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Abstract

The advanced approach of magnetic iron oxide nanoparticles (IONs) offers new opportunities
in the field of diagnosing life-threatening diseases including cancer treatment. Due to their
superior magnetic anisotropy, irreversible ability of high and low field magnetization, and
superparamagnetism, they display the special potential to respond to therapeutic doses (in
magnetic hyperthermia and targeted drug delivery). This review focuses on the current
progress of the IONs application as magnetic therapeutic agents along with the synthesis
methods and surface modification to enhance efficacy of the particles. The findings include the
use of these nanoparticles for cancer treatment in the form of contrast agent, drug carriers, and
through cell tracking with the assistance of MRI. Lastly, some emerging problems associated
with IONs toxicity and the necessary steps that should be established to overcome them are

mentioned briefly as well.

Keywords: cancer therapy; magnetic iron oxide nanoparticles; biomedical application; surface

functional strategy; hyperthermia; MRI.
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Chapter 01

Introduction

1.1. Background

Cancer is a leading cause of death worldwide, causing nearly 10 million deaths in 2020, or
about one death in six (WHO, 2022). It is a genetic disease which occurs due to the alterations
of genes that are supposed to control the functions of cells, namely their division, maturation,
and growth. Cancer cells exhibit a significant loss of growth control because of cumulated
decrease in various cell regulatory functions that is manifested across many important features
of cell activity that usually distinguish cancer cells from their healthy equivalents (Cooper,
2000). A healthy cell transforms into a tumor cell when one or several mutations occur in its
DNA, also known as neoplastic transformation. These genetic changes are either inherited or
acquired. Acquired genetic changes can occur because of certain environmental exposures,
e.g., radiation (UV, X-rays, gamma rays), viruses (hepatitis B, hepatitis C), chemical
carcinogens (tobacco products, asbestos, azo dyes). Genetic changes can also occur due to
errors during cell division (NIH, 2021). For instance, woman who inherits one altered copy of
either the tumor suppressor genes BRCA1 or BRCAZ2 have a higher risk of developing ovarian
cancer and breast cancer because the inactivation of a single copy of these genes due to
mutation during cell division leaves breast or ovarian cells exposed to cancer as their ability to

repair DNA damage is decreased (Lee & Muller, 2010).
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Figure 1: Normal cell vs cancer cell

In the male population, the most common types of cancer include lung, stomach, liver, prostate,
colorectal cancer, whereas breast, lung, colorectal, cervical, thyroid cancer are the most

common among the female population (WHO, 2022).

Tumors can be classified on the basis of their origin, invasivity, their tendency to spread to
different parts of the body, and their ability of metastasis. Benign tumors are not much harmful
because they cannot invade or spread into other parts of the body. On the other hand, malignant
tumors are considered more fatal due to their ability to penetrate the bloodstream or lymphatic
system resulting in secondary tumor development in different parts of the body (Chambers et

al, 2002).

Depending on the classification of cancer and how far along the progression of tumor is, there
are different types of cancer therapy available. Some patients may need only one kind of cancer
therapy but most patients require a combination of therapies to fully recover. Chemotherapy is
one of the standard treatment methods during which drugs containing powerful chemicals are
used to inhibit cellular division and growth by interfering with DNA synthesis of cancer cells

causing cell death. However, problems associated with this method arise serious concern
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(DeVita & Chu, 2008). One of the fundamental issues regarding chemotherapy is the
development of cellular drug resistance. For example, some neoplastic cells, melanoma, are
inherently resistant to most anticancer drugs without any prior exposure to cytotoxic agents.
Other resistance develops in response to exposure to a given anti-cancer agent by developing
mutations, particularly after prolonged administration of sub-optimal drug doses. Another fatal
adverse effect is toxicity as this therapy Kills cells non-specifically which means it affects
normal cells along with rapidly proliferating cancer cells, e.g., hair follicles, bone marrow, cells
of the buccal mucosa, gastrointestinal mucosa etc. Furthermore, Myelosuppression is common
to many chemotherapeutic agents which increases the risk of infections. Other adverse

reactions include bladder toxicity, cardiotoxicity, and pulmonary fibrosis (Chivere et al., 2020).

Another type of cancer treatment is radiotherapy where elevated frequency of radiation is used
to destroy or shrink the tumorous cells but it is also responsible for damaging healthy cells
(Sebag-Montefiore et al., 2009) and surgery which is done when the tumor is in solid form, is
found in only one part of the body, and easy to remove without affecting any vital organ. The
surgeon performs the surgery through cutting into the body and removing the tumor along with
some nearby healthy cells to ensure that the entire tumor is removed (Cancer surgery:

Physically removing cancer, 2020).

Over the last decade, the concept of cancer treatment has gained a lot of attention because of
its severe effects on human life span. The principle of cancer therapy is to destroy only the
cancer cells with minimal destruction to healthy cells. However, it is not easy to distinguish
the cancer cells from healthy cells, thus the already existing treatments, e.g., chemotherapy,
tumor-selective radiation therapy etc. are less effective and associated with many adverse

effects (Maenosono & Saita, 2006). Therefore, an improved strategy should be developed
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which can decrease the therapeutic doses and deliver therapeutic drugs into the tumor cells

directly under different conditions (Senapati, 2018).

1.2.  Nanoparticles

The implementation of nanoparticles in the drug delivery system has yielded many
probabilities to address and tackle some of the deadly diseases including cancer. The obstacles
associated with the conventional cancer therapy include non-specificity that results in off-target
toxicity which destroys healthy cells, poor circulation time causes reduced efficacy, and drug
resistance leads to decreased intra-tumoral retention. Therefore, nanoparticles are used in
targeted drug delivery to deliver the drug to the targeted site, to improve the uptake of less

soluble drug, and to enhance bioavailability of drug (Dean, Wang, & Hua, 2015).

Nanoparticles differ in size but normally range from 100 to 500 nm. By controlling the size,
material used, surface properties, the nanoparticles can be evolved into smart techniques,
containing therapeutic and imaging agents, stealth properties etc. Moreover, these techniques
can deliver drugs to targeted tissues and give sustained release therapy. This targeted and
controlled drug delivery reduces the drug borne toxicity and improves patient’s compliance
due to less frequent dosing. Nanoparticles have been used successfully for cancer drug delivery

since 1995 (Rizvi & Saleh, 2018).

Magnetic nanoparticle (MNP) has been actively investigated as the succeeding targeted drug
delivery particle for more than 30 years due to their ability to function at the molecular and
cellular level of biological reactions and distinctive physical properties (Xu et al., 2009).
Transferring a drug to the midpoint of the disease directly under different environments and
treating it effectively without any adverse effects on the body is the main goal of targeted drug

delivery and therapy (Chomoucka et al., 2010).
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As mentioned before, non-specificity is the main drawback of almost all chemotherapeutic
approaches. Generally, therapeutic drugs are cytotoxic and administered intravenously
resulting in systemic distribution. The non-specific characteristic of this method leads to the
common aftereffects of chemotherapy because the cytotoxic drug attacks not only the targeted
tumor cells but also the non-targeted healthy cells (Gaihre et al., 2009). To diminish this
downside, MNPs can be applied to treat cancer in 3 different ways. Firstly, specific antibodies
are conjugated to the MNPs, so that they can selectively bind to targeted receptors and inhibit
tumor cell growth. Secondly, targeted MNPs are used for hyperthermia for cancer therapy.
Lastly, drugs can be loaded onto the MNPs for targeted delivery (Chomoucka et al., 2010). The
targeted therapy of anti-cancer is a great substitute to traditional chemotherapy where these
agents are adsorbed on the surface of MNPs. In this method, with the help of an external
magnet, the particles are loaded into the drug and are concentrated at the targeted site. Then
the drugs are delivered to the designed site (Sivudu et al., 2009). Magnetic particles which are
smaller than 4 pm are excreted by the cells of the reticuloendothelial system (RES), primarily
in the spleen (3-10%) and liver (60-90%). On the other hand, particles which are bigger than
200 nm are mostly excreted to the spleen, whereas liver cells phagocytose particles up to
100nm. At large, the larger the particle size, the shorter their period of plasma half-life (Abdalla

etal., 2010).

1.3. Magnetic Iron Oxide (10) Nanoparticles

Magnetic iron oxides are considered as major nanomaterials for biomedical applications in
vivo and in vitro because of their large surface area, long blood retention time, enhanced
permeability, stability, biocompatibility, biodegradability, precise targeting, and low toxicity.
Moreover, they can be modified by manipulation to provide a large number of functional

groups for cross-linking to tumor-targeting ligands, e.g., peptides, monoclonal antibodies, and
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small molecules for molecular and cellular imaging, cancer treatment, and integrated
nanodevices for detecting the cancer cell, screening, and delivery of therapeutic agents

(Cheetham et al., 2016).
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Chapter 02

Methodology

The review was done by following a secondary research method which involved compiling
existing data from a variety of sources including government statistics, organizational bodies,
the internet etc. Methodical literature review was done to obtain all the information from
various credible sources like research papers, news articles, academic published articles, peer
reviewed journals, online scholarly databases etc. Additionally, several databases were
searched extensively for this study such as journal database, newspaper database, library
catalog, professional website. and many more. Data were also collected from PubMed, a
website that gives permission to make use of biomedical journal abstracts and citations
primarily indexed by Medline without any charge. Articles from renowned journals such as
Journal of Cancer Research and Clinical Oncology, Elsevier, Wiley online library etc. were
also evaluated for this review study. Furthermore, the cancer website e.g., American Cancer
Society, American Society of Clinical Oncology (ASCO), US National Cancer Institute (NCI),
government websites e.g., Comprehensive Cancer Information, National Institutes of Health
(NIH), MedlinePlus, and international websites e.g., World Health Organization (WHO),
International Agency for Research on Cancer (IARC) were used to retrieve potential data for
completing the review. At last, the information was combined to better understand the topic

and express it precisely in writing.
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Chapter 03

Synthesis, Properties, and Surface Coating of Iron Oxide Magnetic

Nanoparticles

3.1. Synthesis of iron oxide nanoparticles

Many processes have been developed for synthesizing magnetic NPs with appropriate surface
chemistry such as physical, chemical, and biological. Recently, iron is the most transition metal
in the Earth’s crust, so it is considered as the backbone of modern infrastructure. However, iron
oxides are not used as much compared to other group elements like cobalt, nickel, gold, and
platinum). There are about 16 identified iron oxides where iron is chemically combined oxygen
to form iron oxide compounds. Naturally, iron (I11) oxide can be found in the form of rust (Zia
et al., 2016). Therefore, iron oxides are commonly used as they are not expensive and play a
significant part in many biological approaches (Laurent et al., 2008). Magnetite (Fe304),
maghemite (g-Fe203), and hematite (a-Fe203) are the three most common forms of iron
oxides found in nature. NPs which are made of ferromagnetic materials with size of <10-20
nm display an incomparable nature of magnetism, i.e., superparamagnetism which is
responsible for low toxicity, superparamagnetic properties, such as surface area and volume
ratio, and simple separation methodology, thus capable of biomedical applications for protein
immobilization, e.g., diagnostic magnetic resonance imaging (MRI), thermal therapy, and drug
delivery (Nurdin etal., 2016). IONs can generate magnetic resonance spontaneously by moving
along the field of attraction or involving the external magnetic field, or through self-heating
which are greatly affected by size, shape, crystallization, synthetic methods, and quality of the

IONs (Xu et al., 2014).
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IONs can be synthesized using mechanochemical methods which include combustion, laser
ablation arc discharge, pyrolysis, electrodeposition etc. and chemical methods which include
coprecipitation, hydrothermal, sol-gel synthesis, reverse micelle template-assisted synthesis
etc. (Zia et al., 2016). The most efficient synthesis methods are hydrothermal synthesis, co-
precipitation, microemulsion, thermal decomposition, and sonochemical synthesis which
ensures the development of monodispersed IONs with controlled size and shape, stability, and
biocompatibility (Daou et al., 2006). Co-precipitation and thermal decomposition are the most

commonly used techniques.

3.1.1. Co-precipitation synthesis

The most convenient method to obtain Fe304 or ¥-Fe203 is co-precipitation which is a
chemical preparation method and is performed by adding ferrous and ferric salts together in
the presence of strong solutions of base (Mascolo et al., 2013). This reaction is done in the
presence of an inert gas (N2 or Ar) in an oxygen-free environment using degassed solutions to
prevent out of control oxidation of Fe2+ to Fe3+ (Bandhu et al., 2009). Mostly, the particles
are covered with organic or inorganic coating to prevent oxidation. On the other hand, bubbling
nitrogen gas prevents oxidation and reduces the size of the particles (Maity & Agrawal, 2007).
In this process, using alkaline solutions (sodium hydroxide, potassium hydroxide, or
ammonium hydroxide), Fe2+ and Fe3+ ions are precipitated. The size, shape, and composition
of the IONs depends on the type and amount of salt used, i.e., the ratio of Fe2+ and Fe3+,
mixing methods (Mizukoshi et al., 2009), pH value, reaction temperature, ionic strength of the
media, digestion time, dropping speed of basic solution, stirring rate, presence or absence of a

magnetic field on particle size (Vereda et al., 2007), and some other reaction parameters.
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In addition, some of the co-precipitation synthesizing methods are carried out in the presence
of polymers, such as dextran or polyvinyl alcohol (PVA) to avoid either oxidation or

agglomeration or both. (Pardoe et al., 2001).

Co-precipitation technique produces water-soluble magnetic nanoparticles and has
comparatively low production expense and relatively high yield to other synthesis methods.
Moreover, this chemical method is simple and efficient and in this technique, the size, shape,
and composition of the NPs can be adjusted as well. However, this method leads to less control
over hydrolysis reactions of the iron precursors, the nucleation, and growth steps resulting in
nanoparticles with wide particle size distribution which can cause a large range of blocking

temperatures.

3.1.2. Thermal decomposition technique

Thermal decomposition method is a recent approach to synthesize magnetic IONs. In the
presence of organic solvents, organo-metallic iron precursors are used at high temperatures to
carry out this method. This method is simpler and more economical and can yield high quality
and well crystallized y-Fe.O. nanoparticles with average sizes within the range of 3-17 nm.
This alternative method is considered to be very efficient in the formation of high quality IONs

with manageable size (Perez De Berti et al., 2013).

Thermal decomposition or thermolysis is characterized by the method in which the chemicals
are treated with heat and the thermal decomposition temperature is defined by the temperature
at which the substances get decomposed. This is an endothermic reaction because it uses heat
to break the chemical bonds (Gonzales-Weimuller et al., 2009). When heated, precursor
molecules like organometallic precursors can be converted into iron oxide nanoparticles where

they decompose to iron oxide molecules. Additionally, this method depends on the organic
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precursors pyrolysis of iron, e.g., Fe(CO)5 and Fe(acac)3 (Mascolo et al., 2013). Several

researchers have demonstrated this method using different iron precursors.

For example, in the presence of oleic acid, monodispersed y-Fe.O. NPs was synthesized within
the 4-16 nm size range by the decomposition of iron pentacarbonyl, Fe(CO)5, along with octyl
ether by thermal decomposition at 100 °C and the formed iron-oleic acid metal complex was
oxidized to produce maghemite (y-Fe.O.) particles. Here, oleic acid acts as a capping agent.
Moreover, superlattice formation can be observed because of the narrowness of the NP
distribution (Hyeon et al., 2001). However, the application of magnetite for medical
applications is limited as Fe(CO)5 is highly expensive, sensitive to air, and very toxic (Mascolo
etal., 2013). On the other hand, in the presence of octylamine and trioctylamine, some scientists
have prepared monodispersed maghemite by iron cupferronates (Cup: C6HSN(NO)O -)
decomposition (Rockenberger et al., 1999). Furthermore, some have prepared Fe304 by
heating Fe(acac)3 with oleic acid, oleylamine, and 1,2-hexadecanediol where Fe(acac)3 is
more cost effective and shows low sensitivity to air compared to other acetylacetonates or
acetate precursors (Sun et al., 2004). However, just like Fe(CO)5, Fe(acac)3 is also toxic, thus

has limited use (Mascolo et al., 2013). Similarly, other precursors are used to synthesize IONs:

Table 1: Some precursors used in synthesizing IONs

Precursor Vehicle/ Catalyst Temperature Product
Iron chloride Sodium oleate | At 317 °C 10 nanocrystals
surfactant
(Z. Xu etal., 2010)
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Iron

(1)

acetylacetonate

Fe(acac)s

(in phenyl ether)

(Sun & Zeng, 2002)

Oleic acid, oleylamine,

and alcohol

At 265 °C

Monodisperse
magnetite

nanoparticles

Iron pentacarbonyl

Fe(CO)s

(Woo et al., 2004)

Sodium oleate

High temperature

10 nanoparticles

Iron carboxylate salts | Sodium oleate At 320 °C Monodisperse 10
nanocrystals

(Yuetal., 2004)

Iron  (II) oleate | Argon (Ar) At 320 °C 10 nanoparticles

(Hufschmid et al.,

2015).

Fe(CO)s salt Sodium oleate At 320 °C Monodisperse
magnetic 10

(Park et al., 2005)

nanoparticles

Although thermal decomposition technique requires complex procedures, it synthesizes high

quality monodispersed particles due to separate growth and nucleation processes. However, it
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is associated with problem like the obtained nanoparticles are hydrophobic, so they can not be
used directly for bio-applications. To solve this complication, it is necessary to turn them into
water soluble particles where strenuous ligand exchange post-synthesis processes are
performed that can lead to aggregation and loss of magnetic properties. Moreover,
monodisperse nanocrystals are synthesized only in small quantities. Also, a lot of the reagents

used are quite costly.

3.2. Properties of iron oxide nanoparticles

IONs are highly reactive with oxidizing agents, especially in contact with air (Huber, 2005).
Every NP is covered with a fine layer of coating that has very little to no effect on the magnetic
property of NPs to avoid oxidation. For this, different coating materials are used, i.e., gold,
silica etc. though they affect the magnetic properties of iron particles (Wu et al., 2008).
However, magnesium coating has little effect on magnetic properties but the material produced
is quite complicated. For instance, iron nanoparticles are immersed in the submicrometer
magnesium particles (Mahmoudi et al., 2009). To produce magnetic iron particles free from
oxidation, the iron carbide coating is the most suitable method but it results in large size
particles (20-100 nm), so they are not standard (lttrich et al., 2013). Cobalt NPs are stable in
air and synthesized by decomposing cobalt carbonyl in the presence of aluminum alkyls. Iron
carbonyls are prepared in the similar process which have shown effective results (Huber, 2005).
The significant value of IONs is attributed to their magnetic properties and well-known

biological applications.

Nowadays, the exploration of iron and IONs in biological and geological sciences has led to
great progress due to their many physical and chemical properties. They display various

important applications which include water purification, magnetic fluid, MRI, magnetic
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hyperthermia, magnetic micro-device, and drug delivery (Estelrich et al., 2015). Essential size-
dependent characteristics (structural and optical) of colloidal iron and iron oxide NPs are
compatible with quantum size effects and electrical structure of them. Moreover, the related

synthesis methods influence their size and structure of crystal too (Dadashi et al., 2015).

3.3. Surface coatings of iron oxide nanoparticles

Iron oxides with unprotected surfaces have the inclination towards agglomeration because of
the powerful magnetic attraction among particles, high energy surface, and van der Waals
forces (Xia et al., 2012). As a result, the reticuloendothelial system removes the I0ONs
agglomeration. Local Fe ions with high concentration are toxic to organisms as well due to iron
dissolution. These can be inhibited by coating a layer on the ION surface making them
hydrophilic which is compatible with bio-environments (Hui et al., 2011). The proper surface
coating enables an effective target delivery in a related area with particle localization and is
regarded as biocompatible and nontoxic. However, very few studies have been carried out to
increase the magnetic particles quality. The characteristic of surface coating and geometric
arrangement influence the colloid size and has an important role in biodistribution and
biokinetics of nanoparticles in the body (Petcharoen & Sirivat, 2012). The type of coating
mainly relies on the application, and is aimed at inflammation response or antitumor agents.
Magnetic NPs can bind to proteins, antibodies, enzymes, nucleotides, or drugs. Moreover,
using magnetic fields, they have the potential to be adsorbed at a specific site. Furthermore, in
alternating magnetic fields, they can be heated for use in hyperthermia (Gupta & Gupta, 2005).
The most effective method of synthesizing the IONs coated with biological molecules, e.g.,
lactobionic acid, gluconic acid, or polyacrylic acid, is coprecipitation as compared to other
methods like polyol or organic solvent heating method (Dozier et al., 2010). These types of

NPs are highly water soluble, have narrow size distribution, play significant roles in a lot of
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biomedical applications, e.g., tissue engineering due to the biological coatings like liposome
coating. Also, these NPs display hydrodynamic size in solution because of hydrogen bond

formation (Mahdavi et al., 2013).

In the absence of any surface coating material, magnetic iron oxide particles have hydrophobic
surfaces containing a large surface-area-to-volume ratio. Because of hydrophobic interactions
between the particles, they agglomerate and form large clusters which then lead to increased
particle size. These agglomerations can express strong magnetic dipole—dipole attractions
between them and exhibit ferromagnetic characteristics (Hamley, 2003). When one large-
particle cluster reaches another cluster, every one of them comes into the magnetic field of the
neighbor. Not only the attractive forces between the particles arise, but also each particle in the
magnetic field of the neighbor gets magnetized further. The adherence of the rest of the
magnetic particles results in mutual magnetization which leads to the increased aggregation
behavior (Gupta & Gupta, 2005). Most of the time, surface modification is crucial as the
nanoparticles are magnetically attracted alongside the usual flocculation because of van der
Waals forces. To stabilize the IONs, high-density coating is preferable. Usually, a polymer or
a surfactant is added during preparation to avoid the aggregation of the nanoscale particulate
stabilizer. Mostly, the polymers attach to the surfaces in a substrate-specific way (Ghosh et al.,

2011).

3.4. Factors enhancing the efficiency of iron oxide nanoparticles

The most simple, efficient, and economical method to produce magnetic IONs, e.g., the
precipitation technique. As cost-effective preparation of ION depends on the end product and
its use, comparatively high cost of production is acceptable. For instance, for high end

applications like in the case of drug delivery systems. At the same time, it is important to utilize
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low-priced chemicals while synthesizing a product that might be used in case of less-sensitive

work, e.g., waste water mitigation from toxic ions (Mohapatra & Anand, 2011).

Size of NPs should be considered as particles with smaller sizes provide a high surface-area-
to-volume ratio that allows the reaction with different kinds of chemicals (aqueous and gaseous
both). Moreover, the substances which are at nanoscale range are stronger for metal ions
bindings (Hiemstra et al., 2004). Moreover, controlled shape, growth, nucleation, durability,
dispersibility, scalability, and reproducibility are important especially for the formation of the
complex magnetic nanostructures (F. Hasany et al., 2013). For example, by changing the
particle shape, iron oxide can be activated and then can expose its most active catalytic site
which can lead to the production of potent and cost-effective catalysts for a lot of
reactions (Guo & Sun, 2012).

To ensure an effective magnetic enhancement, maintaining high magnetic susceptibility is
significant. Furthermore, the width of coated IONs with metallic or non-metallic is susceptible
to tailoring, and the required width can be obtained by controlling the repeat and reduction
times (Mohapatra & Anand, 2011).

Particles must be nanosized (6—15 nm) and particles smaller than 15 nm consist of a single
magnetic field which means a particle in a state of uniform magnetization has high saturation
magnetization capability. Additionally, these particles are excreted rapidly via renal clearance
and eructation (Mahmoudi et al., 2010). Furthermore, adjusted surface chemistry is significant
for particular biomedical applications (Gupta et al., 2007).

For efficient MRI and optimal cell labeling, characteristically appropriate IONs should be
developed. It is necessary to construct standard methods to compare different types of NPs on
the basis of their cytotoxic effects and uptake efficiency. Before determining the clinical

significance in cell transplantation study, the effects of IONs must be properly assessed on
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cultured cells (Soenen & De Cuyper, 2009). Lastly, high co-activity and low Curie temperature

should be maintained to enhance the efficiency of IONs (Huber, 2005).
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Chapter 04

Types of Cancer Treatment

Biomarker Testing for Cancer Treatment

Biomarker testing is a method that looks for proteins, genes, and other substances called
biomarkers or tumor markers that can provide information about tumor. Biomarkers are the
substances that make tumor cells different from healthy cells. They can be determined in the
tissue, blood, or bodily fluid. These biomarkers are mutations characterized by the changes in
proteins, gene, or genes. They are often addressed by a 3 or 4 letter abbreviation. For example,
EGFR in lung cancer which occurs due to specific genetic changes in the EGFR gene and can
be treated with EGFR inhibitors that target those certain changes. Biomarkers indicate the
subtype of the cancer someone has and help to determine the best treatment option for them.

Some cancer drugs are effective for people carrying certain cancer subtypes (NCI, 2021).
Chemotherapy

Chemotherapy refers to the cancer treatment that uses drugs to kill tumor cells. Despite having
many different types of chemotherapy drugs available, all of their mechanisms of action are
the same. They prevent cancer cells from reproducing which stops their growth and spreading
rate in the body. It can be used to remove cancer completely or can improve the effectiveness

of other treatment options in case of combination therapy.
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Figure 2: Different types of cancer treatment

Hormone Therapy

Hormone therapy is a treatment method that slows down or inhibits the growth of breast and
prostate cancers that depend on hormones for growth. In this therapy, the drugs circulate
throughout the body to find the targeted hormone, thus it is called systemic treatment. This
therapy is used to shrink tumor cells before radiation therapy or surgery, thus known as
neoadjuvant therapy, decreasing the chances of return and spread of cancer after initial

treatment known as adjuvant therapy (NCI, 2022).

Immunotherapy

Immunotherapy is the cancer treatment that helps certain parts of the immune system to attack
tumor cells. The main principle of this therapy is to stimulate a patient’s immune system to

fight cancer (NCI, 2019).
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Radiation Therapy

Radiation therapy refers to the cancer treatment that uses high frequency of radiation to kill or
shrink tumor cells. This method can be used to turn a tumor smaller in size right before surgery

or to prevent any growth of the remaining tumor cells after surgery (NHS, 2020).

Stem Cell Transplant

Stem cell transplant is a process that restores stem cells that convert into blood cells in patients
whose cells are damaged by high doses of radiation therapy or chemotherapy. Stem cells are
undifferentiated or partially differentiated cells present in the bone marrow and possess the
potential to convert into any other type of body cell. This procedure is known to be safe and
effective in cancer therapy. The application of stem cells in the regeneration of other damaged
cells is being investigated, so their useability is still in the experimental clinical trial. Currently,
mesenchymal stem cells are being used in trials which are being taken from the bone marrow,

connective tissues, and fat tissues (Naji et al., 2019).

Surgery

When used in treating cancer, surgery is a process where a surgeon removes the entire tumor

from the body.

Targeted Therapy

Targeted therapy is defined as the cancer treatment that uses drugs or other substances designed
to target the changes in cancer cells which help them in growing, dividing, and spreading.
Sometimes, these drugs or other substances are interchangeably used as molecularly targeted

therapies, molecularly targeted drugs, and precision medicines. The mechanism of action of
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them is to interfere with growth molecules that results in blocking the growth and spreading of
cancer (Shuel, 2022). On the basis of their mechanism or target site, the targeted cell agents
can be classified. Some of the enzymes work as indicators for growth of tumor cells and some
targeted therapies can block these enzymes which are known as enzyme inhibitors. Inhibition

of these cell signals can stop the growth and spread of cancerous cells (Citri & Yarden, 2006).

4.1. Magnetic hyperthermia to treat cancer

Magnetic hyperthermia therapy (MHT) was first introduced in 1957 to treat cancers by
selectively heating the tumors that had metastasised to the lymph nodes, (Mahmoudi et al.,
2018). The magnetic nanoparticles (MNPs) have the capability to produce heat when exposed
to an alternating magnetic field (AMF) and MHT uses this heat to kill cancer cells. Because of
their numerous benefits towards effective anticancer treatment, e.g., deep tissue invasion, high
biosafety, and selective tumor Kkilling without affecting healthy tissus, it has evolved into a one
of most well-researched topics in the nanomedical field. Because of all the therapeutic benefits,
they are incorporated in the glioblastoma and prostate cancer therapy. Further, several clinical
trials are observed for investigating pancreatic cancer treatment (Espinosa et al., 2018). It aids
in understanding intracellular hyperthermia, since it carries therapeutic heating directly to the
targeted cells, and through the cell-targeting ligands (antibody/ peptide) conjugation with
MNPs without reducing its efficiency, it can be further improved (Ho et al., 2011). For
example, the targeting of solid tumors can be enhanced by conjugation of folate receptors
(Nanjing, 2011).

However, there are still many challenges that have to be beaten for MHT to advance and to
utilize its utmost significance as a suitable choice for cancer therapy. Therefore, the efficacy of
MHT should be enhanced. Primarily, the method of MH focuses on heating using the MNPs

for therapeutic purposes. It involves the rise of local temperature of tumor cells within the range
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of 43-46 °C leading to the change in physiology of the tumor cell which then eventually results
in their apoptosis or necrosis (Hildebrandt et al., 2002). The primary strategy to enhance the
therapeutic efficiency is to improve the thermal conversion efficacy of MNPs as it is important
that an adequate amount of heat needs to be delivered within the entire tumor mass without
affecting the surrounding healthy cells. IONs are broadly explored as MH agents among
various MNPs because of their biodegradability and high biocompatibility. However, their
thermal conversion efficiency is not sufficient, hence their decreased magnetic susceptibility
has been presented as a major challenge in case of practical applications. To overcome this,
further research has been done to enhance the magnetic susceptibility to accomplish improved
induction heating properties by introducing strategies like particle size modulation (Ma et al.,
2004), composition control, shape manipulation, and surface modification (Sugumaran et al.,

2019).
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Chapter 05

Cancer Treatment with Magnetic Iron Oxide Nanoparticles

5.1. As contrast agents for Magnetic Resonance Imaging

MRI is a method of non-invasive imaging which is usually utilized as a clinical device for the
treatment of different types of cancer. It is favorable because it gives better spatial resolution,
has great penetration ability, does not emit any harmful ionizing radiation compared to other
clinical imaging tools (Kim et al., 2017). Contrast agents such as gadolinium-based complexes
are used commonly to enhance image contrast.

Gadolinium-based chelates are considered as the primary T.contrast agents for MRI but their
toxicity causes harmful effects and the FDA has warned about their possible retention in the
human body. Other side effects include fatal nephrogenic systemic fibrosis, brain lesions etc.
and the reasons being short blood half-life of Gd=-based contrast agents (GBCAs) and
accumulation of Gd in the brain in long-term use. As an improved alternative, MNPs have
promising potential due to their non-toxic and biodegradable behavior (Taheri et al., 2016).
However, MNPs are inherently MR contrast agents that are particularly suited to be theranostic
agents as they act as both therapeutic and diagnostic due to their multifunctional potential when
combined with magnetic fields. This occurs due to their efficient contrast mechanisms, i.e.,
both negative and positive which can be exploited (Girard et al., 2012).

Magnetic IONs have continued to gain significant attention for their application in countless
biomedical technology (Sun et al., 2008). The center of this interest arises from the distinctive
combination of innate biocompatibility with reaction to magnetic fields that results in various
uses (Barcena et al., 2009). If formulated appropriately, the magnetic properties of IONs can

be altered for application along with static magnetic fields to impart contrast for MRI. These
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particles which have suitable magnetic anisotropy can produce heat when introduced to an
alternating magnetic field (AMF) and the amount of heat produced can be modified by
controlling the magneto-structural properties of IONs. Magnetic ION-mediated heat therapy,
also known as hyperthermia, is of singular interest for image-guided and targeted therapy of
cancer (Dennis & lvkov, 2013).

Compared to GBCAs, iron oxide NPs significantly shorten transverse relaxation times. They
have shown flexible surface chemistry, long blood half-lives, and low toxicity (Chiarelli et al.,
2017).Moreover, they are easily removed from the body, and naturally degrades in which they
are metabolized into the hemoglobin of the body (Briley-Saebo et al., 2004). A lot of
components of IONs have been approved as T. contrast agents already by the FDA (Fang et
al., 2009).

Although the treatment of cancer by MRI has gained significant progress, their ability to
differentiate cancer cells from healthy cells has yet to be achieved (Koikkalainen et al., 2016).
The MRI resolution can be enhanced using contrast agents which sharpens the contrast by
shortening either the longitudinal (T.) or transverse (T.) relaxation times of water protons. T.
contrast agents enhance the T. signal in T.-weighted imaging that leads to a positive or brighter
contrast enhancement. On the contrary, T. contrast agents decrease the T, signal in T.-weighted
imaging that leads to a negative or dark contrast enhancement (Peng et al., 2016). The primary
physicochemical properties of IONs such as core size, shape, chemistry of surface coating,
chemical doping, and composition control the T. contrast enhancement. These nanoparticles
differ in size and surface coating which greatly affect their uptake, biodistribution, and blood
half-life. In addition, external variables like applied magnetic field have an effect on the
enhancement of contrast as well by controlling the Larmor frequency. Furthermore,
agglomeration of particles can improve the contrast enhancement radically by regulating the

agent relaxivities and it can be applied to develop a T.-T. switchable contrast agent.
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There are many commercially available drugs that contain superparamagnetic IONs, e.g.,
Resovist (Schering, EU, Japan), Endorem (Guerbet, EU), and Feridex (Berlex, USA). They are
commonly used for spleen and liver cancer treatment. Some of these medium sized particles
are coated with dextran (Feridex, Endorem) and some are treated with alkali with low

molecular weight carboxydextran (Resovist) (Lawaczeck et al., 2004).

5.2. Cell tracking with iron oxide nanoparticles:

In 1993, MRI cell tracking was developed to observe survival of cell and migration after tumor
grafting. The time course of the first migration of cell in vivo was addressed back in 2001. The
significant strength of iron oxide enables researchers to achieve success in tracking single cells
in vivo which includes stem cells, neural cells, and dendritic cells (DCs) (Korchinski et al.,
2015). Various iron oxide contrast agents along with MRI are used to improve tissue contrast
for cell tracking. IONs are widely applied as a negative contrast agent which causes
hypointense contrast (Stoll & Bendszus, 2010). ION-based contrast is normally more potent
than the most common contrast agent, gadolinium (Gd).

A general study framework for cancer treatment requires the injection of a cancerous cell line
into an animal host. A lot of researchers have labeled cancer cells without expecting to imaging
the immune response but to only observe the growth and spread of cancer cell in reaction to
the therapy. With current progress in imaging of single cell, many researchers have been
successful to detect single cancer cells in liver cancer but this still has not been tested in a living
animal model. Several studies to visualize tumors using IONs have been conducted (Townson
et al., 2009).

There are several key applications of IONs in glioblastoma multiforme (GBM) or simply
glioblastoma which is a rapidly growing aggressive type of CNS tumor with poor prognosis

that occurs in the spinal cord or brain. It is generated from astrocytes which are the cells that
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support nerve cells. Firstly, multifunctional IONs are used to ease the delivery of cytotoxic
drugs to GBM. The IONs coatings can be altered to adhere to the receptors present in the tumor
surface. For instance, epidermal growth factor receptors are overexpressed in most GBM
tumors. Now, the altered IONs can adhere to cytotoxic drugs which permits more potent
delivery to cancer cells. Evidence has been found that therapy with an altered IONs attached
with a cytotoxic drug (e.g., cetuximab) leads to great anticancer effect as oppose to non-
attached cetuximab and shows enhanced efficiency of cancer drug delivery to targeted cells
(Kaluzova et al., 2015). Using modified IONs, similar studies have been performed to use
anticancer peptides (chlorotoxin) (Shevtsov et al., 2015).

IONs are incorporated as blood-pool agents as well to separate true progression from
pseudoprogression of tumors. Pseudoprogression appears to be very similar to the recurrence
of cancer on Gd-enhanced T1-weighted images due to radiation necrosis. The recent process
to identify pseudoprogression is not reliable because it has negative correlation with survival
chances (Nasseri et al., 2014). However, using dynamic contrast-enhanced MRI,
pseudoprogression can be identified to measure cerebral blood volume (CBV). If the CBV is
high, it indicates the presence of a tumor whereas deviation from normal or low level of CBV
suggests pseudoprogression (Gahramanov et al., 2013).

While Gd is most commonly used as a contrast agent to determine CBV, in case of GBM, the
Blood brain barrier (BBB) is usually compromised leading to leaking of contrast agents into
the tumor cell. This hinders the accurate CBV calculation and a leaking factor is often required
to calculate the true CBV (Gahramanov et al., 2013). In contrast, ION, like ferumoxytol, works
as a blood-pool agent and does not present any leakage of contrast even when the BBB is
penetrated. Ferumoxytol exhibits reliable evidence to distinguish pseudoprogression from
recurrence of cancer. When calculated using ferumoxytol, the abnormal regions with a low

CBYV indicate pseudoprogression which is related to the significantly prolonged survival and
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abnormal regions with high CBV suggest true progression. Therefore, a leaking correction
factor is not required to calculate CBV for ferumoxytol compared to Gd. Hence, Ferumoxytol
is considered as a potential blood-pool agent in certain situations like where the BBB is a
concern (Varallyay et al., 2009).

Immunotherapy is another option of treating cancer where the immune system is suppressed in
cases including GBM (Yang et al., 2010). IONs are promising particles to label immune cells
and evaluate the effectiveness of this kind of treatment method. Studies show that amphotericin
B (AmpB) can suppress GBM, activate innate immunity, and prolong the lifespan of mice.
AmpB amplifies the total count of circulating monocytes and proinflammatory macrophages
in the tumor. And when these monocytes are labeled with I10ONs, which means upregulating
and infiltrating blood monocytes into the tumor, drug response of AmpB can be determined
way before there is any indication of tumor volume change (Sarkar et al., 2014).

Lastly, to determine the efficacy of cancer immunotherapy, IONs are used in DC-based
vaccines as well. The DC vaccine therapy focuses on the migration of vaccinated DCs to lymph
nodes where it activates T cells and induces an anticancer response. Here, IONs are labeled
with vaccinated DCs in vivo to track their location to observe treatment response. IONs leave
DC viability greatly unimpaired (Dekaban et al., 2013). When magnetically labeled DCs are
administered at the sites of inflammation, a dose-dependent signal drop is detected in the lymph
node confirming the presence of immune cells along with iron in the lymph nodes

(Baumjohann et al., 2006).

5.3. As drug carriers for targeted specific drug delivery

To improve the anticancer efficacy while controlling toxicity to healthy tissues, the selective
delivery of therapeutic substances directly in the tumor mass is significant (Chang et al. 2007).

It is often challenging to deliver drugs containing small molecules to the tumor cell because of
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their drug solubility, fast secretion, and low intra-tumor accumulation. To minimize this
limitation, nanoparticle delivery vehicles can reconstruct the tissue distribution profile and
pharmacokinetics in favor of tumor specific accumulation. Through enhanced permeability and
retention effect, nanoparticle-based drugs can accumulate in high concentrations in some solid
tumors compared to free drugs. Moreover, via receptor-mediated internalization, nanoparticles
that actively target tumor can alter the intracellular biodistribution and elevate the local
concentration of drug within the tumor cells. The imaging power of magnetic iron oxide NPs
permits quantification and monitoring of the iron oxide NPs-drug complex with the assistance
of MRI in vivo.

Therapeutic entities are built in the IONs by loading them on the surface or entrapping them
within the particles themselves. These entities include peptides, proteins, nucleic acids, small
molecular drugs etc. Usually, the loaded drugs are delivered to the target site and released by
dissolution, diffusion, rupture of vehicle, pH-sensitive dissociation, or endocytosis of the
conjugations. These delivery carriers possess many conveniences including water-solubility,
little to no toxicity, are biodegradable, biocompatibility, have long blood retention time, ability
of further modification and more. Lastly, monitoring of therapeutic response and estimation of
tissue drug levels at the same time is also possible by this therapeutic iron oxide conjugations
(Winter et al. 2004).

To achieve effective delivery, some of the traditional anti-tumor agents, methotrexate (MTX),
cisplatin (DDP), doxorubicin (DOX) etc., are conjugated with tumor-targeted IONs. For
example, folate receptor-targeted iron oxide NPs are developed to deliver DOX to cancer cells
(Grailer et al. 2010).

In the treatment of cancers, one of the most commonly used chemotherapy agents is Cisplatin
(DDP). 1t is widely used for head and neck, non-small lung cancer, ovarian, testicular, and

bladder cancers. However, about one of three patients who goes under DDP treatment, suffers
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from irreversible kidney damage, also known as cumulative nephrotoxicity, which is the dose
limiting toxicity of this drug. To reduce this toxicity, it is necessary to develop a targeted
delivery system of DDP to cancer cells only enhancing its therapeutic index. Here, IONs can
be used as carriers of DDP for specific therapeutic applications. Using the nanoprecipitation
method, DDP porous is loaded into pegylated hollow nanoparticles (PHNPs) of iron oxide
(Fe:0.). Studies show that about 25% loading efficacy can be achieved in this way. On the Pt-
PHNP surface, Herceptin is attached to the amine-reactive groups by covalent bond which does
not affect the Herceptin activity. Outcomes indicate that after internalization by cells, the Her-
Pt-PHNPs can release the DDP in the acidic lysosomes or endosomes and can result in
increased cytotoxicity of DDP (Peng et al. 2009).

Methotrexate (MTX) works as a therapeutic agent for tumor cells that overexpress folate
receptor (FR) on the cell surface. It also works as a targeting molecule for FR. The carboxyl
end groups of this agent help to conjugate the IONs with amine groups. MTX-IONs uptake by
FR-overexpressing tumor cells is very high compared to that of FR-negative control cells.
About 418 MTX molecules with a core size of 10nm can be loaded into each IONs. Therefore,
this approach exhibits high drug loading potency. At low pH, this loaded MTX then is freed
within the lysosomes only right after internalization by the targeted cells. Moreover, this

process can be observed by MRI in real-time in vivo (Sun et al. 2005).
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Chapter 06

Conclusion and Future Perspectives

Extensive research and the fabrication of magnetic IONs during the last decade have given rise
to a better comprehension of the potential biological and biomedical significance of iron oxide
nanoparticles. A broad range of modern IONs have been developed for cancer targeted drug
delivery and imaging. However, there are many aspects that are yet to be explored and quite
challenging to overcome. For example- specific agglomeration in the cancer cells and very
little uptake in healthy organs or tissue by adopting suitable tumor-targeted ligands.
Modification of surface, suitable size and charge of nanoparticles for efficient delivery are hard
to achieve as well. Other challenges include maintaining the stability of 10 nanotherapeutic
agents, regulating the blood circulation time, and designing the smart cancer-targeted IONs in
a way so that loaded drugs are released only within the targeted cancer cells.

In recent years, the possibility of manipulating the size and shape of particles along with the
function of the surface has provided a significant amount of interest in the field of research and
development. Magnetic IONs benefit from being applied in many sectors like hyperthermia
and being delivered to a specific site within the body via using an alternating magnetic field.
Their large surface area to volume ratio allows them a high level of substitution which enables
them to be appropriate for drug delivery.

Recently, there is increasing concern regarding the safety of 10 nanotherapeutic delivery
systems. Despite the fact that vast examination has been performed in laboratory animals for
drug delivery and magnetic hyperthermia using IONSs, interpreting this into acceptable
treatment options for human beings presents a huge obstacle. To assure patient safety, it is
important to evaluate the impacts of their size, shape, dosage, and substitution before
application. If any kind of adverse effects or toxicity issues are detected, they should be
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addressed, reported, and solved. Although primary administration of IONs in hyperthermia and
drug delivery systems have proved to be effective in the lab, stability tests, expansive in vivo
and in vitro studies are required before clinical use.

Although several animal studies do not indicate any serious noticeable toxicities, most of the
accessible information is obtained from experiments conducted on mice solely followed by
very few studies done in rats, monkeys, and dogs. Moreover, the subchronic and chronic
toxicity tests for most IONs have not been carried out yet. The effects of use of IONs for an
extended period of time and their in vivo pharmacokinetic and pharmacodynamic alterations
are not well established (Peng et al., 2008). As most of the nanotherapeutic delivery strategies
are non-targeted, in-depth research is needed to apply tumor-targeted nanoparticles safely as
drug delivery carriers. Some other course of actions can be implemented in order to overcome
limitations. Firstly, in diverse fields, critical and systematic study is essential to design and
formulate 1ONs for diverse applications. Secondly, with the implementation of
multidisciplinary approaches, it is warranted to contemplate the formation of regulatory
organizations to establish the safe and effective use of nanotechnology. And thirdly, a specific,
simple mechanism and strong connection must be developed between researchers and
institutions to establish ideal standards and common platforms for preclinical trials and in vivo

clinical studies.
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