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Summary of the thesis 

CCN–51 cocoa from the Ecuadorian coastal region is a high–yielding variety, resistant to pests and 

with intense notes of cocoa flavor. However, due to the lack of control during the fermentation of the 

grain, this variety usually has high notes of acidity and bitterness. The combined use of starter 

cultures and emerging technologies such as electromagnetic fields (EMF) can be important 

alternatives to improve grain quality, since both techniques have been widely used to improve 

fermentation processes. Therefore, on the proposed basis, this study aims to 1) To design and validate 

electromagnetic field equipment for cocoa bean fermentation under controlled conditions, 2) To 

analyze the influence of the electromagnetic field generation process (density and exposure time) on 

the fermentation process, evaluating the characteristics of the fermented grain and the dry almond. 

3) To Characterize chemical, thermal, microstructure properties of the cocoa paste obtained, 4) To 

determine the effect of electromagnetic fields on the kinetic and growth parameters of crops, and 5) 

To evaluate the effect of electromagnetic fields on bacterial cultures, based on their metabolic, 

genomic and cell microstructure characteristics, under simulated conditions 

A Helmholtz–type oscillating magnetic field (OMF) electromagnetic emission prototype with a 

usable area for biotechnological studies was built and validated. The control of the EMF 

measurements was performed with a Hall effect sensor with a digital signal connection (Arduino 

nano) and data output to a PC using LabVIEW software. The fermentation process of the cocoa bean 

variety CCN–51 exposed to four levels of OMF density for 60 min (0, 5, 40, 80 mT/60 min) and 

using native cultures was evaluated. Different variables of the grain fermentation process were 

evaluated for six days. 

The electromagnetic emissions equipment was tested in terms of linearity, accuracy, precision, 

repeatability, reliability, and robustness, demonstrating its validity under working conditions. 

Subsequently, the impact of OMF density levels (0, 5, 40, and 80 mT/60 min) on the fermentation 

process, kernel characteristics, and dry almond properties was analyzed using native cultures. 

Throughout the six–day controlled fermentation process, various factors including pH, temperature, 

humidity, growth variables, and metagenomics of microbial groups were evaluated, and their 

influence on grain yield and sensory quality. An additional analysis was carried out by subjecting the 

fermented cocoa beans of the CCN–51 and National varieties to gamma radiation and then analyzing 

them using Raman. 

The metagenomics and growth profiles of the microbial species exhibited variations according to 

EMF exposure. The changes observed in the fermentation process were attributed to alterations in 

gene expression and metabolic activity of the microbial species present. Notably, different microbial 

genera responded differently to EMF conditions, directly influencing fermentation performance and 

the resulting sensory characteristics of cocoa beans. Lower EMF densities showed positive effects 
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on the sensory profile, while higher densities produced contrasting results. This emphasized the 

importance of optimizing EMF parameters to achieve optimal cocoa bean fermentation results. 

Raman's analysis revealed that the strongest signals in the spectra corresponded to the lipid 

components of the samples. Regarding the sensory evaluation, the cocoa beans showed a wide range 

of attributes, including floral, fruity, almond, sour, bitter, astringent, intensely aromatic and earthy 

flavors. The intensity of these attributes varied depending on the dose of gamma radiation applied 

and the variety of cocoa. 

Resumen de la tesis 

El cacao CCN–51 de la región costera ecuatoriana es una variedad de alto rendimiento, resistente a 

plagas y con intensas notas de sabor a cacao. Sin embargo, debido a la falta de control durante la 

fermentación del grano, esta variedad suele tener notas altas de acidez y amargor. El uso combinado 

de cultivos iniciadores y tecnologías emergentes como los campos electromagnéticos (EMF) pueden 

ser alternativas importantes para mejorar la calidad del grano, ya que ambas técnicas han sido 

ampliamente utilizadas para mejorar los procesos de fermentación. Por lo tanto, sobre la base 

propuesta, este estudio tiene como objetivo 1) Diseñar y validar equipos de campos 

electromagnéticos para la fermentación de granos de cacao en condiciones controladas, 2) Analizar 

la influencia del proceso de generación de campos electromagnéticos (densidad y tiempo de 

exposición) en el proceso de fermentación, evaluando las características del grano fermentado y la 

almendra seca. 3) Caracterizar las propiedades químicas, térmicas, microestructurales de la pasta de 

cacao obtenida, 4) Determinar el efecto de los campos electromagnéticos en la cinética y parámetros 

de crecimiento de los cultivos, y 5) Evaluar el efecto de los campos electromagnéticos en cultivos 

bacterianos, con base en sus características metabólicas, genómicas y de microestructura celular, en 

condiciones simuladas. 

Se construyó y validó un prototipo de emisión electromagnética de campo magnético oscilante 

(OMF) tipo Helmholtz con un área utilizable para estudios biotecnológicos. El control de las 

mediciones de EMF se realizó con un sensor de efecto Hall con conexión de señal digital (Arduino 

nano) y salida de datos a una PC usando el software LabVIEW. Se evaluó el proceso de fermentación 

del grano de cacao variedad CCN–51 expuesto a cuatro niveles de densidad OMF por 60 min (0, 5, 

40, 80 mT/60 min) y utilizando cultivos nativos. Se evaluaron diferentes variables del proceso de 

fermentación del grano durante seis días. 

El equipo de emisiones electromagnéticas fue probado en términos de linealidad, exactitud, 

precisión, repetibilidad, confiabilidad y robustez, demostrando su validez en condiciones de trabajo. 

Posteriormente, se analizó el impacto de los niveles de densidad de OMF (0, 5, 40 y 80 mT/60 min) 

en el proceso de fermentación, las características del grano y las propiedades de la almendra seca 
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utilizando cultivos nativos. A lo largo del proceso de fermentación controlada de seis días, se 

evaluaron varios factores, incluidos el pH, la temperatura, la humedad, las variables de crecimiento 

y la metagenómica de los grupos microbianos y su influencia en el rendimiento del grano y la calidad 

sensorial. Se realizó un análisis adicional sometiendo los granos de cacao fermentados de las 

variedades CCN–51 y Nacional a radiación gamma y luego analizándolos mediante RAMAN. 

La metagenómica y los perfiles de crecimiento de las especies microbianas exhibieron variaciones 

según la exposición a los CEM. Los cambios observados en el proceso de fermentación se 

atribuyeron a alteraciones en la expresión génica y actividad metabólica de las especies microbianas 

presentes. En particular, diferentes géneros microbianos respondieron de manera diferente a las 

condiciones de EMF, lo que influyó directamente en el rendimiento de la fermentación y las 

características sensoriales resultantes de los granos de cacao. Las densidades más bajas de EMF 

mostraron efectos positivos en el perfil sensorial, mientras que las densidades más altas produjeron 

resultados contrastantes. Esto enfatizó la importancia de optimizar los parámetros EMF para lograr 

resultados óptimos de fermentación del grano de cacao. 

El análisis de Raman reveló que las señales más fuertes en los espectros correspondían a los 

componentes lipídicos de las muestras. En cuanto a la evaluación sensorial, los granos de cacao 

mostraron una amplia gama de atributos, incluyendo sabores florales, afrutados, almendrados, 

ácidos, amargos, astringentes, intensamente aromáticos y terrosos. La intensidad de estos atributos 

varió según la dosis de radiación gamma aplicada y la variedad de cacao.  
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Research framework 

The Theobroma CCN–51 cocoa variety has become popular due to its high yield and resistance to 

pests. However, it is often associated with pronounced sourness and astringency, posing a challenge 

for market acceptance and consumer preference. Conventional fermentation methods have had 

limited success in reducing these off–flavors. Furthermore, conventional fermentation methods have 

had limited success in reducing these off–flavors. 

To address this problem, innovative techniques such as electromagnetic fields (EMF) and starter 

cultures have been explored to control the fermentation process effectively. While previous studies 

have focused on improving cocoa fermentation using starter cultures, the potential of using 

electromagnetic fields (EMF) to enhance cocoa fermentation remains relatively unexplored. 

Consequently, there is a research gap that requires investigation of the potential synergistic effects 

of electromagnetic fields and starter cultures on CCN–51 cocoa fermentation to address its quality 

challenges. 

This thesis holds significant implications for the cocoa industry, specifically in addressing the 

challenges associated with the strongly acidic and astringent flavor notes of the CCN–51 cocoa 

variety. Combining electromagnetic fields with appropriate starter cultures, this novel and effective 

approach aims to control fermentation, leading to improved flavor profiles and overall enhanced 

quality of CCN–51 cocoa. The results of this research will have practical applications for cocoa 

producers, processors, and manufacturers. This approach will ensure the production of premium 

quality cocoa with desirable flavor attributes. 

The research will involve carefully designed fermentation experiments using CCN–51 cocoa beans. 

It will incorporate different electromagnetic field strengths (ranging from 5 to 80 mT) and exposure 

durations (ranging from 10 to 60 minutes). Indigenous starter cultures will also be employed. The 

fermentation process will be monitored using the main process variables to detect changes in 

microbial dynamics, metabolic pathways, and flavor development using advanced analytical 

techniques. Sensory evaluations, including assessments by a trained panel, will be conducted to 

evaluate the sensory attributes and acceptability of both the resulting cocoa beans and the cocoa 

paste. 

General objective 

Evaluate the effect of electromagnetic fields on cocoa fermentation CCN–51 under controlled 

conditions 
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Specific objectives 

To design and validate electromagnetic field equipment for cocoa bean fermentation under controlled 

conditions. 

To analyze the influence of the electromagnetic field generation process (density and exposure time) 

on the fermentation process, evaluating the characteristics of the fermented grain and the dry almond. 

To characterize cocoa paste obtained based on its thermal properties, chemical composition, and 

microstructure. 

To determine the effect of electromagnetic fields on the kinetic and growth parameters of crops. 

To evaluate the effect of electromagnetic fields on bacterial cultures based on their metabolic, 

genomic, and cell microstructure characteristics under simulated conditions. 
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 Chapter 1 

Magnetic Fields on Biological Systems: A Comprehensive Analysis on Cocoa Bean 

Fermentation 

Tania María Guzmán–Armenteros1, Jenny Ruales1, and Luis Santiago Guerra2 

1 Department of Food Science and Biotechnology, Escuela Politécnica Nacional, P.O. Box 17–01–

2759, Quito, Ecuador; tania.guzman@epn.edu.ec; (T.M.G.–A) jenny.ruales@epn.edu.ec 

2 Carrera de Medicina, Facultad de Ciencias Médicas, Universidad Central del Ecuador, P.O. Box 

17–12–759, Quito, Ecuador; lsguerrap@uce.edu.ec  

*Corresponding author: tania.guzman@epn.edu.ec  

Abstract 

The influence of magnetic fields on biological systems, including fermentation processes and cocoa 

bean fermentation, is a multifaceted area of study. Mechanisms such as magnetosensitivity, protein 

conformational changes, cellular biophysical properties, ROS production and gene expression, and 

epigenetic modifications have been identified to explain how magnetic fields affect microorganisms 

and cellular processes. These mechanisms can lead to alterations in enzyme activity, protein stability, 

cell signaling, intercellular communication, and oxidative stress. In the context of cocoa 

fermentation, electromagnetic field offers a potential means to enhance the sensory attributes of 

chocolate by modulating microbial metabolism and optimizing flavor and aroma development. This 

area of study offers possibilities for innovation and the creation of premium chocolate products. In 

this review, these aspects will be explored synthetically and illustratively. 

1. Introduction 

In recent times, there has been substantial progress in studying the connection between 

electromagnetic fields (EMFs) and biological systems, with a particular emphasis on fermentation 

processes [1,2]. The influence of magnetic fields on various biological entities has been well–

established, leading researchers to adopt a dual perspective to gain a comprehensive understanding 

of this phenomenon. On the one hand, studies have concentrated on the direct effects of EMFs on 

biological entities, delving into the molecular and cellular mechanisms governing their response and 

adaptation to magnetic fields [2–4]. On the other hand, researchers have recognized the importance 

of considering the broader environmental context in which these fermentation processes unfold, 

encompassing the complex interplay between magnetic fields, microorganisms, and their 

surrounding ecosystems [3]. 

mailto:tania.guzman@epn.edu.ec
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Studies examining the direct effects of EMFs on biological entities have revealed intriguing insights 

into the ways in which magnetic fields can influence cellular behavior and functionality [4–8]. These 

investigations have explored the cellular responses to magnetic fields at various levels, ranging from 

changes in gene expression and protein synthesis to alterations in metabolic pathways and signaling 

cascades [1–5]. By dissecting these intricate mechanisms, researchers aim to elucidate how magnetic 

fields can either stimulate or inhibit biological systems, uncovering the underlying factors that 

contribute to such diverse outcomes. 

 Simultaneously, researchers have recognized the significance of the environment in shaping the 

impact of magnetic fields on fermentation processes. The surrounding environment encompasses not 

only the physical conditions, but also the microbial communities and interactions that occur within 

the fermentation milieu. It is within this intricate web of interactions that the effects of magnetic 

fields manifest, as they intertwine with the complex dynamics of microbial metabolism, nutrient 

availability, and ecological factors [3–8]. Understanding the interplay between magnetic fields and 

the fermentation environment is crucial for comprehending the holistic picture of how 

microorganisms respond and adapt to these magnetic stimuli. 

While the direct effects of EMFs and the role of the surrounding environment in fermentation 

processes have been the subject of investigation, researchers are also venturing into uncharted 

territories to explore additional dimensions. These encompass investigating the enduring impacts of 

magnetic field exposure on microbial populations, exploring potential synergistic or antagonistic 

effects of combined environmental factors, and understanding the role of magnetic fields in 

influencing the evolution and adaptation of microorganisms in fermentation systems [7–10]. By 

broadening the scope of inquiry, researchers can uncover novel insights into the complexities of 

EMF–microorganism interactions, ultimately paving the way for innovative applications in 

biotechnology, agriculture, and environmental remediation. 

To unravel the intricate relationship between magnetic fields and fermentation processes, a 

multidisciplinary approach is crucial. Collaborations between experts in microbiology, biochemistry, 

biophysics, and environmental science can facilitate a comprehensive exploration of the diverse 

mechanisms and phenomena at play. By incorporating advanced experimental techniques, such as 

high–resolution imaging, omics technologies, and mathematical modeling, a deeper understanding 

of the fundamental principles governing the impact of magnetic fields on microorganisms and their 

fermentation activities can be achieved [10–14]. 

In summary, the impact of electromagnetic fields on biological systems, especially in fermentation 

processes, has become a global focal point of global research. Scientists are delving into the direct 

effects of EMFs on biological entities and investigating their relationship with the surrounding 

environment, leading to a gradual understanding of this phenomenon. However, the field remains 
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ripe with opportunities for further exploration, requiring interdisciplinary collaboration and cutting–

edge methodologies. As the knowledge base expands, the potential applications of harnessing 

magnetic fields in biotechnology, agriculture, and environmental sustainability are poised to 

revolutionize these fields, driving innovation and progress in the years to come. 

 2.  EMFs and Biological Systems: Unveiling Effects, Practical Applications, and 

Environmental Preservation 

Emerging research has shed light on the remarkable ability of electromagnetic fields (EMFs) to exert 

both stimulating and inhibitory effects on a wide range of biological systems [4–19]. These effects 

extend beyond the realm of microorganisms and encompass diverse organisms such as plants, fruits, 

and even human and animal cells [6–10]. The intricate interplay between electromagnetic fields and 

cellular processes has captivated scientists, as it holds immense potential for various practical 

applications across multiple domains. 

The impact of electromagnetic fields is particularly remarkable in the domain of plant growth and 

development. Research has shown that precise application of EMFs can lead to accelerated seed 

germination, improved root growth, and higher crop yield [6, 19–20]. By carefully adjusting the 

electromagnetic stimulation parameters, scientists have effectively utilized these effects to enhance 

agricultural practices, promoting sustainable and efficient food production. Additionally, the focused 

use of electromagnetic fields has shown promising outcomes in enhancing the post–harvest 

preservation and quality of fruits, prolonging their shelf life, and reducing spoilage [7]. 

Microorganisms, including bacteria, yeast, and fungi, also exhibit fascinating responses to 

electromagnetic fields. Research has illuminated how controlled exposure to specific EMFs can 

modulate microbial growth rates, metabolic activity, and enzymatic processes [8]. This newfound 

understanding has paved the way for novel applications in biotechnology and industrial processes. 

For instance, electromagnetic field–mediated stimulation of microbial metabolism has been 

harnessed to optimize the production of valuable metabolites such as enzymes, biofuels, and 

pharmaceutical compounds [13,19–20]. Furthermore, the utilization of electromagnetic fields has 

revolutionized the process of remediating contaminated environments. Through harnessing the 

natural abilities of microorganisms, electromagnetic field–assisted bioremediation methods 

effectively break down pollutants in soil, water, and air, providing a sustainable approach to 

environmental protection [14–16]. Table 1 offers a brief summary of the effects and practical 

applications of electromagnetic fields, showcasing their potential across various fields and 

underscoring the importance of responsible and evidence–based implementation. 
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Table 1. EMF effect in different biological systems, including microorganisms, plants, fruits, human cells, and 

industrial production.  

Biological Systems Effects and Applications References 

Microorganisms 

– Modulation of microbial growth rates, 
metabolic activity, and enzymatic 

processes. 

– Microbial metabolism for valuable 
metabolites' production, biotechnology, 

and industrial processes 

– Electromagnetic field–assisted 
bioremediation techniques for efficient 

pollutant degradation. 

[11], 12–14] 
[12], 15] 

[3] 

Plants and Fruits 

– Accelerated seed germination and 
enhanced root growth 

– Increased crop yield and improved 

agricultural practices. 
– Post–harvest preservation and quality 

enhancement of fruits. 

– Extension of fruit shelf life and reduction 
of spoilage. 

[2], [6]:  [7] 

Human Cells and Therapy 

– Promotion of tissue regeneration and 

wound healing. 

– Alleviation of pain and inflammation. 
– Non–invasive and targeted therapies as 

alternatives to traditional treatment 

modalities. 

[16, 30, 48, 61] 

Industrial Production 

– Optimization of fermentation processes 

for cost–effective and sustainable 
production of commodities. 

– Enhancement of efficiency and yield in 

various industrial fermentation processes. 

[18], [17] 

Environmental Preservation 

– Remediation of contaminated sites 

through electromagnetic field–assisted 

bioremediation techniques. 
– Mitigation of the harmful effects of 

pollutants in soil, water, and air. 

– Preservation of ecological integrity and 
natural habitats. 

 [13], [14], [15]. 

The potential of electromagnetic fields extends beyond organismal and cellular levels, encompassing 

diverse practical applications that benefit human health, production processes, and environmental 

preservation. In the realm of medical therapy, electromagnetic fields have shown promise in 

promoting tissue regeneration, accelerating wound healing, and alleviating pain and inflammation 

[17]. Non–invasive and targeted electromagnetic field–based therapies offer an alternative to 

traditional treatment modalities, providing patients with enhanced comfort and improved outcomes. 

Industrial production processes have also witnessed the transformative impact of electromagnetic 

fields. By optimizing process parameters and leveraging the effects of EMFs on microbial growth 

and metabolism, industries can enhance the efficiency and yield of various fermentation processes, 

leading to cost–effective and sustainable production of commodities ranging from food and 

beverages to biopharmaceuticals [18, 19–20]. Furthermore, electromagnetic fields play a vital role 



 

- 18 - 

in environmental protection efforts. They can be employed to remediate contaminated sites, mitigate 

the harmful effects of pollutants, and preserve the ecological integrity of natural habitats [19]. 

However, while the potential benefits of electromagnetic fields are substantial, it is crucial to ensure 

their responsible and controlled application. Safeguarding natural integrity and minimizing any 

potential adverse effects is of utmost importance. Therefore, extensive research is necessary to 

comprehend the intricate relationship between electromagnetic fields and biological systems, 

enabling the formulation of evidence–based guidelines and protocols for their practical application. 

Despite substantial advances in this domain, there remains a conspicuous absence of universally 

standardized specified ranges of electromagnetic fields capable of causing measurable effects in 

biological systems. This gap between empirical progress underscores a complex interplay of factors 

that contribute to the current situation. Achieving a universally applicable EMF standard requires a 

level of precision and robustness that considers this inherent variability in various biological 

contexts. 

Addressing this challenge requires a comprehensive and multidisciplinary approach that combines 

scientific rigor, technological adaptation, and ethical prudence. table 2 provides some general 

examples of EMF parameters commonly studied in research up to that time. It should be noted that 

the specific frequencies, densities, and exposure times used in the studies can vary widely depending 

on the specific objectives and conditions of each experiment. 

The diverse impacts of EMF on biological systems encompass microorganisms, plants, and human 

cells. The ability of electromagnetic fields to stimulate or inhibit cellular processes has paved the 

way for diverse practical applications, ranging from medical therapy and industrial production to 

environmental protection [20–24]. However, additional research is necessary to gain a 

comprehensive understanding of the underlying mechanisms and to optimize the implementation of 

electromagnetic field–based approaches, all while ensuring the preservation of natural integrity. By 

harnessing the power of electromagnetic fields, we have the potential to revolutionize various fields 

and drive innovation toward sustainable and efficient solutions for society and the environment 
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Table 2. General examples of commonly studied EMF parameters by categories

Category Frequency (Hz) Field Density (mT) Exposure Time e.g. & Cite 

Plants Frequencies commonly used in plant studies range from 

extremely low frequency (ELF) to radiofrequency (RF) 

ranges. ELF frequencies typically fall within the range 
of 1 Hz to 300 Hz, while RF frequencies can range from 

kHz to GHz. 

Field densities can also vary greatly, and they 

are usually measured in millitesla (mT) for 

ELF fields. The typical densities used in plant 
studies can range from a few mT (0.1)  to 

around 100 mT. 

Exposure times in plant studies can span from a 

few minutes to several days or even weeks. 

Short–term exposures of a few hours are 
common, but some studies involve longer–term 

exposures of 24 hours or more. 

Type:  Triticum 

sppFrequency:   ELF (50–

60 Hz) 
Density: 10mT, 15mT 

Exposure Time: 

10min,15min 
(4) Hussain 2020 

Animals Frequencies used in animal studies can span a wide 

range, from extremely low frequencies (ELF) to radio 
frequencies. Frequencies commonly investigated 

include 50 Hz, 60 Hz, 900 MHz, 2.45 GHz, and others. 

Field densities are often measured in millitesla 

(mT) or microtesla (μT) for ELF fields. 
Depending on the study, the field densities 

may range from fractions of a μT to several 

mT. 

Exposure times in animal studies can vary widely 

based on the research objectives. Short–term 
exposures can be as brief as a few hours, while 

long–term studies might extend over several 

weeks or even months. Common exposure 
durations include 24 hours, 48 hours, 7 days, and 

longer. 

 

Type:  Rat brain 
Frequency:  ELF (50–60 

Hz) 

Density: 4.3mT, 12.9mT 
Exposure Time:21 days 

(8) Yakir–Blumkin 2020 
Humans Frequencies used in human studies encompass a wide 

range, from extremely low frequencies (ELF) to radio 

frequencies. Frequencies commonly investigated 
include 50 Hz, 60 Hz, 900 MHz, 2.45 GHz, and others. 

Field densities are often measured in millitesla 

(mT) or microtesla (μT) for ELF fields. For 

radio frequency EMFs, specific absorption 
rate (SAR) is used, measured in watts per 

kilogram (W/kg). The densities can vary 

significantly, from fractions of a μT to several 
mT for ELF fields and SAR values ranging 

from a few milliwatts per kilogram (mW/kg) 

to higher values for radio frequency fields. 

Exposure times in human studies can also vary 

widely based on research objectives and safety 

considerations. Short–term exposures can be as 
brief as a few minutes to an hour, while longer–

term studies might extend over several hours. 

Common exposure durations include 15 minutes, 
30 minutes, and 1 hour for short–term studies, 

and up to 24 hours for longer–term studies. 

 

Type:  NHDF (normal 

human dermal fibroblasts) 
cell line 

Frequency:  ELF (50–60 

Hz) 
Density: 0,65 T 

Exposure Time: 24h 

(56) Kimsa–Dudek 2021 
 

Fermentation Processes Studies have investigated a wide range of frequencies in 

fermentation processes. Frequencies in the extremely 
low–frequency (ELF) range (around 50–60 Hz) have 

been explored, likely due to their potential biological 

effects and ease of generation. 

Field densities can vary significantly based on 

the type of fermentation process and the 
specific objectives of the study. For ELF 

fields, densities might range from a fraction of 

a microtesla (μT) to several μT 

Exposure times for fermentation process studies 

can also vary. Short–term exposures might last 
from minutes to hours, while longer–term studies 

could extend over the course of the fermentation 

process, which can range from several hours to 
days or even weeks. 

Type:  Bioethanol 

production by   S. 
cerevisiae 

Frequency:  ELF (50–60 

Hz) 
Density:  10 mT 

Exposure Time: 2h 

(11) Andrade 2021 
Microorganisms Frequencies commonly explored include extremely low 

frequencies (ELF) in the range of 50 Hz and 60 Hz, as 

well as radio frequencies in the microwave range, such 
as 900 MHz and 2.45 GHz. 

Densities can vary greatly, ranging from 

fractions of a μT to several T for ELF fields, 

Exposure times for microorganism studies can 

vary based on the research objectives. Short–

term exposures might last from a few minutes to 
several hours, while longer–term studies could 

extend over multiple hours or even days. 

Common exposure durations include 15 minutes, 
30 minutes, 1 hour, and up to 24 hours. 

 

Type:  Airborne fungal 

Frequency:  ELF (50–60 
Hz) 

Density: 5mT 

Exposure Time: 2h 
(14) Anaya 2021 
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3. EMFs in Biological Systems: Unveiling Mechanisms 

Magnetic fields exert their influence on biological systems through various mechanisms. These 

mechanisms involve magnetosensitivity, electromagnetic induction, protein conformational 

changes, ROS production, gene expression and epigenetic modifications, cellular biophysical 

properties, and neural activity. Understanding these diverse mechanisms is crucial for unraveling 

the intricate interactions between magnetic fields and biological systems and exploring their 

potential applications in various fields, including biomedicine, neuroscience, and biotechnology 

(Table 3).  

Table 3. EMF's interaction mechanisms with biological systems. Every mechanism illustrates the diverse 

impacts of magnetic fields on biological systems, highlighting their importance across various fields of research 

and application. The table offers a succinct summary of each mechanism and its practical implications. 

Mechanism Description Examples and Implications References 

Magnetosensitivity Organisms are equipped with 
magnetosensitive structures 

that enable them to sense and 

react to magnetic fields. 
These structures enable 

orientation, navigation, and 

detection of magnetic field 

changes. 

– Magnetite crystals or 
protein complexes act as 

magnetic sensors. 

– Organisms can orient 

themselves and detect 

changes in magnetic fields. 

[24] 

 

[25], [24] 

Electromagnetic 

Induction 

Magnetic fields induce 

electric currents in tissues 
and conductive fluids, 

influencing cellular 

processes. Induced currents 
affect ion transport, cell 

signaling, and regulation of 

physiological processes. 
Localized heat generation 

influences metabolic 

activities and cellular 

functions. 

Influences ion transport 

across cell membranes 

– Affects cell signaling and 

physiological regulation 

– Generates localized heat 

within tissues. 

[31] 

[37] 

[40] 

Changes in Protein 

Conformation 

Magnetic fields cause 

conformational changes in 
proteins, leading to 

modifications in their 

structure and function. 
Interaction between 

magnetic fields and 

paramagnetic centers in 
proteins leads to 

modifications in enzyme 

activity, ligand binding, and 

protein stability. 

– Alters enzyme activity, 

ligand binding, and protein 

stability 

– Impacts metabolic 

pathways, signal 
transduction, and gene 

expression. 

[42] 

 

 [55], [56] 

Reactive Oxygen 

Species (ROS) 

Production 

Biological systems 

experience modulation of 
reactive oxygen species 

(ROS) generation due to 

magnetic fields. ROS play 

– Modulates the production 

of ROS molecules. 

– Influences cellular 

homeostasis and 

[48] 

[10], [50] 



 

21 

Mechanism Description Examples and Implications References 

pivotal roles in cell signaling 

and oxidative stress. 

Magnetic fields influence 
electron transfer processes 

and enzymatic activities 

responsible for ROS 

generation and elimination. 

physiological processes. 

Gene Expression and 

Epigenetic 

Modifications 

Magnetic fields influence 

gene expression and 
epigenetic modifications, 

regulating cellular functions. 

They modulate the 
expression of specific genes, 

leading to changes in cellular 

functions and phenotypic 
traits. Magnetic fields also 

impact epigenetic 

modifications such as DNA 

– Modulates gene expression 

patterns and cellular 

functions. 

– Leads to long–term 

changes in cell behavior and 

phenotypic traits. 

[53], [55] 

 

[65], [67] 

3.1. Magnetosensitivity 

The observation of magnetosensitivity in specific organisms provides an intriguing glimpse into the 

impact of magnetic fields on biological systems. Organisms possessing magnetosensitive structures, 

such as magnetite crystals or protein complexes, have a distinct capability to perceive and react to 

magnetic fields in their surroundings. [25]. These structures, often found in specialized cells or 

tissues, serve as magnetic sensors, allowing organisms to perceive the Earth's magnetic field and 

harness it for various biological purposes [25–28]. 

The mechanisms underlying magnetosensitivity are still the subject of ongoing investigation, yet 

current understanding suggests that the interaction between magnetic fields and specialized 

biomolecules within cells plays a pivotal role. In organisms with magnetite–based magnetosensors, 

it is proposed that the alignment of magnetite crystals, influenced by the magnetic field, generates 

mechanical or chemical signals that are transduced into cellular responses [26, 27]. The complex 

interaction between the magnetic field and internal biomolecular processes allows organisms to 

navigate during migration, orient themselves with respect to magnetic field lines, and potentially 

perceive alterations in magnetic field intensity and orientation [29, 30]. 

Fascinatingly, magnetosensitivity extends beyond organisms engaged in long–distance migrations, 

such as birds or sea turtles. It has been observed in a diverse array of organisms, including bacteria, 

insects, fish, and even mammals [30–32]. In certain cases, magnetosensitivity has been linked to 

particular behaviors, like homing, or predator avoidance. In other instances, it seems to play a role 

in regulating physiological processes, such as the migration of neuronal cells during development 

or the alignment of certain tissues during morphogenesis [33–35]. 
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While the exact mechanisms of magnetosensitivity are still being elucidated, several hypotheses 

have been proposed. These include the involvement of magneto–receptive proteins, such as 

cytochromes, which can undergo conformational changes in response to magnetic fields and 

potentially trigger downstream cellular signaling pathways [25–28,33]. Another hypothesis suggests 

the role of ion channels, which may be influenced by magnetic fields and modulate neural activity 

or cellular responses. Additionally, the presence of magnetosensitive bacteria in symbiotic 

relationships with higher organism’s raises intriguing possibilities for the transfer of magnetic 

information across species boundaries [27, 30–33]. 

Underlying molecular mechanisms hold great potential for diverse fields of study. It not only sheds 

light on the remarkable sensory capabilities of organisms but also offers inspiration for the 

development of bioinspired technologies, such as biomagnetic sensors or navigational systems. 

Moreover, as we unravel the underlying mechanisms of magnetosensitivity, we enhance our 

comprehension of the intricate interconnections between magnetic fields and biological systems. 

This deepens our insight into the complex dynamics that influence life on Earth. 

3.2. Protein conformational 

Protein conformational alterations provide an intriguing pathway through which magnetic fields 

exert their impact on biological systems, contributing to a deeper comprehension of the complex 

relationship between electromagnetic forces and cellular mechanisms. Although the exact 

mechanisms through which magnetic fields induce conformational changes in proteins are still being 

investigated, recent evidence indicates that this phenomenon is likely a result of the interaction 

between magnetic fields and paramagnetic centers found within protein structures [25–27]. 

Paramagnetic centers, such as metal ions or organic radicals, possess unpaired electrons that render 

them sensitive to magnetic fields. When exposed to a magnetic field, these paramagnetic centers 

can experience alterations in their electronic spin configurations, leading to subtle rearrangements 

of the surrounding protein structure [13, 25]. These conformational changes can manifest as shifts 

in the relative positions of amino acid residues, alterations in secondary structure elements, or 

modifications in the overall folding of the protein [13, 25–27, 31]. 

The consequences of protein conformational changes induced by magnetic fields can be far–

reaching. One notable impact is the modulation of enzyme activity. Magnetic field–induced 

conformational alterations can either enhance or inhibit enzymatic catalysis by affecting the active 

site geometry, substrate binding affinity, or accessibility of critical residues involved in catalytic 

reactions [13, 31]. Such modifications in enzyme activity can significantly influence metabolic 

pathways, including those involved in energy production, biosynthesis, and cellular signaling [25–



 

23 

27]. 

Furthermore, ligand binding processes can be influenced by magnetic field–induced protein 

conformational changes [26]. The binding affinity and specificity of proteins for ligands, such as 

small molecules, ions, or even other proteins, can be modulated by alterations in the protein 

structure. Magnetic fields have the potential to impact the binding site architecture, electrostatic 

interactions, and hydrophobic characteristics, thereby influencing the recognition and binding of 

ligands to their protein targets [25, 27]. This can have implications for diverse biological processes, 

including signal transduction, cellular communication, and regulation of gene expression [13]. 

In addition to enzyme activity and ligand binding, magnetic field–induced protein conformational 

changes can affect overall protein stability. Alterations in protein folding patterns and structural 

dynamics can render proteins more susceptible to denaturation or aggregation [27,31]. Conversely, 

magnetic fields can promote the stabilization of protein structures, enhancing their resistance to 

environmental stresses and maintaining their functional integrity [13]. 

While the study of magnetic field–induced protein conformational changes is still in its infancy, it 

holds great promise for applications in various fields. Gaining insight into and utilizing these 

phenomena could lead to the advancement of creative approaches in biotechnology, drug design, 

and therapeutic interventions. By modulating protein conformation through controlled magnetic 

fields, it may be possible to optimize enzyme activity, design novel ligand–binding interfaces, or 

stabilize proteins for industrial or biomedical applications [13, 31]. 

The ability of magnetic fields to induce conformational changes in proteins offers a fascinating 

insight into the influence of electromagnetic forces on biological systems. This mechanism, 

mediated through the interaction between magnetic fields and paramagnetic centers within proteins, 

holds the potential to modulate enzyme activity, ligand binding, and protein stability, thereby 

impacting fundamental cellular processes. Further exploration of these intricate mechanisms will 

deepen our understanding of the interplay between magnetic fields and proteins, opening doors to 

novel applications and advancements in various scientific disciplines. 

3.3.  Cellular Biophysical Properties 

Beyond the molecular level, magnetic fields have a profound impact on biological systems, 

encompassing the biophysical properties of cells. This reveals a captivating realm of cellular 

responses and interactions [32–34]. Through their interaction with cellular components, magnetic 

fields can modulate various biophysical properties, such as membrane fluidity, ion channel 

activities, and cytoskeleton dynamics, ultimately shaping the behavior and functions of cells [33]. 
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One notable consequence of magnetic fields is their influence on membrane fluidity. The cell 

membrane, consisting of lipids and proteins, plays a crucial role as an interface between the cell and 

its surroundings. Studies have shown that magnetic fields can affect the organization and dynamics 

of membrane components, leading to changes in the fluidity and permeability of the cell membrane 

[34–36]. These changes in membrane properties can have consequences for cellular processes such 

as membrane protein function, membrane receptor signaling, and the transport of molecules across 

the membrane [35]. 

Furthermore, magnetic fields have demonstrated their ability to influence ion channel activities, 

which are vital for cellular communication and signaling. Ion channels, as membrane proteins, 

control the movement of ions in and out of cells, thereby impacting electrical signaling and cellular 

balance [36–38]. Magnetic fields can influence the opening and closing of ion channels, potentially 

altering ion fluxes and intracellular ion concentrations. These modifications in ion channel activities 

can have significant effects on cellular excitability, electrical signaling, and the overall balance of 

ion concentrations within cells [37]. 

Magnetic fields also impact another aspect of cellular biophysics, which is the cytoskeleton. The 

cytoskeleton is a complex network of filaments that plays a crucial role in providing structural 

support and regulating cellular shape, motility, and mechanical properties [38–40]. Magnetic fields 

can interact with cytoskeleton elements, including microtubules, actin filaments, and intermediate 

filaments, leading to changes in their organization and dynamics [40–42]. These alterations in 

cytoskeleton architecture can impact cellular morphology, mechanical properties, and intracellular 

transport processes. For example, EMF has been found to cause cytoskeleton reorganization and 

influence cell migration, proliferation, and differentiation [40]. 

The effects of EMF on cellular biophysical properties have implications for various cellular 

functions and processes. They can influence intercellular communication, as changes in membrane 

fluidity and ion channel activities can alter the transmission of signals between cells [40–42]. 

Furthermore, modifications in cytoskeleton dynamics can impact cellular adhesion, tissue 

development, and mechanical properties, influencing cell–cell interactions and tissue organization 

[40]. 

Understanding the mechanisms by which magnetic fields modulate cellular biophysical properties 

is a dynamic area of research. It involves investigating the interaction between magnetic fields and 

specific cellular components, elucidating the signaling pathways and molecular mechanisms 

involved, and exploring the functional consequences of the cellular and tissue levels. The insights 

gained from these studies have the potential to contribute to diverse fields, including regenerative 

medicine, tissue engineering, and the development of novel therapeutic approaches. 
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Magnetic fields exert their influence on biological systems by impacting cellular biophysical 

properties. The modulation of membrane fluidity, ion channel activities, and cytoskeleton dynamics 

represents a fascinating avenue through which magnetic fields shape cellular behavior and 

functions. Further exploration of these mechanisms will deepen our understanding of the magnetic 

fields and cellular biophysics connections, paving the way for innovative applications in 

biomedicine and biotechnology. 

 3.4.  Reactive Oxygen Species (ROS) 

The generation of Reactive Oxygen Species (ROS) stands as an intriguing dimension of how EMF 

impacts biological systems, unveiling the complex interaction between EMF and cellular redox 

mechanisms. ROS, such as superoxide radicals (O2•–), hydrogen peroxide (H2O2), and hydroxyl 

radicals (•OH), are highly reactive molecules that serve as signaling molecules and mediators of 

oxidative stress within cells [43–45]. 

Scientific research has focused on examining the impact of magnetic fields on ROS production, 

providing insights into the underlying mechanisms and potential implications for cellular 

homeostasis [42]. Several studies have provided evidence of magnetic field–induced modulation of 

ROS generation, offering insights into the intricate relationship between magnetic fields and cellular 

redox signaling [44]. 

One mechanism by which magnetic fields can influence ROS production is through their direct 

effect on electron transfer processes. Magnetic fields can alter the dynamics of electron flow within 

cells, affecting redox reactions and the production of ROS as byproducts [44–46]. The interaction 

between magnetic fields and electron transport chains, such as those found in mitochondria and 

chloroplasts, can result in changes in electron leakage and subsequent ROS generation [47]. The 

modulation of electron transfer processes by magnetic fields may cause fluctuations in ROS levels, 

thereby influencing cellular redox signaling and oxidative stress responses [48]. 

Additionally, magnetic fields can influence the enzymatic activities responsible for generating and 

scavenging ROS [48–49]. Enzymes like NADPH oxidase and superoxide dismutases have essential 

roles in ROS production and detoxification within cells [50]. Studies have demonstrated that 

magnetic fields can regulate the activity and expression of these enzymes, thereby impacting the 

equilibrium between ROS generation and removal [44]. The changes in enzymatic activities caused 

by magnetic fields can significantly affect cellular redox homeostasis and fine–tune oxidative stress 

responses. 

Alterations in ROS levels triggered by magnetic fields can influence a range of physiological 
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processes. ROS play crucial roles as signaling molecules, participating in cellular functions like 

immune responses, differentiation, cell proliferation, and apoptosis [44,45]. Modulation of ROS 

production by magnetic fields can thus have downstream effects on these cellular processes, 

potentially influencing cell fate decisions, tissue development, and overall organismal health [47, 

48]. 

Furthermore, exposure to magnetic fields can lead to dysregulation of ROS levels, inducing 

oxidative stress that involves an imbalance between the production of reactive oxygen species 

(ROS) and the antioxidant defense mechanisms [45, 46]. Excessive ROS levels can result in 

oxidative damage to cellular components like DNA, proteins, and lipids, leading to a range of 

medical conditions, including neurodegenerative diseases, cancer, and aging. On the other hand, 

insufficient ROS levels can disrupt normal redox signaling and hinder cellular functions [43–45].  

Understanding the mechanisms by which magnetic fields modulate ROS production is an active 

area of research. Investigations aim to elucidate the specific molecular pathways and cellular targets 

involved, as well as the dose– and time–dependent effects of magnetic field exposure on ROS 

dynamics [48, 49]. This knowledge will add to the overall comprehension of the complex interaction 

between magnetic fields and cellular redox processes, opening possibilities for devising approaches 

to utilize the positive impacts of magnetic fields while also addressing any potential negative effects 

[50]. 

Magnetic fields have the capacity to modulate ROS production within biological systems, thereby 

influencing cellular redox signaling and oxidative stress responses. The direct effects on electron 

transfer processes and the modulation of enzymatic activities involved in ROS generation and 

scavenging represent key mechanisms by which magnetic fields exert their influence. 

Understanding these mechanisms and their implications for cellular homeostasis and physiological 

processes will enhance our knowledge of the multifaceted interactions between magnetic fields and 

cellular redox biology, opening up new avenues for therapeutic interventions and the development 

of innovative approaches in biomedicine. 

3.5.  Gene expression and epigenetic modifications 

Gene expression and epigenetic modifications represent fascinating avenues through which 

magnetic fields can exert their influence on biological systems, transcending conventional 

understanding and delving into the intricate regulatory mechanisms that shape cellular function and 

phenotype. Research has unveiled the capacity of magnetic fields to modulate gene expression and 

contribute to epigenetic modifications, shedding light on their potential to shape cellular behavior 

and long–term cellular outcomes [52–53]. 
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According to several studies [54–56], it has been established that EMF has the capacity to affect the 

expression of certain genes, indicating its direct influence on cellular functions. These effects may 

arise from the interaction between magnetic fields and intracellular signaling pathways, 

transcription factors, and regulatory elements within the genome [51, 52]. According to research 

studies [55], magnetic fields have demonstrated the ability to influence the transcriptional activity 

of genes that play a role in a wide range of biological processes, such as cellular growth, 

differentiation, metabolism, and immune responses. The modulation of gene expression by magnetic 

fields can result in alterations in cellular behavior, impacting the overall physiology and 

functionality of biological systems [57]. 

Apart from their influence on gene expression, magnetic fields have also been associated with the 

modulation of epigenetic modifications [58, 59]. These epigenetic mechanisms, including histone 

modifications and DNA methylation, play essential roles in governing gene expression patterns and 

maintaining cellular identity [58, 59]. Emerging evidence suggests that magnetic fields can 

influence these epigenetic marks, potentially leading to long–lasting changes in gene expression 

profiles [60]. Magnetic fields may affect the accessibility of DNA to transcriptional machinery and 

the establishment of specific epigenetic states [60–63]. The modulation of epigenetic modifications 

by magnetic fields can have profound implications for cellular development, differentiation, and 

disease progression. 

Understanding the underlying mechanisms through which magnetic fields influence gene 

expression and epigenetic modifications is an active area of research. Investigations aim to elucidate 

the signaling pathways, transcriptional regulators, and epigenetic modifiers involved in mediating 

the effects of EMF on these processes [54, 56]. Moreover, the interplay between magnetic fields 

and other environmental factors, like chemical cues, temperature, and light, is being explored to 

unravel the complex interactions that shape gene expression and epigenetic landscapes [59, 61]. 

The influence of EMF on gene regulation and epigenetic modifications has far–reaching 

implications for various fields of study. In biomedicine, understanding how magnetic fields can 

modulate gene expression programs holds promise for therapeutic applications, including the 

development of novel approaches for targeted gene regulation and gene therapy [58–60]. 

Furthermore, the ability of magnetic fields to influence epigenetic marks opens up avenues for 

interventions aimed at reprogramming cellular behavior and restoring aberrant epigenetic states 

associated with diseases. 

Beyond biomedicine, the impact of magnetic fields on gene expression and epigenetic modifications 

has broader implications for fields such as agriculture and environmental science [6, 62]. 

Manipulating gene expression patterns through EMF exposure could potentially enhance crop traits, 
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improve stress tolerance, and optimize yield. Additionally, the ability of magnetic fields to modulate 

epigenetic modifications could offer new strategies for environmental remediation, such as targeted 

epigenetic reprogramming to mitigate the effects of pollutants or promote ecological restoration. 

In conclusion, magnetic fields have the potential to influence gene expression and epigenetic 

modifications, unraveling the intricate regulatory mechanisms that shape cellular behavior and 

phenotype. The modulation of gene expression patterns and epigenetic landscapes by magnetic 

fields opens up new avenues for therapeutic interventions, agricultural advancements, and 

environmental applications. Further research is needed to unravel the underlying molecular 

mechanisms and establish the dose– and context–dependent effects of EMF exposure on gene and 

epigenetic modifications. By deepening our understanding of these complex interactions, we can 

harness the potential of magnetic fields to reshape cellular function and drive transformative 

advancements in diverse scientific fields. 

3.6.  Electromagnetic induction 

Electromagnetic induction is a phenomenon that, represents a captivating mechanism through which 

magnetic fields exert their influence on biological systems. It involves the generation of electric 

currents within conductive tissues and fluids, giving rise to a multitude of effects that impact cellular 

processes in intriguing ways [32, 63]. 

One notable effect of electromagnetic induction is its ability to modulate ion transport across cell 

membranes. The induced currents can perturb the delicate balance of ion concentrations, disrupting 

cellular electrochemical gradients and influencing cell signaling pathways [41, 49]. By altering ion 

transport, electromagnetic induction can regulate a wide range of physiological processes, such as 

nerve hormone secretion, impulse transmission, and muscle contraction [65]. This interconnection 

between magnetic fields and ion dynamics underscores the sophisticated nature of cellular responses 

to magnetic stimuli. 

Moreover, electromagnetic induction can result in the generation of localized heat within tissues. 

As electric currents flow through conductive fluids or tissues, resistive heating occurs, leading to 

temperature increases in specific regions [50, 56]. This localized heating can have profound 

consequences for cellular metabolism and function [66]. Elevated temperatures may accelerate 

enzymatic reactions, affect protein folding and stability, and impact overall cellular physiology [55]. 

Consequently, the thermal effects of electromagnetic induction contribute to the complex interplay 

between magnetic fields and cellular activities. 

The interrelations between electromagnetic induction and cellular processes holds implications for 
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diverse areas of research and applications. In the field of medicine, understanding the effects of 

electromagnetic induction on ion transport and thermal dynamics can guide the development of 

innovative therapeutic strategies [68]. Electromagnetic induction–based therapies, such as magnetic 

hyperthermia for cancer treatment, utilize the localized heating effect to selectively target and 

destroy tumor cells [69]. Furthermore, the modulation of ion transport through electromagnetic 

induction has potential implications for neuromodulation techniques and the treatment of various 

neurological disorders. 

Beyond medical applications, the influence of electromagnetic induction on cellular processes has 

relevance in fields such as bioengineering and environmental sciences. In bioengineering, 

knowledge of electromagnetic induction can aid in the design of biocompatible materials and 

devices that interact with biological systems [70]. Understanding the effects of induced currents on 

ion transport and cellular functions is crucial for developing safe and effective biomedical implants 

and prosthetics [71]. In the field of environmental sciences, the importance of electromagnetic 

induction becomes evident when examining the effects of anthropogenic electromagnetic fields on 

wildlife and ecosystems. The effects of induced currents on organisms, such as migratory patterns 

or behavior, necessitate further exploration to ensure the preservation of ecological integrity. 

Electromagnetic induction represents a captivating mechanism through which magnetic fields 

influence biological systems. By inducing electric currents and eliciting various effects such as 

modulating ion transport and generating localized heat, electromagnetic induction contributes to the 

interrelation’s between magnetic fields and cellular processes [67–70]. These effects have wide–

ranging implications for medical therapies, bioengineering applications, and environmental studies 

[65–68]. Further research is needed to unravel the specific molecular and cellular mechanisms 

involved in electromagnetic induction, paving the way for innovative advancements in multiple 

scientific domains. 

4. Unraveling the Complexities of Electromagnetic Field–Microorganism 

Interactions in Fermentation Processes 

Expanding the horizons of inquiry, researchers are venturing into unexplored realms to unravel 

additional dimensions surrounding the interplay of electromagnetic fields (EMFs) and fermentation 

processes. While investigations have addressed the direct effects of EMFs and the influence of the 

surrounding environment, there is a growing recognition of the need to delve deeper into these 

phenomena. Researchers are now turning their attention to long–term effects, exploring the 

sustained impact of magnetic field exposure on microbial populations within fermentation systems 

[11–15]. Through in–depth analysis of microorganisms' dynamic responses and long–term 

adaptations, a deeper comprehension of the intricate interactions between EMFs and microbial 
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communities can be attained. 

Furthermore, the combined effects of multiple environmental factors alongside magnetic fields 

represent another intriguing avenue of exploration [11]. The fermentation milieu is a complex 

ecosystem characterized by the interplay of various physical and chemical parameters, including 

temperature, pH, nutrient availability, and oxygen levels. Researchers are now investigating the 

potential synergistic or antagonistic interactions between these factors and EMFs [7,56,58]. 

Understanding the combined effects of magnetic fields with other environmental variables can shed 

light on how microorganisms respond, adapt, and optimize their metabolic activities in the presence 

of multiple stimuli [11]. This comprehensive approach offers a more practical depiction of the 

fermentation environment and opens up avenues for devising strategies to improve process 

efficiency and product quality. 

Moreover, researchers are delving into the role of EMF in shaping the evolution and adaptation of 

microorganisms within fermentation systems [58]. The application of EMFs can induce selective 

pressures on microbial populations, potentially leading to genetic and phenotypic changes over time 

[12]. By investigating the mechanisms by which magnetic fields influence microbial evolution, 

researchers can uncover novel insights into the adaptive capabilities of microorganisms and their 

potential for biotechnological applications [14, 15]. Understanding how magnetic fields shape 

microbial traits and behaviors opens up avenues for harnessing and manipulating these phenomena 

to optimize fermentation processes and develop innovative biotechnological solutions. 

Expanding the scope of inquiry beyond the obvious allows researchers to uncover new frontiers in 

the realm of EMF–microorganism interactions. The knowledge gained from these endeavors holds 

great potential for applications in various fields. In biotechnology, gaining a deeper comprehension 

of the intricacies of EMF–microorganism interactions can pave the way for the development of 

innovative fermentation strategies to produce high–value compounds, such as biofuels [15], 

pharmaceuticals [14], and biopolymers [7, 13]. In agriculture, insights into the interplay between 

magnetic fields and microbial populations can lead to innovative approaches for enhancing crop 

productivity and nutrient uptake [56]. Furthermore, in environmental remediation, understanding 

the role of magnetic fields in shaping microbial communities can inform the development of 

sustainable strategies for bioremediation and the removal of pollutants from water, soil, and air [12–

15]. 

Researchers are venturing beyond the established boundaries to explore new dimensions in the field 

of EMF–microorganism interactions in fermentation processes. By investigating the long–term 

effects of EMF exposure, the combined effects of multiple environmental factors, and its role in 

microbial evolution, researchers are pushing the frontiers of knowledge. The insights gained from 
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these endeavors have the potential to revolutionize biotechnology, agriculture, and environmental 

remediation, paving the way for innovative and sustainable applications in the future. 

5.  EMFs in Fermentation Processes: Unveiling the Interplay with the Surrounding 

Environment and Microbial Dynamics 

Concurrently, researchers have garnered a deep appreciation for the paramount importance of the 

fermentation environment in shaping the influence of EMF on the intricate processes at play. The 

surrounding environment encompasses a myriad of factors, including the physical conditions, the 

intricate microbial communities, and the dynamic interactions within the fermentation milieu. 

Within this intricate web of interactions, the EMF effect manifests and intertwines with the complex 

dynamics of microbial metabolism, nutrient availability, and ecological factors, culminating in a 

remarkable interplay that determines the response and adaptation of microorganisms to these 

magnetic stimuli [3–6]. 

The physical conditions existing in the fermentation environment, encompassing temperature, pH, 

humidity, and oxygen availability, provide the basis for the intricate interaction between magnetic 

fields and microorganisms [14, 18–22]. The cited research indicates that these pathological 

conditions significantly impact metabolic pathways, enzymatic activities, and growth kinetics of 

microorganisms involved in the fermentation process. Magnetic fields, acting in concert with these 

physical factors, exert a regulatory influence on the metabolic processes and cellular behaviors of 

microorganisms, leading to alterations in their fermentation efficiency and product profiles [20]. 

Moreover, the presence of magnetic fields can modulate the physical properties of the fermentation 

environment itself, including the mixing and mass transfer phenomena, further influencing the 

overall performance of the fermentation process [5–8]. 

The fermentation milieu is a dynamic ecosystem teeming with diverse microbial communities that 

intricately interact with one another. Within this microbial tapestry, magnetic fields exert a 

discernible impact on the composition, diversity, and dynamics of the microbial populations. 

Magnetic fields can influence the selection and succession of microbial species, shaping the 

microbial consortia responsible for fermentation [5–7]. Microorganisms, in turn, respond to the 

presence of magnetic fields through complex communication mechanisms, such as quorum sensing 

and intercellular signaling, further modulating their physiological and metabolic activities [20–22]. 

Understanding the connections between magnetic fields and the complex microbial communities 

within the fermentation environment is of paramount importance for unraveling the mechanisms 

underpinning microbial interactions, community dynamics, and the overall stability and robustness 

of the fermentation process [10, 11, 14]. 
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Moreover, the availability and accessibility of nutrients significantly influence the performance of 

fermentation processes. The presence of magnetic fields can influence the transport and uptake of 

nutrients by microorganisms, thereby impacting their metabolic activity, growth rates, and product 

formation. Magnetic fields can alter the solubility and diffusion characteristics of nutrients, affecting 

their bioavailability in the microbial cells [9–11]. Furthermore, magnetic fields can induce changes 

in the cellular membrane properties, including permeability and electrochemical gradients, 

influencing the transport processes involved in nutrient acquisition and waste product expulsion 

[15,16–18]. Unraveling the relations between magnetic fields and nutrient dynamics within the 

fermentation environment provides crucial insights into the factors governing microbial growth, 

metabolism, and overall process performance. 

Ecological factors, encompassing interactions with non–microbial components of the fermentation 

environment, further contribute to the complexity of the magnetic field–microorganism interplay. 

For instance, magnetic fields interact with both organic and inorganic compounds present in the 

fermentation milieu, influencing their chemical reactivity, stability, and availability to 

microorganisms (Figure 1) [1–6]. Furthermore, the presence of magnetic fields can impact the 

interactions between microorganisms and their symbiotic or competing counterparts, affecting their 

growth rates, cooperative behaviors, and ecological niche establishment [4–6, 23, 24]. 

Understanding the connections between magnetic fields and the ecological factors within the 

fermentation environment allows for a comprehensive comprehension of the regulatory mechanisms 

and dynamics that govern microbial communities, their functions, and their impact on the overall 

fermentation process [20–24]. 

Figure 1. EMFs interactions with the surrounding environment 

The significance of the fermentation environment in shaping the impact of magnetic fields on 
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fermentation processes cannot be overstated. The interplay between magnetic fields and the physical 

conditions, microbial communities, and ecological factors within the fermentation milieu 

orchestrate a complex symphony of interactions that govern the response and adaptation of 

microorganisms to these magnetic stimuli. Unraveling the intricacies of this interplay holds. 

6. Cocoa Bean Fermentation: Microbial Interactions, Metabolic Dynamics, and 

Physical Transformations 

The fermentation of cocoa beans emerges as an exemplary and highly reproducible biological 

system that offers valuable insights into the interplay between microorganisms and their surrounding 

environment. This intricate process involves a diverse array of microbial species, functioning as an 

interconnected ecosystem that operates high on various environmental factors crucial for its 

successful progression [71–75]. Factors like oxygen tension, temperature, humidity, and pH are 

essential in influencing the fermentation environment during cocoa pulp fermentation. The dynamic 

interaction among these factors is intricately regulated by the metabolic activity of the microbial 

species involved [76–78]. 

The cocoa bean ecosystem's native microorganisms undergo a natural selection process, gradually 

colonizing the pulp according to their distinct metabolic capabilities [75–77]. This selective 

colonization results in the establishment of a specialized microbial consortium that exhibits 

synergistic interactions and concerted metabolic activities [71–73]. The metabolic potential of these 

microorganisms dictates their ability to thrive within the cocoa pulp environment, thereby 

contributing to the overall fermentation process [77–79]. The metabolic activities of the 

microorganisms involve the degradation of intricate organic compounds found in cocoa pulp, 

resulting in the generation of a plethora of metabolic byproducts that contribute to the development 

of distinctive flavors, aromas, and chemical transformations within cocoa beans [81]. 

Microbial metabolism within the cocoa bean fermentation process induces both external and internal 

physical changes in the beans themselves [73–75]. Externally, the fermentation process triggers 

visible alterations in the appearance and texture of the beans [74]. These changes can include 

modifications in color, size, and surface characteristics, as well as the development of specific 

patterns or markings [76]. Internally, microbial metabolism gives rise to a series of biochemical 

transformations that impact the composition and properties of the cocoa beans [73, 74]. This 

includes the conversion of complex carbohydrates into simpler sugars, the breakdown of proteins, 

the generation of volatile compounds, and the synthesis of bioactive compounds, all of which play 

a significant role in shaping the distinct sensory attributes and quality characteristics of the final 

cocoa product [76, 78]. 
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The fermentation of cocoa beans provides a valuable model system for investigating microbial–

plant interactions and the dynamics of complex microbial communities. It provides researchers with 

a well–defined and reproducible system to investigate the interplay between microorganisms and 

their environment [78–81]. By examining the mechanisms governing microbial colonization, 

metabolic activities, and the resulting physical changes in the cocoa beans, researchers can gain 

more profound insights into the intricate processes underlying fermentation [72, 73]. Furthermore, 

the knowledge acquired from studying cocoa bean fermentation can be extrapolated to other 

fermentation systems, providing a more comprehensive insight into the dynamics of microbial 

ecosystems and their influence on the ultimate product quality. 

The complexities of microbial metabolism and the physical changes induced by fermentation in 

cocoa beans have wide–ranging implications. The knowledge gained from studying this functional 

and reproducible biological system can be harnessed for various applications. In the field of food 

science, it can inform strategies for optimizing fermentation processes, improving product 

consistency, and enhancing the development of desirable sensory attributes in cocoa–based products 

[73, 74]. Moreover, the understanding of cocoa bean fermentation can contribute to the formulation 

of sustainable practices and interventions that support the conservation and cultivation of the crucial 

microbial biodiversity involved in this process [78, 79]. Overall, the study of cocoa bean 

fermentation contributes to both scientific advancements and practical applications, underscoring 

its significance as a model system for understanding and harnessing microbial–driven fermentation 

processes. 

7. Exploring the Influence of EMF on Cocoa Fermentation 

The influence of magnetic fields on cocoa fermentation is an emerging area of research that holds 

exciting possibilities that go beyond the apparent scope of the effects. While the direct influence of 

EMF on cocoa fermentation is still being explored, preliminary evidence suggests that magnetic 

fields can potentially modulate microbial activities, metabolic pathways, and overall fermentation 

dynamics [17, 83]. By understanding and taking advantage of the interaction between magnetic 

fields and cocoa fermentation, new avenues for process optimization, quality improvement, and 

sustainability can be sought. 

In the realm of cocoa fermentation, the intricate process of transforming cocoa beans into chocolate 

involves a complex interaction of microbial species that function as a tight–knit ecosystem [72–74]. 

These microorganisms, comprising bacteria and yeasts, have a significant impact on the 

fermentation process as they metabolize the sugars found in the cocoa pulp, resulting in the 

production of diverse bioactive compounds [76, 78]. Through natural selection, specific microbial 

species gradually colonize the cacao pulp, establishing a dynamic and diverse community driven by 
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their unique metabolic capabilities [79, 80]. 

The metabolic activity of these microorganisms during cocoa fermentation induces significant 

physical transformations within the cocoa bean itself. This metabolism–driven transformation is 

responsible for the formation of distinct flavor precursors and aromatic compounds, which 

significantly influence the sensory characteristics of chocolate. These changes include the 

breakdown of complex carbohydrates, the release of volatile compounds, and the synthesis of active 

flavor molecules. The duration and conditions of fermentation directly influence the final sensory 

attributes and the quality of the resulting chocolate product. 

In recent studies, researchers have investigated the potential influence of electromagnetic fields 

(EMF) on the microbial ecosystem during cocoa fermentation [17, 83, 84]. Electromagnetic fields 

have shown promise in positively influencing the sensory quality of chocolate by enhancing certain 

desirable characteristics [17]. By applying controlled magnetic fields, microbial metabolism, 

enzymatic activities and the production of key bioactive compounds could be modulated. These 

changes can lead to improvements in flavor development, aroma complexity, and overall sensory 

attributes of the final chocolate product [17]. 

Electromagnetic fields can indirectly affect the fermentation environment by influencing nutrient 

and ion transport, optimizing the availability of essential components for microbial growth and 

metabolism [37, 39]. Another potential mechanism through which magnetic fields can influence 

cocoa fermentation is by affecting microbial populations and their behavior [12–14]. 

In the context of cocoa fermentation, recent research has indicated that EMF can alter microbial 

growth rates [83]. Consequently, when the colonization of specific microbial species occurs, the 

general fermentation kinetics and metabolic byproduct profiles are affected. Therefore, it is 

plausible that magnetic fields could alter the enzyme profiles of cocoa fermenting microorganisms, 

which could lead to variations in the production of key metabolites and flavor precursors. The 

metabolic changes observed during cocoa fermentation can potentially provide opportunities to 

customize the sensory characteristics and quality attributes of cocoa–based products. 

Another aspect to consider is the potential interaction between EMF and the physical 

transformations that occur during cocoa fermentation. Magnetic fields have been shown to impact 

physical properties like surface tension, viscosity, and crystallization behavior in various systems 

[42, 47]. In the context of cocoa fermentation, magnetic fields could potentially influence the 

formation and stability of cocoa butter crystals, which are crucial for the desired texture and 

mouthfeel of chocolate products. Exploring the interaction between magnetic fields and physical 

transformations during cocoa fermentation can provide insights into how magnetic fields can shape 
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the structural properties of cocoa beans to improve the overall chocolate product quality [84]. 

Also, magnetic fields can have indirect effects on cocoa fermentation by influencing surrounding 

environmental conditions. By interacting with environmental factors, such as temperature, oxygen 

availability, and pH, which are known to significantly influence fermentation processes [82]. 

Understanding how magnetic fields interact with these environmental parameters may provide a 

more holistic view of their impact on cocoa fermentation. This knowledge can guide the 

development of strategies to optimize fermentation conditions, promote desirable microbial 

activities, and ultimately improve the fermentation process efficiency. 

The potential of electromagnetic fields to improve the sensory quality of chocolate through the 

specific modulation of cocoa fermentation presents an exciting avenue for research and application. 

However, more studies are needed to better understand the precise mechanisms by which 

electromagnetic fields influence the microbial ecosystem and to establish the optimal conditions for 

their application in cocoa fermentation. 

8. Conclusions 

Understanding the mechanisms underlying the influence of EMF on fermentation processes and 

microorganisms is essential to understanding their holistic effects. It covers several aspects, such as 

magneto sensitivity, protein conformational changes, cellular biophysical properties, ROS 

production, and gene expression and epigenetic modifications. This knowledge can pave the way 

for innovative applications in biotechnology, agriculture, and environmental remediation. 

Magnetic field effects on fermentation processes, microorganisms, and cocoa bean fermentation 

encompasses a wide range of mechanisms and their impacts on cellular processes and microbial 

dynamics. By unraveling these complex interactions, researchers can discover new knowledge and 

potential applications in various scientific fields such as cocoa bean fermentation. 
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Abstract  

A Helmholtz–type electromagnetic emission device, which uses an oscillating magnetic field 

(OMF), with potential applications in biotechnological research, was built and validated. The coils 

were connected to an alternating current (AC) generator to generate a 0.5 to 110 mT field at their 

center. OMF measurements were performed with a Hall effect sensor with a digital signal 

connection (Arduino nano) and data output to a PC using LabVIEW v2017SP1 software. The 

fermentation process of the cocoa bean variety CCN–51, exposed to four levels of OMF density for 

60 min (0, 5, 40, and 80 mT/60 min), was analyzed. Different variables of the grain fermentation 

process were evaluated over six days. The ANOVA test probed the device’s linearity, accuracy, 

precision, repeatability, reliability, and robustness. Moreover, CCN–51 cocoa beans’ EMF–

exposure effect was evaluated under different OMF densities for 60 min. The results show the 

validity of the equipment under working conditions and the impact of EMF (electromagnetic fields) 

on the yield, deformation, and pH of cocoa beans. Thus, we concluded that the operation of the 

prototype is valid for use in biotechnological studies. 

Keywords: monitoring; Helmholtz coil; magnetic field; Hall effect sensor; Arduino nano; 

validation 
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1. Introduction 

The effects of EMFs (electromagnetic fields) on biological systems have been the subject of 

extensive research, including their impact on fermentation processes [1,2]. It is known that many 

biological systems are affected by the presence of a magnetic field, and this process can be 

approached from a double perspective: firstly, through an analysis of the direct action of the EMF 

study [2] and secondly in the surrounding environment [3]. 

Recent research indicates that electromagnetic fields can stimulate or inhibit different biological 

systems [1–18], such as the growth of plants [13], fruits [14], and microorganisms [15]. Similarly, 

they affect cells in the human [16] and animal [17] body by stimulating or inhibiting different 

cellular processes [18]. Several of these cellular properties have been used to improve health [4], 

obtain metabolites of industrial interest [5], and remove contaminants from soil [6], water [7], and 

air [8]. In this sense, electromagnetic fields offer a sustainable and non–invasive solution with 

different practical applications such as medical therapy [9], production processes [10], and 

environmental protection [11], maintaining natural integrity [3]. 

Therefore, three fundamental criteria must be considered when conducting an EMF investigation. 

The first is to unify evidence–based research criteria, following a single and coherent trend. The 

second is to ensure experimental validity to obtain reproducible results while maintaining the 

uniformity of electromagnetic field measurements in the work area [19]. The third is to select a 

biological system that can rapidly reproduce the validity of observable effects [20,21]. Thus, 

observable physical changes in EMF measurements can be appreciated and adjusted in mathematical 

models that condition their intrinsic behavior [20]. A clear example is the Helmholtz coil system 

used for sensor validation, which generates a uniform magnetic field inside the coils and reduces 

the variability around their axes [22]. These systems are simple and convenient to validate different 

measurement systems, and with specialized programs, their behavior can be easily monitored [23]. 

Fermentation is a process in which microorganisms convert organic compounds into simpler 

compounds, such as alcohol or lactic acid, without oxygen [24]. The efficiency of fermentation 

processes is affected by various factors, such as temperature, pH, humidity, nutrient availability, 

and the presence of inhibitors or antimicrobial agents [24–26]. Recently, researchers have begun to 

investigate the potential impact of EMFs on fermentative processes. Although the role and influence 

of the magnetic field in this process are undeniable, there are many aspects to consider about its 

effects [12], which still need to be sufficiently understood [4–7,12–18]. 

On the other hand, one of the most functional and spontaneous biological systems that at the same 

time is reproducible is the fermentation of the cocoa bean. This process involves several microbial 
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species [27] that act as a single ecosystem regulated by different environmental factors, such as 

humidity, pH, oxygen tension, and temperature [26]. These factors, in turn, are modulated by the 

metabolic activity of the microbial species that ferment the pulp [27]. The native microorganisms 

of the grain are naturally selected [28] and gradually colonize the pulp based on their metabolic 

potential [28,29]. Thus, the microbial metabolism produces notable external and internal physical 

changes in the bean [11]. 

Studies on the kinetic behavior and synergy of microbial populations during fermentation indicate 

the susceptibility of this process to environmental factors that often lead to poor fermentation, 

irreversibly reflected in the structural transformations of the cocoa bean [30]. These changes can be 

easily controlled using a simple temperature, humidity, pH, and Brix–monitoring device. Since 

variations in measurement procedures are one of the primary sources of bias in EMF studies, cocoa 

bean fermentation is an ideal study system to observe magnetic field effects on fermentation 

parameters. This research aims to validate an experimental prototype that generates low–frequency 

electromagnetic fields by monitoring CCN–51 cocoa bean fermentation. 

To achieve the objective of the investigation, three essential stages were followed. The prototype 

and the digital signal connection system were designed in the initial step. Subsequently, in the 

second stage, the prototype underwent a rigorous validation of precision, reproducibility, and 

robustness against a gold standard for determining its ability to generate the expected 

electromagnetic emissions. Finally, the third stage consisted of evaluating the biological effects by 

monitoring key variables that characterize the fermentation process of CCN–51 cocoa beans. This 

comprehensive analysis examined the associations between the observed electromagnetic emissions 

and the identified variables. 

This research study offers important information on the design, validation, and impact of 

electromagnetic emissions on cocoa beans. The results have substantial potential to improve the 

biotech and agricultural sectors by exploring novel approaches that improve cocoa production, 

contributing to the development of the chocolate industry. 

2. Materials and Methods 

2.1. Select Prototype Elements 

In the selection of the aspects of the experimental prototype of electromagnetic emissions, Equation 

(1), the weighted factor method of the multi–criteria decision analysis (MCDA) was used [31]: 
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𝑃𝑖 = ∑.

𝑖

𝑘=𝑛

𝑊𝐾 ∗ 𝑆𝑘𝑖  (1) 

Where Pi is the score of choice, Wk is the weighting of factor k, and Sk is the rating given to factor 

k in option n. 

Five k factors (generation, electrical control, emission, and presentation of signals or data) were 

analyzed using expert criteria with three alternatives or components of each system or factor for 

selecting the elements according to their highest P. The number of loops in each coil, the magnetic 

field density, and the current that circulates through the coils were determined by Biot Savart law 

[32] (Equation (2)) to obtain field density readings of 0.5 to 110 mT. 

where I, is the current in each coil, N is the number of turns in each, B is the density of the magnetic 

field generated by N loops on the x–axis, and a is the mean radius of the coil. 

At the same time, the values of these variables corroborated by measuring instruments were 

obtained. In electrical measurements, a digital multimeter (UT56 LCD, UNI–T, China) was used, 

and ± (0.5%) of alternating current was used. The generated temperature was controlled with a 

digital thermometer (DeltaTrak 11050, California, USA) (±0.1 °C) considering normative 

guidelines for electrical safety in assembling mechanical, electrical, and electronic elements. 

2.1.1. Generation System and Electrical Support 

In the design of the coils, materials such as plastic and wood were considered (P = 90%). Plastic 

was chosen for its insulating properties, while wood was selected for its mechanical support and 

stability. These materials were found to be suitable for the coil design due to their availability, cost–

effectiveness, and compatibility with the desired performance of the system. 

To power the electromagnetic emission system, an alternating current (AC) generator was chosen 

(P = 72%). The AC generator can deliver a sinusoidal waveform with a variable amplitude ranging 

from 0 to 100 V, operating at a frequency of 60 Hz. This specific waveform allowed the Helmholtz 

coils to generate a magnetic field with a density ranging from 0.55 to 110 mT, facilitating the desired 

experimental conditions for the study [33] (Figure 1). 

𝐵 =
8𝜇0𝐼𝑁

5√5 ∙ 𝑎
 (2) 
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Figure 1. EMF system. (1) Coil 1 (2); coil 2; (3) magnetic sensor (Hall effect Tesla meter); (4) variable voltage 

source; (5) voltage indicator; (6) current indicator; (7) ammeter; (8) Arduino nano; (9) magnetic field flux lines; 

(10) sensor module; (11) LabVIEW data output signal on the PC. 

The selection of the monoaxial Helmholtz matrix configuration, the careful design of the coils, and 

the choice of appropriate materials ensured a controlled and uniform magnetic field within the 

experimental setup. This configuration and the AC generator with the specified waveform 

parameters enabled the researchers to precisely investigate the effects of electromagnetic emissions 

on the cocoa beans’ fermentation process. 

2.1.2. Data Acquisition and Monitoring System 

The selection of the high–precision Hall effect sensor (MLX92242, Melexis Co. Lcd, Tessenderlo, 

Belgium) (±100 mT) (P = 84.24%) was based on its ability to accurately measure the magnetic field 

strength, specifically the OMF (olfactory magnetic field). This sensor provides a wide measurement 

range and offers precise and reliable data for the electromagnetic emissions under investigation [34]. 

The Arduino nano board (Arduino LLC, China) (P = 92.02%) was chosen for signal acquisition. It 

functioned as the interface between the Hall effect sensor and the data processing system. The 

Arduino nano board was connected to the PC using an Ethernet cable, establishing a reliable and 

efficient data transfer and control connection [35]. 

The acquired data were visualized and analyzed, with the LabVIEW 2017 software (P = 90.23%) 

employed as a data presentation tool [36]. LabVIEW is a well–established software platform capable 

of acquiring, processing, and displaying scientific data. The software provides a user–friendly 

interface to observe and analyze the electromagnetic emission data captured by the Hall effect sensor 

and Arduino nano board. The data collected during the experiments were stored in a local file, 

ensuring data integrity and accessibility for further analysis [37, 38] (Figure 1). 

Low–cost, open–source boards such as the Arduino nano provide a cost–effective alternative 

combining advanced measurement and data acquisition capabilities. The Arduino nano offers high–
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quality experiments at a low cost, enabling researchers to conduct their studies without budget 

constraints [39]. The compatibility between the Arduino nano and LabVIEW 2017 software justifies 

their selection as hardware and software components. LabVIEW is a recognized software platform 

known for its reliability in scientific data analysis. It provides a comprehensive interface for 

acquiring, analyzing, and visualizing data, making it suitable for presenting the collected data and 

ensuring efficient data analysis. 

2.2. Electrical Validation of the Prototype 

2.2.1. Linearity Measurements 

The linearity of the measurements was evaluated by Student’s t–test (n–2 degrees of freedom, α = 

0.05) and linear regression (least squares method) with a 95% confidence level [19,36] to 

corroborate the relationship between the input and output signal. The relationship between OMF 

oscillating magnetic field density OMF readings was determined using the MLX92242 mark Hall 

effect sensor (SEH) for the prototype and One–Tesla meter (PT2026, Ltd. GST, Japan) (accuracy 

10 ppb) as the “Gold standard” [34] (Figure S2 in supplementary material). Linearity was also 

evaluated with the hypothesis test for slope (b) and intercept (a) and the significance of the 

coefficients based on their standard errors (Ho: b = 0; Hi: b ≠ 0; Ho: a = 0; Hi: a ≠ 0) [36,40]. 

The linearity reveals adequate regression and proportionality in the measurements, and the linear 

model obtained is unaffected by systematic errors [36,38,40]. The response factors are similar, 

showing adequate precision of the measurements and the SEH reliability of the responses about the 

GEs (Table 1). 

Table 1. ANOVA for field densities and regression coefficients of the linear model; t–test, for the slope of the 

model, (slope: b = 0.904, null hypothesis: b = 0, alternative hypothesis: b ≠ 0); the probability of being b = 0 is 

low (p–value = 0.000); for the intercept (a = 1.641), the value with a low probability of being is a = 0 (p–value 

= 0.000), (slope ≠ 0; intercept ≠ 0). The value of the intraclass correlation coefficient is (ICC = 0.994). 

Fountain 
Sum of 

Squares 
Gl 

Middle 

Square 

F–

Reason 

p–

Value 

Model 50,596.5 1 50,596.5 25,844.27 
0.0

0 

Residue 164.451 84 1.95775   
Total (Corr.)  58,444.5 84    

 Least Squares Standard Statistical   

Parameter Dear Error T p–value  
Intercept(a) 1.641 0.287     5.708 0.0000  

Slope(b) 0.904 0.005 160.762 0.0000  

Correlation 

Coefficient (r) 
R–Square 

Standard error 

of the set. 

Average 

absolute error 
CCI  

0.998 0.996 1.39 1.13 0.994  
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2.2.2. Precision, Reproducibility, and Robustness Measurements 

Precision was determined by OMF density measurements from the center of the Helmholtz coil to 

its edges in the workspace (p, α, z) according to the RS (response surface) design of experiments in 

the Design Expert v.13 programs (see Section 2.5 and Table S2). The value of the measurements of 

OMF density was obtained by repeating this test under the same conditions by different analysts, 

days, and temperatures to different OMF densities (Table S2). In each experiment, the mean, 

standard deviation, and variance of each response were obtained from the current variations in the 

coils (R1(5 mT), R2(42 mT), and R3(80 mT)) (Table S3). 

2.2.3. Simulation and Validation of the Prototype 

In the simulation, the magnetic field around the radial coordinates (ρ, α) starting from the center to 

the distant points of the axis (z) was calculated (Table S3). From the polynomial equations of the 

models, three response surface graphs were obtained that describe the behavior of the field density 

in the work area [22]. The field density remains constant in this area and decreases as we move away 

from the central point (Table S3). The COMSOL Multiphysics 6.0 program obtained this same 

behavior profile, where the exact coordinates were simultaneously simulated [41] (Figure 3). 

The analysis of variance (ANOVA) conducted on the OMF density at different intensities (R1, R2, 

and R3) revealed statistically significant differences in the radial coordinates of the prototype, with 

a confidence level of 95.0%. The model F value for all responses was found to be significant, 

indicating that the model adequately explains the observed variations in the OMF density (Table 

S3). Additionally, for the optimization, three random coordinates were selected and tested in the 

obtained polynomial equations, and simultaneously, the OMF density readings were obtained in the 

exact coordinates in RI, R2, and R3. Each OMF density measurement was replicated seven times at 

the selected coordinates (Table S4). The average observations of each confirmation experiment 

(experimental coordinates) were within the prediction interval, which confirms the validity of the 

models obtained (Table S4). 
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Figure 3. Flux density vs. distance spectra cross–section simulation in COMSOL Multiphysics (radial axis: ρ, 

α; axial axis: z): (a) 5 mT and (b) 42 mT. 

2.3. Experimental Processing 

2.3.1. Beans Processing 

The cocoa pods of CCN51 cocoa beans obtained from local producers in the province of Santo 

Domingo, Ecuador, were disinfected in a 3% sodium hypochlorite solution for one hour. 

Subsequently, they were washed and manually opened under aseptic conditions to keep the grains 

clean and free of impurities or defects. Three kilograms of grains were placed in 5 L plastic 

fermentation boxes with ventral and lateral openings to facilitate the exudation of the beans [42] 

(Figure 4). 

Figure 4. Schematic drawing of the experimental procedure for cocoa beans. 
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2.3.2. Cocoa Fermentation Process 

The fermentation process was carried out under controlled environmental temperature and humidity. 

The samples were placed in an orderly manner (according to the design described below) in the 

fermentation chamber and turned over periodically (every 24 h) to facilitate aeration [31,41]. During 

the periodic measurements of pH, temperature, and humidity, aseptic measures were always sought, 

and the measurement time was reduced to avoid interfering with the experiment results (Figure 4). 

2.3.3. OMF Expositions Process 

Eight hours after fermentation, each experimental unit was placed in the center of the Helmholtz 

coils and subjected to different OMF densities for one hour according to the experimental design (0 

mT, 5 mT, 42 mT, and 80 mT). The samples were placed vertically and close to the center of both 

rings, maintaining adequate separation between them. All treatments were properly monitored and 

randomized according to design (Figures 4 and 5). 

Figure 5. Schematic drawing of experimental designs. Electrical and biological validations in Design Expert 

software v13.  
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2.4. Monitoring Variables of the Process 

2.4.1. Continuous Variables 

During the fermentation process, the CCN51 cocoa beans’ weight measurements were recorded with 

the digital balance brand SF–400 with a capacity of 10,000 g (±0.1 g), and the size of the beans was 

determined using the digital caliper (Vernier, Oregon, USA) (±0.01 mm). The pH, temperature, 

humidity, and Brix indices were determined in the mucilaginous pulp. The Brix concentration was 

measured using a digital refractometer (96801, HANNA Instruments, Woonsocket, USA) (±0.2%); 

the pH temperature and humidity by using a grain monitoring instrument kit (BlueLab Instruments, 

New Zealand) (±0.01 °C). For each experimental unit, three measurements (edges and center) were 

taken, with the average of each measure considered as the final value. All instruments were 

previously calibrated (Figure 5). 

2.4.2. Proportional Variables 

At the end of the fermentation process, the cocoa beans were classified according to their degree of 

fermentation into well–fermented (Bw), moderately fermented (Bm), poorly fermented (Bp), and 

contaminated (Bc) using the cutting technique [41,42]. Bw was characterized by brown or reddish–

brown cotyledons accompanied by well–open veins. Bm contained partially striated cotyledons with 

purple stripes on the edges; Bp comprised deep purple cotyledons, and Bc included unfermented 

black or gray cotyledons severely damaged by biological contamination [43–45]. This classification 

gave rise to the fermentation degree (Equation 3). 

𝐹𝑑 =
𝐵(𝑖)

𝐵𝑡
× 100  (3) 

Where B represents beans’ average value; (i) is the classification beans; Bt represents total beans. 

Weight and size measurements were used to determine different proportional process variables, such 

as the rate of grain weight loss (Wl) (Equation (4)) and deformation rate (Dr) (Equation (5)). The 

spectrometry determined the fermentation index through the absorbance ratio at 460 nm and 530 

nm (Equation (6)) [45,46]. 

𝑊𝑙 =
𝑊𝑜 − 𝑊𝑓

𝑊𝑜
× 100 (4) 
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𝐷𝑟 =

𝑋𝑜
𝑌𝑜

−
𝑋𝑓
𝑌𝑓

𝑋𝑜
𝑌𝑜

× 100 (5) 

𝐹𝑟 =
𝐵𝑥

𝐵𝑦
 (6) 

where W represents the mean value of the weight of the beans (Equation (4)); Xo is the mean bean 

initial length value, Yo is the mean initial bean width value, Xf is the mean bean final length value, 

Yf is the mean bean final width value (Equation (5)), Bx represents the bean reading at 460 nm, and 

By represents the bean reading at 530 nm (Equation (6)). 

2.4.3. Microbial Analysis 

Microbial viability was determined using ISO 6887 [47]. Ten grams of cocoa beans contained in 

100 mL of sterile dilution of buffered peptone water (MERCK) were shaken vigorously for 10 min 

to obtain a uniform sample; the sample was filtered and serially diluted in the same water, then 

plated on selective media WL Nutrient agar to yeast; MRS agar to LAB; and glucose acetate agar 

(GAA) to AAB; and incubated for 48 h at 30 °C (all media came from Merck KGaA, Darmstadt, 

Germany) [25]. The microbial concentrations were calculated as the logarithm of the colony–

forming units per gram (CFU g− 1) by counting the number of colonies on the agar plates and 

multiplying it by the corresponding dilution factor according to the following Equation (Equation 

(7)) [48]. 

𝑁 = 𝑙𝑜𝑔(
∑ 𝐶𝑙

𝑗
𝑛=𝑖

𝑉𝑖 × 𝑝 × 𝑑
) (7) 

Where n represents replicas, i represents the subset of n; j represents a total of replicas, Cl represents 

the total number of colonies; V represents the inoculum volume, p represents the number of plates 

counted, and d represents minor dilution. 

2.5. Experimental Design 

A complete multifactorial design was carried out with a confidence level of 95%, and three 

repetitions for 48 experimental runs were designed in the Design Expert v.13.0.5.0 program. The 

factors were the OMF density (mT) and fermentation time (h). Four levels of OMF density were 
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established (0, 5, 42, and 80 mT/60 min) as well as eight fermentation times in hours from (0, 24, 

48, 72, 96, 120, 144, and 168 h). The effects were evaluated using the response variables of different 

growth parameters (Figures 4 and 5). 

The continuous variables, namely pH, temperature, humidity, and viability, were monitored during 

the seven days of fermentation and analyzed with ANOVA, and the proportions variables were 

analyzed by Poisson regression (Figures 4 and 5). 

3. Results and Discussion 

3.1. Prototype Validation Results 

3.1.1. Electrical Validation 

The spatial simulations of the electromagnetic field (EMF) carried out in this study, as shown in 

Figure 6a–c yielded valuable information on the prototype’s performance. The results indicate that 

the magnetic flux density (B) readings at the center of the coils remained consistently stable across 

all tested scenarios (Figures 3 and 6). This consistency is supported by the equations describing the 

density decline as a distance function, as shown in table S3. This confirms the remarkable stability, 

precision (Figure 6a, b), reproducibility (Figure 6c, d), and robustness (Figure 6e, f) of the prototype 

(Figure 1). The linearity of the magnetic field within the coils, as seen in table 1, further supports 

these findings (Figure S2). 
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Figure 6. Response surface (RS) and contour graphs (CG). Modeling of the OMF density in the workspace as 

a function of days (a, b), analysis (c, d), and temperature (e, f). RS: vertical axes, OMF density; horizontal axes, 

α, and z; CG: vertical axes, α; horizontal axes, z; contour line, OMF density. ρ maintained in 0 values. 
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Maintaining a stable and predictable nature of the electromagnetic emissions generated by the 

prototype is crucial to guarantee its reliability and efficiency. This aspect is particularly significant 

when studying the effects of electromagnetic emissions on biotechnological systems such as cocoa 

beans. Previous studies emphasize the importance of stability and predictability in electromagnetic 

fields for precise and controlled experiments in various biotechnological applications [19–23]. 

The observed consistency in the magnetic field within the coils can be attributed to the design, 

precise location, and controlled current flow through the coils. Other researchers have also 

emphasized the importance of filtering the signal and using adequate material to maintain a uniform 

and stable magnetic field in Helmholtz coil configurations [21–23]. 

The uniformity of the magnetic field within the Helmholtz coils could be improved by implementing 

a polygonal coil design. Polygonal configurations strategically distribute coils, minimizing 

variations in magnetic field strength in the work area. This modification has the potential to improve 

the overall homogeneity of the field as well as the accuracy and robustness of the prototype [22,23]. 

It is advisable to recalculate the coil dimensions for a larger work area based on the desired radius. 

Increasing the coil dimensions proportionally to the desired working area ensures that the 

electromagnetic emissions cover a wider spatial range while maintaining the desired level of field 

uniformity. This adjustment allows the prototype to accommodate a larger footprint without 

compromising its optimal performance characteristics. 

Numerous studies have shown that non–uniform magnetic fields can introduce variations in the 

response of biological systems, affecting the results of controlled biotechnological experiments [1–

18]. By addressing non–uniformity through polygonal coil designs and dimension adjustments, the 

understanding and applicability of electromagnetic technologies in various biotechnology studies 

can be advanced [21–23]. These findings provide a solid foundation for the practical implementation 

of the prototype in studying the effects of electromagnetic emissions on cocoa beans. Thus, the 

stable and predictable nature of the electromagnetic emissions generated by the prototype makes it 

possible to assess their impact on the cocoa bean fermentation process accurately. 

3.1.2. Behavior of Process Parameters 

The ANOVA models for the temperature, pH, humidity, and Brix responses demonstrate their 

significant nature, as indicated by their respective F–values of 94.26, 41.34, 38.69, and 74.56. The 

probability of obtaining such large F–values solely due to noise is exceptionally low, at 0.01%. 

These findings confirm the robust significance of the models in explaining the observed variations 

in the responses. The p–values for the model terms A, B, and AB being less than 0.0500 in all four 
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models indicate their significant contribution to the respective responses (see Table S5 in the 

Supplemental Material). 

During the fermentation of cocoa beans, the temperature and pH values of the beans were monitored 

and found to increase gradually, reaching their maximum values between 72 and 93 h (Figure 7b). 

Subsequently, the temperature and pH values decreased at the end of the fermentation period (168 

h) (Figure 7 a, b). Among the different OMF density treatments, the highest temperature values (51 

°C) were observed at 5 mT and 42 mT, while the lowest temperature value (34 °C) was recorded at 

80 mT (Figure 7a). 

Figure 7 ANOVA interaction plots. Continuous responses: (a) temperature, (b) pH, (c) humidity, and (d) Brix. 

The ordinal factor, time, is displayed continuously, and the nominal OMF density factor (A) is presented 

discreetly as separate lines (A1: 0 mT red line, A2: 5 mT green line, A3: 40 mT blue line, A4: 80 mT gray line). 

The dots represent the values that the response variable takes around the mean; the midpoint of the bar 

represents the mean value; overlapping bar lines between levels indicate p > 0.05; no overlap of bar lines 

between levels indicates p < 0.05.  
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The temperature values during final fermentation were significantly different (p < 0.05) between 

the control and the OMF density treatments (0:43 °C, 5 mT:48 °C, 42 mT:48 °C, and 80 mT:36 °C) 

(Figure 7a). The maximum pH value (pH = 5) was recorded at 5 mT after 144 h, while the minimum 

pH value was observed at 80 mT after 48 h, with significant differences (p < 0.05) between the latter 

treatment and the rest of the treatments, including the control (Figure 7b). These results indicate that 

the OMF density treatments significantly impacted the temperature and pH levels during cocoa bean 

fermentation. 

The moisture and Brix content gradually decreased, reaching minimum values at the end of the 

process, as depicted in Figure 7c, d. The highest Brix and moisture contents were recorded at 80 mT 

(Brix = 11Bx, Hr = 47%), whereas the lowest Brix and moisture contents were observed at 5 mT 

and 42 mT (Brix = 4Bx, Hr = 42%), with significant differences when compared to the control (Brix 

= 8, Hr = 45%) (Figure 7c, d). 

The OMF density treatments significantly impacted the temperature, pH, moisture, and Brix content 

of cocoa beans during fermentation. The highest temperature values were observed at 5 mT and 42 

mT, while the lowest was recorded at 80 mT. The highest Brix and moisture content was observed 

at 80 mT, and the lowest was recorded at 5 mT and 42 mT. These results indicate that the OMF 

density treatments significantly affect these variables during the fermentation of cocoa beans. 

The optimum pH range for cocoa bean fermentation was found to be between 4.5 and 5.5, which 

favored the growth of lactic acid bacteria and the production of desirable flavor compounds [30]. In 

conclusion, the pH behavior during cocoa bean fermentation is a complex process that varies based 

on the cocoa variety, fermentation stage, and microbial activity. Additionally, it can be influenced 

by the pre–conditioning of the pulp, biochemical constituents, and polyphenolic constituents during 

fermentation [26,30,47,48]. 

Various scientific articles have discussed the alterations in pH that occur during cocoa fermentation 

[26,47,48]. In one such study, Mulono et al. [49], reported that the pH of cocoa beans increased 

from an initial pH of 4.4 to a maximum of 6.4 after 72 h of fermentation. However, after 96 h of 

fermentation, the pH decreased due to the production of organic acids by lactic acid bacteria. The 

authors noted that the pH of cocoa beans could vary depending on the microbial community 

structure and the specific strains of bacteria involved in fermentation. 

Afoakwa et al. (2013) [26] also reported a rise in cocoa bean pH during the initial stages of 

fermentation due to the breakdown of glucose and fructose. However, after 48–72 h, pH levels 

dropped owing to the production of organic acids such as acetic and lactic acid by lactic acid 

bacteria. In a subsequent study in 2014, the same authors measured pH changes during cocoa 
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fermentation and observed a decrease in pH levels after the first and second days of fermentation, 

with pH values declining from 6 to 3 and 4 at the end of the process due to the production of organic 

acids by lactic acid bacteria [50], which was in line with other studies [30,48]. Several authors 

emphasize the impact of the structure of microbial communities and specific bacterial strains on the 

pH of the cocoa bean, indicating that if the pH becomes too acidic too soon (pH < 4.5), there will 

be a final reduction in flavor precursors and a final product that is too acidic [25,27]. 

Herrera–Rocha et al. [51] conducted a study to examine the influence of temperature on the quality 

of cocoa bean fermentation and its impact on various selected physicochemical characteristics. They 

determined that a temperature range of 45–50 °C was optimal for cocoa bean fermentation, resulting 

in desirable flavor compounds and reduced levels of undesirable flavor compounds. Cortez et al. 

[52] found that cocoa fermentation leads to temperatures exceeding 45 °C. This increase in 

temperature triggers the activation of native enzymes and the denaturation of proteins, resulting in 

a notable impact on the development of flavor during cocoa fermentation. Furthermore, this research 

revealed that the increase in temperature is closely related to the formation of the key aroma 

molecules responsible for improving the sensory profile and overall quality of cocoa beans. 

In cocoa fermentation, Brix degrees can be used to monitor the conversion of sugars into organic 

acids and alcohol by microorganisms during the fermentation process [49,50]. Velásquez–Reyes et 

al. [53] studied differences between different cocoa bean varieties of the profile of volatile and non–

volatile compounds in the process from fermentation to liquor. The authors found that Brix levels 

decreased during fermentation due to the metabolic activity of microorganisms involved in the 

process. Hernandez et al. [54] studied the physicochemical and microbiological dynamics of the 

fermentation of CCN51 cocoa material in three stages of maturity and demonstrated that 

microorganisms present in certain states were more effective in metabolizing sugars compared to 

those in other states. In the same way, it is evident that a gradual decrease in the degrees with the 

advance of fermentation is due to the consumption of sugars by microorganisms. 

In their research, Camu et al. [25] explored the effects of both fermentation and drying processes on 

the microbial communities associated with cocoa beans. They found that Brix levels increased 

during fermentation and peaked around days 3–4 before decreasing during drying, likely due to the 

loss of water and sugars in the beans and the consumption of sugars by microorganisms during 

fermentation. 

Overall, these studies highlight the critical role of temperature, pH, Brix, and humidity in microbial 

growth during cocoa bean fermentation. The optimal levels of these parameters may vary depending 

on the specific microbial strains and environmental conditions during fermentation. Thus, the results 

suggest that EMFs could indirectly affect cocoa bean physicochemical parameters. 
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3.1.3. Bean Weight and Fermentation Rate Behavior 

ANOVA results for the Wi, Fi, and Di responses demonstrate the significance of the models. The 

F–values for Wi, Fi, and Di are 77.37, 31.60, and 9.59, respectively. These high F–values indicate 

the models’ strong significance, with only a 0.01% probability that the observed F–values are due 

to noise alone. The A, B, and AB terms have a significant effect on the respective response variables 

(see Table S6 in the Supplemental Material). 

The weight loss of cocoa beans during fermentation increased over time and stabilized between 96 

and 168 h, with the highest rates observed as shown in Figure 8a. The 80 mT treatment showed the 

lowest Wi rates (Wi = 9%), with significant differences between the control (Wi = 16%) and the 

rest of the treatments (5 mT: Wi = 16%, 42 mT: Wi = 14%) (Figure 8a). 

Cocoa beans’ Fi increased until stable maximum values were reached between 120 and 168 h 

(Figure 8b). At the final fermentations, the highest Fi value was observed at 5 mT (Fi = 2.5%), with 

significant differences compared to the control and the rest of the treatments (42 mT: Fi = 2%, 80 

mT: Fi = 1.8%). Conversely, the lowest Fi values were obtained at 80 mT (Fi = 1.5%) at 144 h, with 

the same statistically significant differences (p < 0.05) (Figure 8b).  
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Figure 8. ANOVA interaction plots. Proportional responses: (a) Wi, (b) Fi, (c) Di, and (d) Fd. The ordinal 

factor, time, is displayed continuously, and the nominal OMF density factor (A) is presented discreetly as 

separate lines (A1: 0 mT red line, A2: 5 mT green line, A3: 40 mT blue line, A4: 80 mT gray line). The dots 

represent the values that the response variable takes around the mean; the midpoint of the bar represents the 

mean value; overlapping bar lines between levels indicate p > 0.05; no overlap of bar lines between levels 

indicates p < 0.05. 

The deformation of cocoa beans increased over time and exhibited the highest standard deviation 

compared to other variables (Figure 8c). In the final stages of fermentation, the 42 mT treatment 

had the highest Di rates (Di = 4.83%), whereas the 80 mT treatment had the lowest (Di = 2.03%), 

with no significant difference (p > 0.05) observed between the control and the other treatments. At 

the end of fermentation, the values for the treatments and controls were nearly identical (Figure 8c). 

The highest Bw rates (dependent on coloration) were observed at 5 mT (Fd = 94%), with the lowest 

rates recorded at 80 mT (Fd = 53%). These differences were significant (p < 0.05) compared to the 

control (Fd = 80%), as shown in Figure 8d. Furthermore, the highest rates of Bp were observed at 

80 mT (Fd = 46%), with significant differences between the control (Fd = 10.5%) and the other 

treatments (5 mT: Fd = 4%, 45 mT: Fd = 7%) (Figure 8d). Additionally, the control treatment 

exhibited significantly (p < 0.05) higher rates of contaminated grains (Fd = 12%) compared to the 

other treatments (5 mT: Fd = 1%, 45 mT: Fd = 1%, 80 mT: Fd = 0%) at the end of fermentation 

(Figure 8d). 
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These results indicate that the OMF density treatments significantly affect weight loss (Wi) and 

fermentation index (Fi) as well as fermentation degree (Fd). However, there was no significant 

difference in the deformation index between the control and other treatments. 

Camu et al. [25] documented that the weight loss experienced by cocoa beans during fermentation 

predominantly originates from the degradation of carbohydrates, proteins, and lipids. Weight loss 

increases rapidly during the first few days of fermentation, with a typical behavior of 5% to 15%, 

and then gradually levels off towards the end of the process. Another study by Hernandez–

Hernandez et al. [55] reported that weight loss during cocoa fermentation is due to the loss of water 

and the breakdown of organic matter in the bean. These investigations corroborate the notion that 

weight loss is an important factor that affects the quality of cocoa beans during fermentation. Still, 

the exact rate of weight loss and duration of fermentation can depend on several factors, such as the 

type of cocoa beans, the fermentation method used, and environmental conditions [24,27–30]. 

Changes in the fermentation rate, color, texture, and flavor of the beans also accompany Wi [19–

30]. 

Camu et al. [27] reported that the fermentation rate of cocoa beans varied depending on the type of 

microbial community present during fermentation. The authors found that the fermentation rate was 

higher in the presence of lactic acid bacteria than in the presence of yeasts or acetic acid bacteria. 

They also noted that the rate of temperature increase was slower in fermentations dominated by 

lactic acid bacteria, suggesting that these bacteria have a more moderate effect on the fermentation 

process. This finding is consistent with the idea that the microbial community plays an important 

role in the fermentation process of cocoa beans. Thus, the presence of lactic acid bacteria can affect 

the fermentation rate and the temperature increase during fermentation, which can ultimately affect 

the quality of the cocoa beans. 

According to several authors [28–30], during the fermentation process of cocoa beans, the beans 

undergo deformations due to the rupture of the beans’ cell walls and the release of water and sugars 

from the pulp. The gradual softening of the pulp and the reduction in the size of the bean is attributed 

to the activity of microorganisms and enzymes, which contribute to the production of flavor 

precursors and the development of the characteristic flavor of cocoa. Yeasts, acetic acid bacteria, 

and lactic acid bacteria stimulate enzymatic activity to hydrolyze sugars, organic acids, proteins, 

and polyphenols in cocoa beans, causing physical and chemical changes in the beans. These changes 

lead to the deformation of the beans during fermentation [54–57]. 

In the study conducted by Guéhi et al. [56], it was noted that cocoa subjected to a 4–day fermentation 

period exhibited a higher percentage of purple beans, reaching approximately 45%. Additionally, 

the presence of moldy beans was observed to be around 1%, while approximately 10% of the beans 
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showed signs of discoloration. The formation of brown beans increased from 16% to 50% depending 

on the fermentation duration and process. Several authors highlight the main changes that determine 

Fd and the final quality of cocoa that occurs during fermentation given the great number of factors 

that affect the process including microbial populations [24–30]. Other researchers also found that 

using a starter culture of LAB resulted in higher fermentation indices and darker bean colors than 

spontaneous fermentation, indicating that LAB may play an essential role in the fermentation 

process [24,25]. 

According to another study by Afoakwa et al. and Saputro et al. [26,55], the fermentation rate of 

cocoa beans is highest during the first 48 to 72 h. During this time, the temperature of the cocoa 

mass increases due to microbial activity, suggesting that the initial stages are characterized by a 

more intense fermentation process, which promotes the development of chocolate flavor. De Vuyst 

and Weckx as well as Guzmán–Alvarez et al. [28,56] highlighted the role of organic acids, 

specifically acetic acid and lactic acid, which are produced by microorganisms in the cocoa pulp, in 

the deformation of cocoa beans during fermentation. The researchers observed that this increase led 

to a decrease in the size of the beans and a color change, which were indicators of the degree of 

fermentation and the quality of the beans. 

The behavior of Wi, Fi, Di, and Fi is also influenced by microbial activity; consequently, the effect 

of EMF in variation in these rates may also be conditioned by changes in the growth of microbial 

groups. 

3.1.4. Microbial Group Behavior 

The ANOVA models for LAB, AAB, and Y responses exhibit significance, as indicated by the 

respective F–values and the low probability of obtaining such values due to noise alone. The p–

values for the model terms A, B, and AB being less than 0.0500 confirm their significance in all 

three models. These findings strengthen the reliability and validity of the models, indicating that 

they provide significant results for understanding the relationship between the factors and the 

observed responses (see Table S7 in the Supplemental Material).  

In the control treatment, the concentration of lactic acid bacteria (LABs) reached its maximum point 

between 24 and 48 h, with values of 5.72 and 5.92 CFU/g, respectively, and decreased to a minimum 

value of 1.52 CFU/g towards the end of fermentation, corresponding to a reduction of 4.4 log cycle 

(Figure 9a). In the rest of the treatments, much lower LAB concentration values were obtained, with 

significant differences compared to the control (p < 0.05) (Figure 9a). The lowest LAB values were 

observed in the 80 mT treatment (1.05 CFU/g), while the highest values were observed in the 5 mT 

treatment (4.23 CFU/g) at 72 h, with significant differences between treatments (p < 0.05) (Figure 
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9a). 

The maximum point of acetic acid bacteria (AAB) was observed in the 5 mT treatment between 96 

(7.75 CFU/g) and 120 h (7.96 CFU/g), with significant differences compared to the control (5.69 

CFU/g, 5.49 CFU/g) at the same time (Figure 9b). The lowest AAB values were observed in the 80 

mT treatment at the final stages of fermentation (2.10 CFU/g), with significant differences compared 

to the control (4.33 CFU/g) and other treatments (5 mT: 4.35 CFU/g, 42 mT: 5.7 CFU/g) (Figure 

9b). The most significant reduction in acetic acid concentration was observed in the 5 mT treatment, 

with a reduction of 3.4 log cycles (Figure 9b). 

During the first 48 h of fermentation, the 5 and 42 mT treatments showed the highest Ys growth 

rates (7 CFU/g), with significant differences (p < 0.05) compared to the control and other treatments 

(Figure 9c). By the end of fermentation, the concentration of yeasts had reduced to 2.5 CFU log 

cycle, with the most significant reduction observed in the 80 mT treatment at 4.2 CFU log cycle 

reduction (Figure 9c). 

Figure 9. ANOVA interaction plots. Continuous responses: (a) LAB, (b) AAB, and (c) Y. The ordinal factor, 

time, is displayed continuously, and the nominal OMF density factor (A) is presented as separate lines (A1: 0 

mT red line, A2: 5 mT green line, A3: 40 mT blue line, A4: 80 mT gray line). The dots represent the values 

that the response variable takes around the mean; the midpoint of the bar represents the mean value; overlapping 

bar lines between levels indicate p > 0.05; no overlap of bar lines between levels indicates p < 0.05. 

The microbial population dynamics during cocoa bean fermentation are highly complex and involve 

the sequential activation of several microbial populations. Lasting for the first 24 to 36 h, yeasts are 

the dominant microorganisms, rapidly consuming the sugars in the pulp surrounding the cocoa beans 

and producing ethanol and carbon dioxide as byproducts. The ethanol produced by yeasts creates 

an acidic environment that favors the growth of LAB. LAB then dominates the fermentation process 

and produces lactic acid, which further lowers the pH and inhibits the growth of yeasts. As the 

fermentation progresses, AAB becomes more active and oxidizes the ethanol produced by yeasts to 

acetic acid. The acetic acid produced by AAB contributes to the development of the characteristic 

flavor and aroma of chocolate. However sequential activation of these microbial populations is 
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influenced by various factors, such as the type of cocoa bean variety, the fermentation conditions, 

and the presence of other microorganisms [24–28]. 

The results suggest that the application of magnetic fields during cocoa fermentation affects the 

growth and population dynamics of yeast, lactic acid bacteria, and acetic acid bacteria. The 5 mT 

and 42 mT treatments showed the highest yeast growth rates during the first 48 h. 

Bubanja et al. [59] investigated the influence of low–frequency magnetic field regions on the 

respiration and growth of Saccharomyces. cerevisiae. The study found statistically significant 

differences in cumulative oxygen consumption, cumulative carbon dioxide production, and S. 

cerevisiae cell number, which were attributed to the MF–induced stimulation of microbial growth 

and activity. De Andrade et al. [5] conducted a study to investigate the effect of an extremely low–

frequency (ELF) magnetic field on bioethanol productivity by S. cerevisiae in an unconventional 

bioreactor. The study found a 33% increase in bioethanol production, which was consistent with a 

stimulatory effect of the magnetic fields on plasma membrane H+–ATPase activity. The observed 

effects were attributed to the EMF–induced enhancement of enzyme activity and regulation of gene 

expression. Similar studies have shown that applying magnetic fields can positively impact 

microbial communities by increasing microbial growth, metabolic activity, diversity, and function, 

improving the efficiency of biotechnological processes such as anaerobic digestion, wastewater 

treatment, and constructed wetlands [4–7,18]. 

Zieliński et al. [60] reported increased the microbial diversity and degradation efficiency of organic 

matter in anaerobic digestion bacteria exposed to a magnetic field. Zaidi et al. [61] found that 

applying a magnetic field to wastewater treatment systems led to the removal of pollutants, while 

Ma et al. [62] reported that an external static magnetic field at 14 mT enhances the reduction of 

antibiotic–resistance genes during pig manure composting. 

Hu et al. [63] investigated the impact of a static magnetic field on electron transport and microbial 

community shifts in the nitritation sequencing batch process. The study found that a static magnetic 

field can accelerate the start–up of the nitritation process and improve its performance by changing 

the microbial community structure and improving the HAO activity, the Cyt c content, and ETSA 

as well as the energy generation of microorganisms. Lyu et al. [64] reported that a magnetic field at 

10 mT could increase the abundance and diversity of microbial communities, promoting the 

secretion of tryptophan and aromatic proteins. 

On the other hand, Rakoczy et al. [65] conducted a study to investigate the effect of a ferrofluid and 

rotating magnetic field (RMF) on the growth rate and metabolic activity of a wine yeast strain. The 

study found that exposure to RMF resulted in a decrease in yeast cell numbers and inhibited their 
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metabolic activity. Bayraktar [66] also found that magnetic field treatment at 5 mT for 30 min 

inhibited the reproduction and enzymatic activity of S. cerevisiae [21]. Similarly, in this study, the 

EMF effect significantly reduced the LAB population in all treatments. Meanwhile, at 80 mT, the 

lowest growth rates of all the microbial groups compared were produced. 

Other studies have demonstrated the ability of magnetic fields to enhance cocoa fermentation. 

Sudarti et al. [67] reported that exposure to magnetic fields significantly improved cocoa 

fermentation compared to the control group, as reflected in the reduction of pH and the increase in 

fermentable sugar content. Similarly, Guzman et al. [10] found that EMF improved the yield and 

quality of fermented cocoa beans. While there are differences in the methodology used in both 

studies compared to the other studies reviewed, the conclusive results indicate that electromagnetic 

fields have a profound impact on microbial metabolism. 

Therefore, exposure to magnetic fields could alter the microbial dynamics in cocoa fermentation, 

which is reflected in a reduction of pH, an increase in the content of fermentable sugars, higher 

production of acetic acid and ethanol, and possibly better organoleptic characteristics of chocolate. 

The observed differences in microbial population dynamics suggest that magnetic fields can 

potentially be used as a tool to manipulate the fermentation process and improve the quality of cocoa 

products. Moreover, it is noteworthy that the optimal intensity, duration, and other parameters of 

the magnetic field may vary depending on the specific fermentation process and the microbe being 

used [58–61]. 

However, further studies are required to determine the optimal exposure parameters of magnetic 

fields and to evaluate the long–term effects on the quality of chocolate produced from cocoa beans 

fermented with magnetic fields. In this sense, the findings of this research suggest that under the 

conditions of this study, electromagnetic fields influenced microbial populations by inhibiting the 

growth of LAB and stimulating AAB and yeast, thereby causing a rebound effect in the analyzed 

process variables. 

4. Conclusions 

This study successfully developed a prototype to investigate the effects of electromagnetic 

emissions on bioprocesses, specifically the fermentation of cocoa beans. Magnetic flux density 

readings remained consistently stable at the center of the coils, demonstrating excellent linearity, 

reproducibility, and accuracy. These findings provided reliable evidence of the impact of 

electromagnetic fields on various parameters of the cocoa bean fermentation process. 

The observed effects of the electromagnetic field on cocoa bean fermentation can be attributed to 

EMF–induced growth stimulation, microbial activity, and enzyme activity. However, more research 
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is needed to fully understand the underlying mechanisms responsible for these effects on cocoa bean 

microbial populations and their implications for the chocolate industry. 

It is widely recognized that the sequential activation of different microbial populations is a critical 

feature of the fermentation process. Understanding these dynamics is essential to produce high–

quality chocolate. Therefore, continuous research on the effects of electromagnetic fields on cocoa 

bean fermentation will contribute to advancing the knowledge and optimization of chocolate–

production processes. 
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Suplementary material 

Figure S2 Linearity graph. Vertical axis GST horizontal axis SEH in different OMF density a) cloud of points 

(4–7mT), b) cloud of points (9–12mT), C) cloud of points (25–27mT)  
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Table S2. Experimental Design. Factors, levels, and Responses R1 OMF density (6A) levels: 

analyst1…analyst7; R2 OMF: density (30A) levels: day 1…day 7; R3: OMF density (90A) levels 20, 25, 30, 

35, 40, 45, 50 

Factor, levels 

responses 

U

ni

ts 

Type SubType Minimu

m 

Maximu

m 

Cod

ed 

Low 

Coded 

High 

Me

an 

Std. 

Dev. 

Radial points ρ m Numeric Continuo

us 

–0.5045 0.5045 –1 

↔ –
0.30 

+1 ↔ 

0.30 

0.0

00 

0.2776 

Radial points α m Numeric Continuo
us 

–0.5045 0.5045 –1 
↔ –

0.30 

+1 ↔ 
0.30 

0.0
00 

0.2776 

Axial points Z m Numeric Continuo

us 

–0.1534 0.6034 –1 

↔ 

0.00 

+1 ↔ 

0.45 

0.2

25 

0.2082 

Levels – Categoric

al 

 Nominal Level 1 Level 7 – – – 7.00 

OMF density (6A) m

T 

Numeric Continuo

us 

0.00078 5.97101 – – 2.1

3 

2.04 

OMF density (30A) m

T 

Numeric Continuo

us 

0.00531 29.9567 – – 10.

76 

10.27 

OMF density (90A) m

T 

Numeric Continuo

us 

0.00342 89.6288 – – 31.

93 

30.15 
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Table S3 The ANOVA of the OMF Density at different intensities (R1, R2, and R3). There are statistically significant differences in the radial coordinates of the prototype, 

with a confidence of 95.0%. In all responses, the model F value of the model was significant, and the lack of fit was not significant relative to the pure error. The equations 

in terms of the coded factors describe the decrease in density as a function of distance 

Model R1 Model R2 Model R1 

Source 

Sum 

of 

Squar

es 

d

f 

Me

an 

Squ

are 

F–

valu

e 

p–value 

Sum 

of 

Squar

es 

d

f 

Me

an 

Squ

are 

F–

valu

e 

p–value 

Sum 

of 

Squar

es 

d

f 

Mean 

Squar

e 

F–

valu

e 

p–

value 

Models 
1372.7

2 

3

3 

41.6

0 

537.

71 
< 0.0001 

33856.

14 

6

9 

490.

67 

87.6

3 
< 0.0001 

2.901E

+05 

3

3 

8791.8

8 

185.

58 

< 

0.0001 

a z 
0.5379 1 

0.53
79 

6.95 0.0088 – – – – – – – – – – 

p – – – – – – – – – – 164.67 1 164.67 3.54 164.67 

z – – – – – – – – – – 361.02 1 361.02 7.75 0.0057 

A² 748.32 1 
748.

32 

9673

.23 
< 0.0001 

18180.

51 
1 

1818

0.51 

3246

.92 
< 0.0001 

1.568E

+05 
1 

1.568E

+05 

3310

.49 

< 

0.0001 

B² 748.30 1 
748.

30 

9672

.92 
< 0.0001 

18826.

21 
1 

1882

6.21 

3362

.24 
< 0.0001 

1.624E

+05 
1 

1.624E

+05 

3428

.70 

< 

0.0001 

C² 0.6263 1 
0.62

63 
8.10 0.0047 36.53 1 

36.5

3 
6.52 0.0112 315.88 1 315.88 6.67 0.0103 

Residual 23.36 

3

0

2 

0.07
74 

  1489.4
2 

2

6

6 

5.60   
14307.

06 

3

0

2 

47.37   

Lack of Fit 4.04 
7

1 

0.05

68 

0.67

95 
0.9717 240.19 

3

5 
6.86 1.27 0.1547 

3512.9

7 

7

1 
49.48 1.06 0.3696 

Pure Error 19.33 
2
3

1 

0.08

37 
  1249.2

2 

2
3

1 

5.41   
10794.

09 

2
3

1 

46.73   

Cor Total 
1396.0

8 

3

3

5 

   35345.

56 

3

3

5 

   
3.044E

+05 

3

3

5 

   

Equations 
R1=79.5189 + –2.5258 * A + 0.820197 * B + 16.313 * C 

+ –315.474 * A^2 + –321.057 * B^2 + –25.1701 * C^2 

R2=27.2235 + –0.0341274 * A + 0.419543 * B + 
4.67432 * C + –107.411 * A^2 + –109.302 * B^2 + –

8.55944 * C^2 

R3=81.9151 + –0.757741 * A + 0.246059 * B + 
1.12196 * C + –28.3927 * A^2 + –28.8951 * B^2 + –

1.27424 * C^2 
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Table S4. Confirmation. OMF Density (R1, R2, and R3) in three different working area coordinates. Confidence 

= 95% 

 

Coord. 

Analysis 

(ρ, α, z) 

Responses 
Predicted 

Mean 

Observ

ed 

Mean 

Std 

Dev 
n 

SE 

Pred 

95% PI 

low 

95% PI 

high 

(0.0, 0.0, 0.27) R1 5.602 5.457 0.278 7 0.119 5.367 5.83751 

(–0.10,0.18,0.22) R1 4.606 4.772 0.278 7 0.121 4.7728 4.84466 

(–0.17,–

0.14,0.40) 
R1 4.454 4.454 0.278 7 0.124 4.2089 4.70074 

(0.0, 0.0, 0.27) R2 27.86 27.127 2.38 7 1.023 25.847 29.8753 

(–0.17,–
0.14,0.40) 

R2 22.188 22.188 2.366 7 1.192 19.841  24.536 

(–0.10,0.18,0.22) R2 23.532 25.951 2.366 7 1.235 25.951 25.9652 

(0.0, 0.0, 0.27) R3 82.088 79.874 6.823 7 2.780 76.619 87.5577 

(–0.10,0.18,0.22) R3 69.239 75.027 6.882 7 2.999 75.027 75.1417 

(–0.17,–

0.14,0.40) 
R3 66.580 66.580 6.882 7 3.092 60.495 72.6651 
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Table S5. ANOVA models for Temperature, pH, Humidity, and Brix responses. The models are significant as 

indicated by their respective F–values of 94.26, 41.34, 38.69, and 74.56. The probability of obtaining such large 

F–values due to noise is very low (0.01%).  

Source 
Sum of 

Squares 
df 

Mean 

Square 

F–

value 
p–value  

Temperature model 6666.90 31 215.06 94.26 < 0.0001 significant 

A–OMF density 817.54 3 272.51 119.45 < 0.0001  

B–Time 5542.19 7 791.74 347.03 < 0.0001  

AB 307.16 21 14.63 6.41 < 0.0001  

Pure Error 146.01 64 2.28    

Cor Total 6812.91 95     

pH model 18.09 31 0.5836 41.34 < 0.0001 significant 

A–OMF density 1.91 3 0.6359 45.04 < 0.0001  

B–Time 14.92 7 2.13 151.00 < 0.0001  

AB 1.26 21 0.0600 4.25 < 0.0001  

Pure Error 0.9036 64 0.0141    

Cor Total 19.00 95     

Humidity  model 1207.09 31 38.94 38.69 < 0.0001 significant 

A–OMF density 131.32 3 43.77 43.50 < 0.0001  

B–Time 1010.94 7 144.42 143.50 < 0.0001  

AB 64.82 21 3.09 3.07 0.0003  

Pure Error 64.41 64 1.01    

Cor Total 1271.50 95     

Brix model 1315.86 31 42.45 74.56 < 0.0001 significant 

A–OMF density 44.80 3 14.93 26.23 < 0.0001  

B–Time 1200.66 7 171.52 301.30 < 0.0001  

AB 70.40 21 3.35 5.89 < 0.0001  

Pure Error 36.43 64 0.5693    

Cor Total 1352.29 95     

The p–values less than 0.0500 for model terms A, B, and AB indicate that they are significant in all four models. Values greater than 0.1000 

suggest that model terms are not significant, and their removal may improve the model if there are many insignificant terms. 
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Table S6. The ANOVA for Wi, Fi, and Di responses. The models for Wi, Fi, and Di are significant. The F–

values for Wi, Fi, and Di are 77.37, 31.60, and 9.59, respectively, indicating that the models are highly significant 

with only a 0.01% chance that the observed F–values are due to noise.  

Source Sum of Squares df Mean Square F–value p–value  

Wi model 2911.40 31 93.92 77.37 < 0.0001 significant 

A–OMF density 125.63 3 41.88 34.50 < 0.0001  

B–Time 2607.83 7 372.55 306.92 < 0.0001  

AB 177.95 21 8.47 6.98 < 0.0001  

Pure Error 77.68 64 1.21    

Cor Total 2989.09 95     

Fi model 42.77 31 1.38 31.60 < 0.0001 significant 

A–OMF density 1.78 3 0.5937 13.60 < 0.0001  

B–Time 39.89 7 5.70 130.52 < 0.0001  

AB 1.09 21 0.0521 1.19 0.2870  

Pure Error 2.79 64 0.0437    

Cor Total 45.56 95     

Di model 166.54 31 5.37 9.59 < 0.0001 significant 

A–OMF density 1.74 3 0.5803 1.04 0.3827  

B–Time 154.73 7 22.10 39.47 < 0.0001  

AB 10.06 21 0.4792 0.8557 0.6440  

Pure Error 35.84 64 0.5600    

Cor Total 202.38 95     

 

Source  χ² df p–value         

Fd model  3306.74 3 < 0.0001         

A–Densidad CMO (mT)  58.69 3 < 0.0001         

B–B  3020.86 2 < 0.0001         

AB  401.81 6 < 0.0001         

The p–values for the model terms A, B, and AB are less than 0.0500 for Wi and Fi, and B is significant for Di, indicating that these 

terms have a significant effect on the response variable. Poisson Regression (Type III) for Fd. The significant model terms A, B, 

and AB, with p–values less than 0.0500. Values greater than 0.1000 indicate that the model terms are not significant. The analysis 
used χ² Log Likelihood Ratio p–values. Analysis was performed with a log link and inverse link of exp, using Maximum Likelihood 

(ML) analysis 



 

87 

Table S7. ANOVA models for LAB, AAB, and Y responses. The models are significant, as indicated by their 

respective F–values of 6.49, 33.26, and 8.91. The probability of obtaining such large F–values due to noise is 

very low (0.01%).  

Source Sum of Squares df Mean Square F–value p–value  

LAB model 90.89 31 2.93 6.49 < 0.0001 significant 

A–OMF density 32.91 3 10.97 24.27 < 0.0001  

B–Time 18.02 7 2.57 5.70 < 0.0001  

AB 39.96 21 1.90 4.21 < 0.0001  

Pure Error 28.92 64 0.4519    

Cor Total 119.81 95     

AAB model 320.89 31 10.35 33.26 < 0.0001 significant 

A–OMF density 96.80 3 32.27 103.67 < 0.0001  

B–Time 176.00 7 25.14 80.78 < 0.0001  

AB 48.09 21 2.29 7.36 < 0.0001  

Pure Error 19.92 64 0.3112    

Cor Total 340.81 95     

Y model 141.92 31 4.58 8.91 < 0.0001 significant 

A–OMF density 1.00 3 0.3346 0.6515 0.5849  

B–Time 119.81 7 17.12 33.32 < 0.0001  

AB 21.11 21 1.01 1.96 0.0211  

Pure Error 32.87 64 0.5136    

Cor Total 174.79 95     

The p–values less than 0.0500 for model terms A, B, and AB indicate that they are significant in all three models. ANOVA Y model 

terms B and AB are significant. Values greater than 0.1000 suggest that, the three models provide significant results 
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Abstract 

Acid and bitter notes of the cocoa clone Cacao Castro Naranjal 51 (CCN–51) negatively affect the 

final quality of the chocolate. Thence, the fermentation process of cocoa beans using native species 

and electromagnetic fields (EMF) was carried out to evaluate the effect on the yield and quality of 

CCN–51 cocoa beans. The variables magnetic field density (D), exposure time (T), and inoculum 

concentration (IC) were optimized through response surface methodology to obtain two statistically 

validated second–order models, explaining 88.39% and 92.51% of the variability in the yield and 

quality of the beans, respectively. In the coordinate: 5 mT(D), 22.5 min (T), and 1.6% (CI), yield and 

bean quality improved to 110% and 120% above the control (without magnetic field). The 

metagenomic analysis strongly suggested that the changes in the microbial communities favored the 

aroma profile at low and intermediate field densities (5–42 mT) with high yields and floral, fruity, 

and nutty notes. Conversely, field densities (80 mT) were evaluated with low yields and undesirable 

notes of acidity and bitterness. The findings revealed that EMF effectively improves the yield and 

quality of CCN–51 cocoa beans with future applications in the development and quality of chocolate 

products. 

Keywords: response surface, CCN51, cocoa fermentation, electromagnetic field, ANOVA 
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1. Introduction 

The fact that various microbial species in different conditions and environments are susceptible to 

being influenced by electromagnetic fields (EMF) is a prominent issue in the scientific community 

today [1–3]. However, thermal and non–thermal effects can mainly cause these changes. The first is 

related to the production of heat by cells, and the second is cell growth [4, 5]. 

It has been seen that the non–thermal effects of the electromagnetic field (EMF) can affect not only 

microbial growth but also metabolism [6, 7]; however, it has also been shown on several occasions 

that the metabolic activity induced by EMF is linked to the activation of some areas of DNA [8]. 

Furthermore, some reports describe that EMF can change many processes in a microorganism, such 

as increasing antibiotic sensitivity and membrane transport [2, 9], changing morphology [10], biofilm 

formation [11], and reproduction [12]. These electromagnetic field effects have been found in distinct 

species of bacteria, both Gram–positive and Gram–negative [9, 13], and in yeast and filamentous 

fungi [5]. 

Although these effects cannot be explained totally, cells' response to EMF varies depending on the 

density, frequency, and exposure time [14]. In addition, it has also been seen that the first 

concentration of microorganisms and the characteristics of the culture medium are crucial factors 

that influence the cellular response to EMF [5]. 

Fermentation of cocoa beans goes through several stages where native microbial species are selected 

naturally, giving the chocolate its typical organoleptic characteristics [15]. As a result, each variety 

of cacao plants has distinctive characteristics from the others. The quality of cocoa depends on the 

first instance of the microbial species' interaction with beans during the fermentative process in that 

ecosystem [16]. Different microbial groups such as yeasts, lactic acid bacteria, and acetic bacteria 

that intervene in the fermentation of cocoa beans have been described, among which stand out genera 

Saccharomyces, Lactobacillus, and Acetobacter [15–17]. However, fermentative processes of the 

cocoa beans are developed under uncontrolled conditions that produce contamination and decrease 

the quality of the final product. These damages are irreversible and depend on the type and the growth 

of the MO naturally selected [18 – 20]. Thus, an effective controlled fermentative process and 

optimization of parameters like time, temperature, and inoculum concentration are essential.  

The Cocoa Castro Naranjal 51 (CCN–51) is considered a cocoa with an intense chocolate flavor, 

widely productive, resistant, and adaptable to various environmental conditions, however, its acid 

and; however, have a negative impact on the aroma fine market [21]. Fine aroma studies have 

proposed several alternatives to improve its sensory profile and mitigate the negative impacts of these 

important effects on the cocoa market [22]. These alternatives include the control of the fermentative 

process [23], the introduction of grain pre–drying steps [24], and the use of starter microorganisms 
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during grain fermentation [25], among the rest [26]. However, research in this field is still in its 

infancy, and novel alternatives are required to redefine the flavor profile of CCN51. To study the 

changes induced by OMF in the fermentation process of CCN–51 cocoa beans and optimize this 

process, a 2^3 factorial design extended to a central composite design (CCD) was carried out to 

understand the fermentation performance and the quality of the bean of the variety of cocoa beans 

CCN–51, exposed to OMF of 5 to 80 mT, inoculum concentration of 1 to 2%, and exposure time of 

15 to 30 min, in contrast to the non–exposed ones. The procedure was resolved by measuring the 

grains at the end of fermentation (6–7 days), to estimate the degree of fermentation resulting in each 

experimental run. 

2. Materials and Methods 

2.1. Electromagnetic fields (EMF) system 

Helmholtz coils designed on a laboratory scale were used to generate the electromagnetic field as 

described by Hu [26]. This system consisted of two circular coils of 0.205 m in radius and connected 

in series, running with a variable voltage source at 60 Hz, generating a variable density magnetic 

field (of 1 to 120 mT). The samples were placed between both coils with a separation of 0.205 m 

during the magnetic field treatment. To control EMF, a sensor Hall–effect Tesla meter (SS49E) was 

connected in the middle of the coils. A specialized electronic board (Arduino nano) was used to 

convert this sensor–emitted signal to a digital signal in the computer [27]. The magnetic field was 

read in the interface of the Laboratory Virtual Instrument Engineering Workbench (LabVIEW) 

software version 9.0. (Figure 1). 

Figure 1. EMF system. (1) Coil 1 (2); Coil 2; (3) Magnetic sensor (Hall–effect Tesla meter); (4) Variable voltage 

source; (5) Voltage indicator; (6) Current Indicator; (7) Ammeter; (8) Arduino nano; (9) Magnetic field flux 

lines; (10) Sensor module; (11) PC. 
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2.2. Cocoa beans processing  

2.2.1 Fermentation procedure 

The cocoa pods were selected without any defects or damage caused by pests and with a uniform 

coloration (an indicator of the degree of maturity [28]. The pods obtained were duly packed in 

polyethylene bags, transported, and stored (7–12 °C) in a cold room until the test (no more than 32 

hours). Each pod was adequately treated with sodium hypochlorite at 200 ppm in aseptic procedures 

for 5 minutes. Then 3 kg of cocoa beans were obtained for each treatment. The experimental units 

obtained consisted of 3 kg of cocoa beans of the CCN–51 variety ready to ferment. The beans were 

placed in the fermentation chamber for 168 h, where the temperature (37 °C ± 0.5) and the humidity 

(85% ± 0.8) of the system were controlled. 

2.2.2 Drying and roasting the beans 

After fermentation, the obtained beans were placed in different metal meshes, to avoid contact 

between replicates, inside rotary drying equipment at 60 °C for four hours until reaching a humidity 

of 10%. Later, in the same equipment, the temperature was raised to 120 °C for 30 minutes for the 

roasting process. The beans obtained from each experimental unit were sensory evaluated. 

2.2.3 Preparation of the inoculum 

The natural inoculum was obtained from cocoa pulp CCN–51 previously fermented at 37 °C for 18 

hours. For this, the fermented grains were decanted, obtaining a homogeneous suspension of the pulp 

as inoculum [28 – 30]. This suspension was inoculated by spraying in the fermentation systems at 

0.5–2.5% v/v [30]. The same inoculation procedure was performed for each experimental unit. 

2.3. Evaluation procedure 

2.3.1. Cutting test  

The cut test allowed the identification and quantification of the grains. Initially, the fermentation 

index of each group (described below) was determined according to [31 – 33], and later the different 

fermentation and contamination rates were calculated. One hundred fermented cocoa beans were cut 

longitudinally to expose the inner surface of the cotyledon [28, 29, 33]. The beans were classified 

according to their degree of fermentation into well–fermented (brown or reddish–brown cotyledons, 

accompanied by well–open streaks), moderately fermented (partially striated cotyledons and purple 
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stripes on the edges), poorly fermented (cotyledons of intense violet color), and contaminated 

(cotyledon black or gray) unfermented bean highly damaged by insects and fungi [33 – 35]. 

2.3.2. Sensorial profile 

The pre–dried and roasted cocoa beans were analyzed by a sensory panel composed of seven judges 

from the National Institute for Agricultural Research (INIAP) of Ecuador, trained in the sensory 

profile of cocoa. The appropriate protocols for protecting the rights and privacy of all judge’s 

participants were utilized during the execution of the sensory analysis. Sensory attributes (cocoa, 

floral, fruity, nutty, sweet, bitter, astringent, green, color, odor, texture) were evaluated using a 

predetermined visual scale for sensory evaluation of cocoa [34, 36]. This scale presents ten 

measurable points for each attribute, from a minimum sensation of the attribute (1) to a maximum 

(10). Scores were compared to a reference cocoa bean derived from Ecuadorian cocoa beans [21]. In 

each sample, three measurements of each attribute were made; according to the criteria evaluated by 

the panel, the instrument's reliability was measured using Cronbach's alpha coefficient (α = 0.879) 

[37]. 

2.3.3 Metagenomic analysis 

Samples were taken for metagenomic analysis in each experimental run to distinguish the 

predominant microbial genera during the first 18 hours of fermentation. 

2.3.3.1 Cocoa beans sample preparation and DNA extraction  

The cocoa beans collected at 18 hours were resuspended in 10 mL of saline solution and vortexed 

with an average speed of 30 seconds. Subsequently, the almonds were removed, and the obtained 

solution was centrifuged at 6000 rpm. Next, the obtained pellet was resuspended in 2 mL of 1.5M 

sorbitol buffer, and this procedure was performed twice. In the last step, the obtained pellet was 

frozen for 1 hour to later proceed with the DNA extraction protocol [38]. 

The DNA extraction process began with the cell lysis of the microbial communities. Then, it was 

carried out using the same extraction protocol used by Florac De Bruyn 2015 [39] for coffee seeds, 

with some modifications in the proportions of chloroform: phenol: alcohol. Isoamyl (49.5: 49.5: 1) 

is used to remove proteins. During DNA extraction, the QIAamp genomic DNA Kits were also 

produced with some modifications and using a DNA affinity column with two ultracentrifugation 

steps. Finally, for each sample, the concentration and quality of the DNA extraction were measured 

by spectrophotometry (NanoDrop 2000, brand Thermo Fischer Scientific) [40]. 
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2.3.3.2 Amplification and sequencing of microbial communities 

The DNA obtained from the microbial communities was amplified by PCR with specific primers of 

the 16s rDNA region for the V4 sections in F515 (5'–GTGCCAGCMGCCGCGGTAA–3') and R806 

(5'–GGACTACVSGGGTATCTAAT–3') for bacteria [39]. The primers BITS (5'–– 

ACCTGCGGARGGATCA–3') and B58S3(5'– GAGATCCRTTGYTRAAAGTT–3') were also used 

for the ITS region of fungi and yeasts. PCR products were run on agarose gel under standard 

conditions. PCR products retained on the gel were cleaned using the Kit Wizard SV gel and PCR 

cleanup System (Promega) [41]. Sizing of sequences (genomic libraries) was performed using 

Agencourt AMPure XP PCR for magnetic bead purification (Beckman Coulter). Once purified PCR 

products >100 bp, DNA concentration, and quality were measured by fluorescence (Qubit 2.0; 

Thermo Fisher Scientific). The amplified DNA sequences of the microbial communities were 

sequenced by synthesis using the Illumina MiSeq platform (Illumina, San Diego, California, USA) 

through the VUB–ULB (Brussels, Belgium) inter–university agreement. Results were obtained in 

FASTQ format for analysis with bioinformatics tools [40, 42]. 

2.3.3.3 Sequence analysis and taxonomic assignment 

The sequences obtained from the NGS were subjected to quality cleaning with the DADA2 package 

version 1.6 [32, 33] and performing order and alignment of the sequences for analysis with R 

language, version 3.6. 3. The sequences obtained by Ilumina for bacteria were compared with the 

SILVA 16s rRNA databases (HTTP: // www.Arb–silva.de; version 128). For the sequences amplified 

with the BITS primer (due to their length), less demanding quality filtering was performed, and these 

unique sequences were taxonomically classified with the UNITE database (http://www.unite.ut.ee; 

version 8, sh 99) [43, 44]. The relative abundance of metagenomic sequences of the different genera 

obtained was used to calculate the rates in the groups (LDR, IDR, and HDR) and to determine the 

Shannon diversity index (H). 

2.3.3.4 Biodiversity analysis 

A phyloseq object was used to analyze biodiversity, comprising the following files: taxonomic 

assignment, sequence counter, and test characteristics. The sequences were then grouped by 

operational taxonomic units (OTU) based on a genus. Next, it was filtered according to a 1E–05 

mean read count threshold. Subsequently, the sequencing depth was determined; from this point, 

found the alpha diversity [45]. 
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2.4. Variable selections 

2.4.1. Fermentation yields 

Three variables of the fermentation process (Y1, Y2, and Y3) were determined to relate the rates 

between those exposed and the controls: The total fermentation yield (Equation 1), the best 

fermentation yield (Equation 2), and the contamination rate (Equation 3). Barrel's criteria (rate 

greater than or equal to 60%) was used to decide the best rate of fermentation quality [46]. 

𝑌1 =
(v3 − v4) ∗ wt

(w3 − w4) ∗ vt
× 100 

(1) 

𝑌2 =
(v1) ∗ wt

(w1) ∗ vt
× 100  

(2) 

𝑌3 =
(v4) ∗ wt

(w4) ∗ vt
× 100 

(3) 

Where: 

v1 mean values of well–fermented beans exposed 

v2 mean values of moderate fermented beans exposed 

v3 mean values of fermented beans exposed 

v4 mean values of contaminated beans exposed 

vt total beans exposed  

w1 mean values of well–fermented beans controls 

w2 mean values of moderate fermented beans controls 

w3 mean values of fermented beans controls 

w4 mean values of contaminated beans controls 

wt total beans controls 
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2.4.2. Roasted bean quality 

The variable quality of roasted beans (Equation 4) was obtained from the mean of the mean values 

of each attribute obtained in the sensory test, according to the following formula: 

𝑌4 =
(m1 + m2 + m3)

(n1 + n2 + n3)
× 100 

(4) 

Where: 

m1– mean values of color exposed 

m2– mean values of texture exposed 

m3– mean values of odor exposed 

n1– mean values of color controls 

n2– mean values of texture controls 

n3– mean values of odor controls 

2.5. Statistical procedures for the optimization process 

Optimization procedures were performed using experimental design (DOE) in the Design Expert v 

13 software (Stat–Ease). A Face–Centered Cube (α = 1) Central Composite Design (CCCFCD) was 

carried out (Table 1). Consisted of six center points (0, 0) (for lack–of–fit (LoF) test), 18 axial (– 1; 

+ 1) points, and 27 factorial (− 1; + 1) points, making a total of 47 experimental runs performed in 

random order (Table 1). In the experimental design, three groups are distinguished depending on the 

density of the magnetic field: LMD (Low Magnetic Density), IMD (Intermediate Magnetic Density 

Runs), HMD (High Magnetic Density Runs), and three groups are distinguished depending on the 

starter culture concentration LIC (Low Inoculum Concentration), IIC (Intermediate Inoculum 

Concentration) and HIC (High Inoculum Concentration Runs). 

2.5.1. Experimental limits  

Factors and corresponding levels were selected to find which of them and their interactions can 

significantly affect the fermentation process of cocoa beans CCN51 and how they do it. The MEF 

density (5–80 mT), time (15–60 min), and inoculum concentration (1–1.5 % v/v) were the limit 

selected for the design. The established levels of the factors density and time of the MEF were as far 
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apart as possible to generate a significant difference in the response (Δy); for that, it was proved as a 

strategy to analyze the entire experimental region delimited by the maximum and minimum range of 

the electromagnetic device where stable MFE emissions were obtained over time [47]. In the case of 

inoculum concentration, the percentage ranges (v/v), which do not cause excessive humidity (by 

exudations) in the fermentation system, were selected [20]. 

2.5.2. Model fit 

Since the responses are proportions that express quantities, second–order polynomial functions were 

used to fit them. In this sense, the data were also normalized using square root transformations to 

stabilize the variance and achieve a reasonable and satisfactory fit. [47]. In each case, the adjustment 

of each Model was verified by the statistical analysis of variance, and it was reduced, neglecting the 

terms that were not significant (p < 0.05). Likewise, each Model tried to find an adequate 

approximation of the functional relationship between the response variables and factors [48].  

2.5.3. Optimization approach 

A multi–response optimization approach was carried out to maximize the process variables, using 

the desirability function provided by the Design Expert optimizer, which is an integral mathematical 

protocol [47, 48]. In these conditions, a maximum desirability of 70% was obtained in the following 

factorial coordinate: A, B, C = 5, 22.5, 1.6., The models obtained were evaluated employing 

experimental replicates in this coordinate to see the agreement between each response's calculated 

and experimental values (Figure S1) [48]. The theoretical and practical results obtained (Table S2) 

show an agreement in the observed data mean and calculated predicted mean values, for both 

responses (Y2 and Y4), with a 95% confidence, which ratifies this Model can be used to navigate in 

the design space (Table S2).  
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Table 1. Matrix of actual and coded factors of the CCCFCD. Responses values of the 2^3 factorial design 

extended to face–centered cube central composite design: fermentative yield (Y2) and bean quality (Y4); three 

repetitions, 48 experimental runs. 

   Actual and coded factors    

   A:MEF 

density 

B:Expos

ure time 

C:Inoculum  

concentration 

  
Responses values 

 

  Runs (mT) (min) %(v/v) Y21 Y21 Y21 Y41 Y41 Y41 

ff
a
c
to

ri
a

lp
o
in

ts
 

L
D

R
 

F1 5(–1) 15(–1) 0.5(–1) 87.94 80.43 79.58 111.27 101.07 113.23 

F2 5(–1) 30(+1) 0.5(–1) 92.46 91.84 91.13 101.62 110.38 106.25 

F3 5(–1) 15(–1) 2.5(+1) 95.66 93.02 88.66 102.25 97.62 92.29 

F4 5(–1) 30(+1) 2.5(+1) 100.21 112.01 107.25 67.86 62.45 65.25 

H
D

R
 

F5 80(+1) 15(–1) 0,5(–1) 77.49 82.06 89.65 60.61 67.71 60.10 

F6 80(+1) 30(+1) 0.5(–1) 80.93 76.45 80.78 69.26 59.26 60.92 

F7 80(+1) 15(–1) 2.5(+1) 80.92 76.92 82.96 58.20 48.40 50.05 

F8 80(+1) 30(+1) 2.5(+1) 78.12 72.44 70.56 60.86 57.70 51.31 

central point F9* 42.5*(0) 22.5*(0) 1.5*(0) 112.47 109.40 113.43 88.47 83.34 89.49 

a
x
ia

l 
p
o
in

ts
 

ID
R

 

A10 5(–1) 22.5(0) 1.5(0) 120.82 120.70 115.01 105.75 10.62 109.13 

A11 80(+1) 22.5(0) 1.5(0) 104.05 10.26 102.15 54.27 67.96 69.53 

A12 42.5(0) 22.5(0) 2.5(+1) 125.46 120.59 117.04 67.86 62.45 65.25 

A13 42.5(0) 22.5(0) 0.5(–1) 117.12 114.48 115.59 79.86 68.80 77.07 

A14 42.5(0) 30(+1) 1.5(0) 122.18 116.16 124.53 59.10 75.14 62.80 

A15 42.5(0) 15(–1) 1.5(0) 119.16 119.78 116.41 57.36 65.44 79.35 

A16 42.5*(0) 22.5*(0) 1.5*(0) 118.69 124.37 122.05 79.62 78.15 75.71 

Replicas (3). runs (48). blocks (2). center points* (6). factorial points (24). and axial points (18). F: factorial points. A: axial points 

2.5.4. Design output 

The F–values of the Y1 and Y3 model responses were insignificant compared to the noise, and 

significant terms were not found in the model for these responses. However, the quadratic regression 

model for fermentative yield (Y2) and bean quality (Y4) were significant (p < 0.05) with F–values 

of 44.79; and 97.10, respectively. Consequently, with a probability of more than 99.99% confidence, 

it is clear that the studied factors influence the yield and quality of beans [48] (Table S2).  

For Y2–response, A, B, C, AB, AC, A², B², and C² are significant model terms. For Y4 responses: 

A, C, A², B², and C² are significant model terms (p < 0.05). The lack of fit F–value in both models is 

not significant (p > 0.05) compared to the pure error, which suggested that in the study region, both 

models adequately explain the response variations [44, 48] (Table S2).  

The Predicted R² of 0.84 for Y2 is in reasonable agreement with the adjusted R² of 0.88. The same 

occurs for Y4: Predicted R² of 0.90 is in reasonable agreement with the Adjusted R² of 0.92. [48]. 

The coefficients of variation obtained for each response written down (Y2: CV = 3.51 and Y4: CV 

= 6.82) proved the reliability of the experiments performed. The residual diagnosis reveals no 

statistical problems [47, 48] (Figure S1). 
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2.4. Principal Component Analysis (PCA)  

To analyze the sensory attributes most affected by the magnetic field, a PCA was performed for each 

DOE treatment (individuals). The results of the data matrix were processed using the R (version 

4.1.3) programming language environment with the help of the Bioconductor packages (version 

3.14). In the PCA, the multidimensional data of the quality attributes of the previously standardized 

cocoa beans (x=0; SD=1) were projected to a reduced dimensional space of n variables [22, 23]. The 

PC chosen were those with a maximum variance, and the values of each biplot (score) were obtained 

from a linear combination of the reduced variables [23]. Correlations were also made between other 

variables to interpret obtained data better. 

Figure 2. Response–surface (RS) and contour graphs (CG). (a. d) RS: vertical axes: fermentative yield (a) and 

bean quality(d), horizontal axes: OMF density and Inoculum concentration; (b. d) CG: vertical axes: Inoculum 

concentrations, horizontal axes: OMF density, contour line: fermentative yield (b) and bean quality (d); Exposure 

time supported at best levels 
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3. Results 

3.1. SRM results 

Response–surface and contour graphs (Figure 2 a, b, c, d) show two curves that obey the quadratic 

terms of two second–order polynomial equations (1, 2). Polynomial equations reveal that whether 

the inoculum concentration or exposure time is high or low, the yield (Y2) and quality (Y4) are 

consistently lower with increasing field density (A). This implies a strong negative effect of OMF on 

both factors, time and inoculum concentration (C and B). 

Consequently, plots show that an increase in OMF density causes a substantial decrease in 

fermentation yield (Figure 2 a, b) and grain quality (Figure 2 a, c). Conversely, a reduction in OMF 

density to values close to 5 mT causes an increase in both responses and the ratio between exposed 

and controls (closer contour lines) (Figure 2 b, d). 

The effect of culture concentration and exposure time depends on OMF density values, and better 

grain quality can be obtained with lower OMF density values (Figure 2 a, b, c, d). In the coordinate: 

5 mT(A), 22.5 min (B), and 1.6% (C), yield and bean quality improved to 110% and 120% above the 

control. However, the graph indicates that at densities below 5 mT, optimum grain quality values 

could be reached. 

Sqrt(Y2) = 10.8528 -0.370432A + 0.0733862 B + 0.102468C - 0.221457AB -

0.21719AC - 0.641664 A^2 - 0.270573B^2 - 0.331708 C^2 
(1) 

Sqrt(Y4) = 9.04851 - 1.23934 A + 0.0241599 B - 0.256541 C + 0.46818 A^2 -

0.581385 B^2 - 0.3519 C^2 
(2) 

3.2. PCA results 

Two principal components (PC1 and PC2) explained 77% and 10% of the total variance of the data 

set, respectively, where two groups separated by the central axis were distinguished (Figure 3 a). The 

notes with the highest floral, fruity, and nutty scores perceived by the judges were found in group A, 

associated with the LDR and IDR. On the contrary, the highest scores in astringency, acidity, green, 

and bitterness were found in group B, corresponding to HDR (opposite vectors in the biplot graph 

showing a negative correlation) (Figure 3 a). 

In the radial graph (Figure 3 c, d), two sensory profiles are also distinguished and associated with 

PCA results. LDR and IDR (Figure 3 b) corresponded with group A (Figure 3 a), and HDR (Figure 
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3 c) corresponded with group B. In summary, the judges perceived a greater intensity of aroma, 

flavor, and better texture of the bean in LDR and IDR, having a more favorable effect on the quality 

of the roasted bean (fine flavors) than the HDR scores (unpleasant flavors). This result corresponds 

with the polynomial equations obtained in DOE, where an increase in field density decreases yield 

and grain quality while a decrease has the opposite effect. 

Figure 3. Biplot PCA: a) 2D view (group A: LDR and IDR, group B HDR); Spider plot: b) LDR and IDR scores, 

c) HDR scores 

3.3 Correlations results 

In the correlation graph between microbial genera and sensory quality attributes (Figure 4), the 

following positive correlations stand out: Weisella, Frauteria, and Pichia with flavors cocoa and 

fruity, Luteibacter with flavors cocoa and floral, Gluconobacter and Luteibacter with cocoa and floral 

(blue ovals). On the other hand, the negative correlations of the genera Acetobacter, Bacillus, 

Klebsiella, Isatechia, and Mucor are also remarkable, with the sensory attributes: of florality, 

fruitiness, nuttiness, and cocoa (red ovals) (Figure 4).  
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Figure 4. Correlation graph between microbial genera and quality attributes: blue ovals: positive correlation; 

red ovals: negative correlation; darker ovals: higher correlation 

3.4. Metagenomic results 

After 24 hours of fermentation, five yeast genera and 13 bacterial genera were identified in the 

different groups (Figure 5 a, b, c). The highest RAR of these metagenomic sequences corresponded 

to LDR (39.8%), followed by IDR (32.09%), and finally, HDR (28.03%) (Figure 5 d). Microbial 

genus greater diversity could also be noted in LDR and IDR.    
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Figure 5. Heatmap of microbial genera by groups. a) Metagenomic sequences of the HDL group: light yellow 

color represents low RA. a dark color represents high RA; b) IDL group of metagenomic sequences: light blue 

color represents low RA. a dark color represents high AR; c) LDL group of metagenomic sequences: light green 

color represents low RA. a dark color represents high RA; d) Alluvial plot: yellow color represents RAR of HDL 

group; blue color represents RAR of IDL group and. green color represents RAR of LDL group. Shannon's 

diversity index (H) 

The relative abundance (RA) of enterobacteria genus in order of declining was: Tatumella (72,83), 

Pseudomonas (22,05), and Klebsiella (18,11). Tatumella was found in the three groups, but 

Pseudomonas and Klebsiella were present exclusively in HDR (Figure 5 a). The highest RAR of 

enterobacteria metagenomic sequences corresponded to IDR (36.05%), followed by LDR (32.44%), 

and finally, HDR (31.50%) (Figure 5 d).   

Three yeast genera were identified in order of declining abundance: Hanseniaspora (93.0), 

Issatchenkia (68.6), and Pichia (0.77) (Figure 5 a, b, c). Hanseniaspora was present in the three 

groups together with the genus Pichia. However, the genus Issatchenkia only occurred in IDR and 

HDR (Figure 5 a, b). Metagenomic sequences of filamentous fungi of the Mucor (2.37) genus were 

notable in HDR (Figure 5 a), but these sequences did not appear in LDR and IDR (Figure 5 b, c). 

The yeasts' RAR in order of declining abundance corresponded to IDR (36.8%), LDR (34.2%), and 

HDR (31.9%) (Figure 5 d). Other sequences above the genus, not identified, were also found. In 

decreasing order of RAR, they correspond to IDR (36.8%), LDR (33.8%), and HDR (31.9%) (Figure 

5 d). 
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The relative abundance of metagenomic sequences of two LAB genera was highlighted: The 

Lactobacillus (36.49) genus, which was only present in IDR, and Weissella (3.95), present in all three 

groups (Figure 5 a, b, c). The highest RAR of these metagenomic sequences corresponded to IDR 

(49.14%), followed by LDR (44.38%) and HDR (6.48%) (Figure 5 d).   

Two genera of AAB were found: Gluconobacter (6.42), present in all three groups, with a higher 

RA, and Acetobacter (0.14), which only occurred in IDR with a lower RA (Figure 5  b). In addition, 

an increased relative abundance of the Frauteria genus was also found, a genus with metabolic 

characteristics like AAB (Figure 5 b). In these cases, the RAR was as follows: LDR (86.24%), IDR 

(10.64%), and HDR (10.33%) (Figure 5 d). 

Another important finding was the presence of the genus Bacillus (20.47), which was also presented 

exclusively in LDR (Figure 5 c). Other three genera of bacteria soil were also found in decreasing 

order of abundance: Stenotrophomonas (85.71), Luteibacter (51.02), and Variovorax (28.57), which 

are not frequent among CFCs but appeared with high RA in LDR (Figure 5 c). Metagenomic 

sequences of the genus Cellulosimicrobium (6.58) in LDR and IDR were also highlighted (Figure 5 

b, c). Although, the CFS metagenomic analysis did not previously detect this genus. 

 4. Discussion 

The results suggest that the OMF density had the highest contribution to fermentation quality and 

performance. In this case, it was successfully implemented to obtain the best conditions that 

influenced the efficiency of the fermentation process. OMF treatment in CCN–51 cocoa beans 

fermentation process effectively increased both the fermentative yield and bean quality, implying a 

satisfactory alternative for the optimization fermentation process of this essential product. A 

quadratic behavior in the Model of both responses was observed when the OMF changed. This 

behavior in both models was consistent with the findings of Anaya et al. (2021), who reported that 

OMF 60 Hz/220 V and 5 mT influences the quadratic behavior of the colony's diameter of various 

species of fungi [5].  

4.1. Changes in sensory profile 

Cocoa beans' sensory quality and performance improvement results induced by MEF during cocoa 

fermentation agree with different processes modulated by electromagnetic fields. Konopacka et al. 

(2019) [7], and Andrade et al. (2021) [49], found that a rotating magnetic field of 16–18.5 mT by 

continuous exposure up to 72 hours and a magnetic flux density of 10 mT by 24 hours, respectively, 

increases the bioethanol production process by S. cerevisiae. Boeira et al. point out that a magnetic 

field of 35 mT exposure between 24 and 40 hours reduces 56.5% nivalenol in alcoholic fermentation 

by S. cerevisiae [50]. Also, Lin et al. demonstrated that the inactivation efficacy of PMF on E. coli 
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O157:H7 was proportional to the pulse number and intensity of PMF [51]. In contrast, Nakasono et 

al. report that a 300 mT exposure for 5–24 hours in yeast cultures has no effect [52]. 

4.2. Microbial ecosystem changes 

The higher microbial diversity in LDR and minor diversity in HDR at 24 hours could be explained 

based on EMF effects on microorganisms. Several authors confirm that EMFs can condition both the 

stimulation and the inhibition of microbial species, affecting the dynamics of microbial populations 

in each ecosystem [6 – 14]. For example, Strašák et al. demonstrated that OMF of density 2.7–10 

mT, frequency 50 Hz, and time 0–12 minutes reduces the growth of Escherichia coli [53]. On the 

other hand, Novák et al. report that OMF density of 10 mT, frequency 50 Hz, and time of 24 minutes 

decreased the growth of S. cerevisiae [54]. This fact was also corroborated by Bayraktar et al., who 

also found that OMF density of 5 mT, frequency of 160 Hz, and time of 30 minutes decrease the 

growth of S. cerevisiae [55]. For their part, Gao et al. also found that OMF of density 0.2–1 mT, 

frequency 50 Hz, and time 4–8 hours increased the growth of Aspergillus niger [56].   

4.2.1. Effects in enterobacterial communities 

In SCFs, the enterobacterial colonizes the early hours and is involved in the pectinolytic degradation 

of cocoa pulp and the assimilation of citric acid [57]. Recent investigations confirm that Tatumella 

correlated positively with gluconate in the cocoa pulp and with ethyl isovalerate and benzaldehyde 

in the cocoa beans, which conditions good flavors in the chocolate [58]. However, Pseudomonas is 

a primary colonizer that prolonge the lactic acid phase and limits enzyme activities [59]. In this sense, 

the high notes of bitterness and acidity in HDR may be related to the development of these genera.  

4.2.2. Effects on yeast communities 

The genera Hanseniaspora, Issatchenkia, and Pichia have also been reported as predominant in the 

first hours of FCs due to their active participation in the enzymatic degradation of cocoa pulp. These 

yeasts have high fermentative activity and condition important flavor precursors in the first hours of 

the SFC by transforming sugars into aldehydes, esters, and alcohols, compounds related to pleasant 

notes in the cocoa bean [57, 58]. Recent studies indicate that Hanseniaspora and Pichia can produce 

monoterpenes (nerolidol, linalool, geraniol, and citronellol) related to the floral flavor of cocoa beans 

[59, 60]. The absence of the Saccharomyces genus occasionally isolated from SFCs is also a notable 

result in this study since most of the SFCs highlight the prevalence of this yeast genus. The 

Saccharomyces genus is particularly sensitive to MEF and can be stimulated or inhibited at different 

densities [12, 52, 54]. The relative abundance of these genera in HDR and HDR could also condition 

the differences in the notes found as a function of the field density. 
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4.2.3. Effects in LABs communities 

LABs are generally considered an important group developed in the anaerobic phase of SFCs and 

associated with producing cocoa bean flavor and color precursor molecules [60 – 66] by transforming 

citric acid and pulp sugars into lactic acid, acetic acid, and mannitol [60, 61]. However, no other 

LAB genera were found, except Weissella and Lactobacillus. Although several authors highlight the 

role of the LAB in CFS, others question its relevance in CFS [67]. Another notable result was the 

low AR of the Lactobacillus genus, which was only found in LDR despite being the most abundant 

genus in SFCs, which is evidence of the inhibitory effect of magnetic fields on some bacterial genera 

[68].  

4.2.4. Effects in AABs communities 

In the aerobic phase, AABs are also the most common in SFCs. However, they can also be present 

from the beginning of fermentation, oxidizing ethanol and lactic acid (produced by yeasts and LABs) 

to acetic acid [69 – 72]. This process promotes the death of the embryo and the development of 

different flavor precursors in SFC [31, 61, 63]. Although the Acetobacter genus is the most abundant 

in SFCs, in its place, Frateuria stood out in LDR, IDR, and HDR. This genus produces acetic acid 

from glucose and ethanol, and can oxidize lactate. Consequently, the relative abundance of these 

genera in LDR and, to a lesser extent, in HDR could also determine differences in flavors and odors 

found as a function of magnetic field density.  

4.2.5. Effects in other microbial genera 

Unlike other genera that commonly develop more abundantly in the anaerobic phase, the high 

abundance of four soil bacterial genera, such as Stenotrophomonas, Luteibacter, Variovorax, and 

Bacillus, was very notable in LDR, which shows more remarkable development of species at low 

field density. Most of these genera are related to the pectinolytic decomposition of the pulp, 

facilitating the aeration of the medium and the start of the aerobic phase [5 0– 54, 63]. Recently, this 

activity in the Bacillus genus has been related to flavor precursors and the formation of pyrazines 

[71, 72].  

4.2.6. EMF conclusive evidence 

There is evidence that EMF can condition changes in microbial metabolism (inducing the synthesis 

of different primary and secondary metabolites), such as those reported by Liao et al., [73] who 

demonstrated that the low–frequency magnetic field improved the performance of pigments of 

Monascus purpureus significantly reducing citrinin production and Alvarez et al., [74] who affirm 
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that the densities of the sinusoidal magnetic field of 5 to 20 mT in 4 to 12 h managed to increase the 

production of nisin by Lactococcus lactis. In this sense, it could be guessed that both the interaction 

and single effects of the OMF and the concentration of the inoculum could have a direct and indirect 

impact on the different autochthonous microbial species of the cocoa bean [60, 75], which could also 

occur, giving rise to favorable conditions in the fermentation process of the cocoa bean. These 

findings could be the slight notes of flavor fine found in CCN–51.  

On the other hand, although a change in magnetic energy is insignificant compared to covalent bond 

energies, it has been seen that the magnetic field can or not change the energy levels in a biological 

system and its constituent molecules by changing the speed of biochemical reactions (especially 

those involving pairs of radicals) [58, 59, 76]. Thus, changes in the genetic expression of various 

microbial species induced by EMFs have also been shown, such as that reported by Wang et al. 2017 

who found that ambient magnetic fields of 5 mT increase the expressions of genes related to signal 

transduction, cell motility and the activity of ammonium–oxidizing aerobic bacteria [77]. 

Since the metagenomic study was limited to the first 24 hours of fermentation and the optimal growth 

of the main genera in SFCs is established between 24 and 96 hours [15], the microbial population 

analysis found could have been underestimated. However, the first microorganisms to colonize can 

determine the course and progress of fermentation [47, 55, 60]. In this regard, the change observed 

in the cocoa bean fermentation could be an indirect effect of modifications in both the gene 

expression of the microbial species present and their metabolic activity.  

Thus, in the coordinates obtained in the study, favorable conditions were generated for good 

fermentative performance and grain quality. Consequently, the appearance of undesirable microbial 

genera (Pseudomonas, Mucor) in HDR could lead to poor grain quality. In contrast, the microbial 

genera found in LDR and IDR could develop more favorable characteristics in the grain, conditioning 

better fermentative performance and sensory quality. Another hand, the genus Cellulosimicrobium 

found in LDR and IDR could be a contaminant obtained during the DNA extraction process as 

described in other research, as this genus is usually found in the soil [78]. 

On the other hand, although the process was optimized, the study coordinates were limited to the 

OMF emission range of the electromagnetic device, where stable emissions were obtained over time. 

However, results indicate that optimal values of cocoa bean quality could still be reached at densities 

below 5 mT. Therefore, before carrying out a process on a larger scale, evaluation of the lower OMF 

density ranges that fell outside the limits of this study should be considered.   

5. Conclusions 

This study proposes a new concept to improve fermentation performance and cocoa bean quality 

using electromagnetic fields and a new direction to explore the mechanism of magnetic field 
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influence on the cocoa bean fermentation process. In addition, the observed phenomena should also 

be explained in terms of new process parameters (e.g., abiotic factors, microbial populations, volatile 

components, and kinetic variables). Nevertheless, despite the production costs required to control the 

large–scale cocoa bean fermentation process, the quality assurance of cocoa providing a stable 

market is promising. Thus, technological synergies will bring advances and future contributions to 

the science and industry of chocolate. 
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Suplementary material 

Table S1. Analysis of variance (ANOVA) reduced for Central Composite Design (CCD CCF) Face–Centered 

Cube (α = 1) for fermentative yield (Y2) and bean quality (Y4). 
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Figure S1. Diagnostics Plots: a.b) Normal Probability; c.d) Externally Studentized residuals  
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Figure S2. Numerical Optimization Graphs   
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Table S2. Confirmation matrix of theoretical and practical results 

Analysis 
Predicted 

Mean 
 Std 

Dev 
n 

SE 

Pred 

95% PI 

low 

Observed 

Mean 

95% PI 

high 

Fermentative 
yield 

114.37  3.92 3 N/A 108.77 110.46 120.05 

Bean quality 111.04  6.73 3 N/A 101.59 102.67 120.70 
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Abstract  

Cocoa liquor is the primary precursor of the highly worldwide appreciated chocolate commodity. Its 

quality depends on several factors, like cocoa type, the fermentation process, and the control of the 

contaminants on the fermented beans. This study aims to evaluate if the induced magnetic field 

treatment during the fermentation process or the pathogen reduction with gamma irradiation after the 

fermentation affects the characteristics of cocoa liquor obtained from Ecuadorian cocoa beans. For 

this purpose, liquor samples from control (standard process), from beans treated with an induced 

magnetic field up to 80 mT, and from beans irradiated with doses up to 3 kGy were characterized 

through Raman spectroscopic analysis and sensorial evaluation. The most relevant bands of the cocoa 

liquor were assigned according to literature reports, spectroscopic data, and chemometrics. The 

spectra corresponding to different treatments and doses were visually very similar, but they could be 

discriminated using OPLS_DA. The most intense Raman signals were attributed to lipid components. 

At 1 kG, the sensory evaluation qualifies a marked tendency to unpleasant flavors, while at higher 

doses (3 kG) I highlight the presence of floral and fruit flavors, and intense aroma. Therefore, both 

treatments may exert an influence on cocoa beans and, therefore, on the cocoa liquor quality. 

Keywords: chocolate; cocoa beans; cocoa liquor; Raman spectroscopy; magnetic field; fermentation 

 1. Introduction 

The production of cocoa beans and the chocolate industry constitute an essential part of the 

economies of many countries [1]. Indeed, the demand for high–quality cocoa beans and their products 

shows a consistent rise year by year [2], with chocolate ranked as one of the most popular foods in 

the world [3]. Moreover, there is an increase in the consumer's interest in premium chocolates 

containing organic, single–origin, and fair–trade cocoa, as well as chocolates with high cocoa content 

[4]. Therefore, rapid growth in cocoa–related industries has been observed, which implies remarkable 

incomes for many countries [5].  

Chocolate is composed of cocoa liquor, sweeteners, emulsifiers, and additional components that are 

held in suspension within cocoa butter or other substitute fat sources [6], and subjected to refining, 

conching, tempering, and standardization [7]. The cocoa fermentation process hugely influences the 

quality of chocolate; during this step, the beans go through chemical and physical transformations 

that define desired characteristics such as aroma and flavor [8]. Cocoa fermentation occurs due to 

the sequential microbial action of yeasts, lactic acid bacteria, and, eventually, acetic acid bacteria [9]. 

Each group of microorganisms produces specific compounds responsible for cocoa beans' sensory 

and organoleptic attributes. For instance, volatile organic compounds like fatty acetate esters and 

acid ethyl esters; are produced through the action of yeasts involved in reactions of the amino acid 

metabolism during fermentation. These compounds play a crucial role in creating the aromatic and 
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flavor profiles, often marked by fruity undertones, found in chocolate [10]. 

The application of electromagnetic fields can help improve the fermentation processes of different 

agricultural products [11,12], including cocoa beans [13]. It is considered a safe technology that does 

not generate toxic products and is not difficult to apply. Food processes induced by electromagnetic 

fields have shown effectivity in terms of bacteria activation, stimulation of their growth, production 

of metabolites, and improved sensory quality when compared to conventional treatments [14]. 

The electromagnetic fields utilized in food processing can be categorized into dynamic forms 

(pulsating and alternating fields) and static forms (like constant magnetic fields). Additionally, the 

classification can be based on the magnetic field's intensity in the given space, leading to uniform or 

non–uniform fields. The response of charges within the food matrix determines whether the magnetic 

field type is oscillating, pulsed, or static [14]. The intensity may fall under different ranges: less than 

1 T (considered weak), 1 to 5 T (regarded as strong), or higher than 5 T (classified as ultra–strong) 

[15,16]. This variation depends on the interaction between the induced field and the organisms. The 

sought–after outcomes encompass stimulating the growth of beneficial microbes, enhancing their 

metabolic activity, and improving mycelium production, among other effects [17]. 

On the other hand, consuming chocolate with a high cocoa content has positive effects on health 

[18], such as lowering blood pressure, inhibiting platelet activation, improving endothelial function, 

and avoiding insulin resistance [19]. This fact is consistent with scientific evidence of the presence 

of phenolic compounds in chocolate, such as flavan–3–ols and derivatives, hydroxycinnamic acids, 

flavones, ellagitannins, hydroxybenzoic acids, and curcuminoids [20]. However, the presence of 

pathogens may overshadow these benefits, as in the case of aerobic microbes, spores from 

thermophilic acidophilus bacteria, and mesophilic aerobic bacteria reported in chocolate [21]. The 

conversion of fermented cocoa beans into chocolate requires thermal processing (roasting); 

However, some microbial structures, such as mold and bacterial spores, can persist and remain viable 

[22]. This underscores the importance of employing methods that prevent the growth of undesirable 

microorganisms. 

For many years, gamma irradiation has been utilized to eradicate microbiological risks (including 

pathogenic and food spoilage microorganisms) in food products. This application has been 

demonstrated to effectively enhance food safety without undermining nutritional characteristics, 

consumer well–being, or sensory attributes [23,24]. In this technology, food products are exposed to 

the ionizing radiations emitted by Cobalt–60 or Cesium–137 radioisotopes, which have high energy 

and a penetration capacity of several feet [25,26]. Additional applications include the shelf–life 

extension in processed foods and meats, sprout inhibition in bulbs and tubers, ripening delay in fresh 

products, insect disinfecting in cereals, quarantine control in fruits, pathogen reduction in spices, 

parasite inactivation [27], and improving food mycotoxicological safety [28]. Food irradiation, also 
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known as ionization, exhibits exciting benefits such as the absence of chemical residues after the 

treatment; the avoidance of important temperature increases during the process; versatility since it 

can be applied to low and high moisture products as well as fresh or frozen food [29]; and ease 

regarding the operation of the radiators since the gamma rays are emitted in all directions, 

continuously, and at a predictable rate [30]. The process does not require much electric energy, and 

it is not a water–consuming method. On the other hand, gamma rays are unsuitable for some products, 

especially those in which quality properties are affected by the reduction of firmness, such as plums 

and pears [28, 31]. The dose sensitivity of a product depends on its composition because some 

macromolecules are more susceptible to radiation than others (lipids> carbohydrates>proteins). In 

this sense, radiation is widely recommended for fish, meat, and poultry. Contrary to fruits and 

vegetables, which are characterized by higher contents of carbohydrates that could experience 

hydrolysis reactions, foods with a high lipid content are susceptible to auto–oxidation [29, 32]. 

Therefore, the dose must be carefully selected depending on the nutritional profile of the product.  

Food exposed to a proper irradiation dose for technical purposes is safe and nutritionally adequate 

[33]. The flavor and some nutritional properties could experience modifications, but these changes 

are, in general, less noticeable than those observed when applying conventional preserving 

treatments (cooking, canning, pickling, freezing, and drying) [28]. Additionally, food ionization 

could be more expensive than other methods, the availability of irradiation facilities is limited, and 

certain importing markets decline irradiated products [34]. However, unit costs can be lowered if 

larger volumes of product are subjected to this treatment and if irradiation facilities operate close to 

their maximum capacity. Also, many products have overcome trade barriers through gamma 

irradiation [35]. Many people still resist accepting irradiated food due to misconceptions about 

ionizing radiation. In these cases, consumer reliance on this technology could be acquired through 

education and scientific evidence [36]. All things considered, gamma treatments exhibit a more 

significant number of advantages than drawbacks. The key challenge of this food technology is to 

identify the dose at which desirable aspects are maximized and shortcomings are minimized.  

Another significant aspect of consideration, aside from the controlled fermentation process and 

ensuring microbial safety, is that the quality of chocolate is inherently tied to both the quality of the 

raw materials and the various stages of manufacturing [37]. Chemical, physical, and sensory methods 

are used to analyze it. Safety, color, aroma, flow behavior, and texture are the principal quality 

parameters in chocolate [38]. Also, particle size distribution, viscosity, melting profile, and hardness 

[39]; sensory properties related to mouthfeel [40]; fat, protein, carbohydrates, water, and ash content 

[41] are quality attributes essayed in chocolates. 

Chocolatiers require quick, efficient, and easy to apply techniques for quality control [42]. In this 

sense, spectroscopic tools are fast, simple, and inexpensive; they do not require much sample 

preparation and do not need reagents that later constitute chemical waste [43, 44]. Raman's 
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spectroscopy has a broad spectrum of potential applications in the food industry, as it enables the 

identification of various components within a food matrix as macromolecules (water, protein, 

carbohydrates, and fat), the migration of packaging material to the product, the presence of synthetic 

dyes and carotenoids, changes experienced during stages of manufacture at a structural or 

conformational level, and evaluation of counterfeits and microorganisms [45, 46]. The structure, 

type, conformation of the molecules, and crystallinity are some of the data acquired by examining 

the spectra generated from the dispersed light once the laser is in contact with the sample [47].  

Raman's spectroscopy finds specific applications in assessing chocolate quality. For instance, it is 

used to analyze the crystallization behavior of cocoa butter by identifying distinctive spectral 

signatures corresponding to its various crystal polymorphs [48], especially the V polymorph 

responsible for textural properties such as glossiness, snap, and absence of fat boom since 

crystallization determines the chocolate's texture, stability, quality [49], and sensory properties. 

Raman spectroscopy has been reported to characterize the lipid fraction chemically and infer the 

presence of other fat sources in different types of dark, milk, and white chocolates [50]. Also, 

chocolate constituents have been mapped with Raman microspectroscopy [51]. Concerning the 

authentication of single–origin chocolates, it could be done based on the results from Raman 

spectroscopy; in fact, this technique has made possible the distinction between two Ecuadorian cocoa 

varieties [44]. Raman's technology, coupled with other techniques, can offer alternatives to 

evaluating the quality of chocolate.  

This line of research extends to the field of innovation and differentiation in the chocolate industry, 

looking for unique flavors and profiles that differentiate their products. The application of magnetic 

fields or gamma radiation, if shown to have a controlled and positive effect on the quality of cocoa 

liquor, could potentially be used as a novel method to develop distinctive flavor profiles, improve 

product diversity, and captivate consumers most demanding consumers. 

This study aims to assess whether the magnetic field induced during the fermentation process, or 

gamma radiation from fermented cocoa beans, correlates with changes in the quality of the resulting 

cocoa liquors. For this purpose, spectroscopic measurements were done on cocoa liquor samples 

from regularly fermented and non–irradiated beans (control), from beans irradiated with up to 3 kGy, 

and from beans exposed to an electromagnetic field system up to 80 mT during fermentation. The 

impact of gamma irradiation on the sensory profile was also analyzed through sensorial evaluation 

carried out for non–irradiated and irradiated samples.  
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2. Materials and Methods 

2.1 Cocoa bean fermentation induced by magnetic fields 

CCN–51 cocoa (Theobroma cacao L.) pods were sourced from local producers in Santo Domingo, 

Ecuador. Careful selection ensured that the pods were defect–free, undamaged, and uniformly 

orange, indicating optimal maturity. The cocoa beans were appropriately packed in polyethylene 

bags, followed by transportation and storage in a cold room maintained at temperatures between 7 

and 12 °C. These conditions were maintained until the tests were conducted, which took place within 

a span of no more than 32 hours. The cocoa pods were washed and opened manually to obtain clean 

grains free of impurities or defects. In each trial, 3 kg of prepared cocoa beans ready for fermentation 

were positioned in 5 L plastic fermentation containers equipped with openings on the front and sides. 

The incubation setup (Heraeus, Model B 5042) was upheld at a consistent temperature of 37±0.5 °C 

and a relative humidity of 85±0.8% (Heraeus, Model B 5042). The fermentation was stopped after 

seven days, and the beans were dried in a forced–air rotary kiln (Roller, R610) at 60 °C for 4 hours 

and subsequently roasted. 

A day after initiating the fermentation process, during the aerobic phase, the samples were exposed 

to a low–frequency magnetic field of intensities 0 (control), 5, 48, 62, and 80 mT. This exposure was 

accomplished using a Helmholtz prototype designed for generating electromagnetic emissions. The 

setup includes a validated Helmholtz coil with a surface area of 0.2 m², an alternating current 

generator, and a digital signal connection system to ensure the uniformity of the oscillating magnetic 

field (OMF) between the coils. For comprehensive information regarding the setup and operational 

procedures, reference can be made to a previous report [13]. All experiments were conducted in 

triplicate. 

2.2. Gamma irradiation treatment of fermented cocoa beans 

Cocoa beans from the National and CCN–51 varieties, which had undergone regular fermentation 

and drying, were stored at ambient temperature (18 °C). These beans were then exposed to ionization 

using a Co–60 panoramic irradiator (CIS bio International, France). The cocoa beans (1.3 kg) were 

packed in polystyrene trays covered with a plastic film, placed vertically, and irradiated at doses from 

0.10 to 3.00 kGy in triplicate, according to the descriptions in Tables S1 and S2. Non–irradiated 

samples of each variety were used as controls of the experiment. The dosimetry was assessed by four 

Bruker BioS pin dosimeters placed in one of the triplicates at different tray positions, as shown in 

Figures S1 and S2. The exposed dosimeters were read in an Electron Paramagnetic Resonance 

Spectrometer (BrukerBiospin, e–scan, Canton, MA). 
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2.3. Cocoa liquor samples 

The liquor samples were prepared from CCN–51 cocoa beans subjected to the induced magnetic field 

fermentation process using 0, 5, 48, 62, or 80 mT at 60 min, and from CCN–51 and National cocoa 

beans irradiated with doses of 0.10; 0.20; 0.30; 0.45; 0.60; 0.75; 1.00; 2.00 and 3.00 kGy. Sensory 

evaluation was performed as the only answer for Multivariate Analysis of data. Two hundred cocoa 

beans were toasted at 123 °C for 10 minutes in an oven (Memmert, UF30, Schwabach, Germany). 

The beans were manually peeled and pre–grinded (Foss, KN 295, Hillerod, Denmark) for 2 minutes 

at room temperature (25 °C). The grounded beans were refined (NCM, 502, New Taipei City, 

Taiwan) for 15 minutes. The obtained cocoa liquor was poured into molds, cooled at 15 °C, and 

stored in labeled plastic bags at 0 °C, once the liquor was solidified. 

2.4 Raman spectra measurements of cocoa liquor samples 

Raman analyses of cocoa liquor samples were conducted using a spectrometer (Rigaku Raman 

Technologies, Wilmington, MA, USA) equipped with a 1,064 nm Nd: YAG laser source and a 

Peltier–cooled InGaAs photodiode array. Temperature regulation was achieved by utilizing a 

cryogenically cooled Ge detector to maintain the samples' solid state. Measurement conditions were 

490 mW, 1,000 ms of exposure, and 5 counts. The measurements were done randomly in different 

spots on the sample's surface, and each sample had 20 replicates. Before Raman measurements, a 

daily calibration method was carried out with a standard. 

2.5 Sensorial evaluation of cocoa liquor from gamma–irradiated cocoa beans 

Six trained panelists assessed the sensory profile of the liquors corresponding to the irradiated CCN–

51 and National cocoa beans, by a quality rating method [38]. The following attributes were 

considered: floral, fruity, almondy or nutty, cocoa, acid, bitter, astringent, and earthy flavors, and 

aroma in tenseness. The parameters were rated in duplicate, with an intensity scale from 0 to 5 (0: 

absence; 1: very mild; 2: mild; 3: medium; 4: strong; and 5: very strong). 

The sensorial evaluation was done similarly to the method followed by Papalexandratou, et al., 2011 

in liquor samples, with some modifications [52]. A portion of the liquor was placed on the tongue's 

surface to identify and quantify the attributes of interest. The evaluators cleansed their palates with 

water to eliminate any lingering flavors. They then allowed a 5–minute interval before sampling the 

next specimen. The cocoa liquor was tasted in a solid–state, at room temperature. The average 

ambient conditions of the room where the assessment was performed were 25±2 °C and 56% relative 

humidity. 
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2.6 Multivariate data analysis of the Raman spectra of cocoa liquor 

Raman's spectra were imported in bulk using a script (steps' sequence) in Origin v2021 9.8 

(OriginLab Corporation, Northampton, MA, USA). The spectra were organized sequentially and then 

transposed to have the objects (observations, subjects, or items) in rows and the wavelengths 

(variables) in columns. Then, the required demographic, categorical, and qualitative variables were 

added to describe the different samples, groups, categories, or classes. 

A few spectra were plotted randomly to identify the spectral zone corresponding to the region of 

interest (ROI). The rest of the ranges (without information) were removed from the data. The spectral 

region of interest (ROI) for all samples underwent a pre–processing sequence that is widely 

recognized and commonly employed in spectroscopy, as documented in previous studies. The 

sequence consisted of a baseline correction, SNV standardization (subtracting the arithmetic mean 

and dividing by the standard deviation), and soft smoothing (noise reduction) using the Savitzky–

Golay method. Finally, the multivariate data analysis involved implementing orthogonal partial least 

squares regression with discriminant analysis (OPLS–DA) within the SIMCA software (Sartorius, 

Göttingen, Germany). This process was carried out following a methodology designed to achieve the 

highest degree of meaningful differentiation between samples. 

3. Results and Discussion 

3.1. Cocoa liquor Raman spectra 

The average Raman spectra of 20 cocoa liquor samples prepared with the CCN–51 variety is depicted 

in Figure 1, and their frequency assignment is summarized in table 1. 

Figure 1. Average Raman spectrum of cocoa liquor from CCN 51 variety: (a) standard process (control); (b) 

induced magnetic field fermentation process (80 mT); (c) gamma irradiated process (3 kGy). 
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Table 1. Experimental frequencies (cm–1) and assignment of the Raman spectra of Ecuadorian cocoa liquor 

(CCN–51 variety).  

The main constituents of cocoa liquor are lipids, since around 44% of its precursor (cocoa beans) 

corresponds to this type of molecule [53]. Triacylglycerols account for around 98% of cocoa lipids, 

and their composition differs between geographical origins [54, 55]. Cocoa butter is formed mainly 

by three triacylglycerols (TAG): glycerol–1–palmitate–2–oleate–3–stearate (POS); glycerol–1,3–

distearate–2–oleate (SOS), and glycerol–1,3–dipalmitate–2–oleate (POP) [56]. Palmitic (C16:0), 

oleic (C18:1), stearic (C18:0) [57, 58], and linoleic (C18:2) [59] acids are the main components of 

TAGs cocoa butter fatty acid profile. In this sense, the Raman spectra of the cocoa liquor should also 

mainly be represented by the spectral signals of those compounds. Indeed, the Raman spectra of 

cocoa liquor exhibit the more intense bands at 1,071, 1,301, and 1,445 cm–1, which occur at similar 

wavelengths found in fatty acid moieties reported previously in the literature and correspond to the 

C–C stretching, C–H twisting, and scissoring deformation modes, respectively [60].  

In agreement, Raman measures conducted in cocoa butter evidenced bands in polymorphs from V at 

1,063 and 1,297 assigned to the stretching v(C–C), skeletal, and τ(CH2) twisting modes, respectively 

Experimental 

wavenumber 

(cm–1) 

 Intensity Assignment vibrational modes 
Proposed 

compound 

Exact 

wave 

number  

(cm–1) 

Reference  

626 VW 

Distortion of the skeletal structure 

of aromatic rings, substituent 

groups, and side chains 

Native lignin 634 [1] 

– 
Polygalacturonic 

(pectic) acid H–Pec 
621 [20] 

C=C–C deformation Theobromine 626 [2] 

OH out–of–plane deformation 

coupled with C=C ring stretching 
Vitamin C 621 [29,30] 

779 VW 

Deformation of aromatic rings, 

substituent groups, and side chains 

involving O=C–C deformation 

Native lignin 787 [1] 

 Theobromine 777  [2, 3] 

860 VW 
(C6–C5–O5–C1–O1) 

Polygalacturonic 

(pectic) acid H–Pec ( 

a–glycosidic bonds 

in H–Pec) 

853 [4] 

N=C–H deformation Caffeine 850 [2] 

 

1071 
M 

𝑣(C–C) Cocoa butter 1000–1150 [5] 

𝑣(C–C) 
Cocoa butter 

polymorphs form V 
1063 [6] 

C–O stretchings ring modes 
Cell Wall of Valonia 

ventricosa cellulose 
1071 [7] 

𝑣(CO) + 𝛿(OH) 
Polygalacturonic 

(pectic) acid H–Pec 
1079 [4] 

C–N symmetric stretching Caffeine 1080 [2] 

Stretching of the C–O–C bond and 

bending of the C–O–H bond 
Vitamin C 1081 [8,9] 

1135 sh 

a mode of coniferaldehyde unit Native lignin 1134 [1] 

𝑣 (COC) glycosidic bond, ring 
Polygalacturonic 

(pectic) acid H–Pec 
1145 [4] 

C–N  stretching Caffeine 1131 [2] 
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[48]. Also, Raman peaks in several TAGs: tripalmitin, trimyristin, trilaurin, triundecanin, and 

triacetin showed a strong band due to the CH2 scissoring vibration at 1,445 cm−1 [61,62]. Therefore, 

the mentioned bands of cocoa liquor can be assigned to fatty acid groups and alkaloid moieties of 

cocoa triacylglycerols.   

Additionally, it should be noted that most of the Raman bands occurring in lipid materials are 

ascribed to the acyl chain, which is why fatty acids spectra are similar to TAGs spectra containing 

them [63]. Fatty acids share the assignations aforementioned related to TAGs, and the following 

bands have been reported: between 1,050 and 1,150 cm–1 correspond to v(C–C) stretching, at 1,296 

cm–1 for δ(CH2) twisting, and between 1,400 and 1,500 cm–1 for δ(CH3) or δ(CH2) deformations [64]. 

Literature has indicated that monosaturated and unsaturated fatty acids show peaks occurring in the 

same wave numbers, with the difference that the latter has broader bands. 

Other Raman signals occurring in the assessed cocoa liquor spectra related to the fatty acid fractions 

include the band at 1,664 cm–1, which can be assigned to the stretching of the C=C double bonds, 

and the 1,747 cm–1 one to the elongation of C=O of the ester carbonyl stretching mode [60]. Both 

spectral features in the spectrum of cocoa liquor seem to be typical of unsaturated fatty components, 

particularly oleic acid moiety (1,659 and 1,744 cm−1) [65,66]. Therefore, these bands could be 

attributed to oleic acid moiety from cocoa liquor TAG, but the presence of other TAGs cannot be 

ruled out because the signals reported previously for other TAGs are very close (1,743 cm–1 for 

tripalmitin, 1,742 for trimyristin and trilaurin) [67]. 

The previous assignation of the C=O and C=C double bonds agrees with another work in cocoa butter 

that depicted peaks at 1,745.4 and 1,733.8 cm–1, representing crystallization forms III and IV, 

respectively, which correspond to the region described for stretching vibrations due to C=O bonds. 

Also, the C=C stretching region exhibits a band at 1,662.7 cm−1 associated to the presence of oleic 

acid and representative of form IV of cocoa butter at room temperature [68]. Also, by the Raman 

spectra of their corresponding monoacid triglycerides reported in the literature, which assignations 

of C=O stretching vibrations are at 1,720–1,750 cm–1, C=C stretching vibrations at 1,600–1,680 cm–

1, CH2 or CH3 group scissoring deformations at 1,400–1,500 cm–1, CH2 twisting at approx. 1,300 

cm–1 and C–C stretching vibrations at 1,060–1,090 and 1,110–1,180 cm–1 region [63]. 

Most identified predominant Raman features in the cocoa liquor spectra correspond to fatty 

components. However, peaks from other compounds present in cocoa liquor may be current. Some 

signals previously assigned to the fatty fraction may overlap with others corresponding to lignin, 

cellulose, hemicellulose, pectins, phenolic compounds, and alkaloids present in cocoa liquor in lower 

amounts. In this regard, weak signals corresponding to lignin may occur in cocoa liquor Raman 

spectra; based on, low values of the ratio between lipid and lignin in the inner surface of the cocoa 

nibs have been found [44]. The lignin features observed in the spectra appear at 356, 456, 539, 626, 
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779, 1,135, 1,220, 1,301, 1,362, 1,445, 1,603, and 1,659 cm–1. Consistently, bands at similar 

wavelengths in native lignin spectra have been identified at 357, 463, 537, 634, 787, 1,134, 1,216, 

1,297, 1,454, 1,602 and 1,658 cm–1 [69]. 

Most of the strongest bands of cellulose may not be visible in cocoa liquor samples due to the overlap 

of more intense ones corresponding to other compounds; for instance, cellulose and hemicellulose 

reported bands are expected to overlap with those of monolignol units of lignin [70]. However, some 

weak signals appear in the spectra at 356, 456, 989, 1,071, 1,108, 1,250, 1,301, 1,362, and 1,445 cm–

1, which are similar to those reported by softwood–cellulose at 351, 458 (some heavy atom 

stretching), 1,073, and 1,298 cm–1 [71]. Another study of regenerated cellulose II showed bands at 

352, 456, 1,115, and 1,307 cm–1 some nearby the mentioned in softwood–cellulose. Similar 

wavelengths of some bands occurred in cellulose I from the bacterial origin [72] and, in Valonia 

ventricosa cellulose, bands at 366 and 462 (assignation not reported), 997 and 1,071 (assigned to C–

O stretching ring modes), 1,249 (assignation not reported), 1,293 (CH2 twisting), 1,359 (C–H 

deformation), and 1,454 (O–H deformation) cm–1 were distinguished [73]. Hemicellulose has similar 

chemical bonds to cellulose; hence their bands could be overlapped [74,75].  

Pectins are plant cell wall polysaccharides formed by D–galacturonic acid [76]. Polygalacturonic 

(pectic) acid H–Pec spectra depicted bands at 537 and 621, 775 (ring 'breezing'), 853 ((C6–C5–O5–

C1–O1)), 990 (γ(COOH)dimers), 1,079 (v(CO) + δ(OH)), 1,105 (v(CC)(CO)), 1,145 (v(COC) 

glycosidic bond, ring), 1,254 (δ(CH)), 1,740 (v(C=O) COOH) [77]. Cocoa liquor spectra showed 

bands in similar locations to the previously reported at 539, 626, 779, 860, 989, 1,071, 1,108, 1,135, 

1,250 and 1,747 cm–1. In addition, potassium pectate (K–Pec) depicted similar bands, differing in 

only one band (vas (COO–) that was at 1,607 cm–1 instead of 1,740 cm–1.  

Regarding polyphenolic compounds, cocoa, and chocolate have great contents of procyanidin 

flavonoids, catechin, and epicatechin [78]. Cocoa liquor may depict some Raman features that 

support its presence and are discussed below based on occurring peaks reported in the literature. 

Distinct spectral bands have been documented for polyphenolic compounds, encompassing aromatic 

ring vibrations within the range of 1,300 to 1,600 cm–1. These vibrations arise from the stretching of 

a semicircle of the ring, accompanied by contractions in the other parts. Additionally, CH bends are 

observed between 1,400 to 1,500 cm–1, and C–C ring vibrations result from the stretching of two 

opposing benzene ring quadrants, while the remaining quadrants contract, within the range of 1,500 

to 1,600 cm–1 [79,80]. Flavonoid spectra revealed notable bands within the 1,570 to 1,700 cm–1 range 

[81]. Specifically, the band identified at 1,603 cm–1 in the spectra might correspond to vibrations 

arising from the aromatic ring's ν (C=C) of polyphenolic compounds [82]. 

Methylxanthines are the most abundant alkaloids in cocoa, theobromine, caffeine, and theophylline; 

together with polyphenols, they are responsible for the characteristic bitter taste [83–85]. The 
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similarity of the molecular structure of alkaloids gives rise to a resemblance in their Raman features, 

mainly in the range of 900 to 3,200 cm–1 [86]. Representative bands associated with alkaloids that 

were observed in the cocoa liquor spectra will be discussed next, even though most of them might 

overlap. Theobromine spectra depicted bands at 460, 620, 777, 946, 1,298, 1,360, 1,594 and 1,660 

cm–1 [87,88]. Similar bands with slight shifts that corroborate the presence of this alkaloid in the 

analyzed samples were observed at 456, 626, 779, 940, 1,301, 1,362, 1,603, and 1,659 cm–1; they 

could be assigned to δ (pyrimidine ring) + δ(CNO) + δ(CH) [87], C=C–C deformation [65], O=C–C 

deformation, ρ(CH3), ν(C–N) + ρ(CH3), ν(C=N) + ν(C–N), ν(C=C) + ν(C–N) + δ(CH3) and C=O 

asymmetric stretching [87,88]; respectively.  

Consistently, a study made with cocoa beans and their extracts reported some of the mentioned 

Raman bands at 459, 620, 776, 1,296, and 1,594 cm–1 and suggested that they constitute useful 

information to distinguish theobromine from theophylline [65,88]. All bands above 1,000 cm–1 may 

be overlapped with more intense ones, like those reported above. Caffeine Raman spectra depict 

bands at 225, 850, 975, 1,080, 1,131, 1,188, 1,241, 1,600, 1,656, and 1,700 cm–1 [88], while the cocoa 

liquor spectra of our study shows similar bands with slight shifts; this corroborates the presence of 

the mentioned alkaloid in the analyzed samples. The spectral bands found at 225, 860, 1,071, 1,135, 

1,250, and 1,699 cm–1, which are common in both cocoa varieties, could be linked to specific 

molecular vibrations, namely N–C–N deformation, N=C–H deformation, C–N symmetric stretching, 

C–N stretching, C–N stretching, and C=N stretching [88]. Moreover, the signals identified at 1,178, 

1,603, and 1,659 cm–1 might be attributed to stretching vibrations involving C–C, C=C, and 

asymmetric C=O bonds [88]. 

The presence of organic acids in Ecuadorian cocoa liquor has also been evidenced [89]. The 

identified spectral bands at 225, 860, 1,071, 1,135, 1,250, and 1,699 cm–1, which are commonly 

observed in both cocoa varieties, can be associated with specific molecular vibrations: N–C–N 

deformation, N=C–H deformation, C–N symmetric stretching, C–N stretching, C–N stretching, and 

C=N stretching [88]. Additionally, the signals found at 1,178, 1,603, and 1,659 cm–1 are likely linked 

to stretching vibrations involving C–C, C=C, and asymmetric C=O bonds [88]. Citric acid features 

may be present in the evaluated cocoa liquor spectra of both varieties at 456, 626, 1,108, 1,071, 1,250, 

1,362, and 1,445 cm–1, and in CCN–51 at 989, 1,108, 1,659 cm–1.  

On the other hand, Figure 2 (a) shows the score's scatter 3D plot for the cocoa liquor produced using 

low–intensity magnetic field–induced fermentation. At first glance, the data were rather scattered, 

especially for the samples that received large magnetic field doses (Figure 2, front location in the 

front view, or right–hand location in the top view). Although the lab conditions were as controlled 

as possible during the processing of the cocoa liquor, such data dispersion is probably due to the 

many variables involved in this experimental (non–commercial) processing. Notwithstanding this, 

the figure visibly demonstrates distinct differentiation among the samples based on the specific 
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magnetic field treatments they were subjected to. It must be noticed that the points corresponding to 

the largest magnetic field doses tend to separate the most from each other. This would tell that those 

samples were very different in their Raman responses, that is, in their composition and possible 

properties.  

Figure 2(b) shows the contribution plot for the t0 samples (lower part) regarding the t4 samples 

(upper part) shown in Figure 2(a). This plot remarks on the variables explaining why the t0 samples 

deviate from the t4 samples. The intensity of the deviation is shown as bars/lines. This way, the larger 

the bars/lines values (in the Y axis), the larger the variable importance, and the sign of the line–

sequence (down = minus and up = plus) indicates in which direction the variables deviate. The 

variables colored orange are outside the 3 std dev limit range; that means they are even more 

important variables. 

Figure 2. Chemometric analysis of the cocoa liquor produced using magnetic field–induced fermentation: (a) 

Front and top (right–wise rotated) views of the Scores Scatter 3D plot. The magnetic field is shown as t0 (0 mT), 

t1 (5 mT), t2 (48 mT), t3 (62 mT), and t4 (80 mT); (b) Contribution plot for the t0 samples (lower/positive side) 

regarding the t4 samples (upper/negative side). The orange–colored variables are outside the 3 Std Dev limit 

range. 

The most important bands for the t0 samples were at 1,292 (related to the 0mT group), 1,297 (related 

to the τ(CH2) of cocoa polymorphs [48]), 1,303, 1,431, 1,436, and 1,441 cm–1 (related to δCH3) or 

δ(CH2) of triolein and trilinolein reported at 1,440 [63]). The most important bands for the t4 were 
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at 225 (N–C–N deformation of caffeine), 231 (related to the 62mT group), 238, 244, 250, 363 (OH 

groups bending vibrations ,  out–of–plane γ(B) , γ(OH) of quercetin at 365 [92]), 620, 626 (C=C–C 

deformation of theobromine [65,88]), 739, 745, 751, 757, 768(O=C–C deformation of theophylline 

at 760 [88]), 850 (N=C–H deformation of caffeine [88]), 862, 1,344, 1,360 (v(C=N) +  v(C–N) of 

theobromine [87]), 1,365, 1,370, 1,375, 1,380, 1,385, 1,390, 1,574, 1,579, 1,583, 1,588, 1,593 (C=C 

stretching of theobromine at 1,594 [65,88]), and 1,621 cm–1.X 

The most important bands for the non–irradiated samples were at 1,060 (related to the group), 1,065, 

1,071 (related to v(C–C) of cocoa butter polymorphs form V at 1,063 [46]), 1,098, 1,103 (v(C–C) 

TAG triolein at 1,118 [72]), 1,124, 1,130 (v(C–C) of cocoa butter [56]), 1,286, 1,291, 1,296, 1,301 

(τ(CH2) of cocoa butter polymorphs form V at 1,297 [46]), and 1,636.69 cm–1. The most important 

bands for the 2.00 kGy irradiated samples were at 209 (related to the group), 248 (related to the  

group), 261, 324, 337, 350 (some heavy atom stretching of softwood–cellulose at 351[58]), 362, 437, 

443, 449, 462 (δ(pyrimidine ring) + δ(CNO) + δ(CH) of theobromine at 460 [55]), 474, 486, 499, 

523, 535 (OH groups bending vibrations, out–of–plane γ(B), γ(OH) of quercetin at 546 [91] also 

pectins), 548, 560, 608, 620 (C=C–C deformation of theobromine [52,59]), 632, 644, 656, 668, 680, 

691, 738, 831, 842, 1,306 (τ(CH2)of TAG triolein and trilinolein at 1,302 [72] and v(C–N) + ρ(CH3) 

of theobromine at 1,298 [55]), 1,311, 1,316, 1,337, and 1,357 (v(C=N) + v(C–N) of theobromine at 

1,360 [55] cm–1. 

Figure 3(a) shows the score's scatter 3D plot for the cacao liquor produced after the irradiation of the 

CCN–51 samples of cocoa beans. The data was less scattered when compared to the set in Figure 2. 

The figure shows a good discrimination of the samples regarding the different irradiation doses they 

received, especially when the doses were higher.  

  



 

135 

Figure 3. Chemometric analysis of the cocoa liquor produced after irradiating the CCN51 samples: (a) Front 

and right–rotated side views of the Scores Scatter 3D plot. The radiation doses were: 0.00, 0.10, 0.20, 0.30, 0.45, 

0.60, 0.75, 1.00, 2.00, and 3.00 kGy; (b) contribution plot for the non–irradiated samples (lower/positive side) 

regarding the 2.00 kGy irradiated samples (upper/negative side). The orange–colored variables are outside the 3 

StdDev limit range. 

The front view (Figure 3(a), left) shows that the lower dose (darker blue) samples remained rather 

close to each other, which would indicate that those samples were less different from each other. 

This, in turn, would imply that their Raman responses were still similar at the macroscale, which 

suggests that their composition and possibly, their properties were also somehow similar at the 

macroscale. On the other hand, the two largest doses (yellow and red in Figure 3(b)) were completely 

separated from the rest of the samples and from each other. This tells us that these samples were very 

different in their Raman responses, both in their composition and in their properties. Figure 3(b) 

shows the contribution plot for the non–irradiated samples (lower part) regarding the 2.00 kGy 

irradiated samples (upper part), shown as the darkest blue and yellow dots in Figure 3, respectively. 

This plot remarks on the variables explaining why the non–irradiated samples deviate from the 2.00 

kGy irradiated samples. 

3.2. Sensorial attributes of cocoa liquor from gamma irradiated cocoa beans 

The averages of the evaluated attributes in cocoa liquor prepared from irradiated beans of CCN–51 
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and National varieties are presented in Table S3 and Figure 4. 

Figure 4. Sensory attributes of cocoa liquor from gamma–irradiated cocoa beans. The scales of the attributes 

are based on the intensity that has been generated after the treatments. Radiation treatments are represented on 

the radial axis in Gy, 0 corresponds to the control (non–irradiated). 

Several odor–active compounds enable humans to perceive the characteristic chocolate flavor [93]. 

Cocoa presents basic flavors like acid, bitter, astringent, sweet, and salty, and specific flavors like 

cocoa, floral, nutty, and fruity. Chocolates appreciate and look for attributes such as floral, cocoa, 

sweet, and nutty since they give chocolate special notes [94]. 

The sensory attributes of fruity, almondy or nutty flavors, bitter and astringent flavors, and the aroma 

of tenseness exhibited a very mild intensity in the CCN–51 control sample. Additionally, the floral 

attribute was absent, while cocoa, acid, and earthy flavors showed a mild intensity. On the other 

hand, the National liquor control sample exhibited a medium intensity in the cocoa attribute and a 

mild intensity in the almondy or nutty flavor. Also, the fruity and floral attributes were absent, 

whereas the acid, bitter, and astringent flavors, and the aroma of tenseness showed a very mild 

intensity. The National variety demonstrated higher values regarding the almondy, cocoa, and 

astringent flavors, and the aroma's intensity.  

The cocoa flavor depends on the genotype and on the preharvest (farming practices, environmental 
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conditions) and postharvest processing of the beans, stages in which specific aroma arises [83]. 

Concerning genotype, the bulk cocoa variety, CCN–51, devoid of the typical flavors and aromas of 

the fine varieties [95], while the National one, a fine variety, is known to have a distinctive sensory 

profile with floral and aromatic notes [83]. Different authors have highlighted its unique organoleptic 

quality [96].  

Interestingly, the evaluated attributes in both cocoa varieties exhibited several changes in the 

irradiated samples. The very mild fruity attribute in the CCN–51 increased at 2.00 and 3.00 kGy. 

Therefore, it is inferred that radiation could enhance compounds responsible for the perception of 

this attribute, which is found in fine varieties but present in minimal quantities in CCN–51. For 

example, β–myrcene and β–cis–ocimene are compounds attributed to fruity flavor and floral aroma, 

respectively. β–myrcene (5.70 ± 1.00 %) and β–cis–ocimene (5.20 ± 0.70 %) are present in the pulp 

of the fine cocoa variety SCA6, whereas CCN–51 has less than 0.30% of these terpenes [95]. Other 

volatile compounds that have been found in CCN–51 are 2,3–butanediol, which is related to aroma, 

and acetophenone and 1–phenyl–2–ethanol that are linked to fruity and floral notes [97]. The fruity 

and floral attributes associated with the National cocoa variety were enhanced with the irradiation, 

since it made them more evident to the senses. This may be akin to the enhancement in ethyl 

ethanoate (fruit fragrance) in rice wine achieved with the increase in radiation dose [98].  

Almondy flavor in CCN–51 was maintained with irradiation at doses up to 0.75 kGy, while at higher 

doses, it experienced a progressive decrease. In the National variety, this flavor decreased non–

uniformly with ionization at different doses, except at 0.45 kGy, in which the initial value was 

maintained. There was a complete loss of the almondy attribute at 2.00 and 3.00 kGy in both varieties. 

Concerning the cocoa attribute in CCN–51, it diminished at all doses except at 0.20 kGy, in which 

the mild intensity remained similar to the control, while the greatest loss occurred at 1.00 kGy. In the 

National samples, this attribute decreased too, and the lowest values were found at 0.30, 2.00, and 

3.00 kGy. Pyrazines, aldehydes, and esters are related to the nutty, cocoa aroma, and fruity flavors, 

respectively in cocoa and chocolate. Several aroma–active compounds in a cocoa liquor study 

identified tetramethylpyrazine, benzaldehyde, and 3,5–diethyl–2–methylpyrazine that confer nutty, 

almondy, and cocoa aromas; respectively [96]. Thus, an influence of radiation on the compounds 

responsible for the aforementioned attributes is inferred. 

The findings demonstrated alterations in attribute intensity corresponding to the administered doses, 

mirroring the diverse impacts of radiation doses (ranging from 2.5 to 10.0 kGy) on irradiated salted 

and fermented anchovy sauce. The study concluded an increment in furan and alcohol content at the 

essayed doses, an increase in the concentration of aldehydes, esters, ketones, and S–containing 

compounds only at doses up to 7.5 kGy, and a reduction at higher ones. They suggested the radiolysis 

reactions of functional groups induced by the radiation at 10 kGy [99]. 
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The mild acid taste of CCN–51 was maintained at 0.30 and 0.45 kGy, while it decreased at 0.60 kGy 

and higher doses. The largest reduction of this attribute occurred at 0.75 kGy, and an increase was 

observed at 0.20 kGy. The acid taste of the National variety is lower; this behavior was maintained 

at almost all the irradiation doses. This attribute increased at 0.10 kGy, decreased at 0.60 and 1.00, 

and was completely lost at 3.00 kGy. Acids generated during the fermentation process of cocoa, 

including lactic and acetic acids, contribute to acidic flavor notes, which are recognized as 

characteristic sensory attributes [95, 100]. Based on experimental data, it can be deduced that gamma 

irradiation could decrease the acidity of both varieties at 1.00 kGy and larger doses, to a greater 

extent in the CCN–51 variety. The increase in acidity could be due to the degradation of large fat 

molecules caused by the radiation, followed by the production of smaller ones, including free fatty 

acids [101]. On the other hand, the reduction in acidity might be a consequence of the hydrolytic 

decomposition of the acid groups produced by gamma rays [102, 103]. 

The behavior of bitterness and astringency attributes could be explained by changes in the content of 

antioxidants that may affect the sensory profile of cocoa liquor prepared from irradiated beans. Since 

plants and plant materials use their antioxidant system as a defense mechanism from the stress caused 

by the products of oxidative reactions, such as the free radicals released through gamma irradiation 

[104]. 

The mild bitter taste determined in the CCN–51 control sample was maintained at the different 

treatments and decreased solely at 1.00 kGy. In contrast, in the National variety, it increased at 0.10, 

0.60, 0.75, and 1.00 kGy. The most remarkable increment was at 0.75 kGy, which may suggest that 

radiation also interacts with the compounds attributed to bitter taste. The presence of 

methylxanthines, namely theobromine and caffeine, provides the bitter taste consumers perceive in 

Amazonian cocoa and chocolate [105]. Indeed, alkaloids, flavonoid content, antioxidant activity, and 

phenolic compounds have increased in gamma–irradiated seeds [106, 107]. Besides, a correlation 

between total polyphenol content and bitter flavor has been established [108]. This may explain the 

increasing bitter taste in cocoa liquor obtained from irradiated beans. Conversely, a study of gamma–

irradiated monsoon coffee suggested an increasing degradation of chlorogenic acid with the dose 

[109], which may explain the reduction of the bitter taste in the evaluated cocoa liquors.  

The astringency in CCN–51 only changed at 0.30 and 0.45 kGy, doses at which the attribute 

increased. In the National variety, it decreased in all the treatments, except at 0.75 kGy. The reduction 

in the cocoa bean's astringency could improve its palatability, since an increase in bitterness, 

astringency, and acidity (due to an inappropriate fermentation) could negatively affect the cocoa 

flavor and other attributes [94]. The aroma intensity in CCN–51 was completely lost when doses of 

0.45, 0.75, and 1.00 kGy were used, but it increased at 2.00 and 3.00 kGy. Unlike what was observed 

in the bulk variety, the aroma decreased in all the radiation treatments with the National variety, with 

a maximum reduction of 0.60 kGy.  
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Other authors have also found a difference in the flavor profile in irradiated samples. A study of dried 

scallions exposed separately to three irradiation sources and subsequently assessed by electronic 

sensing (e–nose and e–tongue) concluded that the irradiation treatments affected the amounts of the 

identified volatile compounds. A notable increase associated with the aroma profile was found at 4 

and 7 kGy, while the perception of taste attributes increased at the last dose (7 kGy) for samples 

irradiated in an e–beam and with gamma rays. There was a detectable change in the volatile 

compound profile during gamma–ray treatment [110]. Kakdugi samples prepared with red pepper 

powder ionized with gamma rays at doses of 0 (control), 3, 5, and 7 kGy were grouped into four 

different clusters after e–nose analysis at the beginning of the fermentation process. This could have 

been due to the influence of radiation on its odor molecules [111]. Grapes subjected to gamma 

irradiation at 0.67, 1.30, 2.00, and 2.70 kGy exhibited an increment in anthocyanin concentrations at 

the higher doses, contrary to the maintained flavonoids and flavonols. The concentrations of aroma 

compounds associated with fruity and floral notes showed an increase at the first three doses [112].  

The increase in the perception of aroma attributes may be explained by the influence of radiation in 

compound bonds. Since bounded glucosides in grapevine are identified as odorless in contrast with 

free volatile compounds [112, 113]. Besides, a study on irradiated nutmeg concluded that glycosides 

responsible for aroma in nutmeg were broken down by irradiation, resulting in an enhancement in 

the content of volatile compounds [112, 114]. 

Both cocoa varieties showed a rancid flavor in the samples irradiated at 1.00 kGy, and it was more 

intense at 2.00 and 3.00 kGy. This could be attributed to the interaction of the triacylglycerol fatty 

acids with gamma rays; in particular, unsaturated fatty acids are susceptible to radiation, and they 

generate products that contribute to rancidity [115]. A dependence on the type and content of 

unsaturated fatty acids has been reported [116,117]. 

4. Conclusions 

To the best of our knowledge, this study is the first to assess the influence of an induced magnetic 

field during cocoa bean fermentation on the constituents of the liquor obtained from them and the 

influence of the ionization of fermented cocoa beans with gamma rays on the flavor constituents of 

the liquor. Raman's spectroscopy enables the identification of compounds that are present in cocoa 

liquor. Raman's bands were attributed to lipid and lignocellulosic compounds, pectin, flavonoids, 

theobromine, and organic acids. Also, the irradiation dose, the electric field intensity, and the cocoa 

variety can be discriminated using chemometric tools. Therefore, the potential application of this 

spectroscopic tool to identify and evaluate irradiated foods, products exposed to induced magnetic 

fields during fermentation, and chocolate products have been demonstrated. Cocoa constituents 

exhibited interactions with gamma rays that may be translated into changes in the sensory profile of 

the resulting cocoa liquors, which are perceptible to human senses. In this regard, sensory attributes 
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exhibited variable behaviors depending on the dose, and in some of them, a marked tendency (i.e. 

rancid) was observed at 1 kGy and higher doses. All in all, radiation an influence on cocoa bean 

constituents and compounds responsible for sensory attributes in cocoa liquor prepared with 

irradiated National and CCN–51 cocoa beans. The determination of a dose that provides the 

irradiation benefits and preserves the cocoa's nutritional and flavor attributes should be pursued in 

future research. 

Regarding the induced magnetic field in cocoa fermentation, further experiments are needed to find 

out and explain the variables responsible for the data dispersion, which would help to improve the 

cocoa liquor processing. 

Supplementary Materials: Figure S1: Schematic representation of the dosimeter at four positions 

in the plastic trays, identification of the maximum and minimum dose and DUR calculus at each 
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tray containing cocoa beans in each treatment; table S1: Time treatment, dose, dosimeter readings, 

and Dose Uniformity Rates (DUR) of irradiated Nacional cocoa beans; table S2: Time treatment, 

dose, dosimeter readings, and Dose Uniformity Rates (DUR) of irradiated CCN–51 cocoa beans and 
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Supplementary Material 

Table S1. Time treatment, dose, dosimeter readings, and Dose Uniformity Rates (DUR) of irradiated Nacional cocoa beans. 
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Table S2. Time treatment, dose, dosimeter readings, and Dose Uniformity Rates (DUR) of irradiated CCN–51 cocoa beans.  
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Figure S1. Schematic representation of the dosimeter at four positions in the plastic trays, identification of the 

maximum and minimum dose and DUR calculus at each irradiation treatment 
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Figure S2. Location of 4 dosimeters at A, B, C, and D position in the plastic tray containing cocoa beans in each 

treatment 
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Abstract: 

The objective of this research was to assess the impact of oscillating magnetic fields (OMF) on the 

growth kinetics of the core microbial communities in Collections Castro Naranjal (CCN–51) cocoa 

beans. The data were obtained by three different models: Gompertz, Baranyi, and Logistic. The cocoa 

beans were subjected to different OMF strengths ranging from 0 mT to 80 mT for one hour using the 

Helmholtz coil electromagnetic device. The viable microbial populations of yeast (Y), lactic acid 

bacteria (LAB), and acetic acid bacteria (AAB) were quantified using the colony–forming unit (CFU) 

counting method. The logistic model appropriately described the growth of LAB and Y under 

magnetic field exposure. Whereas, the Baranyi model was suitable for describing AAB growth. The 

microbial populations in cocoa beans exposed to magnetic fields showed lower (maximum specific 

growth rate (μmax), values than untreated controls. Microbial populations in cocoa beans exposed to 

magnetic fields showed lower values (maximum specific growth rate (Nmax)) than untreated controls. 

The AABs exhibited the highest average growth rate value (N=7.25 Log CFU/g) at 5 mT, while the 

Ys exhibited the lowest average growth rate value (N=2.86 Log CFU/g) at 80 mT. 

Keywords: kinetic models, cocoa fermentation, electromagnetic field, microbial growth 

1. Introduction 

Kinetic growth studies of microorganisms are crucial for understanding and optimizing fermentation 

and other biological processes. These studies provide insights into growth patterns, metabolic 

activities, population dynamics, nutrient utilization, and product formation [1 – 4]. They are 
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especially important for applications in the fermentation process, i.e., bioremediation [1], 

biodegradation of pollutants [2, 3], and biogas production [4]. Kinetic information on specific growth 

rates, lag phases, biomass yields, and substrate consumption rates under different environmental 

conditions help construct mathematical models that optimize and predict bioprocess outcomes [5]. 

In the food industry, selection of appropriate models depends on the characteristics of the 

microorganism and the food matrix, and their accuracy should be validated with experimental data 

[6, 7]. Comparative analysis of different mathematical models has shown that specific models are 

suitable for different types of microorganisms and food matrices [6, 8]. 

Logistic, Baranyi, and Gompertz models are widely used in the analysis of microbial kinetics. The 

logistic model is used to describe microbial population growth by considering initial density, time, 

growth rate, and final density. On the other hand, the Baranyi model considers dynamic conditions 

and encompasses lag, exponential, and stationary phases of microbial growth [9, 10]. The Gompertz 

model is suitable for microorganisms with longer lag phases and slower growth rates, since it assumes 

an exponential decline in growth rate over time [9]. Recent investigations have proposed 

modifications to these models and have carried out significant tests on their parameters to improve 

their understanding and application in studies of microbial growth [11].  

Cocoa fermentation is a multifaceted process guided by the metabolic actions of diverse 

microorganisms, encompassing yeasts, lactic acid bacteria, and acetic acid bacteria. These 

microorganisms break down sugars and other compounds in the cocoa pulp, resulting in the 

formation of flavor and aroma compounds that significantly influence the quality of the final cocoa 

product [12 – 15]. However, the growth kinetics of cocoa bean fermentation microorganisms do not 

conform to conventional models, mainly due to the need for improved process control and the 

complexity of the microbial communities involved [16, 17]. 

In cocoa fermentation systems, the microbial community may exhibit dominance of a limited number 

of several major taxa within a complex network. Fitting kinetic models in fermentation involves 

determining an optimal time frame and sampling frequency to consider each group of 

microorganisms as an individual population [17]. Several approaches have been utilized, including 

models that integrate substrate utilization, microbial growth, metabolite production, and transport 

processes [16]. However, the choice of the model also depends on the specific fermentation system 

and the microorganisms being studied. These approaches have proven effective in fitting kinetic 

models and advancing fermentation research. 

Recent studies have explored various techniques to speed up fermentation, improve the quality and 

intensity of flavor, and aroma of cocoa beans. These techniques such as pulp preconditioning [18], 

aeration [19], started culture [20], acetic and lactic reagents [21], enzymes [22], ohmic heating [23], 

and extremely low–frequency electromagnetic fields (ELF–EMF) [24] have improved the overall 
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quality of the beans, offering new development opportunities in the chocolate industry. 

The potential influence of extremely low–frequency (50–60 Hz) electromagnetic fields ELF–EMF 

on microbial fermentation processes is remarkable. The findings indicate that electromagnetic fields 

can affect microbial growth and metabolic activity, which could affect the production of fermentation 

products [25, 26]. Understanding the effects of electromagnetic fields is particularly crucial in cocoa 

bean fermentation, as it improves the sensory and nutritional properties of cocoa beans by precisely 

controlling fermentation conditions [24, 27]. This understanding also opens avenues for enhancing 

the production of flavor precursors, antioxidants, and other bioactive compounds from cocoa beans. 

This study aims to empirically demonstrate the impact of electromagnetic fields on microbial growth, 

particularly in the context of cocoa bean fermentation, using controlled conditions and established 

models. The results will enhance our understanding of this relationship and provide insights to 

optimize cocoa bean fermentation, ultimately improving cocoa quality and flavor development. 

Thus, this research not only advances scientific knowledge on ELF–EMF effects but also holds 

practical significance for enhancing fermentation processes and benefiting the chocolate industry. 

2. Materials and Methods 

2.1. The cocoa beans processing  

The research methodology encompassed the selection and preparation of cocoa pods exposed to 

various electromagnetic field densities and two different fermentation scenarios: controlled 

conditions with meticulous temperature and humidity regulation, and uncontrolled conditions lacking 

environmental regulation. Controlled conditions included sterilization, inoculation with a starter 

culture, and continuous monitoring of fermentation parameters, while uncontrolled conditions 

omitted these procedures. This experimental design made it easy to examine and juxtapose the 

impacts of EMF and fermentation conditions on growth kinetics.  

2.1.1. Selection and Preparation of Cocoa Pods: 

The CCN–51 variety cocoa pods, obtained from local producers in the province of Santo Domingo, 

Ecuador, and the absence of pest–related damage or defects. The selected pods were packed in 

polyethylene bags and refrigerated at temperatures between 7–12 °C. The maximum storage time 

before the experiment was limited to 32 hours [24]. 

2.1.2. Controlled Fermentation Conditions (CFC): 

In a controlled fermentation setup, each cocoa pod underwent sanitization by being immersed in a 
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sodium hypochlorite solution with a concentration of 200 ppm for a duration of 5 minutes. After this, 

the cocoa beans were aseptically extracted and placed in plastic containers with lateral and ventral 

openings, in an amount of 3 kg per experimental unit. The beans were inoculated with a previously 

obtained natural starter culture (section 2.2). The containers were placed in a fermentation chamber 

(Bauuman CFT, Valencia) with a controlled temperature (37 °C ± 0.5) and humidity (85% ± 0.8) for 

84 hours, with periodic shifts every 24 hours. Experimental conditions were regularly monitored 

following established protocols [24, 28]. 

2.1.3. Uncontrolled fermentation conditions (UFC): 

Cocoa beans were obtained from the pods without any prior chemical treatment for uncontrolled 

fermentation conditions.  Similar to the controlled conditions, the beans were placed in plastic 

containers at 3 kg per unit. No inoculation with a starter culture was performed. The containers were 

placed in an isolated, cool place, free of pests and insects, but without environmental control [24]. 

2.2 Preparation of natural starter culture. 

To acquire a natural inoculum of CCN–51 cocoa pulp, the beans were initially manually de–pulped, 

resulting in a semi–liquid mucilage subjected to controlled fermentation for eight hours at 37 °C [28]. 

This suspension was subjected to different electromagnetic field density treatments for one hour, 

followed by inoculation via spraying, according to the experimental design detailed in section 2.5. 

2.3. Electromagnetic field (EMF) system 

Helmholtz's coils were employed to produce an electromagnetic field according to the method 

described by Hu [29]. The system comprised two circular coils with a radius of 0.205 m, connected 

in series and powered by a variable voltage source operating at 60 Hz, generating a magnetic field 

density ranging from 1 to 120 mT. During the magnetic field treatment, the samples were positioned 

between the coils. A Hall effect Tesla meter (SS49E) measured the magnetic fields, regulated through 

a specialized electronic board (Arduino nano) to obtain a digital signal transmitted to a computer 

[30]. The v9.0 interface of the Laboratory Virtual Instrument Engineering Workbench (LabVIEW) 

software was used for data output Software, and the Comsol Multiphysics Software v12 to model the 

magnetic field lines between the coils (see Figure 1). 
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Figure 1. Influence of oscillating magnetic fields (OMF) by Helmholtz coil electromagnetic device, on the 

microbial growth kinetics of cocoa beans, CCN–51. OMF intensities ranging from 0 mT to 80 mT for one hour. 

Viable populations of lactic acid bacteria (LAB), acetic acid bacteria (AAB), and yeasts (Y) determined 

quantitatively as a function of time 

2.3. Electromagnetic treatment 

Each natural inoculum was placed at the center of the Helmholtz coils and exposed to varying 

intensities of OMF, as per the experimental design (section 2.5). The OMF densities used in the 

experiment were 0mT, 5mT, 42mT, and 80mT [24] (Table 1). In the fermentation conditions, two 

types of exposure were distinguished and carried out according to the experimental design: exposure 

to the beans (EB) and exposure to the culture (EC). The samples were positioned as closely to the 

center of both rings as feasible, ensuring a suitable separation between them. All interventions were 

closely observed and randomly arranged 



 

163 

2.4. Evaluation procedure 

2.4.1 Microbial concentrations 

The viable bacteria and yeast in cocoa bean samples and their growth were monitored every 12 hours 

using the colony–forming unit (CFU) method [31]. The samples of fermented cocoa beans were 

diluted in peptone water, homogenized, and then subjected to serial dilution, aiming for a maximum 

of 150 to 200 colonies per plate. Following that, diluted samples were distributed onto specific agar 

media. These included malt extract agar (MEA, Oxoid, Thermo Fisher Scientific) for yeast, De Man, 

Rogosa, and Sharpe (MRS, Oxoid, Thermo Fisher Scientific) agar for lactic acid bacteria, and 

mannitol yeast extract agar (MYP, Oxoid, Thermo Fisher Scientific) for acetic acid bacteria [19, 28]. 

The plates were incubated at optimal temperatures for yeast growth (24°C) and lactic and acetic acid 

bacteria growth (30°C) [32]. A digital colony counter (Isolab brand) was used to determine the 

number of colonies on each plate. The N values for each sample were calculated using equation 1 

[31]. 

𝑁 = 𝐿𝑜𝑔 (
∑ 𝐶𝑖

𝑗
𝑛=𝑖

𝑉𝑖 × 𝑝 × 𝑑
)                                                                                                 (1) 

Where n represents the number of replicas, i indicates the subset of n, j signifies the total number of 

replicas, Ci represents the total count of colonies in each replicate, V denotes the volume of the 

inoculum, p stands for the count of plates, and d refers to the minor dilution utilized to determine the 

colony–forming units (CFU) of microbial groups present in cocoa beans. 

2.4.2 Kinetics models 

Three mathematical models, namely Gompertz [33], Baranyi [34], and Logistic Models [35], were 

employed to analyze the microbial growth curves during fermentation. The non–linear regression 

analysis was employed to estimate the model parameters, and subsequently, the model equations (2–

5) were fitted to the experimental data. 

2.4.2.1 Gompertz kinetic model 

The Gompertz model's parameters have significant biological implications. The maximum growth 

rate (k) is the slope of the curve at the inflection point, while the maximum population density 

represents the upper asymptote of the curve. The initial population density (No) is the curve's lower 

asymptote [9]. The Gompertz model assumes that the growth rate decreases exponentially as the 

population approaches the environment's carrying capacity. This model is commonly utilized to 
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describe bacterial population growth [33].  

 𝑁(𝑡) = 𝑁0 ∗ 𝑒𝑥𝑝 [−𝑒𝑥𝑝 (𝜇𝑒
(

1

𝑁0
)
(𝑡 − 𝑡𝑙𝑎𝑔))]                                                                                          (2) 

where N(t) is the population size at time t, No is the initial population size, μ is the maximum specific 

growth rate, t_lag is the lag time, and e is the base of the natural logarithm (2) 

2.4.2.2. Baranyi kinetic model  

The Baranyi model assumes that bacterial growth occurs in two stages: a lag phase and an exponential 

phase, with the latter characterized by constant growth. The Baranyi kinetic model's parameters 

include the lag phase duration (λ) when bacteria adapt to a new environment and initiate growth. The 

maximum growth rate (μmax) is the maximum bacterial growth rate during the exponential phase. The 

shoulder duration (δ) is when bacteria reach their full growth rate after the lag phase. The final cell 

concentration (Nf) is the maximum cell concentration achieved at the end of the exponential phase 

[34]. The model also accounts for a stationary phase in which growth slows due to nutrient depletion 

or waste accumulation [9, 34]. 

𝑁(𝑡) = 𝑁0 +
𝜆

𝛼
∗ 𝑙𝑛 [

(𝑒(𝛼(𝜇𝑚𝑎𝑥−𝜆)𝑡)) + (𝑒(−𝛼∗𝜆∗𝑡))

2
]                                                                              (3) 

Where: N(t) is the bacterial population at time t, No is the initial bacterial population, λ is the lag 

phase duration, μmax is the maximum specific growth rate, α is the mean growth rate during the 

exponential phase, given by α = (μmax – λ) / Nmax, where Nmax is the carrying capacity of the system 

[35, 36]. 

2.4.2.3. Logistic kinetic model  

The Logistic model generates two essential parameters, the intrinsic growth rate (r) and the carrying 

capacity (N), which characterize population growth dynamics [37]. The intrinsic growth rate signifies 

the highest growth rate achievable in an unrestricted environment, while the carrying capacity 

indicates the maximum population size that the environment can support. Rooted in the assumption 

that population growth is proportionate to the present population size and constrained by the 

environment's carrying capacity, the logistic model finds wide application in describing population 

growth over time within the realms of population biology and ecology [9, 37]. 

𝑁(𝑡) = 𝑁0 ∗ (1 + 𝑒(−𝑟𝑡))
𝑁

                                                                                                          (4) 

Where: N(t) is the population size at time t, No is the initial population size, N is the growth rate 
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constant, r is the maximum population size, also known as the carrying capacity 

The kinetic Lag Logistic model is a modification that incorporates a lag phase, during which the 

microorganisms adapt to the environment, followed by an exponential growth phase that slows down 

as the available resources are depleted [9, 36, 37]. This model has been applied in various fields, 

including food microbiology and environmental science, to study the growth of microorganisms 

under different conditions [37]. 

𝑁(𝑡) = 𝑁0 +
(𝑁𝑚𝑎𝑥 − 𝑁0)

(1 +𝑒𝑥𝑝 𝑒𝑥𝑝 (
(𝑙𝑎𝑔 − 𝑡)

𝜆
) )

                                                                                                (5) 

Where N(t) is the number of microorganisms at time t, N0 is the initial number of microorganisms, 

Nmax is the maximum number of microorganisms that the environment can support, lag is the lag 

time, and λ is a parameter that determines the steepness of the growth curve. 

2.5. Statistic procedure 

2.5.1. Experimental design 

The adjustment of growth models, Gompertz, Baranyi, and Logistic, was analyzed using Logistic 

Regression Design (LRD) design in the Design Expert v 13 (Stat–Ease) software from historical data. 

The analysis considered four factors: OMF Density (0, 5, 42, and 80 mT), exposure type (exposure 

to beans and exposure to culture), exposure time (30 and 60 min), and operating conditions 

(uncontrolled and controlled fermentation conditions) [38]. The response variable used was a binary 

variable: level 1 represented Model Fit Success (MFS), while level 0 indicated Model Fit Failure 

(MFF) (Table S1a and b) in supplementary material).  

The growth parameters and metrics, including μmax (maximum specific growth rate), N (maximum 

population density), lag (lag phase duration), RMSE (Root Mean Square Error), AIC (Akaike 

Information Criterion), and BIC (Bayesian Information Criterion), The response variables were 

assessed utilizing analysis of variance (ANOVA) applied to historical data, with statistical 

significance (p < 0.05) serving as the criterion for identifying meaningful differences among the 

factors. Additionally, a post hoc analysis employing the Shefé method was conducted to further 

examine these differences [39]. The factors considered in the analysis were OMS density, with levels 

set at 0 mT, 5 mT, 42 mT, and 80 mT, and model type, with levels set as Gompertz, Baranyi, and 

Logistic (Table S2 a, and b in supplementary material). 
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2.5.2. Models fit 

The fermentation process was mathematically modeled using online Micro Risk Lab predictive 

microbiology statistical software [40]. Various metrics were used in the same software to assess the 

fit and accuracy of the model predictions. Gompertz, Baranyi, and logistic equations were used to 

model microbial growth under different experimental conditions [9]. It was assumed that these 

models effectively captured the growth dynamics of diverse microbial species from distinct microbial 

categories under uniform conditions [9, 17]. For the fit of the kinetic models, the first 84 hours of 

fermentation microbial growth were considered, taking samples every twelve hours and considering 

each group’s growth as a single population [16, 17]. 

The experimental data were utilized to fit the model equations and estimate their kinetic parameters. 

The quality of fit was evaluated using AIC and BIC calculations. AIC was computed using the 

formula AIC = –2 log(L) + 2p, with L indicating the likelihood function and p representing the 

number of model parameters employed. Similarly, BIC was determined as BIC = –2 log(L) + p 

log(n), where n stands for the sample size [39]. Additionally, the accuracy was assessed through 

RMSE, which measures the differences between predicted and actual values. This metric quantifies 

the effect size as the standardized mean difference between the two distributions [39]. 

3. Results and Discussion 

3.1 The logistic model exhibited the best fit for LAB and Y and Baranyi model to AAC  

The logistic model demonstrated its suitability to describe the growth of lactic acid bacteria (LAB) 

and yeasts (Y) under controlled fermentation conditions (CFC). On the other hand, the Baranyi model 

better represented the growth of acetic acid bacteria (AAB), as shown in Figures 2a, b, and c. 

ANOVA analysis of LAB, AAC, and Y metrics also reveals statistically significant differences 

between treatments and controls of the different microbial groups (Table S3). The evaluation of the 

model was based on three metrics: RMSE, AIC, BIC. In all cases, the logistic model exhibited the 

lowest values for these metrics, indicating a better fit. Specifically, at a magnetic field strength of 5 

mT, the logistic model showed the best fit for LAB growth (Figures 2c and 3g), as evidenced by the 

lowest values of the RMSE, AIC, and BIC metrics, while the logistic model's worst fit was observed 

in the non–magnetic control group under the same CFC (Figures 2c and 4g) [40]. For yeast growth 

under the same CFC, the best–fit results for all models were obtained at 80 mT, while the highest fit 

values were obtained at 42 mT (Figures 2g, h, i; 5i and 6i).  
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Figure 2. ANOVA Interaction plots. responses of LAB (a) Gomperzt model, (b) Baranyi model, and (c) Logistic 

model; AAB (e) Gomperzt model, (f) Baranyi model, and (g) Logistic model; and Y (h) Gomperzt model, (i) 

Baranyi model, and (j) Logistic model. The nominal factor, Metrics (RMSE, AIC, and BIC), was presented 

continuously, while the nominal OMF density factor (A) was displayed discretely as separate lines: A1 (0 mT) 

represented by a red line, A2 (5mT) represented by a green line, A3 (42 mT) represented by a blue line, and A4 

(80mT) represented by a gray line. The I–Beam symbols depict the 95% least significant difference (LSD) 

interval for the plotted points. The dots on the plots indicated the values of the response variable around the 

mean, while the midpoint of the bar represented the mean value. Overlapping bar lines between levels indicated 

p>0.05, while the absence of overlap indicated p<0.05.  
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Figure 3. Growth curves of the model for the different microbial groups at 5mT. Baranyi model: (a) AAB, (b) 

LAB, and (c) Y. Gomperzt model: (d) AAB, (f) LAB, and (g) Y. Logistics model: (h) AAB, (i) LAB, and (j) Y.  

Regarding AAB, the Baranyi model provided the best fit for its growth in CFC (Figures 2e) at 0 mT 

(Figure 4b), 5 mT (Figure 3b), and 42 mT (Figure 6b). However, at 80 mT, the logistic model 

displayed the best fit (Figures 2e and 5h). The highest growth adjustment for AAB was observed at 

80 mT, while the lowest was observed in the control group. In all cases, there were significant 

differences (p < 0.05) between the treatments and controls based on AIC and BIC metrics. The RMSE 

metric showed significant differences only between the control group and the treatment group in 

yeast growth in CFC (Figure 2b).  
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Figure 4. Growth curves of the model for the different microbial groups at 0mT. Baranyi model: (a) AAB, (b) 

LAB, and (c) Y. Gomperzt model: (d) AAB, (f) LAB, and (g) Y. Logistics model: (h) AAB, (i) LAB, and (j) Y. 

Interestingly, the logistic model effectively captured the growth dynamics of most microbial groups 

in CFCs, indicating that this model effectively captured the CFC growth dynamics. Similarly, Noboa 

et al. (2021) [41] provide valuable information on the optimization of bioethanol production from 

cocoa mucilaginous residues. The application of the integrated logistic model allowed to determine 

the maximum specific growth rate (μmax) of Saccharomyces. cerevisiae, which was estimated at 0.39 

h. This logistic model was a suitable option to describe the growth dynamics of the microorganism 

under the given fermentation conditions. Consistently, at a magnetic field strength of 80 mT, the 

logistic model also showed the best fit for AAB growth. This indicates a change in AAB growth 

behavior at higher magnetic field strengths, which requires a different model for a more accurate 

representation.  
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 Figure 5. Growth curves of the model for the different microbial groups at 80mT. Baranyi model: (a) AAB, (b) 

LAB, and (c) Y. Gomperzt model: (d) AAB, (f) LAB, and (g) Y. Logistics model: (h) AAB, (i) LAB, and (j) Y  
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Figure 6. Growth curves of the model for the different microbial groups at 42mT. Baranyi model: (a) AAB, (b) 

LAB, and (c) Y. Gomperzt model: (d) AAB, (f) LAB, and (g) Y. Logistics model: (h) AAB, (i) LAB, and (j) Y 

Regarding AAB growth, the Baranyi model provided the best fit with magnetic field strengths of 0 

mT, 5 mT, and 42 mT. This is consistent with the rapid growth of this microbial group in the 

exponential phase, and suggests that Baranyi's model was able to capture these growth dynamics well 

in CFCs and EMFs. 

Fujikawa et al. (2005) (2006) [42, 43], compared the newly developed logistic model and the Baranyi 

model to predict the microbial growth in foods. The first study revealed that the logistic model 

provides more accurate predictions of the constant growth rate of E. coli and Salmonella and lag time 

compared to the Baranyi model [42]. The second finding of the Baranyi model exhibited the smallest 

error in cell number estimation. In contrast, the logistic model demonstrated the smallest error in 

estimating the constant rate and lag period. In the case of dynamic temperature conditions, the logistic 

model successfully predicted bacterial growth, whereas the Baranyi model tended to overestimate it 

significantly. These results suggest that the logistic model accurately describes bacterial growth 
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curves in bagged mashed potatoes [42]. These investigations support that each model has its own 

strengths and weaknesses, and selecting an appropriate model depends on the specific application 

and the microbial growth pattern under investigation.  

Supporting the results of this study, the works of Mitchell et al. (2004) [44] and Mazaheri and 

Shojaosadati, (2013) [45] provide further support for the importance of accurate modeling in 

understanding microbial growth dynamics. The authors also emphasized the importance of modeling 

microbial growth and substrate utilization in wastewater treatment processes. Taken together, several 

investigations have highlighted the need to select appropriate models that are adapted to the specific 

fermentative system to obtain reliable predictions. Consistently, the variability in growth patterns 

between different microbial species and the need to consider specific models adapted to their 

characteristics is evidenced in this study. 

However, it should be noted that the worst fit of the logistic model was observed in the control group 

without magnetic treatment. This further emphasizes the influence of magnetic treatment on 

microbial growth dynamics and highlights the potential of magnetic fields to modulate microbial 

behavior. It also suggests that the increase in magnetic treatment could have influenced the microbial 

growth behavior of AABs resulting in a deviation from the Baranyi model predictions. These findings 

highlight the importance of considering external factors, such as magnetic treatment, which can 

potentially impact microbial growth and affect model performance.  

The results obtained in this study also corroborate the findings of different authors that indicate that 

variations in the densities of magnetic fields can significantly affect the rates and patterns of 

microbial growth [25, 26]. The interaction between magnetic fields and charged particles, such as 

ions and charged molecules, has been shown to influence key cellular processes [25, 46 –49]. 

Magnetic fields can modulate enzyme activity, ion transport, and signal transduction, which are 

essential for microbial growth and metabolism [25, 47]. Furthermore, changes in membrane 

permeability and potential induced by magnetic fields can affect nutrient uptake and energy 

production in microorganisms [46, 48]. Also, alterations in the orientation and movement of cellular 

components [25, 47], such as proteins and organelles [48], due to magnetic fields can affect their 

functionality and cellular processes in general [46, 49]. 

Aligning with findings from previous research, it is evident that distinct models exhibit both 

advantages and limitations. The choice of the most suitable model relies on the particular application 

and the microbial growth pattern being studied. Moreover, it is crucial to underscore that external 

variables like magnetic treatment and process control play a pivotal role in shaping the dynamics of 

microbial growth and the model's suitability. 
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3.2 CEC influence on model’s fit 

The analysis of the experimental data showed that the fit of the kinetic models was not affected by 

the time and type of exposure examined. This observation was supported by the results presented in 

table S4. However, it was found that when the Controlled Fermentation Conditions (CEC) were 

applied, there was a probability exceeding 95% of successfully adjusting the growth models (MFS) 

(Figure 7a, b, and c). These findings suggest that the probability of achieving a successful model fit 

increases under different combinations of operating conditions. Thus, implementation of CEC had a 

significant (p<0.05) impact on improving the fit of the growth models to the experimental data, as 

illustrated in Figure 7 and Table S4. 

Figure 7. Logistic probability plots. Binary variable with level 1 denoting Model Fit Success (MFS) and level 0 

representing Model Fit Failure (MFF). Two factors were considered in the analysis: a) Operating conditions, 

with levels of UFC and CFC, b) OMF density, with levels of 0 mT, 5 mT, 42 mT, and 80 mT, c) Interactions. 

The above findings highlight the importance of kinetic models for understanding fermentation 

processes under controlled conditions. Studies have shown that specific environmental factors, like 

humidity, temperature, and starter cultures, significantly influence the dynamics of solid–state (SSF) 

fermentation. Particularly in cocoa bean fermentation, these factors play a crucial role in affecting 

microbial growth and fermentation performance [16, 45, 50]. 

Findings from previous studies by Hamidi–Esfahani et al. (2019) [50], He et al. (2019) [51], Calvo 

et al. (2021) [52], and Rahardjo et al. (2022) [53] collectively highlight the importance of 

environmental factors in microbial growth and fermentation processes. In the current study, the 

implementation of CEC had a significant impact in improving the fit of the growth models to the 

experimental data. 

The study by Rahardjo et al. (2022) [53] showed that controlled fermentation emerged as the most 

effective method to achieve shorter fermentation times and improve grain quality. This technique not 

only influenced microbial succession, but also had a significant impact on growth patterns. The 
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probability of successfully fitting the growth models increased to more than 80 % when CEC was 

applied, indicating that the implementation of controlled fermentation conditions improved the fit of 

the growth models to the experimental data. 

Similarly, the study by Hamidi–Esfahani et al. (2019) [50] demonstrated that temperature and 

humidity were influential factors in microbial growth. On the other hand, Calvo et al. (2021) [52] 

highlighted the role of pH and temperature regulation in the control of microbial succession during 

cocoa fermentation. In the current study, regulated temperature and humidity improved the fit of the 

growth models. This suggests that the controlled environmental conditions provided by CEC 

contributed to a more accurate representation of microbial growth dynamics. These factors probably 

influenced the growth models, contributing to a better fit to the experimental data. 

Additionally, moisture content is known to influence microbial growth and fermentation processes, 

and maintaining optimal moisture conditions is crucial to achieving desired results. He et al. (2019) 

[51] emphasized the importance of moisture content regulation in solid–state fermentation (SSF). 

The implementation of CEC involved careful control of moisture content, which has played an 

important role in improving the fit of growth models. 

Furthermore, our findings are also consistent with the significant impact of starter cultures on 

microbial growth in fermentation processes. Rahardjo et al. (2022) [53] also found that the 

inoculation of starter cultures in cocoa fermentation reduced fermentation time and maintained bean 

quality. This indicates that the presence of specific microbial strains in the form of starter cultures 

may influence the growth dynamics of cocoa fermentation. 

The use of starter cultures can potentially alter the microbial composition and succession patterns, 

thus influencing the growth behavior of the different microbial species involved in cocoa 

fermentation [12 – 15]. In addition, the presence of starter cultures can introduce specific metabolic 

pathways and interactions between microbial populations, which can determine changes in the fit of 

mathematical models that accurately represent growth dynamics. 

The dynamics of microbial communities in cocoa fermentation are closely linked to process 

parameters and the initial microorganisms responsible for initiating the transformation of cocoa 

beans. The interplay of these fermentations, can positively impact the quality of cocoa beans. These 

observations highlight the intricate influence of multiple parameters on microbial growth kinetics 

during cocoa fermentation, underscoring the complex nature of microbial physiology and its 

interactions with the surrounding environment. 
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3.3. OMF density increases MFS probability and induces changes in growth parameters 

Table S4 revealed a significant (p<0.05) influence of OMF density on the fit of the kinetic models. 

Furthermore, Figure 7b displayed the variation in the probability of attaining a successful model fit 

across different OMF density levels, exhibiting a progressive pattern until reaching 80 mT. However, 

at 80 mT, a decline in the probability of SMF was observed, while continuing to outperform the 

control group (Figure 7b). 

The maximum specific growth rate (μmax) of lactic acid bacteria (LAB) in the untreated control ranged 

from 0.23 to 0.35 h–1, which was significantly higher (p<0.05) than the other treatments (Figures 4a, 

d, g, and 8a). The μmax values for the treatments were as follows: 5mT ranged from 0.15 to 0.22 h–1 

42mT ranged from 0.13 to 0.25 h–1, and 80mT ranged from 0.23 to 0.35 h–1 (Figures, 3, 5 and 6; sub 

a, d, g). Among these treatments, the lowest range of μmax values was observed in the 80 mT treatment 

(Figure 8a). 

Similar statistically significant differences (p<0.05) between the controls and treatments were found 

for AAB and Y. As shown in Figure 8a, AAB exhibited μmax values ranging from 0.24 to 0.30 h–1 in 

the untreated control, 0.09 to 0.14 h–1 in the 5mT treatment, 0.10 to 0.14 h–1 in the 42mT treatment, 

and 0.04 to 0.13 h–1 in the 80mT treatment (Figures 3, 4, 5 and 6 sub b, e, h). For Y, the μmax values 

ranged from 0.18 to 0.24 h–1 in the untreated control, 0.13 to 0.20 h–1 in the 5mT treatment, 0.16 to 

0.21 h–1 in the 42mT treatment, and 0.23 to 0.35 h–1 in the 80mT treatment (Figures 3, 4, 5, 6 sub c, 

f, i and 8a). 

Significant differences between the control and treatment groups were observed primarily in the lag 

phase for LAB and AAB (Figures 3, 4, 5, 6 sub a b, d, e, g, h, and 8a). In the case of LAB, the longest 

lag phase was observed in the 80mT treatment, ranging from 13 to 38 hours, with statistically 

significant differences compared to the control and other treatments (0mT: lag phase 1.24 to 2.59 

hours, 5mT: lag phase 3.25 to 5.08 hours, 42mT: lag phase 1.24 to 7.31 hours (Figure 8b). 

For AAB, the longest lag phase was observed in the control group, ranging from 15 to 37.8 hours, 

and showed statistically significant differences compared to the other treatments (Figure 8b). On the 

other hand, the shortest lag phase was observed in the 80mT treatment, ranging from 4.53 to 14.59 

hours, with significant differences compared to the control and other treatments (5mT: lag phase 2.31 

to 18.33 hours, 42mT: lag phase 2.91 to 10.95 hours) (Figure 8b). 

Among all treatments and microbial groups, AABs exhibited the highest average growth rate value 

at 5 mT (N = 7.25 Log CFU/g), as shown in Figure 8c (Figure 3 b, e, h). Conversely, AAB and Y at 

80 mT had the lowest mean value of maximum growth rate, with AAB at 80 mT (N = 2.80 Log 

CFU/g) and Y at 80 mT (N = 2.86 Log CFU/g), showing a significant difference (p < 0.05) compared 



 

176 

to the control and other treatments (Figure 8c and 5 b, c, e, f, h, i). The control group of LAB 

displayed the highest growth rate within its group (N = 4.87 Log CFU/g) compared to the other 

treatments, including 5mT (N = 3.2 Log CFU/g), 45mT (N = 3.01 Log CFU/g), and 80mT (N = 3.23 

Log CFU/g), as illustrated in Figure 8c. 

Previous studies have reported a range of μmax values for yeast between 0.07 and 0.53 h–1, LAB 

between 0.06 and 0.36 h–1, and AAB between 0.414 and 0.49 h–1. The reported results align more 

closely with the findings observed in the control groups of the current study and stand in contrast to 

the outcomes observed in the magnetic treatment group [24, 36, 47, 54–56]. Consistent with previous 

studies, cocoa bean fermentation is characterized by initial microbial counts ranging from 

approximately 3 to 7 log CFU g–1 for yeast, 4 to 5 and 8 to 9 log CFU g–1 for lactic acid bacteria 

(LAB), and 3 to 4 and 6 to 7 log CFU g–1 for acetic acid bacteria (AAB). These counts gradually 

decline throughout the fermentation process, ultimately reaching final levels of approximately 2 to 3 

log CFU g–1 for yeast, 1.5 log CFU g–1 for LAB, and 0 log CFU g–1 for AAB [47, 55, 56]. 

In the present study, the final counts attained by different microbial groups were not considered for 

the model fitting; however, the growth profiles exhibited a notable initial population and rapid growth 

of both yeast and LAB, while AAB proliferation occurred concurrently but at a slower pace. These 

observations align with the counts reported in previous studies on heap fermentation of cocoa beans 

from Ghana as well [55, 56]. 

The observed distinctions between the treatment groups and control groups were notable, and upon 

analyzing the kinetic parameters, it became evident that EMF had a discernible influence on the 

fermentation process. Consequently, these findings align with prior studies that emphasize the effects 

of magnetic fields on the growth of bacteria and yeasts. 

While some studies have reported stimulating effects of EMF on certain microbial species, the 

presence of magnetic fields has also been shown to have inhibitory effects on cell growth. These 

studies suggest that exposure to magnetic fields can modulate the growth and metabolic activity of 

various microorganisms. Masod et al. (2018) (2020) [47, 57] conducted an investigation to assess the 

impact of various types of exposure to weak magnetic fields on bacterial growth. The studies focused 

on comparing the relative changes in bacterial growth after the removal of magnetic fields. Bacteria 

were cultivated on a single glass surface in both liquid and solid media, under different weak 

magnetic field conditions. The findings revealed that the growth pattern of bacteria was influenced 

differently by distinct magnetic fields, depending on the specific bacterial strain. Notably, the weak 

magnetic field was observed to impede the growth rate even after the removal of the magnetic field. 

According to the research findings, electromagnetic fields (EMF) have the ability to potentially affect 

the rate of bacterial growth, and other kinetic parameters. 



 

177 

The results from the present investigation are in line with prior studies that have examined the effects 

of magnetic fields on microbial growth and metabolic processes. For instance, in a study by 

Konopacka et al. (2019) [58], the impact of a rotating magnetic field (RMF) on bioethanol production 

was explored. The researchers found that the RMF stimulation led to increased growth and metabolic 

activity of S. cerevisiae, consequently enhancing ethanol production and overall process efficiency. 

These findings coincide with the outcomes of the current research, wherein exposure to magnetic 

fields was found to exert a notable impact on the specific growth rate (μmax) of lactic acid bacteria 

(LAB) and acetic acid bacteria (AAB). Notably, the μmax values for LAB and AAB were 

comparatively lower in the treatment groups than in the control, with the most diminished values 

observed in the 80 mT treatment condition. 

Konopacki et al. (2019) [59] also studied the effects of RMF on different bacterial strains and found 

strain–specific responses. The present study observed similar strain–specific effects, with increased 

cell growth in Gram–positive bacteria and inhibition in E. coli and K. oxytoca strains. Kohno et al. 

(2000) [60] explored the effects of static magnetic fields on bacterial growth and found that the 

strength of the EMF influenced the growth rate and maximum growth number of specific bacterial 

species. This is consistent with the current study's findings, which showed that the lag phase and μmax 

values varied depending on the magnetic field strength and microbial group. 

Furthermore, Sudarti (2020) [27] demonstrated the impact of extremely low–frequency (ELF) 

magnetic fields on lactobacillus growth, similar to the current study's findings on LAB. Zhao et al. 

(2020) [61] investigated the effects of static magnetic fields on biogas production and observed 

significant increases in gas and methane volumes, as well as changes in microbial community 

composition. These findings align with the current study's observations on the growth rates of LAB 

and AAB and indicate that magnetic fields can influence microbial growth and metabolic processes. 

Additionally, Ciecholewska et al. (2022) [62] found that exposure to a rotating magnetic field 

reduced the number of viable bacterial cells within biofilms, which is consistent with the current 

study's results on the lag phase and growth rates of LAB and AAB.  

In a broader context, the findings also align with previous studies by Novák et al. (2007) [63] who 

observed a similar inhibitory effect on the growth of S. cerevisiae when manipulating the magnetic 

field parameters with Bm = 10 mT, f = 50 Hz, and 24 min exposure. Similarly, Potenza et al. (2004) 

[64], indicated a detrimental impact of 300 mT static magnetic fields (SMF) on E. coli cell growth. 

These findings emphasize that exposure to magnetic fields can affect microbial growth 

characteristics. 

In summary, an increase in magnetic field strength was associated with a decrease in the maximum 

growth rate, a longer delay phase, and lower μmax (maximum specific growth rate) values for these 

microbial groups. The mechanism behind the change in the growth rate of microorganisms under 



 

178 

weak magnetic fields is not fully understood, but research suggests that it may involve perturbation 

of ion transport in the nutrient broth and bacterial cell dynamics, thus affecting the mobility and 

absorption of nutrients in the cells and therefore their duplication rate [25, 48, 49, 57]. 

The observed disparities in kinetic parameters between experimental treatments and control groups 

suggest that factors beyond nutrient depletion and toxic metabolite accumulation, which are 

commonly known to affect batch fermentations, may be influencing microbial growth during the 

fermentation of the cocoa bean. Consequently, the impact of EMF on the fermentation process is 

becoming evident based on the analysis of kinetic parameters. 

3.4 Magnetic fields can affect the cocoa beans' fermentative processes 

Expanding upon prior research carried out by the authors [24], the current study aims to build upon 

the optimization of the fermentation process for CCN–51 cocoa beans. This optimization involves 

the utilization of native species and electromagnetic fields (CEM) to enhance both yield and quality. 

The research employed response surface methodology to fine–tune variables such as magnetic field 

density (D), exposure time (T), and inoculum concentration (IC), resulting in the creation of two 

second–order models. These models effectively accounted for 88.39% and 92.51% of the variations 

in yield and grain quality, respectively. 

The study's results unequivocally showed that exposure to CEM had a significant impact on both the 

yield and quality of CCN–51 cocoa beans. Particularly noteworthy was the combination of optimal 

parameters: 5 mT (D), 22.5 min (T), and 1.6% (CI), which resulted in remarkable improvements. 

These enhancements included a staggering 110% increase in yield and a substantial 120% 

enhancement in grain quality compared to the control group. 

Further insights were gained through metagenomic analysis, revealing shifts in microbial 

communities at lower to moderate field densities (5–42 mT). These shifts positively influenced the 

aroma profile of the cocoa beans, culminating in higher yields and the emergence of floral, fruity, 

and nutty flavors. Conversely, the study highlighted that field densities of 80 mT led to diminished 

yields and undesirable flavor notes characterized by acidity and bitterness.  

In a similar vein, Sudarti et al. (2022) [25] conducted an investigation into the effects of extremely 

low frequency (ELF) magnetic fields on the fermentation process of dried cocoa beans. The study 

encompassed the analysis of various parameters, including moisture content, alcohol content, and 

pH. The outcomes of the research demonstrated that the fermentation process of dried cocoa beans 

can indeed be impacted by exposure to ELF magnetic fields. Intriguingly, the samples subjected to a 

magnetic field density (MFD) of 0.2 mT for a duration of 5 minutes displayed the most substantial 

bacterial growth. These findings strongly suggest that the utilization of ELF magnetic fields as an 
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alternative approach could potentially augment the fermentation process of dried cocoa beans. 

Both studies deliver evidence suggesting that exposure to ELF–ELF magnetic fields impact the 

fermentation process of dried cocoa beans. These findings highlight the need for further research to 

validate and expand upon these observations, and to identify the optimal conditions for utilizing ELF 

EMF in cocoa bean fermentation. Furthermore, these studies offer valuable insights into the potential 

advantages of magnetic field exposure during the fermentation process of cocoa beans. Continued 

investigation in this field has the potential to contribute to the development of innovative techniques 

aimed at optimizing cocoa bean fermentation, thereby enhancing product quality and yield in the 

cocoa industry. 

4. Conclusions 

The models used in this study provide valuable information on the dynamics of microbial populations 

during cocoa bean fermentation. These models may not fully capture the complex intricacies 

associated with microbial interactions and the many variables influencing the fermentation process, 

i.e., environmental factors. Furthermore, the effectiveness of these models can be affected by the 

quality and availability of the data used for their development and validation. In addition, it is 

important to recognize that laboratory–scale fermentation may not fully represent the conditions and 

variations observed in actual on–farm fermentation, which may further exacerbate the limitations 

described above. 

However, through these models, the potential influence of exposure to magnetic fields on the growth 

characteristics of microorganisms in cocoa beans, as evidenced by the observed changes in various 

kinetic parameters, might be demonstrated. This highlights the importance of investigating the effects 

of magnetic field exposure on microbial growth during cocoa fermentation in different environments. 

Furthermore, these findings shed light on the growth kinetics of microbial groups in cocoa beans 

under different magnetic field strengths and emphasize the importance of selecting appropriate 

models to assess growth kinetics in this context. 
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Abstract 

The cocoa mucilage is typically disposed of during processing, yet its abundant content of organic 

compounds, polysaccharides, and nutrients renders it valuable for various applications. This 

scientific article investigates the suitability of cocoa mucilage as an alternative culture medium for 

Lactobacillus plantarum, Saccharomyces. cerevisiae, and Aspergillus niger, aiming to provide a 

viable alternative to traditional media. Through a mixed–design approach, the powdered mucilage, 

peptone, and yeast extract ingredients were optimized using the recovery rates of each microorganism 

as the response variable. The optimal formulation of the medium, consisting of 49.6% mucilage, 30% 

yeast extract, and 20.9% peptone, resulted in remarkable microbial recovery rates. L. plantarum 

achieved an outstanding recovery rate of 98.18%, while S. cerevisiae and A. niger exhibited recovery 

rates of 90.57% and 89.90%, respectively. Notably, these recovery rates surpassed those obtained 

using conventional culture mediums. Thus, cocoa mucilage emerges as an effective component for 

formulating a natural culture medium that facilitates the growth of yeasts, lactic acid bacteria, and 

fungi. The YPM medium demonstrated enhanced growth, particularly for yeasts and lactic acid 

bacteria, with recovery rates exceeding 90%. Conversely, A. niger displayed a relatively lower 

recovery rate. These findings emphasize the potential of cocoa mucilage as a valuable resource for 

preparing natural culture media that promote the growth of yeasts, lactic acid bacteria, and fungi, 

offering promising prospects for various applications in microbiology and biotechnology. 

Keywords: cocoa mucilage, culture medium, bacteria, yeasts, fungi, mix design, microbial growth. 
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1. Introduction 

Cocoa mucilage, a gelatinous substance that surrounds cocoa beans, has drawn attention as a 

promising candidate for industrial applications. Despite being traditionally discarded during cocoa 

processing, this by–product has aroused interest due to its rich composition of organic compounds, 

polysaccharides, and nutrients [1–3]. These characteristics make cocoa mucilage a sustainable and 

valuable alternative for various biotechnological applications. 

Recently, the use of cocoa mucilage residues as a substrate for the production of biofuels [2], 

bioethanol [3, 4], and high–value chemical products [5, 6] has been highlighted. In addition, 

numerous studies have shown its ability to promote microbial growth and activity. Research has also 

shown that cocoa mucilage favors the proliferation of cellulolytic microorganisms, leading to 

increased production of cellulase enzymes [7, 8].  

Furthermore, cocoa mucilage has potential applications in the food industry. Its water–retaining and 

satiety–increasing properties [9], as well as its ability to decrease nutrient absorption time [9, 10], 

make it an intriguing ingredient to incorporate into various food products. Various fermentation 

processes for wines [11] and alcoholic beverages [12], as well as the preparation of juices [13], soft 

drinks [14], and jellies [15], have used cocoa mucilage in their formulation. Ongoing research in this 

area aims to harness the potential of cocoa mucilage as a food ingredient, offering unique flavors and 

nutritional benefits in the development of new food products. 

The composition of cocoa mucilage also plays a fundamental role in its potential as a culture medium 

[4]. It contains various carbohydrates, including glucose, fructose, and galactose, which serve as 

carbon sources for microbial metabolism [10–14]. In addition, cocoa mucilage is devoid of alkaloids 

and toxic substances and is enriched with phenolic compounds, organic acids, vitamins, and minerals 

[16, 18]. These bioactive components stimulate the growth of beneficial microorganisms, in 

particular lactic acid bacteria, which are crucial for fermentation processes in the food industry. 

However, more research is needed to fully explore the biotechnological potential of cocoa mucilage, 

which promises the development of environmentally friendly and sustainable processes within the 

cocoa industry. 

Three microbial species commonly isolated from cocoa mucilage stand out displaying remarkable 

applications in various industries: Saccharomyces cerevisiae, a versatile yeast, is indispensable in 

alcohol production due to its exceptional fermentation abilities. It efficiently converts sugars into 

alcohol through anaerobic respiration, making it ideal for large–scale fermentation processes [4, 5, 

19]. Besides alcoholic beverages, S. cerevisiae contributes to biofuel production by synthesizing 

ethanol as a renewable alternative to fossil fuels [5, 19, 20]. It also holds the potential for producing 

high–value compounds in biotechnology [19]. Lactobacillus plantarum, lactic acid bacteria (LAB), 
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exhibits probiotic properties that benefit human health and plays a crucial role in vitamin production 

[21–24], offering economic and safe options for various applications in the food and nutraceutical 

industries. A. niger, a filamentous fungus, excels at producing commercially valuable compounds 

like citric acid and enzymes used in various industries [25, 26]. It shows promise as a host organism 

for the production of proteins and secondary metabolites, further enhancing its significance in 

pharmaceutical and biotechnological fields [25–27]. 

The remarkable technological potential exhibited by these microorganisms underscores their integral 

role in the biotechnological landscape. Unlocking your full capabilities and driving transformational 

change across multiple industries requires continued focus on research and development efforts. To 

this end, this study aims to investigate the growth potential of S. cerevisiae, Lactobacillus plantarum, 

and Aspergillus niger in an innovative medium composed of cocoa mucilage and compare their 

growth rate with that observed in conventional growth media. 

Using mucilage, this technique moves away from conventional culture media ingredients to minimize 

the waste of cocoa by–products while supporting microbial growth. This underscores its remarkable 

potential to find applications in biotechnology, promote microbial cultivation practices, and protect 

the environment. 

By exploring the growth dynamics of these microorganisms in cocoa mucilage, light is shed on the 

viability and efficacy of this new growth medium. These research efforts hold great promise in terms 

of providing cost–effective and sustainable solutions. The unique composition of cocoa mucilage 

presents an exciting opportunity to discover a new pathway for the cultivation of these 

microorganisms, which could revolutionize their industrial applications. 

2. Methodology 

2.1. Experimental procedure 

2.1.1 Obtaining cocoa mucilage powder (CMP) 

The cocoa mucilage exudate (CME) was obtained from the liquid mucilage of the CCN–51 cocoa 

variety, sourced from local producers in the Santo Domingo de los Tsáchilas province. After 18 hours 

of cocoa bean harvesting, the removal of the mucilaginous pulp surrounding the seeds takes place. 

This process involves the enzymatic action of pectin, which leads to the liquefaction of the pulp and 

the subsequent separation of the mucilage from the beans. The drained mucilage then transforms into 

cocoa mucilage exudate (CME) [28]. This step is crucial in cocoa processing, as it helps to eliminate 

the pulp and extract the desired mucilage. The collection process involved using sterile stainless–

steel containers with a capacity of 10 L, and it was carried out at a temperature of 25 ºC. Multiple 
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collections were conducted over up to three days of fermentation, resulting in a total volume of 20 L 

of liquid mucilage. Once collected, the liquid mucilage was stored at 4 °C until further processing. 

To preserve the properties of the mucilage, the CME was subjected to spray drying with a 15% 

efficiency. The spray drying process involved a controlled flow rate of 0.1 to 0.5 L per minute. This 

process was continued until 1.96 kg of powdered mucilage was obtained. The cocoa mucilage powder 

(CMP) obtained from the spray drying process was stored at 25 °C until it was ready for use [29]. 

2.1.2. Culture medium 

2.1.2.1. Culture medium formulation 

The culture medium employed in this study was prepared using commercially available components, 

and cocoa mucilage powder (CMP) obtained as described in subchapter 2.1.1; yeast extract (YE), 

peptone (PEP), and agar–agar (AA) purchased from Oxoid brand, Thermo Fisher Scientific. The 

formulation of the culture medium was meticulously established using a mixture design 

methodology, as elucidated in subchapter 2.2.1 and outlined comprehensively in Table 1. It is 

noteworthy that the agar–agar served the specific role of solidifying the medium and was maintained 

at a constant concentration of 2.5%(v/v). 

To ensure optimal conditions for microbial growth, the pH of each formulation was carefully adjusted 

to achieve neutral values. The procedure included the initial measurement of pH, in the media 

suspended in distilled water, with the gradual addition of an acid (HCl) or base (NaOH) while 

monitoring the pH, until reaching the target pH (neutral). This adjustment was crucial in creating a 

favorable environment for the microorganisms to thrive and exhibit their growth potential. By 

standardizing the pH in the different formulations, any variation in microbial growth rates could only 

be attributed to the specific ingredients and their concentrations, and not to this factor (pH), allowing 

a full evaluation of the efficacy of the culture medium. 

Tabla 1. Mix design components 

Labels 
central 

tendency measures 

Factors Variables Minimum Maximum minor code high code mean Sd 

A CMP 40 50 +0 ↔ 40 +0.5 ↔ 50 43.63 3.83 

B YE 5 15 +0 ↔ 5 +0.5 ↔ 15 8.02 3.67 

C PEP 5 15 +0 ↔ 5 +0.5 ↔ 15 8.25 3.63 

CMP: Cocoa Mucilage Powder; YE: Yeast Extract;  PEP: peptone 
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  2.1.2.2. Culture medium preparation 

To create optimal growth environments for the various microbial groups under investigation, specific 

agar media were meticulously prepared according to the guidelines provided by the manufacturer 

[30]. The main objective was to tailor the nutrient compositions of the media to support the growth 

of each target microorganism. For the cultivation of L. plantarum, Man Rogosa Sharpe Agar (MRS) 

was the medium of choice, while Malt Yeast Extract Agar (MYA) was selected to suit the growth of 

the S. cerevisiae. To promote A. niger growth, Sabouraud Dextrose Agar (SDA) was used as a 

suitable growth medium. All media used were Oxoid brand, and Thermo Fisher Scientific. 

The agar medium preparation procedure was methodical and aimed at ensuring the creation of an 

environment conducive to microbial growth. The process began with the meticulous dissolution of 

the agar powder in distilled water. Special attention was paid to this step to ensure complete 

dissolution. The mixture then went through a critical autoclaving phase. This sterilization step was 

essential to eradicate any possible contaminants, thus safeguarding the purity and integrity of the 

agar medium [30,31]. 

After successful sterilization, the agar medium was carefully poured into sterile Petri dishes. This 

step required precision to avoid any unintentional contamination that could jeopardize the subsequent 

microbial culture. Once poured, the medium was allowed to solidify naturally within the Petri dishes. 

This solidification process was instrumental in creating the proper foundation for microbial growth 

[30,31]. The methodology took a comprehensive approach to ensure that the unique nutritional 

requirements of each microbial group were met through custom agar media. The rigorous preparation 

process, including dissolution, sterilization, and solidification, was instrumental in establishing a 

controlled, uncontaminated environment conducive to the successful cultivation of target 

microorganisms [30–31]. 

2.1.3. Microbial cultivation 

2.1.3.1 Preparation of the inoculum 

Cell suspensions of three different microbial strains, namely Saccharomyces cerevisiae, 

Lactobacillus plantarum, and Aspergillus niger, were prepared for enumeration. These strains were 

chosen based on their relevance to cocoa bean fermentation, the main focus of the study. Pure cultures 

were obtained through meticulous isolation procedures and maintained under controlled conditions 

to ensure purity and microbial viability, consistent with standard pre–culture techniques [30–32]. A 

small volume of each microorganism was inoculated in Lysogenic Broth (LB medium, Oxoid) which 

provides the necessary nutrients and conditions for the growth of all microbial groups under study. 
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Once inoculated, each culture is incubated under controlled room temperature conditions (L. 

plantarum 35ºC at 24h; S. cerevisiae 30ºC at 48h, and A. niger 25ºC at 72h) 

The preparation of the cell suspensions involved several critical steps to ensure the accuracy and 

reliability of the subsequent microbial enumeration process. Each pure culture was first grown under 

optimal growth conditions, allowing them to reach a suitable population size. These populations were 

then meticulously diluted to achieve a range of cell concentrations that would be possible to count. 

The target concentration for each microbial strain was set at 1000 colony–forming units (CFU) per 

milliliter, a concentration that balances the need for precision against practical feasibility [30,31]. 

To create the necessary dilutions for an accurate count, serial dilution techniques were employed. 

This involved transferring precise aliquots of the cell suspensions to separate tubes containing sterile 

diluents, such as distilled water or buffered peptone solution supplied by Merck. Through the use of 

diluents, the concentration of microbial cells was systematically reduced in a controlled manner, 

resulting in dilutions of 1:10, 1:100, and 1:1000. These dilutions have been specifically designed to 

cover a wide range of microbial concentrations, allowing for accurate quantification of microbial 

load. Serial dilution facilitated accurate counting, ensuring that the counting process is within the 

range of the counting chamber or slides used for microscopic analysis. (avoiding overcrowding of 

the cells), which could lead to miscounts [31]. 

2.1.3.2 Inoculation and Incubation. 

With a sterile pipette, a known volume of 0.1 mL of each dilution was transferred to agar plates 

containing the previously described media. For yeast and fungi, the inoculum was spread evenly over 

the surface of the agar plates using a sterile spreader to ensure adequate distribution [30–32]. For the 

LAB, the bilayer planting technique was used. In a pipette, a 0.1mL aliquot of the liquid bacterial 

culture was gently dispensed onto the surface of the solid agar base layer. The liquid culture was 

carefully spread to ensure even distribution across a significant area of the agar surface. 

Subsequently, the liquid culture was allowed to be absorbed into the agar base layer by leaving the 

plate undisturbed for a few minutes, facilitating the immobilization of the bacteria within the agar.  

A second layer of molten agar, maintained at a temperature of approximately 45–50 °C to avoid 

thermal damage to the bacteria, was then poured onto the plate, ensuring uniform coverage over the 

immobilized bacteria. Upon solidification, the resulting plate established a bilayer system where the 

bacteria were embedded within the solid agar base layer, while the second layer served as an overlay 

[31, 32]. 

To prevent contamination, the Petri dishes were securely sealed with parafilm. Subsequently, the 

agar plates were placed in an incubator set at the optimal temperature for the growth of each 
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microorganism. Lactobacillus plantarum was inoculated on MRS agar and incubated at a temperature 

range of 30–35 °C for 2–3 days. S. cerevisiae, on the other hand, was inoculated on MYA agar and 

incubated at a temperature range of 20–25 °C for 2–3 days. For the growth of Aspergillus niger, the 

fungus was inoculated on SDA agar and incubated at a temperature range of 20–25 °C for a slightly 

longer duration of 3–7 days. These specific incubation conditions were chosen to ensure optimal 

growth and development of each microorganism in their respective culture media [32].   

2.2 Statistical procedure 

2.2.1 Experimental design 

A standard simplex lattice mix design was employed specifically for the selected simplex–lattice (q, 

m) design. This design involved q components, with q being equal to 3 in this case, allowing for the 

fitting of a statistical model of order m. The design points encompassed all possible combinations of 

elements or mixtures, with the proportions represented by xi ranging from 0 to 1 and taking m + 1 

values. The specific values of xi were 0, 1/m, 2/m, ..., and m/m, corresponding to the proportions in 

which the components of the mixture participated (x1, x2, ..., xq) [33]. 

The specific design points used were as follows: (x1, x2, x3) = (1, 0, 0); (0, 1, 0); (0, 0, 1); (1/2, 1/2, 

0); (1/2, 0, 1/2); and (0, 1/2, 1/2). These design points represented the three pure mixtures and the 

three binary mixtures, providing a comprehensive range of combinations for the experimental 

investigation. By utilizing this design, the study aimed to explore the effects of different mixture 

compositions on the observed outcomes, enabling a thorough analysis of the variables under 

investigation [33]. 

The primary objective of implementing this design was to further refine the mathematical models by 

systematically varying the concentrations of the mixtures to assess the impact of these factors on the 

growth of microorganisms. This allowed for a more in–depth evaluation of the efficacy of cocoa 

mucilage as a natural culture medium for microbial development (Table 2).  
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Table 2. Experimental runs and mixture design results 

Random runs Blocks Runs CMP YE PEP 

3 Block 1 1 50 5 5 

21 Block 1 2 50 5 5 

11 Block 1 3 43.33 8.33 8.33 

19 Block 1 4 40 5 15 

2 Block 1 5 40 5 15 

12 Block 1 6 40 15 5 

7 Block 1 7 41.66 6.66 11.66 

10 Block 1 8 46.66 6.66 6.66 

9 Block 1 9 40 5 15 

18 Block 1 10 40 15 5 

13 Block 1 11 40 15 5 

8 Block 2 12 50 5 5 

17 Block 2 13 40 10 10 

15 Block 2 14 45 5 10 

1 Block 2 15 45 10 5 

4 Block 2 16 40 10 10 

16 Block 2 17 45 5 10 

5 Block 2 18 45 5 10 

20 Block 2 19 41.66 11.66 6.66 

14 Block 2 20 45 10 5 

6 Block 2 21 50 5 5 

 CMP: Cocoa Mucilage; Powder YE: Yeast Extract; PEP: peptone 

To increase the size of the experiment, the design was replicated, resulting in a total of 21 mixtures. 

The formulation consisted of three main ingredients, which together represented sixty percent of the 

total weight (Figure 1 and Table 1): cocoa mucilage powder (CMP), yeast extract (YE), and peptone 

(PEP). The objective was to investigate the effects of these components on the growth rates of the 

study microorganisms. The experimental results obtained from the mixture design were adjusted to 

a quadratic model, represented by the following equation: 

𝐸(𝑦) = 𝛽1 ∗ 𝑥1 + 𝛽2 ∗ 𝑥2 + 𝛽3 ∗ 𝑥3 + 𝛽12 ∗ 𝑥1 ∗ 𝑥2 + 𝛽13 ∗ 𝑥1 ∗ 𝑥3 + 𝛽23 ∗ 𝑥2 ∗ 𝑥3        (1) 
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2.1.1 Model response variables 

The experimental design included the measurement of the recovery rates of three different microbial 

species: L. plantarum, S. cerevisiae, and A. niger. These recovery rates were selected as the main 

response variables of interest, reflecting the growth and development of the microorganisms under 

investigation (Figure 1 and Table 3).  

 Figure 1. Schematic drawing of the experimental procedure for the evaluation of the culture medium. 

To ensure robust and reliable results within the region of the workspace where maximum microbial 

growth values are achieved, a total of 21 experimental runs were conducted. This complete 

experimental setup allowed for thorough exploration and analysis of the variables influencing the 

recovery rates of the microbial groups. The increased number of experimental runs contributed to 

enhanced reliability and statistical robustness in the evaluation of microbial growth outcomes. 

To enhance the precision and reliability of the experimental results, the allocation of runs in this 

study was randomized. The values of the blocks, which represented different concentrations of the 

mixtures used, were determined within the defined study area. This approach, as outlined in Table 2, 

ensured comprehensive coverage of the experimental space and minimized the potential influence of 

confounding factors. 
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Table 3. Microbial recovery rates in the formulations 

Runs CEP YE PEP R1(%) R2(%) R3(%) R4(%) 

1 50 5 5 88.74 86.72 72.42 82.627 

2 50 5 5 91.91 91.9 75.53 86.447 

3 43.33 8.33 8.33 73.35 83.78 84.64 80.590 

4 40 5 15 71.03 70.55 87.77 76.450 

5 40 5 15 72.52 70.31 88.58 77.137 

6 40 15 5 71.25 70.61 90.6 77.487 

7 41.66 6.66 11.66 70.9 72.71 86.43 76.680 

8 46.66 6.66 6.66 96.22 94.77 77 89.330 

9 40 5 15 70.16 73.73 90.15 78.013 

10 40 15 5 70.28 70.96 88.95 76.730 

11 40 15 5 70.25 73.27 89.99 77.837 

12 50 5 5 95.56 92.55 74.33 87.480 

13 40 10 10 70.37 89.56 85.56 81.830 

14 45 5 10 97.07 98.06 76.03 90.387 

15 45 10 5 98.41 98.7 78.13 91.747 

16 40 10 10 74.93 77.44 89.67 80.680 

17 45 5 10 95.52 96.68 78.53 90.243 

18 45 5 10 94.81 93.95 75.28 88.013 

19 41.66 11.66 6.66 72.87 77.56 90.36 80.263 

20 45 10 5 97.12 99.02 77.68 91.273 

21 50 5 5 90.89 89.09 74.98 84.987 

CMP: Cocoa Mucilage; Powder YE: Yeast Extract; PEP: peptone; R1: S. cerevisiae rate; R2: L. plantarum rate; R3: A. niger  rate; R4: 

Total rate. 

 2.2.2. Optimization procedure 

2.2.2.1. Numerical and graphical optimization 

Numerical and graphical optimization was performed with Expert v13 software (Stat–Ease). The 

objective of the optimization process was to maximize the recovery rates of the four microorganisms 

by adjusting the proportions of the three ingredients within the specified study range [34, 35]. To 

achieve the maximum objective, the desirability of each response was determined using the following 

criteria formulas: 
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𝑑𝑖 = 0,                                     𝑌𝑖 ≤ 𝐿𝑜𝑤𝑖  

 

(2) 

𝑑𝑖 = [
𝑌𝑖 − 𝐿𝑜𝑤𝑖

𝐻𝑖𝑔ℎ𝑖 − 𝐿𝑜𝑤𝑖

]
𝑤𝑡𝑖

,                 𝐿𝑜𝑤𝑖 < 𝑌𝑖 < 𝐻𝑖𝑔ℎ𝑖  

 

(3) 

𝑑𝑖 = 1,                                      𝑌𝑖 ≥  𝐻𝑖𝑔ℎ𝑖 (4) 

Where d1 = 0 represents the minimum desirability and di = 1 represents the maximum desirability. 

In the desirability objective function D(X), each response can be assigned an importance relative to 

the other responses. The optimization was carried out on the original scale and assigned a maximum 

importance of 5 advantages (+++++) to the proposed objective to adjust the desirability function. 

Where importance (ri) varies from the least important (+) value of 1 to the most important (+++++) 

value of 5 [34, 35]. If varying degrees of importance are assigned to the different responses, the 

objective function is: 

𝐷 = (𝑑1
𝑟1 ∗ 𝑑1

𝑟2 ∗ … ∗ 𝑑1
𝑟𝑛)

1
∑ 𝑟1 = (∏ 𝑑𝑖

𝑟1

𝑛

𝑖=1

)

1
∑ 𝑟1

                (5) 

During the graphical optimization of the four responses, the goal was to identify regions where the 

requirements and critical properties were met simultaneously. This was achieved by overlaying the 

contours of the critical responses on a contour plot. By doing so, the optimal compromise, or sweet 

spot, could be selected. 

2.2.1.2 Confirmation analysis 

The models obtained from each response were used to provide predictions and interval estimates at 

the optimization point. During confirmation, the model's prediction interval was compared to the 

average of a follow–up sample. If the average of the samples is within the prediction interval, the 

model is confirmed. Confirmation was made at the most convenient numerical optimization point 

[34]. 

To confirm that the model can predict the actual results in the optimal configuration determined from 
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the numerical analysis, seven confirmation runs were performed. The average of those runs is 

compared to the prediction interval. Smaller intervals indicate good precision in the estimates, and 

the default value for the prediction interval (L) is 95% = (1–0.05) *100%. 

2.2.3. Effect size assessment 

To evaluate the effectiveness of the formulated mixtures, the effect size was calculated using Cohen's 

d (d: 0.2 small; d: 0.5 medium; d: 0.8 large) based on the microbial growth rates [35]. The growth 

rates achieved in the Yeast–extract Peptone Mucilage (YPM) agar were compared to those obtained 

in traditional media commonly used for the respective microbial groups. 

For L. plantarum, the growth rates in the YPM medium were compared to those in Man Rogosa 

Sharpe (MRS) agar. Yeast growth rates in the YPM medium were compared to those in Malt Extract 

Yeast Extract Glucose Agar (MYA), while fungal growth rates in the YPM medium were compared 

to those in Sabouraud Dextrose Agar (SDA). All culture media were from Merck, Co. Ltd. 

To ensure the reliability and reproducibility of the results, all experiments were conducted in 

triplicate under identical conditions, using the same concentrations of components and microbial 

groups. This approach minimized the potential influence of confounding factors and allowed for a 

robust comparison between the YPM medium and traditional media for each microbial group. 

2.3 Analytical determinations 

2.3.1 Determination of the total microbial population 

To estimate the total number of L. plantarum in the suspension, the turbidimetric method relying on 

the McFarland standard was employed. By comparing the turbidity of the bacterial suspension to the 

turbidity of a well–defined McFarland standard through a standard curve [36], the total number of L. 

plantarum present could be determined. The McFarland density standards were verified using a 

digital spectrophotometer (Perkin Elmer LAMBDA 1050) with a 1 cm light path at 625 nm. 

Subsequently, the total number of cells per microliter (Ns) was obtained. 

The determination of total yeasts and fungi (spores) was accomplished by direct counting using a 

Neubauer chamber [37]. The total number of cells per microliter (Ns) of each suspension was 

calculated from the number of cells counted in the counting area, using the following equation (6) to 

convert the count to the number of cells per microliter. 
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𝑁𝑠 =
𝐶𝑡

𝐴 ∗ 𝐶𝑑 ∗ 𝐷𝑓
 

(6) 

Where N is the number of cells per microliter, Ct is the number of cells counted, A is the counted 

area, Cd is the chamber depth, and Df is the dilution factor 

2.3.2 Determination of Colony–Forming Units (CFU) 

Colony–forming units (CFU) were determined using microbial culture techniques in this study. For 

S. cerevisiae and A. niger, as well as L. plantarum, the serial dilution method described in ISO 6887–

1 [31] was employed. Microbial suspensions with known concentrations were cultured using 

different formulations of the Yeast Extract Peptone Mucilage (YPM) agar, as well as traditional 

media such as MRS agar, MYA agar, and SDA. 

The microbial cultures were inoculated and incubated according to the procedures outlined in 

Chapter 2.1.3.2. Following incubation, the total cell growth (Nv) values were determined using 

equation 7 [31]. These techniques allowed for the quantification of microbial growth and provided 

valuable data for comparing the effectiveness of the YPM medium with traditional media in 

supporting the growth of L. plantarum, S. cerevisiae, and A. niger. 

𝑁𝑣 = (

1
𝑛

 ∑ (𝐶)𝑖
𝑛
𝑖=1

𝑉 ∗ 𝑝 ∗ 𝑑 
) ∗ 100 (7) 

Where n: replicas; i: the subset of n; j: a total of replicas; C: the total number of colonies; V: Inoculum 

volume; p: number of plates counted; and d: minor dilution. 

2.3.3 Recovery rates 

The recovery rate (Rx) for each microbial group was determined by evaluating the Nv (number of 

viable cells) within each group relative to the total number of microorganisms in the corresponding 

microbial suspension, indicated as Ns. To calculate recovery rates for L. plantarum, S. cerevisiae, 

and A. niger, Equation 8 was used, which provides specific formulas for each microbial group [38]. 

The total recovery rate (RR) was calculated as the average of the recovery rates for each microbial 

group, as expressed in Equation 9. 

In the context of the mixture design, the recovery rates obtained for each microbial group (Rx) and 

the total recovery rate (RR) were considered response variables. These response variables served as 
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crucial indicators to assess the efficacy of the formulated medium. Additionally, parallel evaluations 

were performed using traditional media to compare the recovery rates obtained on the optimized 

media. This analysis aimed to determine the size of the effect, thus providing information on 

optimized media for promoting microbial growth and recovery. 

𝑅(𝑥) = (

1
𝑛

 ∑ (𝑁𝑣)𝑖
𝑛
𝑖=1

1
𝑛

 ∑ (𝑁𝑠)𝑖
𝑛
𝑖=1

) ∗ 100 (8) 

Where x is the microbial group, i: replicas, n: a total of replicas, Nv: the number of viable cells per 

milliliter, and Ns: the total number of cells per milliliter in suspension. 

𝑅𝑅 =
1

3
∑ 𝑅(𝑥) (9) 

Where R is the recovery rate and x is the microbial group. 

 3. Results 

3.1. Analysis of the obtained models 

Table 3 presents the recovery rates obtained for each microorganism through different mixtures. 

Among these mixtures, formulations 8, 12, 14, 15, and 20 demonstrated the highest recovery rate of 

S. cerevisiae, reaching 96.65%. Similarly, formulations 8, 14, 17, and 20 exhibited the highest 

recovery rate of L. plantarum, with a value of 97.44%. In addition, it was found that the recovery 

rate of A. niger was higher in formulations 6, 9, and 19. However, this microorganism exhibited the 

lowest recovery rates. These findings indicate cocoa mucilage's effectiveness in promoting the 

growth and recovery of the study microorganisms. 

The mixture design analysis yielded four significant models (Table 4) that effectively describe the 

relationship between recovery rates of different microorganisms (R1: S. cerevisiae, R2: L. plantarum, 

R3: A. niger, and R4: total) and the proportions of various ingredients (A: mucilage, B: yeast extract, 

C: peptone). These models exhibited a statistically significant influence (p<0.05) on the studied 

variables, with a confidence level of 95%. Specifically, the mixtures of mucilage/yeast extract (AB) 

and mucilage/peptone (AC) were consistently identified as significant terms (p<0.05) in all models.  

Furthermore, in the R2 model, the yeast extract/peptone (BC) mixture also demonstrated significance 

(p<0.05). Moreover, for the recovery rates of R3 and R4, the combination of all three components 

(ABC) in the mixture was found to be significant (p<0.05) (Table 4). These results emphasize the 
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importance of the specific ingredient combinations that influence the recovery rates of different 

microorganisms, highlighting the significance of optimizing the proportions of mucilage, yeast 

extract, and peptone in promoting microbial recovery. 

Table 4 ANOVA and fit statistics results of mixture design.  

Models 
Sig.term 

p<0.05 

Lack of fit 

(p) 
F–value p– value R2 Ajusted 

R2 

Predicted 

CV 

(%) 

Adeq 

Precision 

Model R1 AB, AC 0.56 84.43 <0.00 0.97 0.93 2.14 22.48 

Model R2 
AB, AC, 

BC 
0.19 15.57 <0.00 0.82 0.65 4.32 11.59 

Model R3 
AB, AC 

ABC 
0.98 52.14 <0.00 0.94 0.88 1.86 17.59 

Model R4 
AB, AC 

ABC 
0.39 57.39 <0.00 0.92 0.81 1.51 16.68 

*Model terms with p–values below 0.05 are considered statistically significant, indicating their importance in the model. Non–

significant terms are removed, resulting in reduced models. The equations of these reduced models are expressed as functions 

of the coded terms. The lack of fit of the models is non–significant when compared to the pure error, suggesting that the models 

adequately fit the data. The Predicted R² is in reasonable agreement with the Adjusted R² i.e. the difference is less than 0.2 

The lack of fit tests conducted on the four models revealed non–significant results (p > 0.05), 

indicating that these models adequately capture the variation observed between replicates without 

disregarding data due to random error (Table 4). The predicted and fitted coefficients of 

determination (R²) for each model exceeded 0.5, and the predicted R² values closely aligned with the 

fitted R² values, differing by less than 0.2 [33, 34]. Hence, these models provide a reliable framework 

for exploring the design space (Table 4). Each mathematical model effectively represents the 

expected change in the response variable per unit change in the corresponding variable, while 

maintaining the other variables constant [34]. 

3.2. Microbial species' recovery rate 

Figure 2 (a and e) displays the recovery rate of S. cerevisiae. The contour plots and response surface 

generated from the models reveal a clear pattern, indicating that an increase in mucilage 

concentration corresponds to a higher recovery rate of S. cerevisiae, as evidenced by the prominent 

red areas in the plots. The observed positive relationship between mucilage concentration and the 

yeast recovery rate can primarily be attributed to the significant mixtures of mucilage/peptone and 

mucilage/yeast extract, as indicated by the statistical analysis (Table 4). Conversely, when the 

concentration of mucilage in the mixtures decreases, there is a marked decrease in the recovery rate 

of S. cerevisiae.  
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Figure 2 Response surface and contour of recovery rate. (a)  R1: S. cerevisiae R2; (b) L plantarum; (c) R3: A. 

niger and (d) R4: RR 

The contour plot and response surface analysis (Figures 2 b and f) reveal a similar pattern in the 

recovery rate of L. plantarum compared to S. cerevisiae. Increasing the concentration of cocoa 

mucilage in the mixture leads to a noticeable improvement in the recovery rate of L. plantarum. 

Furthermore, evidence suggests that decreasing the proportion of yeast extract while simultaneously 

increasing the mucilage concentration significantly enhances the recovery rate of L. plantarum. 

However, a distinct crest is observed in the response surface plot for L. plantarum, indicating a 

potential limit to the beneficial effects of mucilage concentration on its recovery rate. This suggests 

that there may be an optimal range of mucilage concentration that yields the desired effect for L. 

plantarum (Figures 2 b and f). 

In contrast to S. cerevisiae and L. plantarum, the recovery rate of A. niger exhibited a distinct 

response to variations in mucilage, yeast extract, and peptone concentrations in the mixtures (Figure 

2 c, g). Specifically, as the mucilage concentration increases, the recovery rate of A. niger decreases. 

Conversely, an increase in the proportions of yeast extract and peptone in the mixtures resulted in an 

improvement in the recovery rate of A. niger. 

The graphical representation suggests that optimizing the recovery rate of A. niger requires targeting 

specific values beyond designated limits, where maximum recovery rates can be achieved. To 

maximize the recovery rate of A. niger, adjustments to the proportions of the design can be made.  

The study findings underline the importance of strategic manipulation of formulation components to 

optimize the recovery rate of L. plantarum, S. cerevisiae, and A. niger. Increasing the mucilage 

concentration while reducing the proportions of yeast extract and peptone is predicted to have a 

positive impact on the growth and recovery of bacteria and yeast in the given context. Furthermore, 

the results emphasize the importance of lower concentrations of mucilage and high concentrations 
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of yeast extract and peptone to achieve optimal recovery of the fungus. 

These findings provide valuable information to optimize the recovery process of these microbial 

species and underscore the crucial role of cocoa mucilage in recovery and growth promotion. 

3.2.1 Total recovery rate 

The observations presented in Figures 2 d and h provide valuable insights into the behavior of the 

total recovery rate and its relation to the mucilage concentration. It becomes apparent that as the 

mucilage concentration increases significantly, there is a noticeable upward trend in the total 

recovery rate. This finding strongly suggests that higher concentrations of mucilage have the 

potential to contribute to improved recovery rates, which in turn opens up the possibility of reducing 

the proportions of yeast extract and peptone in the formulation while still achieving desirable 

recovery results. 

The implications of these findings are significant. By carefully manipulating the mucilage 

concentration, it becomes feasible to optimize the full recovery rates of the microbial groups under 

investigation. This observation serves as compelling evidence that the inclusion of mucilage in the 

culture medium plays a crucial role in enhancing the recovery rates of these microorganisms. 

3.3 Optimization Results 

3.3.1. Overlapping areas 

The visualization of the superimposed graph in Figure 3 (f) reveals the optimization process of the 

four response variables. Within this context, an area with an optimal formulation characterized by 

specific coordinates where the maximum recovery rates of all microbial groups are obtained is 

identified.  

Analysis of the specific coordinates of the optimal formulation indicated as X1: A, X2: B, and X3:C 

reveals that the optimal formulation consists of 44.53% mucilage (A), 9.05% yeast extract (B), and 

6.40% peptone (C). It is noteworthy that within these coordinates, the four response variables that 

represent recovery rates (R1, R2, R3, and R4) reach their highest values (Figure 3a–e). 

The recovery rates achieved by the optimized formulation are remarkable for S. cerevisiae, with a 

recovery rate of 87.60%, while L. plantarum demonstrates a recovery rate of 96.09%, and A. niger 

presents a recovery rate of 82.70%. Taking all microbial groups into account, the overall recovery 

rate reaches 87.40% (Figure 3f). 
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These compelling results provide strong evidence for the efficacy of the optimized formulation. The 

achievement of maximum recovery rates for all microbial groups within the identified coordinates 

emphasizes the success of the optimization process and its possible practical applications. These 

findings underscore the crucial role that mucilage, yeast extract, and peptone play in promoting the 

growth and recovery of L. plantarum, S. cerevisiae, and A. niger, as well as the efficiency of the 

overall process. 

Table 5 Prediction results 

3.3.2 Evaluation at the Point of Optimization 

The evaluation of the experimental formulation at the point of optimization, as presented in Table 5, 

highlights the robustness of the model's predictions. With a confidence level of 95%, the average 

observations of each confirmation experiment align closely with the prediction interval of the 

confirmation node. This alignment demonstrates the accuracy and reliability of the model's 

predictions at the specified coordinates, as depicted in Figure 3. 

The successful validation of the model's predictions through confirmatory experiments reinforces the 

practicality and effectiveness of the optimized formulation. The confirmed predictions support the 

suitability and reproducibility of the identified formulation coordinates, which involve specific ratios 

of mucilage, yeast extract, and peptone. These findings assure that the optimized formulation can 

consistently yield the desired outcomes and provide a reliable foundation for further experimentation 

and practical applications.  

Responses 
Predicted 

Mean 

Standard 

Deviation 

 

Standard 

Error 

Number 

of runs 

Lower Limit 

LI 

Observed 

Mean 

Upper limit. 

LS 

R1 87.607 1.771 1.680 7 83.920 88.160 91.316 

R2 94.280 3.700 2.357 7 89.187 91.191 99.372 

R3 82.705 1.537 1.111 7 80.303 81.742 85.103 

R4 87.399 1.252 1.187 7 84.788 87.897 90.018 
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Figure 3 Overlapping and numerical optimization graphs. (a) The contour plot of maximum desirability. 

Contour plots for each response are shown separately: (b) for R1, (c) for R2, (d) for R3, and (e) for R4, with 

optimal points marked; (f) Overlaid graph represented by different regions indicating maximum (yellow areas) 

and minimum (grey areas). The optimum values of the ingredients and the four recovery rates are shown as a 

flag planted. 

3.4. Effect size assessment 

Effect size analysis, as presented in Table 6, sheds light on the impact of optimized YPM medium 

compared to traditional culture media on microbial growth. When examining the growth values of S. 

cerevisiae and L. plantarum in the traditional media (MRS, MYA, and SDA) versus the YPM 

medium, it should be noted that the traditional media generally exhibited higher growth values. 

However, these growth differences were found to not be statistically significant (p > 0.05) for both 

S. cerevisiae and L. plantarum. The analysis of the size of the effect, expressed through the d–Cohen 

values, also indicate that the magnitude of these differences is relatively low (0.2) for both microbial 

groups. Dispersion of data for YMP medium suggests a broader range of underlying factors or 

influences that contribute to variation in microbial growth. 

Table 6. Effect size: Cohen's t and d test 

M.O R (%) 
YPM 

(UFC/g) 

MRS 

(UFC/g) 

MYA 

(UFC/g) 

SDA 

(UFC/g) 

d–

Cohen 
p 

S. cerevisiae 88.160 7.68±5.95 a – 8.73±0.62 a – 0.2 0.649 

L plantarum 91.191 7.74±6.08 a 8.84±0.62 a – – 0.2 0.642 

A. niger 81.742 7.31±1.46a – – 9.16±0.68b 1.6 0.001 

MRS: Man Rogosa Sharpe Agar; MYA:  Malt Yeast Extract Agar; SDA: Sabouraud Dextrose Agar; YPM: Yeast–extract 

Peptone Mucilage. Statistical differences expressed in superscript letters are determined in rows. 

On the contrary, a significant difference (p<0.05) was observed in the fungal growth values between 

the YPM medium and the SDA medium. The effect size analysis, represented by a Cohen d value 

greater than 0.8, underscores a substantial effect size. This means that the disparities in fungal growth 

between these two media are considerable, with the YPM medium showing a clear disadvantage.  
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Although traditional media may exhibit slightly higher growth values for S. cerevisiae and L. 

plantarum, the lack of statistical significance and relatively low effect sizes suggest that the 

optimized YPM medium remains a viable alternative. Furthermore, the significant disparity in fungal 

growth between YPM medium and SDA medium underscores the importance of optimizing the 

formulation to promote optimal fungal growth. These findings contribute to a more profound 

understanding of the differential effects of the YPM medium on various microbial groups and 

emphasize the need for further research and refinement to improve its overall performance. 

4. Discussion 

A mixed design was employed to assess the collective behavior of various factors impacting 

microbial recovery rates, shedding light on the individual contributions of each factor. Notably, an 

increase in mucilage concentration exhibited a profound influence on the recovery rates of S. 

cerevisiae, L. plantarum, and A. niger, resulting in substantial improvements. This scientific 

discussion explores the underlying mechanisms driving these observations and their broader 

implications. 

4.1 Cocoa mucilage acts as a catalyst for microbial growth. 

Microbial behavior within mixtures is influenced by their distinct nutritional preferences and the 

specific components present. Cocoa mucilage, rich in glucose, fructose, vitamins, nitrogen, and trace 

elements, optimally supports the growth of microorganisms such as S. cerevisiae, L. plantarum, and 

A. niger by fulfilling their metabolic demands [4, 11, 18]. Prior studies confirm these observations, 

showing similar microbial growth patterns when altering mucilage concentrations [39–41]. 

Delgado–Noboa et al. (2021) emphasize the positive correlation between higher sugar concentrations 

and increased microbial growth in cocoa mucilage [41–44]. Sugars, especially glucose, and fructose, 

are critical carbon sources for microorganisms. Manipulating mucilage concentrations consistently 

yielded similar effects on microbial growth, affirming the importance of sugars [42–45]. 

Microorganisms have specific metabolic capacities for utilizing cocoa mucilage's nutritional 

components. S. cerevisiae, a prominent cocoa yeast, efficiently converts glucose and fructose into 

alcohol and flavor compounds [41]. 

De Vuyst et al. (2020) highlight S. cerevisiae and L. plantarum's efficient metabolism of glucose and 

fructose in cocoa mucilage, indicating their preference for these carbon sources [42–44]. Lactic acid 

bacteria like L. plantarum utilize these sugars to generate lactic acid, contributing to fermentation 

acidity [41, 42]. For fungi such as A. niger, glucose, and fructose are pivotal for growth and 

enzymatic activities, inducing conidial germination [46, 47]. 
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4.2. S. cerevisiae and L. plantarum rely on higher concentrations of pure mucilage for optimal 

growth. 

The study's findings highlight the significance of specific nutrient concentrations in supporting the 

growth of yeasts in mucilage. Particularly, higher concentrations of pure, unmixed mucilage are 

shown to nurture yeast growth effectively. This parallels the reliance of both yeasts and LAB on 

increased sugar concentrations, particularly glucose, and fructose, for their growth and metabolic 

activities. S. cerevisiae, renowned for its adeptness in fermenting sugars, exemplifies this, utilizing 

glycolysis to break down glucose and fructose, generating energy in the form of ATP and precursor 

molecules crucial for organic compound synthesis [41–45]. 

The importance of glucose and fructose to S. cerevisiae and L. plantarum during cocoa fermentation 

is consistently underscored, as these sugars are pivotal for their growth and metabolism. Intriguingly, 

the utilization of glucose and fructose from mucilage unfolds in a dynamic manner [41]. Glucose is 

swiftly consumed within the initial 48 to 72 hours of fermentation, followed by the prominence of 

fructose utilization after approximately 120 hours [41–43]. This preferential glucose uptake by yeasts 

that can convert sucrose shapes the microbial process and life cycle dynamics over time. These 

findings emphasize the positive impact of mucilage on these microorganisms and their functions, 

unveiling the intricate interplay of nutrients in the cocoa fermentation process. 

 4.2 High levels of PEP and YE are essential for optimal growth of A. niger.  

The results indicate that by increasing the mucilage concentration, YE and PEP can potentially be 

reduced without compromising the RR. However, the recovery of A. niger depends more on high 

concentrations of PEP and YE for optimal growth. The study's findings suggest that an increase in 

cocoa mucilage concentration could lead to a reduction in the requirements for yeast extract (YE) 

and peptone (PEP) without compromising microbial recovery. However, optimal growth of A. niger 

appears to depend more on higher concentrations of PEP and YE. 

Traditionally, yeast extract and peptone have been used to meet the nutritional needs of 

microorganisms [41,42,46–49]. In the designed formulation, it compensates for the low nitrogen 

content of the mucilage, making it a suitable culture medium for S. cerevisiae, L. plantarum, and A. 

niger. 

Yeast extract and peptone, derived from yeast cells and animal tissues respectively, effectively 

assimilate nitrogenous compounds, amino acids, and peptides, fulfilling microorganisms' nitrogen 

requirements [50]. This strategy enhances nitrogen source utilization, stimulating the multiplication 

of yeasts, LAB, and fungi essential for enzyme, coenzyme, nucleic acid, vitamin, and cellular 
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component synthesis [50–53]. The greater dependence of A. niger on nitrogen sources for growth 

compared to S. cerevisiae and L. plantarum is attributed to factors such as its expansive filamentous 

structures enabling efficient nutrient uptake, metabolic versatility in utilizing diverse nitrogen 

sources, and nitrogen's critical role in fungal growth processes [46–48]. In contrast, unicellular yeasts 

and bacteria depend on mechanisms like diffusion or active transport for nutrient acquisition, which 

might limit their nitrogen uptake efficiency compared to fungi [50]. 

4.4. A. niger shows limited growth at high concentrations of mucilage.  

Fungi's susceptibility to osmotic stress significantly impacts their growth inhibition in concentrated 

sugar solutions, setting them apart from yeasts and lactic acid bacteria (LABs) [69–74]. This 

distinction arises from multiple factors, encompassing the distinctive structural and physiological 

attributes of fungal membranes, the repercussions of osmotic imbalances on cellular water 

equilibrium, and the differential adaptations of yeasts and LABs to osmotic stress. 

Primarily, fungal membranes, enriched with ergosterol, exhibit higher vulnerability to osmotic stress 

compared to yeasts and LABs [70]. The composition and structure of ergosterol–rich membranes 

confer increased fluidity and permeability, rendering them more susceptible to damage under osmotic 

stress [72–74]. In contrast, yeast and LAB membranes' composition imparts greater stability and 

resistance against osmotic imbalances. Furthermore, the presence of concentrated sugar solutions, 

like those in mucilage, can trigger osmotic imbalance affecting cellular water content. Fungal cells, 

facing such solutions, encounter a net water loss due to higher osmotic pressure externally. This loss 

leads to cell dehydration, significantly impairing fungal growth and viability, and disrupting water 

uptake and retention. 

In contrast, yeasts and LABs have evolved robust osmoregulation mechanisms to endure osmotic 

stress and flourish in high–sugar environments. Yeasts utilize high–affinity sugar transporters and 

osmotic stress–responsive signaling pathways, adapting to high–sugar conditions [70, 71]. LABs 

showcase resilient membrane integrity and defensive mechanisms safeguarding against osmotic 

stress–induced harm [70]. Initial studies on yeast S. cerevisiae's molecular regulation against osmotic 

pressure revealed MAP kinase and the high osmolarity glycerol (HOG) pathway's pivotal roles in 

cellular responses [72–74]. The Aspergillus genus' response mechanisms to osmotic stress differ, 

revolving around TcsB–type histidine kinase homologues, with some exceptions like A. niger [72–

74]. 

4.5. The effect size indicates that YPM medium is comparable to its traditional counterparts.  

The YPM medium demonstrates comparable growth potential to traditional media for S. cerevisiae 



 

210 

and L. plantarum, as indicated by non–significant differences in growth values. The effect size 

analysis further supports this, suggesting minimal practical differences. The optimized composition 

of YPM, including nutrient composition and growth–promoting factors, makes it a viable alternative 

for yeast and LAB cultures. 

However, contrasting results were observed in fungal growth between YPM and SDA media. A 

significant difference in fungal growth values was noted, indicating a substantial impact of the 

medium type on fungal growth. This was reinforced by a large effect size (Cohen's d > 0.8), 

underlining the significant disparities in fungal growth between the two media. 

These disparities emphasize the necessity for ongoing optimization of YPM media, especially to 

better accommodate the requirements of fungi. While YPM medium holds promise for yeast and 

LAB cultures, further adjustments are needed, potentially involving ingredient modifications, pH 

adjustments, and tailored growth factors to better suit the specific needs of fungal growth. 

4.6. Future contributions of the YPM medium. 

The unique composition and properties of mucilage offer several advantages for microbial growth 

and metabolism. The findings highlight the untapped potential of cocoa mucilage as a versatile 

substrate for the microbial culture of different microbial species (Figure 4). Microorganisms grown 

in the cocoa mucilage–based medium could exhibit new metabolic capabilities that target various 

industrial processes, enhancing their role in advancing biotechnological innovations.  

Figure 1. Biotechnological applications of cacao mucilage medium 

4.6.1 Production of Bioactive Compounds 

The cocoa mucilage–based culture medium offers an attractive substrate for the production of 

bioactive compounds with pharmaceutical, nutraceutical, and cosmeceutical applications. 
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Microorganisms grown in this medium could acquire metabolic capacities to biosynthesize various 

secondary metabolites, such as antimicrobial agents, antioxidants, enzymes, and polyphenols. 

Research has demonstrated the ability of cocoa–associated microorganisms to produce bioactive 

compounds, including antimicrobial peptides and enzymes, with industrial relevance. Harnessing the 

potential of cocoa mucilage as a culture medium can contribute to the sustainable production of 

valuable bioactive compounds [1–4, 56–59].  

4.6.2. Biodegradation and environmental remediation 

The organic compounds present in cocoa mucilage make it an ideal substrate for the biodegradation 

of recalcitrant pollutants and environmental remediation. Microorganisms grown in the cocoa 

mucilage–based medium may also exhibit enhanced biodegradation capabilities, targeting various 

contaminants such as hydrocarbons, pesticides, and textile dyes. The unique combination of sugars, 

organic acids, and phenolic compounds in cocoa mucilage provides a favorable environment for the 

growth of pollutant–degrading microorganisms, which would facilitate detoxification and 

remediation in contaminated environments.  

4.6.3. Bioprocessing and Industrial Applications 

The application of culture media based on cocoa mucilage extends to the bioprocessing and industrial 

sectors. Different microorganisms grown in this medium can efficiently improve the conversion of 

sugars into desired products, contributing to sustainable and ecological manufacturing processes. The 

polysaccharides present in cocoa mucilage can serve as a potential source of biopolymers, with 

applications in packaging materials and biomedical products [5–12, 60–63]. 

4.6.5 Agriculture and Plant Growth Promotion 

Cocoa mucilage–based media also have the potential for agriculture and plant growth promotion. 

Being that, organic compounds and growth factors can stimulate the growth and development of 

beneficial microorganisms. This medium could also improve the development of plant growth–

promoting bacteria and mycorrhizal fungi. In this way, agricultural practices can improve the 

availability of nutrients, improve the soil structure, promoting interactions between plants and 

microorganisms, which leads to greater productivity and sustainability of crops [50–60]. 

Biotechnological applications of a cocoa mucilage–based microbial culture medium span a wide 

range of industries, including pharmaceuticals, environmental remediation, bioprocessing, and 

agriculture. Harnessing the untapped potential of cocoa mucilage can drive innovation in 

biotechnology, opening new avenues for sustainable practices.  



 

212 

4.7. Final considerations 

A limitation of this study is that it focused solely on the design of the experimental space and specific 

microbial cultures. Future research should consider exploring other regions beyond the experimental 

design space, evaluating other microbial cultures from various sources, and identifying key growth 

factors, to refine culture media formulations. Furthermore, with the identification of potential growth 

strategies based on specific nutritional needs, even higher recovery rates could be achieved in 

different microbial species. 

5. Conclusions 

By combining rigorous statistical analysis, meticulous experimental design, and accurate predictions, 

this study provides a robust framework for optimizing YPM microbial culture medium formulation. 

The influence of the mucilage concentration on the microbial recovery rates, reveals the importance 

of the contributions of this ingredient to the recovery rate of different microbial species. The 

mechanisms underlying this observation could involve protective, adhesive, and nutritive properties 

of the mucilage, which together enhance the recovery efficiency of the microorganisms. 

These findings open the doors to various biotechnological applications, which extend beyond the 

scope of this study and offer promising avenues for future research and practical applications in 

various biotechnological fields.  
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Chapter 7 

Discussion and concluding remarks 

1. Discussion  

The investigation revealed that electromagnetic fields (EMFs) had a significant impact on multiple 

factors related to cocoa bean fermentation. Beyond the obvious effects on pH, humidity, and 

temperature, the EMF exposure resulted in notable changes in the size, color, and fermentation rates 

of the cocoa beans. 

The cited studies by Camu et al. (2008) [1] and Saputro et al. (2022) [2] support the notion that 

weight loss in cocoa bean fermentation primarily stems from water loss and organic matter 

degradation. The fermentation process's rate, duration, color, texture, and flavor alterations are 

impacted by cocoa bean type, fermentation method, and environmental conditions. Specific 

microbial communities, particularly lactic acid bacteria, influence fermentation rate and temperature 

elevation, as shown by Camu et al. (2018) [3]. Microorganisms and enzymes have been recognized 

by various authors for softening pulp, reducing bean size, and shaping cocoa's characteristic flavor 

[4, 5]. Notably, the use of lactic acid bacteria as starter cultures yields higher fermentation indices 

and darker bean colors, significantly affecting cocoa quality [6]. Initial 48 to 72 hours of fermentation 

exhibit the most intense microbial activity, elevating temperatures and producing organic acids like 

acetic and lactic acid, which contribute to bean changes and flavor enhancement [7, 8]. These 

findings highlight the intricate relationship between electromagnetic fields, fermentation processes, 

and microbial activity. It's evident that the effects of electromagnetic fields on fermentation rates are 

mediated by microbial community dynamics. Consequently, changes in the growth of microbial 

communities could also influence the impact of EMF on these rates. 

The study's outcomes emphasize that the density of the applied oscillating magnetic field (OMF) 

profoundly impacted fermentation quality and efficiency, with optimal OMF conditions leading to 

notable improvements. Both response variables exhibited quadratic behavior in relation to changes 

in OMF density, aligning with Anaya et al. [9], who noted similar behavior in fungal species' colony 

diameter under OMF exposure. The obtained results concerning sensory quality enhancement and 

performance augmentation of cocoa beans through electromagnetic field (EMF) modulation during 

fermentation are consistent with previous research exploring diverse EMF–affected processes. 

Examples include Andrade et al. [10] observing increased bioethanol production by S. cerevisiae 

under rotating magnetic fields, Boeira et al. [11] reporting reduced nivalenol in S. cerevisiae 

fermentation, Lin et al. [12] showing pulsed magnetic fields' efficacy against E. coli O157:H7, and 

Nakasono et al. [13] observing no impact on yeast cultures under specific OMF exposure. The higher 

microbial diversity in the low–density region (LDR) and lower diversity in the high–density region 
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(HDR) after 24 hours might be attributed to EMF effects on microorganisms, corroborated by studies 

showing EMFs' stimulation or inhibition of microbial growth. Strašák et al. [14], Novák et al. [15], 

Bayraktar et al. [16], and Gao et al. [17] demonstrated varying effects of OMF exposure on microbial 

species, thus influencing microbial population dynamics in diverse ecosystems. 

The study's kinetic variables revealed accelerated yeast and LAB growth, while AAB proliferation 

was comparatively slower. These findings are in line with previous research showing the varied 

effects of magnetic fields on microbial species, suggesting that such exposure can indeed modulate 

microbial growth and metabolic activity. This aligns with studies by Masood et al. (2018) [18] and 

Masood et al. (2020) [19] which indicated the potential of magnetic fields to influence bacterial 

growth patterns even after the field's removal, echoing the current study's findings and prior research 

on magnetic field impacts. Research by Konopacka et al. (2019) [20], Novák et al. [15], and Potenza 

et al. [23] demonstrated species–specific responses, growth rate influences, and inhibitory effects of 

magnetic fields on diverse microbial types, underscoring the potential for magnetic fields to impact 

microbial growth dynamics. Overall, the study found that stronger magnetic fields were associated 

with reduced maximum growth rates, extended delay phases, and lower μmax values across 

microbial groups. Although the exact mechanism remains incompletely understood, it could involve 

disruptions in ion transport, nutrient absorption, and bacterial cell dynamics [18, 20–26]. The 

observed differences in kinetic parameters between experimental and control groups suggest factors 

beyond nutrient depletion and toxic metabolite accumulation may influence microbial growth during 

cocoa bean fermentation, revealing the apparent influence of electromagnetic fields on the 

fermentation process through kinetic analysis. 

Metagenomic analysis unveiled the impact of magnetic field densities on microbial communities 

during dried cocoa bean fermentation. Lower to moderate field densities (5–42 mT) yielded 

positively altered microbial communities that enhanced aroma profiles, resulting in elevated yields 

with floral, fruity, and nutty flavors. Conversely, a higher field density (80 mT) led to lower yields 

and unfavorable acidity and bitterness notes. Consistent with these findings, in solid–state cocoa 

fermentation (SCFs), enterobacterial species drove pectinolytic cocoa pulp degradation and citric 

acid assimilation, while Tatumella correlated with desirable flavor compounds. Pseudomonas 

presence correlated with undesirable chocolate odors, while lactic acid bacteria (LAB), particularly 

Weissella and Lactobacillus, impacted flavor and color development. Acetic acid bacteria (AAB), 

especially Acetobacter, contributed to SCF by converting ethanol and lactic acid. Electromagnetic 

fields (EMFs) have been shown to influence microbial metabolism, resulting in diverse metabolite 

synthesis. EMFs' interaction with inoculum concentration influences cocoa bean microbial species, 

favoring fermentation conditions and desirable CCN–51 flavor notes. While the energy change from 

EMFs may be small compared to covalent bond energies, it can still impact biological system energy 

levels and reactions, especially involving radical pairs [27–39]. 
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Cocoa bean fermentation involves intricate interactions among microbial populations, including 

yeasts, lactic acid bacteria (LAB), and acetic acid bacteria (AAB), influenced by factors like bean 

variety and fermentation conditions. Magnetic field usage during fermentation affects these 

microorganisms' proliferation and dynamics, with treatments at 5 mT and 42 mT showing significant 

yeast and AAB growth within 48 to 120 hours. Studies on S. cerevisiae align, showing low–frequency 

magnetic fields stimulate microbial growth. However, rotating magnetic fields (RMF) exposure has 

been found to decrease yeast cell numbers and inhibit metabolic activity, while 80 mT magnetic 

treatment in cocoa fermentation exhibited lower LAB and AAB concentrations, hinting at 

suppressive effects. Despite this, recent research highlights magnetic fields' potential to enhance 

cocoa fermentation, improving pH, fermentable sugar content, and quality, indicating their profound 

impact on microbial metabolism. Magnetic field exposure alters microbial dynamics, influencing pH, 

acetic acid, ethanol production, and fermentable sugar content, potentially enhancing chocolate's 

sensory characteristics. Finding optimal magnetic field parameters for specific fermentation 

processes and microorganisms, alongside evaluating their lasting chocolate quality effects, 

necessitates further investigation [16, 27, 40–43, 49–51]. 

The study primarily focuses on Raman bands stemming from lipid materials, particularly fatty acids 

and triacylglycerols (TAGs), present in cocoa liquor spectra. These bands result from acyl chain 

vibrations, C=O stretching, and C=C double bond stretching, revealing characteristics like v(C–C), 

δ(CH2) twisting, and δ(CH3) or δ(CH2) strains in various fatty acids. Specific Raman signals linked 

to unsaturated fat components, such as oleic acid, are also identified. The presence of other 

compounds in cocoa liquor, including lignin, cellulose, hemicellulose, pectin, phenolic compounds, 

and alkaloids, might contribute to observed peaks, leading to overlaps and potential challenges in 

interpretation. Despite these complexities, Raman spectroscopy shows potential in assessing cocoa 

beans exposed to magnetic fields during fermentation and chocolate products, offering insights into 

processing and further warranting exploration for improved cocoa liquor analysis [52–65]. 

In the CCN–51 cocoa variety, higher irradiation doses lead to increased fruity attributes, indicating 

heightened compounds responsible for fruity flavor, while β–myrcene and β–cis–ocimene terpenes 

were augmented, resembling those found in fine cacao types. National Cocoa variety showcased 

improved fruit and floral attributes post–irradiation, akin to rice wine's fragrance enhancement with 

higher radiation doses. However, both varieties exhibited diminishing almond flavor as irradiation 

doses increased, along with a decrease in the cocoa attribute. These alterations are influenced by 

radiation's impact on pyrazines, aldehydes, and esters that contribute to cocoa and chocolate's nutty, 

cocoa aroma and flavor. Radiation also affects compounds tied to fruity, floral, rancid, and earthy 

aromas [57–60]. Notably, the acidity of both varieties decreased with higher doses, while bitterness 

and astringency experienced varied responses. Aroma intensity and quality were influenced by 

radiation, potentially affecting antioxidants, glucosides, and volatile compound content. Irradiation's 
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effect on unsaturated fatty acids might contribute to rancidity. These changes are linked to 

interactions with compounds like methylxanthines, alkaloids, flavonoids, and chlorogenic acid, as 

well as potential breakdown of fat molecules and hydrolytic acid group degradation [66–78]. 

2. Conclusions and future perspectives of electromagnetic fields in cocoa bean 

fermentation  

The future potential of electromagnetic fields in cocoa bean fermentation extends beyond current 

applications in the cocoa industry. While current research emphasizes the beneficial impacts of 

magnetic fields on cocoa fermentation, there's room for diverse and innovative exploration to 

transform this critical processing stage. Customizing electromagnetic field parameters to target 

specific microbial communities offers opportunities to optimize flavor, reduce fermentation time, 

and enhance cocoa quality. Integration with emerging technologies like AI and machine learning 

could enable real–time monitoring and adaptive control, aided by sensor networks and data analytics 

for process optimization.  

Additionally, exploring magnetic fields' influence on post–fermentation steps like drying and 

roasting may improve efficiency and flavor stability, benefiting cocoa constituents. Investigating 

waste recovery and environmental impact potential underscores the potential for ecological and 

efficient practices. Amid climate change and market challenges, electromagnetic fields offer 

resilience, supporting consistent yields and stable supply chains. In conclusion, interdisciplinary 

collaboration and innovative approaches can maximize the impact of electromagnetic fields in cocoa 

fermentation, revolutionizing cocoa processing and ensuring a thriving cocoa sector for the future   
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