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Abstract 

Weak low-frequency magnetic fields (LF MF; 50-60 Hz) are widespread, yet their 

biological relevance remains uncertain due to inconsistent methods and environmental 

variability in prior studies. This dissertation addresses that gap by proposing and validating 

a rigorously controlled exposure platform for assessing LF MF effects on living cells, 

demonstrated with Saccharomyces cerevisiae as a model. The approach combines a pair of 

thermally stabilized cultivation chambers with homogeneous coil exposure and two 

complementary measurements of growth: a robust reference calibrated optical turbidimetry 

and electrical impedance spectroscopy. Using this framework, we evaluate whether LF MF 

alters yeast growth under well-defined conditions. Methodologically, we show that multiple 

interacting factors confound impedance-based cell concentration estimation, whereas 

turbidimetry provides reliable quantification. Biologically, across replicated temperature-

symmetric experiments, no significant LF MF effect on yeast growth is detected. The 

contribution is a transparent, reproducible framework hardware, controls, and analysis that 

clarifies measurement limits and offers a foundation for future studies and biotechnological 

applications, including potential diagnostic or therapeutic uses based on electromagnetic 

inhibition or stimulation. 

Keywords: low-frequency magnetic fields; Saccharomyces cerevisiae; real-time 

monitoring; impedance spectroscopy; turbidimetry; cell concentration estimation.  
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1 Introduction 

Low-frequency magnetic fields (LF MFs), typically Hz–kHz, are ubiquitous from 

power lines, appliances, and industrial systems. Interest centers on network frequencies 

(50/60 Hz), yet despite many reports of bioeffects, mechanisms and implications for health 

and biotechnology remain unclear due to heterogeneous methods and contexts. 

In residential and office environments across the European Union (EU), typical 50 Hz 

magnetic flux densities are in the range of about 0.01-0.2 µT, with median values around 

0.03-0.04 µT in most dwellings [1], [2], [3]. Regulatory guidelines emphasize that these 

values are orders of magnitude below international safety thresholds; for example, 

the International Commission on Non-Ionizing Radiation Protection (ICNIRP) 2010 sets 

a reference level of 200 µT at 50 Hz, while the EU recommends 100 µT as the reference 

level for general public exposure [4], [5]. 

A substantial literature reports both beneficial and detrimental  LF MF outcomes 

across cellular processes (ion channels, cytoskeleton, gene expression, signaling, ROS), with 

effects on proliferation and oxidative stress and suggested links to cancer and cardiovascular 

disease [6]–[16]. Therapeutic explorations (e.g., regeneration, wound healing, oncology, 

neuroprotection) and biotechnological applications in microbes and plants have also been 

proposed, but results remain mixed and often context-dependent [17]–[21],[22], [23]. These 

inconsistencies underscore the need for systematic, well-controlled studies. 

At cellular and physiological levels, responses vary by model and conditions: reports 

range from inhibited or enhanced growth (including in S. cerevisiae) to protective effects 

against cell death, while some studies suggest nervous-system sensitivity though findings 

are inconsistent [8], [9], [13], [19], [21], [24]. Several physical interaction hypotheses ion 

cyclotron/parametric resonance and radical-pair mechanisms have been proposed, yet 

rigorous experimental support is limited, partly due to sparse frequency sampling; “window” 

effects remain an open question [25]–[33]. 

Methodological limitations persist inconsistent exposure setups, inadequate 

temperature control, insufficient shielding from magnetic noise, and incompletely 

characterized systems hinder reproducibility and credibility [34], [35]. The 2020 ICNIRP 

report and subsequent analyses call for standardized, rigorous frameworks to resolve these 

issues [36]–[38]. Motivated by these insights and by insufficient thermal control in many 
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50/60 Hz studies [7]–[9], [13], [19], [24], [39] this thesis develops a robust platform 

emphasizing precise environmental control and standardized biological assessment. 

Here, we present and validate a platform that generates well-defined LF MFs and 

supports real-time biological monitoring. It prioritizes temperature stability, field 

homogeneity, parallel test–control configurations, and reproducible cultivation. Using S. 

cerevisiae as a model, we evaluate  LF MF effects on growth with improved accuracy, 

reproducibility, and interpretability, aiming to reduce uncertainty in the field and enable 

well-controlled applications in basic science and biotechnology. 

Aims of the dissertation thesis 

To sum up the focus of the dissertation thesis, our main objectives are as follows: 

1. Gathering knowledge about the state of the art in experimental evidence, theoretical 

models, as well as methods for measurement of biological response of living cells 

to low-frequency magnetic fields. 

2. Development of experimental platform allowing characterization of biological 

effects of LF MF on living cells. Modification of available module components and 

their mutual compatibility. 

3. Selection of a cell concentration estimation method that is feasible on the developed 

experimental platform. 

4. Realization of real-time monitoring of cell concentration based on impedance 

spectroscopy.  

5. Development of a new measurement methodology based on electric impedance 

spectroscopy for assessment of the effects of LF MF on living cells. 

6. Expansion of the knowledge about the influence of external LF MF on selected 

biological objects, potentially applicable in biotechnology and medicine. 
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2 Biological Effects and Mechanisms of Interaction 

Research into the biological effects of LF MFs has steadily grown over the past 

decades, driven by their widespread presence in modern life and the persistent uncertainties 

surrounding their physiological influence. Numerous studies have investigated their effects 

on various organ systems and cell types, yielding both promising results and significant 

contradictions. This chapter reviews key findings in the literature, ranging from systemic 

physiological responses such as impacts on the immune, reproductive, and nervous systems 

to cellular-level experiments examining proliferation. In doing so, it also highlights major 

methodological challenges in the field and the need for improved experimental control, 

which this thesis aims to address. 

LF MFs have been reported to modulate immune, reproductive, cardiovascular, 

nervous, and metabolic functions, but outcomes are dose-, time-, and model-dependent. 

Low–moderate exposures can alter immune markers and cytokines, while higher intensities 

may suppress lymphocyte activity; reproductive findings range from hormone shifts to null 

effects; cardiovascular studies show mixed results from transient heart rate or calcium 

changes to no long-term alterations; and neural studies report both neuroprotective signals 

and inconsistent functional changes. Some work hints at therapeutic potential (e.g., 

microcirculation, autonomic modulation), yet conflicting evidence and variable methods 

limit inference. Overall, the balance of findings underscores the need for rigorously 

controlled, temperature-symmetric, and well-characterized exposure designs [40]. 

Proposed mechanisms include weak induced electric fields and currents (membrane 

polarization), modulation of voltage-gated ion channels, and spin-chemistry effects on 

radical pairs that can shift reactive oxygen species (ROS). Among these, radical-pair–

mediated ROS modulation currently offers the most cohesive, non-thermal explanation 

across systems, whereas resonance-based ion models remain intriguing but sparsely 

validated. Induced transmembrane effects are typically small yet could matter in highly 

sensitive contexts. The experimental platform developed here emphasizing field 

homogeneity, real-time readouts, and strict environmental control is designed to test these 

hypotheses under biologically relevant, reproducible conditions [41]–[44]. 
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2.1 Research Overview of LF MF Effects  

The influence of LF MFs on biological systems remains an active area of research with 

both promising applications and unresolved controversies. Numerous vitro studies have 

explored how magnetic field parameters such as frequency, flux density, and exposure 

duration affect various cellular outcomes [45].  

Tab. 1 summarizes nine representative studies investigating the impact of LF MF 

exposure on different cell types, ranging from Saccharomyces cerevisiae to human dermal 

fibroblasts, microglial cells, and several cancer and stem cell lines. The experimental 

protocols and outcomes vary widely, with reported results including enhanced proliferation, 

apoptosis induction, DNA synthesis disruption, or complete absence of measurable effects. 

This variability underscores the complexity of LF MF interactions with cellular systems and 

highlights the importance of methodological rigor in the design of exposure experiments. 

Notably, some studies report frequency or magnetic flux density dependent effects. 

Zhang et al. (2013) [8] observed enhanced proliferation in human epidermal stem cells at 50 

Hz, while Radil et al. (2020) [46] reported frequency-dependent inhibition of Saccharomyces 

cerevisiae proliferation in the range of 0.4–1.6 kHz. Meanwhile, Song et al. (2018) [39] 

found that a 60 Hz, 6 mT field promoted proliferation in HeLa and fibroblast cells, 

attributing this to reduced reactive oxygen species. Conversely, Xu et al. (2020) [19] 

demonstrated that similar LF MF exposure triggered apoptosis in breast cancer cells while 

sparing non-cancerous lines. These opposing results raise the question of cell type 

specificity, exposure parameter tuning, and whether some cellular systems are more prone 

to LF MF influence than others. 



11 

 

Tab. 1: Summary of experimental parameters and biological responses to LF MF exposure. This table compares LF MF exposure conditions across selected studies, including 

magnetic field frequency and intensity, exposure duration, biological models, temperature settings, measurement methods, and observed cellular responses. Results show a 

wide variability in both experimental design and biological outcomes, underscoring the complexity of LF MF interactions and the need for standardized protocols. 

 

Reference 

MF 
Exposure 

duration 
Biological Model 

T  

[°C] 

Measurement 

Method 
Result Frequency 

[Hz] 

Flux density 

[mT] 

Novak, 2006 60 10 
60min 

 
S. cerevisiae 24-26 optical density inhibiting effects  

Zhang, 2013 50 5 
7days, 

30m/day 
hESC 37 flow cytometry cells increased during the S phase 

Lee, 20015 60 0.01~1 
4h~16h 

 
MCF10A,NIH3T3 20-30 hemocytometer decreased viability, DNA synthesis 

An, 2015 50 2.3 
2h/d,5d/w 

 
KYSE150, C6 37 hemocytometer no change in cell morphology 

Pasi, 2016 5&50 0.25~1.6 
1.5h 

 
fibroblasts 37 hemocytometer no changes in cell viability 

Duong, 2016 10/50/100 0.01~1 
4h 

 
HMO6 37 hemocytometer cell death detected 

Song, 2018 60 6 
1h/d, 3d 

 
HaCaT, PC12, NIH-3T3 37 flow cytometry promoted cell proliferation 

Xu, 2020 50-275 1 
6h~36h 

 
MCF-7, ZR-75-1, T47D n/a flow cytometry inhibiting effects via apoptosis 

Radil, 2020 0.4~1.6k 2.33~2.45 
72h 

 
S. cerevisiae 27 Petri- Counter inhibiting effects 
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2.2 Lack of Control and Reproducibility in LF MF Research 

A deeper review of study designs (Tab. 2) shows major inconsistencies in managing 

environmental and exposure conditions. Temperature control is the most frequent gap: only 

a few studies (e.g., Lee 2015 [7], Pasi 2016 [9], Radil [46], An 2015 [47]) reported 

temperature, and even then, without full profiles for both control and test groups. Most 

assumed incubator stability or used coarse settings, despite the strong temperature sensitivity 

of cellular processes small drifts can be misread as  LF MF effects. 

Exposure symmetry is also underused. Beyond test–control comparisons, rigorous 

designs should include control/control (C/C) and test/test (T/T) replications and, ideally, 

cross-over (swapping exposure between groups) to reveal spatial biases or coil asymmetries. 

Few studies added these elements, and none used a full cross-over design. Likewise, ΔT (T–

C) the temperature difference between test and control was rarely tracked, obscuring 

separation of thermal from non-thermal effects, especially in long culture runs. Together, 

weak thermal control, limited internal validation, and absent cross-over testing point to 

a need for stricter, more transparent protocols. 

In summary, intriguing  LF MF findings are undermined by methodological 

heterogeneity. Field-wide standardization, especially continuous temperature monitoring, 

exposure symmetry, and stronger control design with real-time readouts are essential for 

definitive conclusions. 

Our response is a modular, tightly controlled platform: precise temperature regulation 

with active feedback and dual-sensor monitoring on both test and control; environmental 

stability within and across compartments to minimize differential heating and interference; 

and parallel, swappable exposure channels that enable C/C, T/T, and full cross-over (T/C ↔ 

C/T) experiments. This architecture reduces systematic bias and supports reproducible 

studies that clarify  LF MF biological relevance and inform future 

therapeutic/biotechnological applications. 
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Tab. 2: Evaluation of experimental design quality and environmental control in  LF MF studies. This table analyses methodological rigor in selected  LF MF experiments 

based on criteria such as repetition, use of pair controls, temperature monitoring, and experimental symmetry. Key factors like ΔT (temperature difference between test and 

control), C/C and T/T pair experiment, and cross-over design are largely missing, indicating common limitations in reproducibility and environmental consistency. 

 

Reference 
Repetition 

Number 
Pair Experiment 

Climated 

Room 
Temperature Monitoring 

ΔT reported 

(T-C) 

C/C; T/T 

tests 

Cross-over 

design 

Novak, 2006 10, 4 Yes, 2 different places, 1 coil No No, room temperature No No No 

Zhang, 2013 3-4 Yes, 2 incubators No 
Incubator set to 37.0 °C ± 0.5;  

no further monitoring 
No No No 

Lee, 20015 >=3 Yes  No 
Yes; both T and C monitored and 

maintained at 37 ± 3 °C 
No No No 

An, 2015 >=3 Yes, 1 incubator No 
Incubator’s temperature is monitored, 

but not temperature of both samples  
No No No 

Pasi, 2016 3 Yes, 2 different places, 1 coil No 
Yes; temperature stability kept within 

1 °C; no further details 
No No No 

Duong, 2016 9.12 Yes, 1 incubator No No No No No 

Song, 2018 3 Yes, 1 coil No No No No No 

Xu, 2020 >=3 Yes, 2 incubator No No No No No 

Radil, 2020 >=3 Yes, 2 incubators, 2 coils No 
Yes; both incubators kept at 27 °C, 

confirmed by thermometer 
No No No 
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3 Cell Concentration Estimation Methods 

Accurate estimation of cell concentration and viability is essential across 

microbiological research, yet cell counting is prone to numerous pitfalls. To mitigate these 

issues, recent decades have seen significant advances that make counting increasingly 

reliable and highly automated. 

3.1 Hemocytometer 

Despite many automated options, the hemocytometer remains a practical “gold 

standard” for cell counting across diverse samples (blood, cultures, urine, water), often with 

a viability dye such as Trypan Blue to distinguish live/dead cells. It is a glass slide with 

a 9 square grid (each large square 1 mm × 1 mm, subdivided to 0.00025 mm²) and, under 

a coverslip, a chamber height of 0.1 mm so the counted volume is precisely defined. Typical 

practice is to count cells (4×–10× objective) in the four corner squares, average them, and 

compute concentration as the average × 10⁴ × dilution factor. For reliable statistics, aim for 

~100–200 cells per 1 mm²; dilute or concentrate accordingly. Accuracy is limited by mixing, 

pipetting, and operator differences, so replicate independent counts are recommended to 

reduce variability. 

3.2 Turbidimetry 

Turbidimetry estimates cell concentration by measuring how suspended particles 

reduce transmitted light through a sample: monochromatic light passes a cuvette, a detector 

records the transmitted beam, and the drop in intensity reflects scattering and absorption by 

the cells. Because cell scattering is elastic, scattered and incident wavelengths match; 

the instrument effectively quantifies forward transmission (conceptually like absorption 

spectrophotometry) to infer particle abundance. Results are often expressed in 

Nephelometric Turbidity Units (NTU), which scale with the amount of light scattered and 

thus with biomass density providing a rapid, non-invasive way to track microbial growth 

over time (e.g., yeast cultures). 
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3.3 Electrical Impedance 

Electrical impedance spectroscopy (EIS) provides a non-invasive, real-time readout 

for suspensions in conductive media, interpreted through simplified physical models that 

relate measured spectra to cellular properties. 

Cell membranes behave capacitively, making impedance strongly frequency 

dependent: low frequencies yield higher impedance and larger phase angles, while 

membrane reactance diminishes as frequency increases. The complex permittivity shows 

distinct dielectric dispersions; for biomass estimation the most informative is the β-

dispersion (~100 kHz–10 MHz) dominated by membrane polarization at the cell–medium 

interface. Lower α-dispersion (<1 kHz) largely reflects electrode polarization and interfacial 

effects, whereas the γ-dispersion (GHz) is governed by water. Our analysis targets the β 

region where concentration-dependent changes are most reliably captured for non-invasive 

monitoring. 

Approach I 

One approach to estimating cell concentration from impedance data relies on analyzing 

the dielectric dispersion characteristics of cell suspensions, as proposed by K. Asami and T. 

Yonezawa. This method interprets the frequency-dependent dielectric response of 

the medium to derive biologically relevant parameters. Their studies demonstrated that 

dielectric spectroscopy could serve as a reliable technique for tracking cell concentration 

over time. [48]. 

Using the single-shell (Pauly–Schwan–type) model cells as conducting spheres with 

thin capacitive membranes suspended in a conductive medium the β-dispersion amplitude 

of the suspension permittivity (Δε) scales linearly with viable cell volume fraction and thus 

with cell concentration [51]. Under the usual dilute-suspension and thin-membrane 

assumptions, the resulting practical estimator is:  

𝑁𝑐 =  
𝜀0

3𝜋𝑟4𝐶𝑚
𝛥𝜀 (3.1) 

 

where Nc is cell concentration, r the cell radius, Cm the membrane capacitance per area, 

and ε0 the vacuum permittivity. 
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Approach II 

Another method to estimate cell concentration from impedance data was developed by 

Yardley et al. [49], and it shares a conceptual similarity with the dielectric dispersion-based 

approach of K. Asami and T. Yonezawa. Both methods rely on the characteristic dielectric 

behavior of cell suspensions in response to an applied alternating electric field. However, 

while Asami’s model analyzes the entire frequency-dependent curve and extracts parameters 

using a physical model of spherical shell particles, Yardley’s approach simplifies 

the estimation by focusing on a specific dielectric feature across two frequencies. 

The method focuses on the capacitance increment (ΔC), defined as the difference 

between the measured capacitance at a low frequency, where intact cell membranes become 

polarized and the residual capacitance at a high frequency, where membrane polarization is 

negligible due to the field penetrating into the cell interior. This difference captures 

the membrane's contribution to the overall dielectric response. 

From two selected frequencies f1<f2 within the β-dispersion derive the relative-

permittivity change Δε (t, f1, f2), from the computed capacitance difference ΔC (via 

the electrode geometry factor). The estimated cell concentration is then: 

𝑁(𝑡, 𝑓1, 𝑓2) =
𝜀0 ∙ 10−6

3𝜋𝑟4𝐶𝑚
∙ 𝛥𝜀(𝑡, 𝑓1, 𝑓2) 

(3.2) 

Where r = 2⋅10−6 m is the assuming cell radius, Cm =1.1⋅10−2 F/m2 is the specific 

assuming membrane capacitance of viable cells. 

Approach III 

Another approach introduced by Soley et al. [50], utilizes impedance spectroscopy to 

monitor yeast cell growth by analyzing the ratio between low-frequency and high-frequency 

impedance values. Instead of relying on capacitance increments like previous methods, this 

approach focuses on how the impedance spectrum evolves as biomass increases. 

The frequency-dependent shift in impedance is then used as a parameter to estimate cell 

concentration in real time. The estimator is calculated as following: 

𝐸2 = 100 (1 −
|𝑍(𝐻𝐹)|

|𝑍(𝐿𝐹)|
) (%) 

(3.3) 
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Where E2 is the biomass estimator, |Z(LF)| is the value of impedance magnitude at f ≪ 

fc and |Z(HF)| is the impedance magnitude at f ≫ fc. 

The biomass estimator E2 depends on cell radius r, membrane capacitance Cm, 

the volume fraction P, and the intra and extracellular conductivities σi and σe. Under 

the assumptions that P < 0.2 (v/v) and σi ≈ σe, E2 becomes linearly proportional to P and 

essentially independent of the other parameters [52]. In practice, for a given microorganism 

R, Cm, and σi are approximately constant, whereas σe may vary with medium composition 

and temperature. 

 

4 Development of Experimental Platform 

Design and development of an experimental platform is the first and most vital step of 

our research. Measuring instruments of the platform must be chosen appropriately in order 

to be compatible with each other while maintaining their required functionality. From 

the constructed foundation and experimental workflow of the platform, many modifications 

and improvements have been and are being applied. 

4.1 The Experimental Workflow 

Experiments use paired cultivation chambers run in parallel under nearly identical 

conditions, flexibly configured as test–control, test–test, or control–control to enable 

differential exposure and internal validation, minimizing variability and improving statistical 

power. As outlined in Fig. 1, a yeast strain from the CCY collection (SAS, Slovakia) 

maintained on solid medium serves as inoculum for pre-cultivation; the culture is then 

diluted, aliquoted into vials, and placed in chambers with active temperature regulation and 

independent monitoring to maintain tight thermal symmetry. The integrated magnetic system 

allows each channel to be set to exposure or control independently for precise LF MF 

application. After cultivation, cell concentration is measured, and data undergo structured 

filtering and verification; only validated datasets proceed to final statistical evaluation. 
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Fig. 1: Schematic diagram of the experimental workflow for low-frequency magnetic field exposure 

studies. The platform integrates two temperature-controlled cultivation chambers connected to a dual 

channel magnetic field generation system, implemented with temperature monitoring ensures 

thermal consistency. 

4.2 Helmholtz Coils 

To ensure uniform exposure over planar cell cultures, we targeted high homogeneity 

in the sample plane using a Helmholtz configuration. We modeled multilayer air-core coils 

across the Hz–kHz range under three constraints amplifier current limit, amplifier 

voltage/impedance, and a coil self-heating cap of 2 W and optimized coil geometry (turns, 

layers, wire gauge) to maximize center B while preserving lateral uniformity. The model 

shows a non-monotonic dependence of achievable field on turn count: added turns raise 

inductance and resistance, lowering current at a fixed drive and eventually reducing B. This 

guided selection of a geometry that balances field strength, homogeneity, and thermal safety, 

and satisfies the Helmholtz spacing criterion (coil separation ≈ radius). 

We realized two identical air-core circular coils in Helmholtz layout: 50 turns of 2.2 

mm Cu arranged in 5 layers × 10 turns, wound on 3D-printed spools (inner Ø = 116 mm, 

outer Ø =126 mm, avg. Ø ≈ 121 mm), mounted face-to-face with 60 mm separation to meet 

the Helmholtz condition. Electrical characterization gave DCR ≈ 0.185 Ω and 0.197 Ω (4-

wire), and inductance per coil near 1 mH across 50 Hz–100 kHz with small coil-to-coil 

differences (typically < 3%) and expected high-frequency roll-off from parasitic capacitance. 

Field mapping confirms a flat central region and good lateral homogeneity over the culture 

area, matching simulations and supporting reproducible  LF MF exposure. 
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4.3 System for Magnetic Field Generation 

The magnetic exposure system comprises a Helmholtz coil pair driven by an Owon 

XDG3102 waveform generator and a Behringer NX3000D power amplifier, delivering up 

to 8 A (rms) from 0–2 kHz to generate fields up to 5 mT. It supports two operating modes: 

Bridge Mode, which combines both generator channels into one high-power output to drive 

a single coil (with a series potentiometer for load matching and oscilloscope monitoring for 

waveform integrity), and Dual Mode, which drives two coils independently each with 

a series variable resistor and ammeter for parallel, symmetric exposures in separate 

cultivation chambers. Field matching in paired experiments is high: at 800 Hz (X_L ≈ 5.03 

Ω), the flux-density ratio between chambers was ~1.01 (difference < 2%), confirming near-

identical exposure conditions. 

4.4 Homogeneity of Magnetic Field  

To verify field homogeneity, we mapped magnetic flux density at 15 points inside 

a centrally placed 250 ml low-form beaker (Ø = 76.5 mm), arranged in three horizontal 

planes (bottom, +6 mm, +12 mm) as shown in Fig. 2, positions were set with a SOMET 

INOX caliper (±0.01 mm), and axial B was read using a SYPRIS 7010 Gauss meter 

(AC accuracy ±1%; ±0.03 mT on the 3 mT range, ±0.3 mT on 30 mT). Sinusoidal drive 

(e.g., 3.5 Vpp at 1 kHz) was applied in bridge mode, with waveform and coil current 

monitored by oscilloscope and ammeter; results across conditions yielded relative standard 

deviations (RSD) of 1.64–2.57%, confirming high uniformity within the measured volume. 

No outliers or abrupt spatial drops were observed, with best uniformity near 1 kHz and slight 

deviations at higher/lower power. Because uniformity decreases away from the coil axis, 

the working volume was constrained (< 100 ml, centrally aligned) and, for non-stirred runs, 

sedimentation kept samples in the most homogeneous zone minimizing edge effects and 

ensuring reproducible exposure.  
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Fig. 2: Magnetic flux density of MF measuring locations inside the beaker. 

4.5 Temperature Regulation in Cultivation Chamber 

We first used an on–off controller in custom heated boxes (Candy CCV 150 EU) with 

foil heaters and K-type logging; after stabilization the sample temperature still oscillated 

~30.7–33.7 °C (spread 3.0 °C; SD ≈ 0.54 °C), which was inadequate for yeast work (Fig. 3). 

We therefore implemented a PID regulator (Rex C100, Pt100 in the water bath) with auto-

tuned gains (P = 1.8, I = 3600, D = 900) and Arduino monitoring (DS18B20, 10 s sampling), 

achieving long-term stability of ±0.3 °C (worst cases ≲ ±0.5 °C).  

With the PID set to 35 °C, we mapped chamber temperatures using multiple sensors: 

one submerged in the water bath and two at different heights in air; even with the coils 

powered as an added heat source, the submerged probe held the set point (Fig. 4a, b). 

A 3D printed stand later fixed coil and vial geometry to improve airflow symmetry and 

thermal stability. Final placement used one submerged sensor per chamber for sample 

temperature and one ambient sensor (~1 m height) for room tracking. 
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Fig. 3: Temperature profile recorded using an on-off temperature controller and K-type thermocouple 

sensor. After initial stabilization, the temperature oscillated between approximately 30.7 °C and 

33.7 °C, resulting in a fluctuation of 3.0 °C. 

 
 (a) (b) 

Fig. 4: (a) thermal image of the Helmholtz coil system placed inside the cultivation chamber, 

(b) temperature stability test in the chamber with the PID controller set to 35 °C. T1 – top of 

the cultivation chamber, T2 – water bath in the beaker, T3 – bottom of the cultivation chamber. 

4.6  In-situ Temperature Monitoring of Samples 

A simple, robust temperature-logging system was built around an Arduino Uno with 

three DS18B20 digital sensors positioned to track Chamber 1, Chamber 2, and ambient air; 

wired on OneWire with pull-ups, it streamed timestamped readings over serial while 
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displaying real-time values on an LCD. This replaced a K-type thermocouple logger whose 

dated software, awkward data format, and fragile leads hindered use. Data were saved to 

a text file and analyzed in a spreadsheet to compute means, standard deviations, and 

the chamber temperature difference ΔT; runs were accepted only when ΔT stayed within 

±0.3 °C, ensuring tight thermal symmetry and minimizing confounds during weak low-

frequency magnetic-field exposure experiments. 

 

5 Cell Concentration Monitoring Based on Impedance 

Spectroscopy 

We applied electrical impedance spectroscopy (EIS) for real-time estimation of yeast 

concentration using a wide-band, 4-wire analyzer (10 Hz–10 MHz) to acquire complex 

spectra with minimized electrode polarization. Three estimators were implemented: 

Approach I (Asami–Yonezawa, Eq. (3.1) mapping β-dispersion permittivity (from Im(Z)); 

Approach II using the capacitance increment (ΔC) between a low and a high frequency 

within β-dispersion Eq. (3.2); and Approach III impedance ratio, Eq. (3.3) comparing low- 

vs high-frequency |Z|. As shown in Fig. 5, Approaches I and II produced growth-like 

trajectories (including an exponential segment), whereas Approach III yielded decreasing 

curves under the chosen LF/HF pair, indicating a need for recalibration and/or sign handling. 

Frequency choice was critical. For Approach I, a 300 kHz–4 MHz window provided 

stable, informative permittivity dynamics; much lower frequencies added noise, while much 

higher frequencies reduced dynamic resolution. Conductivity (κ) was taken from the real 

part of Z at low frequency to parameterize the model, with the characteristic frequency fc 

incorporated via the standard factor in the final estimator. Fig. 6 demonstrates that differing 

measurement frequencies (20 kHz, 400 kHz, 3.2 MHz, 10 MHz) markedly shape the inferred 

concentration curves, and also that absolute permittivity offsets from probe wear shift 

the level but preserve curve shape, so Approach I, which relies on Δε, is relatively robust to 

moderate electrode degradation. Reliable mid-range estimation therefore hinges on careful 

frequency selection, routine electrode maintenance, and frequency-specific calibration. 
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 (a)  (b)  (c) 

Fig. 5: Comparison of cell concentration estimation using three different impedance-based 

approaches. (a) Approach I based on dielectric dispersion modeling at a single frequency (2 MHz); 

(b) Approach II based on the capacitance increment (ΔC) between 1 MHz and 10 MHz; (c) Approach 

III based on the ratio of impedance magnitudes at 1 kHz and 10 MHz. 

 
 (a)  (b) 

 
 (c) (d) 

Fig. 6: Example cell concentration curves calculated using the Asami and Yonezawa approach at 

different frequencies. (a) 20 kHz, (b) 400 kHz, (c) 3.2 MHz, and (d) 10 MHz. The two electrodes 

exhibited differing degrees of electrochemical degradation. 

5.1 Methodology for Quantifying LF MF Effects from Impedance 

Spectroscopy Monitoring 

To specifically quantify the effect of LF MF on cell growth, a novel, three-step 

analytical methodology was developed. This approach transforms raw impedance data from 

a pair experimental setup into a single, quantifiable metric of inhibition or stimulation. 
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Step 1: Calibration 

The initial step focuses on making the two time-series curves of permittivity (Test 

conditions and Control conditions) comparable. Since the raw impedance-derived 

concentration curves (e.g., from Approach I at 3.2 MHz, as seen in Fig. 6c) appear visually 

unrelated, a two-point calibration is applied. This calibration anchors both the Test and 

Control curves using known initial and terminal cell concentrations. The initial 

concentrations, coming from the same prepared solution, are assumed to be identical. 

The terminal concentrations (after 18-20 h of cultivation) are determined by an independent 

method (turbidimetry or hemocytometer counts), typically showing minor differences. This 

procedure assumes a linear relationship between the calculated permittivity and cell 

concentration across the entire measured range. 

Step 2: Normalization 

The absolute concentration values are then transformed into the cell multiplication rate 

(Fig. 7, the blue and red curves referenced by the primary Y-axis). This rate measures 

the fold-increase of the cell population from the starting concentration. This transformation 

is preferred because the multiplication rate is more universal and easier to comprehend for 

comparing different experimental runs or setup conditions than the absolute cell 

concentration itself. 

Step 3: Quantification via the Effect Ratio 

To directly compare the two established cell multiplication rate curves and normalize 

the results, we define the Effect Ratio: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 (𝑡) =
𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒𝐸𝑥𝑝𝑜𝑠𝑒𝑑(𝑡)

𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒𝐶𝑜𝑛𝑡𝑟𝑜𝑙(𝑡)
 

(5.1) 

 

The Effect Ratio provides a continuous, normalized measure of the field's influence 

over time, specifically quantifying the relative performance of the exposed sample compared 

to the control. In Fig. 7 it’s represented graphically by a black curve referenced by 

the secondary Y-axis. 
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Step 4: Single-Value Evaluation 

The final step requires evaluating the entire experimental run with a single, 

quantitative value that reflects both the qualitative outcome (inhibition or stimulation) and 

its degree. Due to slight run-to-run variability in growth curve profiles - specifically, 

the magnitude of growth and the precise timing of the culmination point (maximum) after 

the exponential phase - fixing a single time point for final evaluation would be too restrictive. 

Instead, the evaluation time point was left to "float" within a reasonable short time window 

following the cessation of exponential growth. The single metric reflecting the maximum 

effect is determined naturally by the: 

• Minimum value of the Effect Ratio curve (for the inhibition effect). 

• Maximum value of the Effect Ratio curve (for the stimulation effect). 

This procedure ensures the quantification captures the peak biological response 

regardless of minor shifts in the growth phase timing. 

Methodological Validation and Preliminary Result of LF MF Effect 

Fig. 7 presents a representative example of growth dynamics under LF MF exposure 

(3 mT at 800 Hz). A visible sign of inhibition in the exposed cell sample relative to 

the control appeared at approximately 600 min. The calculated Effect Ratio shown on 

the secondary Y-axis, reached its minimum value of 0.89 at approximately 750 min. This 

minimum quantitatively indicates that the concentration of the exposed sample was about 

11% lower than that of the control sample at the point of maximum effect. It should be noted 

that the initial segment of the Effect Ratio curve exhibits a high level of noise, primarily due 

to the temperature stabilization phase inside the cultivation chamber. 

Crucially, no definitive interpretation of the LF MF effect can be built upon this single, 

preliminary result due to the potentially considerable variability introduced by biological 

and environmental conditions. Consequently, besides the improvement of various technical 

issues (addressed in subsequent sections), multiple experimental runs must be conducted to 

rigorously and statistically evaluate any potential biological effect of LF MF. 
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Fig. 7: Cell concentration profile demonstrating LF MF inhibition (3 mT at 800 Hz). 

The concentration was derived from impedance spectroscopy, calculated using Approach I at 

the fixed frequency of 3.2 MHz. The primary Y-axis displays the estimated cell multiplication rate 

for the exposed sample (blue) and the control sample (red). The secondary Y-axis represents the ratio 

of exposed to control concentrations (black curve). The inhibition rate is quantitatively determined 

by the minimum value reached by the ratio curve, which occurs at approximately 750 min. 

Methodological Challenges 

The introduction of the Effect Ratio methodology highlighted several critical areas 

requiring further specification and corroboration, particularly concerning the two-point 

calibration process: the first point is biased by early PID stabilization and EIS temperature 

sensitivity; the second point is biased by slow, linear drift from evaporation and small 

chamber-to-chamber differences, corrupting the assignment of absolute concentration to 

impedance traces. 

5.2 Challenges in EIS based Cell Concentration Estimation 

Mechanical mixing vs. signal stability: Non-magnetic stirring is required for 

homogeneity, yet mechanical vibrations couple into the impedance readout: higher RPM 

increased both |Z| and noise. A compromise (lower RPM, vibration isolation, mass loading) 

is needed to maintain mixing without degrading spectra. 

Open systems and evaporation: In open vessels, conductivity and apparent 

permittivity rise over hours even without cells, mimicking growth. A sealed, stirred 

bioreactor suppresses evaporation, improves sterility, and stabilizes both conductivity and 

permittivity after a short transient. 
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Electrode geometry and probe variability: The cell constant K=l/A ties both 

resistive and capacitive channels to geometry. Masking electrode area or switching probes 

(different materials, cell constants, wiring) shifts absolute levels and noise, forcing 

geometry-specific calibration and limiting cross-probe comparability. 

Temperature sensitivity: Permittivity at MHz frequencies changes strongly with 

temperature; differences of only 0.5 °C can translate into ~10% shifts in the inferred 

concentration. Tight control and/or explicit thermal compensation are mandatory. 

Frequency selection and model choice: Very low frequency adds noise and electrode 

polarization; very high frequency flattens dynamics. Mid-β-dispersion (≈0.3–4 MHz here) 

yields the most informative trajectories for single-shell (Δε-type) estimators; impedance-

ratio methods may require careful LF/HF pairing and sign handling. 

Calibration shortfalls in practice: Discrete addition and dilution series attempts 

often failed to produce a monotonic, reproducible ε concentration curve especially at low 

biomass where temperature and ionic micro changes dominate the signal. Even with 

improved hardware, absolute quantification remained elusive without robust, frequency-

specific calibration. 

Conductivity permittivity coupling: Time courses of calculated ε and κ were highly 

correlated (Pearson > 0.98 across 0.3–5 MHz), implying that what appears as a permittivity 

change is often dominated by medium conductivity shifts driven by metabolism/chemistry 

rather than membrane polarization alone. 

Under these conditions, EIS provides rich, real-time signals but is methodologically 

fragile for absolute cell concentration: it demands sealed culture, stringent thermal control, 

vibration mitigation, fixed geometry, careful frequency selection, and validated, probe-

specific calibration with awareness that conductivity-driven effects can masquerade as 

dielectric biomass signatures. 
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6 Static Cultivation with Turbidimetry-Based 

Concentration Measurement  

After observing limitations with impedance-based monitoring, we adopted a simple, 

reliable workflow for estimating growth via static cultivation with turbidimetry: no stirring, 

no impedance probe, sealed vials for sterility, 10 vials total (5 LF MF exposed, 5 control) 

plus 2 dilution controls (10x) for low-biomass reference. We built a calibration by 

correlating turbidity (NTU) with Bürker chamber counts from a YPD dilution series, 

yielding a strong linear fit (R² = 0.972) and supporting turbidity as a practical estimator of 

cell concentration in the mid to high density range. At low densities, both methods lose 

precision: Bürker counts suffer from counting statistics and non-uniform cell distribution, 

while turbidimetry under-samples scattering events, so results in this regime should be 

interpreted with caution. 

6.1 Optimal Starting Microbial Concentration 

Optimizing the setup required jointly selecting the initial cell concentration and total 

cultivation time, which we determined iteratively: practical constraints limited each run to 

20 h of cultivation within a 24 h day, so we screened dilutions to keep cells in the desired 

growth phase over that window. After 20 h at 35 °C, only a 10% inoculum (1:10) reached 

biomass equivalent to the pre-culture; dilutions beyond ~1:3.2×10⁴ yielded ≤50% growth, 

and at 1:10⁷ growth was ≈2.2%. For paired comparisons, we targeted a final biomass window 

of 20–60% to preserve sensitivity, refined tests across 5×10⁴–2×10⁵ dilutions and set 

the working inoculum at a 1.8×10⁵-fold dilution (≈306 cells/ml). 

6.2 Modelling of Optimal Duration of Biological Experiment 

To determine the optimal experiment duration, we ran a large, uniform-temperature 

cultivation (84 vials submerged in a water bath) using the selected inoculum (~306 cells/ml) 

in two identical thermostatic chambers, tracking turbidity from 12 h across 14 time points 

(Fig. 8a). We then simulated an  LF MF effect as a time shift of the growth curve (delay or 

advance, Fig. 8b simulates an MF effect as a 2 h delay) and computed absolute and relative 

differences versus control to find the most discriminative readout time. The analysis showed 

maximal practical at 18 h, when biomass is ~33% of its eventual maximum (≈1.82 × 10⁷ 

cells/ml after ~16 doublings). 



29 

 
 (a) (b) 

Fig. 8: (a) Growth curve illustrating the increase in cell concentration of Saccharomyces cerevisiae 

CCY 21-4-99 over time at 35 °C. (b) Simulation of MF impact by delaying growth by 2 hours (blue 

curve). The vertical line at 18 h indicates the moment of maximum difference between the two 

growth curves 

6.3 Verifying Pair Experimental Design 

To overcome the common limitations (insufficient temperature control, absence of 

cross-over/pair designs, and uneven environmental conditions) the experimental platform 

consists two independently monitored chambers, with cross-over capability, and has real-

time temperature tracking in both chambers. Pair experiments (18 h at 35 °C) were run in 

two modes: both chambers as controls (no MF) and both as tests (50 Hz, 3.5 mT, 4.5 A). 

Only runs meeting strict thermal criteria were analyzed: each chamber within 35 ± 0.3 °C 

and the inter-chamber ΔT within ± 0.3 °C. 

Results show the two chambers behave equivalently: the mean growth difference 

between chambers stayed < 1% in control, test, and combined datasets, and a one-sample t-

test failed to reject zero mean difference (p = 0.56, 0.78, 0.52). These outcomes confirm 

the experimental platform’s symmetry and reproducibility for pair experiment (Fig. 9). 

 
Fig. 9: Boxplots for cell concentration difference between cultivated cultures in two chambers.  

C-C: both chambers in control mode without MF (N = 5). T-T: both chambers in test mode with MF 

(N = 5). Combined: merged data from the two previous sets (N = 10).  
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7 Effect of 50 Hz Magnetic Field on Saccharomyces 

Cerevisiae Growth 

The results presented in this chapter originate from the experimental setup described 

in chapter 6, which used static cultivation in sealed vials combined with turbidity-based cell 

concentration measurement. 

Data from four types of pair experimental setups were collected for analysis: control–

control (C–C), test–test (T–T), test–control (T₁–C₂), and control–test (T₂–C₁), where 

the subscript denotes the chamber. In total, 58 runs were performed; to ensure reliable 

comparisons, we retained only runs meeting strict thermal symmetry: both chambers at 35 ± 

0.3 °C and inter-chamber ΔT within ± 0.3 °C. This yielded 24 runs for analysis 12 controls 

(6 C–C, 6 T–T) and 12 tests (6 T₁–C₂, 6 T₂–C₁). The ±0.3 °C threshold balanced platform 

capability with sample size; broader cutoffs (±0.4/±0.5 °C) produced comparable 

conclusions. 

Outcomes were computed as relative differences in turbidity between chambers for 

each configuration, and summarized in Fig. 10a. Aggregating per configuration (six 

independent runs each, five vials per run), Fig. 10b–c contrasts the MF cases against their 

appropriately ordered control pairs. When MF was applied in chamber 1 (T₁–C₂), the mean 

growth difference favored the exposed side by ≈ +1.4 %; when MF was applied in chamber 

2 (T₂–C₁), the exposed side showed ≈ –2.8 % relative to the reversed controls. These 

opposing tendencies argue against a consistent MF effect and instead suggest chamber- or 

run-level variability around zero. 

Statistical testing confirmed no significant MF effect. Two-sample comparisons of 

each MF configuration against its matched control set, as well as a complementary one-

sample approach that baseline-corrected each MF dataset by subtracting its corresponding 

control mean (to account for small non-zero control offsets), all returned p-values between 

~0.15 and 0.91. Normality checks guided the use of parametric or nonparametric tests as 

appropriate; conclusions were unchanged across methods. Because yeast growth is 

temperature-sensitive, we also applied linear temperature corrections derived from the 

dataset (narrow and broad ranges); adjusting results by these small slopes did not change 

statistical outcomes and effect estimates remained non-significant. 
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In sum, under 50 Hz, 3.5 mT exposure with tight thermal symmetry (35 ± 0.3 °C) and 

a paired design, the platform shows no measurable impact of LF MF on yeast growth within 

the precision and detection limits of this study. The small and directionally inconsistent 

chamber differences observed in Fig. 10 reflect experimental noise rather than a reproducible 

bioeffect, reinforcing the platform’s value for generating clear, well-controlled negative (or 

positive) findings. 

 
 (a)  (b)  (c) 

Fig. 10: (a) Boxplots showing the relative differences in cell concentration between cultures grown 

in the two cultivation chambers across four different experimental setups (N = 6 for each setup). (b) 

Mean cell concentration difference between chambers in the pair experimental setup for the case of 

combined control conditions (C₁ - C₂ and T₁ - T₂) and MF applied in chamber 1 (T₁ - C₂). (c) Mean 

cell concentration difference for the case of combined control conditions (C₂ - C₁ and T₂ - T₁) and MF 

applied in chamber 2 (T₂ - C₁, N = 6). Error bars represent ± SEM 

7.1 Discussion 

Prior to the LF MF study review (Tab. 1 and Tab. 2), most studies have not documented 

temperature equality between test and control with the granularity used here. Most reports 

claimed temperature stability without quantified side-by-side temperature traces or explicit 

ΔT between groups, leaving room for misattribution of thermal artifacts as field effects. We 

also found no control–control or test–test checks, nor are any cross-over designs, to confirm 

that the two chambers behaved equivalently, those procedures, which we considered 

essential in paired experiments. 

In our experiments, brief early overshoot arose after vial insertion: pre-warmed 

samples still entered slightly below 35 °C, prompting the PID to correct and transiently 

overshoot. Minimizing this would require reducing the initial sensed drop (≈0.1 °C target) 

by increasing the thermal mass of the bath relative to sample volume implying a substantially 
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larger reservoir or chamber redesign. Despite this transient, our acceptance criteria (both 

chambers 35 ± 0.3 °C and inter-chamber ΔT ≤ ±0.3 °C) ensured thermal symmetry for 

the analyzed runs. 

The static geomagnetic field in the lab was ~56 µT and thus common-mode. Our 

applied 50 Hz field was 3.5 mT, ~60× larger, so any between-chamber differences reflect 

the externally driven exposure rather than the background. Under these tightly controlled 

conditions, we observed no measurable MF effect on yeast growth contrasting with 

a literature that contains both positive and null reports. Given publication bias toward 

positive findings and the rarity of rigorous ΔT reporting, we suspect that unnoticed 

temperature differences (and related design issues) explain a non-trivial share of claimed 

effects. 

Finally, while our exposure exceeded typical residential and office levels by four–five 

orders of magnitude and still produced no detectable effect, caution is warranted in 

extrapolating to human safety. Whole organisms possess regulatory and compensatory 

mechanisms absent in isolated cultures, which could attenuate or under specific conditions, 

amplify responses. The key contribution here is not only a clear negative result but 

a validated methodology (paired, temperature-symmetric, cross-over-capable) that future 

studies can adopt to produce decisive evidence positive or negative on LF MF bioeffects. 

 

8 Conclusions and Main Contributions  

The objective of this thesis was to develop a measurement platform for experimentally 

investigating the effects of weak low-frequency magnetic fields (LF MFs) on living systems, 

and to establish a rigorous methodological framework for accurate, reproducible assessment 

of such effects using both established and exploratory cell-concentration readouts. 

A state of the art review (Tab. 1 and Tab. 2) mapped biological outcomes against field 

parameters and design strategies, revealing large variability and frequent gaps in 

environmental control. Common shortcomings included missing temperature monitoring, no 

reporting of temperature differences between test and control, absence of validating C/C and 

T/T pairs, and lack of cross-over designs. Many positive findings could not clearly exclude 

thermal or positional artifacts, underscoring the need for a new, tightly regulated platform 

for paired LF MF exposure with high reproducibility criteria that directly informed our 

system design. 
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We designed, realized, and tested a comprehensive platform for pairwise LF MF 

exposure under controlled conditions, integrating:  

• Helmholtz coils with verified homogeneity (RSD < 2.6% across 15 points within 

a 76.5 mm-diameter, 12 mm-high working volume),  

• a field-generation chain (waveform generator + high-power amplifier, dual/bridge 

modes) delivering stable fields up to 5 mT from 10 Hz–2 kHz, 

• in-situ temperature regulation with active control. Stability improved from ±1.5 °C 

(on–off) to ±0.3 °C (PID + optimized heater placement).  

Two parallel cultivation chambers enable precise exposed–control comparisons with 

matched field and temperature, support C/C, T/T, and cross-over runs, and address nearly 

all methodological weaknesses identified in the review. 

We evaluated methods for ex-situ and in-situ growth monitoring. Optical turbidimetry 

and impedance spectroscopy were selected for their potential to capture dynamic cell-

concentration changes and for compatibility with the platform. For impedance, we 

implemented a fully functional, real-time system (10 Hz–10 MHz, 4-wire) and tested three 

estimators: (1) permittivity near the β-dispersion characteristic frequency, (2) 

the capacitance increment ΔC obtained from the imaginary impedance between selected low 

and high frequencies in the β-dispersion region, and (3) a low/high-frequency impedance 

ratio. 

Despite high-quality instrumentation and tight thermal control, impedance-based 

estimation was not consistently reliable in this setup. Asami-based curves could appear 

growth-like, but robust calibration linking impedance metrics to absolute concentration was 

not achieved; sensor variability, environmental sensitivity, and electrode inconsistencies 

limited generality. (We note the method’s feasibility was demonstrated in a separate study, 

indicating the approach remains promising with further refinement.) Turbidimetry, in 

contrast, proved simple, non-invasive, and well-calibrated against Bürker hemocytometer 

counts, and was adopted as the reference metric. 

Using the finalized platform, we conducted paired, temperature-symmetric 

experiments exposing Saccharomyces cerevisiae to 50 Hz, 3 mT LF MF for 18 h, with 

replicated runs. Growth was quantified turbidimetrically and analyzed statistically across 
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independent experiments. No statistically significant differences were detected between 

exposed and control in cell concentration. Within the tested conditions and detection limits, 

we conclude no significant biological effect of weak LF MF on yeast growth. The platform 

and methodology provide a reproducible foundation for future, tightly controlled 

investigations. 

In summary, this dissertation delivers substantial technical innovation and 

methodological rigor crucial for advancing reproducible research in the field of LF MF 

bioeffects. The key contributions include: 

• An established and validated state-of-the-art experimental platform for LF MF 

exposure, ensuring unprecedented environmental control through tightly controlled 

thermal symmetry between parallel test and control chambers, minimized coil heating, 

and quantified magnetic field homogeneity. 

• An impedance spectroscopy system for real-time, in-situ cell concentration monitoring 

was designed, implemented, and subjected to rigorous stress-testing, together with 

a developed methodology for quantifying LF MF effects. 

• A critical assessment of impedance-based cell concentration estimation, clearly 

identifying key limitations (temperature sensitivity, evaporation, medium conductivity 

interference, and probe geometry variability). 

• Biological effect under strictly controlled pair experimental conditions: 18-hour 

exposure of Saccharomyces cerevisiae to 50 Hz, 3 mT demonstrated no statistically 

significant difference in cell growth. 

This dissertation fundamentally raises the standard for experimental methodology in 

the field of LF MF bioeffects. Although no reliable evidence of significant biological effects 

was definitively isolated, the primary contribution lies in the robust, reproducible platform 

and rigorous protocols developed, which provide the scientific community with an essential 

foundation for clear and unambiguous investigation. In the long term, this work may pave 

the way for defining exposure guidelines or enabling novel applications in MF-based 

biotechnology, including the development of diagnostic and therapeutic technologies reliant 

on electromagnetic inhibition or stimulation.  
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