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ABSTRACT:

To address the growing challenge of limited access to adequate nutrition,
global initiatives have focused on identifying alternative, cost-effective, and
environmentally sustainable protein sources. Among these, yeast-derived
proteins have gained increasing attention in the food industry due to their high
content of essential amino acids, including lysine, methionine, and
phenylalanine. Yeast proteins consist of amino acids, which may exist in
zwitterionic forms. These forms exhibit dipole-like behavior, influencing their
interactions with solvents and other biomolecules, which is particularly
relevant for pharmaceutical applications and protein formulation. Despite this
potential, the electrical properties of yeast proteins remain. have not been
systematically studied. In this study, we investigate the electrical
characteristics of proteins extracted from baker’s yeast (Saccharomyces
cerevisiae). Complex impedance spectroscopy was employed to examine the
frequency-dependent dielectric constant and loss factor at ambient temperature
(~298 K) over a frequency range of 1 kHz to 1 MHz. The AC conductivity of
the samples was found to follow Jonscher’s universal power law, indicating
the coexistence of multiple transport mechanisms. Analysis of Nyquist and
Cole—Cole plots revealed semicircular arcs, while complex electric modulus
analysis indicated non-Debye type relaxation behavior. The stretching
exponential factor () was determined by fitting the modified Kohlrausch—
Williams—Watts (KWW) equation to the imaginary component of the electric
modulus.
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1. INTRODUCTION

The global population is significantly
affected by limited access to food.
Approximately 735 million people

chronic health conditions

type 2 diabetes (Ziso et al, 2023).

such as
obesity, cardiovascular diseases, and

suffer from food insecurity, hunger, and
malnutrition. More than 3 billion people
cannot afford a healthy, balanced diet
(Ibarra ,2021, Olagunju, 2023). These
challenges have led to increased
consumption of energy-dense, nutrient-
poor foods, contributing to arise in

Proteins are among the most widely
consumed  macronutrients  globally.
Yeasts, such as  Saccharomyces
cerevisiae(S.c.Y),

Kluyveromycesmarxianus' and Candida
utilis, are single-celled eukaryotic
microorganisms recognized for their

potential as alternative protein sources.
These yeasts are considered Generally
Recognized as Safe (GRAS) by the U.S.
Food and Drug administration. They can
be cultivated on various low-cost and
sustainable substrates, including
lignocellulosic sugars and waste lactose,
making them an environmentally
friendly option for protein production.
Incorporating yeast-derived proteins into
diets could play a pivotal role in
addressing global protein  demands
while promoting sustainability (Mirzaei,
M et al, 2018) .Yeast is a group of
single-celled eukaryotic
microorganisms, comprised of strains
such  asSaccharomyces  cerevisiae,
Kluyveromycesmarxianus, and Candida
utilis, all recognized as consumption-
generally recognized as safe (GRAS) by
the US Food and Drug Administration.
Compared to animal and plant proteins,
yeast proteins have been reported to be
more sustainable, nearly allergen-free,
cleaner, and more  economical
(Dimopoulos, G., et al,2021)
Saccharomyces cerevisiae is the strain
used in over 90% of yeast-based
products. It is inoculated into a nutrient-
rich fermenter (such as one containing
molasses) and  cultured  through
fermentation. The supernatant
component of the enzymatic hydrolysis
is used to make yeast extract for use as
food seasoning (Stam, J.C., et al,1998).
Recently, the European Food Safety
Authority (EFSA) approved the use of
proteins from Yarrowi alipolytica yeast,
cultured in waste substrates, as dietary
supplements for individuals over 3years
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of age, affirming that yeast proteins are safe and nutritious
(Jach, 2022). Protein constitutes 35-60% of yeast dry weight
and boasts a well-balanced amino acid profile (Ma
et.al,2023)

The precipitation, which contains most of the proteins, is
used to make yeast protein (YP). YP content is upwards 70%
and it contains all the essential amino acids required by the
human body-In addition, YP contains trace minerals and B-
vitamins. Compared with bean protein. Thus, yeast protein
holds significant potential as a source of high-quality protein
for human consumption (Ma et.al,2023).

The study of the dielectric properties of the yeast
Saccharomyces cerevisiae is important and useful for cancer
research. Insights into cell dielectric behavior from yeast can
support technologies that distinguish cancerous cells from
healthy ones using electric field responses (Gascoyne et
al,2002) drug efficacy testing, since the changes in dielectric
properties after antifungal exposure can indicate drug
efficacy and cellular response (Ruan et al,2013)
electroporation and drug delivery because the dielectric
properties are critical for optimizing electroporation
conditions for gene delivery in yeast, which informs
mammalian cell applications (Kotnik, T., et al, 2015), and
finally, as model System for Human Cells for understanding
membrane properties and apoptosis, which are relevant to
human diseases (Gascoyne et al, 2002).
Protein amino acids can exist in an ionic form known as
zwitterions, as illustrated in Figure 1. These molecules
possess both cationic and anionic characteristics, with a
distinctive charge distribution that enables interaction with
electric fields. This interaction gives rise to notable dielectric
properties, allowing favorable interactions with both polar
and nonpolar environments. The dipole polarization of
zwitterions helps explain how these molecules respond to
external electric fields (Ozols, 1990)
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Figure 1: the schematic illustration of zwitterions and its
ionizing states

These parameters offer valuable insights into the interactions
of amino acids with solvents and other biomolecules,
influencing pharmaceutical design and the development of
advanced biomaterials. Furthermore, the dielectric properties
and loss factors of amino acids are influenced by their purity
and ionization states, which play a critical role in shaping
their overall dielectric behavior (Anthony et al, 1989).

When alternating electrical current flows through biological
tissues, it travels through both extracellular and intracellular
fluids, depending on the current's frequency and the electrical
properties of the different tissues (Kao , 2004).

Conductivity refers to the amount of current that will flow
through tissues when an electric field is applied. Permittivity
measures the charge induced and stored at tissue interfaces
(such as membranes) by the electric field. Resistivity is the
inverse of conductivity. These parameters of interacting
tissues are typically linear, isotropic, and time independent
(Asami, 1976).

The electrical behavior of biological tissues is often
compared to electrical circuit models resistor-capacitor
circuit (RC) Figure 2. The simplest and most used model is
called “Randles cell”. This model represents the extracellular
pathway of current by a single resistor (Re) parallel with the
resistance of intracellular fluid (Ri) and a capacitor (C)
representing the enclosing cell membranes as in Figure 2.
The impedance (Z) of this equivalent circuit at a specific
angular frequency (w) (where w = 2xf) is given by
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Figure 2: Randle cell model of biological tissues.
Loss tangent or the dissipation factor tan &, is a measure of
energy lost in a dielectric material due to charge carrier or
dipolar polarization. It is the ratio of the imaginary part to the
real part of the complex permittivity of the material-(Asami,
1976). Mathematically, it is expressed as part of the complex

permittivity of the material. asin tané = =
&
tand = ?
The Nyquist plot serves as a parametric representation
utilized for the assessment of the stability of a dynamic
system or transfer function. This plot was conceptualized by
the Swedish American electrical engineer Harry Nyquist at
Bell Telephone Laboratories in the year 1932. A method for
relating the dielectric response of real materials with assumed
Debye behavior was developed by K. S. Cole and R. H. Cole
in. He introduced the so-called Cole—Cole plot as mentioned
in Randles model Figure 2 (Kiani et al, 2020)
Cole suggested that in this case the complex dielectric
constant might follow the empirical relation originates from
the basic Debye model that presents a normalized form of
complex permittivity(e,) based on a single average relaxation
time (td) as shown in Equation 2

O — Equation 2

Equation 1

£0—€00 - 1+jotg
Where © = 2x f is the angular frequency, &, is the static
dielectric constant, and &, is the dielectric constant at infinite
frequency.

The aim of this study

The main goal of this study to test whether impedance
spectroscopy can characterize yeast proteins as functional
biomaterials, and possibly relate their electrical properties to
food or biomedical applications, also to investigate the
dielectric impedance of yeast-extracted protein as a potential
food protein source for subsequent food-biotechnology
applications
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Material and methods

This study adopted an experimental quantitative research
design, wherein the effects of the independent variables,
frequency and temperature on the dependent variable(s) were
systematically examined. This approach allows for precise
measurement and control of variables, facilitating a clear
understanding of causal relationships.

The impedance data from Nyquist and Cole-Cole plots were
analyzed using Zsimpwin 7.0 software to determine the
equivalent circuit model and to describe the electrical
response of the system, and then separated into their real and
imaginary components, which were subsequently used to
calculate the dielectric constant, dielectric loss, and complex
conductivity.

Preparation for Yeast Cell Suspension

The preparation method for yeast cells suspension was
adopted from the work of Vanderwaeren et al (2022) , -Dry
baker’s yeast was sourced from a local bakery in Alexandria,
Egypt. To prepare the yeast suspension, 10 g of dry yeast was
dissolved in 100 mL of Base Solution (BS) and stirred for 5
minutes using a magnetic stirrer, yielding a suspension with
an approximate concentration of 10° CFU/mL. The BS
comprised 20 mM KH,PO,, 30 mM KCl, and 1 mM MgCl,,
adjusted to pH 6.5.

Subsequently, 65 mL of this suspension was centrifuged at
5000rpm for 10 minutes. The resulting pellet was
resuspended in 65 mL of fresh BS and stirred magnetically.
This washing procedure was repeated five times to ensure the
thorough removal of biological debris. The conductivity of
the final washed yeast suspension was measured and found to
match that of the BS, at 5.47 £ 0.06 mS/cm.Figure 3(1,2,3)
Trichloroacetic Acid (TCA)/Acetone Protein Extraction
The TCAJ/acetone method enables selective protein
precipitation while effectively removing lipids and
carbohydrates that could interfere with downstream
applications such as mass spectrophotometry. Additionally,
this technique helps preserve protein structure and function,
allowing researchers to analyze proteins in their native state
an essential aspect for understanding biochemical pathways
and interactions within yeast cells ( Vanderwaeren,2022;
Natalino Natalino,2023).

Most proteins precipitate at low pH and subsequently re-
dissolve when the pH increases. A 10% solution of TCA (pH
~ 1.2) is added to the yeast protein suspension while stirring
mechanically at a controlled low temperature (4°C). This
process disrupts hydrogen bonding interactions that stabilize
proteins in solution, causing them to become insoluble and
enable the pelleting of cellular debris along with the
precipitated proteins. The acidic environment created by
TCA also inactivates proteolytic enzymes, thereby
minimizing protein degradation. Proteins are insoluble in
acetone (25 mM) and rapidly precipitate at low temperatures,
while various buffer contaminants remain soluble. This
allows for the isolation of extracted yeast whole protein
(EYP) precipitate, which can then be dried and stored for
future use ( Vanderwaeren, 2022; Natalino Natalino,2023)
The optical properties of protein amino acids provide
valuable insights not only into their electronic structure but

also into protein dynamics and interactions. Interactions
between charged side chains can result in unique charge
transfer processes, enhancing our understanding of how these
biomolecules respond to external stimuli such as changes in
temperature and pH. The ultraviolet (UV) spectrum of YEP
was analyzed by measuring the absorbance in the UV-visible
region (200-900 nm) using a JENWAY 6305

Complex impedance measurement

Before measurement, the YEP sample was compressed into a
circular pellet. The pellet was placed in a circular cuvette
with a radius of 5 mm and a length of 10 mm. The measuring
electrodes consisted of a pair of parallel silver plates
positioned on opposite sides of the cuvette, as shown in
figure 3

Impedance (Z), phase angle (0), capacitance (C), and tan(d)
were measured over a frequency range of 1 kHz to 1 MHz
using an LCR meter (Fluke PM 6306) at room temperature
(~298 K). Four-terminal Kelvin clips were employed along
with a shielding design to minimize electromagnetic
interference noise during the measurements.

From the data, we calculated the real (z’) and imaginary (z")
parts of the complex impedance (Z*) by the equations Error!
Not a valid bookmark self-reference.:

z', =7".cos(0) Equation 3

z", =Z".sin(0) Equation 4

Where: Z =z' —jz" ,j=+/-1

The dielectric constant's real (¢'') and imaginary (&) parts
can be calculated using the

g, = Cm.sdA Equation 5
&', =¢&.tanéd Equation 6

Where C,, is measured capacitance, d is the sample thickness,
&, Is the permittivity of free space, and A is the cross
sectional area of electrode surface .

To predict the conduction mechanism of the present sample,
the ac conductivity has been calculated from dielectric data
using the formula in Equation 7:

Ogc = E&gw tan § Equation 7

Where o=2nf

The Jonscher power model was performed to fit the
conductivity data by using equation 8 to explain its behavior.
Ogc = Ogc + A’ Equation 8

Where (o ac) is the total conductivity, (odc) is the dc
conductivity, (A) is the temperature-dependent parameter
having a unit of conductivity and it determines the strength of
the polarizability. (s) is the frequency exponent whose value
lies between 0 and 1 and s is the frequency exponent.

!4. 2 3

Figure 3 photograph sHoWing dielectric measurer cel -
(2), yield ,(2)YEPand (3)compressed pellet
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Nyquist and Cole-Cole plots

The impedance data from Nyquist and Cole-Cole plots were
fitted using Zsimpwin 7.0 software to identify the equivalent
circuit model and characterize the electrical response of the
system. The impedance data were then decomposed into their
real and imaginary components, which were further
converted into dielectric constant, dielectric loss, and
complex conductivity values.

Statistical Analysis:

All experimental data were analyzed and presented as the
mean + standard deviation (n > 3). Origin 8.0 (OriginLab,
Northampton, MA, USA) and SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA) were used to analyze differences among
datasets and to generate graphical illustrations. Descriptive
statistics were calculated and reported appropriately.
Parametric tests for normality were conducted with a 95%
confidence interval.

Results
Complex Impedance Analysis
Figure 4 illustrates the UV-visible spectrum optical
absorbance of EYP
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Figure 4 : UV-visible spectrum optical absorbance of
EYP

The UV-visible absorbance spectrum of yeast proteins is
characterized by distinct peaks corresponding to specific
molecular components:

Aromatic Amino Acids: Proteins inherently absorb UV light
at 280 nm due to the presence of aromatic amino acids like
tryptophan and tyrosine. Nucleic Acids absorb UV light at
260 nm, and cellular Components with the absorbance peaks
at 310, 350, 400, and 427 nm in yeast cells. These peaks are
attributed to various cellular components and their
interactions.

Root mean square error of the absolute relative permittivity
(¢) and impedance (Z) for yeast protein powder (EYP)
against  frequency are  shown in  figure 5
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Figure 5 frequency variation for absolute impedance (left)
and dielectric permittivity (right) at working temperature

The exploration of the frequency dependence regarding both
the dielectric constant &' and the dielectric loss €” displayed in
figure 6 reveals a significant decline in both parameters with
frequency, which may denote the conventional behavior of
dielectric materials.
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Figure 6: Complex dielectric components variation with
applied frequency at 298 K

The cell suspensions behave differently than bulk dielectrics.
At low frequencies, the cell membrane acts like an insulator,
and the polarization of dipoles inside the cell is limited.
Accordingly, the yeast cells do not effectively store electric
field energy, leading to a low dielectric constant, because
their membranes block dipole alignment. The restricted
movement of charges or dipoles in and around the cells
results in low energy storage at low frequencies.

The imaginary part of permittivity (¢”) is often called
dielectric loss is related to energy loss or dissipation. At low
frequency, mobile ions accumulate at the membrane interface
(due to the presence of the insulating cell membrane). This is
known as Maxwell-Wagner interfacial polarization. This
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accumulation leads to high ionic conduction losses, which
increases €.

The yeast cells dissipate a lot of electrical energy as heat due
to ionic conduction and interfacial polarization at low
frequencies.

Complex impedance analysis

Dielectric loss tangent (tand) with quality factor (Q) trend
with frequency the working temperature for the sample is
plotted in Figure 5. The dielectric loss shows a decrease with
an increase in frequency.

50 T T T T T T T 100
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A Quality factor %
40 480
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s e
= 20+ £y 440 8
5 A
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0 40

T T T T T T T
10°  10* 10? 100 10*  10° 10° 107 108
log f (Hz)

Figure 7: Dielectric loss factor (tand) left and quality factor
(Q) right variation with frequency working temperature (298
K).

The Nyquist and Cole-Cole plots illustrating the complex
components of impedance and dielectric constant are
presented in figure 8. The diagram exhibits a semicircular
arcs configuration that intersects the x-axis at the points (z’.,
77y and €., &°¢) respectively. The spectra arcs in the Nyquist
plot (where z’ is plotted against z”) and as peaks in the Cole-
Cole plot (where €’ is plotted against €”) with frequency as
running factor (Cole et al, 2023; Mei et al, 2018).
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Figure 8 Cole Cole plot for complex dielectric components
showing semi-arc pattern.

Dielectric Modulus

The dynamic behavior of electrical transport phenomena such
as hopping rate of charge carrier, space charge relaxation
phenomena, conductivity relaxation mechanism is usually
evaluated by complex electrical modulus. Dielectric
relaxation, a process characterized by the time-dependent
response of a material's polarization to an external electric
field, provides insight into the molecular dynamics and
structural characteristics of materials-(Natalino et al, 2023).
Basically, dielectric modulus M*is the reciprocal of dielectric
constant (1/5*) and can be represented as complex quantity
M* = M'+ jM"where M and M* are the real and imaginary
parts of the electric modulus.

the experimental data of the imaginary part of the electric
modulus was fitted by using Bergmann modified equations
to the empirical Kohlrausch, Williams and Watts (KWW)
function Equation .

Modified KWW function has been used to fit the M data in
order to reduce the number of adjustable parameters and
extract the stretched coefficient (). Relaxation time (z) can
be estimated from the peak maximal frequency (fna) though

the relation T = 1/27ch
max

Mmax

max ﬂ
a-prrifalo() Gl |

M = Equation 9

fmax

The occurrence of dielectric loss can be explained as follows:
at lowest values of frequency, polarization follows the
alternating field applied and polarization contribution is
maximal and dielectric loss is neglected. A lag in the
dielectric polarization may be noticed concerning the applied
alternating electric field which could be caused by the
presence of imperfections and impurities in the sample. At
the highest frequencies, the field alternates rapidly resulting
in slow polarization processes, thus decreasing the dielectric
permittivity value. The highest value was observed at low
frequency, confirming the contribution of all the polarization
effects and suggesting the appearance of ionic conductivity.
The dielectric loss in the system mainly originates due to the
hopping of localized charge carriers and the creation of
defect-induced dipoles. In the low frequency, charge carriers’
hopping contributes mainly to high dielectric loss. On the
other hand, in the high frequency range, conductive grains are
dominant. Therefore, a small amount of energy is required for
the exchange of charge carriers over sites which could result
in the small value of energy loss (Natalino et al, 2023).

The measured values of impedance (Z*) and absolute
permittivity (¢*) for EYP sample are plotted against
frequency. The variation of both values shows frequency
dependence. The complex data was transformed into real and
imaginary components, shows the variation of real relative
permittivity ¢' and imaginary dielectric loss &’ parts of
complex dielectric permittivity with frequency. The complex
impedance components (real (z’) and imaginary(z”) are
plotted against frequency in in figure 9

The data of Cole-Cole and Nyquist plots are fitted using
Simpkin 7.0 software to identify the equivalent circuit model
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and describe the electrical response of the system in Figure
8,9 respectively. The frequency dependence of the angle
phase (0) of the complex impedance was evaluated by
plotting Bode plot to determine the different contributions in
the conduction process.

To investigate the dynamic of charge carrier transport
mechanism within the sample, electrical conductivity and
electric modulus were investigated. The total conductivity
could be considered a summation of both dc and ac
components. The conductivity behavior in response of YEP
sample is displayed in . Fitting of modified KWW function
to imaginary dielectric modulus data measured of the YEP at
298 K sample is illustrated in Error! Reference source not
found.. The maximal frequency, relaxation time and the
stretched coefficient () was reduced.
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Figure 9 Nyquist plot with fitted curve by Z view software
showing equivalent circuit model showing semi-arc pattern
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Figure 10 Bode plot with fitted curve by Z view software
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Figure 11: Conductivity variation with applied frequency
showing Jonscher fitting curve

The DC conductivity obtained from the power-law fitting
(7.24 x 1073t S/cm) is significantly lower than expected based
on the Nyquist plot. This discrepancy may arise from the
limited frequency range used in the fitting, which fails to
adequately capture the low-frequency plateau required for
accurate extraction of DC. Moreover, electrode polarization
and interfacial effects at low frequencies may have affected
the fitting results, leading to an underestimation of the true
DC conductivity. In contrast, the Nyquist plot offers a more
direct representation of low-frequency resistive behavior,
indicating a higher effective DC conductivity.
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Figure 12: frequency response of real part of dielectric mod
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Figure 13 imaginary dielectric modulus variation with
frequency showing modified (KWW) fitting curve.

Figure 13 represent a § value of 0.989, which is very close to
1, indicating nearly Debye-type relaxation of the EYP
sample. Additionally, discussing the robustness of the B
fitting (e.g., confidence interval or model sensitivity) would
strengthen the reliability of this analysis.

Discussion

Proteins are polymers composed of polar repeating units of
amino acids (a.a.), characterized by the backbone structure (-
CO-CR-NH-), and contain neutral, polar, and charged side
chains. Due to this structure, proteins can be regarded as
polarized materials and are highly sensitive to dielectric
analysis. As previously discussed, the ionic state of amino
acid zwitterions plays a crucial role in the electrical behavior
of EYP, acting as charge carrier dipoles.

Figure 5 presents the measured absolute impedance (Z*) of
the EYP sample as a function of the applied frequency. The
Z* value decreases with increasing frequency. Both the real
(Z2) and imaginary (Z") components of the impedance are
shown in Figure 7. In the low-frequency range, the magnitude
of Z' decreases, which may indicate a higher degree of
electric polarization within the sample. At higher frequencies,
the Z' value remains relatively constant, suggesting the
presence of a relaxation mechanism and a reduction in
interfacial barriers.

The imaginary component of impedance, Z", also varies with
frequency and reaches a maximum at a specific frequency
known as the electrical relaxation frequency (f_max). The
peak magnitude of Z" decreases progressively with
increasing frequency, indicating space charge accumulation
in the system and an associated increase in AC conductivity.
This complex impedance behavior suggests that the sample
exhibits characteristics typical of semiconducting materials.
The variation of complex dielectric components with
frequency is presented in figure 6. Basically, there are four
types of frequency dependent polarization mechanisms that
involve dielectric behavior of materials: space charge, dipolar

polarization, ionic and electronic polarization at lower
frequency. The complex dielectric component values increase
then decrease with increasing frequency to reach a constant
value at a higher frequency range where the contributions
from space charge, dipolar and ionic polarization reduce
(Holzel etal; 1992).

The first kind of polarization named interfacial or space
polarization, and called Maxwell-Wagner effect, appears at
low frequencies (<106 Hz). This occurs from the limited
displacement of free charges and their accumulation between
the different phases of material when those possess distinct
permittivity values. This phenomenon is specific for solid and
liquid dielectrics, especially with non-homogeneous or
amorphous structures. The dipole orientation also called
Debye polarization implies the orientation of polar molecules
under an electric field at higher frequency (10° to 10 Hz).
This type of polarization is mainly due to the rotation of
amino acids, rotation of charged side groups of proteins, and
the relaxation of water interacting with proteins.

Such molecules act as electric dipoles and usually have a
permittivity value of 4 or 5 at low hydration level, and up to
10 at higher hydration level. In addition, the loss values
usually obtained are low, in the order of magnitude of 107 to
10, which vary with temperature, relative humidity and
frequency. Due to the viscosity of the medium, molecules
cannot orientate themselves instantaneously to applied
electric field as they are subjected to viscosity or Debye
forces. Variations of dipole with frequency are called
dispersion (Holzel et al; 1992).

Atomic polarization (or ionic) is a result of the atoms
displacement linked via ionic bonds (10 to 10 Hz).
Induced dipoles are created by Valence electrons travel
around orbits shared with other atoms thus. This induced
dipole sticks to the electromagnetic field orientation but also
takes into account relaxation dynamics. This kind of
polarization is well established within 10 seconds (Kiani
,2020)

Electronic polarization is present in almost all types of
dielectric materials (>10*® Hz). It occurs within 10™ s. The
atomic, as well as electronic polarization, creates dipoles that
do not comprise energy loss and disappear as soon as the
electric field is removed. The influence electromagnetic field
on a protein confirms that they are polar materials with
amorphous and crystalline parts). Polarization mechanisms
are mainly of dipolar orientation (Debye type). In a frequency
range 100 MHz and 1 GHz, molecular chains, as well as
amino acids are polarized.

The occurrence of dielectric loss can be explained at the
lowest frequency; polarization follows the alternating field
applied and polarization contribution is maximal and
dielectric loss is neglected. At the highest frequencies, the
field alternates rapidly resulting in slow polarization
processes, thus decreasing the dielectric permittivity value.
The highest value was observed at low frequency, confirming
the contribution of all the polarization effects and suggesting
the appearance of ionic conductivity. The dielectric loss in
the system mainly originates due to the hopping of localized
charge carriers and the creation of defect-induced dipoles. In
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the low frequency, charge carriers’ hopping contributes
mainly to high dielectric loss. Besides resistive grain
boundaries are more effective at low frequency range.
Therefore, higher energy is required for the exchange of
charge carriers through the cation-anion-cation (c-a-c
interactions) interaction which could result in high dielectric
loss. On the other hand, in the high frequency range,
conductive grains are dominant. Therefore, a small amount of
energy is required for the exchange of charge carriers over
sites which could result in a small amount of energy loss
(Natalino,2023).

A Cole-Cole plot is a graphical way to represent impedance
data, plotting the imaginary part of impedance against the
real part. This plot helps to understand how different parts of
a material contribute to its overall electrical behavior
(Barsoukov et al, 2005).

This discrepancy can happen because the Nyquist plot often
represents the combined electrical response of the material,
and if the grain boundary contribution is weak or overlaps
with the bulk response, it may not resolve into a distinct
semicircle. (Macdonald et al, 1987; Boukamp, 1981).
Cole-Cole and Nyquist plots of the sample are characterized
by the appearance of semi-circular arcs that intersect
frequency as x-axis at the points (g, &, andzl,,z))
respectively. These complex plots could be used to assess the
presence of Debye or non-Debye type dielectric relaxation in
the system. In Debye type relaxation, the center of the
semicircle is located on the real axis, whereas for Non-Debye
type relaxation the center lies below the real axis (z axis).In
the current work the semicircles centers locate below the real
axis (Error! Reference source not found. .Such behavior
indicates a deviation from ideal-Debye behavior. This Debye
behavior might originate from several factors such as the
orientation of interior grain, distribution of the size of the
grain, grain boundaries, distribution of atomic defects, and
effect of stress-strain (Cole et al,1941; Mei et al, 2018; Ruiz,
2014y

Electrical Conductivity Analysis

The total conductivity variation with respect to applied
frequency (Figure 11) consists of two regions: a plateau
corresponding to the DC conductivity, which is frequency-
independent and appears at low frequencies, and the AC
conductivity, which is frequency-dependent and dominates at
higher frequencies. This frequency dependence of the total
conductivity indicates the presence of relaxation phenomena
in the system. At low frequencies, grain boundaries act as
effective insulators, limiting the hopping frequency of charge
carriers; therefore, conductivity remains constant (frequency-
independent) in this region. Conversely, at higher
frequencies, the increased frequency enhances the hopping
rate of charge carriers within the conductive grains, leading
to a rise in AC conductivity with increasing frequency of the
applied field (Arikawa, 2005). From the AC conductivity
fitting data, values of the exponent belowl indicate
translational motion of charge carriers within the sample.
Conversely, when s is greater than 1, it suggests that the
charge carrier motion is localized. In this case, the value of s
is approximately 0.52, which implies that the charge carriers
exhibit translational motion in the sample (Inna, 2022).

The Variation of (dielectric modulus (M' and M") as a
function of frequency samples are illustrated in figure 7 and
figure 12. There is a clear peak at a particular frequency
which may originate due to relaxation behavior called
relaxation frequency (fmax~2542.57 Hz). Relaxation
frequency suggests the occurrence of conductive relaxation
mechanism of charge carriers in the sample. The curve in
figure 13 shows an asymmetric nature with respect to
relaxation peak relaxation. the stretched exponential is
indicated ($~0.99). the value of (B) defines if the relaxation
present in the material is of Debye (= unity) or non-Debye
type (less < unity). The behavior of (B) obtained by fitting
suggests the presence of non-Debye type relaxation in the
material.

At low of frequency, charge carriers can move over long
distances that can hop from one site to another, a
phenomenon known as hopping. On the other hand, at higher
frequency ranges charge carriers are confined to their wells
and make only localized motions over a short distance within
them. That might be due to the defects or interfacial layers
between the grains. Overall, the lower frequency range (left
side of the relaxation peak) is the area that indicates the
conduction process, while higher frequency range (the right

of the relaxation peak) is the relaxation process
(Natalino,2023 ;Inna,2022).
Conclusion

The application of impedance spectroscopy to analyze yeast-
extracted proteins offers a promising approach to addressing
food insufficiency by providing a sustainable protein source.
This technique leverages advanced analytical methods to
optimize protein extraction and characterization. The findings
indicate that impedance spectroscopy can yield valuable
insights into the electrical properties of yeast proteins, which
may correlate with their nutritional and functional qualities.
Further research into the molecular structure of yeast-
extracted proteins (YETP) and the development of functional
modifications for potential medical applications is
recommended to explore the use of yeast as a therapeutic
dietary supplement to help combat malnutrition.

Data availability

All data generated or analyzed during this study are included
in this published article.
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