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A B S T R A C T   

A simple, ultra-wide frequency range, equivalent circuit for plant cell suspensions is presented. The model in-
corporates both the interfacial interactions of the suspension with the electrode, dominant at low frequencies, 
and the molecule and cell polarization mechanisms dominant at higher frequencies. Such model is useful for 
plant cell characterization allowing a single set of parameters over >9 orders of magnitude, whilst allows 
electronic simulations over the whole frequency range using a single model, simplifying the design of electronic 
systems of integrated plant cell sensors. The model has been experimentally validated in the frequency range of 4 
Hz–20 GHz with each component in the circuit representing a physical phenomenon. Various cell concentrations 
(MSK8 tomato cells in Murashige and Skoog media) have been investigated, showing clear correlations of the cell 
capacitance increasing within the range of 200–600 pF, whilst cell resistance (R) decreasing within the range of 
approximately 0.8–3 kΩ within the cell concentration X–Y cells/mL range. This is the first model ever reported 
that covers such a wide frequency range and includes both interfacial and polarization effects in this simple form.   

1. Introduction 

The increasing demand for higher qualities and quantities of agri-
cultural products (Carvell and Dowd, 2006; Khaled et al., 2016) has 
boosted the demand for online, non-destructive monitoring of plants and 
produce. Monitoring can be achieved at all levels: from plant health, soil 
chemistry, volatiles, cellular, or sub cellular levels up to actual produce 
quality. Several techniques are available to monitor the aforementioned 
parameters, with impedance spectroscopy being probably the most 
powerful. 

Electrical Impedance Spectroscopy (EIS) is widely applied in char-
acterization of insulating, semiconductor, and even conducting mate-
rials, such as electrolytes (Corona-Lopez et al., 2019; Guan et al., 2004). 
The technique uses the materials’ dielectric properties that depend on 
the distribution of electric charges, internal and on their surface, and 
their interaction with an electric field. These properties depend on 
material composition and are useful in characterizing composite 

materials, both organic and inorganic, where the analyte under inves-
tigation is distributed in fluid media. The internal and surface charges 
can be either inherent within the structure (i.e. molecules, organelles, 
cells etc.) or temporarily induced on their surfaces (Asami, 2002a). 
Hence, dielectric properties can provide valuable information about 
various biological analytes, such as a mixture of various molecules 
(Skierucha et al., 2012) or cell/electrolyte suspension. Impedimetric 
analyses of cell cultures have been used in the past for non-destructive 
monitoring of the morphology, viability, and environmental change of 
cells for many cell types in various media under different conditions 
(Andreescu et al., 2004; Guan et al., 2004; Guo et al., 2006; Lei et al., 
2014; Liu et al., 2009). Several models have been proposed relating the 
dielectric properties of plants, plant cell cultures, and agricultural 
products with biophysical and electrical properties of heterogeneous 
systems at the molecular and macroscopic levels (Asami, 2002b; Asami 
and Yamaguchi, 1992; Nelson, 1991). There also exist studies reporting 
the use of EIS for real-time monitoring allowing for better control of cell 
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culturing with higher yields (Chen et al., 2005; Guo et al., 2006; Lei 
et al., 2014; Liu et al., 2009; Ribaut et al., 2009). Typically, EIS has been 
used to assess the dielectric properties of biological units in an ionic 
conducting medium (Grimnes et al., 2015), e.g. aqueous cell suspension, 
biological fluids, aqueous assays etc (Bera et al., 2016). EIS measure-
ments provide information that is represented either by an effective 
complex dielectric constant or by an equivalent lumped electrical circuit 
that includes capacitive, conductive/resistive, and inductive compo-
nents. These components represent the various mechanisms affecting 
the overall electric and dielectric properties of the sample and the 
electrodes together with the interconnects used, over a defined range of 
frequencies. 

Biological samples, almost always, either have a certain degree of 
water content or are in an aqueous buffer solution. Water has a strong 
interaction with the electric field at microwave frequencies due to its 
dipolar nature and due to dispersion associated with its dielectric 
properties (Trabelsi and Nelson, 2003). Therefore, as the medium’s 
dielectric properties can be significantly affected by cell properties and 
cell concentrations, especially in aqueous media, the moisture content 
and bulk density of cells can be monitored using EIS techniques (Nelson, 
1981; Trabelsi and Nelson, 2016). EIS investigations of biological elec-
trolytes, available in the literature, usually cover a relatively limited 
frequency range depending on the equipment and setup. There is a 
significant amount of data published regarding the lower end of the 
spectrum – up to a few MHz, and some data at frequencies higher than 1 
GHz. This is probably due to the complexity, the level of expertise 
needed at high frequency measurements, and also the high cost of 
equipment for radio and microwave frequency EIS systems (Asami et al., 
1996). On the other hand, there are relatively simple, low-cost, and 
user-friendly electronic instruments, such as potentiostats with an EIS 
option, for the lower frequency range, up to ~100 kHz-1 MHz. Never-
theless, there are a few reported cases yielding data on cell suspensions 
at high frequencies (Beving et al., 1994; Carvell and Dowd, 2006; Iri-
majiri et al., 1978; Markx and Davey, 1999; Surowiect et al., 1986). 
They show that EIS may provide important information related to the 
cells, i.e. shape, membrane properties, cytoplasm, cell surface, nuclear 
envelope, intracellular phases, etc. 

The first investigation of dielectric properties of biological cells was 
performed more than a century ago (Höber, 1910), in which the cells 
were characterized as a poorly conducting membrane enclosing a con-
ducting and polar cytoplasm. The efficiency and effectiveness of the 
impedimetric and dielectric methods (Asami et al., 1980), are in the 
evaluation of passive electrical properties (Pethig and Kell, 1987) of cell 
membranes (Herman P. Schwan and Shiro Takashim, 1991) is based on 
the reality that the presence of the cell membrane - low-conductivity 
layer separating two different high-conductivity media (the cytosol 
and the extracellular medium) gives rise to a marked conductivity 
dispersion (Markx and Davey, 1999) in the radio wave frequency range 
(Bordi et al., 1993). The general tendency is for permittivity to fall, and 
conductivity to concomitantly increase, in a series of steps as frequency 
increases. These step changes are called dispersions (Markx and Davey, 
1999) and each one reflects the loss of a particular polarization process 
at increasing frequencies. Biological materials can show quite large 
dispersions, especially at low frequencies (Asami, 2014; Asami and 
Yamaguchi, 1992). For practical applications in agrophysics, the applied 
frequencies usually do not exceed 20 GHz (Skierucha et al., 2012). Both 
the medium and the cells affect the overall electrical properties of a 
suspension placed between the electrodes of an EIS setup. In a dilute 
system (with respect to cell density), the resistance will, for example, be 

governed by electrolytes and especially salt concentrations in the liquid. 
The capacitance or ability to at least temporarily store electrical energy 
by charge separation, however, will exist mainly across cell membranes 
of living organisms (T. Hanai, K. Asami et al., 1976). This hypothesis has 
been verified in various scientific studies dealing with diversification of 
the quality parameters based on dielectric properties of several types of 
tested cells, e.g. yeast, liver cells, lymphoblast, E. coli bacteria, etc 
(Asami et al., 1989, 1976; Beving et al., 1994; Bordi et al., 1993; Car-
stensen, 1967; Irimajiri et al., 1978; Jenin and Schwan, 1980; Schwan 
and Li, 1953; Surowiect et al., 1986; Touw et al., 1973). There is a va-
riety of published research, focused on the impedimetric properties of 
biological cell culture (i.e. yeast (Chen et al., 2005), human hep-
atocarcinoma cells (Guo et al., 2006), human oral cancer cells (OEC-M1) 
(Lei et al., 2014), human oesophageal cancer cell lines (KYSE30) (Liu 
et al., 2009), red blood cells (RBC) (Ribaut et al., 2009), etc.) but there 
are few on plant cell cultures using EIS/Impedimetric analysis (Asami 
and Yamaguchi, 1992; Bera et al., 2016). 

The potential to monitor cell concentration, cell size, metabolic state, 
cell morphology, apoptosis, immobilization, viral infection, and virus 
release as well as several other parameters in real-time, enables 
improved process control and understanding of the complex mecha-
nisms during several processes. The potential of EIS, may well reach 
beyond measuring viable cell density to more intricate issues, such as the 
physiological state of the cell or organism. In comparison to other 
common methods, EIS allows for non-invasive and non-destructive, on- 
line process monitoring and control for suspension cultures and even 
cells attached to solid carriers (Carvell and Dowd, 2006), as probes can 
be sterilized in-situ and are available as disposable units (Markx and 
Davey, 1999). However, practical implementation of material charac-
terization in a broad frequency range using dielectric spectroscopy is 
still rare, and more research and development is needed to assess the 
practicality of such techniques at these ranges. 

It is clear that there is a need for more data and models linking the 
information about the dielectric properties of biological materials from 
low, medium, and high frequency ranges. Although a variety of equiv-
alent circuits for animal cell suspensions exist, plant cell has different 
morphology and some unique features such as cell walls and use 
different buffer solutions compared to animal cells. This leads to 
different characteristic frequencies and values in the dispersion curved 
hence, plant cells required different modelling approach when 
compared to animal cells. This need is highlighted by the current trend 
in electronics to increase the use of Radio Frequency Integrated Circuits 
(RFIC) following the need for wider bandwidth information and 
communication technologies. RFIC technology is creating an opportu-
nity to have, in the near future, lower cost, high quality, field- 
deployable, reliable and inexpensive ultra-wideband EIS components 
and systems for the fields of medicine, food, agriculture and environ-
mental monitoring. However, this will only be feasible if the EIS sensor 
can provide a reproducible signal, with good signal to noise ratio and 
low error rate (both false positive and false negative). The signal 
mentioned above can be understood as the change in one of the 
impedance components and its assessment from the testing results, 
which also depends on the electrical modelling of the system under test. 
In order to design and successfully manufacture EIS systems that can 
span through the low frequency range (few Hz down to μHz) up to tenths 
of GHz, a reliable model of the cell suspension is required. Currently, 
engineers and scientists use discrete models for the low frequency 
(Randles model) and several other models for the high frequency (>1 
GHz) leaving a significant frequency range usually uncovered. 
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Therefore, a model that can combine the low frequency range with the 
high frequency range and be accurate even for the mid-frequency range 
will have a major impact to the design of the electronic equipment 
required for EIS measurements within any frequency range. 

This paper presents a systematic approach to generate a unified 
equivalent circuit representation, for the assessment of the impedimetric 
properties of plant cells (tomatoes MSK8) in aqueous biological growth 
media Murashige and Skoog (Murasnige and Skoog, n.d.) (MS) and in an 
ultra-wideband frequency range (4 Hz-20 GHz). The model was 
conceived taking into consideration both electrode and bulk effects. This 
information depends on relationships between the circuit components, 
the cell concentrations, the cell types, and the media. Using equivalent 
circuits is a relatively simple tool that is compatible with common 
electrical engineering Computer Aided Design (CAD) tools; therefore, it 
can be used for future biosensor design and integration with very 
low-cost, conventional electronic systems. Having single model will 
benefit both circuit simulations for electronic circuits characterizing or 
incorporating cells and also plant research allowing a simple set of pa-
rameters over >9 orders of magnitude. 

2. Materials and methods 

2.1. Preparation and analysis of cells 

2.1.1. Cell cultures 
Tomato (S. lycopersicum cv Mill.; line MSK8 (Koornneef et al., 1987)) 

cell suspension cultures were grown in Murashige and Skoog (MS) 
(Murasnige and Skoog, n.d.) medium including vitamins (Duchefa Bio-
chemie), supplemented with 30 g/L sucrose, 1 mg/L 2,4-dichlorophe-
noxyacetic acid (2,4-D) and 0.1 mg/L kinetin, which was set to pH 
5.7. The cell culture was centrifuged at 25 ◦C in the dark, at approxi-
mately 100 rpm. Sub-culturing was performed every 2 weeks. MSK8 
cells were used 14–20 days after sub-culturing and were diluted before 
the experiment in fresh MS medium. 

2.1.2. TEM analysis 
Cells were precipitated from the MS and washed several times in PBS 

buffer and then stored in 2.5% Glutaraldehyde in PBS over night at 4 ◦C 
followed by incubation at 1% OsO4 in PBS for 2 h at 4 ◦C. Dehydration 
was carried out in graded ethanol followed by embedding in Glycid 
ether. Thin sections were mounted on Formvar/Carbon coated grids, 
stained with uranyl acetate and lead citrate and examined in Jeol 1400 – 
Plus transmission electron microscope (Jeol Inc., Japan). Example for 
the TEM analysis is shown in Supplementary Material (Section S1). 

2.2. EIS measurements 

EIS measurements were carried out for a frequency range of 4 Hz–20 
GHz using multiple instruments. Three different probes were used to run 
the experiments for the low frequency range (4 Hz–5 MHz), the mid- 
frequency range (100 kHz–3 GHz), and the high frequency range 
(200 MHz–20 GHz). The measurement ranges relate also to the cell line 
sample, which had characteristic dispersions at those ranges. For all the 
experiments, cells at specific concentrations were filtered out from the 
growth medium and then suspended again in a fresh medium (total 
volume of approximately 700 μL) before the beginning of each mea-
surement. All measurements were performed at room temperature 
(25 ◦C). 

The experiments for each cell concentration have been repeated 3–5 

times with the difference in the obtained data to be well within the error 
margins of the equipment used. More details about the equipment used 
and their error margins can be found in the Supplementary Material and 
the equivalent MethodsX paper. 

3. Electrical modelling 

Electrical Impedance Spectroscopy (EIS) is a common method used 
for the characterization of dielectric materials in general and biological 
materials and solutions in particular. The theory is well established and 
in this work we follow a common formulation mentioned in various 
textbooks (Barsoukov, Evgenij, 2005; Orazem, M. E., & Tribollet, 2017). 
Here, we focus on cell-line suspensions containing buffered electrolyte 
and cells. Although it is called “impedance spectroscopy” and the results 
can be presented as the impedance versus frequency, it is very common 
to present the results in the form of admittance, S parameters, and/or 
dielectric constant versus frequency. Another way to represent the data 
is using an equivalent electrical circuit. Each component, or a group of 
components, represents some physical mechanism, which is more 
dominant or noticeable in a specific frequency range. In this paper, we 
demonstrate a unified equivalent circuit, based on known models (i.e. 
Orazem M (Orazem, M. E., & Tribollet, 2017). and Barsoukov, Evgenij, 
and J. Ross MacDonald (Barsoukov, Evgenij, 2005)) combining all the 
dominant effects. The advantage of having one model is twofold:  

1. It allows for simulation of the system, where the biological solution is 
embedded in an electronic system. It can be done using computer 
aided design (CAD) tools like SPICE, which is a standard tool among 
circuit designers.  

2. A simple representation can be achieved over almost 10 orders of 
magnitude providing more information on the analyte characteris-
tics; e.g. better sensing or screening. 

The approach presented here in modelling the impedance of bio-
logical samples is by using two different equivalent circuits, each one 
representing the behavior of a system in a different frequency range, 
thus creating networks for each frequency regimes while forming a total 
equivalent circuit composed of the serial combination of those networks. 

At low frequencies, the impedance is dominated by the electrolyte/ 
electrode interface. Hence, the Randles model (Randles, 1947) is used 
for that regime. In the medium and high frequency range, the impedance 
is dominated by the electrolyte impedance, the solution conductivity, 
and various loss mechanisms due to the presence of cells in the elec-
trolyte. Stitching the two models together is relatively simple to execute 
since in the medium frequency range, the solution impedance, which is 
common to the two models, is dominant. In the Randles model, the serial 
resistance is the dominant part. In the high frequency model, where 

Table 1 
The equivalent circuit components expressed in terms of the Debye model 
components. Note that we assume RC = τ.  

Type Nomenclature Expression 

Capacitance (F) C1 C1 = ε0εr,∞⋅
A
d  

C C = ε0[εr,0 − εr,∞ ]⋅
A
d  

Resistance (Ω) R 1
R

= σr⋅
A
d

=
C
τ  

R1 1
R1

=
1

G1
=

σ
ε0

⋅
A
d   
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Debye’s representation of the impedance was used, this electrolyte 
conductance is represented in parallel to the other components that 
represent other loss mechanisms in the electrolyte. There is a slight in-
accuracy in this assumption, since the serial resistance in the Randles 
model includes also contact and wire resistance; however, in the appa-
ratus used, those other parasitic components are much smaller 
compared to the electrolyte impedance, which is due to its ionic 
conductivity. 

3.1. Medium to high frequency range 

In the medium to high frequency range (>10 MHz), most publica-
tions present the impedance data using the complex dielectric constant 
as the figure of merit, representing both the dissipating and non- 
dissipating components of the material. In this section, we follow stan-
dard equivalent circuit models that appear in the literature (Barsoukov, 
Evgenij, 2005; Orazem, M. E., & Tribollet, 2017). The equivalent circuit 
model was adapted according the experimental setup. 

The dielectric constant is usually represented as a function of the 
frequency, for small signal excitation and it includes both real and 
imaginary parts: 

ε(ω)= ε’(ω) − jε’’(ω) (1) 

The dielectric constant can be extracted from the measured imped-
ance, admittance, or S-parameters using proper modelling. There are 
few ways to model the dielectric constant: the Debye model (P. Debye, 
1929), the Cole-Cole model (Cole and Cole, 1942), the Davidson-Cole 
model (Davidson and Cole, 1950) and the Havriliak-Negami model 
(Havriliak and Havriliak, 1996; Havriliak and Negami, 1966). In this 
paper, we will follow the Debye model since it yields, as will be shown 
later, a rather simple lumped equivalent circuit. 

The Debye model for the relative dielectric constant εr(ω) of the 
biological solution is defined as: 

εr(ω)= εr,∞ +
εr,0 − εr,∞

1 + jωτ +
σ

jωε0
(2)  

Where ε0 is the dielectric constant of vacuum (8.854 × 10− 12 C/V m), 
εr,∞ is the relative dielectric constant at very high frequency, εr,0 is the 
relative dielectric constant at low frequency, ω is the angular frequency 
(rad/s), and σ is the specific conductivity of the electrolyte (S/m). In this 
model, we combined the classical Debye model with the solution con-
ductivity model in a way that the impedances representing those effects 
will be in parallel to each other. That complex dielectric constant (Eq. 
(2)) is used to calculate the admittance Y(ω) of an equivalent capacitor 
C* with an area A (m2) and distance d (m) between the plates: 

Y(ω)= jωC* = jωε0 ⋅
A
d

⋅
[
εr,∞ +

εr,0 − εr,∞

1 + (ωτ)2

]
+

[

σr ⋅
(ωτ)2

1 + (ωτ)2 + σ
]

⋅
A
d

(3)  

Where: σr =
ε0r,0 − εr,∞

τ . 
Observing this admittance, Y(ω), the real part can be interpreted as a 

resistive component and the imaginary part can be interpreted as a 
capacitive component. However, these components depend on the fre-
quency. Therefore, further simplification of the model, to frequency- 
independent components is required in order to allow for a simple RC 
network representation. This has been accomplished following the 
observation that the network that is shown in (Supplement Fig. S3), has 
the same frequency functional dependence for its admittance as that 
written in the admittance derived from the Debye model (Eq. (3)): 

Y = jω
[

C1 +
C

1 + (ωRC)
2

]

+
1
R

⋅
(ωRC)2

1 + (ωRC)
2 + G1 (4) 

This model includes three circuits in parallel: a capacitor, a resistor, 
and a resistor in series with a capacitor. 

Comparing expressions 3 and 4, we can show that the components of 
the admittance equivalent circuit (Supplement S3) can be written as 
function of the Debye model components as in Table 1. 

In the case where there are a few loss mechanisms in the solution, in 
addition to that of the electrolyte, we can assume that each one of them 
contributes a single time constant to the effective dielectric constant. 
Therefore, the effect of the loss mechanism can be modelled as an 
additional RC element as shown in Fig. 1. 

Fig. 1. The unified equivalent circuit model of the cell-line suspension, and in the extended Debye model section, the equivalent circuit in the case when there are a 
few dissipative components. Ra, Rb …, Rz are the equivalent resistors. Ca, Cb …, Cz are the equivalent capacitors (Barsoukov, Evgenij, 2005). 
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3.2. Unified model 

A unified model is presented here that can be used to characterize 
suspensions in a frequency range spanning ten orders of magnitude 
(Fig. 2). This model includes both the Randles model and the model 
presented in the previous section. The Randles model is well described in 
the literature (Randles, 1947). At low frequencies, typically below 1 
kHz, the impedance of the double layer capacitance, Cdl, becomes of the 
same order of magnitude as the series resistance, Rs. In that frequency 
range, transport phenomena near the electrodes are also observed and 
are typically modelled by the Warburg impedance, ZW, or in a more 
general model as a Constant Phase Element (CPE) in series with the 
charge transfer resistance, Rct. For more details on the Randles model 
and how each component is represented please refer to Bard and 
Faulkner (2001). The Randles model is sufficient up to frequencies of 
less than 10 MHz where the Debye model starts to dominate. Based on 
the equivalent circuit of the Debye model presented above, C1 is related 
to the water polarization whilst C represents the capacitance of due to 
the presence of the cells. R serves as the resistance of the cells and R1 the 
resistance of the solution. The proposed unified model consists of the 
Randles cell and the Debye-based model in a serial connection. There are 
two reasons why a serial connection is preferred. First, the two com-
ponents of the model represent two processes that occur where the total 
potential over the cell is the sum of the potentials of those components 
(plus a constant arising from the electrode electrochemical potential). In 
that case, where the current is the same but the total voltage is the sum, a 
serial connection is preferred. Second reason is that in a serial connec-
tion, the higher impedance dominates and this is what it is observed 
from the experiments. 

Note that on the frequency range, the model is degenerated into a 
single resistor with a value that depends on the frequency:  

1. At very low frequencies, the impedance would be equal to Rs + Rct +

CPE+ R1  

2. At medium frequencies, where the Cdl short-circuits the other branch 
of the Randle model, the impedance would be Rs + R1  

3. At higher frequencies, where C short-circuits the Debye model, the 
impedance becomes Rs + R1||R.  

4. At very high frequencies, where C1 short-circuits the Debye model, 
the impedance become Rs. 

For the apparatus used, the resistance of the electrolyte solution is 
larger than the other serial resistance components. Therefore, it was 
assumed that the serial resistance calculated at low frequencies and the 
parallel resistance measured at high frequency are approximately equal 
to R1 at the low side of the medium frequency range or R1||R at higher 
frequencies. 

4. Results and discussion 

4.1. EIS characterization/EIS spectra of the cells 

EIS investigation was performed on MSK8 cell suspensions in MS 
with different cell concentrations of 25%, 50%, 75%, and 100%. The 
investigation was conducted using three different probes as described in 
section 2.3. The impedance spectrum is evaluated by fitting the appro-
priate equivalent circuit parameters to the experimental data. Each 
element of the circuit contributes predominantly to different frequency 
regimes, which allows for separation of the effects of the different 
components of the electrical interface. 

The results from each frequency range were fitted separately since 
different probes were used. More specifically, for the low frequency 
range, the fitting was achieved by modelling the probe used as a simple 
inductor with a mean relative error of 5.6–6.7% of the complex 
impedance. However, for the mid frequency range, the modelling of the 
probes was much more complicated. Since the probe used was a coaxial 
airline probe, it was modelled using the simplest transmission line model 
with an extra resistor and capacitor in parallel (Supplementary Materials 
Fig. S4). 

Fig. 2. Impedance magnitude |Z| (Upper) and phase (lower) plots vs. frequency for MSK8 in MS for different concentrations of cells.  
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This fitting was not as good as the one for the low frequencies and the 
mean relative error was in the range of 24–30%. Although the error is 
high, it is because of the multiple time constants that contribute to the 
peaks observed but for simplicity reasons, the probe was modelled using 
a single inductor and capacitor for the leads. A more precise model will 
involve an infinite number of inductors and capacitors, but the 
complexity of the circuit increases significantly, which defeats the pur-
pose of the model. For the high frequency range, a commercial open- 

ended probe was used, and the algorithms used to eliminate the effect 
of the probe were provided by the manufactured and implemented 
during the probe’s calibration, as described in the manual. It is impor-
tant to note that the output of the algorithms was relative permittivity 
using the Debye model, which was converted to impedance assuming a 
complex capacitor. The fitting of the unified model to the high frequency 
data showed a mean relative error of 1–4% of the complex impedance. 

Fig. 3 shows as solid lines, the obtained data of the cells in the MS 

Fig. 3. Merged data after factoring (solid lines) and fitted results (dotted lines) after removal of parasitics.  

Fig. 4. The simulated behavior of the equivalent circuit with component values obtained by fitting the model to the real data.  
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Fig. 5. The normalized data at the full range of frequency (4Hz-20GHz) of the impedance magnitude |Z| and phase vs. frequency for MSK8 in MS for different 
concentrations of cells. 

Fig. 6. The unified model electrical parameters vs. concentration of MSK8 cells in MS.  
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solution. It is compared with the media without cells, (e.g. the control 
sample), whilst the behavior of the fitted equivalent circuit representing 
the impedance spectrum of our system is shown be the dotted lines. 

In order to combine the three ranges together, factoring was required 
to match the differences in the absolute values of the impedance due to 
geometrical differences of the MUT, since different probes were used. 
The middle and high frequency results were factored to match the low 
frequency (parallel plate) impedance. It means that the impedance that 
is presented in Fig. 4, is the effective parallel plate impedance over the 
whole frequency range. Once the effects of the probes were removed and 
the impedance of the middle and high frequency was factored in, the 
impedance and phase of the parallel plate apparatus (Fig. 3) in the 
complete frequency range was obtained. 

The data shown in Fig. 4 suggests that the equivalent circuit model 
adequately fits the measured data over the whole frequency range. The 
agreement between the measured data and the fitting spectra indicates 
that the equivalent circuits provided a feasible, if not unique, model to 
describe the impedance characteristics within the whole frequency 
range. 

Fig. 5 shows the simulated behavior of the equivalent circuit with 
component values obtained from the low frequency and high frequency 
data. The middle frequency data were used to confirm that the behavior 
of the suspension in that range matches the real data obtained. In this 
wide frequency range, three dispersions are observed. The first is the β 
dispersion at low frequencies. The second one, at around 1 MHz, is due 
to the cells since it does not appear when the cells are not present. The 
third one, at approximately 2 GHz, is due to the polarization of water 
molecules. Based on the literature (Asami, 2002b; Markx and Davey, 
1999) another dispersion exists (α dispersion) at very low frequencies, 
which does not appear here since it is outside the investigated frequency 
range. 

Another important observation from Fig. 5 is that during the purely 
resistive phase (approximately 100 Hz-10 kHz), the magnitude of the 
impedance increases with increasing cell concentration. This can be 
explained by the fact that the cells are less conductive compared to the 
medium (Wang et al., 2017), and as the concentration increases, more 
cells cover the electrode’s surface, increasing the resistance of the so-
lution. At higher frequencies, where the impedance is governed by the 
polarization of water molecules, variations in cell concentration have 
minor effect on the impedance and phase of the MUT. 

4.2. The effect of cell concentration 

In order to further investigate the effect of the cells on the impedance 
of the MUT, the results were normalized by the behavior of the solution 
without the cells using the modelled data. Fig. 6 shows the normalized 
behavior of the MUT, clearly indicating the effects of the cells on the 
impedance. 

During the resistive phase (approximately 100 Hz-10 kHz), as the cell 
concentration increases, the impedance of the MUT also increases. 
Additionally, within the range of 100–400 kHz, the magnitude of the 
capacitance due to the cells increases with increasing cell concentration. 
This can be concurred by the literature (Asami, 2002b) as more cells can 
be assumed to be organized in parallel. 

Fig. 6 shows the relationships between the values of the parameters 
of the equivalent circuit and the concentration of the cells. Rct and the 
CPE parameters were not plotted because they are relatively constant for 
all concentrations. 

Rs can be assumed to be relatively constant. R1 increases with 
increasing cell concentration, whilst R decreases with increasing cell 
concentration. Also note that R and R1 are much larger than Rs. There-
fore, both R1 and R determine the impedance at the intermediate range. 
Both R and R1 are assumed to be responsible for the changes in the 
impedance as function of the cells’ concentration during the resistive 
state of the MUT. R1 changes by a factor of ~2 from the 25%–100% 
concentrations. This is shown in Fig. 6 where the measured impedance 

values in the frequency range of 100 Hz-100 kHz change by a factor of 
~2 from 25% to 100% cell concentrations. 

C1, which represents the polarization of water molecules, is unaf-
fected by the concentration of the cells. The double layer capacitance, 
Cdl, decreases as the cell concentration increases. This means that the 
cell has some effect on the electrolyte in the vicinity, within the Debye 
length, of the electrodes. One possible explanation is that it is attributed 
to the attachment of the cells to the electrode’s surface. This effect can 
be due to the decrease of the effective electrode surface area by the cells’ 
adherence or due to the effect of organic molecules secreted by the cells. 
More interestingly, the magnitude of the capacitance due to the cells (C), 
as well as the resistance (R), change significantly with cell concentra-
tion. C increases and R decreases with increasing cell concentration. C 
increases by a factor of ~3 whilst R decreases by a similar value. 
Theoretically the values of the C and R should asymptotically tend to 
zero, assuming that the effect of the ions or other polar molecules in the 
solution do not affect the C and R values. In reality, the ions and polar 
molecules do play a role on the C and R values hence they do not tend to 
zero. However, due to fact that the cell concentrations tested, especially 
at the lower range, were not very dense, the exact behavior of the values 
is yet to be fully described. The time constant RC remains, within the 
experimental error, constant. This means that both refer to the time 
constant that is related to the same loss mechanism, which is due to the 
presence of the cells in the electrolyte. 

The cells membrane (Figure S4.2a) is made up of insulating lipid 
bilayer sandwiched between two conductive protein layers. Under 
alternating electrical excitation, the cell membrane behaves like ca-
pacitors, which can be modelled as a capacitor in series with a resistor 
that can also be used to model the resistive nuclear parts of the cell 
(Figure S4.2b). 

The observed increase in capacitance with increasing cell concen-
tration can be attributed to the multiple cells present in the suspension in 
a mostly parallel configuration. In such a configuration, the effective 
capacitance is the addition of the individual capacitances. However, the 
resistance of the inside of the cells shows a decrease with increasing cell 
concentration because the total resistance decreases when multiple re-
sistances are arranged in parallel. These effects and the build-up of 
charge at cell membranes have been reported in the literature as the 
Maxwell–Garnett effect (Garnett, 1906, 1904; Markel, 2016). 

5. Conclusions 

A simple equivalent circuit model for cell suspensions has been 
presented that can be used in an ultra-wide frequency range, from 4 Hz 
to 20 GHz. The model is based on the classical Randles model in series 
with a circuit model based on the Debye relationships of relative 
permittivity, which takes into account the various relaxation processes 
in the cell/electrolyte system. The model has been tested in cell sus-
pensions of various concentrations of plant cells (MSK8) in MS media. 
The data was collected using three different experimental setups in order 
to cover the whole range. The relationships between the values of the 
circuit’s lumped components and cell concentrations were investigated 
yielding clear correlations between cell membrane capacitances and 
adhesion of cells on the electrodes. More specifically, it was found that 
the cell capacitance (C) increased within the range of 200–600 pF, whilst 
cell resistance (R) decreased within the range of approximately 0.8–3 kΩ 
with cell concentration (X–Y cells/mL) due to the multiple cells present 
in the suspension in a mostly parallel configuration. Additionally, the 
double layer capacitance, Cdl, decreased as the cell concentration 
increased, possibly due to the attachment of the cells to the electrode’s 
surface. 

This model that reported here can span throughout such a wide 
frequency range and incorporate both electrode interfacial effects at low 
frequencies and also molecule and cell polarization effects at higher 
frequencies. This method yields information about the electrolyte, the 
cells, the interaction between the cells and the electrolyte thus it can be 
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used for monitoring and screening of cells in electrolyte environment. 
The proposed model can therefore be used for future biosensor design, 
simulation and integration with very large scale integrated (VLSI) cir-
cuits with or without RF components using conventional computer 
aided design tools. However, in order to fully validate the proposed 
unified model more work is needed, especially on a wider variety of 
plant cell types, with or without modifications (i.e. using nanoparticles 
for example) with different cell concentrations, especially in the lower 
concentration range, whilst investigating multiple buffer electrolytes. 
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