswn using an appropriate mixture equation. An application of
dielectric spectroscopy to single cells was first carried out with eggs by Cole and Guttman
[62]. Since the single-cell analysis need not to take into account electrical interactions
between cells, Wagner’s mixture equation can be used for the analysis. Indeed, Pauly-
Schwan's equation based on Wagner’s mixture equation excellently simulated the
dielecktrici behavior of single spherical bilayer membranes [63] and single microcapsules
[64] as models for biological cells. The measurement technique used for single eggs and
cell models (Fig.8a), however, is difficult to apply to cells of ordinary size (~10 pm).
Instead, electromechanical methods can be used to investigate electrical properties of such
single cells [65], utilizing their motional responses to applied ac fields, namely
dielectrophoresis [66-69] (Fig.8b) and electrorotation [70,71] (Fig.8c). An alternative
approach is the use of the "scanning dielectric microscope” (SDM) that can image local
relative penmttlvrty and conductivity sensed using a scanning fine probe [72] (Fig.8c).

- <F1g 8>

4.1 Electromechanical techniques
When subjected to an ac field, a cell is polarized and has a induced dipole moment.
The cell with the induced dipole moment experiences forces and torques in the ac field.
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Hence, the motional responce of a single cell, measured as a function of frequecy of the
ac field, provides the dielectric spectrum of the cell through appropriate theories. The
electrorotation meausres the rotational rate of a cell in a rotating electric ;ﬁe‘ld that is
geﬁmatcu with four electrodes a’rausyd as shown in Fig.8b [70,71]. The rotational rate
is proportional to the imaginary part of the dipole moment of the cell induced by the
elelctric field. The dielectrophoresis uses heterogeneous ac ﬁelds produced using
asymmetric electrodes such as the electrode system shown in Fig.8¢c k[68,69]k. A cell
experiences force in the heterogeneous ac field and migrates along the gradient of the
electric field strength. The measurement of the dielectrophoretic force providés th(: real
part of the induced dipole moment of the cell.

4.2 Scanning dielectric microscopy

The scanning dielectric microscopy (SDM) was developed for imaging the
permittivity and conductivity of fine particles in an aqueous medium over a wide
frequency range. Figure 8d shows a schematic view of the SDM. The coaxial probe
consisting of an inner probing electrode and an outer guard electrode is scanned over a
‘sample on a plate electrode. Dielectric measurements are made based on the three-
terminal method that is effective to eliminate the‘fringing field and to restrict the
measurement to a small area. The SDM, therefore, would enable us to. examine
dielectric properties of individual biological cells, although its. apphcatlon to date is
limited to low-conductive media. This method has been apphed 0 smgle sub-mm size
PS microcapsules [73] and cultured cells [74].

Acknowledgments ,
I thank Dr. A Irimajiri for his helpful cornments Thls work was supported in part by
Ministry of Education, Science and Culture (Grants 12680829 and 09555252).;

References , ,

[1] H.P. Schwan, Electrical Properties of Tissue and Cell Suspensions, in: JH
Lawrence and C.A. Tobias (Eds.), Advances in Biological and Medical Physics,
Vol. 5, New York, 1957, p.147. N |

[2] K.S. Cole, Membranes, Ions and Impulses Umversxty of Cahfornla Press
Berkeley and Los Angeles, 1968. '

[3] T. Hanai, Electrical Properties of Emulsions, in: P Sherman (Ed) Emulsxon
Science, Academic Press, London and New York, 1968, P 353.

[4] R. Pethig and D.B. Kell, Phys. Med. Biol., 32 (1987) 933.

[5] KR. Foster and H.P. Schwan, Dielectric properties of tlssues in: C Polk and E




[6]

[10]

[11]
[12]

[13]

[14]
[15]

[16]
[17]
[18]

[19]
[20]

[21]
[22]
[23]

[24]

[25]
[26]
[27]

[28]
[29]

12

Postow (Eds.) Handbook of Blo]ogxcal Effects of Electromagnetlc Fields, CRC
Press, Boca Raton, 1996, p. 25. | ,
K. Asami, Dielectric Relaxation Spectroscopy of Biological Cell Suspensions, in

V.A. Hackley and J. Texter (Eds.), Handbook on Ultrasonic and Dielectric

‘ Charactenzatlon Techniques for Suspended Particulates, The American Ceramlc
* Society, Westerville, 1998, p.333. et
G.H. Markx, C.L. Davey, Enzyme Microb. Tchnol.25 (1999)161.

K. Asanu T. Hanai, Colloid Polym. Sci., 270 (1992) 78.

A Irlmajlrl M. Ando, R. Matsuoka, T. Ichinowatari, S. Takeuchi, Biochim.

Biophys. Acta, 1290 (1996).

C.M. Harris, R.W. Todd, S.J. Bungard, R.W. Lovitt, G. Morris, D.B. Kell, Enzyme
Microb. Tchnol., 9 (1987) 181. '

K. Asami, E. Gheorghlu T. Yonezawa, Biophysical J. 76 (1999) 3345

V. Raicu, T Salbara H Enzan, A. Irimajiri, Bioelectrochem. Bioenerg. 47 (1998)
333 : S ;

K. Asami, A. Irimajiri, Phys. Med. Biol. 45 (2000) 3285.

H. Pauly, H.P. Schwan, Z. Naturforsch., 14b (1959)125.

H. Pauly, L. Packer, H.P. Schwan, J. Biophys. Biochem. Cytol. 7 (1960) 589.
H. Pauly, L. Packer, J. Biophys. Biochem. Cytol. 7 (1960) 603. -

A. Irimajiri, T. Hanai, A. Inouye, Biophys. Struct. Mechanism 1 (1975) 273.

K. Asaml A. Trimajiri, T. Hanai, N. Shiraishi, K. Utsumi, Biochim. Biophys. Acta
778 (1984) 559. T : :

K. Asami, A. Irimajiri, Biochim. Biophys. Acta 778 (1984) 570.

S. Takashima, Electrical Properties of onpolymers and Membranes, Adam Hilger,

~ Bristol, England 1989.

G. Schwarz, J. Phys. Chem., 66 (1962) 2636.

K. Asami, T. Hanai, N. Koizumi, J. Membrane Biol. 34 (1977) 145.

J.B. Hasted, Aqueous Dielectrics, Chapman and Hall, London, 1973.

J.C. Maxwell Treatlse on Electncxty and Magnetism, Clarendon Press, Oxford,
London 1891. A

K.W. Wagner, Archiv fur Electrotechnik., 2 (1914) 371.

T. Hanal, Kolloid Z., 171 (1960) 23..

T. Hanai, K. Asami, N. Koizumi, Bull. Inst. Chem. Res., Kyoto Univ., 57 (1979)
297. ‘ ‘ ,

K. Asami, Y. Takahashi, S. Takashima, Biophys. J. 58 (1990) 143.

A. Irimajiri, K. Asami, T. Ichinowatari, Y. Kinoshita, Biochim. Biophys. Acta,
896 (1987)214.




[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

13

F. Bordi, C. Cametti, R. Rosi, A. Calcabrini, Biochim. Biophys. Acta 1153 (1993)
H.G.L. Coster, T.C. Chilcott, A.C.F. Coster, Bioelectrochem. Bioenerg, 40 (1996)
S. Takashima, K. Asami, Y. Takahashi, Biophys. J., 54 (1988) 995.

‘R.S. Eisenberg, P.W. Gage, Science 158 (1967) 1700.

S. Takashima, Pflugers Archiv. 403 (1985) 197.

K. Asami, S. Takashima, Biochim. Biophys. Acta 1150 (1994) 129

S. Takashima, Biophys. J. 26 (1979) 133.

H.M. Fishman, D. Poussart, L.E. Moore, J. Membrane Biol. 50 (1979) 43

E.L. Carstensen, H. A. Cox, W.B. Mercer, L.A. Natale, Biophys. J. 5 (1965) 289.
K. Asami, T. Hanai, N. Koizumi, J. Membrane Biol. 28 (1976) 169.:

K. Asami, T. Yonezawa, Biophys. J., 71 (1996) 2192. ‘

E.L. Carstensen, R.E. Marquis, Biophys. J. 8 (1968) 536

K. Asami, Bull. Inst. Chem. Res., Kyoto Univ. 55 (1977) 394.

K. Asami, Y. Takahashi, S. Takashima, Biochim. Biophys. Acta, 1010 (1989) 49.
R. Lisin, B.Z. Ginzburg, M. Schlesinger, Y. Feldman, Biochim. Biophys. Acta,
1280 (1996) 34.

A. Trimajiri, Y. Doida, T. Hanai, A. Inouye, J. Membr. Biol., 38 (1978) 209.

Y. Polevaya, 1. Ermolina, M. Schlesinger, B.Z. Ginzburg, Y. Feldman, Biochim.
Biophys.Acta, 1419 (1999) 257.

V. Raicu, G. Raicu, G. Turcu, Biochim. Biophys. Acta, 1274 (1996) 143.

K. Asami, T. Yamaguchi, Biophys. J., 63 (1992) 1493.

H. Fricke, J. Phys. Chem. 57 (1953) 934.

K. Asami, T. Hanai, N. Koizumi, Jpn. J. Appl. Phys., 19 (1980) 359.

K. Asami, T. Hanai, N. Koizumi, Biophys. J., 31 (1980) 215-228.

K. Asami and T. Yonezawa, Biochim. Biophys. Acta, 1245 (1995) 317.

K. Asami, Biochim. Biophys. Acta 1472 (1999) 137.

K. Asami, E. Gheorghiu, T. Yonezawa, Biochim. Biophys. Acta 1381 (1998) 234.
D. Vrinceanu, E. Gheorghiu, Bioelectrochem. Bioenerg., 40 (1996) 167.

K. Sekine, Bioelectrochem. 52 (2000) 1.

H.P. Schwan, Biophysik, 3 (1966) 181.

H.P. Schwan, C.D. Ferris, Rev. Sci. Instrum., 39 (1968) 481.

H. Wakamatsu, Hewlett-Packard Journal, 48 (1997) 37.

K. Asami, K. Takahahsi, K. Shirahige, Yeast 16 (2000) 1359

K. Asami, T. Yonezawa, H. Wakamatsu and N. Koyanagi, Bioelectrochem.
Bioenerg., 40 (1996).




[62]
[63]

[64]

[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]

[73]
[74]

14

K.S. Cole, R. M. Guttman,25 (1942) 765.

K. Asami and A. Irimajiri, Biochim. Biophys. Acta, 769 (1984) 370.

K. Asami and K.S. Zhao, Colloid Polym. Sci., 272 64.

T.B. Jones, Electromechanics of Particles, Cambridge Umversity Press, 1995.
H.A. Pohl, Diélec’cfophoreSis, Cambridge University Press, London, 1978.

R. Pethig, Y. Huang, X. Wang, J.PH. Burt, J. Phys. D: Appl. Phys. 24 (1992) 881.
K.V.LS. Kaler, T.B. Jones, Biophys. J., 57 (1990) 173. ‘

K. VLS. Kaler, .P. Xie, T.B. Jones, R. Paul, Biophys. J., 63 (1992) 58.

W.M. Arnold, U. Zimmermann, Z. Naturforsch., 37¢ (1982) 908.

G. Fuhr, J. Gimsa, R. Glaser, Studia Biophys. 108 (1985) 149.

K. Asami, Meas. Sci. Technol., 5 (1994) 589.

K. Asami, Colloid Polym. Sci. 276 (1998) 373.
K. Asami, Colloid Polym. Sci. 273 (1995) 1095.




15

O O

d

%

Fig.1 Single-shell model for membrane-bounded spherical cells. &, &, and &,
are the complex permittivities of the inner phase, the membrane, and the
external medium. R the outer radius of the shell-sphere and d is the membrane
thickness. & is the complex permittivity of the suspension containing shell-
spheres of &, at volume fraction @. '

> €

Fig.2 Two-shell model for wall-bounded cells. & is the equivalent complex
permittivity of the whole sphere, &, the equivalent complex permittivity of the
membrane-bounded sphere, &, the complex permittivity of the wall, d,, the wall
thickness and R, the outer radius of the sphere. = sy
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Fig.3 Effects of wall conductivity on dielectric dispersion of cell suspension,
which were simulated using the two-shell model. (A) The low-frequency limits
of relati\re permittivity & and conductivity x; calculated from Eqs.10 and 11 are
plotted for the ratio of the wall bbhductivity zéw to the ‘medium conductivity .
(B) The dielectric dispersion curves were calculated for x,/x,=0.05, 1, 20. The
parameter values used are: £=60, £,=60, =80, x=0.1 Sm™, x=0.1 Sm®, R=5
um, d,=7 nm, d,=0.5 um, #=0.1. |
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Fig.4 Composite cell models and an ellipsoidal cell model. (A) Double-shell
model, (B) double-shell model including vesicles, and (C) ellipsoidal model.
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Fig.5 Effects of cell shape on dielectric dispersion of cell suspension,
which were simulated using the shell-spheroid model. (A) The
depolarization factor A calculated from Eqs.16 and 17, (B) the Ag/As, ratio
calculated from Eq.14. and (C) the z,/7, ratio calculated from Eq.15 are
plotted for the axial ratio ¢ of shell-spheroids.
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Fig.6 Methods used for dielectric monitoring. (A) Two-electrode method, (B)
four-electrode method, and (C) electromagnetic induction method (non-

electrode method).
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Fig.7 Dielectric monitoring of bacteria and yeast cells in culture using the
electromagnetic induction method. The increment in relative permittivity de
from the initial culture medium was measured at 0.17 MHz. (A) Non-
synchronous growth of Eschericia coli (K12), (B) non-synchronous growth of
Saccharomyces cerevisae (K6), and (C) synchronous growth of Saccharomyces
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Fig.8 Methods used for single-cell measurement. (A) Dielectric spectroscopy
with a small parallel plate capacitor, (B) electrorotaiton, (C) dielectrophoresis,
and (D) scanning dielectric microscopy.
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Abstract e

This article describes applications of dielectric spectroscopy to. heterogeneous systems,
such as particle suspensions, membranes in liquids and composite materials.
Heterogeneous systems including interfaces show dielectric relaxation due to interfacial
polarization. Theories for interfacial polarization in two-, three- and multi-phase
systems are summarized and technical developments in dielectric spectroscopy are also
described. Practical applications to artificial and biological membrane systems and
colloidal suspensions including biological cells are presented.
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1. INTRODUCTION ; ,

Colloidal dispersions, membranes in liquids, composite materials and biological
cells are heterogeneous systems, which have diverse functions and structures by
assembling the constituent components in various ways. Characterization of
heterogeneous systems requires in situ and non-invasive measurement. Dielectric
spectroscopy that measures permittivity and conductivity as a function of frequency in a
non-invasive way is well suited for this purpose and can provide insights into the
structures and electrical properties of heterogeneous systems at Amdlécﬁlar and




macroscopic levels. Materials are polarized in ac fields by various polarization
mechanisms and their permittivity, as a measure of the polarization, shows frequency
dependence, namely dielectric relaxation or dielectric dispersion. Since heterogeneous
systems have interfaces where materials of different electrical properties contact each
other, the characteristic polarization is interfacial polarization that is due to the build-up
of charge on the interfaces [1-8]. The dielectric relaxation due to interfacial polarization
provides information on the heterogeneous structure and the electrical properties of the
constituent components using an appropriate theory. \ :

Dielectric theories of interfacial polarization have been developed, their validity -
being tested with various heterogeneous systems [1-4]. Theoretical studies have still
continued to seek more reliable theories with more realistic models. Measurement
techniques in dielectric spectroscopy have been drastically changed by the advent of
computer-controlled instruments capable of precise and rapid measurements over a
wide frequency range in the last two decades, namely, broadband dielectric
spectroscopy and time-domain reflectometry. This has allowed more precise analysis
and facilitated investigations of time-dependent phenomena. Dielectric spectroscopy
also provides a promising method for quality control in factories and for evaluation of
industrial products.

In this review, I summarize theories of interfacial polarization in various
heterogeneous systems and technical developments in dielectric spectroscopy. I present
some practical applications to membrane systems and colloidal dispersions including
biological cells. ' ‘

2. DIELECTRIC SPECTROSCOPY
2.1 Dielectric relaxation
Dielectric spectroscopy measures complex relative permittivity of materials over a
wide frequency range. Complex relative permittivity & (hereafter, referred to complex
permittivity for convenience) is defined as:

g =&'—je"=¢e+ €))

JEo@

where ¢’and £”are respectively the real and imaginary parts of £, & relative permittivity
(&=¢"), k conductivity, &, the permittivity of vacuum, @ angular frequency (&=27f, f is
frequency), and j = (-1)"2. The relative permittivity & and conductivity x of materials,
though not always, show dielectric relaxation (or dielectric dispersion) in which &
decreases and « increases with increasing frequency (Fig.la). Single dielectric
relaxation is characterized by a set of parameters (called relaxation parameters): g and




&, are the low- and the high-frequency limits of relative permittivity, respectively, 4¢ (=

& - &) the relaxation intensity (or the relaxation magnitude), f, the characteristic
frequency, = (7 =(2nf;)") the relaxation time, and x the low-frequency limit of
conductivity. : ;

Instead of the conductlwty K, the loss factor &' (5"‘1(/&)50, the imaginary part of £)
may also be plotted against frequency, giving rise to a peak at the characteristic
frequency f; (Fig.1b). If the dc conductivity (=x;) is not negligible, the loss factor is
calculated from &'=(x-x;)/w&,. The complex plane plot (or the Cole-Cole plot) is also
used for the analysis of dielectric relaxation (Fig.1c). In the complex plane plot the loss
factor &" is plotted against the relative permittivity ¢ (or €', the real part of &), tracing a
semicircle if the dielectric relaxation has a single relaxation time, namely, the Debye
type relaxation. The complex plane plots, however, often deviate from a semicircle,
which indicates a distribution of relaxation times. The deviation is formulated by
various empirical equations proposed by Cole and Cole [9], Davidson and Cole [10],
Havriliak and Negami [11], von Schweidler [12], Williams and Watts [13], Fuoss-
Kirkwood [14], Jonscher [15] and so forth, some of which are summarized in Table 1
and Fig.2. These equations are often used not only for classifying dielectric relaxation
of various materials for convenience but also for extracting the relaxation parameters
from dielectric relaxation data. However, the physical (or molecular) meanings of the
parameters related to the distribution of relaxation times are certainly open to question.
Further, it must be kept in mind that different equations with multi parameters can
sometimes fit the same data. ;

The chief mechanisms of dielectric relaxation in the radio frequency range are
reorientation of polar molecules and interfacial polarization. Although the
heterogeneous systems include both the mechanisms, our main concern is interfacial
polarization that is characteristic of heterogeneous systems. Even if our interest is not in
interfacial polarization but in molecular polarization in heterogeneous systems, careful
consideration of interfacial polarization is prerequisite for discussion on molecular
polarization. :

<Figs.1 and 2>
<Table 1>

2.2. Measurement techniques 5
Dielectric spectra can be easily obtained over a frequency range of 1 Hz to 10
GHz using rapid, automated, frequency-domain spectrometers (FDS) with high
precision. Recently, time-domain spectrometers (TDS) have been improved in accuracy




[16, 17], the time required for measurements being much shorter than FDS, thereby
enabling us to investigate faster phenomena. S - ‘
- For measurements at frequencies below tens MHz, we commonly use measuring

cells of parallel-plate capacitor type (Fig.3a). The measuring cells require correction for

the residual inductance and capacitance arising from the cell itself and the connecting

leads [18]. If a fringing field at the edges of parallel plate electrodes causes a serious

error, the three-terminal method is effective for its elimination (Fig.3b). Open-ended
coaxial probes are suited for measurements with network analyzers ,and;timefdomain
reflectometers at frequencies above 100 MHz (Fig.3c).

Samples containing electrolytes have a serious problem at frequencies below tens
kHz owing to electrode polarization, i.e., the impedance at the boundary between metal
electrodes and electrolyte solutions. Although various correction methods have been
proposed so far [18], there has been no established method yet. To eliminate the
electrode polarization effect, some measurement techniques such as the four—ele(;trode
method [19] (Fig.3d) and the electromagnetic induction method with a"pair of toroidal
coils [20] (Fig.3e) have been developed. Their applications are, however, limited to
rather high frequency ranges and/or to special cases. o , ;

Recently, single-particle analysis has been developed and becomes mcreasmgly
important especially in medical and biotechnological researches. For the single-particle
analysis electromechanical techniques [21, 22], such as electrorotation and
dielectrophoresis, are used in stead of conventional dielectric spectroscopy.
Alternatively, imaging techniques with a scanning fine probe are also available in the
single-particle analysis [23]. | :

<Fig.3>

3. THEORETICAL BASIS OF INTERFACIAL POLARIZATION

Although this paper is concermned with dielectric properties of macroscopic
heterogeneous systems, the calculations that will be described below might also be
useful for obtaining fundamental molecular information because those provide the
frequency dependent internal electric field acting on a molecule. The calculations on
multi-phase systems with differing shapes could particularly serve to analyzé dielectric
behavior of polar molecules in molecular aggregates, complex ions, and biopolymers
with bond water. However, the limitation of the macroscopic approach to molecular
behavior is not well understood and is still controversial.

If special interface phenomena in heterogeneous systems are disregarded at first
approximation, their dielectric properties can be approached from the f‘composite

S s
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material” standpoint. Indeed, the composite material approach has proved to be quite
effective for many heterogeneous systems. Hence, we focus mainly on the composite
material approach, namely Maxwell-Wagner polarization, although theories related to
the ion diffusion around charged interfaces are briefly described. In the following
sections, first we derive general formulas for the complex permittivity of binary systems
based on ellipsoidal models. Although the derivation is cumbersome, the general
formulas merit yielding various equations for spherical, cylindrical and planar systems
as special cases. Secondly, three-phase and multi-phase systems are dealt with.

|  3.1. Two-phase Systems
3.1.1 Electrical potential around an ellipsoid in ac field
“Let’s consider an ellipsoid whose surface is expressed as:
donp g Bbiag e ssladasniest s O
R R R, ; b '

where R, » R, and R, are the semiaxes along the x-, y- and z-axes, respectively (Fig.4a).
When a homogeneous ac-field E(E,, E,, E,) is applied to the ellipsoid of complex

out

outside and inside the ellipsoid are obtained by solving the Laplace equation with the
boundary conditions at the surface of the ellipsoid. '

out Z Ek{l'— * ‘Z*_g )L Lk} 4 kk (3)

permittivity & p, in a continuous medium of ¢,’, the electrical potentials (V,,, and V,,)

k2 g, +\e, - ¢,

8 | .
TRMTEEE ; ®

k=x.y.z
where
‘ RxR,,R i s
"~ RRR, ds | | ~

L= r (R2+s)R, " | - ©
R, \/ R2 +5 R2 + SXR2 + s), - . | | ()
SL=1. | s
k=x,y,z : : ; : ; : . Gonk

At a far apart point from the ellipsoid by 7, L, is approximated as:
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L, is called the depolarization factor along the k-axis, being expressed in terms of the

Ly~

elliptic integrals of the first and the second kind as shown in Appendix A.
<Fig.4>

3.1.2. Effective dipole moment of an ellipsoid induced by ac field

“Bquation 3 indicates that the electrical potential outside the ellipsoid includes the
contributions of the external electric field E and the dipole moment of the ellipsoid
induced by the E. To evaluate the induced dipole moment, we first consider the dipole
moment induced by the x-component of the E. Equation 3 is rewritten using Eq.9 as:

14

out,x

s RRR
£,— &, l}’ (10)

=-E rcos@il-——,Fr———2 = —
. { g, +(8p -—ga)Lx 3 7
where @is the angle between the x-axis and the r-direction. The second kterm of ‘Eq. 10 is
the contribution of the induced dipole moment of the ellipsoid. Alternatively, the
potential due to the equivalent dipole moment , along the x-axis is

out,x 2 _*

v o=t s, L )
dmre,ey . y : ‘

Equating the second term of Eq.10 to Eq.11 we obtain , as:

Ll *

. £,-&, RRR, ' &
W, =4Ane ey ——5—s > 2 F.. (12)
E,+ (sp - ea)Lx 3

The total dipole moment x is given by the sum of the x-, y- and z-components.
p=pd A g, + i, | ' ~ (13)

where i, i,, i, are the unit vectors along the x-, y- and z-axes, respectively. With the
angle ¢, between the direction of the ac field and the k-axis (see Fig.4b) the component
of the dipole moment in the E-direction is given by

m= [, cosQ, + [, COSQ, + L, COSQ,

k=x,y,2

4ﬂR R ’R— ; g* i g* : i _— : : 14
-2 Y 2 gaEOE Z * p* a* COSZ P S ' figy ( ‘ )
3 5a+‘(gp-‘9ﬂ)L" , |

with

cos’ g, +cos’ @, +cos’ g, =1. ' Imal A A(18)




3.1.3.  Complex permittivity of a suspension of ellipsoidal particles

When a system has N particles per unit volume, each of which have a dipole
moment m in the E-direction, the polarization P of the system is given by P=mN and the
electric flux density D is :

D=¢eE+P=cie,E+mN. | (16)

Hence, the complex permittivity of the dilute suspensi'on*of oriented ellipsoids is
obtamed substltutmg Eq. 14 for m in Eq 16 [24] ‘

& =DJe,E=¢€|1+D - —cos’ @ : il Bt e (17D,
/ ’ l: k;,z &, +( )Lk k]

where @=4nR,R R.N/3 and Dis the volume fractxon of partlcles in the suspension.
Rearrangement of Eq.17 yields the followmg equatlon that includes three relaxation
terms of the Debye type. B ‘ ‘

&' —-e',+ B (18)
A k-xzyzl-i-ja)rk CmE s el el ity b s

The relaxation parameters (g,, 4g,, 7, and x,) are related to the phase parameters (g, &,
&, k,, and @) and the depolarization factor L, as shown in Appendix B.

When the ellipsoids orient such that the k-axis is parallel to the electric field,
Eq.17 is simplified as:

8'¥€: - S ICRI I &
g =¢|l+d = — (19)
dlae +(g£ "ga‘)Lk; : i e e ; rer
which has only one relaxation term of the Debye type. When the ellipsoids orient at
randqm in suspension, <cos"qok =1/3 and thus Eq.17 becomes

&,- &,
a—s[l+3@k§z£ +( S)Lk] 28 8130 angoosh e v (20)
This equation has been derived by many authors [24-27], having three relaxation terms
of the Debye type. For ellipsoids of revolution (spheroids) of R,=R#R,, two of the three
relaxation terms become the same and therefore‘tw‘o,' relaxation terms are expected.
Figure 5a shows theoretical calculations of dielectric relaxation for \suspensions of
spheroids that are oriented at random. The reduced intensity A¢/® and the relaxation
time ¢ of the two relaxation terms due to the effective dipole moments along the
rotational axis (the z-axis) and the other axes (the x- and y-axes) were calculated from




Eq.20. The axial ratio of the spheroids g (¢=R,/R=R,/R,) seriously affects the intensity
and relaxation time of the two relaxation terms. Ag, and 7, are strongly dependent on the
axial ratio g for prolate spheroids (g>1) but not for oblate spheroids (g<1), whereas
reverse relations are found for Ag+Ag, and 7, (7, =t). Figure 5b shows the effects ‘of ;
orientation of spheroids on dielectric relaxation. With prolate-spheroids of q=10; the
intensity of the two relaxation terms changes depending on the angle ¢, between the
major axis (the z-axis) and the direction of the electric field E. When the major axis of
the spheroids orients by 54.7 degrees from the E-direction, the dielekctric kreklaxation is
the same as that for randomly oriented sphermds ,

In stead of Eq.19, Sillars [28] derived an alternative equatlon in a similar manner
to Maxwell-Wagner’s derivation for spherical particle suspensions [29, 30].

[EFRRS ool

H : *
£ —&, sp—sa
g, +(8 —e )L, =2 )

s;+(é' ~g)L,
Sumlarly,: an alternative equation for Eq.20 was also obtained for a susperision of

1)

p

randomly oriented ellipsoids [31].

£ +2¢, 9@Z i R i

On the assumption of @<<1, Eqgs.21 and 22 become Eqs.19 and 20, respectively.
In the case of spherical particles, L, is 1/3 (see Appendix A) and either Egs.21 or
22 reduces to Wagner’s equation [30]

* X R 8* 8* 5 : :
& —¢€ - ,
= 0——5. (23)
&g +2¢, £ +2¢,

For cylinders whose longitudinal direction is perpendicular to the direction of the
electric field, the approximate value of L, is 1/2 (see Appendix A) and the
corresponding equation is obtained substituting 1/2 for L, in Eq.21 as:

&-¢ £-¢

=@

s — T 24)
& +¢g, & +¢& ‘

-T2 T

and, for a two-planar layer system the substitution of L,;= 1 in Eq 21 leads :

=(-

29

<Fig.5>
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3.1.4. Extension to high volume fraction : ;

~ In the previous section we have described the complex permittivity of dilute
particle suspensions in which there is no interaction between particles. For concentrated
particle suspensions, we need to deal with the interaction between induced dipoles of
particles. It is, however, difficult to solve the problem rigorously. Bruggeman proposed
the effective medium theory that provided a reasonable approximation to the problem.
In the theory, each particle is assumed to be dispersed in the effective medium including
particles rather than the real medium. Bruggeman derived an equation for the
conductivity of spherical particle suspensions [32]. The Bruggeman equation was
extended to the case of complex permittivity by Hanai [33]. Boned and Peyrelasse [34]
further extended Hanai’s equation to ellipsoidal particle suspensions. -

In the Bruggeman’s theory the initially low volume fraction is gradually increased
by infinitesimal additions of particles. When a small amount of particles of é,,"’ are added
to the particle suspension that is regarded as an effective medium of g, Eq.20‘ derived
for dilute suspensions of randomly oriented ellipsoid particles may be applicable to
every addition process. Hence, the increment in complex permittivity dé due to an
infinitesimal addition of particles is related to the increment in volume fraction d@ by
substituting £ + d¢’, & and d@/(1-@) for £, &,, @in Eq.20, respectively.

-1
do' = 3 |« 1 .

o o o s 26
- a*(a*‘—e;)[k;,y,z‘a* +~(g;;—;€f)l‘k] a | | =0

By successive infinitesimal additions of particles, the system reaches the final volume
fraction @ and complex permittivity £, and thus we obtain an integral equation as:

-1
d@l & 3 l *
‘ffl‘(p'_j;; &'le "'~3:>)|;kz a"+(s;-8*)Lki| @ @7

=X,).Z

Solving this integral equation, we obtain the final form as:

& —ae Y (& pe’ Pl e Y e o a
l—o=| 2| | e |1 2" | 5 ) (28)
e -ac, ) \e —pPe, | \e,~¢, \¢ g

where s | ’
_ (1-25-3T)x+2(S-37) ‘ |
4= 241-3S ’ | (29
B=(1—2S—3T)ﬁ+2(S—3T)’ | (30)

24/1-38
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= S-1-41-3S

31
g (31)
ﬁ=S—1:-\/1—3S, (32)
+S
S=LL,+LL,+LL, ' (33
T - LxLyLz
= S . : (34)

For spheroids of R, = R, # R, , Eq.27 with L=L,=L, and 1,=1-2L becomes

" * [ * * « \3T
1_¢=(8a(1+3L)+8p(2—3L)J (g -ng(giJ 9 %)
p

e (1+3L)+¢,(2-3L)) | &, -¢, \ e
with
o LL,L, _LQ-21) ’ 36)
LL+LL +LL (2-3L)
2
Co 2(1-3L) a7

(2-3L)1+3L)
When ellipsoids are oriented such that the £-axis is parallel to the electric field, Eq.35
reduces to the equation derived by Boyle [35].

* * « N\Lr
- &
1—¢=(Z,,_8f)[-§-g—) . (398)
a” %p

For spherical particles, Eq.38 with L,=1/3 becomes Hanai's mixture equation [33].

6'*—-8* g* 1/3
1-@{‘ ][—-j . (39)
&,-¢, \&

Hanai’s mixture equation has proved to give excellent simulations for various colloidal

dispersions over a wide range of volume fraction up to 0.8. Equation 38 with L,=1/2
provides the complex permittivity for cylinders whose longitudinal direptipn 1s
perpendicular to the direction of the electric field.

8"‘ _g"‘ g* 12 ; SEREAE i
1-(p=(8* gf J{j) , - (40)
a P ©o .

T e R e
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and for two-planar layer system Eq.38 with L,=1 becomes Eq.25.

Figure 6 shows the effects of volume fraction on dielectric relaxation for spherical
particle suspensions. The calculation was made using Eq.39 with the parameter values
relevant to water in oil (W/O) type emulsions. The dielectric relaxation curves become
broader with increasing volume fraction, i.e., the complex plain plots deviate from a
semicircle (the Debye type) at volume fractions above 0.5. Hanai et al. [36] reported
that the deviation was simulated by circular arcs (the Cole-Cole type) at volume
fractions between 0.5 and 0.6 and by deformed arcs proposed by Williams and Watts
[13] at volume fractions above 0.7.

<Fig.6>

3.1.5. Distribution of particle parameters ;

- The morphological and electrical parameters of particles are to some extent
different from particle to particle even if particles are carefully prepared. The
distribution of the parameters causes broadening of the relaxation spectrum due to a
distribution of relaxation times. In this case, Eqs.20 and 22 can be extended to a
suspension including » kinds of particles as:

*

€ g
=g |1+= @ 41

8 8 ;" ~xz.:y,zg +( g)Lkg : ( )

& -, 1.3 8;g_’k*’ o ; | ;

g +2e¢, _9?;rgk§ze +( - )Lkg ) ' (42)

where ¢, and L, is the complex permittivity and the depolarization factor of the gth
group particles and r, is the relative volume fractlon of the gth group (Zr =1).
soog=l o
~ According to the Bruggeman-Hanai procedure, Eq.41 can be simply extended to
concentrated suspensions as:

* * -1

o 2 de’ 43
1 dj’ I g-l k-xyzg +(pg—g )Lkg ‘ @

In the case of two kinds of particles (»=2), Hanai and Sekine solved Eq.43 to obtain an
analytical equation [37].

, 3.2. Three-phase systems
3.2.1. Particles covered with a shell
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When a particle has a layer between its surface and the external medium, such as
colloidal particles with an electrical double layer and biological cells with the plasma
membrane, we may adopt a shell ellipsoid model having two confocal surfaces (Fig.7a)
that are expressed as: |

x2 y2 22 ‘ L :

st It —=1, ~ ~ 44
ERTR s et
2 2 2 :

L A (45)
R, R, R,

Ry=Rl-s, - ‘ (46)

where R, and R, are the semiaxes of the outer and inner surfaces along the k-axis
respectively, s is the parameter representing a family of the confocal surfaces. When the
shell-ellipsoid has the inner phase of complex permittivity of & and the shell phase of
&,, the electrical potential outside the shell-ellipsoid are obtained by solving the
Laplace equation under the boundary conditions at the two surfaces [31, 38, 39].

Vos== % By {1—*?”" ;)LkLk} B ()

where
. . v(el* -¢, ) | ;
Ept = g{l ¥ & +le & L, —-va)]’ | (48)
with ~
R,xR,yR,z ds
I = f ok, (49)
R, = .\/(Ri +‘SXR; +sXsz + S), ‘ (50)
Ri R° R‘ (51)
R RR,

Equation 48 provides the effective complex penmttmty o of the shell-elhps01d along
the k-axis. Comparing Eq.47 with Eq.3 we notice that the complex penn1tt1v1ty of the
suspension of shell-ellipsoids can be obtained by substituting &, " for & in one of the
equations (Eqgs.17 and 19-22) for the two-phase systems described in section 3.1.3. The
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combination of Eq.20 and Eq.48 provides six relaxation terms of the Debye type for

randomly oriented shell-ellipsoids [40]. For shell-spheres, we obtain the effective

complex permittivity as ; |

e 201-v)g +(1+2v)s

? - 82 * _ * 2
(2 + v).s‘2 + (1 v)g1

and their suspension has two relaxation terms of the Debye type [41]. For shell-

&

(52)

cylinders whose longitudinal direction is oriented perpendicular to the E-direction, the

equivalent complex permittivity is
PR (1=v)e; + (1 +v)s

P 14v)e +(1-v)g

and the complex permittivity of the whole system is given by combining Eqs.24 and 53.

(53)

For a planar layer having two phases, the equivalent complex permittivity is

LI SW R S | SR R
£, ey g : ; ‘s TN

The combination of Eqs.25 and 54 provides the complex permittivity of three-layer
systems. o ) (

1 _a-0)L +7(D[(1‘—V)‘1‘. +V-1.,—] - (55)
£ g, £, £,

"The equations for dilute suspensions of shell-ellipsoids can be simply extended to
high volume fraction according to the Bruggeman-Hanai procedure although we have to

consider the anisotropy of the equivalent complex permittivity of the shell-ellipsoid &, .

; f—%qng'?’ [ z g*_3:k :I_ de (56)

T * * *
l @ £ & k=x,y,z g + (gpk -& )Lk

Boned and Peyrelasse [34] solved Eq.56 in the case of randomly oriented shell-
spheroids to obtain an analytical equation for the concentrated suspension. For
suspensions of shell-spheres, Hanai et al. [42] derived an equation by substituting Eq.52
for ¢, in Eq.39, as an extension of Pauly-Schwan’s equation [41].

3.2.2 Particles including droplets

Next we consider another three-phase system that is a suspension of ellipsoidal
particles including spherical droplets (Fig.7b). The equivalent complex permittivity e‘;
of the ellipsoidal particle in which spherical droplets of &," are in a continuous phase of
&, at volume fraction v may be calculated from Eq.52 for v<0.1 and for higher values of

V?
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g LB
& — ,

l-v=| 22—t 2| (57)
&—& \&, ) -

The complex permittivity £ of the suspension of randomly oriented particles including
droplets is given by combining Eq.57 and Eq.22 or 28.

Equation 57 may be also applicable to particle aggregates in which the inter-
particle space is assumed to have the same complex permittivity as the bulk external
phase, i.e., & =¢, [43].

<Fig.7>

3.3. Multi-phase Systems

The equations for the two- and three"-phas‘e' systems described in the previous
sections can be simply extended to more complicated multi-phase systems [44]. Here,
we deal with the multi-shell ellipsoid model that is a core ellipsoid covered with
confocal shells (Fig.8). The multi-shell model is applicable to biological cells having
intracellular organelles and multi-lamella lipid vesicles. The complex permittivity of the
multi-shell ellipsoid is formulated by successive applications of Eq.48 that represents
the effective complex permittivity of the single-shell ellipsoid. For convenience, we
define the following function. ‘
v(gf -—e:)

* L3 *
f(gsﬂgi’Loutk’Link’v)= 85 1+ * * * * * > (58)
& + (gi - gs)Lin,k - V(gi — & out k

where & and & are respectively the complex permittivities of the shell and inner phases,
L, and L, , are the depolarization factors for the outer and inner surfaces of the shell,

and v is the volume ratio of the inner ellipsoid to the outer one. ;
We suppose an ellipsoid includes » confocal shells, which are numbered in the
increasing order from the inner most to the outer most shell. The effective complex

permittivity E;lk of the inner most shell-ellipsoid (referred to the 1st shell-ellipsoid) that

a core ellipsoid of & is covered with the 1st shell of &, is given by
E;lk = f(g:1>8:aL1ksL0k9vl)= (59)

where v,=R,RyR;/ R, R.R.;, Ry, and R, are the semiaxes of the inner and the outer
surfaces of the 1st shell respectively, and L, and L, are the depolarization factors for
the inner and outer surfaces of the 1st shell. Next, the 1st shell-sphere is regarded as a

i
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homogeneous inner phase (referred to the 2nd inner phase) of E;lk. The equivalent

complex permittivity E;Zk of the 2nd shell-ellipsoid including the 2nd inner phase and
the 2nd shell of g, is represented as:
R 0 0 % o

where v,=R R, R,/ R, RyR;., Ry and L,, are the semiaxe and the depolarization factor of
the outer surface of the 2nd shell. ‘
Similarly, for the gth shell-ellipsoid that consists of the gth shell of &, and the gth

inner phase of .,y the effeptiyé complex permntmty is given by

E*' :f(€:g=g;(g4l)k’Lgk’L(g~1)k’vg)" i srer b : e ) : (61)
Fmally, we obtam the equlvalent complex penmttwlty of the elhpsmd with nth shells
ag; AT |

8:”&' =f(8 8p(n l)kank,L(”__l)k, n) L | { i e : (62)
For spherical particles, the following functlon can be used instead of Eq 58 [45-47].
20-v)el +(1+ 2v)g,

Seel)= e T Sy

Flgure 9 shows theoretical dlelectrlc relaxatlon calculated using the smgle-shell

(63)

and the multl-shell models, which are relevant to biological cells and multi lamella
vesicles. In the calculation, the multl-shell model has membranes and aqueous inter-
membrane phase that are alternately arranged. The complex permittivity was calculated
fdf spherical particle ‘suspensions by varying the number n, of membranes. The
characteristics of dielectric behavior obtained from the calculations are as follows. The
low-frequency limit of the relative permittivity is not affected by the inner membranes
but depends on the outer most membrane. The number of dielectric relaxation terms
increase with increasing »,, and the complex plain plots are close to a skewed arc for
n,>100.
<Figs.8 and 9>

3.4.'Inﬂuence of ion diffusion, surface roughness and awkward shape
Recently, theories related to interfacial polarization have been developed to
analyze interfacial phenomena. When particles with charged surfaces disperse in




17

aqueous electrolyte solutions, the effect of ion-diffusion in the electrical double layer
becomes considerable and the electrical double layer forms a surface conductive layer.
The theories predicted two relaxation processes: the polarization due to the ion-
diffusion and the Maxwell-Wagner polarization due to the conductive surface layer [48-
50]. The theories interpreted the dielectric relaxation observed for polystyrene particle
dispersions.

Effects of surface roughness of partlcles on the dielectric relaxation are not clearly
understood. For biological cells, the roughness of the membrane surface has been
analyzed on the basis of a fractal model [51, 52].

The ellipsoidal model is useful for understanding the effects of partlcle shape on
dielectric relaxation of non-spherical particle suspensions. However, the model is not
sufficient to represent diverse and awkward shape. Numerical calculations of the
complex permittivity of such particles in suspension have been developed using the

boundary integral equation method [53], the finite element method [54] and the

boundary element method [55].

4. MEMBRANE SYSTEMS ;
When a planar membrane of complex permittivity ¢, separates two liquid phases
having the same complex permittivity &, , the whole system is represented by Eq.25,
ie.,

L-qa- (64)
With the cross section S and length / of the whole system and the membrane thickness d,
@is given by @=d/l and thus Eq.64 is rewritten as:
1 1 1
i + T s
c C, C,
where C', C; and C, are the complex capacitances defined by C'=g,&(S/),

m

(65)

C, =&, [S/(I-d)] and C,=¢,g, (S/d), respectively. In general, complex capacitance can
be expressed by
oo C+_§_ . ; SEEE N N (66)
Jjo ; ,

where C and G are the capacitance and conductance, respectlvely Thus the

membrane/aqueous phase system may represented by the equivalent circuit model
shown in Fig.10. Similarly, three-layer systems, such as a homogeneous membrane in
asymmetric bathing solutions and a membrane having two different 1ayers in symmetrlc

bathing solutions, are expressed by a combination of three C/G circuit units in series as:
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where C, is the complex capacitance of the third layer. The equlvalent circuit approach

may be extended to multi-membrane systems with » lamellas, i.e., a combination of 7
C/G circuit units in series [56].
<Fig.10>

4.1. Lipid Bilayer Membranes

The basic structure of biological cell membranes is a lipid bilayer contammg
functional proteins. Hence, artificial bilayer lipid membranes (BLMs) are important as a
model of bi‘ologiCalVicell membranes and are used for reconstitution of membrane
proteins to study their functions. Planar BLMs formed on a small hole of a Teflon sheet
that separateS‘~ ‘two aqueous electrolyte solutions are convenient for electrical
measurements; the trans-membrane admittance is directly measured with a pair of
electrodes placed in the bathing solutions. If the BLM is regarded as a homogeneous
layer, the membrane/aqueous phase system would be a two-phase system. Since the
conductance of the membrane is much lower than that of the bathing solutions, the
membfane/aqueous phase s’ystem is approximately represented by a serial combination
of the capacitance corresponding to the membrane and the resistance to the aqueous
phase. Hanai et al. [57] found dielectric relaxation of the Debye type for lecithin
membranes as expected from the electrical model and determined the membrane
capacitance, which gave the first good estimate for the thickness of the hydrophobic
layer of the membrane. Following their studies, the membrane capacitance of planar
BLMs has been intensively studied, e.g., the effects of the diffuse double layers at the
surface of the membrane and the effect of various alkanes on the membrane thickness
[58]. f
Bilayer lipid ‘membrane, however, are not a simple thin oil membrane but have
hydrophilic surface layers outside the hydrophobic layer. The electrical properties of the

‘hydrophilic surface layers are different from those of the hydrophobic layer and the

external electrolyte solutions. The membrane with the two layers is expected to have
one dielectric relaxation term, thus the membrane/aqueous phase system may have two
relaxation terms. Indeed, Coster and Smith [59] found that planar BLMs showed
another small relaxation at low frequencies below 10 Hz, and first estimated the
electrical properties of the hydrophilic surface layers (Fig.11). Later, they resolved
further four relaxatlon terms corresponding to four layers within the hydrophilic reglon
by their improved measurmg technique [60]. 0
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<Fig.11>

4.2. Reverse Osmosis Membranes

Reverse osmosis is the basis of sea and brackish water desahnatlon The
desalination uses asymmetric membranes made up of an ultrathin, dense skin layer with
a porous support layer underneath. The skin layer is the active layer for reverse osmosis
under a high trans-membrane pressure difference. The evaluation of the structure and
the electrical properties of the skin layer is important for understanding the mechanism
of reverse osmosis and also for improving the efficiency of desalination. Asaka [61]
studied dielectric relaxation of asymmetric cellulose acetate membranes in various
aqueous electrolyte solutions. He found dielectric relaxation, from which the membrane
capacitance C,, and conductance G,, were determined. The thickness of the membrane
estimated from the observed C,, was about 30 nm, being different from the nominal
thickness of the membrane but the same order of the thickness of the skin layer
determined by electron microscopy. The result suggested that the C,, is attributed to the
skin layer and that the support layer does not contribute to the dielectric relaxation. The
conductivity of the skin layer that was estimated from the membrane conductance G,,
was the order of 1 uS/m in 10 mM NaCl. The G, depended not only on the conductance
of the aqueous solution G,, but also the type of electrolyte The sequence of the G,/G,
ratio for different types of electrolytes was the same as the solute separation sequence
determined by Matsuura et al. [62].

4.3 Ion-exchange Membranes (concentration polarization)

Concentration polarization (CP) has been extensively studied in connection with
membrane separation processes such as electrodialysis, filtration and reverse osmosis.
In electrodialysis, where ion-exchange membranes are subjected to dc voltages,
concentration polarization occurs at the interfaces between the membranes and the
bathing solutions; the concentration of ions changes towards the membrane surface as a
consequence of ion permeation. This phenomenon is unfavorable in the practical
applications because it reduces ions available for current transport and thus water
dissociation occurs. ,

Zhao et al. [63, 64] studied the CP phenomena of anion- and cauon-exchange
membranes in water by dielectric spectroscopy. In the absence of dc voltage the
membrane/aqueous electrolyte systems did not show any dielectric relaxation because
the ion-exchange membranes with high density fixed charges have a high conductivity
value. In contrast, in the presence of dc voltage, two-step dielectric relaxation including

s
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two relaxation terms has been developed (Fig.12b). The two-step relaxation suggests the
presence of at least three phases of different electrical properties in the system. In
general, CP layers occur at the both sides of the membrane, namely, ion-depletion and
ion-accumulation layers. Theoretical assessments, however, indicate that the ion-
accumulation layer does not contribute to dielectric relaxation as well as the membrane
itself. Hence, the system is regarded as the three-phase system that consists of the ion-
depletion CP layer (of complex capacitance, C, ') and the two aqueous bulk phases (C,
and C,") (Fig.12a). In the CP layer of thickness d,,, it is assumed that the conductivity
linearly Changesf from Kﬁ to «, keeping the relative permittivity &, constant. The
complex capacitance C,,” of the CP layer is given by [65]

C*‘——S(Kﬁ K‘) Vl’ (B A) | o ;\‘ Gy (68)

7 4, £ +32 o Jjo
where SPRHE DR S » Sl nn
a=limlie (1cp /e, f -1 |, o 69
ey 2 Lo 1+(8cp€0/’€¢¥)2w ; : , :
B=tan? (Kﬂ K )a) o (70)

: (a)g )2+K‘pl(

The complex capacitance C* of the whole system is represented by a combination of
C, . C, and C, in series. The model excellently interpreted the observed relaxation
curves (Fig.12b and c), and allowed to estimate the thickness d,, and the conductivity
gradient (x;- K;,)/ of the CP layer from the dielectric relaxation.

<F1g 12>

- 4.4. Solid Supported Membranes

In contrast to free-standing planar BLMs, solid supported bilayer lipid membranes
have many potential applications because of the long term stability and the possibility to
use electrically conductive supports [66-68]. The advantages enable us to fabricate
molecular biosensors. Self assembly of thiolipids onto gold surfaces forms ultra thin and
high-resistance layers, which are suitable for the sensor systems. Dielectric (impedance)
spectroscopy has been used for determining either the surface coverage of gold surfaces
with lipid membranes or the membrane thickness, and also for detecting ligand binding
to supported receptor/lipid membranes [68-70] ; s

Figure 13 shows the formation of a thiolipid bilayer on a gold surface monitored
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by dielectric spectroscopy. The lipid bilayer was formed by applying a thiolipid
(octadecyl mercaptan) vesicle suspension to a gold electrode. Dielectric relaxation
found at 0 min, which is almost due to the interfacial impedance between the bare gold
electrode and the bathing solution, drastically changed with increasing the coverage of
the gold electrode surface with a lipid bilayer (Fig.13a and b). The final relaxation
spectrum was the Debye type and was represented by the model used for planar BLMs.
The membrane conductance was about 10 S/m? and the capacitance was about 6
mF/m?. This suggested that a lipid bilayer was formed by the fusion of the thiolipid
vesicles on the gold surface (Fig.13¢). The final surface coverage of the gold surface
with the 11p1d bﬂayer was estimated to be 99.8 %.

: : <Fig.13>

4.5 Biological membranes .
Dielectric (admittance) properties of biological membranes have been measured
with several electrode configurations [71]. If biological cells aré large enough like
squid giant axons, the trans-membrane admittance can be measured between an internal
electrode inserted into the cytoplasm and an external electrode (Fig.14a). For small
spherical cells, we can use the patch pipette method that measures the trans-membrane
admittance at the whole cell clamp configuration (Fig.14b). .

The membrane capacitance that was measured for some non-excitable cells using the
patch pipette was almost unchanged between 1 Hz and 1 kHz [72, 73]. On the contrary,
frequency dependence of the membrane capacitance was found for muscle cells and
their cultured cells, being due to the presence of the extensive enfolding of surface
membrane, namely T-tubules [74-76]. Nerve membranes also showed frequency-
dependent membrane capacitance, which was explained in terms of the ionic flow
related to membrane excitability [77,78].

<Fig.14>

5. SUSPENSIONS OF PARTICLES
5.1. Emulsions :

Emulsions have been extensively studied by dielectric spectroscopy and provide
good test systems to examine the validity of dielectric mixture equations [2, 4]. In the
case of water-in-oil (W/O) emulsions, where water droplets diksperse in oil, we may
assume that the conductivity of the oil phase is much lower than that of the water
droplets. For spherical droplets, the following approximate equations are obtained from
Hanai’s equation (Eq.39) for the concentrated suspensions. |
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Using these equations we can determine the volume fraction @ of the water droplets, the
conductivity «, of the oil phase, and the relative permittivity &, and conductivity «, of
the water droplets from the dielectric relaxation parameters (s, &, &; and ;) since the
relative permittivity g, is measured for the oil phase separately.

k Figure 15 shows typical dielectric relaxation of a W/O emulsion [79]. The W/O
emulsion used was prepared by mixing distilled water with the oil (a mixture of
kerosene and carbon tetrachloride (73:28 V/V)) containing 0.4% (V/V) Span 80 as an
emulsifier. The volume fraction of water droplets (@=0.75) estimated from Eq.71 was

consistent with the volume ratio of water in the emulsion in preparation. The values of

K, and &, were in good agreement with the conductivity and the relative permittivity of
the water phase :Separated‘from the oil phase by centrifugation after the measurement.
The complex plane plots of the dielectric relaxation traced a deformed circular arc,
which was excellently simulated by Hanai’s mixture equation.
S g : <Fig.15> ‘

For oil-in-water (O/W) emulsions, in which oil droplets disperse in water, the
conductivity of the oil droplets is negligibly small compared with that of the aqueous
phase. Assuming that x,<<x, we obtain the following equations from Eq.39.

8,=iap+(8a——3-£p)(l—¢)3/2, | (75)
2 2

__':___e.(iz_)ﬂ_@, a5 5 (76)
ga,—gp gh gy - y : )
=r-0f, - o

A (.9,, -£, nga +gé) |

*n = Ka ga(ea —erZg,, +5p)' :
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These equations enable us to assess the magnitude of dielectric relaxation of O/W
emulsions. When the relative permittivity of water phase is 78, that of oil phase is 2.5
and the volume fraction is 0.7 , the relaxation intensity becomes 0.15, which is too small
to detect. In general most of O/W emulsions do not give a detectable relaxation intensity
as expected from the numerical assessment [80,81]. However, the use of an oil with a
higher relative permittivity value leads to a definite dielectric relaxation (e.g.,
nitrobenzene (&=35)/water emulsion) [82]. , ;
Emulsions are not necessarily stable and change their state on the way to a
complete phase separation through some processes, such as sedimentation, flocculation,
and coalescence. Since the processes affect the dielectric properties, the state of
emulsions can be monitored by dielectric spectroscopy [83]. Skodvin and Sjoblom [43]
proposed models for flocculated W/O emulsions as mentioned in section 3.2.2.

5.2. Ion-exchange Resin Beads . V

Column chromatography is widely used for separation of ions and organic
molecules. Ion-exchange resin is one of the important packing materials. The electrical
properties of ion-exchange resin beads can be evaluated by dielectric spectroscopy.
Ishikawa et al. [84, 85] extensively studied dielectric relaxation of various ion-exchange
resin beads in distilled water. They developed a method based on Hanai’s mixture
equation for estimating the phase parameters (x,, @,,, k,) from the dielectric relaxation
parameters (&, &, k) and the relative permittivity of the medium &, The internal
conductivity of the ion-exchange resin bead was much higher than the external
conductivity. This is because the interior of the ion-exchange bead has movable counter-
ions around the fixed charges. The estimated internal conductivity provided important
information on the mobility of counter ions and the interactions between the counter
ions and the ionic residues in the ion-exchange resin. |

Figure 16 shows frequency dependence of the relative permittivity and
conductivity of a bed of cation-exchange resin beads in distilled water. The dielectric
relaxation was found around 30 MHz and was well simulated by Hanai’s equation with
reasonable phase parameters. If we consider the diffusion of the counterions around the
fixed charges within the beads, another dielectric relaxation could be expected at lower
frequencies. The dielectric relaxation, however, has not been found yet because of the
interference of electrode polarization. .

<Fig.16>

5.3. Polystyrene latices

j
o
|

|
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Polystyrene latices with charged surfaces dispersed in aqueous electrolyte
solutions provide a good test system for investigating the effect of the ion diffusion in
the diffuse double layer on their dielectric behavior. Schwan et al. [86] found that
polystyrene particle suspensions showed dielectric relaxation around several kHz.
Recently, several authors reported two relaxation processes: the low-frequency
relaxation below 1 MHz and the ‘high-frequency relaxation above 1 MHz [87-90]. The
low-frequency relaxation was first interpreted by the redistribution of counterions along
the particle surface [48] and later by the theory including the ion diffusion in the diffuse
double Iayer [90]. The high-frequency relaxation may be analyzed by the composite
approach based on the model that is an insulating sphere with a conducting surface layer
[90]. ‘ : ; ‘

5.4. Microcapsules

Microcapsules are widely used in pharmaceutical, food and industrial fields.
There are many kinds of microcapsules made from various materials. Here, we deal
with polystyrene microcapsules (PS-MCs) because of their simple and well-defined
structure. PS-MCs have an aqueous spherical core and a thin insulating shell. Thus, the
smgle-shell model is applicable to PS-MCs. : ; :

~ The dense suspension of PS-MCs showed dielectric relaxatlon 1nclud1ng two
relaxation terms (Fig. 17) [91, 92]. The low-frequency relaxation is mainly attributed to
the polanzatlon at the outer interface because it was not affected by the change of the
inner phase solution but by that of the outer phase one [93]. The high-frequency
relaxation, on the other hand, is due to the polarization at the inner interface.

The dielectric relaxation curves were excellently simulated by the combination of
Eqs39 and 52 (Fig.17b). The same analysis was also applied to polymethylmethacrylate
mlcrocapsules [94 95]

<Fig.17>

5.5, Liposomes ~

Liposomes are vesicles with bilayer lipid membranes, which are spontaneously
formed by mixing phospholipids or their analogs in an aqueous solution. Various types
of liposomes have been reported: small uni-lamella vesicle (SUV), multi-lamella vesivle
(MLV), large uni-lamella vesicle (LUV) and so on. In general, dielectric relaxation of
liposomes has three relaxation processes besides water relaxation (>1 GHz): counterion
displacement along liposome surfaces (1 kHz - 1 MHz), interfacial polarization (1-100
MHz) [96], and reorientation of dipolar head groups (30-500 MHz) [97]. In the case of
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SUYV dielectric relaxation due to interfacial polarization is comparable in both intensity
and relaxation time with that due to reorientation of dipolar head groups, but the two
relaxation processes are distinguishable from each, other owing to the difference in
temperature dependence [98]. For large liposomes (>1 um), interfacial polarization
becomes the dominant relaxation process [99]. Although uni-lamella vesicles are
represented by the single-shell model, which predicts two-step dielectric 1'e1axation?
LUVs do not show two-step relaxation. This is because one of the two relaxation terms
becomes too small to detect under the conditions that the membrane thickness is much
smaller than the vesicle radius and the conductivity of the internal phase is similar to
that of the external medium.

- Figure 18 shows dielectric relaxation of LUV and MLV suspensions. The LUV
(or cell-size uni-lamella liposome) suspension was prepared by the method of Kim and
Martin [100]. The dielectric relaxation was analyzed based on the single-shell model to
provide the membrane capacitance of 5.0 mF/m?, which value is eomparable to that

estimated for planar BLMs. The MLV suspension prepared by the method of Bangham

[101] showed much broader relaxation curves than the LUV suspension. The broad
relaxation curves are qualitatively interpreted by the multi-shell model, as shown in
Fig.9. : ;
<Fig. 18>

5.6 Biological Cells o

- Biological cells that have the cytoplasm and the plasma membrane are represented
by the single-shell model. The thickness d of the plasma membrane is 5-10 nm, and the
radius R of ordinary cells is around 10 um. Hence, biological cells hold for the
conditions that d/R<<1. The conductivity x,, of the plasma membrane of viable cells is
negligibly small compared with that of the external medium and the cytoplasm. With
these assumptions, the following approximate equations are obtained from Eqgs.39 and
52.

¢=1—(K1/K'a)2/3, | ! . . i (79)
- 2, K, — K&, , ‘ | ; . (80)
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The volume fraction @ is determined from Eq.79 with the values of x; and x;, observed
for the suspension and for the medium, respectively. With the mean radius R of the cells

estimated by microscopy, the membrane capacitance C,, (defined as C,=¢,&/d, &, is the
relative permittivity of the membrane) is calculated from Eq.80. The relative
penn1tt1v1ty & and conductmty K, of the cytoplasm are estimated from Eqs.81 and 82,
respectively. The single-shell model may meet mammalian erythrocytes that have no
intracellular organelles. Indeed, spherical erythrocytes that were swollen in moderate
hypotonic media showed one dielectric relaxation that was fully simulated by the
single-shell model [102] (Fig.19a and c). With the value of 6.6 mF/m? estimated for the
membrane capacitance of the erythrocytes, the thickness of the hydrophobic region in
the plasma 1ﬁembran'e ‘is calculated to be 2.5-3.7 nm assuming that its relative
penn1tt1v1ty is2-3. R ; e i ol S B

The cytoplasm of most biological cell types, however has organelles or

membranous structure, which are also polarized owing to interfacial polarization. The -
polarlzatlon may cause additional ‘dielectric relaxations besides the main dielectric
dispersion due to the plasma membrane. The dielectric spectra of such cells including
intracellular ‘structure are no' longer dealt with the single-shell model and have been
analyzed using various composite cell models (Fig.20). The "double-shell" model was
first applied to lymphoma cells that possess a sizable nucleus [103], and then
lymphocytes [51, 102, 104] and budding yeast cells having a vacuole in the cytoplasm
[105, 106]. Plant protoplasts isolated from leaves that have a large vacuole and a thin
cytoplasmic layer containing chloroplasts were modeled by the double-shell model
inelﬁdihgffveSiclés: ‘The model gave a better simulation than the double-shell model
[107]. In Figure 19 dielectric relaxation is compared between swollen erythrocytes and
Iymphocytes 1nd1cat1ng clearly the effect of the nucleolus on the dielectric relaxation.

. As non-spherical cells, erythrocyte of biconcave shape, budding yeast as doublet,
and fission yeast of rod-like shape have been studied by dielectric spectroscopy [108-
110]. All these cells whose shape is represented as a body of rotation showed dielectric
relaxation composed of two relaxation terms as expected from the theory based on the
shell-spheroid model (Fig.20). Figure 21 shows dielectric relaxation épeetra of three
populations of fission yeast cells with different cell lengths. Two relaxation terms were
clearly distinguished in the three relaxation spectra. The low-frequency relaxation
strongly depended on the cell length, whereas the hlgh-frequency relaxation was not
sensitive to the cell length. The cell length dependence was quahtatwely mterpreted by
the shell-spheroid model [110].

<Figs.19-21>
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6. SINGLE PARTICLE ANALYSIS ;

“Single-particle” approaches would be more straightforward than the ‘suspension’
method that estimates the average electrical properties of particles from the dielectric
relaxation of their suspension using an appropriate mixture equation. This is because there
is no need to take into account electrical interactions between particles in the single-
particle analysis. Hence, Wagner’s mixture equation would be exactly applicable to single
spherical particles. Indeed, Pauly-Schwan's equation based on Wagner’s mixture equation
excellently simulated dielectric relaxation of single spherical bilayer membranes [11 1]and
that of single microcapsules [112]. - ; ;

The conventional techniques with small measuring cells of parallel plate capac1tor
type can be used for rather large single particles (>100um) (Fig.22a). The techniques,
however, are difficult to apply to single particles of smaller size (<10 um) ‘Such small
particles can be analyzed by electromechanical methods [21 22], such as
dielectrophoresis [113-115] (Fig.22b) and electrorotation [116 117] (Fig 220) which
utilize motional responses of particles to applied ac fields. An alternative approach is the
use of the scanning dielectric microscope that can image local relative permittivity and
conductivity sensed using a scanning fine probe [23] (Fig.22d).

<Fig.22> ‘

6.1. Electromechanical methods

When subjected to an ac field, a particl is polarized and has an 1nduced dlpole
moment. The induced dipole interacts with the field and thus the particle experiences
forces and torques. Hence, the motional responce of a single partiéle, measured as a
function of frequecy of ac field, provides the complex permittivity of the particle using
an appropriate theory. k

The dielectrophoresis uses heterogeneous ac fields produced using asymmetric
electrodes (Fig.22b). A particle experiences force in the heterogeneous ac field and
migrates along the gradient of the electric field strength. The time averaged
dielectrophoretic force <> is proportinal to the real part of the dlpole moment u of the
particle [21, 22] as:

(F)=2re[a-vE?] |  ®
For a spherical particle, Eq.83 is rewriten as: |

(F)=2re,&,R* Re[K VE? (84)
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where E,, is the root-mean-square amplitude of the ac field and the Clasusius-Mossotti
factor X is S ' : 5% ‘
j e AR Xt S g —_— e by - (85)
£, +2e, | | |

Kaler et al. [114, 115] devised the levitation method to precisely measure the
dlelectrophoretlc force and succeeded to estimate electrical ptopretles of single
blologxcal cells. ‘ ' o '

 The electrorotation meausres the rotational rate of a particle in a rotating electrlc
field generated with four electrodes arranged as shown in Fig.22¢ [116, 117]. The
patlcle experlences the t1rne-averaged torque <T> inthe rotating field.

P

Fora sphencal particle, the txme—averaged torque is a function of the i 1mag1nary part of
the 1nduced dipole moment as: ‘

(T) —4nggoR3 [K]EO,i ) 1 | : ,k “ | - (@7

where E, is the amplitude of the ac field. For the steady-state rotation, the rotational
speed (2is related to the torque as: '
T =8mnR’Q2, ' (88)
where 7 is the v150051ty of the ‘medium. The rotational speed is obtained by equating
Eq 87 to Eq.88. R :
£.6, Im[K]Eg‘ :

- (89
: Sy (89)
‘The Clausius-Mossotti factor K expressed by Eq.85 has one relaxation term as:
K=U+2Y | 90
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The real and imaginary parts of K, which are propotinal to the dielectrophoretic force

and the rotational speed, respectively, become
AU

Re[K|= U, +1+(T)2’ (€I
w0 _ AUwr
tm| ]._ 1+(w7) #9)

AU has either a negative or a positive value depending on the electncal properties of the
particle and the medium. Equation 94 indicates that the dielectrophoretic force changes
around the frequency of 1/(2n7). The spectrum of the rotational speed would have a
peak at the frequency of 1/(2n7) as expected from Eq.95. Figure 23 shows calculations
of Re[K] and Im[K] to simulate the electromechanical resposes of an oil droplet in water
and a water droplet in oil.

For the shell-sphere model that is apphcable to microcapsules and blologlcal cells,
the Clausius-Mossotti factor X is simply obtained by substituting Eq.52 for &, in Eq.85.
In this case, two relaxation terms are predicted. Similarly, the Clausius-Mossotti factor
is simply extended to the multi-shell sphere. Figure 24 shows calculations of Re[K] and
Im[K] using the single-shell model and the multi-shell model of spherical shape. In the
multi-shell model, membranes and inter membrane spaces are alternately arranged to
simulate biological cells including intracellular organelles and multi-lamella liposomes.

<Figs.23 and 24>

6.2. Scanning dielectric microscopy

The scanning dielectric microscopy (SDM) has been developed for imaging the
permittivity and conductivity of fine particles in liquids over a wide frequency range
[23]. The SDM uses the coaxial probe consisting of an inner probing electrode and an
outer guard electrode, which is scanned over a sample on a plate electrode (Fig.22d).
The dielectric measurement is based on the three-terminal method that is effective to
eliminate the fringing field and to restrict the measurement to a small area. The SDM,
therefore, would enable us to examine dielectric properties of individual particles,
although its application to date is limited to low-conductive media because of
interference of electrode polarization. This method has proved to be useful for the single
particle analysis of PS-microcapsules [118] and be successful for imaging cultured cells
attached on substrates [119]. Figure 25 shows line-scan images and 2-dimentibnal
dielectric images of a single PS-microcapsule in water over a frequency rage of 10 kHz
to 10 MHz. Two-step dielectric relaxation was clearly seen from the line-scan images as
expected from the single-shell model.
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<Fig.25>

7. CONCLUDING REMARKS

Dielectric relaxation of membrane systems and colloidal dispersions found in the
radio frequency range has been well interpreted by theories of interfacial polarization.
The number of dielectric relaxations expected in heterogeneous systems depends not
only on the number of different interfaces [93] but also on the shape of the inclusions.
In practice, however, all relaxations predicted are not observed because of the limited
frequency range and sensitivity in measurement. .

' Dielectric relaxation spectra of heterogeneous systems are more or less broadened ;
by various factors: electrical and structural interactions between particles, heterogeneity
of morpholog1ca1 and electrical parameters of particles, frequency dependence of
electrical phase parameters intra-particle structure, particle shape and so forth. The
broademng is liable to cause serious errors in determination of the electrical parameters
of particles and membranes from the observed dielectric relaxation, but it may also
include in‘ip()rtan‘t: information not only on the electrical and structural properties of
particles and membranes and but also on the interactions between particles. Theoretical
developments are required for investigating the broadening of dielectric spectra. -

So lohg as measurements are made with suspensions containing many particles,
the influence of either interactions between particles or heterogeneity of particles in a
particle population are unavoidable. However, if we can measure relaxation spectra for
single particles, the analysis becomes straightforward. Electromechanical techniques
and dielectric i lmagmg usmg a scanning probe electrode are promising tool for single-
particle analysis.

By taking advantage of modern dielectric spectrometers capable of real-time
measurement, dielectric spectroscopy enables us to investigate dynamic behavior of
heterogeneous systems and provides a promising tool for either monitoring production
processes or evaluation of product quality in industrial applications.

Acknowledgement ;

 Much of the work described in this paper was performed by our research group
directed at first by Prof. T. Hanai and in collaboration with Prof. A. Irimajiri. I thank
Prof. T. Hanai, Prof. A. Irimajiri, Dr. K. Sekine and Dr. K. Asaka for carefully readmg
drafts for thls article and helpful comments.




31

Appendixes
A. Depolarization factor

The depolarization factor L, along the k-axis is expressed in terms of the elliptic
integrals of the first kind F{(¢, k) and the second kind E(¢, k) [39]. When the semiaxes
are supposed to be R>R >R, L, along the x-axis becomes |

O Pt o RO NS

¥

where

o de
Flo.x)= K J1-x%sin?@’
Ep.x)=['1-«*sin*6d0, (A3)

(A2)

with
R?>-R? |

K= 7;—2"-_——}2%" 5 (A4)

p=cos(R/R,). | N (AS)

The depolarization factor L, along the y-axis is

R.R R sin2¢
L=r—>22" x)-x"F(p,x , A6
( )3/2{ 3 ,2 Elp.x)-«"F(p )] 2 flon? Sinzq)} (A6)

where x'? =1-x?. Finally, L, is calculated from L, =1-L -L,.

For an ellipsoid of revolution with R, =R #R, and L, =L, # L , L, is simply

expressed with the axial ratio g=R/R, as:
for prolate spheroids (g>1),

1 q 2 1/2
L =- + Injg +\g” -1)" |, (A7)
Pt U
for oblate spheroids (g<1),
1 - q -1 : : (AS)

L= cos™ q.
1- q2 (1 _ q2 )3/2
L, and L, are given by L,=L=(1-L,)/2.
For spherical particles (g=1):




L=L =L =+
3

For needles or cylinders (g¢>>1):
L, z—q—z—ln(Zq-—l)z 0and L, =L,~=.
For disks or lamellas (g<<1):

L ~1-gcos” g~1and Lx=LJ,zO.k

B. Frequency dependence of the complex permittivity expressed by Eq.17

Equation 17 is rewritten as

* *
* * * 3P'”€a 2
- =05, Y ——5—=1—c0s’p,.
i k=x.y,z €4 + (gp —&, )Lk

One of the three terms in the right hand side of Eq.B1 can be rearranged as:

* i *
. E,—¢ a+ job
8; * P* a* @COSz¢k=SZ——-{—¢COSZ(Dk
£a+(sp—-aa)Lk ¢, + jod, |
_ aica+(ja))(b1ca+aeago)+(ja))2bga£0 Qjcosz¢ ‘
- ) R ko>
ck(fwgo)(l"'l@dk/ck)
Ag K
= st et
N+ jor, jog
where
a=K,-kK,,

b= ao(ap —5‘,),‘
G =K, +(Kp _Ka)Lk "

dy = gole, +le, 2 )L,

b

' 2

E =-£i——aacbcos [/
'k
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x), =L dcos’ g, (B10)
Agk =[ a(i_ij.{..l_(_"_(i_gd.__)}@cos O . o (Bll)
G d) &\a o ; o
Equation B2 has one relaxation term of the Debye type, and therefore Eq.B1 is
expressed as:
Agk KI P [ Lk .
‘mg 4 (B12)
h k12y21+Ja)z-k JG)&'O ’ E F : :
where EEE s
E=6,F D & | S (B13)
‘ k=x,y,z . g shar
K=K, + ) Kp. e e (B14)
k=x,y,z ; .

When ellipsoids orient at random in suspension, the complex permittivity of the -
suspension is obtained substituting cos’=1/3 in Eqs.B9-B11. .
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Figure captions : : i B2
Fig.1 Ideal dielectric relaxation of the Debye type. (a) Frequency dependence of
relative permittivity and conductivity, (b) frequency dependence of loss factor and (c)
complex plane plots. Relaxation parameters (g, «;, &, &, and f;) are indicated in (a) and
(b). , : =

Fig.2 Complex plane plots of four relaxation types: (a) Debye, (b) Cole-Cole, (c)
Davidson-Cole and (d) Havriliak-Negami, which are formulated as shown in Table 1.
Fig.3  Electrode configurations and measurement techniques. (a) two-electrode
method, (b) three-terminal method, (¢) open-ended coaxial probe, (d) four-electrode
method and (e) electromagnetic induction method with a pair of toroidal coils. The
dotted line in (e) indicates an induced electric field. ¥ is applied voltage and / is current.
Fig.4 (a)Electrical potential V/,,, at a point outside an ellipsoid (of complex
permittivity &,") ina continuous medium (&,") when a homogeneous ac field E is applied.
R,, R, and R, are the semiaxes of the ellipsoid along the x-, y- and z-axes. (b) Effective
dipole moment g (14, 4, 14,) induced by the E and its component  in the E-direction.
@, is the angle between the k-axis and the E-direction. ; :

Fig.5 Dielectric relaxation of suspensions of spheroids. (a) For randomly oriented
spheroids in suspension, the reduced relaxation intensity (Ag/® and (Ag+A4g,)/ @) and
relaxation time (z,and 7,=1,) were calculated by varying the axial ratio g. (b) For
oriented prolate spheroids of ¢=10, Ag/ @ and (4&,+A4s,)/ @ were calculated by varying
the angle ¢, between the major axis and the electric field. The parameter values used
are: £=2, k=10 pS/m, =80, and x,=0.1 S/m.

Fig.6  Effects of volume fraction @ on dielectric relaxation of spherical particle
suspensions. (a) Frequency dependence of relative permittivity and conductivity, (b)
normalized complex plane plots. The theoretical curves were calculated from Eq.39
with £=2, x,=10 uS/m, =80 and x,=0.01 S/m.

Fig.7  Electrical models for three-phase systems. (a) Single-shell model and (b)
droplet-inclusion model. For details, see text.

Fig.8  Multi-shell model. The schematic illustration describes the derivation
procedure of the theoretical equation. For details, see text.

Fig.9  Theoretical dielectric relaxation curves for suspensions of spherical particles
covered with membranes whose number #,, is varied as: 1 (single-membrane), 2
(double-membrane), 5 and 200 (multi-membrane). In the calculations for particles with
multi membranes, membranes (relative permittivity &,

ne

conductivity x,, and thickness

m>

d,) and inter-membrane spaces (&, K, d,,) are alternately arranged. The parameter
values used are: for the membrane phase, g,=5, «,=0 S/m and d,=7 nm,; for the inter-

m
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membrane phase, ¢,,=80, «;,=0.1 S/m and d,,=10 nm; for the core phase, £=80 and
x,=0.1 S/cm; for the external phase, £=80 and x,=0.1 S/m. The volume fraction is 0.3
and the outer most radius is 10 pm. )
Fig.10 Electrical models of membrane systems that are expressed by equivalent
circuit models. (a) Two-lamella system and (b) three-lamella system. For details, see
text. '
Fig.11 Dielectric relaxation of planar BLMs in various aqueous electrolyte solutions.
The low-frequency relaxation includes several relaxation terms and the high-frequency
relaxation is almost the Debye type. (From Coster et al., 1996 [60]) Reproduced by -
permission of Elsevier Science Ltd. ;
Fig.12 (a) An electrical model of the membrane system including concentration -
polarization layers. (b) and (c): Dielectric relaxation of an ion-exchange membrane in
water when subjected to a trans-membrane voltage of 9V. The open circles are data
points and the solid lines are calculated by the electrical model in (a). (From Zhao et al.,
1991 [63]) Reproduced by permission of Elsevier Science Ltd. |
Fig.13 Dielectric spectra monitored during formation of thiolipid (octadecyl
mercaptan) bilayer on a gold electrode. (a) Frequency dependence of the capacitance,
and (b) that of the conductance. (c) A possible mechanism of the membrane formation.
A thiolipid vesicle suspension prepared in 100 mM KCl by sonication was applied to
the gold surface. The times in min after the application of the vesicle suspension are
indicated. (Yokoi and Asami, unpublished data). : :
Fig.14 Measurement techniques for transmembrane admittance of blologlcal cells. (a)
The internal electrode method and (b) the patch pipette method.
Fig.15 Dielectric relaxation of a W/O emulsion. (a) Frequency dependence of the
relative permittivity & and the loss factor ¢”, (b) the complex plane plots. The open
circles are data points, the solid lines were calculated from Hanai’s mixture equation
(Eq.39) and the dotted lines were from Wagner’s mixture equation (Eq.23). (From
Hanai et al., 1982 [79]) Reproduced by permission of Springer-Verlag GmbH & Co.
Fig.16 Dielectric relaxation of cation-exchange resin beads (Amberlite® IR-120B,
Rohm and Hass) in distilled water. The open and solid circles are data points and The i
solid lines are calculated from Eq.39 with £=78, x,=0.0098 S/m, £=40; ,=3.3 S/m and,
@=0.56. (Zhao and Asami, unpublished data) e o we
Fig.17 Dielectric relaxation of dense suspensions of polystyrene m1crocapsules (a) 1
The solution of the external medium was changed from 1m M KCl to distilled water, (b)
the solution of the inner phase was changed from 1mM KCl to distilled water. The e
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measured relaxation was compared with the theoretical curves calculated from Eqs.39
and 52 in (c) the frequency dependence profile and (d) the complex plane plots. (From
Hanai et al., 1988 [93] and Zhang et al., 1984 [92]) Reproduced by permission of
Taylor & Francis Ltd. and Springer-Verlag GmbH & Co. KG. '

Fig.18 Dielectric relaxation of LUV and MLV suspensions. The LUV (or Cell-size
liposome) suspension was prepared by the method of Kim and Martin [99] The lipid
used was a mixture of phosphatidylcholine, cholesterol, cardiolipin and triolein
(4:4:1:1). The mean radius was about 3 um and the volume fraction was 0.30. The MLV
suspension was prepared form DMPC according to Bangam’s method [100]. Volume -
fraction was 0.23. The external medium for both the LUV and the MLV was 100 mM
KCl containing 10 mM phosphate buffer (pH 7. O) Measurements were made at 25°C.
(Asami, unpublished data) i Bl

Fig.19 The effective relative permittivity of (a) sphencal erythrocyte and (b)
lymphocyte calculated from the dielectric relaxation of their cell suspensions using
Hanai’s mixture equation. The open circles are data points. The solid lines were
calculated using (a) the single-shell model and (b) the double-shell model, which are
illustrated as insets. (c) and (d): the complex plane plots for (a) and (b), respectively.
(From Asami et al., 1989 [102]) - Reproduced by permission of Elsevier Science Ltd.
Fig.20 Composite-cell model and ellipsoidal cell model. (a) Double-shell model, (b)
double-shell model including vesicles, (¢) ellipsoidal cell model.

Fig.21 Dielectric relaxation of suspensions of fission yeast cells of rod-like shape
with different mean cell lengths: () 14.2 pm, (b) 29.4 um and (c) 42.0 um. The mean
cell diameter was 4.1 um. The dielectric spectra observed (open circles) are composed
of two relaxation terms (solid lines). (From Asami, 1999 [110]) Reproduced by
permission of Elsevier Science Ltd. 23 :
Fig.22  The electrode configurations used for single-particle ana1y51s (a) parallel plate
capacitor for dielectric spectroscopy, (b) dielectrophoresis, (c) electrorotation and (d)
scanning dielectric ‘microscopy. Applied ac voltages are indicated. ‘
Fig.23 The Clausius-Mossotti factor K calculated for a water droplet in an oil phase of
(W/O type) and for an oil droplet in a water phase (O/W type). The real part (b) and the
imaginary part (b) of K are plotted against frequency. The parameter values used are as
follows. For W/O type, the relative permittivity of the oil phase g, is varied as 2, 10 and
35, k,=107 S/m, £=80, ,=0.001 S/m. For O/W type, the relative permittivity of the oil
droplet &, is varied as 2,10 and 35, x,=107 S/m, £=80, x,=0.001 S/m. : e
Fig.24 The Clausius-Mossotti factor K calculated for particles in which membranes

m.

(relative permittivity &,, conductivity «,, and thickness d,) and inter-membrane spaces
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(&> K> ,,,,) are alternately arranged Frequency dependence of (a) the real and (b) the
1mag1nary part of K, and (c) the complex plane plots. The parameter values used are the
same as in Fig.9 except those of the external medium (£,=80 and x,=0.001 S/m), i.e.,
=5 and x,=0 S/m for the membrane, ¢,,=80 and x;,=0.1 S/m for the inter-membrane
10 nm. The particle
radius is 10 um. The number of membranes r,, is varied as: 1, 2, 5, 20 and 200.

phase, £=80 and x,=0.1 S/cm for the core phase, d,=7 nm, and d,,=
Fig.25 Images of capacxtance and conductance of a single microcapsule in water. (a)

, Llne-scan images obtained by scanning a probe electrode along the line through the top
of the mlcrocapsule and (b) rasta-scan images where the probe frequencies are indicated.
The microcapsule of about 800 um in diameter had an aqueous inner phase of 3 mM
KCland a polystyrene shell of about 3 pm thick. (From Asami, 1998 [118]).
Reproduced by permission of Springer-Verlag GmbH & Co. KG.




Table 1 Formalism of dielectric relaxation
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Formalism Complex permittivity ~ Real and imaginary parts
Debye e Ae i Ae
Semicirculararc € T +7 g & =8, +T:(a)_z'5;
rule é,, __Aeor
T+ (r)
Cole-Cole . _Ae Y (a)r)(l ) cosfr (1-a)/2}
. ; & = 8, ot Tas gl o
Circular arc rule | f 1t ( jo T)l & =&+ 1+ 2(0)1)(1 ) cos {ﬂ (1 a) /2} A (an_)2(l s
ChSht A, oo Aelo)sintel-a)2}
o 1+2(wr)"™ cosfr (1 - a)/2}+ (wr ) 2
Davidson-Cole . _ = As &' =&, +Agcos(p0)cos? 6
Skewed arc rule h (1 + a)'r)ﬂ o = Assin( ,89)005 sy
(0<p<1) 6 =tan"(wr)
Havriliak- . Ag g' =g, +rP?Ascos(80)
. £ =¢§,+ h
Negami : [1 +( jco'r)(l"“)jﬁ g" = r P Agsin(p0)

(0<a<l, 0<p<1)

r= [1 + (a)z')(l"“) sin(az/ 2)]1
+[(an')(l"") cos(az/ 2)]2
(7)™ cos(ar/2)

@ =tan™
— () sin(az/2)

Table 2 Dielectric mixture equations for two-phase systems.

Dielectric mixture equations Vol. frac. Eqgs. in text
Elhpsmds oriented to a glven direction
~& <1 17
g =51+ cos’ @,
&ac, +( &, )L,
The k— axis is parallel to £
* * [ ‘ 5* - 8; P<<1 19
& =g |1+ O—/—F—2
i &, + (g >~ Ea )Lk |
& —e, Lo £, &, @<0.1 21
e +le -, e+l -
38




Random orientation
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* gt <<1 20
. . E,—€,
g =¢, 1+1¢Z LaiiRrie
3 k=x,y,z €4 +(8p nga)Lk
& ¢, 1¢‘ &, —¢, @<0.1 22
e +2 9 L.+l -6 )L, o
NA/ x B/ « «\3T 28
@ 8‘:—0555 gi—ﬁep & —ef f_%
e —ae, | \& —Pe, ) \&,~6, \¢
Spheres (L,=L,=L,=1/3) .
. . g, - &, o<<1
: =ga[1+3@ __.._]
2¢,+¢,
& -c £ -¢, @<0.1 23
g +2, & +2,
o \3 39
£ —-¢
E,~&, \&
Sylinders (L,= L,=1/2) oriented parallel to £
) e, —¢e. | <1
e =¢,|1+20 L2—
&, +¢€,
£ _8‘:’ =¢8*—Sf @<0.1 24
£ +g, & +e,
* w *\1/2 40
£ —¢€
l—cb{ ,, f](gzj |
E,—E, \E
Lamellars (L,=1)
25

I —(-0) k0L
£ e, £,
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