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First-principle approach to dielectric behavior of nonspherical cell suspensions
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We present a theoretical study of the dielectric behavior of cell suspensions by employing the Bergman-
Milton spectral representation of the effective dielectric constant. By means of the spectral representation, we
derive the dielectric dispersion spectrum in terms of the electrical and structure parameters of the cell models.
Our results show that a better agreement with the experimental data can be obtained, provided that we
introduce a conductivity contrast o, /(o,— o). We find that the conductivity of the cell cytoplasm can
be much larger than that of the suspending meditynin contrast to the previous claim that~ o-.
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I. INTRODUCTION eters of the cell suspensideee Sec. Il B beloyw Thus we
can investigate their impact on the dispersion spectrum di-
Recently, dielectric spectroscopy was successfully appliegectly, without having to deal with the full dispersion spec-
to real-time monitoring of cell growth in suspensidids-3].  trum.
Real-time monitoring has advantages over conventional The plan of the paper is organized as follows. In Sec. II,
techniques, and would be important in investigating the dyWe Will review the spectral representation the¢j, and
namic behavior of cell growth. There are many factors thaghow that the dielectric dispersion spectrum of a cell suspen-
may influence the dielectric behavior of biological materials:Sion can be expressed in terms of the spectral representation.
structure, orientation of dipoles, surface conductances, ment? Sec. lll, we will apply the spectral representation to the
brane transport processes, etc. All these factors influence ofdlipsoidal cell model[3], and present an alternative ap-
another, and it is difficult to separate out the effect of a singlgProach. We show that a better agreement with the experi-
one. However' some effects can be dominant at Certaimental data can be achieved. A discussion of further appll-
ranges of frequencies. For instance, the dielectric dispersiofations of our theory will be given.
spectrum of living cell suspensions in radiofrequencies is
mainly determined by the cell shape. The objective of this
work is to develop a theory for such correlation, on which II. FORMALISM
new applications in biotechnology rely. A. Spectral representation
More recently, Asamf4] reported that the dielectric dis- .
persion spectrum of fission yeast cells in a suspension was W_e Tegard a cel! suspension as a two-c_ompo_nent system
mainly composed of two subdispersions. The experimenta(fonsIStIng of _b|olog|cal cell; ofa complgx d|e|ectr|g cqnstant
data revealed that the low-frequency subdispersion depend dispersed in a host medium . A uniform electric field

on the cell length, while the high-frequency one was inde- 0 _is applied. For conveniencg, I&y=—e,. We brief_Iy .
pendent of it. Asami adopted a shell-ellipsoid moE&y in review the spectral representation theory of the effective di-

which an ellipsoid is covered with an insulating shell as theelecmc constant_ tq g;tabllsh notat!ons. . .
The problem is initiated by solving the differential equa-

electrical model of nonspherical biological cells. To avoid .
the complicated mathematics of the model, the previous thellon

oretical analysi$3] was limited to the dilute limit in which a 1

small concentration of cells is suspended in a medium. The V.[(l— —n(r))vqm)}:o, 1)
comparison between model calculati@] and experimental S

data[4] was far from being satisfactory.

_In this work, we propose the use of a spectral representgyneres= e, /(e,— €,) denotes the relevant material param-
tion [5] for analyzing the cell models. The spectral represengter ands(r) is the characteristic function of the cell struc-

tation is a rigorous mathematical formalism of the effectivey,re The electric potentiab(r) can be solved formally5]
dielectric constant of a two-phase composite mat¢Bal It '

offers the advantage of the separation of material parameters

(namely, the dielectric constant and conductivitsom the 1

cell structure information, thus simplifying the study. From P(r)=z+ gf drin(r')V'Ge(r—r’)-V'@(r"), (2
the spectral representation, one can readily derive the dielec-

tric dispersion spectrum, with the dispersion strength as well

as the characteristic frequency being explicitly expressed iwhere Go(r—r’)=1/4x|r—r’| is the free space Green’s
terms of the structure parameters and the materials pararfunction. By denoting an operator

1063-651X/2001/64.)/0129034)/$20.00 64 012903-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW E 64 012903

TABLE I. The dispersion strengths and characteristic frequen-
r= f dr'»(r")V'Gy(r—r")-V’, 3 cies calculated from the experimental data of Ré4f.
and the corresponding inner product a(l/d)  Aey 7 (kHz) Ae, 13 (MHZ) Aer/Ae, f3/fY
3.46 1750 190 790 1.7 221 8.9
<(I)|\If>:f dr p(r)Ve* . VW, (4) 7.17 6920 73 800 2.0 8.65 27.3
10.24 13100 38 800 2.0 16.4 52.6

it is easy to show thdf is a Hermitean operator. Lst, and

W (r) be thenth eigenvalue and the eigenfunction of the =0,/(o,—0y), and redefinings=e,/(e,— &), We rewrite

operator,_rlespect|vely; then Yve write the eﬁ‘?c“"e d|electr|cthe effective dielectric constaetafter simple manipulations,
constante in the Bergman-Milton representati¢f]:

1 . Aey N Ae, N oL @
- €= € T y
e=—vf dVe(r)E, "Uajefe 14jf/eg j2mt
1 1 P where ey and o are the high-frequency dielectric constant
= Vj dVey 1- gﬁ(r) 0z and the low-frequency conductivity, respectivelyg; and
) A€, are the dispersion magnitudes afid and f§ are the
1 [(Wnl2)] characteristic frequencies. They are given by
—el1- o> YT
V n S— Sn
f R 1 S1(s—1)? ®
€1=qPer——— >
:€2<1_2 v ) 5 37 “s(s—sy)(t—sy)?
n S— Sﬂ
. . . 2 Sz(t_ 5)2
The spectral representation offers a separation of the material Aey=—pey—o—— 9)
parameters from the structure parametess and f,,. The 3 s(s—sz)(t—sz)z’
structure parameters, and f,, satisfy simple properties that
0=s,=<1 andX=f,,=p, wherep is the volume fraction of the . 02S(t—sp)
suspending cellg5]. 1= e t(5—5)’ (10
B. Dielectric dispersion spectrum o ,8(t—$,) a1
For cells of arbitrary shape, the eigenvalue problem of the 2 2ment(s—s,) "

I' operator can only be solved numerically. However, ana-
lytical solutions can be obtained for isolated spherical and Thus we are able to obtain the dispersion strengths as well
ellipsoidal cells. For dilute suspensions of prolate spheroidahs the characteristic frequencies explicitly in terms of the
cells under a weak applied field, the cells can be regarded adructure parameters and material parameters of the cell sus-
noninteracting and randomly oriented. The problem is simpension. To compare with experimd#di, it is instructive to
plified to a calculation o§, and¥ , with a single cell, which  compute the ratiod e, /A€, and f5/f]:
can be solved exactly. Only two of tHe's are nonzero, due

to the orthogonality of theV, with z. The corresponding Ae;  si(s—sy)(t—sy)?

eigenfunctions ar@ ;=r-e,/v andW¥,=r-e,, ) /v, Where = > (12
e, and gory) are unit vectors along the énaj%r and minor Aea 2sy(s—s))(t—sy)

axes of the prolate spheroid, respectively, ani$ the vol-

ume of the cell. By averaging over all possible orientations 3 (t=sy)(s—sy)

of the cells, we obtain the effective complex dielectric con- E_ (t—sy)(s—sy) (13

stante of the suspensions,

Thus, by using the spectral representation, we obtain very
(6) simple expressions for comparison with the experimental
3s—s; 3s—s,)’ data.

wheres; ands, are the depolarization factors along the

axis and thex axis (or y axis) of the prolate spheroid. In what

follows, we will show that from the spectral representation, Table | lists the parameters calculated from the experi-

one can readily derive the dielectric dispersion spectrum. ment[4], which was done by using a temperature sensitive
Substituting e;=¢e,+o,/j27f and e;=g,+0o,/j2nf cell division cycle mutant of fission yeastdc25-22, whose

(e and o being the real and imaginary parts of the complexcell length increases in proportion to the cultivation time at

dielectric constantinto Eqg. (6), defining a new parametér the restrictive temperature, while keeping the cell diameter

IIl. COMPARISON WITH EXPERIMENTS
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T o Figure 1 shows the experimentdl and theoreticalEgs.

100 ¢ E (12) and (13)] ratios Ae; /A€, and f5/fS versus the axial

b ] ratio g. The theoretical calculations of Ré¢#] are also plot-

] ted for comparison. From the figure, it is evident that our
| theory gives a better comparison with experiment. The rea-
] son for the better fit lies in our ability to introduce the con-
ductivity contrastt naturally via the spectral representation.
Because of the smatlvalue obtained, a large value of;
should be used.

] Next we consider the effect of the cell membrane. For
oo shelled spherical and spheroidal cells, one can adopt treat-
ments similar to these in Ref®,7]. For a thin membrane of

a few nanometers, the dispersion magnitudes remain essen-
tially unchanged.

10

Ae, / Ae,

100
E IV. DISCUSSION AND CONCLUSION

In this work, we have applied a spectral representation to
the dielectric dispersion of suspensions of fission yeast cells.
The large cytoplasmic conductivity is a key result of our
investigation. We believe that the large cytoplasmic conduc-
tivity is reasonable because the cells have to maintain a
higher ion concentration in their cytoplasm to avoid the

100 shrinkage of cells due to a loss of water across the cell mem-
q brane. However, to our knowledge, there exists no direct
experimental mesurement of the cytoplasmic conductivity. In

FIG. 1. (a) Ratio of the dispersion magnitudes plotted againstour work, we propose a convenient and practical means of
the axial ratio(cell length vs diametgr solid line (present theony determining the cytoplasmic conductivity from the dielectric
dashed lingAsami’s theory, and filled circlegexperimental daja spectroscopy data. We should remark that while the mem-
(b)_ Ratio_ of_ the dispersion frequencie_s plotted_ against the aXiabrane transport is worth studying, it is a complex living pro-
ratio: solid line(present theory dashed lingAsami's theory, and  ;oq5 and we do not have a detailed physical model at present.
filled circles (experimental data Although a better agreement with experiment has been
obtained, there are some discrepancies. As mentioned by
Asami[4], the discrepancies could be attributed to the rod-
Sike cell shape. For cells of nonconventional shape, however,
there exists no available cell model in the literature, and we
must develop the spectral representation from first principles.
The present approach should be applicable to cells of non-
conventional shape.

More precisely, we will develop a Green’s function for-
| T malism [8,9] for calculating the spectral representation of

t.d ng+(q°~ 1™ (14  rods of finite length. A similar formalism was adopted for
q’-1 (?—1)%2 ' biological cells near their subdivision poifit0-124. We

propose modeling the rodlike cells as spherocylinders, i.e.,
S,=(1—59)/2. (15 circular cylinders with two hemispherical caps at both ends.
o We will solve the spectral representation of the effective di-
Note thats; tends to zero agj goes to infinity. Both glectric constant from first principles. We propose to inves-
A€ /A€, and f3/] increase rapidly ag increases. Equa- tigate if the spherocylinder model would yield a better de-
tions (12) and (13) imply thatt should be smaller than or at scription of the experimental data.
least of the same magnitude ss which is approximately Moreover, in the presence of a higher applied electric
[In(20)—1)/g? for g?>1. Physically,t should also be nega- field (either dc or ax; the dipole moments of the rodlike cells
tive. We estimaté ands by fitting Egs.(12) and(13) to the  can be reoriented in favor of the applied field. In this case,
experimental ratio of\e; /A€, and f§/f$, and we obtairt the effective dielectric constant can be anisotropic. In a pre-
=—0.0014 ands=5.0. This means that,~7000, ande;  vious work[13], we showed that the anisotropic microstruc-
~0.8%,. The enhanced conductivity of cell cytoplasm is ture can have a significant impact on the spectral function.
attributed to the membrane potential. The result is in contrastVe naturally propose to examine how the anisotropy would
to the previougunjustified claim thato;~ o,. change the dielectric dispersion spectrum accordingly.

almost unchangefdt]. The experimental dielectric dispersion
curves show two main steps for all three cell population
with a different axial ratiag (lengthl/diameterd), which is

in fairly good agreement with the form of Ed7). The
changes of the dispersion magnitufle; and the character-
istic frequencyf{ are attributed to the change of the structure
parameters, . For the prolate-spheriodal cedi, is given by

Sj_:_
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In conclusion, we have presented a first-principles studyvith fission yeas{14]. Asami and his co-workers also cal-
of the dielectric behavior of cell suspensions by employing aculated the circular cylinder model by the boundary-element
spectral representation of the effective dielectric constant. Bynethod and found that the result is almost the same as that of
means of this spectral representation, we have derived thbe spheroidal model. Similar conclusions were obtained by
dielectric dispersion spectrum in terms of the electrical andus[15].
structure parameters of the cell models. Our results have
shown a better_agreement with the experimental Qata. ACKNOWLEDGMENTS
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