Microsystem Technologies (2023) 29:63-70
https://doi.org/10.1007/500542-022-05389-3

TECHNICAL PAPER

®

Check for
updates

Electrical and dielectric characterization of a biological liquid using an
interdigitated microelectrodes

Meriem Dekmous'(® . Nasreddine Mekkakia-Maaza' - Hassan Mouhadjer' - Abdelghani Lakhdari’

Received: 8 February 2021 / Accepted: 5 October 2022 / Published online: 4 November 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

In this work, we propose a geometrical analysis of a biosensor with microelectrodes of interdigitated structures, based on
the method of impedance spectroscopy in the frequency range below Giga Hertz, to perform an electrical and dielectric
characterization of the biological liquid. These characteristics are very important for understanding the cells metabolism
that takes place inside the human body. New geometrical relationships are presented, contributing to a new analysis, based
on an equivalent electrical model, which according to an optimization study, led us to choose a rectangular shape on the
surface of the microsensor. Solutions are proposed to reduce the noise related to the low frequency interface effect in
the impedance signal. A comparative study is presented in order to specify the dielectric behavior of human blood from
the frequency response of its electrical conductivity and permittivity. MATLAB-Simulink software was used in our case

study to simulate the proposed model.

1 Introduction

Determination of the electrical properties and the behav-
ior of a biological medium in lower frequencies than the
Giga Hertz are importante to do a biomedical diagnostic.
This requires an analysis of the electrical bioimpedance of
a medium within the biosensor with polarized electrodes
which produce an electric field; this technique is called
impedance spectroscopy.

In the analytical method, bioimpedance is obtained by
modeling the biosensor and the biological medium using an
equivalent electrical circuit, which can be represented by a
complex bio impedance (a set of resistances and capacities),
or even simple which includes only capacities, that depends
on the type of sensor used and the desired application; for
example, a square shape sensor with two electrodes, one for
detection and the other for reference, is applied to the mea-
surement of the bio impedance of a cell culture in real time
(Daza et al. 2012).
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The characterization of bioimpedances with capacities of
interdigitated sensors applied to multilayer structures, gen-
erally uses the mapping method to make a modeling (Blume
et al. 2015b), to determine the potential and the electric field
(Dias & Igreja, 2017), to extract the capacity of a single
layer (Shenouda and Oliver 2015). The capacity also con-
tributes to the calculation of the permittivity which can be
useful for the detection of humidity (Liang et al. 2018).

The physical and chemical characteristics of biological
environments require their modeling by means of a resis-
tance and a capacitance which represent the conductive
properties and the dielectric effect respectively.

The medium equivalent circuit has been represented
under several models, the most dominant are proposed by
Fricke (Fricke and Morse 1926), Cole (Cole 1928) and
Debye (Sagor et al. 2013).

Interdigitated electrode sensors are widely used in the
biological field, due to their easy-to-use and low cost. Their
interaction with a biological medium provides a double
layer capacitance. Several researches have optimized this
kind of sensor through an equivalent electrical circuit. The
purpose is to apply an impedance to detect foodborne patho-
genic bacteria (Yang and Bashir 2008), and Esherichia coli
(Mejri 2014). Most recent and interesting researches present
an interdigitated electrode biosensor sensitive to the DNA
molecules used for, the characterization of West Nile virus
(Kunjin Strain) (Wang et al. 2017), the detection of avian
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Fig. 1 (a) Intédigitated sensor in presence of a biological fluid. (b) The
equivalent elctrical circuit

influenza virus from foodborne pathogens and the detection
of pesticide residues based on impedance sensing for differ-
ent virus concentrations (Wang et al. 2015).

One of the main problems encountered in modeling is
the significant effect of the double layer capacitance on the
measured and calculated impedance, because its response
has a wide frequency bandwidth, resulting in a bad read-
ing of the electrical and dielectric response of the biological
medium. In this case, we have optimized the geometrical
parameters of a sensor with interdigitated microelectrodes,
in order to minimize the effect of the double layer capaci-
tance, and to carry out a study of the conductivity and per-
mittivity of the biological medium in order to understand its
electrical aspect.

2 Method for determination of sensor
parameters

Fig. 1(a), shows a sensor model based on an interdigitated
electrode structure mounted on an insulating material sub-
strate. The presence of a biological liquid on this sensor
produces a Z impedance when the system is supplied with
energy source. The Z impedance is represented by electrical
components in the equivalent electrical circuit as shown in
Fig. 1(b).

2.1 Optimization of the equivalent circuit
(biological medium + sensor)

The circuit model of Fig. 1 (b) has been developed by
several works (Hong et al. 2005; Linderholm et al. 2004),
in which the resistor R4 and the capacitor C,.4, model-
ling respectively the electrical and dielectric phenomena
of the biological environment under the influence of the
electric field (Ibrahim et al. 2013), were been taken based
on the Fricke model (Fricke et al., 1926) which described
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biological cells by a plasma membrane capacitor in series
with an intracellular resistor, and in parallel with a resistor
representing the extracellular liquid.

In our study, the intracellular resistance is considered
negligible because according to Fricke’s model, it only
appears in circuits that operate at very high frequencies, and
our circuit operates in lower frequencies.

The interaction of the biological medium with the sen-
sor electrodes produces two capacities called double layer
capacitances Cy;, given by Eq. (1):

N
C{H = A~Odl(1, =W.L. 9 ~Cr11(1, (1)

Where A is the surface of the electrodes inserted at the posi-
tive or negative pole, W is the width of electrode [um], L
is the length of an electrode [um] and N is the number of
electrodes.

Cyq 18 the characteristic capacitance which represents the
capacitance per unit area [pF/um2] of the double layer, it
is a function of, the permittivity of the vacuum: € = 8,85.
10712 [F/m?], the relative permittivity of the double-layer
zone ¢ and the characteristic thickness of the double layer

d [um], Eq. (2):

€0-€di

Cata = J )

In the model of Fig. 2, we replace the two capacities Cgy of
Fig. 1 (b) by a single total capacity Cy as represented in
Eq. (3):

C, 1
Car = 2” = 4WL~N~CdIa 3)

Therefore, the two double layer capacitances Cy in Fig. 1
(b) will be modeled by a single capacitance Cr. The result-
ing equivalent electrical circuit shown in Fig. 2, will be
modeled by a resistance of the biological medium R .4 in
parallel with its capacitance C,,.4, and the whole in series
with the equivalent double layer capacitance Cyr.

2.2 Electrical circuit parameters determination

The equivalent electrical impedance Z will be calculated
from the circuit of Fig. 2 as given in Eq. (4):

Rmed 1

T4 R Conear 4)

j.Cle.w

Where the angular pulsation © [rad / s] is related to the fre-
quency f [Hz]: @ =2nf. j is an imaginary number.
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| | dIT This relative permittivity or so-called dielectric constant of
the blood is equal to 5300 in the low frequency band and 60
Remed in the high frequency band (Aufray et al. 2012).
| | By equalizing Eq. (3) with Eq. (10), we can deduce the
expression of Cdla represented by Eq. (11).
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Fig. 2 The model of the equivalent electrical circuit

The resistance of the biological medium Rmed depends
essentially on the conductivity of this medium o (S / m), as
well as the cell constant Kcell (m™) (Olthuis et al. 1995),
and is given by the Eq. (5):

K
Rmcd = ! (5)
g

According to Eq. (6), the capacity of the biological medium
Cmed also depends on the cell constant Kcell, as well as the
relative permittivity of the medium and the permittivity of
vacuum ¢ = 8,85. 107'2 [F/m?] (Ibrahim et al. 2013):

€0-€T"med

Cmez =
Z K cell (6)

Equations (7), (8) and (9) show the relationship of the cell
constant Kcell to the sensor geometry, where S indicates the
electrode gap [um].

2. (k)

Kooy = (N —1).L.K(\/1—k?) 7

K(k):/ (1= £2) (1 — K3 2.t @®)

0

. W
b= cos (2. (W + S)) ©

In another way, the total double-layer capacity depends on
the constant Kcell and the permittivity of the vacuum and
the relative permittivity as shown in Eq. (10), according to
the homogeneous and isotropic dielectric medium (Bard
and Faulkner 2002; Olthuis et al. 1995):

2.3 Geometric analysis for the structures choice

Due to the reduction of interface effects that occur by the
interaction between sensor and biological medium, occupy-
ing a wide frequency band in the frequency response of the
impedance and overlapping with the useful frequency band
(frequency band that characterizes the biological medium),
we can use the expression of the low cutoff frequency to
make our choice of structures, given in Eq. (12);

1

flo B 2-7T-Rmrzd~CdZT (12)

By replacing the expressions; Eq. (3), Eq. (5) and Eq. (7) in
the Eq. (12), we obtain the Eq. (13):

0. (N —1).K(\/1—-k?)

W.W.N.Cdla.K<k) (13)

flo:

To simplify our optimization, we will introduce two ratios:
Mr and Sr given in Eq. (14) and Eq. (15) respectivelly:

M, = VSV (14)
(W+S).N
5= (15)

Where:

Mr: The ratio between the width and the spacing between
the two electrodes (metallization ratio).

Sr: The ratio between the total width and the length of the
sensor (surface ratio of the sensor).

By replacing the two equations; Eq. (14) and Eq. (15)
in Eq. (13), the expression of the low cutoff frequency Flo
becomes as in the following Eq. (16):

_o(N=1) K (/11— k2
m.LCdla. () K (k)

lo

(16)
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Fig.3 The low cutoff frequency according to the metallization ratio for
different surface ratio values of the sensor
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Fig. 4 The low cutoff frequency according to the metallization ratio
for Sr=2

The optimization of the geometric structures of the sensor
is obtained from an analysis of the low cut-off frequency.
Indeed, Eq. (16) will be used to define the two ratios Sr and
Mr which is used to determine the best geometrical struc-
tures of our sensor, taking into account: N=25, L=1000 pm.
Fig. 3 and Fig. 4 show the variation of the low cut-off
frequency lo for different values of the Sr and Mr ratios.
The result of Fig. 3 shows that we have to choose a sur-
face ratio Sr=2, to have the lowest value of the low cut-
off frequency flo, in this case the sensor have a rectangular
shape. Thus, we observe that the metallization ratio must be
less than 1 (Mr< 1) or the electrode width W is greater than
the spacing S, for the low cut-off frequency to pass through
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its minimum values. And in order to determine the optimal
value of the metallization ratio, we have swept the latter
between 0.1 and 1 as shown in Fig. 4, and by consequence,
the obtained metallization ratio Mr is about 0.54.

Using this geometric analysis and simulation we obtained
optimized values represented in Table 1:

2.4 Electrical and dielectrical parameters of
biological medium

The relative permittivity of the biological medium is
obtained from the expression of the impedance Z (Eq. 4),
which is given by Eq. (17)

imag (3" (17)

€p.wW

€ =

Generally, biological medium do not have a very high con-
ductivity (Tarasov and Titov 2013), represented by Eq. (18):
flo,

00 — 0o
o=o0 . 1
F 1 (wr)? (18)
Where: 0o g ATC the conductivities in high and low fre-
quencies respectively, Tis the relaxation time.

3 Results and discussion

In order to study the effect of the metallization ratio and
the area ratio on the low cut-off frequency, we visualized
the frequency response of the impedance as shown in the
Figs. 5 and 6 for different values of the two ratios and thus
different sensor geometries. These values are shown in
Table 2, taking into account that the value of the number of
electrodes and the length of an electrode are constant in all
cases: N=35 and L=1000 pm.

Because of the overlap between the five curves obtained
in the high frequencies as shown in Fig. 5, we made a zoom
in the frequency range of [10° — 107 Hz] as shown in Fig. 6
; the goal is to extract the low cut-off frequency for each
curve corresponding to the different geometries.

The frequency response of the impedance in Fig. 5 is
divided into three zones, corresponding to the three compo-
nents of the equivalent electrical circuit in Fig. 1.

The first interval below the low cut-off frequency rep-
resents the discharge of the Cyr capacitance, because the
effect of Cmed is negligible compared to Cy;r in this case.

The second interval between the low and high cut-off
frequencies, the curve is constant which is represents the
impedance Rmed.
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Table 1 Parameters of equivalent electrical circuit
N W Kcelll Ried Cinea [PF] Car [pF] Cdia ,
[pm] [m~] [Q] [pF/pm’]
(1) 5 259.74 401.50 573.5765 1.32 115.94 3.57x107%
?2) 10 129.87 178.44 254.9228 2.97 260.87 8.03x 1074
3) 15 86.58 114.71 163.8790 4.62 405.81 1.25%x1073
4 20 64.93 84.52 120.7530 6.28 550.71 1.69x1073
5) 25 51.94 66.91 95.5961 7.93 695.64 2.14x1073
(6) 30 43.29 55.37 79.1140 9.58 840.58 2.59%x1073
@) 35 37.10 47.23 67.4795 11.24 985.51 3.03x1073
®) 40 32.46 41.18 58.8284 12.89 1130.42 3.48x1073
9) 45 28.86 36.50 52.1432 14.54 1275.35 3.92x1073
(10) 50 25.97 32.77 46.8225 16.20 1420.29 437x1073
an 55 23.61 29.74 42.4871 17.85 1565.22 4.82x1073
(12) 60 21.64 27.22 38.8865 19.50 1710.12 5.26x1073
(13) 65 19.98 25.09 35.8485 21.16 1855.06 5.71x1073
(14) 70 18.55 23.27 33.2508 22.81 1999.99 6.16x1073
(15) 75 17.31 21.70 31.0041 24.46 2144.93 6.60x1073
(16) 80 16.23 20.32 29.0419 26.12 2289.86 7.05%1073
108 T T T 400 T T T T T
Mr=0.2,Sr=0.5 MrTO.Z‘Sri0.5
Mr=0.8,Sr=1 iy
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Fig. 5 Impedance frequency response

At the third and last interval above the high cut-off fre-
quency, the curve is slightly decreasing, corresponding to

the discharge of the Cmed capacitance.

The sensor parameters listed in Table II and shown in
Figs. 5 and 6 confirm that the optimal values of the metal-

2 3 4
flo4flo2flot flo5  flo3 Frequency [Hz]

x10°

Fig. 6 Impedance frequency response in [10°- 107 Hz]range

respectively, and therefore the sensor number (4) gave the
lowest value of the low cutoff frequency flo4=2.01 MHz, as

well as the lowest value of the capacitance Cdla=3.06x 107

[pF/um?], which minimizes the interface effects that occur
at the electrode-electrolyte interface, which confirms our

lization ratio and the surface ratio are Mr=0.54 and Sr=2 approach.

Table 2 Parameters of different sensor geometries

The sensor number Mr Sr W [um] S [um] Cye [PF/ pm?] fi, [IMHz]
(1) 0.2 0.5 11.9 2.38 13.25%1073 2.49

2) 0.8 1 15.87 12.69 6.22x1073 2.24

3) 0.54 1 18.55 10.02 6.11x1073 4

) 0.54 2 37.10 20.04 3.06x 1073 2.01

) 5 15 7.14 35.71 7.36x1073 337
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106 Table 3 Evaluation of sensitivity
23001 | I | ‘ ‘ ‘ ‘ ‘ ‘ ] The authors N1 N2 KI1[m'] K2[m'] Sensitivity
[m]
23801 ] (Ngoetal. 2016) 10 14 9445 65.39 7.26
2.3901 |- 1 36 40  24.29 21.80 0.62
23001 - ] 46 50 18.89 17.35 0.38
Our results 10 15 178.44 114.71 12.74
20y ] 35 40 4723 41.18 1.21
9 23001 : 45 50 3650 32.77 0.74
23901 ] 55 60 2974 27.22 0.50
75 80 21.70 20.33 0.27

2.3901 .

2.3901 1

2.3901 g

Fig. 7 The variation of low cutoff frequency vs. the number of
electrodes

In order to select a structure from the Table I and to simu-
late the physical properties of the biological environment, it
is necessary to consider the influence of the electrodes num-
ber N on the low cut-off frequency flo, taking into account
that all the structures indicated in Table I have the same con-
tact surface mentioned in Eq. (19):

Ac=W.L.N = 12.98 x 10°um* (19)
Fig. 7 shows the variation of low cutoff frequency flo as a
function of the number of electrodes N:

We Note from Fig. 3 that the effect of the number of elec-
trodes on the low cutoff frequency is negligible, this is almost
in agreement with Eq. (13): forN > 5 electrodes, ;' = 1
; On the other hand, if N < 5 the value of the low cut-off
frequency will be approximately halved because \\_, l~05
; this is useful for our optimization but on the other hand
affects the sensitivity of impedance measurement, the cell
constant K increases and the variations in impedance gener-
ated by our sensor are difficult to detect. For this reason, we
study the sensitivity of the cell constant K with regard to the
electrodes numbers N as shown in Eq. (20):

AK

AN (20)

-

Table 3 shows the values of the variation sensitivity of the
Kcell constant with regard to the variation of the electrodes
number:

The value of the cell constant is inversely proportional to
the number of electrodes, this result is shown in the Table 3
by (Ngo et al. 2016) and confirmed by (Blume et al. 2015a)
who indirectly found that the increase in the electrodes
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number N and the decrease in the width electrode width W
leads to the decrease in the cell constant K.

Table 3 shows that sensitivity gradually decreases with
increasing of electrodes number, which is close to the values
obtained by (Ngo et al. 2016).

The value of the sensitivity is ten times higher if less than
15 electrodes are used, which means that the cell constant
K is not really constant. On the other hand, if the number of
electrodes is increased to more than 35, the sensitivity value
becomes less than or equal to 1, and therefore the change in
the Kcell constant becomes negligible. Indeed, for a better
optimization, it is better to take structures with more than
35 electrodes.

These results are in good agreement with those of (Bour-
jilat et al. 2018) who optimized a sensor with a metallization
ratio Mr=0.5, and a number of electrodes N = 80.

Finally, we studied the variation of permittivity er as a
function of frequency as shown in Fig. 8. Table 4 shows the
comparative values of the double layer parameters obtained
in our study and the results obtained by (Borkholder 1998),
(Wolf et al. 2011) and (Gun 2017).

In Fig. 8, the relative permittivity curve obtained is similar
to all other curves from previous work and closer to the (Wolf
et al. 2011) curve. The permittivity of blood is about 5260 in
the low frequencies and 60 in the high frequencies, which is
in agreement with the results obtained by (Aufray et al. 2012).
Thus we notice that in the high frequencies the relative permit-
tivity of blood is between 40 and 80, which is in agreement
with the experimental results obtained by (Ley et al. 2019).

The optimization of the sensor is essentially based on the
study of the frequency response of the electrical conduc-
tivity shown in Fig. 9. Table 5 presents this parameter for
previous results of (Ma and Ea 2014), (Wolf et al. 2011),
(Abdalla 2011), as well as the results obtained by our model:

Two relaxation time values in Table 5 are very close to
our value, that of (Abdalla 2011) and (Wolf et al. 2011).

(Wolf et al. 2011) has experimentally studied the dielec-
tric properties of human blood in its different regions of
dispersion by varying the temperature. We have simulated
the dispersion region B as it fits with our studied frequency
range, and we took the result for a temperature of 288 °K.
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Fig. 8 Relative permittivity of human blood variation vs. frequency

Table 4 Dielectric properties of the system

Les auteurs Cy [PF/ um?] €4
(Borkholder 1998) 70%x 1073 7906
(Wolfetal. 2011) 43x1073 486.27
(Gun 2017) 8.96x1073 1012.6
Our results 3.92x1073 442.93

1 T T T T T

Ma & Ea, 2014
Wolf etal., 2011 | |
Abdalla, 2011
our results

05 !

electrical conductivity [S/m]

Frequency [Hz]

Fig. 9 Electrical conductivity of human blood variation as a fonction
of frequency

Table 5 Relaxation time for different authors
Authors

Relaxation time T = RC [s]

(Ma and Ea 2014) 5.1073

(Wolf et al. 2011) 0,89.1077
(Abdalla 2011) 1,41.1077
Our results 0,66. 1077

(Abdalla 2011) studied the frequency variation of con-
ductivity for different glucose rates in human blood, the rep-
resentation of their work and the value of the rate were taken
for a glucose concentration equal to 122.3 mg/L.

Note that (Ma and Ea 2014) in Fig. 9 is slightly differ-
ent from the other curves. Its conductivity variation appears
before the others curves in the frequencies between 10°
and 10° Hz. This is due to the minimum value of the relax-
ation rate in comparison with Table V. He experimentally
analyzed the resistance and electrical capacity of red blood
cells, which represent 95% of the blood cytoplasm. Then the
relaxation time of the red blood cells is less than the relax-
ation time of a complete blood sample.

There is not much difference in the variation of conduc-
tivity at low and high frequencies, in the case of our curve
and those of (Wolf et al. 2011), (Abdalla 2011) and (Ma
and Ea 2014). The sensitivity of the conductivity variation
is better in the high frequencies because, the conductivity
varies around 0.7 S/m to 0.76 S/m, while in the low frequen-
cies it varies between 0.2 S/m and 0.4 S/m, this is due to the
polarization phenomenon and the double layer capacitance
that occur in the low frequencies and which is different in
the obtained four curves.

We also notice a significant increase in conductivity, and
in the same time a decrease in relative permittivity mainly
in the frequency range from a hundred kHertz to a few tens
of MHertz (10° Hz — 2.107 Hz) Figs. 8 and 9, this is due to
the decrease in the value of the membrane capacity of blood
cells, which allows the passage of current through the intra
and extra cellular medium, thus resulting in an apparent
increase in conductivity. This dielectric behavior of biologi-
cal medium in this frequency range has been named disper-
sion B by (Schwan 2002), who noted that this dispersion
occurs in a relative permittivity range between 50 and 100
at high frequencies and between 10* and 10° at low frequen-
cies and in a conductivity range between 0.1 S/m and 1 S/m;
which is in agreement with our results and with other recent
works such as those of (Rivas-Marchena et al. 2017).

4 Conclusion

An interdigitated microelectrode biosensor was used for the
electrical and dielectric characterization of human blood at
frequencies below the Giga Hertz, using an analytical model
of an electrical circuit simulated by Matlab.

A new method of geometric analysis has been developed
which led us to choose a rectangular shape on the surface
of the studied microsensor. This method allowed us to opti-
mize an area ratio Sr=2 and a metallization ratio Mr=0.54.
The optimal values of the number of electrodes must be
higher than 35 to have a response of the microsensor and to
characterize the biological liquid.
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A comparative study of the electrical properties of human
blood (permittivity and conductivity) has shown that the
electrical model of our sensor in the frequency range (0
to 10° Hz), is suitable for modeling the electrical behav-
ior of the plasma membrane at the time of ionic exchanges
between intra- and extracellular liquids, through the trans-
membrane channels.
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