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In non-linear dielectric spectroscopy of yeast suspensions, previous studies distinguished nonlinear 
interface behavior from yeast membrane-induced currents by comparing power spectra of solutions 
with and without yeast. However, this method might be inaccurate because the effect of yeast can not 
be considered merely an additive contribution. In fact, the presence of yeast on the electrode surface 
can alter the voltage drop reaching the electrode, thus changing the nonlinear electrode response. No 
prior research has investigated the effect of yeast presence on the electrode surface using a nonlinear 
mathematical model. Here, we used a four-electrode system to record responses from solutions when 
applying a single-frequency voltage of 23 Hz. Using the Butler-Volmer model, we showed that yeast 
presence elevates a model parameter affected by ion concentration at the interface or mass transfer 
to the electrode. Model results suggest that the increase in the third harmonic, contrary to previous 
assumptions, may not be entirely attributed to the ionic current of the yeast membrane’s proton 
pump. Our results are significant for distinguishing the biological effects of cells in the solution from 
the interface effects. It can also be used for online monitoring of cell growth in the environment.

Keywords  Nonlinear dielectric spectroscopy, Yeast-electrode interaction, Ionic transport, Electrode surface 
effects, Bioelectrochemistry

In the nonlinear dielectric spectroscopy (NLDS) of biological solutions, an electrical signal with a single frequency 
is used as input. Because the biological system being studied is nonlinear, higher frequencies are obtained in 
addition to the first frequency in the output spectrum. Examining higher harmonics gives us information about 
the nonlinear nature of the biological system. From 1990 to 2023, several studies have investigated the nonlinear 
spectrum obtained from solutions containing Saccharomyces cerevisiae yeast (SC yeast)1–8. In these studies, it 
has been shown that the presence of yeast causes a change in the amplitude of the third harmonic so that the 
inhibition of the ionic activity of the yeast membrane can reduce this harmonic in a series of excitation ranges 
and increase it in another series of voltages7,8.

To get rid of interface-induced harmonics, researchers have already looked at the difference between the 
power spectra of solutions with and without yeast (after centrifuging to separate the yeast) at the same frequency 
and amplitude. They assume Only the harmonics resulting from the yeast membrane activity persist in this 
approach1,8.

Several research studies have examined the linear spectrum of biological solutions and have observed 
that yeast on the electrode surface can alter the equivalent circuit model of the system being studied, either 
by introducing a series or parallel element9,10. On the other hand, The electrode-electrolyte interface (EEI) 
impedance is nonlinear under high amplitude excitation (more than 100 mv)11. As a result, it appears that 
the presence of yeast can influence the nonlinear behavior of the interface, and their effects cannot simply be 
reduced by treating them as additive elements.

The mathematical modeling of nonlinear currents resulting from the EEI is a common approach in fuel 
cell research12–14. The absence of a mathematical model that accounts for the impact of yeast presence on the 
nonlinear behavior of EEI impedance is obvious. Previous research in this field focused on the relationship 
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between the third harmonic amplitude and the activity of ion channels on the membrane. To the best of our 
knowledge, this study is the first to explore the effect of yeast on harmonics generated by nonlinear electrode-
electrolyte currents, utilizing both mathematical modeling and experimental testing.

The majority of yeast investigations have utilized a four-electrode setup and gold electrodes to record the 
signal. To ensure data comparability, we likewise employ a similar recording approach. Furthermore, based on 
previous research, the frequency under investigation is 23 Hz, while the voltage stimulation varies between 0.8 
and 3.5 V.

In linear spectroscopy of biological solutions, four-electrode systems are commonly used to eliminate 
interface effects. However, in nonlinear dielectric spectroscopy (NLDS), the nonlinear current induced in the 
solution by high-amplitude voltage also includes contributions from the interface. To accurately interpret the 
biological activity, it is essential to distinguish these interface effects from the actual solution behavior. In this 
study, we address this challenge for the first time by developing a mathematical model for the four-electrode 
system.

Additionally, we utilized CST software to model the electrode and solution container in detail and 
conducted low-frequency simulations to estimate the electric field distribution. This simulation provides a novel 
approximation of the electric field near the electrode and within the solution, which had not been explored in 
prior studies.

Materials and methods
Preparation of yeast suspension
Saccharomyces cerevisiae is a yeast and its cells are round to ovoid with 5–10 μm in diameter. The yeast was 
cultivated in a YPD medium containing 1% yeast extract, 2% peptone, and 2% glucose and incubated at 30 °C 
for 24 h. To simplify the analysis and modeling of electrochemical processes at the electrode surface, Once the 
yeast reached the log phase of growth, the liquid medium containing the yeast cells was centrifuged at 5000 rpm 
for 10 min. The cell pellet was washed twice with a 30 mM KCl solution and then resuspended to a 30 mM 
KCl solution. This yeast suspension has been employed for all experiments. The number of yeast cells in the 
suspension was 3 × 108 per ml. The concentrations were measured by using the Neubauer Chamber.

To record data from the yeast-free solution, the yeast suspension was centrifuged at 5000 rpm for 10 min. 
The resulting liquid above the sediment, known as the supernatant, is then separated and used as the medium 
solution. Here, we used this solution as an ionic solution with the same content as the yeast suspension to 
evaluate the origin of harmonic generation.

To prepare dead yeast suspension, we bathed the sample in water at 70 °C for 3 min. The flow cytometry test 
results confirm the yeast state (dead). To assess the concentration effect, the concentration value was diluted by a 
factor of 1000 until the yeast concentration reached 3 × 105 cells per ml. The term “diluted solution” will be used 
to refer to this solution throughout the paper.

Configuration of electrodes
We used a 24-well plate with four holes designed at the top and bottom for electrode insertion to measure the 
nonlinear spectrum (see Fig. 1). The holes at the bottom of the plate secure the electrodes in place and prevent 
the electrode tips from entering the solution. Sharp electrode tips can create intense local fields. The electrodes 
have a diameter of 0.8 mm and a length of 3 cm. The solution is introduced into the well through the inlet hole as 
shown in Fig. 1. A schematic of the well dimensions, electrodes, and the electrode cleaning procedure previously 
presented15.

Experimental configuration
To provide clarity for the present study, this section summarizes the previously described experimental setup 
detailed in15. The original configuration, optimized for nonlinear spectroscopy measurements, was directly 
applicable to the present study without modifications. In this work, the setup was adapted to examine biological 
solutions containing yeast, enabling the analysis of nonlinear effects induced by yeast activity. Below, we outline 
the key components and methodologies employed in the setup, followed by a detailed explanation of circuit 
current calculation and voltage excitation.

Signal generation and application
A sinusoidal voltage signal of 23 Hz with amplitude ranging from 0.8 to 3.5 V was applied to the outer electrodes 
(referred to as needles 1 and 2 in Fig. 2a) using the Instek-AFG function generator. The device’s low harmonic 
distortion (< − 60 dBc) ensured precise signal application, making it suitable for nonlinear dielectric spectroscopy 
(NLDS) experiments.

Data acquisition and processing
Voltages at the central electrodes (needles 3 and 4) and across a series resistor (548 ohms) were recorded with 
and without amplification. The recorded signals were captured at 14-bit resolution using the USB6009 data 
acquisition board (Fig.  2a), with amplification achieved using a gain of 10. To improve signal accuracy and 
reduce noise, a differential amplifier utilizing AD826 operational amplifiers was employed.

For each solution, the circuit setup illustrated in Fig.  2a was implemented, where a series resistor was 
connected in line with the solution. The voltages across the middle electrodes (Vrecord) and the series resistor 
(VR) were recorded and subsequently processed in MATLAB. Circuit current was determined by dividing the 
voltage across the resistor by its resistance.

By analyzing the relationship between Vrecord and the circuit current, along with their harmonics, we 
confirmed that the intermediate solution exhibits linear and passive behavior (Zr in Fig. 5). Since the impedance 
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of the solution remains constant in single-frequency experiments, this property allows us to calculate the 
solution current using only two inner electrodes without the need for a series resistor.

Since our study focuses on nonlinear current analysis, the presence of a series resistor would introduce a 
nonlinear voltage drop, affecting the harmonic-free assumption of the applied excitation. To prevent this 
distortion and ensure accurate harmonic analysis, the series resistor was removed. A buffer circuit following 
the signal source (Fig. 2a) minimized voltage drops across the internal resistance of the source. The nonlinear 
current was then determined by measuring the voltage across the middle electrodes and dividing it by the 
impedance. The equivalent circuit after removing the series resistor is shown in Fig. 5, and the resulting current 
waveform is depicted in Fig. 2b.

Fig. 2.  (a) The schematic diagram of the experimental configuration. (b) The time profile of the current signal 
resulted from Medium solution when the applied voltage is 1.8 V.

 

Fig. 1.  Experimental setup showing gold electrodes and yeast suspension in a 24-well plate. Electrodes 1 and 2 
serve as excitation electrodes, whereas electrodes 3 and 4 function as recording electrodes.
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The voltage drop across the solution between electrodes 1–4 and 2–3 (Vsol in Fig. 5) was related to the inner 
electrode voltage (Vrecord) through a constant coefficient, determined via CST simulations. Given the known 
values of Vrecord and Vs, the Vsol parameter was calculated accordingly, allowing the measurement of interface 
overpotential (VEEI). Further details on this calculation method are available in15.

System validation and noise evaluation
The accuracy of the experimental method was validated using a circuit phantom as described by Treo et al.16. 
Results from experimental tests were compared with simulations performed in Spice, demonstrating excellent 
agreement. To evaluate noise levels and recording precision, deionized water served as a baseline. Harmonics in 
deionized water were below − 50 dBc, increasing to approximately − 30 dBc with the addition of ions (e.g., KCl). 
These results confirmed the sensitivity and precision of the system.

Harmonic analysis
To further examine the nonlinear behavior of the system, Temporal signals were analyzed using MATLAB’s 
“lsqnonlin” function, which determined both the magnitude and phase of each harmonic by aligning the signals 
with the 20th harmonic. This method yielded results consistent with the Fourier transform approach (utilizing a 
Hanning window with 50% overlap) while enabling precise phase measurements.

An example of the current time signal for a medium solution subjected to 1.8 V excitation is shown in Fig. 2b. 
Further details regarding signal generation and harmonic computation can be found in15. Using the lsqnonlin 
function, harmonic amplitudes and phases were extracted up to the 20th harmonic.

Reproducibility and stability of experimental data
Considering that biological solutions, such as yeast suspensions, may vary in cell density and physical conditions 
during each preparation, the following measures were taken to ensure the reliability of our results:

•	 Intra-day experiments: After preparing 50 mL of yeast suspension, we performed spectroscopic tests in mul-
tiple wells within a single day. The number of repetitions for each suspension is provided in Table 1, second 
column.

•	 Inter-day experiments: To account for potential variations in biological and physical conditions between 
different preparations, the experiments were also repeated on different days. The results obtained across dif-
ferent days were consistent, demonstrating the robustness and reliability of the data under varying conditions.

To ensure confidence in the reported findings, we carefully designed the experiments to minimize potential 
sources of variability.

The nonlinear model of recorded current
The total current in the Randles circuit (equivalent circuit of EEI17) combines two types of currents: faradic and 
non-faradic (capacitive). The mathematical representation of the interface equivalent capacitor demonstrates 
that the capacitor’s value is dependent on the voltage Amplitude, and its mathematical equation significantly 
contributes to the generation of even harmonics in the overall current18. Previous research has demonstrated 
that when subjected to low-frequency and high-amplitude excitation, the behavior of the interface becomes 
nonlinear, mostly due to the faradic current (electrochemical reactions occurring on the surface of the 
electrode)19–21. Furthermore, given our objective of analyzing odd harmonics, we solely focus on the non-linear 
mathematical representation of the faradic current as the source of odd harmonic creation.

The Butler-Volmer equation (Eq. 1) models the non-linear faradic current by relating it to ion concentration 
and the rate of redox reactions21.

	

IF = I0

{
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exp
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RT
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]
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The exchange current is represented by I0. The concentrations of oxidation and reduction products on the 
electrode’s surface are denoted by Co (0, t) and CR (0, t) respectively, while, C*

R and C*
o represent these 

concentrations in the bulk solution. The transfer coefficient α vranges from 0 to 1, with n indicating the number 
of electrons exchanged per mole in a redox reaction. In this context, we assume a symmetric and single electron 
transfer with α = 0.5 and n = 1. R is the gas constant, T represents the absolute temperature, and F denotes the 
Faraday constant.

Table 1.  Results of γ parameter fitting and t-test for different solutions.
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Here VEEI is the EEI overpotential amplitude. The interface overpotential differs from the voltage applied to 
the external electrodes (Signal Generator output). The applied voltage amplitude from the source varies between 
0.8 and 3.5 volts, while the interface overpotential amplitude (VEEI) ranges from 0.1 to 1 V. The method for 
calculating the EEI overpotential ( Estim) is provided elsewere15. In this study, we have utilized the interface 
overpotential for a more detailed examination, as this voltage influences the events occurring on the electrode 
surface.

We first define the parameter gamma (Eq. 2) to facilitate data analysis.
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Here A is the electrode surface area and k0 the standard rate constant.
Extracting the odd harmonic from the Taylor expansion of this equation leads to the following relationship 

for the odd harmonics (Eq. 3) (The Harmonic calculation details are provided in Supplementary Material I).
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The ratio between the third harmonic and the first harmonic is a frequently employed metric in literature 
to assess and evaluate the harmonics resulting from the presence or absence of yeast in the solution. The H1 
relationship in Eq. (3), which describes current harmonics, shows that the size of the first harmonic is greatly 
affected by the magnitude of the odd harmonics. Furthermore, if the presence of yeast impacts the value of the 
odd harmonic, this effect is manifested by a non-linear coefficient in the first harmonic. Hence, using the ratio 
of the third harmonic to the first harmonic as a criterion to analyze the harmonics induced by yeast appears to 
be inaccurate. Here, we define the γ parameter and evaluate the effect of yeast on it.

The theoretical model employed in this study remains unchanged from our previous work15. We have 
redefined the equations in this paper for a better understanding of the result analysis. However, the novelty of 
this study lies in the application of the model to biological solutions and the extraction of model parameters for 
solutions with and without yeast cells.

Results
To assess the impact of yeast presence on the third harmonic, we initially examine the influence of living yeast 
at two distinct concentrations. Subsequently, we proceed to evaluate the effect of dead yeast on the behavior of 
the third harmonic.

The effect of live yeast and varying its concentration
We analyze the impact of live yeast on the third harmonic pattern. Figure 3 demonstrates the correlation between 
fluctuations in the third harmonic and alterations in the amplitude of the EEI overpotential (VEEI).

Figure 3 shows that adding yeast leads to a change in the third harmonic pattern. The graphs of the third 
harmonic for both yeast-containing and yeast-free solutions display the same pattern: an initial increase (A), 
followed by stabilization (B), and a subsequent increase (C). The indices ‘s’ and ‘m’ refer to suspension and 
medium, respectively. The addition of yeast causes an increase in the initial voltage of area B, resulting in a shift 
towards higher voltages. (V threshold Bs > V threshold Bm). The value of this threshold voltage will be 
used in the subsequent sections of the article to calculate the interface overpotential.

The third harmonic result in Fig. 4 demonstrates that when the yeast concentration is diluted from 3×108 
(Thousand-fold Dilution), its impact on the results becomes insignificant.

The concentration of 3 × 103 has been replicated, yielding the same result; however, the corresponding data 
is not included in this study.

In Fig. 4, the horizontal axis represents the voltage drop across the EEI region. In other studies examining the 
linear impedance of solutions containing cells, the presence of yeast on the electrode surface can be considered 
a series impedance combined with the EEI impedance. Relative to the yeast-free solution (medium), this voltage 
drop across the yeast layer results in a lower voltage reaching the interface for an equivalent applied voltage 
(Signal Generator output).

To facilitate a more precise comparison between solutions with and without yeast, it is necessary to calculate 
the voltage reaching the EEI. Since the equivalent circuit model provides a framework for understanding voltage 
distribution, we first analyze its structure to determine how yeast alters the system’s electrical behavior. Further 
elucidation will be provided subsequently through the examination of a circuit model.
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Effect of yeast on the equivalent circuit model
First, we investigate how yeast can be represented in the circuit model for the system under investigation. 
The Equivalent circuit model can be analyzed in both the presence and absence of yeast to determine the EEI 
impedance (Fig. 5). This analysis helps quantify the impact of yeast on nonlinear behavior at the interface.

As discussed in section “Data acquisition and processing”, we observed that the intermediate solution (Zr ​) 
exhibits passive behavior. Thus, based on previous studies in the field of nonlinear spectroscopy4, we attribute 
the nonlinear behavior to phenomena occurring at the electrode surface (ZEEI). Consequently, active elements 
have been incorporated into this part of the circuit. These active components become particularly relevant when 
analyzing harmonic current responses. For the harmonic current calculations, the circuit shown below (Fig. 5), 
which excludes the series resistor, was utilized (details provided in section “Data acquisition and processing”).

Figure 5 represents a circuit model equivalent to a four-electrode measurement system, where the dashed 
line over the resistor symbol in Fig. 5 indicates the presence of active nonlinear elements in this branch. For the 
equivalent circuit of the interface (ZEEI), as noted in previous studies16,19, an active circuit model containing 
diodes (as shown in ths Fig. 5) can be employed. This means that the behavior of the system is voltage-dependent: 
if the interface voltage (VEEI​) remains low, the diodes remain inactive, resulting in a linear response. However, 
at higher voltages, diode activation necessitates nonlinear analysis.

Modeling yeast as a circuit element and analyzing its influence on the equivalent circuit components is 
complex. However, experimental results indicate that the presence of yeast alters the voltage drop across the 
interface, leading to a measurable shift in voltage distribution (Fig. 3, initial voltage of area B). This effect is 
further illustrated in Fig. 4, which demonstrates that a decrease in yeast concentration (due to reduced yeast 

Fig. 3.  Representation of the third harmonic of total current in yeast suspension and its medium Vs the 
interface overpotential (frequency: 23 Hz). A, B, and C illustrate the different sections of the diagram. The 
subscript “s” denotes the yeast suspension, and the subscript “m” denotes the medium. The error bars indicate 
the standard deviation.
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presence on the electrode surface) does not significantly alter the initial voltage of area B or the third harmonic 
amplitude.

Based on our experimental data (Fig. 3), we assumed that the voltage drop across the yeast membrane is 
insufficient to produce measurable nonlinear currents or that such currents, if present, are below the detectable 
range of our setup (a more detailed numerical explanation is provided in the “Discussion” section). As a result, in 
our initial modeling, yeast was treated as a passive element to facilitate the first-order approximation of voltage 
changes. However, future modifications to the model could incorporate its active effects.

Yeast affects the nonlinear behavior of the interface by altering the voltage distribution. it may also influence 
the diode branch elements by modifying the ionic concentration near the electrode through physical interaction. 
This effect could lead to variations in impedance characteristics, which require further investigation through 
impedance spectroscopy over a broad frequency range. However, in this study, due to:

•	 Limitations of the data acquisition card in measurable frequency ranges.
•	 The use of a specific frequency for comparative purposes (as reported in the literature).

We did not have access to such frequency data. Consequently, our analysis was restricted to a single frequency 
measurement. Given this limitation, instead of employing an active circuit model, we utilized the Butler-Volmer 
equation to analyze the circuit current and extract its parameters for solutions with and without yeast.

Effect of yeast on the mathematical model
As mentioned earlier, due to the single-frequency nature of our data, we cannot precisely calculate the yeast 
impedance and voltage drop across it with the use of equivalent circuit model. However, the observed voltage 

Fig. 4.  The effect of dilution of yeast suspension on the third harmonic. The error bars indicate the standard 
deviation.
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shift at the initial voltage of area B provides an indirect estimate of this effect. Thus, we derive this shift from the 
experimental data and incorporate it into the calculation of VEEI.

After correcting for the EEI overpotential and removing the yeast overvoltage, we examine the third harmonic 
from a mathematical modeling perspective to assess the yeast’s impact on the model parameter ( γ ). Using the 
Butler-Volmer equation as a mathematical model for the faradic currents, we analyze the current obtained from 
the experimental data to determine the values of H5 and H3. By substituting these values into the H3 relation in 
Eq. 3, we can then calculate the unknown parameter ( γ ).

	
γ = − H3 + 5 (H5)

1
24

(
nF
RT

)3
V EEI3 (2α3)

� (4)

The results indicate an exponential dependence of γ on VEEI​, suggesting a significant nonlinear relationship. 
Consequently, the function a×exp(b×VEEI) was fitted to the obtained values, and the result, yielding an 
R-square value above 95% (Table 1). Additionally, the Shapiro-Wilk test confirmed a normal data distribution, 
allowing statistical significance to be assessed via an independent t-test. The results (Table 1) indicate that while 
no significant difference in the γ coefficient (a) exists between the diluted yeast suspension and the medium 
solution, a significant difference is observed between the yeast suspension and both other conditions. This 
suggests that yeast at high concentrations affects the interfacial current model. The results presented in Table 1 
reflect one of the experimental days, as the data from other days were consistent and confirmed the same trends.

Now, if we assume that the values of n, A, and k are the same in two cases (with and without yeast), and α is 
equal to 0.5, then the parameter γ (Eq. 5).

Fig. 5.  The equivalent circuit of the system when yeast is present or absent. VEEI, Vsol, and Vrecord are the 
interface overpotential, bulk voltage, and the voltage recorded by recording electrodes (electrodes 3 and 4).
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Here, it is assumed that C*
R equals C*

o , denoted as C and a significant portion of C is due to KCl.
Further analysis of the γ parameter suggests its dependence on both the concentration of reactive species 

and the ratio of their surface-to-bulk concentrations. Since yeast affects ionic concentrations near the electrode 
surface, it could either modify charge transfer rates or alter diffusion properties22,23. Our previous investigations 
on KCl solutions of varying concentrations15 demonstrated that increasing KCl concentration leads to an 
increase in the exponential coefficient (a) in the γ fitted equation. Notably, the a value in the yeast suspension 
is more than twice that in the medium (Table 1), suggesting that yeast-induced transmembrane ion exchange 
significantly impacts the electrochemical system. Further studies are required to distinguish whether this effect 
arises primarily from ionic redistribution or increased electron transfer kinetics.

The physical appearance of yeast on the electrode’s surface
Given the vertical and three-dimensional arrangement of the electrodes in the culture container (well) (Fig. 1), 
capturing a scanning electron microscope (SEM) image of the electrode surface is not feasible. However, a specific 
arrangement was established to verify the existence of viable yeast on the electrode surface, and a photograph 
of the electrode surface was obtained. Figure 6 illustrates the electrode surface in two distinct states: one with 
stimulation applied and one without. The yeast cells are visible on the electrode surface under stimulation. 
Indeed, in order to facilitate imaging and conduct this test, the yeast concentration has been reduced, allowing 
for visualization of the yeast population on the surface. As observed in the diagram of the third harmonic 
(Fig. 4), with the dilution of the yeast, the effect of the yeast on the harmonic reduces, and in this photo (Fig. 6), 
it is also clear that the vacant space of the yeast rises with the decrease in concentration on the electrode surface.

The effect of dead yeast
Figure 7 depicts the third harmonic of the solution under two conditions: with and without yeast in a non-
living state. It illustrates that the inclusion of deceased yeast did not exert a substantial impact on the third 
harmonic. By subjecting the yeast to heat, the capacitance of the solution remains constant regardless of the 

Fig. 6.  The microscopic image of the drive electrode surface. (a) The Schematic diagram of the setup designed 
for capturing images of the electrode surface. (b) When stimulation is applied and yeast cells are present on 
the electrode surface. (c) The electrode surface without any stimulation. The arrow indicates the yeast location 
(400X).
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presence or absence of yeast, indicating that the yeast does not adhere to the electrode surface. Presumably, 
the heat likely resulted in the deterioration of the outer membrane layer, which had a significant impact on the 
yeast’s capacitance and its absorption to electrode24. This finding supports the previous discourse regarding the 
existence of yeast on the electrode surface and its impact on the third harmonic.

Near electrode electric field estimation
For the estimation of the electric field near the stimulating electrode and the investigation of its distribution 
within the solution, a detailed simulation was performed using CST software. We conducted comprehensive 
numerical simulations where the electrodes, solution, and experimental chamber were precisely modeled, and 
their physical and electrical properties were carefully defined. The schematic of the well, yeast solution, and 
electrodes, along with their dimensions, are shown in Fig. 8a.

The simulations were performed in a low-frequency environment under quasi-static conditions. A voltage 
was applied to the two stimulating electrodes, and the electric field distribution around the electrodes and within 
the solution was then obtained (Fig. 8b). The maximum electric field strength near the surface of the stimulating 
electrode was calculated for various applied voltages. To the best of our knowledge, this level of detailed electric 
field modeling has not been reported in previous studies using a 4-point electrode setup.

In electrical spectroscopy, low voltage amplitudes (typically in the range of tens of millivolts) are commonly 
used to minimize nonlinear effects at the electrode-solution interface. This approach ensures that the observed 
results are primarily attributed to the properties of the biological solution. However, such low voltages generally 
produce weak electric fields, which may not be strong enough to effectively stimulate nonlinear processes.

In contrast, nonlinear spectroscopic studies, including those involving yeast cells, often require electric fields 
in the range of 1–5 V/cm7. Generating these field strengths necessitates applying higher voltages (on the order of 
volts) to the electrodes. This high voltage causes the emergence of nonlinear electrode-interface behavior, which 
is a crucial point for the analysis of the results. Therefore, in this study, the term “high-amplitude” specifically 

Fig. 7.  The dead yeast and its medium third harmonic compare.
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refers to voltages greater than those typically used in linear spectroscopy. These higher voltages are essential 
for generating the stronger electric fields required for nonlinear effects. The relationship between voltage and 
electric field is shown in Fig. 8c.

Discussion
Through their research, Treo and Mclellan et al.25 successfully eliminated the interface effect from the data by 
creating a measurement device specifically designed for this purpose. They determined that, once the interface 
effect was removed, the yeast suspension did not generate any significant odd harmonics. Additionally, the Felice 
group10,26 conducted two separate studies demonstrating that yeast can be regarded as a series element with an 
interface, which impacts current harmonics.

Miller7,8 demonstrated that the presence of yeast can lead to an increase in third harmonic stimulation in 
certain domains, while in other domains it can cause a decrease. This phenomenon is attributed to the functioning 
of the hydrogen pump on the yeast membrane. To eliminate the interface effect, similar data from the power 
spectrum obtained from both the yeast solution and the solution without yeast were subtracted. Despite this 
approach, it is still unclear whether the observed harmonic changes result purely from yeast membrane currents 
or if residual interface effects persist. Based on our findings, it appears that this data differentiation method is 
ineffective in eliminating the interface effect. Consequently, what persists are the interface harmonics rather than 
the harmonics resulting from yeast membrane currents.

In previous studies, the currents on the yeast membrane have been identified as the source of the third 
harmonic. We are now examining this possibility. Based on the data in Fig.  4, when the maximum voltage 
applied to the yeast layer on the electrode surface is approximately 200 mV, considering the yeast’s diameter of 
10 μm, the electric field generated on the yeast layer is equivalent to 20 kilovolts per meter (kV/m). This electric 
field can cause a change in the voltage across the yeast membrane and result in the occurrence of ionic currents 

Fig. 8.  (a) Schematic of the well and electrodes, including their dimensions. (b) Electric field distribution in a 
cross-section of the solution when a 1.8 V sinusoidal voltage is applied to the outer electrodes. (c) Relationship 
between the maximum electric field near the electrodes and the applied voltage amplitude.
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on the electrode surface. Assuming that the hydrogen pump is the source of the membrane currents, it can 
generate a maximum current of 10 µA/cm226. If the yeast surrounds the electrode and considers the electrode’s 
dimensions (lateral area A = 2πrh = 0.502  cm2), the yeast membrane activity produces a total current of 5.02 
microamps. However, this current is significantly smaller than the total current of the circuit, which is at a 
minimum of 10 µA. Thus, although the membrane currents may contribute to harmonic generation, their direct 
measurement remains challenging.

This work involved examining the alterations in the third harmonic resulting from the inclusion of yeast. 
We achieved this by using mathematical modeling to analyze the nonlinear current generated at the interface 
of the gold electrode surface. The third harmonic pattern remains consistent in both the yeast-containing and 
yeast-free solutions. We demonstrated that to examine the impact of yeast, it is necessary to eliminate the 
interface effect by modeling. Therefore, rather than relying on simple data subtraction, we employed a more 
robust modeling approach to accurately assess the yeast’s influence. Here we showed that Subtracting the ratio of 
the third harmonic to the first in two samples, one with yeast and one without, can yield inaccurate outcomes. 
Subtracting the corresponding harmonic data requires accurate calculation of the interface voltage, which we 
have successfully adjusted in this study.

Our findings suggest that although it may not be feasible to directly measure the nonlinear current of the 
membrane, changes in concentration resulting from yeast membrane activities can be identified by analyzing the 
γ parameter. This is because the membrane’s hydrogen pump, known to be the source of the nonlinear current, 
expels one potassium ion from the cell for every two hydrogen ions it absorbs26. Variations in this pump’s 
activity can lead to changes in the potassium ion concentration in the solution. This concentration change is 
not significant for a small number of yeast cells, and our results showed no notable difference in diluted yeast 
samples (Fig. 4); however, it becomes significant when the yeast cell count is high. Thus, γ serves as an indirect 
yet reliable parameter for assessing the influence of yeast on electrochemical behavior.

When we identify the source of harmonics as the nonlinear behavior of the interface and aim to investigate 
the effect of yeast on this behavior, we must first accurately model the nonlinear behavior of the interface. In 
a previous study, we developed an appropriate experimental setup and method for this investigation. In the 
present study, we used a similar method and setup as the previous article, but this time to examine the nonlinear 
behavior of the yeast solution. While our previous study focused on general interface nonlinearities, this work 
specifically addresses the influence of biological components on these nonlinearities, offering a novel perspective 
on harmonic generation in bioelectrochemical systems. Understanding how yeast affects this behavior and 
how to model it is itself a challenging process. Therefore, this study analyzes different data compared to the 
previous article and presents a new and different perspective on the analysis of harmonics in biological solutions, 
especially when the stimulation amplitude exceeds the threshold of the linear behavior of the interface. These 
findings are summarized in Table 1, offering a fresh perspective on harmonic analysis in biological systems.

Furthermore, we conducted numerical simulations to approximate the near-electrode electric field, a novel 
contribution not previously reported for needle-like four-electrode setups. This simulation allows for a more 
accurate understanding of the local field distribution and its interaction with biological entities like yeast.

The upcoming research can involve altering the yeast’s condition through the use of glucose and an inhibitor 
to examine their impact on the 3rd harmonic and γ parameters. Based on the results of this study, we predict 
that by adding an inhibitor and reducing the activity of the hydrogen pump, thereby decreasing the potassium 
concentration expelled by the yeast, the exponential coefficient of the γ parameter and consequently the third 
harmonic will decrease. Such findings could provide further insight into the bioelectrochemical interactions 
at the electrode interface, paving the way for potential applications in biosensing and microbial fuel cells. This 
prediction is consistent with the findings of previous studies8. In a forthcoming article, we have theoretically 
examined this issue.

Conclusion
In this study, we examine the impact of yeast presence on the electrode surface on the nonlinear current response 
of yeast suspension to low-frequency excitation. This effect is distinguished from interface nonlinear behavior 
using the Butler-Volmer mathematical model. We identify a model parameter related to concentration, electron 
transfer rate on the electrode surface, and the effective surface area of the electrode, which can be increased 
by the presence of yeast. This increase indicates that yeast can locally alter ion concentration on the electrode 
surface. This ion change necessitates the activity of transmembrane channels such as the H+_ATPase pump. 
Further investigation is required to explore the role of the nonlinear properties of the yeast membrane, which 
can be studied by eliminating these effects.

Investigating membrane activities and cell adsorption to the electrode requires generating a strong field within 
the biological solution. A high voltage must be applied to the solution to achieve this, resulting in nonlinear 
behavior at the interface. In our study, we employed mathematical modeling to distinguish the nonlinear 
effects at the interface from the data obtained from biological solutions. The mathematical model enabled us to 
investigate the origin of the harmonic differences caused by the presence of cells in the solution, based on the 
electrochemical processes occurring at the electrode surface. These findings can be applied to studying biological 
solutions, membrane state, and online monitoring of the growth of yeast colonies on the electrode surface, which 
requires generating a strong field in the solution and applying high voltage at low frequency.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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