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1.1 Electromagnetic field

In the 21* century, the environment is continually surrounded by natural or artificial fields or
electromagnetic (EM) radiation of varying intensities, such as those from power transmission
lines, mobile phones, televisions, radios, microwave ovens, and computers (Eliyahu et al.,
2017 Swanson et al., 2019). EM radiation is a form of energy that is omnipresent and takes
numerous forms, such as radio waves, microwaves, X-rays, and gamma rays. EM radiation is
part of an enormous range of photon energies, wavelengths, and frequencies collectively called
the EM spectrum. The EM spectrum is categorized into different sections depending on the
frequencies and energy they possess. The EM spectrum is further divided into two groups:
ionizing radiation and non-ionizing radiation, resulting from the differing physical
characteristics of the various EM fields. Typically, lower energy radiation, such as radio
waves, is expressed in terms of low-frequency (i.e., low energy/photon), and higher energy
radiation or ionizing radiation, such as gamma and X-rays, are expressed in terms of high-
frequency (i.e., high energy/photon). High-energy radiation has enough energy to damage
DNA, lipids, and proteins directly or indirectly by removing and ionizing electrons from their

orbits and producing free radicals (Powell and McMillan, 1990).

The frequency of an EM field is expressed in Hertz (Hz), which measures the number of
sinusoidal cycles the wave completes each second. The following equation describes the

relationship between frequency (f) and wavelength (A):

A= (1.1)

-0

Here,
m
C = Speed of light in vacuum (3 x 108 Q) (MOLIT-)

f = Frequency in Hertz (Hz) (M°L°T~1)



A = Wavelength (meter) (ML T?)

1.2 Characteristics for EM wave
The characteristics of EM wave is dependent on their energy and frequency, which can be

represented in mathematical expression:

E=v (1.2)
E=h=xv (1.3)

Here,

E = Energy (Joule)(M1L2T~2)

h = Plank’s constant

v = Frequency in Hertz(Hz) (M°L°T~1)

EM waves are the combinations of electric and magnetic field (MF) components vibrating in

the same phase but perpendicular in the direction of propagation.

1.3 Ionizing Radiation

Ionization radiation (f > 30 X 10'° Hz) contains enough EM energy to destabilize the atomic
and molecular structure of matter or biological tissues (Ryan, 2012). X-ray and Gamma rays
are the two most prominent forms of ionizing radiations known to cause cellular and tissue
damage. The natural sources of ionizing radiations are sunlight, radioactive materials on

Earth, radioactive gases, and cosmic rays from space.

1.4 Non-ionizing Radiation
Non-ionizing radiations are commonly referred to as lower frequencies of the electromagnetic

spectrum. They consist of extremely low-frequency (ELF) and very-low-frequency (VLF)



(f < 30 kHz), radio frequency (RF)(30 kHz < f < 300 GHz), infrared, visible, and ultraviolet

light (f > 300 GHz) (Saliev et al., 2019).

The interaction of EM waves of a particular frequency range can benefit biological systems
or vice versa. The interaction between EM waves and materials (living or non-living) is a
complex issue due to the diversity of materials and the physical processes that come into play.
In the past several decades, the therapeutic applications of ELF-EM field exposure to humans
has grown considerably (Sackeim et al., 2020; Serafini et al., 2015; Watts et al., 2012).
Numerous studies explored the applications of MF exposure in the treatment of sports injuries,
non-union fractures, osteoarthritis in the knee and spine, migraine headaches, drug-resistant
depression, and post-traumatic stress disorders (PTSD) (Belpomme et al., 2018; Hu et al.,
2020; Pooam et al., 2020; Sherman et al., 1998; Sobis et al., 2010; Trock et al., 1993; Watts

etal., 2012).

1.5 Extremely low-frequency electromagnetic field (ELF-EMF)

Initially, it was believed that the forces of electricity and magnetism were distinct. However,
in 1873, James Clerk Maxwell proposed a unified theory of electromagnetism. EM fields
propagate wave-like motion through time-varying electric (E) and magnetic (M) fields. The
study of electromagnetism deals with the interaction of charged particles with each other and

MFs (Ishimaru, 2017). EM interactions are categorized into four types:

e Electric charges repel or attract one another with force inversely proportional to the
square of their separation distance.

e Magnetic poles (north and south) act similarly to electric charges.

e A wire carrying an electric current generates a MF whose orientation is determined by
the current's flow.

e MFs are created by moving electric charges and vice versa.



1.5.1 Electric field (EF)

The EF is created when two objects with different voltages or charges are brought together, and
the greater the potential difference, the stronger the resulting EF. According to Coulomb's law,

the force (F) experienced by the objects is

_ 1 /q1*q;
F = 41160( = ) (1.4)
= F
E=— (1.5)
=2 1 %
E= 4TE, (rz) (1'6)
E=< (1.7)

Here,

- Vv

E = Electric field strength (a) (MILIATIT™3))

g, = Absolute value of charge on first object (A*T)(M°L°AlT?)

g, = Absolute value of charge on second object (A = T)(M°L°AIT?)
k = Coulomb’s constant (8.99 x 109)(N2—TZ)(M1L3A_2T_4)

EFs exist in the environment, typically modified by various materials, i.e., walls and metal
encasing. The measurement of the ELF-EF is complicated, and the role of ELF-EFs as a possible
carcinogen is not supported by scientific investigations (Burdak-Rothkamm et al., 2009; Diab,

2020; Focke et al., 2010; Gholipour Hamedani et al., 2022).
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Figure 1.1 Schematic representation of EFs. (A) EF from an isolated negative charge, (B) EF
from an isolated positive charge, (C) EFs lines from the opposite charges (Anita and Yadav,
2019).

1.5.2 Magnetic field (MF)

The MF is a vector field generated by moving electric charges through conducting wire in the
form of current. It has two components: magnetic force (F) and magnetic flux (¢). It is arranged
in concentric circles across the length of the conductor (Grant and Phillips, 2013). The strength
of the MF at any point in space is known as magnetic flux density (B), measured in tesla (T), but

field strength decreases with increasing distance from the wire.



The unit of the MF is Gauss (G) or Tesla (T), and the relation is
1 Tesla = 10,000 Gauss (1.8)

Electrical current is a sinusoidal wave and electric current's magnitude determines the MFs
. . Al . .
strength. Additionally, MF strength (H) is expressed as amperes per meter (;) since the motion

of charged particles through conducting wires creates the MF.

Current

Figure 1.2 Schematic representation of MFs from different sources. (A) Bar magnet, (B) Current
carrying wire, (C) Horseshoe magnet ("Magnetic field | Definition & Facts | Britannica,” 2023).



1.5.2.1 Magnetic force
The magnetic force can be experienced by the current-carrying conductor of length (1), area
of cross-section (A), charge (q), and due to current (i). The force (F) exerted on charge (q) is

represented by the following expression

F=q*v*Bx*sinB (1.9)

Here,
F = Magnetic force in Newton (N) (M*LOT2A"1)

q = Charge of moving particle in Coulomb (C)(M°L°T*A?)
m
v = Particle velocity in meter per sec (a) (MOLIT™)

B = Magnetic flux density in Tesla (M1LOT2A™1)

6 = Angle between velocity and magnetic field

For N charges,
N=n=*I%A (1.10)

Now, the total force (Fr) exerted on the conductor is

Fr=F=*N (1.11)
Fr=B*i*[*sin® (1.12)
also,

i=nxqgq*xv*xA (1.13)
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Figure 1.3 Schematic representation of magnetic force. (A) Magnetic force on moving
charge, (B) Magnetic force on straight wire of length L (Jones, 2013).

1.5.2.2 Magnetic flux

Magnetic flux lines are many MF lines originating at one pole and ending as closed loops at
the other (Grant and Phillips, 2013). The relationship between magnetic flux density (B) and

MF strength (H) can be expressed by the following equations

B=pu=*H (1.14)
I = Ho * Hr (1.15)
B =y *p-+H (1.16)
Here,
H = Magnetic field strength (—oRl®) (Mo-170A1
= Magnetic field strength ( oy ) ( )

1 = Permeability of magnetic material

H
o = Permeability of free space (4w x 1077 M)(MlLlT‘ZA‘Z)
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Figure 1.4 Schematic representation of magnetic flux through flat surface areas (Jones,
2013).

1.6 Sources of EM field
1.6.1 Geomagnetic field

The geomagnetic field is omnipresent and extended from the Earth's core to space. It is generated
by the movement of molten metal in the outer core subjected to constant fluctuations (Campbell,
2003). Earth's MF ranges from 67 micro Tesla (uT) & 30 uT (approx.) at the poles and equator,
respectively, but fluctuates by lunar disparity (Erdmann et al., 2021; Skiles, 1985). Alternatively,
MFs are also generated by thunderstorms and lightning discharges between the Earth and the
ionosphere. The lightning discharges can largely influence the EM waves in the ELF spectrum at

7.83 Hz (Chand et al., 2009).
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Figure 1.5 Schematic representation of geomagnetic field of Earth (Campbell, 2003).

1.6.2 Artificial magnetic field
1.6.2.1 Background magnetic fields

Background MFs primarily emitted from high-voltage transmission lines, mobile phones, and
household appliances (i.e., T.V., microwave oven, dryer, etc.). Numerous scientific studies have
been conducted to determine the biological effects of background MFs (Baaken et al., 2020;
Karipidis, 2015; Magne et al., 2017), but the data disparity in the recorded background fields caused
uncertainty in an approximation of background field. Numerous studies have also proposed that the
incongruity of background MF is due to different supply voltages, and the field is subjected to vary
according to electrical demand in household appliances during daytime or night-time (Banks et al.,

2002; Gajsek et al., 2016; Kheifets and Oksuzyan, 2008).

1.6.2.2 Electrical appliances

In household appliances, background fields are more likely to emanate from those with looped

heating elements, i.e., microwave ovens and mobile phones, as depicted in table 1.1. Numerous
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studies suspected that a large MFs could be a probable cause for the onset of hormone-dependent

cancers, breast cancer, meningioma, and brain cancer (Levitt et al., 2022; Mumtaz et al., 2022).

Table 1.1 Typical magnetic field levels near household appliances (Baliah et al., 2022;

Garrido et al., 2003; Misek et al., 2023).

Household Distance from source in meters (m)
appliances
0.00 0.3 1
Clothes washer 8-400 mG 2-30 mG 0.1-2 mG
Television 25-500 mG 0.4-20 mG 0.1-2 mG
Electric range 60-2000 mG 0-40 mG 0.1-1 mG
Microwave oven 730-2000 mG 40-80 mG 3-8 mG
Fluorescent lamp 400-4000 mG 5-20 mG 0.1-3mG
Electric shaver 150-150000 mG 1-90 mG 0.4-3 mG
Dryer 60-20000 mG 1-70 mG 0.1-3mG
Electric blanket 0.1 m (100 mG) Average in the body 1m (<1 mG)
(13 mG)
Mobile phones (2G- 80-200 mG (front) 100 mG (front) 60 mG (front)
350-750 mG (back) 300 mG (back) 100 mG (back)
5G)
Antenna >20230 pA/m 2023-8721 pA/m 674.60-2907
LA/m

mG = milligauss; pA= microampere

1.6.2.3 Power lines

The electrical power supply to household appliances occurs through a broad range of voltages and

currents, primarily dependent on the distance of transmission (Halgamuge and McLean, 2018; Kroll

et al., 2010; Salceanu et al., 2020). Hence, population exposure to EM fields is associated with the

properties of power distribution lines. Long-distance transmission is conducted by 33 —

765 kilovolts (kV) and 275/400 kV high voltage transmission lines in India, but electricity is
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supplied in homes at a voltage ranging from 220 — 240 volts. Hence, the strongest MF is near
electrical appliances but field intensity is inversely proportional to the distance from devices. Table
1.2 illustrates the typical MF near power lines. Various studies have observed the impact of ELF-
MF exposure in homes or near high-voltage power lines on the induction of neoplastic effects
(Panagopoulos, 2013; Panagopoulos et al., 2021). However, some studies have found no link
between living near high-voltage power lines and risk of cancer development (Kleinerman et al.,

2000; Pedersen et al., 2014).

Table 1.2 Typical MF levels near power lines (Ahlbom et al., 2008).

Transmission lines Distance from power lines in meters

0 10 20 30
500 kV line 81 mG 72 mG 51 mG 33 mG
230 kV line 38 mG 28 mG 15 mG 8 mG
138 kV line 33 mG 22 mG 11 mG 5mG
69 KV line 18 mG 6 mG 3mG 1 mG
25 KV line 10 mG 5mG 2 mG 1 mG

mG = milligauss

1.7 Exposure guidelines

The ELF-MF exposure guidelines state that within the ELF range (< 100 kHz), which also includes
power frequencies (50/60 Hz), are considered safe for household applications. In 2020, ICNIRP
updated the guidelines for occupational exposure to represent workers and chronic exposure to more
vital fields. Moreover, the reference limits of 500 uT and 100 uT were decided for occupational
workers and the general population, respectively. ELF-MF can incite carcinogenesis, and mutation
after-effects on living tissues are vaguely proposed hypotheses but not strongly backed up by valid

scientific evidences. However, the application of ELF-MF as a treatment methodology for bone
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disorders (osteoarthritis, non-union fractures), wound healing, and selected cancers has been

gaining considerable attention (Bagheri et al., 2018; Saliev et al., 2014).

1.8 Review of the existing literature
A detailed assessment of the existing work has been conducted to showcase our research findings
within the context of current literature. The review has been carried out while exploring the

therapeutic potential of ELF-EMF in treatment of various diseases.
1.8.1 Biophysical model of action of AC EM fields

Panagopoulos et al. proposed a biophysical model to explain the action of oscillating MFs on
cells and the suitability of pulsed electromagnetic fields (PEMF) as more bioactive than
continuous fields (Dj et al., 2000). This model is based on the simple hypothesis that an
oscillating EM field will exert force on the free ions and incite movement/vibration through
transmembrane proteins of the cell membrane. Each free ion will experience forced vibration
as a result of the external electromagnetic field. When the amplitude of this forced vibration
increases beyond a certain point, it will produce a false signal that will cause voltage or
mechanically gated channels to open, disrupting the electrochemical balance of the plasma
membrane and ultimately the function of the entire cell. The potential difference across the
cell membrane under equilibrium conditions, caused by a specific type of ions, is given by the

Nernst equation.

p, -y, = —LpL

e (1.17)

Here,
W, = Electrical potential on the external surface of the membrane in volt (M!L2T73A™1)

W, = Electrical potential on the internal surface of the membrane in volt (M!L2T~3A"1)
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R = Global constant of the perfect gases (8.314 J'K~*mol 1) (M1L2T~2K™1)
T = Absolute temperature in Kelvin (K)(M°L°T°K?)

z = lons electric charge or valence

F. = Faradays constant (9.648 X 10*s A.mol™1)(M°L°T*A'mol 1)

Co = Concentration of ions on the external side of the membrane

C; = Concentration of ions on the internal side of the membrane

At equilibrium, the net flux of the ion is zero. The total electrical difference across the
membrane will be the sum of the contributions from all the existing ions, restoring the final

balance between osmotic and electrical forces.
1.8.2 Magnetic susceptibility

Magnetic susceptibility is a fundamental electromagnetic property that measures the ability of
the material to become magnetized when placed in an external MF. The biological samples
exhibit either positive or negative susceptibility (paramagnetic/diamagnetic), respectively
(Klohs and Hirt, 2021). The volume magnetic susceptibility of a material is commonly

symbolized by y , which is represented by the following equation
¥ = % (1.18)
Here,
x= Magnetic suceptibility
M = Magnetization (Ampere/meter)(M°L™1T?A?)

Both M and H are measured in A/m. Thus, magnetic susceptibility () is a dimensionless unit.
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Now, magnetic mass susceptibility (¥mqss) Was calculated by:

X
Xmass = ; (1.19)

Here,
Xmass = Magnetic mass suceptibility (M~1L3T?A°)
p = Density of the tissues (M1L73T9A?)

In general, human tissue and water both are diamagnetic and have volume susceptibility ()
at—11.0 X 107% to — 7.0 x 107% and —9.05 x 107° respectively (Klohs and Hirt, 2021). Red
blood cells' volume magnetic susceptibility depends on the iron oxidation state in haemoglobin
(Klohs and Hirt, 2021; Schenck, 1996). In the following sections, we have included the

literature concerning the magnetic susceptibility of cells and tissues utilized in current work.

1.8.2.1 Magnetic susceptibility of animal tissues

The absolute value of magnetic field susceptibility is usually assumed to be close to water but
the presence of grey and white matters (iron and myelin) is also contributed to the large
difference between magnetic field susceptibility. Based on the literature, rat tissue samples
(brain, liver and heart) are less diamagnetic (xprqin = —9.2 to — 8.8 ppm) compared to the
water (Yywater = —9.05 ppm) due to the large abundance of water in tissues (Duyn and
Schenck, 2017; Klohs and Hirt, 2021; Peprah et al., 2014). Moreover, pathological alterations
in the brain, heart, and abdomen are associated with changes in respective magnetic

susceptibilities of tissues (Klohs et al., 2011; Sharma et al., 2017; Straub et al., 2017).

Magnetic susceptibility is also an important parameter to detect the onset of neurodegenerative

diseases. Kletetschka et al. studied the magnetic oscillations in brain with neurodegenerative

16



disease and observed the possible interference in the synaptic function by the magnetic grains

in human brain (Kletetschka et al., 2021).

1.8.2.2 Glial (C6) Cell line

C6 is a glial cell line isolated from the brain of a rat with glioma, and it is spindle-like cells
that simulate human GBM when injected into the brain of neonatal rats (Auer et al., 1981; Xu
et al., 2019). Moreover, C6 cell lines are widely used in toxicological studies to observe any

harmful effects of novel therapeutic methods (Giakoumettis et al., 2018).

1.8.2.3 Mouse fibroblast red fluorescent protein (RFP-L929) cell line

RFP-L929 is an adherent type of mouse fibroblast cell line, and it is the primary constituent of
the extracellular matrix and plays a critical role in wound healing. It is widely used for drug
toxicity and phototoxicity assessment studies (Cannella et al., 2019; Ray et al., 2008). Previous
studies explored the influence of different magnetic field exposure on ornithine decarboxylase
(ODC) activity, fibroblast growth, metabolic activity and observed the difference in
morphological clustering and orientation, no change in ODC activity, altered metabolic
activity and cell response (Azadniv etal., 1995; Cress et al., 1999; Penafiel et al., 1997; Schuetz
et al., 1985; Torricelli et al., 1998). Moreover, L.929 cells also expressed the highest rate of
wound healing on the lowest magnetic induction values (Jedrzejczak-Silicka et al., 2021).
Based on the literature studies mentioned above RFP-1.929 cell lines was seemed appropriate

for in vitro studies in current thesis work.

1.8.2.4 Lung adenocarcinoma (A549) cell line

A549 is a human pulmonary adenocarcinoma that has morphologic and biochemical features

of the pulmonary alveolar type II cell, and it was isolated from the lung tissue of a white, 58-
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year-old male with lung cancer (Smith, 1977). This cell line is widely used in cancer, immuno-
oncology, and toxicology research. Vu-Dinh et al. proposed effective isolation methods for
lung carcinoma cells based on immunomagnetic separation, and the results showed that the
concentration of A549 cells in the non-magnetic area is substantially less than in the magnetic

area (Vu-Dinh et al., 2021).

1.8.2.5 Breast cancer (MCF-7) cell line

Michigan Cancer Foundation-7 (MCF-7) is a breast cancer cell line isolated in 1970 from a
69-year-old white woman, and it is widely used as a suitable model cell line for breast cancer
investigations worldwide (Lee et al., 2015; Shirazi et al., 2011). Elexpuru-Zabaleta et al.
studied the influence of a 50 Hz magnetic field on the viability of breast cancer cells. The result
showed that cell viability is increased in short-term exposure but decreased in long-term
exposure. Moreover, alteration in mitochondrial membrane potential and reactive oxygen
species (ROS) production suggests that the mitochondria are a probable target of magnetic

field exposure (Elexpuru-Zabaleta et al., 2022).

1.8.2.6 Hepatoblastoma (HepG?2) cell line

HepG?2 is a cancer cell line that was derived in 1975 from the liver tissue of a 15-year-old
Caucasian male with well-differentiated hepatocellular carcinoma (Aden et al., 1979). These
are epithelial in morphology and a suitable in vitro model system for studying polarized human
hepatocytes (Moscato et al., 2015). Moreover, HepG2 and its derivatives are also used as a
model system for studies of liver metabolism and toxicity assessment (Arzumanian et al.,

2021).

1.8.3 In Vivo studies on exposure to EM fields

1.8.3.1 Toxicological assessment of ELF-EMF
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The ELF-PEMFs are widely utilized for determination of toxicological after effects of short
and long duration exposure studies and it has been vital to decipher the biological changes
associated with occupational/household MF exposure. Tian et al. found mild changes in total
bilirubin (TBIL), white blood cells (WBC), platelet, and lymphocytes but no severe long-term
static magnetic field (SMF) exposure (3.5-23 T, 2 h) effects on 112C57BL/6 mice (Tian et al.,
2019) . Lai et al. observed that 50 Hz EMF (100 uT) did not induce significant changes in
aspartate aminotransferases (AST), alanine aminotransferases (ALT), creatinine, or structural
changes in kidney and liver tissues (Lai et al., 2016). Santini et al. studied the 50 Hz EMF
exposure (1000 pT, 2000 nuT, 3000 uT) and observed the alterations in the liver's antioxidant
levels (Santini et al., 2009, 2018). Based on the above-mentioned studies, we can conclude
that toxicological effects are mostly dependent on field intensity, frequency and duration of

MFs.

1.8.3.2 Effects on neurodegenerative (ND) diseases

The ELF-PEMF has been found to benefit brain functions depending on frequency and
exposure duration. Moreover, it can also be used to supplement and enhance currently existing
healthcare modalities. Numerous studies proposed that ELF-PEMF exposure is also able to
reduce the amyloid-B peptide levels, modulate microRNA (miRNA) in Alzheimer's disease,
and support better absorption of nutrients (Capelli et al., 2017; Mohammad Alizadeh et al.,
2019). Perez et al. exposed primary human brain (PHB) cells culture with repeated
electromagnetic field stimulation (REMFS) and observed a reduction in -amyloid 40 (Ap40)
and B-amyloid 42 (AP42) levels (Perez et al., 2021). Akdag et al. investigated ELF-MF
exposure effects on rat brains and observed significant changes in amyloid-f3 protein (BAP),
protein carbonyl (PC), and malondialdehyde (MDA) levels (Akdag et al., 2013). ELF fields

are also reported to influence blood glucose, fat metabolism, sperm count, central nervous
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system, and cardiovascular system (Akdag et al., 2010; Arash and Farhad, 2012; Nafisi et al.,
2012; Nichols, 2012). However, the overall scientific evidence is mixed, and more research is

needed to establish conclusive findings.

1.8.4 Effects of EM fields on cancer cells

MFs can disrupt cellular connections between molecules and electrons, potentially harming
cellular functions like DNA synthesis and slowing cancer cell division and growth (Ghodbane
et al., 2013; Nie et al., 2013; Spyridopoulou et al., 2018; Zhou et al., 2017). Based on the

experimental conditions, we divided the literature into the following categories:

1.8.4.1 In Vivo studies

Nuccitelli et al. observed the effects of a pulsed electric field (PEF) (>20 kV/cm) on melanoma
cells under in vivo conditions. The results showed significant shrinkage of tumour cells (90%)
and blood flow reduction following PEMF exposure (Nuccitelli et al., 2010). Tatarov et al.
studied the effects of a magnetic field (100 mT) on tumour growth and viability in mice (3
groups) with exposure duration (60, 180, 360 min daily for 4 weeks) injected with breast cancer
cells. The in vivo imaging for tumour growth with whole-body bioluminescence imaging
showed that a magnetic field of 100 mT for a duration of 360 min/day for 4 weeks caused
extensive necrosis in the tumour (Tatarov et al., 2011). Emara et al. studied the therapeutic
effectiveness of LF-PEMF on rat liver cancer. The results showed a significant decrease in
alpha-fetoprotein (AFP) levels and a mild increase in the dielectric properties of the liver
(Emara et al., 2013). Ren et al. observed upregulation of miR-34a, inhibiting iron metabolism
and suppressing lung cancer after RMF (7.5 Hz, 0.4 T (2 h/day for 6 days)) exposure (Ren et
al., 2017). Chen et al. conducted osteogenic PMF (0.68 at 3.846 Hz & 1.19 mT at 40.85 Hz)
exposure with chemotherapy (cisplatin & pemetrexed) and observed change in cell membrane

permeability followed by suppressed cell growth in A549 and MCF-7 (Chen et al., 2022).
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1.8.4.2 In Vitro studies

Xu et al. observed upregulation in miR-486 and inhibition of AKT/mTOR signalling pathway
after low-frequency (LF)-MF (0.4T,7.5 Hz, 4 h/day) exposure on human embryonic kidney
cells (293T) and A549 cells (Xu et al., 2017). Ashdown et al. observed intracellular protease
release and altered membrane integrity after exposure to PEMF (20 mT, 50/385 Hz, 10 min)
(Ashdown et al., 2020). Tian et al. observed that the MF direction (upward) affected the growth
of the human gastrointestinal stromal cancer cell line (GIST-T1), A549, human colon cancer
cell (HCT116), and human lung cancer cell line (PC9) (Tian et al., 2018). Bisceglia et al.
observed a noted increase in alkaline phosphate (ALP) enzymatic activity of 35% and 80% in
human osteosarcoma (SaOS-2) cells and HepG2 cells, respectively (Bisceglia et al., 2011).
Nuccitelli et al. investigated nanosecond pulsed electric field (nsPEF) (> 20 kV/cm) exposure
effect and observed cell shrinkage and cell death in murine B16-F10 cells (Nuccitelli et al.,

2006).

Based on the studies mentioned above, 50 Hz ELF-PEMF exposure as a non-invasive therapy
has immense potential. Still, we need more studies to understand better the exact intensity
range, frequency, and exposure duration suitable for diagnostic or therapeutic applications.
Hence, this thesis attempts to develop an ELF-PEMF chamber for biomedical applications by

exploring the magnetic field-induced biological effects under in vitro and in vivo conditions.

Table 1.3 The experimental studies to assess the effectiveness of ELF-PEMF exposure as an
alternative diagnostic or therapeutic method.

Name of the Experimental setup/modality Results & Observation

authors

In vitro studies

Xu et al., low-frequency magnetic fields e  Upregulation in miR-486 inhibits the
2017 (LF-MF): 04T @ 7.5 Hz AKT/mTOR signalling pathway.
Duration: 4 h/day
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Ashdown et PEMF: 20 mT @ 50/385 Hz

al., 2020 Duration: 10 min
(Tianetal., SMF:3.5-23T
2018) Duration: 2 h
(Nuccitelli PEF: >20 kV/cm
etal., 2006) Rise time: 30 ns
Duration: 300 ns
(Yoshizawa  Rotating ELF-MF (2, 20, 100,
etal.,2002) 500 uT)

Duration: 3 days

Intracellular protease release, suggesting
altered membrane integrity.

Magnetic field direction can affect the growth
of selected cell lines (GIST-T1, A549,
HCTI116, PC9).

Induced shrinkage of murine B16-F10 cell

nuclei and blood flow to stop.

No changes in cell growth or initial response

to cell proliferation.

In vivo studies

PEMF: 100 mT
Duration: 60, 80, 360

(Tatarov et
al., 2011)
min/daily for 4 weeks

PMF1: 0.68 mT @ 3.846 kHz
PMF2: 1.19 mT @ 40.85 kHz
(both are variations of FDA

(Chenetal.,
2022)

approved signals of Spinal-
Stim®, Orthofix Inc.
(Lewisville, TX))

Duration: 0, 4, 6, 8,24 h
(daily)

Chemotherapy drugs:
Cisplatin (4.0 or 8.0 uM) or
Pemetrexed (5.0 or 50.0 uM)
Coil A: 13-42 Gauss @ 2-3 Hz
Coil B: 0.6 Tesla @ f< 1 Hz
Duration: Coil A (30

(Emara et

al., 2013)

min/day/rat),
Coil B (5 min/day/rat)

Suppressed tumour growth and viability

PEMF exposure caused necrosis in tumour

Suppressed cancer cell growth in A549 and
MCF-7

Apoptosis was observed when PEMF
combined with pemetrexed

Perturbances in cell cycling and gene
expression, as well as increased cell membrane
permeability and changes in morphology
PEMF moderately inhibited tumour growth in

vitro.

Significant decrease in a-feto protein (AFP).
Mild increase in dielectric properties of the
liver.

LF-PEMF is therapeutically effective on rat

liver cancer.
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(Lai et al.,
2016)

(Lai et al.,

2016)

(Akdag et
al., 2013)

(Perez et al.,

2021)

(Tian et al.,

2019)

(Ren et al.,
2017)

(Nuccitelli
etal., 2010)

ELF-PEMF: 100 uT @ 50 Hz

Duration: 24 weeks

ELF-EMF: 100 uT @ 50 Hz
Duration: 20 h/day for 3
months

ELF-MF: 100- 500 uT @ 50
Hz Duration: 2 h/day for 10

months

Repeated electromagnetic field

stimulation (REMFS): 1-3 T
@ 64 MHz, duration:1 h/day
for 14 days

SMF: 3.5-23 T
Duration: 2 h

LF-MF: 04T @ 7.5 Hz
Duration: 35 days

nsPEF generator

rise time & fall time: 15 ns

There were no significant changes in AST,
ALT, and creatinine.

No structural changes in kidney and liver
tissues.

No change in blood chemistry (including lipid
profile, blood glucose, liver function, and renal
function of rats).

Significant changes in BAP, P.C., and MDA

levels in rat brains were observed.

REMEFS lowered AB40 and AB42 levels in
primary human brain cell (PHB) cultures.
Daily REMFS for 14 days at different lengths
of exposure was non-toxic to cells and reduced
AP40 and AB42 levels.

Food consumption and body weight decreased
in the 23 T exposed group.

TBIL, WBC, platelet, and lymphocytes were
affected but still in the reference range.

No severe long-term effects on 112C57BL/6
mice.

Cell growth arrest.

Inhibiting cell iron metabolism.

Stabilized p53 protein.

It enhanced miR-34a transcription induced cell
proliferation.

Reduction in skin tumour volume.

nsPEF effects are highly localized in Charles

River skin tumours.

Clinical studies
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(Zhu et al.,
2020)

Low-frequency rotating static
magnetic field (LFRSMF) and
chemotherapy

Duration: 2 h/day for 21 days
EMF: 3 mT @75 Hz
Duration: 15, 30,60 min

(Capelli et
al., 2017)

Significant alternation in blood cytokine
concentration.

It can be used as adjuvant therapy along with
chemotherapy.

LF-PEMF modulated the expression of all
miRNAs (miR-107, miR-335, and miR-26b).
LF-PEMF can alter A.D.-related pathways.

Diagnostic applications

(Pearlman et

al., 2011)

Magnetoencephalography
(WH3600 whole-head
neuromagnetometer)
Signal sampling: 500 Hz
Bandpass: 0.01-50 Hz

(Vannelliet  Tissue Resonance Interaction

al., 2010) method (TRIMprob)

Freq.: 465, 930 and 1395 MHz
(Barbault et  TheraBionic
al., 2009) Freq.: 0.1-11.4 Hz

The non-invasive modality for differentiating
among neoplastic brain tissues is designed to

be combined with C.T. and MRI.

The analysis of resonance values showed that
only the 465-MHz frequency differentiated
patients with rectal cancer.

Successfully identified a tumour-specific
frequency signature in patients diagnosed with

cancer.

Therapeutic applications

(Aaron et Electric field: 1-100 mV/cm
al., 2004) Voltage: 1-10 volts
Freq.: 20-200 kHz
(Pasche et Low Energy Emission
al., 1996) Therapy (LEET)

Freq.: 27.12 MHz
Bandwidth: 0.1 Hz-10 kHz
Novo Tumour Treatment
Fields (TTF)-100A
Electric fields: > 0.7 V/cm
Freq.: 200 kHz

(Stupp et al.,
2012)

EMF has efficacy similar to a graft in treating

non-union fractures and spinal fusions.

A double-blind cross-over study demonstrated
decreased sleep latency and increased sleep

duration in patients treated with LEET.

Delivery of electric fields demonstrated
efficacy comparable to chemotherapy

regimens.
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(Costaetal., TheraBionic e Amplitude-modulated RF-EMF demonstrated
2011) Freq.: 27.2 MHz safety and antitumour effects in patients with
Modulation depth: 85+5% unresectable hepatocellular carcinoma.

R.F. output: 100 mW

Nanoparticles based
treatment

b
Carpel tunnel syndrome Muscles soreness
: S
Breast cancer :
treatment w Bone fracture
Hepatocellular 4

carcinoma treatment
Knee arthritis

The;épeuﬁic applications of
PEMF ?%re Skeletal and muscles
‘ . disorders treatment

Cancer treatment

Figure 1.6 50 Hz ELF-PEMF exposure for treatment of various diseases, including cancer
and skeletal muscle disorders (Goya et al., 2013; Yang et al., 2020).
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Figure 1.7 State of the art of magnetic field exposure (Xu et al., 2022).

1.9 Research objectives
The primary aim of this thesis is to design and develop an ELF-PEMF chamber for biomedical
applications. Several sub-goals must be met to achieve this. As a result, the objectives have

been divided into the following sections.

1. Design and development of a 50 Hz ELF-PEMF chamber for in vivo and in vitro studies.
We utilised the methodologies mentioned in the literature to generate and maintain a
uniform magnetic field inside chamber.

1.1 Computational and simulation studies are conducted in ANSYS 18.0 to determine the
MF behaviour and homogeneity of MF.

1.2 Fabrication and magnetic field characterization of monoaxial Helmholtz coil for studying

the effects of 50 Hz ELF-PEMF exposure under in vivo and in vitro conditions.

26



2. Effects of 50 Hz ELF-PEMF exposure on spontaneous alternation, anxiety, motor
coordination and locomotor activity of adult Wistar rats and viability of C6 (Glial) cells
in culture.

2.1 Assessment of 50 Hz ELF-PEMF exposure effects on C6 cell lines under in vitro
conditions.

2.2 Assessment of 50 Hz ELF-PEMF exposure effects on behavioural and histological
parameters of adult Wistar rats under in vivo conditions.

3. Effects of extremely low frequency 50 Hz ELF-PEMF on vital organs of adult Wistar rats
and viability of mouse fibroblast cells.

3.1 Assessment of 50 Hz ELF-PEMF exposure effects on RFP-L929 cell lines under in vitro
conditions.

3.2 Assessment of 50 Hz ELF-PEMF exposure effects on biochemical and histological
parameters of adult Wistar rats under in vivo conditions.

3.3 Extremely low-frequency magnetic field exposure induced antiproliferative activity against
selective cancer cells: an in vitro study

4.1 Assessment of 50 Hz ELF-PEMF exposure effects on cell proliferation of lung
adenocarcinoma (A549) cells and induced cytotoxicity under in vitro conditions.

4.2 Assessment of 50 Hz ELF-PEMF exposure effects on cell proliferation of breast cancer
(MCF-7) cells and induced cytotoxicity under in vitro conditions.

4.3 Assessment of 50 Hz ELF-PEMF exposure affects cell proliferation of hepatoblastoma

(HepG2) cells and induced cytotoxicity under in vitro conditions.
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1.10 Thesis outline

This thesis is organized into five chapters. Chapter 1 (this chapter) provides a general
overview of the electromagnetic spectrum, characteristics, and applications of the EM field.
This chapter also presents a detailed literature review for applications of 50 Hz ELF-PEMF

exposure under in vitro and in vivo conditions.

Chapter 2 describes the design and development stages of a monoaxial Helmholtz coil system.
This chapter discusses the theoretical basis of uniform MF generation inside the Helmholtz
coil system. Additionally, computational simulation is performed on ANSYS 18.0 to
determine the MF distribution and intensity under different loading voltages. This chapter also
includes the fabrication process of two 0.5-inch thick plywood circular frames of a
circumference (2nr = 1.66 m), wire length (L,, = 898.668 m), coil radius (R, = 0.265 m)
and coil separation distance (0.265 m). Moreover, we also discussed the fabrication of an

acrylic sheet chamber utilized in the in vitro studies of different cell lines.

Chapter 3 discusses the effects of 50 Hz ELF-PEMF exposure on spontaneous alternation,
anxiety, motor coordination abilities, and locomotor activities on adult Wistar rats and C6
(Glial) cell viability under in vivo and in vitro conditions, respectively. Moreover, we also
conducted histological examination of rat brain tissues to assess the changes in tissue structure

and morphology.

Chapter 4 discusses the utilization of 50 Hz ELF-PEMF magnetic exposure for assessment of
the effects on biochemical parameters (AST, ALT, TBIL, serum creatinine, and CK-MB) and
histological examination of liver, kidney, and heart of adult Wistar rats and cell viability of

RFP-L929 (mouse fibroblast) cells under in vivo and in vitro conditions, respectively.

From Chapter 5 onwards, the thesis focuses on exploring the impact of 50 Hz ELF-PEMF
exposure on different cancer cell lines. The primary objective of this chapter is to compare the
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effects of ELF-PEMF exposure (1-3 mT, 20 min (twice) with 4 h gap) on cell proliferation of
lung adenocarcinoma (A549), breast cancer (MCF-7), and hepatoblastoma (HepG2) cell lines.
Moreover, we also determined the 50 Hz ELF-PEMF exposure induced cytotoxicity with MTT

assay, supporting its potential for biomedical applications.

Finally, the key conclusions and future scope of work of the thesis are summarized in Chapter

6.
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