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1. INTRODUCTION

Cell culture means to keep living cells in artificimedia providing sufficient nutrients for celts t
grow for days or weeks to obtain sufficient numbefscells for analysis. Usually culture medium is
supplemented with antibiotics and fungicides totrmrcontamination. Cells are often cultured inrpplates
or flasks [1]. Mammalian cells refer to cells whiate collected from tissue of a mammal. Cell celtcan be
used in cytogenetic, biochemical, and moleculapfatories for diagnostic [2] as well as researchliss [1].

It can also be used for experiments in controliitigeases, and study of the reaction to drugs ontsge
Furthermore cells culture helps us to analyze gergression, motility, cells viability, proliferatio
apoptosis, cells cycle phase, and invasion [3, 4].

In the recent years, there has been a sharp imcreaalectrical and communication devices that
radiate EMFs. In addition, epidermiology studieséhahowed that there is a correlation between Edties
biological cells[5]. There is also a strong ratiento well establish the biological effect of EM&g that it
gives us insight of etiology of cancer, tumour fation, and drug resistance. Thus, the concern abeut
impact of EMFs on mammals is increasing. The charitics of cultured cells are influenced by natyo
the culture medium and environment, but also tlep@rties of exposing electromagnetic radiation T4le
impact of EMFs on mammalian cells depends on tleguency, density and uniformity of the fields,
exposure time, cell types, culture environment amedium. EMFs have some negative influences on
mammalian cells such as it damage cells, modifys ceilability, motility and proliferation, and lead
tumorigenesis[3].

This paper comprehensively reviews the mechanisractbns of electromagnetic fields in cells,
EMF exposing systems, and low frequency, high feeqy and pulsed electromagnetic wave radiatiorceffe
on gene expression, cells cycle phase, invasiorilitpocells viability, apoptosis, and proliferati for
cultured mammal cells in vitro.
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2. MECHANISMSOF ACTION OF EMFON CELLS

The effect of EMFs on mammalian cells varies with spectrum of the field. Electric and magnetic
fields alter different factors of cells such aseatation of molecules, the lifetimes of free ratlicéonic and
molecular currents, [6] and temperature of thedgjmal system. The change of these factors isuthetibn
of frequency, amplitude, wave shape, and exposme Due to these modifications, chemical reactaiss,
signalling between cells, molecular bindings, delhctions, and growth rates are altered. In addlitio
environmental factors such as temperature, carbiowidg concentration, oxygen concentration, and
humidity control the EMF effect in the biologicalstem [6]. The insight of the influence of EM fisldéh
molecular and cellular biology is discussed under section such as electric and magnetic fieldscest

2.1 Electricfield
The force created by electric fields is given by
E = qE (1)

where, £ is the force in Newtongj is the charge in Coulombs, ardl is the electric field in V/m. This
force results in creation of ion currents and miedifin the orientation of dipoles in molecules. Torce

could also direct to shift between energy levetsl mmduce dipole moments! in C-m. The current density,

Ti in molecules or ions [6] per second per meter gldas both drift and diffusion components is give
by
ji:Ni#E‘l'qDaNi (2)

where,u is the mobility in s/kgD is the diffusion constant in#s, N, is the ion concentration [7], [8] in

molecules per cubic meter, arﬁ is the gradient of the concentration. The foraetlie charged particle is
The drift part of the ion current density is given

jzaE+ZN,¢4(WDﬁ)E (4)

where,s is the conductivity. The equation (4) can be eritas
jzzQiNiﬂiE+ZNiﬂi(ij)E (5)

where,N; is the ion concentrationw—i is the dipole moment ang is the mobility. Index indicates each of

the ion. These ion currents can change the distahttee two components of the chemical reactioretict.
Hence, it changes chemical reaction rates, andptssibility that charged molecules bind to receptor
molecules [9]. Furthermore, large electric fieldynthange the orientation of molecules, and thegneith
which two molecules come together. It also induglestric dipole moments. If the induced dipole mame
reverses sign with the applied field, particles milgave a net displacement along electric fielchwitlarge
gradient. The chemical reaction rate is also imfbesl by the orientation of two colliding molecules.
Biological systems are nonlinear. The gradienttaf &pplied field can causes currents for both
neutral and charged particles with induces dipotements. In addition electric fields could modifyeth
chemical reaction by means of Stark effect. Theegfthe change in the physical mechanism suchras io
currents and molecular currents lead to chemicaihgh as a result influence the biological actisifi@.

2.2 Magneticfields

Magnetic fields have consequences on biologicatesys as it changes the energy separating
various atomic and molecular states, apply a favamove charged particles, orients magnetic dipdiese
varying magnetic fields [6] which are responsilbe électric field induction exert forces to moleesiland
ions that directs to current flows, changes in dhientation and changes in the occupation and sahie
various energy levels. The force created by eleeind magnetic fields is given by
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F =q(E+vxB) (6)

where, q is the charge on the partidT‘é,is the force vectorE is the electric field,\?is the velocity, andB
is the magnetic field [6]. A torque exerted by dagnetic field on magnetic dipoles orient them alGelgl

lines. The torque7 is written as
T=MyxB @)

where, M p is the magnetic dipole moment which is a vectapeedicular to the plane of the current. The
translational force for an inhomogeneous magnétld fs

e

FszEE_ 8)

The influence of static magnetic fields on ions anolecules is depending on the alteration of thergn
level, the nuclear spins, and the electron spihss fransfer in the energy levels changes theifeof free
radicals and chemical reaction rates [6], [10].54® magnetic field excites particles, therefore dvas from
one energy level to another. The concentrationed fadical in an energy level varies with the ity of
the applied magnetic fields. Thus, the current igns the main cause of biological effect of matme
fields[6] [10].

3. LOW FREQUENCY (LF) EMFs

The well defined and characterized exposure canditare important to analyze the EMF effect on
mammal cells. The World Health Organization prodid®me guidelines with this regards in 1996. The
choice of the exposure systems is depend on tleedythe experiment (in vivo or in vitro) and thielbgical
sample.

3.1 LF-EMFsgenerating systems

The LF-EMF exposure systems radiate EMFs in frequeange of below 300 Hz. The LF system
as indicated in Figure 1 consists of a signal getoer amplifier, and radiating coils incubated miacubator
to study biological effect of cells in vitro. R. Minsari and T. K. Hei have used the MC-2XC conderuoil
exposure system [11]. The Helmoltz device with aten made variable magnetic field generator is also
used to expose 50 Hz electromagnetic field on ridastoma cells in [12]. A low frequency (0-100 Hz)
sinusoidal EMFs exposure system includes precisigmal generator, amplifier and Merritt coil. Toetput
of the precision signal generator is connectedhéoatudio amplifier. The signal from the amplifisrused to
feed double wound square Merritt coil systems [13].

—————— 1

] [

_ | |

Sgnal Amphfier | Eadiating :
(Jenerator | coil

| |

| Incubator |

L J

Figure 1. Block diagram of a LF exposure system.

3.2 LF-EMFsEffects

The LF-EMFs (<300 Hz) have not only some negativgadcts on specific cells with certain
intensity, but also it can be used to treat sontbgbagical conditions with a range of densities avalve
shapes. LF-EMF can be used for therapeutic apjditaiof various medical conditions because it ierfice
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the growth rate of cells. The short term (24hrjhar long term (7days) exposure of extremely lovgdiency
(60 Hz) alternating magnetic fields (100 uT) does affect the survival of human hamster hybrid Adlls
and not increases the mutagenic potency of caremadrherefore, the exposure qf éells to EMF is non-
cytotoxic and non-mutagenic [11].

Two hours exposure is the peak stimulation condlifar human fibroblasts cell proliferation where
the cells are influenced by any of the three kinéldields as constant electromagnetic field, aking
electromagnetic field (50 Hz) and cyclotron elentegnetic. The cyclotron electromagnetic field (8€Tih
increases the growth rate of live cells (up to 208 %) and declines the number of dead cells (dio81 +
6 %) [14]. Extremly LF-EMFs (1 mT, 50 Hz, 24-72 hewexposure) raise the proteasome functionality of
human colon carcinoma cell line due to the enhaecenof intracellular free radicals. This fields iease
cell growth and protein oxidation and it has neeeffin cell viability [15].

The extremely low frequency (25 Hz) magnetic fields 2.4 mT flux densities with
lipopolysaccharide stimulation decline the cellsbiity of murine J7774.2 macrophages for 24 haxsose
though this field density enhances chemilumineseerrd it has antitumoricidal effect [16]. Extremély-

MF (50 Hz, 0.4 mT) alternates the protein profithaman breast cancer cell line MCF7 and may change
many physiological functions of normal cells [1The power frequency magnetic field (50 Hz, 15 makoe
values) persuades stress like responses in humgrhbcytes similar to heat shock. This frequencgralin
chromatin conformation and reduced of 53BP1 foeeld18]. Therefore, low frequency EMFs can bring
advantages as well as adverse effects on cells.

4. HIGH FREQUENCY (HF) EMFs
4.1 HF-EMFsgenerating systems

RF exposure system is the most important devidewestigate the effects of EMFs on biological
cells because this is the most usable frequenageramhuman life. This device is complex in struetdue to
maintaining uniformity of fields and constant temgdere. D. T. Pooley et al. have designed a weitrodied
and well characterised waveguide cavity cell celt@xpose system to study the biological effect of
millimetre wave radiation in the frequency range24t5-35GHz. This exposure system minimizes local
heating effect, 'hot spot’ convection phenomena stmolws well propagation characteristics [19]. L éira
et al. have reported a wire patch cell (WPC) imoviéxposure device to investigate the biologicéatfof
GSM1800 MHz electromagnetic radiation from mobileope. This system maintains homogenous specific
absorption rate distribution and avoids thermatéase inside the cultured dishes. Figure 2 dematastthe
WPC system [20]. This WPC can be inserted intoramercial incubator.

Figure 2. A 20 x 20 x 2 chrempty exposure cell. The cell consists of two e&rfour props, one coaxial
probe located at the cell centre and solderedeatél ground plane. The roof plane is connectezkternal
conductor of the connector [20] is capable to eypm$our 35 mm petri dishes.

Paffi et al. have also described a WPC operating.46 GHz which shows good efficiency and
homogeneity of SAR [21]. An electromagnetic systamnsisting of computer controlled microwave source
to feed four transmission lines can be used toyaeahe effect MW radiation on lens epithelium s¢8]. Y.
Zhu et al. have used microwave exposure system igsimgp microwave generator, power amplifier andrhor
antenna [22]. The transversal electromagnetic noetlenith signal generator and signal amplifieuged as
864 MHz continuous wave electromagnetic radiatigstesm in in-vitro experiment of V79 cells line [23
RF EMFs exposure system using the radial transamidsie is described in [24].
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4.2 HF-EMFsEffects

With the advancem technology, the concerns about the biologicat$ of RF EMFs on cells a
increasing. There is no well establid document on this topic. Hadiation can have harmful impact or |
depending on the exposure length and intensity. skiogt time (hr) radiation inmobile phonefrequency
banddecreases the number of normal human astrocyteé)Neélls in vitro experimel though the one hour
exposure of NHA cells with 24 hours post exposambation does not change cell genetics such asAr
expression [25]. The EMFom cellular plones increases the hamDNA rewinding rate by 40% ivitro.
This conformational change in human DNA can be cedlby 95% by using neutralizer shielding [26].

The high frequency microwave electromagnetic réotial.1 GHz, 2.2 mW) has different effes
than conductive heat on the lens epithelium. Thgh Hrequency radiation can damage lens whic
irreversible and long term radiation can causeraat[3]. The 915 MHz microwave with SAR of 37 mW/|
of GSM mobile phone persuesl stresdike responses in human lymphocytes similar to shock. This
frequency makesignificant condensation of chromatin and redudes38P1 foci levl [18]. The microwave
emitted by a transmitter in the mobile phone fremyerangealsolead to the significant cell death in vil
cultured cortical neuronal cells. This radiatiors Ii@rmful effect on brain neuronal cells in \ as well [22].

The 864 MHz continuous wa\EMF atSAR of 0.66 W/k does not have a significant imparcthe
growth kinetics of Chineskamster lung cells of line V7 whereas it decreas the cells proliferation on t
third day following exposurelhe field does not change the colony forming ability and Wiytof irradiated
cells [23] The low dose ionizinradiationon breast cells, generated a neoplastic phenofyps.phenotypt
boost up mammosphere numbers, invasion and mo#litgt alteed cell cycle phases. It also increases #
transporters and modifies gene expression. Therefow dose ionization increases drug resistanak
possibility of breast cancer formati[27]. The tumor initiating cells such as MGHaave more resistance
ionizing radiation/chemotherapy than the generalBR-7 cells [28].

The frequencymodulated continuous wave (S. = 0.6 W/kg, 10thrs) at the frequency of 835.
MHz does not have any effect on cell piession of mouse fibroblasts C3H/10Z and human glioma
U87MG cells in vitro [29] The resonant low intensity radiofrequency EMFrequencies between 10 kHz
120 kHz has anticancer effect on leiomyosma bearing wistar rats is showin [30]. MERT-Nylon
electromagnetic shielding polymer can decreasentdgative effect of microwave radiation on biologi
cells as it increase the cell viability and resisgi to EM radiation[25]. Therefore, RF EMFs usually ha
some harmful impacts on cellshe harmful effects can be reduced by ugliifgrenetshieldings.

5. PULSE EMFs
5.1 PEMFsgenerating systems

The existence of BMFs is increasing due to the raise in useéligftal communication devices. Tl
design performances oBERF exposure systes depend on theontrol of pulse frequency and duratioA.
Ubeda et al. have reported a waveguide RF expaysiem in theRadio Frequency Biological Effec
project. The configurationfahe system is presentedFigure 3[31].

CW Control Pulzed Control

Frequency f

Generator I.
» Irradiated Matched
Test ™ Load
Mochlator
Incubator

Figure 3 Block diagram of a pulse exposure system. Thguieacy of generator signal is -2.5 GHz and
maximum power 35 W. Theulse modulator regulates duration and frequengutdes (minimum duratio
of pulse is 5 ps). Doublwaveguide applicator (90 x 45 mm section, mm in length) with matched lods

used for irradiated and test sample. External ésviontrol frequncy, power and pulse she [31] .

J. Zhen, et al. have simulated and modelled a gigahtransverse electromagnetic (GTE
transmission cells using FDTethod to study the effectf biological cells to ultrewideband (UWB),
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monopolar, electromagnetic pulses [32]. The UWBiat@h exposure system designed at Louisiana Tech
University, Ruston, LA, is shows in Figure 4 [33]. V. Rostov et al. have used MI-505 magnetron as
repetitive pulsed microwaves (RPM) radiating soy8z4.

Screenroom 1 2 g o
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-
-
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; DOOR
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Figure 4. UWBR exposure system. The large room whantains a GTEM cell and pulser is shielded with
copper and steel plating. A dot probe is used toadieristics the pulse in the GTEM cell. The pidse
controlled from a second copper mesh, RF shieldetbsure. A digital storage oscilloscope (6 GHz
bandwidth) is used to monitor pulse experimentsmiieation panels on both rooms permit room-to-room
electrical connections [33].

5.2 PEMFseffects

There is no established mechanism about PEMFsteffecmammalian cells.The effects of PEMF
also depend on the cell density. Low energy, loegfiency PEMFs can stimulate cell proliferation af |
density human articular chondrocyte cultures fdorgg time (6 days). On the other hand, in high dgns
cultures, the PEMF induces cell proliferation faryothe first three days of exposure. The PEMFs K25
2.3 mT) with pulse duration 1.3 ms can be usedéntteatment of orthopaedic pathology such asudatic
cartilage defect with autologous chondrocyte imfatian [35].

The effects of PEMF are dose depenednet.The 24irtesmittent exposures of 1.8 GHz
radiofrequency fields which is amplitude modulagighal by a rectangular pulse with repetition frexgy
of 217 Hz, and SAR of 4 W/kg has significant effeoh lens epithelial cells (hLECSs). It increasesADN
damage at 3 W/kg SAR and the double strand brd288¢) at above 3W/kg SAR. The 3 W/kg and 4 W/kg
exposures significantly elevated intracellular R@&ls. The hLECs exhibited significant GO/G1 ar(@s<
0.05) when 4 Wi/kg radiation for 24 hours is used there was no detectable effect on cell apoptosis.
Whereas, superposing of electromagnetic noise avitplitude of 2uT can blocked the effects inducedRby
[36]. A dose dependent increase in cell viabilitgsaconfirmed in HGM treated hepatocytes duringpibst
exposure period of 8-24 h. Low dose UWBR motives-fld increase in cell viability in HGM-treated
AML-12 hepatocytes. This implies that UWBR has derdan hepatocarcinoma. Low dose UWB
electromagnetic radiation has also a mitogenicceffmn AML-12 mouse hepatocytes in vitro. UWBR
induces cyclinA protein which causes cell proliferation and insee®TT activity. [33].

The effects also depend on the exposure duratioa.short time exposure of RPM (10 GHz, 100-
300 ns pulse duration, 4-25" pulse repetition rate, 0.7-17.4 kW/cpeak power density) has significant
effects on malignant cells. The 5 min irradiatidriRI°PM on malignant cells such as mastocytoma P&th a
Ehrlich carcinoma cells inhibits their proliferatichough it can significantly modify the level apitd
peroxidation and carbonylized proteins and dishghhe structures and functions of mitochondriof][3

The code division multiple access RF EMF centenedB47.74 MHz does not have any effect on
cell progression of mouse fibroblasts C3H/10T1/2 &muman glioma U87MG cells [29]. A European
collaborative multidisciplinary study from the ‘RadrFrequency Biological Effect’ project investigdtéhe
biological effect of PEMF on two human cancer céties. They showed that PEMFs inside the waveguide
have not impact on cell growth or cell viabilityl[3
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Therefore, promote investigations are requiredstaldish a conclusion about the pulse EMF effect
of mammalian. Moreover, detrimental effect of pulEMFs can be reduced by using shielding and
superposing of electromagnetic noise.

6. DISCUSSION

The effects of EMFs on cultured mammal cells afleémced by many parameters such as intensity,
frequency, exposure length, and biological parareet&®n additional factor such as infected cellsxormal
cells is also related to effect. Tablel summariegfscts of EMFs on mammalian culture cells. Several
authors have emphasized the important of cellulachanism and exposure system to confine the definit
biological effects on mammalian cells. The choif¢he exposure system for in vitro study is an imgot
issue because it ensures SAR level and homogeonfditye dose.

The Helmoltz device, Merritt coil, and concentrioilcwith MF generator can act as LF-MF
exposure system [11], [12], [13]. The WPC, transegeelectromagnetic cell, waveguide cavity, and horn
antenna can be used as HF exposure system institcty of culture cells [19], [20], [22]. The MI-505
magnetron is a good candidate for a RPM radiatiogrce [34]. Therefore, EM wave generator with
amplifier and TEM cell or waveguide is the effeetiexposure system because of its simplicity and
homogeneity of field distribution.

EMFs effects vary with cell type, intensity, freqag and duration of field application. EMFs can
initiate cancer and increase mammosphere [27]. dMiave EMF damages lens cells [3] and leads to
significant cells death in vitro culture [22]. OmetotherEMFs in some frequency range can be used to treat
diseases by proliferating cells. The PEMF is thieative treatment for osteoarthritis which is th@sn
common disorder of musculoskeletal system and it peoliferate articular chondrocyte [26, 37]. Low
frequency fields are non-cytotoxic and non-mutageamid can increase cell growth and protein [11, 15]

Though, EMFs have some negative impacts on mametial @& can be used for beneficial purposes
such as disease analysis, diagnosis, disease émtagtc. Moreover, negative impacts of EMFs can be
mitigated with electromagnetic noise, MRET-Nylomdaother shielding materials [25, 36[hus, it is
essential to know the definite mechanism of EMFsnammalian cells.

Table 1. Summarization of the Effects of EMFs ofie

Type of - Refer-
EMEs Cell Types EMF Characteristics Effects on Cells ences
Human hamster Alternating magnetic fields (100uT, ) . ) .
hybrid A_cells 60 Hz, 24 hr/7 days) Non-cytotoxic and non-mutagenic. [11]
Human fibroblasts Cyclotron electromagnetic field (80 Increased the growth rate of live cells [14]
cell mcTl, 2 hrs) and declined the number of dead cells
Human colon lincreased cell growth and protein
Low carcinoma cell ELF EMFs (1 mT, 50 Hz, 24-72 hrs) oxidation and no effect in cell viability (15]
Frequency . Extremely low frequency magnetic . R .
EMEs Murine J7774.2 fields (25 Hz, 2.4 mT, 24 hrs) with Decllned_cells \_/|a_1b|I|ty, and it has [16]
macrophages . . - f antitumoricidal effect
lipopolysaccharide stimulation
H“S;ﬁ’}"ﬁ’;e,a%g?r‘cer ELF MF (50 Hz, 0.4 mT) Alternated the protein plefi [17]
Human lymphocytes Magnetic field (50 Hz, 15 mT peak  Altered chromatin conformation and 18]
ymp values) reduced 53BP1 foci level
Normal human .
astrocytes (NHA) Mobile phone radiation (1hr) Decreaf]ed the number of NHA’ did [25]
cells not change mRNA expression
Serum nocturnal 900 MHz and 1800 MHz EMF
: radiation (SAR = 2 W/kg, average Insignificant effects [38]
melatonin .
power density 1 + 04mW/cth
Lens epithelium Microwave electromagnetic radiation Damaged lens and long term radiation [3]
Hi cells (1.1GHz, 2.22 mW) can cause cataract
igh Cortical neuronal
Frequency cells Microwave (mobile phone frequency) Significant aidhath [22]
EMFs . . . .
Chinese hamster Continuous wave electromaanetic Decreased cells proliferation, did not
lung cells of line J change the colony forming ability and [23]

V79 field (864 MHz, SAR of 0.66 W/kg)

viability
Boosted up mammosphere numbers,
invasion and motility, and altered cell
Low dose ionizing radiation cycle phases, modified gene [27]
expression, increased drug resistance

and possibility of breast cancer

Breast cells (MCF
10A)

Effects of Electromagnetic Fields on MammalianlC@d Kamal Hosain)
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formation
915 MHz microwave (SAR of 37  Significant condensation of chromatin
Human lymphocytes mW/kg) and reduced of 53BP1 foci level (18]
Mouse fibroblasts Frequency modulated continuous
C3H 1OT|(2 and wave (SAR = 0.6 Wikg, 100 hrs, Did not have any gffect on cell [29]
human glioma 835.62 MH) progression
U87MG cells '
Leiomyosarcoma Low intensity radio frequency ( 10 .
bearing wistar rats kHz to 120 kHz) Anticancer effect (30]
Human articular PEMFs (75 Hz, 2.3 mT, pulse . . .
chondrocyte cells duration 1.3 ms) Stimulated cell proliferation [35]
RPM (10 GHz, 100-300 ns pulse
Maztr?gyé%rn;hPBIS duration, 4-257 pulse repetition Inhibited proliferation. (34]
carcinoma cells rate, 0.7—1784 kV\_//c?rpeak power
ensity)
Mouse fibroblasts
C3H 10Tl/2 and CDMA RF EMF centered on 847.74 No effect on cell progression [29]
p human glioma MHz (SAR = 0.6 W/kg, 100 hrs)
ulse
EMEs U87MG cells
Human_cancer cells Pulsed RF EM field Had not impact on cell growth or 31
lines viability
Amplitude modulated RF fields (1.8 Increased DNA damage
Lens epithelial cells GHz pulse repetition frequency of 217 iy
(hLECS) Hz, duty cycle of 1:8, and SAR of 4 no effect on cell apoptosis (36]
W/kg)
AML-12 mouse UWBR ( 2hrs, 23°C, pulse width of  Increased cell proliferation and MTT
10 ns, repetition rate of 1 kHz, and activity, roled in hepatocarcinoma  [33]

hepatocytes cells field strength of 5-20 kv/m)

7. CONCLUSION

The impact of electromagnetic radiations on manmre#is has been investigated by a large number
of researchers and scientists in vitro cell cultuAéth the advances of molecular and cellular kgglo
majority of experiments are conducted on mammalscaind very few on human cells. Since various
frequencies and field intensities, and differemtety of cells have been used in experiments, instemtiand
contradictory effects have been reported. On theleylvery modest numbers of influences of EMFs elisc
are well established.o establish the exact effects of EMFs on cellg, @eliiminate the contradiction, rigorous
experiments are required in this field.
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