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Abstract: The paper deals with low frequency electromagnetic field effects on growth dynamics of yeast cells Saccharomyces
cerevisiae. The current state of the research of electromagnetic field interactions with biological systems is briefly introduced.
Several experiments are carried out in order to investigate influence of specifically adjusted artificial low frequency

electromagnetic field on Saccharomyces cerevisiae growth dynamics. The experimental apparatus, materials, conditions and
evaluation methods are described in the paper. The presented results indicate the differences in growth dynamics between cells
exposed to magnetic field and the unexposed ones.
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INTRODUCTION

The influence of low-frequency electromagnetic field (LF
EMF) on living organisms is widely discussed issue both
in scientific area and in public. The interest in this topic
has increased due to the rapidly extending daily use of
electronic devices and generally increasing rate of
human exposure to electromagnetic radiation from
various artificial sources. There are numerous
experimental studies investigating electromagnetic field
(EMF) effects on living cells, tissues or on human health
in general. Since number of studies [1-7] showed the
potential connection between LF EMF exposure and
cancer or other diseases, the interest in research of EMF
interaction with biological systems has grown.
Numerous works focusing on experiments with living
cells showed the differences in the proliferation process
between cells exposed to electromagnetic field and
control (non-exposed) cells [8-14]. Other works
investigate the animal behavior under the exposition of
EMF [15] or possibility of genotoxic effect of EMF
exposure [16]. The results of these works are often non-
consistent and as Buchachenko [17] stated, the
biological electromagnetic effects sometimes seem to be
irreproducible and contradictory.

Besides experimental investigation, many authors tried
to propose physical mechanism of biological LF EMF
impact. One of the first suggested physical mechanisms
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was ion cyclotron resonance model (ICR) firstly
proposed by Liboff [18]. ICR holds that the physiological
activity of some important ions can be altered when the
frequency of applied time-varying magnetic field is
equal to the frequency of ion motion in static magnetic
field (cyclotron frequency). The same assumptions are
used in the ion parametric resonance (IPR) model [19,
20], but the interpretation of ion behavior is different.
Ion in IPR model is represented by a harmonic oscillator
and applied combined magnetic field should affect its
oscillations. Both resonance models have been criticized
due to several physical imperfections [21, 22],
particularly due to the problem of thermal noise. Despite
the lack of satisfactory physical explanation, there
remains an impressive body of experimental evidence
that can be taken as an empirical basis for ICR and IPR
hypotheses [8-13]. The most accepted mechanism of
biological EMF effects in recent years is the radical pair
mechanism [23-26]. In this mechanism, it is proposed
that magnetic field could affect the reactivity of
biological radicals and alter their final concentration in
biological milieu. Several authors [27, 28] expect that the
final concentration of radicals could be changed in the
range of 2 up to 40%, when the magnetic field is applied.
Since radicals have an important role in biology it could
lead to significant consequences for biochemical

reactions in organisms.
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Although an extensive theoretical and experimental
research has been carried out, the unambiguous
explanation of electromagnetic field influence on living
structures is still lacking. Many open questions in this
research field can be answered only by great amount of
repetitively obtained experimental results. Results of
experiments showing LF EMF effects on growth curve of
cells Saccharomyces cerevisiae are presented in this
paper. The growth curve of yeast cells is generally
composed of five basic phases [29]. When the cells are
inoculated into cultivation medium, they adapt to the
medium (lag phase). The lag phase is followed by the
exponential phase. The cells consume fermentable
sugar, eg. glucose, and the biomass concentration
increases exponentially. When the glucose in medium is
being limited, the diauxic phase occurs and the
metabolism is shifted from anaerobic to aerobic
pathway. In the post-diauxic phase the cells consume
ethanol and other products of fermentation. Once these
energy sources are exhausted, the cells enter the
stationary phase and the maximal biomass
concentration is reached. The representative growth
curve of cells can be seen in the Figure 1.
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Figure 1. Representative growth curve of yeast cells (adopted
from [29] and modified)
MATERIALS AND METHODS
The paper concentrates on experimental investigation of
specific artificial LF EMF on growth dynamics of yeast
cells. The cells are precultivated before the experiments.
Two samples with the same initial concentration of cells
are then used for experiments. One is exposed with
artificial LF EMF of specific parameters, the other is
shielded from the LF EMF. Details of experiments are
described in details in this section.
A. Experimental Protocol
Yeast culture is stored in a refrigerator at 4°C. Yeasts are
inoculated into glass Erlenmeyer flask (100 ml) with
10 ml of YPD medium (1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) D-glucose in distilled water) and
cultivated for 16 hours at 25°C on an orbital shaker at
180 rpm. Cell concentration in culture medium is
counting after cultivation by using counting chamber
(Neubauer) and microscope (Primovert, Carl Zeiss
Microscopy, LLC). The same volume of culture medium
with cells is transferred into two Erlenmeyer flasks

(100 ml) with 30 ml of fresh YPD in order to ensure the
same initial concentration of cells in two experimental
samples.

Parallel measurements of cell concentration are
performed. One sample is exposed to magnetic field
generated by coil (exposed sample) and one sample is
shielded from the magnetic field (control sample).
Concentration of cells from both samples is measured
every two hours during 8 hours. The samples are
cultivated at 25°C and are bubbled by air in order to
ensure oxygen intake and to avoid sedimentation of
cells.

B. Measurement Equipment

Measurements take place in double-chamber incubator
in which Erlenmeyer flasks with cell cultures are placed.
The previously designed and fabricated exposure coil is
used as a source of low frequency magnetic field. The
homogeneity in exposure area achieves ~90%.
Schematic drawing of the measurement system can be
seen in the Figure 2, and photography in the Figure 3.
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Figure 2. Measurement system schematic
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Figure 3. Measurement system photo

C. Experimental Conditions

Experimental conditions are set up based on the
previous results of authors [8, 30]. These conditions
arose from assumptions of the ion parametric resonance
model [20] and observed different growth areas of cell
cultures between exposed and control samples by
specific ratios of frequencies and magnetic flux density
of applied magnetic field. The harmonic driving signal
with frequency 1600 Hz is generated by a signal
generator (Agilent E4436B, Agilent Technologies, Inc.)
and amplified by a linear amplifier (Hubert A1110-05,
Dr. Hubert GmbH). Magnetic flux density within the
exposed volume varies spatially between 2.2 and 2.3 mT.
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RESULTS AND DISCUSSION

To investigate the LF EMF influence on growth dynamics
of yeast cells, the concentrations of cells are measured
and growth curves are then constructed. The ratios of
cell concentrations of exposed to control samples during
the experiments are calculated and discussed.

Five experiments with the same exposure conditions are
performed. The concentrations of both control and
exposed samples of Saccharomyces cerevisiae are
measured and analyzed. The growth curves presented in
the Figure 4 are constructed from average values of cell
concentrations, measured at selected time points (0 h,
2 h,4h, 6 h,8h) during five experiments. The error bars
represent standard deviation of the measured cell
concentrations. The ratios of cell concentration in
exposed sample (cexp) to cell concentration in control
sample (Ccontrol) can be seen in the Table 1. The bar graph
in the Figure 5 shows the ratios of exposed to control
cells at the end of each experiment.
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Figure 4. Growth curves of control and exposed sample
Table 1. Ratios of cell concentrations during measurements

Ratios Cexp/Ccontrol in selected time points
Measurement No. Oh 2h 4h 6 h 8h

1 1.0 | 0.83 1.66 0.93 0.75
2 1.0 | 0.80 0.67 0.83 0.92
3 1.0 | 0.73 0.85 0.62 1.01
4 1.0 | 0.96 0.88 0.74 0.52
5 1.0 | 094 0.77 1.18 0.87
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Figure 5. Ratios of cell concetrations in exposed sample to
control sample at the and of each experiment
The dynamics of cell growth between exposed and
control sample is slightly different. The increase of cell
concentration in control sample is faster compared to
the exposed sample. The final concentration of cells in
exposed and control sample would very likely reach the
same values, due to the identical initial conditions for
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cells. Since the difference of concentrations in exposed
and control sample increases with time, it is probable
that the control sample enters the stationary phase
earlier than the exposed sample. This fact would imply
slower growth dynamics of cells in exposed sample. One
could then assume that the EMF in these experimental
conditions has an inhibitory effect on cell proliferation
processes. The ratios of concentrations of exposed to
control sample presented in the Tab. 1 and Figure 5 are
in most of cases lower than 1.0. It is in accordance with
the previous assumption about an inhibitory effect of
EMF. On the other hand it is necessary to notice very
high standard deviations of measured cell
concentrations (Figure 4). To eliminate this
imperfection and to be able to state any satisfactory
conclusion about the biological LF EMF impact,
additional experiments with the same exposure
conditions are needed to be performed. Furthermore it
would be beneficial to evaluate several extra parameters
characterizing growth dynamics of cell culture, such as
absorbance, dissolved oxygen concentration, etc.
Nevertheless, these preliminary results like the recent
experimental studies realized at our department [8, 30]
indicate the detectable interaction of electromagnetic
field in low frequency range with living structures.
CONCLUSION
The  presented paper dealt with low frequency
electromagnetic field influence on growth dynamics of
Saccharomyces cerevisiae cells. The preliminary results
indicated, that LF EMF affect the cell proliferation
processes. The obtained results implied the differences
in growth dynamics of cells exposed to time-varying
magnetic field (1600 Hz, ~2.3 mT) compared to control
cells. The growth curves and ratios of exposed to control
samples implied the inhibitory effect of EMF on cell
growth. [t is necessary to realize additional experiments
with the same conditions and to perform proper
statistical evaluation in order to state some
unambiguous conclusion of the LF EMF influence on
growth dynamics of cells.
Acknowledgment: This work was supported by project:
ITMS: 26210120021, co-funded from EU sources and
European Regional Development Fund. The work was also
supported by project: University Science Park of the
University of Zilina (ITMS: 26220220184) supported by
the Research & Development Operational Program funded
by the European Regional Development Fund.
Note: This paper is based on the paper presented at The
11th International Conference ELEKTRO 2016, organized
by University of Zilina, Faculty of Electrical Engineering, in
Strbské Pleso - High Tatras, SLOVAKIA, May 16-18, 2016.
References
[1] M. Roosli, et al. “Leukaemia, brain tumours and
exposure to extremely low frequency magnetic
fields: cohort study of Swiss railway employees,”
Occup. Environ. Med., vol. 64, pp. 553-559, 2007.

57|Fascicule 2




- Bulletin of Engineering

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Z. Davanipour, E. Sobel, “Long-term exposure to
magnetic fields and the risks of Alzheimer’s disease
and breast cancer: Further biological research”
Pathophysiology, vol. 16, pp. 149-156, 2009.

L. Kheifets, et al., “A pooled analysis to extremely
low-frequency magnetic fields and childhood brain
tumors” Am. ]J. Epidemiol., vol. 172, pp. 752-761,
2010.

T. Koeman, et al, “Occupational extremely low-
frequency magnetic field exposure and selected
cancer outcomes in a prospective Dutch cohort”
Cancer Causes Control, vol. 25, pp. 203-214, 2014.

L. Zhao, et al, “Magnetic fields exposure and
childhood leukemia risk: A meta-analysis based on
11,699 cases and 13,194 controls,” Leukemia
Research, vol. 38, pp. 269-274. 2014.

M. Mattsson, M. Simko, “Is there relation between
extremely low frequency magnetic field exposure,
inflammation and neurodegenerative diseases? A
review of in vivo and in vitro experimental
evidence,” Toxicology, vol. 301, pp. 1-12, 2012.

F. I. Wolf, et al. “50-Hz extremely low frequency
electromagnetic fields enhance cell proliferation and
DNA damage: Possible involvement of a redox
mechanism” Biochimica et Biophysica Acta, vol
1743, pp. 120-129, 2005.

J. Barabas, R. Radil, 1. Malikova, “Modification of
S.cerevisiae growth dynamics using low frequency
electromagnetic fields in the 1-2 kHz Range,” BioMed
Research International, vol. 2015, 5 p.

AR. Liboff, “The ion cyclotron resonance
hypothesis,” Bioengineering and Biophysical Aspects
of Electromagnetic Fields, 3rd Ed., CRC Press, Boca
Raton, Fla, USA, 2007.

Y.A. Rochev, A.A. Narimanov, E.A. Sosunov, A.N.
Kozlov, “Effects of weak magnetic field on the rate of
cell proliferation in cell culture,” Studia Biophysica,
vol. 135, pp. 93-98, 1990.

AR. Liboff, R.J. Rozek, M.L. Sherman, B.R. McLeod,
S.D. Smith, “4sCa?* resonance in human
lymphocytes,” ]. of Bioelectricity, vol. 6, pp. 99-102,
1987.

M.G. Yost, R.P. Liburdy, “Time-varying and static
magnetic fields act in combination to alter calcium
signal transduction in the lymphocyte,” FEBS Letters,
vol. 296, pp. 117-122, 1992.

L.A. Coulton, A.T. Barker, “Magnetic fields and
intracellular calcium: effects on lymphocytes
exposed to conditions for cyclotron resonance,”
Physics in Medicine and Biology, vol. 38, pp. 347-
360, 1993.

H. Ch. Lee, et al.,, “Effect of extremely low frequency
magnetic fields on cell proliferation and gene
expression,” Bioelectromagnetics, vol. 36, pp. 506-
516, 2015

F.S. Prato, “Non-thermal extremely low frequency
magnetic field effects on opioid related behaviors:

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

ACTA TECHNICA CORVINIENSIS _—

snails to humans, mechanisms to therapy,”
Bioelectromagnetics, vol. 36, pp. 333-348, 2015..

M. J. Crumpton, A. R. Collins, “Are environmental
electromagnetic fields genotoxic,” DNA Repair, vol. 3,
pp. 1385-1387, 2004.

A. Buchachenko, “Why magnetic and
electromagnetic effects in biology are irreproducible
and contradictory?” Bioelectromagnetics, vol. 37, pp.
1-13, 2016.

A. R. Liboff, “Geomagnetic cyclotron resonance in
living cells,” ]. of Biological physics, vol. 13, pp. 99-
102, 1985.

V.V. Lednev, “Possible mechanism for the influence
of weak magnetic fields on biological systems,”
Bioelectromagnetics, vol. 12, pp. 71-75, 1991.

N.A. Belova, V.A. Panchelyuga, “Lednev’s model:
theory and experiment,” Biophysics, vol. 55, pp. 661-
674.2010.

R. K. Adair, “Criticism of Lednev’s Mechanism for the
influence of weak magnetic fields on biological
Systems,” Bioelectromagnetics, vol. 13, pp. 231-235,
1992.

R.K. Adair, “A physical analysis of the ion parametric
resonance model,” Bioelectromagnetics, vol. 19, pp.
181-191, 1998.

U. E. Steiner, T. Ulrich, “Magnetic field effects in
chemical kinetics and related phenomena” Chemical
Reviews, vol. 89, pp. 51-147, 1989.

C.R. Timmel, U. Til], B. Brocklehurst, K.A. Mclauchlan,
P.].Hore, “Effects of weak magnetic fields on free
radical recombination reactions,” Molecular Physics,
vol. 95, pp. 71-89, 1998.

J.R. Woodward, “Radical pairs in solution,” Progress
in Reaction Kinetics and Mechanism, vol. 27, pp. 165
-207,2002.

F.S. Barnes, B. Greenebaum, “The effects of weak
magnetic fields on radical pairs,”
Bioelectromagnetics, Vol. 36, pp. 45-54, 2015.

RJ. Usselman, L. Hill, D.J. Singel, C.F. Martino, “Spin
biochemistry modulates reactive oxygen species
production by radio frequency magnetic fields,”
PLoS ONE 9(3): €93065, 2014.

M. Simko, “Cell type specific redox status is
responsible for diverse electromagnetic field
effects,” Current Medicinal Chemistry, vol. 14, pp.
1141 -1152,2007.

E. Swinnen et al, “Rim15 and the crossroads of
nutrient signalling pathways in Saccharomyces
cerevisiae,” Cell Division, vol. 1:3, 2006.

R. Radil, J. Barabas, “Investigation of low frequency
electromagnetic field influence on cell proliferation
process,” ELEKTRO 2012: proceedings, p. 456-459,
IEEE 2012.

copyright © University POLITEHNICA Timisoara,

Faculty of Engineering Hunedoara,
5, Revolutiei, 331128, Hunedoara, ROMANIA
http://acta.fih.upt.ro

58|'Fa's.cicule 2



http://acta.fih.upt.ro/

	A. Experimental Protocol
	B. Measurement Equipment
	C. Experimental Conditions

