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Numerical Calculation of the Dielectric Spectra of Cell-Type Particles
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Dielectric spectra of a suspension of cells in electrolyte solution and dipole coefficient spectra induced by an
AC electric field are numerically calculated using a network simulation method. The cell model consists of
a conducting internal medium surrounded by an insulating membrane and by a charged permeable cell wall.
The dependence of the low-frequency dielectric spectra with the internal medium properties is analyzed.

1. Introduction an elementary electric circuit composed of basic electronic
The electrokinetic behavior of cell suspensions has been components (resistors, cgpacnors, a.m.d current afﬁd voltage
sources). Hence, the solution of the original problem is reduced

widely studied both experimental and theoretically in the high- to the solution of potentials and currents in a network composed
frequency range, where the dispersions related to the conductiv- P A ) P
of a set of these elementary subcircuits. The direct solution of

ity and permittivity differences between the media that constitute the qoverning differential equations is thus avoided and an
the system occur.® However, the low frequency dielectric governing aitt eat . ' y
commercially available circuit analysis software can be em-

behavior (that is in the frequency range related to the double X . .
layer polarization) has been mainly studied experimentdil{.14 ployed to obtain the dynamic behavior of the system.

As for the few theoretical studies, it was generally assumed that2 Th qp d
the low frequency behavior does not depend on the internal <= ' €Oy and Frocedure

composition of the dispersed particle, but only orfisotential, As mentioned in the previous section, the system considered
so that the theories developed for homogeneous particles carconsists of an electrolyte suspension of cells. The cells are
also be used for celfs!*15 modeled as spherical conductive particles surrounded by a

This hypothesis was analyzed in a previous paperhere nonconductive shell representing the membrane and by an

the dipole coefficient spectra of cells with different internal external uniformly charged conductive shell representing the
medium properties were nUmerlca”y calculated. It was found cell wall (Figure 1) The fo”owing hypotheses are, moreover,
that the low-frequency behavior of the dipole coefficient is assumed on the system.

indeed independent of the internal medium properties if the — ,he conductivity of the membrane is considered to be null,
charge of the cell is kept constant. In the present work, the samegg, the interfaces at= R, andr = R; are impermeable to the
hypotheses are reconsidered, analyzing in this case the depenpns Even though biological membranes are not strictly

dence of dielectric spectra of cell suspensions with the internal ,gnconductive. their conductivity is in general very low for
medium properties. In contrast with the preceding results, itis |jying cells.

shown that the low frequency dielectric spectra of cells are
mainly determined by the internal medium properties, unless
the particle is highly charged and the double layer sufficiently
thin.

The cell model is the same as the one considered in the
preceding papée and it consists of a conducting internal
medium surrounded by an insulating membrane and a charged
permeable cell wall. The permittivity and conductivity of the
cell suspension are calculated numerically using a network
simulation method. This method has been successfully applied internal
over the past few years to study different aspects of the dielectric mediumn
and electrokinetic properties of electrolyte solutions and colloidal R, R
systems;/=20 and was recently applied to the prediction of ‘b
electrorotation spectra of latex type partictéand cellst® The
procedure consists of discretizing the domain and the differential
equations, as in the linear finite difference method, and
establishing the similitude between the discretizated equationsFigure 1. Model considered for the cell. The internal layer (membrane)

inside every differential region and the equations that representis nonconductive, whereas all the other media are conductive. The
external layer (cell wall) has an uniformly distributed density of fixed

* Corresponding author: e-mail: vzimmerman@herrera.unt.edu.ar charge, and is in equilibrium with the external medium. So, the
T Universidad Nacional de Tucuma interfaces at = R, andr = R; are impermeable to the ions, whereas
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*Only two types of ions are considered for every conductive
medium.

eThe cell wall is generally composed of a porous material
that allows the exchange of ions with the external medium, and
has been previously modeled as an ion-exchange #&sin.
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Consequently, the external shell is considered conductive, with  *derivative of the equilibrium potential (potential without
an uniform distribution of fixed charges, and with the interface an applied field) null at the center of the particle due to the
atr = R, perfectly permeable to the ions. central symmetry of the system in equilibrium;

+As a consequence of the preceding hypothesis, the wall and  xvariation of the potential induced by the applied field null
the external medium are in equilibrium, so the valences of the at the center of the particle due to symmetry;

mobile ions are the same in both media. *field induced variations of the ion concentrations at infinity
~ *The wall and external medium permittivities are assumed || since there is no applied concentration gradient;
identical in order to avoid the calculation of the Born energy
term in the Poisson equatida.

«The hydrodynamic permeability of the wall is sufficiently . .
low to impede liquid flow in this region. However, the ions *continuity .Of the normal component of the ion fluxes at
can move inside the wall (with a mobility possibly different to the wall .ouFer interface; . .
the ions mobility in the external medium), since it is assumed *continuity of the electrochemical potentials at the wall outer
to be conductive. interface;

«Due to a possible structure present in the internal part of *normal components of the ion fluxes null at the membrane
the cell, the viscosity in the internal medium is considered high interfaces;

*field induced variations of the ion concentrations at the
center of the particle null due to symmetry;

enough to impede the liquid flow. *radial component of the velocity constant at infinity;
+The applied electric field is weak, and as a consequence, xnonslipping condition of the solution at the wall outer
only the linear nonequilibrium problem is solved. interface:

According to these hypotheses, the system can be described 4, impermeable to the solution:
by the following system of equations '

«Laplace equation in the membrane *balance of forces acting on the particle.

Here ¢(T, 1) is the electric potentialC*(T, t) is the number
V2(F,1)=0, R <r <R, (1) concentrations of positive and negative iongi, t) is the
velocity of the electrolyte solutiom(r, t) is the pressurqi,
xPoisson equation in the internal medium, cell wall, and Dji, andj=(r, t) are the signed valences, diffusion coefficients,

external medium and fluxes of positive and negative ioi&,andZ are the number
concentration and signed valence of fixed charges in the wall,
V(i t) = 1 and p™ are the viscosity and mass density of the electrolyte
. ,i;fli solution,j ande, are the relative permittivit.y and permittivity
- (sz*(F, t) + Z{C—(F- ;)) e ot of the free spacegis the elementary chargle;s_ the Boltzmann
ol “ofe constant,T is the temperature, and the subindexes “e” , “w”,

“m” and “i” stand for the external medium, wall, membrane,

: Lj=ei 2 : . .
0<r<Re By<r<o j=ei @ and internal medium, respectively.

«Nernst-Planck equations in the internal medium, cellwall, ~ The mathematical and numerical procedure followed to
and external medium calculate the electric potential, ion concentration and fluid
velocity, was previously described in detail in refereffcgsing
JEEY = these results, the induced dipole coefficiept)(and electro-
‘ et D PR G phoretic mobility (*) are easily obtained
—D V() - "ﬁi CE(F. ) Vo7, t) + CE(F,t) T(F.t) .
2
: = i * = [im|— op(r, t) + E,(Or 7
0<r< R, Ry<r<ox. j=ew,i 3) Y am RaSEo(t)( o(r, 1) L) (7)
*continuity equations in the internal medium, cell wall, and _ oo t
external medium u _Tulr— e @8)
=0

ACH(T, 1)
ViEF,)=————7 0<r<R, <r<ow (4 _ L . _
7Ty at Re R © ) where Eq(t) is the electric field,0¢(r, t) is the field induced
change of the electric potential(r, t) is the radial component
of the fluid velocity in a reference frame that instantly moves

with the particle, andv is the field angular frequency.
The permittivity €5) and conductivity ¢s) of the dilute

*Navier—Stokes equation in the external medium

V(. t) — Vp(F, 1) =

e(z'C (T, ) +2 C (F,1) Vo(T,p) + suspension can be calculated using the previous results together
mldo(7, ) o with the Maxwell mixture formula
o T IOV Y, Ry=r <o (5)
(0}
sincompressibility equation in the external medium O€s= €5~ €= 3V€9[Re{ VAl S weee Im{ V*}] )
o-e
VH(F, =0, R,<r <o ©) N

and by the following boundary conditions: o

*continuity of the potential over the whole space;

*continuity of the normal component of the displacement wherev is the volume concentration of cells (defined as the
over the whole space; volume of the cells including their wall, divided by the volume

*potential at infinity defined by the applied electric field; of the suspension). and o. are the relative permittivity and

00,=0,— 0,= 3v0e[Re{ y*} — Eoeelm{ y*}] (20)
e
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Figure 2. Permittivity spectra of cell suspensions, for different values
of the produck.Ra: (a) 3, (b) 6, (c) 12, (d) 24, (e) 48, (f) 96.= kT/e

= 25 mV; dy = 50 nm. The other parameters are specified in Tables
1and 2.
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Figure 3. Spectra of the real (full lines) and imaginary (dotted lines)
dipole coefficient components, for the same systems as in Figure 2.
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Figure 4. Permittivity spectra of cell suspensions, for different values
of the ¢-potential: (a) 0.26T/e, (b) 0.5T/e, (c) kT/e, (d) XTle, (e)
4kTle, (f) 6kT/e. kR, = 48; d, = 50 nm. The other parameters are
specified in Tables 1 and 3.

the conductivity of the electrolyte solution, and is the
permittivity of the free space.

3. Results and Discussion

Permittivity and dipole coefficient spectra of cells, calculated
for different values of either the produeiR,, the {-potential,
or the wall thicknessh,), are presented in Figures-Z. ke is
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Figure 5. Spectra of the real (full lines) and imaginary (dotted lines)
dipole coefficient components, for the same systems as in Figure 4.
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Figure 6. Permittivity spectra of cell suspensions, for different values
of the wall thicknessl, (nm): (a) 300, (b) 100, (c) 50, (d) 30, (e) 10,
and (f) 5.xeRa = 48, ¢ = 2kT/e. The other parameters are specified in
Tables 1 and 4.
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Figure 7. Spectra of the real (full lines) and imaginary (dotted lines)
dipole coefficient components, for the same systems as in Figure 6.
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the reciprocal Debye screening length in the external medium,
and the-potential is the equilibrium potential at the cell outer
boundary, where the velocity of the fluid remains null with an
applied field. As expected from previous works?16:24the
permittivity spectra (Figures 2, 4, and 6) clearly show three
dispersion regions: one at low frequencies (between 1 Hz and
1 kHz) related to the double-layer polarization and therefore to
the charge of the particlei{dispersion); a second one between
1 kHz and 1 MHz related to the process of charge of the
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TABLE 1: Parameter Values Used in Figures 2-82 increases the characteristic frequency of the dispersion, as can
Ra= 1.5um 0, = 0.5 S/m p™ = 1C° kg/n? be seen in the figures.
dy=50nm Z=z=+1 pP=1.2x 10°kg/m? In the case of the amplitude of tifedispersion, it is almost
R.—Re=5nm DI=Dj= 7 =8.904x 10“4Pas independent of the produetR, for the dipole coefficient spectra
€= 78.36 Df=2x10°m%s T=298.4K (Figure 3). This amplitude is determined by the limiting high
em=4 7=1 and low-frequency values of the real part of the dipole
6=170 Peq=0V coefficient. Thef-dispersion high-frequency limit is almost
aFor the full description of symbols, see ref 16. constant because the conductivity in the internal medium is
) ) ) constant and much higher than the conductivities in the wall
TABLE 2: Fixed Charge Concentrations in the Wall (C)), and in the external mediu@4.In the 5-dispersion low frequency

and lonic Concentrations in the External Medium

(%) for Curves in Figures 2 and 3 limit, on the other hand, the dipole coefficient does not depend
€00,

on the internal medium properties but is determined by the ratio

KeRa C'(1/m?) Car, (1/117) of the wall and external medium conductivities. Even though
a 3 6.89% 1071 2.23% 1020 both of these conductivities strongly change for every curve in
b 6 1.35x 1072 8.93x 10%° Figure 2, their ratio remains nearly constant, leading to the very
c 12 3.00x 162 3.57x 107 small variation that can be observed in the figure.
g i?; g:géﬁ 18223 é‘?"i’z 18222 On the contrary, for the permittivity spectra there is a
f 96 1.21x 10% 2.29% 108 noticeable increment of thg-dispersion amplitude witlxeR,
(Figure 2). This increment is related to the change of the wall
TABLE 3: Fixed Charge Concentrations in the Wall (C") for conductivity to external medium conductivity ratio (that de-
Curves in Figures 4 and 5 creases withR,), and also to the previously mentioned weak
ZekT G (1/mP) increment of the effective membrane capacitance. This capaci-
a 0.25 6.18¢ 1072 tance corresponds to a series connection of the capacitance of
b 0.5 1.30x 102 the bare membrane and of the capacitances of the field induced
c 1 3.08x 107 charge densities surrounding it. While the capacitances of the
d 2 1.05x 1074 bare membrane and of the charge density in the internal medium
f g é%.;lssx 1025 do not change in Figures 2 and 3, there is a change of the field
28x 1R ) X . .
induced charge density thickness in the wall and, consequently,
TABLE 4: Fixed Charge Concentrations (C") and Fixed of the capacitance in this region. This change is due to the
Charge (') in the Wall for Curves in Figures 6 and 7 increment of the fixed charge density in the wall, as a
dy (nM) Ct (1/md) Q' (C) consequence of the increment of the produg, at constant
a 300 952 109 105% 1012 C-potential. An mcreas_ed capacitance allows a higher va_lu_e_ of
b 100 9.52% 1073 4.03x 10°13 the stored energy, which corresponds to a higher permittivity
c 50 9.52x 107 2.08x 10713 increment.
d 30 9.64x 10°% 1.28x 107 At low frequencies, the real part of the dipole coefficient
fe 510 216350;( 18224 i:ggi igl‘* decreases due to the counterion polarization. However, in view

of the low value of the¢-potential used in Figure 3, this
decrement can barely be seen, as is the corresponding positive
peak of the imaginary part of the dipole coefficient. Neverthe-
less, this last component is responsible for the strong increment
of the permittivity (eq 9) since its vanishingly small value is
divided by the frequency that also tends to zero. As expected,

membrane f-dispersion); the third one at high frequencies
(above 10 MHz) is related to the MaxwelWagner dispersion
(0-dispersion). In contrast, in the case of the dipole coefficient
spectra (Figures 3, 5, and 7), only two dispersions can be

obs.erved'in most of Fhe curves shown in Figures, while the the dielectric increment strongly increases witR,26 due to
a-dispersion mechanism only determines the low-frequency e jncrement of the fixed charge density in the wall, required
limit of the real component of the dipole coefficient. in order to keep constant thizpotential. Moreover, Figure 2
The spectra in Figures 2 and 3 correspond to systems withshows that the characteristic frequency of thelispersion is
approximately the samgpotential and different values of the  practically independent atR,, at least for relatively high values
product keRa. In the high-frequency region, all the spectra of this product.
coincide, since the characteristic frequency of the Maxwell The spectra in Figures 4 and 5 correspond to systems with
Wagner dispersion is mainly determined by the highest con- the same value of:R, and different values of the-potential.
ductivity in the system that, for the considered cases, is the As expected, the MaxweliWagner and3-dispersions do not
internal medium conductivity. Moreover, the amplitude does change with the;-potential for low values of this parameter.
not change either, since it is independent of the conductivity However, for higher values df, the excess conductivity created
for very high internal medium conductivitiés. by the charge in the wall, screens the membrane and, conse-
For the intermediate frequency region, on the other hand, thequently, hides theg-dispersion in both the dipole coefficient
characteristic frequency of thé-dispersion is determined by  and the permittivity spectra.
the time required to charge the membrane. This time depends In the low-frequency region, thé&-potential determines the
on the membrane capacitance and on the conductivity of the behavior of the dipole coefficient and permittivity spectra. For
surrounding media. However, the membrane capacitance onlythe dipole coefficient (Figure 5), the-dispersion can only be
has a weak increase withR,2° so in Figures 2 and 3, the observed for sufficiently high values of tijgootential. However,
characteristic frequency of thiedispersion is mainly determined  the{-potential determines the low-frequency limit of the dipole
by the conductivity of the external medium (lowest conductiv- coefficient in all the cases.
ity). Hence, an increment on the external medium conductivity =~ The spectra in Figures 6 and 7 correspond to systems with
reduces the time of the charging process and, as a consequencéhe same value ofcR, the same value of the external radius
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te-1 ¢

(Ry), approximately the samg-potential, but different values

of the wall thicknessHhy). Similarly as in Figures 2 to 5, the
Maxwell—Wagner dispersion does almost not change with the
wall thickness since the conductivities and permittivities are the
same for all the curves. However, for very thick walls (curves
a and b), the internal medium becomes small, and since the
Maxwell-Wagner dispersion depends on the equivalent proper-
ties of the particle rather than on the internal medium properties,
a slightly different behavior in the spectra is observed. Moreover,
the dispersion produced by the interface at R, is not hidden

by the other dispersions in curves a and b and can be observed
at frequencies between 1 and 10 MHz.

For the g-dispersion (frequencies between 10 kHz and 1
MHz), the characteristic frequency is almost independent of the 1643 fesd
wall thickness since both the effective membrane capacitance frequency [Hz]
and the lower conductivity in the system are almost constant Figure 9. Same as in Figure 8 for the conductivity of the suspension
for all the curves. However, the amplitude of the dispersion (a constant was added to the conductivity in order to allow logarithmic
decreases when the wall thickness increases. This is a consescale).
quence of the increment in the wall charge density, that is ) . . . .
required in order to keep constant thgotential value when TQBLE > Iomc_ Co_ncentratuons in the Internal Medium
the wall thickness is increased. As a result, the ratio of the wall (Co) for Curves in Figures 8 and 9

w1e-2 b3

do/v + 3/2 o,

T ST

1e+0

TR

1e-4

1e-1 Te+1  1e+2 let5 1et6 1e+7 1e+8

and external medium conductivities increases with the wall 0i (S/m) ¢t (1/md)
thickngss, scree.ning. the membrane. ' o a 1x 10°5 4.02 % 1020
Similarly as in Figures 25, the a-dispersion is better b 1x 104 4.02x 107
observed in permittivity spectra (Figure 6) than in dipole c 5x l(T‘S‘ 2.01x 102;
coefficient spectra (Figure 7), where it only determines the low- d ix 1&2 i-ggx 18223
frequency limit of the real part of the dipole coefficient (except ? 5 i 10-2 2'01§ 1024
for curves a and b). This limit is higher for thick walls, indicating g 5% 101 2.01x 1085

a more conductive equivalent particle. Moreover, the dielectric
increment (Figure 6) also increases with the wall thickness, for gjelectric spectra of cells!s it was assumed that the low-

the same reason. o frequency region could be interpreted using the same equations
Figure 8 shows the dependence of the permittivity spectra a5 for homogeneous insulating particles with either a null
on the internal medium conductivity. Full and dashed lines internal permittivitys or an internal permittivity identical to that
correspond to charged and uncharged particles, respectively. Inbf the membrane. Our results show that even though this is
this case, the different spectra change in the frequency regioncorrect for the dipole coefficient spectra and, therefore, for the
related to the MaxwettWagner dispersion for those cases conductivity (Figure 9), for the mobility (as previously dem-
where the internal medium conductivity is higher than the onstrated in ref 27), and for the electrorotatithis assumption
conductivity of the external medium. On the other hand, the gges not hold for the permittivity. This was previously analyti-
behavior for frequencies related to tfedispersion is similar cally predictec?*28and can be seen in Figure 8, comparing the
to the one observed in Figure 2. different full lines with the curve with heavy dots that corre-
In the low-frequency region, the spectra for charged and sponds to a homogeneous particle surrounded by the cell wall
uncharged cells split up and the charged cells (full lines) present (internal medium identical to that of the membrane). From this
the additionak-dispersion. In former works that analyzed the figure it is clear that the full spectra are obtained by adding the
dispersions corresponding to each proééssiowever, this
simple rule only holds for sufficiently separated processes.
Moreover, it should be noted that (for sufficiently separated
processes) the amplitude and characteristic frequency of the
o-dispersion do not depend on the internal medium properties
since, in the model considered, the membrane is nhonconductive.

4., Conclusion

In this work, we present numerical results for the dielectric
properties of diluted cell suspensions, calculated over a broad
frequency range. We show that for typical situations where the
C-potential is low andceR; is not too high, the low frequency
permittivity spectra strongly differ from those obtained replacing
the internal medium and the membrane by a insulating

200 t t t t t . t t
lel 1e0 el 1e2 1e+3 Ted 1esh lesb le? 1e+8
frequency [Hz]

Figure 8. Permittivity spectra for suspensions of charged (full lines)
and uncharged (dotted lines) cells, for different values of the internal
medium conductivity; and permittivity spectrum of a homogeneous
particle with a charged wall (internal medium identical to the
membrane) (curve with heavy dots).[S/m] = (a) 1 x 1075, (b) 1 x
104 (c)5x 1074 (d) 2x 1073, (e) 1 x 1072 (f) 5 x 1072, and (g)

5 x 107% keRa = 48,dy, = 50 nm, and; = kT/e for the charged systems.
The other parameters are specified in Tables 1 and 5.

homogeneous patrticle.

This fact is often overlooked in view that the dipole
coefficient spectra of these two types of particles do coincide
in the low-frequency range. Because of this, the low-frequency
conductivity and electrophoretic mobility spectra do not depend
on the dielectric properties of the particle. The reason the
permittivity behaves differently can be understood on the basis
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values are sufficiently high. cells suspended in aqueous electrolyte solutionsnterfacial Electroki-

netics and electrophoresi¥ol. 106. Delgado, A. V., Ed.; Marcel Dekker:
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