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Biological Impedance is a physical property related to the state and inherent evolution
of biological samples. Among the existing impedance measurement methods,
Oscillation-Based (OB) tests are a simple and smart solution to indirectly measure
impedance correlated with the amplitude and frequency of the generated oscillation
which are proportional to the sample under test. An OB test requires tuning of the
system blocks to specifications derived from every measurement problem. The OB
setup must be done to obtain the optimum measurement sensitivity for the specific
constraints imposed by the system under test, electronic interfaces, and electrodes
employed for test. This work proposes the extension of OB measurement systems to
spectroscopy test, enabling a completely new range of applications for this technology
without the restrictions imposed by setting a fixed frequency on the electrical oscillator.
Some examples will be presented to the measurement of cell cultures samples,
considering the corresponding circuit interfaces and electric models for the
electrode-cell system. The proposed analysis method allows the selection of the
best oscillator elements for optimum sensitivity range in amplitude and frequency
oscillation values, when a specific cell culture is monitored for the OB system.

Keywords: oscillation based test, bioimpedance, microelectrode, spectroscopy, ECIS

INTRODUCTION

Biological Impedance or Bio-Impedance (BI) is a very relevant biomarker among different biological
and medical processes in live matter. Impedance is a physical property related to the opposition of an
entity (or matter) to allow the electric current to flow between two separated points. This opposition
to the free electric charge flow is characterized by two general parameters: the conductivity (o) and
the permittivity (¢). These properties reflect the physical state and underlying biological processes
and is largely dependent on frequency (Schwan, 1957). BI is employed as a biomarker in many
biological fields, such as in cell culture applications in cell biology (“ECIS Cell, ), genetics (Schmidt
etal, 2019), biochemistry (Jun et al., 2018), pharmacology (Alexander et al., 2013), tissue engineering
(Nordberg et al., 2017), immunology (Hsu et al., 2018), and food control (Rego et al., 2015). To solve
the main drawback of classical end-point protocols, Giaever et al. (Giaever and Keese, 1986)
proposed the so-called Electrical Cell-Substrate Sensing (ECIS) technique as an alternative procedure
to perform real-time monitoring of CCs, thereby avoiding multiple samples, and performing all
measurements over the same culture. The ECIS method is based on placing the culture between two
electrodes. When an AC voltage (the most common is sinusoidal, at 1 kHz frequency) is applied
between the electrodes, the cells in the current line’s path cause a lower or higher current depending
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on their higher or lower resistance. A low-density cell culture
means a large current due to its lower resistance, and vice versa.

This real-time monitoring procedure for cell culture requires
the bioimpedance test between the 2-electrodes system, using the
corresponding circuits for that. Also, an adequate electric model
for the electrode-medium-cell system is required to decode the
bioimpedance measurements, and to know approximately how
many cells are present in the culture at a given instant.

In addition, to have a full and exact bioimpedance description of a
biological material, in most cases it is required to test it in a wide
frequency range. Bioinstrumentation must be properly designed to
work in the frequencies of interest. Electronic systems for a BI test
apply algorithms and strategies to pick-up the BI value of every
biological sample under test (BSUT), requiring specific circuits with
strong specifications, making the required instrumentation circuit
difficult to design and implement.

BI techniques have been widely developed by many authors. A
classical reference describing the general methods and
applications can be found in (Grimnes and Martinsen, 2008),
while (Pérez Garcia, 2019) provides a more detailed review on the
cell culture field. Most of them consider the need of using a
sinusoidal generator circuit as a voltage generator to be applied at
the system under test. This is difficult for electronic designers and
increases the cost for spectroscopy applications.

The Oscillation-Based (OB) technique (Huertas et al., 2015)
has been proposed as a useful approach for BI tests. Advantages
over different design strategies include reduction of the number
of electronic building blocks and avoidance of the sinusoidal
signal generator. The OBT is fundamentally based on designing
an electronic oscillator with the BSUT located in the electrical
oscillation path. Such implementation forms an electronic bio-
oscillator with specific oscillation amplitudes and frequencies
directly related to the BSUT.

For the second important point, the electrical model to
decode the bioimpedance measurements, several proposals
have been delivered, with two being the most relevant. In
(Giaever and Keese, 1991) the cell culture is considered as a
monolayer and the solution of Maxwell’s equations is obtained
for the electrical field in the electrode-cell interface. To find the
solution, parameter values such as R, (barrier resistance
between cells), h (electrode-cell interface distance), and r (cell
radius) were proposed and selected to fulfil the equations
derived. In a subsequent study, Huang et al. (Huang et al,
2004), considered a single cell on top of an electrode and
extracted the electrical performance of the system by
simulating its electrical response to an AC signal with finite-
element simulation tools. A new resistance Rg,,~the so-called
gap resistance-was incorporated to the electrode-cell electrical
model that represented the obstruction to the electrical current
flowing along the electrode-cell interface, which usually extends
several nanometres. They also included a geometrical parameter
ff-the so-called fill factor-that described the percentage of
electrode area covered by the cells. In this work, the second
model was chosen, because in a general cell culture, the
monolayer phase is only of application in the confluence
phase, with the ff parameter being an adequate parameter for
real-time monitoring of the cell culture.

Oscillation-Based Spectroscopy for Cell-Culture Monitorization
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FIGURE 1 | Simplified schematic for the programmable Oscillation-
Based (OB) approach for bioimpedance measurements and spectroscopy
analysis.

This work presents an extension of the OB technique to
spectroscopy analysis by introducing programmable electronic
bio-oscillator parameters. The Bio-Oscillator will be described in
more detail in the paper. First, the main components of the OB
programmable system will be defined, together with the
frequency programming procedure, system constraints, and
specifications. Then, mathematical simulations and results for
several study cases will be described. In parallel, the Figures-of-
Merit (FOM) for design optimization and spectroscopy will be
defined. Finally, discussion and conclusions will be highlighted.

MATERIALS AND METHODS

The Programmable OB System Design

The Oscillation-Based (OB) method is an established sensing
circuit approach for BI assessment (Huertas et al., 2015) which
reuses the methodology of the Oscillation Based Test (OBT) as
described in (Pérez et al.,, 2017). The major advantage of this
technique is the avoidance in designing a sinusoidal circuit
generator for signal injection. OBT simplifies the hardware
resources required to perform the impedance measurement.
The main blocks involved in OB technique are a Band Pass
Filter (BPF) and a non-linear element closing the feedback loop,
usually a comparator (C) (Huertas et al,, 2015).

A block diagram for a programmable OB circuit is proposed in
Figure 1. The voltage inverter amplifier introduces the biological
sample under test (BSUT) into the oscillation feedback loop. A
programmable BPF is used to implement the suggested
spectroscopy analysis. This block provides different peak
frequencies (fyear) and quality factor (Q) which will define the
different electrical oscillations related with the biological
impedance under test (BSUT).

The whole OB system can be modelled by the transfer
functions which govern the individual blocks in the closed-
loop oscillator. The transfer function corresponding to BSUT
(and its electrical interface, Z;;,) will be denoted as Hz(s) in what
follows. Oscillations are formed and stable if the Barkhausen
criteria is accomplished. This mathematical condition implies
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FIGURE 2 | Circuit model for an electrode of area A. Electrode area is
partially covered (Ac) with cells. Impedance Zb represents the contributions of
the Charge transfer resistance and the double layer capacitance (Pérez
Garcia, 2019), (Borkholder, 1998).

that an OB loop is formed and a couple of oscillation parameters,
namely frequency (f,s.) and amplitude (a,s), will be achieved,
which contain relevant information about the BSUT. Moreover,
in this case, a spectroscopy analysis will be performed with
different fyec and Q programmed values. Biological
impedance information is implicit in the oscillation
parameters (fos., aos.) and, therefore, such information can be
derived by measuring the amplitude and frequency of the output
signal (Vgy).

System Constrains and Specifications

The scheme proposed in Figure 1 is a powerful tool proposed for
bioimpedance spectroscopy analysis. As a major governing block
in the system (Figure 1), the Band Pass Filter (BPF) parameters
strongly define performance and electrical behavior of the formed
oscillation loop. These parameters are quality factor (Q) and
central frequency (fpea). Medium and high Q filters are required
to decrease distortion and increase signal-to-noise ratio (SNR).
Central frequency modifies the oscillation frequency by
establishing a maximum frequency and adapting sensitivity
and dynamic ranges to the set value. A direct implication of
this is that specific applications of OB, such as OBT (Huertas
etal., 2015), requires a certain knowledge of the impedance values
for the samples under test, so that central frequency could be
established to a relevant value for the process under analysis
(Pérez et al., 2016), (Pérez et al., 2018).

Existing OB methods in the literature report a constant central
frequency f,c. for the specific target application. This design
limits its application on a general BI test problem, where the
frequency range may be an open specification of the BI frequency
range of interest which is not previously defined or known. The
Oscillation-Based Spectroscopy (OBS) is defined as a method for
searching the optimum frequency range of OB systems and
analyzing the sample under test for a wide range of
frequencies, by programming its central frequency. Previous
works manage to describe the design process for culture
applications and a fine tuning of the OB parameters (Pérez
et al., 2020).

BI spectroscopy analysis applications are widely described in
the literature (Stupin et al., 2021) for very different applications

Oscillation-Based Spectroscopy for Cell-Culture Monitorization

such as cell growth, cell characterization, tissue analysis, medical
diagnosis, and many more. A technique extensively employed to
observe cell culture growth (Pérez et al., 2018) is based on the
Electrical Cell-substrate Impedance Sensing (ECIS) technique
(Giaever and Keese, 1986), (Wegener et al, 2000),
(Borkholder, 1998). The electrode model for the underlying
process is described in Figure 2.

The above impedance model along with the interface,
presented in Figure 1, is described by a transfer function with
the following form:

Hz(s) =
( ) Rind2'$2+Rind1'$+Z_2
Where
RcthapRcthl
n=——
A-A,

N = Rct Rct + R
T A-A \A
d; = Rgap - thcgll

R
d1 = Rgap : Rct . Cdl + (A_t + Rgap) : Rctcdl

Rct Rct
dy = <E+Rgap> + A A

The Hz(s) transfer function represents the gain of a standard
opamp-based inverter amplifier with R;, input resistance, with
the equivalent impedance in Figure 2 at the feedback path. The
parameters Ry , and Cg correspond to the charge transfer
resistance and double layer capacitance, respectively
(Borkholder, 1998), connected in parallel, which forms
impedance Z,. The R, value corresponds to spreading
resistance through cell culture medium, and finally the
resistance Rg,, models the current flowing laterally through
the electrode cell interface (Huang et al., 2004), (Pérez et al,
2018). Figure 3 and Figure 4 illustrate how magnitude and phase
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Bode diagram, Rgap = 5000Q
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FIGURE 4 | Electrical impedance spectrometry for Hz(s) with
Rct = 1.3MQ, Cy = 3.2nF, Rs = 4559, Rgap = 5000Q and variations for
€ (0,A).

of the cell electrode bioimpedance change with the area covered
by cells (A.).

The Ryap factor is dependent on the cell line under study
(Huang et al., 2004), (Serrano et al., 2018), (Yufera et al., 2011).
This factor significantly affects the electrical response of the
system and continuous monitoring systems for cell culture
devices should consider its effect when selecting appropriates
frequencies for measuring the impedance. Continuous sensing of
the biological underlying process (cell growth over the substrate)
requires the analysis of this impedance. The ECIS technique
works under the basis that impedance seen by the applied
electric field over the membrane capacitance (Cpey) is very
large and can be considered as infinite for any applied
frequency. This means that the electric current lines do not
penetrate inside the cells. Most ECIS applications work
between 100 Hz and 100 kHz AC signals-for this reason (Pérez

et al, 2018), (Wegener et al., 2000), (Keese et al., 2004;
Bagnaninchi and Drummond, 2011; Holland et al, 2018;
Parekh et al., 2018).

The Oscillation-Based Test (OBT) (Huertas et al., 2015)

technique approaches this process by establishing an electrical
oscillator at a fixed frequency and implementing the bio-sample
under test within the sample loop. This type of sensor would
require a certain tuning for optimization of the operating
frequency so that the best test is performed. Furthermore,
since frequency is typically fixed, the operation is constrained
to specific applications and may not perform the best operation
frequency when exposed to processes of different natures or
magnitudes.

The variation observed with respect to Ry, introduces a
significant difference on the biological sample electrical
response and the OBT sensor system (see Figure 3, Figure 4).
Extending OBT to a wide range of frequencies removes the
limitation imposed by setting a fixed frequency and allows
navigation of the whole range and performance of a full
spectroscopy of the system under test.

As was commented, the OB system is based upon a BPF, the
bioimpedance interface, and a non-linear element (a comparator

Oscillation-Based Spectroscopy for Cell-Culture Monitorization

in our case). The scheme was illustrated in Figure 1. BPF transfer
function (Hpgpr (s)) and open loop system (H (s)) response is
described by the following equations:

GO . fg;;k.s
Hppr (s) = > Tk 2
s+ s+fpeak
H (s) = Hppr (S) x H,(S)

Design of the band pass filter parameters Q factor (Qy),
Central frequency (fpear), and Gain (Gg) will define the
generated oscillations. The following oscillation condition must
be met (Sdnchez, 2006) for the system to be stable:

1+ N (aoc) xH(S) =

Where N (as) = a”f corresponds to the comparator non-linear
transfer function. Validation of this equation implies the
existence of a complex pole pair:

1+ N(au ) xH(s)= (s + f2.)- (s+B-s+A)=0

Where fo, and g, correspond to the oscillation signal V,,;
(Figure 1) parameters (OB frequency and OB amplitude).
Finding a solution to this system allows to study the
behavior of the proposed oscillator and analyze
performance over different tuning parameters. This will be
evaluated in the following section. The maximum oscillation
frequency or fycak max Will depend on the speed of each building
block (BPF, bioimpedance converter, and comparator). For
each of these blocks, the maximum operation frequency must
be as high as possible in order to guarantee that the frequency
range of interest correctly tests the BSUT. So it can be
established that f.i max represents the maximum frequency
of interest of BI. In our application (Cell Culture Monitoring),
frequency of interest goes from 0.5 kHz to 100 kHz, which is
the frequency range where most differences are observed with
respect to the cell covered area (A,).

RESULTS

As was explained, the Oscillation-Based system is defined by
the BPF parameters, namely Q factor (Qy), Central frequency
(fpeak)» and Gain (Gy). The system is tuned at specific
frequencies by establishing f,cqax value. The Qf, meanwhile,
will affect the frequency ranges due to its influence over the
BPF block and in the OB system (Pérez Garcia, 2019). The
solution of the oscillation equation provides f,s. and g
which ultimately are defined by the electrical blocks of the
system (BPF, Interface, Comparator) and the sample
under test.

Spectroscopy extension requires modification of the BPF
parameters to establish oscillations in different tuning points.
Oscillation amplitude a,s. ranges are consistent across all the f peqx
range but oscillation frequency f, is highly dependent on the
f peak value and a certain figure is required to compare across
different operation points. Due to this, normalized frequency is
established as a method to observe frequency deviation from the
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central filter frequency. Proposed expression for amplitudes (A)
and relative frequency factor (Fg) are:

A=20- l()gﬂ)(“;sc)
fosc - fpeuk

FR -
fpeak

Using the above expressions and the oscillation equations
described, the OB system is solved to evaluate the oscillation
parameters for different biological samples with discrete Ryap
values. Considering a specific Q¢ = 10 value, such results are
presented in Figure 5, Figure 6, and illustrate the variations in
the OB system parameters for each case explored. Oscillation
amplitude is denoted as A and scaled in dB. Whereas Fy is an
expression accounting for the rate between f o which is the central
peak frequency of the oscillator and f s, the resulting oscillation
frequency including the effect of the BSUT. This magnitude allows
us to compare responses across the f peak SPectrum range.

Response variation is significant for a single order of
magnitude range over Rg,, parameter and directly translates
into measurement sensitivity since the dynamic ranges of both A
and Fy as an expression of the underlying biological impedance
variations are crucial for the estimation of A, (cell covered area).

An even better way of comparing these dynamic ranges is
proposed by applying a normalization with respect to the model
of the empty electrode.

a
Ay =20-1 o
N 0g10< Ao)

fOSC
FN = lOglo (f_>
0

Where Ay and f, correspond to the values obtained for the
oscillation at every different fpeak value with the empty electrode
(no cells attached). The following curves in Figure 6 illustrate
spectroscopy normalized curves for Q = 10.

The R4, factor serves as an example of the limitation existing
in classic OBT cell culture sensor. Design procedures (Pérez et al.,
2020) describe strategically tuned band pass filter blocks to
maximize dynamic ranges and optimize information retrieval
from sensor curves; this is performed by adjusting the filter
central frequency of the BPF block to an operating point
where the variation in both parameters is maximal across the
biological process of a cell culture growing in a substrate. Cells
adhered to the substrate (A.;) represent a portion of total
substrate Area (A). Spectroscopy extension for OB cell culture
sensing would enable the sensing device to operate on a wide
range of frequencies, thus increasing the amount of information
gathered in a single acquisition for any cell culture monitoring
task. Furthermore, R4, model intrinsic physical properties of the
cell sample under test are not negligible and may reduce sensor
sensitivity by reducing oscillator effective dynamic ranges for the
oscillation parameters. An OB system implementing live tuning
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capacities or wide range analysis would not be affected or
compensated for by the R4, value.

OB Spectroscopy features an additional parameter, Qy, as the
quality factor of the band pass filter (BPF) block. Influence of this
parameter has been previously reported for single tuning of the
OBT sensor (Pérez et al., 2020). However, exploration of different
values of Qy may be of interest for acquiring additional
information of the system under test. Figure 7 describes the
system curves for different Qf values over a cell culture with a
Ryap = 500Q.

Amplitude curves for the different Q describe very different
system responses for this parameter. Q-factor influences both
frequency and amplitude. Frequency dynamic range is highly
influenced by this value, while relation is inversely proportional,
with the lowest Q value resulting in the greater dynamic range.
The amplitude is affected by a small frequency shift along the
frequency axis. There is a limit upon which the system is not
oscillating anymore due to the BPF not being selective enough
and hence the system does not meet the oscillation conditions.
Normalization of these sensor curves for different values of Qy
are provided in Figure 8.

Spectroscopy extension of the OB sensor is oriented toward
maximization of the cell culture sensor sensitivity in terms of both
oscillation parameters: amplitude and frequency. Figure 8
normalized the results from Figure 7 with respect to the
empty electrode model and describes the effect Q; imposes
over both oscillation parameters. This parameter is capable of
imposing stricter or more relaxed oscillation frequencies with

respect to the central frequency of the BPF. This feature enables
the OBS sensor to control the oscillation with greater precision.

The curves above illustrate a potential to perform a multi- Qy
analysis over the sample. This second dimension adds more
information which may be employed to gain further sensitivity
over impedance samples under test.

DISCUSSION

This article proposes a design strategy to implement an
Oscillation Based Spectroscopy (OBS) cell culture monitoring
sensor. Advantages over the single frequency OBT approach were
described and illustrated with the mathematical modeling of the
Electrode Cell-substrate Impedance Sensing (ECIS) interface, the
system blocks, and the oscillator behavior. Major contributions or
conclusions of this work are:

e The system constraints and design parameters have been
identified and modeled in the transfer function equations.
Using such a design, an extensive symbolic mathematical
solving method was applied by a computer program
combining Wolfram Mathematica and Python. The
implemented code in the form of Jupyter Notebook to
replicate or evaluate this work is published and accessible
at (Pérez, 2021).

e Spectroscopy extension of the OBT sensor can improve the
performance of this kind of system in both sensitivity and
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adaptability with respect to different biological impedance
samples, specifically cell culture samples, and different types
of electrodes. Optimum sensitivities can be found by
maximizing the dynamic range of amplitudes and
frequencies of system oscillations. This fact will increase
the signal to noise ratio (SNR), improving the measurement
quality.

e The proposed technique enables people to work with
electrodes with different geometries or alternative
specifications, for example, materials, since it is possible to
program the final central frequency of the BPF for the best
performance, considering the actual electrodes employed.

e Along with the spectroscopy frequency sweep for the
impedance under test, a second dimension is explored
with the Qy, quality factor of the filter which affects the
oscillation behavior and sensing dynamic ranges. Multi- Q¢
acquisition may be worth exploring as a viable tool to also
maximize sensor sensitivity by making the band pass filter
quality factor programmable.

e The main electrode-cell parameter employed in our work is
Rgap. In several works we have demonstrated that this
parameter is dependent on the cell line, so it can be used
for cell identification tasks also. Alternative electrical models
(Giaever and Keese, 1991) deliver other parameters, such as
barrier resistance, Rb, that it is a well-accepted biomarker
for cell cultures for biology researchers. However, Rb is not
able to be introduced into the flow design because of the
complexity of its math modeling.

CONCLUSION

In this work, we have described the potential of an Oscillation
Based spectroscopy analysis system to observe the electrical
response of a biological system under test, and consequently
how to incorporate this information into the system test
procedure. The system under test considered in this paper is a
biological sample of cell cultures, the impedance of which would
be obtained by fine tuning an OB system at an adequate central
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