
INTRODUCTION

Electromagnetic fields and SiO2 nanoparticles have been on
earth for millions of years and presently they are important
environmental factors, especially in urban areas. Extremely
low frequency electromagnetic fields (ELF EMF) occur pri-
marily from 50 and 60 Hz electric power lines and from
electric devices and installations in buildings. Several stud-
ies have been conducted (Massot et al., 2000; Espinosa et

al. 2006; Cui et al., 2012) on effect of oxidative stress on
animal brain cells, including on the cell membrane, after ex-
posure in ELF EMF (50 Hz). It is known that exposure to
ELF EMF in a large frequency range (4–50 Hz) on human
can be visualised by electroencephalograms (EEG). It is
possible to alter the human EEG activity of alpha and beta
bands with exposure of human to ELF EMF at correspond-
ing frequencies, depending on the order and period of EMF
conditions (Cvetkovic and Cosic, 2009). The ELF EMF in-
fluence on oxidative processes in human neutrophils has
been studied a lot (Roy et al., 1995; Noda et al., 2000;
Nawrocka et al., 2006). There are also studies showing that
ELF EMF has influence on plant cell membranes, changing
plant cell growth and development, and cell apoptosis,

which is caused by cell oxidative stress (Piacentini et al.,
2004, Shabrangi et al., 2010).

Nanoparticles are defined as particles with size less than
100 nm (Ball, 2002) and include natural, incidental and en-
gineered nanoparticles. SiO2 nanoparticles are the most
common nano-sized particles in urban areas (Veliu and
Syla, 2008; Campos-Ramos et al., 2011; Wang and Pui,
2011). The potential toxicity of nanoparticles has currently
raised much discussion in the public and among researchers.
A consistent body of evidence shows that nano-sized parti-
cles, which are taken up by a wide variety of mammalian
cells types, are able to cross the cell membrane and become
internalised (Novak and Bucheli, 2007). Silicon dioxide
nanoparticles exert dissimilar cytotoxic effects on mamma-
lian cells. They induce cytotoxicity by oxidative stress in
human epithelial cells and in human lung cancer cells (Lin
et al., 2006, Eom and Choi, 2011). The influence of
nanoparticles on plant cells depends on type, size and con-
centration of particles, evaluated plant species and physio-
logical processes in cells (Ma et al., 2010, Wei et al., 2010,
Kokina et al., 2013, Kalteh, 2014). Only some effects of
SiO2 nanoparticles on plants are known, such as promotion

PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 69 (2015), No. 3 (696), pp. 82–86.
DOI: 10.1515/prolas-2015-0012

COMBINED EFFECTS OF 50 HZ ELECTROMAGNETIC FIELD
AND SIO2 NANOPARTICLES ON OXIDATIVE STRESS
IN PLANT’S GAMETIC CELLS

Dace Grauda1#, Anton Kolodynski1, Inta Belogrudova1, Lada Bumbure2,
and Isaak Rashal1

1 Institute of Biology, University of Latvia, Miera iela 3, Salaspils, LV-2169, LATVIA

2 Biomedical Engineering and Nanotechnology Institute, Rîga Technical University, Kaïíu iela 1, Rîga, LV-1658, LATVIA

# Corresponding author; dace@email.lubi.edu.lv

Contributed by Isaak Rashal

The paper presents the results of combined effects of an extremely low frequency electromag-
netic field (50 Hz) (ELF EMF) and SiO2 nanoparticles on fluorescence of plant gametic cells (im-
mature microspores). The data were recorded by a BD FACSJazz® cell sorter after cell
irradiation by blue laser (488 nm). A significant difference of fluorescence was observed between
gametic cells after 1 hour incubation in suspension of SiO2 nanoparticles and the control gametic
cells. It was observed that fluorescence intensity of gametic cell was higher with ELF EMF treat-
ment in comparison to control cells, but it was statistically significant only for cells treated with
electromagnetic radiation field with density 100 µT (p < 0.01) and 400 µT (p < 0.01). A different
effect of ELF EMF were observed in cells incubated in SiO2 nanoparticle suspension; interaction
of the factors resulted in lower cell fluorescence in comparison to control cells. The present study
showed that SiO2 nanoparticles may be a source of oxidative stress, but jointly with 50 Hz elec-
tromagnetic field they can serve as an efficient antioxidant.

Key words: 50 Hz electromagnetic radiation, immature microspores, silicon dioxide nanoparti-
cles, flow cytometry, oxidative stress.

82 Proc. Latvian Acad. Sci., Section B, Vol. 69 (2015), No. 3.



of seed germination, improved resistance to salinity stress
and effect on root growth, (Hoecke et al., 2009, Siddiqui et

al., 2015). The effects of SiO2 nanoparticles on plants are
being discussed.

Flow cytometry methods (FCM) are widely used for detec-
tion of changes of cell physiological state. FCM allows to
evaluate a large number of cells in a very short time, and the
obtained results are statistically significant and representa-
tive of the whole population (Doþel et al., 2007, Bargmann
and Birnbaum, 2009; Galbraith, 2010). FCM on the basis of
cell relative fluorescence can estimate changes in more than
20 parameters for each cell, in contrast to other methods
used for determination of influence of environmental pollu-
tion — physiological, biochemical, morphological, and cy-
togenetic (Nabais et al., 1999, Yilmaz and Zengin, 2004).
FSM can be used to determine effect of one or a few envi-
ronmental factors, or sum of multifactorial influence on one
or some traits. FCM has been successfully used for estima-
tion of several plant cell parameters, including cell oxida-
tive stress (Djakoviã and Jovanoviã, 2003, Doþel et al.,
2007, Dimpka et al., 2012).

Studies have not been made on the combined effects of an
ELF field and SiO2 nanoparticles on oxidative stress in
plant gametic cells. The aim of this study was to determine
the combined effects of 50 Hz ELF EMF and SiO2 nanopar-
ticles on intracellular concentration of reactive oxygen spe-
cies in plant gametic cells (immature microspores).

MATERIALS AND METHODS

Plant material and immature microspore cell culture

preparation. Plant material. Potted donor plants of cycla-
mens (Cyclamen persicum) were grown in a greenhouse and
then for a month in growing room conditions: 16 h
photoperiod, 3000 lx light intensity, +20 ± 2 °C tempera-
ture, humidity ~60%. The optimal stages of microspores
were determined by a light microscope with magnification
×103 (Barnabás, 2003; Jacquard et al., 2003). Buds contain-
ing more than 80% microspores in the early and middle
uninucleate developmental stage (5–6 mm diameter at its
widest point) were collected from donor plants (Fig. 1). For
microspore synchronisation buds were preserved in a grow-

ing chamber at +4 °C for two weeks in dim light, humidity
~80% (Grauda et al., 2014).

Preparation of immature microspore cell cultures was based
on the modified method of Kasha et al. (2003). Collected
buds were placed in a Waring Blender 8011 and ground in
0.3 M solution of D-mannitol in mode No. 2 up to five
times for 20 seconds each till visually homogeneous sus-
pension. The samples were filtered through mesh (50 µm)
three times and then the acquired liquid was collected into
45 ml centrifuge plastic tubes and centrifuged (Eppendorf
Centrifuge 5810R) for 15 min at 4 °C, 900 rpm. After cen-
trifugation the liquid phase was decanted, and the sediment
(cells) was diluted with 45 ml 0.3 M D-mannitol solution
and centrifuged one more time for 15 min at 4 °C, 900 rpm.
1 ml of cell sediment contained about 600 000 cells (Kasha
et al., 2003). The liquid phase was poured off and 1 ml of
cell sediment was suspended in 4 ml liquid MS medium
(Murashige and Skoog, 1962) and mixed in cultivation
tubes. The cell culture quality was determined by light mi-
croscope (magnification ×103) (Fig. 1).

A suspension of nanoparticles was prepared by dilution of
silicon dioxide (SiO2) nanoparticles (SiNPs) (Sigma –Ald-
rich inc., size 10–20 nm, purity 99.5%) in distilled water in
proportion 1 mg per 1 ml. After dilution the suspension
flask was placed in a Bandelin® RK-31 ultrasonic bath (fre-
quency 35 kHz, effective US power 40 W) for 30 min soni-
fication.

Experimental cultures were made by adding 1 ml of SiNPs
suspension to 4 ml of cell suspension. Then cells were incu-
bated in speed shaking regime for 1 hour. The control cells
were incubated in the same conditions without adding
SiNPs. The experimental cultures before flow cytometer
analysis were filtered through a flow cytometry-pass filter
(mesh 40 µm).

Exposure to electromagnetic radiation. A 50 Hz electro-
magnetic field (sinusoidal) was provided by a spe-
cific-shape signal generator and through an extremely
low-frequency amplifier fed into a vertically positioned in-
duction coil. Applied B-field monitoring was ensured
throughout the whole experiment by magnetic flux density
measurements in the place of the coil using a three-axis
magnetometer THM1176 (Metrolab Technology, Switzer-
land). Samples of experimental cultures were placed into
the induction coil and exposed to time-varying electromag-
netic fields for 30 minutes at 20 °C. The control samples
were not exposed. Density of the electromagnetic field ex-
posure was 50, 100, 200 and 400 µT. Relative fluorescence
units (RFU ± SE) of Cyclamen persicum gametic cells were
observed for gametic cells without (GC) and after 1 hour in-
cubation with suspension of SiO2 nanoparticles (GC+SiO2).

Measurement of cell relative fluorescence. A BD
FACSJazz® cell sorter (BD Biosciences, USA) with flow
cytometer function was used to test relative fluorescence of
plant cells. The device was equipped with an 100 µm nozzle
and phosphate-buffered saline (BD PharmingenTM PBS,
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Fig. 1. Cyclamen persicum gametic cells. A, buds containing more than
80% gametic cells (microspores) in early and middle uninucleate develop-
mental stages. B, gametic cells in the uninucleate developmental stage.



BD Biosciences, USA) was used as a sheath fluid. Cell
counting events were triggered by a forward-scattered sig-
nal. The excitation of the cell fluorescence was made by a
488 nm Coherent Sapphire Solid State (blue) laser. The flu-
orescence emission was measured at 530 nm (bandwidth 30
nm) and 585 nm (bandwidth 29 nm). Before measurements,
the flow cytometer was calibrated using SpheroTM rainbow
calibration particles (3.0–3.4 µm, BD Biosciences, USA) in
phosphate buffered saline (PBS). The calibration was con-
sidered successful if the coefficient of variance (CV) of the
calibration particle relative fluorescence did not exceed 3%.
The mean fluorescence intensity in relative fluorescence
units (RFU) for each cell suspension sample was recorded
in the 585 channel. Cell counts were gated by the intensity
in both fluorescence-detecting channels to include approxi-
mately 90% of target cells. The intensity of fluorescence
was expressed in arbitrary logarithmic units. 10 × 103 gated
cells were analysed from each sample. Statistical calcula-
tions were made using MS Excel software. The signifi-
cance level of p = 0.05 was used in all analyses.

RESULTS

Density of background magnetic fields in the laboratory
used for preparation of cyclamens gametic cells culture was
90 nT. As the background’s EMF density was in the
microtesla level, it can be considered insignificant and,
probably, did not affect gametic cell response during sample
preparation and testing. Data (Figs. 2 and 3, Table 1) are
given as mean ± SE, n = 23 independent measurements. A
significant difference of fluorescence was observed only be-
tween control gametic cells (GC) in cultivation tubes and
experimental cultures of gametic cells in cultivating tubes
after 1 hour incubation with suspension of SiO2 nano-
particles (GC+SiO2) (Table 1). Mean fluorescence intensity
rate (RFU ± SE) of Cyclamen persicum gametic cells for
GC cultures was (831.0 ± 4.2) RFU and for the GC+ SiO2
cultures (850.8 ± 4.9) RFU (p < 0.01). It was observed that
fluorescence intensity in cells was higher under the applied
electromagnetic field than in control cells (Fig. 2). How-
ever, a statistically significant difference was found only for
cells treated with an electromagnetic radiation field with
density 100 µT (< 0.01) and 400 µT (p < 0.01). The differ-
ent effect was observed for GC+SiO2 experimental cultures.
Fluorescence in the GC+SiO2 cultures was lower than in the
control (Fig. 3). A significantly lower relative fluorescence
(RF) was observed in all exposed cultures in comparison to
that in the control.

DISCUSSION

In this investigation cyclamen (Cyclamen persicum) ga-
metic cells (immature microspores) were used as a model
for two reasons: cyclamens are dicotyledonous plants that
have previously (Shabrangi et al., 2010) been observed to
be sensitive to effect of ELF-EMF, and their anthers contain
a large supply of good quality young gametic cells. Plant
cell fluorescence is related to the presence of fluorescent
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Fig. 2. Relative fluorescence (RF) of Cyclamen persicum gametic cells un-
der effect of 50 Hz EMF. Control – not exposed; 50,100, 200, and 400 µT
density of electromagnetic field exposure by 50 Hz MF for 30 minutes.
Statistical analysis was carried out using the Student’s paired t test. **p <
0.01 versus control cultures. Data represent mean ± SE, n = 23 independent
measurements.

Fig. 3. Relative fluorescence (RF) of Cyclamen persicum gametic cells in-
cubated in presence of SiO2 nanoparticles after effect of 50 Hz EMF. Con-
trol – not exposed; 50, 100, 200, and 400 µT density of electromagnetic
field exposure to 50 Hz MF for 30 minutes. Statistical analysis was carried
out using the Student’s paired t test. *p < 0.05, **p < 0.01 and ***p < 001
versus control cultures. Data represent mean ± SE, n = 23 independent
measurements.

T a b l e 1

MEAN RELATIVE FLUORESCENCE (RFU ± SE) OF Cyclamen

persicum GAMETIC CELLS WITH AND WITHOUT INCUBATION IN
PRESENCE OF SIO2 NANOPARTICLES AFTER EXPOSURE TO EMF

Density EMF
of exposures

GC (RFU±SE)* GC+SiO2
(RFU±SE)**

Sig.***

Control 831.0 ± 4.2 850.8 ± 4.9 p < 0.002

50 µT 840.7 ± 5.5 844.5 ± 3.5 p > 0.05

100 µT 846.6 ± 4.6 843.4 ± 3.8 p > 0.05

200 µT 845.4 ± 5.0 840.2 ± 4.2 p > 0.05

400µT 851.1 ± 5.5 838.8 ± 4.0 p > 0.05

* gametic cell RFU,

** gametic cell RFU after 1 hour incubation with suspension of SiO2

nanoparticles,

*** significance of differences between experimental cultures.



pigments in cells: proteins such as histones, cell life process
products, for example, peroxidise fluorescent proteins in
chloroplasts, etc. Fluorescence of cells varies depending on
the plant species and physiological status of cells (Neumann
and Gabel, 2002; Kimura, 2005; Bargmann and Birnbaum,
2009; You et al., 2015). Plant cell fluorescence changes can
indicate infection processes in plants and cell apoptosis
(Vigneswaran et al., 2009; Martinez et al., 2010, Carter et

al., 2013). Young gametic cells were used for all experi-
ments to avoid unwanted fluorescence of chloroplasts, in-
fected and apoptotic cells. Thereby, the level of cell RF
could be linked only with altered cell physiological state.

Higher gametic cell fluorescence after exposure in ELF-
EMF has been observed in other studies. ELF EMF causes
cell stress reactions (increase of cell fluorescence intensity).
Cell exposure to ELF-EMF causes changes in oxidant and
antioxidant content in cells, which induces different biologi-
cal effects, such as genotoxicity (Simkó, 2007) and reduc-
tion of plant biomass (Shabrangi et al., 2010).

Nanotoxity of nanoparticles is related to their size. SiNPs
with size 10–20 nm, as used in this study, are toxic to cells
(Djakoviã and Jovanoviã; 2003, Ma et al, 2010; Dimkpa et

al., 2012; Reijnders, 2012). The addition of particles of that
size can cause increase of cell oxidative stress, which in
turn induces increased fluorescence of cells. This was ob-
served in the control cultures (Fig. 3), but when in addition
exposed to ELF EMF, the RF was lower. It is possible that
the SiNPs formed conglomerates that affect the cells as
stress inhibitors. SiNPs have been observed to be an excel-
lent treatment against salinity stress (Kalteh et al., 2014). It
is well known that SiO2 nanoparticles offer a versatile scaf-
fold to develop a highly efficient antioxidant with gallic
acid (Deligianakis et al., 2012). They also may affect
changes in the cell membrane peroxidase complex and cell
membrane permeability (Karim et al., 2012).

The present study showed that SiO2 nanoparticles can be a
source of oxidative stress, but jointly with 50 Hz electro-
magnetic field they can serve as an efficient antioxidant.
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ZEMFREKVENCES (50 HZ) ELEKROMAGNÇTISKÂ LAUKA UN SIO2 NANODAÏIÒU KOMBINÇTÂ IETEKME UZ AUGU
GAMETISKO ÐÛNU OKSIDATÎVO STRESU

Urbânajâ vidç dzîvie organismi atrodas nepârtrauktâ saskarç ar daþâda veida piesâròojumu. Gan zemfrekvences elektromagnçtiskais lauks
(ZF EML), gan SiO2 nanodaïiòas ir vispârzinâmi urbânâs vides piesâròojuma veidi. Kombinçta zemferekvences elektromagnçtiskâ lauka un
SiO2 ietekme uz ðûnâm ir maz pçtîta. Ðî pçtîjuma mçríis bija noteikt ZF EML un bioloìiski aktîvu (diametrâ mazâkas par 20 nm) SiO2
nanodaïiòu ietekmi uz augu gametiskajâm ðûnâm. Kâ modeïa objekts pçtîjumâ tika izmantotas Cyclamen persicum gametiskâs ðûnas
vienkodola attîstîbas stadijâ. Gametiskâs ðûnas tika kultivçtas MS barotnç. Pirms ievietoðanas ZF EML ðûnas 1 h tika inkubçtas barotnç,
kam pievienoja SiO2 nanodaïiòu suspensiju (1 mg/10 ml). Ðûnas tika apstrâdâtas ZF EML 50 Hz ar blîvumu 50, 100, 200 un 400 µT. Ðûnu
relatîvâs fluorescences izmaiòas tika noteiktas ar plûsmas citometru (BD FACSJazz®). Parâdîts, ka gan SiO2 klâtûtne kultivâcijas barotnç
gan ðûnu ievietoðana ZF EML statistiski ticami palielina gametisko ðûnu fluorescenci. Ðûnu apstrâde ar ZF EML, pçc to inkubâcijas SiO2
nanodaïiòu suspensijâ, statitiski ticami samazinâja ðûnu relatîvo fluorescenci. Rakstâ tiek apspriesti iespçjamie ðâda efekta iemesli.
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