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a b s t r a c t
Background: Biological constituents have unique dielectric properties by virtue of which these can be
analyzed both quantitatively and qualitatively by employing bio-dielectric measurement techniques and
electrical impedance spectroscopy exhibits immense potential in this context.
Methods: In this study, an analytical impedimetric model has been developed to describe bio-dielectric
behavior of the lymphocyte suspensions with different cell counts. Emphasis has been given to incorporate
the effect of dielectric anisotropy which is apparent between the cell and nuclear membranes and measured
in the low frequency range. The relatively low frequency range is chosen to probe the strong dependence
of complex membrane behavior provided by the cells. Such dielectric anisotropy originates from the ﬂow
dynamics of ions through the hydrophobic interior of polar lipid-bilayer membrane. Successive models have
been developed and compared with the relevant experimental data for formulating the system capacitance
in a most generalized approach.
Results: The capacitance values have been observed to decrease with both the increase of measuring
frequency and cell count, however, its impedance decreases with frequency and increases with cell count.
Such nature is attributed to the localization of polar response in the membrane-base solution interfaces.
Conclusion: The work demonstrates a rapid and deterministic approach to estimate lymphocyte count which
will augment the existing prediction techniques for relevant physiological disorders.
© 2019 AGBM. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction
Investigation of the dielectric properties of cell suspensions has
been a topic of enormous research interest [1–3] since the dielectric response of such cellular systems enables quantitative, functional and morphological analysis of body cells. Amongst several
approaches, dielectric analysis of cell suspensions by employing
impedance spectroscopy has emerged as a very promising method
capable of cell count monitoring and observing the cellular viability in a medium [4,5]. Lymphocytes are a subtype of white blood
cells in vertebrates having immense inﬂuence on body immune
system [6,7]. The condition with decreased lymphocyte count (generally, < 106 /ml) may be caused by regular infections, AIDS, viral
hepatitis, tuberculosis, and typhoid fever [7]. Electrical impedance
spectroscopy (EIS) is an excellent technique to identify low lymphocyte cell count conditions, and it is an effective approach to
expedite the diagnosis of the possible cause of such conditions. Recently, the group has applied electrical impedance spectroscopy to
understand the fundamental bio-dielectric properties of lymphocytes in metabolic diseases like type 2 diabetes mellitus and dyslipidemia [8]. A signiﬁcant change in impedance and capacitance
has been observed for the samples collected from normal, diabetic
and dyslipidemic subjects, especially at relatively low frequencies.
From technological point of view, the low frequency measurement
is preferable since it is simple, rapid and cost-effective [9].
For the development of a comprehensive understanding on the
dielectric behavior of such lymphocyte cell suspensions several
theoretical models have been proposed [2,10]. A number of reports are available including the electrical behavior of erythrocyte
suspensions [11,12], liver cells [10] and bacterial cells [13]. In the
context of dielectric study of lymphocytes, Fricke and Curtis (1935)
ﬁrst considered the impedimetric approach and later Surowiec
et al. (1986) and Asami et al. (1989) reported the dielectric nature of mouse and human lymphocytes [14,15]. In recent times,
Huang et al. (1999) and Polevaya et al. (1999) conducted their
works directed towards dielectric spectroscopic studies on lymphocytes [2,16]. All such models are based on the effective dielectric
theory and are generally derived by applying relevant boundary
conditions in Laplace equation for spherical or spheroidal particles which are dispersed in a buffer medium [17]. Maxwell and
Wagner obtained a relation to describe such systems electrically
by considering its interfacial polarization effect. Schwan (1957)
later proposed mechanisms (α , β and γ ) to demonstrate the frequency response of anomalous electrical parameters of biological
cells [18]. Alpha (α ) dispersion can be found in the range of
1 Hz to 100 kHz, whereas beta (β ) and gamma (γ ) dispersions
are relevant to radio and microwave frequencies respectively [19].
Dielectric behavior of cell suspensions in beta region is well established and majority of the existing models are formulated on the
basis of Maxwell-Wagner effect [10,20]. Generally, the alpha dispersion is the consequence of charge density difference between
the in- and outside of the cell membrane in a medium and the
thickness, porosity and rate of diffusion of the charge through
the cell membrane [21]. In this regard, the alpha dispersion behavior also contains information of the cell membrane. However,
this region, which is characterized by higher dielectric constant
and deals with the complex membrane behavior of cells, is inadequately addressed. Also, the primitive cell models are not capable
of addressing the membrane induced dielectric anisotropy under
an external electric ﬁeld due to the ﬂow dynamics of ions through
the hydrophobic interior of polar lipid-bilayer membrane [22–24].
To the best of the authors’ knowledge, there is no model available to include both the effects of double shelled structure of the
cells along with the membrane induced anisotropy to describe the
dielectric behavior of a cell suspension. In this regard, the current work proposes a generalized theoretical model for the ﬁrst

time by incorporating both such effects. Also, this is the ﬁrst attempt to correlate the system’s impedance and capacitance with
its cell count with the consideration of dielectric anisotropy which
is apparent in the cell and nuclear membrane. The consideration
of such anisotropy enables to gather relevant information in the
relatively lower frequency range which may be beneﬁcial for cell
count in terms of cost-effectiveness and circuit complexity.
In this work, a theoretical model is developed to describe the
dielectric properties of lymphocyte suspensions with an emphasis on low frequency phenomena and dielectric anisotropy in the
cell and nuclear membranes for achieving a generalized relation
of electrical permittivity and impedance with frequency and cell
count of the system. A detailed formulation is performed and a
comparative study of successive models has been carried out on
the basis of experimental data obtained from impedimetric measurements. The study is performed by focusing on the rapid count
of lymphocytes in a suspension to expedite the diagnosis of medical disorders that lead to conditions with low lymphocyte count,
especially at low frequencies.
2. Materials and methods
2.1. Sample preparation
Venous blood (10 ml) is obtained from one healthy volunteer
donor with informed consent (male, age > 40 years). Cells are
isolated within one hour of sampling by density gradient centrifugation using histopaque-1077 (Sigma) by centrifuging at 400
×g for 30–40 min at room temperature. The middle layer or
‘buffy coats’ contains the cells which are collected carefully and
washed twice with Hanks’ Balanced Salt Solution (HBSS) (HiMedia, with calcium and magnesium, without phenol red), pH 7.4.
Cells are suspended in HBSS with a ﬁnal concentration of 1 × 106
cells per ml. The observed cell viability as checked by Trypan
Blue exclusion is observed to be ∼ 90%. Cells are diluted with
HBSS to get ﬁve different concentrations of cell suspensions containing 0.5 × 106 cells/ml, 1 × 105 cells/ml, 0.5 × 105 cells/ml,
1 × 104 cells/ml and 0.5 × 104 cells/ml. Such samples are studied
by capacitance and impedance based spectroscopic measurements.
This research program is approved by the Biosafety and Ethics
Committee of University of Calcutta.
2.2. Theoretical model
A cellular medium consisting of the lymphocyte cells, shown
in Fig. 1(a), has been considered for developing the current theoretical model. Generally, such blood cells, as shown in the Scanning Electron Microscopy (SEM) image in Fig. 1(b), are spherical
in shape and comprises of a cytoplasm covered with a thin layer
of cell membrane. To describe the effective dielectric behavior of
a cell-suspension medium, specimen cells are considered to be
conducting homogeneous spheres, covered with a relatively less
conducting thin shell [18].
Now, the application of an external ﬁeld E ext across the
medium would generate a ﬁeld potential outside the single-shelled
spheres. Application of boundary conditions on the dielectric interfaces promote to the expression of the volume averaged dipole
moment gives the effective polarization of the system as [25]:

 P  = fr .

3εm
4π

.

εcell − εm −
→
E ext
εcell + 2εm

(1)

where, f r is the volume fraction of the spheres with respect to
the system volume. εm and εcell are the permittivity of suspension
medium and the whole sphere, respectively.

S. Chakraborty et al. / IRBM 41 (2020) 23–30

25

Fig. 1. (a) Schematic diagram of a cell suspension with an enlarged view of a single cell; (b) SEM image of a lymphocyte and a schematic representation of a sphere under
an external electric ﬁeld (inset).

Calculation of the volume averaged displacement ﬁeld from the
above relation further yields the expression for effective dielectric
constant (εs ) of the system:

εs∗ = εm∗ + 3εm∗ f r

←→

εmem = ⎣

∗ − ε∗
εcell
m
∗ + 2ε ∗
εcell
m

εmemr

0

0
0

εmemt

0
0

0

εmemt

∗ −δ ε ∗
εint
memr
)
∗
+(δ+
1)εmemr
∗
∗
int
εcell = δ εmem
∗
∗
εint −δ εmemr
R
( R −λ
)2δ+1 − ( ε∗ +(δ+
)
∗
1)εmemr
D
int

R
( R −λ
)2δ+1 + 2( ε∗
D

(2)

The asterisks in the superscript denote the frequency depenjσ
dant complex permittivity of the system, where ε ∗ = ε − 2π f , σ
and f are the conductivity of the system and frequency of the applied electric ﬁeld, respectively.
Lymphocyte has a spherical shape, a thin cell membrane and
a spherical nucleus, occupying ∼ 60% of the cell volume and has
a thin nuclear envelope [6,7] as depicted schematically in Fig. 2.
Therefore, the overall dielectric properties of lymphocytes depend
upon the electrical parameters of nuclear envelope and nucleoplasm along with cellular cytoplasm and membrane. Such properties relevant to the dielectric nature of lymphocytes can be described by the double-shell model, in which the cell is considered
to be a conducting sphere covered with a thin shell and a smaller
sphere with a shell is incorporated inside it as shown in Fig. 2(a).
The subscripts mem, cyto, nen and npl correspond to permittivities
and conductivities relevant to cell membrane, cytoplasm, nuclear
envelope and nucleoplasm respectively. Cell and nuclear membrane thickness are denoted by λD and λDn , respectively.
Primitive shell models are not capable of incorporating dielectric anisotropy relevant to radial and tangential transportation of
mobile ions in the membranes. In such cases, dielectric permittivity and conductivity can no longer be considered as scalar quantities and should be treated as tensors. Recently, few reports have
been demonstrated on the impact of mobile charges relevant to
hydrophobic ions present in the cell membrane [22,23]. Mobile
ions exhibit different transport properties in the radial and tangential directions which lead to dielectric anisotropy within the
membrane. In relevance with spherical symmetry, such anisotropy
can be described in terms of the dielectric tensor as:

⎡

Considering the dielectric anisotropy, simpliﬁed equation for effective permittivity of the system as [16,23]:

⎦

∗

1
2

∗ = ε∗
where, δ = [ 14 + 2 εεmemr ] − 12 , and εint
cyto

(3)

where, εmemr and εmemt denote the radial and tangential components of dielectric tensor respectively, as depicted in Fig. 2(b).

(

memt

∗

εnuc −εc yto
R −λ D 3
R n ) +2( ε ∗ +2ε ∗
nuc
c yto

)

∗ −ε ∗
εnuc
R −λ
( R n D )3 −( ε∗ +2εc∗yto )
nuc
c yto

.

Nuclear membrane plays a pivotal role in transport mechanism
in the cell and thus actively participates in signal transduction
inside the cell. Few reports are available which suggest a signiﬁcant concentration gradient of ions in- and outside of the nuclear
envelope, and this mediates ion transport through nuclear membrane [24]. A recent study shows that the nuclear membrane in
lymphocytes is permeable for potassium and sodium ions, however, impermeable for chloride ions [24]. Moreover, the diffusion
possibility of hydrophobic molecules through the pores of nuclear
membrane suggests dielectric anisotropy inside the nuclear membrane along with the membrane of the entire cell. The relevant
permittivity tensor for the nuclear envelope can be described as:

⎡
←→

εnenr

εnen = ⎣ 0

0

0

εnent

0
0

0

εnent

⎤
⎦

(5)

where, εnenr and εnent denote the radial and tangential components
of the dielectric tensor as illustrated in Fig. 2(b).
In such a case, the effective permittivity of the nucleus can be
written as:

∗
∗
εnuc
= β εnen

∗ −β ε ∗
εnpl
nenr
)
∗
+(β+1)εnenr
npl

Rn
( R n −λ
)2β+1 + 2( ε∗
Dn

∗ −β ε ∗
εnpl
nenr
)
∗
+(β+1)εnenr
npl

(6)

Rn
( R n −λ
)2β+1 − ( ε∗
Dn
1

⎤

(4)

where, β = [ 14 + 2 εεnenr ] 2 − 12 .
nent
Hence, from Eqs. (4) and (6), one can obtain a generalized formulation for the effective complex permittivity of a cell by considering the dielectric anisotropy of both the cell membrane and
nuclear envelope. Now it is evident from (2) that the effective permittivity can be analytically calculated by using the theoretically
obtained value of cellular permittivity.

26

S. Chakraborty et al. / IRBM 41 (2020) 23–30

Fig. 2. (a) Schematic diagram of a cell with a cellular nucleus. (b) Schematics depicting dielectric anisotropy in both cellular and nuclear membrane.

It is noteworthy that, for δ = β = 1, (4) and (6) reduce to the
general case of dielectric isotropy of cellular and nuclear membrane:
ε ∗ −ε ∗

∗
∗
εcell
= εmem

R
( R −λ
)3 + 2( ε∗int+2εmem
)
∗
D
mem

int

(7)

ε ∗ −ε ∗
( R −λ D )3 − ( ε∗int+2εmem
)
∗
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∗ = ε∗
where, εint
cyto

(
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εnuc −εc yto
R −λ D 3
R n ) +2( ε ∗ +2ε ∗
nuc
c yto

)

∗ −ε ∗
εnuc
R −λ
( R n D )3 −( ε∗ +2εc∗yto )
nuc
c yto

Eq. (7) is identical to the double shell model considering dielectric isotropy in the membranes [2]. Furthermore, in the absence
of the nucleus, Eq. (7) reduces to the most primitive single shell
model [11]:
ε ∗ −ε ∗
( R −λ D ) + 2( ε∗c yto+2εmem
)
∗
mem
c yto
∗
∗
εcell
= εmem
∗ −ε ∗
ε
R
( R −λ
)3 − ( ε∗c yto+2εmem
)
∗
D
mem
c yto
R

εs ε0 . S
d

Z = [( Z 1 || Z 2 )|| Z St ] + Z L
j

(8)

(9)

where d and S represent the distance between the plates and plate
area of the measuring cell, respectively. Electrical permittivity is
expressed in ε0 units, which is the free space permittivity having
value 8.85 × 10−12 F/m.
MatLab has been used to perform the analytical estimation by
implementing the developed model and the parameters used for
the theoretical model are summarised in Table 1.
2.3. Experimental
The schematic diagram of the experimental setup is depicted
in Fig. 3(a). The capacitance and impedance measurement of the
specimen cell-suspension with varying count of lymphocytes is
performed by using a computer-interfaced LCR meter (TEGAM,
Model 3550), where a closed chamber parallel-plate measurement
cell is connected to the meter. Electrodes are coated with ﬁne platinum powder (purity ≥ 99.9%) also known as platinum black. Such
electrodes reduce the polarization effects of the electrodes, thus
lowering the impact of artifact impedance in the overall electrical response of the system. Also, such electrodes are appreciably
biocompatible and less corrosive in nature. The area of the electrodes is 1 × 1 cm2 and the distance between them is 1 cm.
All the measurements have been executed with the help of LabVIEW software (National Instruments). The electrical equivalent

(10)
j

where, Z 1 = R Sol − π f C , Z 2 = − 2π f C
dl
Sol

Z St = −

3

The capacitance of the cell suspension inside a closed chamber
parallel plate conﬁguration can be written as:

C Sol =

circuit of the measuring setup is shown in Fig. 3(b). Two double
layer capacitors (C dl ) are in series with the suspension resistance
(R sol ) and the combination is parallel to the specimen capacitance
(C sol ). C dl arises due to the formation of a double-layer on the
surface of electrodes and the liquid and dominates at very low
frequencies [26–28]. C Stray and L Lead are stray capacitance and lead
inductance values of the measurement setup respectively. Performance ﬂowchart of the LCR parameter analyzer is demonstrated in
Fig. 3(c).
Equivalent impedance of such a circuit is given by:

j
2π f C Stray

and

Z L = 2 j π f L Lead

Electrical measurements are performed at an applied AC bias of
1 V amplitude in the frequency range of 50 Hz to 10 kHz. The LCR
meter is well-equipped with noise reduction techniques during
measurements and the impedance and capacitance are measured
for six different sets of lymphocyte count varying in the range of
5000/ml to 106 /ml in the specimen suspension.
3. Results
3.1. Frequency response of electrical parameters of lymphocyte
suspension
The variation of both theoretical and experimentally obtained
values of capacitance and impedance with frequency for a ﬁxed
cell count of 106 /ml is plotted in Fig. 4 and both the impedance
and capacitance are observed to decrease with increasing frequency. The experimentally obtained values of capacitance are observed to vary from 1.75 mF to 14.2 μF and the relevant modulus
values of impedance vary in the range of 83.7
to 78.7
within
the frequency window of 0.1 kHz to 10 kHz. Theoretical values are
calculated from the proposed generalized model considering dielectric anisotropy in both cell and nuclear membranes. Analytical
calculations are also performed for three other different models,
one of which considers the dielectric anisotropy in cell membrane
only and the rests correspond to the primitive double and singleshelled structures considering isotropic dielectric behavior of the
membranes. Theoretically estimated values, relevant to these four
analytical models, are also plotted for comparative study and it
is apparent from Fig. 4 that such values show the best ﬁt with
experimental data for the model which incorporates the existing
dielectric anisotropy in both the cellular and nuclear membrane.
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Table 1
Summary of the parameters used in the proposed model for calculating capacitance and impedance values of the
cell suspension.
Parameter

Symbol

Value

Reference

Cell radius
Membrane thickness
Nuclear radius
Nuclear membrane thickness
Medium dielectric constant
Medium conductivity
Cell membrane dielectric constant
Cell membrane conductivity
Cytoplasm dielectric constant
Cytoplasm conductivity
Nuclear envelope dielectric constant
Nuclear envelope conductivity
Nucleoplasm dielectric constant
Nucleoplasm conductivity
Radial membrane dielectric constant
Radial membrane conductivity
Tangential membrane dielectric constant
Tangential membrane conductivity
Radial nuclear membrane dielectric constant
Radial nuclear membrane conductivity
Tangential nuclear membrane dielectric constant
Tangential nuclear membrane conductivity

R

4 μm
4.5 nm
3.37 μm
40 nm
78
1.56 S/m
6.01
4 μS/m
74
1.06 S/m
100
8.8 mS/m
120
1.26 S/m
6.01
4 μS/m
6.01
0.4 S/m
110
8.8 mS/m
110
8.8 S/m

[16]
[16]
[2]
[2]
[8]
[8]
[16]
[16]
[16]
[16]
[2]
[2]
[2]
[2]
[22]
[22]
[22]
[23,2]
[23,2]
[23,2]
[23,2]
[23,2]

λD
Rn

λ Dn

εm
σm
εmem
σmem
εcyto
σcyto
εnen
σnen
εnpl
σnpl
εmemr
σmemr
εmemt
σmemt
εnenr
σnenr
εnent
σnent

Fig. 3. (a) Schematics of the experimental setup; (b) the equivalent circuit of the cell suspension; (c) performance ﬂowchart of the LCR parameter analyzer.

3.2. Intra-subject variability test for the electrical parameters of the cell
suspension

3.3. Variation of electrical parameters with lymphocyte count of the
system

Intra-subject or within the subject variability of electrical parameters ensures the degree of repeatability and hence the accuracy of the experimental system. Experiments are performed
ﬁve times with the samples collected from the same donor. Intrasubject variability in terms of capacitance, for this case, can be
estimated by analyzing the variance in the experimentally obtained
capacitance values as illustrated in Fig. 5.
The variation in capacitance in case of different measurements
is observed to be ≤ 3% for 1 kHz and 10 kHz frequencies. Similar variation is obtained for experimentally observed impedance
values.

The experimental values of capacitance and impedance with
varying lymphocyte count are compared with the analytically estimated values and the comparative plots in Fig. 6 show a good
agreement. The generalized model including dielectric anisotropy
derived from (4) and (6) justiﬁes the experimental data most accurately. The experimental values of capacitance are observed to
vary from 157 μF to 168.4 μF at 1 kHz and 14.2 μF to 15.4 μF at
10 kHz ﬁeld frequency. The relevant modulus values of impedance
vary between 70.7 to 80
and 69.6 to 78.7
for 1 kHz and
10 kHz, respectively.
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Fig. 4. (a) Comparative plots of both the experimental and theoretical capacitance spectra in the frequency range 1 to 10 kHz. Inset shows the same for the frequency range
of 1 to 10 kHz. (b) Comparative plots of both the experimental and theoretical impedance spectra within the frequency range of 0.1 to 10 kHz.

Fig. 5. Intra-subject variability of experimentally obtained capacitance of the samples for applied frequencies (a) 1 kHz, and (b) 10 kHz.

3.4. Determination of the sensitivity factor
A sensitivity factor in terms of capacitance can be obtained
from the slopes of the curves as depicted in Fig. 6(a) and (b). Such
factor, by describing the change in capacitance due to the insertion
of a single lymphocyte into the suspension, signiﬁcantly demonstrates the sensitivity of the system. It may be deﬁned as:


ξ=

(ncell − ncell )(C − C )

(ncell − ncell )2

(11)

where, ncell and C denote the cell count and capacitance of the
suspension. The bar operator on ncell and C gives their respective
average values for all theoretical and experimental data available
for the system.
Fig. 7 depicts theoretically and experimentally obtained sensitivity factors. Experimentally observed value of the sensitivity factor in terms of capacitance is obtained to be 12.8 pF and 1.16 pF
for 1 kHz and 10 kHz frequencies, respectively. Relevant values of
such factors have also been calculated for the successive analytical models discussed in this work. It is evident from the plot that
the generalized model which takes into account both cell and nuclear membrane induced dielectric anisotropy matches best with
the experimental value of the sensitivity factor.
4. Discussion
The plots in Fig. 6 indicate the permittivity values to decrease
with increasing cell count, which is attributed to the localization of

electric ﬁeld induced by the suspended cells and the solvent ions.
The surface and the transmembrane potential create a shell of inﬂuence around the cell where the charges of the bulk (solution)
are conﬁned to attain a minimum energy conﬁguration [29]. At
the membrane-liquid interfaces, the interfacial multipoles change
their orientations for obtaining such conﬁguration and thus affecting the electrostatic potential at such interface [30]. Consequently,
interfacial polarization gets localized within the membrane layer
and thereby, localization of microscopic electric ﬁeld occurs in the
system. Such induced localized ﬁeld retards the solvent response
to the external electric ﬁeld and thus, lowers the effective permittivity of the system. Increment in lymphocyte count or volume
fraction consequently increases the ﬁeld localization effect, and
thereby decreases the net system permittivity.
It is apparent from Fig. 4 and 6 that the generalized model considering dielectric anisotropy in both cell and nuclear membranes
gives the highest permittivity values in the frequency range under consideration and agrees best with the experimental data. As
mentioned earlier, the distinct normal and tangential motion of intrinsic mobile charges, introduced by the ﬂow dynamics of ions
through the hydrophobic interior of polar lipid-bilayer membrane
gives rise to dielectric anisotropy. Movement of such ions increases
the tangential component of membrane conductivity. Also, ﬁeld
component normal to the membrane surface induces translocation of such ions between the boundaries of the membrane and
therefore produces a dielectric dispersion and leads to a signiﬁcant increase in membrane polarizability in the frequency range
of 100 Hz–10 kHz. Such increase in polarizability leads to the
increase of complex permittivity and hence capacitance of the sys-

S. Chakraborty et al. / IRBM 41 (2020) 23–30

29

Fig. 6. Comparative plots of both the experimental and theoretical variation of capacitance with lymphocyte count for (a) 1 kHz and; (b) 10 kHz. Similar plots for impedance
for (c) 1 kHz and; (d) 10 kHz.

Fig. 7. Comparative plots showing theoretical and experimentally obtained sensitivity factor of the system for applied frequencies (a) 1 kHz, and (b) 10 kHz.

tem. Increase of polarizability of both the cellular and nuclear
membranes apparently enhances effective dielectric constant of the
system.

phocytes and to expedite the prediction of physiological disorders
leading to such condition.
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