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ABSTRACT

Nanoparticle-based therapies have garnered significant interest in cancer treatment due
to their potential for targeted drug delivery and enhanced therapeutic efficacy. The present study
emphasizes the synthesis of Magnetite (FesOs) nanoparticles by chemical coprecipitation method
and their subsequent functionalization with Poly Ethylene Glycol (PEG) and Glutathione (GSH)
to improve biocompatibility and facilitate targeted drug delivery and hyperthermia study. To
evaluate the structural, morphological, and chemical characteristics of the synthesized particles,
characterization techniques such as X-Ray Diffraction (XRD), Dynamic Light Scattering (DLS),
zeta potential (¢-potential), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Fourier-Transform Infrared Spectroscopy (FTIR) were used. The
magnetic properties of synthesized nanoparticles were analyzed using a Vibrating Sample
Magnetometer (VSM). The results show that the synthesized nanoparticles are
superparamagnetic, with saturation magnetization (Ms) values of approximately 50 to 49 emu g
1 at room temperature over the field of 15 kOe. The magnetic induction study shows that the
synthesized magnetic nanoparticles reach therapeutic temperature (42—-45°C) during the first 10
minutes of exposure to an Alternating Current (AC) magnetic field. When Doxorubicin (DOX)
was loaded on PEG coated Magnetite- FesO4 and GSH coated Magnetite- FesO4 nanoparticles,
a maximum drug entrapment capacity was observed after 48 hours of loading. UV-visible
spectroscopy was used to assess the in vitro drug releases. The results show that extracellular
GSH spiking facilitates higher drug release under acidic conditions (pH-4.5) than PEG. This
extensive study highlights the potential of Magnetite- FesO4, PEG coated Magnetite- Fe3Oa, and
GSH-coated Magnetite- -FesO4 nanoparticles as promising agents for targeted cancer treatment
and offers insightful information for clinical translation. Furthermore, the cytotoxic effects of
nanoparticles were studied on fibroblast cell lines (L929) and Breast cancer cell lines (MDA-
MB-231) using a 3- (4, 5-dimethythiazol-2-yl) - 2, 5-diphenyl tetrazolium bromide (MTT) cell
viability assay. The findings show that the synthesized nanoparticles are minimally harmful to
healthy cells (L929) but display dose-dependent cytotoxicity toward cancer cells (MDA-MB-
231). Also, the hemolysis assay was used to evaluate the impact of synthesized particles on the
red blood cell membrane, preventing lysis under stress conditions.
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1.1 Introduction:

The term nanotechnology was first presented in 1959 by American scientist and Nobel
Prize winner Richard Feynman. Feynman delivered a talk titled "There's Plenty of Room at the
Bottom™ at the California Institute of Technology (Caltech) at the American Physical Society's
annual conference [1]. In 1974, a scientist from Japan named Norio Taniguchi used the term
"nanotechnology” first time, defining as "the processing of separation, consolidation, and
deformation of materials by one atom or one molecule”[2]. The Greek word "nano," means
"dwarf" or "very small," is used to refer anything that is one thousand millionth of a meter (10
® m). The terms "nanoscience" and "nanotechnology” refer to the study of structures and
molecules on nanoscales, or between 1 and 100 nm. The "nanotechnology" is the technology
that uses this knowledge to create machines and other real-world items [3]. Here, special
techniques allow for developing novel applications in nanoscale science, engineering, and
technology, including as imaging, modeling, measuring, and matter formation. Materials that
have been structured at the nanoscale to provide new or unusual characteristics are called
nanomaterials. They are separated into four categories: nanotubes, nanopowder, nanoparticles
(NPs), and nanocrystals [4]. A comparison of size is shown in Fig.1.1.
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Fig.1.1: Size comparison.
The size of nanomaterials has considerable impact on its electrical properties, magnetic

behavior, catalytic activities, medicinal efficacy, etc. This is due to their large specific surface
area. Nanomaterials have several uses in the fields of electronics, agriculture, and the
environment.
1.2 Nanoparticles (NPs):

Various types of nanomaterials can be synthesized using plethora of techniques
(methods). NPs exhibit size and shape-dependent properties. These materials can be classified

as zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), or three-dimensional
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(3D) based on their general form as shown in Fig.1.2. Nanomaterials are either compact
(interacting nanoscale-sized units that repeat as structural components) materials or nano
dispersions (homogeneous media like vacuum, gas, liquid, or solid with separated nanosized
inclusions). Nanomaterials have distinct physicochemical properties in contrast to bulk

materials due to their nanoscale size which opens up a wide range of new uses [5].
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Fig.1.2: Types of nanomaterials (0D, 1D, 2D, and 3D).

Core-shell NPs are generally composed of three layers: (a) the surface layer, which can
be modified with small molecules, metal ions, surfactants, and other polymers; (b) The shell
layer, which differs chemically from the core; and (c) the core, which is the main component
of the NP. Because of these remarkable qualities of surface functionalization or coating,
researchers in a variety of disciplines have shown a great deal of interest in these materials [4].
Properties of NPs like biocompatibility, antibacterial and anti-inflammatory activities, tumor
targeting, efficient drug administration, bioavailability, bioactivity, and bio-absorption have
stimulated their use in biotechnology and applied microbiology [5,6].

1.3 Magnetic Nanoparticles (MNPs):

Magnetic NPs (MNPs) exhibit magnetic properties useful in number of applications.
Magnetic materials are utilized in hard drives, videotapes, sensors, motors, and generators
[7,8]. The atomic basis of magnetic properties originates from the spin and orbital motion of
electrons in an atom. Spin and angular momentum produce magnetic moment. The resultant
magnetic moment is by L-S or J-J coupling.

In 1778, Austrian physician Franz Anton Mesmer developed ideas on magnetic fluids
and suggested the first medical use of MNPs to humans [9]. He maintained the impact of
imperceptible "universal fluids™ on the human body (following Newtonian notions of "aether"
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connected to tides and gravitational forces) and put out his theory of "animal magnetism,"”
which became well-known across Europe. Mesmerism, a therapy mostly based on hypnotism,
has led to an ongoing stream of scientific studies as well as "supernatural™ quack medicine.
With the development of reliable methods for synthesizing biocompatible MNPs, the idea of
aiming magnetic nanospheres inside microscopic living things gathered strength and eventually
materialized. MNPs are similar in size to subcellular structures or Deoxyribonucleic Acid
(DNA), hence this field has opened the possibility of cell separation techniques that use
magnets as external driving forces. Similarly, new breakthroughs in the chemistry of attaching
biological units to MNP surfaces and particle surface engineering have offered fascinating new
pathways for highly selective drug delivery vectors [10].

However, in vivo applications include complex issues about how a living thing reacts
to foreign objects injected into the body (such as drug-particle complexes). Practical
experiment must address the issue of immunological responses caused by the invading
nanoparticles within the host, particularly from the Reticuloendothelial System (RES). for
example, the design of Drug Delivery System (DDS) (by using particles loaded with a
monoclonal antibody) need the complete immunological study before administration [11].

Fig.1.3: Biomedical applications of MNPs [6].

The following physical concepts drive the applications of MNPs in biomedical field:

a. To implant MNPs remotely into organs or tissues, the Magnetic Field (MF) gradients must
be controlled, i.e. the application of a magnetic force surrounding the targeted region is used.
(Examples: Magnetic separation used for DNA sequencing, magnetic implants, and targeting).
b. The use of magnetic moment of MNPs to disrupt proton nuclear resonance (for example, as
a contrast medium in Magnetic Resonance Imaging (MRI)).
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c. Generation of heat using magnetic nanometric particles due to magnetic losses (magnetic
hyperthermia). Fig.1.3 displays several uses of MNPs in the biological field.
1.3.1 Types of Magnetism / Magnetic Properties:

Particles with mass and electric charge (protons, electrons, holes, positive and negative
ions) move in response to electric and MFs. An electrically charged particle in rotation
produces a magnetic dipole, also known as a magneton. The magnitude and direction of any
MF produced by an object, such as a magnet, are measured by the magnetic dipole moment.
The magnetization (M) of a magnetic material in an external MF is measured in terms of its
susceptibility () and permeability () which are related by Equation 1.1,

M=yH (1.2)

Magnetic materials are classed as diamagnetic, paramagnetic, or ferromagnetic based

on how they respond to external MFs [12].
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Fig.1.4: Schematic representation of (a) Diamagnetic, (b) Paramagnetic, and (c)

Ferromagnetic materials in the presence and absence of magnetic field.
1.3.1.1 Diamagnetism:

In diamagnetic materials, dipoles are either missing or oriented arbitrarily in the
absence of an MF (Fig.1.4 (a)). In the presence of a MF, diamagnetic materials align itself in
the opposite direction of the applied field, resulting in low and negative susceptibility values (-
10 to -107%) [13]. The spins revert to their initial positions and lose their magnetic
characteristics when external field is removed. Quartz (SiOz), wood, water, copper, silver, and
most biological molecules are examples of diamagnetic materials. Diamagnetic materials have
filled electronic subshells, i.e. no unpaired electrons [12].
1.3.1.2 Paramagnetism:

Paramagnetic materials exhibit a weak MF parallel to external MF. Magnetic dipoles
present in paramagnetic materials in presence and absence of external MF are shown in Fig.1.4
(b) which align only when an external MF is applied and vanish when the MF is removed [13].

The value of susceptibility varies between 107 to 10°% in the presence of extrarenal MF [12].
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1.3.1.3 Ferromagnetism:

Ferromagnetic materials are highly magnetic and have a positive susceptibility. In the
absence of an external MF, the magnetic moments of an array of atoms align in the same
direction to form a domain. Hence, they have net magnetic moment as shown in Fig.1.4 (c).
The value of susceptibility is positive and varies between 1 to 10000 under the influence of
MF. Ferromagnetic materials are further divided into ferrimagnetic and antiferromagnetic
materials. MNPs have a magnetic moment that is rapidly aligned in the direction of an external
field and zero when there is no external field, similar to paramagnetic materials. This
phenomenon happens at the blocking temperature, and paramagnetic materials become
superparamagnetic [13]. This property allows them to maintain colloidal stability, which makes

them useful for biological applications [12].
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Fig.1.5: Hysteresis loops of magnetic materials [13].

When the external field is removed, superparamagnetic NPs lose their magnetism and
become non-attractive to one another, which reduces the amount of nanoparticle aggregation.
Furthermore, because of their high sensitivity to applied MFs, superparamagnetic NPs give
greater control over how their magnetic characteristics are applied [13]. Magnetization
saturation happens in an applied MF when all magnetic dipoles align in the same direction.
This characteristic makes them useful in MRI and for the administration of drugs. Fig.1.5
shows the particular magnetization (B-H) curves for magnetic materials showing the saturation
magnetization (Ms), remanent magnetization (M), and coercivity (Hc). Where the saturation
magnetization (Ms) is the highest induced magnetization, remanent magnetization (M) is the
residual induced magnetization after the removal of an applied field, and coercivity (Hc) is the
strength of an external coercive field necessary to bring the magnetization to zero. The

responses of superparamagnetic NPs (Violet line (sigmoid curve), paramagnetic NPs (Green
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line), and ferromagnetic NPs (Blue line) are also shown in the same image [13].

A particle of a ferromagnetic material, as predicted by Frenkel and Dorfman, consists
of a single magnetic domain smaller than a critical particle size. Kittel developed the first
preliminary estimations of critical particle sizes. A spherical sample of a typical ferromagnetic
material has an estimated radius of 15 nm. These monodomain ferromagnetic particles have
magnetic moment of the order of millions of Bohr magnetons [13].

1.3.2 Exceptional Features of MNPs:

When MNPs are smaller than the single domain limit (20 nm for iron oxide),
superparamagnetism is observed. Below Curie temperature, ferromagnetic or ferrimagnetic
materials break into the single domain from the multi-domain and behave as
superparamagnetic. The intriguing features of the MNPs are listed below,
1.3.2.1 Finite Size Effect:

To accurately incorporate the size-dependent magnetic features, the dimensions at the
nanoscale must be carefully controlled. Synthesis of MNPs with particle size ranges between
6-15 nm was executed through the controlled growth of synthesized monodispersed MNPs
[14]. This was done to synthesize MNPs with the specified size distributions of their constituent
particles. The grain size of the MNPs has a direct influence on saturation magnetization (Ms)
because of the size effect [15]. The magnetic anisotropy of the tiny nanoparticle has a very high
value; but, as the particle size approaches an average of 8 nm, it drops off dramatically and
continues to diminish until it approaches the value of bulk FesO4 [16]. The finite size effect has
following outcomes:

A) Single Domain,

B) Superparamagnetism, and
C) Coercivity.

1.3.2.1.1 Single Domain State:

The domain walls in multidomain ferromagnetic particles divide the region of uniform
magnetization [17]. The applied field must be greater than the demagnetizing field to maintain
a saturated condition. After the field has been removed, the particle breaks into domains as a
result of the magnetostatic energy associated with the saturated state, which lowers the
saturation magnetization (Ms) value. If the particle size is decreased below the critical volume,
more energy is needed to develop a domain wall than is needed to maintain a single domain
state [18]. A single-domain particle is always saturated by definition when all of its volumes

spontaneously magnetize in one direction parallel to an applied field. The critical diameter of
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the particle depends on the nature of material and is up to 20 nm. This critical diameter can be
calculated using Equation 1.2. The value of critical diameter (dc) is different for different

materials and applicable only to spherical and non-interacting or non-aggregate particles.

dC _ 18\/AK;ff

Mo M;
Kett = Anisotropy constant,
A=Exchange constant, and

Mo=Vacuum permeability.
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Fig.1.6: Domain splitting and reduction in demagnetizing energy of hexagonal and cubic

crystals: effects on magnetic field and domain creation.

A substantial fraction of the magnetic moments pointing in the same direction combine
to form a magnetic domain in a ferromagnetic material. Every atomic dipole in a domain is
pointing in the same direction. The domains inside a material can be thought of as tiny magnets.
To minimize the energy of the system, ferromagnetic materials tend to fragment into domains
that relate them in a way that minimizes the overall energy of a material. As illustrated in

Fig.1.6, a single domain in a hexagonal crystal can split into two smaller, oppositely aligned

Page 7
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domains. This process can be repeated until splitting into additional domains which do not
result in a favorable energy decrease because energy must be generated and maintained in the
transition region between domains, or domain walls. The splitting of domain can also happen
in cubic crystals when the domains follow the directions of easy axes and are perpendicular to
one another. This minimizes the energy of the system with the same effect. Based on the
crystallographic structure or easy axis, the magnetic moment rotates by 90° or 180° in various
directions across domain walls. This occurs due to adverse changes in magnetic moment
directions and the ability of a wall to share the 90 or 180° difference in spin alignments
between domains.

Fig.1.7 depicts the enlarged representation of domains in various orientations, although
the domains flip by discrete angles in a limited region known as the domain walls. Anisotropy

and exchange interaction mostly determine the fixed width of domain walls.
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Fig.1.7: Domain wall - The rotation of magnetic moments through 180°.
1.3.2.1.2 Superparamagnetism:

The typical diameter of MNPs is up to 100 nm, if this size is reduced below 20 nm, i.e.
critical diameter, then they are superparamagnetic in nature. Superparamagnetism is explained
by the behavior of well-isolated single-domain particles as shown in Fig.1.8.

The magnetic anisotropy energy, which is responsible for retaining the magnetic
moment along a certain axis, may be utilized to determine the dependence of magnetic qualities
on different directions and can be expressed as in the form of Equation 1.3 as follows,

E(0) = KeffVsin®g (1.3)
where,
V =Particle volume,
Keft =anisotropy constant, and
© = Angle between magnetization and easy axis.
Also, Thermal energy (Et) at temperature (T) is given by Equation 1.4
Er=kgT (1.4)
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where,

Kg=Boltzmann Constant

4 Domain wall Magnetostatic
energy energy
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Fig.1.8: Comparative stability of multi-domain and single-domain magnetic states.

As particle size decreases, particles become superparamagnetic at that size, the thermal
energy of particles is more than the anisotropy energy [ i.e. £(©) < Eror KVsin?(©) < KgT]
which easily flips the magnetization value revealing no hysteresis. A blocked state is attained
when the relaxation time (z) exceeds the characteristics measurement time (zm), that is, when
>>71m. The temperature separating these two zones is known as blocking temperature (TB),
and is calculated using Equation 1.5. The blocking temperature is affected by the applied MF,

effective anisotropy constant, particle size, and experimental measuring time.

Tp=—<L (1.5)

T 30Kp
where,
Ts= Blocking temperature,
Keft =anisotropy constant, and
Kg=Boltzmann Constant.

The large magnetic particle contains multiple domain structures where domain walls
separate uniform magnetization. A single-domain particle has homogeneous magnetization and
uniform spin orientation. Superparamagnetic materials are either ferrimagnetic or
ferromagnetic that align their magnetic moments parallel to the direction of an external MF but
as the external MF is removed, they return to their initial direction [19,20].

The B-H loop does not show hysteresis for MNPs with superparamagnetic properties
because of reversible forward-backward magnetization curves, zero magnetization at zero

applied field, and no residual magnetism seen after the MF was removed, as shown in Fig.1.5.
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It depends on the particle size, the applied MF, and the effective anisotropy constant [21,22].
Relaxation of magnetization can be determined by the two different mechanisms. 1) Neel
Mechanism and 2) Brownian Mechanism.
Neel Relaxation time (zn) can be obtained using Equation 1.6,
Ty =tk (1.6)
= To expkerrV/kBT

Where Ea=Ke.V is the energy barrier that divides two energy levels between
magnetization states (up and down), Kz is the Boltzmann constant, and to is the pre-exponential
factor related to an attempt time, of the order of 10°-101? s,

The Brownian relaxation time (ts) is obtained using Equation 1.7,

3nVa
T = —— i e
B kgT

_Amr
"~ kgT

where,

n = Viscosity of media,

Vh= Hydrodynamic volume, and
rh = Hydrodynamic diameter.

1.3.2.1.3 Coercivity:
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Fig.1.9: Size-dependent coercivity for MNPs [23].

Coercivity varies with particle size, shown in Fig.1.9. Coercivity is zero for the particles
showing superparamagnetic behavior. Prior to declining with particle size in the ferromagnetic
zone, the coercivity rises with particle size and reaches its highest value in the paramagnetic

region [23].
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1.3.2.2 Anisotropy:
Variation in magnetic properties with the direction within the material is called
magnetic anisotropy. Fig.1.10. shows field-dependent magnetization in Magnetite- FesO4 NPs.
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Fig.1.10. Field-dependent magnetization in Magnetite- FesO4 NPs: anisotropy along easy,
medium, and hard axes [24].

Three crystallographic axes are defined in case of Magnetite- FesOs MNPs (inverse
spinel structure), easy axis along [111], medium axis along [110] and hard axis along [100].
As the external MF strengthens, the magnetization increases until it reaches saturation.
Saturation is achieved for the easy axis with a little external MF strength [24].
1.3.2.2.1 Shape-Dependent Magnetic Properties:

The magnetic properties of MNPs depend on their shape. For example, nanoparticles
with quasi-cubic shapes have higher saturation magnetization (Ms) values. If the particles are
perfectly spherical (isotropic), they are magnetized equally in all directions under the applied
MF. In contrast, non-spherical particles are easier to magnetize along their easy axis due to a
phenomenon known as shape anisotropy [24].
1.3.2.2.2 Surface Effects:

As the size of the NPs decreases, most of their atoms act like surface atoms, making

surface and interface effects more noticeable-
1. Surface coating influences the magnetic characteristics of MNPs. However, in some
circumstances, a clear correlation between the magnetic core and the surface coating has been
observed. There is now no substantial correlation that can be established because of the
complex and system-specific magnetic response of the system to an inert coating (organic
ligands) [25,26].

2. Coating of MNPs significantly alters their magnetic characteristics. This results from new
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and novel composites showing biassed nanostructures with varied blocking temperature [27-
30].
1.4 Magnetic Oxide Nanopatrticles:

Metal oxides particles of nanoscale that show magnetic properties are called magnetic
oxide nanoparticles. Among the different MNPs, iron oxide nanoparticles (IONPs) have
garnered the most attention due to their, magnetic properties, easy synthesis method [31-37],
tunable size and structure [38-41], intrinsic catalytic activity [42-45], good biocompatibility
[46-50], availability of surface modification [51-55], physical and chemical stability,
environmental safety, and low toxicity [56]. The basic features of magnetic iron oxide
nanoparticles (MIONPS) render them appropriate for a diverse array of biological applications.
Some of these applications include serving as a contrast agent in MRI [8], separation and
identification of cells [57,58], hyperthermia therapy [59], and administration of drugs [60].

Iron oxide is a naturally occurring compound found in a wide variety of forms; in
nature, there are roughly 16 different phases, among them Hematite- a-Fe.O3, Maghemite- y-
Fe>O3, and Magnetite- FesO4 are relatively abundant and show temperature-induced phase
changes. They are utilized in magnetic fluids, catalysis, magnetic data recording and storage
media, magnetic paper, and environmental protection in addition to biotechnology and
biomedicine. Recently IONPs have been used for MRI, Magnetic Hyper Thermia (MHT),
magnetic medication administration, and cell separation [61].

1.4.1 Hematite (a-Fe;03):

Hematite is the most stable n-type semiconductor and iron oxide at room temperature.
The band gap 2.2 eV allows the conduction band (CB) to be made up of empty d-orbitals of
ferric ions (Fe*), while the valence band (VB) is made up of occupied 3d crystal field orbitals
of Fe3* ions mixed with some O 2p nonbonding orbitals [62]. Hematite- a-Fe20s has a
rhombohedral crystal structure with a hexagonal unit cell with lattice parameters of a = 0.5034
nm and ¢ = 1.375 nm. The structure of Hematite- a-Fe203 is a sixfold ring created by a hcp
array of O ions aligned along [001] direction. The Fe®* ion occupies two-thirds of an octahedral
site that is constrained by a nearly perfect hexagonal closed-packed oxygen lattice. It exhibits
an antiferromagnetic order for temperatures lower than the Neel temperature (955 K). Because
of its inexpensive cost and great corrosion resistance, Hematite- o-Fe20s3 is widely utilized in
pigment, gas sensors, and catalysts. It is also used as a starting material in the production of

Magnetite- FesO4 and Maghemite- y-Fe>O3 [63-65].
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1.4.2 Maghemite (y-Fe;0s3):

Maghemite- y- Fe2Oz is an n-type semiconductor with a band gap of 2 eV. It is
categorized as ferrimagnetic oxide and has a high Neel temperature of 950 K and a net magnetic
moment of 2.5 uB per formula unit. 32 O% ions, 21 (1/3) Fe** ions, and 2 (1/3) vacancies are
present in the cubic unit cell of Maghemite- y- Fe>Oz with lattice parameter a=0.834 nm.
Tetrahedral sites are occupied by eight cations, while the remaining cations are arranged at
random along octahedral sites [66-68]. When Magnetite- FesO4 is exposed to oxygen, it
undergoes a transformation resulting in the formation of Maghemite- y- Fe2Os. Fe®* ions are
only consistently dispersed in roughly two-thirds of the sites, leaving the other sites vacant.
Crystal centers are also oxidized to Fe** by the passage of Fe?* ions inside the crystal. Two
sites that are filled with Fe** ions are followed by one empty site [69,70].

1.4.3 Magnetite (FeszOa4):

Magnetite- FesOs is a densely packed material along the [111] direction with a face-
centered cubic inverse spinel structure supported by 32 O? ions. Magnetite- FesO4 has both
trivalent (Fe**) and divalent (Fe?*) iron ions inside of its structure with a lattice parameter of
a=0.839 nm [71,72]. Fe3* ions occupy tetrahedral sites and are surrounded by four oxygen
atoms, while a mixture of Fe?*/Fe3* ions occupy the octahedral site and are surrounded by six
oxygen atoms. This structure is expressed as: Fe®* (tetrahedral-A) Fe?* Fe®* (Octahedral-B) O
[73-75]. While Fe?* ions in B sites contribute to macroscopic ferromagnetic properties, Fe3*
ions in A and B sites are coupled antiferromagnetically [76]. Magnetite- FesO4 easily goes

through a Maghemite- y- Fe2Os phase transition at room temperature (Equation 1.8).

Oxidation
[Fe3™], [Fe5* Fe3*], 03— [Fe3"], [Feiln267 Fes 1o 032 cereneen (1.8)

Magnetite Maghemite
where,
t=Tetrahedral,
0=Octahedral, and
m=Vacancy.

Magnetite- FesO4 may act as both an n- and p-type semiconductor when added with
divalent ions such as Co, Mn, Zn, etc. As these divalent ions can replace some or all of its Fe?*
ions. When the material is held in an external MF, the spin magnetic moments assigned to the
Fe3* ions dispersed in octahedral locations align parallelly, whereas those assigned to the Fe3*
ions placed in tetrahedral positions align oppositely, which causes an antiparallel coupling.

This is because Fe3* jons are dispersed in tetrahedral locations but in the opposite direction,

13
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and both sets of spin magnetic moments are aligned with them. Because of this, the spin

moments of all of the Fe®* ions that are present in Magnetite- FesO4 cancel each other, and as

a consequence, it does not show any magnetic properties as they do not contribute to the total

magnetization of material. The overall magnetization of Magnetite- Fe3Os may be due to

aligned spin magnetic moments of Fe?* ions in the external field direction.

Table 1.1 describes the physical and magnetic properties of Hematite- a-Fe2Os,

Maghemite- y-Fe>O3, and Magnetite- Fe3Oa.

Table 1.1: Physical and magnetic properties of iron oxide nanoparticles.

ferromagnetic

Oxide
Property Hematite Maghemite Magnetite
Molecular Formula a-Fe203 v-Fe203 Fe304
Density(g/cm?q) 5.26 4.87 5.18
Melting Point 1350 - 1583-1597
Ma . Weakly . . . . Ferrimagnetic/
gnetism ferromagnetic/Anti | Ferrimagnetic

paramagnetic

Hexagonal, Cubic or _
Crystallography Cubic
Rhombohedral tetrahedral
Curie Temperature (K) 956 820-986 858
Saturation magnetization
0.3 60-80 92-100
(Ms) at 300 K [A-m? /kg].
a =0.5034;
a=0.83474
c =1.375; )
(cubic); b =
) (hexagonal);
Lattice parameter (nm) 0.8347, a=0.8396
a=0.5427,
=2.501
o=55.3°
(tetragonal)
(rhombohedral)
Colour Red Reddish-brown Black

Superparamagnetic iron oxide NPs (SPIONs) are IONPs that are smaller than 20 nm

and show superparamagnetic behavior [69]. Among these MNPs, SPIONs have adaptable

qualities such as high saturation magnetization (Ms), high magnetic susceptibility, low

coercivity (Hc), slow oxidation, low toxicity, and retaining magnetism even in the absence of

an external MF as compared to other MNPs [77]. There are several potential biological

14



Chapter-01

applications for SPIONSs, including gene therapy, MRI, hyperthermia, stem cell tracking, tissue
healing, manipulation of cell organelles, specific targeted drug delivery, and early diagnosis of
diabetes and inflammatory cancer [78-82].

Spinel Ferrite Nanoparticles:

Nanocrystalline spinel ferrites have undergone extensive research owing to their
potential applications in microwave absorbers, high-density recording systems, chemical
sensors, imaging, permanent magnets, high-frequency devices, ferrofluid technology, and
biomedical applications [83]. Oxygen atoms are packed closely together in spinel ferrite
complexes, exhibiting tetrahedral and octahedral sublattices. In the compound structure, M?*
(M = Fe, Co, Mg, Ni, etc.) and Fe®" are organized at two different crystallographic sites (A and
B) with tetrahedral and octahedral oxygen coordination respectively. Normal spinel is the
structure that results when 16 B sites are filled by Fe** and 8 A sites are filled by M?* cations.
In inverse spinel structure, M?* ions exclusively occupy the B site whereas Fe3* ions randomly
occupy both A and B sites. The majority of spinel has a mixed (partially inverse) structure
because both M?* and Fe3* cations are present on both A and B sites and the cation distribution
is mixed [84].

Magnetic ferrite NPs with inverse spinel structures have garnered a lot of interest due
to their possible use as ferrofluids. Hydrophilic ferrofluids are mostly employed in medical
applications, such as the treatment and detection of medical problems, while hydrophobic
fluids with scattered MNPs are being used in applications like rotating shaft seals and
loudspeakers [85]. Ferrite NPs have been seen to exhibit spin canting, metastable cation
distribution, core/shell structure, and superparamagnetism at the nanoscale. These phenomena
depend upon several variables like anisotropy, surface morphology, composition, grain size,
and interparticle interactions. The electrical and magnetic properties of ferrites can be affected
by the distribution of cations between tetrahedral and octahedral sites. The distribution can be
regulated by the synthesis method and circumstance [86].

1.5 Statement of Problem:

Cancer has been recognized as a major health issue worldwide. Cancer is a biological
disease that develops when cell division becomes uncontrollable. This disease continues to
spread, even though various cancer treatments have been developed. Surgery, chemotherapy,
and radiation therapy are still the most popular cancer treatments, but with inevitable and severe
side effects. Therefore, alternative therapies that are more efficient and as effective are needed.

Magnetic Hyper Thermia (MHT) can be a promising cancer therapy. In 2011, hyperthermia
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therapy received clinical approval in Europe for the treatment of glioblastoma and clinical trials
for prostate cancer and brain tumors [87]. It is a treatment that kills the cancerous cell by
elevating temperature to a therapeutic temperature range of 42-45 °C with minimal damage to
healthy cells thus limiting the side effects (As the temperature range between 42 and 45 °C is
considered to be the hyperthermia temperature and recognized as the most effective in the field
of oncology). Whereas the temperature above 56°C kills the normal health cells.

The technical challenge with hyperthermia is heating the targeted tumor area to the
desired temperature without injuring adjacent healthy tissue. To overcome this, MNPs have
been used as thermos seeds. In this technique, MNPs are injected into the specific tumor site
and external Alternating Magnetic Field (AMF) is applied to produce heat (hyperthermia).
IONPs are the most often probed magnetic nanomaterial for hyperthermia because of their
biocompatibility, ease of surface modification, and high stability. The effect of hyperthermia
and chemotherapy helps to enhance the therapeutic effect with minimal side effects and cancer
cell death (cell apoptosis). Thus, using IONPs (Magnetite- FezO4) one can achieve cancer cell
death due to hyperthermia.

The present work aims to synthesize biocompatible superparamagnetic IONPs
(Magnetite- Fe3O4 nanoparticles) for MHT and chemotherapy. In MHT, NPs can elevate the
temperature of tumor cells to hyperthermia threshold temperature (42-45°C) with minimal
damage to healthy cells. The present work is focused on synthesis of SPIONs by chemical
method with desired physicochemical properties (particle size, shape, magnetic saturation
value, nontoxicity, biocompatibility) and its characterization using different characterization
techniques such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Fourier
Transform Infrared spectroscopy (FTIR), Vibrating Sample Magnetometers (VSM), and
Biocompatibility studies. The preparative parameters are optimized in such a way that they
provide desired hyperthermia effect.

Title of the thesis: Glutathione-responsive superparamagnetic iron oxide (Fes30as)
nanoparticles for the magnetic hyperthermia and chemotherapy.

1.6 Objectives of the Study:

1. Synthesis and characterizations of superparamagnetic iron oxide (FezOs) by chemical
method.

2. Synthesis of Poly Ethylene Glycol (PEG) coated Superparamagnetic Iron Oxide (FezOa)

Nanoparticle (SPIONS) and their characterizations.
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3. Synthesis of GSH coated Superparamagnetic Iron Oxide (Fes04) Nanoparticle (SPIONS)
and their characterizations.
4. Magnetic Hyperthermia and Chemotherapy study of PEG coated, and GSH coated

superparamagnetic iron oxide (Fe3O4) nanoparticles (SPIONs).
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2.1 Introduction to Cancer and Related Therapies:

Cancer is a biological disease that arises when cell division becomes uncontrolled and
is also one of the major reasons for mortality in the world. According to the American Cancer
Society's 2024 global cancer statistics report, 20 million cases were detected in 2022, and by
2050, the number is predicted to reach 35 million worldwide. Over the past five to six decades,
there has been no change in the number of cancer deaths despite the discovery of new drugs
and treatment combinations, even though nearly 2,00,000 mouse experiments, two million
scientific publications completed, and an annual spending of approximately 15 billion US
dollars invested worldwide [1]. Thus, a new cancer diagnosis and therapy is desperately
needed.

There are two types of cancer treatments: conventional therapies and non-conventional
therapies. Conventional cancer therapies include surgery, radiation therapy, chemotherapy,
immunotherapy, and hormone therapy, which are now in use either alone or in combination
with other conventional therapies, on the basis of kind of cancer and the stage of the disease.
In many cases of localized cancer, surgery is curative where all or almost all malignant tissues
can be removed. It is still the most successful conventional treatment for solid tumors. The
objective of surgery is to eliminate as much of the tumor as feasible [2]. Hyperthermia is a
nonconventional therapy that is being used in conjunction with other conventional therapies.

Chart 2.1 shows a graphical overview of cancer therapies.

Types of cancer treatment
¥
¥ v
Conventional Therapy Nonconventional Therapy
L] )
{ L { ! L]
Local Systemic Hvoerthermia | | PROtothermal | | Photodynamic
Thirapy Trea';ment YRERSE RIS Therapy Therapy
v v ¥ v ¥ ¥
Surse Radiation Chemothera Harmonal Monoclonal- Radioactive
Bery Therapy Py therapy therapy material
¥
. ¥
Phase specific Phase. -
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Chart 2.1: Graphical overview of cancer therapies.
The magnetic properties of Magnetic Nanoparticles (MNPs) are crucial in coining the

therapies. The significant contributions have come from a range of pioneering researchers
starting from Franz Mesmer, Gilchrist to Andrew Jorden. These researchers shaped the area
significantly from the point of theoretical understanding. In parallel, several applications are

investigated which are based on fundamental properties of MNPs such as sensing, and heating.
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2.2 Cancer Tumor Microenvironment:

When cells divide more often than they should or when they do not undergo
programmed cell death, aberrant cell proliferation results, which causes tumors. Tumors are
classified as either benign or malignant. Malignant tumors are the most dangerous kinds of
tumors because they can spread rapidly, infect surrounding tissues, and spread to other regions
of the body, resulting in serious conditions that, if left untreated, can be fatal. Tumors are not
only a collection of cancer cells; rather, it is a heterogeneous combination of resident and
invasive host cells, extracellular matrix, and secreted substances. Microscopic analysis of solid
tumors highlights the intricate complexity of cancer by demonstrating the Tumor Micro
Environment (TME). It is a highly structured ecosystem with non-malignant cells along with
cancer cells, all of which are embedded in a modified extracellular matrix that is vascularized
as shown in Fig.2.1 [3].

Primary tumor site Metastatic site

Tumor Progression Invasion
initiation

Dormancy

- 4 -HK\ /
Extravasation AN
® =

e
& - P P
Tumor cell <@ CAF Blood ECM/ © cos: T cen NK cell {:} DC &) Eosinophil
@ "Q vessel basement . o -
=, Invasive/ == Endothelial cell - membrane () CD4* T cell {@F Macrophage |mmature
o ) metastatic . seo _ ymphatic ’ ) Monocyte @
@ tumor cell £ Epithelial cell A vessel 0 Platelet ) Treg .e Neutrophil = myeloid cell

Fig.2.1: Presentation of Tumor Micro Environment (TME) [3].

TME development is a complex and dynamic system. The composition of the TME
varies depending on the kind of cancer, but extracellular matrix, stromal cells, immune cells,
and blood vessels are all common. It is proposed that the "TME is an active promoter of cancer
progression, not just a silent bystander."

During the early stages of tumor formation, cancer cells and components of the TME
form a dynamic and mutual relationship that aids cancer cell survival, local invasion, and
metastatic dissemination [4]. Various types of cells, such as adipocytes and neurons,
Endothelial Cells (ECs), immune cells, and Cancer-Associated Fibroblasts (CAFs), comprise
the TME which vary according to the tissue. To survive, cancer cells can change their

environment, employing fibroblasts to get the growth factors needed for their development and
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replication. Soluble factors are released when adjacent endothelial cells interact with tumor
cells, and these factors drive angiogenic processes.

Tumor cells evade immune destruction by producing immunosuppressive cytokines
and losing tumor antigen expression, making them invisible to the immune system. These
mechanisms create an immunosuppressive TME, which reprograms normal immune cells to
support tumor growth and progression. Effective therapies must account for the complex role
of the TME in tumor development and progression.

2.3 Nanoparticles for Cancer Tumor Treatment:

The conditions of TME that trigger the therapy for improved results with minimum side
effects are acidic pH, endogenous hydrogen peroxide (H.02), over-expressed enzymes,
hypoxia due to limited oxygen supply, excess Glutathione (GSH -g-glutamyl-cysteinyl-glycine
tripeptide), and Reactive Oxygen Species (ROS) generation, etc.

a) pH-Responsive:

The acidic pH of tumor tissues and/or endocytic vesicles like endosomes and lysosomes
has been considered to be a suitable internal trigger for the regulated release of anticancer
drugs. Extracellular pH values in tumors were compared to those in the blood and healthy
tissues (pH 7.4). ranged from 6.0 to 7.2. Furthermore, fast acidification occurs during
endocytosis due to a proton inflow. Endosomes and lysosomes have intracellular pH values of
5.0-6.0 and 4.0-5.0, respectively. The acidic pH of the tumor media is also regarded as an
appropriate trigger for selectively destroying cancer cells. Many acid-responsive drug delivery
nanoplatforms have recently been developed based on the acidic pH level within the tumor.
These nano drugs are stable in normal tissues; however, the acidic pH of the TME activates
them, causing them to release the drugs at tumor locations [4].

b) GSH Responsive:

The most abundant thiol in mammalian cells is a g-glutamyl-cysteinyl-glycine
tripeptide (GSH), which plays an essential part in the primary biological processes. In
intracellular environment, GSH concentrations are between 0.5-10 mM where as it is 2-20 mM
in the blood or extracellular matrix. Drugs can be trained to release intracellularly by taking
advantage of this significant difference between the exterior environment and the intracellular
cytosol. More importantly, compared to healthy tissues, tumor tissue substantially reduces a
hypoxic state, with intracellular GSH contents at least fourfold higher than those in normal
cells. The considerable different GSH concentrations between normal and tumor cells is crucial

for tumor-specific drug delivery [4].
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Liposomes, polymerases, polymeric nanogels, micelles, dendrimers, protein
nanocapsules, and Nanoparticles (NPs) are examples of redox-responsive nanocarriers that
have been used to provide sensitivity to the intracellular reduction potential for the burst release
of conjugated or encapsulated drugs into tumor cells. The polymer-drug linkage for intra- or
intermolecular conjugation, side chain, backbone, or cross-linker of the materials used to make
nanocarriers can all contain characteristic disulfide (S-S) bonds. The disulfide bond is
extremely stable in the extracellular environment when GSH levels are low. It tends to be
quickly cleaved by a GSH-mediated thiol-disulfide exchange mechanism in a reducing
intracellular environment, though, which might lead to the release of drug and the destruction
of nanocarrier [4].

c) ROS Responsive:

Research has demonstrated that cancer cells consistently produce higher quantities of
ROS than normal cells. These ROS are produced by neoplastic transformation and are derived
from by-products of aerobic metabolism, which include superoxide, hydroxyl radicals, and
hydrogen peroxide. It is possible to increase the sensitivity of ROS-responsive drug carriers for
site-specific drug release. One excellent source of potent oxidizing hydroxyl radicals (* OH) is
the Fenton reaction, which occurs when H2O> and an iron catalyst come together. Iron Oxide
Nanoparticles (IONPs) are used as an efficient donor of Fe?* in the acidic TME to accomplish
a localized Fenton reaction for effective drug release. It is interesting to note that high-
efficiency therapies are made possible by the « OH produced by the localized Fenton reaction
without the need for external energy [4].

d) Enzyme Responsive:

For most metabolic processes, enzymes are important macromolecular biological
catalysts. The deregulation of enzyme expression or enzyme dysfunction is linked to the
pathophysiology of several illnesses, including cancer. Enzyme-responsive nanosystems for
anticancer drug delivery have been developed to deliver anticancer drugs on demand. This is
accomplished by adding particular moieties that are preferentially identified and destroyed by
enzymes that are overexpressed in extracellular or intracellular tumor environments as
compared to normal tissues. Matrix Metalloproteinases (MMPs), hyaluronidase (HAase), and
cathepsin B are the most often researched cancer-associated enzymes functioning as
advantageous triggers [4].

Because of the inherent qualities of MNPs, they drew a lot of attention among the wide

range of nanoscale materials being researched for biological applications [5]. The size range of

26



Chapter-02

nanoparticles is 1 to 100 nanometers and is smaller or comparable to the sizes of genes (2 nm
broad and 10-100 nm long), proteins (5-50 nm), viruses (20-450 nm), and cells (10-100 pum).
This suggests that they can be in close contact with a biological entity. Secondly, due to
magnetic properties, they can be controlled using external magnetic/ electric fields. This ability
for "action at a distance,” combined with the penetration of magnetic fields through human
tissue, unlocks numerous applications for transferring or immobilizing magnetically tagged
biological entities or MNPs. This allows to deliver a payload, like an anticancer drug, or a
group of radioactive atoms, to a target within the tumor.

MNPs must possess the following qualities to be utilized in biomedical applications: a
suitable hydrodynamic diameter, a high saturation magnetization (Ms), small core size, and
mono dispersity, biocompatibility, and nontoxicity over the period of degradation.

The usage of single or multicore iron oxide ensures colloidal stability by preventing
nonspecific adsorption of biomolecules and serving as anchors and spacers. Effectiveness in a
biomedical application is partially based on the superparamagnetic behavior of MNPs. Along
with electronic and catalytic applications, MNPs are most widely used for biomedical purposes
such as hyperthermia, a contrast agent for Magnetic Resonance Imaging (MRI), labeling and
storing of the cells, cell transfection, Positron Emission Tomography (PET), tissue-specific
drug/gene delivery system, or combination of two or more of them. Some of the applications
of MNPs are,

2.3.1 Photothermal Therapy:

Photothermal therapy involves elevating the temperature of tumor cells over 42°C. To
accomplish this, laser light must be applied to the cells, converting the energy of the radiation
into heat. The radiation used falls within the near-infrared region (heat radiation). To increase
the efficiency and selectivity of energy-to-heat transfer, a photothermal agent that absorbs light
should be administered into the tumor. Elemental NPs like gold, silver, carbon, and dyes act as
excellent photothermal agents in tumor therapy. These nanoparticles can be utilized alone or
in conjunction with other materials. MNPs have a significant theoretical constraint when
utilized alone because of their low molar absorption coefficient in the near-infrared spectrum.
This issue can be resolved by carefully arranging the nanoparticles into clusters. Under these
circumstances, the suggested radiation is more effectively absorbed and the energy is converted
to heat more effectively than in individual nanoparticles. However, it may also be constructed
as a medicinal system, where a medicine connected to the MNPs is released in a regulated way

by the heat created by the nanoparticles when they are exposed to infrared light [6].
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2.3.2 Chemotherapy/ Drug Delivery:

A multidisciplinary method was developed for the targeted distribution and release of
drugs. This method aims to maximize the effectiveness of the Drug Delivery System (DDS).
Drug delivery and targeting systems are now being developed to lower the probability of side
effects and to enhance medicine availability at the point of disease. Even though the process
of developing new pharmaceuticals and their discovery has advanced significantly, numerous
drugs still have undesirable side effects because they interact with parts of the body that are
not the target of the treatment.

MNPs are the preferred choice for drug delivery activity because they are effective in
targeting diseased cells and tissues, hence termed as conventional drug delivery vehicles. To
increase the efficacy of targeted drug administration and enable programmed distribution of
therapeutic agents, it is possible to take one step further by coupling several moieties
responsive to appropriate environmental stimuli like temperature and radiation. IONPs have
received a lot of interest in the field of drug delivery because of their unique features and
biocompatibility. Iron oxide has the following functions in drug delivery:

1. Magnetic Targeting: IONPs may be magnetized, enabling the precise administration of
drugs. MNPs may be guided to certain parts of the body, such as tumor spots, using an
external magnetic field. This tailored administration improves treatment efficacy while
reducing off-target consequences.

2. Drug Encapsulation: IONPs are capable of carrying a wide range of drugs. They can
be functionalized with various surface coatings to enhance drug loading and
encapsulation effectiveness. Drugs can be entrapped within the core of nanoparticles
or attached to their surface, giving degradation resistance and allowing for controlled
release.

3. Controlled Drug Release: IONPs can be configured to release drugs in a regulated
manner. Through modifications in their surface properties or by incorporating stimuli-
responsive materials, such as pH-sensitive or temperature sensitive polymers, the
release of drugs can be triggered by specific physiological conditions, such as the acidic
environment of tumors.

4. Imaging and Tracking: IONPs possess inherent magnetic properties that enable them
to be visualized by MRI. This imaging capability allows for real-time monitoring of
the distribution and accumulation of nanoparticles in the body, providing valuable
information on drug delivery efficiency and biodistribution.
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5. Theranostics: Theranostics is the ability of IONPs to perform both therapeutic and
diagnostic activities. They can be loaded with therapeutic and imaging contrast agents,
permitting the administration of drugs and therapeutic monitoring. This integrated
approach enables individualized therapy and the creation of more effective treatment
options.

Gonzalez-Rodriguez et al. [5] combine Graphene Oxide (GO) with Magnetite- FesO4 NPs
to enhance its performance as an MRI contrast agent and biocompatible magnetic drug delivery
additive. When the Doxorubicin (DOX) drug is non-covalently bound to GO-Fe3O4
conjugates, it delivers drug into cells efficiently.
2.3.2.1 Targeted Drug Delivery:

Certain targeting strategies are necessary to specifically target the drug in the intended
tissue or organ to decrease effectiveness and dose-related toxicity because very few drugs bind
to the intended therapeutic target. In 1960 Paul Ehrlich proposed the idea of targeted drugs as
a “magic bullet,” but the use at the clinical level is difficult [7]. NPs have the potential to
transport active pharmaceuticals and may resemble a "magic bullet” due to enhanced
therapeutic index and efficacy, ability to entrap hydrophilic and lipophilic drugs, the capacity
to repeatable sizes with surface functionalization, the enhanced drug stability against enzymatic
degradation, the ability to deliver intact drugs entrapped in different tissues and cells for site-
specific targeted delivery, and the decreased toxicity of drugs to healthy cell [7]. To ensure the
successful delivery of drugs, drug targeting techniques need to fulfil two fundamental needs.
Once administered, drugs have to reach their intended locations with the least amount of dose
loss and blood circulation activity. Secondly, drugs have to just affect the intended cells,
avoiding any negative consequences on healthy cells. Drug targeting has been approached from
two perspectives: passive targeting and active targeting as shown in Fig.2.2 [7].

a) Passive Targeting:

Passive targeting enables the drug to reach its target site by utilizing the intrinsic
qualities of the organ or tissue of interest. The pathophysiological features of tumor veins, such
as their leaky vasculature with holes ranging from 100 to 800 nm, are exploited by passive
targeting, to allow nanodrugs to concentrate in tumor tissues. Tumor arteries are often
extremely disorganized, dilated, and packed with holes, which causes poor lymphatic outflow
and increases the gaps that exist between endothelial cells. Leaky vascularization and poor
lymphatic drainage make it easier for NPs to enter and remain inside the tumor site. This is

referred to as Enhanced Permeability and Retention (EPR) effect. The phenomenon known as
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EPR refers to passive targeting, in which the NPs attach themselves to specific areas via the
leaky vasculature of tumor. This approach is unsuccessful when used on tumors that are poorly
perfused or have an irregular structure. In such circumstances, insufficient MNP dispersion
might result in tumor heating or tissue overload.

Tumor tissue preferentially receives drug-loaded NPs over healthy cells because their
tiny size, rather than any binding, and also the tight connections keep the NPs in place. As a
result, compared to free drug delivery, a passive targeting helps to deposit more drug in solid
tumors [7].

The TME differs from that of healthy cells, which allow passive targeting. In order to
sustain their high metabolic rate, rapidly proliferating cancer cells require more oxygen and
nutrients. As a result, an acidic environment is formed, and glycolysis is boosted to obtain
additional energy. Chemotherapy medicines can target tumor cells with this advantage.
Therapeutic chemicals are released when pH-sensitive NPs break down at the acidic pH of a
tumor, as they are stable at an average physiological pH of 7.4. To optimize circulation time
and targeting capabilities in cancer treatment, it is important to correctly regulate the size and
surface properties of NPs to limit absorption by the Reticulo Endothelial System (RES).
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Fig.2.2: Mechanisms of passive and active targeting in drug delivery: EPR effect and receptor-
mediated approaches [8].
b) Active Targeting:
By employing a range of conjugation techniques that selectively bind to certain cell
surface receptors, ligands like as antibodies, peptides, vitamins, aptamers, or small molecules

can be affixed to the surface of nanocarriers in order to overcome the limitations of passive
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targeting. The receptors must be substantially expressed on cancer cells as opposed to healthy
cells in order to get high specificity. A technique called receptor-mediated endocytosis is used
to internalize the targeted conjugates. When targeting ligands attach to the receptors,
endosomes are formed to surround the ligand-receptor complex and the plasma membrane. The
endosome is then sent to certain organelles, where enzymes or an acidic pH are used to release
the drug [7].

Mechanism for Targeted Drug Delivery:

Magnetically targeted therapy entails binding cytotoxic medicines to a biocompatible
MNPs carrier. These drug/carrier combinations are often delivered to the patient through the
circulatory system as a biocompatible ferrofluid. Once the particles are concentrated at a
specific location within the body by high-gradient external magnetic fields. The medication
may be released by enzymatic activity or by changing physiological parameters like
temperature, osmolality, or pH [8]. Theoretically, this technique offers significant benefits over
standard, non-targeted cytotoxic drug treatment. DDS sensitive to ionic microenvironment, pH,
enzymes, and redox are examples of endogenous stimuli with biological and chemical origins.
These DDS control the microenvironment of tissues, overexpress certain enzymes, interact
with antibodies and antigens, and identify host-guest moieties in a particular state to initiate
the release of drugs.

2.3.3 Hyperthermia Therapy:

Researchers faced the difficulty of treating cancer without causing harm to the rest of
the body. Some medical procedures are expensive, and some have side effects. For example,
chemotherapy can cause hair loss, a drop in white blood cells, and radiation therapy can destroy
healthy cells and tissues. Among the available options for cancer treatment, hyperthermia
seems to be the most promising therapy. The idea of using heat to cure particular diseases or
tumors is not new; it has a long history. In ancient times, the Greeks, Romans, and Indians
employed heat to cure different tumors.
2.3.3.1 Modes of Hyperthermia:

The classification of hyperthermia modes is based on the kind of heating source and the
type of heated target. There are three main types of heating sources:

a. Use of hot liquid,
b. Contactless applicator (e.g. infrared devices, ultrasound radiation, and microwave
radiofrequency), and

c. Insertion of the heating source (like probes, antennas, laser fiber, and mediators).
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Due to the lack of target specificity, heating with an external liquid or contactless
applicator is not recommended. The inability of these strategies to effectively deliver heat
energy to tumors located deep within normal tissues without causing damage led to the
development of technologies utilizing internal heating sources. Therefore, it appears that using
magnetic micro- or nanoscale mediator devices where particles are injected as particle
dispersions that when exposed to an electric or magnetic field, transform electromagnetic
energy into heat. The most recent methods for treating Magnetic Hyper Thermia (MHT) rely
on injectable colloidal dispersions of magnetic particles, which act as micro-or nanoscale
mediators. These methods can be used in three different ways [9]:

i. Arterial Embolization Hyperthermia (AEH),
ii. Direct Injection Hyperthermia (DIH), and
iii. Intracellular Hyperthermia (I1H).

Because of their improved temperature uniformity, these techniques show the most
promise for cancer therapy. For isolated malignant cells in any part of the body, the most
effective way to selectively overheat tumor cells is through the intracellular approach, which
is based on delivering MNPs for selective absorption. The fundamental property of MHT is the
absorption of energy from the oscillating magnetic field by one or more of the following
processes, which results in the transformation of energy into heat.

1. Eddy currents are generated in a material with low electrical resistance.
2. Magnetization is reversed inside a magnetic material.

3. Rotation of the magnetic moment with respect to its surroundings

Each of them is described briefly in Section 2.4. (1-3).

Hyperthermia treatment using nanoparticles in an alternating current magnetic field
began in the late 1950s. However, therapeutic applications remained well behind the horizon
due to weak field parameters and inexact thermotherapy [10].

Two forms of heating treatments are currently available: (a) thermos ablation, which
involves heating to temperatures above 46 °C (up to 56 °C) to directly destroy tumors through
cell necrosis, coagulation, or carbonization; and (b) mild hyperthermia, which is performed at
temperatures between 41 and 46 °C to elicit an immune response for non-specific cancer
immunotherapy. When MNPs are exposed to a high-frequency alternating current magnetic
field, they are heated to a temperature range of 41 to 46 °C. The heating is caused by the
fluctuation of their magnetic moment. Thus, the temperature of malignant tissue increases from

41 to 43 °C, where cancer cells often die [11]. Magnetic heating via inductive mediators is

32



Chapter-02

mostly determined by the size and magnetic properties of the particles [12]. Gilchrist et al. [13]
conducted the first experimental studies in 1957 to destroy tumor cells through heating using
magnetic particles under the effect of Alternating Magnetic Field (AMF) as shown in Fig.2.3
[14].
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Fig.2.3: Schematic of the first prototype of the Magnetic Fluid Hyperthermia (MFH) therapy
System (MFH Hyperthermie systeme GmbH, Berlin, Germany): Highlights include an
alternating current magnetic field magnetic field axis that is perpendicular to the patient couch
(1), a ferrite-core applicator that operates at 100 kHz (2), an adjustable vertical aperture (3),
an air-cooling system (4), and a manual control unit (5). Fluoro-optic probes are used in an

intrusive manner to measure temperature [14].

They used Maghemite- y-Fe>Os3 nanoparticles with sizes ranging from 20 to 200 nm with
a magnetic field of 1.2 MHz to heat several tissue samples. In the past 50 years, there have
been notable advancements in the field of MHT. Numerous magnetic materials and techniques
for energizing and delivering them to the cancer site have been tested and documented.
Currently, it is one of the most significant secondary treatment modalities to be utilized in
combination with chemotherapy and radiation. Cancer treatment often makes use of
ferromagnetic and superparamagnetic NPs to achieve desired heating for lower external
magnetic fields.
2.4 Magnetic Hyper Thermia (MHT) Therapy:
Jorden et al. [14] introduced the idea of Magnetic Fluid Hyperthermia (MFH) in 1999.
A fluid with MNPs was introduced directly into a tumor to cause MFH. Compared to laser,

microwave, and ultrasound therapies, hyperthermia is less invasive. Magnetic fluids are made
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by dispersing MNPs in water or hydrocarbon fluid. They are heated through Neel or Brownian
relaxation, hysteresis loss, and frictional losses in viscous suspension. The surrounding tumor
absorbs the heat generated by the MNPs. Principle of MHT is depicted in Fig.2.4.
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Fig.2.4: Magnetic Hyper Thermia (MHT) using MNPs.

The generation of heat depends on the amount of MNPs used and the applied AMF.

Some of the requirements of MNPs for effective hyperthermia are,

1) At room temperature, it must exhibit the superparamagnetic properties [15].

2) The particle should have an organic or inorganic polymer coating and a core diameter
between 10 to 20 nm.

3) It must work properly in the frequency range that corresponds human body tolerance [16].
4) It should produce a stable aqueous suspension in water-based fluids without agglomerating
and is biocompatible, and less toxic [15].

5) The size and saturation magnetization values greatly affect the efficiency of hyperthermia
[17].

The TME, specifically the facts that hypoxic (low-oxygen) cancer cells are considerably
more radiation-resistant than euoxic (well-oxygenated) cancer cells, and cancer cells in hypoxia
are more susceptible to heat than those in euoxia, the radiation and hyperthermia therapies can
be combinedly used to kill the cancer cells [18].

For MHT, applied field frequencies in the low radiofrequency range (100-400 kHz) are
used to achieve the therapeutic threshold [19]. Maier-Hauff et al. [20] conducted clinical trials
of MHT in brain tumor patients under an AMF of frequency 100 kHz by monitoring the
hyperthermic temperature within 42-49 °C. It was found that this temperature limit has not
harmed any patients and hence this temperature window and the applied magnetic field
frequency can be used for MNPs based MHT with minimal side effects [21]. MNPs are also

being used as drug carriers when combined with MHT to achieve enhanced drug release and
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thermotherapy in a single platform [22].

Magnetically induced hyperthermia also termed as Magnetic Hyper Thermia (MHT) is
a tool to increases temperature by magnetization and demagnetization of MNPs. AMF applied
causes magnetic energy to dissipate as thermal energy [23]. Eddy current, hysteresis, and
relaxation losses are responsible for the conversion of heat [24]. The heating is made localized
by inserting MNPs well within the tumor area so that healthy cells are sparely affected.

2.4.1 Eddy Current Loss:

Eddy Currents (ED) are formed as a result of the induction law. It does not apply only
to magnetic materials, but to any macroscopic conducting materials. ED loss is also defined as
the Joule loss, i.e. generation of ED by an AMF and is influenced by the electrical resistance
of the material. Equation 2.1 provides the heat loss caused by ED.

2
ED = WrafH)
20p

where,
M = permeability of a material,
d = diameter of the particle, and
p = resistivity of the material.
Under AMF, hysteresis loss and residual loss (Neel and Brownian relaxations) are
major contributor for heating effect compare to ED [25].

2.4.2 Hysteresis Loss:

Multi-domain

Fig.2.5: Hysteresis loop of a multi-domain ferromagnetic materials [23].

Ferromagnetic materials have a multi-domain system with hysteresis loss, which is the
amount of energy converted into heat in each cycle of the magnetization and demagnetization

process. Because the external magnetic field forces the magnetic moments to align in external
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field direction which cause domain walls to move in a multi-domain system. To modify the
direction of spins inside a particular domain, the walls must shift. The displacement of domain
walls (shown in Fig.2.5) depends upon structural faults of the atomic arrangements (defects,
dislocations, vacancies, etc.), known as the Barkhausen effect, and is an irreversible process.
Equation 2.2 gives dissipated power per unit volume [23].

Pey = uof [H.AM (2.2)
2.4.3 Relaxation Loss:

Heat is produced in single-domain MNPs due to super spin alignment in the direction
of the applied magnetic field. When the energy barrier prevents the rearrangement of magnetic
moments, the magnetic energy is transformed into thermal energy [23]. One of the main aspects
of Superparamagnetic Iron Oxide Nanoparticles (SPIONS) is the characteristic time scale for
thermally activated switching of magnetic moments. Heat is produced due to the delay in the
magnetic moment relaxation via either Brownian or Neel relaxation when the field reversal
time is less than the particle relaxation time after exposure to AMF.
2.4.3.1 Neel Relaxation Mechanism:

The critical domain size is the precise volume at which a drop in particle size results in
the near vicinity of several domain barriers. Within this single magnetic domain, the atomic
magnetic moments are magnetized in the same direction, resulting in a superparamagnetic or
huge magnetic moment. The anisotropy constant (K) and magnetic volume (V) are the energy
barriers that spinning magnetic moments must overcome with the assistance of an external
AMF. This energy is released as the particle moment relaxes to its equilibrium orientation
(Neel Relaxation).

Louis Neel created the Neel relaxation mechanism theory in 1949 to explain magnetic
viscosity, a time-dependent magnetic phenomenon [23,26-28]. As seen in Fig.2.6 (a), super
spins orient to the direction parallel to the applied magnetic field when the physical location of
MNPs is maintained fixed. At this instance, magnetic anisotropy energy dissipates magnetic
energy and prevents super spins from reorienting. Neel relaxation time (zn) is the relaxation
time for the magnetic moment to flip in parallel and antiparallel directions and calculated using
Ty = 1o e2E/%8 = 1/2muy, [29].

Where vy is maximum frequency of heating via Neel relaxation.

Equation 2.3 gives maximum magnetic susceptibility, y"(v).

Ywy=22 2.3)

(1+92)

where,

36



Chapter-02

b = VtN ......... (24)
M2V
Xo = MOT ......... (25)

where Ms is saturation magnetization.
2.4.3.2 Brownian Relaxation Mechanism:

The Brownian motion of particles inside a carrier liquid may also be the cause of heating
for both single-domain and multi-domain. This is essentially explained by the torque that an
external AMF applies to a magnetic moment, which causes the magnetic particles to rotate

collectively as shown in Fig.2.6 (b).

DePEe®
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Fig.2.6: Magnetic loss mechanisms in single-domain magnetic nanoparticles: (a) Neel

relaxation and (b) Brownian relaxation.
Energy must be provided in order to conquer the rotating friction caused by the

surrounding liquid. Brownian relaxation is the term for the energy released during relaxing of

particle moment. Similar to the Neel relaxation time, the Brown relaxation time (tg) calculated

. . 3nV
using equation 7z = ﬁ =1/2mv.
B

Single-domain nanoparticles are defined as those with a core diameter of less than 20
nm. As a result, the reciprocal internal (Neel) and exterior (Brownian) diffusion of the particle
magnetic moment together control their magnetization relaxation [30]. If both Neel and
Brownian motion exist, then the total effective relaxation time (z) for heat dissipation is
calculated using Equation 2.6:

1

1 1
-= 4 —
T N B

Theoretically, at a certain particle size, both relaxation times contribute equally to heat
generation [23]. However, the Brownian process moves faster for larger particles and lower

viscosity fluids, while the Neel mechanism generates heat for small particles and higher viscous
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fluids. In hyperthermia, MNPs with ferromagnetic, ferrimagnetic, or superparamagnetic
characteristics are injected near the tumor as a biocompatible suspension. When these MNPs
are exposed to an oscillating magnetic field, heat is generated through a variety of mechanisms,
including Neel relaxation (magnetic moment rotation, which occurs in superparamagnetic
NPs), Brownian relaxation (particle rotation, which occurs in all types of NPs), hysteresis loss
(which occurs in ferrimagnetism and ferromagnetic NPs), and eddy current [31].
2.4.4 Parameters for Efficient MHT Application:
2.4.4.1 Size and Nature of MNPs:

Particle size has a significant impact on heating efficiency. Specific Absorption Rate
(SAR) is a measure of efficient heating. Controlling particle size in the transition region
(approximately 20 nm) can shift particle characteristics from ferromagnetic to
superparamagnetic resulting in greater SAR values [23]. It is reported that IONPs within the
superparamagnetic transition size regime (15-22 nm) exhibit the highest SAR values [32,33].
Guardia et al. [34] observed the heating profile of Magnetite-FesO4 NPs with varying particle
sizes spanning from 12 to 30 nm and observed an increased SAR value of 2277 W g
corresponding to 19 nm particle size. Similarly, in another study of Maghemite- y-Fe2O3 NPs
with sizes varying from 5-16.5 nm with SAR values of 1650 W g was obtained, the highest
value detected for 16.5 nm sized NPs [33]. As the size varies, magnetization also changes
correspondingly leading to different SAR values under similar experimental conditions.
Comparatively larger-sized (within superparamagnetic range) MNPs developed higher
saturation magnetization (Ms) value and consequent higher SAR value. For a better heating
effect, the needed particle size must be optimized within the smallest feasible distributions
since the SAR value is more heavily reliant on magnetization and relaxation losses [35-37].
Size of MNPs should be adjusted accordingly to correlate with the suitable applied AMF for
maximizing SAR value. The optimized size regimes responsible for higher magnetization and
SAR values are also attributed to different synthesis routes employed apart from anisotropy
and external magnetic factors. If the particle size is less than 20 nm, then the heating due to
eddy current is not a concern. Mechanism of each relaxation time is influenced by particle size;
the bigger the particle, the higher the Brownian and Neel relaxation times [38].
2.4.4.2 Uniform and Controlled Heating:

The complexity of medical operations will rise due to the non-uniform dispersion of
particles, which generates zones with varying amounts of power absorption from AMF at
varying rates of heating [39].
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2.4.4.3 Biocompatibility:

The biocompatibility of MNPs is a prerequisite for their use in MHT application. So
that the immune system does not identify them as foreign materials. If so, the particle is taken
up by the Mononuclear Phagocyte System (MPS) by opsonization, which leads to
phagocytosis. Shielding of NPs from phagocytosis is essential to achieve optimal performance.
To achieve this goal, nanoparticles are coated with hydrophilic biocompatible materials such
as Poly Ethylene Glycol (PEG), Poly (Vinyl Alcohol (PVA), Polyethylenimine (PEI), etc. To
prevent acute adverse effects from these MNPs, the cytotoxicity of the administered substance
should be tested in vitro prior to injection [38]. In vivo experiments in rats showed that with a
substantial dosage of 3000 uM of iron-based NPs, no negative effects occurred even after 7
days [40]. Feridex as T»-contrast agent was authorized by the FDA in 1996 to detect liver
lesions. An aqueous colloid of dextran-coated superparamagnetic MNPs is called Feridex.
Several dextran-coated MNPs, including Endorem and Resovist, were also authorized for use
in clinics within the same time frame. However, in 2009, adverse effects and serious safety
concerns led to the withdrawal of Feridex and a few additional contrast agents [41]. Although
there are several magnetic materials available, the majority of them are unusable. Magnetic
materials, such as spinel ferrites like Magnetite- FesOs and Maghemite- y-Fe>Os, are well
tolerated by the human body.
2.4.4.4 Colloidal Stability:

To employ MNPs for MHT, they must be colloidally suspended in a biocompatible
medium. The stability of MNPs in suspension is regulated by three major factors, namely, a)
the type of MNPs (hydrophobic or hydrophilic), b) magnetic properties, and c) Van der Waals
forces [8]. Because of the interactions between the sub-nanometer size particles which are
hydrophobic, MNPs aggregate to form micron-sized clusters in suspension. Furthermore,
magnetic dipole-dipole interactions cause these MNPs to congregate, and when a magnetic
field is applied, neighboring clusters get magnetized. Additionally, attractive Van der Waals
forces allow MNPs to combine in suspension, lowering the total surface or internal energy.
Consequently, this kind of aggregation may lessen MNPs' efficacy in MHT [13].

lonic strength has a significant impact on the colloidal stability of MNPs, which is
crucial for effective biological applications. Colloidal stability in physiological conditions,
such as Phosphate Buffer Solution (PBS), can help to assess coating strength. The zeta potential
(¢ -potential) and Dynamic Light Scattering (DLS) approach are used to investigate the stability
of uncoated MNPs and coated MNPs. Good chemical stability at physiological pH ~7 is
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necessary for the use of nanoparticles in biomedicine. Hydrodynamic size regulates the NPs
concentration profile in the blood vessel and affects the permeability of NPs out of the
vasculature, both of which have an impact on the NPs clearance process.

The ¢ -potential of the particles may be used to measure the variation in surface charges,
which can be used to control the electrostatic interaction of the nanoparticles. A crucial factor
in the biomedical application of nanoparticles as nanomedicine is the determination of (-
potential. For biomedical applications, the stability of nanoparticles in physiological media
such as water, PBS, and ethanol is crucial. The suspension is stable for greater values of -
potential. The fact that NPs with high surface charge form stable solutions more easily. For
example, the ¢-potential of bare Magnetite- FesO4 nanoparticles is typically between -30 and
+30 mV, depending on the synthesis method, pH, and ionic strength of the medium [42].
2.4.4.5 High Specific Absorption Rate (SAR):

The amount of heat energy lost by the NPs per unit mass of particles per unit time is
known as the Specific Loss Power (SLP), or SAR. As a result, the SAR measurement suggests
that the temperature of nanoparticles increased in response to the applied field, indicating an
increase in their hypothermic efficiency. Such MHT therapy relies on heating the cancer-
affected area, which may be accomplished by employing MNPs in an AMF to raise the
temperature to 42 to 46 °C. MHT can eradicate cancer cells while having little effect on healthy
tissues, suggesting that it may be utilized in targeted, cost-effective, and side-effect-free
therapies. MHT requires magnetic materials with high SAR values. It takes a lot of MNPs to
raise the temperature when SAR values are low, which might lead to further toxicity issues.
Reducing MNPs cytotoxicity will increase the efficiency, which is necessary to increase SAR
value of MNPs [38,43]. Equation 2.7 is used to calculate the SAR value,

SAR = Cx ~x<£ (2.7)
m At

where, AT/At = temperature gradient,

C = Specific heat capacity of suspension, and

m = mass of material in suspension.

The SAR data cannot be compared to other systems data due to the tight connection
between frequency and magnetic field intensity. While an increase in SAR is associated with a
decrease in Intrinsic Loss Power (ILP). Consequently, it makes more sense to talk about heat
dissipation in terms of ILP calculated using Equation 2.8.

ILP = (ﬂ) ........ (2.8)

fH?

where, AT/At = temperature difference,
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C = Specific heat capacity of suspension,
m = Mass of material in suspension,

f = Frequency, and

H = Magnetic field intensity.

2.4.4.6 Frequency of Applied AMF:

The amplitude and frequency of the applied AMF also affect the heat loss for MHT. In
reality, it is very difficult to raise frequency and amplitude concurrently, therefore one has to
choose which of the factors in the limiting product (Ho.f) is preferable. The combination of AC
field amplitude and frequency that should be employed depends largely on the type of particles
that are available for therapy. Both the magnetic field (H) and the frequency (f) need to be
within the medically acceptable and biologically safe ranges. It is believed that the useful field
range is when f <1.2 MHz and H <15 kAm™. An adequate value has been reported for fields
with H x f smaller than 4.85 x108 Am™ s " (Atkinson criterion), which would be acceptable
even if the exact limit has not yet been examined [44].

SAR is the amount of heat dissipated by MNPs in an AMF. The heat is generated by
the thermal fluctuations of the magnetic moment. An external AMF supplies energy that excites
the magnetic moment fluctuations, and this magnetic energy is converted into thermal energy.
D. Soto-Aquino and C. Rinaldi [44] explain the Rosensweig analytical equations for power
dissipation in a suspension of MNPs. In summary, the magnetization (Mg) of the suspension
does not synchronize with the time-varying magnetic field (Hg) due to the thermal fluctuations
of the magnetic moment in particles. This phase lag converts magnetic work (Mg x Hg) into

internal energy. The average volumetric power dissipation for /= w/2z of field cycles per

second is given by: P = uomHZfx". The SAR value is given as SAR = % where P is power

dissipation, p is the mass per unit volume of iron oxide, and ¢ the volume fraction of particles
in the suspension. Hence, as magnetic field intensity and frequency increase, it leads to an
increase in heat generation which directly affects the SAR value [44]. The heat generation is
affected by permeability and retention impact of the tumor site [45].
2.5 Literature Review on MNPs used for MHT and Chemotherapy:

MNPs can be used in different biological applications with surface modifications. The
literature review on the use of MNPs in MHT and Chemotherapy is given in Table 2.1.

Carvallno et al. [46] synthesized a biocompatible organic coating layer of

MION@CMC where Carboxy Methyl Cellulose (CMC) is a natural cellulose derivative used

as a stabilizing ligand, to create ultra-small iron oxide-based superparamagnetic nanoparticles
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in an aqueous solution via one-pot green synthesis method. Then MION@CMC nano colloids
and the anticancer drug DOX were covalently bonded to form MION@CMC-DOX, which
forms magneto polymerases with a hybrid core-shell structure. These nanohybrids were
successfully used for in vitro chemotherapy and MHT against brain cancer cells.

Khaledian et al. [47] studied the PLA (Poly (Lactic Acid)) -PEG-FA (Folic Acid)
SPIONSs loaded with DOX to deliver SPIONs and DOX to tumor cells. Using MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) and flow cytometry assay, the
cytotoxicity, cellular uptake, and apoptotic impact of DOX-loaded PLA-PEG-FA SPIONs
were quantitatively assessed on two cell lines, HeLa and CT26. Additionally, in vitro
hyperthermia study with PLA-PEG-FA SPIONs loaded with DOX was carried out.

Song et al. [48] describe a drug-loaded ferrimagnetic micelle with a flowable core
which is used in conjunction with chemotherapy to achieve efficient MHT. Ferrimagnetic iron
oxide nanocrystals in the form of cubes coated with Poly Ethylene Glycol-Poly (2-Hexoxy-2-
0x0-1,3,2 dioxaphospholane) (MPEG-b-PHEP) were chosen as MHT mediators due to their
superior magnetic performance.

Serio et al. [49] studied biodegradable and biocompatible polymer-coated (PCL)
electro spun fibers co-loaded with magnetic iron oxide nano cubes (IONCs), which exhibit
remarkable thermal properties, to facilitate their activation under MHT of clinical use.
Additionally, the anticancer drug DOX was included in the polymer fiber for combined
hyperthermia and heat-enhanced drug release.

Mirzaghavami et al. [50] conducted a study on PEG/PCL based synthesis of a triblock
copolymer coupled with FA ligand, a nano-micelle was formed for a delivery of 5-FU
(Fluorouracil) drug. Using the MTT assay, cell viability was studied against a range of colon
cancer cell lines (HT29, Caco-2, SW480, and HCT116) and human umbilical vein endothelial
cells (HUVEC). Subsequently, the most 5-FU resistant colon cancer cell line HT29 was
selected for additional studies. The cellular absorption of nanoparticles in two distinct cell lines
(HT29 and HUVEC) and colon tumor tissues was assessed to examine the function of folic
acid as a targeting ligand.

Mai et al. [51] studied Photo Induced Copper Mediated Radical Polymerization (PI-
CMRP) by synthesizing cubic nanoparticles. IONC coated with PEG were synthesized using
standard Schlenk line method and conjugated with DOX, which was placed within the thermo-
responsive shell for MHT treatment. An in vivo xenograft tumor model was formed using A431

epidermoid carcinoma cells.
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Alkhayal et al. [52] synthesized Magnetite- FesO4 nanocomposites using a simple
microwave hydrothermal synthesis process for MHT. The Reduced Graphene Oxide (r-GO)
and PEG were used to make the synthesized nanoparticles biocompatible. The cell cytotoxicity
against human kidney and breast cancer cells reveals survival of >70% demonstrating their
suitability for in vivo investigations. The performance of nano composites in different
dispersion media was examined for their potential use in MHT.

Eskandani et al. [53] designed a smart DDS for cancer chemotherapy using MHT, a
new folate-conjugated pH- and thermal-responsive magnetic hydrogel made of PVA, Poly(N-
isopropylacrylamide) (PNIPAAmM), and folate-conjugated Poly (Acrylic Acid) (PAA-FA).
Drug DOX was added to the DDS, and the drug loading efficiency and the drug release profiles
were studied at different values of pH and temperature. Using the MTT test, the anti-cancer
efficacy of the produced DDS was assessed in chemotherapy alone and with hyperthermia also.

Liao et al. [54] suggested a magnetic nanoparticle-based ferroptosis-inducing
nanoplatform using Magnetite- FesO4 nanoparticles loaded with Lonidamine (LND) drug. The
Magnetite-Fe3O4 -LND again modified with PEG and coupled with Bis [3- (Tri Ethoxysilyl)
propyl] Tetra Sulfide (BTES) containing disulfide linkages as the organosilica precursor. When
these magnetic nanoparticles, along with Lithium Manganese Iron Phosphate (LFMP) were
administered, the disulfide bonds in the nano platform experienced a sulfhydryl-disulfide
exchange reaction that depleted GSH and rendered GPX4 inactive. When disulfide bonds
break, the nanoparticle breaks down and releases LND. Moreover, under an AMF, synergistic
effect was observed.

Lan et al. [55] synthesized Poly (Methacryloyloxyethyl Phosphoryl Choline) (MPC)
based platform with DOX (FA-B-Cyclodextrin (B-CD)/DOX@Cu®*@ Gum Arabic (GA)@
Fes04) to release therapeutic drugs by pH/GSH stimulation, resulting in effective tumor-

specific chemotherapy/Chemo Dynamic Therapy (CDT).
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Table 2.1: Literature review of MNPs for MHT and chemotherapy.

Sr. | MNPs Surface Modifier Method Application Ref.
No
1. Magnetite- | Carboxy Methyl Cellulose | One-pot green | Magnetic [46]
Fes04 (CMC) process Hyperthermia and
Chemotherapy
2. | Magnetite- | Poly (Lactic Acid) (PLA), | Co- Combined [47]
Fes04 Poly Ethylene Glycol precipitation Thermotherapy and
(PEG), Chemotherapy
Folic Acid (FA)
3. Magnetite- | Poly Ethylene Glycol-Poly | Schlenk line Combined Magnetic | [48]
Fes04 (2-Hexoxy-2-0x0-1,3,2 Method Thermotherapy and
dioxaphospholane) Chemotherapy
(mPEG-b-PHEP)
4, Iron Oxide | Poly Capro Lactone (PCL) | One pot Combined Magnetic | [49]
Nanocubes synthesis Hyperthermia and
(IONCs) Drug delivery
5. Magnetite- | Folic Acid-conjugated Double Drug Delivery [50]
Fes04 PEG-PCL-PEG emulsion
solvent
evaporation
method
6. IONCs PEG Schlenk line Drug delivery and
techniques Magnetic [51]
hyperthermia
7. Magnetite- | Reduced Graphene Oxide | Microwave Magnetic [52]
Fes04 (RGO), PEG Hydrothermal | Hyperthermia
synthesis
8. | Magnetite- | Poly (Vinyl Alcohol) Reflux Chemotherapy and [53]
Fes04 (PVA), Poly (N-Iso Propyl | Method Magnetic
Acryl Amide) hyperthermia
(PNIPAAmM), folate-
conjugated Poly (Acrylic
Acid) (PAA-FA)
9. Magnetite- | Lonidamine (LND), PEG- | Soft- Magnetic [54]
Fes04 Modified Magnetic Templating Hyperthermia
Organic Mesoporous Methodology
Nanoparticles (MONSs-
PEG), Bis [3- (Tri Ethoxy
Silyl) propyl-tetra sulfide
(BTES)
10 | Magnetite- | Gum Arabic (GA), B- Co- Chemo Dynamic [55]
Fes04 Cyclodextrin (B-CD), Folic | precipitation Therapy
Acid (FA)
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3.1 Introduction:

Synthesis of nanomaterials is generally categorized using physical, chemical,
biological, or hybrid methods. The physical method, often known as the top-down or
destructive approach, begins with bulk matter and progresses to smaller particles until
nanoscale size is reached [1,2]. Chemical synthesis involves combining materials in a wet
condition and adjusting reaction parameters to produce nanomaterials. This method is also
known as the bottom-up approach, which starts with atoms, molecules, or ions in solution.
Initiate with nucleating and then aggregating to produce nano-size particles [1]. Solvothermal,
pyrolysis, microwave irradiation, chemical co-precipitation, sol-gel, microemulsion, and
thermal decomposition all are included in this approach [1]. Biological synthesis uses
microorganisms or plant extracts as a precursor to synthesize the required nanomaterials [3].

Different methods have been employed for the synthesis of Magnetic Nanoparticles
(MNPs), including co-precipitation, chemical vapour deposition, thermal decomposition,
sonochemical, solvothermal, laser pyrolysis, microwave-assisted, microemulsion,
combustion, and carbon arc. Various innovative and efficient methods have been employed
to synthesize Magnetite- FesOs nanoparticles with different sizes and shapes (nanorods,
nanotubes, and hierarchical superstructures) [4]. Co-precipitation is the most effective
synthesis method among all those listed for synthesizing MNPs with regulated sizes and
magnetic properties [5]. However, a detailed analysis of synthesized MNPs is necessary for
the application-based study [6]. Using different characterization, one can analyze the shape,
dimensions, size, orientation, crystallinity, magnetic properties, dispersion and intercalation
of nanoparticles, zeta potential, wettability, adsorption potential, aggregation, etc [7].
Techniques such as Powder X-ray Diffraction (XRD), Transmission Electron Microscopy
(TEM), Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy
(FTIR), Dynamic Light Scattering (DLS), Zeta (¢) potential, and Vibrating Sample
Magnetometer (VSM) used to ascertain the properties of synthesized nanoparticles [7].

It is important to discuss tumor toxicity, pharmacokinetics, bio-distribution, and other
biological characteristics of MNPs in addition to their biocompatibility with normal tissues.
This study is important due to the diverse therapeutic applications of MNPs in cancer
treatment, including drug delivery, cancer immunotherapy, Magnetic Hyper Thermia (MHT),

and photodynamic therapy [8].
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3.2 Synthesis of MNPs by Chemical Co-Precipitation Method:

The methods used for the synthesis of MNPs affect the physicochemical properties of
synthesized nanoparticles such as size, shape, aggregation state, and surface chemistry. MNPs
made by physical methods like mechanical milling have a broad size distribution (10-1000
nm), which renders them unsuitable for in vivo applications [9]. Consequently, chemical
methods overcame the limitations of physical methods because of their high yield and efficacy
in regulating nanoparticle size, which is necessary to prevent opsonization and subsequent
clearance by the Reticulo Endothelial System (RES) [9]. Moreover, particles of a diameter
between 10 to 40 nm are required for continuous blood circulation [10].

Precipitation from soluble liquids, which produces an insoluble solution by dissolving
metal precursors in a common solvent, such as water, was one of the earliest methods to
synthesize nanoparticles. Massive particle production is one advantage of precipitation
procedures. To form uniform particles, a homogeneous precipitating process that separates
nucleation from nuclei growth is commonly used [11]. In the process of synthesis of
Magnetite- FesO4 nanoparticles, a 1:2 ratio of salts (such as Fe?* and Fe®") is dissolved in
water. To precipitate the starting material while keeping the temperature below 100°C, a base
solution [usually, KOH, NH3OH, NaOH, or N(CHz)4sOH] is added to a salt solution and
constantly stirred [12].

Equation 3.1 depicts the general process that occurs when iron oxide (Magnetite) is

formed.
Fe*t + Fe3* + 80H - Fe;0, + 4H,0 ... (3.1)
Magnetite

The final reaction product is obtained by filtering the precipitation of the relevant
metal oxide and then annealing it. The co-precipitation approach offers several benefits,
including good product purity, repeatability, minimal cost, and maximum vyield. The
morphology, size, composition, and form of the generated particles are highly influenced by
the reaction circumstances (temperature, pH, ionic strength, type of base solution, etc). This
method produces iron oxide particles that are often unstable, therefore they need to be
functionalized with surfactants or polymers until they stabilize [12].

3.2.1 Steps Involved During Precipitation:
Nucleation, growth, coarsening, and agglomeration all occur simultaneously during

chemical co-precipitation (Fig.3.1). Smaller-sized particles formed at the initial step of
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precipitation, known as nucleation. All of the monomers present must develop simultaneously
in a process called nuclei growth, whereby these precipitates tend to merge to create bigger,
thermodynamically more stable particles. A detailed discussion of the precipitation process is

given below.

Caltmfuc Anionic
Solution Solution

Nucleation and Growth |

20-80 °C l Precipitation

Filtration =) ﬁ

Calcination
(70-100 °C)

Fig.3.1: Synthesis of nanoparticles by coprecipitation method.
a) Liquid Mixing/Supersaturation:

Precipitation largely depends on how the constituent parts of the solution are mixed
initially. Effective mixing can yield more homogeneous byproducts in co-precipitation. Also,
the agglomeration is influenced by stirring rate. The nucleation process is more affected by
the stirring rate than that of growth. Adjustments to the stirring rate and mixing technique can
impact the aggregate size. Within a supersaturated zone, particles can form by nucleation or
growth [13].

b) Nucleation and Growth:

Nucleation cannot take place unless the solution is supersaturated. In the
supersaturated area, precipitation occurs with even a small disturbance because the system
is not stable. During precipitation, a nucleus that can expand on its own is formed. A nucleus
is the smallest collection of atoms, molecules, or ions in a solid phase. Nuclei are formed
and precipitation starts when the concentration rises over a threshold point.

Once the nucleation process stops, the formation of clusters starts, and more
monomers are added, which can develop on their own until a certain size is attained. Larger
clusters continue to expand, whereas smaller clusters typically disintegrate again. When the
concentration falls below the critical threshold due to the consumption of precursors by

nucleation or growth processes, only the growth of pre-existing particles continues. lons are
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adsorbed onto the surface of seeded particles, causing growth to begin. Temperature, pH,
and concentration affect this growth characteristic. If nucleation proceeds more quickly than
growth, a narrow dispersion of tiny particles is produced by the system. While rapid growth
causes the distribution of big particles to become narrower [13].

c) Aggregation of the Primary Particles:

One important stage that results in larger, more numerous, but still porous particles
is agglomeration. Clusters of nanometre sized particles agglomerate to form secondary
particles of micrometer size. Chemical and physical interactions can bind these particles
together. The porosity of the spaces between primary particles is determined by particle
stacking. When carbonates or metal hydroxides are used as a base they precipitate at
extremely high supersaturation; therefore, nucleation happens spontaneously leading to
aggregation [13]. The nucleation, growth, and aggregation mechanism in the coprecipitation
method is shown in Fig.3.2 using the La Mer model [14].

Super Stabilization—s

I |
! Nucl Nanopamcles FEEED
‘ solutes | & eeaae
Y | | e“uuaq’a “"..
B . )
’ ‘ ‘ 'q"‘:" | *"::e
| | “0 .‘: ~l‘ L
° o *
® 900 =8 ﬁ
| Preclplnuonl s 3 43
Solvent | | | .
API | I 3 }3

|
Growth <=Aggregation=+s

Critical nucleation concentration (C.)

Equilibrium solubility (c*)

Solute concentration (C)

Time (1
Fig.3.2: Nucleation and growth of MNPs based on the La Mer model [14].
3.2.2 Factors Influencing Co-Precipitation Process:

Several variables (shown in Fig.3.3) affect the purity, particle size, surface area, pore
size, and pore volume of synthesized MNPs. These variables include pH, temperature, stirring
speed, type of solvent, reaction time, etc.
3.2.2.1 Effect of Solvent:

Water is always used as a solvent in material synthesis because it is cost-effective. The
use of organic solvents (Tetrahydrofuran (THF), acetonitrile, Dimethyl Sulfoxide (DMSO),

acetone, Dimethyl Formamide (DMF), and ethanol) comes with a significantly higher cost.
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Moreover, the majority of metal salts that are utilized as precursors dissolve in organic
solvents poorly. Organic solvents have limited applications because of their negative

environmental effects but they improve the quality of the results [13].

Solvent

Precursor

Reaction
Time

Factors affecting Co-

precipitation method Concentration

Stirring Speed

Temperature

Fig.3.3: Factors affecting the coprecipitation method.
3.2.2.2 Effect of Precursor:

Precursors containing counter ions that quickly break down into volatile products are
frequently used. Ammonia, sodium carbonate, and hydroxides are utilized as precipitants,
while metal precursors such as chlorides, nitrate, and sulphate salts are selected as reactants.
Repeated washing is required to remove the loosely bonded ions from the precipitate [13].
3.2.2.3 Effect of Concentration:

Precipitation occurs at high metal ion concentrations, which is obtained by decreasing
the vessel volume, which increases the space-time yields. More supersaturation also causes
precipitation to occur more quickly. Higher concentration levels lead to greater surface areas
and smaller particle sizes due to an enhanced rate of nucleation [13].
3.2.2.4 Effect of pH

pH influences the degree of supersaturation which alters the outcomes [13]. As the
base quantity or pH increases, the size of the nanoparticles reduces slightly. The reduction in
particle size with increased pH value is due to the increased nucleation overgrowth and higher
supersaturation rate [15]. Research has also demonstrated that controlling the final pH and
ionic strength of non-complexing salt solutions influences nanoparticle size. The results show
that when pH and ionic strength increase the average particle size decreases [16]. The addition

of the basic solution to the mixed Fe?* and Fe®* ion solution, whether done slowly or quickly,
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affects the size of the final product. The quick addition promotes continual nucleation
regarding growth, allowing the production of small-size particles [15]. Particle sizes are also
influenced by the kind of precipitating base. Under the following sequence, a reduction in
magnetite size may be ascertained by the precipitating nature of the base: (C2Hs)saNOH <
KOH < NaOH [15].

3.2.2.5 Effect of Temperature:

The exact kind and degree to which precipitation temperature influences is still
unpredictable, therefore the selection process normally involves trial and error. The initial
size of the crystallite, surface area, and phase development of the precipitate are all dependent
on the temperature of the precipitation. For example, for particles with a size of 9 nm, the
time needed for full oxidation of Fe?* ions was 3 h at 80°C, compared to almost 3 months at
room temperature [17]. A temperature rise might lead to a larger crystallite. This might be
because, temperature rise improves solubility, which lowers solvent supersaturation and
eventually accelerates growth to produce larger-sized particles.
3.2.2.6 Effect of Stirring Speed:

The stirring speed influences the particle size of MNPs for crystallization and solid-
catalyzed processes. The dispersed phase must be uniformly spread throughout the liquid,
necessitating higher stirring rates. In addition, when the stirring rate increases, the
homogeneity of the reaction solution improves, resulting in smaller particles and narrower
size dispersion [18].
3.2.2.7 Effect of Reaction Time:

The size and magnetic characteristics of precipitated particles are affected by the rate
of alkali addition and the reaction time. According to the literature, it is observed that 300 s
is needed for the digestion process to finish the development of magnetite nanoparticles and
achieve a state of thermodynamic equilibrium. It has been observed that the particle size
grows from 6.7 to 8.2 nm during the development stage (22-300 s). Above 300 s,
agglomeration is possible [19].

3.3 Surface Functionalization:
3.3.1 Introduction:

Surface functionalization is also referred to as surface engineering of nanoparticles.

When modifying the magnetic core particles to incorporate coatings, it offers steric and/or

electrostatic repulsive interactions. The NPs coating needs to be non-toxic in addition to
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stable. During synthesis, Iron Oxide Nanoparticles (IONPs) are coated with either inorganic
or organic compounds to inhibit oxidation and aggregation [20].

However, by covering the surface of nanoparticles, the toxicity of the particles can be
decreased. In general, surface coatings have a quicker rate of circulation and can lessen typical
tissue toxicity. It also stabilizes nanoparticles and prevents harmful ion leakage from NPs. For
example, Serum protein optonin shortens circulation time and improves phagocytosis by
adhering to the surface of hydrophobic nanoparticles [21]. Unnecessary RES absorption
decreases the bioavailability of nanodrugs and increases their toxicity to the patient. The
hydrophobicity of nanoparticles brings about the process of phagocytic internalization and
particle clearance as shown in Fig.3.4 (1). In Fig.3.4 (1), (A) shows the hydrophobic
nanoparticles in blood circulation are recognized as foreign bodies; (B) and (C) show
phagocytosis by phagocytes leading to nanoparticle elimination. Therefore, covering the
hydrophobic surface of nanoparticles with a layer of hydrophilic materials increases the
possibility of targeting cells while decreasing the ability of the immune system to identify it
as given in Fig.3.4 (2) which increases the circulation period of targeted nanocarrier in the
blood and creates steric repulsive forces against plasma proteins. In Fig.3.4 (2), (A) shows
hydrophilic polymer-coated nanoparticles circulating in the bloodstream; (B) and (C)
illustrate endocytosis by target cells [22]. A hydrophilic, non-ionic, flexible, and
biocompatible polymers that serve as surface protectors are used for surface functionalization,
such as Poly Ethylene Glycol (PEG), and Poly Vinyl Pyrrolidone (PVP), etc [23].

Phagocyte
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Nanoparticles
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Fig.3.4: (1) Elimination of hydrophobic nanoparticles and (2) Coated hydrophilic

nanoparticles in blood circulation.
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It has been observed that the half-life of PEG-coated nanoparticles is more than 7 h,
but in the absence of PEG, it is less than a minute [24]. Additionally, blood circulation time
is accelerated by increasing the PEG content on nanoparticles. PEG is used in tablets as
lubricants and binders, is nontoxic and antimicrobial, and is extremely soluble in water and
not absorbed by humans [25].

3.3.2 Need for Surface Functionalization:

Functionalization of MNPs is necessary for their efficient use in biological
applications. As illustrated in Fig.3.5, the optimal surface functionalization should prevent
MNPs from aggregating, provide guidance to improve water compatibility, enhance colloidal

stability, stabilize the surface, and render nanoparticles biocompatible.

Need of Surface

Functionalization

Fig.3.5: Need of surface functionalization for biomedical applications.
a) Stabilization Against Aggregation:

The primary benefits of using particles smaller than 100 nm: the enhanced tissular
diffusion, decreased sedimentation rates (high stability in suspension), and increased effective
surface areas, which facilitate ligand attachment. Particles must be tiny (less than 100 nm) to
be able to pass through the RES. After injection, they need to stay in the bloodstream and can
flow via organs and tissue capillary networks without causing a vascular embolism. IONPs
are highly magnetic and tend to aggregate due to strong magnetic dipole-dipole interaction.
Due to this tendency of MNPs, large clusters are obtained having a size of a few microns.
Surface functionalization of MNPs creates a non-magnetic layer on the surface which lowers
magnetic dipole-dipole interaction and prevents the formation of large aggregates. Depending

on the particle system and the right selection of surfactants, particles get dispersed in aqueous
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media [26].

Using organic solvents, ligand molecules can be applied to the surface of MNPs to
stop the particles from aggregating. Dynamic binding and unbinding processes are caused by
interactions between the surface of nanoparticles and an electron-donating group of a ligand
molecule [27,28]. To reduce the agglomeration of nanoparticles, two primary techniques are
employed: steric and electrostatic stabilization.

Steric Stabilization:

For MNPs to remain colloidal stable throughout a wide pH range and at high salt
concentrations, steric stabilization is required. It depends on the polymeric material used on
the surface of MNPs and can be achieved by functionalizing MNPs with ligand shells or
embedded polymeric matrix. The resulting repulsive potential may be tracked using the
polymer density, polymer molar mass, solvent quality, and binding. When the central core of
two sterically stable base materials moves towards one another. The polymer layer prevents
the aggregation/ dipole-dipole moment. It promotes colloid stability by increasing the osmotic
pressure between MNPs and decreasing the entropy of polymers [29,30].

Electrostatic Stabilization:

The formation of clusters of colloidal suspension can be accompanied by
experimentation and electrostatic stability by varying the salt content [31]. The stability factor
is determined by turbidimetric measurements or light scattering, and parameters linked to
colloidal stability as a function of salt concentration. At this concentration, it is possible to
inhibit electrostatic layers.

According to the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory, the
absence of a steric stabilizing layer explains the interaction of the MNPs. According to DLVO
theory, the aggregation of aqueous dispersion quantifies the force between charged surfaces
interacting through a liquid medium. The phenomenon known as the "double layer of
counterions” combines electrostatic repulsion with van der Waals attraction. Stabilization
works well in electrostatic nanoparticles with low salt concentrations and pH levels at or
below the isoelectric point [32,33].

b) Estimation of Surface Charge with Colloidal Stability:

MNPs must be functionalized in liquid media for biomedical applications. Particles

covered with specific shells of surfactants or polymers are used to stabilize magnetic fluids.

While there are now several methods for stabilizing water-based ferrofluids, aggregation
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cannot be prevented when it comes to biological media [34]. In the biological environment,
the formation of aggregation has adverse consequences such as the difficulty of removing
nanoparticles from organisms, the possibility of blood clots, and a loss in therapeutic efficacy.
Thus, for magnetic fluids to be developed for use in biological applications, an understanding
of their aggregation regimes is essential.

Drug delivery techniques involving colloidal NP-based carriers, show promise in
cancer treatment, owing to the fast advancement of nanotechnology. Micelles, liposomes,
dendrimers, and polymers are some of the several macromolecular forms proposed for drug
delivery. Superparamagnetic Iron Oxide Nanoparticles (SPIONSs) surface functionalized with
various polymers and linkers are as shown in Fig.3.6. There are several methods by which the
drug is encapsulated, adsorbed, linked, or trapped in nano-matrices. Ideally, they could carry
adrug in bulk or on their surface that could be delivered to the intended organ by being driven
there. The first preclinical trials using magnetic albumin microspheres loaded with
Doxorubicin (DOX) to treat rat cancer were carried out by Widder et al. [35]. The size, charge,
and surface chemistry of magnetic particles are crucial for these applications because they
affect the capacity of body to absorb the particles and the rate at which blood circulates. For
example, after systemic injection, bigger particles with diameters higher than 200 nm are often
retained by the spleen by mechanical filtration before being removed by phagocyte cells,

resulting in shorter blood circulation period [36,37].
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Fig.3.6: Surface functionalization of MNPs [38].

The dispersibility and stability of NPs are the primary issues in biomedicine, which
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depend on their surface chemistry. The dispersion depends on the net surface charge and
stability. The coulombic interaction between the charged groups and hydrophilic ionic group
inhibits aggregation.

Zeta potential (¢-potential) is typically used to show the colloidal stability of system.
Capping ligand molecules that can give charge or steric hindrance is a typical approach of
stabilizing the particle surface in nanoparticle dispersion. The liquid layer that surrounds the
particles is divided into two regions: an inner area, also known as the Stern layer, and an outer
or diffuse region. lons are weakly bonded in the outer region with a wider layer of mostly
opposite charge, and strongly linked at the inner region due to a small coating of positive
charge that accumulates around the negatively charged particle. While ions outside the
diffuse layer stay in the bulk dispersant, ions traveling with particles inside the diffuse layer
form a stable entity. The zeta potential is the definition of potential at this plane. The

schematic representation of Zeta potential is given in Fig.3.7.
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Fig.3.7: Schematic representation of Zeta potential [39].

The stability of the particle dispersion is indicated by the amplitude of the -potential.
Particles in dispersion medium are stable between -30 mV to +30 mV. When particles are
significantly positively or negatively charged along the edge of a diffuse plane, electrostatic
repulsion can keep the particles apart and avoid agglomeration. This is shown by a greater
absolute value of the C-potential. Lower C-potential, on the other hand, suggests that there are
less repulsive interactions between the particles, which means that they are more likely to
combine and form an unstable colloidal dispersion [39].
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c¢) Particle Size and Size Distribution:

To achieve controlled biodistribution, bio-elimination, and contrast effects, the
majority of MNPs used in biomedicine must be monodisperse, which means that each
nanoparticle must have almost identical physical and chemical properties. To produce
biocompatible MNPs for biomedicine, the synthesis methodologies have also given rise to
several surface modification procedures [40,41]. MNPs exhibit a multitude of remarkable new
phenomena, including superparamagnetism, high field irreversibility, high saturation field,
extra anisotropy contributions, and shifted loops upon field cooling. The magnetic behaviour
of individual NPs is dominated by surface and finite size effects, which give rise to these
phenomena [42].

d) Biocompatibility and Toxicity of MNPs:

Development and the conversion of fundamental research into treatments that apply
to clinical practice have benefited greatly from nanotechnology. MNPs have been specifically
used to target, track, and activate stem cells, as well as for cell labelling and targeting. There
is a continual focus on safety, with particular attention on toxicity. The therapeutic efficacy
of the drug may eventually be restricted by any signs of toxicity. The key factors that
determine toxicity are the dose and planned usage of the MNPs, in addition to their own
physical, chemical, and structural properties. According to certain in vitro research, MNPs at
therapeutic dosages have been shown to have negative effects on cells. Yet, there hasn't been
as much coverage of long-term in vivo research [43].

It is imperative to chemically stabilize the uncoated MNPs to prevent oxidation
(corrosion) and acid erosion-related deterioration [44,45]. Coating the nanoparticles with
organic species (such as polymers or surfactants) or an inorganic layer (like silica or gold) is
a few of potential agents to improve biocompatibility. Concerns about the impact of
nanoparticle size and coated nanoparticle cytotoxicity persist despite the widespread usage of
MNPs in biological applications. Yu et al. [44] investigated dextran and the polymer PEG
coated nanoparticles (5-30 nm) uptake and cytotoxicity by exposing porcine aortic endothelial
cells. Bare nanoparticles caused a more than 6-fold increase in cell mortality at the maximum
dose (0.5 mg mL™) and considerable cell elongation, but functionalized nanoparticles
maintained cell viability and morphology.

3.3.3 Stabilizing Agent:

During MNP synthesis, stabilizers such as surfactants or polymers are often added to
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stabilize the newly synthesize surfaces and avoid aggregation. The type of surface coating
and how it is applied to the magnetic core influence not only the overall size of the colloid,
but also its biological destiny. Nonpolymeric stabilizers based on organic monomers with
functional groups are commonly used for surface stabilization. like carboxylate, phosphate,
or sulphate, e.g., alkane sulphonic and alkane phosphonic acids, lactobionic acid, lauric acid,
dodecyl phosphonic and hexadecyl phosphonic acids, or phosphonates; or polymeric
stabilizers, such as dextran, PEG, Poly Vinyl Alcohol (PVA), alginate, chitosan, pullulan, or
Poly Ethylene Imine (PEI). When polymeric materials are used as stabilizers, the adsorption
of polymers onto MNPs provides protective steric repulsion and functions as a barrier to
particle contact, keeping the particles apart. Amphiphilic copolymers with a hydrophilic
segment that disperses into the aqueous medium and a hydrophobic segment that anchors to
the particle surface provide the most effective protection.

Polymeric coatings can alter the surface properties of MNPs (chemical functionality
and surface charge) while simultaneously functioning as an efficient aggregation barrier,
resulting in physically and chemically stable magnetic nano formulations. The polymer
coatings reduce the average density of the magnetic cores. Hence, the gravitational settling of
MNPs in the blood flow can be regarded as minimal after vascular administration [intravenous
(V) or intra-arterial]. However, before contemplating biomedical applications, three crucial
properties of the polymer must be taken into account: chemical structure (biodegradability
and hydrophobic/hydrophilic character), length and molecular weight, attachment mechanism
to the particle surface (covalent, hydrophobic, or ionic binding, and degree of surface
coverage.

The polymer conformation on the nanoparticle surface adds to their effective
hydrodynamic size and antifouling capabilities, both of which are essential factors in reducing
the fast blood clearance of nanoparticles following 1V injection due to immunological
recognition. To assist the effective attachment of the polymers onto the surface of the MNPs,
numerous functional compounds, such as bisphosphonates or alkoxysilanes, may be utilized
[46]. This is done to ensure that the MNPs continue to operate properly. Researchers have
used a variety of ways to create several types of magnetic iron oxide nanocomposites. Fig.3.8
depicts the possible core-shell configuration of MNPs.
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Fig.3.8: Core-shell configuration of magnetic composite nanomaterials.
3.3.3.1 Core Shell Configuration:
a) Core-Shell Structure:
Core-shell structure and reverse core-shell structure:

The core of iron oxide was covered with either inorganic or organic compounds that
may act as a support for biomolecules. This was done to make MNPs stable and
biocompatible. A structure is referred to as having a yolk structure when the core of MNPs is
not situated in the center after functional coating. If MNPs are capable of coating the surface
of either organic or inorganic materials, then the structure has an inverse core. Nanomaterials
made of magnetic composites not only increase the stability of materials but also introduce
new physical and biological features [46,47].

b) Multilayer Core-Shell Structure (Matrix Dispersed Structure):

The formation of a multilayer core-shell structure is accomplished by coating a large
number of nanoparticles of iron oxide with other substances. The magnetic property of MNPs
is dependent on the size of the magnetic iron oxide core when the structure is multilayered and
organized in a core-shell fashion. By distributing MNPs throughout the matrix, it is possible
to prevent the nanoparticles from clumping together to form massive ferromagnetic species
[48].
3.3.3.2 Organic Materials:

To avoid aggregation, biocompatible MNPs with an organic material layer may be
used to stabilize for a wide variety of in-vitro and in-vivo applications, such as

electromagnetic shielding, Magnetic Resonance Imaging (MRI), drug targeting, magnetic cell
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separation, and so on. This is because the organic material layer protects the aggregation of
MNPs. MNPs have coatings made of a variety of organic substances, including dextran,
starch, PEG, Poly (Lactic) Acid (PLA), PEI, and others.

3.3.3.3 Small Molecules and Surfactants:

MNPs functionalized using special groups -OH, -COOH, -NH., -SH with proper
surface modification. These groups are suitable for further modification when they are
attached to different bioactive molecules for various applications. The main advantage of
small molecules or surfactants functionalized on MNPs is to maintain a small dynamic radius
on its surface. The surfactant bound to the surface controls the growth of nanoparticles during
synthesis and also prevents the MNPs from aggregating. A surfactant becomes soluble in
polar or aqueous solvents based on its interactions with the solvent. On the other hand,
nonpolar organic solvents like hexane, toluene, or chloroform contain a nonpolar surfactant,
such as a hydrocarbon chain [49]. This is because nanoparticles that include a nonpolar
surfactant, such as a hydrocarbon chain, are insoluble in polar organic solvents.

The addition of a high number of tiny compounds, such as silane and dopamine, has a
typical strategy of modifying the properties of MNPs [50].

a) Silane:

The -OH group at the surface of MNPs may form a connection with the -Si group,
which allows silane to be connected covalently to the surface of the MNPs. Additional cross-
linking processes result in the formation of a thin layer of inorganic silica that surrounds the
particle. This is done to produce a variety of terminal groups, comprising alcohol (CH3OH),
amine (-NHz), carboxyl (-COOH), and thiol (-SH), all of which are helpful in terms of
increasing biological activity and applications. P-amino phenyl trimethoxy silane
meracaprtrophyl and 3-Amino Propyl Triethyloxy Silane (APTES), triethyloxysilane,
Meracaprtrophyl Triethyloxy Silane (MPTES), and 2- (carboxy methythio) ethyl trimethyl
silane are used for silane surface functionalization. For maintaining the morphology of
Magnetite- Fe;O4 nanoparticles, APTES is advantageous than MPTES, as MPTES coating
decreases the overall saturation magnetization (Ms) value of Magnetite- FesO4 nanoparticles
[51]. Sun et al. [52] reported an innovative one-pot synthesis of adaptable monosilane-coated
MNPs with surface amine groups. One approach that may be utilized to perform the
conversion of a surface functional group to carboxylic acid is the conjugation of PEG diacid

to -NH: isopropy! groups.
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b) Thiol-Glutathione:

Glutathione (GSH, y-Glutamyl-Cysteinyl-Glycine) is one of the most significant
tripeptides among thiols, impacting nearly all physiological processes and directly linked to
the environment of malignant cells. According to reports, GSH protects healthy cells, engages
a wide range of cellular processes, and is crucial in controlling different cell physiological
processes. GSH is one of the most significant redox species in the human body and has the
greatest capacity to cause carriers to release anticancer medications. It has been observed that
the inclusion of free GSH increases cellular mortality and drug release effectiveness. Despite
this, there is very less scientific literature documenting the use of GSH-coated nanoparticles
for the release of anticancer drugs [53].
3.3.3.4 Polymers:

Polymer functionalization provides a multifunctional group and more colloidal
stability and biocompatibility as compared to the small molecule and surfactant. Polymer
plays a significant role in biological application, as polymer coating increases repulsive forces
which help in balancing the magnetic interaction and van der Waals attractive force between
MNPs also increases. A variety of man-made and natural polymers are employed to
functionalize surfaces of MNPs. Natural polymers can be taken from the environment and are
naturally occurring. Typical examples of natural polymers are gelatin, cellulose, protein,
starch, chitosan, and dextran. Scientists and engineers create synthetic polymers, or they can
be made from petroleum oil. PEI, PVA, Poly (acrylic acid) (PAA), and PEG are examples of
conventional synthetic polymers. Polymer coating on MNPs decreases saturation
magnetization (Ms) value but makes them biocompatible and water soluble [54].

Several strategies have been examined for combining MNPs with polymers, including
physical adsorption, self-assembly, self-association, Atom Transfer Radical Polymerization
(ATRP), and Reverse Addition-Fragmentation Chain Transfer Polymerization (RAFTP)
[55,56]. In the current chapter, we highlight some polymers such as PEG, PVA, chitosan, and
dextran since these polymeric materials were most extensively utilized in prior studies.

a) Polyethylene Glycol (PEG):

PEG is a synthetic polymer that is widely employed in nanoparticle functionalization
because it dissolves in water, this polymer is hydrophilic and biocompatible. PEG was
accepted by the US Food and Drug Administration (FDA) as biocompatible [57].
Additionally, it increases the time period of MNPs in blood circulation, which might be highly
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helpful for applications involving drugs delivery. The effectiveness of nanoparticle uptake in
cells is enhanced by PEG coating [58]. Apart from its high solubility and stability in aqueous
solutions, it also demonstrates stability in physiological saline solutions. The one drawback
of PEG coating is that it is not known how long it will take for PEG to be cleared from the
body. Kievit et al. [59] explored safe gene delivery using PEI-PEG-Chitosan copolymer-
coated iron oxide nanoparticles.

b) Polyvinyl Alcohol (PVA):

PVA has minimal toxicity, is hydrophilic and biocompatible, and inhibits the
aggregation of nanoparticles in biological environments [58,59]. PVA-based synthesis
processes result in monodispersed particles. Furthermore, PVA has improved crystallinity as
a result of its multi-hydroxyl structure, which gives it excellent thermomechanical qualities
for bio-related applications such as crystallinity, high elastic modulus, and tensile strength
[58].
¢) Chitosan:

Chitosan, a cationic polymer resembling the cellulose structure, comprises glycosidic
connections and 2-amino-2-deoxy-h-d-glucan. It is mostly used in pharmaceutical
applications because of its mucoadhesive quality, positive charge, and amino group. Chitosan
is insoluble in water at basic or neutral pH levels; however, it becomes soluble in water at
acidic pH levels when amino groups are protonated. Chitosan does not cause allergic reactions
due to its biocompatible nature. It is also biodegradable, with harmless amino sugars serving
as the breakdown products [60].

d) Dextran:

Dextran, a key chemical for coating MNPs, has been employed in fundamental
medical procedures such as MRI, cancer diagnosis, and treatment [57,58]. It is a polymer
approved for therapeutic use, which prevents nanoparticles from clumping. Even though
dextran is biocompatible, the enzyme that breaks down the material, called dextranase, cannot
be produced in human cell lines [61]. One of the primary drawbacks of dextran coating is its
poor connection with the MNPs surface, which may harm applications.
3.3.3.5 Biomolecules:

Biomolecule-functionalized MNPs have lately acquired appeal as an efficient and
common technique for biological separation, detection, sensing, and other applications. Their

biocompatibility is much improved when compared to small molecules or polymers. Direct
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production of iron oxide/biomolecule composite nanoparticles is frequently accomplished by
physical adsorption. Bovine/human serum, enzymes, biotin, proteins, avidin, aloumin, and
polypeptides are examples of biomolecules. The primary barrier to coat biomolecules in
current applications is their poor conjugation efficiency to MNPs. Hence, it requires a high
quantity of biomolecules, prohibitively high prices, and multidisciplinary characterization,
which is not always carried out for every material investigation [62,63]. Wiogo et al. [64]
performed adsorption of serum protein onto IONPs surface by dissolving the serum proteins
in an RPMI-1640 (Roswell Park Memorial Institute) solution containing varying amounts of
fetal bovine serum.

3.3.3.6 Inorganic Materials:

Non-polymeric coating materials have been used in addition to polymers to achieve
colloidal stability and avoid aggregation of MNPs. This is done in conjunction with the use
of polymers. There is a lot of interest in using inorganic materials that have been
functionalized to MNPs as composites for developing improved hybrid magnetic
nanomaterials. They are utilized extensively to enhance the efficiency of semiconductors,
optoelectronics, catalysts, and quantum dot information storage, such as in optical
bioimaging, biological labeling, and other similar applications. The synthesis of such MNPs
with many functions presents a challenge to the nucleation of one phase on the surface of
another phase [65].

a) Silica:

One of the most often utilized inorganic materials to functionalize MNPs is silica.
Silica is utilized in catalysis, biolabeling, bio separation, and some commercial ferrofluids
because it inhibits nanoparticle aggregation [66]. The main challenge associated with silica
coating is to achieve uniform silica shell thickness. Unequal thickness causes uneven heating
in hyperthermia application due to the irregular magnetic field [67]. A silica covering aids in
preventing a biological medium and an internal active ingredient from coming into contact. It
increases the biocompatibility of particles by enhancing their chemical stability and lowering
their toxicity [68,69]. Due to hydrophilic nature of silica, it aids in the binding of a variety of
biological ligands while also enhancing stability, dispersibility, and the absence of adverse
responses. To create iron oxide@SiO2 composite nanoparticles, the two easiest methods are
the Stober synthesis and the reverse microemulsion approach. The most widely utilized

silanes that attach to surface of MNPs readily through the OH group are Tetraethoxysilane
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(TEQOS), Vinyltriethoxysilane (VTEOS), and Octadecyltrimethyloxy silane [70,71].
3.3.3.7 Carbon:

Carbon shows more stability at high temperatures and pressure in a variety of physical
and chemical conditions. Carbon-coated MNPs have lately spurred a great deal of research
interest because of their excellent chemical and thermal stability as well as their high electrical
conductivity. MNPs with carbon covering inhibit oxidation and stop corrosion in the magnetic
core material. Better dispersibility and stability than those demonstrated by bare IONPs are
provided by a hydrophilic carbon coating on MNPs cores [71].

Carbon-functionalized MNPs may be synthesized using a variety of techniques. To
make carbon-coated MNPs, glucose is normally dissolved in water as part of the preparation
process. This makes it challenging to get significant quantities of high-quality iron
oxide/carbon for prospective use. Chart 3.1 depicts a two-step technique for carbon coating
on MNPs. The polymer layer was transformed into a carbon layer by annealing or another
heat treatment after the surface of MNPs was covered with polymer to create MNPs/carbon

composite nanoparticles.

Glucose
(2) — MNPs/Glucose  Annealing
MNPs —> =~ MNPs/Carbon
(b) '—— MNPs/Polymer
Polymer

Chart 3.1: Two-step approach for the synthesis of MNPs/ carbon nanomaterials.

Graphene, a novel class of carbon compounds, has been exploited in biological
applications such as targeted drug delivery and MRI. Iron oxide/Graphene hybrid
nanomaterials have been created using a variety of synthesis methods, which may be broadly
classified as in situ and ex-situ [72]. When MNPs are coated with graphene, the charge
transfer behavior in graphene changes, making it feasible to deliver tiny drugs or nucleic acids
to a target cell (cancer or stem cell). Biomedical applications such as targeted drug delivery
and MRI have made use of Magnetite- FezOs/graphene hybrid materials [73-75]. The
composites of Graphene Oxide (GO) and Magnetite- Fez04 nanoparticles coated with amino
dextran were discovered by Chen et al. [76] to study cellular MRI.
3.3.3.8 Metals:

The combination of metallic NPs and physicochemical properties of MNPs and their

potential as catalysts has piqued the curiosity of material scientists in biotechnology and
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biomedicine. Localized Surface Plasmon Resonance (LSPR) and Surface-Enhanced Raman
Spectroscopy (SERS) are two intriguing characteristics of metallic (Au, Ag, Cu, Pd, Co, Pt)
nanoparticles [77]. Numerous anisotropic metallic nanoparticles are used in contrast imaging
[78], catalysis [79], medicine [80], and sensing [81]. It is challenging to coat metal directly
on the surface of MNPs using the thermal decomposition approach [82]. Nevertheless, noble
metals including Au, Ag, Pt, and Pd exhibit corrosion resistant qualities, making perfect
functional materials for MNPs. Nonetheless, it is observed that hybrid MNPs/metal structures
form aggregated, multilayer, core-shell, and dumbbell structures using microemulsion and
thermal degradation techniques. Additives and surfactants can change the surface properties
and stability of metallic nanoparticles [83]. The Magnetite- FesOs@Au structure, which is a
core-shell structure, is the most often described in literature [84]. As common base metals,
MNPs are combined with metal particles (e.g., Fe, Ni, Cu, and Co) via various synthesis
methods. The dispersibility of MNPs is improved by certain metal coatings, which also
increase saturation magnetization (Ms) value.

a) Gold:

Lin et al. [85] reported on gold-coated MNPs for the first time in 2001. Iron oxide
cores have been protected from oxidation by coating with gold, also the colloidal stability is
enhanced using gold coating. The gold coating is beneficial because of the well-known optical
properties, also it has high functionalization capability and is biocompatible [85]. One
disadvantage is that the magnetic properties of MNPs coated with gold are attenuated, and the
interaction of two different surfaces makes coating maintenance problematic. Nonetheless, it
has been shown that gold-coated MNPs are stable in neutral and acidic pH environments [86].
3.3.3.9 Metal Oxide:

Recent developments have made significant progress in the synthesis of iron oxide-
metal oxide nanocomposite [87]. The findings show that combining MNPs with
semiconductors permits the exploration of novel functionalities derived from metal oxides.
Various metal oxides are used to form a composite with IONPs, such as TiO- [88], ZnO [89],
Sn0O2[90], MgO [91], Y203 [92], WO3 [93], Cu20 [94] and Al>O3 [95]. The stability of iron
oxide significantly increased when composite was combined with semiconductors to explore
novel functional derivatives from metal oxide. Coating MNPs with semiconductor materials
is a standard method of producing bifunctional composites. Recently, iron oxide-metal

composite nanoparticles have been synthesized using the sonochemical, spray pyrolysis, and
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ion implantation methods.
3.3.3.10 Metal Sulfides and Selenides:

Minerals containing metal sulfides and selenides, such as chalcocite (CuzS),
bismuthinite (Bi2Ss), pyrite (FeS>), and clausthalite (PbSe) are common and inexpensive. Due
to the significance of magnetic iron oxide/metal sulfide in understanding the quantum size
effect and its many applications, significant advancements have been made in this field [96].
Examples of MNPs/metal sulfides are y-FeO3/PbSe, Fes04/ZnS, CdSe@Fe.03, and
Fe304/CdS [97-101]. Iron oxide with Layered Transition Metal Dichalcogenides (LTMDs)
(Except MoS») has not yet been reported. The study of the relative properties of these
composites should be increased in the future.
3.3.3.11 Bimagnetic Materials:

The use of MNPs in conjunction with a variety of magnetic inorganic materials is
known as a bimagnetic. By adjusting the materials, their combination, volume ratio, and phase
between the core and the shell, bimagnetic NPs show a rational style capacity for managing
the blocking temperature and coercivity in MNPs [102]. This can be accomplished by
controlling the blocking temperature and the coercivity of the MNPs. Coz04 and MFe30a4,
where M = Mn, Co, Zn, Ni, Fe, and Pt, are two examples of the most significant and
commonly magnetic hard and soft materials that have been coupled with IONPs to generate

bimagnetic nanoparticles [103].
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Fig.3.9: Hysteresis loop for soft and hard magnetic materials [102].

As seen in Fig.3.9, the secondary magnetic materials that are coated on MNPs

typically have a dramatic effect on the magnetic properties. In particular, they generate the
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exchange coupling effect between soft-phase and hard-phase magnetic materials. The
exchange interaction between hard and soft magnetic materials produces an exchange spring
magnet, which is a magnetic material with high coercivity and high saturation properties
[102].

3.3.3.12 Ternary Structure and Multilayer Core-Shell Structure:

One common method for building ternary and multilayer core-shell structures is Layer
by Layer (LBL) assembly. It offers an excellent chance to control the characteristics of the
core and many functional shells. To hold the assembly of these nanostructures electrostatic
force and hydrogen bonding interaction is responsible. This approach is relatively controllable
and therefore promises to incorporate MNPs and various functional layers into the
nanostructure. One flexible approach to creating ternary and multilayer core-shell
nanostructures is to use a sequential deposition procedure such as Fes0s@SiO.@Au [104],
Fes04@SiO@TiO2[105], a-Fe203/Si0O2/Sn02/TiO2 [106], and a-Fe203/Ag/SiO2/SnO2 [107].
3.3.3.13 Organic-Inorganic Composite Structure:

It will be beneficial to employ hybrid materials, which comprise both organic and
inorganic subcomponents for coating. Within the framework of this composite structure, the
outermost layer of the iron oxide is concurrently coated with at least one organic component
which offers novel options for the creation of novel materials and chemicals for research, and
also has enhanced peculiar features that show excellent applicability in various fields.

Nowadays a wide variety of functional inorganic materials are being manufactured
and connected with MNPs. Polyoxometalates, Metal-Organic Frameworks (MOF), and
Upconversion (UC) materials are a few examples of materials that fall under this category.
UC materials are mostly used in biomedical applications due to their ability to employ a two-
photon multiphoton process to convert longer wavelength photons into shorter wavelength
[108]. FesOs@LaFs:Yb®": Er®* are some examples of organic-inorganic composite structures,
which are more commonly referred to as UC [109]. NaYF4: Yb, BaTiO3[110], Ag2WO4 [111]

are the other examples of organic-inorganic composite materials.
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3.4 Characterization of Magnetic Nanoparticles:
3.4.1 Introduction:

Chemical, physical, and biological techniques are used to characterize the synthesized
MNPs. Phase, composition, surface, microstructure, and structural analysis are all important
components of characterization. The different techniques used to analyze the
physicochemical, magnetic and biological properties of synthesized nanoparticles are listed
in Chart 3.2.

Characterization Techniques

' ‘
Physicochemical Techniques Biological Techniques
4 ¥
! ! ! | { ! ! !

Functionalization

Structural ~ Morphological T Magnetic Biocompa- Magnetic Anticancer Drug
Analysis Analysis and P;tn.ljde SIZE  Characterization tibility Hyperthermia Activity Delivery
| ! - l l } |
XRD e Magnetic e
TEM SEM . . Induction
Z-Potential VSM Haemolysis A
FTIR Unit ey

Chart 3.2: Different techniques used for characterization of MNPs.

The structure or phase analysis was studied using XRD and TEM, the morphological
analysis was analyzed using SEM. The magnetic characterization was carried using VSM
technique.

3.4.2 Structural / Phase Analysis:
3.4.2.1 X-Ray Diffraction (XRD):

A schematic of an X-ray diffractometer is shown in Fig.3.10 (a). In most cases,
diffraction occurs when the distance between scattering centres and the wavelength of
incident radiation are of equal magnitude [112]. In crystalline material atoms are arranged in
a unit cell, which is a repeating pattern with interatomic spacing between atoms is comparable
to the wavelength of X-rays (0.5-2.5 A). Hence, the crystal acts as 3D grating for X-rays.

Bragg conducted systematic studies on diffraction from crystalline materials and
developed the formula known as Bragg's law (Equation 3.2),
2dsin@ =nA (3.2
where,

d = Interplanar spacing,
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6 = Diffraction angle,
/. = Wavelength of X-ray, and

n = Order of diffraction.
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Fig.3.10: (a) Schematic of X-ray diffractometer [113] and (b) XRD pattern of Magnetite-
Fe304 nanoparticles.

XRD experiments are commonly used to confirm crystal structure and phase
formation. During the experiment, A or 6 must be continuously adjusted to satisfy Bragg's
criterion. Phases in a sample may be identified using the standard Joint Committee on Powder
Diffraction Standards (JCPDS) file based on d-spacing, and reflections can be indexed using
Miller indices. If the diffracting crystal is small, then destructive interference does not occur
at 0 = do. In proportion to the size of the small crystal, it widens the peak that corresponds to
the diffracted beam. Particle size may be ascertained by observing the broadening of the
diffraction peak. The Scherrer formula as given in Equation 3.3 is used to calculate the

crystallite size of nanoparticles using XRD data [113,114].
Dyg=—2% (3.3)

xrd = prose
where,
Dxrd = Particle size,
A =Wavelength of X-rays,
J =Line broadening at Full Width at Half Maxima (FWHM), and
6 = Diffraction angle.
An example of an XRD pattern of Magnetite- FesO4 nanoparticles is provided in
Fig.3.10 (b) to demonstrate the analysis of XRD data obtained from the XRD study.
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3.4.2.2 Transmission Electron Microscopy (TEM):

Transmission Electron Microscopy (TEM) uses a high-energy electron beam in a
vacuum to create images of a sample. Electrons passing through the sample are detected to
form detailed images. TEM allows to see atomic structures in crystals and molecular
components. It provides visualization from the microscale (1 um = 10 m) to the nanoscale
(1 nm =10° m). TEM reveals details beyond light microscopy by using focused electrons for
high-resolution imaging. It helps to examine microstructures, tissues, cells, proteins, and
crystalline materials. Additionally, it provides insights into crystal orientations and elemental
compositions, except for the lightest elements.
3.4.2.3 Fourier Transforms Infrared Spectroscopy (FTIR):

Technique that is frequently used to analyse both organic and certain inorganic
compounds is Fourier Transform Infrared (FT-IR) spectroscopy. According to the
fundamental principles of molecular spectroscopy, some molecules absorb light energy at
certain wavelengths known as resonance frequencies [115]. For example, the H,O molecule
resonates at 3450 cm! in the infrared part of the electromagnetic spectrum. The equipment is
separated into three categories: near (12,500 to 4000 cm™), mid (4000 to 400 cm™), and far-
IR (400 to 10 cm™). The mid-IR range (4000 to 400 cm™) is the most important since it
contains the majority of fundamental vibrations. Fig.3.11 (a) shows a schematic
representation of FTIR and Fig.3.11 (b) shows FTIR spectrum of Fe3O4 nanoparticles.

(a) jf (] K\ (b)
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Fourier
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Fig.3.11: (a) Schematic of an FTIR spectrometer [115] and (b) FTIR spectrum of Magnetite-
Fe3O4 nanoparticles.

The choice of material for the beam splitter depends on the area being studied.
Materials such as iron oxide or germanium are placed on top of an infrared-transparent
substrate (such as potassium bromide or caesium iodide) to produce beam splitters in the

infrared region. Force constant, shape, and relative masses of the atoms control the absorption
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wavelength. Every band in a spectrum represents the distinct functional groups and bonds.
The source of radiation enters the interferometer and passes to the detector. The signal is
amplified and converted to a digital signal by the analog-to-digital (A/D) converter and
amplifier before being delivered to the computer. A portion of the infrared radiation in the
10,000-100 cm™ range is absorbed by the sample, while the rest continues to pass. The
radiation is converted by the sample into vibrational or rotational energy. The signal that
appears at the detector is usually a spectrum representing the chemical fingerprint of the
material ranging from 4000 to 400 cm™. FTIR is a crucial tool for chemical identification as
every molecule has a unique fingerprint [116].

FTIR is mostly used for phase confirmation in inorganic oxides, or ferrites, based on
the existence of octahedral and tetrahedral molecular vibrations. It is necessary to cover
produced nanoparticles with organic, inorganic, or biocompatible compounds to expand their
potential usage in biomedical applications. Considering this, FTIR spectroscopy provides
insight into the effective adhesion of the coating agent to the surface of the magnetic core.
3.4.3 Morphological Study:
3.4.3.1 Scanning Electron Microscopy (SEM):

Scanning Electron Microscopy (SEM) is used to analyze the morphology of sample
and surface topography. Selective point locations on the sample can be analyzed using the
SEM; this technique is especially useful for qualitative or semi-quantitative identification of
crystalline structures, crystal orientations, and chemical composition. The SEM shows
incredibly detailed two-dimensional images at a magnification higher than that of a light
microscope. The SEM may also be used with an Energy-Dispersive X-ray spectrometer
(EDX) to do quantitative and qualitative chemical analysis.

In SEM the electron beam produces an electron column above the sample chamber.
Electrons can be produced by a field emission cathode or a thermal emission source, such as
a heated tungsten filament. Depending on the evaluation goals, the incident electron energy
can range from 100 to 30 keV. The electrons are focused into a very small area by use of a
sequence of magnetic lenses that this beam passes through as it descends. The focused beam
is moved over the object by a series of scanning coils toward the bottom.

When an electron beam strikes a sample surface, electrons are released as a result of
elastic and inelastic scattering. Backscattered electrons are high-energy electrons ejected by

elastic scattering having equivalent energy to incident electrons. Secondary electrons are low-
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energy electrons released as a result of inelastic scattering with an energy of 50 eV or less. An
amplifier receives the findings from a detector that counts the electrons. The final image is
the total amount of electrons produced by every point on the sample [117]. Fig.3.12 (a) shows
a schematic of a scanning electron microscope and Fig.3.12 (b) shows an example of SEM

images of Magnetite- Fe3O4 nanoparticles synthesized by coprecipitation method.
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Fig.3.12: (a) Schematic of scanning electron microscope [117] and (b) SEM image of
Magnetite- Fe3Og particles.
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3.4.4 Functionalization and Particle Size Study:
3.4.4.1 Zeta Potential:

It is necessary to disperse synthesized MNPs in an appropriate base fluid (such as
water) for biological uses. A zeta potential (C-potential) analyzer was used to investigate
dispersion stability, aggregability, and sedimentation qualities. The ¢-potential and pH values
of the produced suspension were measured using a Zetasizer (Malvern Instruments Ltd). The
potential difference between the stationary fluid layer attached to the dispersed particles and
the dispersion medium is known as the -potential. Although the (-potential cannot be
observed directly, it is calculated by the use of theoretical models and observations of
electrophoretic or dynamic electrophoretic mobility [118]. An optical setup of C-potential
detection is shown in Fig.3.13 (a) with an example of Magnetite- FesO4 nanoparticles in
Fig.3.13 (b).
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Fig.3.13: (a) Optical configuration of the Zetasizer [118] and (b) Zeta potential for Magnetite-
Fe304 nanoparticles.

3.4.4.2 Dynamic Light Scattering (DLS):

Dynamic Light Scattering (DLS) is used to estimate the hydrodynamic size of particles
(pristine or coated). DLS measurements were performed using a Malvern 4800 Autosizer with
a 7132 digital correlator and a 632.8 nm He-Ne laser beam. Every measurement was done
with water circulation at 25.0 £ 0.1 °C. A cylindrical cell of diameter 10 mm was used in all
light scattering investigations. For every sample, five measurements of the scattered light
intensity were made at 130°. A photon correlator with 192 channels was used to determine the
autocorrelation function.

Semi-classical light scattering theory states that an oscillating polarization of electrons

in molecules occurs when light strikes matter. After that, the molecules emit (scatter) light,
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functioning as secondary sources of light. The frequency variations, angular distribution,
polarization, and intensity of scattered light are all influenced by the size, shape, and
molecular interactions of the scattering medium. DLS is one of the methods of light scattering.
A schematic of the DLS device is shown in Fig.3.14 (a). The hydrodynamic size of Magnetite-
Fe304 nanoparticles measured using DLS technique, as given in Fig.3.14 (b) using water as
solvent as an example. The following presumptions underpin the operation of the DLS [119]:
The dispersed particles or macromolecules suspended in a liquid medium experience
Brownian motion; in this case, the probability density function, which is given by: P (1, t/0,0)
= (4n D t)¥2 exp (-r* 4D t), where D is the diffusion constant. This generates variations in
particle concentration, resulting in local inhomogeneities of the refractive index. This causes

changes in the intensity of the dispersed light.
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Fig.3.14: (a) Optical configuration of Dynamic Light Scattering (DLS) [119] and (b) DLS of
Magnetite- Fe;O4 nanoparticles.
The Stokes-Einstein formula (Equation 3.4), gives the relationship between the

particle size, viscosity and diffusion coefficient.

=T (3.4)

" émna
Where,
a = Radius of the beads,
ks = Boltzmann constant,
7= temperature in Kelvin, and
n = coefficient of viscosity of the solvent.
3.4.5 Magnetic Characterization:
3.4.5.1 Magnetic Induction Heating:

Heating of MNPs can be studied using a magnetic induction heating effect under

application of an Alternating Magnetic Field (AMF) of appropriate strength. This is called
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Magnetic Hyper Thermia (MHT). The key factor in MHT is the heating of MNPs, which is
expressed in terms of the Specific Absorption Rate (SAR) value, defined as the capacity of
MNPs to convert magnetic energy into heat. Generally, temperatures between 42-44 °C are
considered to be useful for killing cancer cells. In present study, nanoparticles were self-
heated in water at various amplitudes of AMF. The temperature rise for each sample after 10
minutes is observed for a fixed frequency of 278 kHz. The 100% conversion of magnetic
energy into heat is not possible, this power loss in IONPs is due to residual loss, eddy current
loss, and hysteresis loss. The hysteresis loss is minimal for superparamagnetic IONPs. The

experimental setup for magnetic induction heating is shown in Fig.3.16.
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Fig.3.16: Experimental setup for MHT [120].

3.4.5.2 Vibrating Sample Magnetometer (VSM):

Superparamagnetic behaviour is one of the key requirements for MNPs to be eligible
for in vivo biological applications. For superparamagnetic MNPs, remanence and coercivity
are negligible. This method was developed in 1956 by physicist Simon Foner at MIT Lincoln
Laboratory. They work well in manufacturing, process control, testing, and research &
development where a constant AMF is applied to the MNPs under study.

A magnetic field known as the magnetic stray field is created around the MNPs by the
magnetic dipole moment. A set of pick-up coils measures the variation in the magnetic stray
field over time that occurs as the sample is moved up and down on a long rod as shown in

Fig.3.17 (a). VSM analysis of superparamagnetic [ONPs as an example is shown in Fig.3.17
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(b). Induced current is produced in the coils due to oscillatory motion of the MNPs during
magnetization and demagnetization. A trans-impedance amplifier is used to increase the
induced current. Using controlling and monitoring software, the gadget can provide data on

the magnetization-demagnetization of MNPs with time (hysteresis curve) [121].
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Fig.3.17: (a) Principle of VSM [121] and (b) VSM analysis of I[ONPs.

3.5 Biocompatibility Study:

As nanotechnology advances, concerns regarding the adverse effects of nanomaterials
particularly on human health are becoming more and more prevalent. Hence an investigation
on biocompatibility of nanoparticles has become an essential area of study. It is beneficial to
run many tests to achieve a reliable conclusion. The samples will be sent for in vivo testing
on animals that are similar to the human model. Based on several in vivo experiments for
MNPs conducted on animals, histology and serologic blood tests revealed no adverse effects
following a seven-day therapy at a high dosage of 3,000 umol nanoparticles per kg of body
weight [122]. When the biocompatibility tests show negligible or no effects for the
concentrations of MNPs used on human clinical studies then it is sent to FDA for approval.

Hydrophilic substances, such as water or physiological brine, are needed as solvents
for the suspension of MNPs. The pH level of the suspension is kept at a nearly neutral (7.4).
The cytotoxicity of every new sample is investigated thoroughly before in-vivo use.

biocompatibility can be assessed with variety of methods shown in Fig.3.18.
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Fig. 3.18: Various assays (methods) to assess biocompatibility: (a) Cell Viability,

(b) Cytotoxicity, and (¢) Hemolysis.

3.5.1 Cell Viability /Cytotoxicity Assays:

Chart 3.3 shows classification of cell viability and cytotoxicity tests, these assays

are categorized according to the types of endpoints that are measured (e.g., color changes,

fluorescence, luminescence, and so on).

Classification of cytotoxicity and cell viability Assay

= Erythrosine B Assay

Dye Exclusion Fluorometric Luminometric Colorimetric
l Assay Assay Assay
* Trypan Blue = Alamar Blue Assay " ATP Assay " MTT Assay
= Eosin = CFDA-AM Assay = Real-time viability Assay = MTS Assay
= Congored = XTT Assay

= AST-1Assay

WST-8 Assay
= LDH Assay
= SRB Assay
NRU Assay

= Crystal Violet Assay

Chart 3.3: Different types of cytotoxicity and cell viability assays.

Chemical cytotoxicity studies and drug screening frequently involve in-vitro cell

viability and cytotoxicity assays with cultured cells. To assess chemical toxicity and limit

tumor cell proliferation throughout the drug development process, these assays are now being

used in oncological investigations. They are efficient and don't require the usage of animals.
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An extensive variety of sample materials may also be tested using them. For cell viability and
cytotoxicity investigations, a variety of cell activities are utilized, including co-enzyme
creation, Adenosine Tri Phosphate (ATP) production, cell adhesion, membrane permeability,
enzyme activity, and nucleotide absorption activity. Studies using human cells may be more
pertinent than some in vivo animal investigations, and in vitro cytotoxicity or cell viability
tests provide a number of benefits, including time, cost savings, and automation. They do not
have the technical advancement to fully replace animal testing, which is a major disadvantage
[12].
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Fig.3.19: MTT assay to study cell viability and cell toxicity of nanoparticles.

In the present study cell viability /cytotoxicity of IONPs were studied using MTT
assay (3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide). The MTT assays are
used for in-vitro cell viability and cytotoxicity of nanoparticles. The MTT assay is
significantly better than other kinds as it is simple to apply, safe, highly reproducible, and
often used to assess cytotoxicity and cell viability [122]. The MTT test measures the viability,
proliferation, and cytotoxicity of cells by assessing their metabolic activity. This colorimetric
test yields data based on metabolically active cells reducing a yellow tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT) to purple formazan crystals
(refer Fig.3.19). Live cells include enzymes called NAD(P)H-dependent oxidoreductases,
which convert MTT into formazan. The insoluble formazan crystals are dissolved using a
solubilization solution, such as dimethyl sulfoxide (DMSO). The absorbance of the obtained
coloured solution is then measured at a wavelength of 400-600 nm using a multi well
spectrophotometer. The more stimulated the cells are, the deeper the colour. In this study, the
cytotoxicity of nanoparticles was evaluated using MDA-MB-231 human breast cancer cell
lines and L929 mouse fibroblast cell lines.

The following Equations 3.5 and 3.6 were used to calculate the percentage of cell

viability and cytotoxicity of IONPs after treating with cell lines.

81



Chapter-03

Absorbance of test sample

% Cell viability =

X0 (3.5)

Absorbance of control
% Cytotoxicity = 100 — % Cell viability ... (3.6)
3.5.2 Hemolysis Assay:

The entry of foreign particles into the body can have a variety of and sometimes
conflicting effects, so determining their effects on the body is a critical step in their
applicability. Because the injected nanoparticles come into direct touch with blood tissue and
its components, an evaluation of their hemocompatibility is essential for further study.

Hemolysis percentage is calculated using Equation 3.7.

Percentage hemolysis = 0D(test) — OD(negative control) X100 ........ 3.7

[OD (positive control) — OD (negative control)

where OD = Optical density at 540 nm.
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4.1 Introduction:

Physical, optical, magnetic, and electrical properties show unique transformations
when the particle size is less than 100 nm. Thus, a nanomaterial is a fundamental of
agglomerated particles whose size is below 100 nm. When the size is lower than Bohr’s
exciton radius (quantum dot), quantum confinement effects are observed. These properties
are quite different from bulk materials [1]. Nanocrystalline spinel ferrites have potential
applications in microwave absorbers, recording systems, chemical sensors, imaging,
permanent magnets, ferrofluid technology, and biomedical applications [2]. Spinel ferrite
exhibits Tetrahedral (A) and Octahedral (B) sublattices in cubic space group. In the
compound (MFe204), M?* (M = Fe, Co, Mg, Ni, Mn, etc.) and Fe3* are organized at two
different crystallographic sites with tetrahedral and octahedral oxygen coordination. Normal
spinel is the structure that results when 16 B sites are filled by Fe** cations, and M?* cations
fill 8 A sites. In inverse spinel structure, M?* ions occupy the B site whereas Fe®" ions
randomly occupy both A and B sites [3]. Hydrophilic ferrofluids are mostly employed in
medical applications for therapy and detecting medical problems. The hydrophobic
ferrofluids are used in applications like rotating shaft seals and loudspeakers [4]. Ferrite
nanoparticles exhibit spin canting, metastable cation distribution, core/shell structure, and
superparamagnetism when the particle size is below 20 nm. These properties are contingent
upon several variables, including anisotropy, surface morphology, composition, grain size,
and interparticle interactions. The electrical and magnetic properties of ferrites can be
affected by the distribution of cations between tetrahedral and octahedral sites. This
distribution can be regulated by the synthesis methods and synthesis parameters [5].

Hematite- a-Fe>O3, Maghemite- y-Fe>O3, and Magnetite- FesO4 are the most common
phases of iron oxide among various ferrite materials. The most prevalent type of iron oxide
utilized in biomedical applications is Magnetite-Fe3O4, which has a greater saturation
magnetization (Ms) value, is less toxic, biocompatible, easy to tag biomolecules, and simple
to synthesize. Because of these special qualities, Magnetite- FesO4 nanoparticles have been
authorized for use in clinical human trials [6,7].

The reaction mechanism has significant influence on the physicochemical properties
of synthesized nanoparticles such as magnetic properties, solubility, and crystal structure.
These characteristics have been shown to change when the [Fe?*] / [Fe3*] ion ratio changes.
Magnetite-FesO4 nanoparticles have an inverse spinel crystal structure where Fe?* ions are

found in the B site, whereas Fe®* ions are evenly distributed throughout the A and B sites. The
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dominant factor behind the magnetic properties of these ferrites is the super exchange
interaction between cations occupying the A- and B-sites in conjunction with oxygen ions
[2,8,9].

In the present study, chemical co-precipitation method was used to synthesize Iron
Oxide Nanoparticles (IONPs) by varying the molar ratio of iron salts, providing Fe?* and Fe**
ions.

4.2 Experimental:
Materials:

Materials used to synthesize IONPs: Iron (II1) chloride hexahydrate (FeClz-6H-0,
>99%); Iron (1) chloride tetrahydrate (FeCl,-4H20, >99%); and Sodium hydroxide (NaOH,
>99%) -Sigma-Aldrich.

A) Synthesis of IONPs:

To synthesize IONPs the molar concentration ratio Fe?*: Fe** ions was taken 0.5:2.5,
1:2,1.5:1.5, and 2:1, labelled as I1, I, I3, and l4, respectively.

FeCl>-4H>0 and FeClsz-6H>O were separately dissolved in Double Distilled Water
(DDW) for the given molar ratio with constant stirring. In this mixture, 80 mM of NaOH was
added dropwise to bring the pH of the iron salt solution to 13 from the initial acidic pH 3.2.
The precursor was maintained at 70+5 °C for 60 min and then cooled to room temperature.
Using magnetic decantation process, precipitate was collected and washed with DDW, and
desiccated in an oven at a temperature of 70 °C. The samples thus obtained were labelled as
1, 12, I3, and la.

Numerous studies have been conducted on the co-precipitation method employing
Fe?* and Fe** ions interacting in an alkaline condition. In the co-precipitation method, if the
percent of Fe** ions exceeds 2, then ferric hydroxide is formed quickly [8] as seen for sample
I1. Following reaction mechanism is proposed for the synthesis of Magnetite-FesO4 (IONPS)
via coprecipitation method:

In the first stage, ferric and ferrous hydroxides are formed:
FeCly; = Fe3* + 3Cl™

Fe3* +30H™ = Fe(OH); . 4.1)
FeCl, = Fe?* +2Cl™

Fe?* +20H™ = Fe(OH), . 4.2)
In the second stage, ferric hydroxide decomposes to Ferric-oxyhydroxide (FeOOH):
Fe(OH); = FeOOH +H,0 . 4.3)
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Finally, reaction between Ferric-oxyhydroxide (FeEOOH) and Ferrous hydroxides (Fe (OH)2)

takes place to form Magnetite- FesO4 particles:

2FeOO0OH + Fe(OH), = Fe30, + 2H,0 ... (4.4)
The overall reaction is as follows:
2Fe3* + Fe?* + 80H™ = 2Fe(OH)3; Fe(OH), — Fe;0, + 4H,0 ... (4.5)

For sample I1 Ferrous hydroxide is oxidized to Ferric hydroxide and then to Hematite- a-
Fe203[8]:
2Fe(OH); = Fe,03 +3H,0 (4.6)

Various factors, like initial concentration, molar ratios of ferrous and ferric salts,
concentration of base solution, reaction temperature, stirring rate, etc, were optimized.
B) Characterization:

X-ray Diffraction (XRD) patterns of powder samples I, I, I3, and 14 were recorded
with CuKa radiation (A=1.546 A). Scanning Electron Microscopy (SEM) (JEOL, JSM-1T200
(Japan)) was used to observe the morphology. Fourier Transform Infrared Spectroscopy
(FTIR) spectra were recorded on Alpha (1) Bruker device operating in a range of 400-4000
cmt. Hydrodynamic particle size and zeta (¢)-potential were recorded using (HORIBA SZ-
100) with water as a dispersant. Vibrating Sample Magnetometer (VSM) (EV X) was used to
study magnetic properties at room temperature. Magnetic Hyper Thermia (MHT) study for all
the samples was carried using an EasyHeat 8310 (Ambrell, UK) assembly. Based on MHT
outcome, the anticancer efficacy of the Magnetite- FesO4 (sample 12) nanoparticles was made
using (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) (MTT) assay and
evaluated against L929 fibroblast cell line and MDA-MB-231 breast cancer cell line. The
hemolysis assay was used to assess the effect of synthesized particles on red blood cells, i.e.
to check the hemocompatibility of Magnetite- Fe3O4 (sample I2) nanoparticles.

4.3 Results and Discussion:
4.3.1 Structural/Phase Analysis:
X-Ray Diffraction (XRD):

The XRD patterns for samples I3, I2, I3, and I4 are shown in Fig.4.1. All the samples
show polycrystalline structure. Sample 11 shows rhombohedral spinel crystal structure
revealing Hematite- a-Fe2O3 phase. Samples Iz, 13, and 14 reveal cubic inverse spinel crystal
structure of Magnetite- FesO4 phase. The average lattice constant for samples I, I3, and 14 is
8.33 A. The XRD patterns perfectly match with the JCPDS card nos. 00-33-0664 for
Hematite- a-Fe2O3 (I1) and 00-019-0629 for Magnetite- Fe3Oa (l2, 13, and l4). The average
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crystallite size calculated using the Scherrer formula (Equation 3.3 (Chapter-03)) for the
prominent peaks is found to be 25+4 nm for Sample I1 and 10.5+1.3 nm for samples Iz, I3,

and la.

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig.4.1: XRD patterns of Hematite- a-Fe2Os (sample I1) and Magnetite- FesO4 (samples
I2, 13, and 14) nanoparticles.

The increase in crystallite size for sample I: may be due to a higher concentration of
Fe3* ions compared to Fe?* ions.
Transmission Electron Microscopy (TEM):

The particle size was further evaluated using Transmission Electron Microscope
(TEM) (JEOL, JEM 2100). The Transmission Electron (TE) micrographs for three different
magnifications are shown in Fig.4.2 for Magnetite- FesO4 (sample I2). The average particle

size is found to be 10+ 0.5 nm, which matches with that calculated from XRD study.

Fig.4.2: TE micrographs of Magnetite- FesOs (sample I2) nanoparticles at different
magnifications.
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4.3.2 Morphological Analysis:
Scanning Electron Microscopy (SEM):
The surface morphology of the synthesized IONPs were studied using SEM. The
Scanning Electron (SE) micrographs at two different magnifications are shown in Fig.4.3.
Granular surface morphology of agglomerated IONPs is seen with an average grain

size of 32.38 nm, 38.42 nm, and 43.21 nm for samples I, I3, and l4, respectively.

Fig.4.3: SE Micrographs of samples Iz, 13, and 14 at 2000X and 40000X.

Energy Dispersive X-Ray (EDX/EDAX) Analysis:
The elemental composition in terms of atomic weight percentage was analyzed using
EDX technique to evaluate stoichiometry of the IONPs. The EDX profile for samples I, I3,

and ls4is shown in Fig.4.4.

10K,

FeK,

1 reu
50 La
] FeKg
0 — sl skl pil Y T '

T

0 5 10
Energy [keV] Energy [keV]

Intensity [Counts]
Intensity [Counts]

Intensity [Counts)

Energy [keV]

Fig.4.4: EDX profile of samples I, I3, and ls.
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The atomic weight percentage of Fe and O elements present in the samples Iz, I3 and

ls is given in Table 4.1. The EDX analysis of samples I, I3, and 14 shows close agreement

with theoretical value.

Table 4.1: Weight percentages of the Fe and O atoms in the samples Iz, 13, and 14 from EDX

profile.

FesOs4

: N
Sample Atomic Weight %% stoichiometry
name
Fe O 2.61 (theoretical)
B 70.90 29.10 2.43
B 69.70 30.30 2.30
l4 72.56 27.44 2.64

4.3.3 Chemical Signature:

Fourier-Transform Infrared Spectroscopy (FTIR):

The chemical bonds existing in Magnetite- Fe3Og is studied using FTIR spectroscopy

in which the incident infrared radiation is absorbed at a resonant frequency of bending,

stretching, or vibrating chemical bonds that exist between the atoms within the compound.

The FTIR absorption spectra of samples Iz, 13, and l4 within the wavenumber range of
4000 to 300 cm™* are shown in Fig.4.5.

Transmittance (%)
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1700

:
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—

{
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~
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s ol

300

Fig.4.5: FTIR Spectra of samples Iz, I3, and la.
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An FTIR study revealed the presence of vibrating stretching bond Fe-O (v1=431.17 to
454.82 cm™?) at the octahedral site and Fe-O (v2=556.36 to 561.18 cm™) at the tetrahedral
site. The presence of Fe-O stretching bonds at tetrahedral and octahedral sites indicates

formation of inverse spinel ferrite phase.

The absorption band at 1600 cm™ is attributed to the bending vibration of the O-H
bond, while the absorption band at 3400 cm™ (vs) is due to the stretching vibration of the O-H
bond; both are characteristic of a hydroxyl group which can cause the broadness of the peak
around 3400 cm (vs) [10,11].

4.3.4 Particle Size and Zeta Potential Study:
Dynamic Light Scattering (DLS):

Good chemical stability at physiological/neutral pH ~7 is necessary for the use of
nanoparticles in biomedicine. Veiseh et al. [12] studied that the physicochemical
characteristics of nanoparticles seem to have a major impact on their biodistribution. The
hydrodynamic size influences the permeability of nanoparticles out of the vasculature and
controls the nanoparticles concentration profile in the blood vessel, which in turn influences
the nanoparticle’s clearance process.

The DLS study was performed for sample I2 to investigate the hydrodynamic diameter
of nanoparticles with the average size distribution at room temperature using DDW at pH
value of 7.2. The observed hydrodynamic diameter of IONPs is 113.7 nm (Fig.4.6). The
hydrodynamic size of IONPs is more compared to actual size of the nanoparticles due to
solvation layer of water molecules and ions around the particles, along with the little

aggregation [12].

20~

Frequency (%)
he

Diameter (nm)

Fig.4.6: Hydrodynamic diameter of IONPs.
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Zeta potential (¢-potential):

The - potential is used to measure the variation in surface charges of particles, which
is used to control the electrostatic interaction of the nanoparticles. The stability of
nanoparticles is investigated using ¢- potential measurements in water (pH~7). The standard
value of ¢- potential of MNPs to be used for biomedical applications is +30 mV [13]. The -
potential of IONPs varies in the range of -70 to 0 mV with a peak value at -30 mV as shown
in Fig.4.7. The repulsive forces between negatively charged sheath around the IONPs cause

the increase in hydrodynamic size as indicated in DLS study.
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Fig.4.7: Zeta potential value of IONPs (Inset: enlarge view of zeta potential scale from -
70 to +10 mV).

4.3.5 Vibrating Sample Magnetometer (VSM) Analysis:

The magnetic parameters, namely type of magnetism, saturation magnetization (Ms),
coercivity (Hc), and retentivity, can be evaluated with the help of VSM, which generates a
hysteresis loop of IONPs. The hysteresis loops for IONPs (samples Io, I3, and 1s) were
obtained with the external magnetic field window of +17 kOe at room temperature, which are
shown in Fig.4.8.

The observed values of saturation magnetization (Ms) and coercivity (Hc) for samples
I2, I3, and I4 are given in Table 4.2. The obtained saturation magnetization (Ms) values are
smaller than the saturation magnetization (Ms) value of bulk Magnetite- Fe3Oas i.e. 92 emu ¢
1. The decrease in saturation magnetization (Ms) value of IONPs is caused by spin canting
and the presence of irregular spins on the surface of nanoparticles. The variation in saturation

magnetization (Ms) and coercivity (Hc) values may be due to an increase in particle size [13].
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16000 -8000 O 8000 16000
H (Oe)

Fig.4.8: Magnetization versus magnetic field curves of samples I, I3, and Ia.

Table 4.2: Saturation magnetization (Ms) and Coercivity (Hc) values of samples Iz, I3, and la.

Sample Ms (emu g1) Hc (Oe)

2 50.20 32.83
Is 55.54 35.99
I4 60.21 61.45

All the synthesized IONPs (samples Iz, I3, and 14) displayed Super Paramagnetic
characteristics, exhibiting a S-shaped hysteresis curve. For the Super Paramagnetic IONPs
field-dependent magnetization curves were fitted using the Langevin function. The exact fit
was observed for sample I, as shown in Fig.4.9 while samples Iz and l4 showed deviation for

Langevin fit
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Fig.4.9: Langevin fit for sample I>.
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4.3.6 Magnetic Hyper Thermia (MHT) Study:

When an Alternating Magnetic Field (AMF) is applied, the magnetization and
demagnetization of IONPs produce heat due to hysteresis loss, Eddy current, and residual
losses, this is called MHT. The MHT of samples Iz, I3, and I4 were studied using a magnetic
induction heating device for 600 s. The heating ability of MNPs is expressed in terms of the
Specific Absorption Rate (SAR) value which is defined as the capacity of MNPs to convert
magnetic energy into heat. Generally, temperatures between 42-45°C are suitable to Kill
cancer cells. Thus, the MHT cancer therapy basically requires a suitable amount of MNPs to
be inserted into cancer tumor and application of external AMF of appropriate strength to
increase the temperature to kill the cancer cells. The efficacy of the treatment can be more
effective when drugs are used along with MNPs.

Samples Iy, I3, and 14 with concentrations of 1, 2, and 3 mg mL* were kept in a 3 mL
cuvette containing 1 mL of DDW. This cuvette was kept in a MHT device and external AMF
of fixed frequency (278 kHz) was applied for 600 s. The change in temperature was recorded
for three different AMF strengths (13.3, 20.0, and 26.7 KA m™). Fig.4.10 shows the

temperature vs time curves of all the samples.
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Fig.4.10: Temperature Vs Time variation for: (A) Iz, (B) I3, and (C) la.

It is observed that with increase in the concentration of IONPs, there is increases in

the temperature. Samples I», I3, and 14 show therapeutic temperature rise (beyond 42 °C) at the

field strengths of 20.0 and 26.7 kA m for the 2 and 3 mg mL™! concentrations of magnetic
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suspension. The therapeutic temperature is attained within 300 to 500 s for samples I, I3, and
Is when concentrations are 2 or 3 mg.

The SAR and Intrinsic Loss Power (ILP) values calculated using Equations 2.7 and
2.8 (Chapter-02) as a function of magnetic field strength for samples I, I3, and l4 for

different concentrations are shown in Table 4.3.

Table 4.3: SAR and ILP values for samples I, I3, and 4 for different magnetic field
strengths.

Applied SAR (W g?) ILP (nHM? kg!, n=1)
Sampl
Field
® | kA 1 2 3 1 2 3
mgmL? | mgmL? | mgmL? | mgmL? | mgmL?* | mgmL?
13.6 55.86 48.43 53.64 1.09 0.94 1.04
I 20 104.74 79.56 100.29 0.94 0.72 0.90
26.7 125.69 124.53 137.62 0.63 0.63 0.69
13.6 41.89 30.32 20.75 0.81 0.59 0.40
I3 20 111.72 76.97 76.1 0.11 0.69 0.68
26.7 174.57 116.62 103.77 0.88 0.59 0.52
13.6 97.76 34.59 65.31 1.90 0.67 1.27
ls 20 125.69 79.56 95.63 1.13 0.72 0.86
26.7 209.49 207.55 142.28 1.06 1.05 0.72

It is seen that with increase in field strength SAR value increases and ILP values
decreases as required for efficient MHT similarly no specific trend is observed for different
concentrations [14-16].

Samples 12, I3, and l4 show Magnetite- FesO4 phase with particle size less than 20 nm,
which is suitable for MHT study. Based on the results of the physicochemical and magnetic
characterization, it is noted that sample I2, which corresponds to the Magnetite- FezOs phase
of IONPs with average crystallite size of 9.73 nm is most suitable for further biological
studies such as biocompatibility (cell viability/toxicity) and MHT towards normal cell lines
and breast cancer cell lines.

4.3.7 Biocompatibility:

Pristine, PEG coated and GSH coated Magnetite- FesOs nanoparticles of different

concentrations were subjected for biocompatibility tests. This topic gives results for pristine

Magnetite- FesO4 nanoparticles (sample I2).
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(a) Cell Viability/Cytotoxicity Assay:
3-(4, 5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay:

Due to wide applications of iron oxide in the field of biomedical, cell viability and
cell toxicity are the primary steps to check their biocompatibility. To study the toxicity,
Magnetite- FesO4 nanoparticles were mixed with fibroblast cell line (L929) and cancer cell
line (MDA MB 231).

The 96-well flat-bottom microplate was used to seed the cells in an incubator
maintained at 37°C with 95% humidity and 5% CO> for 12 h. After seeding the cell lines for
12 h, different concentrations of 100, 50, 25, 12.5, 6.25, and 3.125 pg mL™ of Magnetite-
Fe304 nanoparticles were mixed and the resulting mixture is incubated for further 48 h. After
two rounds of Phosphate buffered saline (PBS) washing, each well is stained with 20 uL of
MTT staining solution, followed by incubation at 37 °C. After 4 h, 100 pL of Dimethyl
Sulfoxide (DMSO) was given to each well to dissolve the formazan crystal, and the

absorbance at 570 nm was measured using a microplate reader.

Equations 3.5 and 3.6 (Chapter-03) were used to calculate the percentage of cell

viability/ toxicity of Magnetite- FesO4 nanoparticles.

For L929 fibroblast cell line, the Magnetite- FesO4 nanoparticles show decrease in cell
viability from 97 to 92 % with increase in the concentration of Magnetite- Fez0a
nanoparticles from 3.125 to 100 pg mL™ as shown in Fig.4.11 (a). The microscopy pictures
of untreated and treated L929 fibroblast cell line for 100 ug mL? of Magnetite- Fes3O4

nanoparticles is shown in Fig.4.11 (b).
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Fig.4.11: (a) Histogram of cell viability percentage and (b) The microscopy pictures of the
L.929 cell line.
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For MDA-MB-231 breast cancer cell line, the Magnetite- Fe3O4 nanoparticles show
increase in cell toxicity from 10 to 78% with increase in concentration from 3.125 to 100 ug
mL?. Thus, the cell toxicity (killing of cancer cells) increases with concentration of
Magnetite- FesO4 nanoparticles [17] as shown in Fig.4.12 (a). The microscopic picture of
breast cancer cell line (MDA MB 231) for concentration of 100 pg mL™ of IONPs is shown
in Fig.4.12 (b).
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Fig.4.12: (a) Histogram of cytotoxicity percentage and (b) The microscopy pictures of the
MDA MB 231 cell line.

As the concentration of nanoparticles increases, more Fe-ions are available to interact
with cancer cells in Tumor Micro Environment (TME) which leads to increase in cell
toxicity. The generation of Reactive Oxygen Species (ROS) by Magnetite- Fez0s
nanoparticles is toxic to cancer cells and is the cause of cell death. This may be described as
follows: in the cell, Magnetite- FesO4 nanoparticles break down into Fe?* and Fe®" ions at a
pH of 4-5 (TME). The resulting ions play an important role in ROS formation by converting
mitochondrial H20: into hydroperoxyl (HOOe¢) and hydroxyl (HOe) radicals via Fenton
reaction. Another possibility is ferroptosis or iron metabolism caused by lipid peroxidation
[13].

(b) Hemolysis Assay:

The entry of foreign particles into the body can have a variety of and sometimes

conflicting effects, so determining their effects on the body is a critical step in their

applicability. Because the injected nanoparticles come into direct touch with blood tissue and

its components, an evaluation of their hemocompatibility is essential for further study.
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For this study fresh human blood (10 mL) was collected in heparinized centrifuge
tubes, rotated at 3000 rpm for 10 min, and washed three times with an equivalent volume of
normal saline. The blood volume was measured and reconstituted as a 10% v/v solution in
normal saline. The reaction mixture included 1 mL of 10% red blood cell suspension. Triton
X-100 was used as a standard drug (positive control), saline as a negative control, and test
sample with different concentrations of Magnetite- FesO4 nanoparticles were then incubated
at 56°C for 30 min, and centrifuged at 2500 rpm for 5 min. The absorbance of the supernatant
was measured at 560 nm. Hemolysis percentage was calculated using Equation 3.7
(Chapter-03).

The concentration of the Magnetite- FesO4 nanoparticles was varied from 0.5 to 2.0
mg mL1. The change in hemolysis percentage is shown in Fig.4.13 (a). The photographs of
RBC suspensions of 1) Positive control (Triton x-100), 2) Negative Control (saline), and 3)
Test sample are shown in Fig.4.13 (b).
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Fig.4.13: (a) Hemolysis percentage of Magnetite- FesOs nanoparticles and (b) the
photographs of RBC suspensions (1) Positive control (Triton x-100), (2) Negative Control
(saline), and (3) Test sample.

The percentage of hemolysis is between 1 to 3 which is well below 5% as per ISO
10993-5 guidelines [18].
4.4 Conclusions:

Chemical coprecipitation method can be used to synthesize Magnetite- Fe3Os
nanoparticles with crystallite size well below 20 nm. The XRD study reveals inverse spinel
crystal structure of Magnetite- Fe3O4 phase of IONPs with relevant tetrahedral and octahedral
positions of ferrous and ferric ions. Sample Iz with average crystallite size of 9.73 nm shows
prominent magnetic properties and is found useful for MHT. The magnetization of

50.20emu gt and coercivity of 32.83 Oe confirm the superparamagnetic regime of
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Magnetite- Fe3Os nanoparticles. The toxicity of Magnetite- Fe3Os nanoparticles against
MDA-MB-231 breast cancer cell lines provides significant anticancer results where cell
toxicity increases with an increase in the concentration of Magnetite- FesO4 nanoparticles.
The Magnetite- Fe3O4 nanoparticles exhibit hemolysis below 5% which is permissible for
biomedical applications. The highest values of SAR and lowest values of ILP can be obtained
at physiologically safe ranges of external magnetic field strength and frequency, which makes

synthesized Magnetite- Fe3O4 nanoparticles suitable for MHT cancer therapy.
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5.1 Introduction:

In 1990, the new interdisciplinary term ‘“nanomedicine” was introduced in the
medical field. It was described as the application of nanoscopic or fine-structured materials
in medicine that have distinctive biological effects due to their fascinating properties [1]. For
example, Iron Oxide Nanoparticles (IONPs) have a physicochemical feature that are
beneficial for many biomedical applications such as Magnetic Resonance Imaging (MRI) [2],
drug delivery, cell tracking, Magnetic Hyper Thermia (MHT) [3], biosensors, and cell
labelling [4], etc. Among different forms of iron oxide (Goethite, Wustite, Magnetite- Fe3Oa,
Maghemite- y-Fe;Os3, and Hematite- o«c-Fe>O3), the main attention has been placed on
Magnetite- Fe;O4 nanoparticles due to less toxicity, biocompatibility, injectability, chemical
stability, high saturation magnetization (Ms) value, superparamagnetic properties, interaction
with biomolecules, biomolecule dispersions, and ease of synthesis [5].

However, the coating is essential to make IONPs biocompatible, as pristine IONPs
have a substantial specific surface area and significant interaction between dipoles. Also, the
chemical stability and magnetic properties were affected, due to intense chemical activity
leading to surface oxidation [6]. To improve the stabilization of Magnetite- Fe3Os
nanoparticles, relevant and biocompatible surfactants/polymers such as Poly Ethylene Glycol
(PEG), chitosan, Poly Acrylic Acid (PAA), dextran, Poly Vinyl Alcohol (PVA), citric acid,
Cetrimonium Bromide (CTAB), silica, etc are required on the surface of nanoparticles [7-9].
Among all, the foremost utilized agent for surface coating is PEG, due to extremely high
biocompatibility, affinity with water, capacity to extend the period that Magnetite- Fe3O4
nanoparticles circulate in blood circulation, increased dispersibility, improved colloidal
stability, non-toxicity, and low-cost [10].

Adding PEG to Magnetite- FesOs4 nanoparticles significantly improves their
biocompatibility, stability, and cellular absorption. PEG binding, frequently enhances the in
vivo half-life of small drug molecules, decreases enzyme degradation, reduces toxicity,
increases water solubility, increases dispersibility, and decreases agglomeration. These effects
are commonly exploited in a variety of biomedical applications [11]. Thus, Magnetite- Fe3O4
nanoparticles coated with PEG become important for different biomedical applications.

Along with the nature of the surfactant, the size, shape, morphology, and dispersibility
of Magnetite- Fe;O4 nanoparticles affect biomedical applications. As a result, the researcher
concentrated on the various synthesis methods to monitor structure, morphology, and size

with adaptable and intriguing features. To synthesize Magnetite- Fe;O4 nanoparticles, many

105



Chapter-05

synthesis methods were discussed earlier in literature such as microwave, spray pyrolysis,
laser pyrolysis, polyol, microemulsion, co-precipitation, sol-gel, thermal decomposition,
sonochemical, solvothermal, and hydrothermal method [12-17] etc. The coprecipitation is one
of these methods that is easy, quick, and efficient for the synthesis of both uncoated and PEG-
coated Magnetite- Fe3O4 nanoparticles. For this method, the reaction medium must be basic
with a Ferrous (Fe?") to Ferric (Fe*") ion ratio of 1:2 for the synthesis of Magnetite- Fe;O4
nanoparticles.

Two approaches were used for the synthesis of polymer-coated Magnetic
Nanoparticles (MNPs) by coprecipitation method: in-situ and post-synthesis coating process.
In the in-situ process, polymer coated MNPs can be obtained during the synthesis process by
adding polymer directly into the reaction mixture, and post-synthesis process involves two
steps, i.e. adding polymer separately once MNPs are completely synthesized in the first step
of synthesis [18,19].

The European Medicines Agency (EMA) and Food and Drug Administration (FDA)
approved some formulations based on IONPs, specifically on Magnetite- Fe3Os and
Maghemite- y-Fe>Os3, for diagnostic and therapeutic applications such as treatment for iron
deficiency, MRI, and cancer therapy [20,21]. One of the prospective treatments for the death
of cancerous cells is MHT, which is mediated by MNPs. In this therapy, MNPs can heat the
local tumor area by elevating the temperature in the range of 42-45°C which is favourable for
hyperthermia application under the influences of Alternating Magnetic Field (AMF). In this
therapy, MNPs convert the magnetic energy into thermal energy via different mechanisms
such as hysteresis loss, residual losses (Neel and Brownian relaxation), and eddy current [19].

In the present study, to synthesize PEG coated Magnetite- FesO4 nanoparticles a
simple two-step (post synthesis coating process) coprecipitation method was used in which
the weight percentage of PEG was varied and concentration of Magnetite- Fe3O4
nanoparticles was kept same for all variations.

5.2 Experimental:
Materials:

Materials used to synthesize PEG coated Magnetite- Fe3O4 nanoparticles: Iron (III)
chloride hexahydrate (FeCl3;-6H>O, >99%); Iron (II) chloride tetrahydrate (FeCl:-4H>O,
>99%); Sodium hydroxide (NaOH, >99%); Poly Ethylene Glycol (PEG- 400MW)-Sigma-
Aldrich, Phosphate Buffered Saline (PBS); Dimethyl Sulfoxide (DMSO); and Doxorubicin
hydrochloride (DOX. HCI)- Sigma-Aldrich.
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5.2.1 Surface Functionalization of Magnetite- FesO4 Nanoparticles with PEG:
A) Synthesis of Magnetite- Fe3O4 Nanoparticles:

FeCl2-4H>0 and FeCl3-6H,O were separately dissolved in Double Distilled Water
(DDW) at a molar ratio of 1:2 with constant stirring. In this mixture, 80 mM of NaOH was
added dropwise to bring the pH of the iron salt solution to 13 from the initial acidic pH 3.2.
The precursor was maintained at 70+5 °C for 60 min and then cooled to room temperature.
Using magnetic decantation process, precipitate was collected and washed with DDW, and
desiccated in an oven at a temperature of 70 °C. The preparative parameters for the synthesis

of Magnetite- Fe3O4 nanoparticles are shown in Table 5.1.

Table 5.1: Optimized preparative parameters for the synthesis of Magnetite- Fe304
nanoparticles.

Chemicals used and optimized preparative parameters
Name and concentration of | FeCl,. 4H,O (0.1 M), FeCls.6H,O (0.2 M), NaOH (0.8 M)
precursors
Base addition rate Dropwise (1 mL min™)
pH 3.2 (Before adding NaOH)
13 (after addition of NaOH)
Reaction temperature 70 °C
Recation Time 60 min

B) Synthesis of PEG coated Magnetite- Fe3O4 Nanoparticles:

After obtaining powder of Magnetite- Fe3Os nanoparticles, PEG-coating over
Magnetite- FesO4 nanoparticles was done with a mass ratio variation of FesO4: PEG by
varying the weight percentage of PEG. The variations of PEG concentrations used in the

reaction bath are given in Table 5.2.

Table 5.2: Variation of PEG concentration with Magnetite- FesO4 nanoparticles.

Weight
Samples Mass of FeaO« NPs Mass of PEG (g) | Percentage of
(@) PEG
PO 0.5 0.0 0
P1 0.5 0.25 33.33
P2 0.5 0.5 50
P3 0.5 1.0 66.66
P4 0.5 15 75
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Initially, PEG was dissolved into 25 mL of DDW and stirred for 60 min at a
temperature of 60°C. Then 0.5 g of Magnetite- FesOs nanoparticles were added in PEG
solution and stirred for further 60 min. The mixture of PEG- Magnetite- FezO4 nanoparticles
was decanted with a permanent magnet and desiccated in an oven for 12 h at 40°C. The same
procedure was carried out for PEG concentration variation (w/w %) of 0, 33.33, 50, 66.66,
and 75% and labelled as PO, P1, P2, P3, and P4, respectively.

5.2.2 Characterization:
(A) Physicochemical Characterization:

X-ray Diffraction (XRD) patterns of powder samples PO, P1, P2, P3, and P4 were
recorded with CuKa radiation (A=1.546 A). Scanning Electron Microscopy (SEM) (JEOL,
JSM-IT200 (Japan)) was used to observe the morphology. Fourier Transform Infrared
Spectroscopy (FTIR) spectra were recorded on Alpha (II) Bruker device operating in a range
of 400-4000 cm™'. Hydrodynamic particle size and zeta ({)-potential were recorded using
(HORIBA SZ-100) with water as a dispersant. Vibrating Sample Magnetometer (VSM) (EV
X) was used to study magnetic properties at room temperature. Magnetic Hyper Thermia
(MHT) study of samples was carried out using an EasyHeat 8310 (Ambrell, UK) assembly.
Based on MHT outcome, the anticancer efficacy of the Magnetite- Fe;O4 (sample PO) and
PEG coated Fe3O4 nanoparticles (sample P1 and P4) was studied using MTT assay and
evaluated against 1.929 fibroblast cell line and MDA-MB-231 breast cancer cell line. The
hemolysis assay was used to assess the effect of synthesized particles on red blood cells, i.e.
to check the hemocompatibility of PEG coated Magnetite- Fe3sO4 nanoparticles (sample P1).
(B) Biological characterization:

(a) Cell Viability/Cytotoxicity Assay:
MTT (3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) Assay:

For in vitro studies, fibroblast cell line (L929) and breast cancer cell line (MDA-MB-
231) were mixed with Magnetite- Fe304 (PO) and PEG coated Magnetite- FezO4 (P1 and P4)
nanoparticles and assessed using an MTT assay. The experiment was performed as discussed
in Section 4.3.7 (a) (Chapter-04).

(b) Hemolysis Assay:

The hemocompatibility of PEG coated Magnetite- FesOs (P1) nanoparticles was

studied using hemolysis assay as discussed in Section 4.3.7 (b) (Chapter-04).
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5.3 Results and Discussion:
5.3.1 Structural/ Phase Analysis:
X-ray Diffractometer (XRD):

The XRD patterns for samples PO, P1, P2, P3, and P4 are shown in Fig.5.1. All the
samples show polycrystalline structure. All samples reveal cubic inverse spinel crystal
structure of Magnetite- Fe3O4 phase. Even after being coated with PEG, the crystal structure
of Fe;04 particles remained the same. The XRD patterns perfectly match with the JCPDS card
00-019-0629 for Magnetite- FesO4 [22]. The average crystallite size calculated using the
Scherrer formula (Equation 3.3 (Chapter-03)) for the prominent peaks is found to be 9+0.7
nm for Sample PO and 5+1.9 nm for samples P1, P2, P3, and P4. Thus, the particle size

decreases after PEG coating.
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Fig.5.1: (a) XRD patterns of Magnetite- Fe;O4 (sample PO) nanoparticles and PEG coated
Magnetite- Fe3sO4 (samples P1, P2, P3, and P4) nanoparticles and (b) enlarged view of
(311) peak.

Fig.5.1 (b) shows that with the addition of PEG in Fe3Oj4 particles, the intensity of
characteristic diffraction peak (311) decreases and becomes wider, compared to pristine
Magnetite- Fe3sO4 nanoparticles revealing the decrease in crystallite size. The decreasing
crystallinity with increasing PEG concentration is obvious as PEG concentration hinders
particle growth and prevents nanoparticle aggregation [12].

Transmission Electron Microscopy (TEM):

The particle size was further evaluated using Transmission Electron Microscope
(TEM) (JEOL, JEM 2100). The Transmission Electron (TE) micrographs for three different
magnifications are shown in Fig.5.2 (a-c) for PEG coated Magnetite- Fe3O4 (Sample P1)
nanoparticle. The average particle size is found to be 13+ 0.8 nm, which matches with that

calculated from XRD study.
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The particle size distribution curve plotted for the PEG coated Magnetite- Fe3O4
(Sample P1) using TE micrograph Fig.5.2 (a) is as shown in Fig.5.2 (d). The average particle
size of 13+ 0.8 nm was calculated from the TE micrographs using Image-J software, and by
selecting approximately 30 particles from Fig.5.2 (a) TE micrographs to plot the curve for

particle size distribution.

Lionm ]

Fig.5.2: TE micrographs of PEG coated Magnetite- Fe3O4 (sample P1) nanoparticles at
different magnifications.

5.3.2 Morphological Analysis:
Scanning electron microscopy (SEM):

Fig.5.3: SE Micrographs of Magnetite- Fe3O4 nanoparticles (sample PO) and PEG-coated
Magnetite- Fe;O4 nanoparticles (samples P1 and P4) at 2000X and 40000X magnifications.

Page 110



Chapter-05

The surface morphology of the synthesized Magnetite- Fe3O4 (P0) nanoparticles and
PEG coated Magnetite- FesOs4 (P1 and P4) nanoparticles were studied using SEM. The
Scanning Electron (SE) micrographs at two different magnifications are shown in Fig.5.3.
Granular surface morphology of agglomerated nanoparticles is seen with average grain size
of 32 to 42 nm.

The increase in PEG ratio caused the higher particle size because it attached to Fe3O4
with PEG chains, preventing agglomeration. The nucleation rate per unit area is isotropic at
the interface between Magnetite- Fe3O4 nanoparticles, leading to the formation of the granular
shape [23]. Adding PEG can reduce aggregation by offering steric repulsion to aggregation,
which weakens the strength of the Van der Waals forces [12]. On the other hand, there is still
agglomeration of particles observed after PEG coating in Fig.5.3 (P1 and P4). This
agglomeration is observed due to the inherent properties of MNPs, namely magnetic dipole-
dipole, and Van der Waals forces interaction between nanoparticles.

5.3.3 Chemical Signature:
Fourier-Transform Infrared Spectroscopy (FTIR):

The chemical bonds existing in Magnetite- Fe3Og4 are studied using FTIR spectroscopy
in which the incident infrared radiation is absorbed at a resonant frequency of bending,

stretching, or vibrating chemical bonds that exist between the atoms within the compound.

The FTIR absorption spectra of Magnetite- Fe3O4 (P0) nanoparticles and PEG coated
Magnetite-Fe;O4 (P1 to P4) in the wavenumber range of 4000 to 400 cm™' are shown in
Fig.5.4.

An FTIR study revealed the presence of vibrating stretching bond Fe-O (v1=574 cm™!)
[11]. In addition, several other peaks are also observed that correspond to PEG. The C-O-C
absorption peak (v2) is observed at 1099 cm™ in pure PEG while in PEG coated Magnetite-
Fe304 (P1, P2, P3, and P4) nanoparticles, it shifts to 1107 cm™'. The absorption peak (v3) at
1631 cm™ is assigned to asymmetric C=0. With an increase in the PEG concentration, the
C=0 band shifts from 1631 to 1634 cm™' revealing the existence of PEG in the final product.
The result shows that Magnetite- Fe3O4 nanoparticles coordinate with PEG by carbonyl group.
A decrease in particle size and shifting of absorption reveal the interaction between Magnetite-
Fe;04 and PEG and the surface modification of Magnetite- Fe3O4 nanoparticles with PEG
[23].
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The band around 2861 cm™! (v4) is due to the presence of the -C-H- stretching bands,
showing evidence of PEG molecules in the samples. The absorption peak (vs) at 3467 cm™
arises from the stretching vibration of the hydroxyl (-OH) group, which is adsorbed on the
surface of Magnetite- Fe3Os nanoparticles. The presence of the hydroxyl group allows the

further surface functionalization of the material by replacing the -OH group with PEG.
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Fig.5.4: FTIR spectra of Magnetite- Fe3O4 (sample PO) nanoparticles, PEG, and PEG coated
Magnetite- Fe3O4 (samples P1 to P4) nanoparticles.

5.3.4 Particle Size and Zeta Potential Study:
Dynamic Light Scattering (DLS):

Good chemical stability at physiological/neutral pH ~7 is necessary for the use of
nanoparticles in biomedicine. DLS was used to assess the hydrodynamic characteristics of the
MNPs in aqueous dispersions using water (pH-7) because of its biological relevance. The
hydrodynamic size, and (-potential, of PEG coated Magnetite- Fe;O4 nanoparticles (sample
P1) were assessed using DLS technique. The hydrodynamic diameter of Sample P1 is shown
in Fig.5.5.

The DLS study was performed for PEG coated Magnetite- Fe3O4 nanoparticles
(sample P1) to investigate the hydrodynamic diameter of nanoparticles with the average size
distribution at room temperature using DDW at pH value of 7.2. The observed hydrodynamic
diameter of PEG coated Magnetite- Fe3O4 nanoparticles (sample P1) is 95.1 nm (Fig.5.5).
The obtained hydrodynamic size is more compared to actual size of the nanoparticles due to
solvation layer of water molecules and ions around the particles along with the little

aggregation [12].
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Fig.5.5: Hydrodynamic diameter of PEG coated Magnetite- Fe3O4 nanoparticles (Sample P1).

The hydrodynamic size observed for PEG coated Magnetite- Fe3O4 nanoparticles
(sample P1) is less than that of Magnetite- Fe3O4 nanoparticles (sample P0) (113.7 nm). PEG
coated nanoparticles have lower hydrodynamic diameter values, indicating a reduction in
aggregation. If the polymer is thick enough, the Van der Waals attraction between particles is
weaker than Brownian thermal energy. This is the origin of the word "steric" stabilization,
which creates extra repulsive energy barriers. Therefore, a nonmagnetic coating of PEG or
PVA on the surface of the nanoparticles provides steric or static repulsion, thereby balancing

the attraction forces among the particles, resulting in a smaller hydrodynamic diameter [24].
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Fig.5.6: Zeta potential value of PEG coated Magnetite- Fe3O4 nanoparticles (sample P1)

by DLS technique (Inset: enlarge view of zeta potential scale from -70 to +10 mV).
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The (-potential is crucial for analysing the stability of colloidal suspensions since it
determines the magnitude and kind of surface electric charge. The value of (- potential is -22
mV for PEG coated magnetite- Fe3O4 nanoparticles as shown in Fig.5.6. The (- potential of
bare Magnetite- Fe3O4 nanoparticles is typically between -30 and +30 mV, depending on the
synthesis method, pH, and ionic strength of the medium. PEG-coated Magnetite- Fe3O4
nanoparticles have a lower absolute value (- potential than bare Magnetite- Fe3Os
nanoparticles. This is because the PEG coating tends to hide the surface charge of
nanoparticles, resulting in values generally ranging from -5 to -15 mV, or even closer to
neutral, depending on the molecular weight and density of the PEG used for coating [25].
5.3.5 Vibrating Sample Magnetometer (VSM) Analysis:

The magnetic parameters, namely type of magnetism, saturation magnetization (Ms),
coercivity (Hc), and retentivity, can be evaluated with the help of VSM which generates a
hysteresis loop of IONPs.

The hysteresis loops for Magnetite- Fe;O4 (sample P0O) nanoparticles and PEG-coated
Magnetite- Fe3O4 (sample P1 and P4) nanoparticles were obtained in the external magnetic
field window of £16 kOe at room temperature, which are shown in Fig.5.7.

The saturation magnetization (Ms) value of Magnetite- Fe3Os4 nanoparticles
decreases from 50 to 30 emu g! with increasing concentration of PEG from 0 to 75%. These
results specify a higher saturation magnetization (Ms) value for larger particle size, which
also resembles XRD analysis. The decrease in the magnetization value for PEG coated Fe3O4
nanoparticles is due to the adsorption of nonmagnetic polymer coating on the exterior of
MNPs [26,27].

Magnetization (emu g')

-60
-16000 -8000 0 8000 16000

Applied field (Oe)
Fig.5.7: Magnetization versus magnetic field curves of Magnetite- Fe3O4 (sample P0) and
PEG-coated Magnetite- Fe3O4 (samples P1 and P4) nanoparticles.
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It has been reported that for biomedical applications saturation magnetization (Ms)
value of 7-22 emu g’! is adaptable [28,29]. Hence, the level of saturation magnetization (Ms)
obtained for Magnetite- Fe3O4 nanoparticles (P0O) and PEG-coated Magnetite- FesO4 (P1 and
P4) nanoparticles is adequate for the biomedical field. The values of magnetization parameters

are shown in Table 5.3.

Table 5.3: Saturation magnetization (Ms) and Coercivity (Hc) of Magnetite- Fe3O4 (sample
P0) nanoparticles and PEG coated Magnetite- Fe3O4 (samples P1 and P4) nanoparticles.

Sample Ms (emu g'l) Hc (Oe)
PO 50.2 32.83
P1 36.5 5.0
P4 30.6 4.7

Among all variations of PEG coating with Magnetite- Fe3O4 nanoparticles, sample P1
is carried out for further study due to its physicochemical and magnetic properties which are
desirable for further biological study. For MHT, chemotherapy, and biological study sample
P1 was used due to its moderate magnetic parameters.

5.3.6 Magnetic Hyper Thermia (MHT) Study:

When an Alternating Magnetic Field (AMF) is applied, the magnetization and
demagnetization of IONPs produce heat due to hysteresis loss, Eddy current, and residual
losses, this is called MHT. The MHT of PEG coated Magnetite- FesO4 (P1) nanoparticles
were studied using a magnetic induction heating device for 600 s. The heating ability of MNPs
is expressed in terms of the Specific Absorption Rate (SAR) value which is defined as the
capacity of MNPs to convert magnetic energy into heat. Generally, temperatures between 42-
45°C are suitable to kill cancer cells. Thus, the MHT cancer therapy basically requires a
suitable amount of MNPs to be inserted into cancer tumor and application of external AMF
of appropriate strength to increase the temperature to kill the cancer cells [30,31].

The DLS study was performed for PEG coated Magnetite- FesOs nanoparticles
(sample P1) to investigate the hydrodynamic diameter of nanoparticles with the average size
distribution at room temperature using DDW at pH value of 7.2. The observed hydrodynamic
diameter of PEG coated Magnetite- FesO4 nanoparticles (sample P1) is 95.1 nm (Fig.5.5).
The obtained hydrodynamic size is more compared to actual size of the nanoparticles due to
solvation layer of water molecules and ions around the particles along with the little

aggregation [12].
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Fig.5.8: Temperature Vs Time variation for PEG coated
nanoparticles.

Magnetite- Fe3;O4 (P1)

PEG-coated FesO4 (sample P1) nanoparticles with concentrations of 1, 2, and 3 mg
mLwere kept in a 3 mL cuvette containing 1 mL of DDW. This cuvette was kept in a MHT
device and external AMF of fixed frequency (278 kHz) was applied for 600 s. The change in
temperature was recorded for three different AMF strengths (13.3, 20.0, and 26.7 KA m™).
Fig.5.8 shows the temperature vs time curves of all the samples.

It is observed that with increase in the concentration of nanoparticles, there is increases
in the temperature. PEG coated Magnetite- FesO4 (P1) nanoparticles show therapeutic
temperature rise (beyond 42 °C) at the field strengths of 20.0 and 26.7 kA m™! for the 2 and 3
mg mL™! concentrations of magnetic suspension. The therapeutic temperature is attained
within 100 to 600 s for PEG coated Magnetite- Fe3O4 (P1) nanoparticles when concentration
is2 or 3 mg.

The SAR and Intrinsic Loss Power (ILP) values calculated using Equations 2.7 and
2.8 (Chapter-02) as a function of magnetic field strength for PEG coated Magnetite- Fe3O4
(P1) nanoparticles for different concentrations are shown in Table 5.4.

Table 5.4: SAR and ILP values for PEG coated Magnetite- FesO4 (sample P1) nanoparticles
for different magnetic field strengths.

Concentration of
i 1 2 3 1 2 3
MNPs (mg mL )
-1 -1 2 1
Field (kA m ) SAR(Wg ) ILP (nHm kg , n=1)
13.6 30.32 26.65 24.64 0.59 0.52 0.48
20 104.98 70.15 66.17 0.95 0.64 0.60
26.7 193.63 152.92 152.76 0.98 0.78 0.78
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It is seen that with increase in field strength SAR value increases and ILP values
decreases as required for efficient MHT similarly SAR values decrease with increase in
concentrations [32].

The increased heating ability of PEG-coated Magnetite- Fe3Os (sample P1)
nanoparticles than magnetite- FezO4 nanoparticles might be associated with PEG coating as
it increased the dispersion in suspension, which leads to an increase in the heating efficiency
of MNPs.

5.3.7 Drug Loading and Drug Release Study:
Preparation of standard calibration curve:

The stock solution was prepared by adding 1 mg Doxorubicin (DOX) in a volumetric
flask containing 100 mL of PBS. Then the standard calibration curve of DOX was obtained
at different concentration ranges (0.5-10 pg mL!) prepared from the stock solution and the
absorbance was measured at a wavelength of 430 nm as shown in Fig.5.9 (a). The calibration
curve was plotted by taking absorbance on the Y-axis and the concentration of DOX on the
X-axis as shown in Fig.5.9 (b). A calibration curve is used to calculate the concentration of
drugs in unknown samples by comparing the observed response to the reference curve. In

Fig.5.9 (b) the linear shift with an R? value of 0.99 reveals a good calibration.

35 F 1.8 g -
(a) ——1.0 pg/mL E = Experimental (b)
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Fig.5.9: (a) Ultraviolet absorption spectroscopy of DOX and (b) Calibration curve of DOX.

Drug Loading

The water-soluble anti-cancer drug DOX was selected as the model drug, which was
conjugated to Magnetite- FesOs (sample P0O) nanoparticles and PEG coated Magnetite- FezO4
(sample P1) nanoparticles. The DOX loading procedure involves the dispersion of 50 mg of
synthesized nanoparticles in 20 mL of aqueous DOX solution (drug concentration = 0.1 mg
mL™) of PBS (pH-7.4). To promote DOX adsorption, the mixture of nanoparticles in DOX
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was shaken for 48 h at 37°C using a 250 rpm rotary shaker. The magnetic particles were
extracted using a permanent magnet at predetermined intervals, and a UV-vis
spectrophotometer was used to detect the optical density of the remaining DOX in the
supernatant at 480 nm. After a particular adsorption time (48 h), the concentration of DOX
remained constant as the particle loading capacity neared saturation. The drug loading

efficiency (DLE) was calculated using Equation 5.1.

DLE(%) = 22ty L (5.1)

Doxip,
where,

Cooxin = Initial concentration of DOX, and

Cooxrin = Concentration of DOX in the supernatant.

The maximal drug DLE of 84% was obtained for PEG coated Magnetite- FezO4
nanoparticles after 48 h. The loading of the drug is due to the electrostatic attraction between
the negatively charged PEG coated particle and the protonated drug (DOX) molecule as the
drug is in its hydrochloride form. Therefore, the negative surface charge of PEG coated Fe3O4
was almost neutralized by a partially positively charged drug molecule. A neutral thin
spherical coating was established over the coated Magnetite- FesO4 nanoparticles by the drug
molecules. Additionally, it has been observed that n-n stacking and hydrophobic contact can
effectively load drugs with aromatic rings onto the surface of nanoparticles by using the
delocalized = electrons [9].

Drug Release

To simulate tumor and normal tissue conditions, 0.01 M of PBS (pH 4.5, 6.8, and 7.4)
was formed. After dispersing 5 mg of DOX-loaded PEG coated Magnetite- FezO4
nanoparticles in 10 mL PBS, the solution was transferred to a dialysis bag submerged in 20
mL of the same medium and held in a shaker at 37 °C. At regular intervals (0.5, 1, 2, 3, 4, 5,
6,7,8,9, 10, 11, 12, 24, and 48 h), 0.5 mL PBS was withdrawn from the dialysis bag and
absorbance was measured at 480 nm and replaced with a fresh solution of the same volume.
The release tests were carried out in triplicate. The drug release efficiency (DRE) was

calculated by following Equation 5.2.

DRE(%) = Lexo=CPoxe (5.2)

Cpox;
where,
Coboxo = Initial concentration of DOX, and
Cpoxt = Concentration of DOX at a time (t).
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The drug release profile was studied by varying the pH of physiological solution

(PBS), i.e. 4.5, 6.8, and 7.4 as shown in Fig.5.10. The highest release was observed at pH 4.5
as shown in Fig.5.10 (a). The drug release efficiency of DOX loaded Magnetite- Fe3O4
nanoparticles and DOX loaded PEG coated Magnetite- FesO4 nanoparticles is given in Table

5.5.
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Fig 5.10: Drug release percentage of the DOX loaded Magnetite- FezO4 nanoparticles and PEG
coated Magnetite- FesO4 nanoparticles at different pH: (a) pH-4.5, (b) pH-6.8, and (c) pH-7.4.

Table 5.5: Drug release percentage of DOX loaded Magnetite- FesOs nanoparticles
(sample P0O) and PEG coated Magnetite- FesO4 nanoparticles (sample P1) at different pH

values.

pH —> 4.5 6.8 7.4
NPs § : : :
Fe,0, 76.6% 65.32% 50.19%
PEG-Fe,0, 81.26% 70.6% 54.11%

The in vitro release tests show that DOX-loaded Magnetite- FesO4 and DOX-loaded

PEG-coated Magnetite- Fe3O4 nanoparticles are pH-sensitive and can potentially release their

therapeutic payload in the acidic tumor microenvironment. In this study it is also observed

that the drug release is more rapid for acidic medium (TME) as compared to physiological pH

of 7.4.

Besides, it is observed that as pH increases, drug release efficiency decreases. In

addition, a possible component contributing to increased drug release at acidic pH levels is
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the potential decrease in the n-7 stacking interaction between DOX molecules and a drop in
pH, facilitating drug release at acidic pH levels. The current model provides an appropriate
platform for DOX release to the tumor cells under pH-controlled circumstances, as the tumor
cells have an acidic pH. Hence the addition of PEG greatly accelerates the DOX release from
nanoparticles [9].
5.3.8 Biocompatibility:
(a) Cytotoxicity/ Cell Viability Assay:
3-(4, 5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay:

Due to wide applications of iron oxide in the field of biomedical, cell viability and cell
toxicity are the primary steps to check their biocompatibility. To study the toxicity, PEG
coated Magnetite- Fe3O4nanoparticles were mixed with fibroblast cell line (L929) and cancer

cell line (MDA MB 231).

Here, MTT assay was used for assessing the cell viability of fibroblast cell line (L929)
and cell toxicity of breast cancer cell line (MDA-MB-231) at various concentrations (100, 50,
25, 12.5, 6.25, and 3.125 ng mL") of Magnetite Fe304 nanoparticles (sample P0) and PEG-
coated Magnetite- Fe3O4 nanoparticles (sample P1 and P4) after 48 h of incubation as
discussed in Section 4.3.7 (a) (Chapter-04). Equations 3.5 and 3.6 (Chapter -03) were used

to calculate the percentage of cell viability/ toxicity of Magnetite- FesO4 nanoparticles.

For L929 fibroblast cell line it shows cell viability of 92.48, 93.07, and 94 % at a
concentration of 100 mg L' for samples PO, P1, and P4, respectively. as shown in Fig.5.11
(a). The microscopy pictures of untreated and treated L.929 cell line for 100 pug mL! of IONPs
is shown in Fig.5.11 (b).
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Fig.5.11: (a) Histogram of cytotoxicity percentage and (b) The microscopy pictures of the
L929 cell line.
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Hence the synthesized nanoparticles can be used for biomedical applications which
do not harm healthy cells.

For MDA-MB-231 breast cancer cell line the Magnetite- Fe3O4 nanoparticles (sample
PO) and PEG coated Magnetite- FesO4 nanoparticles (P1 and P4) show increase in cell toxicity
with increase in concentration from 3.125 to 100 ng mL™!. Thus, the cell toxicity (killing of
cancer cells) increases with concentration of Magnetite- FesO4 nanoparticles [33] as shown in
Fig.5.12 (a). The maximum cell toxicity of 84.46 % is observed for PEG coated Magnetite-
FesO4 nanoparticles (sample P1) at a concentration of 100 pg mL"!. The microscopic picture
of breast cancer cell line (MDA MB 231) for concentration of 100 pg mL™! of IONPs is shown
in Fig.5.12 (b).
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Fig.5.12: (a) Histogram of cytotoxicity percentage and (b) The microscopy pictures of the
MDA MB 231 cell line.

In uncoated Fe3O4 nanoparticles, the iron ions can take part in the Fenton reaction and
cause the tumor cell to undergo ferroptosis [34]. PEG-coated Fe3O4 nanoparticles have a
considerably greater cytotoxic impact, which could be caused by a decrease in nanoparticle
size that gives the particles a more specific surface area to interact with cells. Due to the
surface functionalization of Fe3Os nanoparticles with PEG, the ROS were significantly
elevated and the matrix metalloproteinases were decreased. Additionally, the PEG coated
FesO4 nanoparticles suppress the growth of the cancer cell due to the mitochondrial damage
mechanism with activated tumor protein P53 resulting in apoptosis [2].
(b) Hemolysis Assay:

The entry of foreign particles into the body can have a variety of and sometimes
conflicting effects, so determining their effects on the body is a critical step in their
applicability. Because the injected nanoparticles come into direct touch with blood tissue and

its components, an evaluation of their hemocompatibility is essential for further study.

Page 121



Chapter-05

For this study fresh human blood (10 mL) was collected in heparinized centrifuge
tubes, rotated at 3000 rpm for 10 min, and washed three times with an equivalent volume of
normal saline. The blood volume was measured and reconstituted as a 10% v/v solution in
normal saline. The reaction mixture included 1 mL of 10% red blood cell suspension. Triton
X-100 was used as a standard drug (positive control), saline as a negative control, and test
sample with different concentrations of PEG coated Magnetite- Fe3O4 nanoparticles were then
incubated at 56°C for 30 min, and centrifuged at 2500 rpm for 5 min, and the absorbance of
the supernatant was measured at 560 nm. Hemolysis percentage was calculated using
Equation 3.7 (Chapter-03).

The concentration of the PEG coated Magnetite- FesO4 nanoparticles was varied from

0.5 to 2.0 mg mL"!. The change in hemolysis percentage is shown in Fig.5.13.

PEG-Fe,0, (P1) nanoparticles
80 - B 304 (P1) p
B Triton X-100

(o2}
o
1

Hemolysis (%)
-9
o
1

]
o
1

0 _.H_q q
0.5 1 1.5 2 2

Concentration (mg mL™")

Fig.5.13: Hemolysis percentage of Triton X-100 (positive control) and PEG coated
Magnetite-Fe3;O4 nanoparticles.

The percentage of hemolysis is between 1 to 2.8 which is well below 5% as per ISO
10993-5 guidelines [35]. Hence it is observed that the PEG coated Magnetite- Fe304
nanoparticles does not show hemolytic activity and can be used for biomedical applications.
5.4. Conclusions:

PEG-coated Magnetite- Fe;O4 nanoparticles were successfully synthesized by the
coprecipitation method. The structural, morphological, functional, and magnetic properties
were examined using different characterization techniques. It is observed that the crystallite
size decreases from 9.73 nm for pristine to average 6.9 nm for PEG coated Magnetite-Fe3O4
nanoparticles (sample P1). The synthesized quasi-spherical PEG-coated Magnetite- Fe3;O4

nanoparticles show superparamagnetic behaviour with saturation magnetization (Ms) value
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of 36.5 emu g and coercivity (Hc) of 5 Oe. Induction heating study showed the rise in
temperature in the range of threshold temperature (42-45°C) under the influence of an external
AMEF, which is appropriate for MHT application for destruction of cancer tumor cells. In
acidic pH, PEG-coated Magnetite- FesO4 shows a rapid drug release compare normal
physiological pH. Hence the PEG-coated Fe3O4 nanoparticles can be used as carriers for drug
delivery. MTT assay revealed the toxicity of 84.46 % towards the MDA-MB-231 breast
cancer cell line and cell viability of 93.07 % towards L929 fibroblast normal cell line at 100
ng mL !, Thus, the PEG-coated Fe;O4 can be effectively used as an anticancer agent to kill
cancerous cells with minimal side effects to normal cell lines. Hemolysis in PEG-coated Fe3O4
is less than 5%, which is acceptable to use in biomedical applications. Therefore, the resulting

study reveals that PEG coated Fe3;O4 nanoparticles is potential material for anticancer therapy.
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6.1 Introduction:

Cancer has been recognized as a major health problem worldwide. Cancer is a disease
caused by uncontrolled cell division and is also one of the most common causes of death in the
world. Combining biomedicine with nanotechnology has led to amazing progress in cancer
treatments. The use of nanoparticles is one of the most promising ways as it provides accurate
targeting and strong cytotoxic effects against cancer cells without endangering healthy tissue.
Among the wide range of nanoscale materials being studied for biomedical applications,
Magnetic Nanoparticles (MNPs) attracted a great deal of attention because of their intrinsic,
distinctive, and modifiable physiochemical properties such as their small size, high surface
area, novel magnetic and optical effects, and quantum confinement, etc [1]. Among the several
forms of MNP, Magnetite- FesO4 nanoparticles are of great interest because of their unique
properties, which include ease to make them biocompatible and superparamagnetism [2].
Superparamagnetic iron oxide nanoparticles, or SPIONs, are Magnetite- Fe3Os based
nanocarriers actively used in targeted drug administration, Magnetic Resonance Imaging
(MRI), and cancer treatment [3,4].

The primary benefit of a magnetic core for cancer treatment is that, it can be easily
formed, modified and guided to the appropriate locations using an external Alternating
Magnetic Field (AMF) [5,6]. However, weak factors like VVan der Waals forces and magnetic
dipole-dipole attractive interactions allow SPIONSs to oxidize and aggregate, resulting in poor
stability [7]. Developing functional coatings on SPIONSs using biocompatible chemicals such
as Poly Ethylene Glycol (PEG), Polyethylenimine (PEI), Poly Vinyl Alcohol (PVA),
Glutathione (GSH), and so on helps to mitigate these restrictions to some extent [8,9].
Furthermore, functionalization of the surface of the nanoparticles may be significant for the
conjugation of the nanoparticles with therapeutic agents for drug administration and/or
diagnostic purposes [7].

One of the options to functionalize the core-shell nanoparticles with ligands, includes
thiols [10]. Among various thiols, Glutathione (GSH, y-glutamyl-cysteinyl-glycine) is a crucial
tripeptide that directly impacts malignant cells and affects different physiological functions in
the body. According to reports, GSH is important for regulating a variety of cell physiological
processes as well as for protecting and participating in a wide range of cellular activities. GSH
is one of the most significant redox species in the human body and is recognized to have the
greatest capacity to cause anticancer drugs to be released from carriers. GSH can increase the

efficacy of drug release and cellular mortality. GSH coated nanocomposites show very
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promising activity for delivering drugs to specific cancerous tissue. These properties include

improved systemic elongation time, enhanced aqueous solubility of anticancer drugs, and

decreased associated systemic toxicities [11].

When treating cancer by chemotherapy, Doxorubicin (DOX) is the first line of defence,

but it has several side effects on healthy cells. To regulate the drug release, the inclusion of

conjugated GSH on the shell may help to decrease the adverse effects of DOX, resulting in

improved anti-tumor activity [12].

nanoparticles and their biomedical applications.

Table 6.1 shows literature on the synthesis of surface functionalized Magnetite- Fe3O4

Table 6.1: Literature for the synthesis of surface functionalized Magnetite- Fe3O4

nanoparticles and their biomedical applications.

Sr. . Coating L
No Nanoparticles Material Method Application | Reference
Self-assembly | Controlled
1| FesOs GS-Au method DOX Release [°]
GSH and . Nitric Oxide
2. | Fe304 GSH/PEG Coprecipitation Delivery [13]
s Targeted CUR
3. | Fe30s PEI /GSH Coprecipitation Delivery [14]
N Catalysts for
4. | FesO. GSH Oxidative 1, ) hep [15]
Polymerization .
Degradation
i Hyperthermia
5. | Fe30a Solvothermal Therapy [16]
GSH /PEG/ o Brain
6. | Fe30a PEI Coprecipitation Researches [17]
Magnetic
I Hyperthermia
7. | Fes0s GSH Oxidative | 4oy Drug | T resent
Polymerization . work
Delivery

In the present study, GSH-coated Magnetite- Fe3Os nanoparticles were synthesized.

The coprecipitation method was used for the synthesis of the Magnetite- FesO4 nanoparticles,
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and the oxidative polymerization method was used for coating tripeptide GSH on Magnetite-
Fe3O4 nanoparticles.

6.2 Experimental:

Materials:

Materials used to synthesize GSH coated IONPs: Iron (I1l) chloride hexahydrate
(FeClz-6H20, >99%); Iron (Il) chloride tetrahydrate (FeCl.-4H20, >99%); and Sodium
hydroxide (NaOH, >99%) -Sigma-Aldrich; Hydrogen peroxide (H20); Glutathione (GSH)-
Hi-Media.

6.2.1 Surface Functionalization of Magnetite- FesO4 Nanoparticles with Glutathione
(GSH):
A) Synthesis of Magnetite- FesO4 nanoparticles:

Magnetite-Fe3Os nanoparticles were synthesized by coprecipitation method as

mentioned in Section 5.2.1 (A) (Chapter-05) as shown in Fig.6.1 (a).

(a) NeQH () re0, GsHE /W'\’(.(:AOH
\ /

_ ‘ . Washed with
—— /‘A- Drled at 60 °C DD\\ ‘ N
74

0 ! 7 =
GSH-Fe;0,

J Nanoparticles

FeCl; 7%\ #\ Fe(Cl,

(a) synthesis of Fe;0, (b) synthesis of GSH coated
nanoparticles Fe;O4 nanoparticles

Fig.6.1: Synthesis of (a) Magnetite- FesO4 nanoparticles and (b) GSH-coated Magnetite-

Fe304 nanoparticles.

B) Surface functionalization of Magnetite-FesO4 nanoparticles with GSH:

The oxidative polymerization method was used to synthesize GSH-coated Magnetite-
Fe3Os nanoparticles. Initially, 0.2 g of as-synthesized Magnetite-FesO4 particles were
thoroughly dispersed in 25 mL Double Distilled Water (DDW), and then an equal molar mass
of GSH was added to the above solution. After 30 minutes of vigorous stirring, the fully
combined solution was heated to 70 °C and then 5mL H20. (H2O2: H.O = 1:2) was added
dropwise for 1 h with continuous stirring. The product was then decanted, washed thrice using
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DDW, and dried for 12 h at 60 °C. Fig.6.1 depicts the schematic of synthesis: (a) Magnetite-
Fe304 nanoparticles and (b) GSH coated Magnetite- Fe3O4 nanoparticles.

6.2.2 Characterization:

A) Physicochemical Characterization:

X-ray Diffraction (XRD) patterns of powder samples Magnetite- Fe3Os and GSH
coated Magnetite- FesO4 were recorded with CuKa radiation (A=1.546 A). Scanning Electron
Microscopy (SEM) (JEOL, JSM-IT200 (Japan)) was used to observe the morphology. Fourier
Transform Infrared Spectroscopy (FTIR) spectra were recorded on Alpha (I1) Bruker device
operating in a range of 400-4000 cm™. Hydrodynamic particle size and zeta (Q)-potential were
recorded using (HORIBA SZ-100) with water as a dispersant. Vibrating Sample Magnetometer
(VSM) (EV X) was used to study magnetic properties at room temperature. Magnetic Hyper
Thermia (MHT) study for all the samples was carried out using an EasyHeat 8310 (Ambrell,
UK) assembly. The anticancer efficacy of the Magnetite- FesO4, GSH, and GSH coated
Magnetite- FesO4 was made using MTT assay and evaluated against L929 fibroblast cell line
and MDA-MB-231 breast cancer cell line. The hemolysis assay was used to assess the effect
of synthesized particles on red blood cells, i.e. to check the hemocompatibility of GSH coated
Magnetite- FesO4 nanoparticles.

B) Biological Characterization:
(a) Cell Viability/Cytotoxicity Assay:
MTT (3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) Assay:

For in vitro studies, fibroblast cell line (L929), and breast cancer cell line (MDA MB
231) were mixed with GSH coated Magnetite-FesO4 nanoparticles and assessed using an MTT
cytotoxicity assay as discussed in Section 4.3.7 (a) (Chapter-04).

(b) Hemolysis assay:

The hemocompatibility of GSH coated Magnetite-Fes04 nanoparticles was studied
using hemolysis assay as discussed in Section 4.3.7 (b) (Chapter-04).
6.3 Results and Discussion:

6.3.1 Structural/ Phase Analysis:

The XRD patterns for Magnetite- FesO4 particles and GSH coated Magnetite- Fe3O4
particles are shown in Fig.6.2. All the samples show polycrystalline structure revealing cubic
inverse spinel crystal structure of Magnetite- FesO4 phase. The XRD patterns perfectly match
with the JCPDS card no. 00-019-0629 for Magnetite- FesOs particles and GSH coated

Magnetite- FesO4 particles [18]. The average crystallite size calculated using the Scherrer
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formula (Equation 3.3 (Chapter-03)) for the prominent peaks is found to be 9+0.7 nm for
Magnetite- FesO4 particles and 8+0.5 nm for sample GSH coated Magnetite- FesO4 particles.

GSH-Fe;0, Nanoparticles
Fe,0, Nanoparticles

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (Degree)

Fig.6.2: XRD patterns of Magnetite- Fe3O4 nanoparticles and GSH coated Magnetite- Fe304
nanoparticles.

A decrease in crystallite size is observed after GSH coating. The reduction in crystallite
size with the addition of GSH is due to the GSH atoms occupying interstitial positions within

the network of Magnetite- FesO4 particles, leading to the compression of the crystallite size in
the case of anisotropic microdeformation [7].

Transmission Electron Microscopy (TEM):

Fig.6.3: TE micrographs of GSH coated Magnetite-FesOs nanoparticles at different
magnifications.

The particle size was further evaluated using Transmission Electron Microscope (TEM)
(JEOL, JEM 2100). The Transmission Electron (TE) micrographs for three different
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magnifications are shown in Fig.6.3 (a-c) for GSH coated Magnetite-FesO4 nanoparticles. The
average particle size is found to be 8+ 0.9 nm, which matches with that calculated from XRD
study.

The particle size distribution curve plotted for the GSH coated Magnetite- Fe3Os
nanoparticles from the TE micrograph is as shown in Fig.6.3 (d). The average particle size of
8+ 0.9 nm was calculated from the TE micrographs using Image-J software, and by selecting
approximately 30 particles from TE micrographs (Fig.6.3 (a)) to plot the curve for particle size
distribution.

6.3.2 Morphological Analysis:
Scanning Electron Microscopy (SEM):

The surface morphology of the synthesized GSH coated Magnetite-FezO4 nanoparticles
was studied using SEM. The Scanning Electron (SE) micrographs at two different
magnifications are shown in Fig.6.4. Granular surface morphology of agglomerated IONPs is

seen with average grain size of 38 nm.

Fig.6.4: SE Micrographs of GSH coated Magnetite-FesO4 nanoparticles at 2000X and
40000X.

This increase in diameter is observed due to GSH coating on Magnetite- Fe3Os
nanoparticles. The agglomeration is observed because of intrinsic Van der Waals forces and
magnetic dipole-dipole interactions between MNPs [14,19].

6.3.3 Chemical Signature:
Fourier-Transform Infrared Spectroscopy (FTIR):
The chemical bonds existing in Magnetite- FesO4 are studied using FTIR spectroscopy

in which the incident infrared radiation is absorbed at a resonant frequency of bending,
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stretching, or vibrating chemical bond that exists between the atoms within the compound [20].
The FTIR absorption spectra of Magnetite- FesOs nanoparticles, GSH, and GSH coated
Magnetite- FesO4 nanoparticles within the wavenumber range of 4000 to 300 cm™ are shown
in Fig.6.5.

The absorption peaks at 579.19 and 424.93 cm™ in the crystal structure of Magnetite-
FesO4 nanoparticles are attributed to Fe-O bonds, which correspond to the tetrahedral (Fe3*-O)
and octahedral (Fe?*-O) sites, respectively [21]. Stretching vibration of hydroxyl (-OH) on the
surface of Magnetite- Fe3O4 nanoparticles causes the absorption at 3434 cm™. The hydroxyl

group allows the material to be further surface functionalized by replacing the -OH group with
GSH.

E ——GSH
——— GSH-Fe;0, Nanoparticles
Fe,0, Nanoparticles

< <
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Fig.6.5: FTIR spectra of Magnetite- FesO4 nanoparticles, GSH, and GSH coated Magnetite-
Fe304 nanoparticles.

The bands at 1639 cm™ (Vassym COO") and 1403 cm™ (vsymCOQ") attributed to
carboxylic groups demonstrate the presence of GSH [22]. The peptide bond at 3460 cm ™! is a
result of —~NH stretching, a weak thiol band for S-H stretching at 2616 cm™, and vibrations
related to C-S stretching come in between 650 and 700 cm™. Furthermore, bands corresponding
to C-H sp® bonds are seen at 2920 cm™ (vVsym C-H) [9]. Therefore, FTIR study confirms that the
GSH coating is present on the surface of Magnetite-Fe3sO4 nanoparticle.

6.3.4 Particle Size and Zeta Potential Study:
Dynamic Light Scattering (DLS):
Good chemical stability at physiological/neutral pH ~7 is necessary for the use of

nanoparticles in biomedicine. DLS was used to assess the hydrodynamic characteristics of the
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MNPs in aqueous dispersions using water (pH-7) because of its biological relevance. The
hydrodynamic size, and ¢-potential, of GSH coated Magnetite- Fe3sOs nanoparticles were
assessed using DLS technique.

The DLS study was performed for GSH coated Magnetite- FesOs nanoparticles to
investigate the hydrodynamic diameter of nanoparticles at room temperature using DDW at pH
value of 7.2. The observed hydrodynamic diameter of GSH coated Magnetite- FesOs
nanoparticles is 112.5 nm (Fig.6.6). The obtained hydrodynamic size of GSH coated
Magnetite- FesO4 nanoparticles is more compared to actual size of the nanoparticles due to
solvation layer of water molecules and ions around the particles along with the little

aggregation [12].

Frequency (%)
?

Fig.6.6: Hydrodynamic diameter of GSH coated Magnetite- Fe3s04 nanoparticles.

GSH coated Magnetite-FesO4 nanoparticles have a lower hydrodynamic diameter
indicating a reduction in aggregation. If the coating is thick enough, the Van der Waals
attraction between particles is weaker than Brownian thermal energy. This is the origin of the
word "steric" stabilization, which creates extra repulsive energy barriers. Therefore, a
nonmagnetic coating of PEG, PVA, or thiol (like GSH) on the surface of the MNPs provides
steric or static repulsion, thereby balancing the attraction forces among the particles, resulting
in a smaller hydrodynamic diameter [20].

Zeta potential (C -potential):

The ¢- potential is used to measure the variation in surface charges of particles, which
is used to control the electrostatic interaction of the nanoparticles. The stability of nanoparticles
is investigated using ¢- potential measurements in water (pH~7). The standard value of -
potential of MNPs to be used for biomedical applications is +30 mV [13]. The - potential of
GSH coated Magnetite- Fe3O4 nanoparticles varies in the range of -60 to 10 mV with peak
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value at -20 mV as shown in Fig.6.7. The repulsive forces between negatively charged sheath

around the IONPs cause the increase in hydrodynamic size as indicated in DLS study.

-100 0 100

1.0+

05
0.8
Zeta Potential (mV)

0.7+

0.6—

0.5+

Intensity (a.u.)

0.4—
0.3—
0.2+

0.1-

Zeta Potential (mV)

Fig.6.7: Zeta potential value of GSH coated Magnetite- FezO4 nanoparticles (Inset: enlarge
view of zeta potential scale from -60 to +10 mV).

The negative - potential value of GSH coated Magnetite- FesO4 nanoparticles is likely
attributable to carboxylate anions on the surface. The significant interparticle repulsion
between the negative charges keeps GSH-coated Magnetite- FesOs nanoparticles from
aggregating [20].

6.3.5 Vibrating Sample Magnetometer (VSM) Analysis:

The magnetic parameters namely type of magnetism, saturation magnetization,
coercivity, and retentivity, can be evaluated with the help of VSM, which generates a hysteresis
loop of IONPs.

Fe;O, Nanoparticles
GSH-Fe,0, Nanopart

-20000 -10000 0 10000 20000
M (emu/g)

Fig.6.8: Magnetization versus magnetic field curves of Magnetite-Fe3sO4 nanoparticles and

GSH coated Magnetite- Fe3O4 nanoparticles.
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The hysteresis loops for FezO4 and GSH coated Magnetite- FesO4 nanoparticles were
obtained in the external magnetic field window of +17 kOe at room temperature, which are
shown in Fig.6.8.

The obtained saturation magnetization (Ms) value for Magnetite- Fe3O4 nanoparticles
is 50.2 emu g%, and for GSH coated Magnetite- Fes04 nanoparticles is 48.3 emu g which is
lower than that of the theoretically (92 emu g™*) reported saturation magnetization (Ms) value
of bulk Magnetite- FezO4 nanoparticles. The reduced magnetization value may result from spin
pinning, the finite size effect, spin canting, crystal defects, the shape effect, and/or changes in
the distribution of cations [23].

The decrease in saturation magnetization (Ms) value is observed after the GSH coating
because the coating of nonmagnetic layers hinders the response of the applied magnetic field
towards Magnetite- Fe3O4 nanoparticles, which results in a decrease in the magnetic moment.
The obtained saturation magnetization (Ms) value of Magnetite- FesOs and GSH-coated
Magnetite- FesO4 nanoparticles is adaptable for biological applications, as according to reports,
a saturation magnetization (Ms) value of 7-22 emu g™ is suitable for biomedical applications

[18]. Table 6.2 shows the magnetization parameter values of synthesized nanoparticles.

Table 6.2: Magnetic properties of Magnetite- FesOs and GSH coated Magnetite- FezO4
nanoparticles from VSM analysis.

Properties— Hc
Ms (emu g2)
- (Ce)
Nanoparticles|
FesO4 Nanoparticles 50.2 32.83

GSH  coated FesOs
Nanoparticles

49.22 18.23

6.3.6 Magnetic Hyper Thermia (MHT) Study:

The heat produced by Magnetite- Fe3O4 nanoparticles in an AMF can potentially be
used for cancer treatments. The Specific Absorption Rate (SAR), which measures the amount
of heat generation per unit mass of Magnetite- FesO4 nanoparticles, and the local concentration
of Magnetite- Fe3O4 nanoparticles, are the two key elements that affect the amount of heat
generation that occurs locally.

Generally, temperatures between 42-45°C are suitable to kill cancer cells. Thus, the

MHT cancer therapy basically requires a suitable amount of MNPs to be inserted into cancer
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tumor and application of external AMF of appropriate strength to increase the temperature to
kill the cancer cells.

GSH-coated Fe3O4 nanoparticles with concentrations of 3 mg mL 2 were keptina 3 mL
cuvette containing 1 mL of DDW. This cuvette was kept in a MHT device and external AMF
of fixed frequency (278 kHz) was applied for 600 s. The change in temperature was recorded
for three different AMF strengths (13.3, 20.0, and 26.7 kA m™). Fig.6.9 shows the temperature

vs time curves of Magnetite- FesO4 and GSH coated Magnetite- FesO4 nanoparticles.
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Fig.6.9: Temperature Vs Time variation for Magnetite- FesOs and GSH coated Magnetite-
Fe304 nanoparticles.

The SAR and Intrinsic Loss Power (ILP) values calculated using Equations 2.7 and
2.8 (Chapter-02) as a function of magnetic field strength for GSH coated Magnetite- FesO4
nanoparticles for different concentrations are shown in Table 6.3.

Table 6.3: SAR and ILP values for GSH coated Magnetite- Fe3O4 nanoparticles.

Concentration (mg 1

mL1) — 3mg mL

Magnetic Strength

(KA M) 13.6 20.0 26.7
GSH GSH GSH

MNPs FesOa coated FesOas coated FesOas coated
FesOq4 FesOq4 Fe30O4

SAR (W g?) 37.32 13.99 156.31 | 121.31 |207.63| 156.31

2 -1
:]';Fl))(”Hm O o7 | o027 1.4 1.09 1.04 0.07

Adding a GSH coating can lower the heating efficiency of Magnetite- FesOs
nanoparticles. The drop in temperature of the GSH-containing suspension is in good agreement

with the magnetization value, indicating that the surface coating reduces the magnetic moment

137



Chapter-06

of Magnetite- FesO4 nanoparticles, which leads to a decrease in the SAR value of GSH coated
Magnetite- FesO4 nanoparticles. Compared to iron oxide nano agents available for therapeutic
use, such as Feridex (115 W g and 0.16 nHm? kg) and Resovist (104 W g and 0.21 nHm?
kgl), the synthesized materials exhibited greater SAR and ILP values [24]. Hence the
nanoparticles can be used as thermo-agent for MHT and drug delivery.
6.3.7 Drug Loading and Drug Release Study:
Drug Loading

UV-visible spectroscopy was used to assess the in-vitro drug loading process to
quantify the adsorption of the drug onto the nanoparticle surface of GSH coated Magnetite-
Fe304 nanoparticles as discussed in Section 5.3.7 (Chapter-05). The DOX is used as a model
drug for anticancer therapy to study the loading and release characteristics. Due to the
electrostatic interaction between the positively charged amino and carbonyl groups of DOX
and the negatively charged carboxylic group of GSH, the DOX may readily integrate into the
nanoparticles. Furthermore, it has been shown that the delocalized = electrons in n-7 stacking
and hydrophobic contact may efficiently load drug that contain aromatic rings onto the surface
of nanoparticles. The maximal drug loading capacity, or entrapment efficiency (EE), of 91%
was calculated after 48 hours of drug loading using Equation 5.1 (Section 5.3.7 (Chapter-
05)).
Drug Release:

The drug release profile of GSH coated Magnetite- FesO4 nanoparticles was studied as
discussed in Section 5.3.7 (Chapter-05).

The drug release performance of GSH coated Magnetite- FesO4 nanoparticles after 48
h and by varying the pH of physiological suspension i.e. at pH=4.5, 6.8, and 7.4 is shown in
Fig.6.10. The drug release efficiency of DOX loaded Magnetite- FesO4 nanoparticles and DOX

loaded GSH coated Magnetite- FesO4 nanoparticles is given in Table 6.4.

Table 6.4: Drug release percentage of DOX loaded Magnetite- Fe3O4 nanoparticles and GSH
coated Magnetite- FesO4 nanoparticles at different pH values.

pH —>
NPs ¢ 45 6.8 7.4
FesO4 80.6% 79.32% 50.19%
GSH-Fe304 87.75% 81.26% 58.49%
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Fig.6.10: Drug release percentage of the DOX loaded Magnetite- Fe3O4 nanoparticles and
GSH coated Magnetite-FesO4 nanoparticles at different pH: (a) pH-4.5, (b) pH-6.8, and (c)
pH-7.4.

The in vitro release tests show that DOX-loaded Magnetite- Fez04 and DOX-loaded
GSH-coated Magnetite- Fe3O4 nanoparticles are pH-sensitive and can potentially release their
therapeutic payload in the acidic tumor microenvironment. In this study, it is also observed that
the drug release is more rapid for acidic medium (TME) as compared to physiological pH of
7.4.

Hence, the study is appropriate for targeted therapy which is consistent with the acidic
TME. While higher pH decreases the efficiency of drug release and lower pH probably
increases drug release because of the reduced n-n stacking interaction. Therefore, the tumor-
specific drug delivery is possible with the addition of GSH, which further speeds up DOX
release in tumor acidic environment [9].

6.3.8 Biocompatibility:
(a) Cytotoxicity Assay:
3-(4, 5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay:

Due to wide applications of iron oxide in the field of biomedical, cell viability and cell
toxicity are the primary steps to check their biocompatibility. To study the toxicity, GSH coated
Magnetite- FesO4 nanoparticles were mixed with fibroblast cell line (L929) and cancer cell line
(MDA MB 231).

Here, MTT assay was used for assessing the cell viability of fibroblast cell line (L929)
and cell toxicity of breast cancer cell line (MDA-MB-231) at various concentrations (100, 50,
25, 12.5, 6.25, and 3.125 pg mL™) of Magnetite FesO4 nanoparticles, GSH, and GSH coated

139



Chapter-06

Magnetite- FesO4 nanoparticles after 48 h of incubation as discussed in Section 4.3.7 (a)
(Chapter-04).

Equations 3.5 and 3.6 (Chapter-03) were used to calculate the percentage of cell
viability/ toxicity of Magnetite- FesO4 nanoparticles.

For L929 fibroblast cell line, the GSH coated Magnetite- Fe3O4 nanoparticles show
decrease in cell viability from 97 to 92 % with increase in the concentration of GSH coated
Magnetite- Fe3O4 nanoparticles from 3.125 to 100 pg mL™ as shown in Fig.6.11 (a). The
microscopy pictures of untreated and treated L929 cell line for 100 ug mL* of IONPs is shown
in Fig.6.11 (b).
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Fig.6.11: (a) Histogram of cell viability percentage and (b) The microscopy pictures of the
L929 cell line.

For MDA-MB-231 breast cancer cell line, the GSH coated Magnetite- Fe3O4
nanoparticles show increase in cell toxicity from 21.47 to 80.73 % with increase in
concentration from 3.125 to 100 pg mL™. Thus, the cell toxicity (killing of cancer cells)
increases with concentration of Magnetite- Fe3O4 nanoparticles as shown in Fig.6.12 (a). The
microscopic picture of breast cancer cell line (MDA MB 231) for concentration of 100 pug mL"

L of IONPs is shown in Fig.6.12 (b).
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Fig.6.12: (a) Histogram of cell viability percentage and (b) The microscopy pictures of the
MDA MB 231 cell line.
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The activation of oxidative stress, which comprised lipid peroxidation and the
generation of ROS, was demonstrated to be connected with cytotoxicity [25]. Cell toxicity
increased more when MDA-MB-231 cell line were treated with GSH coated Magnetite-FezO4
nanoparticles than the cells treated with Magnetite- FesO4 nanoparticles.

Cell death mechanism

Magnetite- FesO4 produces ROS in large number, which is very harmful to cancer cells
and may be the reason for cancer cell death. This might be explained as: Ata pH of 4-5 (Tumor
region), Magnetite- Fes04 may dissociate into Fe?* and Fe®" ions. Ferroptosis occurs in tumor
cells when Magnetite- FesO4 nanoparticles penetrate cells, break down into Fe ions, and create
ROS in mitochondria by converting H2O. to free radicals. When this occurs, there is
unregulated membrane lipid peroxidation, which leads to membrane permeability loss and,
ultimately, cell death. The three processes involved in ferroptosis are, glutathione-dependent
antioxidant mechanism, iron metabolism, and lipid peroxidation; small changes in these
pathways lead to the death of cells. Modulating GSH levels may have therapeutic consequences
due to its function in inducing apoptosis, necrosis, and ferroptosis. GSH is essential for
maintaining intracellular oxidative equilibrium, serving as an antioxidant, and promoting
metabolism and detoxification [26]. GSH serves as a substrate for GSH peroxidases (GPXs)
and GSH-S-transferases (GSTs) and is involved in iron and sulphur metabolism. With increases
in ROS as a result of ferroptosis, GSH reduces to balance it. The reduction in GSH inhibits
GPX4, leading to lipid peroxidation and ROS accumulation, resulting in cell death [27].

GSH may also improve the way that nanoparticles interact with cells, which is another
source of cell death. Furthermore, the superparamagnetic nature of both nanoparticles may be
steered directly to the tumor location by applying an external magnetic field, boosting
nanoparticle toxicity at the target region. Therefore, our findings indicate the potential
applicability of Magnetite- FesO4 and GSH-coated Magnetite- FezO4 nanoparticles as powerful
toxicants against tumorigenic cell lines [7].

(b) Hemolysis Assay:

The entry of foreign particles into the body can have a variety of and sometimes
conflicting effects, so determining their effects on the body is a critical step in their
applicability. Because the injected nanoparticles come into direct touch with blood tissue and
its components, an evaluation of their hemocompatibility is essential for further study.

For this study fresh human blood (10 mL) was collected in heparinized centrifuge tubes,

rotated at 3000 rpm for 10 min, and washed three times with an equivalent volume of normal
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saline. The blood volume was measured and reconstituted as a 10% v/v solution in normal
saline. The reaction mixture included 1 mL of 10% red blood cell suspension. Triton X-100
was used as a standard drug (positive control), saline as a negative control, and test sample
with different concentrations of GSH coated Magnetite- Fe3Os nanoparticles were then
incubated at 56°C for 30 min, and centrifuged at 2500 rpm for 5 min, and the absorbance of
the supernatant was measured at 560 nm. Hemolysis percentage was calculated using Equation
3.7 (Chapter-03).

The concentration of the Magnetite- Fe3O4 nanoparticles was varied from 0.5 to 2.0 mg

mLL. The change in hemolysis percentage is shown in Fig.6.13.
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Fig 6.13: Hemolysis percentage of GSH coated Magnetite- Fe3O4 nanoparticles.

The percentage of hemolysis is between 1 to 2.1 which is well below 5% as per ISO 10993-5
guidelines [28]. Accordingly, it is observed that the GSH coated Magnetite- FesO4
nanoparticles are suitable for usage in biomedical applications and do not exhibit hemolytic
activity.

6.4 Conclusions:

In the present study, Magnetite- FesO4 nanoparticles were successfully
synthesized by a simple chemical coprecipitation method and surface modified with GSH via
the oxidative polymerization method. The XRD analysis reveals there is no phase change of
Magnetite- FesOs after GSH coating. FTIR study confirms the composition of coated
Magnetite- FesO4 nanoparticles with thiol (GSH). VSM studies showed the superparamagnetic
behaviour of synthesized nanoparticles at room temperature with saturation magnetization
(Ms) value 50.21 and 49.22 emu g for Magnetite- FesO4 and GSH coated Magnetite- FesOx

nanoparticles, respectively. The magnetic induction study reveals the synthesized nanoparticles
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can potentially be used as thermoseeds for MHT. In acidic pH, GSH-coated Magnetite- FesO4
shows a rapid drug release compare normal physiological pH. Hence the GSH-coated Fez04
nanoparticles can be used as carriers for drug delivery. MTT assay revealed the toxicity of
80.73% towards the MDA-MB-231 breast cancer cell line and cell viability of 92 % towards
1.929 fibroblast cell line at 100 pg mL*. Thus, the GSH-coated FesO4 can be effectively used
as an anticancer agent to Kkill cancerous cells with minimal side effects to normal cell lines.
Hemolysis in GSH-coated Fe3Og is less than 5%, which is acceptable to use in biomedical
applications. Therefore, the resulting study reveals that GSH coated FesO4 nanoparticles is

potential material for anticancer therapy.
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7.1 Summary
Flow Chart of Research Work

Synthesis of Iron Oxide Nanoparticles (IONPs) by
chemical Co-precipitation

{

Optimization of synthesis parameters by varying
molar concentration of Fe?*and Fe**ions

I

Physicochemical Characterization of IONPs (XRD,
TEM, FTIR, DLS, {-potential, SEM, VSM)

{

Biological Characterization of IONPs
(Biocompatibility, Cytotoxicity/ Cell viability)

Surface functionalization of IONPs with PEG and
GSH
(Pristine Fe,0, NPs, PEG coated Fe,0, NPs, GSH

AM.ET[Q..NEZI—

Physicochemical and Biological Characterization of
functionalize IONPs

{1

Biomedical Applications

Chapter-01 includes fundamental description of nanoparticles (NPs), Magnetic
Nanoparticles (MNPs), Iron Oxide nanoparticles (IONPs), and their related properties for
biomedical applications. Chapter-02 describes biomedical applications of IONPs with
description of Magnetic Hyper Thermia (MHT). Chapter-03 details experimental methods
used for synthesis of IONPs, surface functionalization of IONPs, and physicochemical
characterization techniques. Chapter-04 gives an account of synthesis of IONPs via chemical
coprecipitation method. The optimization of synthesis parameters to obtain Magnetite- FesO4
nanoparticles by varying molar concentration of Fe?* and Fe** ions. This is followed by the
physicochemical characterization of pristine Magnetite- FesOs nanoparticles. Chapter-05
includes method of surface functionalization of Magnetite- FesO4 nanoparticles with Poly
Ethylene Glycol (PEG). The Physicochemical characterization (XRD, TEM, FTIR, SEM, DLS,
- potential, VSM), MHT, and biomedical studies like biocompatibility, cytotoxicity/ cell
viability, hemolysis, and drug delivery studies are also reported. Chapter-06 includes method

of surface functionalization of Magnetite- Fe3O4 nanoparticles with Glutathione (GSH). The
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Physicochemical characterization (XRD, TEM, FTIR, SEM, DLS, - potential, VSM), MHT,

and biomedical studies like biocompatibility, cytotoxicity/ cell viability, hemolysis, and drug

delivery studies are also reported. Chapter-07 summarizes the present research works flow

chart and conclusions while Chapter-08 gives future scope for the present work and 80

recommendations.

7.2 Conclusions:

IONPs of appropriate sizes were successfully synthesized by chemical coprecipitation
method.

Variation in the molar concentration of Fe?* and Fe** ions affects the phase formation
(Hematite and Magnetite) and shows different values of magnetic parameters.
Magnetite- FesO4 nanoparticles obtained with molar ratio of Fe?": Fe*"::1:2 show
superparamagnetic behavior with the highest saturation magnetization value (Ms), and
Lowest Intrinsic Loss Power (ILP), and these IONPs are used for biomedical
application.

Magnetite- FesO4 nanoparticles show suitable Magnetic Hyper Thermia (MHT) (42-45
°C) for concentrations of 2 mg mL™ and 3 mg mL under external Alternating magnetic
Field (AMF) of 20 kA m™ and 26.7 kKA m™,

Magnetite- FesO4 nanoparticles were successfully functionalized with Poly Ethylene
Glycol (PEG) and Glutathione (GSH). Their physicochemical and magnetic properties
are found suitable for biomedical applications like MHT, biocompatibility,
cytotoxicity/cell viability, and drug delivery.

The maximum drug release in minimum time is achieved for GSH coated Magnetite-
Fe304 nanoparticles in acidic conditions (pH<6.8) compared to PEG coated and pristine
Magnetite- FesO4 nanoparticles.

Cell toxicity and cell viability study of PEG coated and GSH coated Magnetite- FezOa
nanoparticles for L929 fibroblast cell line and MDA MB 231 breast cancer cell line
shows average cell viability of 95% for fibroblast cell line and cytotoxicity of 85% for
breast cancer cells using MTT assay.

Thus, the goal of the viable synthesis method, optimization of synthesis parameters,
physicochemical and biological characterization of IONPs reveals compatible results
for PEG coated and GSH coated Magnetite-FezO4 nanoparticles.
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8.1 Recommendations

= |n-vitro study of Pristine, Poly Ethylene Glycol (PEG) coated, and Glutathione (GSH)
coated Magnetite- FesO4 nanoparticles for Magnetic Hyper Thermia (MHT) and drug
carrier for chemotherapy was carried out. The same work can be extended for in vivo
studies on animals.

= The extension of MHT study of Magnetite- FesO4 nanoparticles for clinical trials.

= The work of GSH coated Magnetite- FesO4 nanoparticles for biomedical applications
(MHT) is reported first time and further study is recommended.

= The synergistic effect of MHT and chemotherapy might be efficacious for future

research.
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Abstract

The two-step chemical coprecipitation method has been used to synthesize polyethylene glycol (PEG)—coated magnetite
(Fe;0,) nanoparticles by varying the composition of Fe;0,:PEG, with PEG as a stabilizer, dispersant, and to make Fe;0,
nanoparticles biocompatible. The inverse cubic spinel structure of Fe;O, nanoparticles with 7.9+0.1 and 6.9+0.1 nm crys-
tallite size was obtained for uncoated and PEG-coated nanoparticles respectively. The scanning electron microscopy (SEM)
analysis revealed the Fe;O, nanoparticles with quasi-spherical morphology and a decrease in aggregation with the addition
of PEG. Fourier transform infrared spectroscopy (FTIR) results demonstrated that PEG is associated with Fe;O, nanopar-
ticles via carbonyl groups. The vibrating sample magnetometer (VSM) results showed that Fe;O, and PEG-coated Fe;0,
nanoparticles both have superparamagnetic behavior with saturation magnetization (Ms) values of 50.3 and 36.5 emu g
respectively at ambient temperature. Ms value decreases with an increase in PEG concentration, due to the addition of an
extra non-magnetic polymer layer on the surface of Fe;0, nanoparticles. The biotoxicity was tested against the MDA-MB-231
breast cancer cell line via MTT assay, showing a significant decrease in cell viability after PEG coating. Induction heating
studies show the therapeutic temperature (42—45°C) reaches in the first 100 s once the alternating current (AC) magnetic field
is applied to magnetic nanoparticle suspension. The calculated SAR value for Fe;O, and PEG-coated Fe;O, nanoparticles is
in the range of 50-80 W g™!. The overall assessment indicates that PEG functionalization has been successfully optimized
for its application in magnetic hyperthermia therapy.

Keywords Antiproliferative activity - Coprecipitation - Cytotoxicity assay - MDA-MB-231 breast cancer cell lines -
Magnetic hyperthermia - Magnetite - Polyethylene glycol - Superparamagnetic

1 Introduction

In 1990, the new interdisciplinary term ‘“nanomedicine”
was introduced in the medical field. It was described as the
Highlights o application of nanoscopic or fine-structured materials in
*Optimization of PEG on the surface of Fe;0, nanoparticles is medicine that have distinctive biological effects due to their
achieved by chemical coprecipitation. K R . . X

eThe size and magnetization of the crystallites decreased as the fascinating properties [1]. Different nanomaterials have been
concentration of PEG increased. put forward for theranostic applications in nanomedicine.
*Optimized PEG concentration of 0.25-1.5 g coated on Fe;0, For example, iron oxide nanoparticles (IONPs) are contem-
nanoparticles exhibits inductive heating properties under the plated as incredibly covenanting physicochemical features

application of a physiological safe range of external alternating . . . .
current magnetic field. (Temperature rises from 27 to 46 °C in 100 s.) that are beneficial for many biomedical applications such as

#PEG-coated Fe;0, nanoparticles show promising results against magnetic resonance imaging (MRI) [2], drug delivery, cell
anti(.:anc.er activity and can be used for magnetic hyperthermia tracking, magnetic hyperthermia (MHT) [3], and biosensors
application to treat cancer. and cell labeling [4]. Among different forms of iron oxide
54 Raghunath S. Patil (goethite, Wushte, magnetite (Fe§O4), ma.ghemlte (y-Fe,03),

rsp17658 @ gmail.com and hematite (*-Fe,05)), the main attention has been placed

on Fe;0, nanoparticles due to less toxicity, high level of
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Abstract

The anticancer and antibacterial potential of magnetite (Fe;O,) nanoparticles have been investigated using different biologi-
cal assays. Also, an induction heating study was performed to check the magnetic hyperthermia application of synthesized
Fe;O, nanoparticles. An antimicrobial study was performed against gram-positive and gram-negative bacterial strains. Among
them, the Staphylococcus aureus bacterial strain showed maximum antimicrobial activity with a 15 mm zone of inhibition
for 500 pg/mL of Fe;0, nanoparticles. The antioxidant activity was ascertained through a DPPH (1, 1-diphenyl-2, picryl-
hydrazyl) assay. Fe;O, nanoparticles showed 30.57% free radical scavenging activity due to its antioxidative nature. The
anticancer potential of Fe;O, nanoparticles was evaluated against the breast cancer (MDA-MB-231) cell lines and fibroblast
(L929) cell line using 3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) cytotoxicity assay. Fe;0,
nanoparticles proved to be toxic to the MDA-MB-231 cell line even at a concentration of 3.125 ug mL~!, and an increase in
cytotoxicity to 89% from 20% was observed with the rise in Fe;0, nanoparticles concentration to 100 ug mL™". The observed
cytotoxicity for the L929 cell line is low revealing the biocompatible nature of synthesized Fe;O, nanoparticles. Also, the
biocompatibility for invitro application was examined using angiogenesis activity which does not show any antiangiogenics
activity of synthesized Fe;0, nanoparticles. Additionally, the inductive heating characteristic of Fe;O, nanoparticles in an
alternating current (AC) magnetic field was examined at a frequency of 278 kHz, and for the different magnetic fields of 13.3,
20.0, and 26.7 kA m™! for 600 s with different suspension concentrations of Fe;O, nanoparticles as 0.5, 1.0, 2.0, 3.0, and
5.0 mg mL~!. The highest rise in temperature of 60.63 °C was observed for 5 mg mL~! at a magnetic field of 26.7 kA m™!
with a specific absorption rate (SAR) value of 85 Wg~! which makes them suitable for hyperthermia application. The study
shows promising antimicrobial, antioxidative, anticancer, and induction heating properties. Herein, the present study reveals
the potential of Fe;O, nanoparticles for improved therapeutic applications and effective bactericidal propensity.
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Optimization of Magnetite Nanoparticles for Magnetic
Hyperthermia: Correlation with Physicochemical Properties

and Cation Distribution

Nadiya N. Patel,®! Vishwajeet M. Khot,*1? and Raghunath S. Patil*[!

The present study reveals the synthesis of Iron oxide nanopar-
ticles (IONPs) by varying the molar ratio of ferric (Fe3*) to
ferrous (Fe?*) ions via chemical coprecipitation method for the
study of cationic distribution of Fe-ions and its potential applica-
tion for magnetic hyperthermia therapy (MHT). X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS), were used
to characterize the physicochemical properties. Several structural
parameters were estimated using the Rietveld refinement, result-
ing in structural modelling verified by magnetic characteristics.
A vibrating sample magnetometer (VSM) assessed the magnetic
hysteresis loop at room temperature in a field range of +15 kOe,

1. Introduction

Particles display unique optical, magnetic, or electrical charac-
teristics when they go smaller than microns, particularly for
nanoparticles (1-100 nm) which are quite different from those
of fine particles or bulk materials.! Nanocrystalline spinel fer-
rites have undergone extensive research owing to their poten-
tial applications in microwave absorbers, high-density record-
ing systems, chemical sensors, imaging, permanent magnets,
high-frequency devices, ferrofluid technology, and biomedical
applications.”! In spinel ferrite complexes Oxygen atoms are
packed closely together, exhibiting tetrahedral and octahedral
sublattices. In the compound structure, M** (M =Fe, Co, Mg, Ni,
etc) and Fe** are organized at two different crystallographic
sites with tetrahedral (A) and octahedral (B) oxygen coordina-
tion. Normal spinel is the structure that results when 16 B sites
are filled by Fe3* and M?* cations fill 8 A-sites. In the inverse
spinel structure, M** ions exclusively occupy the B-site whereas
Fe3* ions are randomly occupied at both A and B sites. Because
M?* and Fe3* cations are present at both A-and B-sites and
cation distribution is mixed, most spinel has a mixed (partially
inverse) structure. The degree of inversion is characterized by

[a] N. N. Patel, V. M. Khot, R. S. Patil
Centre for Interdisciplinary Research, D. Y. Patil Education Society, (Deemed
to be University), Kolhapur 416 0063, India
E-mail: wishkhot@gmail.com
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revealing superparamagnetic behavior for the ratio Fe?*/Fe3* 1:2.
The saturation magnetization (Ms) of IONPs increased with the
increasing Fe** concentration and attained a maximum value
of 6021 emu g~' at a molar ratio of 2:1. The potential of the
inductive heating capability of IONPs in an alternating current
magnetic field (AMF) was studied to treat localized MHT. The
changes in magnetic properties and inductive heating proper-
ties of IONPs are associated with the cationic distribution of Fe?*
at the tetrahedral (A) and octahedral (B) sites of crystal struc-
ture. The variation in cationic properties at the A and B sites
may result in varying/tuneable magnetic properties, affecting
the overall heating profiles of hyperthermia.

an inversion parameter.®! Due to their possible use as ferroflu-
ids, magnetic ferrite nanoparticles with inverted spinel structures
have garnered much interest. Hydrophilic ferrofluids are mostly
employed in medical applications, such as the treatment and
detection of medical problems, whereas hydrophobic fluids with
scattered magnetic nanoparticles (MNPs) are used as rotating
shaft seals and loudspeakers.*! Ferrite nanoparticles exhibit spin
canting, a metastable cation distribution, a core/shell structure,
and superparamagnetic at the nanoscale. These phenomena are
contingent upon several variables, including anisotropy, surface
morphology, composition, grain size, and interparticle interac-
tions. The electrical and magnetic properties of ferrites can
be affected by the distribution of cations between tetrahedral
and octahedral sites. The distribution can be regulated by the
synthesis method.!”’

Nanoparticles (NPs) play a crucial role in cancer research due
to their versatility in diagnostic and therapeutic applications.
Magnetic hyperthermia (MHT) uses MNP-mediated temperature
increases in the therapeutic range of 42-46 °C under an alter-
nating magnetic field (AMF) to destroy cancer cells. Specifically,
superparamagnetic iron oxide (SPIONs) is in use to introduce into
tumour for converting electromagnetic energy into heat under
the influence of an AMF. The U.S. Food and Drug Administration
(FDA) has started clinical studies to treat pancreatic cancer and
prostate cancer using this approach. In MHT an important factor
is the thermal performance of injected MNPs. The temperature
rise caused by MNPs has direct thermal effects that favor cell
death, it can also be used to advance other AMF-triggered treat-
ment techniques (such as chemotherapy). MNPs can be used
with other therapies to alter cell metabolic pathways, creating

© 2024 Wiley-VCH GmbH
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Morphologically tuned MnOs thin film electrodes prepared by growth
kinetic dependent SILAR approach for high-performance
extrinsic pseudocapacitors
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Extrinsic Pseudocapacitors

Rationally designed electrode materials that are morphologically tuned to attain large surface area can signifi-
cantly possess the extrinsic pseudocapacitive charge-storing ability. Therefore, the current work approach fo-
cuses on synthesizing binder-free MnO, thin film electrodes with tuned morphology by the SILAR method
through alteration in growth kinetics. The growth kinetics of SILAR are controlled by altering the precursor
concentrations ratio among metal precursor (MnCly) and oxidizing agent (KMnO,4). The structural analysis
confirmed the preparation of the 5-MnO, phase of manganese oxide. Moreover, alteration in growth kinetics
resulted in a change in surface morphology with reduced nanowire size of marigold-like 8-MnOy microflowers.
The MO-3 thin film electrode prepared at an optimum KMnO4 and MnCl, precursor concentration ratio of 2:1
provides the maximum extrinsic pseudocapacitive conduct with the maximum specific capacitance of
774.5 F g1, Furthermore, the aqueous symmetric supercapacitor device exhibits the highest specific capacitance
of 106 F g~ with a specific energy of 14.8 Wh kg ™! at a high specific power of 1792 W kg~ ! and exhibits 83.2 %
capacitive retention over 10,000 cycles. Furthermore, the symmetric aqueous device (MO-3//NaS04//MO-3)
lights 5 red LEDs, demonstrating its commercial viability for energy storage systems. This research facilitated the
scalable synthesis of binder-free §-MnOx fine film electrodes with a desired morphology by facile SILAR method,
ensuring their practical applicability in symmetric extrinsic pseudocapacitor devices.

1. Introduction and low-cost, safe devices (non-flammable) energy storage [3].

Until now, various electrode materials, including phosphates, oxides,

New and emerging renewable (non-conventional) energy sources are
gaining popularity, such as wave, wind, geothermal, and solar energy,
are being developed to replace fossil fuels and address environmental
issues [1]. So, researchers are developing practical, long-term, and
cost-effective energy storage technology that is environmentally
conscious in response to the disruption and decreased continuity of
non-conventional energy generation. Thus, electrochemical energy
storage systems (ESSs), including batteries, supercapacitors, and fuel
cells are highly desirable to stock created energy through
non-conventional sources [2]. Supercapacitors are promising ESSs
among the available energy storage devices (ESDs) since they have the
ability to work in a well-organized and competent way with long cycle
life performance, high specific energy (SE), high specific power (SP),

* Corresponding author.
** Co-corrosponding author.

and sulfides, metal hydroxides, have been evaluated for use in pseudo-
capacitors [4] Generally, as per charge storage mechanisms, the
maximum commonly exploited pseudocapacitive materials are regarded
as extrinsic, intercalation, and intrinsic (renovated battery-type) pseu-
docapacitive [5]. Extrinsic pseudocapacitive materials are those with
reduced particle size or crystallinity that can increase pseudocapacitive
activity. However, excluding exceptional SP, extrinsic pseudocapacitive
materials undergo low SE and poor stability. In insertion improving
charge storage capacity of pseudocapacitors, the widely anticipated
tactic to increase the storage capacity of electrodes by regulating the
physical (i.e. crystallinity, conductivity, and hydrous nature) and
morphological (i.e. surface area, porosity, and particle size) features of
the storing materials [6]. Hence, developing gainful energy-storing
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